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This invention relates to th ..m 'h‘r’pb' ”‘“"" t—}ec% Aeg—pf convol uti onal
codes, and nore particularly, g ¢odes and

cl O Jé
especial Iy of partial responsémfpé'f"ﬁ's pagad; - %\/B"ﬁﬁﬁle-ﬁ -ty eat s reducing
conplexity in inplenentation o Claimg) b Gé&@qyﬁgt@agp@r#i al response
wavef orms. To appreci at e thi i3 dravise(s) s@egadal-T4 t:fé-~-t;f----1 he art are
briefly described. These incl|ifiesbsomtuni:pagadon..patrgednst.r.ai nts and the use
of convol utional coding to ndixATe g ®EUEetrer.st.i.cs..of. the path; Viterbi
decodi ng of convol uti onal coded Sequences and The TTeftT5Tepresentation
t hereof; and partial response channels, codes, and waveforns. Channel and
Si onal Codes and &spimiTati on Over Noi sv Paths Generically, a
communi cati ons system conprises an information source, an encoder, a noise
free or noi sy channebgriep der exkss Fommdwmwﬁzcmn&elnasmuﬁsymvammmﬂm X heor ens
on information theory state thabrsilbahviROMBErameiRaNRetzst@l Se, and avail abl e
bandwi dth Iimt the conmunication rate in bits/second over the channel.
Al 'so, there exist nunmgrous signals

1s inven on rélates to the maximum 11kellhood decoding of

convolutional codes, and more particularly, to Vlterbl deceoding of said
codes and especially of partial response waveforms.
. : &

This invention treats reduc1ng complexity in implementation of
Vlterbl decoding of partial response waveforms To appreCLate this
advance, several aspects of the art are briefly described. These include
communication path constraints and the use of conveluticnal coding to
match the characteristics of the path; Viterbi decoding of convolutional
ceoded sequences and the trellis rspresentation thereof; and partial

response channels, codes, and waveforms.

Channel and Signal Codes and'Communication Over Noisv Paths

Generically, a communlcatlons system comprises an informatien
source, an encoder, a nolse tree or noisy channel, a decoder, and a sink.
Relatedly, Shannon’s theorems on information theory state that signal
N power, channel noise, and available bandwidth limit the communication
rate in bits/second over the channel. Also, there exist numérous signals
or procesées on the channel extraneous to source generated information

which may alter or obliterate the information.

The error or erasure of an sncoded symbol string on the channel or
portion thereof due to noise, jitter or other cause is manifest as an
undesired modulation of the string in time gr amplitude. This results in
a received code string being sither mistakénly identified oxr not
identified at all. To reduce the effects of such channel originated
disturbances, communications systems encoders have used channel and
signal modulation encodings. A chapﬂél code adds redundancy to a bit
string f;om the source while'a signal encoding enhances waveform
detectabiiity of the wavefdrm_sﬁch as by preserving timing information or

the like. Some teschnigues cqmbine aspects of both.

Convolutional Codes

Convolutional codes are a general class of channel and signal

encodings usad in both communications and in magnetic rascording.

ty
.,



or processes on the channel extraneous to source generated information
which may alter or obliterate the information. The error or erasure of an
encoded synbol string on the channel or portion thereof due to noise,
jitter or other cause is manifest as an undesired nodul ation of the string
in time or anplitude. This results in a received code string being either
.m stakenly identified or not identified at all. To reduce the effects of
such channel origi nated di sturbances, communications systens encoders have
used channel and signal nmodul ati on encodi ngs. A channel code adds
redundancy to a bit string fromthe source while a signal encodi ng enhances.
wavef orm detectability of the waveform such as by preserving tining
informati-on or the like. Sonme techniques conbi ne aspects of both.

Convol uti onal Code%Agggxggutional codes are g general class of channel and
si gnal encodi ngs used Tn both conmunications and i n magnetic recording. -
SA9- 93- 025 e

A (n,k,m) convolutional code is a set of encoded sequences produced
by a k-input, n-output encoder of memory order m having a code rate R =
k/n and k<n. That is, a convolutional encoder generates n output bits for
every k < n input bits. The performance of any particular convolutional
code such as a (3,1,2) or a (2,1,16) depends upon the decoding algorithm
employed and the distance properties. Advantageocusly, convolutional codes
are employed as channel codes because they expénd the number of bits per
codevord and reduce the noise per bit. A convolutional signal encoding
such as the partial response 4 (PR4) behaves in the manner of a digital
filter thereby permitting spectral shaping via controlléd intersymbol

interference.
Convolutional encoding can be represented and executed on a finite
state machine as the discrete time convolution of an input binary

seqguence with the impulse response of the encoder.

Viterbi Decoding

The combination of convolutional codes with Viterbi decoding has
become a widely used forward error correction technique. Decoding a
convolutionally coded sequence with minimal storage requires beginning
the decode process before the entire codeword is received. It is known
that codewords correspond to directed walks or traverses through a state
diagram. The Viterbi decoding algorithm’ is an alternate way of viewing a
code tree or state diagram. To the extent that a tree code may be mapped
onto a graph, Viterbi detection is equivalent to the dynamic programming
problem of finding the shortest path through a weighted dirscted graph
(trellis). ’

The Viterbi decoder is used to produce the maximum likelihood
estimate of a transmitted sequence over a band limited channel with
intersymbol interference. That is, the Viterbi decoder selects that
sequence from the set of possible noiseless channel output sequences
which minimizes a distance metric with'respect to the sequence of
raceived samples suéh as the sum of the squared errors of the received
ssquence . Iﬁ this sense, the Viterbi deccder is also performing an error

correction function.

Trellis Representation of a Conveoluticnal Encoder or Decoder As a Time

Secuenced State Diagram




A (n,k,n)’conVqutionaI code is a set of encoded sequences produced by a
k-input, n-output encoder of menory order m having a code rate R k/n and
k<n. That is, a convolutional encodér generates n output bits for every k <-
n input bits. The performance of any particul ar convol uti onal code such as
a(3,1,2) or a (2,1,16) depends upon the decoding al gorithm enpl oyed and

t he di stance properties. Advantageously, convolutional codes are enpl oyed
as channel codes because they expand the nunber of bits per codeword and
reduce the noise per bit. A convolutional signal encoding such as the
partial response 4 (PR4) behaves in the manner of a digital filter thereby
permtting spectral shaping via controlled intersynbol interference.
Convol uti onal encoding can be represented and executed on a finite state
machi ne as the discrete tine convolution of an input binary sequence with
t he inpul se resporfde-98fe26he encoder. Viterbi3 Decodi na The conbi nation of
convol utional codes with Viterbi decoding has becone a wi dely used forward
error correction technisqislicdbed atlhveg the Yourevroil aldooivah luyescodedlseeguence with
mni mal storage reghias Regi-iad D datdeigdecodrpiocess Hedvidgtdpr wBsHei I e
codeword is recei \ﬁg&s A:re ﬂh% éﬁ@&&é@ state at time k. With each source symbol, a branch

associated therewith goes from a state at time k to a state at time k+l.

Restated, a trellis is an expanded state diagram of a convelutiocnal
encoder over time. That is, each time unit is represented by a ;eparate
state diagram where the number of binary states N is 2™V and m is the
constraint length of the code (the number of shift register stages

necessary in the coder}.

The significance of the trellis view point is that the number of
nodes in the trellis does MNOT continue to grow as the number of binary

input symbols - increases but rsmains at 2.

Partial Response Channels, Coding and Waveforms

The texts on information, communication, and coding theory such as
Hill, "A First Course in Coding Theory", copyright 1286 by OxIoxd
University Press; Clark et al, "Error Correction Coding for Digital
Communications®, copyright 1981 by Plenum Press; Goldie et al,
~ "Communication Theory*®, copvright 1991 by Cambridge University Press
generally treat communication rather than magnetic or optical recording
channels. This textbook sparseness'is partially remedied by Watkinson,

"Coding for Digital Recordingﬁ, copyright 1990 by Focal Press.

Watkinson points out that magnetic recording channels differ in
part from communications channals through inclusion of a read/write head
and magnetic disk (also known as a head, disk, and accessing arm assembly
or HDA). The HDA acts as a linear filter because its frequency response
resembles that of a cascade formed from a differentiator and low pass
filter. Also, a magnetic recording channel can be modeled as & system
whose intersymbol interference is approximated by a partial response
channel with a 1—D; 1-D°, or 1 + D - D' D? fraqguency impulse response. A
binary coded pulse train of 1’s and 0’s (or generally +a,-a) presented to
such a system in the write diresctieén rssults in a ternary cutput of

" +#l's, 0’'s, and -1's {or +c,d,-c). Watkinson explicitly mentions partial
responsa class 4 codes (PR4). Other'rgférences describe extensions to PR4

sometimes denominated as extended PRML or EPRML.



that" codewor ds correspond to directed wal ks or traverses through a state
diagram The Viterbi decoding algorithmis an alternate way of viewi ng a
code tree or state diagram To the extent that a tree code may be mapped
onto a graph, Viterbi-detection is equivalent to the dynam c progranm ng
probl em of finding the shortest path through a wei ghted directed gyraph
(trellis). The Viterbi decoder is used to produce the maxi mumlikelihood
estimate of a transmtted sequence over a band dimted channel with
i ntersynbol interfexepht®2s That- is, the Viterbi decoder selects that
sequence fromthe set of possible noisel ess channel output sequences which
mnim zes a- di stance el dr@et\id oS RRGhe1 Eodk had SBGe Reeh he rigpsi vigtal
sanpl es such as the, %ugncgimglh@n saLed aBLdOLR, fe bhgry enRiVednsRauUentea. 1N
this sense, the Viterb L3359, REl l;?gtr@nng A ?Jae;e&l&oxerag%aqq
function. Trellis eprla'se OJI of & Convol utional Encoder . ecoder As a
Ti ne Seauenced St af‘@ ey éa ?ﬁtal converte* taking intersymbol J.nter;.erence
account. In the read direction, sequences of ternary signals are Viterbi
decoded so as to generate binary strings of 1’s and 0’'s. Partial response

coding consequently combines both a channel code as a form of

convolutional coding and a signal code or waveform.

Viterbi Decoding, Paths Through The Trellis, Computation of Metrics, and

Complexity

Fettweis et al, "High Speed Parallel Viterbi Deccding", IEEE
Communications Magazine, May 1991, po.45~55, points out that a trellis
shows the transition dvnamics in the form of a two dimensional graph for
any given discrete-time finite state machine with N states where the
transition diagram and transition rate of 1/T are constant in time. This
graph is described in the vertical diraction in N states s{i) and in the
horizontal direction by time instances kT(T=1). The states of time

instance k are connected with those of time k+l by the branches of the

time interval (k,k+1).

Fettweis also notes that the Viterbi decoder is such a finite state
machine as described above. In decoding, the Viterbi decoder chooses a
path through the trellis as a function of the stats transitions and the
branch metrics in time interval (k,k+1). An optimum path through the
trellis is determined recursively by the decoder by computing & value for
each path counterpart to each of the N states or ncdes at'time_k. The N

_new optimum paths of time k+1 are a function of the metrics of the old
paths and the branch metrics of the interval (k,k+1). That is, at anv
time k there is recursiveiy computed a path metric for each node which
represants a maximum or & minimum of the metrics eof all paths terminating
in that node depending on manner of formulating the issue. A -unique or
-best path of the sest of N decoded péths through the trellis is obtained
by tracing each path back in time and selecting the one path which is the

minimal distancs metric amcng the ssc of N.

According to Fectwels, a& Vitsrbi dascoder comprises & pipeline of

m
ll)
[
¥
Q
4]
T

thrse units, namely, a branch metric hﬂlb {(BMU), an add-compar

-

unit (ACSU), and a S"rv_vc‘-mcmor!-unlt {SMU) . Functicrally, channsi

coded data is applisd to the BMU. The BMU in turn calculates a set of
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SA9- 93- 025 _ - 3. As indicated above, the Viterbi
algorithmuses a trellis as a graphical construct in decoding. A "trellis"
is a directed graph whose nodes are the encoder state at time k. Wth each
source synbol, a branech associated therewith goes froma state at tinme k to
a state at tine k+l. Restated, a trellis is an expanded state di agram of a
convol uti onal encoder over time. That is, each time unit is represented by
a separate state diagramwhere the number of binary states Nis 2[err] and
mis the constraint length of the code (the nunber of shift register stages
necessary in-the cogder)o. The significance of the trellis view point is that
the nunber of nod&¥ 1 %the trel | is does NOT °cont i nue to grow as the nunber
of binary input symbols increases but remains at 2[err]. Partial Response
Channel s, Codi ng BFIWMEIERET A TI78 "eexite sifP TP MEET 6N X T SMMIFPLSEi®%n; and
codi ng theory suchhreascsdi [Respobsivliys She @osi serupula@sdipFraRR FFYFLcs copyri ght
1986 by Oxford Univ@ksiveyy & 88 mettias kceirai, to" fherorh @ restsion Bedimg for
P‘ gital ) COI’TTTUI']I Ca‘&:h@@@' stogt.osom_re'i ﬂJ&Esil&BlaéQYinPLrénm BﬁceS@:bthO‘:?di atflaca |
Comuni cat i on Thga(?tliiyin’ t}g;eopx'rl;llog hag'x ojtggi]ﬂap gatgaég&[\énggghaumra\éqo§é tlYkeE)f €SS

applied to the channel encoder.

Viewed from one aspect the present invention provides a Viterbi
decoder for producing a maximum likelihood estimate of a binary coded
sequence from a convolutionally coded symbol sequence applied to said
decoder, comprising: means for assigning metrics to each convolutionally
coded symbol as projected onto a trellis like diracted graph of nodes and
branches constituting a finite machine stats diagram over time of the
impulse responses of said dacoder, each path through the trellis being in
the form of a series of metrics tarmed a  'survivor metric segquence" and
constituting one of & set of possible binarv ccded sequences; ané means
for recursivelv processing each node in the trellis during each rescursicn
cvcle by shifting branch metric additions over the node to effectuate a
compare, select, add operations order on the predecessor surviver
metrics terminating in that node, comparing the metrics of the
predecessor survivor sequences terminating in the node and selecting a
survivor seguence, éach predecessor survivor sequence being incrsmented
bv at most a constant value indeéendent of the recursion, and adding the

shifted branch metrics to the metric of the selected survivor seguence.

Viewed from another aspect the present invention provides a method
for the maximum likelihood detectiocn of original binary co&eé éequences
from partial response waveforms in which & dynamic programming heuristic
recursively generates sets of survivor segquencas (X,Y} as projected onto
a labeled directzd graph based trellis, said graph based trellis
including signal processing nodes and paths tc other nodes, said
heuristic executing an ordered set of operations (add, compare, select)
over survivor saguences incident to each ncde, each survivor sequence
terminating in sach node€ being manifest by & branch metric, said

seqguences propagating among the nodes acccrding te the directed craph,

0w

comprising the vascursively exscutad stsps ci: (=

metric additions cver the nodes of the
select, aﬂé.add cperaticns order on the surviver seguences terminating in
sach node; (b) comparing the metrics cf each prédécesscr surviver
sequence termirating in each ncde and’selecting a survivor sequenée at

that node, each predecessor surviver saguence being incremented by at

This Sheet Has Been Reilaced .
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generally treat communi cation rather than magnetic or optical recording
channel s. This textbook sparseness is partially renedied by Watkinson,
"Coding for Digital Recording", copyright 1990 by Focal Press. \atkinson
poi nts out that nagnetic recording channels differ in part from

comuni cati ons channel s through inclusion of a read/ whistShedhHasBeaiRepRBGNETL i C

di sk (al so known as a head, disk, and accessing arm as . The
HDA acts as a linear filter because its frequency resp t hat
of a cascade fornmed froma differentiator and | ow pass tilter. , a

magneti c recording channel can be nodel ed as a system whose intersynbol
interference is approximated by a partial response channel with a 1-D,
1-Derr], or 1 + D- Dierr] - Derr] frequency inpul se response. A binary
coded pulse train of |'s and 0's (or generally +a,-a) presented to such a
systemin the writ%8°d’f%ction results in a trnary output of +1's, 0's, and
-I's (or +c,d,-c). Watkinson explicitly nmentions partial response class 4
codes (PR4). Ot her™fiefeierTiads vlds dpfdsendentt eh shoAE Y PRI ditet (Cheddding
denoni nat ed as exttaadbiftRRitangr nfiRPP4 to the metric of the survivor sequence at each
node. :

A Viterbi type decoder, in accordance with the present invention
has substantially reduced complexity. It achieves such reduced
complexity without increasing decoding delay. A method and means for
Viterbi decoding channel coded sequences using simplified trellis
maximization or minimization and distribution node prpcessing is also
described. The present invention also provides a method and means for
Viterbi decoding of channel coded sequences of the partial response type
and such decoding be operable either as a matched filter (MF) or as a

whitened matched filter (WMF).

The Viterbi detection of partial response waveforms as projected
onto a labeled, directed-graph based trellis by a dynamic programming
heuristic is modified by changing the order of operations at each node in
the ﬁrellis as processed by the heuristic. The changed order results in a
substantially simplified and component reduced processing such that N
states requir; approximately N adders or accumulators rather than 2N

adders as used in the prior art.

In this invention, the prior art ordered set of add/compare/select
operations to ascertain survivor sequences at each trellis node is
replaced by the orderad set of compare/select/add operations. As
subsequently described, the reduction in components and also power
dissipation derives from the fact that the transformed trellis stfuc;ures
for maximum likelihcod (Viterbi) detection on binary partial-response

channels approximate 1 adder per trellis state.

It should be appreciated that the method and means for Viterbi
decoding according to the invention comprise the steps or function of (a)
changing the order of thg Qperations (compare, select, add) in each
ordered set by shifting Ehe branch metric additions over the nodes of the
.graph; (b) selecting a survivor sequence at each node by comparing the
metrics of each pfedecessor survivor sequence terminating in that node,
each predecessor survivor seéﬁence being incremented by at most a
constant value independent of the recursiye step; and (c¢) adding the
shifted branch.metrics to the metric of the survivor sequence at each

node.



SA9- 93- 025 4 In order to forma channel code and
whence match the input signal to the channel in the wite direction, the

bi nary signal is nmapped into a ternary signal sequence by the conbination
of the read/wite head and an analog to digital converter taking
intersynmbol interference into account. In the read direction, sequences of
ternary signals are Viterbi decoded so as to generate binary strings of |'s
and O s. Partial response coding consequently conbines both a channel code
as a formof convolutional coding and a signal code or waveform Viterbi
Decodi na, Paths Throuah The Trellis, Conmputation of Metrics, and Conol exity
Fettweis et al, "H gh Speed Parallel Viterbi Decoding”, |EEE Conmuni cations
Magazi ne,” May 1991, pp.46-55, points out that a trellis shows the
transition dynam ¢g, ih the formof a two di r;ensi onal graph for any given
discrete-tine finite state machine with N states where the transition
diagramand transition rate of I/ T are constant in tipe. TQis‘gEaQ@is
described in the verti®al™ g F&Et FSnVFFERPS Pt BS S9H PSR a Th *tHe Hior zont al
direction by time °FeP$ingntc SkerRaf THl)nowitedeseribed B v MHeSPRIEATE Withre
connected w th thgskereice ttenihe lesfForpynytiine dinvinge hiaswidfh:t he

Figure 1 shows a convolutional encoder according to the prior art;

Figure 2 depicts a prior art pértial response waveform enceoder and

state diagram;

Figure 3 sets out a state diagram and trellis for the partial

response encoder of fig.2., for even or odd interleaved subsequences with

DICODE encoding;

Figure 4 places the prior art Viterbi decoder in its recording

channel setting;

Figure 5 shows the transformation of flow graph operations under

the distributive law in accordance with the invention;

. Pigures 6A-6B show a trellis diagram for a 2 state Viterbi decoder

and a two iteration trellis representation;

Figures 7A-7D depict the transformation effects upon a branch

metric shifted 2-iteration trellis per the invention;

Figures 8A-8E set out the DICODE partial response trellis
transformation for Viterbi decoding in the whitened matphed filter (WMF)
case and for the matched filter (MF) cases under respective {+1,-1} and
{0,1) inputs. These figureé include intermediate steps in the branch

- metric shifting in accordance with the invention;

Figures 9A-9B shows the tresllis transformation in accordance with

the invention for the extended partial response (EPR4) using a whitened

matched filtering and (+1, -1) inputs;

Figure 10 exhibits the ACSU of the Viterbi decoder modified to

operate upon the trellis of figure 9B; and

Figure 11 sets out a compare/sslect unit shown in figure 10.



time interval (k,k+l). Fettweis also notes that the Viterbi decoder is such
a finite state machi ne as described above.- I n decoding, the Viterbi decoder
chooses a path through the trellis as a function of the state transitions
and the branch netrics in tine interval (k,k+l). An optinmum path through
the trellis is determned recursively by the decoder by conputing a val ue
for each path counterpart to each of the N states or nodes at tinme k. The N
new optinmum pat hs sab-seiaxe k-1 are a functiorg of the netrics of the old
pat hs and the branch netrics of the interval (k,k+l). That is, at any tine.

k there i's recursivel yrGomoul Bl & BALL, FPLELS. f0LnahRGhcaosle: il Clicoas: &

represents a maxi mim i, ni_m ics, af al psag $:ds60 nat i ng
in that node depen fr’fgm n. therFrmr ?rtfoAr rgrﬁ’laﬁ‘f ar sﬁmg% h 2ok benl que -or best

path of the set ofSPANtIebYaD 3p ALty fifodyR"d ﬁél tzFé’FI‘ia§hs| %3 B’I’it a h°ed by
traci ng each pat h cbeadked by siifeplaigonyel ded’ prp tipelsonBrpHrH thFtheicederme
m ni mal di st ance nBé IXPR ofi b goritlrers St prefiethrmiAet elidt Nngoisgeezzeme| SSatad
Viterbi decoder cQagheS Qs achlé REdEE 19T #iRfRECsdaBE WichiRAWRhYs "muddyanch

met I‘i c uni t (BNU) 1wh?c@1rggﬁL Q\R Esteasﬁkftqgn gph:he (1 Lgna.&gxgd'sfate“ of the | d i
survi vor - menor y- uni unction c&l nne 0 2. 1,85, ie 0
the BMJ. The BMJ |n xl(’JrnNH'?%:ha cu‘i“‘td ? i cafich'as of 50? e nt1)BR

b(i-2) register 3 stages wh11e c(l 2) is taken as the XOR 7 of the b(i),
b(i~1), and b(i-2) register stages. That is, for each "0" or "1" bit
applied at the input 1, a pair of bits c(i,1l) and c(i,2) axs generated on
outputs 13 and 9 taking intoc account b(i) and previous bit'inputs within
a predetermined range or span. Register 3 shifts from left to right such
that the current contents of the b(i-2) position are flushed out on path
11 or otherwise overwritten as the current contgnté from the b(i-1)

position are right shifted by one position during the next code cvcle.

If c(i,3j) designates the ith bit of encoder ocutput 3§, then each
c{i,j) is a unigue XOR polynomial function of the Boolean values of
designated shift register stages. This means that diffsrsnt conveluticn
codes will form outputs with more or less elaborate logical compinations
of the present and past input bits i.e. a (3,1,2) code differs from a
(2,1,18) code. The first has a 1/3 rate {(generates 3 output bits for each
input bit expressed by 3 impulse functions) while the sscond has a 1/2

rate. The first spans two register positions back while the second spans

some 16 ragister positions to determine outputs.

Referring now to figure 2, there is shown a partial response
waveform enceder and state diagram. This encoder tvpe combines aspects of
a convolutional channel coder and a signal coder. Its impulse response
(G(D) = 1-D?, 'where D=zunit delay) more nearly matches the charactaristics
of a magnetic recording channel. A binary input waveform is depicted as
being sampled at a rates 1/T sufficient to detect changes between binary

. amplitude levels. A tsrnary output is generated at the same rate.

Iin the partial rssponse anceder of figure 2, the binarv input is
-
-

b(i-2) provide four distinctive finitz machine states, nramely, {00, 1ii,

10, 01). The enceder Inputs and cutputs label sach of the :transitiocns
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5 branch nmetrics for each new tine step. These netrics are then applied to
t he ACSU. Responsively, the ACSU accunul ates the branch netrics recursively
as path netrics according to the r-th ACS recursion. Lastly, the SMJ stores
t he decisions nmade in the ACSU and outputs the estimated path in the form
of an original data sequence that was nost likely applied to the channel
encoder. SUVMARY OF THE | NVENTI ON Accordi ng to one aspect of  the present

i nvention there is provided a Viterbi decoder for producing a maxi mum

| i kel i hood esti matsge-@k-¢asbi nary coded sequence froma convolutionally coded
symbol sequence applied to said Viterbi decoder, conprising: nmeans for

assi gni ng et 11 s ,0,.6ACH. CORUOLLLI a%@IaLyst Qg Synhgle @s: Regheahedoonto
trellis directed gerad%h ou n §§ee rancl S constl bns\gfaf nlte machi ne
state di agram over fine rf‘”f CET B SREE" 6 sal d Vite decoder,

each survivor pat W"‘E‘ﬁfiﬁﬁgﬁ "H% tf’\eF‘r“FEaSbeisFFg’t’r“ﬁ Phrer Gr #ebt = 4 ’s"éi“ﬁ es of
metrics terned a 'rsenitd wor hetiie askqueasdtionrtd thend? istatei hifesire- ¢f 1 a set
of possi bl e bi nar ungededeiee queRess; geasdtdteanSouk Bt dn@CGUTShaielop By oeesdi ng
each of said nodescdcd deBe wb,eL IsL5 Elitpicngs E8GhE MU SheObhcb3sz| @ BYeither

the 11 or 01 states and the input is a 0.

Referring now to figure 3, there is shown a state diagram and a
trellis for a dicode partial response code. The impulse response 1-D? =
(1-D) (14+D) translates into a 1-D response to binary inputs samplea in
‘even numbereq'periods and a 1-D response to binary inputs sampled in odd
numbered periéds. The state diagram for such a rasponse is depicted as a
two state machine with 1 bit memory where c(i) = b(i) -~ b(i-1}. If the
encoder is in state 0 it remeins in stats 0 and outputs & 0 for each 0
input. A 1 input causes a 1 ocutput and & transition from stats 0 to state
1. Similarly, a 1 input in state 1 causes a 0 outrut ané the enczder
remains in that state. In contrast, a OIinput results in a2 -1 oucput and

a transition from the 1 to the 0 state.

As shown in figure 3, a "trellis" is a directed graphical coastruct
whose nodes are the encoder state at time 1. With each socurce symbol &
branch associated therewith goes from a state at time i to a state at
time i+l. The orxrdinate indicates the states rsprssented as in the state
diagram as nodes while the abscissa indicates the stages or time
interval. Thus, an input sequence 1, 0,1 starting at interval i-1 in
state 1, would yield a 0,-1,1 ternary output. If encoding stazted in
state 0, then the output sequence would be 1,-1,0, Ordinafily, a default

‘state would be used to resclve any ambiguity.

Referring now to figure 4, there is shown a Viterbi decodsr and
encoder and its setting in a magnetic rscording channel. A read/write
transducer or head and filter assembly 4 either alters the magnetic state
of medium 2 alcné & track when writing or senses the state of tkhe track
while reading. A binary sequencs ‘is aprlisd to an enccdsr 8. The
‘sequence from encocder 8 is applied to digital-to-analeg convertsr (D731

4 is in turn applisd to hsad

[

i14. A time varying analog cutput f£zcm L[/7A
and filter assembly 4 in the write dirsction. Likewiss, a time varving
analog cutput frem the head and filter assemkiy 4 is applied ts analog-
to-digital (A/D) converter 18. The par:tial raspconse output thersfrom is

-applied to Viterbi decoder 17 over path 15 in the rvead directicn. The



shifting branch metric additions over each node to effectuate an ordered
set of conpare/sel ect/add operations on predecessor survivor netrics
termnating in said each node, selecting a survivor sequence at each node
by comparing the nmetrics of each predecessor survivor sequence termnating
in said each node, each predecessor survivor sequence being increfrented by
at nost a constant val ue i ndependent of the recursion, and adding the

shi fted branch net rs' _§3_t°95the nmetric of the Oel ected survivor sequence at
each node. According to anot her aspect of thé present invention there is
provided a nethod for the maxi num|ikelihood detection of original binary
coded sequences fr Siiepar f1qfeTr WEHBHTe> WY SFORREYF = iRFER °4 ’&ffﬂ“ﬁ?ﬁ getimate
progranmi ng heur i sef ¢ortde ey veiliiradivnercafedsandatesongpd sy venede yehvees

{X, Y} as project ed rarhtheaicatilye|nacbodicuest eid o aphibamracbutauelisi ®, Qatid. gr aph

based trellis incluygiBskeSdughal isPfQcLSs).802n0des and paths to ot her nodes,
sai d heuristic executing an order set of operation(conpare select add)over.

survi vor 6 sequences i%c‘il dent to eacpo noadgéag.each Sur Vi vor, sequence
b

. . . 4, th t terb
termnating in each nod& B& g nEN T dsced™ *Brafch netric, sald

sequences propagat FHGiEnbhgt e HECIT5E ES™RAL S ruiPTRgeh getric unit (BMD) 18, an

add_compare_select unit (ACSU) 23 with a recursive or fzed back path 21,
and a survivor_memory_unit (SMU) 19. The ACSU processes each of the
dicode or ternary symbols as represented by branch metrics as if it were
along a trellis. This is done in a recursive computational manner. The
most likely paths (sequences of binary symbols originally encoded) are
stored on the SMU as the decoding procseds with the best guess or most
likely estimate being applied to the decoder output. The term "path® is
appropriate since each possible syvmbel sequence has a unique path through

the trellis.

t is well appreciatad that for example in a (2,1,2) convoluticnal
code that at level 3 for any node in the trellis there axe two paths
entering the node. Since those paths will be identical from that point
on, a maximum likelihcod decoder mav make a decision at that peint with
no loss in performance. That is, thé Viterbi decoder compares the-two
vaths entering the node and only the path with the best metric is
retained. The other path is discarded since its likelihced can never
exceed that of the path which is retained no matter what data are
subsequently raceived. The retained paths ara called SURVIVORS. For an
n=3, constrained code no more than four surﬁivor paths.will ever be

ratained in the SMU.
Branch Metric Shifting

“The key for an M-step parallelization of the Vitarbi decoder is the

validity of the distributive law of addition and maximum selection:

maxi{X+a,Y+a) = max{X,¥)+a (1)
This reslationship is useé in this invention to achisve higher spesd
and tc reduca the implemenctaticn complaxity cof a Vizerki decodar.

Referring rnow to figure 5, there is shown the transformatiocn of

ficw graph operaticns under the distributive law. The fact tha:



the directed graph, conprising the recursive steps of: (a) shifting branch
nmetric additions over the nodes of the graph to effectuate an ordered set
of conpare/sel ect/add operations on the survivor sequences termnating in
each node; (b) comparing the netrics _of each predecessor survivor sequence
terminating in each node and sel ecting a survivor sequence at that- node,
each predecessor survivor sequence being increnented by at npbst a constant

val ue i ndependent of recursive step (b); and (c) adding the shifted branch
metrics to the nefri s the survivor sequegnpce at each node. SA9- 93- 025

7 In order that t e |nvent|on may be fuIIy understood a preferred
enbodi nent thereof wi |l now be described, . way exanple only, with
reference to the HETIRPARY Iy "HraRrmiEs F‘?‘i’lﬁ\ﬁi“%ﬁ. bﬁ“ﬁﬁersemibes ﬁ‘b’\ﬁée"awe"
convol utional encedirzatdenreieng It $ht Reloprarhr the value gurd ddeyivks a prior
art partial resporsel waved ornvengdderzang St atresrEgelanbefirguniing et s out
a state di agram a@diduhhhisSid e bdits oy tHadbctEASPENGS RD&OLMRI oREathid . 2., for
even or odd int erJe&@e\Agg a$ ub&#%mesilwtt h This operation sequence can be

transformed to an equivalent operation where the value "a® has been

shifted over the maximization node, in compliance with the distributive

law (1) i.e. where the node and subseguent addition compute
max(X+(a-a),¥+(b-a)) + a = max(X+a, Y+b).

That is, the node “"compares" the path metrics and "selects" the path
having the "best® metric among the paths terminating in that node to
which is added the shifted guantity "a". This is repeated for each node

in that stage for each of the stages in the trellis for the decoder.

Dvnamic Programming, Multi-Stace Decision Prccesses, and Viterbi Decoding

Dynamic programming is an approach to cptimizing multistage
decision processes. It is based upon Bellman’s "Principle of Optimality".
A multistage decision process is a process that can be separated into a
number of sequential steps or stages. The options for completing the
stages are called decisions. A policy is a sequence of decisions, one for
each stage of the process. The condition of a process at a given stagse is
called the state at that stage. Each decision causes a transition from
the current state to a state associated with the next stage. A multistage
decision process is finite only if there are a finite number of stages

and a finite number of states associatsd with each stage.

s

' ) Many multistage decision processes have returns (costs or benefits)

i - associated with each decision and theses returns vary with both the stage
and state of the process. The cbjective is to determine an optimal

! policy. In the Viterbi dacoder, the objective to determine the most

likely binarv sesquence that was originailv channel encoded and recorded

cn the magnetic storage medium.

(&) starting with the last stagé of an N stage process, determining
1

! for each state or node as for example in a trelli



DI CODE encoding; Figure 4 places the prior art Viterbi decoder in its
recordi ng channel setting; Figure 5 shows the transformation.of flow graph
operations under the distributive law in accordance with the invention;

Fi gures 6A-6B show a trellis diagramfor a 2 state Viterbi decoder and a
two iteration trellis.representation; Figures 7A-7D depict the -
transfornmati on effects upon a branch netric shifted 2-iteration trellis per
the invention; Figures 8A-8E set out the DI CODE partial response trellis
transformation for S8P¥°5 decoding in the wfitened matched filter (W)
case and for the matched filter (M) cases under respective {+1,-1} and

{0, 1} inputs. These fi diar dsaviim Fepdestrrrt ernesiplet tnostheparofesst hesustantiatnetri c
shifting in accordance au tphecedlifg | sHa@AtHaGd pedni GupR8eDA- 9B shows the trellis
transformation in accordance with the invention for the extended parti al
response (EPR4) using e |t er nput s;
Figure 10 exhibits thea(z}gg%fgeggg? squt QQ grbt:ljxe Eﬁgalgrge%nr%le%dlncf Lt}akggcﬁ')tptlca)r at e upon

: . te n the besu ollc for eav1n each state to go
the trellis of figure r%’lh(“:l“g ‘patidy g g
succeedlng stage and completing the process, assuming that all

preceding stages having been completed and making use of the

results already obtained for the succeeding stage.

It should be noted that unlike the classic backward recursion
direction of dynamic programming, the Viterbi algorithm is applied to
convolutional codes recursively in a forward direction. That is, from

first stage to last stage.

Transforming the Viterbi Decoding Trellis To Reduce Complexitwv

Referring now to figure 53, there is shown a two state trellis for
a Viterbi decodexr. The trél;is diagram, with its branch labels defined bv
the kranch metrics, describes the aléorithm that needs to be carried out.
Unlzbeled branches leaving a node correspond to the distribution of ths
node variable; branches labeled with branch metrics correspond to the
addition of the branch metric to the node variable being distributed
along the branch; and branches merging in a node co*resyonq to selecting

the maximum or minimum of all the variables into the node.

The trellis depicted in fig. 6A can be ré drawn as a 2-iteration
trellis shown in fig. §3. In fig. 6B, this results in separating the
maximization and the distribution operations into two nodes. Note,
branch metric shifting through a node applies not only to branch metric
shifting through "maximization nodes" but alsoc to shifting of branch
metrics from the branches emanating from a given node back to its

 incoming distribution branch.

Referring now to figure 7D, thers 1s shown & branch shifted, 2-

a
transiormed into the bucrterfly trellis cf figure 73 kv shifting the twe
branch metrics "a' and "c” over the distribution nodes con the 1

butcerfiy treilis exhikited in figure 7C is cbtained when the branc
metric "-a + b" is shiftsé cver the maximization nodes cn tha right,

aprlying the distributive law as discussed in connection with figure £.



Figure 11 sets out a conpare/sel ect unit shown in figure 10. SA9- 93- 025
8 Referring nowto figure 1, there is shown a convol uti onal encoder 8
according to the prior art. A binary bit string b(i) is applied to a shift
register 3. Qutputs c(i,l) and c(i,2) on paths 13 and 9 are obtained by
suitably "convol ving"” the inpulse functions of the encoder as the XOR of
the contents of predeterm ned shift register stages. Stated another way,
this encoder is a finite state machine with a "nmenory" wherein the output
is a function of the input and the "state" of the machine. In this regard,
c(i,1l) is taken as the XOR 5 of the b(i) and b(i-2)-register 3 stages while
c(i,2) is taken as the XOR 7 of the b(i), b(i-1), and b(i-2) register
stages. That is, for each "0" or "II" bit applied at the input 1, a pair of
bits c(i,1) and cgi,Z% are generated on outPuts 13 and 9 taking into
account b(i) and P91 65 bit i nputs wit hi nth predeterm ned range or span.
Register 3 shifts fromleft to right such that the current contents of the
b(i-2) position are f | ips ﬁ’eéf:eéiﬁio@ﬁradé_xﬁef figure 7D results from combining the

trellises shown in figures 6A and 7C, such that

A(k) a(k);

B(k)} = -a(k-1) + b(k-1) + c(k); and
c(k) = a(k) ~ b(k) - c(k) + d(k)

In this specification the subscripted and superscripted wvariables in the
mathematical relations are used interchangeably with the variables in

which the indices are expressed parenthetically i.e.

Ap=ay | ByE-@p vhy 1+ , Cy=ay—by~Cyp+d,

¢ I3

It should be notéd that in this case, the number of additions in the
ACSU~loop of the Viterbi decoder is reduced from 4 to 3.

While it could be argued that two additions plus one maximum
selection form the critical path of the ACS-loop causing a potential
slow-down of the decod;ng speed, such a consequence is avoided by holding
C, constant, i.e. C = C. In such a case, the fixed addition can be
"hardwired", resulting in little, if any, loss in speed. A nominal
increase in complexity of a few gates is all that is required to

implement such a fixed addition.

The overall transformation described above converts the "add-
compare~select" operation of the prior art into to the "compare-select-

add" operation of this invention.

An insight into the nature of the complexity reduction obtained by

holding C(k) = C = constant is expressed bv the following reasoning:

If the values of the path metrics are denoted by p(O) for the'upper
state and p(l) for the lower state at the beginning of the butterfly

trellis, the two maximization nocdes involve



11 or otherwi se overwitten as the current contents fromthe b(i-1)
position are right shifted by one position during the next code cycle. If
c(i,j) designates the ith bit of encoder output j then each c(i,j) is a

uni que XOR pol ynom al function of the Bool ear. val ues of designated shift
regi ster stages. This neans that different convolution codes wll -form
outputs with nore or | ess elaborate |ogical conbinations of the present and-.
past input bits i.e. a (3,1,2) code differs froma (2,1,16) code. The first
has a 1/3 rate (gengeabes;s3 output bits for gach input bit expressed by 3

I mpul se-functions) while the second has a 1/2 rate. The first spans two
regi ster positions back while thgx§%98ndp(§)qans sone 16 register positions
to determne outputs. Referring nowto'figure 2, there is shown a parti al
response wavef orm encoder and st%ﬂapm’agcr*g?ﬁ”Thi s encoder type combines
aspects of a convolutional channel coder and a signal coder. Its inpul se
response (G D) = 1-Df erfiis imhidee tBxymbe toeldayisiomsrare metrihderensernes sddhe
characteristics of cendragrretsioC th@Cpro0lid1®), alapebe (1 Achéandtyock@put waveformi s
depi cted as bei ng sagnkedodty arf ale dded pibhbHGI £Bty (bRpHSIEELn £hRANGESy.
between binary anpl/tude, | eygl.s o Al SLNALy. QULPYL; d.5 JERCL LG Aln:l 15,828

: &S
rate. In the partla response encoder o I gure , t he blnary Input IS
of p(0) and p(l).

Second, the two comparators for the two maximum selections can
share common hafdware, since the difference of two numbers is compared to
two levels, 0 and C. This reduces the complexity to that of aprroximately
one adder in case of conventional binary arithmetic, as validatad in the

subseguent discussion of the two level compare/select.

Account should also be taken of the fact that anv dvnamic

programming problem implemented bv Viterbi detection that is described
with additions/subtraciion's'on the branches and meximization’s can be
transformed into the equivalent problem of subtraction’s/additions on-the
-branches and minimization’s on the nodes by sign-inverting all branch

metrics (multiplying all branch metrics with ~1), and vice versa.

Two_Level Comrare/Select

The twe-lavel compare of two numbers A and B differs from the
simple compars dgscribed above by the fact that now the decision has to
be made upon A and B, and upon A+l and B, simultanecusly. Since a fixed-
point arithmetic can be assumed, the numbers A and A+l oﬁly diffsr in the
upper n bit-levels. Hence, the carry-ri?ple circuit for the lowsr bit-
levels can be shared for both compares. A half-adder chain needs to be
implemented only at the upper n bit-levels to computs A+l, and an
additional carrv-ripple is needed for the compare. Thereforz it can be
seen that the total complexity of the compare and the two seleci-

multiplaxers is at most that of one adder.

. In order to speed-up the compucation cyecls ¢f corne add-compare-~
seigeT, the add can be carrisd cut bkefors the select cperacticr has besn
complated, as described in the Fettweis refsrance. This can cut the

latency of the criticzal path bv up to epproximatsly 40%. However, this -
requires doucling the adder and select hardwars, as will as the wiring
communicaticr of the trellis between the differsnt ACS path metric cel



applied on path 1 to a shift register 3. The encoder output c(i) taken on
path 13 is a ternary functicn (+1,0,-1) of the b(i) and b(i -2) register
states as fornmed by the differencer 5 The wo register staces b(i-1), b(i-2)
provi de four distinctive finite machine states, nanely, (00, 11 , 10, 01).
The encoder inputs and outputs | abel each of the transitions SA9- 93- 025
9 between the states such that  at state 00, a O input will result ina O
encoder output and the encoder will remain in the 00 state. This is
expressed as "0/0". In contrast,. starting in the 00 state a 1 input results
ina l output and a transition to the 10 state.” Likewise, a 1 input in the
10 state generates a 1 output and a transition to the 11 stdte etc. Now, a
"-1" output is obtained when the encoder is in either the 11 or 01 states
.and the input is a 0. Referring nowto figure 3, there is shown a state
diagram and a trefdr&-P&H a dicode partial Yesponse code. The i npul se
response |-Derr] (1-D)(1+D) translates into a 1-D response to binary

i nputs sanpl ed i nas a result, this can lead to a favorable area-time tradeoff when the

trellis wiring is not too complicated.

Class 4 Partial Response Embodiment

A "Class 4 Partial Response" (PR4) is defined in Dolivo et al, USP
4,571,734, issued 2/18/1986 and USP 4,644,564, issued 2/17/1987 as a
channel coding method and means providing a (l-D?) impulse response to an

applied sampled bit stream in the recording channel w;ite direction.

Maximum—likelihood detection of PR4 over an additive white Gaussian
noise channel involves the selection of an allowed sequence of symbols
that minimizes the sum of the squared-error between itself and the
sequence.of noisy observations. The total error that needs to be
examined may be written in terms of the samples (v} and the data

sequence (a,):

E=Y (i~ (8yapz))?
0

| . .
This is referred to as the "whitened matched filter" (WMF) case.

The Viterbi algorithm, as a dynamic programming method, is applied to
determine the sequence (a,) that minimizes E. Since the terms (v)? are
common to E for all of the allowed sequences, they can be ‘subtracted in

the minimization operation.

For the magnetic recording channel, the input compfises only binary
symbols. These may be represented in terms of (+1,-1} or {0,1) levels,
resulting in two cases of interest. These are referred to as "case(+/-
1)*: (a,)} is a member of the set {-1,1}, or "case(01)": {a,} is a member
of the set (0,1). Because of the dc-free nature of the PR4 channel, both
cases yield the same trellis of figure 8A. This trellis can be
transformed by shifging branch metrics and dividing by 2, also as shown
in figure 8A. Here, the addition of branch metric -2v,+1 has been left-
shifted over the upper left node in figure 8C and, the addition of 2y,+l
has been right-shifted ovér the upper right node.

Since dynamic programmfng only depends ' on the existence of the
distributive law of maximum/minimum selection and addition, it can also

be applied if the expression is rewritten as



even nunbered periods and a 1-D response to binary inputs sanpled in odd
nunber ed periods. The state diagramfor such a response is depicted as a
two state nachi ne vvith 1 bit menory where c(i) = b(i) - b(i-1). If the
encoder is in state O it remains in state O and outputs a 0 for each O
input. A1l input causes a 1l output and a transition fromstate 0 to state
1. Simlarly, a 1 input in state 1 causes a 0 output and the encoder
remains in that state. In contrast, a O input results in a -1 output and a
transition fromthe-sb-63 the O state. As shgwn in figure 3, a "trellis" is
a directed graphical construct whose nodes are the encoder state at tine i.
Wth each source synbol a branch associated therewth goes froma state at
tine i to a state at tine i+l &YheY adinatage. . 2dileatas) t he states
represented as in the state diagrarfias nodes while the abscissa indicates
the stages or tinme interval. Thus, an input sequence 1, 0,1 starting at
interval i-1 in state 1, would yield a 0,-1,1 ternary output. If encoding
started in state 0, then the output sequence btfez 1,0, .,Qdinaiily,

default state wolld &8s P8 raLsISTe AT b § % m R B 8 ng now t o
figure 4, there i¥iEhBIMira>dtd e Revdi Ad éﬁ?c‘&?d’éﬁ“r’éﬁﬂ‘ fts setting i
magneti c recordi ng channel. A read/wite

B-Y yE=2Y aplzrap-a;;)
3 73

Drawing the trellis for applying dynamic programming to leads to
figure 8D for case(+/-1) and to figure 8E for case(dl), which can be
transformed by shifting branch metrics as shown. Note trat for case(+/-1)

the constant term
pILT

is left out of the minimization, i.e.

E-Y yi+2af

is minimized, which is

B-Y (y2+222) = zzk: 8, (Z-235.s)

The result of shifting the branch metrics in case of figure 8C and
figure 8E leads to conly one variable addition, azd one fixed addition in
the butterfly exactly as was discussed at the ené of the prévicus
subsection. Hence, the total implementation complexity of the ACS-unit of
the Viterbi decoder is approximately only two adders. The case shown in
figure 8D is not attractive, since it has time varving branch metrics in

the butterily.

It should be noted that for a "charge-stats partial response
trellis", as is reguirsd in det ctcrs Zfor matched speciral-null codes,

he transformations and-results descriked actove also ecply divectliv. The

amcunt of hardware saving and the reaL rad complexity is similar: about

conventional architectures.



transducer or head and filter assenbly 4 either alters the magnetic state
of medium 2 along a track when witing or senses the state of the track
while reading. A binary sequence is applied to an encoder 8. The seguence
fromencoder 8 is applied to digital-to-analog converter (DA 14. Atine
varying anal og cutput frcmCA 14 is in turn applied to head and filter
assenbly 4 in the wite direction. Likew se, a tinme varying anal og cutput
fromthe head and filter assenbhy 4 is applied to analog- to-digital (A/D
converter 16. The partial response output therefromis applied to Viterb
decoder 17 over path. 15 in._ the read direction. The SA9- 93- 025 -

10 Viterbi decoder generates a bit streamout on path 9 of its best
estimate as to the data originally encoded and recorded on the magnetic
medi um Parenthetically, DI CODE output is (0,+1,-1}, PR4 output is {0,
+1,-1), and EPR4 &8 Pit°%?s (0, +1,-1,+2,-2). ¥ n figure 4, there is shown a
| ogi ¢ organi zation of a Viterbi decoder 17. The decoder conprises a branch
metric unit (BMJ) Differspge Metric for PR4

The difference metric approach for PR4 can also be applied to the
pranch-shifted trellises of figures S8A-E. The transformed trellises in
figure 8C (WMF, case(+/;1), case(01)) and figure 8E (MF, case(0l)) yield
identical update recursions for the difference metric 3., which is

defined as the upper path metric minus the lower one, as given by:

~Zx  encescsace (1)
81 = SpvZy cneocnnnnan (2)
~l-z, ...oe.... (3)

(1).applies for all §,>0, (2) applies where -1<§,50, and (3) is used
where §,<1. '

This recursion, which derives from both the branch-shifted MF
trellis and the branch-shiftad WMF trellis, is equivalent to the
conventional difference metric formulation of the MF case, but differs

from the conventional difference metric formulation of the WMF case.

Extended Class 4 Partial Response (EPR4)

In case of EPR4 as described in Thapar et al, "A Class of Partial
response Systems for Increasing Storage Density in Magnetic Recording”,
IEEE Trans. Magnetics, vol MAG-23, pp. 3665-3668, September 1987, the

normalized sum of squared-errors in case of WMF branch metrics equals

ELE:y£=2:()%‘(ak+abq‘axa‘ak4))Z“Yf
7 3

Referring now to figures 9a, 9B, and 10, there is shown the
original trellis for case(+/-1) in figure 93, the trellis as modified
aftar branch metric shifting in figure 9B, the recursive ACSU processor
23 for logicaily combining the metrics applied to the eight state nodes
of the instant stage to yield resultants (survivors) per figure 9B for

the next iterative code cycla.

The implementation of the Viterbi decactor based on the transformed

trellis of figure 9B is set out in figure 10. Each of the logic units'Sll



addconparesel ect unit (ACSU) 23 with a recursive or feed back path 21, and
a survivor_nenory _unit (SMJ) 19. The ACSU processes each of the dicode or
ternary synbols as represented by branch netrics as if it were along a
trellis. This is done-in a recursive conputational manner. The nost |ikely
pat hs (sequences of binary synbols originally encoded) are stored-on the
SMJ as the decodi ng proceeds with the best guess or nost likely estimte
bei ng applied to the decoder output. The term "path" is appropriate since
each possi bl e symhelsasgguence has a unlquelpath through the trellis. It is
wel | appreciated that for exanple in a (2,1,3) convolutional code that at

level 3 for any rquess' ! hsbd@trquue'd st@/%fﬁor%spa&meﬁ@é hSepBALAYS NUaddiee Node.

Since those paths ™w

l'i kel i hood decodeﬁe"??éflﬁ%{kéhaé TR B*Pf 51“f° T‘ﬁ%et"eetncntmputstﬁ ﬁm)é %esgg1 S n
perfornmance. Thatswgyrex Fi%“'erst%"rﬁ?llcféc@deﬁ“r’ﬁﬁ?l‘pa?"é%“ﬁﬁé“’ttﬁﬁ pAths entering

t he node and onl yne hesggatire wointersharehesd tpwbrbrel ithe Feebeithed. th¥patibt her pat h
I s di scarded Si NGRmddrS whidkedaly HeoftofdBd@MeYy tiRX Ex@eel bhdkasr te tdaéstgeat h whi ch
is retai ned no maL Lk MG: SaldoAr & S105 QU by theer MRtk idhgpieadaained
paths are called SURYI d%gen Bl OndlE 3ep 00155, BlNEA £046. 10-:TP5E than four

. ﬁ re 1
survivor paths w 7 ev
) functlons may be lumped together as one logical function.

Inputs A and B are applied as inputs to pairs of adders 67 and 69
for B and 65 and 71 for A. Each of the eight states ((1), (2),..(8)) of
the trellis in figure 9B is marked as an input into a counﬁerpart c/s
unit on the left side thereof. Thus, states (1) and (2) are associated
with C/s Si, (3) and (4) with ¢/s S3, (5) and (&) with C/s B85, and (7)
and (8) with C/s 57.

Turning attention to C/S 51, the survivor metric cutput from C/S 51
for state (35) is ccmbihed with quantitv B in adder §7, and, the sum is
fed to C/S 55 input (5) for the next cvcle of computaticn for states (3)
and (7). Similarly, for ¢/s 53, the survivor metric for state (2) is
combined with quantity A in adder 65 and the sum is fad to C/S 51 input
(2) on line 63 for the next cvcle of computation for states (1) and (5).
The survivor metric for state (6) is routed on line 81 to C/S 53 input

(6) for the next cvcle of computation for statas (3) and (7).

For C/S 55, the survivor metric output for state (3) is fed online
75 to input (3) of C/S 53 for the next cycle of computation for states
(2) and (8). The output for state (7).is combined with cuantity B in
adder 6%. The sum is routed on line 77 to input (7) of C/S 57 for the

next cycle of computation for states (7) and (8).

Finally, for C/S 57, the output for state (¢) is combined with
quantity A in adder 71, the result being fed back on line 5¢ te input (4)
of C/S 53 for statss (2) and (6). The output for state (8) is fed back on
line 81 ts input (8) of C/S 57 for the next cycle of computaticn for

).

states (&) and (8

a cyciz cf the medifisd Viterki detacter rscursicn
invelves the follewing steps, described in reference tc the trellis
structure of Fig. ¢35 and the functionally eguivalent ACSY implementation

of Fig. 10. The inputs to the ACSU are the 8 survivor metrics. These <¢an



retained in the SMJ. Branch Metric Shiftina The key for an Mstep
paral l elization of the Viterbi decoder is the validity of the distributive

| aw of addition and nmaxi num sel ection: max(X-a, Y-a) = max(X Y)-a

(1) This relationship is used in this invention to achi eve higher speed and
to reduce the inplenencation conplexity of a Viterbi decoder. Referring now
to figure 5 there is shown the transformation of flow graph operations
under the distributive |law. The fact that SA9- 93- 025

11 distributive law holds permts additions on branches to be shifted over
maxi m zation nodes. In the prior art, the values of "a" and "b" were added
to the two variables "X' and "Y', respectively, before taking the nmaxi num
This is the basis for characterizing the prior art operati'ons sequence as
"add- conpar e- sel eGhs-93 RS operati on sequengg can be transfornmed to an

equi val ent operation where the value "a" has been ‘

be associated conceptually with the trellis states on the left side of

[y

Fig. 9B, and are stored in the corresponding registers (shaded
rectangles) depicted in pairs at the input to the 4 compare/select blocks
in Fig. 10. Metrics 1 and 2 are applied to C/S block 51, metrics 3 and 4
are applied to C/S block 53, metrics 5 and 6 are applied to C/S block 55,
and metrics 7 and 8 are applied to C/S block 57.

During the detection cycle, each state on the right hand side of
Fig. 9B compares the pair of metrics provided to it by the branch
interconnections from the left-hand side states, after each metric has
been modified by adding the constant value on the connecting branch
{either 0,2, or -2). The minimum modified metric is determined, and the
state generates a pointer indicating.which of the two was selected. This
pointer is supplied to the survivor memory unit (SMU). The selected
metric value is fed back, after the addition of the value on its

distribution branch, to the corresponding state at the next stage.

The circuit of Fig. 10 executes the same function as follows. The
states on the right hand side of the trellis of Fig. 9B can be grouped
together in pairs determined by the two survivor metrics applied to them.
Specifically, states 1 and 5 receive metrics supplied from states 1 and
2; states 2 and 6 are supplied from states 3 and 4; states 3 and 7 from
states 5 and §; and states 4 and 8 from states 7 and 8. The block 51 is a
modified (two-level) compare/selecf that performs in parallel the
operations described above for states 1 and 5. The detailed function

performed by such a compare/seiect block is described in Fig. 11.

. . Referring now to Fig. 11, the input survivor metfic from state 1,
denoted "a", is supplied on line 101 and routed to the multiplexers
(MUX’'s) 91 and 93, as well as the inverter preceding adder %7. The metric
from state 2, denoted "b" is supplied on line 103 and routed to MUX 91
and the adders 99 and 97. Adder 97 supplies the gquantity "b-a® to
comparator ?s_on line 10S. Adder 99, supplied with the quantity *-2" on
line 109, sends the computed quantity "b-2" to MUX 93 on line 107.

Comparator 95 compares ."b-a" to 0, corrésponding to the comparison
at state 1, and compares "b-a" to 2, corresponding to the comparison at
state 5. Two single-bit outputs indicating the results of the
cbﬁparisoﬁs_are carried on lines 1171 and 113 resPectiveiy._These serve as
the survivor memory pointers sml (denoted *d") and sm5 (denoted “e').
These single-bit values are also routed to MUX 91 and MUX 93 .



shifted over the maxi m zation node, in conpliance with the distributive |aw
(1) i.e. where the node and subsequent addition conpute _

max( X+(a-a), Y+(b-a)) + a = max(X+a, Y+b). That is, the node "conpares" the
path netrics and "sel ects” the path having the "best” netric anong the
paths termnating in that node to which is added the shifted quantity "a".
This is repeated for each node in that stage for each of the stages in-the
trellis for the decoder. Dynam c Programm ng, Muilti-Stace Decision
Processes, and Viterbi Decodi na-Dynam c progranmng i s an approach to
optim zing nmultistage decision processes. It is based upon Bell man's
"Principle of OPtimality". A nultistage decision process is a process that
can be separated into a nunber of sequential steps or stages. The options
for conpleting theAéggg§§ are called decisigns. A policy is a sequence of
deci si ons, one for each stage of the process. The condition of a process at

a given stage is called the ; . - e N Aechksi o GaUSESe a
transition from t F&REEYYERt | E‘%Sg%% t?%) %@g% aéfte@%sg%xgiﬁgggg Wik dhe0ext..
|

t
stage. A nultistagelaseed SN BroteSe Y 1 om £ “Onl'y 11 there aré a finite
number of stages and "B-¥i%i tesHariserdruRrare aEdbti ted with each stage.
Many mnul ti stage deci sion processes have returns (costs or benefits)
Referring back to Fig. 10, the output "c* is supplied on line 79 to

the survivor metric latch on compare-select klock 51 corresponding to
state 1, and the output "f" is supplied to adder 67 where it is augmented
by the distribution branch metric B, the sum being routed on line 73 to

the input latch on compare~select block 55 corresponding to state 57

Similar descriptions apply to the operation of blocks 53, 55, and
57. It is clear that the overall function performed in one detection
cycle by the circuit in Fig. 10 is equivalent to that performed by the

viterbi detector represented by the two-iteration trellis of Fig. 9B.

Note that the configuration in figure 10 ig organized in the form
of compare-select-add operations. By simply moving the adders (involving
A and B values) through the survivor metric registers, the configuration
may be re-cast into the convéntional add-compare-select ordering of

operations.

General Simplifications for Partial Response Signaling

"In the preferrad embodiments, the branch-metric shifting tool will
be applied to simplify the implementation of both the matéhed~filter (MF)
and whitened-matched-filter formulations of Viterbi detectors for
specific partial response channels. Here, we show that_these hardware
simplifications hold geneially for the Viterbi detector corresponding to

any ISI (intersymbol-interference) channel model.

First, consider the structure of an ISI-cancellation trellis. For a

channel with a memory of L symbols, each state is specified by one data

(@agqs s

vector 'ahn). Evervy possible value of this vector uniquely

: : m*
identifies a state, hence for an m-ary svmbol set the trellis has exactly
states. Another consequence is that each state has exactly m preceding,
and m following states. The praceding states and the current state labels
"have L-1 common elements of their identifving data vector; the same holds

for the current state and the following states. These observations will
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associated wth each decision and theses returns vary with both the stage
and state of the process. The objective is to determ ne an optimal policy.
In the Viterbi decoder, the objective to determine the nost |ikely binary
sequence that was originally channel encoded and recorded on the magnecic
storage nedium The dynam c progranm ng and the ACSU iterations in the
Viterbi decoder conprise the recursive steps of: (a) starting with the | ast
stage of an N stage process, determ ning for each state or node as for
exanple in. atrellis, the best policy SA9- 93- 025

12 for leaving that state and conpleting the process, assum ng that al
precedi ng stages have been conpleted. (b) repeating step (a) on the

i medi ately preceding stage, determning the best policy for |eaving each
state to go to the succeeding stage and conpl eting the process, assum ng
that all precedi n§°st'alfés having been conpl®ted and meking use of the

pbe used in the following subsections to define the appropriate branch

metrics for the MF and WMF cases.
Generalization for MF Branch Metrics

In the case of matched filter (MF) branch metric computation,

the branch metric is

L
a, (zk+z £ia,,)

Ii=0

where f. is the auto correlation of the channel matched filter impulse
response. The add-compare-selaect operation for state (ay, ... 8cua) is

performed over the m possible values of a..

Hence all "constant® terms in the minimization may be dropped
during the minimization and added afterwards. In particular, this applies
to the term a,z,. Hence, the only term incorporating z, can be added after
the select operation, leaving a trellis with separate selection nodes and
distribution nodes, as was previously discussed in connection with branch
metric shifting. Note, the only "non-constant® term in the compare-select

operation is a,.,., the oldest data symbol.

Taking ceonstant terms out of the minimization lgads to a comparas-
select~add type of recursion. This also affects the depiction of the
trellis diagram. A relevant way of drawing the trellis is to draw one
step of the recursion by two ‘‘half-steps", one step to indicate the
necessary compare-select ope;ations, and the other step to show the
addition operation invelving parallel branches. As is well-known, an ISI-
trellis can be depicted with the shuffle-exchange structure. Therefore,
using the above perspgctive, the two "half-step® depiction of the ISI-
trellis would have one shuffls-exchange interconnection step and one

plain step with parallel branches.

Now the important fact is that the branch metrics of the shuffle
exchange interconnection are all determined only by the channel impulse
response. Hence for time-invariant ISI, such as that found in partial

response channels, they are data-independent and time-invariant. Applying



results already obtained for the succeeding stage. It should be noted that
unli ke the classic backward recursion direction of dynam c programm ng, the
Viterbi algorithmis applied to convol utional codes recursively in a
forward direction. That is, fromfirst stage to | ast stage. Transform na
the Viterbi Decodina Trellls To Reduce Conplexity Referring nowto figure
6A, there is shown a two state trellis for a Viterbi decoder. The trellis
diagram with its branch | abels defined by the branch netrics, describes

t he al gorithm t hakasseedss t o be carried out.22Unl abel ed branches | eaving a
node correspond to the distribution of the node variable; branches | abel ed
with branch netri¢e sRR&ELSHENM tthedeheadgiki QRO bhanfleanch etiat ¢dngaro t he

node variabl e beipg disis Lhuted. al ang.the branch; and branches merging in a
node correspond to sel ecting the naxi numor mninumof all the vari abl es

into the node. The trellis depicted in fig. 6A can be re draw a

2-iteration trellis shHBwitendeprrfentele™ o fis peseBacLniEn rae%‘ﬁ’l“'lhsthlah
separating the naxinpectatd entechien pdve Witk erdibutibusacropeteat’r oige PHEPEF¥F N0 nodes.
Not e, branch netr ispushi fhis rermt by Ottghoracan 0@ encapil #e@Stanedro gat yhatpehrnch
metric shifting tHreugh, 2w hoidtihGRe RRERSIs Bittial so to shifting of branch

Generalization for WMF Branch Metrics

The branch metric computation in case of a whitened matched

filter (WMF) approach is

L L L
(¥l 3 Beaty) V252 = 2YJ¢(E a5 i)+ Y &y hy)?
=0 1=0 i=0

where h. is the combined channel and whitening filtsr impulse rssponse.
In this case the data-dependent term can be split into two additive

parts, as

-zyk(z (ak-;ni) "ZYk (E ak_i-hj) (ZY‘_-ak_rb_-.)

I=0

The flrst part is "constant" in the seleét operation, wrkersas the
second part is not. However, the second part is an additive offset that
is common for all branches leaving a distribution node, and hence can be
shifted before that node. This is the "left shifting operation" mentioned
previcusly. This leads to the fact that the simple branch between a

se‘ect*on ané a distribution node always has a branch metric which i;_a

linear combination of two centigucus sample velues y, and Vi
i.e2., it is of the form Ay +By.

The consequences cf this transformaticn ars the same as Scr the MF
case: namely, raducing the complexity of the add-compers-ssisco nhardwars
sukstantially for partlal response channels The cverzll conciusicn 1S

rssponse Viterbi decoder with N statss is approximacely N addars, where
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metrics fromthe branches emanating froma given node back to its incom ng
di stribution branch. Referring nowto figure 7D, there is shown a branch
shifted, 2- iteration trellis, derived fromthe generic 2-state butterfly
trellis shown in figure 7A. The butterfly trellis set out in figure 7A can
be transforned into the butterfly trellis of figure 7B by shifing the two
branch netrics "a" and "c" over the distribution nodes or the left. The
butterfly trellis exhibited in figure 7C is obtai ned when the branch netric
"-a + b" is shifted over the nmaxi m zation nodes on the right, apolying. the
distributive | aw & % ¥ ussed in connection*Wwith figure 5. SA9- 93- 025

13 The 2-iteration trellis of figure 7D results from conbi ni ng t he
trellises shown i W% tifaresrsaemitad fer thueffitirat ofarR)data4ieepdent Bryefh =
-a(k-1) + b(k-1) sete{ds) ;andrvtle Gde)ining /R )adderly (rh¥e up gl Forpleg{ty) of the N/2

two~level compares.

Reduction in Complexity

The reduction in Viterbi detector'implementation complexity
utilizing the method and means of this invention is best exemplified by
-reference to the trellis structures in Figures 9A-9B gnd counterpart

logic depicted in figures 10 and 11.

It should be appreciated that the conventional trellis in Figure %A
comprises 8 states corresponding to ACS units. Each of the trellis
branches is labeled with the branch metric to be added at time k, using
the convention that no label corresponds to addition of the branch metric
*0*, As is easily confirmed, there are iO nen-zero branch metrics, all
involving the datz dependent variable Y{k), implving that 10 variable
adders are required. Each ACS also regquirss a 2-input compare-selact

circuit, so 8 such circuits are reguired.

In contrast to the current state of the art, the transformed
trellis as shown in figure 9B has no varizble adders associated with the
branch metrics, only ¢ fixed additions (corresponding to the branches
labeled 2 an -2), whose implementation has a substantially smaller
complexity than variable adders. On the distribution (horizontal)
branches, thers are only 4 variable additions rsquired, corresgonding to

the non-zerc “shifted” branch-metrics, denoted & and B in figurs 10.

Significantly, the structure of the transiormed trellis also
permits savings in the cocmpare-select logic. By a slight modification, a
"two-level® compars-select architecturs zllows each such circuit to

servizce 2 states (the statas that have the same pair cf predecesscr

states). Thus, the total number of compars-select circuits is 4, instead
of the 8 ccmparators in the conventional architscture.
The complexity ¢f these moéifisd coomparators is in practical tarms

th ame as a sctandard comparatcy, which, in curn, is t

[
n

an adcer.

In the genaral case for bidary, parzial-response channels, similar

simplifications arise when branch-metric shifcing and the discleosed



In this specification the subscripted and superscripted variables in the
mat hematical relations are used interchangeably with the variables in which
the indices are expressed parenthetically i.e. Alerr]=alerr]
E[err]=-a[err]+b[efr]+c[err] Cerr]=alerr]-bk-c[err] +d[err] It
shoul d be noted that in this case, the nunber of additions in the ACSU- I oop
of the Viterbi decoder is reduced from4 to 3. Wile it could be argued
that two additions plus one nmaxi num sel ection formthe critical path of the
ACS-| oop causing a potential slowdown of the decoding speed, such a
consequence is avoided by holding C[err] constant, i.e. Cferr] = C. In such
a case, the fixed addition can be "hardwired", resulting inlittle, if any,
|l oss in speed. A nominal increase in conplexity of a few gates is all that
is required to inpl grggngzssuch a fixed additi g The overall transformation
descri bed above co%verts t he "add- conpare- &l ect " operation, of the pri or-
art into to the "conpare-sel ect- add" operation of this i nvent i on.
i nsi aht into the n&PifFertaficp fackibsteeRi®y Pedatt i th5orar Hed by’ ﬁt(?itff 'ng
C(k) C = const antthe sreesdpingsretithgrurhaedubtes owin g/t sedaplieonfdi9ifst #e VAl ues
of the path netri cawvedlevederaipetk-bylepsO)cohmired he thyp Perariable-additions and N

compare-selects of the conventional approach. It should also be noted

that the routing of connections can alsc be simplified because of the

reduction in the number.of circuit components.

Extensions

One extension to the method and means of this invention is the
employment of a modified dynamic programming heuristic in the complexity
reduction of partial response channels using coded modulation technigques
such as spectral null coding by Siegel et al, USP 4,567,464, issued Jan.
28, 1986, *Fixed Rate Constrained Channel Code Generating and Recovery

Method and Means Having Spectral'Nuils for Pilot Signal Insertion®.
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state and p(l) for the Iower state at the beginning of the but'terfly
trellis, the two maxi m zati on nodes invol ve SA9- 93- 025
14 max( p(O, p(1)) max( p(O, C+p(l)) This inplies that“t“he—t—we—deelﬁ%gns_

are not independent of each other. If CO then p(O)<p(I}h nd (I)+C
cannot occur sirmultaneously. If C<O, then p(O>p(1l) and p

never occur. Hence, only three of the four possible choic

different values of p(O and p(l). Second, the two conpar ﬁ‘

maxi mum sel ecti ons c?p ?pare conmon hardwarg_ since the difference of tvvo

nunbers is corrparé‘fi9 | evel s, 0 and C. Fhi s reduces the conplexity to
that of approximately one adder in case of conventional binary arithnetic,

as validated in the subsequent discussion @*™he two | evel conpare/select.

Account should al so be taken of the fact chat any dynamc
1. A Viterbi decoder for producing a maximum likelihood estimate of a

binary coded sequence from a convolutionally coded symbol seguence

applied to said decoder, comprising:

means for assigning metrics to each convolutionally coded symbol as
projected ontec a trellis like directed graph of nodes and branches
.constituting a finite machine state diagram over time of the impulse
response of said decoder, each path through the trellis being in the form
of a series of metrics termed.a "gurvivor metric sequence® and

constituting one of a set of possible binary coded sequences; and

means for recursively processing each node in the trellis during
each recursion cycle by shifting branch metric additions over the node to
effectuate a compare, select, add operations order on the predecessor

survivor metrics terminating in that node, comparing the metric¢s of the

pradecessor survivor sequences terminating in the node and selecting &

survivor sequence, each predecsssor survivor sequences being incremented
by at.most a constant value independent of the rascursion, and adding the
shifted branch metrics to the metric of the selected survivor seguence.
2. A Viterbi decodér as claimed in claim 1, wherein the
convolutionally coded sequences are of the partial response coded tvpe,
and the trellis proceséed by said recursive means is selected from a sat
consisting of a partial response impulse function meéified either by 2

matched filter response or a whitened matched filter response.

3. A Viterbi decoder as claimed in claim 2, wherein said means for

recursively processing each node in the trellis of a parcially ceded

impulse response comprises:

a path memory;

& plurality (51, 53, 55, 57) of metric compariscn and seleccticn
unizs (C/S), each C/S unit heving means for comparing 2 first and &
sscend stats-metric input and for producing survivor metrics andé a
pilurality of survivcer-sequencs peinters (sml, sm2,..sm8); and

means responsive to said pointers Zor méintaining-ccnzents ci the

Fath memeory including means for tracing back over ths pa

* c L M s *
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progranm ng probleminplenented by Viterbi detection that is described with
addi tions/subtraction's on the branches and nmaxi m zation's can be
transforned into the equival ent problem of subtraction’ s/addltlons on the
branches and minimzation's on the nodes by sign-inv : ranch
metrics (multiplying all branch netrics with -1), and vice versa. Two Level
Conpar e/ Sel ect The two-1evel conpare of two numbers Ah eB-Iadleeéxﬁt ladell O
the sinple conpare described above by the fact that no has to
be made upon A and B, and upon A+l and B, sinultaneousj xed-
point arithnetic can be assuned, the numbers A and A+1 onIy n the
upper n bit-levels. Hence, the carry-ripple circuit for the 1omer bit-

| evel s can be shared for both conpares. A half-adder chain needs to be

i.npl emented only at the upper n bit-levels to conpute A+l, and an

addi tional carry-eappi-€29s needed for the cesrpare. Therefore it can be seen
that the total conplexity of the conpare and the two sel ect- ‘mul tipl exers
is at nost that of. one addati.debsuedradediaiaSpeadinp, WheeboagpUt@Es ivoir cycl e of

one add-conpare- §glethks af h@s@dgh CaAlnDE-Lallt 6 Gut: beiase dhesnelLct

operation has been, compl €52d,nadS (HEICLLNRM N dible SRS § fielerange.  This
cahn cut the

metric input (101) being applied to both registers, a second branch
metric input (103) being applied to the first register and combined with
a branch shifted input from a predecessor sequence via the second adder
and applied as an input to the second register, said second branch metric
input being combined with the first branch metric input via the first
adder and applied to the selector, said selector including means for

applying control signalé to the first and second registers.

5. A method for the maximum likelihood detection of original binary
coded sequences from partial response waveforms in which a dynamic
programming heuristic recursively generates sets of survivor sequences
(X,Y) as projectad onto a labeled directed graph based trellis, said
graph based trellis including signal processing nodes and paths to other
nodes, said heuristic executing an ordered set of operations (add,
compare, select) over survivor sequences incident to each node, each
survivor sequence terminating in each node being manifest by a branch
metric, said sequences propagating among the nodes according to the

directed graph, comprising the recursively executed steps of:

(a) shifting branch metric additions over the nodes of the graph
to effectuate a compare, select, and add operations order ‘on the surviver

sequences terminating in each node;

{b) comparing the metrics of each predecessor survivor seguence
terminating in each ncde and selecting a survivor sequence at that node,
each predecessor survivor sequence being incremented by at most a

constant value independent of the recursive step; and

{c) adding the shifted branch metrics to the metric of the

survivor sequence at each node.

6. A method as claimed in claim 5, wherein in the trellis for a first
X and a second Y survivor sequence and a first metric a, on a first
branch and a second metric b, on a second branch both terminating in a

node during the k-th recursion, processing said metrics such that:

max (X+ (a,-a,) , ¥+ (by-a,) } *a,=max (X+a,, Y+Dg) -

AR



| atency of the critical path. by up to approximately 40% However, this
requi res doubting the adder and select hardware, as well as the wiring
comuni catior. of the trellis between the different ACS path netric cells.
SA9- 93- 025 . 15 As a result, this can Iead to a
favorabl e area-tine tradeoff when the trellis wiring is not

conplicated. Class 4 Partial Response Enbodinent A "C a m@h

Response (PR4) is defined in Dolivo et al, USP 4,571, 734 @
and USP 4, 644,564, issued 2/17/1987 as a channel coding
providing a (I-D2) inpulse response to6 an applied sanp]e the

recordi ng channel wite direction. Mximmlikelihood detectlon of PR4 over
an additive white Gaussian noi se channel involves the selection of an

al | oned sequence of synbols that m nim-zes the sumof the squared-error
between itsel f anshotdseozsequence of noi sy okgervations. The total error that
needs to be examined may be witten in terns of the sanples (Y[err]) and
the data 7. A method as claimed in claim 5, wherein each node in the trellis

terminates at least two paths or branches, the metrics associated
therewith include a difference metric &, for the k-th recursion, which is

defined as the upper path metric minus the lower path metric, where:

“Zg eseceveces (1)
ak-t.l. = ak—zk esereceens (2)
U (3)

(1) applies for all 8,0, (2) applies where -1<8<0, and (3) applies where
5,s1. .

8. A method as claimed in claim 5, wherein in a butterfly trellis for
the decoder in which for the k-th recursion, a, and c, are the metrics
terminating in a first node while b, and d, are the metrics terminating in
a second node, the metrics A,, B,, and C, being shifted per steps {a) and
(b) according to the relations Ag=a,; Dby=-8,,+b 1+Cyi Cy=ay—by~Cp+dy=

constant.

9. A method as claimed in claim S, wherein a matched fi]'.}:er {MF')

trellis manifests the branch metric

L
a,:(zk+2u £ia,,).
&

wi'xerein said trellis also manifesting a MF impu_lse response, £;
being the auto correlation of the MF impulse response, steps (a)~(c)
being executed for state (ay,...,ac..) over the m possible values of the
survivor sequence ay.., zbk =¥tV being the MF variable where (v}

represents coded partial response wavefornms.

*x € L m § *



sequence (aferr]): [err] This is referred to as the "whitened nmatched
filter" (WWF) case. The Viterbi algorithm as a dynam c progranm ng net hod,
is applied to determ ne the sequence (ak) that mninizes E. Since the terns
(y[err])[err] are common to E for all of the allowed’sequences, they can be
subtracted in the mnimzation operation. For the nmagnetic recording
channel , the input conprises only binary synbols. These nmay be represented
internms of (+1,-1} or (0,1) levels, resulting in two cases of interest.
These are referred to as "case(+/- 1)": (ak) is a nenber of the set (-1,1),
or "case(d)": (a[err]) is a nmenber of the set (0,1). Because of the
dc-free nature of the PR4 channel, both cases yield the same-trellis of
figure 8A. This trellis can be transformed by shifting branch netrics and
dividing by 2, also as showmn in figure 8A. Here, the addition of branch
metric -2y[err]+l shagsiseen [eft- shifted oves the upper left node in figure
8C and, the addition of 2y[err]+l has been right-shifted over ‘the upper
right node. Since dynangrsps Q@d afiks er MRtatrHRPORAG: Giksiohe: eavefde@nce of the

distributive | aw of " maxi MUt MB56heGkL00 ARMARMM kiRBer:d t can al so

ABSTRACT

A Viterbi decoder having a recursive processor modified to process
each node in a trellis of a partial response coded signal to shift the
‘branch metric additions over the node to effectuate compare, select, add
operation order on the predecessor survivor metrics terminating in that
node, to compare the metrics of the predecessor sequences terminating in
the node, to select a survivor sequence, and to add the shifted branch

metrics to the metric of the selected survivor sequence.
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be. .ﬁppl1ed i f the expression |s rewitten as SA9- 93- 025
16‘[err] By defining the new "matched filter"” (M) variable _
“Z[err]=Y[err][err]Y[err] and re- ordering the addends the expression for E -
can be rewitten as [err] Drawing the trellis for applying dynanc
programming to leads to figure 8D for case(+/-1) and to figure 8E for
case(0l), which can be transfornmed by shifting branch nmetrics as shown.
Note that for case(+/-1) the constant term[err] is left out of the.
mnimzation, i.e. [err] is.mnimzed, which is [err] The result of
shifting the branch netrics in case of figure 8C and

1112
T L ey =h(i) +b(-2)
: '_ ~ — ci,1) —>{0,1}
‘ - O
: -\ 3 ! |
A R a -
1 7:_—;—— b |b@-1) |b(-2) ._.fush R}
5 11 P
b(l) =>{0.1} —> AN :
i N\ —

————

| c(i,2) = b() + b(-1) + b(i-2)
! c(i,2) —> {0,1}
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flgyre 8E | eads to only one vari abl e addition, and one fixed addition in
the butterfly exactly as was discussed at the end of the previous
subsection. Hence, the total inplenentation conplexity of the ACS-unit of
-the Viterbi decoder is approximtely only two adders. The case shown in
figure 8D is not attractive, since it has tinme varying branch nmetrics in

‘t he butterfly. I't :should be noted that for a "charge-state partal response
trellis", as is required in detectors for matched spectral -null codes, the
transfornatlons and-resul ts descri bed above also apply directly. The anount
of hardware saving and the required conplexity is simlar: about one adder
per state, which reflects about a 50% reducti.on relative to conventi onal
architectures. SA9- 93- 025 12 17 Difference Metric
for PR4 The difference netric approach for ﬁﬂh can al so be applied to the:
branch-shifted trellises of figures 8A-E. The transfornmed trellises in

> 13
,TJ‘T i 2 c(i) = b(i) - b(i-2)
o1 cfi) —> {+1;0,-1}
b(i) —> {0,1} — 4
/AN b(i) | b(i-1) } b(i-2) —ﬂ"m_ .
| Lo Ul Lo
- _ T

0/I0 —> TP,

0/-1 p g 111

@1 <

10 —
0/-1 \
(Y

\Cj<

<—-1/0

>

10? Finite machine state —> {b(i-1),b(i-2)} = {00,01,10,11}

< impulse function G(D) = 1-D*2
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ffgyre 8¢ (WM, case(+/-1), case(01)) and figure 8E (M, case((])) yield
identical update recursions for the difference metric 8[err], whichis
defined as the upper path nmetric mnus the | ower one, as given by: Zferr]
..... .. . (1) 8[err] = 8lerr]-Zerr] . ciee (2) -1-Z[err]
........ v. (3) (1) applies for all 8[err]>0, (2) applles where -1 <8[err]0,
and (3) is used where-8,[err]l. This recursion, which derives fromboth the
branch-shifted MP trellis and the branch-shifted WF trellis, is equivalent
to the conventional difference netric fornulation of the MP case, but
differs fromthe conventional ‘di fference netric fornmulation of 'the WF
case. Extended C ass 4 Partial Response (EPR4) In case of EPR4 as descri bed

in Thapar et al, "A Cass of Partial response_Systens for |ncreasing

Storage Density in Magnetic Recording", |EB#'3rans. Magnetics, vol MAG 23,

pp.- 3665- 3668, Septenber 1987, the normalized sumof squared-errors in éase
of WWF branch nmetrics equals [err] Referring nowto figures 9A, 9B, and 10,
there is shown the

111 1-DA2 ===>"1-D on inputs in even positions

O/-1 V' 1-D*2 ===> 1-D on inpidis in odd positions

STATE DIAGRAM FOR c{i) = b(i) - b(i-1)

b(m(i,0))

-1 i i+1 i+2

DICODE STATE DIAGRAM AND TRELLIS
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ofiginal .trellis for case(+/-1) in figure 9A, the trellis as nodified after
branch netric shifting in figure 9B, the recursive ACSU processor 23 for

l ogically conmbining the netrics applied to the eight state nodes of the
instant stage to yield resultants (survivors) per figure 9B for the next
iterative code cycle. The inplenentation of the Viterbi decector based on
the transforned trellis of figure 9B is set out in figure 10. Each of the
logic units 51, SA9. - 93- 025 18 53, 55, 57 ,
abbreviated as S for conpare select, represents a conpare- select block

t hat conpares the two state-netric |nputs to produce t he survivor netrics
as well as the survivor-sequence pointers, sn2,..snB. The pointers are
used to control the contents of the path nennr¥ whi ch may be organi zed
using the trace back or the register- excha#ddZconfiguration. A bl ock
.diagram of the ¢ S units is depicted in figure 11. Even though shown
separately, the add and the decision functlons may be | unped together as
one | ogi.cal function.

write current waveform bits
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Inpufs A and B are applied as inputs to pairs of adders 67 and 69 for B and
65 and 71 for A Each of the eight states (d), (2),..(8)) of the trellis
in figure 9Bis marked as an input into a counterpart C S unit on the left
side thereof. Thus, states (1) and (2) are associated wwth ¢S 51, (3) and
(4)with &S 53, (5) and (6) with ¢S 55, and (7) and (8) with ¢S 57.
Turning attention to C/S 51, the survivor nmetric output fromd S 51 for
state (5) is conbined with quantity B in adder 67, and, the sumis fed to
C/'S 55 input (5) for the next cycle of conputation for states (3) and (7).
Simlarly, for ¢S 53, the survivor netric for state (2) is conbined with
quantity A in adder 65 and the sumis fed to &S 51 input (2) on line 63
for the next cycle of conputation for states BA)2 and (5). The survivor
metric for state (6) is routed on line 61 to ¢S 55 input (6) for the next.
cycle of conputation for states (3) and (7). For C'S 55, the survivor '
metric output for state (3) is fed online 75 to input (3) of CS 53 for the
next cycle of conputation %or states (2) and (6). The output for state (7)
is conbined with quantity N adder 69. The sumis routed on line 77 to
input (7) of C/S 57 for the next cle—qf conputation for states (7) and

(8).. -

max(X+a,Y +b)

FLOW GRAPH OF PRIOR ART BRANCH METRIC ADDITION

node computes max(X+(a-a),Y+(b-a))

—>

implicit L~ _
. adder max(X +a, Y +b)
= ‘

TRANSFORMED FLOW GRAPH

"F1G. 5
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Finally, . for ¢S 57, the output for state (4) is conbined with quantity A
in adder 71, the result being fed back on line 59 to input (4) of CS 53
for states (2) and (6). The output for state (S) is fed back on line 81 to
Innut (8) of C/S 57 for the next cycle of conmputation for states (4) and
(8). Operationally, a cycle of the nodified Viterbi detector recursion

i nvol ves the follow ng steps, described in reference to the trellis
structure of Fig. 9B and the functionally equivalent ACSU i npl enent ati on of
Fig. 10. The inputs to the ACSU are the 8 surivor netrics. These can

SA9- 93- 025 19 be associ at ed conceptually W th
the trellis states on the left side of Fig. 9B, and are stored in the
correspondi ng regi sters (shaded rectangl es) jcted in pairs at the input

to the 4 conpare/select blocks in Fig. 10. Metrics 1 and 2 are applied to -
C/'S block 51, netrics 3 and 4 are applied to CS block 53, netrics 5 and 6
are applied to &S block 55, and netrics 7 and 8 are applied to C S bl ock
57.

TRELLIS FOR A TWO STATE VITERB! DETECTOR

FIG. BA

& Td(k2)

e

TWO ITERATION TRELLIS OF FIG. 64

FIGC.6B

L

v e m——



~

Durjing the detection cycle, each state on the right hand side of Fig. 9B
conpares the pair of netrics provided to it by the branch interconnections
fromthe | eft-hand side states, after each netric has been nodified by
addi ng the constant value on the connecting branch (either 0,2, or -2). The
m ni mum nodi fied nmetric is determned, and the state generates a pointer
i ndi cating which of the two was selected. This pointer is supplied to the
survivor menory unit (SMJ).-The selected netric value is fed back, after
the addition.of the-value on its distribution branch, to the correspondi ng
state at the next stage. The circuit of Fig. 10 executes the sane function
as follows. The states on the right hand side of the trellis of Fig. 9B can
be grouped together in pairs determ ned by t 1;wn‘survivor metrics applied
to them Specifically, states 1 and 5 receive netrics supplied from states
1 and 2; states 2 and 6 are supplied fromstates 3 and 4; states 3 and 7
fromstates 5 and 6; and states 4 and 8 fromstates 7 and 8. The bl ock 51
is anodified (two-1evel) conpare/select that perforns in parallel the
operations described above for states 1 and 5. The detailed function
performed by such a conpare/select block is described in Fig. 11. Referring
now to Fig. 11, the inpu% survi vor nEE;ic fromstate 1, .
& - £ ot

~ (-8+b)

c (-c+d) ¢ (a-b-ctd)
GENERIC 2- STATE  LEFT SHIFTING RIGHT SHIFTING
SUTTERFLY ADDITION OF ADDITION OF -
TRELLIS BRANCHMETRICS a&c  BRANCH METRIC -a+b
| | - OVER A MAX/MIN NODE
FIG. 7A - FIG. 7B F1G.7C

Ack+1)

B(k+1)

BRANCH METRIC SHIFTED 2-ITERATION TRELLIS

FIG.7D

S

- —



denpted ["a", is supplied on line 101 and routed to the multiplexers (MJX s)
91 and 93, as well as the inverter preceding adder 97. The metric from
state 2, denoted "b" is supplied on line 103 and routed to MDX 91 ahd the
adders 99 and 97. Adder 97 supplies the quantity "b-a" to conparator 95 on
i ne 105. Adder 99, supplied with the quantity "-2" on line 109, sends the
conmputed quantity "b-2" to MJUX 93 on line 107. Conparator 95 conpares "b-a"
to 0, corresponding to the conparison at state 1, and conpares "b-a" to 2,
corresponding to the conparison at state 5. Two single-bit outputs
indicating the results of the.conparisons are carried on lines 111 and 113
respectively. These serve as the survivor nenory pointers sm (denoted "d")
and snb (denoted "e"). These single-bit valwgqgare also routed to MJUX 91

and MUX 93 SA9- 93- 025 e 20 %)ect!< g)l% causi ng
the smaller of the MIX 91X A%Sm) ) l’)"é‘o% ‘f"é’} gﬁ“"#ﬁ Y8ut put  as
quantity. "c", and the to be
sel ected and output as quantit

-1

3o 1 |
Hv : \{ACS(‘I) ===5 min(X+(y(k)-1)°2. Y+(y(k)-0)20
= min(X-2y(kj+1, Y]

¥(K) = noisy dicode sample into Viterbi decoder at time =k

X, Y = survivor metrics from predecessor siage

DICODE (1-D) TRELLIS _ F] G. 8A

2yt ~— 3 vk N

> 2y(K)+1
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Y Starting trellis Left shifted beanch metric for all k
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fime=%
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3
.- Combined operation far k, k+2, dividing all branch metrics by 2
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Referring back to Fig. 10, the output "c" is supplied on line 79 to the
survivor netric latch on conpare-sel ect block 51 corresponding to state 1,
and the output "f" is supplied to adder 67 where it is augnented by the
~distribution branch netric B, the sumbeing routed on line 73 to the input
| at ch on conpare-sel ect block 55 corresponding to state 5. Sim | ar
descriptions apply to the operation of blocks 53, 55, and 57. It is clear
that the overall function perforned in one detection cycle by the circuit
in Fig. 10 is equivalent to that perforned by the Viterbi detector
represented by the two-iteration trellis of Fig. 9B. Note that the
configuration in figure 10 is organized in the form of conpare-sel ect-add
operations. By sinply noving the adders (inwli2ing A and B val ues) through
the survivor netric registers, the configuration nmay be re-cast into the:.
conventi onal add-conpare-sel ect ordering of operations. General -
Sinmplifications for Partial Response Signaling In the preferred
enbodi ments, the branch-nmetric shifting tool will be applied to sinplify
the inplenentation of both the matched-filter (M) and
whi t ened- mat ched-filtes fornubailons of Viterbi detegtors fg{ specific
partial response chanreéks.

(y(k)-y(k+2))

FI1G.8C TRELLIS TRANSFORM FOR PR4 WMF CASE

(-z(k) - 1)

(z(k} - 1)
(z(k) +1)

V

A5 oy -
(-z(k) + 1) : 1

F1G. 8D TRELLIS TRANSFORM FOR PR4, MF CASE, {+1,-1} INPUTS

z(k> . z(k)

F1G. 8E  TRELLIS TRANSFORM FOR PR4, MF CASE, {0,1} INPUTS
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sinplifications hold generally for the Viterbi detector corresponding to
any ISl (intersynbol-interference) channel nodel. First, consider the
structure of an ISl-cancellation trellis. For a channel with a nmenory of L
'synbol s, each state is specified by one data (a[err]....a[err])- vector
Every possible value of this vector uniquely identifies a state, hence
for an mary synbol set the trellis has exactly states. Another consequence
is that each state has exactly mpreceding, and mfollow ng states. The
preceding states and the current state |abels have L-1 common el enents of
their identifying data vector; the sanme holds for the current state and the
follow ng states. These observations w || SA9- 93- 025
21 be used in the followi ng subsections to define the appropriate branch
netrics for the M- and WWMF cases. Generalizdggith for M- Branch Metrics In-
the case of matched filter (MF) branch netric conputation, s

TRELLIS FOR EPR4, WMF CASE, TRANSFORMED EPR4 TRELLIS
{+1.-1} INPUTS

-

g

F1G.9A ' - FIG.SB



the branch metric is [err] where f is the auto correlation of the channel
mat ched filter inpulse response. The add-conpare-sel ect operation for state
(aferr].. a[err].) is performed over the m possible values of a[err]. Hence.
.all "constant™ terns in the mnimzation may be dropped during the
m nimzation and added afterwards. In particular, this applies to the term
aferr]z[err]. Hence, the only termincorporating Z[err] can be added after
the sel ect operation, leaving a trellis with separate sel ecti on nodes and
di stribution nodes, as was previously discussed in connection with branch
metric shifting. Note, the onlly "non-constant[err] termin the
conpar e-sel ect operation is a[err], the ol dest data synbol. Taki ng constant
terms out of the mnimzation | eads to a conpane¢t? sel ect-add type of
recursion. This also affects the depiction of the trellis diagram A
relevant way of drawing the trellis is to draw one step of the recursion by
"hal f-steps”, one step to indicate the necessary conpare-sel ect
operations, and the ot her step to show the addition operation involving
paral | el branches. .As -4-s-wel}-knowa~-an- Léﬁ——44uekk+s~eaﬂvbe—deﬁ+cted Hk%h—

the shuffle- exchange_sLLucLuLa*_IheLeigmég*

.' - —J .
| e 65
i 3
cis cIs - O
(-2) o o
- 1/ 53/ * l
T o
! 55+ | 57 71
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6 2 —f)—> ® (2
69 ;
' 81 _:

A=Yk + Y(k+1) + 2 = metric added on distrib. branches from states (2) & (4)
B = Y(k) - Y(k+1) + 2 - " o " w . .u " (s) & (7)
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using the above perspective, the two "hal f-step" depiction of the ISI-
trellis would have one shuffl e-exchange interconnection step and one plain
.step with parallel branches. Now the inportant fact is that the branch
metrics of the shuffle exchange interconnection are all determ ned only by
t he channel inpul se response. Hence for tine-invariant ISl, such as that
found in partial response channels, they are data-independent and
time-invariant. Applying SA9- 93- 025 22 the
branch shifting therefore always |eads to a sinple two- | evel conpare in
case of binary input al phabets. The data-dependent termaferr]z[err], is
associated wth a branch that connects a selection node with a distribution
node. In case of binary inputs, this termis);zejo or can be nornalized to
zero for half of the branches,, as was shown in the previous section. .
General i zation for WVF Branch thrlcs The branch netric conputation in case
of a whitened nmatched :
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gilter_(vaQ approach is L ) L L [err] whepgd-
'S t he conbi ned channel and whitening filter inpulse response. In this case
the data-dependent termcan be split into two additiye parts, as [err] The °
first part is "constant™ in the select operation, whéreas the second part
is not. However, the second part is an additive offset that is common.for
all branches leaving a distribution node, and hence can be shifted before
that node. This is the "left shifting operation” mentioned previously. This
| eads to the fact that the sinple branch between a selection and a

di stribution node always has a branch netric which is a linear conbination
of two contiguous sanple values y[err] and y[err], i.e., it as of the form
Ay[err][err]By[err]:. The consecuences of hBHZ transformation are the sane
as for the MY case: nanelY, reducing the cmpl’éxity, of the :

add- conpar e- sel ect hardwaze substantially for partial response channels.

The overall <conclusion is that the conplexity of the add-conpare-select
-for any binary parti al

B e e e e e e e e o ——————— s e ——
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4 .
response Viterbi decoder with N staces is approximately N adders, where
SA9-93- 025 ' : 23 M2 adders are required for the .

~addi tion of the data-dependent branch nmetrics, and the remaining N2 adders
make up the conplexity of the NV2 two-1level conpares. Reduction in
Conpl exity The reduction in Viterbi detector inplenentation conplexity
utilizing the nethod and neans of this invention is best exenplified by
reference to the trellis structures in Figures 9A-9B.and counterpart |ogic
depicted in figures 10 and 11. It should be appreciated that the :
conventional trellis in Figure 9A conprises 8 states corresponding to ACS
units. Each of the trellis branches is |abeled with the-branch netric to be

. added at tine k, using the convention that not2l abel corresponds to addition
- of the branch nmetric "0". As is easily confirnmed, there are 10 non-zero

branch netrics, all involving the data dependent variable Y(k), inplying .
that 10 variable
0 1 0 1
| . 13
_1_] | i 2 c(i) = b(i) - b(i-2)
= cfi) => {+1:0,-1}
b(i) —> {0,1} — 11
. . s oy fflush 7
— b b(i-1) | b(i-2)
e O Sl R}

.ITI ‘___'I | ]

11

< —| .
@1 1 10) Finite machine state —> {b(i-1),b(i-2)} = {00,01,10,11}

0/-1 m 1
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<
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adders are required. Each ACS al so requires a 2-input conpare-select
circuit, so 8 such circuits are required. In contrast to the current state
of the art, the transfornmed trellis as shown in figure 9B has no variabl e
adders associated with the branch netrics, only 4 fixed additions
(corresponding to the branches | abeled 2 an -2), whose inplenentation has a
substantially smaller conplexity than vari able adders. On the distribution
(horizontal) branches, there are only 4 variable additions required,
corresponding to the non-zero" shifted" branch-netrics, denoted A and B in
figure 10. Significantly, the structure of the transforned trellis also
permts savings in the conpare-select logic. By a slight nodification, a
"two-level" conpare-select architecture all each such circuit to service
2 states (the states that have the same pai'r 'of predecessor states). Thus,
the total nunmber of conpare-select circuits is 4, instead of the 8 '
‘conparators in the conventional architecture. The conplexity of these

nodi fied conparators is ip practical terns the sane as a standard
comparator, which in tur O~7s the same as that of an adder. In the gener al
case for binary, partial-gg:gonse channel s, simlar

—_ —_

' 11 1-D*2 ===> 1-D on inputs in even positions

Of-1~ L/ 1-DA2 ===> 1-D on inptits in odd positions

2~

(1)
« tj —
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sinmplifications arise when branch-netric shifting and the discl osed
§A9-93-025 24 inplenmentation architectures are
.applied. If the trellis has N states, the resulting architecture requires
only N2 variable additions and N2 "two-1evel" conpare-sel ects, conpared
to the N variabl e-additions and N conpare-sel ects of the conventional
approach. It should also be noted that the routing of connections can al so
be sinplified because of the reduction in the nunber of circuit conponents.
Extensi ons One extension to the nethod and neans of this invention is the
enpl oyment of a nodified dynam ¢ progranmi ng heuristic in the conplexity
reduction of partial response channels using coded nodul ati on techni ques
such as spectral null coding by Siegel et al, USP 4,567,464, issued Jan.
28, 1986, "Fixed Rate Constrai ned Channel Cédé2GEnerating and Recovery

Met hod and Means Having Spectral Nulls for Pilot Signal Insertion".
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25 CLAIMS 1. A Viterbi decoder for producing a maxi num likelihood estimte
_of a binary coded sequence froma convolutionally coded synbol sequence
applied to said Viterbi decoder, conprising: neans for assigning metrics to-
~each convol utionally coded synbol as projected onto a trellis directed

graph of  nodes and branches constituting a finite machine state di agram
over time of the i.npul se response of said Viterbi decoder, each survivor
path through the trellis being in the formof a series of netrics terned a
"survivor netric sequence" and constituting one of ‘a set of possible binary
coded sequences; and neans for recursively processing each of said nodes in
the trellis during each recursion cycle by shlftlng branch netric additions
over each node to effectuate an ordered set oﬂ166npare/selectladd

operations on predecessor survivor netrics termnating in said each node,

sel ecting a survivor sequence at each node by conparing the netrics of each
predecessor survivor sequence termnating in said each node, each '
‘predecessor survivor sequence being increnmented by at nost a constant. val ue
i ndependent of thefTECUTSTTﬂT"and adding thhe-shrfted- br@mci(1narrrCS"to-the
metric of the selec et—survirvor———
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. seqyence.at each node. 2. The Viterbi decoder according to claim 1, ueses+
_wherein the convol utionally coded seguence i$ of the partial response coded
type, and further wherein the trellis processed by said recursive nmeans is
selected froma set consisting of a partial response inpulse function

nodi fied either by a matched filter responBe or a whitened matched filter

. The Vi i decod d I 2, wh i d
o7 r e i BEHFIREES Ioh GGl ofVi DG SeR.  hEEse TAFTIES s g RPIPAIS e AR
an sel ect) GEBRErED cltenaGay iy @ﬁéﬁ%sbw%“ra seRysiTe oL e
Spcond, o1 2! SolfhikCe! BB im0 RERIUSKRR, B S KorlEUid GO, Bace in g

plurality of "SUrvFvor-sequence p0|n er

e "SRR ISESE Ay B e T S PSSP Qs Bgp e
decoder accoeggskt ﬁﬁeltychpﬁh@dm@le dMagnleficRReEN unit conprises a first and
SUMMARY OF THE INVENTION
According to one aspect of the present invention there is pi‘ovided a Viterbi
decoder for producing a maximum likelihood estimate of a binary coded sequence from a
convolutionally coded symbol sequence applied to said Viterbi decoder,
comprising: means for assighing metrics to each convolutionally coded symbol as
pfojected onto a trellis directed graph of nodes and branches constituting a finite machine
state diagram over time of the impulse response of said Viterbi decoder, each survivor
path through the trellis being in the form of a series of metrics termed a "survivor metric
sequence” and constituting one of a set of possible binary coded sequences; and means
for recursively processing each of said nodes in the trellis during each recursion cycle by
shifting branch metric additions over each node to effectuatce an ordered set of
compare/select/add operations on predecessor survivor metrics terminating in said each
node, selecting a survivor sequence at each node by comparing the metrics of each
predecessor survivor sequence terminating in said each node, each predecessor survivor
sequence being incremented by at most a constant value independent of the recursion,
and adding the shifted branch metrics to the metric of the selected survivor sequence at
each node.
.- According to another aspect of the present invention there is provided a method for
the maximum likelihood detection of original binary coded sequences from partial
| response waveforms in which a dynamic programming heuristic recursively generates
sets of survivor seQuences {X,Y} as projected onto a labeled directed graph based trellis,

said graph based trellis including signal processing nodes and paths to other nodes, said

heuristic executing an orﬁer%g

B’Descnptlon paged .%..to paged ...
o Cldlm(s) paged %£.to paged.¥,

add) over survivor




second mul ti pl exor, a conparator, and a first and second adder, a first.
branch netric input being applied to both multiplexors, a second branch
metric input being applied to the first multiplexor and conbined with a
branch shifted input froma predecessor seguence via the second adder and
applied as an input to the second nultiplexor, said second branch netric
i nput  bei ngsqRRies qflcitbritholelth hbds eabh 3RS o BEqUchce RRMinaYing ihREcH hodd bﬁﬁger
and applied to the conparator, said conparator i ncluding nmeans for applyrng
control si gnahiedted bina brancht metnid, s£id soghefitsstpropapytiis ambng thd mdled acbor@ingtthe
maxi mum | i kel i hood detection of original binary coded sequences from
partial resthendirected edraplns comprikinghthe rbcnmsivec siepogfammanghiftng i tranch metric
recursively generates sets of survivor sequences {X, Y} as projected onto a
| abel ed di r addidensgovepithe acdes ofr the|graph m:f&cgm@m brdeeetl sot off |comparessealetitiadd
signal processing nodes and paths to other nodes, said heuristic executing
an ordered SRAraANSHPLhE SPBHYOr SegueRseT terBinaing in easd nodoid) sompasieg theameties es
i ncident to gach node, each survivor seqyence term_nating jn_each node,

bei ng mani { S5k BIGOCEeROR SHRY YRS SAENO8 OIS IA AL HPUR Ak B6ISREIng FoMTVivee
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Cequences: SOOMAR G SanSAELE SLANEChUEI 0 e Pt
predecessor mapiodiny e RRAUCHE e SBFVFAIAYEACE B each node. :
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each node and selecting a survivor sequence at that node, each predecessor
survi vor sequence being increnented by at rnost a constant val ue i ndependent
of recursive step (b); and (c) adding the shifted branch nmetrics to the
nmetric of the survivor sequence at each node. @ 27 6. The nethod
according to claim5, wherein in the trell%®s for a first X and a second Y
survivor sequence and a first netric ak on a first branch and a second
metric bk on a second branch both term pat, in a node during the k-th
recursion, processing said netrics such . max(X+ (a[err]-aferr]), Y+

b - .r 1= , 3 . '
Lol ol o b in s, VRSl deiodBfor bRIdREIng. o thEdRE likelibod ohiifiafEe P Binfy 5k
or branches gedueficdBof £ SoRTIRESAIIY GolBEERINdl Redudtbd SiplRd Gb AR PRGSI BBSJdLE,

8[err] for the k-th recursion, which is ‘defined as the upper path netric
m nus the | ep@pripagh nmetric, where: -Z[err] : (1)

means for assigning metrics to each convolutionally coded symbol as projected
onto a trellis directed graph of nodes and branches constituting a finite machine state
diagram over time of the impulse response of said Viterbi deéoder, each survivor path

~ through the trellis being in the form of a series of mefrics termed a "survivor metric

sequence” and constituting one of a set of possible binary coded sequences; and

means for recursively processing each of said nodes in the trellis during each
recursion cycle by shifting branch metric additions over each node to effectuate an
ordered set of compare/select/add operations on predecessor survivor metrics terminating
in said each node, selecting a survivor sequence at each node Ey comparing the mefrics
of each predecessor survivor sequence terminating in said each nodé, each predecessor
survivor sequence being incremented by at most a constant value independent of the
recursion, and adding the shifted branch metrics to the metric of the selected survivor
sequence at each node.
2. The Viterbi decoder according to claim 1, wherein the convolutionally coded
sequence is of the partial response coded type, and further wherein the trellis processed
by said recursive means is selected from a set consisting of a partial response impulse
function modified either by a matched filter response or a whitened matched filter
response. '
3. The Viterbi decoder according to claim 2, wherein said means for recursively
processing each node in the trellis of a partially coded impulse response comprises:

a path memory; |

a plurality of metric comparison and selection units, .each unit hé_lving means for
comparing a first and a second state-metric input and for producing survivor metrics and

a pluraiity of survivor-sequence pointers (sml, sm2, . . . sm8); and
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8lerr]+ 1 =8[err]-z[err] (2) -1-Z[err] (3) (1) applies
for all 8[err]> 0, (2) applies where -1 <8[err]<0, and (3) applies where
8k-1. 8. The nethod according to claimb5, wherein in a butterfly trellis
for the decoder in which for the k-th recuyrsion, aferr] and c[err] are the
nmetrics termnating in a first node while 26k and dk are the netrics
termnating in a second node, the netrics Ak, Bk, and Ck being shifted per

TS e | Bt 1 apepsiah gy ahaCHl o el gy

net hod accoiféiting &eﬁh@fdﬂ&':ac cRidvePtHeRfafed filter (M) trellis
mani fests the branch metric: [err] wherein said trellis also manifesting a

MF i npul se despThe &iterBi detioder ddeording o eRim &, ditiefdin @hct st Ybmbribes 5 Girst and

response, steps (a)-(c) being executed for state (a[err], . . . ,alerr]
L+l), over t bezond posisipleixer,valcomparatort, amd sa fivst \amd seemmbadtbr a first branch metric
alerr]-L,z[err]=-y[err +y[err]+2 being the MF vari able where {y[err]}

represents umdebepgrapp ﬂ@bptmmlttm@mrmond branch metric input being applied to
the first multiplexor and combined with a branch shifted input from a predecessor
sequence via the second adder and applied as an input to the second multiplexor, said
second branch metric input being combined with the first branch metric input via the first
adder and applied to the comparator, said comparator including means for applying
control signals to the first and second multiplexors. '
5. A method for the maximum likelihood detection of original binary coded sequences
from partial response waveforms in which a dynamic programming heuristié recursively
generates sets of survivor sequences {X,Y} as projected onto a labeled directed graph
based trellis, said graph based trellis including signal processing nodes and paths to other
nodes, said heuristic executing an ordered set of operations (compare, select, add) over
survivor sequences incident to each node, each survivor séquence terminating in each
node being manifested by a branch metric, said séquences propagating among the nodes
according to the directed graph, comprising the recursive steps of:

(21) shifting branch metric additions over the nodes of the graph to effectuate an
ordered set of compare/select/add operations on the survivor sequences terminating in
each node;

. (b) comparing the metrics of each predecessor survivor sequence terminating in
each node and selecting a survivor sequehce at that node, each predecessor survivor
se(juence being ‘incremented by at most a constant value independent of recursive step
(b); and

(c) adding the shifted branch metrics to the metric of the sufvivor sequence at

each node.
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6. The method according to claim 5, wherein in the trellis for a first X and a second
Y survivor sequence and a first metric &, on a first branch and a second metric by on a
second branch both terminating in a node during the k-th recursion, processing said
metrics such that:
max(X+(ag-a), Y+ (bp-ap)) +a,= max(X+ak, Y+by).

7. The method according to claim 5, wherein each node in the trellis terminates at
least two paths or branches, the metrics associated therewith include a difference metric
d;. for the k-th recursion, which is defined as the upper path metric minus the lower path

metric, where:

-Zx 1)
Sk +1=Ok 2k @
-1z 3

(1) applies for all 8;>0, (2) applies where -1<8;=0, and (3) applies where & =1.
8.  The method according to claim 5, wherein in a butterfly trellis for the decoder in
which for the k-th recursion, a; and c; are the metrics terminating in a first node while
b, and d; are the metrics terminating in a second node, the metrics Ay, By, and C; being
shifted per steps (a) and (b) according to the relations Az=ay; Bp=-az 1+bp;+cp;
Cr=a;-by-c+d=constant.
9. The method according to claim 5, wherein a matched filter (MF) trellis manifests

the branch metric:

a, (Zk + i i )

i=0
wherein said trellis also manifesting a MF impulse response, f; being the auto correlation
of the MF impulse response, steps (a)-(c) being executed for state (az, . . . ,a5y 41) over
the m possible values of the survivor sequence ayjy,zp=-Y;t+Vi49, being the MF

variable where {¥x} represents coded partial response waveforms.
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