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demodulation

and decoding of digital information in data storage and/or

communication systems,

such circuits.

' More particularly,

and to the efficient implementation of

the invention relates to

sequence-based demodulation of partial-response signals and to

sequence-based decoding of convolutional

like algorithm.

In the storage or transmission of digital information,

codes using a Viterbi-

the

bits or symbols of the user data are actually transmitted or

stored via a physical medium or mechanism 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,
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denodul ati on and decodi ng-of digital information in data storage and/or
communi cation systens, and to the efficient inplenentation of such:
circuits. Mre particularly, the invention relates to sequence-based
denodul ati on of partial-response signals and to sequence-based decodi ng of

convol.utional codes using-a Viterbi-like algorithm - 2.- Prior Art:

In the-storage or transm ssion of digital information, the bits or synbols
of the user data are actu ransmt{ eg r ph sical medi um
or mechani SRtAAGEEY: Bgﬁongééga}?’et%*o‘setrﬂ% Illyy gggl ggtlﬂr‘lgtn ursye N ahh'f%g

wite or tran n1%Fsggn§ eQQiE%l égfgyat%%o qgg&gggnéggfﬁaéyg %ﬁglum

channel is“ | y nodul at e annel bits“that are ‘an enco &d vérsion

of the Oriﬁ%&%@tﬂﬁertﬁayacghtﬁe Jé’ﬁ—\ﬁﬂ;%'d)%yr @adt £t 68 LI vaigunal coni ng
fromthe fumis denodul ated to detect
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 written based 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
rotafing 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

o
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or extract estimated channel bits, which are then decoded into estinmated
user-data bits. Ideally, the estimated user-data bits would be an identical
copy of the original. user-data bits. In-practice, they can be corrupted by
distortion, timng variations, noise and flaws in the mediumand in the
wite/transmt and read/receive channels. } ot

-2- The process of denodul ating the anal og read signal into a

stream of cstl Ml el usSl flAtdh Y 1,653 u0 b DA SRR Tl gibal e 01 12!
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 the encoded channel

bit stream satisfies these two constraints.

For example, the following table shows a commonly used

RLL(2,7) code:

Iser Data Bits RLL(2.7)-Encoded Channel Bits
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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mass storage systens requires that the anal og read signal be sanpled at a
rate that is on the order. of the channel-bit rate. Mxi numlikelihood (M)
denodul ation is a process:of constructing a best estimate of the channel
bits that were witten based on digitized sanples captured fromthe anal og
read si‘gnal . FIGURE 1 shows an exenplary read signal 100, which is a
positive-going. pul se generated by an indugfive read head, for exanple, from

~a single Meqiuildeansoki 09e SLBL A% AIANSKLLAD DR EoA¥R MaFdicEoRhE to
Sout h- Nort h ‘magneti zation of track 104 on a rotating disk. Typically, the
wite signalcomitadnesthatraasi ti 4 ithakthgoShatcoht tdteanmedi bitsobBEht Be @
channel bit of 1 and nodul ates the absence of a nmediumtransition to wite
a 0 channel i+t. REAUS, k) reansedinon 02 1zer ceipeddsne ocensfindging ehandéhgbi t
of value 1 in a streamof 0's. It is common to use
run-Iength-quﬁﬁﬂﬁfdGRELYlth 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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encodi ng of the original user data bits, which are arbitrary or
unconstrai ned, into an RLL-encoded stream of channel bits. It may be
-desirable that there be no | ess than d zeroes between ones;: that is, that
the nediumtransitions be spaced by at |least d+l bit tinmes. This constraint
can hel’p keep to a manageable |l evel the interference effects anong the

pul ses in the analog read signal. On the gther hand, because nedi um

transitions proviedehtsample i s¥idRlds0R bNahmpPlss dFe )donadhedukrommé he read
signal to ensure synchronization of the denodul ator wi.th the pulses in the
read signal analogayedd slemialaiaveifioatn shek eaHanayo beopgodigrdkinetives

bet ween ones; that is, that there be a nediumtransition.at |east every
kK'th bit timeceiveref (B KIOWBHMEdas igneodpstem 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
theérem 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 c?rrent
. from +I to -I, or vice versa, in the analog write signal. This
step in write éﬁrrent 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

numerocus other known signal models. Further, as one is

r
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that can encode an arbitrary streamof original user- data bits into a
stream of channel bits such that the encoded channel bit stream satisfies

these two constraints. . For exanple, the follow ng table shows a
commonly used RLL(2,7) code User Data Bits RLL( 2, 7) - Encoded
Channel " Bits 000 : 000100 0010 '

00100100 0011 00001000 . 010 100100
011 ==

desmgnlng or Qaklng measurements on a wrlte/medlum/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 bit rate varies among zones as the

‘heads 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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10 0100 11 1000 Not e t hat
this RLL(2,7) code requires that the information bit rate avail able for
channel bits be twice the bit rate provided for user-data bits. O her RLL
codes enforce the constraint that d=1 (i.e. that no adjacent channel bits
both be-1y. RLL(1,k) encoding is also called one-constraint encoding, or
encoding with a mninmumrun length of 1. -7- In FI GURE 1, sanple set 101
shows the val uesiwfsitouat isangplsech ast heseasefofmst ten sanplaigeg iaf magadtic
signal 100; i.e. 0.333, 1.0, 1.0, and 0.333. Sanple set 101 is equival ent
to the set fdedBymg3,sifgnitfiatants stombgethpsteni speeaheng sappcdsyagains can
significant. A signal nodel gives rise to an expected sanple sequence for a
singl e or ibel s¢eabizedris ttihen inforpdt danshite. camyfic dloperotpgeihfenin

sanples of the response to an isolated nedium ) , .
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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transition are.non-zero; in this case, four are non- zero. In a

si de-sanpl ed signal nmodel such as 1, 3, 3, 1, timng circuitry in the
denodul ator attenpts to maintain a | ock on the incom ng signal such that
there are two adjacent sanples on opposite 'sides of the peak.

.- 4- .of -an isolated pulsé. Oher sanple timng arrangenents may be
‘useful. 'In center sanpling, the timng circuitry trys to lock the sanple
times to the read signal pulses such that8ne sampl.e o rs_at the peak of
each pul se. S3AnPFRCEE o2 SGrokd menEesarsbEnay § %&F s3Ff 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 linear), the

voltage waveform induced in the read head will be the

\
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case of center sanpling of a simlar 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 nornalization
used). An expected sanple sequence of 1, 2, 1 corresponds to the signal
nodel known in the prior art as Extended Partial - Response Cass |V (EPR4).
Such sappte sequences are sanples of a continuous- tine anal og read-signal
wavef orm such as may be produced in the rgeeiver of a communications system

‘or in the reagthadsidicouctr 3 stquestoraf)@uimesce WhESE §28Y sRwine Hat the
‘bandwi dth limted to 1/(2T), where T is the sanple spacing in tine, the

sanpl i ng t heaamanste doa R8s iERARt e enaamet itudure nsiiid ORa QB Bien Mfkiumpe 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 sanple point and

ther sampl e poidear i HredRatsiat s Fidiipehictreied BB L Bt 2o

current .in @anJ ndiehiede cWailinge 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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head takes on values of +l and -1. The basic excitation applied to the
recordi ng channel is a step in current from+l to -1, or vice versa, in the
analog wite signal. This step in wite current produces a transition in
the magneti zation state of - the mediumas it noves past the head. Wen an

i nductive read head is passed over this magnetic mediumtransition, a

vol tage pul se is induced | t he bandmﬁdtTi Tmted differentjatin

interacti oantfe”cbrfe_ & highdesemihad A4 ith? H°%he ﬁéal onthagi £abl e
11 Ter' ng' 0 AU 1 4a8e b8, SPAUETE ol SR 85 SRR} SPhgE eD oo

-5-
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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transition response pulse can be nade to be {..., 0, 0, 1, 2, 1, 0, O,

.}, in which case the recording or transm ssion channel matches the EPR4

si gnal, nodel . Anot her sanpl e sequence well known in the prior art
the Partial Response Cass |V signal -nodel (PR4), which corresponds to an
expected sanpl e sequence of 0, 1, 1, O. ere ‘are nunerous ot her known

si gnal modelRodingt Behst 281008 45y d§Si gRi el%ft gKLRG1 MRagLE £TENLS, on &

write/ medium read "channel, it nmay be desira

€ t0 fake I nto accouht the

exact respenzeding $end38dadhes OERd Q) Ghar a¢ireickStheScempl g €pannel,d n
sel ecting the signal nodel to be inplenented in the dempdul ator. Thus,
there is adeseduflatoz.de®bdulfl©éridintanss sp@pdiagnebratagy t@sdde; 5igpal
nodel.,, or expected sequence of sanple values for an isol ated nmedi um
transitionzread/receiyeddenodn batagepridcessent icamps beappengnediato ageladate 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.
4

FIGURE 3 shows the sample sequence model for a stream of
RLL{1,infinity) encoded qpanngl 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

T
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record is not read correctly on the first attenpt. Such an event is usually *

detected by an error detection schene, but it may not be possible to
correct the error(s). In that event the only hope of frecovering the data is
to attenpt another read of the data record. On second and subsequent reads
(i.e. onretrys) it nay be desirable to €kmnge sone paraneters of the read
circuitry izepaesendses IPhELICYREh3chungesimild whishreds 8P atdebmate the
error mechani sm Thus there is need for read-channel electronics that can
be easily HERFEFFG Tt ifedabriadt virala sequenie °fadedopitat £ siasr age on
rotating disks, the constant ular velocjty of, the disk results in a

vari abl e vel¥dilt fnc?f(ii %sé’rr ggBEg?nﬁoﬁ’éﬂﬁﬁﬂ%'{%w é"tshp OF FBTERRE Redivhg
wite heads,, Even |f n in_which.t cha | bit.rate varies
anong zoneSSta{tet %endhé:g%sﬁ%g\%ﬁi %éggﬁs oﬁ?s%cnlatrkﬁecpg'il(sé , Q’?Ee?ee%mﬁ i%9° a

vari ation idyagnal(£$oaPreighthts eash) ZongddQddy,| RRELARSL-FLACK to its
out er nost track. _
transition 301 is the transition 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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Thus there is a need for.read-channel electronics that can be easil y

changed to accommpdate changes in system characteristics. - I n
.situations such as mass information storage in nmagnetic ‘ medi a,

signi ficant storage-system speed and capacity gains can be realized if the
informati on bits can be cl oser together i _p05|t|on/t|rre on the medi um '
However, Hing 1@ hien Pry aiRhe eate Mustop | t
as high asc‘icrh %:ar?h% bi t CJllr%gte th&\fﬁ ;}’s avai l abl e chan%eﬁndg{féaglg?y

Mor e 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, or 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 demodulator 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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precisely, the Nyquist sanpling criterion requires that the sanple
frequency be at |east tw ce the highest frequency contained in the signal,

or else information is lost due to aliasing. This information | oss could be
prevented by introduci ng redundancy through appropriate coding, but this
woul d Teduce the channel capacity for user information. Al the parti al
response signal nodels described herein gy contain frequencies up to

one-hal f ofp e @wenrel this mé@fhmlﬂgg%$ngohhatThhe sanmllee redtu@ tgUSH he no
| ess than the. channel bit rate to avoid aliasing. Sanpling at exactly the
channel bi tnexat staaei ofi 031t her \YSB) HndClal dembanlaben dut@wamtl 0,t Wheshar e
appropriately synchronized with the signal. Sanpling at the channel bi t
rate i s al sodicaresi Ratf spothex mahiumetiranset iohereRPANAS Sogs optcatast

because the denodul at or ihen roduces one estimated channel bit per sanple.
Ther ef or e, &tth &8de §ARP Srrpl e?ﬁ“%%é”earli‘&h’égn%aa"“%’rﬁﬁaq ithey Funcapngth

I’eCIUI red per ncsl;!_anngltrb{-_f\et ext samp%_e may or may not be affected by the

leading 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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- be denodul ated fromthe signal. Digital decoders are typically conplex
circuits and nmay require a slower processing or clock rate than can be
supported by anal og-to-digital converters and sinple buffers. Thus, there
is a need for denpdulator. circuitry that can

-7- process in real time read-signal sanples that are taken at a hi gher
sanpling_rate than the processing rate_gk_the denodul ator itself.

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
This Sheet Has Been Repl
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Further, as nediumtransitions are nore closely positioned, the witing and
readi ng processes becone nore sensitive to the distortion, timng
variations and noise that *are inevitably introduced in the processes of
witing, storing, and reading. A so, as the transitions becone closer, .the
ability of -the nediumto fully transition from say, North-South

magneti zation to Sout h-North magneti zati epgray be taxed. Al so, as the

medi um tr angirhhons bEcbaoAEatererropt fet ei €nte afdurntlatiedc peasemahbijgle

adj acent or nearby transiti-ons. FI GURE 2 shows how positive-going
pul se 200 fsemplertimedditthne rforwiingoa go4h comind&etfiiicth néglveyidemn ng
pul se 202 from second transition 203 to produce anal og read signal 204,

whi ch can b&israned BRtY¥He Tait &ief asedeceiot - t ALTAMF DY ATOS. 1AdFAR eFEUFRRII UM

St B R TR SURC N T e R A A

N e ot NsGRanges p21m0Utdl N ok Bcb BP3hLL bR G (3Ae2CeREE time. 2
Euclidean path error would be the square root of the sum_of 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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Sout h- Nort h changi ng back to North-South. Read signal 204 nmight give rise
to a sequence of sanples such as 0.333, 1.0, 0.667, -0.667, -1.0, -0.333.
To the extent that the read process is linear (and it may not be entirely
l'inear), the voltage wavef erminduced in the read head will be the
superposi tion of a sequence of pul ses, .where each pulse is the response to.
an isolated magnetic transition on the mdium Clearly, engineering
a high-performance digital denpdul ator is a conplex challenge given the

?g?bined effedtSAQfaL?esAﬁﬁﬁé‘?1m§?npiérgtaé§(% i %ugkghkf§ 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 demodulatorlopérating 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 reéd

\
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denodul ator, possibly inconplete transitions in the nmedium interference
anong read-signal responses to nediumtransitions, and distortion, timng
variations, noise and flaws in the nediumand in the wite and read
channel s. The prior art uses a nethod known as partial- response
signaling to increase nmediumtransition rates. Partial-résponse signaling
is described in the book "Digital Transmnission of Information", by Richard

_ 1 - _

Fesponse. o BRE1sBR aged 1T Hids Lnaraat o St TS v, FarERakam 1 and
o ad] acent PPaReT Pt ond R e bk et e R e PR BT e SO0 T
properly i mpocEBhedpatid ToRbNALGCAR ALY S¥En Midisy | RifeeraLhENI Hiy

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 sequernce-’

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 recent time, 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

chanpel., —ur_ =
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rates/densities than the alternative of requiring the nediumtransitions to
be spaced such that the read signal responses do not overlap significantly.
A sequence denodul ator is required for partial -response signaling.

The prior art uses the Viterbi. algorithmto inplenment sequence detectors,

i ncl udi ng, denpdul ators and decoders. The Viterbi algorithmis described in

t he book "Fast Algorithms for Digital Sig Processing", by Richard E.

Bl ahut, 1985, pp. 387-399. A Viterbi denodul ator does not attenpt to decide
whet her or not a nediumtransition has occurred i medi ately upon receipt of

the sanple(s) thyf, cRChespaRd LR {h@isddAnSisdRBncBanbBaEl, aGhsapadies are
taken fromthe analog read signal, the Viterbi denodul at or keeps a running

tally of thg HdQleshetweebindite@dCéniinalamilte aecgurape anda tpects amgory .
sequence that woul'd be expected if the nedium had been witten with a
parti cul ar ™eqende meoryahBi @i egience 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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-9- Such an error tally is simultaneously kept for several possible
transition sequences. "As nore sanples are taken, less likely choices for
transition sequences are’ pruned fromconsideration. If the set of possible
sequences of nmediumtransitions is appropriately constrained, then the
| ocation -of each mediumtransition beconmes known with a high degree of
| i keli hood within a rea§onable time aftei20taki ng the sanpl es correspondi ng
to that transeacbnstatess Fdtdrimmorghden theFPERBYG thfhil@@strrecenttend t he
deferred decision nmaking of a particular Viterbi denodul ator in the case of
a of each path memory. Path memory requirements 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

memory required because the occurrence of medium transitions_

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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particul ar actual sanple sequence by showi ng how the contents of the path
menori es evol ve as additional read- signal sanples are taken. A path nenory
of a sequence denodul ator stores infornmation concerning a particul ar
sequence of transitions that is currently being considered as a candidate
for the correct transition sequence. - Two of the nost significant
deci sions in designing a nodul at or and qﬁ%lesponding denodul ator are the

I C

eci i ons i de: . roand ¢ - |5, Th
onoodt o cERETPLAMEANRIA NERCRNS) S0y ceked Tl SUrdad BRER! Surdlhe

encodi ng constrairnts chosen may ) e conpl
denmodul at %eﬂ.b@ £d4 trald m@sangdasRML{ r%,eft AlAOk itegd ihBot fRe state it
se

read/ recei ve/ denodul ate processes’ can esigned to generate a pu

response tpegheidd Al ethEpdalBbt Eahmid it  haliL Feleenadasingidaddie signal
nodel chosen. A sanple sequence nodel is a particular finite-state machine,
wher e the 3is¢estkntbls aespecbohised§, tthe gdun tnemirdes BAShwhickref deieer m ned

by the encoding constraints and the signal nodel chosen.
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
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A sequence of expected read-signal sanples can be viewed as bei ng generated
by a sanple sequence nodel.. Viterbi denpdul ators keep track of one error
tally per state in the sanple sequence node

-10- FI GURE 3 shows the sanple sequence nodel for a stream of
RLL(1,i'nfinity) encoded channel bits as viewed by a denodul ator that uses
the EPR4 S|gnal nodel . Each sequence-nodelsstransition is represented in

FI GURE 3 by gty aiel albel pdthot showid h dhgecxpact etiaveal 086 way tHieinitial

stete). 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 eomputed 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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associ ated read-signal sanple and with the current RLL- encoded channel bit
that generated the current mediumtransition, or |ack thereof, in the
wite/transm-t/nodul ate process. For exanple, sequence- nodel transition
301 is-labeled with expected sanple value 302 (+0.5) "and with esti mated
channel "bit value 303 (1). Transition 30]23occurs upon taking the sanple

h h he | d f.th .Se .,
ase0ci at 6d SR §ﬁ°'FggF§€§§ z:.% U Eiedd BRratidd E8dor AR i 3Ring
exanple in th%mgswf gne s w#sa%ébghee éﬁer@MAéb@%Qn

magnetlzatlon to South ation. Each sequence-nodel state is

represente ch t%'eGABEréceypatﬁl EGhFe MU &b t3% 3Bmai Srhe Wialsieandisng, 1hs
| abel ed with a sequence of 3 digits (0 for North and 1 for South)

corr espondidag tWalsit ,t A€ @btlanbe NEfli dpers tpritenaid 1t beroedéwsntsti ese
associated with the previous two sanples (fromright to left). Accordingly,
sequence- noaadllitsr ansietli eh 8iiei T+4 hebafamesithieopathonhad avexr3 (or Nort h,
North, North) to state 001 (or North, North, South). Note that these state
| abel s do not directly -

-~

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 évent 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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correspond to the sequence of channel bits. Oten the sequence-nodel states
are referred to by the deci mal equivalents of the state | abels used in
FIGURE 3 as interpreted-as three bit binary nunbers. Al possible sequences
of EPR4 signals that can be read frommediumwitten with.an RLL constraint
of d=1 nmay be generated by- traversing the state diagram of this sanple
sequence nodel . I n genq&al, t he nunber of states in a
sanpl e -

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 techﬁique that reduces the implementation complexity of
the Viterbi algorithm without sacrificing its ability to handle

minimum distance error events.

Partial-Response Polynomials

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

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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sequence nodel w thout-RLL constraints is 2*"N, where N is the nunber of
sanpl es between the first* and | ast nonzero sanples (inclusive) of the
systemresponse to its basi.c excitation. The inposition of coding
constraints, such as RLL constraints or other codes mapping from user-data
bits to channel bits, may change the numdpg- of states and transitions

bet ween st gteAponker iexanpt enci n trues Gasenef cakeURELR, mbgeatie difsk he RLL
constraint of -d=1 chosen, the 010 and 101 states are inpossible or

prohi bi t ed rcair@dngTohékel anot trey icaBetise Rebdcbesdsai nin gftHex7 dasats,i s
I ncorporated into the sanple sequence nodel may increase the nunber of
sequence- nodhe D&Y sffset | ¢arded sasjuehcwaredsiedt £ansbyi swbtBacisingrddet o

occur with some specified probabil ié%, then a sanpl e sequence nodel is :
equi val ent BESPRNTEr kBv2nBYdefUT TG Wourlc £X6M ERFeEEBRORIG IR She above The

| abel s on the sequence-nodel transitions shoqwn in FIGJRE 3 associate the
presence (&St5* %gé’ugﬁﬁnne of)i?n{gqptﬁlé g@n q‘o?:hlﬁb%ﬁegnf%st(? rleeelcfutfﬁﬁﬂﬁel

bit val ue 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

—
T
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of 0) of a nmediumtransition with the sanple where the corresponding
read- si gnal response first appears. There are other ways to associate the
estimated channel bits to be output with the sequence-nodel transitions,
e.g. the 1 values could appear on sequence-nodel transitions that
correspond to the peak of ‘the read-signal response. ~ " To understand
this sanpl e sequence nodel, consider a §%§?Ie decoder for an ideal read

signal w thout,h npise, distortion or. tin fi At ' Ignented.
accordi ng P3*th2 Ef%ﬁ%??ﬁﬁﬂﬂ4%¥n8Fl?+GU ¥$ﬁgggggg%dg§é%%t%§kgﬁé state

transi ti ongpey sach, sammhe Alebie (620 Slgtding AnsuRRLL Al 4 Nigecignader is

currently Th'state D00 (corresponding to a medi um sequence of North- Sout h,
Nor t h- Sout fy,1 Nog ¢ hpSoakidn,a’ e ) o28€lr tdifectral 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
desc?ibed 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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-12- denodul ator receives a sanple value of +0.5. This sanple indicates
the | eading edge of a nediumtransition from North-South magnetization to
Sout h-North magneti zation. This.results in a next state of 001 (or NNS) and
a denodul ator output or estimated channel bit of 1, which indicates the
presence of this mediumtransition. Because of the one-constraint encoding,
the only sanple that can be expected to o@Jur next is +1.0, which is the _
sanpl e that §rcingn@FoGFER Fﬁé 2ls1 dye ofiemied PEaf- §+£ﬁﬁﬂlqﬂn99§re@eono this
nedlunltran3|t|on This _sanple results in-a next_ state of 011 (or NSS) and

a derpdul at OFARft e anﬁra Fchsithe GHindser PRPU ARG HeFPIRRA L?rﬁ fr SA8FERER
d t t th | B tigfied th
response dogs; note start wphh Lhis ﬁ npl e. §g§ﬁ%y 5 %e Q% n?@a'a ie e

run-1length CORS raint, ‘the next
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 generators 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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by the | eadi ng edge of a pulse due to a second nediumtransition. Thus
state 011 has two possible transitions leading fromit. If a second

medi umtransition pulse is starting with the next sanple, then the +0.5
trailing sanple that nust be present due to the first transition wuld be
offset by the -0.5 | eadi ng-sanple of the second nmediumtransition, and the
expect éd sanple woul d be 0.'0. Therefore, receiving a sanple value of 0.0
results in a next state of 110 (SSN), and,gn estimated channel bit of 1 to
i ndi cate thgosesDiglidmdli WBddARS LLOR- 24 {igfatfoteldemodatet¥oRdof sanpl e
value of +0.5.indicates that there is not yet another nediumtransition and
results in panekxdlstesporde klihn@$eS) and a denodul ator output of 0. If_the .
state machine is in state 111, then receiving a sanple of 0.0 results in a
next state of 111 and an output of 0, i.e. no new nmediumtransition. The
remai ning transitions and states are symmetrical with those in the above
description. Gven an ideal set of sanples, the output of a denodul ator
that directly inplenments this state nachi ne woul d :
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exactly reproduce the channel bits witten to the nmedi um

In operation, a Viterbi ~denodul ator can be thought of as wal ki ng the
trellis formed by taking each state of a sanple sequence nodel over each
sanple.tine. FIGURE 4 shows the fundanental franme of the trellis of the
EPR4 state machi ne shown in FI GURE 3 bet ggen time T and tinme T+1. Each

possi bl e tranS|t|on of thegrRB4 ShAk&r

This Sheet Has Been Re
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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 sequence-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

_—
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I's represented as a branch in the trellis franme. Let S(T) be the
read-signal sanple taken at tine T. Let the branch error nmetric of, for
exanpl e, the branch fromstate 001 to 011, be the quantity (S(T) - 1.0)
squared, because +1.0 is the expected sanple value for that branch. Because
there is only one sequence- nodel transiti%%_l eading into state 011, the

path error netric for stgt 011 at, tinme T¥Y is alwa the,path error netric

for state 0GBt AhiGPnEne, ﬁ?ﬁ??ﬁi%‘”&“&ﬁ&ﬁ E‘PFBroﬁﬁf%?% 5?|Jd£tt’h"e¢ §§séi‘|eat ed
timated ch | kit i . 0. Ta,t. d tate 001

coul d bo.r ATt o By T R m s, 3PREEEE 55 BT R Lt o 1

~and an eXpecst,-ﬁ,q,ll%%logs@;.+0F§r19§e£,t s%%lrfglb%easasaedeéé@mﬁéaé& 1P@owisp a

channel bit © an expected sanple of 0.0. So for state 001, both
branch errorsdmiid Geqaedceonpdéesl ade Sreskatedanbict patB{dllar 0. 5) "2 and
S(T)*2. The first branch error netric is added to the path error netric for
state 000 atagiglneatioasd thespresshtbrimventdionodsnefnatly sappidedle the
path error netcic for state 100 at tine T. The Viterbi algorithmthen
conpar es t hegdhens ypetsr pésVaherbhedgisdrors, 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
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with the smallest distance fromthe actual sanpl e sequence is selected as
I ndicating the nost likely path along which state 001 m ght be entered at

time T+1. For -each sanple tine, the expected sanple for each
possi bl e state-machine transition, or trellis branch,” is -
-14- -conpared wth the read-signal sagg{e to generate an error netric

for that brgggghs-ggﬁ%agkggﬁgeeggg£egﬁggén would otherwise bé 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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is accunul ated over nultiple sanple tines, thus form ng a path error

metric. A Euclidean distance netric may be used; i.e. a branch error is the
square of the difference between the actual read-signal value and the
expected value for that .state transition-at that sanple tine. A Euclidean
path error woul d be the square root.of the sumof the branch errors al ong
that path, but since only conparisons anong path error netrics are
significant, there is no need to conputesg_square root and the sumof the
branch err ahsthéRyobFe &s s 6&# z,lgatche%r@{mpsrpiﬁcﬁatl@r#serre%ra&eiess
metrics may be used, for exanple t bsol ute value of the difference

bet ween thefachaaRLBamplmthﬁuidé&tJaéQQCBgd sangteanndotbida@ncoddhg ake@ach
sanple time, the history of possible paths that may have led to that state
is reduced by assunming that the state was entered by that path |eading into
it that has the |owest path netric. This sinplification is justified by the
fact that no quﬂFea§%5$?és°Qﬂqqt-§ﬁeGOanypiaw?h6raIYtﬁﬁrQﬂmiMHQ:WGG&FHOﬁay
have | ed u at tinme an exanple of this calcglatlon

to.that state at
state 000 Bﬁmﬁfl R c%ﬂl%’ct? eé:ntté‘raédcf‘?oﬂf%??i%r wo or more actual

ample 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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itself or fromstate 100. In the fornmer case, the expected sanple woul d be
0.0 and in the latter it would be -0.5. At each sanple tine, the current
sanple is conpared with each of these expected sanple values. Let S'be the
current sanple and P(X) the current path error netrit associated with state
X If (S+0.572 + P(100) is less than (S - O. 0)“2 + P(000), then the

Vi terbi al gorithm consi der, ¥ W er.ed fromstate 100
at this tine and not from - conputation is
performed for each state at each sanple tinme.

FIGURE 1 shows a state transition on a medium such as a
track of a disk drive and its associated pulse 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

__'R
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At any sanple tinme, the state-that currently has the m ni num path error
metric could be taken as the correct state and the estimated channel bit
could be taken directly fromthe sequence-nodel transition corresponding to
the chosen branch into that* state. But instead, the Viterbi denodul ator,

| i ke other sequence denodul at ors, defers_%QLs decision until a sequence of

subsequent §@%Eﬁ§ehﬁ§déﬁegt£@é‘;}giv%% atLEeuRL 1isS tABAS tRatiahsy NI Maieh

state correctl’y nodels the chan t 'Sequence witten into the nmedium at
the corresperdiceg wite tines. Rather, the pruning of unlikely past
possibilities occurs only within each state for each sanple. Thus, path

hi stories of estimated channel bits nust be kept for each state in the
sanpl e sequence nodel. If the nodul ator and denodul ator are desi gned
appropri ately foFIGHBEcRasheveristemmievent maditdve R84t hé=} carklids write
channel s, then after a reasonabl e nunber of sanples beyond sanple T, the
path histories associated with all

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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of the sequence-nodel states-are very likely to make the sane estimate of
the value of the channel-bit corresponding to sanple T. FI GURE 5

illustrates the deferred decisions that a Viterbi denodul ator nmakes. This
figure was generated by a software inplenentation of a particular Viterbi
denodul at or operating on a particular actyal sanple sequence. Signal 501

represents &Q&M‘d%ﬁ%&lﬁgli_gea' read si nal: W tBoyy Doppe y di ﬁ%)o,rtion
.

or timng variatrons. “Trellis patP3u¥E B vYhe correct path, i.e

cor responds, {0 e eMpeldce cRABNE! DI ihdeabiread sigmsdt B
Signal 503 is a noiesg si gnal tEat s%&% d%gc%tog,ogi gnal 501 to produce al-cst ual

sanpl e sequence, 504. Trellis 506 shows the paths-contained in the path
menory, after the 10th sanple has been taken, for each of the 8 states of
the particul ar sanpl e sequence nodel '

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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used in this figure. Note that after the 10th.sarrpl e, each path

estimates the sane sequence-nodel state corresponding to the 1st through
the 5th sanples, but that after the 5th sanple, the contents of the path

menories diverge in order-to find the nost

likely path.into the state that

they represent at the 10th sanple time. Trellis draw ngs 507-510 show t he

pat hs contained in all
time respecti VelRIGURE @8chso4 §ambld Ss

path nmenories as @fg-the 11th through the 14th sanple
S RANCRIR0EEE- 536, a t eer it - Jeisplonkbes

associated with all of the sequence-nodel states nmake the same estinate of

al |

channelclistss I¥p (PB4h séasabhabinh recent tbhaetraiet dbtdeerl 3 tiheb

sanples prior to the current sanple.

expected sample sequence for an 1solated tran51t10n is 1,1.

FIGURE 19 is a sharing diagram for the sample sequence
model of FIGURE 18 under the condition that all erroxr events of
distance less than or equal 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 dlagram for an
RLL constraint of d = 1 and a 51gnal 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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In a mat hemati cal sense,, the maxi mum|i kel i hood decision rule says to
choose as the estimate of the witten channel bit sequence that sequence,
out of all possible channel .bit sequences, for which the conditional
probabi I'ity of receiving the actual sanple sequence is highest. A Viterb
dempdul ator sanpling the anal og read signal;at the channel bit rate

satisfies {hssmgloRdiBamds kidd RO gE5!ROL0Ted fad Neu@nalmagn! eAd 5haDZhg
cont ai ns white (Gaussi an noi se added to e expected read-signal pul se
sanpl es and daiwyrnalof BFBEHEIRESI2gnal is passed through a filter with a
frequency response matched to the channel. For each state in the
sanpl e sequence nodel, the path histories of estimted channel bits are

kept in a path nenory. The path nmenory in a sequence detector stores the
i nformati on necesBEFYRE o2 Het§ rfe sbachingudiagrany bt §1EURFe 2 #ithsthen a

rior-art Viterbi \ '
P " addeé condition that alil drop-in and drop-out error events are

resélved properly. p

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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detector, there is one surV|V|ng path for each” state of the source model
The |nfornat|on in the path menory may be encoded and managed in a varlety
of ways. One way is to sinply store the sequence of decisions from

-17- each ACS nodul e regarding which of its input paths was chosen at
each iteration. In this case the path nenory amounts to a set of shift

regi sters, and sone neans nust be provided _to trace the paths back through

the trellis to dg&@{,ﬁbnﬁtfg est] nBitn%dd(iF;gﬁgg‘l BLUpSEGHENSE £d18% S

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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t he prlnary output of the denDduIator The I ength of the path memory is the
nunber of frames back through the trellis for which each surviving path can
be reconstructed, counting the current frane. In well- designed detectors,
thereis.a high probability that the surviving paths-will ,all emanate from
t he sane sequence- nodel state at sone p0|nt in the trellis within the

| ength of the p nor and thus shar®a comon path b fo t hat point.
Wien this is sogta%gPoneé/éd’fertaﬁ€ §uﬁi‘%?rgs$ﬁa‘ﬁt§“ 1'bee rcgce 5E

determne L Q@é@%ﬂrﬁtlm staRghLIntes, channe] diiP o %%segh@ass?atﬂtatt

the ol dest frame in t Eifor §=om ¥ 9% pr tice

to 30 bi tsN‘g@yepet&Jfgﬁ&le%ntl gggt Ye & il ge enough to ensure
that there is a high probabln 3 a%éY% annel bits are identical in
each state's path nmenory for the b|ts at the | east-recent end of each path
menory. Path nmenory requirenents depend on the signal nodel and on the
codi ng constr ai RIGURPPI i BthwsFaheexaBple, oft $O¥rl for the EPR4 model with

6

the d=1 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 open 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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value for k in the RLL(d, k) constraints on the ‘channel bits can in sone
cases |ower the length of the path nmenory required because the occurrence
of mediumtransitions tends to force or expedite the Viterbi algorithmto
make significant decisions. Pat h nenories can be burdensone to

i mpl enent. Thus there is ‘a need for techni'ques to réeducé the nunber of path
menories required to inplenent a Viteﬂﬂiiike al gorithm

-18- . 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.

CODEWORD STATE_SEQUENCE,
B 0000 00000
0001 00001
0012 00013
0121 00137 '
0120 00136
1210 01377

e
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In typical prior-art i.nplenentations of the Viterbi algorithm the signed
add, square, add, conpare and sel ect conputation described above is
perforned for each sequence-nodel state. The results_of the signed add and
square-conmput ati on may be the branch error netric for nore than one branch.
In this case, the output of some of the ppdules that inplenent the
conputation of the branch eyrpr_jmetrics y & ysed as inputs to nore than
one add, conpare, select (ACS) nodule. For exanple, FIGURE 6 is a bl ock

di agram of an inpl enentation ©f-st hese steps f @ 4t he EPR4, d=1 sanple
sequence nodel, which is shown in FIGJRE 3. Branch error netric generators
600- 604 i npl enent the signed add-.and square conputation for each of the
possi bl e val ues of expected sanples, i..e. -1.0, -0.5, 0, +0.5, and +1.0).
ACS nodul es 605, 606, 608, and 609 inplenent the add, conpare, and sel ect

conputation for_states 000, 001, 111, and 110 resrpectlvel . Each al so
stores the cur rertP pht h Ssderedtl creesibie BRI @ h e T30 afy B SerPet e,

open and closed, from the list of sample sequences generated in
Step 3. A potential error event is any pair of semple 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 error

events of length 4 are selected:
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into the state it represents.: They al so communi cate, via selection

i ndi cator lines 611-614 rfespectively, to path nenories 615 which of the two
possible input transitions.they have selected as the nost likely path into
the state they represent. A nore detail ed block diagram of the

i npl enent ation of two-input ACS nodul es 6Q3. 606, 608, and 609 is shown in
FI GURE 7. Mbdul es 607 and 610 are ACS nodules for the special case of
states 011 and 100 whi ch have only one sequence-nodel transition |eading
into them Mdules 607 and 610 i npl enent the add and
store-path-error-netric functions only. In this prior-art Viterbi

denodul at or i npl enrent QODEHORDNe ACS gpgatd eSEGUANGRIIred fRESEENGE state in

t he sanpl e sequence nodel. ACS nodul es can be burdensone to inplenent.

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.
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-19- As nore sanples are taken per each nediumtransition response
and as | arger anounts of interference are all owed anong pulses in the read
signal, nore states are required in the sanple sequence nodel. Thus there
is a need for a technique that reduces the nunber of ACS nodul es required
to inplenent a Viterbi-like algorithm Consi der the follow ng actual
sanpl e sequence: 0.0, 0.25, 0.75, 0.75, 0%5 0.0 in the d=1 EPR4 partial -
response nodel described above. The trellis diagram shown in Fl GURE 8 shows

two paths that ceuld.gduabky a\gil%xaq{pleequqﬂlé xliggoghx,ldhgvghggp@gagﬁgiléuch a
sequence of sanples (there are other "such paths: the two paths
with 6 rows and 6 columns. Each 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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shown assune that state 000 was the initial state). The channel bit
sequences associated with these two paths are 010000 and 001000. They
differ by one bit tinme in terns of where the nediumtransition occurs. The
expect ed sanpl e sequence associated with the first of these two paths is
0.0, 0.5, 1.0, 0.5, 0.0, 0.0, while the-#%pected sanpl e sequence for the
second path is 0.0, 0.0, 0.5, 1.0, 0.5, 0.0. The squared Euclidean netric
for each path may be conputed for a given actual sanple sequence by summ ng
the squares of fhe dbbier ehzetnddtakden shioersawvhgshesapples sefjrhisdesagdaneach

expected sanpl e sequence. The result is that each path arrives in state 111
at tinme T+5haikehan AgHaredupatBpshst e PeLPOthS eTRPE ¢¥gfteSdiitssed aase

where the actual sanple sequence |lies on a.decision_boundary, and sonme
arbitrary epéieéefuit BESRu é“Héfﬁbé%etﬁg oﬂﬁhhg?r?ﬁwﬁyﬁﬁgﬁﬂﬁﬁﬁ§,mPﬁE

Sampl o SeqiencEnaiasTEd piSeERt ot Jisrd 1 B8 ek Bt IR RATEI UE1

e AORR I VR s Ao RS e
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-minimum
groupings may be chosen because of other desirable properties.

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

In this grouping, one ACS module is shared by states 000, 011,
[
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squared path netric of 0.2602. - 20-
If one of the paths in FIGURE 8 is the correct path, i.e. the path

representing the sequence- nodel

of witten channel bits, then the other path is an error path. The

sel ection by the denodul ator of the errofgpath instead of the correct path

woul d considd ut®,ammdQeUhe€kE86nd 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
events 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

~.

e
[ —

asBamRTﬂmmd

T

transitions that correspond to the sequence
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event, and would result in one or nore erroneous estimated channel bits
bei ng output fromthe denodul ator. The exanple of FIGJRE 8 is a cl osed
potential error event beginning at time T+1 and ending at tine T+5 because
the erroneous path and the correct path converge to the same state at tine
T+5. In contrast, it would be an open patential error event if the trellis
ended at LipBndtdnsbefesan the paiesnbad aesgesce is not Mrfifigdrertalfoy, any
path through the trellis may be the correct path and any pair of paths in
the trell kgeCOnstites eso asipteenin alcSempdnlevenThis dognens tdaey beegin i n
the sane state. A potential error event is any two paths in the trellis

t hat begi extentied sanpastatef amtdtdisvengerrartaeerts b stlengthTiess

begi nning of a potential error event is the point where any two paths

di ver ge. Aheod®aor i, t hE BFPed KPLERFPRE SEFRRMRE s SBTSttd® RRdN ane

articular trellis path, ) ,
P to forbid gharing 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, such 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

I
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The di stance of a potential error event is the distance between the
codewords of the two paths of the potential error event. Using the
Eucl i dean nmetric, the square of this distance is equal to the path error
nmetric that would be built up in the error path if the actual -sanple
sequence corresponded to the ideal sequence for the correct path. The

L ) . : 18—~ . C

0% T L SO o 2 LG8 O MR, R e TR HuASeE N AR

-21- must be sufficient to allow a unique 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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di stance of any open potential error event of duration greater than the
path |l ength, whichever is smaller. Since the error rate of the denodul ator
decreases with increased m ni num di stance, one is notivated to choose, if
possi ble, a path length sufficient to contain all -open error events whose
distance is less than the m nimum distance of closed potential error

events. THeSE LBy dSEahbaniodlfe A LIS R, 0RTY! 18 Seatarpe pr opert] es

of error correction codes. ativel w bit error rates, the

per for MaNGE s 2 1¥nt @10k B8H0GL! MLy it AP thec bl Lo Inglet&51e ned by the
m ni mrum di stance and by the signal-to-noisé ratio. Actual error events of
di stance larger than the m ni num di stance are quite inprobabl e conpared

with the nini moausbesitance evemextand magxpakeley bBempy@ofed in the design of
the denodul at orgaddenout seri ogglay eaf f ectgshmaiedbChapnebrBitate. Thus there

Is a need for a technique that reduces the inplenmentation conplexity of the
Viterbi algorit¢ddw thout sacrdO0 cing itsOalfiBity to

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-loop 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

This Sheet Has Been Reilaced
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handl e m ni num di stance error events. Parti al - Response Pol ynom al s

A partial -response information channel is ideally equivalent to a finite
i mpul se response (FIR) digital filter. For exanple, if the input to a
magneti c di sk recording channel is taken as a sequence of wite current

| evel s taking values of plus and mnus I, then the unit pulse response of
the digital fiHb%r Is the resggpse to fb'omyi{e current sequence [err]

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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-22- divided by 21 (the anplitude of the current pulse). The DC offset
in the above unit pulse is immterial if the channel response is 0 at DC.
This is the case with magnetic di sk recordi ng channel s using inductive read
heads. In other cases, the DC offset can be easily corrected for by

subtracting the response to a DC currentgef -1 fromthe response to the
above curr esampel gelUEsraanp£fﬁ¥hgﬂngnelngg 1§sp@§§£ble béeawsy e pul se
above woul d be as foll ows: 1 000O0... (response to
first total number of paths in the ktaaslhaon;nplué FIGURE)Il(ls-bnlg 1
0 0... (regponse tqo second

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 Re ﬁ
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transition) togive...001 1-1-100... (response to pul se)

Since an ideal partial-response systemis equivalent to a discrete-tine
filter, the analysis techni qgues used on discrete-tinme filters can be
applied to partial-response systens. One such analysis technique is the
Z-transform in which the inverse of thectransformvariable z represents a

tine del aynbyifoR-5e9PgLobpi Ry @, tﬁi%i mkar anal yststd£aus aue rcoponl y
used in magnetic disk storage is the transform wherein the transform

variabl e Dseapessenoswitie SEI®E AQlQY o9t ARdl Bvetselni. z. The Z-transform
(or D-transform of the unit pulse response of a digital filter is the
transfer function of that filter, and nay be used to reveal its
characteristics in the frequency domain. For a finite inmpul se response -
filter, the D-tFaRYRBr ki &s s nganp tehes epmiepreninabel nfor vt sexeereddd ci ent s
are the sanme as the unit pul se response sequence. For the,EPR4 unit pul se
response s@&ﬁéﬁéé'B?S?QFS ,chﬁs_qM,(a?ﬁé)Dsignal without RLL 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
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transformis the polynomal 1 + D- D'2 - D'3. This polynomal is referred
to as the EPR4 partial -response polynomal. This polynomal factors to
(1-D) (1+D) "2, -23- whi ch reveal s that
t he EPR4 channel has a spectral null at DC and a second order spectral null
at the Nyqui st frequency of one half thg5§grrpl e rate. The response

of a parti@f-(ps.pcms_e(lchamelg.torrﬁe 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 étate. FIGURE 23 is a

block diagram of such a five-ACS impleméntation.
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unit pul se can be conputed by taking the inverse D- transformof the
partial -response polynom al. This anmobunts to readi ng the sequence of

pol ynom al

coefficients and taking them as the sequence of sanple val ues.

It is also possible to determ ne the response to an isolated transition,

ot herw se

known as the step response of_g,p_e system fromthe

partial -response polynomal. This is done by dividing the pol ynom él by

(1-D) and

taking the inverse D-transform D viding out the (1-D) factor

fromthe EPR4 prigumevizal ilsea"\"/'éﬁawﬁ? p@ié/r%lql?ﬂ' %|2f (ti%"’ sdhpteD8Eguendd Glibde 1

corresponds to the EPR4 isolated pu

se of 1, Convol uti onal Codes

I n additi onf tRIGURE ROuseIfonseenonell didid iRavst ol FIGEBPOAS ewbilgneties,
Viterbi detectors ce}n.al so be used to decode convol uti onal codes. Viterhbi
decodi ng cfddesh\eeingitdnal thatesll sddescin ked dropheubo®kror Ryents 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 with 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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Correction Coding for Digital Conmunications", by George C. dark Jr and
J. Bibb Cain, 1981, pp. 228-235. The encodi ng process for a convolutlonal
code nmay be described as a convolution operation between the data synbol
stream and an encodi ng sequence, called a generator. This encodi ng process
may al so be viewed as a filtering operation where the generator is the
finite inpul se response of a discrete tI%E filter. The convol ution or
filtering i th flnlte |eId arithnetic (often binary).
Redundancy v onal codes in order to allow
error detection and/or correctlon capabilities by using

-24-

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 indicating that a transition

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

the same error event would be a drop-out if the roles of the

- e
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multiple generators. The encoding filters for the generators operate in
parallel and their outputs may be interleaved into a single encoded data
stream By conbining nultiple generators with decimati on or subsanpling of
the output sequences from each encoding filter one can introduce redundancy
in any desired amount. For exanple, one could use three generators

tripling the nu nforna i on synboP&” but di d nmb
from egcg §ehETa r?o?n bt atien{\ C@ﬁé‘é‘éér bbFoa‘El%‘éin%séée:ﬁ%o r%eél%gnf ofy 0
every at.a e, code rate is 2 3 [
illustrate Pégn?giﬁg;ga{ﬁ it CAS5APET SVEF sp%%slef%at%a%rﬁoa%\ezlﬁ}gggggeldson
the fact {Rak-88ci sotR] cche SRRl 8¢ 241t BRoblpM éOrdihewdianndin the

produces a particular response of finite duration in the sanpled out put

sequence, aQdsbthabftheterest 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 actually exhibited by some

nard disk medium at high recording densities. The sampled
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response to a sequence of input pulses is the |inear superposition of the
responses to each individual input pulse. This is equivalent to a rate 1
convol utional code in which the generator is the inpul se response of the
dat a channel . Thus there is a need for a technique for reducing the
i npl enent ation conplexity of V'terbi det% tors for decodi ng of

P pnal o | ©1spBRUE oRcHEL 5 05 (RS 40l T AU FHARR L0744 16, 1 PEE0ED

decode congel eiasar coqee e Eog| '%“Sn?%%béiﬁ?%??@aﬁ%nédnf?%?%éﬁm e

CO”D'eX'tyﬂohﬂlbﬁarﬂaﬁéspfadﬁﬁﬁﬁkﬂEﬂféﬁbltlons mutually reduce the
amplitude of the readback pulses for each transition by an
amount greater than would.be predicted by linear superposition
bf the pulses. 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 minimem
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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a partial -response signal may be viewed as a sequence of

- 25- expected sanples generated froma finite-state-nmachine nodel. In a
typi cal Viterbi denodul ator inplenmented using the add, conpare, select

nmet hod, each state in the expected sanpl e sequence nodel is associated with
a hardmare nodul e to performthe functlonE of addi ng new branch error

nmetrics to epRko S ri at h rro | CS and sel ecting
the path naveR C R ToncercaatainGr Srberrs. hht che B ip e 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
rsultipurpose processor executing appropriate software. While

[

such an implementation does not have ACS modules, where a

This Sheet Has Been Re!ilaced

| | NWERAN




requi red nunber of these add, conpare, select (ACS) nodules is equal to the
nuiber of sequence-nodel states. In this invention, an ACS nodul e nay have
two or nore sequence-nodel states dynamically associated with it, such that
at some times one sequence-nodel state is associated with it and at other,
ti mes anot her sequence- nodel state is associated with it. The present

i nvention reduces the nunmber of ACS noq,gg;required and al so reduces the

si ze/ compl ey f he AerBduta olis A ToIIRLES ALhi BubliNs Shaie one

path for each ACS nodul e. G oups ‘sequence- nodel states may beé chosen to

share an AGS: fostyl @swat begtestgno f | GRyHrd@Sonisn opeeher pascesas canpared to
the original, unreduced Viterbi denodul ator. Further, the present invention
supports asetbes refh@eldof compate, nosliadct [Bunvakiiong theteapeceqdiwamlte to
sequence of an isolated nmediumtransition programrable. Further, the
present invkatfwrctiomgces &hkasgewne ACSMmcshyehe Theeteehrnidyeitry nust
operate relative to the sanple rate by allowing nmultiple sanples to be

processed RYFERALALIFSEYD EOPtIRRPLIARAS 410 FEHHCEd LhEL BEFRPE 9fr specific

sanpl e sequence, . . . :
P qexecutlons 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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nmodel s are presented for particular applications. The present invention is
equal ly applicable to other types of Viterbi detectors, such as the case of

decoders for convol utional codes. It is an object of the invention
to provi de sequence detectors, such as denodul ators for-partial -
- 26- response signals and decoders for convolutional codes,

-60~—

values of a, b, and ¢ should pe 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 own dlstlnct 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
varigty 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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havi ng reduced i npl enentation conplexity. Inplenentation conplexity may be
taken to nean the anount of processing required, whether that processing is
enbodied in logic gates, analog circuits, or software. Anot her
object of the invention is to acconplish the conplexity reduction with

m ni mal degradation of performance as co®pared to a prior-art Viterb

det ect or , ‘grartiideulsachyawptihseespégdn t fa Miviento dieattaacdaea r oesoraddorod her
errors of relatively high likelihood or inportance. A still further
obj ect i s domlgk dhiedeswafabnte tiee ccenter-shmpdddl andse, cfinl, decoberaltdmt

are well suited for inplementation in digital integrated circuit form
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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Yet another object is to provide sequence detectors, denodul ators, and
decoders suitable for signals whose source nodels contain nore states than
woul d ot herwi se be allowable within given limts for detector conplexity.
Anot her object of the invention is to reduce the path menmory required to

I npl ement a Viterbi-like algorithm - Anot her object is to apply these

si npl i fi caidNsH i8I HESS gfmgggscpgvggéﬁéangﬂ eadeuctheestan®pl e sequence
nodel , the channel bit encoding constraints, or the signal nodel used.

A still f W ddpaut adijoead sios thatappky ﬁh@é@s§iﬁqﬂméy(hﬁ|dons io Matalbellike
denodul ators for
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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-27- nonli near channel s, as-well as to Viterbi denodul ators for |inear
channel s. Anot her object is to inplement a Viterbi-|ike detector,
denodul ator, or decoder with a programabl e expected sanpl e sequence for an
i solated nediumtransition. Arelated object is to support nultiple,
alternative expected sanpl e sequences foresetrys or for situations in which
t he medi umghermct,etiestiore phahgeentegingi ¢ddm AQS anvsivdezon@Beof a di sk
storage device in .
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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whi ch a constant angul ar velocity of the disk results in variable velocity
of the mediumw th respect to the read or wite heads. Another rel ated
object is to devel op progranmabl e sanpl e sequence nodel s that support

mul tiple signal nodels that woul d require distinct sanpl e sequence nodel s
and distinct hardware architectures whengyopl enented with non-programmabl e
sanpl e sequences. Anot her object is to apply these sinplifications
regardl ess of the RLL or other user-data-bit to channel- bit encodi ng used.
Yet anot her obj @othi grooplnyl efMddqRndd-ablkil Eketdet estshgredemgdubatogs or

decoder that can process two or nore actual sanple val ues per detector

cycl e tinme.and modifipathen objsotples segquenptenedtls dipiaas st ecllotsle
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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for several speC|f|c sanple sequence nDdeIs and w th several specific

sel ected subsets of potential error events by applying the general

techni ques of this invention. - 28-

BRI EF DESCRI PTI ON OF THE DRAW NGS FIGURE 1 shows a state transition
on a medium such as a track of a disk driye and its associated pulse in

When the sample sequence model of FIGURE 33 is analyzed to
determine allowable sharing of ACS modules, the result is the
eame as for the single—saﬁple case. For proper r?solution 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 36lshqws 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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an anaiog read signal. It also shows two digitized sanple nodels of such

r ead- si gnal pul ses. .~ FIGURE 2 shows two adjacent nmediumtransitions
and their individual and conbined read-signal pulses. FIGURE 3 is
the state nachi ne nodel of-the expected sequence of sanples for the case of
an EPR4 signal nodel and a d=1 run-I|engtdsgsonstraint. FI GURE 4 shows

t he fundanmemtial mbdedereprebentPRohe dechdin@itlion. of two chn@MUEiHd | | ustrates
the deferred .decision making of a particular Viterbi denpdulator in the
case of a paaueageamcdelubkaraitplens equeahee oy gsnahi MRAbvP i HFIGIREt d3t.s of

the path nmenories evolve_as additional read-
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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signal sanples are taken. . FIGIRE 6 is a block diagramof a prior-art
I npl enmentation of a Viterbi denodul ator for the EPR4, d=1 sanpl e sequence

model . FIGURE 7 i's a nore detail ed bl ock diagram of the
i npl ement ati on of an add, .conpare, select (ACS) nodul e for a sequence-nodel
state having two transitions that nmay enter the state. FI GURE 8

shows an error eveni on,the EPR4, d=1 trdds. ,
n e claims to follow, the word detector is used in the

general sense to denote any sequence detector, whether used for

demodulation, decoding or otherwise.

While preferred and alternate embodiments of the present
invention have been disclosed and déscribed in detail herein, it
will be obvious to those skilled in the art that various changes
in form and detail may be made therein without departing from

the spirit and scope thereof.

\

This §

g



- 29- FI GURE 9 shows a block diagramof a rate 2/3 encoder for a
convol utional code suitable for decoding using the Viterbi algorithm
FIGURE 10.is a sharing diagramwhere a |ine between states indicates that
that pair of states fromthe EPR4, d=1 sanple sequence nodel of FIGURE 3
can share an ACS nodule in the denDduIato%7Qased on the criterion that al
error events of distance | ess than or equal "to 2 nust be handl ed properly,
i.e. in the sane fashion as would a Viterbi denodul ator with one ACS nodul e
for each of the 6 states of the sanple sequence nodel

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 memory
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 matrix: '):

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) :
errox('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 errors (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
‘2ppendix A Page 1 of 5
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FIGURE 11 is a version of "the ,sanpl e sequence nodel from FlI GURE 3,

how a reduced-conpl exity detector for that signa

show ng
may be constructed with

only two -ACS nodul es that each represent one of three st-ates.-at any given

time:

"FIGURE 12 is a block diagramof a sinplified inplenmentation of

t he denodul at or shown in FIGURE 6 using oghyg two ACS nodul es sel ected

according to the sharing diagramof FIGURE 10.
sequence nodel for a partial -
constraints.

response class IV (PR4) signal
The correspondi ng partial -response pol ynom al

FIGURE 13 is a sanple.
w t hout RLL

is (1- D (1+

D, and the expected sanple sequence for an isolated transition is 1, 1.

(T,1,D) = statconv(A,O,nclock) ;
format

% convert the state machine to another

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 1 = 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
stateseqs = 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(:,j)*ones(l,length(tidx)):
newoutputs = [newoutputs [output; D(tidx,:)'}];
end
- stateseqgs = newstateseqs:;
CWS = NewCcws;
outputs = newoutputs;
{dummy,M] = size(cws):
end

oP P oP oP

% codewords of length k from state i

% 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
if (stateseqgs(2, j)~=stateseqs(2 k)) % if pair is an error event
dist = norxm(cws(:,j)-cws(:,k),normtype); % find distance
if savedrop % check for dropout/dropin event
dropout isdrop (outputs(:,j),outputs(:,k),dl1);
dropout dropout [isdrop (outputs (:, k) ,outputs(:,3j),dl);
end
if (dist<eritdist) [dropout % if an event of interest
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: '

Page 2 of 5

\

This Sheet

----- LT



FIGURE 14 is a sharing diagramfor the sanple sequence nodel of FI GURE 13
under the condition that all “error events of distance | ess than or equal to
the square root of 2 are resolved properly, with a path l.ength of P = 10.

- 30- " FIGURE 15 is a sharing diagramfor the sanple sequence node

of FIGURE 3 under the conditions that all error events of distance |ess
than or equal to 2 and all error events th&7Ccorrespond to drop-outs or
drop-ins |

int2str(stj) ', ' int2str(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])])

Appendix 2 Page 3 of 5
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are resolved properly with a path length of P = 6. FIGURE 16 is the
sanpl e sequence nodel for an &xtended partial -response class |V (EPR4)
signal w.thout RLL constraints.. The correspondi ng partial -response
polynomial i's (1 - D) (1 + D”2, and the expected sanple sequence for an
isolated transition is 1, 2, 1. FIGURE 17 is a sharing diagramfor
t he sanpl e sequence nodel of FlIGURE 16 undq;nghe condition that all error
events of distance |less than or equal to. 2 are resolved properly, with a
path | ength of P = 10. FIGURE 18 is a sanpl e sequence nodel for a
partial - response class IV (PR4) signal with an RLL constraint of d = 1.
The expected sanpl e sequence for an isolated transition is 1, 1.

function dropout = isdrop{outl,out2,dl)

$ dropout = isdrop(outl,out2,dl) returns a 1 if the error between
% birary sSequences 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 drxop 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
dl = inf;
end

nemdrop = sum( {outl==1)& (out2==0));
dropout = (~any((outl==0)& (out2==1))) & (numdrop>0) & (numdrop<=dl);

—_— Appendix A Page 4 of 5
This Sheet Has B -

i .



FIGURE 19 is a sharing dlagranpfor t he sanpl e sequence nodel of FIGURE 18
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.
Thi s same sharing di agram applies when the added condition of proper

resol ution of drop-in and drop-out error events is applied. Fl GURE
20 is a sanple sequence nodel state diagr&mHor an RLL constraint of d =1
and a signal nodel given by the polynomal (1 - D) (1 + D*3. The
correspondi ng expected sanpl e sequence for an isolated transition is 1, 3,
3, 1.

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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- 31- W'shari ng diagram for the sanple sequence nodel
of FI QU er the condition that all error events of ‘distance |ess
t han orRQ(m‘nE ,"IHI,I'(W e root of 10 are resolved properly, with a path
| engt’h of T Tpo mil GURE 22 is a block diagramof an inplenmentation
of a Viterbi denodul ator* for the sanpl e®quence nodel of FI GURE 20
sinplified to use only three ACS nodul @15 t aken fromthe sharing di agram
of FI GURE 21. FIGURE 23 is a block diagram of an inplenentation of a
Vi terbi denodul ator for the sanpl e sequence nodel :

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 states 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




S s S R e LA A

of FI&U M“ﬁ“to use f|ve ACS rmdul es as taken fromthe sharing
di agra FIGURE 24 is a sharing diagramli ke FIGURE 21-
g g

with th \-Cd‘hdlstlon that all drop-in and drop-out error events are
resol ved pr- operl y. FIGURE 25 is a generi c bl ock diagram of a
'sequence denodul ator with shared ACS rmdu FIGURE 26 is a sanple

o a shari ngodraor sasPort (I A égégﬁaanﬁzé%ﬁ%a?ﬁt@ﬁ’aw%a 186
states 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
- _
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Fi gure ﬁlim" I X state machine nodel with a programmabl e
expecte l.m ﬂ E‘gles . Figure 29 illustrates a ten state
machi ne nbdél aﬂ r programabl e expected sequence of sanples.

-32- 7. . FI GURE 30 shows a six-state nodified sanpl e sequence nodel for
EPR4A with a mnimumrun | ength constraintyoef d=1, each sequence nodel
transiti onernor 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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Fi gure nting the conbination of two consecutive sequence nodel
transiti Hznmz JM jm fied sanpl e sequence nodel of FI GURE 3.
FI GURE 3L y agram for Figure 30 for the condition that all

potential error events ‘of distance |ess than or equal to 2 be handl ed
properly. FIGURE 32 is a diagram show ng how states from FI GURE 30
may be grouped to share two ACS nodul es-71- FIGURE 33 shows a ten-state
modi fi ed sanplede®RRNCN G deNaoriopanti ahe r esporms L BI\GITHING ¢ber espoadli ng
to the polynomal (1-D)(1+D)”*3 with a m nimumrun | ength constraint of d=l,
each sequehe PPt et Shsition in Figure 33 representing the conbination of
two consecutive sequence nodel transitions in the original nodel of FlIGURE
20. '

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

-

i



FIGURE 34 is i _ W ng how states from FI GURE 33 may be grouped to
share tgﬂﬂm B@mﬂm FI GURE 35 is a diagram showi ng how st ates
from Fl woe sgreuped to share five ACS nodul es. FI GURE 36
shows a nodified four-state sanple sequence nodel for-PR4-signals w thout

run length constraints, differing fromFIGJRE 13 in that each sequence
nodel transié

' inhi del .re resent§7%ﬁe conbi nat.i an
consecutivérgg%%gﬁggJﬁ%gggpfpgﬁép FbAR ¢h ?Yﬁa?ﬁQiﬁéﬁgl%%D g u%ﬁgﬁlfiﬁ$}13.
transitions in the following said underlying state machine

model;

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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- 33- FI' GJRE 37 15 a dragram show ng how states from FI GURE 36 may "

be grouped to ules DETAI LED DESCRI PTI ON OF THE
PREFERRED EI\/BH'“M,!“"M” present invention can be thought of as
exploiting the* aét that as in the prior art, a separate ACS nodul e

I s associ ated with each sequence- nodel state, then Truch of the tine the
ACS nodul es are conputing path error nets7gss for paths that are so far away

fromthe agbmabteedngnie oiisaguias rdidfryt Melahs 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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conput at i lkely to be irrelevant. The present invention
dynam cal ﬂmmmﬁu'mgg’amart I cul ar ACS nodule (and its associated path
menory) w th q1ore sequence- nodel state. One key to practicing the
present.invention is to determi ne which states can share an ACS nodul e

w t hout significant performance degradatignp-in terns of distinguishing the

correct trellis paidstl bod tsagggdp&g@’nt 'd?,lpa%r,ogeg\éeat sAtbﬁtm@dﬁersgaggggbl y
likely to occur, or that are of special Interest for whatever reason.

The fol | ow m@viingaasseptbymenepy HOGRIYR tebrifgeany nomg ohithirest 3L 86N A
sanpl e sequence nodel may share an ACS nodul e in a sequence denodul at or

wi t hout unaccept aleliel Farlor ASAcrodiely audinigoassbBelibbafngitinestfarresnlooo, 011
description of each step is an exanple of how that step is applied to the
EPR4 d=1 sampide 138q@éneeifipdertafmfindoREm@dedeveral of the steps are
clearly well suited to bei gg carried out with the ,aid of a conputer.

Appendi x A i sts S@3fpFEEP EoftaaPrAy e MgiNAgassociated with states 001,

111 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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whi ch may be used—te-help carry out steps 3 through 5. MATLAB is a’

conputing ' | buted by The Mat hWorks, Inc. of Natick, Mass.
-34- Hmmw’gml I' te a finite-state-machine nodel for the expected
sanpl e sequence #8ad signal to be denodul ated” Number the states

I n some conveni ent fashion. : ~75-

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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FI GURE 3 shows the result of ‘step 1 for the EPR4 nodel with the d=1
con;t_raLM,"lﬂ"nmnu jggnce we shall refer to the states by the deci mal

equi val . ntwuﬂry | abel s. For exanple, an isolated pul se of
positive*pofartty i:$ produced by beginning in state 0, noving to state 1,
then 3, then 7, and remaining in state 7#~AM-a the self-1oop. As this node
traverses this sequence of states, the expected sanple | abels on the paths
traversed generate the EPR4 sanpled pulse, {0.5 1.0, 0.5, 0, ...}, and the

estimated channel bit labels indicate a single 1 that excited the channel
to produce this | se,

St 2. Ch .
nmenory in the ?h dul tTﬁ%“e?EF;dgg?ﬁt9én§§giﬁﬁ§@@§ggﬁg9 g€f§%%$€§?gath
pur poses, an a . t t . L§ [ ' .
A RGN JiGRA b7 ?ﬁgfgn&%@glﬁgsgau%eeael Fofiesi 1y

I n general ‘one Shou oose
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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than the maxi mum duration of any open or closed potential error event at

m ni mum di stance. Ot her factors may al so be involved in the choice of path
| engt h, paiﬂlﬂﬂ I |" $ where there exist open.potential error events
of infinit m di stance. W choose path length P=6 for our
exanpl e, whi*ch i’ s "known to be adequate fdf7-the EPR4, d=1 sanpl e sequence

nodel . Step 3. Make a conplete list of all codemords or |ega

sequences of expected sanples, that are of |length P or | I.ncl yde in_the
list the sequengé -of A s?%&@%ﬂce detector for demgdulatlng EPRY 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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- 35- *rhaf’ﬁéﬁgfafg;—fﬂ_; codeword. A codeword of length n is any
sequence “m“ml m,s that can be generated by n consecutive state
transiti og \m

chine fromstep 1. For this purpose, two
codewords ar e ccohisi dered distinct if their stat e sequences differ, even if
t he expected sanpl e sequence is the same-78n general, codewords of |ength

| ess t han tﬁ@dﬁé?ﬁ'nﬁﬂﬁrie%%ﬁﬁﬁﬂg tRe AuBesbese®nds deP®dS Y5 Addidt Pesht ofor
codewor ds of Ieng is not practical to,include the exhaustive
list of EPREtOEL goa%wﬂg Pcfrthl éﬁ@trhcesf@r thesSHRVITHRI oﬁ?cttihéﬁ’t said ARS
exarrplewell t,al ese uenges of length 4 that N nstateO
(000). (In pgaFo?n%%§ g éPIsgéﬂp?%gg%d®ﬁﬂﬁ§§§‘§ éﬁ aﬁfh 35&gi nni ng
in any statgsgyégap@dcpngiqg{ %ur@ thosghstartlng in

said third and fourth ACS modules each hav1ng 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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state 0 bei herein for illustration purposes.) Note that the state

sequences f H H! Hl e sequences have 5 entries because they contain

both the b g states. CODEVWORD STATE
' 00 '

SEQUENCE 00 000O00O 0001
00001 0012 9% 01 3 0121
00137 said firstQAQS Qn@dule beiny @spo¥i@ted with states Q1P dnd
01377 . 121-1 01376 120 -2
0136 4 100 of spif gtatediaghiare gladegeéssi bl e potential error events,
bot

oth open and closed, fromthe |list of sample se%uences generat ed in Step -

3. A potential &PLGr SBGERE PRrAMEP pEveR FpMedidgieRel BfiRFual 1ength

whi ch 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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have t he sane starting state but differ in the second state in their
sequences. Is possible for the first sanple sequence to be the correct

(t rans(rnlltm(mlﬁ“IIMJI'II“"Li -36- . stored) sanple
sequen ulator erroneously chooses the second sanple

sequence. An é&rrbr ®tvént is "closed" if -#88e two state sequences ever return
to the sane state at the sane ti ' gy do no ai n together),
otherwise it is "open". Choose events for which

you woul d ‘II'[li:III'

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'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;

-
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IiEgd%?_?L§§§LM§,LheﬂeLxor-handing performance of the full Viterb

de ator. For our EPR4 exanple, we choose to include the set of
pot entj I““«imimn whose distance is |less than or equal to 2, since 2
S thg‘“m“‘“ i e of all closed potential error events and there
exi st no épeh pbBt ehtial error events | onefEr— t han_qur path nenory of

di stance | ess than or equal to 2. (4y\n , gan norm the distance of

() e
an error event is the square root \"i_&.%. squares of the

differences in each el enent betwe S conprising the error

events of length 4 are gB\e A7
2
1

9

1 o s 2) 8 77
RSN

DI STANCE 01
2 (cl osed) 0

event. From our exanple list in/Aiep "@ R\ 3 potential error
«n:w =D A
Lo

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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1210 1377 1. 732 (open) 0120 001

36 : “I‘w 1376 _ 2 (cl osed) Step 5.
Build a sﬁ‘ﬁlﬂ“\?ﬂ“ one row and one colum for each state in the
state machrnetfrom™tép 1. Begin with each el enent of "the sharing table
TRUE. An elenment is marked FALSE if the 4885 states represented by its row
and its colum d% evesegbente adeiis]dr @eaipyisdryy: the two state sequences
of any error event in the chosen set. This criterion applies at any
position in eachednsofogyeanode batel rep guigmed s oritthé §dBsBEmofupctesgtital
error events selected in step 4. In the )

constraint of d = 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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- 37- Sharing table, either the order of the states can be taken both

ways, orily the upper triangle of the shari-ng table can be
used |H||“”mqmmm E el.enents in the sharing table, if any, indicate
hat the cornespondiny pair of states may_share an ACS module in the
dermdul ator without sacrificing the abil 7837t 0 handl e every error event in
the chosen subset just as it woul d be hand in the full Viterbi
denodul ator. - For the EPR4 d=I exapp e Wi ll build a sharing table
with 6 rows and 6 col umms. '? entry d,. TRUE ggNi | shown to be
FALSE. Consider the first err¥ C fromthe exawnli!r gt in step 4. The

state sequence for the first seplence is in s]s ¢ 0 at

® / 0
o

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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t he seco Ile the state sequence for the second sanple
sequence "mmmgl Iﬂ’ﬂ[ his means that to distinguish between these two
pat hs and* properlw p s this error event we nmust not. share an ACS nodul e
between states 0 and 1. Thus mark the elenent in the sharing table in the
row for state 0 _and the colum for state8B-as FALSE. Also nark the el ement
in the sharing £8bl e? HEFH@dc%ﬁ useRdeces detect 1aRdEPReS AR ¥Dr state 1 as

FALSE. The renai nder, t he state sequences for the first £Xam |l e error
event i mpl §“Pﬁ8{3tfﬁézﬁ§| Ly RigceRrtissr) saﬁeearre%‘mwo & PeAPE &n ACS

nodul e. When t sonl ng i s contl ou all error events
in the sub§ef %Q,‘? SE g ‘?t e PS {‘u%l n%pt able results

22‘)““?4)1 reans TRyE 399°91%P9*8%€f‘\&%?“1ffe ﬂaraia%y ot 48 (foﬁlj%oaﬁ%zer( R

1 0 %f stQtes iogeﬁﬂérﬂ01 0 1 0 1 (3) 011

(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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(7) | (6) 0 0
L g or b0

owe afl ng table shoms whet her pairs of states can
share an ACS nodul e based on both the error events listed as exanples in
step 3 and on the additional error event<s83-hat nust be considered but were
the specific state so entered to be the identification 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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not listed in t in a full execution of step 3 one considers
the sanpl e se “@ﬁugm fromstate 7 (111) and the related error
events of step 4, cone t the two pairs of states (0,4) and (4, 6)
cannot share an ACS nodule. It happens that sanple. sequences that start

fromstates ot hergghan 0 or 7 do not yiel d8&ny addition a.l r%of states

that can not shar f1 Geswenset ﬁétﬁﬁ\‘-bﬁ’?’ra? o Ztl‘l’é*eéﬁéoe
EPR4 d=1 sharl n té"‘béz?té raphi cal way. Each Ci cI 8 rre%rveesn nts Oﬂle5

the 6 states® pai r s e[é’§efiﬁéﬁr&|1§eﬁl Pone Hare 4 ﬂﬁl e

i s connected, i of states may nut uaI I y share an ACS

nodul e only |¥\4‘§é§‘é@yép§€arn% ﬁﬁ(}%@t fE®GFSup is allowed to share. St ep

6. Decide how to group the states that are allowed to share ACS nodules, if
any. The states nay be

24. The method of sequence detection of claim 21 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 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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grouped to Gﬁférﬁ—fﬁeﬁﬁ;ﬁT’——’%unber of ACS nodul es possi bl e, or Jﬁwy-f
non-m ni mum g \“ﬂ“‘ ﬂghosen because of other desirable properties.
The EPR4 d=1 Hm

mstep 5 indicates that there is only one
groupi ng possi Bl et hat uses only two ACS nodules. In this grouping, one ACS
nodul e is-shared by states 000, 011, and 110, while the second ACS nodul e
I's shared by states 001, 111, and 100. -g7- O her groupings are possible
usi ng nore than 2 ACS nodul es. One of par lar interest is to share in

t he

This Sheet Has

[l Illlll i i~

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



-39 palr 01 with 110, and 100 with 011. Wth this

sharing arra MHHW“HHIM !!rl abel s have a fixed magnitude and only depend

on the state originnfos their signs, potentially resulting in further
sinmplification of the inplenentation of the branch- erfor-netric
conput ati on. To prevent substantiaggperfornance | oss one should

i ncl ude al | sgi pbving dird anGR oAt Lal + ﬁude o - EVEMS pdeh heegrhasen s gb§

Q her potential error events nay be I'nc as desired. For exanp ohe
coul d choosged OpatitcImeter iad [£dth@ nROKBRLE 3L n &1 p ¥ h eMe Nd i AMPTER ridlasiaNg Ry Was

| ess than a specified threshold which is greater than the m ni nrum di stance.
O one coul flochsoseing imdaide stlaltepabfbiy ahefiis OtheVvarHtse tdssiocdaBelewith
the surviving path;

thereby having the following shared state machine model

L
00

-

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;

i



characterized as resulting froma particular non-ideal aspect of the
i nformati on channel, such—as dropouts from defects in magnetic nedia.
Potentlau | ength | ess than the path nepory length, P, nust
be consi lmuﬂm’ﬂnﬁﬂm“ to error events 8f Iength P. This can be seen by
first consi deritng®ersor+events -8 The terpal states of a
| ength 2 'error event cannot sh e e associ ated error
event at length 2 has already It may be
possi ble that all |
the threshold dista
t hreshol d di stance i
nodul e. Thi s argunent
any length less than P. Thus, , vent were the only
one to forbid sharing between , pair ites, and if one
considered only potential error events of length P, one would erroneously
concl ude that the pair of states in question were able to share an ACS
nodul e. In realltg

events of

ch
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;

This Sheet Has Been
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- 40- flaf ce a premature decision between two pat hs whose
di stancel ” I““L" I"@{the threshold at the tine the deci sion was nuade.
Thi s would reducent he ective mninmum di stance and increase the error

rate accordingly. This conpletes the step by step process for

deternmining which states will share ACS #®dul es in a
ranch e ric generator meanSl

. a first add, compare, select (ACS) 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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sequence detector. This.process nmay be applied to any state-nmachi ne signal
nodel to design a reduced conplexity Viterbi-like detector .for that signal
By suitable choice of the selected subset of error events, one can control

t he perfornmance degradati on associated with the conpl X & g is
rggﬁy gﬁﬂyﬁﬁ %EES

"é

frequently possible to obtain substantiabieonplexity

negligi bl e performance degradation. PRBRCRBLES and exanple 50
i ndi cate how such detectors may be inpl enented. “The sharing of ACS
nodul es may be viewed as a dynam c associ ati on of the source-npdel states

with the ACS nodul es. The sharing of ACS nodul es i np] ement ed by addi ng
one or nore neﬁ%f%*%ﬁﬁ?ﬁtq?ﬁﬁﬁﬂ?rSHér@Gdhﬁaﬁﬁet?or?aﬂ?%ai%§v&ﬁ?ﬁ?ﬂﬂﬂ&?élPﬂe

nodul e re reser a iven.tinme. The nunbe bits nmust be
suffici enf ?op lo% a l%lp%u\e{:llaépfr8§8ﬂfla?l i’)hg‘f%{ m%%@émv yewedazfrsi fig the

modul e, t SR NG iR cRYMGhoPL sPhLRe s 2 O BESRIL s 1A’ Qk 8QUAl tO

the base-2 | ogarithm _
machine model. 1In a typical Viterbi demodulator implemented

using the add, compare, select (ACS) 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 this
invention, an ACS module may have two or mofe 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 seguence-model state is associated with it. This
reduces the number of ACS modules required and also reduces the
size/complexity of the demodulator's path memories which must
store one paéh for each ACS module. Groups of sequence-model
states may be chosen to shére an ACS module without significant
loss in performance as compared to the 6riginal, unreduced
Viterbi demodulator. The invention supports a wide range of
sample models by making the expected sample sequence of an
isolated medium transition programmable. The invention reduces
:hé speed at which the detecéor circuitry must operate relative
to the sample rate by allowing multiple samples to be processed
simultaneously. Several reduced detectors for-specific sample

sequence models are presented for particular applications. The

12 \
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of the nunmber of states sharing the nodule. At each processing cycle, the
branch error metrics for all input paths to a given ACS m)dule are

eval uated and added to the correspondi ng path error i
ACS nodul es. The new path error netrics are conpare
selected as the surviving path for that ACS nodul e. h”ew pa,tfh erro
nmetric for the surviving path is stored 492-the ACS nodu 'é“ oF
-41- thfi;ﬁ@ﬁu@noals appllecab e agklidirat, tylpesnost VEBBERE detectors,

ARe StheT lowest,

such as decoders for convolutional codes.

—_—_
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stat.e from which the surviving path conéélbniquely defines which state the
current ACS nodul e should represent at this tine, so its nenory bits are
set appropriately. The | abels on the paths |eaving the ACS nodul e, which
will be used to generate branch error netrics during the next clock cycle,
are determ ned by the nmenory bits within the ACS nodul e. FI GURE 11
is a sanple sequence nodel in which the sequence-nodel states from Fl GURE 3
have been grouped into two groups that share ACS nodul es based on the
sharing diagram of FI GURE 10. ACS nodul e 1100 is associated with one of
states 000, 011, or 110 at any given point in tinme. ACS nodule 1101 is
associated with one of the remaining three states at any given point in
time. Transition 1102 either represents the transition fromstate 000 to
itself (if ACS nbdule 1101 currently is in state 000), or it represents the

transition fromgtate 011 to state 100 fpsf ACS nodule 1101 currently is in
state 011). Tra t ef—by—the -

104 N-S | SN

|

|

{

i

|

!

|

100 }

| |
/\ I /.

| !

10~ .333 1.0 | 1.0 .333
]
|

FIG. |

(PRIOR ART)
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foll ow ng table: Current Q’L%!(t Expected Sanple /

State St at eEsti mat ed Channel Bit 000 000 0.0/ O
011 110 0.0/ 1 For exanple, if ACS nodule 1100
internal state nmenory bits indicate that it represents state 011 at a
particular tinme, then the self-loop on that nodul e has an expected sanple
of 0.0, an estimated channel bit of 1. Should that path be selected, then
the next state to be represented by that ACS nodule is 110. Note that if
the present state is 110, then the self-1oop from ACS nodul e 1100 to itself
does not exi st and sone neans nust be provided to prevent its selection.

=

203

({)
Z
lZ
w

-——.—4——-—_,/"\)

200

202

——— e e e A

204

e Gy g — . B Sv—t Sy c—— —— — m—

FIG. 2

(PRIOR ART)

T
This Sheet Has B

LT



-42- Simlarly, transition lly%‘can be represented by the
followng table: . Current Next Expected Sanpl e /

State . St at eEsti mat ed Channel Bit 000 001

0 1
011 111 0.5/ 0 110 100 -1.0

.5/
/0

~-1.0/0
+1.0/0

FIG. 3
(PRIOR ART)
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Transition 1104 can be represented by tlﬂ@'\f ol l owi ng table: Current

Next Expected Sanpl e / State St at eEsti mat ed Channel Bit
- 111 111 0.0/ O 100 001 0.0/ 1
Note that if the.present state is 001, then the self |oop does not exist
and sone neans nust be provided to prevent its selection. Transition
1105 can be represented by the follow ng table: Current Next

Expect ed Sanple /

STATE
000

00!

100

oll

1o

] '
TIME 0.0/0 TIME

T T+l
X FIG. 4
(PRIOR ART)
—_—
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-1.0 /

bit (to

000

| abeled with a
rom whi ch the

011

- 43

100

Each path in FIGURE 11 is now in effect

tabl e showi ng the expected sanple | abels and the estimated channel

-0.5 /7 1
| abel s and the next state for each of the

represented by the ACS nodul

AL

St at eEsti mat ed Channel Bit 5’!94001
110

111
be output to the path nenory)

-0.5/ 0
possi bl e states that may
pat h ori gi nat es.

State
0

— e eem e

903~

S04~

FIG. 5
(PRIOR ART)
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The bl ock diagramin FIGURE 12 shows aét;hplenentation of a

reduced-conpl exity Viterbi denodul ator for EPR4 sighals wwth d =1
sinplified in accordance with the sharing diagram of FIGJURE 10 and the
grouped sanpl e sequence nodel of FIGURE 11. There are only two ACS nodul es,
each having only two sequence- nodel transitions to select between and each
representing one of three states at any particular tine. There are only 4
branch error metric generators even though there are 5 different
expect ed- sanpl e values as path labels. This is possible because the total
nunber of paths in the state machine of FIGURE 11 is only 4, inplying that
It Is never the case that branch error netrics for all 5 expected sanple
values wi Il be needed simultaneously. The expected sanple nenory stores

t he expected sanple |labels fromthe tables for each path in FI GURE 11.

615.
——05] |
600 = 000 .
READ 2 '
SIGNAL | (S+1) ——5 |612
SAMPLE — 2 ool /| PATH
(S) +—+(540.5)° - MEMORIES
' 607 AND
o0 > | » ol ESTIMATED
o s > (I-INPUT) CHANNEL
603 65| BIT
—— | 608 ) | oecoons
+—*1(5-0.5) > _
604—_ ”
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FIGURE 13 is a sanpl e sequence nodel foﬁHQJpartial- response class |1V (PR4)
signal without RLL constraints. The correspondi ng partial -response
polynomial is (1 - D) (1 + D, and the expected sanpl e sequence for an
isolated nmediumtransition is 1, 1. Using for reference purposes, as was
done for FIGURE 3, a "O' for one state of the nedia from which the signal
was produced and a "1" for the other state, the nunbered states of FI GURE

13 may be given the follow ng representations: St at e Number
Medi a State Sequences 1 01 2
10 _ 3 11 4
00 FIGURE 14 is a sharing diagramfor the sanple
1%58"’ '
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sequence nodel of FIGURE 13 under the 8c}874di tion that all-error events of
di stance | ess than or equal to the square root of 2 are

resol ved properly for a path length of P = 10, i.e. are resolved as they
woul d be by a full Viterbi denodul ator with one ACS nodul e per sequence-
nodel state. FIGURE 14 shows that there is a unique grouping for a grouped
sanpl e sequence nodel with a m ni num nunber of ACS nodules: i.e. states 1

with 2; and
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states 3 with 4. FIGURE 15 is ex@l%&ing di agram for the sanple
sequence nodel of FIGURE 3 (EPR4, d=1) under the conditions that all error
events of distance less than or equal to 2 and all error events that
‘correspond to drop-out or drop-in error events (nore thoroughly described
| ater) are resolved properly with a path length of P = 6. FIGJURE 15 shows
that there is a unique m ni mum ACS grouping for this case: i.e. states 100
with 001; states 110 with 011; state.000; and state 111. FI GURE ‘16
is a sanpl e sequence nodel for an extended partial -response class |1V (EPR4)
signal without RLL constraints. The correspondi ng partial -response
polynomal is (1 - D) (1 + D"2, and the expected sanple sequence for an
|solated mediumtransition is 1, 2, 1. Again using for reference purposes,
a "O for one state of the nedia fronlmhlch t he S|gnal was produced and a

ENCODING |
—» FILTER #| ?&}Eﬁg
(GENERATOR)
ENCODING _
eywgors T FLTER #2 |———» ?&'2%) INTERWEAVE}—»-
(GENERATOR) ENCODED
SYMBOLS
ENCODING '
il |l
(GENERATOR)
000
100 00
{0 ol
i
.
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"1" for the other state, the nunbered- SA es of FIGURE 16 may be given the
fol |l owi ng represent ations: St at e Nunber - Media State Sequences
1 001 2 010
3 011 4 100
5 101 6 110
7 111 8 000

1103
READ BRANCH ACS
SIGNAL METRIC MODULES
SAMPLE GENERATORS
y - _ '-. PRESENT
. |
o 90% ) 1 o0 STATE
0l1
) > PATH
> L ™ MEMORIES
! d(yl’xz) ‘ AND
| N~ PRESENT| |ESTIMATED
S proony STATE| | CHANNEL
— T VY e 00 | BIT
- DECODING
1 -
. ) —
KXo KalX,, |
EXPECTED
SAMPLE
MEMORY

FIG. 12
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-45- FIGURE 17 is a sharing digékﬁh1for t he signal nodel of FlIGURE
16 under the condition that all error events of distance |ess than or equal
to 2 are resolved properly with a path length of P = 10. There is only one
ACS nodul e that can be shared anong two states in this case: i.e. states 3
and 4. FIGURE 18 is a sanpl e sequence nodel for a partial-. response
class IV (PR4) signal with an RLL constraint of d = 1. The expected sanple
"sequence for an isolated nmediumtransition is. 1, 1. Again using for
reference purposes, a "O' for one state the media fromwhich the
signal was produced and a "1" for the ot pt at e

110 @
@ | L

FIG. 15

\

Wi



the nunbered states of FI GURE 18 may be'gAven the follow ng-

representations: St at e Nunber Medi a State Sequences 1
01 2 10 ' 3
11 4 . _ 00 FIGURE 19 is a sharing

di agram for the sanple sequenv - of FHBORE 18 undgr,the condition that
all error events of distance_l n or equal to the\sgyare root of 2 are
resol ved properly with a paV¢ g f P =/10. ThLHI'

appl i es when the addedace i G
drop-out error evgpy
there is a unique m
with 4.

FIG.

FIG. 19
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FIGURE 20 is a sanple sequence nodel féﬁ\gah RLL constraint of d = 1 and a
si gnal nodel having a partial- response polynomal of (1 - D) (1 + D) "3.
The correspondi ng expected sanpl e sequence for an isol ated medi um
transition is 1, -3, 3, 1. Agaln using for

- 46- reference pur poses, a "0" for for one state of the rredla from
whi ch the signal was produced and a "1" for the

FIG. 21

_—

—_—
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ot her state, the nunbered states of FlI 0 may be given the follow ng

representations: St at e Nunber Medi a State Secquences .
1 1000 2 1100
3 o 1110 4 0000
5 1001 6 ' 0110
7 1111 _ 8 0001
9 _ 0011 _ 10 — 0111
FIGURE 21 is a sharing diagramfor the sanple #&eglence nodel of FlI GURE 20
under the condition that all error events of distance |ess than or equal
to the o
o w
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square root of 10 are resolved as they V\I‘OSJP'C! be by the full Viterbi
denodul ator, with a path length of P = 11. The sharing diagram of FI GURE
21 indicates that the states can be grouped in the follow ng three groups
each sharing an ACS nodule: 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
nmust end wup in separate groups. FIGURE 22 is a block diagramof such a

t hree- ACS igppbeMEBRANEHN. There are many sharing arrangenents for
t he sanpl Ri nodel of FI GURE 20 pogt have_four or nore ACS

nodul es. O%—@H E‘g%ldzg significance is t 8?19_ r| nERE SENT 9#dE10, 2 and 9, 3
and 8, 4 amdMPLE Thi$  arrangenen reqw&&LEUEDMBinDduI es to

i npl ement , but PRECOMPYT ATIONAt age that_the magnitude of N\all expected

sanpl es within the aani sSeguen rrmdg'l:tr?i}'tic i s
[
| BRANCH - g
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-47- constant regardless of the cu!?iﬁﬂ sequence-nodel state within the
sequence-nodel state group. This may allow the branch netrics to be
partially preconmputed with m ninmal additional hardware, which may reduce
the time required for each iteration to be processed, because only the sign
of the expected sanpl e depends on the cuy sequence- nodel state. FlIGURE
23 is a block diagram of such a fiye-ACS enmengati on.

FIG. 24

STATE >
TRANSITIONS je———
NEXT  PRESENT
5 S ' \ MEMORIES
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BRANCH . PATH
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FIGURE 24 is a sharing diagramof the é%‘%ﬂe sequence nodel 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 m ni mum ACS
groupi ngs for thi's sanpl e sequence nodel requires the follow ng 6 ACS

nmodul es: states 1 and 8; s s Ha 6;
state 4; and state 7. 0 )

TR sone or- all jof§ the ACS nodulfWw are associ at ed

i £1/0 NHEBEK  det egfri/n for each ACS

nmodul e at each iteraty® ' ' ﬁ@ qted states/ | _

represent at the next I ' b b h i Rto that ACS

sequence denodul ator in
r epr esent ed %y e~ACS nodul
0/ oooo - 0/0

with nmultiple states.

0/0

FiG. 27
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ori gi nat es. I n general; trade-oﬂ?Jgﬁay need to be made between the
conplexity reductions allowed by this invention and other considerations
such as circuit tlnlng For exanple, the 5-ACS inplenentation of FIGURE 23
may have - 48- advant ages over the
apparently | ess conplex 3-ACS i npl enentati on of FI GURE 22.

FIG. 30
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Drop-out and drop-in error events miﬁ’é of the non-ideal aspects of
sone nedi a, -of sone nmagnetic recording di a for exanple, is the
presence of - small regions on the nmediumthat do not nake transitions, e.g.
magneti ze, as desired. Such a nedium defect can result in the attenuation
or conplete suppression of the anal'og read signal over a small tine
interval. O, it may result in spuri ou ses in the anal og read signal
caused by the transition between.a magnetized regi on and a defect region. A
drop-out error is an error in f

[t\ e ansition is not detected,

T
while a drop-in error is an errd rlm a sition is falsely detected
where none was witten. In a situa v vhe -"-o defects tend to cause

drop- out or drop-in errors, it may pQr yant for the sequence
denodul ator to handl e drop outs and ﬂﬂb‘ 0 fhe best of its ability. If
\ |/ .

so, drop-out and drop-in

BRANCH PRESENT STATE  LABEL NEXT STATE
{ 000 0,0/0,0 000

Bl o1l 1,170, 110
_ 110 -2,~110,0 000
B2 000 1,2/1,0 0}l
000 0,1/0,! 00}
B3 { o1l 0,-2/1,0 100
10 -2,0/0,! - 001}
B4 011 1,0/0,0 Ny
BS 100 -1,0/0,0 000
: 001 2,0/0,1 1o
B6 100 0,2//1,0 01l
-~ I 0,-1/0,1 /10
B7 11 -1-2/1,0 100
001 2,1/0,0 11
B8 { 100 -1,1/0,] 001
I 0,0/0,0 I
FIG. 32
\
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errors need to be characterized and incﬂyakﬁ in the set of error events for
whi ch the reduced-conplexity detector perforns as well as the full Viterb
detector. We. characterize an error event as a drop-out if the
estimated channel- bit sequence contains a O indicating no transition in
every position where the.correct channel I sequence contains a 0, and if
the estinmated channel bit sequence coptaPn gros.in one or nore positions
where the correct channel bit sequetice cofts Nodi cating that a
transition was witten. An error ewthO's chara-&dﬂDieo as 8rop i n when
the sane error event woul d» Z R @ orrect and
esti mated channel bit sequencés
error event i.s a

path in an

-1,1/0,1

0,170,! 1,0/0,0

-1,-3/1,0

FIG. 33

B7

B6

FIG. 34
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- 49- | egal choice for the correct patﬁ%[#%b i nclusion of all drop-out
error events in the subset of interest automatically includes all drop-in
error events. The events that are not included are those that represent
some conbi nation of drop-outs and drop-ing within the sane error event. The
sharing diagrans in FI GURE 15 and Fl GURE Bl show the al | owabl e sharing of
ACS nodul es for two different signal nod when drop-out and drop-in error

events areincluded in addition to m.ni MEN St ance error events. Finite
State Model s for Nonlinear Channels : ﬂ .

B2 B3

eet Has Been Reilaced
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- Partial -response channels are | i near systens, but the use of a finite state

nnachlne node

for a 51gnal source does not necessaky—presdppese—a— i near
system Wiether or not a state machi ne _represents Bﬁ&ﬂﬂ&ﬁNﬁiSﬁﬁEﬁ
Vi-t erhi. dgkector may be built L he state skl ect
-.sufv1v1hg pat hs t hrough thg,, urgllis. Th op
applies to such detectg Lhannel s j hppl i es
to Viterbi detectors L shnpl e
sequence nodel for a a nonllnear witeltransmt channel,}nmedi um
response, and/or read/ The type of “momtTeEartTty descri bed
here is a si "&L €Al Ol éﬂoqg AR e aAtLuallincexBEDT LRG) BifeRPERLGAT d
di sk nedi a at recor nsities. The sanpled response of
systemt 'é%ﬁéyijﬂ'ﬁyFﬂﬂérm}e%§ogselslénaQ ma§ BWeuldehedt e gase for a
PR4 channe But Dbecause of systemnonlinearities, adjacent transitions

mJtUa”Ysequence of expected samples generated from a finite-state-

machine model.

using the add, compare,

select (ACS) method,

In a typical Viterbi demodulator implemented

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,

selecting the path having the lowest path error metric.

comparing path error metrics,

and

In this

invention, an ACS module may have two or more 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 sequence-model state is associated with it,

This

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 sequence-model

states may be chosen to share an ACS module without significant

Viterbi demodulator.

loss in performance as compared to the original,

unreduced

The invention supports a wide range of

sample models by making the expected sample sequencé of an

isolated medium transition programmable.

The invention reduces

—he speed at which the detector circuitry must operate relative

+o0 the sample rate by allowing multiple samples to be processed

simultaneously.

sequence models are presented for particular applications.

Several reduced detectors for specific sample

The
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N

reduce the anplitude of the readback pul ses fdr eBERLACENENT §¢EE}(})S[ d6’1‘

amount greater than woul d be predicted by |ine aﬂ’gﬁ"pé-i‘f‘ joR | PRgsH

pul ses. If a transition has a nei ghboring trarsﬂftﬁmm( thﬁﬂﬁﬁj @hPE@ﬁ

- 50- positions on either but not bothisi de sﬂ’i‘tmmngﬂss pesg %) pagede. P'g
reduced in anplitude so that the sanple val ues B Abfiraca _ apagedf.Bt tos pageda<it |
If a transition has neighboring transitions ir the adj acent J 4 MAY 1999

DATE OF RECEIPT ..

METHOD AND APPARATUS FOR REDUCED-COMPLEXITY

VITERBI-TYPE SEQUENCE DETECTORS

BACKGROUND QF THE INVENTION

1. Field of the Invention:

Thls invention relates generally to detection,

demodulation and decodlng of digital information in data

‘storage and/or communication systems, and to the

efficient implementation of such circuits. More

particularly, the invention relates to sequenéé—based

demodulation of partial-response signals and to

sequence-based decoding of convolutional codes using a

Viterbi-like algorithm.

2. Prior Art:

In the storage or transmission of digital

information, the bits or symbols of the user data are
actually transmitted or stored via a physical medium or

mechanism 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 estimated channel bits, which are then

decoded into estimated user-data bits. Ideally, the

estimated user:data bits would be an identical copy of
the original user-data bits. 1In practice, they can be
corrupted by distortion, timing variations, noise and

flaws in the medium and in the write/transmit and
read/receive channels.

This is the replacement sheet
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bit positions on both sides its anplitude is further reduced to give sanple
values of 0, b, b, 0 for some b<a. The binary state |abels may represent a
four-bit record of ‘the state of the nedium If the location of a transition
is associated with the first. nonzero sanpi2e of the resulting pulse, this
state machi ne incorporates one bit |ook-ahead in the sense that the _
rightnost digit in the state label indicates the state of the channel in
the bit position follow ng the one whose transition response is just

begi nni n This is e Lngpr e her . net_the
cu?rent ?ran5|t|on ?ggréggéé |%€dg <X%EHQE%§JS¥%h€be§ §eEs ﬁ%???g
However, this FBBR-anekAesm %%I%S%kWﬁﬁﬁﬁlnﬂer*§aﬁéebméscgandbﬁust as wel |

have aSSOCIatedmp@éﬁeﬁtéﬁsdigifhll r‘tﬂﬁtﬁﬁﬂphﬁmbﬁﬁiagﬁgﬁrﬁn'5&v£ﬁ§&9nse
pul se began. nonl 1 near behavior nodeled 1n FlI GURE 26 reduces the

n1n|nun1d|stan@@s?o§t?¥ﬁgﬁrﬁﬁﬁﬁe%% TREDLSSY Hhett kBenRRAKAE BRa8ance for the
PR4 nodel , whi shghaltbe sampled rawta tfath tHatahigoofr EREESraesi bHAERON i N

mhiph there  channel-bit rate. Maximum-likelihood (ML) demodulation
is a process of constructing a best estimate of the
channel bits that were written based on digitized
samples captured from the analog read signal.

FIGURE 1 shows an exemplary read signal 100, which
is a positive-going pulse generated by an inductive read
head, for example, from a single medium transition such
as transition 103 from North-South to South-North
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 a
0 channel 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 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 read
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) code is a code

This is the replacemant sheet
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are potential error events of distance slightly greater than m ni num

di stance but close enough to m ninumdistance that it may be inportant to
include themin the set considered to be of interest in Step 3 of the
sinplification method above. Therefore, tBe optinmal ACS sharing
possibilities in the sanple sequence nodel of FIGURE 26 depend on the
nonlinearity paranmeters a and b, as well as on the distance chosen as the
threshold for error events of interest. They nay al so depend on the coding
constraints, C odi ng, e - I t 2| ect ed.

FI GURE 27 shoi%ha} gaé{r?:ér?é’%gfea%r“a%@%r@q?nﬁg ?gr%r%?“é ggg%%%%ie&{r%d%&gf FI GURE
26 for data bits into a stream of channel bits such that the

encoded channel bit stream satisfies these two
constraints.

For example, the following table shows a commonly
used RLL(2,7) code:

User Data Bits RLL (2, 7) ~Encoded Channel Bits
000 000100

0010 00100100

0011 00001000

010 100100

0l1 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 provided for user-data bits. Other RLL
‘codes enforce the constraint that d=1 (i.e. that no
adjacent 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
four 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 are significant. A signal model
gives rise to an expected sample sequence for a single
or isolated transition in medium state. Typically, only
a few samples of the response to an isolated medium
transition are 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
maintain a lock on the incoming signal such that there
are two adjacent samples on opposite sides of the peak

This is the replacement sheet
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t he case of a=0.85, b=0.7, P=8, and including all potential error events of
di stance less than or equal to the square root of 2 (the m ni num di stance
of closed potential error events in this case is 0.85 tines the square root
of 2). The sharing diagram of FIGURE 27 séews that a m ni num ACS det ect or
for this sanple sequence nodel can be inplenmented by 10 ACS nodul es as
follows: states O wth 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. Si |+.1I1i g?ﬁp{ I Qtation; of v Mhi St b SEHERGE

Det ectors 8P n Si uaélo%s}ﬁv%égfe the i%?’@?rr%t?lon t?%t_erls‘_ow_reﬁ ative

to the instruchayrbexeefibn a €agtegnsampling, the timing circuitry
trys to lock the sample times to the read signal pulses

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).

Such sample sequences are samples of a cohtinuous—
time analog read-signal 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 theorem declares
that the continuous time waveform 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 value and with zero crossings at
all other sample 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 the recording channel is a step in current
from +I to ~-I, or vice versa, in the analog write
signal. This step in write current produces a
transition in the magnetization state of the medium as
it moves past the 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

. This is the replacement sheet

Date: § 4 MAY 1999



avail abl e processor, it is possible to denpdul ate sanples of an anal og read
signal using a multipurpose processor executing appropriate software. \Wile
such an inplenentati on does not have ACS nodul es, where a "nodule" is a
hardware unit, is does have ACS routines 4gxat perform as a sequence of
instructions on the processor, a series of add, conpare, select functions
that are equivalent to the functions of a hardware ACS nodul e. The

techni ques presented herein are applicable to reduce the nunber of

executions of ot | jred.to.process,. each sanple taéen, t hus
speedi ng up thgygng?(?%crﬁls%éé (gésr%teé#ﬂf%egt?% gklpevénr?%%r 5‘8eg)§oizcan gtIp ort. It
is possible thht 2hi, sPeell. up- cbulih which masd dhlearesprdahgonr make a

sof tvare i bl CEpEAS 01 ehdfidel himdMENIULAl Porl A3Lhsd! mafigicas Wi t hout

the sinplification of the present invention and its associated speedup a
har dwar e denodul at or woul d have been required. Besides the potentially

| ower i npl enent ati OAn68Rér OfamPTE Seqedhdaaie]l e ahokhed peabiaLe

inplenentationigogﬁg péggigf &égﬁggéé“éfgggﬂfQ signal model (PR4) ,

| which corresponds to an expected sample sequence of 0,
1, 1, 0. There are numerous other known signal models.
Further, as one is 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). In that event the only hope of recovering 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
circuiﬁry 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 velocity of the recording
medium with'respect to the read and write heads. Even
if zones are used, in which the channel bit rate varies
among zones as the heads 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.

This is the replacement sheet
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-52- advant ageous flexibility in the choice of sanple nodels and
encodi ng constraints. Sanpl e- Model Progranmability For sone
applications, it is preferable to inplenment a sequence "detector such that
one can vary the sanpl e sequence expectedgdue-to an isolated transition.

Thus there is a need for read-channel electronics that
can be easily changed to accommodate changes in system
characteristics.

In situations such as mass information storage in
magnetic - - 7 media , significant storage-system speed
and capacity gains can 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
rate to utilize all available channel capacity. More
precisely, the Nyquist sampling criterion requ}res 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 described 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.

Therefore, at least one sample of the analog read
signal is typically required per channel bit that is to
be demodulated from the signal. Digital decoders are
typically complex circuits and may require 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 can
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Figure 28 illustrates a six state machine nodel with a programuabl e
expect ed sequence of sanples a, b, ¢, and Figure 29 illustrates a ten state
machi ne nodel with anot her progranmabl e expected sequence of sanples a, b,
1, c. The sanple sequence a, b, 1, c can-7+t any signal nodel of 4 or fewer
sanpl es per isolated nediumtransition. The 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 sanple is 1 is a nere matter of

normal i zati on. E§£ Eéaﬂﬁ'féaf“é<mﬂr¥béh 1t9a§5ﬂ8§ EﬁQE‘QréOt ken

. approxi matel y B nd | ow n % to rom roxi mat e 2

al | ows the seqgaengehigher %?mﬁi%ﬁg(ﬁﬂkﬁ é%?% §@Ps§r§ﬁ8§§lﬂﬁa¥aﬁ%y°¥easonably
be expected torhe QeRSEEEScdY itshnct i ve magnetic read heads over a range of
recordi ng densities. A significant inplication of the
programmability of the 4-sanple detector involves conbining sone of the
speci al cases that marehérpahedmedidiecarnitians ase 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 medium to fully
transition 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 always are created by transitions of opposite
types, for example North-South changes to South-North in

- transition 201, so adjacent transition 202 must be
South-North changing back to North-South. Read signal
204 might give rise to a sequence of samplés such as
0.333, 1.0, 0.667, -0.667, ~1.0, -0.333. To the extent
that the read process is linear (and it may not be
entirely linear), the voltage waveform induced in the
read head will be the superposition of a sequence of
pulses, where each pulse is the résponse 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 sampling rate in a digital
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quite distinct. If one sets a, b, 1, c to 0, 1, 1, 0 one has a detector for
PR4. |f one sets a, b, 1, c to 0, 0.5, 1, 0.5 one has a detector for EPR4
The point is that PR4A and EPR4 and 4-sanples would ordinarily each have
their own distinct state machi ne nodel, a®+ thus their own archrtec;ure of
ACS nodul es. The sanpl e nodel programmability of the present invention
supports the PR4 or the EPR4 (or one of nunerous other signal nodels)

-53- cases with a single detector or denodul.ator

demodulator, possibly incomplete transitions in the
medium, interference among read-signal responses to _
medium transitions, and distortion, timing variations,
noise and flaws in the medium and in the write and read
channels.

The p:ior art uses a method known as partial-
response signaling to increase medium transition rates.
Partial-response signaling is described in the book
"Digital Transmission of Information", by Richard E.
Blahut, 1990, pp. 139-158 and 249-255. This method
allows 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 adjacent transitions associated with
subsequent information bits. 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 Viterbi algorithm is described in the
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 a
medium transition has occurred immediately upon receipt
of the sample(s) that correspond to that transition.
Rather, as samples are taken from the analog read '
signal, the Viterbi demodulator keeps a running tally of
the error between the actual sample éequence and the
sample sequence that would be expected if the medium had
been written with a particular sequence of transitions.

This is the replacement sheet
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architecture. The use of a progranmabl e sequence detector allows a
great variety of retry strategies to be inplenented. Wen used in
conbination with a progranmabl e equal i zer, different equalization targets
can be set for both the detector. and the-®qualizer for attenpted rereads of
a data record. For exanple, one could begin with the detector set for a
side-sanpled isolated pulse of 1, 3, 3, 1 and the equalizer programmed to
provi de such a pulse. Upon failure to read a data record one coul d then

rovi de such S o8 SHE0x ey te pilu Fradondty Rend FEMRYEEL 10 4
use of a prograssible tsqusitdovesequencasso Aagnare Janupdies aveat t he
opti mum equal irzddrON 1635064 13RY, BAbiB8s! BSr SBrEnd OFi &Y YatniildeLlarkehe
recordi ng nmedium The inside track of a nagnetic disk may need a different
pruned from consideration. If the set of pdssible
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 sample sequence by showing hpw the
contents of the path memories evolve as additional read-
signal samples are taken. A path 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 encoding constraints and the choice of signal models.
The encoding constraints chosen may . gffect_' 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 finite-state 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 seqﬁénce model. Viterbi
demodulators keep track of one error tally per state in
the sample sequence model.

This is the replacement shee
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pul se shape for best performance than the outside track. Al so, for disks
with multiple heads and recordi ng surfaces, the optimum pul se shape may be
different for each head. A programmabl e detector allows each track of each
recording surface to be read with its owlOoptimal set of paraneters.

A progranmabl e 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 arrangenent is allowed for all possible programred

val ues of the expechfgmnamPGiows Y Yall3eSaERLERCOChodEHUESE Ca Model State.

Transition ) )
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 transition 301 is labeled with expected sample
value 302 (+0.5) and with estimated channel bit value
303 (1). Transition 301 occurs upon taking the sample
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 transition from North-South
magnetization to South-North magnetization. Each
sequence-model state is 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, sequencé—
model transition 301 is the transition 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
equivalents 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.
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- 54- Sonetinmes the required sanple rate and corresponding channe
bit rate exceed the maxi mum ACS nodule cycle rate, i.e. the rate at which a
particular inplenentation of an ACS nodul e can accept new actual sanple
val ues and sel ect surviving paths. Wen this occurs, a neans is needed to
restructure the conputations so that nore processing may be done in _
parallel. This can be acconplished in a sequence detec;or by beginning with
a suitably nodified sanple sequence nodel . Consi der the case where a
r ead- si,gnal sanpl es

f'g“b' ing of the ratgat which an,SCR.0BAY! S PLOSESS oS Al P

sequence model without RLL constraints is 2”~N, where N

is the number of samples 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 d=1 chosen, 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, 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) or absence (estimated channel bit wvalue
of 0) of a medium transition with the sample where the
corresponding read-signal response first appears. There
are other ways to aSéociate the estimated channel bits
to be output with the sequence-model transitions, e.g.
the 1 values could appear-dn sequence-model transitioné
that correspond to the peak of the read-signal response.

To understand this sample seqﬁence model, consider
a simple decoder for an ideal read signal without noise,
distortion or timing variations that is implemented
according to the state machine of FIGURE 3. This
decoder makes one 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, or NNN) and the

This is the replacement sheet

1 4MAY 1900

MNatas



sufficient. In this case, the sanpl e sequence nodel is nodified by

consi dering each pair of possible consecutive sequence nodel transitions as
a single state transition in the nodified sanple sequence nodel. All _
-sequence-nodel transitions of the nodifiemsanpl e sequence nodel represent
all possible consecutive pairs of transitions fromthe original sanple
sequence nodel . .The nodified detector accepts a pair of sanples of the
anal og read signal, generates branch metrics by conmparing the received

sanpl e pai r tod&ﬁB&&iE@ofaf@éﬁ\P 2L T2 dBo1RRGRIREAREN, gagds e, compound

branch nmetrics to fFEVIOUS metrics and selec é sur %?ng paths. In
effect, the safpFe %eﬁﬁé#@ﬁﬁ?ﬁxﬁhelkﬁaﬂxmq|e§getofaacmpdlamdtpanseeson

mul tipl e sanpl esoReRostRt ol g dgﬂ&lzéa t% fs gURBI:E‘h frame of the
corresponding trellis is, replaced by a _no anental frame whose

branches repr dSaFretiFaibiRths tTP%ﬁldT?%%scdﬁsécﬁ??‘ﬁes'ﬁéﬁﬁaﬂﬁn@% femnmes of
the original tNef)i&nd a demodulator 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 pulse due to this medium transition.
This sample results in a next state of 011 (or NSS) and
a demodulator output of 0, which indicates 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 leading edge of a pulse due to a second medium
transition. Thus state 011 has two possible transitions
leading from it. If a second medium-transition pulse is
starting with the next sample, then the +0.5 trailing
sample that 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 estimated channel bit of
1 to 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 output 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 output of 0, i.e. no new medium
transition. The remaining transitions and states are
symmetrical with those in the above description. Given
an ideal set of samples, the output of a demodulator
that directly implements this state machine would

wals,.
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The advantage of this nodification is that the add, conpare, select process
can operate at one half of the sanple rate. The .cost of this nodification
is that the - 55- conpound branch
netrics are nore conplex to conpute and tpat there may, in general, be nore
paths entering each ACS nodul e. The conparisons anong the greater nunber of
path netrics may. be carried out in parallel, as may the conmputation of the
conmpound branch netrics. As will be clear to one skilled in the art, an

anal ogous 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 fundamental frame of the trellis of the EPR4
state machine shown in FIGURE 3 between time T and time
T+1. FEach 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 branch 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-model
transition leading into state 011, the path error metric
for state 011 at time T+1 is always the path error
metric for state 001 at time T, plus this branch error
metric and the associated estimated channel bit is
always 0. To take a second example, state 001 could be
reached at time T+1 either from state 000 with a channel
bit of 1 and an expected sample of +0.5 or it could be
reached from state 100 with a channel bit of 1 and an
expected sample of 0.0. So for state 001, both branch
error metrics are computed, i.e. the quantity (S(T) -
0.5)72 and S(T)*2. The first branch error metric is
added to the path error metric 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 these two metrics and the path
with the smallest 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
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nodi fication can be used to process 3 or nore sanples in parallel per cycle
of the ACS nodul e. FI GURE 30 shows a six-state nodified sanple
sequence nodel for EPR4 with a minimumrun | ength constraint of d=1. This
nmodel differs fromFIGURE 3 in that each_.gequence-nodel transition in this
nodel represents the conbination of tmo"&gnsecutive sequence node
transitions in the unnodi fied sanpl e sequence nodel of FIGURE 3. The | abels
in FIGURE 30 indicate pairs of expected sanples and pairs of correspondi ng
esti mated channel bits. FIGURE 31 is a sharing diagram obtai ned when
we require thatomgldregomeirhi dheemead-signai sémpletangedastd ken or equal

2 be handl : I ' td I4
(9,2 e, "ol Sopiopeiloe e Lesgoskaaghenivnl s wimop o shdlin,

di stance spans si X the original single-sanple )
potential errds afsvulRLesh aveFamud taplepoaampleneines, thus 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
expected value for that state transition at that sample
time. A Euclidean path error would be the square root
of the sum of the branch errors along 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 errors 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 state 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 light 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 from state 100. In the former case, the
expected sample would be 0.0 and in the latter it would
be -0.5. At each sample time, the current sample 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)"2 + 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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t he doubl e-sanple.trellis, so for this sharing diagramthe path | ength was
taken as P=8, neaning that potential error events up to eight sanples |ong
were considered. Since the sanples are processed in pairs, only potenti al
error events of even |ength are consi derg8- Note that the sharing all owed
in this case is identical to the sharing all owed when the sane sanple
sequence nodel is applied one sanple at a tine. Bot h groupi ng of
sequence- nodel states to share ACS nodul es and nodification of sanple

sequence nodel s tOAt: any sample time, the state that é&%%ently 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 into that state. But
instead, the Viterbi demodulator, like other sequence
demodulators, 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
estimated channel bits must be kept for each state in
the sample sequence model. If the modulator and
demodulator are designed appropriately for the
characteristics of the medium and the read and write .
channels, then after a reasonable number of samples
beyond sample T, the path histories associated with all
of the sequence-model states are very likely to make the
same estimate of the value of the channel bit
corresponding to sample T.

" FIGURE 5 illustrates the deferred decisions that a
Viterbi demodulator makes. This figure was generated by
a software implementation of a particular Viterbi
demodulator operating on a particular actual sample
sequence. 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'idéal
read signal 501. 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 each
of the 8 states of the particular sample sequence model
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process nultiple sanples per transition can be inplemented in the sane
sequence detector. FIGURE 32 is a diagram show ng how states from FI GURE 30
may be grouped to share two ACS nodul es. Each ACS nodul e handl es four input
paths. Note that there are parallel pathsig+ the figure. For exanple, if
state 011 is currently represented by the ACS nodule for the left- hand
group of states,.then branch B3 represents a branch from 01l to 100 with a
| abel 0, -2/1, 0, while branch B4 represents a branch from011l to 111 with

model tr ansi t1 BRCAni bar R AT AR ISE ARERt RESsROER PP R h (o
sel ect ed by theagicPavduestimates cthe ameycegEeGoREM8del nptaks an
archi tecture webbralbshasngedsenke Lat uglirﬁxrlges%ﬂpg&%?&@ et EPR4
signals with d=1 at 'a processing rate of one-halt the sanple rate.

: that after the 5th sample, the contents of the path
memories diverge in ofder 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 memories as of the 1llth through the 14th
sample time respectively. 1In 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 recent time, i.e.

between 3 to 5 samples prior to the current saﬁplei

In a mathematical senée, the maximum-likelihood
decision rule says to choose as the estimate of the
written channel bit sequence that sequence, out of all
possible channel bit sequences, for which the
conditional probability of receiving the actual sample
sequence is highest. A Viterbi demodulator sampling the
analog read signal at the channel 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 channel.

For each state in the sample sequence model, the
path histories of estimated channel bits are kept in a
path memory. The path memory in a sequence detector
stores the information necessary to define each
surviving path in the trellis. In a prior-art Viterbi
detector, 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

way is to simply store the sequence of decisions from
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FI GURE 33 shows a ten-state nodified sanpl e sequence nodel for parti al
response signals corresponding to the polynomal (1-D) (1+D) "3 with a

m nimumrun |l ength constraint of d=1. This nodel is nodified fromFl GURE 20
in that each sequence nodel transition injtzhe nodified nodel represents the
conbi nation of two consecutive sequence nodel transitions in the original
nodel of FIGURE 20. The labels in FIGJRE 33.indicate pairs of expected
sanpl es and pairs of correspondi ng esti mted channel bits. Again using for
reference pur pose(gIﬁ he_nedi a, from whi_ch the signal

was produced arftf? ZEICls Onf u%[%%r%ﬂ%t&?‘%gt’é( T!}?lt’t RE REFOERRRE RAERI YBS FI GURE

33 may be gi verchidserd Gitt caddly itepaedent. at TAnghis 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. In well-
designed detectors, there 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 coﬁmon 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.

Iﬁ.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 in each state's path memory for the bits
at the least-recent end of each path memory. Path
memory requirements 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
memory required because the occurrence of medium
transitions 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.
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-57-
1000
1110
1001
1111
0011

St at e Nunber Medi a St at e Sequences 1

2 1100 3
4 0000 5
6 -0440 7
8 0001 9
10 | 0111

In typical prior-art implementations of the Viterbi
algorithm, the signed add, square, add, compare and
select 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 branch. In this case, the output of some
of the modules that implement the computation of the
branch error metrics may be used as inputs to more than
one add, compare, select (ACS) module. 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 expected
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 110 respectively. Each also stores the current
path error metric for the best path, at any given time,
into the state it represents. 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 detailed block
diagram of the implementation of 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 sequence-model
transition leading into them. Modules 607 and 610
implement the add and store-path-error-metric functions
only. In 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. '
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When t he sanpl e sequence nodel of FIGURE 33 is anal yzed to determ ne
al l owabl e sharing of ACS nodules, the result is the sane as for the
singl e-sanpl e case. For proper resolution of all potential error events of -
di stance | ess than or equal to the squarggoot of 10, the sharing di agram
is as shown in FlI GURE 21. ' FIGURE 34 is ‘a diagram showi ng how st ates
from FI GURE 33 nmpy be grouped to share three ACS nodul es. Each ACS nodul e
handl es three input paths. In this case, no parallel paths are required.

FIGURE 34 inplies architecture with ich a se nce detector nmay be
i mpl enented for pargﬁa? FesPUmRees i Y &%&Sﬂ@ eddufhe pol'ynoni al
(1-D) (1+D) "3 wttranditiam wedifehswdiid® as/dja&great emotineseolial f the sanple

rate. Fi B e 3Ped Se 3. A0 AT QMR pu <2558, fILOML g
signal, more states are required in the sample sequence
model. Thus there is a need for a technigue that
reduces the number of ACS modules required to implement
a Viterbi-like algorithm.

Consider tﬁe 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 é'sequence
of samples (there are other such paths: the two paths
shown assume that state 000 was the initial state). 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 0.0, 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 computed for a given actual sample
sequence by summing the squareé of the differences
between the actual sample sequence .and each expected
sample sequence. The result 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.
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FI GURE 33 nay be grouped to share five ACS nodul es. Each ACS nodul e handl es
two or three input paths, and no parallel paths are required. FlIGURE 34
shows how a sequence detector may be inplenmented for partial resporse
signals corresponding to the polynom al (g~ D)(1+D)*3 with d=1 at an ACS
nodul e cycle rate of one- half the sanple raté. As in the unnodified or
singl e- sanple case, the branch labels in this architecture only

-58-

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 an error path. The
selection by the demodulator of the error 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 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 state. A potential error event is any
two paths in the trellis that begin in the same state
and diverge in their second state. The beginning of a
potential error event is the point where any two paths
diverge. A codeword is the expected sample seduence
associated with a particular trellis path.

The distance 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
actual 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 closed potential error event or the minimum
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depend on their state of origin for their signs, allowing partial
preconputati on of the branch netrics. FI GURE 36 shows a nodified
four-state sanpl e sequence nodel for PR4 signals w thout run |length
constraints. This nodel differs fromFI&RE 13 in that each sequence node
transition in this nodel represents the conbination of two consecutive
sequence nodel transitions in the original nodel of FIGURE 13. The |abels
in FIGURE 36 indicate pairs of expected sanples and pai rs of correspondlng

timted ch I ference, pur oses " for . qQne state
g? {Eg enegign gg%?m% ﬁ%bﬁégs;gnal %ﬁgn%ﬁeh %ﬁ% pt FEFALERE ot her
state, the nunpzeadest shas bher@LEEleﬁghmw'Whachpmﬂn1Lsnﬁmadﬂeesentat|on
as one can pasgihE@MtABYef8tCratd SAYeSd A&nod il RIS 82 G Ehat e For

exanpl e,
P 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 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 Viterbi demodulator is almost entirely determined
by the minimum distance and by the signal-to-noise
ratio. Actual error events of distance larger than the
minimum distance are quite improbable compared with the
minimum distance events and may safély 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.

Partial-Response Polyvnomials

A partial-response information channel is' ideally
equivalent to a finite impulse response (FIR) digital
filter. For example, if the input to a magnetic disk
recording channel is taken as a sequence of write
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 -T -I -I

[
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the follow ng representation is applicable: St at e Numnber Medi a

St at e Sequences : 1 01 2
10 3 11 "4
00 When t he sanpl e sequence nodel -p2-FI GURE 36 is anal yzed to

determine al | owabl e sharing of ACS nodules, the result is t he sane as for
the single-sanple case. For proper resolution of all potential error events
of distance |ess than or equal to the square root of 2, the sharing diagram

2,20 LGSR b gy ShFIE S5, Polel o
requi red, and ®&chkff€s8tnidutbehahdiresuhiiirpulyeitispdinateri@UREL32¢hehows how
a sequence channel 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 ...0 00 -1-2 -100...(response to second
' transition)

to give...0 01 1 -1 -1 0 0...(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. One 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 (or 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. For
a finite impﬁlse response filter, the D-transform is
simply the polynémial in D whose coefficients are the

. same as the unit pulse response sequence. For the EPR4
unit pulse response sequence of (1, 1, -1, -1), the D-
transform i% the polynomial 1 + D - D*2 - D~3. This
polynomial is referred to as the EPRA partial-response
polynomial. This polynomial factors to (1-D) (1+D)~2,
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- detector may be inplenmented for PR4A at an ACS nodul e cycle rate of one-half

the sanple rate. Note that in -59-

the prior art, sequence detectors for PR4 have been built by o
de-interleaving the sanple sequence into i34 sub-sequences, each of which
I s denodul-ated i ndependently using a Viterbi detector for a (1-D) parti al
response signal. The processing rate in each interleave is one-half the
sanple rate. This de-

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
pblynomial. This is done by dividing the polyﬂomial by
(1-D) and taking the inverse D-transform. Dividing out
the (1-D) factor from the EPR4 poiynomial leaves the
polynomial (1 + 2D + D*2), which corresponds to the EPR4
isolated 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, pp. 228-235. The
encoding process for a convolutional code may be
described as a convolution operation between the data
symbol stream and an encoding sequence, called a
generator. This encoding process may also be viewed as
a filtering operation where the generétor is the finite
impulse response of a discrete time filter. The
convolution or filtering is frequently done with finite
field arithmetic (often binary). Reaundancy may be
introduced into convolutional codes in order to allow

error detection and/or correction capabilities by using
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i nterl eaved denodul ation is possible for PR4 because the PR4 pol ynoni al
(1-D)(I1+D) = (1 - D*2) contains only even powers of D, and therefore the
dependence between sanples is restricted to sanples in the same interleave.
The present invention gives an alternatia®-way to achi eve parallelism and
reduce the processing rate in PR4 sequence denodul ators. In the
clainms to follow, the word detector is used in the general sense to denote
any sequence detector, whether used for denodul ati on, decoding or

oL e el SRISLER TR aats BIRALIRLS ol (e, presen
obvi ous to thosensrators dpenate din ndnallearandsthhangestput$omﬂyahd det ai
may be made thepelm WMILPUindeRATdife J PG 8REL! SR8 SCORE thereof.
combining multiple generators with decimation or
subsampling of the output sequences from each encoding
.filter one can introduce redundancy in any desired
amount. For example, one could use three generators,
tripling the number of informaﬁion 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 each individual input
pulse. This is equivalent to a rate 1 convolutional
code in which the generator is the impulse response of
the data channel.

Thus there is a.need for a technique for reducing
the implementation complexity of Viterbi detectors for
decoding of convolutional codes as well as those for
demodulation of partial-response signals.

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
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MATLAB PROGRAM % scri pt

file shareacs. mgenerates a |list of codewords for a given state

-25~

expected samples generated from a finite-state-machine
model. In a typical Viterbi demodulator implemented
using the add, compare, select 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. In 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 more
sequence-model states dynamically associated with it,
such that at some times one sequence-model staEe is
associated with it and at other times another sequence-
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 sequence-model states may be chosen
to share an ACS module without 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 at which the detector circuitry must
operate relative to the sample rate by allowing multiple
samples to be processed simultaneously. Further,
several reduced detectors for specifié sample seqguence
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
sequence detectors, such as demodulators for partial-
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% machi ne and identifies all error events (starting in the sane state and %
differing in the first transition). Then it goes through all error %
events, screens them agai nst sonme specified criteria, and determ nes %
which states in the state nmachine can shage an ACS unit and path nmenmory %
wi t hout conpromi sing the detector's ability to handle the specified set %
of error events._ It can also analyze the all owabl e sharing under the %
conditions that 2 or nore sanples are processed per clock cycle. % The
state machine is described by a conbined transition/input matrix, A % The
matrix is squa%"%sP‘a’i%%Iet?’n"&g’il"ii/s Arfredrcedens Eaxx sopvedusanppe €ofleshe % pat h

fromstate i tnaeiﬁgeredu¢édtﬁ@¢pem@mm{lt orfil@xgtgte i to state %j, the
matri x A shoul ntalﬂ a. NaN i he iy ] Oiitkﬁ%: A correspogdlng % matri x
0 gives estinmatTH-EHEH %Fl‘?ﬁ‘tc‘?%? t“l‘agf & it@FeBpECi PPRR FRSA % (the

el ements of 0 &hatntoof tpmemxmmdré@in’@s whetheri BRhAtapeodessingo cares).
% Richard T. BEQrSHﬁodfééeri’o&?g?gateéo rB%[lo%O@R%%ults, or

software.

Another object of the invention is to accomplish
the complexity reduction with minimal degradation of
performance as compared to a prior-art Viterbi detector,
particularly with respect to minimum distance errors and
other errors of relatively high likelihood or i}
importance.

A still further object is to provide segquence
detectors, demodulators, 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 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
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% Accept user input to define the problem clc A- input('Enter the state
transition/input matrix: "); O = input('Enter the output matrix: '); nclock
- input(' Enter the nunber of sanples to process per clock cycle: '"); Nmax -
i nput (' Enter the decoder path length: ');27f (ren(Nmax, ncl ock)-=0)
error('Path length nust be a nultiple of the nunber of “sanples per clock.")
end norntype - input('Enter the desired norm (use 2 for Euclidean):");

di sp(' Now specify what types of error events you want to include: ') disp(’
(1) Events with distance <- a given "crjtical" di,stagcea ') _di sgﬁ(}' (2)
Events that caﬂ°BL19ﬁ3¥ SRR LR £S5 HVJo @S Bo) ViFepol: demodniatpss -

I nput (" Enter tﬁer"tiﬁé&ra@ﬁam&elance: '); savedrop = input('Include dropout
errors (0/1)? '); if savedrop dl - input('Max nunber of dropped out

bits to consider: '); else _dropout = 0; . o
Another object is to implement a Viterbi-like

detector, demodulator, or decoder with a programmable
expected sample sequence for an isolated medium
transition. A related object is to support multiple,
alternative expected sample sequences for retrys 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 respect to the read
or write heads. Another related object is to aevelop
programmable sample,sequence models that support
multiple signal models that would require distinct
sample sequence models and distinct hardware
architectures when implemented with non-programmable
sample sequences.

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 sequence models and with
several specific selected subsets of potential error
events by applying the general techniques of this
invention. l
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end tellwhy - input('Do you want exanples of why each share is forbidden
(0/1)? "); n =length(A); % nunber of states
Page 1 of 5°

~-28-

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 pulse in
an analog read signal. It also shows two digitized
sample models of such read-signal 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
. particuiar actual sample sequence by showing how the
contents of the path memories evolve as additional read-
signal samples are taken.

FIGURE 6 is a block diagram of a prior-art
implementation of a Viterbi demodulator for thé 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 sequence-model state having two transitions that
may enter the state.

FIGURE 8 shows an error event on the EPR4, d=1
. trellis. ' '
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[T,1,D) = statconv(A, O nclock); % convert the state machine to another
format sharetable - ones(n,n); % begin by assunmng all states are

shareabl e for N - ncl ock: ncl ock: Nmax % for each |l ength of codeword

di sp(' Consi dering codewords of length ' Lpg2str(N)]) for i = 1:n

% for each starting state ... di sp(['Wrking on error events that
start in state ' .int2str(i)]) - tidx = find(T(:,1)==l); % find al
transitions fron1state i stateseqs - T (tidx,:) ; % keep track of
state sequences o and codewor ds

State seauences ) efike d il ) Hhrkoptapran of S Kh D! 05

size(cws); erfdzrdér -fd2‘ancdontiolundibnak: dbde suitablenfoat em:@shng[]

using the Viterbi algorlthm.

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 FIGURE 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 of 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 & partial-.
response class IV (PR4) signal without RLL constraints.
The 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 properiy, with a path
length of P = 10.
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newcws - []; newout puts = []; for j =1:M tidx
- find(T(:,1)--stateseqgs(k/nclock,j)); st ateseq -
stateseqgs(:,j)*ones(1,length(tidx)); newst at eseqs -

[ newst at eseqs [stateseq; T(tidx,2)']]; -30- cw =
cws(:,j)*ones(1,length(tidx)); newcws = [newcws [cw,
[(tidx,:)"']]; . out put - outputs(:,j)*ones(l,length(tidx));
newout puts = [ newout puts [output; D(tidx, ')']]' end

stateseqgs - newst at , -. WS = ne utputs =

newout pﬂts; _ E?%@%ﬂyli/] 1s %ié’é?rc’rﬁ% dlag%%é@ﬁoFH? SFmPéﬁgth k from
state i eselquencéomade Weo H FESURHE i35 tunderaltheMcondevhofls that simrt

Deom Siate L esrror oARML W LMY ' ok"Eqthi koY *RhE dIE"
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 partial-response
polynomial is (1 - D) (1 + D)~2, and the expected sample
sequence for an isolated transition is 1, 2, 1.

FIGURE 17 is a sharing diagram for the séﬁple
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.

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
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 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
i, 3, 3, 1.
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for k = (j+1): M ' if (stateseqs(2,j)~=stateseqs(2,k)) %if pair

IS an error event : di st =

normcws(:,j)-cws(:, k), norntype); % find di stance ) i f
savedr op % check for dropout/dropinyievent

dropout = isdrop(outputs(:,j),outputs(:,k),dl);

dropout - dropout[isdrop(outputs(:,k),outputs(:,j),dl);

end i f (d|st<cr|td|st)]dropout % i f an event of

i nt er est X %.st ar t e |ng of the
error event FIGURE 21 is a\ﬂhﬁ?&“@éaaégfﬁﬁn Eqﬁ ,%untll t he

event cl oses sequence model of FIGURE R0( shdtesehe édmdltidn-thﬁunadﬂeqs

(541 1) cecSTERT gyonts of distance’ibss EhBhGERLEL] ddine

stk - stateseq (stj,stk)
sharetable(stJ$qma§e:rD0&bQﬁuﬂQaanﬁ rgisbdwed properly, with a path

di sp([' Marki ng; gopshaseapl.e state pair: '..
Appendi x A Page 2 of 5

FIGURE 22 is a block diagram of an implementation
of a Viterbi demodulator for the sample sequence model
of FIGURE 20 simplified to use only three ACS modules as
taken from the shgring diagram of FIGURE 21.

FIGURE 23 is a block diagram of an implemgntation
of a Viterbi demodulator for the sample sequence model
of FIGURE 20 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 resolved 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 sequence of samples.

Figure 29 illustrates a ten state machine model
with another programmable expected séquence of samples.
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-62- int2str(stj) ','
int2str(stk)]) : i f tellwhy

di sp(' An error event needing this pair: ")
di sp(' Codewords: ') -32-

FIGURE 30 shows a six-state modified sample
sequence model for EPR4 with a minimum run length
constraint of d=1, each sequence model transition in
Figuré 30 representing the combination of two
consecutive sequence model transitions in the unmodified
sample sequence model of FIGURE 3.

FIGURE 31 is a sharing diagram for Figure 30 for
the condition that all potential error events of

distance less than or equal to 2 be handled properly.

FIGURE 32 is a diagram showing how states from
FIGURE 30 may be grouped td share two ACS modules.

FIGURE 33 shows a ten-state modified sample
sequence model for partial fesponse 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 FIGURE 13 in that each
sequence model transition in this model represents the
combination of two consecutive sequence model
transitions in the original model of FIGURE 13.
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disp([cews(:,]) cws(:,k)]") di sp(' State

sequences: ') S , di sp((stateseqs(:,]j)
stateseqgs(:,k)]") ) di sp(' Qutputs: ")

di sp([outputs(:,j) outputs(:,k)]") -33- , '
disp[[Di stance = ' nun2str(dist)]) i f

dr opout . disp(' This is a dropout event.')
end _ pause

gltlc - sti o+ 1 FIGURE 37 is aedni%grgms§howing how states fron?nd br eak
eng FIGURE 36 mdyf be grouped to sharéntiwo ACS modules. end

en

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention can be thought of as
exploiting the fact that when, as in the prior .art, a
separate ACS module is associated with each sequence-
model state, then much of the time the ACS modules are
computing path error metrics for paths that are so far
away from the actual sequence of samples that Fheir
computatiohs are very likely to be irrelevant. The
present invention dynamically associates a particular
ACS module (and its associated path memory) with more
than one sequence-model étate. One key to practicing
the present invention is to determine which states can
share an ACS module without significant performance
degfadation in terms of distinguishing the correct
trellis path from those potential error events that are
reasonably likely to occur, or that are of special
interest for whatever reason.

The following is a step-by-step procedure for
determining which states in a sample sequence model may
share an ACS module in a sequence demodulator without
unacceptable performance degradation. Following the
formal description of each step is an example of how
that step is applied to the EPR4 d=1 sample sequence
model of FIGURE 3. Several of the steps are clearly
well suited to being carried out with the aid of a
computer. Appendix A lists computer software in MATLAB
which may be used to help carry out steps 3 through 5.
MATLAB is a computing tool distributed by The MathWorks,
Inc. of Natick, Mass.
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end

end

end end clc sharetable = sharetable & (sharetable');

di sp(' Sharing table: ') disp((nan 1:n; [1:n)' sharetable]])

-34-

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=1 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 1, then 3, then 7, and remaining in
state 7 via the self-loop. As this 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, 0, ...}, 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 open or closed
potential error event at minimum 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.

Step 3. Make a complete list of all codewords, or
legal sequences of expected samples, that are of length
P or less. Include in the list the sequence of states
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Appendi x A ' Page 3 of 5
-63-
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that generates each codeword. A codeword of length n is
any sequence of expected samples that can be generated
by n consecutive state transitions of the state machine.
from step 1. For this purpose, two codewords are
consiaered distinct if their state sequences differ,

- even if the expected sample sequence is the same. In
general, codewords of length 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 EPR4 d=1 codewords of length 6 or less in this
document. As an example we list all sample sequences of
length 4 that begin in state 0 (000). (In performing
this step, all sample sequences of length 4 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.

CODEWQRD STATE_SE CE
0000 000O0O0
0001 00001
0012 00013
0121 00137
0120 00136
1210 01377
121 -1 01376
120 -2 01364

Step 4. Consider all possible potential error
events, both open and closed, from the list of sample
sequences generated in Step 3. A potential error event
is any pair of sample 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
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function dropout = isdrop(outl,out2,dl) % dropout = isdrop(outl,out2,dl)
returns a 1 if the error between % bi nary sequences outl and out2 can be
characterized as a dropout, % otherwise returns a 0. A dropout is-indicated
when: % (1) every O in outl is Qq&n out2 (no drop in or shift) %
and (2) at least one 1 in outl is O 1n out2 (dropout) % and (3)
‘not nore 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

< )
T nargin<3 stored) sample sequence while the demodulator

erroneously chooses the second sample sequence. An
error 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 EPR4 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 .
closed potential error events and there exist ﬁo open
potential error events longer than our path memory of
distance 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 error events of length 4 are selected:

ODEWORD STATE SEQUENCE DISTANCE
0121 00137

1210 01377 2 (closed)
0120 00136

1210 01377 1.732. (open)
0120 001368

121 -1 01376 2 (closed)

Step 5. Build a sharing table with one row and one
column for each state 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 represented by
its row and its column are ever simultaneously occupied
by the two state sequences of any error event in the
chosen set. This criterion applies at any position in
each error-event state sequence for the subset of
potential error events selected in step 4. 1In the
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dl = inf; end nundrop = sun{(outl==1)& out2==0)); dropout =
(~any((outl ==0)&(out2==1))) & (nundrop>0) & (nundrop<-dl);

-37-

sharing table, either the order of the states can be
taken both ways, or alternatively 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.

For the EPR4 d=1 example, we will build a sharing
table with 6 rows and 6 columns. Each entry is presumed
TRUE until shown to be FALSE. Consider the first error
event from the example list in step 4. The state
sequence for the first sample sequence is in state 0 at
the second clock cycle[ while the state sequence 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 0 and the row for state 1
as FALSE. The remainder of the state sequencés for the
first example error event imply that the pairs'(l,3) and
(3,7) are also unable to share an ACS module. When this
line of reasoﬁing 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 FALSE):

(0) (1) (3) (7) (6) (4)

000 001 011 111 110 100
(0) 000 1 0 1 1 1 0
(1) 001 0 1 o0 1 1 1
(3 0122 1 o 1 o0 ‘1 1
(7) 110 1 1 o0 .1 o0 1
(6) 110 1 1 1 0 1 0
(4) 200 0 1 1 1. 0 1

et
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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 stateé 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-minimum 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, 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
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function tT,I,D} = statconv(A, On) %[T,I,D =

statconv(A QO n) converts a state machine fromthe input format % used
shareacs. m (and described therein) to a format suitable to % descri be
nmachi nes that process n sanples per clog§99yqle. The

pairs: 000 with 111, 001 with 110, and 100 with 011.
With this sharing arrangement, 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 threshold which is greater
than the minimum distance. Or one could choose to
include all potential error events that can be
characterized as resulting from a particular non-ideal
aspect of the information channel, such as dropouts from
defects in magnetic media. Potential error
events of length less than the path memory length, P,
must be considered in addition to error events of length
P. This can be seen by first considering error events
of length 2. The 2 terminal states of 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 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, if 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
erroneously conclude that the pair of states in question
were able to share an ACS module. In reality, such

by
state
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% new format consists of three matrices. Tis a list of transitions, with %
one row for every transition path in the nmachine, and two colums %

contai ning the state nunbers that the transition path conmes fromand % goes
to. I is alist of input |abels (expectedyganples), with one row % for
every. row in T, and one colum for every Sanpl'e processed in one % clock
cycle (n). Dis a list of output |abels (channel bits) in the % sane fornat
as |. %R chard T. Behrens, February 1992. ns = length(A); %
nunber of states T = []: | =[] D=1[]; for i =1l:ns _ % f or
each starting Sparéng weuldsferee na(prematme ideciysion bewveendtwal i d

transitions patBtewRESe=di&Bdlce was still belo® K8@P thiracko9h atate
sequences A % agnd I nput | abels

c - i,transg);. . .
outputs - O(i ,pgﬁngﬂ'{g’e thé agc’-s’-%‘eﬂ’ﬁls dadan TS would pedurenfhi(cws):
for k = 2:n  effeotimtanhitsbasm=di{dtance 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. Principles 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-motel 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 module represents at any
given time. The number of memory bits must be’
sufficient to allow a unique 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 sufviving path for
that ACS module. The new path error metric for the
surviving path is stored in the ACS module for use in
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newcws = []; newout puts = [];- . for j = 1:M trans -
find(-isnan(A(stateseq(k-i,j),))): stat eseq =
stateseqgs(:,j)*ones(l,length(trans));- newst at eseqs = [ newst at eseqs
[ stateseq; trans]]; cw = cws(:,[afones(l,length(trans));

newcws = [newcws [cw;, A(stateseq(k-1),trans)]]; out put -
outputs(:,j)*ones(l,length(trans)); newout puts = [ newout puts

[out put; O(stateseq(k-1),trans)]]; end st at eseqgs =

newst at eseqs; CWS = newcws; out puts = newout puts;

[dummy, M = 'si zbe( ves); clpekinevelef cbuaddidsia theghAsk FEERNState |
end % add LherLCRILR YnECHOVRE UsulPid ity WS el Rafublet | = [1;
cws 1 defi%gsoaﬁiéﬂqé%agéaéﬁg%gééggﬂg AJS modu?e_shgh18UtpUts I
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 clock 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 have 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
given point in time. ACS module 1101 is associéted with
one of the remaining three states at any given point in
time. Transition 1102 either represents the transition
from state 000 to itself (if ACS module 1101 currently
is in state 000), or it represents the transition from
state 011 to 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 StateEstimated Channel Bit

000 : 000 0.0/ 0

011 110 0.0 /7 1

For example, if ACS module 1100 internal state
memory bits indicate that it represents state 011 at a
particular time, then the self-loop on that module has ’
an expected sample of 0.0, an estimated channel bit of
1. Should that path be selected, then the next state to
be represented by that ACS module is 110. Note that if
the present state is 110, then the éelf—loop from ACS
module 1100 to itself does not exist and some means must
be provided to prevent its selection.
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Similarly, transition 1103 can be represented by
the following table:

Current Next Expected Sample /
State StateEstimated Channel Bit

000 o001 . 0.5/ 1

011 111 0.5 /70

110 100 -1.0 /0

Transition 1104 can be represented by the following

table:.
Current Next Expected Sample™/
State StateEstimated Channel Bit
111 111 0.0/ 0
100 001 0.0 /7 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. StateEstimated Channel Bit
001 011 -1.0 /0
111 110 -0.5 /1
100 000 -0.5 /70

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.
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CLAI M5 W claim 1. A sequence detector for signals

characterized by a predetermi ned state machi ne nodel having a first
nunber of states,.conprising a predeterm ned second nunber of add,
conpare, select (ACS) nodules, said second nunber being |less than said
first nunber, at | east one of said AC%3modul es bei ng associated with a
plurality of specific predeterm ned states of said predeterm ned state
machi ne nodel so that one ACS nodul e is associated with each state of
sai d predeterm ned state machi ne nodel, each of said ACS nodul es

associ at ed Wi t hThepblbeki Byagkaft ahesIGiREAL2 $H®eetar M ned state

T e, oS! PR =BLPRIERY, HEOH Rl Bh LA UL D gy o ESPEC i ve

ti me based updempdelsterefor EPR4 signals with d = 1 simplified in
accordance with the sharing diagram of FIGURE 10 and the
grouped sample sequence model of FIGURE 11. There are
only two ACS modules, each having only two seguence-
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-sample values as
path labels. This is possible 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
simultaneocusly. 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)
(1 + D), and the expected sample sequence for an
isolated medium transition is 1, 1. Using for reference

purposes, as was done for FIGURE 3, a “0” for one state
of the media from which the signal was produced and a
“i1” for the other state, the numbered states of FIGURE

13 may be given the following representations:

State N er Media State Seguences
1 01
2. 10
3 11
4 Q0

FIGURE 14 is a sharing diagram for the sample
seguence model Qf FIGURE 13 under the condition that all
error events of distance less than or equal to the '
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associ ated with said ACS nodul e having the | owest path metric thereto.

2. A sequence detector for signals characterized by a predeterm ned
state machi ne nodel having a first nunber of states, conprising:

branch netric generator neans; a second predeterm ned nunber of
add, conpare, sel ect (ACS) nodul es,~441 d second number bei ng |l ess than
said first nunber, at |east one of said ACS nodul es bei ng associ at ed
with a plurality of specific predeterm ned states of said predeterm ned
state machi ne nodel so that one ACS nodule is associated with each

state of sai dsguadet odt NGl State Fesdi iR Pdper19a€Broh pathSBelgrES
nodul es associ ted_m%éh a gluralltg of states oflaabd Brede%eif1ned
state machi ne®holel hAvihgSst2fe res° AP FBg¥swou e by a u
Viterbi demodulator with one ACS module per sequence-
model state. FIGURE 14 shows that there is a unique
grouping for a grouped sample sequence 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 model of FIGURE 3 (EPR4, d=1) under the
conditions that all error events of distance less than
or equal to 2 and all error events that correspond to
drop-out or drop-in error events (more'thoroughly
described later) are resolved properly.with a path

" length of P = 6. FIGURE.-1l5 shows that there is a unigue
minimum-ACS grouping for this case: i.e. states 100 with
001; states 110 with 011l; state 000; and state 111.

FIGURE 16 is a sample sequenée model for an
extended partial-response class IV (EPR4) signal without
RLL constraints. The corresponding partial-response
polynomial is (1 - D) (1 + D)”~2, and the expected sample
sequence for an isolated medium transition is 1, 2, 1.
Again using for reference purposes, a “0” for one state

of the media from which the signal was produced and a
*1” for the other state, the numbered states of FIGURE

16 may be given the following representations:

ate exr Media State Sequences
001
010
011
100
101
110
111
000

00 |0 O Ui B> o [N 1=
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C L M S * - 66- each of
sai d ACS nodul es associated with a plurality of states of said
predet erm ned state nachi ne nodel having neans for receiving each of the
branch nmetrics for all input paths to theg,states associated with the
respecti ve ACS nodul e, for adding the sang to'the correspondi ng path
metrics stored in said ACS nodul es, for selecting the | owest sumas the
survi vi ng
FIGURE 17 is a sharing diagram 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. Again using for reference
purposes, a “0” for one state of the media from which
the signal was produced énd a “1” for the other state,
the numbered states of FIGURE 18 may be given the

following representations:

State Number Media State Secquences
1 01
2 10
3 11
4 Qo0

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 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. Like FIGURE 14,
FIGURE 19 shows that there 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 of (1 - D) (1 + D)~3. The

co;responding expected sample sequence for an isolated
medium transition is 1, 3, 3, 1. Again using for
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path, for storing the new path netric for the surviving path in the ACS
nmodul e and for storing in said state nenory neans the state associated with
t he surviving path. 3. ~ The apparatus of either of clains 1 and 2
wherei n each of said ACS nodul es associated with a plurality of states of
said predetermi ned state machi ne nodel afé-associated only with states
selected froma group of states satisfying the criteria that: (a) from
al | possible codewords of a predetermi ned codeword | ength or |ess and the
respective s e d wor( f Lb ler f; zsai d
codewor ds of£§g§5§ﬁﬁgng§ﬁﬁ?gp§ésgntPng?éfrggggég%tgeaEFchghggg ?ﬁglgzne
starting st akeoluiwhilchf ehei Bithalseagngratated and &roart flexstdtee sequences
for each said pair of said codewords representing error events; t here

i s a predet ephhatdssabset tbe §&W§e€ﬁﬂoﬁtéﬁéﬁt§ffgFGﬂﬁFcﬁon&a@M3m%tates from

said group Ogi%%%tgﬁe following representations:

State Number Media State Secuences
1000
1100
1116
ooage
10031
01190
1113
0001
0011
0111

S g

rPWNH

- RO |00 1 oy U0

=]

FIGURE 21 is a sharihg édiagram for the sample
sequence model of FIGURE 20 under the condition that all
error events of distance less than or egual 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 grouped in the following three groups each
sharing an ACS mo@ule: 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 and 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
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are ever simultaneously occupied by the two state sequences fromany error
event in said predeterm ned subset of error events at any position in the
state sequences. 4. The apparatus of claim3 wherein error events
included in the predeterm ned set of erroa7events are sel ected based at

| east in part on error event distances.

This is the repl acenent sheet _ ' -67-

constant regardless of the current sequence-model state
within the sequence-model state group. This may allow
the branch metrics to be partially precomputed with
minimal additional hardware, which may reduce the time
required for each 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 implementatioh.

FIGURE 24 is a sharing 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. 6ne
minimum-ACS groupings for this sample sequence model
requires the following 6 ACS modules: 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 with multiple states. The state transitions
block determines, for each 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
represented by the ACS module from which the branch
originates.

In general; trade-offs may need to be made between
the complexitylreduCtions allowed by this invention and
other considerations such as circuit timing. For
example, tHQ%S-ACS implementation of FIGURE 23 may have
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5. The apparatus of claim4 wherein error events in the predeterm ned set
of error events include m-nimum di stance error events. 6. The
apparatus of claim3 wherein error events in the predeterm ned set of error .
events include error events characteristje of non-ideal aspects of the
source of the signal to be detected. 7. The apparatus of claim®6
wherein said error events characteristic of non-ideal aspects of the source
of the signal to be detected include drop-out and drop- in errors.

advantages over the apparentiy less complex 3-ACS
implementation of FIGURE 22.

Drop-out and drop-in error events

One of the non-ideal aspécts of some media, -of some
magnetic recording media = | for example, is the
presence of small regions on the medium that do not make
transitions, e.g. magnetize, as desired. Such a medium
defect can result in the attenuation or complete _
suppression of the analog read éignal.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 be important for the
sequence demodulator to handle drop outs and drop ins to
the best of its ability. If so, drop-out and drop-in
errors need to be characterized and included 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 transition 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 indicating that a transition was written.
An error event is characterized as a drop-in when the
same error event would be a drop—out'if the roles of the
correct and estimated channel bit sequences were
reversed. Since either path in an error event is a
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8. Apparatus in accordance with either of clainms 1 and 2 wherein said
predeterm ned state machi ne nodel of said apparatus includes nonlinear
behavi or of the system providing the signal to be detected. 9. The
apparatus of either of clains 1 and 2 wherein each sequence nodel
transition of said predeternined state mfine nodel represents the

conbi nation of at |east two consecutive sequence nodel transitions of an
underlying state machine nodel, the totality of all sequence nodel
transitions of said predeterm ned state machi ne nbdel representing al

possi bl e sai d Tearskchdie IR aee doidelctt @&l&ai,]g Eﬁésiﬂé]éﬁé\;ﬁoﬂﬂﬁiﬁréﬂ 39
state nmachi ne del . 10. he .a ratus of claim erein sa
pr edet er ni ned Ci? CHa G RS §'r§5: oFHGRET SEMLALrLhe

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 presuppose a linear system.
Whether or not a state machine represents a linear
system, a Viterbi detector may be built to match the
state machine model and select surviving paths through
the associated trellis. The present invention applies
tb such detectors for nonlineai 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 actually exhibited by some hard disk
aégia at high recording densities. The'sampled responsé'
of this system to an isolated transition is 0, 1, 1, 0,
as would be the case for a PR4 éhannel. But because of
system nonlinearities, adjacent transitions matually
reduce the amplitude of the readback pulses for each
transition by an amount greater than would be predicted
by linear superposition of the pulses. If a transition
has a neighboring transition in the adjacent bit
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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 loock-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 minimum distance for this model as compared to the
minimum distance for the PR4 model, which is the square
root of 2. It also creates a situation in which there
are potential error events of distance slightly greater
than minimum distance but close eﬁough 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 aswon the‘di%ﬁéh¢e chosen as the threshold for
error events of inﬁérest. They may also depend on the
coding constraints, such as RLL enco&ing, and the path-
memory length selected. FIGURE 27 shows a sharing
diagram-for-the sample sequenée-model of FIGURE 26 for
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[err] representing the conbination of two Consecutive sequence node
transitions in the followi ng said underlying state machi ne nodel

-51-

the 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 multipurpose
processor executing appropriate software. While such an
implementation does not have ACS modules, where a
"module" is a hardware unit, is does 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 reduce the number of executions of such ACS routines
required to process each sample taken, thus speeding up
the maximum sample rate that a given processor can
support. It is possible that this speed up could, in a
particular situation, make a software implementation 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 potentiaily lower
implementation cost of such a software demodulator, a
software implementation would provide potentially very
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- 69- _

-52-

advantageous flexibility in the choice of sample models
and encoding constraints.

Sample-Model Programmability

For some applications, it is preferable to
implement a sequence detector such that one can vary the
sample sequence expected due to an isolated transition.
Figure 28 illustrates a six state machine model with a
pfogrammable expected sequence of samples a, b, ¢, and
Figure 29 illustrates a ten state machine model with
another programmable expectéd sequence of samp;es a, b,
1, ¢. The sample sequence a, b, 1, ¢ can fit ény signal
model of 4 or fewer samples per isolated medium
transition. The 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 1 is a mere matter of normalization. For example,
allowing a and c to range from 0 to approximately 0.5
and allowing b to.range from 0 to approximately 2,
allows the sequence a, b, 1, c to cover any pulse shape
that 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 setsa, b, 1, cto 0, 1, 1, 0
one has a detector for PR4. If one sets a, b, 1, c 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 own distinct state machine model, and thus
their own architecture of ACS modules. The sample model
programmability of the present invention subpbrts the
PR4 or the EPR4 (or one of numerous. other signal models)
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St at e Nunber

1000
1110
1001
1111
0011

Sequence 1

2 1100 3

4 0000 5

6 -53- 0110 7

8 0001 9

10 - ' 0111 sai d second
nunber of ACS nodul es including first, second, third, fourth and fifth

ACS nodul es,
two states;

each havin

a state nenory neans for storing any one of

cases Wé&gdaf pieglacderedre Meidrpostdatrst ed with states

architecture.

The use of a programmable sequence detector allows
a great variety of retry strategies to be implemented.
When used in combination with a programmable equalizer,
different equalization targets can be set for both thé
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 pulée of 1, 3,
3, 1 and the equalizer programmed to provide such a
pulse. Upon failure to read a data record one could
then switch to the center-sampled pulse of 1, é, 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 equalization 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
A programmable detector allows each track of
each recording surface to be read with its own optimal
set of parameters.

each head.

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.

Multiple-Samples per Sequence-Model State Transition

Thig is the replacement sheet

1 4 MAY 1999

‘Date:



5 and 6 of said predeterm ned state nachi ne nodel; sai d second ACS

nodul e bei ng associated with states 1 and 10 of said state machine
nodel ; said third ACS nodul e being associated with states 3
and 8 of said predeterm ned state nachi neggodel ; _ said fourth ACS
nodul e bei ng associated with states 2 and 9 of said state nmachi ne

nodel ; said fifth ACS nodul e being associated wth states 4
and 7 of said state machi ne nodel; each of said ACS nodul es havi ng

means for receiving . .
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. 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 the 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 sequence model transitions as a single state
transition in the modified sample sequence model. All
sequence-model transitions of the modified sample
sequence model represenf 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 pair to expected sample
pairs for each-branch, adds the compound branch metrics
to previous path metrics and selects the sufviVing
paths. In effe¢t, the sample sequence 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

This is the replacement sheet

Date: "4 5 MAY 1000



each of the branch nmetrics for all input paths to the -states associ ated

with the respective ACS nodul e, for adding the sane to the
correspondi ng path netrics stored in said ACS nodul es, for selecting
the | owest sum as the surviving pathgstor storing the new path netric
for the surviving path in said ACS nodul e ‘and for storing in C
L M S *

compound branch metrics are more complex to éompute and
that there may, in 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 can be used Eo 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 sequence
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
require that all potential error events of distance less
than or equal to 2 be handled properly. The longest
potential error event at this distance spans six frames
of the original single-sample trellis. 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 events up to eight samples long were considered.
Since the samples are processed in pairs, only potential
error events of even length are considered. Note that
the éharing allowed in this case is identical to the
sharing allowed when the same sample sequence model is
applied one sample at a time.

Both grouping of sequence-model states to share ACS
modules and -modification of sample sequence models to
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-70- said state nmenory neans the state associated with the surviving

pat h. 11. The sequence detector of claim 10 wherein the expected
sanpl-e sequence for an isolated nediumtransition in said underlying state
machi ne nodel is programabl e. 1 .6_Th,e sequence detector of either

of clains 1 and 2 wherein the expected -sarrpl'e sequence for an

process multiple samples per transition can be
implemented in the same séquence 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. Note that there are parallel
paths in the figure. For example, if state 011 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, 0, 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 sequence 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-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. This model is
modified from FIGURE 20 in that each sequence model
transition in the modified model represents the
combination of two consecutive sequence model .
transitions in the original model of FIGURE 20. The
labels in FIGURE 33 indicate pairs of expected samples
and pairs of corresponding estimated channel bits.

Again using for reference purposes, a “0" for one state
of the media from which the signal was produced and a
17 for the other state, the numbered states of FIGURE

33 may be given the following representations:
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I solated nediumtransition in said predetermned state nmnachine nodel is
pr ogr anmabl e. - 13. A nethod of sequence detection for signals
characterized by a predeternined state nachi ne nodel having a first nunber
of states, conprising the steps of; -57- (a) associating at |east one
plurality of specific  predeterm ned ones of the first nunber of states
t oget her; .(b) for any of the first nunber of states not associ ated
with any other state in step (a) naintaining t he path having the | owest

path netric of any paths for each
plurality of the flégﬁgﬁ# e #Sfer in step (a),
mai ntaining (i),

h metric of any paths
entering any of th- hef Cii) t he

i dentification of sﬁee+i1{+{%é&{bee—eﬂ%eFed——aﬂd—llli

4 0000
) 1001
6 : 0110
7 1111
8
9
1

0001

: 0011
0 - 0111

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.

FIGURE 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. In 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)11+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 ffbm
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 nmay 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
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for each signal sanple, (d) determning the branch netrics;

(e) adding the path netrics maintained in steps (b) and (c) to the
respective branch netrics determ ned in step (d), to determ ne new path
metrics; - -71- (f) for each of the .
first nunber of states not associated w%8~any other state in step (a),
causi ng the new path having the | owest new path netric of any new paths
entering that state to be the path maintained in step (b), and for each
plurality of the first nunber of

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 FIGUEZ 13 in that
each sequence model transition in this model represents
the combination of two consecutive seguence mcdel
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.

Using for reference purposes, a “0” for one state of the
media from which the signal was produced and a *“1” for

the other state,.the numbered states of FIGURE 3¢ may be
given any representation, as one can pass from any state

to any state, including the same state. For example,

the-following repfesentation is applicable:

Media

When the sample sequence model of FIGURE 36 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 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. FIGURE 37 shows how a secuence
detector may be implemented for PR4 at an ACS module
cycle rate of one-half the sample rate. WNote that in
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states associ ated together in step (a), causing (1), the new path having
the | owest new path netric of any new paths entering any of the states
associ ated together to be the path maintained in step (c) (i), and (2), the
identification of the specific state so _gatered to be the identification of
the specific state naintained in step (c¢)(ii). 14. The net hod
of sequence detection of claim 13 wherein each of the states associ at ed
together in step (a) are states selected froma group of states satisfying
the criteria that: (a) fromall possible codewords of a

pr edet er ni ned the@wR% Q%Qtﬁﬁ%’feqcésgeéﬁﬁtf’ﬁﬁ FespRRe | BRVRtREF sequences;

and, (BBuf1©omplde-Poasdilleuilaigh $hef séﬂpﬂngdQMQﬁdé dito egwml | engt h
representing error events which hav

tate but diff [
the second st a¥¥P-SRAMERTYIn (FFK &Egﬁ‘u %’r‘iﬁggﬂssglg pai r Iof E;I |dn

independently using a Viterbi detector for a (1-D)
partial response signal. The processing rate in each
interleave is one-half the sample rate. This de-
interleaved demodulation is possible for PR4 because the
PR4 polynomial (1-D) (1+D) = (1 - D"2) contains only even
powers of D, 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. )

In the claims to follow, the word detector is used
in the general sense to denote any sequence detector,
"whether used for demodulation, decoding or otherwise.

While preferred and alternate embodiments of the
present invention have been disclosed and described in
detail herein, it will be obvious to those skilled in
the art that various changes in form and detail may be
made therein without departing from the spirit and scope
thereof. |
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codewords representing error.events; there is a predeterm ned subset
of said error events for which no two states from said. group of states

are ever S|nultaneously occupi ed by tm0@Two state sequences from any error
event .in said predetermi ned - subset of error events at any position in the
state -seguences.- * 15. The nethod of sequence detection of claim
14 wherein error events included in the predeterm ned set of error events
are selected based at least in part on error event distances.

-72- : :

MATLAR 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 memory
without compromising the detector's ability to handle the specified set
of error events. It can alsc 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.

dP dP IP 0P O JP O P IP P P P P O 00 IP 0P I N

format compact

%

% Accept user 1nput to define the problem:
]

c

lc
A = input ('Enter the state transition/input matrix: *);
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 errors (0/1)2 *');
if savedrop
dl = 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)2 '):

n = length(a); % number of states

Appendix A Page 1 of 5
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16. The net hod of sequence detection of claim 15 wherein error events
in the predetermned set-of error events include m ninumdistance error
events. 17. THe method of gﬁhUence detection of claim 14
wherein error events in the predeterm ned set of error events include error
events characteristic of non- ideal aspects of the source of the signal to
be denodul ated. 18. The nmet hod of sequence detection of claim
17 wherein said error events characteristic of non- ideal aspects of the
source of the’signal to be denodul ated include drop-out and drop-in errors.
19. A sequence detector for denodul ating EPR4 signals with a mininum
run length constraint of d =1

{T,I,D] = statconv(A,O,nclock) % convert the stéte 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 = £ind(T(:,1)==1i); % find all transitions from state i
stateseqs = 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 = £ind(T(:,1)==stateseqs (k/nclock, j));
stateseq = stateseqgs(:,j)*ones(l,length(tidx)):
newstateseqs = [newstateseqgs [stateseq; T(tidx,2)'1]:
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
statesegs = newstateseqgs;
CWS = Newcws;
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
if (stateseqs(2,Jj)~=statesegs(2,k)) % if pair is an error event
dist = norm(cws(:,j)-cws(:,k),normtype); % find distance’
if savedrop % check for dropout/dropin event
dropout = jisdrop(outputs(:,j),outputs{:,k),dl);
dropout = dropout |isdrop(outputs{:,k),outputs(:,3j),dl);
end
if (dist<critdist) |dropout % if an event of interest
sti = 2; % start at the beginning of the error event
while (sti<=(N/nclock+l)) % until the event closes
if (statesegs(sti,j)~=statesegs(sti,k))
stj = statesegs(sti,j):;
stk = stateseqgs(sti,k):;
if sharetable(stj,stk)
sharetable(stj,stk) =-0; % share not allowed
disp({'Marking nonshareable state pair: ' ...
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havi ng the foll owi ng st.ate machine nodel with the six states 000, 001, 011,
111, 110 and 100 ~\ g sai d sequence detector “havi ng: branch
metric generator nmeans; ¥ - .first and S&ond add, conpare,- sel ect (ACS)

. Ca

" -

int2str(stj) ', ' int2str(stk)l)
if tellwhy
disp('An error event needing this pair: ')
disp('Codewords: ')
. disp({cws(:,3) cws{:,k)]")
disp('State sequences: ')
disp(([stateseqgs(:,j) statesegs(:,k)]")
disp('Outputs: ')
disp({outputs(:,j) outputs(:,k}]")
disp(('Distance = ' num2str{dist)]))

if dropout
disp('This is a dropout event.')
" end .
pause
cle
end
end
sti = sti + 1;
else
break
end
end
end
end
end
end
end
end
end
clc \

sharetable = sharetable& (sharetable®);
disp{'Sharing table: ') '
disp([nan 1:n; [(l:n)' sharetable]])
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nodul es, each having a state~menory neans for storing any one of ‘three
states; sai d first~ACS fodul e bei S associated with states 000, 011
and 110 of said state rra(':“hi'.qe,'nodel; i SR - 73 -
sai d second ACS nodul e being associated with states QO01, 111 and 100 of
sai d state machi ne nodel ; said first and second ACS nodul es each

havi ng neans for receiving each of the branch netrics for all input paths
to the states associated with the respective ACS

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
dl = inf;
end

neadrop = sum( (outl==1) & (out2==0));
dropout = (~any({outl==0)& (out2==1))) & (numdrop>0) & (numdrop<=dl):
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nmodul e, for adding the sanme to the corresponding path netrics stored in
sai d ACS nodul es, for selecting the |owest sumas the surviving path, for
storing the new path metfic for the sur¥ving path in sai-d .ACS nodule and
for storing in said state nenory means the state associated with the
surviving path. 20. A sequence detector for denodul ating EPR4
signals with a mnimumrun length constraint of d = 1 having the follow ng
state machine nodel with the six states 000, 001, 011, 111, 110 and 100

function [T,I,D] = statconv(A,0,n)

[T.I,D] = statconv(A,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.

Richkard T. Behrens, February 1992.

OP OP IR IR I P IR P I IR I IP N

ns = length(a): % number of states

T=1{];I=1[]:D={];
for i = 1l:ns % for each starting state
trans = find(~isnan({A(i,:))): $ find valid transitions
stateseqs = 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
newstatesegs = [];
newcws = [];
newoutputs = [];
for j = 1:M _
trans = find(~isnan(A(stateseqgs(k-1,3),:)});
sStateseq = statesegs(:,j)*ones(l,length(trans)):;
newstateseqs = [newstateseqs ([stateseq; trans));
cw = cws(:,Jj)*ones (1,length({trans));
newcws = [newcws [cw; A(stateseq(k-l),trans)]]};
output = outputs(:,Jj)*ones(l,length(trans));
newoutputs = [newoutputs [output; O(stateseq(k-1l),trans)]];:
end '
. stateseqgs = newstatesegqs:;
CWS = newcws;
cutputs = newoutputs; ) .
d[dummy,ul = gize(cws):; % number of codewords of length k from state i
en :

% add the length n codewords toc the transition path list
I = [I; cws']);
T = [T; [i*ones(M,1) stateseqgs(n,:)']];
D = [D; outputs']);
end
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[err] sai d sequence detector conprising: . branch netric generator
nmeans; a plurality of add, conpare, select (ACS) nodul es nunbering
| ess than six, at |east one of said ACS nodul es being associated with a
plurality of states of said state machine_nodel so that one ACS nodule is
associ ated with each state of said state ™ ™dChine nodel, each of said ACS
nodul es associated with a plurality of

We claim:

1. A sequence detector for signals éharacterized
by a predetermined state machine model having a first
number of states, comprising a predetermined second
number of add, 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 specific predetermined states of said
predetermined 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 storing which of
the respective associated states 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 signals characterized
by a predetermined state machine model having a first
number of states, comprising:

branch metric generator means;

a second predetermiried number of add, 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 specific
predetermined states of said predetermined 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 state
memory means;
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* c L ™ S *

pate: 14 MAY 939




- 74 - states of said state nmachine nodel having state nenory neans;
each said ACS nodul e associated with a plurality of states of said state-
machi ne nodel being associated with states which, taken any two at a tine,
are directly connected in the follow ng diagram

each of said ACS modules associated with a
plurality of states of said predetermined 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 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.

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 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. |
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[err] each of said ACS nodul es associated with a plurality of
states of said state machi ne nodel having neans for receiving each of the
branch netrics for all input paths to the states associated with the
respective ACS nodule, for adding the sang,to the corresponding path
nmetrics stored in said ACS nodules, for selecting the |owest sumas the
surviving path, for storing the new path netric for the surviving path in
the ACS nodule and for storing in said state nmenory neans the state

5. 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 error
events characteristic of non-ideal aspects of the source
of the signal to be detected include drop-out and drop-
in errors.

8. Apparatus in accordance with either of claims
1 and 2 wherein said predetermined state machine model
of said apparatus includes nonlinear behavior of the
system providing the signal-to be detected. -

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

10. The apparatus of claim 9 wherein said
predetermined state machine model is as follows

* C L ] H %*
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associated wth the surviving path. - 21, A sequence detector
for denpdul ating PR4 signals w thout a mnimum.run | ength constraint having
the followi ng state machine nodel with the four states 1, 2, 3 and 4

-68-~

75 -

representing the combination of two consequtive seguence
model transitions in the following said underlying state

machine model

wherein the numbered states may be represented by the

following sequences

[
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0 | ‘ 0
wherein the nunbered states may be represented by the

-69-
State Number ~_ Sequence
1 . 1000
2 1100
3 1110
4 0000
5 1001
6 0110
7 1111
8 0001
9 0011
10 0111

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 Qith 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 wi;h states
4 énd 7 of said state machine model;

each of said ACS modules having means for receiving
each of the branch metrics for all ihput paths to the
states associated with the respective ACS module, for
adding the same to the corresponding path mefrics stored
in sgid ACS ﬁodules, 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

RN O O 0 T s e epiacament S5
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fol |l om ng sequences: St at e Nunber ~ Seqguence 1

01 2 _ 10 3

11 4 : 00 sai d sequence detector

conpri si ng: branch netric generator neans; first and second add,
conpare, select (ACS) nodul es, each havtT@r a-state nmenory means for storing
any one of two states; said first ACS nodul e being associated with
states 1 and 2 of said state machi ne nodel; sai d second ACS nodul e
bei ng associated with states 3 and 4 of said state nachi ne nodel; sai d

first d d. A | f : V{6 f th
branch net 1 SN Bro BT B pAi o R SR ae el AR WANRTRRS e 1

respective ACurviving path.

11. The sequeﬁée detector of claim 10 wherein the
expected sample sequence for an isolated medium
transition in said underlying state machine model is
programmable.

12. The sequence detector of either of claims 1
and 2 wherein the expected sample sequence for an
isolated medium transition in said predetermined state

machine model is programmable.

13. A method of sequence detection for
signals characterized by a predetermined state machine
model having a first number of states, comprising the
steps of;-

(a) associating at least one plurality of specific
predetermined ones 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 péth 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) eadding the path metrics maintained in steps
(b) and (c) to the respective branch metrics detsrmined
in step (d) to determine new path metrics;

This is the replacement sheet
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nodul e, for adding the same to the corresponding path netrics stored in
said ACS nodul es, for selecting the | owest sumas the surviving path, for
storing the new This is the
repl acenent sheet - 76 - path metric
for the surviving path in said ACS nodli g and for storing in said state
menory neans the state associated with the surviving path.
(£) 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 path maintained in
step (b), and for each plurality of the first number of
states associated together in step (a), causing (1), the
new path having the 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 the specific state so entered to be
the identification of the specific state maintained in
step (c) (ii). |
14. The method of sequence detection of claim
13 wherein each 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 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 anyierror event in said predetermined
subset of error events at any position in the state
_sequences. |

18. The method of séquence detection of claim
14 wherein error events incliuded in the pradetermined
set of error events are selected based at least in part
on error event distances.

e
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22. A sequence detector for denodulating EPR4 signals with a m ninum
run length constraint of d = 1, having the follow ng state machi ne nodel

with the six states 000, 001, 011, 100, 110 and 111 [err]
- 72 - |
l€. The method of sequence detection.of claim

L

'._l

wherein error events in the predetermined set of

error events include minimum distance error events.

17. The method of sequence detection of claim
14 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
demodulated.

18. The method of sequence detection of claim

17 wherein said error events characteristic of non-
ideal aspects of the source of the signal to be
demodulated include drop~out and drop-in erroré.

. -

19. 2 sequence detector for demcdulating EPR4
signals with a minimum run length constraint of & = 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;

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

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

—_—

N ) 0 o
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sai d sequence detector conpri sing: branch netric generator neans;
first and second add, conpare, select (ACS) nndules, each having a state
menory neans for storing any one of two states; third and fourth add,
conpare, select (ACS) nodul es; said first ACS nodul e being aSSOCIated
with states 001 and 100 of said state~n&thi né nodel ; sai d second ACS
nodul e bei ng associated with states 110 and 011 of said state machi ne
nodel ; said third ACS nodul e bei ng associated with state 000 of said
state nmachi ne nodel ; said fourth ACS nodul e being associated with

state 111 of said shate s@&@hﬁnﬁcgf)ﬁéliule beifd £bdddidlt < driteC QA ASS

modul es each hayi ng, feans {gf Lecelyhng; sach of, the brageh metrics for all

I nput

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

associated with the surviving path.

20. A sequence detector for demcdulating EPR4
signals with 2 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;

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
assoc1ated with each state of said state machine model,
each of said ACS modules associated with a plurality of

g%
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- 77 - . " paths to the states associated with the respective ACS

nodul e, for adding the sane to the correspondi ng path nmetrics stored in
sai d ACS nodul es, for selecting the | owest sum as the surviving path,
for storing the new path metric for the surviving path in said ACS
nodul e and for storing in said statggnenory neans the state
associated with the surviving path; said third and fourth ACS
nodul es each havi ng neans for receiving each of the branch nmetrics for
al |l input paths to the states associated with the respective ACS

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 diagram

000

110

111

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 correspohding
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 the ACS module
and for storing in said state memory means the state
associated with the surviving path.

21. A sequence detector for demodulating PR4
signals without a minimum run length constraint having

the following state machine model wiéh the four states
1, 2, 3 and 4
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nodul e, for adding the sanme to the correspondi ng path metrics stored in
said ACS nodul es, for selecting the | owest sum as the surviving path,
for storing the new path netric for the surviving path in said ACS
modul e. 23. A sequence detector for denodul ati ng EPR4
signals without a mnimumrun | ength cang$raint, having the foll ow ng
state machine nodel with the eight states 1 through 8 [err]

‘ wherein the numbered states may be represented by the

following sequences:

State Number Seguence
i 0l

10

11

00

s o o 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;

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

[ This is the replacement shee
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wherein the nunbered states may be represented by the fol |l ow ng

sequences:
.Seauence

S

LU LS Tris s

- 78 - St at e Nunber

76 -

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.

22. 2 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

Date:
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1 oo1r - .2 010 3

011 4 10 5 101

6 110 7 - " 111 8

000 sai d sequence detector conprising: _ branch nmetric generator

means; a first add, conpare, select T(ACS') nodul es having a state
menory nmeans for storing any one of two states; second t hrough seventh -
add, conpare, select (ACS) nodul es; said first ACS nodul e being
associated with states 011 and 100 of said state machi ne nodel; sai d

second t hr oughpa@ietich theSstadelseaseaenabed ngi B std aitbaddilved A0g que one
of states Ooo’mo%ct)zjl’e,o %’r %%%.in%lgh%ngar%%ltgf tl‘?éi icdozsn;[eas:[peon 1Cnhgi' ri)eatrlrlodel !
- 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; o
said third and fourth 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.

23. 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 '

wherein the numbered states may be represented by the

gpllowing~sequences:

e
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said first ACS nodul e having nmeans for receiving each of the branch nmetrics
for all input paths to the states associated with the respective ACS
nodul e, for adding the same to the corresponding path nmetrics stored in
sai d ACS nodul es, for selecting the | owes8- sum as the surviving path, for
storing the neM/path metric for the surviving path in said ACS nodul e and
for storing in said state -menory nmeans the Sstate associated with the
surviving path; sai d second t hrough seventh ACS nodul es each havi ng
means for receiving each of the branch metrics for all input paths to the
states associ a £ s ' anqé for adding the sane to
t he correspondLng_paLh_nﬂfrlPQ stored in qaﬂﬂ ACS nodul es, for selecting
the | owest sum.as the su@viving path, for 886ring the neM/path metric for
the surviving path in sadd ACS nndule 011

100

101

110

111

000

00 [~ O U i~

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; _

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

said second through seventh 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
states associated with the respeétive 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;

said second through seventh ACS modules each having
means for recelvlng 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..

* ¢ L M s o
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- 79 - 24. A sequence detector conprising: means for
denodul ating signals with a mninmumrun I ength constraint of d = 1 having
the followi ng state machine nodel with the ten states 1 through 10

[err]
. - 79 -

24, A sequence detector comprising:

means for demodulating signals with a minimum run
length constraint of d = 1 havihg the following state
machine model with the ten states 1 through 10

wherein the numbered states may be represented by the

following sequences:

State N exr S ence
1 1000
2 1100
3 1110
4 0000
5 1001
6 0110
7 1111
8 0001
) 0011
10 ' 01131

said means for detecting signals héving:

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 plurality of

. ' et
i is the rep\acement ghe
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wherein the nunbered states nay be represented by the follow ng sequences:

St at e Nunber Sequence 1 1000

1100 . 3 1110 T4 0000
5 1001 6 0110 7
1111 8 0001 ~—8 - :g 0011

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
connécted in the following diagram

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 survi&ing path, for storing the
new path metric for thé surviving path in the ACS module
and for storing in said state memory means the state
associated with the surviving path.

| | This is the rep|
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10 : 0111 said neans for detecting signals having: branch
netric generator neans; a plurality of add, conpare, select (ACS)
nodul es nunbering |l ess than ten, at |east one of said ACS nodul es being
associated wwth a plurality of states of said state nmachi ne nodel so that
-one ACS nodul e is associated with each &t ate ‘of said state nachi ne nodel,
each of said ACS nodul es associated with a plurality of

- 80 - i

25. A sequence detector comprising:
means for demodulating signals with a minimum run
length constraint of 4 = 1 having the following state

machine model with the ten states 1 through 10

wherein the numbered states may be represented by the

followihg sequences:

State Numbex : Sequence
1000
1100
1110
0000
1001
0110
1111
0001
0011

0 ' - 0111

- o Joo N o [Un i o Bo -

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 plurality of
states of said state machine model having state memory
means; '

-
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states of said state nmachine nodel having state nenory neans; each
said ACS nodul e associated with a plurality of states of said state machi ne
nodel being associated with states which, taken any two at a tinme, are
directly connected in the foll ow ng diag%%m

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 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 reépective
2ACS 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 the ACS module
and for storing in said state memory means the state
associated with the surviving path.

A 0 ) A



each of said ACS nodul es associated with a plurality of states of said
state machi ne nodel having neans for receiving each of the branch netrics
‘for all input paths to the states associated with the respective ACS
nodul e, for adding the sanme to the corre§80nding path netrics stored in

sai d ACS nodul es, for selecting the | oweS"sdm as the surviving path, for
storing the

26. A sequence detector 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

1,0 {0,0

wherein the numbered states may be represented by the

following sequences: °

State Number Sequence
1 1000
2_ 1100
3 1110
4 0000
5_ 1001
6 0110
7 1111
8 0001
9 0011
10 Q111

said sequence detector having:

branch metric generator means;
"8}'

'\ :

OO Y
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new path netric for the surviving path in the ACS nodule and for storing in
said state nenory neans the state associated with the surviving path.

- 81 - 25. . A sequence detector conprising: nmeans for
demodul ating signals with a mninmumrun _fength constraint of d = 1 having
the follow ng state nachine nodel with the tén states 1 through 10 [err]

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 méodule 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 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;

thereby having the following shared state machine
model

AU .\\\\\\\\!\\\\*\\ |
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wherein the numbered states may be represented by the follow ng sequences?
St at e Nunber Sequence: o 1 1000 2 oo
1100 -3 - 1110 : A _ 0000 -

-85- :
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5 | 1001 6 ' 0110 7

1111 8 0001 9 0011

10 0111 sai d neans for detecting signals having: ’
branch netric generator neans; é%rallty of add, conpare, select
(ACS) nodul es nunbering | ess than ten | east one of said ACS nodul es

being associated with a plurality of states of said state nmachine nodel so
that one ACS nodule is associated with each state of said state machine

nodel, each of said ACS nodul es associated with a pI urality of states of
sai d state machi ne nodel

27. The sequence.detector of claim 26 wherein the
fexpected sample sequence for an isolated medium
transition in said underlying state machine model

is programmable.

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

following predetermined state machine model with the ten
states 1 through 10 '

wherein the numbered states may be

represented by the
following sequences: %&
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- 82 - each said ACS nodul e associated with a plurality of states
of said state machine nodel being associated with states which, taken any.
two at a tinme, are directly connected in the follow ng di agram

-87- .
State Number Sequence

1 1000
2 1100
3 1110
4 0000
5 1001
6 0110
7 1111
8 0001
9 0011
10 0111

said sequence demodulator having:
branch metric generator means; .
a first add, compare, select (ACS) module having a
state memory means for storing any one of four states;
second and third add, coﬁpare, 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. '

-_—
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each of said ACS nodul es associated with a plurality of states of said
stdte machi ne nodel having neans for receiving each of the branch netrics
for all input paths'to the states associated with the respective

-88-

. 29. The sequence demodulator of claim 28

wherein the expected. sample sequence for an isolated

medium transition in said underlying state machine model
is programmable.
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ACS nodul e, for adding the sanme to the corresponding path nmetrics stored in
said ACS nodules, for selecting the | owest sumas the surviving path, for
storing the nem/path metric for the surviving path in the ACS nodul e and
for storing in said state menory neans tQS state assocjated with the
surviving path. - - 83- . 26. A sequence
det ector conpri sing: nmeans for denDduIatlng partial response signals
with a mnimumrun length constraint of d = 1 having the

ABSTRA

A Viterbi detector is modified to reduce its
implementation complexity. A partial-response signal
“may be viewed as a sequence of expected samples
generated from a finite-state-machine model. In a
typical Viterbi demodulator implemented using the add,
compare, select (ACS) 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 this invention, an ACS module may
have two or more 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 sequence-model state is associated with
it. This 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 sequence-model states may be chosen
to share an ACS module without significant loss in
performance as compared to the original, unreduced
Viterbi demodulator. The invention supports a wide
range of sample ﬁodels by making the expected éample
sequence of an isolated medium transition programmable.
The invention reduces the speed at which the detector
circuitry must operate relative to the sample rate by
allowing multiple samples to be processed
simultaneously. Several reduced detectors for specific
sample sequence models are presented for particular
applications. The invention is applicable to other
types of Vlterbl detectors, such as decoders for
convolutlona}%odes . '
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follow ng predeterm ned state nmachine nodel with the ten states 1 through
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wherein the nunbered states may be represented by the follow ng

sequences:

St at e Nunber Sequence 1 1000
1100 3 1110 4
5 1001 6 0110
1111 8 2/21 0001 ‘ 9
10 0111
201
& g2()5
|y |
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sai d sequence detector having: > branch netric generator neans;

- 84- first, second, third, fourth and fifth add, conpare, select
(ACS) nodul es, each having a state nenory neans for storing any one of two
st at.es; said first ACS nodul e being associated with states 5 and 6 of

sai‘d predeterm ned state machi ne nodel; -sai d second ACS nodul e bei ng
associated with states

3/21

-1.0/0
+1.0/0

FIG. 3
(PRIOR ART)
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1 and 10 of said state machi ne nodel; said third ACS nodul e being
associated wth states 3 and 8 of said predeterm ned state machi ne nodel;
said fourth ACS nodul e being- associated with states 2 and 9 of said state

machi ne nodel ; said fifth ACS rmdﬂ'/fi bei ng associated wth states 4
and 7 of said state nmachi ne nodel; each of said ACS nodul es having
means for receiving each of the branch netrics for all input paths to the

states associated with the respective ACS nodule, for adding the sane to
the corresponding path netrics stored in said ACS nodul es, for selecting
the | owest sumas the surviving path, for storing the new path netric for
the surviving path in said ACS nodul e and for storing in said state nenory

nmeans the state associated with the surviving path; t her eby having the
foll owi ng shared state nachi ne nodel '
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27. The sequence detector of claim26 wherein the : expect ed

sanpl e sequence for an isol ated nedi um transition in said
under | yi ng state machi ne nodel i s progranmabl e. 28.
A sequence denodul ator conprising: g7213 neans for denodul ating parti al
response signals =~ with a minimumrun length constraint of d = 1 having
t he foll ow ng. predeterm ned state machi ne nodel with the ten states 1
t hrough 10 X ’
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wherein the nunbered states may be represented by the fol |l ow ng
sequences:
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St at e -Nunber Sequence 1 : 1000 2
3 .

1100 - : 1110 4 . 0000

5 1001 6 0110 i 7

1111 ’ 8 0001 -9, 0011

10 0111 sai d sequencelgﬁﬁndulator havi ng: branch
netric generator neans; gf{irst add, conpare, select (ACS) nodul e
having a state nenory neans @ ori ng amg/bne of foy at es; second
and third add, conpare, sgl 0 ACS), nodul es, each ha iﬁg a state nenory

" nmeans for storing any one Qf

-1 i

D
0

0/i

ates;p/
i1
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said first ACS nodul e being associated with states 1, 3, 8 and 10 of said
predeterm ned state machi ne nodel ; sai d second ACS nodul e being
associated with states 2, 4 and 6 of said state nmachi ne nodel; sai d
third ACS nodul e being associated with states 5, 7 and 9 of said
predeterm ned state machi-ne nodel; 137917 each of said ACS nodul es having
means for receiving each of the branch netrics for all input paths to the
_ states associated with the respective ACS nodul e, for adding the.sanme to
the corresponding path netrics stored in said ACS nodul es, for selecting
the | owest sumas the surviving path, for storing the new path netric for
the surviving path in said ACS nodul e and for storing in said state nenory
nmeans the state associated with the surviving path.
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29. The sequence denodul ator of claim28 wherein the
i s progranmmabl e.

expected sanpl e sequence for an isolated nediumtransition in said
under | yi ng state machi ne nodel
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