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DESCRLPTL.ON APPARATUS AND NMETHOD ECR NQ SF- PREDI CTI VE MAXI MUM: L1 KEL L HOOD.
(NPML) DETECTION 5 TECHNI CAL FIELD 10 The invention relates to data
detection nethods and apparatus, particularly nethods and appar at us

for parti sdloymapanse  signaling and maxi mum | i kel i ho®§TAB5(P8TH e
detection. It further relates to direct access storage devices (DASDs)
based on these nethods. 15 - " BACKGROUND COF THE | NVENTI ON
Application of partial-response (PR) class-1V (PR4) equalization and

maxi mum | i kel i hood sequence detection (M.SD) has been shown in theory and
practice to achieve near optimal perfornance at recording densities
of 20 0.8 [err] PWO/T [err] 1.6, where PWO0 is the pulse width at the
50% anpl istude point of the channel' DesoRiPrEponse and T is the duration
of the channel encoded bit. A partial response maxi mum|ikelihood (PRW)
systemfor the

APPARATUS AND METHOD FOR NOISE~PREDICTIVE MAXIMUM-LIKELIHOOD (NPML)
DETECTION

TECHNICAL FIELD

10 The invention relates {o data detection methods and apparatus. particularly
methods and apparatus for partial-response signaling and
maximum-likelihood sequence detection. It further relates to direct access

storage devices (DASDs) based on these methods.
15 - BACKGROUND OF THE INVENTION

Application of partial-response (PR) class-IV (PR4) egualization and maximum
likelihood sequence detection (MLSD) has been shown in theory and practice
to achieve near optimal performance at recording densities of
20 0.8 < PW50/T < 1.6. where PW50 is the pulse width at the 50% ampliitude
point of the channel’s step response and T is the duration of the channel
encoded bit. A pantial refsponse maximum flikelihood (PRML) system for the
magnetic recording channel has been described in “A PRML system for Digital
Magnetic Recording.” Roy D. Cideciyan et al.. |EEE Journal on Selected Areas
25 in Communications, Vol. 10, No. 1, pp. 38 - 56. January 1992. In the US
patent No. 4.786.890 a class-IV PRML channel using a run-iength limited (RLL)

code has also been disclosed.

At high recording densities, i.e.. PW50/T =~ 1.6. the linear partial-response
30 class-IV equalizer leads to substantial noise enhancement. As a consequence,
the performance of the PRML detecior suffers and may become inadequate to
meet product specifications. Application of extended panrtial-response
maximum likelihood (EPRML) deteciors has been shown in theory and
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magnétic recordi ng channel has been described in "A PRML systemfor Digital
Magneti c Recording." Roy D. G deciyan et al.. |EEE Journal on Selected
Areas 25 in Communications, Vol. 10, No. 1, pp. 38 - 56. January 1992. 1In

t he US patg,f_ oMAses?- 786.890 a class-1V PRM. channel usi ”gdﬁcf/fé%%ﬁgbgth
rk§ coa‘(‘a ing i

limted (RL has al so been disclosed. At high recor ensities,
i.e.. PWO/T > 1.6. the linear partial-response 30 class-IV equalizer

| eads to substantial noi se enhancenent. A3 a consequence, the performance
of the PRWML detector suffers and may becone i nadequate to neet product
speci fications. Application of extended partial-response maxi num

| i kel i hood (EPRM.) detectors has been shown in theory and WO 97/ 11544

n the r ange THAEN 16 dchfelerpBfich BERRERMY 1B SRV ecBA0 LS E BRRETCa°
on 30 August P\Y8G/T Hilsc| dbepatem capelic&RRVGEs8122R€0520 pubashe dder 80t Avgustn a
di rect aCCeSS1ggs5, discloses a novel EPRML scheme for data detection in a direct access
storage device. The novel architecture of the invention claimed therein allows
5 for the addition of EPRML deteciors to PRML channels with only minor

changes to the overall channel architecture.

The optimum MLSD receiver for detecting an uncoded data sequence in the
presence of intersymbol-interference (ISlI) and additive Gaussian noise
10 consists of a whitened-matched f{iller followed by a Viterbi detecior which
performs maximum likelihood sequence detection on the ISI trellis, as
described by G. D. Forney in “Maximum-likelihood sequence estimation of
digital sequences in the presence of intersymbol interference.” IEEE Trans.
Inform. Theory. Vol. 1T-18, No. 3. pp. 363 - 378. May 1972. For the magnelic
15  “recording channel the state complexity of this trellis is given by 2 where L
represents the number of relevant 1S! terms in the output signal of the
whitened-matched filter. In the patent application W084/29983 with title
“Adaptive noise-predictive partial-response equalizing for channels with
spectral nulls.” filed 14 June 1993 and published 22 December 1994, and in
20 reference “Noise predictive partial-response equalizers and applications.” P.
R. Chevillat et al.. I[EEE Conf. Records ICC’32. June 14-18 1992. pp.
0942 - 0947. it was shown that a partial-response zero forcing equalizer
cascaded with a linear predictor whose coefficienis have been suitably
chosen, is equivalent to the whitening discrete-time prefiiler of the optimum
25 MLSD receiver. Furthermore. in the same patent application a receiver
structure has been disclosed where the prediction process has been
imbedded in the Viterbi delector corresponding to the partial-response trellis.
The above patent application W094/29989 is primarily concerned with wire
transmission systems.
30
In the above patent application W0O94/29989 and the article of P. R. Cheuvillat
et al. it has been concluded {hat noise-prediction in conjunction with PRML

improves detector performance,
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stoorage device. The novel architecture of the invention clained therein
alrows—5——tor Tthe addition of EPRVL detectors to PRML channels with only
m nor changes to the overall channel architecture. The opti mum M.SD
receiver forwg%ﬁfsgj‘ ng an uncoded data sequence in the prespatsssaioorss

I ntersynbol -intertference (1SI) and additive Gaussian noise 10 consists of
a whitened-matched filter followed by a Viterbi detector which perforns
maxi mum | i kel i hood sequence detection on the ISl trellis, as described by
G D. Forney in "Maxi mumli kel i hood sequence estinmation of digital
sequences in the presence of intersynbol interference.” |IEEE Trans. Inform
Theory. Vol. 1T-18, No. 3. pp. 363 - 378. May 1972. For the magnetic 15
recording ¢hang C a f L S,k oS ' r]
where L r egr esleﬁét SB{E’ %&éﬁgm& &’g?&?éb%%rg%tn qoksk? r%%/ 'tgre ‘rarés Heﬁwdtoﬁaergdoé?g%%y%%ﬁg of
t he' whi t ened- niRyeed tiata getectigmpenfermemicent appl i cati on W94/ 29989 with
title "Adaptive noise-predictive partial -response equalizing for channels
with spectral nulls.” filed 14 June 1993 and published 22 Decenber 1994.
and in 20 ref 'ér‘%ﬁ&é’b’?\ﬁl"ééh‘f)lpé‘%ﬁeei frMEnHan (9 éﬂ""f‘%%ﬁo’ﬁ@@“’é’q‘mﬂ PRRAGIUG"
appl i cati ogs. "inthrofed daey ttledtiorein alrect duEEEs @O:fif:ge Regred wilHKGe9Rurpdenao

%gr glsnégg(zqualplpciqugome-thg%él?forr%gnce pro l‘ ms |n pr:or art ghén"\gl -response zero

It is an object of the present invention to provide a method and apparatus to
achieve higher linear storage density in direct access siorage devices

10 (DASDs).

It is another objecl of the present invention {o provide a method and
apparatus which can be employed in a conventional PRML/EPRML direct
access storage device without changing the principal architecture of the

15  -electronic channel.

SUMMARY OF THE INVENTION

20 The above objects have been accomplished by providing an entire family of
estimation detectors which can for example be used for data detection in
DASDs. Some of the present detectors, which make specific use of properties
ol the magnetic recording channel. arise by imbedding a noise
prediction/whitening process into the branch metric computation of the

25  maximum-likelihood sequence detector and are collectively called Noise
Predictive Maximum Likelihood {NPML) detectors. They fuithermore comprise
means for cancellation of intersymbol-interference (ISi) components by an
appropriate table look-up. In contrast to the patent application W084/29989
and the arlicle of P. R. Chevillat et al. where the state complexity of the

30 detector is fixed and determined by the partial-response trellis. the NPML
detectors have a state complexity which is equal to 2¢, where 0<K <L and L
reflects the number of controlled (known) Intersymbol Interference (ISI)
components introduced by the combination of PR equalizer and predictor.
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cascaded with a linear predictor whose coefficients have been suitably
chosen, is equivalent to the whitening discrete-tine prefiller of the

opti mum 25 M.SD receiver. Furthernore, in the same patent application a
recei ver stWQet/ids#4 has been di scl osed where the predicti onPQTEI&®EEI6Nhas been
I tbedded in the Viterbi detector corresponding to the partial -response
trellis. The above patent application WO94/29989 is primarily concerned
with wire transm ssion systens. 30 In the above patent application
W94129989 and the article of P. R Chevillat et al. it has been concl uded
that noise-prediction in conjunction with PRV inproves detector

per f or mance. WO 97/ 11544 .

PCT/ | B95/ 0076Mre3spdcial cann wingredt of Liibequivasenttol theesibtirdiimt BILPDONétdEton

met hod and appag@d YReW! Enf?éd'iéTBF %\ﬁeg% qg&%hgestp%&ta Qs &K f=0rl5T%QrCrg'sponds to a
noise-predictive PR equalizer followed by a memoryless detector. For
1 £ K <L the NPML detector operates on a reduced set of ISI states. At the

same lime, the (L-K) ISl terms (components) not represented in the

(4]

state-space of the NPML detector are compensated in a decision-feedback
fashion by using decisions from the path history. Thus. the NPML detectors
offer a trade-off beiween performance and state complexity and/or length of
decision-feedback and they provide a substantial gain in linear recording
10 density over PRML and EPRML deteciors. In addition. the present
implementations of NPML deteclors do not require mulliplications in the
imbedded predictor and thus allow simple random access memory (RAM)
look-up implementation for IS! cancellation. Furthermore. NPML detectors
generally do not exhibit quasi-catastrophic error propagation. Thus, additional
15 fncreases in recording density can be achieved with higher rate run-length
limited (RLL) codes by relaxing the constrainis relating to the survivor path
memory. Finally, besides modularity and substantial gains in performance, the
NPML detectors have the imporiant imptiementation advantage that they can
be “piggy-backed” on exisling PRML/EPRML systems. Therefore. there is no
20 need for the development and implementation of an entirely new channel

archilecture which is a costly and complex task.

Also described and claimed are low complexity derivatives of the NPML
detector family which offer appreciable performance gains. The respective

25 schemes include, but are not limited to. two-state interieaved NPML detectors
and cascaded noise-predictors with PRML detectors. Furthermore, derived
from an NPML scheme with a single-tap predictor. a programmable 8-state
NPML detector is described which is capable to operate also as a PRML or
EPRML detector.

30
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It is an object of the present invention to provide a nethod and appar at us
a—oetec ot c e St+O+a6e—aey e A€
pur pose to.overcone the performance problens in prior art schenes. It is an
obj ect of the present invention to provide a nethod and apparatus to
achi eve. hi gh¥P %1184 storage density in direct access stor BgEB#76Ls 10
(DASDs). It is another object of the present invention to provide a nethod
and apparatus which can be enployed in a cdnventional PRM./EPRM. direct
access storage device w thout changing the principal architecture of the 15
el ectroni ¢ channel. SUMVARY OF THE | NVENTI ON 20 The above objects have
been acconplished by providing an entire famly of estination detectors
whi ch can for exanple be used for data detection in DASDs. Sone of the
present detectors, which make REECRIPTIONGE HHE RAMINGSs of the magnetic
recording channel. arise by i nmpadsliNtgrar@ongasEp predi cti on/ whitening
process into the branch nmetric conputation of the 25 maxi numlikelihood
sequence detector and are collectively called Noise Predictive Mxi mum
Li kel i hood ( NFMe) irdehdat ossdesbhigpdf r tibetimbel@wc euthr iederence to the foliowing

5 drawings:

J UV CTU U G

FiG. 1 Shows a biock diagram used to illustrate how the inventive NPML

detectors fit into the existing PRML channe! architecture.

10 FIG. 2A Shows the blocks of Figure 1 which are refevant for the present
invention: the digital equalizer 22. the present NPML detector 10,

and inverse precoder 23.

FIG. 2B Shows an equivalent form of the present NPML detector 10,
15 - according to the present invention.
FIG. 2C Shows another equivalent, more detailed. form of the present

NPML detector 10, according to the present invention.

20 FIG. 2D Shows yet another equivaient form of the present NPML

detector 10. according to the present invention.

FI1G. 2E Shows another possible embodiment of a sequence detector with

imbedded feedback, according to the present invention.

25
FIG. 3A Shows the noise-predictive part using a memoryless detector in
cascade with a conventional PRML detector. according to the
present invention.
30 FIG. 3B Shows another approach to realize the noise-predictive part

using a memoryless deteclor in cascade with a conventional

PRML detector, according to the present invention.
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means for cancellation of intersynbol-interference (1SI) conponents by an

appropriate tabl e | ook-up.

In contrast to the patent application W094/29989

and the article of P. R Chevillat et al. where the state conplexity of the

30 detect

f

jxed and deternined by the partial -responserigeshd7es, the

[
NPML detecS%?gﬁﬁgte a state conplexity which is equal to 2[err], where O.
[err] K[err] L and L reflects the nunber of controlled (known) Intersynbol
Interference . (ISlI) conponents introducedﬁby t he conbi nation of PR

equal i zer and predictor.

WD 97/ 11544

PCT/ 1 B95/ 00769 4 The special case where K =L is equivalent to the optinmm
M_SD detector for the given predictor Iength and the special case K =0

det ector. For

cor responds tp%§
|

| SI states.
r epr esent ed

4noise
err]

At the 5

deci si on- f eedback

15

20

25

30
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FIG.

FIG.
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Réﬁgi{tﬁ‘e&éﬁpﬁﬁgﬁgﬁqu wgErE@! {eWeskBYoR JTRABIMERRS

ector operates on a_reduced set of

! update YiinBIUYhdor oy StEE 3 etrige (IEhponiRoEFingoe
in the st gdepsdRneiffentibs. NAMuSRIEFAbr AiRti6AAPBIRERS €l ahn a

NPML detector.

Shows a 2-siate trellis diagram.

Shows an implementation of a 2-state NPML detector with a 4-tap

prediclor. according to the present invenlion.

Shows a 2-state trellis (difference metric} diagram.

Shows one possible way of mapping the algorithm imptied by the
trellis diagram in Figure 7 into hardware, where the threshold for

the comparators is provided by the stored difference metric D, .

Shows a 4-state treilis diagram.

10A-10C Shows another implementation of an NPML detector, according

to the present invention (4-state. 2-tap predictor).

11A-11C Shows another implemeniation of an NPML detector. according

12

13

to the present invention (4-siate. 4-tap predictor).

Shows an B-state trellis diagram with N=1 and K=3 (8-slate,

1-tap predictor).

Shows a transformed 8-state trellis diagram with N=1 and K=3

(8-state. 1-tap predictor).
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fashlon by u5|ng deC|5|ons fromthe path hlstory Thus “the NPNL detectors

deC|S|on feedback and t hey prOV|de a substantlal galn in Ilnear recordlng
10 density over PRML and EPRML detectors. In addition, the present

i npl ement at WErAINBs44NPM. det ect ors do not require mul tipli cECTEREMOO: he

| mhedded predictor and thus all ow sinple random access nenory (RAM | ook-up
i npl ementation for 1Sl cancellation. Furtthernore, NPM. detectors generally
do not exhibit quasi-catastrophic error propagation. Thus, additional 15

I ncreases in recording density can be achieved wth higher rate run-1length
limted (RLL) codes by relaxing the constraints relating to the survivor
path nenory. Finally, besides nodularity and substantial gains in

per f or mance, tFhe. NPV ddtoest orespissitetvry oimperpiantihe mdaitbmt iatdied kydthent age

that they can be "pi ggxré?ﬁsckcﬁ Jra ﬁX#@wQspﬁ%/ EPRMawsYst §hkturbherafeor e,

there is no 20 need for the devel opnment and inplenentation of an entirely
new channel archit ect ur¥®iHPcRahsMEMEEE CPPtralire C¥ e Selacksignaly 3 deséri bed
and cl ained are | ow conphekskgwrderi vati ves of the NPM. detector famly
whi ch of fer appreci abl e performance gains. The respective 25 schenes
include, But are not limted to two-state interleaved NPM. detectors

FiG. 15 Shows an alternale form of implementing the functions of the

2-state NPML detector with a 4-tap predictor shown in Figure 6.

FIG. 16A-16C Shows another implementation of an NPML detector, according

10 to the present invention (4-state. N-iap predictor).

FIG. 17A-17C Shows another implementation of an NPML deteclor, according

to the present invention (4-state. N-tap predictor).

15
GENERAL DESCRIPTION

in the foifowing the principal forms of impiementation of NPML Detectors are
described.

20
The block diagram in Figure 1 shows how the present NPML detectors 10 fit
into the existing PRML channel architecture. Customer data 1. are written in
the form of binary digits a,e | —1. +1} by write head 15 on the disk 11 after
being encoded in an encoder 12 by a rate-8/9 RLL code. serialized in a

25  serializer 13 and precoded in a precoder 14 by a 1/(14:D?) operation where D
is the unit delay operator. When retrieving the customer data from said disk
t1. an analog signal r(l) is generated by the read head 15 and provided at the
read-head’s. output. This signal r(t) is then applied via the arm electronics 16
to a variable-gain amplifier (VGA) circuit 17. The output signal of the VGA

30 circuit 17 is first low-pass filtered using an analog low-pass filter 18 (LPF) and
then converted to a digital form x, by an analog-lo-digilal (A/D) converter 19.
The functions of the A/D converter 19 and VGA unit 17 are controlled by the

timing recovery and gain control loops 20 and 21, respectively. The analog
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and cascaded noi se-predictors with PRVML detectors. Furthernore, derived
froman NPM. schene with a single-tap predictor, a programmble 8-state
NPM. detector is described which is capable to operate also as a PRML. or
EPRML det eg;?ggnéag SUBSTI TUTE SHEET (RULE 26) WO 97/ 119441B95/00769

PCT/ 1 B95/ 0 DESCRI PTI ON OF THE DRAW NGS AND NOTATI ONS USED The

i nventfion is described in detail below wi_th reference to the following 5
drawings: FIG 1 Shows a bl ock di agra?m used to illustrate how the

i nventive NPM. detectors fit into the existing PRV channel architecture.
10 FIG 2A Shows the bl ocks of Figure 1 which are relevant for the
pr esent

1 low-pass filter 18 is preferably a filter which boosts the higher frequencies to
avoid saturation of the A/D converter 18, The digital samples x, at the output
of the A/D converier 19 (line labeled A in Figure 1) are first shaped to PR4
signal samples by the digital equalizer 22 (line labeled B in Figure 1) and are

then passed on to the inventive NPML detector in the form of digital samples

(5]

y.. After inverse precoding by means of a precoder 23 performing a (1%D?)
operation. the ouiput dala of the NPML detector 10 {i.e. the fimal decisions;
line labeled C in Figure 1) are fed via a deserializer 24 to a decoder 25 for the
rate-8/9 RLL code which delivers the retrieved customer data f"_d. The
10 inverse precoder function following the NPML detector in Figure 1 can be a
separate functional block (as shown) or it can be imbedded in the trellis
(survivor path memory) of the detector. Figure 2A shows the blocks in
Figure 1 which are relevant for the present invention: the digital equalizer 22,

the NPML detector 10. and the inverse precoder 23.

Generally, the coefficients of the digital equalizer 22 can be optimized so that
the overall transfer function. including the head/disk-medium characteristics
and the analog LPF 18, closely matches any desired system polynomial of the
generalized partial-response form f(D) = (1< .D'+ . -+ {D") where the

20  coefficients [ can be arbitrary real numbers. For example. the
partial-response (PR) polynomial for class-4 PR sysilems (PR4) is
f(Dy = (1 - D). Similarly. the polynomial for extended partial-response
class-4 (EPR4) systems is D) = (1 = D°}(1 + D) = (1D —-D?-D3. A
further example is f(D} = (1 — 0.1D — 0.9D?).

25
Figure 2B shows the basic structure of the NPML detector 10 in the form of a
prediction error filter 41 cascaded with a sequence detector {SD} with
imbedded feedback (FB) 30.

30 In the sequel we use PR4- equalized signals y, (Line B in Figure 2B},

however, the inventive scheme can be applied to any shaping performed by
the equalizer 22 in Figures 2A and 2B.
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i nvention: the digital equalizer 22 the present NPIVL det ector 10 and
e , o Te—nre t
NPM. det ect or 10 15 accordl ng to the present |nvent|on. FI G
2C Shows anot her equival ent, nore detailed, formof the rese,rll)%ﬁNPl\/L
det ect or 10WOF8H1di ng to t he present invention. 20 FIG 5%1‘ SHws yet
anot her equivalent form of the present NPM. detector 10. according to the
present invention. FIG 2E Shows anot hé& possi bl e enbodi nent of a
sequence detector with i nbedded feedback, according to the present

I nvention. 25 FIG 3A Shows the noi se-predictive part using a nenoryl ess
detector in cascade with a conventional PRM. detector. according to the
present invention. 30 FIG 3B Shows anot her approach to realize the
noi se- predi ct NABRAC ASH AP ANABIBP ARG et BETS | 'ﬁ"‘éla§€éfifé°r\ﬁ/i ffcogding
conventional RiRMe pirisent BventddrC Oongbagc peinklife pa® Bendxpidivenis mllows. Let y,

be the output of the PR4 digital equalizer (line labeled B in Figures 1, 2C

and 2D). This outpuf then consists of a PR4 data signal and colored noise

5 (calored interference components), i.e.,

Yn = @, — 8, _,+ W, (1)

10 where a, e { —1. +1} denctes the encoded/precoded data sequence writlen on
the magnetic medium with a rale 1/T and w. represents the colored noise
sequence at the oufput of the digital equalizer 22. The power of the colored
noise component (colored interference component) can be reduced by noise
prediction.  p(D) = (p,D'+p,D*+ ... + psD") denotes the transfer

s Ppolynomial, or equivalently E(D) = 1 —P{D) denotes the transfer polynomial of

the prediction error filter, of the N-tap minimum mean-square (MMSE)

predictor of the noise sample w, then the signal

20
W,_;P, = ,
(2)

=(yn_an+ Yn_i— n-—i""an—l—Z)pl

N
- Nw
A.J
N
Z(
25
represents the prediction error or equivalently the whitened noise compenent
of the PR4-equalized output signal v,. Reliable operation of the
prediction/whitening process is possible by using decisions from the path
history associated with each state which is available in a seduence {(Viterbi)
3¢ detector. In that sense, NPML detectors are MLSD delectors for {(PR) signals

with imbedded prediction or equivalently imbedded feedback.

RECTIFIED SHEET {RULE 91)
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WO 97/ 11544

PCT/ 1 B95/ 00769 6 1 FIG 4 Shows a block diagram to illustrate the
operation of the netric update unit (MJJ) for sone state s[err] at the tine
nT accordin \90% | she present i nvention. MMUs are maj or funcpdpmeboddkPcks in
an NPM. det €2 6H ¥R G 5 Shows a 2-state trellis diagram FIG 6

Shows ‘an |nplenentat|on of a 2-state NPM. detector with a 4-tap predictor
according to the present invention. 10 FI'& 7 Shows a 2-state trellis
(difference nmetric) diagram FIG 8 Shows one possi bl e way of mappi ng
the algorithminplied by the trellis diagramin Figure 7 into hardware,
where the threshold for the conparators is provided by the

st or ed dlfference et r r o) t |l
di agram 'FI G'M18EM GE Eﬁo‘l’:‘)'['g tt‘ELGbTa?Pﬁ %ﬁ?ﬁt%ﬁ&oﬁ“%@@ ¢ etgg o

accordi ng PR4-equalized sampies corresponding to a transition from slate s, to state s.

takes the form

N
= Yn — Sﬁ{n-—-v_an_i(sj.)'{'an_i_g[sj)\ipi_'an4'an_2
i=1
10 where the terms a, .s,).a. . .(s)) represent past decisions taken from the
path history associated with state s, and a, a. ; are determined by the

hypothesized state transition s,—s,. Clearly. the noise prediclion process
appears explicitly in the branch metric computation of the Viterbi aigorithm
implementing the NPML detector. Furthermore, it can be seen that by setling
‘the predictor coefficients p, equal to zero. the branch metric in (3) becomes
the branch metric of the 4-s{ale PRML detector.

The branch metric in (3) can also be written as

20

[\¥)

N

N
(s 8,) = j;ﬁn_ﬂx' Yﬁum_quma 2sp, —ay +a,_, | (4)

/ n—1-2
i=1 i=1

By noticing that the first sum in (4) is state independent. and after some

5 - . L
2 rearrangement of the remaining terms. the equivalent branch metric is
obtained as
N + 2 K 2
10 3(51- s,) = Z, + Z an-i(sj)gi' S a,_g — (5)
=K+ 1 =1

l

where the signal sample z, =y, — ‘_,y.,. p, is the output of the prediction error

filter 41, shown in the equnvalent NPML implementation of Figure 2C, and
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20 to the present invention (4-state. 2-tap predictor). FIG

1 A = A .28 A A ~et-erert-attomro o NPV gctTte O a orch e
present invention (4-state, 4-tap predictor). 25 FIG 12 Shows an
8-state trellis diagram with N= 1 and K=3 (8-state, 1l-tap ' . FIG
13 Showd¥Q@9%eMsf orned 8-state trellis diagramwith N @Lrgﬂéﬁtf@@)
(8-state. 1l-tap predictor). 30 SUBSTI TUTE SHEET (RULE 26) WD 97/ 11544
PCT/ 1 B95/ 00769 7 FIG 14 Shows one poddi bl e way of mapping the

algorithminplied by the trellis diagram in Figure 13 into a hardware
structure. The survivor path nmenory controlled by the sel ect-signals SO,
...S7, is not shown.

1 {g,i=12,..,N+2} are the coefficients of the imbedded feedback filter 42
(FIR: finite impulse response or RAM-based filter} in Figure 2C. It can be
shown that the coefficients {g.i=12,...N+ 2} inlroduced in (5) are the
coefficients of the polynomial

5 gD) = (+1—gD'—g,D?— - —gy,:D¥'?) = (1 —D¥)(1 — P(D)) = (1 — DIYE(D).
The effective ISI memory L of the PR4-based NPML system is thus L = N+2.
The symbols a,. (s;) in the first summation term of (5) represent past decisions
taken from the path history assaociated with slate s, whereas the symbols a,_,
in the second summation term of [5) represent state information. Clearly, by

10 increasing K we effectively increase the number nf states of the NPML
detector and decrease the length of the imbedded decision feedback.
Conversely, by decreasing K the number of stales is decreased at the
expense of increasing the length of the imbedded decision feedback. Thus, the
emerging family of NPML detectors, in accordance with the preseni invention,

15 -poffers a {rade-off between state complexity and length of imbedded decision
feedback.

The two equivalent implementations of the NPML deiector 10 shown in
Figure 2C and 2D. respectively, require no change of the signal processing

20 blocks, i.e.. VGA 17, analog LPF 18. digital equalizer 22, timing recovery and
gain control loops 20 and 21. of the current PRML/EPRML channel
architecture used by |IBM and others. Any member of the family of NPML
detectors according to the present invention can either replace the
PRML/EPRML deteclor or operate concurrently with it.

25
A third possible implementation of an NPML scheme in the form of a filter
cascaded with a sequence detector with imbedded feedback is shown in
Figure 2E. In this case the combination of digital equalizer 22 and prediction
error filter 41 (see Figure 2B) is replaced by a single finite-impulse response

30 filter designated as FIR1 51. Input to the filler FIR1 51 now are the
unequalized samples X, at the output of the A/D caonverter 19 (line labeled A in
Figure 1 and Figure 2E). The filter FIR1 51 has the property to whiten: the
noise and introduce a controlled amount of IS| in the signal samples z, at its
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5 FIG 15 Shows an alternate form of inplenenting the functions of the
2-state NPM. detector with a 4-tap predictor shown in Figure 6. FIG

16A- 16C Shows anot her inplenmentation of an NPM. detector according 10

to the presphbyi@yention (4-state. N-tap predictor). FIG Jdhmbdboredions
anot her inplenentation of an NPM. detector, according to the present

I nvention (4-state. N-tap predictor). 15 CGENERAL DESCRI PTION In the

foll owing the principal fornms of inpl emehfation of NPML Detectors are
described. 20 The block diagramin Figure 1 shows how the present NPM
detectors 10 fit into the existing PRV channel architecture. Custoner data
I[err] are witten in the formof binary digits [err] by wite head 15 on
t he di sk, 11 ' - | te,8/ 9, RLL code
serial i zed | Qs PETBeARFALD, Lk RR0BRACHEL n2%r AR S I i 8087 1
[err] Dferr])n dpertieneh metdeecanpatioie ainthe skdugypceptatattor .withiénbedded evi ng
the custoner igafack iPfeSHfe Wa§kescribed above. Thus. the branch metric takes the

form
5
N+ 2 v 2
Als; s ) = |z, + Z a, _i(s;)b; -+ }_—:an - ibj — a, (6)
=K+ 1 i=1
10 where z, is the output of FIR1 51 and {b.i=12. N 2! is the set of

coefficients of the filter FIR2 52. Note that expressions (5) and (6) are
essentially the same. It can be shown that for infinitely long filters the three
aiternative implementations of sequence detection with imbhedded feedback,
shown in Figures 2A - 2E, are equivalent.

15
it should be understood thal the NPML principies described hereinabove can
be applied lo any form of sysiem polynomial f(D). In the sequel. however,
only the PR class-IV polynomial (PR4) will be considered as the target
polynomial.

20

Performance and Preferred Parameters for NPML Detectors Used in DASD’s:

The error performance of a magnetic recording system employing NPML
detection has been studied by computer simulalions in order to delermine the
25 appropriate parameters N (number of predictor coefficients) and K (length of
detector memory defining the number of detector states 2“) to be used in a
practical system. In particular, the cases described in this document for N=1,

N=2 and N=4 predictor coefficients lead to preferred NPML deiectors.

30 Two low-complexity derivatives of the NPML detector family have also been
investigated. Both schemes, like the enlire tamily of NPMIL. detectors, require
no change of the signal processing parts of the current PRML channel
architecture (see also Figure 1). Figure 3A shows lhe noise-predictive part

using @ memoryless detector in cascade with a conventional PRML detector.
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11. an analog signal r(t) is generated by the read head 15 and provided at
el ectronics 16 to a variable-gain anplifier (VGA) circuit 17. The out put
signal of the VGA 30 circuit 17 is first |lowpass filtered usin

anal og | ow pax%/fib4dt er 18 (LPF) and then converted to a di JIGTABYY ?6(?1 x[err]
by an anal og-to-digital (A/D) converter 19. The functions of the A/ID
converter 19 and VGA unit 17 are controllgd by the timng recovery and gain
control |loops 20 and 21. respectively. The anal og WO 97/ 11544

PCT/ 1 B95/ 00769 8 | owpass filter 18 is preferably a filter which boosts the
hi gher frequencies to avoid saturation of the A/D converter 19. The digital
sanples x[err] at the output of the A/D converter 19 (line |labeled Ain
Figure 1) are The sbloséapeibet cormehesit gridhe %bwlhydtdimaii(gheaab@qdaﬂ iizer

22 (line | abel 4N e n ed t tive
NPI\/(L det ect or ﬁg E:h1 oérj%y%) 'éLl)f'é% q’hﬁég?r% t()ay%‘%‘[%err P tngn' Itlﬁz\a/tep%ééé&’%@

precodl ng by nEHEsIdig dhpr BERSHRPT 28t ePe oMb pdoqu[ser?]ﬂ"é’tef]()+2 0. -2)

memoryless detector provides the {tentative)} PR4 (signal sample) decisions
5 needed for the whitening process. The PR4-equalized samples corrupted with
the whitened noise companents are then fed to a conventional PRML detector
and inverse precoder to obtain improved final decisions. Figure 3B is an
equivalent form of the scheme in Figure 3A similar to the equivalent forms in
Figure 2C and 2D. respectively.
10
The second low-complexity NPML detector scheme is based on the fact that
PR4 sequences can be viewed as two independent. interleaved dicode
sequences with polynomial (1 — D'}, where D’ refers to a delay of 2T. In this
case each dicode sequence at the output of the digital equalizer (line labeled
15 B in Figures 1. 2C. and 2D} can be described by a 2-state trellis. The Viterbi
algorithm, operating separately on each of these 2-state interleaved trellises,
will use the branch metrics given in (3) or (5) where the time indices are either
even or odd. For exampie, while the Viterbi algorithm operates on the even
trellis. the time indices of the branch metric expression (3) or (5) will be even
20  whereas the contribulion of the odd past decisions in whitening the noise will
come from the path memory with the best metric of the odd treliis.
A further suboptimal scheme is to find the state with the best metric. compute
the predictor output using the decisions from the survivor path corresponding
25 to this best state. and applying it as a feedback term in the metric update
computations for all states. This approach has the advantage that only a

single RAM is needed.

Concept of NPML Detectors with Nonlinear Predictors:

30
The NPML concept described herein is aiso applicable when the noise

predictor has certain nonlinear characteristics and/or the computation of the

predictor coefficients is based on a different noise model.
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operation, the output data of the NPM. detector 10 (i.e. the final
decisions; line labeled Cin Figure 1) are fed via a deserializer 24 to a
decoder 25 for the rate-8/9 RLL code which delivers the retrieved custoner
data 1[err]woohigsst0 inverse precoder function follow ng theg hiMeredet ect or
in Figure 1 can be a separate functional block (as shown) or it can be

i thedded in the trellis (survivor path merrzgry) of the detector. Figure 2A
shows the blocks in Figure 1 which are relevant for the present invention:
the digital equalizer 22, the NPML detector 10, and the inverse precoder
23. 15 Generally, the coefficients of the digital equalizer 22 can be

optim zed so that the overall transfer function I ncl udi ng the

head/ di sk-;med c S t n lias any
desired s;ste;\“g]oﬁ%%%@n QFML E+ﬁ$‘(§€llreaﬂeera?ll%l\@e Oggrgﬂﬁg%i%;lggﬁgni@f?or h}ﬁ
[err] where tW@'SZOPre@U‘éW functam SN'H'[ egsPpct bpMariges kigdpiaf rapgomrraise “ﬁmfﬁ)ers

For exanple. oth& Rakt r%'cflésﬁsta%lg)bﬁ[esys(éan@ Fop@kmgm ani faobortFEJnaﬁﬁtr{’e 6B
systens (PR4) . is, f( Sim ara/ )F'I ynom al for

ext ended par t Q156 85 ﬁs%'séldég@szls 5(4‘59%‘)5'5'3%0["@% |b§' "[’%C? E]’? Mjhite Gqussian

D([)erer] ) (é 5"9‘D[D)'101-se( lawch).-B&diees AWGH ere {otal ndisé Unilbees exasrphd@sé solifdes, = (1

sucI]| as signal-dependent disk noise. noise due to iexture scratches. and so
forth. In addition. to a certain extent coherent interference. such as clock

and/or adjacent track signals. may also exist in the analog readback signal.

10 Because the NPML concept allows. in effect. the transfer function for the
signal portion of the input to be different than that for the noise and other
interference components also present in the signal. the predictor may be
optimized to minimize signal dislturbances due to any type of corruptive
source. Conventional detectors (such as PRML and EPRML. detectors, etc.)

15 ~are only optimized to the exient that the signal disturbance at the detector
input is additive, random, uncorrelated and Gaussian. This is often a poor
approximation in practical DASD sysiems: thus. using a linear prediclor
and/or computing the predictor coefficients based on this idealistic noise
model may not lead to optimal solutions in situations where this assumption is

20 poorty matched.

In hard disk drives, both AWGN and so-called "disk noise” are dominan!
sources of readback signal corruption. In the following. an example is given
for a linear noise predictor with four coefficients (N=4) where the coefficients
25  have been computed by incorporating AWGN as well as disk noise in the
noise statistics. A simple model of disk noise is the so-called “transition jilier
model” wherein the deviation of each written transilion from its nominal
location is a random variable. The effeclive SNR achieved at the input of a
PRML detector is 15.4dB and al the input of a 64-state NPML detector 18.9dB
30 for AWGN alone for a channel operating atl PW50/T = 3. in case of AWGN
combined with disk noise (transition jilter) the effective SNR at the input of a
PRML detector is 12.7dB and at the input of a 64-state NPML detector 15.5dB
for a channel operating at PW50/T = 3. It is interesiing to note that the NPML
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25 Flgure 2B shows the basic structure of the NPM. detector 10 in the form
of—er—predrcttomerTor friter 4TI Ctascaded Wi (h a sequence detector (SD) with
i tbedded feedback (FB) 30. 30 In the sequel we use PR4- equalized signals
ylerr] (L| ? gﬂflgure 2B), however, the inventive schenpcﬁﬂgﬂagﬁapplled
e b Ws)

to any_shapi ornmed by the equallzer 22 in Figures 2A an

97/ 11544 PCT/ 1 B95/ 00769 9 1
Fi gures 2C and 2D show two equi val ent for¥s of NPM. detectors, according to
the present invention. Its basic principle can be explained as follows. Let
y[err] be the output of the PR4 digital equalizer (line |labeled B in
Figures 1, 2C and 2D). This output then consists of a PR4 data signal and

col ored noi se 5 colore rference. co nent.s) =.alerr]
- aferr] W[%‘F‘Ff"" S able go adap tLe preéxﬂor CgeRCTonts to dlrfereht n[vlse Jtatlshcg
and thus to maintain an SNR margin of 2.8-3.5dB over PRML. Although this

example uses a 4-lap linear noise predictor for NPML, this technique and its

benefits is herein claimed for all possible types of noise predictors. including

5 nonlinear predictors.

Examples of Preferred Embodiments of NPML Detectors:

The preferred form of implementation of an NPML detecior within a PRML
system is the one given in Figure 2C. More details on this embodiment of an
NPML delector 10 are given in this section. Figure 4 illustrates the operation
of a major functional block in an NPML delector according to Figure 2C - the
metric update unit (MUU) 68 shown here for state s. at time n7T. Figure 4
illustrates the required time relations between inputs and outputs of the
various functional blocks. A separate MUU function must be provided for
each hypothesized state s.. k=1,2, ... .2% where Ke {1.2,....L} and L is the
number of controlied ISI terms, e.g. for PR4 L=N+2. In high-performance
DASDs paraltel MUU hardware must be provided for each state o meet the
data throughput requirements:. in principle. however. hardware could be
20 shared if speed constraints permit. Furthermore. it is assumed here and
hereafter that the survivor path memory {SPM} G1. as shown for exampie in
Figure 4, is implemented by using the register-exchange method, as for
exampie described in thelpatenl application GB-A-2286852. published on 30
August 1995.
25
The branch metric (BM) units in a conventionai MLSD (Viterbi) detector
require only signal sample inputs, obtained directly from the equalizer {signal
labeled B in Figure 2C). As indicated in Figure 4. it is a distinguished feature
of the NPML detectors with K <L that each BM unit 62. 83 requires signal
samples processed by a predictor 41 (signal labeled z, in Figure 2C), as well
as an additional input from FIR or RAM-based filters 64, 65 (signals Gs, and
Gs; in Figure 4) in the feedback path between the SPM 61 and the MUU 68.

Note that the feedback fillers 64. 65 do not have a common serial input. 'bul

30

they are loaded in parallel at every symbol interval T. The input of each FIR
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wher e al[err] { -1, +1} denotes the encoded/ precoded data sequence witten
on the magnetic nmediumwith a rate 1/T and wWerr] represents the col ored
noi se sequence at the output of the digital equalizer 22. The power of the

col ored noi %fo&f?ﬂ?ﬂ”e”t (col or ed interference conponent) c%mgg,w;}gbced by
noi se prediction If p(D = (plerr]D + p[err]Derr] + .

p[err]Dlerr]) denotes the transfer 15 pol ynom al, or equi vaI ently E(D)
= 1 -P(D) denotes the transfer polynom al ®f the predi ction error filter,
of the N-tap m ni mrum nean-square (MVSE) predictor of the noise sanple
werr] then the signal [err] 20 25 represents the prediction error or

equi val ently the whitened noi se conponent of the PR4-equalized output

signal ylLerrl, RAlﬁetHé@Qlfﬁter%e%gtl's(wﬁetosfaﬂ'ﬁghpéc%m %E‘stOHéE’VQmE?ngé}w ﬂfoﬂxcess

is possible by usin ecisions fromt I Story assocl ate each
state which i éhwawtm gaimhigtayygriarrsk in Vi &P 130T egeh depthesizec ﬁiate

sense, NPM. d@te&ctosa af fedeIBvaot 6 Fyuse fAr (HRRASamabie-Yiibh (At dged

prediction or eqU|vaIentIy i mbedded feedback.
66 in Figure 3 ‘adds the branch metrlcs to the state metrics Ms; and Ms,,

5 respectively, compares the results, selects the survivor metric Ms, and
provides the updale signal Ss, for the corresponding decision path in the SPM
61. The SPM 61 produces final decisions at output line 67 with a delay of dT
seconds relative o time nT. Il is a further feature of the present NPML
delector that the delay parameter d can generally be made shorter compared
10 to that of a conventional MLSD detector designed for PR signaling {i.e.. FR

signaling schemes with spectral nulls. such as PR4}.

NPML Detector Using Four Predictor Coefficients
{N=4) and Two States (K=1):

For N=4 and K= 1 the branch melrics based on (5) become

[

5
Als,. s,) z, + Ean_,(sj)g, +a, .49 - 3, (7)
20 =2
&
where the signal sample z, =y, ~ .__,yn p. is the oulput of the prediction
error filter 41. Assocxatmg the data symbols “+1° and 7-17 with the binary
numbers 1 and 0, respectively, the state information a, , = +1(— 1} is
25 mapped into the present state s, = 1(0) and {he present data symbol
a,. = +1(— 1) mapped into the next state s, = 1(0). Letting
6 .
Gl,_; = zan—-i“)gi . (B)
30 =2
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P

NPM. detector 10 for PR4-equalized sanples corresponding to a transition

fromstate S*errgfto state s[err] takes the formJ[err] 10
éﬁr] [err](s) represent past decisions

@ f’?/

alerr] (s)]

path history associated wwth state s and a[err] a[err]
t he hypot hesi zed state transition [err].
process appears explicitly in the branch netric conputation of the Viterb
it can be seen that

algorithminplenenting the NPM. detector.
by setting 15 the predictor coefficients p[err] equal

Furt her nore,

relBRSbl, e

are determ ned by
17Cl early, the noise prediction

to zero,

t he branch

metric in (3) becones the branch netric of the 4-state PRWML detector. The
branch metf¥ic in (3) can also be witten gas 20 [err]

Gon—i = Zan—i(o)gi
i=2

5 one obtains the four branch metrics

A1) = |z, +G1,_,+gy— 1|
10 M10) = |z, +Gl,_ +g, + 1.

A01) = lz,+GO,_,—-g,—1.
15 -

AM00) = |2, +GO,_,~g, +1] .

2

(9)

(10}

(11)

(12)

(13)

where z, are the samples obtained from the corresponding 4-tap prediction

error filter connecied in cascade with the equalizer (see Figure 2C).
D1 581R BE efine the-quantities. . .

z11,

» z10

Z01

30
Z00

n

Zn+gl—1'

z,+g,+1.

z,—gy— 1.

z,—g;+ 1.

It will be

(14)

{15)

(16)

(17)

since they can be precomputed outside the feedback loop. if necessary by

means of pipelining. Thus, egs. {10) - (13) can be written as
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By noticing that the first sum in (4) is state independent and after sone
rearrangenent of the remaining terns the equivalent branch netric is
obtained as [err] 30 where the signal sanmple z[err] = y[err] - [err] is
t he out put o ot/heprediction error filter 41, shown in thepegyocabReat NPM
I mpl enent ation of Figure 2C, and WO 97/ 11544

PCT/1B95/ 00769 11 1 {g[err] i =1,2, ... N + 2} are the coefficients of
t he i nbedded feedback filter 42 (FIR fi nl& e i mpul se response or RAM based
filter) in Figure 2C. It can be shown that the coefficients {g[err] i =

1,2,... N+ 2} introduced in (5) are the coefficients of the polynomal 5
g(D) = ( +1- glerr]D - g[err]Derr] -... - g[err] Derr]) = (1 -
Dlerr])(1:- P(D)) = (1 -Dlerr])E(D). The effective,ISI nenory L of the
PR4- based NPM. systemis thus LAB.N+2. |Z11,-G1, _,|" . (18)
1.0y = 1210, +G1, _, P . (19)
5
A0 = jzo1, +Go,_, 2. (20)
o /(0.0) = |Z00, + GO, _,{* . 21
respectively. Finally, defining the stored metrics M1, . and MO, . for states 1

and 0. respectively. the trellis diagram shown in Figure 5 is obtained. The

metrics are updated according to

15

M1, = min {M1_ _, + (1.1 MO, _, -~ A{(0.1); , (22)

MO, = min {M1_ _, + 2(1.0): MO, _, - A(0.0)} . (23)

20
and direct mapping of the trellis shown in Figure 5 into hardware functions
leads to the implementation of the 2-statle NPML defector with a 4-tap
predictor 77 shown in Figure 6. It is proposed here ioc generate the terms
G1. ., and GO,. .. defined by (8) and (9), respectively. by means of RAM-based
2 filter structures 71. 72 which can be loaded with the appropriate (five) path
history decisions. Alsoc indicated in Figure 6 is the 2-state SPM 70 fed by the
two comperators 58. In an alternate embodiment (not shown). the functions of
SPM 70 and RAM-based filters 71, 72 shown in Figure 6 could be combined in
an attempt to speed-up computation of G1. , and GO, .. Note further. that the
% squaring functions in Figure 6. realized by means of units 73-76. can be
approximated to simplify the required circuitry, with minimal loss in

performance. The decision signals S1 and SO in Figure 6 are used to controi
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The synbols a[err] [err](s[err]) in the first summation termof (5)

;

s[err] whereas the synbols a[err] in the second summation term of (5)
represent state information. Clearly, by 10 increasing K Lvely

i ncrease th&V@8HH&4 of states of the NPM. detector and dec?%ggéégﬁ%k engt h
of the inbedded decision feedback. Conversely, by decreasing K the nunber
of states is decreased at the expense of i¥creasing the | ength of the

i nbedded deci sion feedback. Thus, the emerging famly of NPM. detectors, in
accordance with the present invention, 15 offers a trade-off between
state conplexity and |l ength of inbedded decision feed back. The two

equi val ent i npl enent ati ons  of tg NPM. detector 10 Eo I, Figure 2%: nd
2D. respecti velly, MPEHUMHE RS SCH ﬁg@"dofhet RathsiRFALP 'Bﬁ ‘c’:\é’v&\%‘ ﬁa 2'%‘3 S§ip Egs,
I.e.. VGA 17, meaicegMlLPind 810,drgsioatd @guedisiees 8@ 2nd Biinraspecidadwery and gain
control |loops 20 and 21. of the current PRML/EPRML channel architecture
used by | BM and others. Any menber of the fam |y of NPM. detectors
accordi ng to thAenygtibgtene! variations oh thevmelereatatiaspshaven trhEigPrRVE/ IERREEIDlE.
detector o[ OPEEFNRIifPBAUESFalMs Webfpiekity Z®ritical timing paths. and algorithmic
issues such as metric bounding. For example. automatic metric bounding can
be achieved by using the conventional modulo fechnigue in the adders B2-85
feeding the comparator inputs 58, as described in "An Aliernative to metric
rescaling in Viterbi decoders,” A.P. Hekstra, I[EEE Transactions on
10 Communications, Vol. 37. No. 11, pp. 1220 -1222. November 1989, An
alternate method of melric normalization can be impiemented by applying the

concept of a difference metric. Defining the difference metric

5 - D,_, = M1 _,~MO,_, (24)
the trellis in Figure 7 is obtained where the metrics are updated such that the
melric for state 0 is always the zero-valued metric. Thus. the difference metric

is updated according o

20

D, = min{D,_,;+ A(1.1); A01)} — min{D,_, + A(1.0): A(0.0)} (25)

where one can show that the cross-extension of the trellis in Figure 7, which
would tead to the difference metric D. = 4(0.1) - [D. .+ A(1.0)], is not
2 possible. Thus. anly three of the four potential vaiues of B, in (25) will have to
be considered. One possible way of mapping the algorithm implied by the
trellis description in Figure 7 into hardware is shown in Figure 8 where the
threshold for the comparators is now provided by the difierence metric D,_,
stored in register 80. Figure B is otherwise similar to Figure 6. The
difference metric approach is useful in cases where it is not possible or
convenient to use the conventional modulo technigue which relies on

Z2s-complement arithmetic for metric normalization.
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A third possible inplenentation of an NPM. schene in the formof a filter
cascaded with a sequence detector with i nbedded feedback is shown in Figure
2E. In this case the conbination of digital equalizer 22 and prediction
error filt Oﬁlﬁaee Figure 2B) is replaced by a single figpgdriigedsupesl se
response 3 e designated as FIRL 51. Input to the filter FIRL 51 now
are the unequalized sanples x[err] at the output of the A/D converter 19
(line labeled Ain Figure 1 and Figure ZESO. The filter FIRL 51 has the
property to whiten the noise and introduce a controlled amount of ISl in

t he signal sanples z[err] at its WO 97/ 11544

PCT/ 1 B95/ 00769 12 output. The coefficients of the feedback filter (FIR2 or
RAM 52) are t u i I tation of the sequence

det ect or \}\/ithn??raol’eégéelgk%}ede rgga(?&’grﬁjag erséalér;r%!ﬁ%a%gdescri bed above. Thus, the
branch netri c(N ak@s anfid oupStatpafik]= 2):

For N=2 and K=2, i.e.. 2¥ = 4 states, the branch metrics based on (5) become

2

4
Alsjs) = |z + Zan ~ilsjlgi +a, _ g9y +a,_,9; —a, (26)
i=3

0 where the signal sampie z, =y, — Y. p:— Y. 2p. i5 the outpul of the 2-tap

prediction error filter. Associating again the data symbols “+1” and “-1” with

the binary numbers 1 and 0. respectively. we map the state information

(8 .za,. )=(—-1.-N(-1+0(+1.—Nand(+ 1.+ 1) into the present
state s, = 0.1.2, and 3. respectively. Similarly. the next state information
15 “(ap na)=(—1.—1L{—1.+1.(+1.—1and(+ 1.+ 1) is mapped into the

nex! state s, = 0.1, 2. and 3. respeclively. Letling

4
20 Gsn—l = Zan- A3)g; = 3,3_3(3193 - an—d(s)g‘i : (27)
1=3
4
G2n——1 = Zan—ltz)gi = an-—3[2)93 + an—drz)gd ' (28)
1=3
25
4
G1n—l = Zan—i“)gi = an—-3(1)g3 + an-d“)gtl . (29}
. |=3
30
4
GOn—I = Zan—i(o)gi = an-—S(O)gZi + lan —4(0)94 » E30)

Il
w
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10 where z[err] is the output of FIRL 51 and {b, i = 1.2. N- 2} is the
set—of coefficlients—ofthefilter—+R2—52—Notethat—expresstons—(5) and
(6) are essentially the same. It can be shown that for infinitely |ong
filters the three alternative inplenentations of sequence éﬁﬁ%#@ﬂ with

i mbedded fed¥®aUKS45hown in Figures 2A - 2E, are equival ent %houl d
be understood that the NPM. principles descrl bed herei nabove can be applied
to any formof system polynomial f(D). In &he sequel. however, only the PR
class-1V polynomial (PR4) will be considered as the target polynom al 20
Performance and Preferred Paraneters for NPML Detectors Used in DASD s: The
error performance of a magnetic recordi ng system enpl oyi ng NPM. detecti on
has been studied by conputer sinmulations in order to determ ne the 25
appropri at é paPafebedias Mg pighbRIANGP MEIEGFct or coefficients) and K (length
of detector nenory defining the nunber of detector states 2[err]) to be
used in a practical system In particular, the cases described in this

docunment for N = 1, N=2, and predi gt ffigcientsl ead to prefggfed
NPM. det ect ors. '{N:él) ?Qnggﬁn_1eg '9'9 | q81e

S

AM3.2) = |z, +G3,_,+91+0g+11°. (32)

i21) = |z, +6G2,_,+g,—g,— 11, (33)
10

A2.0) = {z,+G2,_,~g1—g + 11 . (34)

A(1,3) = ]zn+G1n_‘—g,+gz—~1[2 . (35}
15 -

J12) = [z, +G1 _,—gy+8+1F. (36)
20 A0} = |2, +G0,_,—gy—g;-1F. (37)

A0.0) = |2, +GO0,_, —gy—gy=117. (38)

25 where z. are the samples obtained from the corresponding 2-tap predictor
filter connected in cascade with the equalizer, see Figure 2C. It wili be useful

to define the gquantities

233, = z,+ gy +0,— 1 . (39)
30
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30 Two | owconplexity derivatives of the NPML detector fam |y have al so
been investigated. Both schenes, like the entire famly of NPM. detectors,
requi re no change of the signal processing parts of the current PRM
channel archit re (see also Figure 1). Figure 3A shows th

noi se- pr edi gﬂﬁég%ért using a nenoryl ess detector in casca&g?aﬂsf?“gg
conventional PRM. detector. WO 97/ 11544

PCT/ 1 B95/ 00769 13 The col ored noi se conpofd&nt of the PR4-equalized signal
(line labeled Bin Figure 1 and 3A) is first whitened by a predictor. Note
that instead of inbedding the predictor into the M.SD process. a 3-Ievel
(+2. 0, -2) nmenoryl ess detector provides the (tentative) PR4 (signal

sanpl e) dgcisions 5 needed for the whitening process. The PR4-equalized
sanpl es corrupted with the whiteXd, roizge- gorppnrents are then fed toas
conventional PRML detector and inverse precoder to obtain inproved final
decisions. Figure 3B is an equivalent formof the schene in Figure 3A
simlar to the equivalent forns in

220, = z,+ g,y —g,+ 1, (42)
S )

Z13, = z,— g, + g, — 1 . , (43)
o 212, = z,— g, + g, + 1, (44)

Z01, = z,—-g;—g,— 1. (45)
15 - Zoon = Zn— 0Oy - 9> +1., (46)

since they can be precomputed outside the feedback loop, if necessary by

means of pipelining. Thus, egs. {31) - (38) can be written as

20

A(33) = |2Z33,-G3,_, £ . (47)

A(32) = 1232, -G3,_, . (48)
25

A2 = |z21,+62,_, P (48)

M20) = 1220, +G2,_,P . ' (50)
30

M13) = 1z13,+ 61, _, [ | (51)
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Figure 2C and 2D. respectively. 10 The second | ow conpl exity NPM. detector
schene is based on the fact that-PRPRI-segquerces—eca—be—viewnetd—as—two

i ndependent, interleaved di code sequences with polynomal (1 - D), where
D refers to a delay of 2T. In this case each di code sequepce at ‘%{g"e out put
of the digiwels7emsal i zer (line |abeled 15 B in Figures 1‘.’“2395’3 2D) can
be described by a 2-state trellis. The Viterbi algorithm operating
separately on each of these 2-state interdxaved trellises, will use the
branch netrics given in (3) or (5) where the tinme indices are either even
or odd. For exanple, while the Viterbi algorithmoperates on the even
trellis, the time indices of the branch netric expression (3) or (5 wll
be even 20 whereas the contribution of the odd past decisions in

whi teni ng the noise will cone fromthe path, ry2wi th the best netgpc of
the odd trellis. A further subop |'n)’al 4che’he 1$ 1o find the state with the
best netric, conmpute the predictor output using the decisions fromthe
survivor path corresponding 25 to this best state. and applying it as a
feedback termin the netric updagigcomyupationg fof all states. Thi(s3)

approach has the advantage that ‘only a sinyle RAMis needed.
5

2(0.0) = |Z00, + GO, _,I* . ' (54)

respectively. Finally, defining the stored (present) metrics Ms, _, for each of
10 the present states s, = 0.1.2, and 3, one obtains the trellis diagram shown in
Figure 9. The four metrics for the nex{ states s, = 0.1.2, and 3. are updated

according to

Ms, = min {Ms;

it A(sj sy ) Ms;  + Als;. sl (55)

15

with s, and s, being the possibie present stales. Direct mapping of the trellis
shown in Figure 9 into hardware functions leads to the scheme shown in
Figures 10A. 10B. 10C. The terms GO, .. G1, .. G2, .. and G3. ... defined by
20 (27) - (30). respectively. can be generated by means of a random access
memory 131-134 (RAM) which stores the appropriate values for lhe given
coefficient g. and g,, depeénding on the chosen operating point of the channel:
the RAMs 131-134 need to hoid only four different (actuaily two different and
their negative) values. The 4-state SPM 135 is a register-exchange structure in
25 case of high-speed implementation. Note that the squaring functions in (31) -
(38) can be approximated to simplify the required circuitry. with minimal loss
in performance. Four decision signals (SD. S1. S2. S3) are needed to control
the metric multiplexers and the path update in the SPM 135. Automatic metric
bounding is achieved by using the conventional modulo-2 technique in the

10 adders 136-143 feeding the comparator inputs.
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Concept of NPM. Detectors with Nonlinear Predictors: 30 The NPM. concept
descri bed herein is also applicable when the noise predictor has certain
nonl i near characteristics and/or the conmputation of the predictor
coefficient WwWO8/ba4ed on a different noise nodel. WO 97/ rAB1BS5/00769
PCT/ 1 B95/ 00769 14 The present NPM. architecture allows for great
flexibility in optimzing thé noise predi ojor function with respect to
various kinds of random noi se which occur in a practical target system For
exanple, only a portion of the total noise in hard disk drives is
adequately rodel l ed by additive white Gaussian 5 noi se (AWGEN). Besi des
AVWGN. the total noise includes other noise sources, such as

si gnal - dependeNPMili Bétentor isingBowwrePrbdictboChefticienes @¢+a) ches, and so forth.
In addition, t t coherent interference, such as clock
and/ or adj acen%?rggiégk%nwgpnay al so exist in the anal og readback

si gnal .
9 For N=4 and K=2. i.e.. 2" = 4 states, the branch metrics based on (5} become

6 2

Zy + Z n—t(s)g| +a,_,9y— Ay~ 292 — 2, (56)
i=13

/l.(s] Sk) ==

where the signal sample z, = y, — \“y. .p. is the output of the prediction
error fitter. Associating again the data symbols "+1”" and “-1” with the
binary numbers 1 and 0. respectively. the state information

(@ 2@ 1) = (=1 =1 (=1 F1(+1.-1). and(+ 1, + 1), is mapped into
the present state s, = 0. 1,2, and 3. respectively. Similarly. the next state
Jdnformation  f{a,..a.) = (=1 — 1) (=1 +1)(+1.=-1). and(+1,+1). is

mapped into the next state s, == 0.1,2, and 3. respeclively. Letting

6

G3,_, = Zan_l(S)g, . (57)
20 i=3
6
G2n—1 = Zan—i{z)gi v (58)
i=3
25
6
Gloy = Zan_iﬁ)g; : (59)
1=3
ki
6
Go,_, = Zan_i(O)gi . (60)

i
w
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10 Because the NPM. concept allows, in effect, the transfer function for
t he~stgmat—portiomof—the input o be different than that for thé nolise and
other interference conponents also present in the signal. the predictor may
be optinized‘%g ﬂ+ ji ze signal disturbances due to any typep@fsQbs7ePti Ve
source. ConveRtiona detectors (such as PRM. and EPRML detectors, etc.) 15
are only optimzed to the extent that the signal disturbance at the
detector input is additive, random uncorréﬁgted and Gaussian. This is
often a poor approximation in practical DASD systens: thus, using a |linear
predictor and/or conputing the predictor coefficients based on this

i deal i stic noise nDdeI ~may not lead to optimal solutions in situations
where this assu i on .l s, 20 hp&?ncg rlg@ed In hard disk drives, both
AWGN and so-'cal P 8 éﬁ% Mfof'ghhPraneh ISt Sant sources of readback si gnal
corruption. In the follow ng, an exanple is given for a |linear noise
predictor with four coefficients (N=4) where the coefficients 25 have
been conputed by incorporating(¥ieN ag wedd as+dj, Sﬂ(gp@l‘S!é in the noi sd6t)
statistics. A sinple nodel of disk noise is the so-called "transition
jitter nodel,” wherein the deviation of each witten transition fromits
nom nal location is a randomvariable. The effective SNR achi eved at the

i nput of a M32) = |z, +G3, _ +g +g,+11° . (62)
M21) = |2, +G2, _,+8 —gy— 1. (63)
10
220) = {z,+ G2, _,+0g, ~gy+17 . (64)
5 A13) = |2, +G1,_,—g+g,— 1. (65)
1
A12) = |z, +G1, _,—g +g,+11°. (66)
20 M0y = |2, +GO,_,—g,—g—11° . (67)
A00) = |z, +GO_ _, —g, —g,+1[°. (68)

25 where z, are lhe samples obtained from the corresponding 4-tap prediction
error filter connected in cascade with the equalizer (see Figure 2C). It is

useful 1o define the quantilies

733 =z, +9,+g,— 1. (69)
ely]

Z32, =z, + Gy +g, + 1. (70)
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PRML detector is 15.4dB and at the input of a 64-state NPM. detector 18.9dB
al one for a channel operating at PWO/ T = 3.
conmbined with disk noise (transition jitter) the effective SNR at the input
of a PRML detoewritess4i s 12. 7dB and at the input of a 64-sl at eduRBSs/dedect or

30 for AWGN

15.5dB for a channel

t hat t he NPM

WD 97/ 11544

I n case of AWGN

operating at PWoO/T = 3. It is interesting to note

PCT/ 1 B95/ 00769 15 detector is able to adapt the predictor coefficients to
different noise statistics and thus to maintain an SNR margin of 2.8-3.5dB

over PRML. Al though this exanple uses a 4-tap linear

noi se predictor for

NPML. this technique and its benefits is herein clainmed for all possible

types of noise predictors, includj
Preferred Enbodi mnents of NPM. De

?@3 g o=r5 &n

nonI i near, predictors. Exa of
rhe™ r?ref ér Ted form of r’rp(l7§|=:)s

i npl ementation of an NPML detector within a PRML systemis the one given in
Figure 2C. More details on this enbodi nent of an

15

20

30

Z20

n

Z13

212

201

Z00

4]

since they can be precomputed outside the feedback loop.

means of pipelining. Thus, eqgs.

A(3.3)

A(3.2)

A{2.1)

2{2.0)

{1.3)

=Z,+g, —gy,+ 1.

="Zn"g‘l""92'—1 .

= Z,~ gy gy 1.

=z, =9 -g -1,

=zZ,—-0g;—g,+ 1.

{61) - (68) can be wrilten as

= 1Z33,+G3,_,"° .

-
[

|232, +G3,, _, |

|Z21, + G2

n—1

|1z20, + G2, _ 1.

n—1ti

= |z13, +G1, _, P
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if necessary by
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(78)

(79)
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NPM. detector 10 are given in this section. Figure 4 illustrates the
operatiton of a major tunctional block in an NPM. detector according to
Figure 2C - the netric update unit (MJJ) 6B shown here for state s[err] at
tinme nT. Fi 9&{0997141119'4“ ustrates the required time rel ati ons beicmgegsgofsput S
and outputs of the various functional blocks. A separate MJU function nust
be provided for 15 each hypothesized state_s[err] k =1, 2, ...2[err],
where K [err] {1, 2, ...L} and L is the nuhber of controlled ISl terns,
e.g. for PR4 L=N+2. In high-performance DASDs parallel MJU hardware nust
be provided for each state to neet the data throughput requirenents: in
principle, however, hardware could be shared if speed constraints permt.
Furthernore, it is assumed here and hereafter that Ehe survivor path nenory
(SPM 61. as shown for exanple i A(FRyer é242, +Si,np) Enent ed by using tBD
regi ster-exchange nethod, as for exanple described in the patent
application GB-A-2286952. published on 30 August 1995. 25 The branch netric
(BM_ units in a conventional M.SD (Viterbi) detector require only si gznal
sanpl e i nputs, obtained directly4¢.dhrt H&0gddtQzer! (-si gnal 83)

5

A(0,0) = |Z00,+GO, _,1°. (84)
respectively. Finally, defining the stored (present) metrics Ms, , for each of
10 the present states s, = 0.1, 2. and 3. one obtains the trellis diagram shown in
Figure 9. The four metrics for the next stales s, = 0.1.2, and 3, are updated

according to

i5 - Mskn = mn {MSj“

+ Asj. 80 Ms; - Alsi sy} (85)
with s; and s, being the possible present states. Direct mapping of the trellis
shown in Figure 9 into hardware functions leads to an implementation
structure shown in Figures 11A, 11B. and 11C. Note the similarity,

20 respeclively the differences. compared lo Figures 10A. 10B. 10C (size of
predictor filler and RAM address length). The terms GO0, .. G1. .. G2..,, and
G3.. ., defined by (57) - {60), respectively, can be generated by means of RAM
structures which can be loaded with appropriate values depending on the
chosen operating point of the channel: the 4-state SPM can again be a

25 register-exchange structure. Note that the squaring functions in (61) - {68) can
be approximated to simplify the required circuitry. with minimal loss in
performance. Four decision signals SO, S1. S2. and S3. are needed to control

the metric muttiplexers and the path update in the SPM.

130 A multitude of variations for the implementation of the 4-state NPML detector
with a 4-tap noise predictoer is possible. depending on constraints on
complexity, criticat timing paths, and algorithmic issues such as metric

bounding. For example. automatic metric bounding can be achieved by using
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| abeled B in Figure 2C). As indicated in Figure 4, it is a distinguished
feature of the NPM. detectors with K < L that each BMunit 62. 63 requires

si gnal sanpl ssed by a predictor 41 (signal |abeled z[err] in Figure
2C), as wel I‘gégwéﬁsﬁ‘gddi tional input fromFIR or RAM based fi"h’é? 049 65

(signals Gs and Gs[err] in Figure 4) in the feedback path between the SPM
61 and the MJU 68. Note that the feedback 3@ Iters 64. 65 do not have a
comon serial input, but they are |oaded in parallel at every synbol
interval T. The input of each FIR WO 97/ 11544

PCT/ 1 B95/ 00769 16 or RAM-based filter 64, 65 is a set of nbst recent past
deci sions taken fromthe s rvi(}/@% path history stored in the SPM 61 for

each hypot hesi J&d C8PYGRIOpRT gnodule Lephnighy igr Hie pddgepdeqding e Fomparsatere
4). The add- coimpate- Jekeealter(AEShethud obnétFic Ficgufaﬂz&icﬁddﬁetchﬁeiéfrﬁlgcrhetric
metrics to the et s err] and Ms[err].,.5 respectively,
conpares the rte%hﬁ{qg? n@?arjlrogg&évt%h%v%uﬁﬂ gSre’{ir%(chdct%r[eef‘ Plats P Mlodstastert ne
updat e si gnal ®s[exanipié.ory tbdatigr thesmetritisngpatieitiak tron sipagdi marit e sEMO is
5 always the zero-valued metric. Further variations for implementing {4-state)
NPML detectors can be obtained by explicit expansion of the squaring

function involved in evaluating the branch metrics A(s.. s,).

NPML Detector Using a Single-Tap Predictor (N=1)
10 and Eight States (K=N+2=3): ‘

It was pointed out hereinbefore that the 8-state NPML detector which uses a
single-tap predictor (i.e.. the case where N=1 and K=N+2=3 so that 2¥ =8
states) is a member within the family of NPML detectors which is of specific
_practical interest for DASD applications. Since in this particular case there is
no feedback based on past decisions. i.e.. the detector uses only
(hypothesized) state information for noise prediction. the feedback loops via
the FIR or RAM-based filters 64 and 65. as shown in Figure 4. are not present.

For N=1 and K=3 the 16 branch metrics based on {5) become

20
2

AlS;Se) = [Z,+a,_40y +@,_20sFa, . 303~ an,| {86)
where the signal sample z, = vy, — piy. .. Furthermore, since in {(86)
gy = pP,9: = 1, andg; = —p, we can write

25
A(sj, s = lzo+a,_py+a,_s—a,_;py—a,l (87)

where the triple (a, i.a. ; a..,) represents the hypothesized state 5,. a, is the
3 hypothesized transmitted symbol. and the triple (a. . a. ..a.) represents the
resulting next state s.. In this situation it is advantageous to evaluate the

square on the right hand side of (87), to drop all state-independent terms. and
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61. The SPM 61 produces final decisions at output line 67 with a delay of

dT seconds relative to tinme nT. It is a further feature of the present
NPM. detector that the delay paraneter d can generally be made shorter

conpared 10 weoothnads of a conventional MSD detector desi gnerCrimss/eRs9

signaling (i.e
NPNL Det ect or Usi ng Four Predictor Coef ficpgnts (N=4) and Two States (K
15 For N =4 and K= 1 the branch nmetrics based on (5) becone [err] 20
mhere the signal sanple z[err] = [err] is the output of the prediction

error filter 41. Associating the data synbols
bi nary nunbers

1( - 1) is125 to sespade rieﬁtamh@expre&smm Bt glie wayeong arridds03t thadeduiealent -
present data s nbol %ﬁrr] = - 1) mapped into the next state s[err]
1(0). Letting

15

20

25

30

., PR signaling schemes with spectral nulls, such as PR4).

1 and O, respectively, the state information aferr] =

)‘,(sj' S) = — [an —én~.27 (an - T —3)p1}zn
- (anan— 1+ an _ 23, 3)p1 a8, _2 (88)

+{apa,_3+a,_ja, 5Py —a,_ 1an—3p1 :

We now arbitrarily use a somewhat different rule than the one used above to

map the state information into the corresp‘onding state number., namely,

5, = (@n.-a@8n.280.0) = (—1, =1, =1) maps to the state 0,
§ = {@n-3.8, 2.8 ) =(+1, -1, -1 maps to the state 1.
5, = {@.1,8n.2.8n.1) = {(+ 1.+ 1.+ 1) maps lo state 7. Next, adding the

state-independent term ({1 4 pj) to all sixteen branch metrics represented by
{88) and dividing the resuit by 2, the equivalent branch metrics can be listed

as

A(0,0) = 2"(25) = A"(52) = A"(T.7) = 0 (89)
204) = V'(56) = —z,+ 1 (90)
2"(1,0) = 27(3.5) = py( -z, +py) (91)
A"(1.4) = al —z,+a) (92)

A7(21) = A7(7.3) = z, -1 (93)

X3 = iz, + M (94)
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WO 97/ 11544

PCT/ 1 B95/ 00769 17 [err] 5 one obtains the four branch netrics [err] 10
[err] [err] 15 - [err] where z[err] are the sanples obtained fromthe
correspondi WO EVIS prediction error filter connected in ca&cHBE YN t he
equal i zer (see Figure 2C). It will be 20 useful to define the quantities
[err] 25 ' [e3or] [err]

2"(42) = (6.7} = pylz, +py) (95)

i"46) = B -z, + ) (96)

2(6,3) = alz, + x) (97)

where

10

a=1+p,. =27 =1-p. 2, =¥y~ P1¥Yn_1 - (98)

Defining the stored metrics Ms,, | for the states s, = 0.1, ...,7, one arrives at
‘s _the trellis diagram shown in Figure 12. The eight metrics Ms,, for the next
states s, = 0,1,....7, are updated according to

Ms, = min{Ms, +1”7{s.s.): Ms, 4+ A"(s;.s.)}, (99)
Kn Bn o i 7k - K

20 .
with s, and s, being the stales al time n-1. according o the trellis in Figure 12.

The latter can in principle be mapped directly into a hardware strucilure.

The trellis in Figure 12 can be further simplified by applying a similar
transformation technique as described in the patent application GB-A-2286952.
s published on 30 August 1995: the resulling transformed trellis is shown in
Figure 13 where 12 of the 16 branch metrics are zero-valued and the

remaining four have values 2p, or —2p,. Defining the filtered samples

2
20 Yo = =Pi¥ae1 F (O FD01Y,—P1Yaos (100)

where y, = a, —a,.,-+ noise is the PR4-equalized, noisy sample, the

quantities Z, and Q, shown in the treliis of Figure 13 can be expressed as
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30 [err]
fe

can be wri tteh as WO 97/ 11544

(17) since they can be preconputed outside the

PCT/ | B95/ 00769 18 [err] [err] 5 [err] [err] 10 respectiveIy.Pdﬁi/‘gg_kl‘d({%69

defini ng the ¥R &Y

nmetrics M[err] and M)[err] for states

respectively, the trellis diagramshown in Figure 5 is obtained. The
netrics are updated according to 31

20

25

Z, = Y, + (1+p] (101)

and

Q, = =Y, +(1+pd) = —Z,+~2(1+p,°) . (102)

respectively. if necessary. these quantities can be computed by pipelined
circuitry since they are not part of the metric feedback loop. Direcl mapping
of the trellis in Figure 13 into a hardware structure leads to the scheme
shown in Figure 14: the eight decision signals SO0 - S7 also control the
operation of an 8-stale SPM (register-exchange) not specifically shown. The

SPM deiivers the final decisions via the inverse precoder.

A significant feature of the NPML scheme described by Figures 12 - 14 is its
ability to perform the detection function for arbitrary values of the noise
predictor coefficient p,. Thus, by programming the hardware with the best
suited predictor coefficient (depending on the channel operating point),
optimal detection is obtained within the constraints of a single-tap predictor.
in particular, by setting p, = 0. the scheme performs detection for PR4
signals. i.e.. the hardware operates as a PRML detector. On the other hand,
setting p. = —1. the scheme performs detection for EPR4 signals. i.e., the
hardware operaies as an EPRML detector. The maximum required length of
the SPM or. equivalently, the maximum decision delay for the final decisions,
shouid be chosen such that the performance can be maintained for the most

sensitive scheme (e.g. EPRML).

For impiementation purposes. it may be advantageous to maodify the algorithm
outlined for the fiexible 8-state, single-tap predictor NPML scheme by adding
a convenient. state-independent term 1o Z. defined in ecq. (101), e.g.. such that
Z.—2'. = Y.. It has been shown in the patent application GB-A-2286952,
published on 30 August 1995. that the performance of the EPRML is not

affected by such a measure since the channel is DC-free (spectral null at zero
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15 [err] [err] 20 and direct mapping of the trellis shown in Figure 5 into
hardware functions |leads to the inplenentation of the 2-state NPM. det ector
with a 4-tap predictor 77 shown in Figure 6. It is proposed here to
generate thev@evhs4 err] and D[err] defined by (8) and (9FCTIRISPAEL i vel vy,
by neans of RAM based 25 filter structures 71, 72 which can be | oaded with
the appropriate (five) path history decisigns. Al so indicated in Figure 6
is the 2-state SPM 70 fed by the two conperators 58. In an alternate

enbodi ment (not shown), the functions of SPM 70 and RAM based filters 71,
72 shown in Figure 6 could be conbined in an attenpt to speed-up
conputation of Gl[err] and f[err]. Note further. that the 30 squaring
functions itn Ffrgaven®). tial popgriyy enteards tof NiWi sdetgctpss asawelle Thus. an

appr oxi mat ed tﬁnéﬂn’é\‘! LEMidher (HROMH, %qa o %@g»é M1, .svwgsngh rﬂrmbdif@ﬁg 2.and

per f or mance. e decli sion S|gnals 1 and |gure use o "control
such - that Z2.—2, and
Q.— Q' = =Y. +2(1+p?) = —2Z',+2(1 + p)7). respectively. Note that the

5 condition Z,+ Q. = Z', + Q’, = 2(1 + p?). must always be satisfied by
theory. However, as described in the patent application GB-A-2286952,
published on 30 August 1995, it may be advantageous in practice to modify
this condition such that Z, +Q, = Z', +Q’, = 2(1 +pf) — . where v is a

small, positive constant. a practical value may be ;' = 0.25.

Alternate Forms of Implementation and Modifications:

This seclion further demonstrates the multitude of forms of impiementation
which are possible for NPML detectors according {o the present invention.
__Some aiternate forms and simplifications of the delectors presented above are

now described in some detail:

2-State, 4-Tap Predictor NPML:

Letting
20

6
G1’n—1 = gl + zan_i(1)gi . (103)
i =2
25
[}
GOy = —gyt Zan_i(o)g, : (104)

i=72

one obtains the four equivalent branch metrics
30

A1) = |z, +G1,_, =11, (105)
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WD-97/ 11544 PCT/ | B95/ 00769
19 1 the metric multiplexers 79 and the path update in the SPM 70. The
sel ected netrics Mi[err] and M)[err] are stored in registers 80 and 81.
respectivel ywdlg-m;gw tude of variations of the inplenentati %’r‘hb S8Nbé ‘ﬁ
Figure 6 is possible, 5 dependi ng on constraints, conplexity, critical
timng paths. and algorithm c issues such g nmetric boundi ng. For exanpl e.
automatic netric boundi ng can be achieved usi ng the conventional nodul o
technique in the adders 82-85 feeding the conparator inputs 58, as
described in "An Alternative to netric rescaling in Viterbi decoders,"”
A.P. Hekstra, |EEE Transactions on 10 Communi cations, Vol. 37. No.
11, pp. 1220 -1222, Novenber 1989. An al ternate mefhod of netric
normal i zation can be i npl enent ed(b§) applasin§ithe tdricept of a differ@nte
metric. Defining the difference nmetric [err] (24) the trellis
in Figure 7 is obtained where the netrics are updated such that the netric
for state 0 is always the zero-val ued netric. Thus £he difference netric
i s updated according to A0.1) = |z, + GO0, _, (107)

5

A00) = |z, + G0, _,+1P . (108)

where z, are the samples obtained from the,_ corresponding 4-tap prediction
6 error filter connected in cascade with the equalizer (see Figure 2C). It is

useful to define the new quantities

Z1, = z,—-1 . (109)

Z0, =z, + 1. (110)

n

so that eqgs. (105) - (108) can be written as

20

A = jz1,+61, _ 12, (111)

A(1,0) = |20, +G1, _, . (112)
25

M0,1) = |Z1,+ G0, _ 2. (113)

A(0.0) = {Z0, + GO, _ 1% | (114)

30

The alternate form of implementing the functions of Figure 6 is shown in
Figure 15. Here, it is proposed to generate the terms G1',_, and GO0, ...

defined by (103) and (104), respectively, by means of random access memory
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20 [err] where one can show that the cross-extension of the trellis in
Figure 7, which would lead to the difference netric Dierr] = Jerr](0.1) -
[Dlerr] + [err](1,0)], is not 25 possible. Thus, only three of the four
potential va¥Q&8¥1SM Dlerr] in (25) will have to be consi der BEVIRSYEEYssi bl e
way of mapping the algorithminplied by the trellis description in Figure 7
into hardware is shown in Figure 8 where t3 threshold for the conparators
is now provided by the difference netric Derr] stored in register 80.
Figure 8 is otherwise simlar to Figure 6. The 30 difference netric
approach is 'useful in cases where it is not possible or convenient to use

t he conventional nodul o techni que whi cq r&él es t)onl Za-gon}%l enent ,atri t rlmeti c
for metric 'nor tRR'¢ Jork-gm where {5 §AMp  Byl4 122 can be loaded with appropriate values

PCT/ 1 B95/ 00769(32 for each RAM) depending on the chosen operating point of the channel.
The SPM 123 provides the five address bits a., 1)....a.-s(1) and
an.(0). ....a, «(0) for the RAMs 121 and 122. respectively. as indicated in

5 Figure 15.

Computation of the branch metrics for the difference metric approach

(Figure 8) can be modified similarly: in this case. further simplifications are

possible. For example. the potenlial difference metrics
10 D, = 4(0.1) - A(0.0) = —4(z, + G0, )and

D. = A(1.1) - (1.0

simple expressions in lerms of the signal sample z. and the respective

—-4{z, + G1'. ,} which have to be precomputed, have

quantities generaled by the RAMs.

15 -4-State, N-Tap Predictor NPML where N=2 or 4 (Alternative 1):

Letting
N+ 2
20 G3,_y = g1 +g+ Zan_,w)ga : (115)
1=3
N+2
G2, _, =g G+ ) 8, 42, (116)
25 i=3
N+ 2
Tyt = =G+ 0+ O, 8, i1)g . (117)
I:3
30
N+ 2
GO'n_1 = —g1 —‘gz+ Zan_llolg, . (118)

i=13
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20 NPM. Detector Using Two Predictor Coefficients (N = 2) and Four States
(K=2)—For N= Zand K= 2. 1.e.. 2[err] = 4 states, the branch netrics
based on (5) beconme 5 [err] 10 where the signal sanple z[err] = y[err] -
ylerr} plewdom¥dserr] [err]plerr] is the output of the 2-dAcapspsdddect i on
error filter. Associating again the data synbols + 1" and "-1" with the
bi nary nunbers 1 and 0, respectively, We: map the state information
(al[err],a[err] ) =( -1 -1),( -1+1),(+1- 1and ( +1. +1) into the
present state s[err] = 0. 1. 2, and 3, respectively. Simlarly, the next
state inforration 15 (aferr] , alerr])=(-1,-1)(- 1 +1).( + 1. -1) and (
+ 1 + 1) is mapped into the next state S[err] = 0. 1, 2. and 3,
respectively. Jhetdphdlfs #heBight equivalent branch hékick [err] 25 [err]

J33) = |z, +G3,_, 11 . (119)
S

A32) = |z, +G¥ _,+11 . (120)

W20y = |z, + G2, _ —17 . (121)
10

i20) = lz, + G2 _, +11° (122)

M13) = |z, GV, _, -1 (123)
15 -

A12) = |z, + Gt _, +1} (124)
20 M01) =z, + GO, _, -1 (125)

2M00) = |z, +G0,_, +11. (126)

25  where z, are the samples obtained from the corresponding N-tap prediction
error filter connected in cascade with the equalizer (see Figure 2C). By
making use of the definitions Z1, = z,— 1and Z0, = z, - 1. respectively, egs.

(119} - (126) can be written as

30 |2

M3.3) = |21, +G3, _, (127)

2(3.2) 2 (128)

n—ti

| 20, + G3’
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30 [err] WO 97/ 11544
PCT/ 1 B95/ 00769 21 1 one obtains the eight branch netrics [err] 5 [err]

[err] 10 [err] [err] 15 [err] 20 [err]
WO 97/11544 PCT/1B95/00769
' 36
’ 24 = |21, + 62 _ 2 (129)
A20) = |20, + G2, | (130)
5
J13) = [Z1,+ G, _ I*. (131)
o A12) = 120, + G14 _, [ (132)
Aoty = |Z1, GO, _ . (133)
15 - A(0.0) = 120, + GO, . (134)

respectively, yielding again the trellis diagram shown in Figure 9. Direct
mapping of this trellis into hardware functions - by using the new variables as
defined above - leads to the structure shown in Figures 16A. 16B. 16C. The
terms GO', .. G!'. . G2'. .. and G3’. . defined by (115} - {118), respeclively,

can again be generaled by means of RAMs 151-154 which can be loaded with

20

the appropriale vaiues depending on lhe chosen operating point of the

channel: the 4-state SPM 155 - assuming again a register-exchange structure -

providqs the N address bits for each of the four RAMs (one per state);
» equivalently, these four RAMs 151-154 can be combined into a single RAM
structure with multiple inputs and cutputs. Automatic metric bounding is
achieved by using the conventional modulo-2 technique in the adders feeding
the comparator inputs.

*®  NPML Detectors Implemented by Analog VLS8! Technology:

Impiementation of any detector included within the family of NPML detectors
can be done in either digilal. analog, or mixed digital/analog VLSI circuit

fechnology. Implementations in analog technology are of particular interest in
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[err] 25 where z[err] are the sanples obtained from the correspondi ng
2-Tap predirctor filter connected In cascade with the equalizer, see Figure

2C. It will be useful to define the quantities [err] 30 [err] WO
97/ 11544 WO 97/11544 PCT/IB95/00769
PCT/ 1 B95/ 00769 22 [err] [err] S [err] [err] 10

37

1 high data rate and/or low-power applications. An example for PRML is
described in "Analog Implementation of Class-IV Partial-Response Viterbi
Detector”. A H. Shakiba et al.. Proc. ISCAS’84. 1994; similar methbds can be
applied to NPML detectors.

NPML Detectors with Reduced SPM Length:

It was indicated above, that NPML detectors generaily do not exhibit
quasi-catastrophic error propagation. This property can be exploited to save
hardware and reduce decoding delay by reducing the length of the path
memory in the Viterbi detector without compromising performance. On the
other, these hardware savings may be traded for additional increases in
recording densily by using run-length limited (RLL)} codes with a higher rate
than 8/9, since the code constraints relating to the length of the SPM can be
relaxed.
15 -
4-State, N-Tap Predictor NPML where N =2 or 4 (Alternative 2}:

Letting in (113) - (126)

20

G33' _, = G3,_, —1 (135)
G32',_, = G¥,_, 1 (136)
25 .
and so on, we can write the eight branch metrics as
A33) = |z, +G33 _,*. (137)
30
A32) = |z, +G32,_,I?. (138)
M2) = |z, +G21,_, [ . (139)
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[erf] 15

[err] since they can be preconputed
outside the feedback | oop, if necessary by neans of pipelining. Thus, egs.
(31) - (38) can be witten as 20 [err] [err] 25 [err] [err] 30 [err] WO
97/ 11544 WO 97/11544 PECTIRISHITHO769 23
[err]

' 38

10

20

25

30

M20) = |z, +G20°, _ % (140)
A13) = |z, +G13 _, . (141)
A12) = |z,+G12', _, 1%, (142)
20,1) = lz, GOl _, |* . (143)
0.0) = |z, +G0O', _,11° (144)

This version leads lo the implementation shown in Figures 17A. 17B, 17C

where the squaring function can be approximated as shown by A. Eshraghi et
al.. in "Design of a New Squaring Function for the Viterbi Algorithm”, |EEE
Journal of Solid State Circuits, Vol. 23. No. 9. September 1984, pp.
1102 - 1107.
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[err] 5 Jerr] re_pectively Finally, defini nq the stored (present) netrics
Ms[err] for each the present sl ates sfer =0,1,2, and 3, one
obtains the trel Irs d| agraﬂlﬂlﬁmu |ﬂ|l$m 9. The four metrics for the
next states whetisse O ted accordi ng t ordHnB9s/00769
Ms[err] = mn {Ms[err] + err](s err] Slerr]); Mjf[err] + [err](s[err],
Slerr]}} , (55) with s, and s, being thg possible present states. Direct
mappi ng of the trellis shown in Fi gure 9 into hardware functions leads to
the scheme shown in Figures 10A, 10B, 10C. The terns (0[err], Gl[err],
Q[err], and G3[err] defined by 20 (27) - (30), respectively, can be
generated by neans of a random access nenory 131- 134 (RAM V\/ni ch stores
the appropriate values for the given coeffatasent Fno A —andgiert Amencice
dependi ng on the chosen operating point of the chanmel< the: ‘%}6\ ﬂ 1-'(1.,;,4;_"{L/]"l
need to hold only four different (actually two drffereﬁﬂ Faftelt hei r
negative) val ues.AfgeradisStat eoiSPMpEdictive anaxegust ekelthaxiiailyBML) rsezjuenee i n

25 case of high ti e that the squaring functions in
(31) - (38) can bdzeq%gg)rno'ﬁgrrat edtefl Co%r's 4 the required circuitry. with

mnimal | oss a) a prediction error frlter for whitening coclored random noise

components of a sample y, received via said channel. said sample y,

comprising a dgeneralized partial-response signal component

corrupted by said colored random noise compocnents, leading fo a

signal z, now having L intersymbol-interference components.

10 b) a sequence detector having '

. a state complexity being equal to 2% with 0 <K <L and L
reflecting the number of said intersymbol interference
components. and

. survivor path means for storing path history decisions

15 - corresponding to 2% survivor paths.
c) means for cancellation of L-K of said L iniersymbol-interference
components, said means comprising

° feedback means for inlersymbol-interference canceilation using
precomputed and stored intersymbol-interference cancellation

20 terms, and

. means for retrieving said intersymbol-interference canceliation

terms by applying said path history decisions as addresses to

said feedback means for intersymbol-interference cancellation.

25
2. The apparatus of claim 1, wherein said means for cancellation comprises
at least one random access memory for storing said intersymbol
interference cancellation terms. said random access memaory being
arranged such that intersymbol-interference cancellation terms are
30 retrieved by applying a path history decision taken from said survivar

path means as address to said random access memory.

This Sheet Has Been Rep

LT —————




I n performance. Four decision signals (SO, Sl1, S2, S3) are needed to
control the netric multiplexers and the path update in the SPM 135.

Automatic netric boundin u Mi sing the conventional nodul o-2

t echni que iWOPHEI3H addgr'* fIIJ Llﬂﬂtgﬁﬂlhg t he conpar at or PERF3P5Q0769 o
97/ 11544 ’

PCT/ 1 B95/ 00769 24 NPM. Det ector Using FousoPredi ctor Coefficients (N=4) and
Four States (K =2): For N =4 and K=2. i.e.. 2[err] = 4 states, the branch
metrics based on (5) becone 5 [err] where the signal sanple [err] is the
out put of the prediction error filter. Associating again the data synbols
"+ 1" and "-1" with the binary nunbers 1 and 0. respectively, the state

i nformati dn (8[ elPE aRRATRIUS) ot qaim _13)whergin jsaid (Sampie _y.15ecelyeq vie Faidy 1)

i's mapped into channel is a partial-response signal and in particular a partial-response
class-4 (PR4) shaped signal.

5 4. The apparatus of claim 1, wherein said sequence detector is a Viterbi

detector.

5. The apparatus of claim 1, wherein said sequence detector is a 2-state
sequence delector and said prediction error filter comprising a 4-tap

10 predictor.

6. The apparatus of claim 1, wherein said sequence detector is a 4-state
sequence detector and said prediction error filter comprising a 2-tap

predictor.

7. The apparalus of ciaim 1, wherein said sequence deilector is a 4-state
sequence detector and said prediction error filter comprising a 4-tap

prediclor.

20 8 The apparatus of claim 1. wherein said sequence deteclor is a 8-state
sequence detectar. preferably a programmable one. and satd prediction

error filter comprising a 1-tap predictor.

8. The apparatus of claim 1. either comprising a separate inverse precoder
25 fed by the oulput of said deilecior. or means for imbedding the inverse

precoder function into said sequence deteclor.
10. The apparatus of claim 1, having a transfer function for the signal portion

of said sample y. being different from the {ransfer function for said

30 colored random noise components.
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the present state s, = 0. 1 2. and 3, respectively. Simlarly, the next
state 15 information (a[err] aferr]) =(-1.- 1).(- 1. + 1).(+ - 1)

respect i vel ywobstiseng o rTTRSN INARE] TR - 30"t 6] ™ “vevombsioans
PCT/ 1 B95/ 00769 25 1 one obtfains t'he®eight branch netrics [err] 5
a1

1 11. The apparatus of claim 2, wherein said prediction error filter and/or said

random access memory has a non-linear transfer characteristic.

12. The apparatus of claim 2. wherein said prediction error filter and/or said

5 random access memory is programmable.

13. The apparatus of claim 12. comprising means for adaptive selting of said
programmable prediction error fiiter and/or said random access memory
such that its characteristic automatically__ adjusts as the colored random

10 ncise on said data channel changes.

14. The apparatus of claim 1 or 2 being either complelely or partially

impiemented in analog circuit technology.

15 -15. The apparatus of claim 1 or 2. wherein said feedback means comprise a

feedback finite-impulse response (FIR) filter.

16. The apparatus of claim 1, comprising:
* a memoryless detector for determining a nominal expected value,

20 . means for estimating the noise contribution in a plurality of past
digital samples by subtracting the value of a sample from said
nominal expected value,

. means for predicting the noise contribution of the current received
sample using the noise contribution in a plurality of said past digital

25 samples,

. means for adding or subtracting the predicted noise contribution
to/from the current received sample, and

. means for feeding the ocutput of the means for adding or subtracting
to a conventicnal partial response maximum likelihood (PRML) or

30 extended partial-response maximum likelihood {EPRML) detector.
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[err] [err] 10 [err] [err] 15 [err] 20 [err] [err] 25
where z[err] are the sanp | the correspondi ng 4-tap
prediction error filter chmﬁmﬁmi&mﬁﬁg’de with the equalizer (see Figure
20). It isWOQIRRIIM4 t o def s [err] 30 [err] PCTABIS/00769

42

1 17. The apparatus of any of the claims 1-16, wherein said channel is a data
transmission channel and said apparatus is employed for estimation of

data received via said data transmission channel.

5 18. Direct access storage device, in particular a disk drive. comprising direct
access siorage means and an apparatus far noise predictive maximum
likelihood (NPML) sequence detection according to any of the claims 1 -
16, said channel being a storage channel for feeding signals retrieved
from said direct access storage means to said apparatus.

10 '

18. The apparatus of any of the claims 1-1G6. being integrated into
(piggy-backed) on a partial-response maximum likelihood (PRML} or

exiended partial-response maximum likelihood (EPRML) system.

15 -20. The apparatus of claim 19. wherein a digital equalizer. being part of said
partial-response maximum likelihood {(PRML) or extended
partial-response maximum likelihood (EPRML) system, and said prediction
error filer are replaced by a single finite-impuise response filter having
the property to whiten said colored random naise components of said

20 sample y,.

21. The apparalus of any of {he claims 1-16. being connected to a partial
response maximum likelihood (PRML) or an exlended partial-response
maximum likelihood (EPRML) detector such that one can switch from a

25 first' state where the apparatus and either one of said detectors operate
concurrently to a second state where either said partial response
maximum likelihood (PRML) or extended partial-response maximum
likelihood {EPRML) detector, or said apparatus processes said sample y,
received via said channel.

30

22. Method for noise predictive maximum likelihood (NPML) sequence
detection by means of a sequence detector having a state complexity

being equal to 2%, with 0 £ K < L, said method comprising the steps:
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WO 97/ 11544
PCT/1B95/ 00769 26 [err] [err] [err] [err] 10 [err] 15

[err] since they can be m u ’; de the feedback loop. if necessary
by neans of wbpelisid ng. ﬁlmnlm ﬂﬁ H?{ |* (68) can be witteRrmRsdied €]
[err] 25 [err] [err] 30 * ¢ *+ " 5

43

1 a) whitening colored random noise components of a sample Yn received
via a channel. said sample y. comprising a generalized pariial
response signal component corrupted by said colored random noise
components. leading to a signal z, then having L

5 intersymbol-interference components.

b) eliminating K of said L intersymbol-interference components by
carrying out a branch metric computation based on a 2%-State Viterbi
algorithm to determine the most likely sequence corresponding to
said sample y.. and

10 c) if there are any intersymbol-interference components left, i.e.. if
L-K==>0
. precomputing intersymbol-interference cancellation terms.

. storing said intersymbol-interference cancellation terms in
storage means,

15 - . retrieving said intersymbol-interference cancellation terms from
said storage means by applying path history decisions from said
sequence detector as addresses to said memory means,

. cancelling said L-K intersymbol-interference components in said

signal z, using said intersymbol interference cancellation terms.

20
23. The method of claim 22, comprising the steps:

. estimating the noise contribution in a pluralily of past digital samples
by subtracting the value of a sample from a nominal expecied value,
said nominal expected value being determined by simple

25 memoryless detection,

L] using the noise contribution in a plurality of said past digital samples
to predict the noise contribution of the current received sample.

. adding or subtracting the predicted noise contribution to/from the
current received sample, and

30 . feeding the output of the last step to a conventional partial response

maximum Jikelihood (PRML) or extended partial-response maximum
likelihoad (EPRML) detector.
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[err] WO 97/ 11544
PCT/ 1 B95/ 00769 27 [err] [err] 5 [err] respectively. Finally, defining the

B SRR MR o3 S5 e

four metrics for the next*states ¢[efr]*= 0, 1, 2, and 3, are updated
according to 15 [err] with &herr] and s[err] being the
possi bl e present states. Direct mapping of the trellis shown in Figure 9
into hardware functions |l eads to an inplenentation structure shown in
Fi gures 11A, 11B. and 11C. Note the simlarity.

1 24. The method of claim 22, wherein said sample Y« received via said channel

s a partial-response signal and in particular a partial-response ciass-4
{PR4} shaped signal.

15
20
25

30
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20 respectively the differences conpared to Figures 10A, 10B, 10C (size
of~preditror Tilter and RAM address Tength). The terns Q[err] Gl[err]
R[err] and &B[err] defined by (57) - (60), respectively, can be

gener ated by, $40f RAM structures which can be | oaded W gcdrrapRgeosy | at e
val ues depending on the chosen operating point of the channel: the 4-state
SPM can again be a 25 regi ster-exchange structure. Note that the squaring
functions in (61) - (68) can be approximated to sinplify the required
circuitry. with mininmal |oss in performaidd27 Four decision signals SO, Si1
S2, and S3, are needed to control the netric nultiplexers and the path
update in the SPM 30 A multitude of variations for the inplenentation of
the 4-state NPML detector with a 4-tap noise predictor is possible,

dependi ng on constraints on conplexity, critical timng paths, and
al gorithmc issues such as netric bounding. For exanple, automatic netric
boundi ng can be achieved by using_. - WD 97/11544 r(t
PCT/ | B95/ 00769 28 %é %[3 14 V/a“ }5 V/() 16
Encoder Serializer Precoder rite/Rea Arm
: (Rate 8/9) ™ —" "JN Head J Electronicsr
n
Disk N—11
22 @ 19 18
[ el [ [
Digital | A/D Analog
Equalizer LPF
17
- Timing Recovery 20
&
f‘* 21
Gain Control
26
Yn
10 23 24 25
[ [ [
NPML Inverse De- Decoder
*» Detector | Precoder [*®| serializer [P (Rate 9/8) ———A—’
| 5 Ine
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Final
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FIG. 1



t he conventional nodul o technique in the adders feeding the conparator
inputs. The alternate nethod of nmetric nornalization, the difference nmetric
techni que introduced above, can be extended to the 4-state NPM. detector,
for exanpl e, w8y, HRglati ng the metrics such that the stored ngifje.tfhestate O
is 5 always the zero-valued netric. Further variations for |rrpferrenting
(4-state) NPM. detectors can be obtained by explicit expansion of the
squaring function involved in evaluati n% branch netrics [err]. NPM

Det ector Using a Single-Tap Predictor ( 1) 10 and Eight States
(K=N+2=3): It was pointed out hereinbefore that the 8-state NPM detector
whi ch uses a single-tap predigyor (i.e.. the case where N=1 and K= N + 2
= 3 so that 2[err] 228 statesy is a nenber within the famly of NPM
detectors which is 6f specifif practical interest for DASD applications.
Since in this part CUhRit age' there iﬁe 9 f eedback based on past
decisions. i.e. Eq@gqerqw use fgg/pot hesi zed) state

i nformati on for |no , tioﬁ,nt EP | oops via the FIR or

RAM based filtens 64 and 65. as shown in Figure 4 are not present. For N =
1 and K = 3 the{l16 branch netrics based on (5) becone

Yn

10 23
[ [

NPML Inverse
% Detector | Precoder [*® Final

Decisions

FIG. 2A

............... / SRR .: : [ :
Prediction| . | Digital | - Unegqualized
Error Filterf¢—— Equalizer [~ x, A/D Samples

30: 23
. /

| o Inversel
> ——» PUS
SD/FB Precoder Final

' Decisions

NPML Detector @ FIG. 2B
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20 [err] where the signal sanple z[err] = y[err] - p[err]ly[err]

Furthernore, since in (86) g[err] = p[err]

glerr] =1 and g[err] =

-p[err] we can wite 25 [err] where the triple (a[err] a[err] a[err])

represents tagotviaed hesi zed state sf[err]
transmtted synbol and the triple (a[err]

alerr]

alerr]

is the 30

pEYOL/HE8d Zed
alerr]) represents the

resul ting next state s[err]. In this situation it is advantageous to

eval uate the square on the right hand si
stat e-i ndependent terns, and WO 97/ 11
PCT/ 1 B95/ 007

29 to,.scal e
arrives at t 4%9“@5?@& branch netric [err]
Samples

t he remai ni ng expression.

Z%?f (87), to drop all

In this way. one

23@
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[err] [err] We now arbitrarily use a sonewhat different rule than the one

used above to 10 map the state information

nunber, nanely, [err]
maps to thevoorahedse

I nto the corresponding state
maps to t he state 0, [err]
[err] nmaps to state 7. Negpadgiad the

state-independent term (1 + p[err]) to all sixteen br
represented by 15 (88) and dividing the result by 2,
nmetrics can be listed as [err] 20 [err] [22&% 25 [err]

[err] 30

¥
: FIR 1

Xn

Unequalized
A/D Samples

Sequence Detector /
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anch netrics
t he equi val ent branch
(92)

.(23©
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Inverse :
Precoder [——>

Final
Decisions

Path History
Decisions

FIG. 2E



[err] SUBSTI TUTE SHEET (RULE 26) WD 97/11544
PCTTTBO5/ 00769 30 [err] [err] 5 [err] where 10 [err] Defining the stored

nmetrics Ms[err] for the states s[err] = 0. 1, ..., 7. one arrives at the
trellis di agigemiisdaown in Figure 12. The eight netrics M| erciaseodoréshe next
states s[err] =0,1, ..., 7, are updated according to [err]

5/27
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200 wth s[err] and s[err] being the states at tine n-1 according to the
trefTrs rn Figure 12. The Tatter can 1n principle be mapped directly into a
hardware structure. The trellis in Figure 12 can be further sinplified by
appl yi ng a s{dsalsdyr ansformati on techni que as descri bed i nptigpddabrot
application GB-A-2286952. published on 30 August 1995: the resulting
transforned trellis is shown in Figure 13 where 12 of the 16 branch netrics
are zero-val ued and the remaining four haéfzyal ues 2p[err] or -2p[err].
Defining the filtered sanples 30 [err] where y[err] =
alerr] - a[err] + noise is the PR4-equalized, noisy sanple, the quantities
Z[err] and Qerr] shown in the trellis of Figure 13 can be expressed as

WO 97/ 11544 PCT/ | B95/ 00769

31 [err] (101) and
64 Path History
| Decisions
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5 [err] respectively: if necessary. these quantities can be conputed by

pi petTmed-TrTCeurtry since they are not part of the nmetric feedback | oop.
Direct mapping 10 of the trellis in Figure 13 into a hardware structure

| eads to thqw§ﬁnﬁgg‘shomn in Figure 14: the eight decision gtgigesers0 - S7
al so control e operation of an 8-state SPM (register-exchange) not
specifically shown. The SPM delivers the final decisions via the inverse
precoder. A significant feature of the NPM._schene described by Figures 12
- 14 is its ability to performthe det ect//@d function for arbitrary val ues
of the noise predictor coefficient p[err]. Thus, by progranmng the
hardware with the best suited predictor coefficient (depending on the
channel operating point), optiml detection is obtained within the
constraints of a single-tap predictor. 20 1In particular, by setting p[err]

= O[err] the schene perforns detection for PR4 signals, i.e., the hardware
operates as a PRM. detector. On the other hand, setting p[err] = -1. the
schenme perfornms detection for EPR4 signals, i.e., the hardware operates as

an EPRWML detector. The maxi num r eNiRMEea 2=Btate drellise SPM or equival ently,
t he maxi num deci sion delay for the final decisions,

dp.1 —> state

+1 —s 1 M1n-1

1 —»5 0

n-1 Time/T n

FIG.5



25__shoul d be chosen such that the performance can be maintained for the
nost sensitive schenme (e.g. EPRWM.). For inplenentation purposes, it may be
advant ageous to nodify the algorithmoutlined for the flexible 8-state,
singl e-tap pwedratsss NPM. schene by addi ng 30 a conveni entPCT/IB95/00769
state-independent termto Zlerr] defined in eq. (101), e.g.. such that
[err]. It has been shown in the patent application GB-A-2286952, published
on 30 August 1995. that the perfornance 2&§ﬁhe EPRML is not affected by
such a measure since the channel is DCf (spectral null at zero

SUBSTI TUTE SHEET (RULE 26) WO 97/ 115744~ -~-==-~--~-=-=-===- '
PCT/ 1 B95/ 00769 32 1 frequency); t i%' & 80 NPM. detectors

as well. Thus, an alternate versio n-8 14 is obtained
by nodifying Zerr] and  err] . = t hat
[err] and [err] r espectii ¥ S : e
S~ 77
1Zn+1 e e | I :
(91 - 1) FIG 6
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condition Zlerr] + Jerr] = ZJerr] + Qflerr] = 2(1 + plerr]), nust always
be satisfied by theory. However, as described in the patent
application GB-A-2286952, published on 30 August 1995, it nay be

advant ageouswiovi@isagti ce to nodify this condition such that r&fresashorse J err]
= Z[err] + Q[err] = 2(1 + p[err]) - [err] where [err] is a small,
positive constant: a practical value nmay be [err] = 0.25. 10 Alternate
Forms of Inplenmentation and Modification 'egﬂ s section further
denonstrates, the nultitude of forms of iaf ment ati on which are possible
for NPM. detectors according to the present invention. Sone alternate forns
and sinplifications of the detectors presented above are 15 now descri bed
in sone detail: 2-State, 4-Tap Predictor NPM.: Letting 20 [err] 25 [err]

NPML : 2-State Trellis (Difference Metric)

anp.1{ —> state

+1 —5 1 Dpn+ +1 A(1,1) D,

-1 —s 0

n-1 Time/T n

FIG.7



one_obtains. the four equivalent branch netrics 30 [err] WO 97/ 11544

PCT/ 1 B95/ 00769 33 [err] [err] [err] where z[err] are the sanples obtained
from the corresponding 4-tap prediction 10 error filter connected in

cascade wit hwer/asidal i zer (see Figure 20 . It is useful tceciaBba®réshe new
quantities Zl[err] = Z[err] - 1 (109) 15
ZO[er] = z[err] + 1 (110) so that egs. (105) -
(108) can be witten as 10/27

(PP P3Py
?;?

FIG. 8
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20 [err] [err] 25 [err] [err] 30 The alternate formof inplenenting the
functrons of Figure 6 is shown in Figure 15. Here, it is proposed to
generate the terns Gl[err] and D[err] defined by (103) and (104),
respectivel yyo By1188ANs of random access nenory WO 97/ 115¢&rnB9s/00769
PCT/ 1 B95/ 00769 34 1 tabl e | ook-up where the RAMs 121, 122 can be | oaded
wi th appropriate values (32 for each RAM dependi ng on the chosen operating
poi nt of the channel. The SPM 123 prq\q&f?s the five address bits
aferr] [err](1). .... aferr] (1) and

NPML : 4-State Trellis

(an_2 ,a n-1 )—‘9 Sj an (an_1 ,an ) —_— Sk

+1+1 M3p-1 +1 A(3,3) M3p

3
+1-1 2
M2 4 M2,
-1/-2
+1/+2
-1 +1 M1 n-1 M1n
1
1-1 0
Mon1 - A(0,0) Mon
n-1 Time/T | n



aferr](0) .... alerr] [err](0) for the RAMs 121 and 122. respectively, as
indicated in 5 Figure 15. Conputation of the branch netrics for the
difference nmetric approach (Figure 8) can be nodified simlarly: in this
case. furthewoswmidssficati ons are possi bl e. For exarpiag9s/ootsh e
potenti al di fference metrics 10 [err] and [err]
whi ch have to be preconputed, have sinple expressions in terns of the
signal sanmple z[err] and the respective q@ét%ties generated by the RAMs.
15 -4-State, N-Tap Predictor NPM. where or 4 (Alternative 1): Letting
20 [err] [err] 30 [err]

Yn+1 _
(PR4-equalized samples)

FIG. 10A
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WO 97/11544

PCT/ 1 B95/ 00769 35 1 one obtains the eight equivalent branch netrics
[err] 5 [err] [err] 10 [err] [err] 15 [err] 20

[err] [err] wabormisdaere z[err] are the sanpl es obtained fronedindesnorss
corresponding N-tap prediction error filter connected in cascade with the
equal i zer (see Figure 2C). By naking use of the definitions Zl[err] =
z[err]- 1 and ZO[err] = z[err] - 1. respe_lcé}é/fly, eqs. (119) - (126) can be
witten as

M3h 7 | M3h-1
136 B !
res — e |
. I oy . 53
b

A(1,3) ‘_jfr].
137

FIG. 10B
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30 [err]

[err] WD 97/ 11544

PCT/1B95/ 00769 36 [err] (129) [err] 5 [err] [err] 10 [err] [err]
respectively, yielding again the trellis diagram shown in Figure 9.
PCT/IB95/00769
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mapping of this trellis into hardware functions - by using the new

vari abl es as defined above - |leads to the structure shown in Figures 16A,
16B, 16C. The 20 ternms ' [err] Gl'[err] &'[err] and G3'[err]
defined by (wWdb9)nrsed 118), respectively, can agai n be gener aperhdvyoemeans of
RAMs 151-154 which can be | oaded with the appropriate val ues dependi ng on
t he chosen operating point of the channel: the 4-state SPM 155 - assum ng
again a register-exchange structure - prgQw the N address bits for each
of the four RAMs (one per state): 25 eéﬁ |l ently, these four RAMs

151- 154 can be conmbined into a single RAM structure with nultiple inputs
and outputs. Automatic netric boyﬁdi)ﬁg1i)g]_2chi eved by using the

conventio F"Rlﬂlé’\i/ﬁmiz%d eahm iess ¢ eedi ng the conpar at or
I nput s. 38 NP Pet-e hm ‘-

U/ v, LY RS
HM oty ;lg3VLSI Technol ogy:
| mpl enent ati on of ﬁg%ul detecto 2 < the fam|ly of NPM. detectors
can be done in eit digital

di gital/anal og VLSl circuit
technol ogy. I nplenentations i are of particular interest
in
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WD 97/ 11544
PCI7TTB95/ 00769 37 1 hi gh data rate and/or | ow power applications. An
exanple for PRML is described in "Analog |Inplenmentation of dass-I1V

Parti al - RespQae®dad erbi Detector”. A H Shakiba et al.. PrpergeSeds 94.
1994: simlar methods can be applied to NPM. detectors. 5 NPM. Detectors
with Reduced SPM Length: It was indicated above, that NPM. detectors
general ly do not exhibit quasi-catastrophic error propagation. This
property can be exploited to save hardwarld/27d reduce decodi ng del ay by
reducing the length of the path 10 menory in the Viterbi detector w thout
conprom si ng performance. On the other, these hardware savings may be
traded for additional increases in recording density by using run-Ilength
limted (RLL) codes with a hi —st1ge the code constraints
relating to the length of the|SPM can be rel axed. 15

] FIG.11B
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4¥State, N-Tap Predictor NPM. where N=2 or 4 (Alternative 2): Letting in
(179) - (126) 20 [err] [err] 25 and so on. we can wite the eight branch

netrics as [err] 30 [err] [err] WO 97/ 11544
PCT/ 1 B95/ 0074® 9381dagrr] [err] PCT/IB95/00769
17/27
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5 Jerr] 10 [err] [err] This version |eads to
the 1 npl enmentation shown in Figures 17A, 1/B, 17C 15 wnere the squaring
function can be approxi mated as shown by A Eshraghi et al., in "Design of
a New Squar ivp@efiizgd i on for the Viterbi Al gorithnt. | EEE Jopibsed Sol id
State Crcuits, Vol. 29. No. 9. Septenber 1994, pp. 1102 - 1107. 20 25
30 PCT/ 1 B95/ 00769 1

18/27
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Amended Claim 1. Apparatus for noise predictive maxi num |ikelihood (NPM)
sequence detection In a channel, conprising: b5 a. a
prediction error filter for whitening colored random noise conponents
of a sanpl e weihhsdsecei ved via said channel, said sanple y[ﬁﬁrﬂb%&mri si ng
a generalized partial -response, signal conponent corrupted by said col ored
random noi se conponents, leading to a signal Z err] now having L

i ntersynbol -interference conponents, 10 b. means for

cancel lation of K of said L intersynbo?gﬂ%zerference conmponents in said
signal z[err], having a state conplexity being equal to 2[err]. with O
[err] K[err] L and L reflecting the nunber of said intersynbo

i nterference conmponents, and 15 [err] survivor path

means for storing path hi NPMY : deansicsmed 8rStatpohusilis (Ne-12[H«8)

survivor paths, c. neans for cancellation of L-K of said L
i ntersyang,-iwféaﬁgge,aowm%? paid signal z[err], said neans

conprisingl[err] feedback néans tor intersymbol-interference cancellation
usi ng
g -1-1-1 —e
MOy, MO,

T +1-1-1
2p1

‘ -2p 4
M2 M2

[AV}
1
-t
+
-
]
.y

M4

-2p1
2p
Qn
5 T+1+1 M6, 3 M6,
M7n-1
M7
7 +1 +1 +1 o N
n-1 Time/‘l’I n
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20 preconputed and __stored

i ntersymgot=tTterrerence cancellation terns, and [err] neans for
retrieving said intersynbol -interference cancellation terns by applying
said path higtarysgeci sions as addresses to said feedback nmeenvssskoo769

I ntersynbol -Tnterference cancell ati on. | PEA/ EP WO 97/ 11544

PCT/ | B95/ 00769 40 3. The apparatus of claim 1 wherein said sanple y[err]
received via said channel is a partial-response signal and in particular a
parti al -response cl ass-4 (PR4) shaped siéH§1 5 4. The apparat us of
claim 1, wherein said sequence detector is a Viterbi detector. 5. The
apparatus of claim1l, wherein said sequeficte derecror .S a P-sState sequence

detector and said prediction error filtef con thp
S0
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10 predictor. 6. The apparatus of claim1l, wherein said sequence
deteetor—rs—ad-state sequence detector and said prediction error filter
conprising-a 2-tap predictor. 15 7. The apparatus of claim1l1, wherein said
sequence det&étg%lsh‘? a 4-state sequence detector and sai d ppetisdsiogmie €r r or
filter conprising a 4-tap predictor. 20 8. The apparatus of claim 1.
wherein said sequence detector is a 8-state sequence detector. preferably a
progranmmabl e one. and said prediction error filter conprising a 1-tap
predictor. 9. The apparatus of claim1. e2flh&7 conprising a separate

I nverse precoder 25 fed by the output of said detector, or neans for

| mbeddi ng the inverse precoger fu ' ' | d sequence detector. 10.
The apparatus of claim 1. haBindg ¥rp8 for the signal portion
of said sanple y[err] being diff ansfer function for said
30 - col ored random noi se copponer

FIG. 15
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WD 97/ 11544

PCHHB95+00769—41TI L. The apparatus of claim 2. wherein said prediction
error filter and/or said random access nenory has a non-linear transfer
characteri st| Ennﬁ? The apparatus of claim2. wherein said pcegdBssidemd error
filter and/o saléﬂg random access menory is programable. 13. The
apparatus of claim 12. conpri'sing means for adaptive setting of said
programuabl e prediction error filter and/or said random access nenory such
that its characteristic automatically adj2@f&7as the col ored random 10

noi se on said data channel changes. 14. The apparatus of claim1l or 2 being
ei ther conpletely or partially inplenmented in analog circuit technology. 15
-15. The aﬂﬁaratus of claln1éﬁ§ 2. \Muann sald f eedback means conprise a
feedback f(MR4cennplizsd SABpIASe (Fi <u ter, TYlﬁ_rqppar atus of claim

1. conprising: * a ngnnryless det ¢c for det ning a nom nal expected
val ue, n+1

n+1

-1 +1 FIG. 16A
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20 [err] means for estimating the noise contribution in a plurality
of 7 past dirgital sanples by subtracting the value of a sanple from said

nom nal expected value. [err] means for predicting the noise contribution
of the curreglgd-aseisved sanpl e using the noise contributi on PCHABISmoTs9al ity
of said past digital 25 sanples, [err] means for adding or

subtracting the predicted noi'se contribution to/fromthe current received
sanple, and [err] means for feeding the28/@Put of the means for adding or
subtracting to a conventional partial response maxi mum likelihood (PRWM.) or
30 extended partial -response maxi mum | i kel i hood (EPRM.) detector.
WO 97/ 11544 PCT/ | B95/ 00769
42 17. The apparatus of any of, ' 1 said channel is a
data transm ssion channel and [said apparatus is enpl oyed for estinmation of

’ M3n. | M3n_4
AG2) sl L . FIG. 16B
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data received via said data transm ssion channel 5 18. Direct access .
storage device, In particular a disk drive, conprising direct access
storage neans and an apparatus for noise predictive maxi num | ikelihood
(NPM) " sequerpgsomgsqQct i on according to any of the clains 1 -PCTBBIszm@yed
channel being a storage channel for feeding signals retrieved fromsaid
direct access storage neans to said apparatus. 10 19. The apparatus of any
of the clains 1-16 being integrated into ;ﬁ%&gy-backed) on a
parti al -response maxi mum | i kel i hood ( PRML extended partial -response
maxi mum | i kel'i hood (EPRML) system 15 20. The apparatus of claim 19,
wherein a digital equalizer, being part of said partial-response maxi mum
| i kel i hood ( PRML) or ext ended partial -response maxi num | i kel i hood
(EPRML) system and said prediction error filter are replaced by a single
finite-inpul se response filter having the property to whiten said col ored
random noi se conponents of said 20 sanple y[err]. 21. The apparatus of
any of the clains 1-16. bggngmconnect ed to a pﬁ?téi al response nmaxi mum

| i kel i hood (PRML) or an e ed parti al -resporfée-1

154 FIG. 16C
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maxi mum |ikelihood (EPRM.) detector such that one can switch froma 25
first state where the apparatus and either one of said detectors operate
concurrently to a second state where either said partial response maxi num

| i kel i hood +wiORWhis«@r extended partial-response maxi num | i lpelrhbsagrse EPRM.)
detector, or said apparatus processes said sanple y[err] received via said
channel . 30 22. Method for noise predictive maxi mum | ikelihood (NPM)

sequence detection by nmeans of a sequenc ctor having a state
conplexity being equal to 2[err], with O ] K[err] L, said nethod
conprising the steps: 43 a) whitening col ored random noi se conponents of

a sanple y[err] received via a channel, said sanple y,, conprising a

general i ze@ppm.gq@ahgg@pmﬁ@@g)gnal 4 qnent co W ed b¥] said col ored

random noi se conponents. t hen havi ng
L Yn+1

Zn+1
B ]
2 FIG. 17A
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5 i ntersynbol -interference conponents. b) elimnating K of said
L +mtersymbot=TTTrerTerence conponentis by carrying out a branch netric
conput ati on based on a 2[err]-State Viterbi algorithmto determ ne the nobst
i kely- sequepce. caLt esponding to said sanple y[err], and 10pctaBes@dreoi f
there are any i'ntérsynbol -interference conponents left, i.e., if L - K>0.
[err] preconputing intersynbol-interference cancellation terns. [err]
storing said intersynbol-interference _cancellation terns in storage
neans. 15 [err] retrieving 28/@7 ntersynbol -interference
cancellation'terns fromsaid storage neans by applying path history

deci sions from sai d sequence detector as addresses to said nenory neans,
[err] cancelling said L-K intersynbol -interference conponents in said
signal z[err] using said inte T ellation terms. 20
23. -The nethod of claim 22. conprising the steps: [erf] estimating the

noi se contribution in a pluralii |M3A an&’H

FIG.17B
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by subtracting the value of a sanple froma nonm nal expected val ue, said
nom nalr_expected value Dbeing determned by sinple 25

menoryl ess detection, [err] using the noise contribution in a plurality
of said past wl gihgds Sanpl es to predict the noise contri butimr®bsédie
current received sanple, [err] addi ng or subtracting the predicted noise
contribution to/fromthe current received sanple, and 30 [err]
feeding the output of the last step to a %gznf?tional partial response
maxi mum | i kel i hood (PRWML) or extended part esponse maxi mum | i kel i hood
(EPRM.) detector. SUBSTI TUTE SHEET (RULE 26) WO 97/ 11544

PCT/ 1 B95/ 00769 44 24. The nmethod of claim 22, wherein said sanple y[err]
received via said channel is a partial-response signal and in particular a
parti al -response cl ass-4
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Amended Claim

l. Apparatus for noise predictive maximum likelihood (NPML) sequence
detecrion in a channel, comprising:

5 a. a prediction crror fiter for whitening colored random noise
components of a sarmple y. received via said channel, said sample v,
compmmg a gcncrahzed pama.l—respom sxgnal component corrupted
by saxd oolored random noise components, leading to a signal z. now
heving :I\._.mwxsymbol-m.terference components,

10 b. means for cancellation of K of said L intersymbol-interference

components in said signal z,, having

e a state complexity being equal to 2%, with 0 s K s L and L
" 'reﬂectmg the number of said mtersymbol interference components,
and-- .
15 * survivor path means for storing path history decisions
corresponding to 2% survivor paths,

¢. meuans for canoellauon of L-K of said L intersymbol-interference
componcnrsmsaxd signal z.,saidmeans comprising

' ﬁedback neans for mtersymbol—mterfexence cancellation using
20 o pwcomputed and  stored intersymbol-interference  cancellation

tcrmsand-

. mmns for retricving said intersymbol-inierference cancellation .
'.zcrms by applymg said path history decisions as addresses to said
fe:dback means for mtcrsymbol-mterfcrcnce cancellation.
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{57) Abstract

The present application makes use of a novel
noise-predictive  maximum-likelihood (NPML) data
detection scheme (10) operating on signal samples
received via an equalizing filter (22) from a channel,
and in particular a storage channel of a direct access
storage device. This scheme arises by applying a noise
prediction/whitening process to the ourput signal of said
equalizers and by providing means in the branch metric
computation of a maximum-likelihood sequence detector
(MLSD). It furthermore provides for cancellation of
intersymbol-interference (ISI) components of said signal
samples, by means of an appropriate tble look-up. The
contents of the table look-up are addressed by using
decisions from the path histories of the maximum-likelihood
sequence detector.
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