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~The present invention relates to a disk drive using i as a recor

medi um and nore particularly to a signal processing deVIHHMMM‘MmHmﬁN
sui tabl e for feedback control based on soft-decision val om a
soft-decision Viterbi detector 10 incocrpofated in an iteratiwessecoder, and

which utilizes partial response maxi mum | i kel i hood detection. Mgnetic disk
drives (HDDs) as typical disk drives utilizing disks as recording nedi uns

are known. As described in, forg ﬁrmg§%ﬂ$ﬁNTf@@4l 249 and 15
6,249, 398, signal processing deV|ces use in recent magnetic disk drives
utilize digitadrghgnabrOCOSSeRE Otk e@lT D87 th@! pARSPRI)SRE SR EHM
| i kel i hood (PRWM.) detection”. In the S|gnal processi ng devi ces described in

t hese docunentgax ywing er, dRetBIHconoEdedriofo a run 20 length limted (RLL)
code. The encoded data is recorded on a disk wwth the timng of the

recorded wavef orm correct ed. BROEGHaUADr egorded INNENDEON Sk is read by a
head. The read data or signal is anplified by a read anplijfier
(pre-anpdifier). Th&hanpketeet 25vansliog sedatibs(tead eighatyive input to a
variable gain anplifier. The variable gain anplifier is controlled so as to
make the anpli@sdedod @hekreadasrgparding medium, and more
particularly to a signal processing device which is
suitable for feedback control based on soft-decision
values output from a soft-decision Viterbi detector
10 incorporated in an iterative decoder, and which
utilizes partial response maximum likelihood detection.
Magnetic disk drives (HDDs) as typical disk
drives utilizing disks as recording mediums are known.
As described in, for example, USP Nos. 5,341,249 and
15 6,249,398, signal processing devices for use in recent
magnetic disk drives utilize digital signal processing
called "partial response maximum likelihood (PRML)
detection”. In the signal processing devices described
in these documents, write data is encoded into a run
20 length limited (RLL) code. The encoded data is
recorded on a disk with the timing of the recorded
waveform corrected. The data recorded on the disk is
read by a head. The read data or signal is ampligied
by a read amplifier (pre-amplifier). The amplified
25 analog signal (read signal) 1s input to a variable gain

amplifier. The variable gain amplifier is controlled

so as to make the amplitude of the read signal
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‘r - 2 constant. The read signal output fromthe variable gain anplifier is
input to an A/D converter via an analog filter. The A/D converter converts
.the read signal into a quantized discrete-time sanpl e-value 5 sequence in
synchrony with a sanpling clock (read clock). This sanple val ue sequence is
equal i zed toward a desired response by a digital FIR (Finite Inpul se
Response) filter. The equalized sanpl e_value _sequence is detected as a

bi nary sequence by a Viterbi detector. 10 The detected binary sequence is
decoded by a decoder (channel code decoder) into data identical to the data

witten to thec.ghskandhe @hﬁnggagrggﬁﬁghngugﬁgkgﬁgPﬁeEggrghggggggck control

for adjusting the gain of the variable galn Ifier to m t he

anpl i tude of aga@@daﬁﬁ_ﬂeie909§t§ﬂ§utTesyaalA?DDSBE9&?£E§699§CK control for
timng adjustnment (timng recovery) of a sanpling clock for the AAD

converter, andafiegdhask eonteel foreafanpt b¥aveenbiokoaletle ELR fkhher.
Concerni ng these 20 feedback control processes, see, for exanple, Jpn. Pat.

Appl n. KOKAI Psbihaat intoNa. q28fti3449@38scastweklnmasskhglaboyeyrent i oned
docunents. In the feedback control disclosed in Jpn. Pat. Appln. KOKA
Publ i cat$ on Nose@0€iec8448908ynahsysyewithdeakaRRl{par tiiakkRespadse) 25
systen) equivalent to the FIRfilter generates a digital value sequence of
a wavef orm equalPgkl- i nThhs esxpepiedvadspoasduéhce. isanqerpéceddtPRavdl ue
- 3 sequence). Mre specifically, an expected PR val ue sequence is
generated by cdnd8fiFednrespenpatbPvnaotigibphaFyRséfinhate Thandsdeci sion
val ues) as the_ output of tre Viterbi detector, and PR val ues determ ned
from5 predete$ﬂ§R£HS R pht BfEt er She7eqUalized. sampde vaheecRpERERESPR
val ue sequence, | s a reference PR val ue gequence and conpared with
S

d , !
t he out put of %%edgngFgﬁt%?,aibép?r¥ns§8PﬁﬁFe ¥pPeVvaPtRlsEg§GERER 0l a PR
f PR | ] detecti 0 | f
each torer subie PeaEe bRty SEShREY B RhEtHat b or "RRE T8 oct oc
error val ues, ?@EQnﬁ@Igéédésdégﬁggﬁ?kiSQBtnggeggeﬁgiESEeEB Eﬁgnﬁ%gg di sk

drives, a signal processing technique utrlrzing turbo coding and
iterative decogingrdastsorRt Qi Hr. enpl oyed to conpensate for reduction of
an S/INratio (signal-tonoise ratio) caused in accordance with increases in

the recording densiTyeobiyheldpekcesbyag. dEkisesi paalropnOgRBbAG KL €Chni que
is described in J. Hagenauer and 20 P. Hoeher, "A Viterbi Algorithmwth
Sof t - Deci si on control for adjusting the gain of the variable gain
15 amplifier to make the amplitude of a read signal
constant. They also perform feedback control for
timing adjustment (timing recovery) of a sampling clock
for the A/D converter, and feedback control for
adaptive control of the FIR filter. Concerning these
20 feedback control processes, see, for example, ipn. Pat.
Appln. KOKAI Publication No. 2001-344903, as well as
the above-mentioned documents. In the feedback control
disclosed in Jpn. Pat. Appln. KOKAI Publication
No. 2001-344903, a system (ideal PR (partial Response)
25 system) equivalent to the FIR filter generates
a digital value sequence of a waveform equalized in

an expected response (i.e., an expected PR value



“Qutputs and its Applications" (Pros. of |EEE d obecom p. 1680-1689, 1989)
(hereinafter referred to as "docunent 1"), P. Pakzad, B. N kolic and V.

" Anantharam "VLSI Architectures for Iterative Decoders in Magnetic 25
Recor di ng Channel s" (I EEE Trans. Magn., Vol. 37, No. 2, p. 748-751, March
2001), and M Isaka and H Imai, "A tutorial on "parallel concatenated
(Turbo) coding", - 4 "Turbo (iterativey decoding" and rel ated topics",
TECHNI CAL REPORT OF | EICE, 1T98-51, P.7-11, Decenber 1998) (hereinafter
referred to as "docunent 2"). The signal processing technique is also

described i n & ARS.No,) 6. 108 388 Lher el ot o7 g efgred 40505, dggurent 3).

Decoders for iterative decoding ‘are ca Iterati've decoders. An iterative

decoder COMPr i s@gudh O {5 ARCh S10n Vit §r Bbnflocedssn (1 dggoder),
de-interl eaver and outerscode decoderf 1dnUnIike %téﬂggéﬁgggfgrﬁf

detectors, the S@iﬁa?ecé@ﬁhéétﬁﬁ@id%é@ﬁ%n opd Dk $) sof tehlechgtgnt val ues
(outer codes) instead of a binary sequence (hard-decision values). The

sof t - deci si on @l ties Vepsasendetékiedt honed | Pk oF fiBlé ONdé batmined cates t he
reliability of each bit 15 form ng the binary sequence. The soft-decision
out put s of thesaddetamrisedPRiperdnetdetect oy 4re-4npud, t©2)f he Dhiéer code
decoder via the de-interleaver, and are again decoded by it. The iterative
decoder it er atetpeietadi PR vilee sseplenval e seediedsea (FabererodeBR 20

i ndi cative of a PR equalized waveform using the soft-decision Viterb
detector, and eE®R FRAGINGRIt 3NQ ceEPABE gt e e Putpde dBcbderFIRAs a
result of iteration of decoding, the rate of errors that occur when data is
read from a diskl%&CrebiRed. 2TRCHER] { TRBR 1§ eVEED JEP DB @8, 2WPRh a

t hreshol d val ue tge so[éédecisi n yal ues_obtained after .the jteration of

0

decodi ng, ther&hYE DU Putt]R e R YRTOFC WAl uekheredy dehefhiyIsequence) .
However.,, the i i codi utilizing both the soft-decision Viterb
decoderlo(i nnerélgfo%}e d%lclgg e?ﬁo%n%gglﬁt%?r%%%e %%%?diﬁ?/o%?/%gbacgat atinme
delay. The 5 tj ay i S i LS LV h IS
required to sﬁ%a?%gﬁ%gh ?%r%ﬁ%ﬁ%%%%éﬁﬁf89%??%%€et ?%,gﬁg%%e ?%ug%ék drives
utilizing turho,@odteyand & t eLadpyEk Iesoe-HP) &Pl oy an iterative decoder

of a pipeline or cascade structure, as described in the
In recent magnetic disk drives, a signal

processing technique utilizing turbo coding and

15 iterative decoding has come to be employed to
compensate for reduction of an S/N ratio (signal-to-
noise ratio) caused in accordance with increases in the
recording density of the disk drives. This signal
processing technique is described in J. Hagenauer and

20 P. Hoeher, "A Viterbi Algorithm with Soft-Decision
Outputs and its Applications" (Proc. of IEEE Globecom,
p. 1680-1689, 1989) (hereinafter referred to as
"document 1"), P. Pakzad, B. Nikolic and V. Anantharam,
"VLSI Architectures for Iterative Decoders in Magnetic

25 Recording Channels" (IEEE Trans. Magn., Vol. 37, No. 2,

p. 748-751, March 2001), and M. Isaka and H. Imai,

"A tutorial on "parallel concatenated (Turbo) coding",



10 docunents 1 and 3. Further, docunents 1 and 2 describe a Viterbi
algorithmcalled "SOVA (Soft Qutput Viterbi Algorithm" (soft-decision
.Viterbi detector) as a Viterbi algorithm (Viterbi detector) used in an
iterative decoder. SOVA conprises only forward 15 iterative processing, and
does not need backward iterative processing perforned after each forward
iterative processing. Accordingly, the_SOYA shows a | ow detection

per formance because of its approxi mte cal cul ation, but does not require a
| arge menory 20 capacity and hence causes only a short data tine delay. As

descri bed abovieg, iy}, CoW, tl_ (?é gg VESnd a4 U sedeence of a

reference PR waveforn1ne control of a predeternined

control targetTE@maﬁ@bE@ﬁ éﬂﬂe@p@ms Pfod-Hi Nap y7 seuenClehib@r d 25
deci sion values) as the output of a W t'erbi detector. On the other hand, in

di sk drives utiddg) nthételmd fiver decosh Pl B8h 4 er@ddmgeiecoder (turbo
decoder) iterates - 6 decoding (detection) of a sanple val ue sequence of

a PR equal i zedrivavef gian (i 1es s €0oke S e ¢tinl dzé NYs adll 6 s s €olieedlecwder
(soft-decision Viterbi detector), and decoding of outer codes utilizing an
outer cdde 5 d&edHdér, §heP&b3B8 etherapnifieccerrefera¢d. tdhesefore, to
performthe above-descri bed feedback control, the disk drives utilizing
iterative decotiogimeniui3'®) t hePagedehs B pliteobt ivaecdeeddrg deeadi ng
iteration to have a_ low error count, i.e., the output ZO (soft-decision
val ues) of thecdkpatiteraetmriciecedens vi tAn b%t%ﬁ%%h‘t’ef@?c%%r ating a PR
val ue sequence of a reference PR wavef orm éa d| ital val ue sequence of a
reference PR Ve OGS HotRberdesisigr Y o@e%ﬂd?¥ef%??%% eeedder is

d, | del 5d 1 f db k | BRI EF SUMVA. RY
o THE | @E%?ﬁﬁﬁﬁ%%ﬁ%ﬁ.%%CC%{%#%%%% R S ot F oS A TPIRE  t her o 1

provi deth a si gl 9L oGessAng, ey fbytaétéwgrga%g' § 50D e, Maxi mum

| i kel i Hood detection. processrng de ce® COnpr i
iterative Viterbi detector outputs soft-decision values (outer

codes) instead of a binary sequence (hard-decision
values). The soft-decision values represent likelihood
information that indicates the reliability of each bit

15 forming the binary sequence. The soft-decision outputs
of the soft-decision Viterbi detector are input to the
outer code decoder via the de-interleaver, and are
again decoded by it. The iterative decoder iterates
decoding of a sample value sequence (inner codes)

20 indicative of a PR equalized waveform, using the
soft-decision Viterbi detector, and decoding of outer
codes using the outer code decoder. As a result of
iteration of decoding, the rate of errors that occur
when data is read from a disk is reduced. The

25 iterative decoder compares, with a threshold value, the
soft-decision values obtained after the iteration of

decoding, thereby outputting hard-decision values



decoder, partial response waveform generator, flag generator, error
detector and error output controller. The iterative decoder detects a
-signal froma partial response equalized sanple val ue sequence, utilizing
25 iterative decoding. The iterative decoder has a plurality of

cascade- connect ed decoder units. Each decoder unit includes a soft-decision
Viterbi detector _ 7 _ which outputs_sokt-decision values froma sanple
val ue sequence input to each of the decoder units. The partial response
wavef orm generator generates a digital value sequence of an expected
partial responge; yavef orgm S, based on an output of the soft-decision Viterb
detector included in a predeterm ned one of the decoder units, the
predeterm ned decodesysibt behagiebhatibhapraqbbpalng! aeg; decadepouni t. The
flag generator generates fiag information indicative o m%et er 10

reliability ofthdessfgdetiyabyevseaHsnCe-86a8F at eanby tHGePaktbakryesponse
wavef orm generator is |low or high, based on the output of the soft-decision

Viterbi detectadimcterlecodd ddeodsedehesvasdadesodetingi de1dhe ernar
detector detects error values in the partial 15 response equalized sanple
val ue sdguencetifidhedetaprofiedaicd ois udipraesenhendagiii @k dalve seguense,
generated by the partial response waveform generator, as a digital value
sequence of a FeYereerkctqaskdoran fibyh f eedbaghpednt réd ofeacpmedehéspi ned
control target, the 20 reference waveform being referred to for error value
detection. The"dFRfiouibtk Eohiedleilidhngofsrbatpeding ahd error val ues
detected by the error detect in accordance with a state of the flag

i nformation gener et Hy % J?W%ge%ﬂ%Ya%%r%t?BaBWEFd%MWfO\l OF THE
SEVERAL 1 Ve O TUR RN E1G 1o Ls 8 block  ggran L Lust ating the
Lhe | PUgPL] oMo Gl ) SuBeherat s, LLUUSLIBLLIGLIS [oLaeh of seghor dat
exanpl e of the, pfeaARLL a1gorithm called "sova (Soft Output Viterbi
Algorithm)" (soft-decision Viterbi detector) as
a Viterbi algorithm (Viterbi detector) used in
an iterative decoder. SOVA comprises only forward
15 iterative processing, and does not need backward
iterative processing performed after each forward
iterative processing. Accordingly, the SOVA shows
a low detection performance because of its approximate
calculation, but does not require a large memory
20 capacity and hence causes only a short data time delay.
As described above, in conventional disk drives,
a PR value sequence of a reference PR waveform needed
for feedback control of a predetermined control target
is generated on the basis of a binary sequence (hard-
25 decision values) as the output of a Viterbi detector.
On the other hand, in disk drives utilizing iterative

decoding, an iterative decoder (turbo decoder) iterates



(preanble pattern) 111 appearing in FIG 2; FIG 4 is a block diagram
illustrating the configuration of the AGC 47 appearing in FIG 1; FIG 5 is
-a block diagramillustrating 10 the configuration of the error detector 472
appearing in FIG 4; FIG 6 is a block diagramillustrating the
configuration of each PR waveform generator 400 appearing in FIG 1; 15
FIG 7 illustrates a | arge nunber of signgl sanple points as exanples of
sof t -deci si on val ues indicative of the outputs of the soft-decision Viterb
detector 461-1 appearing in FIG |; FIG 8 is a block diagran1|IIustrat|ng

the 20 configugatb@ngf (tbecoEisg] seniroLhsi-48,appe é& Gnkl BEG, by FIG
i

9 is a block dlagran1lllustrat|ng the con uratiron o e error ector

482 appearing équil Gre8; wabeEbfn 1@nh§rac8a@§k Qt@giaﬂhglgﬂsaﬁﬁ&kng the
configuration of the timng recovery controller 49 appearing in FIG 1,

g FIG 11 iscadbl dekodengrantttdosisabhnyitbebeonbtgdtath pnanh the phase
conparator 492 appearing in FIG 10; FIG 12 is a bl ock di agram
illustrating t@QCdengfoguoatenncode$hetihpzmn@fénco&ﬁérceﬁﬁé0||er 452

5 decoder, thereby reducing the error rate.

Therefore, to perform the above-described feedback
control, the disk drives utilizing iterative decoding
require the Viterbi output obtained after decoding
iteration to have a low error count, i.e., the output

10 (soft-decision values) of the iterative decoder, as
a Viterbi output for generating a PR value sequence of
a reference PR waveform (a digital value sequence of
a reference PR waveform). However, if the output of
an iterative decoder is used, a large time delay occurs

15 due to feedback control.

BRIEF SUMMARY OF THE INVENTION

According to an embodiment of the invention, there
is provided a signal processing device utilizing
partial response maximum likelihood detection.

20 The signal processing device comprises an iterative
decoder, partial response waveform generator, flag
generator, error detector and error output controller.
The iterative decoder detects a signal from a partial
response equalized sample value sequence, utilizing

25 iterative decoding. The iterative decoder has a
plurality of cascade-connected decoder units. Each

decoder unit includes a soft-decision Viterbi detector



appearing in FIG 1; and FIG 13 is a block diagramillustrating the
configuration of the error detector 453 appearing in FIG 12. 10 DETAI LED

- DESCRI PTI ON OF THE | NVENTI ON A nmagnetic di sk drive according to an

enbodi nent of the invention will be described in detail with reference to

t he acconpanying drawings. FIG 1 is a block diagramillustrating the
configuration of 15 a magnetic disk drive;(hereinafter referred to as an
"HDD') according to the enbodi nent of the invention. As seen fromFIG 1, a
di sk (magnetic disk mediunm) 11 has two, i.e., upper and | ower, disk

surfaces. At 'vﬁ?iséh Qﬂ?cl;ﬂfté %g%\ﬁ%ﬁﬁ&yr s Ofrdhey dééargj#rm\é%leégr ves as

a recording surface for nagneti recordi ng data. A he tic head)

12 is provi deds&?fézf‘c%ooi%dlg £ 44 reeonid ng saud Aaceh of s therdi sk 11. The
head 12 is used to wite data to the disk 11 (data recording), and read

data therefromddatal 25 S NAUEdY O rm Then éht St d 1gdise ¥ Ot &6 €4l @ig@;l%i gth
(0]

speed by a spindle notor (not shown). The head 12 is attached -

the distal endraifucirnséfiariddrof cat réage)tdd. pd it BELL Of SANEEs &V wdlvdé Herm
rotation of the actuator 13, the head 12 is radially noved over the disk
11. As & resulbdgsddieorhend diZpst poSi thonsdf ahdyvel @i d@argeteSoirack. FIG 1
shows only one head 12, for sinplicity. In general, however, both surfaces
of the disk 1Medfrectar ol Hipedirfacepredelteesbeed i vre hebdshardepodet ded
for the recording surfaces. Further, in FIG 1, the HDD is equipped with a
singl e di sk 1MNHowevidte Bredetrinined y[degodeskanit heinpeothebrborated in
the HDD. The head 12 is connected to a head IC (Integrated Crcuit) 14
forming a head® dmftd¥1erads rdefederngntead 1o 1413 R coPPRFAERE a read

ool {ler (noL shoue), o, GUBLLEYLAR L e80, analfepd by e head 12, and

10 reliability of the digital value sequence generated by
the partial response waveform generator is low or high,
based on the output of the soft-decision Viterbi
detector included in the predetermined decoder unit.
The error detector detects error values in the partial

i5 response equalized sample value sequence. The error
detector utilizes the digital value sequence, generated
by the partial response waveform generator, as a
digital value sequence of a reference waveform for
feedback control of a predetermined control target, the

20 reference waveform being referred to for error wvalue
detection. The error output controller controls output
of the error values detected by the error detector in
accordance with a state of the flag information
generated by the flag generator.

25 BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

FIG. 1 is a block diagram illustrating the

configuration of a magnetic disk drive according to



into a wite current. The head 1C 14 is connected to a read/wite IC
(read/wite channel) 20. The read/wite IC 20 is a signal processing device
.for perform ng various types of processing, such as A/D 20 (Analog/Digital)
conversion of a read signal, decoding of wite data, encoding of read data,
etc. The read/wite IC 20 is one IC chip, equipped with a wite channel 30
and read channel 40. The wite channel- 30 canprises an RLL code encoder 31,
outer code 25 encoder 32, interleaver 33, wite preconpensator 34 and wite
driver 35. The RLL code encoder 31 is connected to a signal line 15 for

transferring wi tgddident ol knelN&v8ad ghannel 40 conprises a variable
gain anplifier (VGA) élllenangl og fel I'ter 42, offset conpensator 43, A/D

(Anal og/Digital) camuerterid %D@aéeqna@d@amws%@m%e&hé%m@t agfve
decoder 46, automatic gain controller 5 (AGC) 47 set controller 48 and

timng recovergecrat rplderrAbrdite adamd W squal igeredbimpnpii ses a filter
451 and tap coefficient controller 452. The iterative decoder 46 conprises
a plurality off®&. 1g. three) 10 decoder units 460-1, 460-2 and 460-3, and
RLL code decoder 465. The input of the RLL code decoder 465 is connected to
the output of the |BEI- s} agelwstoders an texi@r B dhetlecodeamibhét s 460- 1
and 460-2 conprise soft-decision Viterbi detectors 461-1 and 461-2, 15

de-i nt erl eaver @ uGabll ek YEXD), Ioit érrssE ik doddf¥5 468~ 1 and 463-2 and
interleavers 464-1 and 464-2, respectively. On the other hand, the decoder
unit 460-3 conpri séilG st fis RdikI@h ‘Vraé%‘?%ﬂl Heleztert UBd-8Re de-i nt er | eaver

462-3 and outer copde 20 decoder .463- t he HDD sho G 1, wite
dat a transfer rét? lr%%ﬁaatltﬂfét"fe Jyear%erfaaqlrb%rﬁﬁ\ﬁljm%#(g WJh’i ch utilizes

t he HDD, t ot h t 30 I 15. Thi
wri6te dat Iasl !sngﬁco gyV\j{%eegﬁq{e%%%%r%%g%%g?sgﬁ%%}?hlen\i/ri te ch:;mel
30, i HQ g@gpjgl de i
accolrgance WRH#%% consLc%ﬁél’fdehecoé&%ﬁ%é:encode%—y%at (ﬁé&ﬂ I%) ancgded

bi nary sequencg, gz fufther encoded by the outer code encoder 32 and
rearranged by the interleaver 33. The number of bits with a binary val ue of

1 included in a codergisscadl&dblock diagram illustrating the
configuration of each PR waveform generator 400
appearing in FIG. 1;

15 FIG. 7 illustrates a large number of signal sample
points as examples of soft-decision values indicative
of the outputs of the soft-decision Viterbi detector
461-1 appearing in FIG. 1;

FIG. 8 is a block diagram illustrating the

20 configuration of the offset controller 48 appearing in
FIG. 1;

FIG. 9 is a block diagram illustrating the
configuration of the error detector 482 appearing in
FIG. 8;

25 FIG. 10 is a block diagram illustrating the

configuration of the timing recovery controller 49

appearing in FIG. 1;



"5 a "weight". The interleaver 33 rearranges encoded data as input data

(i nput code sequence), and outputs a code sequence having a greater weight
_than the input code sequence, i.e., outputs a code sequence with a few
codes of light weights. The wite preconpensator 34 10 corrects the timng
of witing of the encoded binary sequence output fromthe interl eaver 33
when the head 12 wites data to the disk 41._The encoded bi nary sequence
obtained after the timng correction is output as wite data by the wite
driver 35 to the head IC 14. 15 The head IC 14 converts, into a wite

t, th it tput_ f W ' - tputs th
curren e Wi edﬁ?%é #ﬁuﬁ# a 69@&%22%%5%éﬁ 911M§Er§§1%?”9h8“ puts the

current to the hea t he enc ata corresponding to the wite

current is widden hydhehead dige tshide diskaldeo20160 hsepthes hand, the
data witten to the disk 11 is read by the head 12 and anplified by the

head 1 C 14. Ther@mlafi ed anal og signal (read signal) is input to the
variable gain anplifier 41 incorporated in the read channel 40. The
variable gain anplifier ¥3 is 2% Ieedbatkgcant 1 Dl hetrbyisdetiaet omati c gain
controller 47 so that it suppresses variations in the anplitude of a read
signal to mai denfidumatsignalf arpd i tamlecoeff iGiemonstamtol Mar 1452 ons in the
floati ng anount of the head 12, variations in the witing conditions, etc.
are known as fappeamindain chEhgel t hendnpl i tude of a read signal. The read
signal output fromthe variable gain 5 anplifier 41 is input to the anal og
filter 42. The anal BECGfil3eis 42 bhoekediaoramr btbust gt pedf bhered before the
read signal is quantized by the A/D converter 44. The analog filter 42 is a
| ow pass filt &R okIdTakiRn R aLhe RF e Aete el | £ sTPeBT 1R 1 I it t he

noi se band of EaIcEeaflei gnal (i.e., elimnate

10 DETAILED DESCRIPTION OF THE INVENTION
A magnetic disk drive according to an embodiment
of the invention will be described in detail with
reference to the accompanying drawings. FIG. 1 is
a block diagram illustrating the configuration of
15 a magnetic disk drive (hereinafter referred to as
an "HDD") according to the embodiment of the invention.
As seen from FIG. 1, a disk (magnetic disk medium) 11
has two, i.e., upper and lower, disk surfaces. At
least one of the two disk surfaces of the disk 11
20 serves as a recording surface for magnetically
recording data. A head (magnetic head) 12 is provided
corresponding to the recording surface of the disk 11.
The head 12 is used to write data to the disk 11
(data recording), and read data therefrom (data
25 reproduction) .
The disk 11 is rotated at a high speed by

a spindle motor (not shown). The head 12 is attached



noi se) and equalize the waveform of the read signal toward a desired

response. The read signal filtered by the analog filter 42 is input to the
.of fset conpensator 43. In general, the read signal input to the offset 15
conpensator 43 is offset, i.e., has its zero level (center |level) deviated.
A shift of the base line due to suppression of the | owfrequency conponent
of a read signal is known as a factor of jtdhe .offset. Further, deviation of
the zero level of the head I1C 14, variable 20 gain anplifier 41, anal og
filter 42, offset conpensator 43 or A/D converter 44 is known as anot her

factor of the ©f faal.qide; PTESgto EOIPENSRLOF A3 (CRELELLS) tDg zero |evel of
an input signal under the feedback control of the of fset controller 48. 25

The signal outputadéoraihee off settcomnpenseion 48 thel ABthatorthe, A/D
converter 44. The A/ D converter 44 converts the input signal (read si gnal )

into - 14 atpandaderl discredeall yemsaspl eveal teese@gernte. i n synchrony
with a sanpling clock (read clock) ADC CLK. The sanpling clock ADC CLK used
for sanpling (Amantigsitlon)tivd eadad signadsisisuppl aedvérantahged tim ng
recovery controller 49. The timng recovery controller 49 makes the clock
ADC CLK Bynchrionotiks- wi FEGt he shoek ¢chanoed kéadk)2eof fohestmpaiwityten to
the disk 11. The sanpl e val ue sequence of the read signal 10 quantized by
the A/ D converiroemeral equaveved  toobl dsarfiesesedfr BBpoAsakbylt Agedi gita
FIRfilter 451 of the adaptive equalizer 45. The FIRfilter 451 utilizes
adaptive equal?%%@?%ﬁngLﬁH%Fa€%%ff%%@bﬁ%ﬁp%ﬁﬁ%V%lh%Fth@r?aBrGBéﬂ?ﬂ0|ent

controller 452, the FIRfilter 451 15 can d cally u the tap
Cootticiant (5 vErgtecoBe ! St iacshe shnprRetal va Efuercotne

PR- equal i zed he FIR filter 451 |s tn i he iterative decoder 46.
The |terat|veb%D%odere%%l%%%ﬁdes hd dut % T %%s%hglFl PYFUsf’ 451 into data

dentiopf Lo 20 therdatey vortueacloyingadisk. HooFbbshbua thecaamabe, val e

sequence PR-equallzed ter S |np € 'so eci'si on

Viterbi detector 46¢nd hQSQrPQr§EeQOhHeEE@dftBSE ﬁéaaez@eQQQ%@g%am@d460 1
of the iterative decoder 46. 25 The soft-decision Viterbi detector 461-

utilizes naXlﬁyﬂi@@ﬁt?rl@rﬁoﬁﬁﬁﬁ@bh|hé&ddéﬁﬁﬂhﬁgekocgﬁaﬁiﬁte @ﬁeth€§@|5|0n
val ues fromthe input sanple val ue - 15
IC 14 incorporates a read amplifier (not shown) for
amplifyving a read signal read by the head 12, and
15 a write amplifier (not shown) for converting write data
into a write current. The head IC 14 is connected to
a read/write IC (read/write channel) 20. The
read/write IC 20 is a signal processing device for
performing various types of processing, such as A/D
20 (Analog/Digital) conversion of a read signal, decoding
of write data, encoding of read data, etc.
The read/write IC 20 is one IC chip, equipped with
a write channel 30 and read channel 40. The write
channel 30 comprises an RLL code encoder 31, outer code
25 encoder 32, interleaver 33, write precompensator 34 and

write driver 35. The RLL code encoder 31 is connected

to a signal line 15 for transferring write data.



sequence (= inner codes). Mire specifically, concerning each synbol (bit)
of a target information sequence (binary sequence), the soft-decision
-Viterbi detector 461-1 conputes the logarithmcal ratio 5 (i.e.

| og-likelihood ratio) of the posteriori probability of an input PR
equal i zed sanpl e val ue sequence. The soft-decision Viterbi detector 461-1
outputs the logarithmcal ratio as a softygecision value. This
soft-decision value is likelihood 10 information indicative of the
reliability of a corresponding synbol (bit). A description will be given of
a soft-decisio a o] r -decl si L.t erbi ¢tor 461-1
conpared to a Eggd%gggiE%gﬁhsglgg]ggﬁgﬁggksoﬁ1gékgge¥ée§8?hdgﬁégﬁg%efhat
does not utilizechlenali ¥g8a0860di hepei a
"hard-decisionzVitzrbi;detec?%r"%?gﬁfrggfygg%%gEf%?ﬁgaﬁﬁgt%gngﬁfi%Ag are
assuned: EncodingalayeDkyNc20) | abaverteen (asayende Hhaptdde Hualizeruk,
..., UK) : uk=~+1, -1} Encoded binary sequence xk= (XF, X2, ..., xk, .
xN) : xk={+1, 43,}iRecepiiendseqdencesykastémyticygdain. cony¥hbibaeoding, in

which a that nmakes P(y~xj) (~ is an 25 integer that satisfies 1 ~ | ~ 2K)
maxi mum$s est (AMa€ed4as ahfsatocomtiohleeqdénarnd témeakl edcdraxiymm
| i kel i hood decodi ng". Maxi mum | i kel i hood - 16 decoding mnimzes bl ock

error probabil Feptrahdersd4lherefore optimal decoding. Hard-decision Viterb
detectors are nmaximum |ikelihood decoders (Viterbi decoders) utilizing a
Viterbi algorithm féPenaRrRtiAVS PAKaLiB66d48econubhdgsennri fumtkirkdiSilhood

determ nation). ghg out u% of . the hard-decision Viterbi decoder is a = {+1,
-1}, binary datRd tap coe ficient controller 452. The iterative

decoder 46 comprises a plurality of (e.g. three)

10 decoder units 460-1, 460-2 and 460-3, and RLL code
decoder 465. The input of the RLL code decoder 465 is
connected to the output of the last-stage decoder
unit 460-3. The decoder units 460-1 and 460-2 comprise
soft-decision Viterbi detectors 461-1 and 461-2,

15 de-interleavers 462-1 and 462-2, outer code decoders
463-1 and 463-2 and interleavers 464-1 and 464-2,
respectively. On the other hand, the decoder
unit 460-3 comprises a sift-decision Viterbi
detector 461-3, de-interleaver 462-3 and outer code

20 decoder 463-3.

In the HDD shown in FIG. 1, write data transferred
from a host, such as a personal computer, which
utilizes the HDD, is input to the write channel 30 via
the signal line 15. This write data is encoded, by the

25 RLL code encoder 31 in the write channel 30, into
an RLL (Run Length Limited) code as a channel recording

code in accordance with the RLL constraint.



On the other hand, the soft-decision Viterbi detector 461-1 used for
iterative decoding utilizes 10 nmaxi mum posteriors probability decodi ng that
-mnimzes the synbol error rate. In nmaxi mum posteriors probability
decodi ng, the information synmbol uk (k is an integer that satisfies 1 ¢ k ~
K) that makes P(uk~y) maximumis output as a decoding result. 15 To this
end, the soft-decision Viterbi detector 46l-1. conputes the |og-1ikelihood
ratio of posteriors probability P(uk~y), L (uk ~y) - In{ P (uk=+1 ~vy) /P
(uk=-1 ~y) } The soft-decision Viterbi detector 461-1 estimates 20 that if
L(uk~y) > 0, ukh& ddeodbl®r@dsa) i L UK-¥csafa anfr%lse Héﬁ@@f’kéf L(uk~y)

0, the sane probability is obtained irrespective of ether uk = +1 or uk

= -1. In otherfywrKlsy dMCod&d igPi thé YohSet OMBEL - cABcHEBCELDEHgabove, the
soft-decision Viterbi 25 detector 461-1 utilizes approximtion to conpute

the | og-likel iteotrdamdéd Hy i Me PDS4EF0BS, PreRabhlby¥rdeeoding. The
soft-decision Viterbi detector 461-1 - 17 outputs not only a decoding
det erm nati on wiathiea Mhinaay soa e apfir bximatededofnl akebdbpotlsrabhl beds a
soft out put val ue (soft-decision value indicative of reliability). The

sof t - decl si on &/ twebghilet ectloe UBlenleaver| 32 eseshrangesr bhcatigdr dahm
called "SOVA (Soft Qutput Viterbi Al gorithm", disclosed in the previously
ment i oned docudEntlPEUt @dald &igeit t pedeseedEercebnpakdnguEnetsoft codeput
value (log-likelihood ratio). The soft-decision Viterbi detectors 461-2 and
461-3 in 10 t RFURYRIEIN RS 269 22ERE WebIRL pERadr FRehENBARECOPEr ati on as
the above. In the decoder unit 460-1, the gutgut ésoftdec'sion val ue) of
the soft-deci sTTHSATRr bt - Get REHPUEE12 1948 | PpaReReet Hethe2i AEEr | caver
462-1. 15 The desinterleaver 462-1 retutns, to the original pne, _.the
arrangenent<ﬁé§?%§6%%e§l?%¥éw?%%ggﬁ’at{?%ewﬂ}F?epfﬁﬁﬂﬁBFn§688Fd3% The

out put t he = I : N S tQet o] de. der
463-1.:g%e outéﬁkt%%gédgg%gg%ég%%-afigfggg%?tgfngﬁ? §%§§?§§t§ﬁg§§ decoder.

In this enbodideflenddeo@Ub®F £PGRT tHECOMEE, #O3vdr CONPYHLSRStReS deci si on
Viterbi detector Hg%ing ?ﬁ% sanme structure gs thersoft-dicigﬁgnﬁé%?erb

detector 461- 112 Hemeves ,ddte ut ehic CQUEK decoderndb63ndogan Bhgarpe forned of
a soft-decision Viterbi detector 25 having a structure different fromthat

of the soft-desdgiancd/isetdbindet ector #hd-dimlngi terattreofecsdbafput
performed by the iterative
as write data by the write driver 35 to the head IC 14.
15 The head IC 14 converts, into a write current, the
write data output from the write driver 35, and outputs
the current to the head 12. Thus, the encoded data
corresponding to the write current is written by the
head 12 to the disk 11.
20 On the other hand, the data written to the disk 11
is read by the head 12 and amplified by the head IC 14.
The amplified analog signal (read signal) is input to
the variable gain amplifier 41 incorporated in the read
channel 40. The variable gain amplifier 41 is
25 feedback-controlled by the automatic gain controller 47

so that it suppresses variations in the amplitude of

a read signal to maintain the signal amplitude



"- 18 decoder 46, a long code of a high decoding conplexity is deconposed
and decoded by the soft-decision Viterbi detector 461-i (i= 1 to 3) and
.outer code decoder 463-i. The soft-decision Viterbi detector 461-i is 5 a
decoder for codes of a |ow conplexity. The interaction of iterative
decodi ng by the soft-decision Viterbi detector 461-i and outer code decoder
463-i can successively reduce the errar rpate._ The output of the outer code
decoder 463-1 in 10 the decoder unit 460-1 is input to the next decoder
unit 460-2 via the interleaver 464-1, where it is again decoded. Simlarly,

the output of die dsgodery il e A8 24 Sl OPMoL O Lbesd doi deeoges uni

460-3, where it 1s further iterativ ecodi ng I's repeated

in the decoderndiy t 4605di 401 400-Bh {Herebye 18ucd @i tNongr rOfcrakpe The
out put of the decoder unit 460-3 is RLL-encoded binary data and the | ast

har d- deci si on Medwie £ fdSFRtd iengecotimge thd haneLl Pde 0frtHerdggoder unit
460-3 is input to the 20 RLL code decoder 465. The RLL code decoder 465

decodes t he Rldig@rebdedrid nesyd dedgndl heufpual £hat defecv st Dab val geinf
iterative decoding) as the output of the decoder unit 460-3, into binary
data identicalanmlifisgr Wi tigeninout hieo dilsk drialogefjilwerté2data. 25 The
gain of the variable gain anplifier 41 (the signal anplitude adjusted by
the variabl e ddie ampledikirluay 43 Iscudedkieomroteesiny péefatmedatic -
19 gain controller 47. The conpensatijon by the offset conpensator 43 (the
si gnal of f set ROFpEMsErRdre3d t ieddhpbhs@ant 4z9d iy f geelbAlR- control | ed by
the offset controller 48, The timng of the sanpling clock 5 ADC CLK used
in the A/D corfRRISTEoM 14 f Bttt T bl FoH the t1AVTRRF8covery

troller 49._T lization characteristic of the FIR filer 451 i
Feedback. cont 1511 GF DT et 15 LOR(T | CTENtSEBIRT ol FEY 482957 B her wor ds,
the t ffici | 4 i . lizat |
char acbsr st i c-BERL % ot of HERAidi cERRY o TRgL R St f ShtRERe

characteristic,of sd ey Re%x%éegiﬁeé'%e F@évé@éﬁnfc?fdéﬁ&krgﬁgt %? n%%i li zed. 15

sof t - deci si on val ues gener e iterative decoder 46 ¢
The automati C GRArEONIAOL] £Ed HesbhS€l CORNETPLAGT s f8nall FI DEFEQONGTY

controller 49 and tap coefficient

the analog filter 42 1s input to the offset compensator
43. In general, the read signal input to the offset

15 compensator 43 1is offset, i.e., has i1ts zero level
(center level) deviated. A shift of the base line due
to suppression of the low-frequency component of a read
signal is known as a factor of the offset. Further,
deviation of the zero level of the head IC 14, variable

20 gain amplifier 41, analog filter 42, offset compensator
43 or A/D converter 44 is known as another factor of
the offset. The offset compensator 43 corrects the
zero level of an input signal under the feedback
control of the offset controller 48.

25 The signal output from the offset compensator 43

is input to the A/D converter 44. The A/D converter 44

converts the input signal (read signal) into



“controller 452 each contain a PR waveform generator 400, described |ater,
whi ch generates a digital value sequence (PR val ue sequence) of a PR
-waveform 20 (reference PR waveform expected fromthe soft-decision val ues.
In this enbodi nent, the output of the softdecision Viterbi detector 461-1
provided in the first-stage decoder unit 460-1 of the iterative decoder 25
46, i.e., a Viterbi output generated hefqgre iteration of decoding, is used
as a soft-decision value for the above-descri bed feedback control.
Alternatively, the - 20 output of the soft-decision Viterbi detector 461

of & decoder "unid, 460, oLhess L Lhes.Aecofr: Unt11 460 du . exprpl e, 1t he

second- st age er unit er bl out put "generated during

teration of Sdeaodiig,. By Desuperias a0kt egd stoderpl Ascforx! he

above-descri be eedback control. However, the output of the soft-decision

Viterbi detect®e 49dnPl Hg tdEodRSADSt QLR EeEQ@ULsr UBhhp#HPg3 1S not suitable
for feedback control since the tinme delay of this output 1s 10 as |ong as

that of the outquintofzdtion) esats veesl@colgraB6is AsupSl apPparesh, thee time
delay is shortest when the output of the soft-decision Viterbi detector
461-1, vhi ch itsimired utdecbver ¢ heovitel ber dé® ectDits dblidgt nedéieByof all the
decoder units 460-1 to 460-3, is 15 used for feedback control. |In other

wor ds, when t heontnpltienfd? makestthlectsdoh ADE G genebronodsiwiths
utilized, feedback control is fastest. It should be noted that in the

enbodi ment, f edibaeloenieannel peleekhedf Hoe datadwbhtbehatd- Beei si on

val ue (binary 20 data) output fromthe iterative decoder 46, but based on a
sof t - deci si on @%§%elbenerated inthe iterative decoder 46. FIG 2 is a

schemati c iIIustrat'Q% t he orna& of sector da%a éecord d on the disk 11
As seen from 25 FI , SYPEPHS oY 20NE SBALBIRCRJQFat8BCFBRT EoHPRises a

preamblg, 111, SYNG RLK 92,05 bULG3. 193, opd Posiantle ddliofley 3 shove

an exanpl e of € preanb preanbre pattern preanble 111

shown in FIG 3 &ésﬁ?g tf@éﬁ%ﬁé?ﬁ%§g %f%% §9%§H§YRf?£lEQPV@5?i89 the

feedback | oop at a spee 12°1s a particular pattern
for synchroni zig £@dd: dvd NeSYd €8z Nes dat pnbepng al 1eady45yngpionLggd in

bits. The data bytes 113 is éncoded (channel -encoded) data (user data)
adaptive equalization. Under the feedback control of
the tap coefficient controller 452, the FIR filter 451
15 can dynamically update the tap coefficient (tap weight
coefficient). The sample value sequence PR-equalized
by the FIR filter 451 is input to the iterative
decoder 46. The iterative decoder 46 decodes
the output of the FIR filter 451 into data identical to
20 the data written to the disk 11.

Firstly, the sample value sequence PR-equalized by
the FIR filter 451 is input to the soft-decision
Viterbi detector 461-1 incorporated in the first-stage
decoder unit 460-1 of the iterative decoder 46.

25 The soft-decision Viterbi detector 461-1 utilizes
maximum posteriori probability decoding to generate

soft-decision values from the input sample value



"The preanble 111 is generally used for high-speed acquisition of a read
signal. Since the preanble 111 10 has a single frequency as shown in FIG
.3, it does not need equalization. To enhance the response characteristic,
the preanble 111 is extracted fromthe output of the A/D converter 44 and
used for detecting error values for feedback control. Wen the preanble 15
111 is sanpled in synchrony with the channel clock (data clock), it
periodi cally assunmes constant values (e.g., +1, +1, -1, -1, +1, +1, ...) as
mar ked by dots in FIG 3. Accordingly, it is sufficient if the preanble
pattern is,extgéﬁﬁéﬁtgrggnfﬁgéf) &&%st tﬁg%éV%%%%Hgg@gfi%gr 44, and it is
ar al u

not necessary to input a particu reference e needed for the

detection of eisienpinessdar {ppbactocontssls Qide Shbeimiignds the data

bytes 113, i.e., channel-encoded data, has no regularity. Therefore, to
detect error vaddesndd (H%%ﬁﬂesl:l r enepdesh flet dec s i Shevepsepyal ue

used for conparison is needed. 4 is a block diagramillustrating -

22 the confi gawddiosr ofel-he @oiPned s ctigai Togoni tighl €41 (A o047. As shown,
the automatic gain controller 47 conprises error (gain error) detectors 471
and 472,5 anpli fiers, (X§gArkanthddd, rauld) pd£xese (MbGed¥Sri5 i nt egrat or
476 and D)A (Digital/Analog) converter (DAC) 477. The error detector 471
detects error mephasilityighaan abppit vtk ¢qond i hed psappbe evadteer n,
utilizing the periodicity of the preanble pattern. The error detector 472
detects error SRAURTRCE n sikmatoib-depisionieViteorpi hdetpahntl 46htdded dat a.
In this enbodinent, the error detector 472 detects error values in signal
anpl i tude froMYFR¥BUtHE PIRetErRC?} 1 f2Fiasas (. eoftadpRig4nal i zed
sanpl e val ue sequence).. and the output of the spft-decjsjon_ Viterbi

ot botor 15 acriiy - atnfL o ePRtod areits *hF obF BSEhRO8he 11 rst - st age
decodeﬁiynit 460-1 of. the %%érat%ve defﬁggr 46, . The LpULs of the error

0
detectors 471 %ﬁﬁPr t%?% U0 The ?iﬁ?%&%@lhﬁgyv?a the anplifiers

473 and 474, 1especliMElyai dhes Pabsi Phsxes, 475

A description will be given of a soft-decision
value output from the soft-decision Viterbi detector
461-1, compared to a hard-decision value output from
15 a Viterbi detector that does not utilize iterative
decoding (hereinafter referred to as a "hard-decision
Viterbi detector”).
Firstly, the following conditions are assumed:
Encoding rate K/N
20 Information sequence uk=(ul,u2,..,uk,..,uK) :uk={+1,-11}
Encoded binary sequence
xk=(x1,x2,..,xk, .., xN) :xk={+1,-1}
Reception sequence vk =(yl,v2, ..,yN)
Decoding, in which u that makes P(ylxj) (J is an
25 integer that satisfies 1 = j = 2K) maximum is
estimated as an information sequence, is called

"maximum likelihood decoding”. Maximum likelihood



20 selects, in an acquisition node, the error signal input fromthe error
detector 471 via the anplifier 473, and selects, in a tracking node, the
.error signal input fromthe error detector 472 via the anplifier 474. The
acqui sition node desi gnates high-speed acquisition, 25 utilizing the
preanbl e pattern. The tracki ng node desi gnates noderate feedback contro
utilizing the data bytes 113. These nudes qre designated by node signals
- 23 M The error signal selected by the multiplexer 475 is supplied to
the variable gain controller 41 via the integrator 476 and D/ A converter
477, where it U} t.0: = r i .t he iable gain 5

aecdizaty Lpud ardbacks conk @%ﬁﬁ;gg@ﬁgﬁ%@ Jagigble g

anplifier 41. FIG 5 1s a block diagrami i guration of

the error deteghofefdre | HSOIRDT a&@@o&m%he 124 QU@ & £ Osh Ny copER ol 1 er 47 in
FIG 4. As shown, the error detector 472 conprises 10 a PR waveform

gener at or 400, dghed@yo €5 I £k tmd( Zaum attes 1 {Hdod 7@dco Ot A1 (Tyr deber m nation
unit 472c and multiplier (x) 472d. In this enbodi nent, the output of the

mul tiplier 472@e¢sdesed wsitheioygtpuvifersdravedtesimofot heaginon detector
472. 15 The PR waveform generator 400 generates s digital val ue sequence of
an expeci ed PR ekeblhead | dacodired ofmaimen, 1 ke Pikipecd ede BR-wahatisepuence)
fromthe output fromthe soft-decision Viterbi detector 461-1 of the
decoder unit 4B 1outiiet PR vilvefloapdgdeetator YOterbsodeCodeneiates=a fl ag
(reliability flag) F. The flag F indicates whether the reliability of each
val ue of the PR¥altk!sdptedtd ¢@kRrated by the PR wavef orm generator 400
is high (F="1") or low (F = "0" e described |ater, an error

= . As W |
detector 482 (see 28°FHee th?ﬁcB%BﬁraFg% Fﬂ?Fﬁ@eSfFéﬁF ¥oherBll er 48, a

h t 492 FIG 1 ' ted in the timng.
Control 1 o1 40, SSFEE G ol Pbr- 0ee3itoRoP BT ar v feed ey T A% £ Rcor por at ed

cont t e . . “Fhcor)
wavel or 18 Gener At 6T AER RO Er ot Pt £ B P RRT kG i Rr P ahod BORer ALBITAEE 5 The

I oned genera

delay ciroull €{2asgppdyset Aor OLLRUL Ofn gy fhiln fpbL ELr fad5 DY @

predeterm ned tine.” ay tine is set equ the time period
required frompghepdh e MhiedeSo@aip) etial UErSLRLENSS LomOyt PEL fkomsthe FIR

filter 451, to the tine when a correspondi ng
an integer that satisfies 1 = k < K) that makes
P(uk|y) maximum is output as a decoding result.

15 To this end, the soft-decision Viterbi detector 461-1
computes the log-likelihood ratio of posteriori
probability P({ukly),

L(ukly) = In{P(uk=+1lly)/P(uk=-1|y)}
The soft-decision Viterbi detector 461-1 estimates

20 that if L(ukl|y) > 0, uk = +1, whereas if L(ukly) < O,
uk = -1. Further, if L(uk|y) = 0, the same probability
is obtained irrespective of whether uk = +1 or uk = -1.
In other words, the reliability is lowest.

As described above, the soft-decision Viterbi

25 detector 461-1 utilizes approximation to compute the

log-likelihood ratio in maximum posteriori probability

decoding. The soft-decision Viterbi detector 461-1



10 sanpl e val ue sequence is output fromthe soft-decision Viterbi detector
461-1 of the decoder unit 460-1. As a result, the delay tinme of the output
.of the FIRfilter 451 is identical to that of an expected PR val ue sequence
generated by the PR waveform generator 400. 15 The adder 472b has a
positive-side input (+) and negative-side input (-). The output of the PR
wavef orm generator 400 is input to the posjtive-side input of the adder
472b, while the output of the delay circuit 472a is input to the
negative-side input of the 20 adder 472b. Thus, the adder 472b adds a PR

val ue sequence, oULRML (IO PRLJBYE! oL T gENERLOL 400, {0 sgguence

that is obtaine y 1 nver ari sanpl e"va a sanpl e

value sequence; il Pt IBom4Nea deh Yo L 1ket 14doq rhe bSagrhatept. the 25

out put of the adder 47 ates the results of conparison between the

anpl i tude of afExpectLetuER sorRll2al s ooy Wayehor mBpsedi 98 Lhe out put of
t he - 25 soft-decision Viterbi detector 461-1, and the anplitudes of an

actual PR equatd zpdlhOni way ef oriie r epreseat edi by vhee oyt pabtobtbhesBi Rifil ter
451. In other words, the results indicate error values in 5 the anplitude

of the dctual PR kipsd i e | Oht ey ef oI gor Thiem odd pLuéd of soter P& wavef or m
generator 400 is also input to the polarity determnation unit 472c. The
pol arity deter@rtett ovii terli 4AARgodetiEnhi nedisbropedlaint ghef pracho®Rlyal ue
of the expected PR value 10 sequence output fromthe PR waveform generator
400. |If each PRengleredsdepoarenivel, the ol atyoylidenecusedatonn unit 472c
generates "+1". |f each PR value is negative, the unit 472c generates "-1".
Further, if edtIMPRIRY e sSPEFtaeEPpbsYaive hbero1bikeqiheeed, ratéo) .0, the
unit 472c genefates 0" The,outeuts of %he adder 472b_and polarity

det er i nation UM tS2F5edeGhel ¢heVt EPFbi REESCEPRE 0 bul paRdf £ 6T EheRPR

f t 400 ' t h ipli 72d. _Th | tipl
4720 mAd ol B SRR LB B of bORE et AT GRAC BB BIFL 5 BB ef m nati on
unit 472c, an é% aéf%ﬂaQQ'éﬁa gﬁggeF fromthe PR waveform generator 400
y

t oget her, ther obtaining error values in signal anplitude from _
channel - encoded dat f, of L, ROgLEGHLAM 1Y y@§n1;hgthO??ghgbkngé_flag Fis

"0", the reliability of a PR val ue sequence out put m't he wavef or m
generator 400 d&ci®ien lvalb@Ntoof thdi SortNabbes £HROU FBALL §BCector
461-1 is input to the de-interleaver 462-1.

15 The de-interleaver 462-1 returns, to the original one,
the arrangement of the codes interleaved at the write
channel 30 side. The output of the de-interleaver
462-1 is input to the outer code decoder 463-1. The
outer code decoder 463-1 is a soft-input soft-output

20 decoder. 1In this embodiment, the outer coder decoder
463-1 comprises a soft-decision Viterbi detector having
the same structure as the soft-decision Viterbi
detector 461-1. However, the outer code decoder 463-1
can also be formed of a soft-decision Viterbi detector

25 having a structure different from that of the

soft-decision Viterbi detector 461-1.

In iterative decoding performed by the iterative



- 26 multiplier 472d multiplies the outputs of the adder 472b and polarity
determ nation unit 472c, and the reliability flag F together, as described
.above. If the reliability flag Fis "0", the output of the 5 nultiplier
472d (i.e., the output of the error detector 472) is O regardl ess of the
error value indicated by the output of the adder 472b. Thus, the multiplier
472d functions as an error output controllger for preventing an error value
of alowreliability from 10 being used for feedback control. The sanme can
be said of nultiplier 482d, 492d and 453d. FIG 6 is a bl ock diagram

illustrati t i i f t : the PR
:I\B.ngso;:ﬁ’l Iggger%fcor Ob&sj’Lgatm;]l%l}lngolﬁéébeéDﬁ%\g\?ﬁg r?%dﬁ&%@%% C%]%@%flp%%‘eci gi on
viterbi detectqy dtfdorbdied NhdlepRledNY R0 dord-deci SOI dleclabon val ue

sequence, is input to a conparator 601. e conparator 601 conpares each

sof t - deci si on geldier S 4dre-i npt sofd deCi PRl M BIUSDES -t h 0,
t hereby determ ning 20 whet her or not each soft-decision val ue exceeds 0

(i.e., deternmagng ! hermpolsyftydadiLianh wofdrisiecist et oml 4e) -1 Thy s

determ nation is equivalent to the hard decision of each soft-decision

val ue. I ot her deratisr tiwer cootpss adHra 60w | Somsp hetidey@eci Bhon unit t hat
outputs 25 "1" if each soft-decision value exceeds 0, and outputs "0" if
each soft-deciigitsrac imn doksl trertaekeeatk Godife mptthwe {dbfhadgcsequmnce) of
the conparator 601 - 27 is input to a first-stage delay el enment 602

i ncluded in a ‘piiRERd t@ﬁ‘%ﬁqt%r‘l&cahmr@ Qe ¢l ArRCednett Ul dedny
elements (D) 602, 603 and 604, In this enbodi nent, PR paraneters a, b, ¢
and d are enplHEESH I tHRACGhSERAIPL A e n (i.e., the nunber n of

cl ock pul ses indicating the range whi ch the inflyenc overs) is 4.

of PR
In this case, the ntDe?URUHe?hy e RS CONRelEeBY éﬁgégdénconnection,
whi ch i.ncl ude t.h | | t I Vi th tput of the 10 t
gor- i 1t 197 U SRS R AGTF S "halE SN it edenfR0o 603
d 604 fl.i.pf t - te | j t i k ADC
QUK to t her eby TRl dreach hiBnRE | Sy BT OYatl | e TP MR ot

L or one peri odde(csmfe&.arméiz@glalﬁy,erti_@@)o@ép&@eoﬁ&&méicﬁ'@c&&?fk ADC CLK.
ccordingly, the output of the conparator 601 is sequentially
unit 460-2 is input to the last decoder unit 460-3,
where it is further decoded. Thus, iterative decoding
15 is repeated in the decoder units 460-1 to 460-3,
thereby reducing the error rate. The output of the
decoder unit 460-3 is RLL-encoded binary data and
the last hard-decision value of iterative decoding.
The output of the decoder unit 460-3 is input to the
20 RLL code decoder 465. The RLL code decoder 465 decodes
the RLL-encoded binary data (the final hard-decision
value of iterative decoding) as the output of the
decoder unit 460-3, into binary data identical to that
written to the disk 11, i.e., write data.
25 The gain of the variable gain amplifier 41
(the signal amplitude adjusted by the variable gain

amplifier 41) is feedback-controlled by the automatic



“del ayed by the delay el enments 602, 603 and 604 in units of sanpling periods
of the sanpling clock ADC CLK. The output of the conparator 601 is al so
.input to 20 a nmultiplier (G 605. The outputs of the delay el enments 602,
603 and 604 are input to nultipliers (G 606, 607 and 608, respectively. It
is apparent that the outputs of the delay el enents 602, 603 and 604 are
obt ai ned by del aying the output of the cqmparator 60l 25 by one period, two
periods and three periods of the sanpling clock ADC CLK, respectively. The

nultipliers 605, 606 607 and 608 nultiply - 28 each binary value ( " 1
" or " " Q 1 S . d, ctivel y
The out put S ofgfat | eﬁ?’%%eﬂ%o%c?%%%lsaatdl%ébg“g;% acfdg?%get her

an adder 609. &h 21 802 3and 604,
multipliers 60(45 ld606 607 and 608 a% adgﬁr 609 real 1ze a sylg?em

(convol ution id¥EAAor 609 ff ExQmHdinGGoNMalIEd By itHedatdon of the
bi nary sequence output fromthe conparator 601 and PR val ues represented by

predet er m ned qa{ErEEtIRS 49, a,THe €Cindiity b Hee emel ittd Qilddi egrat or 600
is an ideal PR systemequivalent to the FIRfilter 4S1. The output of the

adder 6G9 reprgseIK alseaxpactat PR Yatdevasgpete oorfasfinnding to the

bi nary sequence output fromthe conparator 601. In other words, the 15

bi nary sequencercoralesgpbrigy nohd ot inmeng ut e v spfdeaenrisl lar v ues) of the
soft-decision Viterbi detector 461-1 in the decoder unit 460-1 is converted
mto an expectle RRIUA LA Sleriuetiorr a5t e ies PR vl efleg i genfek @ 0r42D0. 20 The
PR wavef orm generator 400 incorporates a flag generator 610. The flag

generat or 610 gerfeaRackr ¢t 1ed WYI%FQQ A 3thatog hei €S whet her the
reli abltl [ tiogfngeﬁcgﬁpectqe%fl? val u %bog(i% n%r a%?eLgC%:J h‘Fer‘g% wavef orm
gener at or ta er rt an

bsol ut I rt t hreshol d t 612 t 613,
ol ay Ot oui ¢ ST R S at %ci@f r%e SRR G 8 £ dbei i on
val ues) of the SO]I%tdeefobse 00 B el e ESL oL il dod o legader uni !

460-1 is inputc}fa1 sol ute val ue converter ener at or

610, as wel | LLIPALR! Qo £ o TNE ADSOF Ui Or MRl f’f‘l&P nysfter 611

converts, |nto an aci)so ut e V a soft-decision val ue out put romthe

sof t - deci si on ok efdis d@é@&é@&k%@roﬂhes&ﬂﬁm@cpél&bwaaMQé ute val ue
converter 601 is input to the conparator 613, together with a value held in

the 10 threshojshérgisd ey 6ie Thergsoiparaéosdéd 34 € caparesi i heequt put of
t he absol ute val ue converter 601 with the value of the threshold register
612. AslS s wel Th&krewnmd thiec chasercémwt Hot her adspl af Eseal centofol her o4 put of
the soft-decision Viterbi detector 461-1 is, the lower its
timing recovery controller 49 and tap coefficient
controller 452 each contain a PR waveform generator
400, described later, which generates a digital wvalue
sequence (PR value sequence) of a PR waveform
20 (reference PR waveform) expected from the soft-decision
values.
In this embodiment, the output of the soft-
decision Viterbi detector 461-1 provided in the
first-stage decoder unit 460-1 of the iterative decoder
25 46, i.e., a Viterbi output generated before iteration

of decoding, 1s used as a soft-decision value for the

above-described feedback control. Alternatively, the



-

"15 reliability. In light of this, if the output of the absolute val ue
converter 611 (i.e., the absolute value of the output of the soft-decision
.Viterbi detector 461-1) is |ower than the value (threshold value) of the
threshold register 612, the conparator 613 outputs 20 a flag F' indicative
of "0" to show that the output of the soft-decision Viterbi detector 461-1
is unreliable. On the other hand, if the s ute val ue of the output of
the soft-decision Viterbi detector 461-1 is equal to or higher than the
val ue of the threshold register 612, 25 the conparator 613 outputs a flag

F' indicative . 0 1t e 0 th -degk si Viterb
det ector 461- 1Oq¥tsp1£telc%]gb e. %é%@%é%l#gem%%%%l acg%gée)é,{?ﬁegé’ﬁ (ggr aneters
are a, b, c a 5H%Ft . .CONsd ral Iéggﬁ [ ' e, the

i nfluence of ?ﬂéﬁﬁft eﬁgﬁﬁfég?téﬁ érunre pé é%fﬁ?%ﬁ %%%%a?ggo%'613
lingers over tfyeeRaidrds i -sdeond®dtagd dedadF Gher sagplngi ckock ACD
CLK, i.e., three sanpling periods. In light of this, in the enbodinent, if

t he conpar at ora 61 gled erautias: tdeietdtCeOUdPtindg Siteretiehl et the flag F' is
mai ntai ned at "0" for three sanpling periods to show that the reliability
of the PR 10 widamlisepueamnce bs hoad dug | angsd Hieséepesiadsvaloet fivs ehd, the
delay circuit 614 conprises three (n - 1) cascade-connected del ay el enents
(D) 6l1l4a, 6l4mone-6lelecrithed ofrgpibadk |l aontrdl of Hiwevenpatlae ooutpBti s
input to the first-stage delay elenent 614a. 15 The del ay el ements 614a,
614b and 614c < etlie i g it opecihiben opeteilel | desyeichr oh§lwst Ot Beesanpl i ng
cl ock ADC CLK to thereby hold each binary value of the binary sequence

i nput thereto lf%ﬁt‘@’%a%%rcﬂ%%mé%él@aﬁp%%ﬁpﬁiw pelealgakdring cl ock
ADC CLK. The out puts of 20 the delay el enents 614a, 614p and 6l1l4c, are
Obtarned by delSABRER 1A Dt Y HEME oS a1) 25182 bEP DREOREPRBAL St wo

i od d th i ods,_.of th i | ock, ADC, CLK ively. Th
but put SO e Uel ) T onEits Bida e CAB ihd B170 aF T APHI St o t he AND gat
25 615, t t i ' t t AND
gate 615 g?gvpﬁégﬁéig #%gigggr%ﬁcééé§¥%§%%hgg%u %H§O%$f%269%0%%§¥ggg§ 613
and each of  ypdl Al QUL PULSE Ofnd he, del cféf??Q%?Fé§6§1?@%é§t89d 61l4c.

The output of the AND gate 615 is used as the re Ity flag _
Therefore, to jemicatgnidati dhenouided oh the votérdecistentyitenbi-1

detector 461-1 is

to 461-3 of all the decoder units 460-1 to 460-3, 1is

15 used for feedback control. 1In other words, when the
output of the soft-decision Viterbili detector 461-1 is
utilized, feedback control is fastest. It should be
noted that in the embodiment, feedback control is
rerformed, not based on a hard-decision value (binary

20 data) output from the iterative decoder 46, but based
on a soft-decision value generated in the iterative
decoder 46.

FIG. 2 is a schematic illustrating the format of

sector data recorded on the disk 11. As seen from

25 FIG. 2, data of one sector (data sector) comprises

a preamble 111, SYNC mark 112, data bytes 113 and

postamble 114. FIG. 3 shows an example of the preamble



"5 unreliable, when the output (flag F') of the conparator 613 is "0", the
flag F as the output of the AND gate 615 stays at "0", indicative of |ow
.reliability, for three sanpling periods (_ (n - 1) sanpling periods). Thus,
the AND gate 615 functions as a flag-setting unit 10 for setting the state
("1" or "0") of the reliability flag F in accordance with the output of
conparator 613 and each output of the delxay el enents 614a, 614b and 614c.
The value held in the threshold register 612 can 15 be rewitten by, for
exanple, a control MPU (m croprocessor unit), not shown. A predeterm ned

threshol d val ug,j 98t 1 hd et I B0l dri g s e 832128 i3t age of

initializing the read/wite ['C 20 by the I'n accordance with a contro
program (sof twaf®) .3 205 A5 psredPRrenta dingfe Ffe§®indy foihreshold val ue
in the threshold register 612, the rellabl?lty flag F1s always "1". In the

ermbodi nent, t heoiR Mied of e OENEHIS4 OF | £ 04 PIRL gth espé e, T | age gemer at or
610. However, the flag generator 610 nay be provided 25 independently of

the PR wavef ormagleneratos A0artd &uldripabtarevwor | sighclatonyz exanphes of
sof t deci si on val ues (soft-decision output values indicative - 32 of
reliabildty) asntietest pits ddta heefndtaleeady onyMeheohizelét eotbit461- 1 of
the first-stage decoder unit 460-1. In FIG 7, the X axis (abscissa)

i ndi cates a safipt edataeytes st Hhebs t eneaddd s beiprrn¢ Sagiptededl ndats of a
sanpl e val ue sequence, while the Y axis (ordinate) indicates a

sof t - deci si on &3¢/ 42%®¥.1ikelihood ratio) at each sanple (sanple point).
The sanple point at_which the soft-decision value is 0_is where the sane
probability is obtafpedPT¢aFataI 655 oF GRBERA+1YhBSed EoftPdeRirsPeR%val ue
is considered to be +1, s,nmeans_that_the regliabil

1. or -g. Thi 4 i ty. of LTe
sof t - deci si on YaEERSHF 1O i QT 1DveRFS ThE Jt eat B ¢het %s%?%??g%ﬁlF of ? i
( ar eci e . _val e
oo si o restiies i 5ERe TS Emt qulley et e UBERE - 3 oLE 4RI B8EST the-

_ | one | es~of the

sof t - deci si on ﬁ@é&”£¢%§EEE§EP n463¥&|Qﬁhgﬂ§ef£ﬂétfé%ﬁ%g?geCOder unit 460-1,

therefore there are ny sanpl es ow softdecrsio ues (log-Ilikelihood

ratios). Howeverar®Stdhes PLabernofpresmsi ons1 of 1t exetiop-Qf rd6r08HhET 20
increases, the reliability of the decision results is enhanced (i.e., the

| og-1i kel i hoodbugpho bNCtiases) . cdhesetor e44 asnd hessanber @étegeasyons of
iteration of decoding increases, the sanple points are separated into upper
and | ower porteonsr ovalihes gfaphfeddieasknpbetrol. When the preamble
15 111 is sampled in synchrony with the channel clock
(data clock), it periodically assumes constant values
(e.g., +1, +1, -1, -1, +1, +1, ..) as marked by dots in
FIG. 3. Accordingly, it is sufficient if the preamble
pattern is extracted from the output of the A/D
20 converter 44, and it is not necessary to input
a particular reference value needed for the detection
of error values for feedback control. On the other
hand, the data bytes 113, i.e., channel-encoded data,
has no regularity. Therefore, to detect error values
25 from the channel~encoded data, a reference value used

for comparison is needed.

FIG. 4 is a block diagram illustrating



" 25 val ues of the sanple val ue sequences output fromthe soft-decision
Viterbi detectors 461-2 and 461-3 of the decoder units 460-2 and 460-3
.correspond to the - 33 soft-decision values at sanple points separated
into the upper and | ower portions of the graph. In FIG 7, the sanple
points plotted by the square marks are points at which the results of

har d-deci sion 5 as to whether the |log-likelihood ratio is positive or
negative, i.e., higher or lower than a threshold value of 0, were correct.
On the other hand, the sanple points plotted by the x-marks are points at

whi ch the resulis Slndfifuliarthdost D MRESLDEOTEEEL . difefo 10, ovi dent

fromFIG 7, the sanple polints indicate e x-nmar ks have T ow

| og-1i kel i hoodiA@t)i ap7. Fuld helowdNOfige ther SR @ Poimt Sodtrdhi&h fhe
| og-likelihood ratio is low, the ratio of the sanple points that indicate

the results ofcdriereddl-slecdsi pfaivererideprdeedctors. 471 hend 5432l e points
i ndi cated by the x-marks), to the sanple points that indicate the results
of the har d- decigsl iofi eves e(@or4Extand . €74, thel shppdeepo(Mis) | adbcat ed by the
square marks) is extrenely high. In FIG 7, 950 of the sanple points

i ndi cat éd by tirtegmmrdis {ThdimdtDMAy PDighea hakukbeg) scomnveatees were
incorrect), had a log-likelihood ratio is lower than 5. Accordingly, when

t he sanpl e val A®eduEhce Bwrior Ri€tedtor 4 hbudetectheePRONavalivesn
generator 400 having the configuration of FIG 6, if the value of the
threshol d 25 rigyistEabiapkitede thron OEe,pfeanel ¢ RdEFRER, deci si on val ues
can be elininateig_\M thiglsufficient nunmber of correct decision val ues

hel d. - 34 HElBRg ?ﬂﬁﬁﬁé?ﬁ%@ﬂ%ﬁ1?fli%%r%ﬁ?%@?%%ép%%%$¥©uration of
(he offset comipllel A aopratt b DEL G, & o Ther ofdselcont giles 46, has
4. Spe%k;icall&hpf{%ﬁ&gfff%mf¥ﬁgréﬂéﬁﬂefg%ncoded data. In this
embodiment, the error detector 472 detects error values
in signal amplitude from the output of the FIR filter
451 (i.e., a PR-equalized sample value sequence),
and the output of the soft-decision Viterbi detector
15 461-1 (i.e., soft-decision values) provided in the
first-stage decoder unit 460-1 of the iterative
decoder 46. The outputs of the error detectors 471 and
472 are input to the multiplexer 475 via the amplifiers
473 and 474, respectively. The multiplexer 475
20 selects, in an acquisition mode, the error signal input
from the error detector 471 via the amplifier 473, and
selects, in a tracking mode, the error signal input
from the error detector 472 via the amplifier 474.
The acquisition mode designates high-speed acquisition,
25 utilizing the preamble pattern. The tracking mode
designates moderate feedback control utilizing the data

bytes 113. These modes are designated by mode signals



“conprises error detectors 481 and 482, anplifiers (G 483 and 484,

mul tipl exes (MJUX) 485, integrator 486 and D) A converter (DAC) 487, which
.correspond to the error detectors 471 and 472, anplifiers (G 473 and 474,
10 mul ti pl exes (MJX) 475, integrator 476 and D/ A converter (DAC) 477,
respectively. However, the error detector 482 differs fromthe error
detector 472 of the automatic gain contrgld er. 47. The error detector 482
detects offset errors, instead of detecting error 15 values in anplitude
from channel -encoded data. FIG 9 is a block diagramillustrating the

configuration,pf t it or t e 8. of FIG
8. Tlhguerrijr gg't gcﬂt}ger eéAfIBICZHrl gsglo polr asteesgca?%?-? %v@i%?ﬁbﬁ%%’?ﬁ ﬂ)% 1hgvi ng
the 20 same CoOuAl 1) G5 WAk Sigyd i Fléh o) T £F ror, defgct of 482

al so incorporates a delay circuit 482a,” adder 48 and rmultiplier 482d that

correspond to irites fled @ & 16 Wirld 47282, cadaert & 2py andyiand i ptieg 4424 shown
in FIG 5, respectively. The adder 482b adds 25 a PR val ue sequence out put

fromthe PR waueffydagerieradrdir 100 hd Oyt 15 esifiefiee ddwad alb Be ofpd &rh ned by
inverting the polarity of each sanple val ue of - 35 the output (sanple
val ue séquencemmfifier IR filter 451 del ayed by the delay circuit 482a.
The nmultiplier 482d nultiplies the output of the adder 482b by a
reliability flag F ite 315y & bhookitplragfamniihesPrRaBimgvef or m generat or
400 together with the PR val ue sequence), thereby preventing error val ues
of low reliabithg ycanbrba hipnnrbuihe Bierer rédeterieet 92482 of the of fset
controller 48 differs fromthe error detector 472 of the automatic 10 gain
control | er 47 IFIMRATITRY tigt ngte ROt i nrcarerehteEot f esponding to

the polarity rmpning unit 472c¢. In the error, det or 472 of the
automati c gai ?Fe]tc‘ghpr'ol I Sﬂ"?o,w 'ozté'éef Tt Y rfg?t%W%sEf% <SPt S@fpl i t ude
fromc nel -e th ng 15 . deviation fro he center |eve
of a rg@oducﬁg%ﬁjﬁ%‘ga%ofrﬂi%%%%% e@éo’ d?ﬁ%yo?%%?uhgng?ﬁ?h the error

detector 482 Oidj%%teapi)f SﬁZﬁro[}gréP%ﬁﬂdﬁgﬁetéﬂngﬁ%@ﬁn%ﬁf‘?t”’%% gfrom

channel - encode t he anp atiron o e entire waveformis

estimated. 20 flGigPids @ bl orky di &ﬂ&%iélé&%?@&%;h&&%ﬁtwf%kon of

the timng recovery controller 49 appearing in F 1. The timnhg recovery

control |l er 49 fise nealt aedi &y ®4d MHAIQPPasOrthe Adheput hadrideor porates a
vol tage-controlled oscillator. 25 Specifically, the timng recovery

controll er 49 walhpss Sest aclphasereonpatedosr 4912 f or an acqui siti on node,
phase conparator 492 for a tracking node,
15 The PR waveform generator 400 generates s digital
value sequence of an expected PR equalization waveform
(i.e., an expected PR value sequence) from the output
from the soft-decision Viterbi detector 461-1 of the
decoder unit 460-1. The PR waveform generator 400 also
20 generates a flag (reliability flag) F. The flag F
indicates whether the reliability of each value of the
PR value sequence generated by the PR waveform
generator 400 is high (F = "1") or low (F = "0o"),.
As will be described later, an error detector 482 (see
25 FIG. 9) incorporated in the offset controller 48,

a phase comparator 492 (see FIG. 1ll1l) incorporated in

the timing recovery controller 49, and an error



"- 36 multiplexer (MJX) 493, loop filter 494 and vol tagecontrolled
oscillator (VCO 495. The phase conparator 491 detects a phase error

. between a waveform sanpled froma preanble pattern and the channel clock
on the 5 basis of the output (sanple value sequence) of the A/D converter
44. The phase conparator 492 detects a phase error between a waveform
sanpl ed from channel -encoded data and_-t heschannel clock, on the basis of
the output (PR equalized sanple values) of the FIRfilter 451 and 10 the
out put (soft-decision values) of the soft-decision Viterbi detector 461-1

in the decodery il 460k (e muld | mﬁx%nec%oqgj@ec& SRR Y si gnal

out put fromthe phase conparator 491 if t qui sition node 1S designated

by a rmode si gnaje i A SRIERID 1A LTI IS IR Adgadie,Pdhase
conparator 492 if the tracking node is designated by the node signal M The

sel ected err opRSiGRA f N A A r &/ A AR)s iinBl Id W UWo tthd hodke® 495 via the
| oop filter 494, and used for frequency and phase control perfornmed by the

VCO 495. 20 ThentGonlb dehahwtastr caddy controlled by the error signa
selected by the nultiplexer 493 (i.e., the phase error val ue detected by

t he phas$e conpar at dthelSdelmy 492)cuis 472esidlayd hiche/CADSE gehetrlat es t he
sanpling clock ADC CLK synchronous with the channel 25 clock. FIG 11 is a
bl ock di agramBIR USitltad fplt ey cordfiefdataimimesd time phdde cotplaat or 492 of
the timng - 37 recovery controller 49 of FIG 10. The phase conparator
492 conpri ses HIER igavistoraddpendiatidre 40mhRaHgd F@Uéhlri%efgoﬁﬁ@?gur ation as
that shown in FIG 6. The phase conparator 492 also conprises a dela

y
circuit 5 492&Bhd iAo Th FAHR L ¢ OFF B HRAYF The- HSA PR 1™ 472a and
adder 472b shqwn in Fl 5, respectively._ .The phase conparator 492 further
conprises a g&?ﬂﬁ eEn[l'tR ik 0‘1?55149&0 AtF it Es I AW TR circuit
492a del.ays the _qut f. 1 I i 45 r ermned tinme
peri odiol n a mant Leireog{%an]l‘qfearso%%pﬁexhée:e ?agseA%ﬁ‘f%eérd%(a@legifogﬁ tc£4 al,o he

delay time | s Ao Mlialeddeddie 441 R Ok TEALAE JLam4ge {1 e when a

sanpl e val ue sequence Is output from _ ITter 451, to the time when
15 a correspond ng Saple UHdI& NGk | S P Wud i d hepgoffreci sion

Viterbi detector 461-1 of the decoder
filter 451 is identical to that of an expected PR value
sequence generated by the PR waveform generator 400.

15 The adder 472b has a positive-side input (+) and
negative-side input (-). The output of the PR waveform
generator 400 is input to the positive-side input of
the adder 472b, while the output of the delay circuit
472a is input to the negative-side input of the

20 adder 472b. Thus, the adder 472b adds a PR value
sequence output from the PR waveform generator 400, to
a sequence that is obtained by inverting the polarity
of each sample value of a sample value sequence output
from the delay circuit 472a. As is apparent, the

25 output of the adder 472b indicates the results of

comparison between the amplitude of an expected PR

equalization waveform based on the output of the



“unit 460-1. As described above, the PR waveform generator 400 generates an
expected PR val ue sequence on the basis of 20 the output of the

. soft-decision Viterbi detector 461-1. The adder 492b adds a PR val ue
sequence output fromthe PR waveform generator 400, to a sequence that is
obtained by inverting the polarity of each sanple value of a sanple val ue
sequence output fromthe delay 25 circuit,492a. The output of the adder
492b indicates the results of conparison between the anplitude of an
expected PR equalization waveform and the anplitudes of - 38 an actual

PR equal i zatiq ggug§§¥490 [kﬁg%ggivgg I%%%Pe4éf§fjt§n& i cate error val ues

in the anplitude of e ac equa I on waveform e outputs of the

FIR {1 ter 451,500 aofds do6i Sl ALMJ Pl daiec oL Bodladesdaiput to the

phase conparator 492, correspo to a sanple val ue sequence obtained after

A D conver si on.dpyr d den D 19pmved talt did: Aecordli gk yei fHer opgput of the

adder 492b corresponding to each sanple value indicates an error value in
anplitude (anpin tageedOv@rd®) ) thd hi Ssureensihdibta t dee phasevebapar ahor 492
cannot directly detect a deviation (error) in the direction of tine
(phase) .5 Accortthenginyg 1 1 thed g hafs et oo ngatrad br PR92qya Bz gt Som waveform gr adi ent
at a sanple point at which an anplitude error is obtained, and 15 converts
an error value in sThmabutpmptiefidehénP® wavefoon geheratarphfifeien the
basis of the prediction result. The prediction of gradient is perfornmed by
t he gradi ent prleth cinpuiadpe ¢hﬁt@mﬂ&mﬂtbmﬁﬁﬁeﬁmhﬂétioﬁiM%%ty47£ﬂ-expected
PR val ue sequence as the 20 output of the PR waveform generator 400 is
input to the greRlikManiedi derrmprtiqhcuyt bdt baE PreerBiBes4dbe

i ncorporates a nunber n Pf del ay_el epent s_( not shomn%ﬂéonnectgd by cascade

connection. THRPAGHFEM rﬁ%ﬁﬁc%%fvﬁ§%% AbI ERe aFFPEE Y31 ¥@sUSt " a nunber
n of 28 £onti nUoUSe SAIPLE AL N Som US 8 9Pk NGa DEFBER JeRlrSEL8Y400.
If each PR value is positive, the polarity
determination unit 472c¢c generates "+1". TIf each PR
value is negative, the unit 472c generates "-1".
Further, if each PR value is neither positive nor
15 negative, i.e., 0, the unit 472c generates "O0".
The outputs of the adder 472b and polarity
determination unit 472c¢, and the reliability flag F
output from the PR waveform generator 400 are input to
the multiplier 472d. The multiplier 472d multiplies
20 the outputs of the adder 472b and polarity
determination unit 472c, and the reliability flag F
from the PR waveform generator 400 together, thereby
obtaining error values in signal amplitude from
channel-encoded data of no regularity. When the
25 reliability flag F is "0", the reliability of a PR
value sequence output from the PR waveform generator

400 is low. In light of this, in the embodiment, the



“elenments. The gradient predictor 492c predicts a waveformgradient fromthe
anplitude val ues at the - 39 nunber n of continuous sanple points and

. the anplitude value at the next sanple point (i.e., fromthe anplitude

val ues obtai ned at a nunmber (n+l1) of continuous sanple points). In this
enbodi ment, the 5 gradient predictor 492c has a table TBL show ng the

rel ati onshi p between conbi nati ons of anplig udes at the nunber (n+l1l) of
sanpl e points and gradients. At each sanple point of an expected PR

equal i zed waveform as the output of the PR waveform generator 400, the 10
gradi ent predi . 40 § eS¢ 4 1 t R cl ock ADC
CLK, the anpl i%%%l%%??ﬁ aﬁ%%i%ﬁ%ﬂg%ﬁ%%%l%%ﬂ%?o con%(?%ﬂous sanpl e

poi nts i ncl udifmpisaih §ach SANP! & PO na RS CTIANY 4 P24 heat@bige TBL showi ng
t he conbi nati on of anplitudes at the 15 nunber (n+l) of sanple points, the

gradi ent predigd OraORCt RCELH & €8 BoRd k€] efls Wived BivRgrasheant at each
sanple point. The nultiplier 492d nultiplies, together, the output

(anplitude errpf )tid #deiasidert #92bag aF predf gt pdtRE wmed or & gtleeli ent
acquired at each sanple point by the gradient predictor 492c, and a
reliabildty flmgltimlieutdT2dnihe. PRvavetopat gefietlad oerd@d degether with
an expected PR val ue sequence. As a result of this nmultiplication, the

mul tiplier 49247 2cqus resredprdbes2okrihe ¢nrar wavkiorimdbapted Pyom
channel -encoded data, with respect to the channel clock. Further, the

nul tiplication-Rf AURCRAPIPE Ueke cdddrr 4bdef or FgF adiiemtmultipbiesnd
reliability flag F by the nultiplier 492d prevents error values of |ow
reliability fr%ﬂ%%eﬁw%{ﬁfbﬁtaﬂlﬁ%ﬁq% PrHRUGNEPRERRL IR i BB ity flag F
is "0" (i.e., duri nr%h{he ti me when the reﬁi abilit%l) f tth sgft-deci si on
val ue input tPTHEPRWAVET of M Yent? diorCa0d +8vI ?\ﬁ?a}fﬂ' LY 2L¥Q™a bl ock
diagramdllustrating th onfrguration of the t coefficient. contrqller
452, THS tap COert CHERT ContTOTTare AoooREr Phr o PEoUBARKCTD RENTPOR f or
adaptive contr b Zzat i h C hstic of the FIRfilter 451.
Thi s feedback ég%nﬂtﬁélo 1?%?%:1’%?%%6 ﬁ?zctqu a(?i ahgﬁatihe tap coefficient of the

FIRfilter 451, usipggthe oytpuUbscek HNEgAAK €ODMSEEEEiAG. tRER filter 451
and soft-decision Viterbi 15 detector 461-1. For facilitating the

description, assnfEgihatidheo nurerpRfwiapsoenpyonetatort heoFl Rihi ther 451
is 12. In feedback control performed on the FIRfilter 451 by the tap
coefficient coPkrwhtvefodbgelé ghtspesdo ashowsi thoRIG{ &, rehd sugpak using
20 a preanble pattern is not performed, unlike the above
15 of the soft-decision Viterbi detector 461-1 of the
decoder unit 460-1, i.e., soft-decision value sequence,
is input to a comparator 601. The comparator 601
compares each soft-decision value of the input soft-
decision value sequence with 0, thereby determining
20 whether or not each soft-decision value exceeds 0
(i.e., determining the polarity of each soft-decision
value). This determination is equivalent to the hard
decision of each soft-decision value. In other words,
the comparator 601 is a hard-decision unit that outputs
25 "1" if each soft-decision value exceeds 0, and outputs

"0" if each soft-decision value does not exceed 0.

The output (binary sequence) of the comparator 601



descri bed feedback control by the automatic gain controller 47, offset
controller 48 and timng recovery controller 49. This is because the use of
.a sinple pattern, such as a preanble pattern, makes it 25 inpossible to
finish a tap coefficient updating operation, and may cause the tap
coefficient to drift to an incorrect val ue. - 41 The tap coefficient
controller 452 conprises an error detectgr, 453 and coefficient-updating
unit 454. The error detector 453 detects errors in tap coefficients. The
coefficient-updating unit 454 5 updates the tap coefficients of the FIR
filter 451 onithe hasi s &S dihddad 8P, CORMid eds deteedied by the

error detector 453, using a coefficient-updating algorithmcalled a

“m ni mum mean s @aaie 1iNB)o et ex diG e 13 nSe @ b Hedqdli @giadatddustrating
the 10 configuration of the error detector 453 of the tap coefficient

control l er 454 sshomelidnddis &R w2 sheom,atdes®s rorretiecs or 453 conpri ses
a PR waveform generator 400 having the sane configuration as that shown in

FIG 6. The eramodiateact,orPR 3wt cx i} 885 d5aid del e ceémpsliv yed,S3a,
adder 453b and nultiplier 453d, that correspond to the delay circuit 482a,
adder 482b andamultlieplders @BRichtshieemgtim Fl G . O, , regdspenimivet yn dhe error
detector 453 further conprises a delay circuit 455, eleven delay el enents
456-1 to 456- Klagnmactses o akigehddie orarese i Wni clanthe wet feuendeipliers
457-1 to 457-11. The delay el enents 456-1 to 456-11 are flipflop-flops that
operate in syrdhridhycaWess) flot exandt shihecazmml TRy RIRKE AL €2leY The
delay circuit 453a del ays the output of the 25 FIR filter 451 p

predet er mi ned §45H i‘%/ﬂi'}n%t S AU | SRRt d B CR +%%f‘t1d%72a,

t he del ti i t | to the ti i od i f th - 42
ti rere \ihg aI sa Iﬁseé%%e%feéﬁfg%cre%%i‘gfﬂ 5{1%%%1151% utlér‘g Rtkfr‘ﬁ(glmt ere451, to the

Sof T - da 51 on WTIE Bttt 9611 bf the dbcodsr Thtea6° T The adder
453 adds a PRyl seetce P plcdeomine BF, vauel gy gegeeator 400, Lo

a sequence that 1s obtain inverting the polarity of eac | e val ue
of a sanpl e vad g SN QL fUIti r%él@@orﬂf'@ﬂtl@'Elf;fé“éaxﬂéﬁﬁng-réﬁoélét put
0

of the adder 453b indicates 10 the results conpari son between the
anplitude of ADC CLK to thereby hold each binary value of the binary
sequence input thereto for one period (one sampling
15 period) of the sampling clock ADC CLK. Accordingly,
the output of the comparator 601 is sequentially
delayed by the delay elements 602, 603 and 604 in units
of sampling periods of the sampling clock ADC_CLK.
The output of the comparator 601 is also input to
20 a multiplier (G) 605. The outputs of the delay
elements 602, 603 and 604 are input to multipliers (G)
606, 607 and 608, respectively. It is apparent that
the outputs of the delay elements 602, 603 and 604 are
obtained by delaying the output of the comparator 601
25 by one period, two periods and three periods of the
sampling clock ADC_CLK, respectively.

The multipliers 605, 606, 607 and 608 multiply



“an expected PR equalization waveform and the anplitudes of an actual PR
equal i zati on waveform The nultiplier 453d multiplies the output (error

. value) of the adder 452b by a reliability flag F (the flag F is output from
15 the PR waveform generator 400 together with the PR val ue sequence),

t hereby preventing error values of lowreliability from being output. On
the other hand, the output of the A/D_copyerter 44 is delayed by the del ay
circuit 455 by the tine 20 required after the A/D converter 44 has output a
sanpl e val ue sequence until the soft-decision Viterbi detector 461-1

outputs a corr, riﬂ!rfégcfwlf‘e v(allue SEGUPNCE, £ As, & { tbiﬁi\? delay tine
sanple

of the out put val ue sequence) of A/'D converteér 44 1s adjusted to
that of 25 an &4 RR yvaldle ngg.{her}pe 1‘%‘%}5‘%@\?% t hg, ]y\gly rm
generator 400. e out puﬁ}t:{gof t'he" delay-'circtit 4155 l% sequéeari&il lﬁ/é)del ayed

by el even del &f tie 4i1t€lEMRMS @5H- lod@,_4067 land Ne Gy nedy oy th the
sanpling clock ADC CLK. The multiplier 457-0 conputes the product gk of

the out put xOkdafettear 48} ayh Gdduy tekb5S and thesgnd e ek the mul tiplier
453d in synchrony 5 with the sanpling clock ADC CLK. The multipliers 457-1

to 457- Bl conpui#leyt kel gurenchect@ Pyl k6 @0 agld ke ®f, tnhel oidpidss xd &5 1 o6xé) k of
the delay circuits 456-1 to 456-11 and the output ek of the multiplier
453d, respectiael pndrfd raogladiqgObtD npd ki zem eswsiterd O( @rmorkut on
respective tap coefficients. The coefficient-updating unit 454 shown in
FIG 12 updat édiagEratgy)c &G i@ e mee it (a0 sy tivin thet e tioner 45]
on the basis of the errors gx (gOk to gllk). In the above-descri bed
embodi ment, t I dloRiNaE VIS RSt erfron e seampaia ter | @91 48,
timng recover ntroller 49 and ta efficient controller 452

i ncorporate r éf}g 5} V& PR v RS SR L IR TERS PRR TRIVRF F n

gener at,or 400 gener ates an, expected PR val ue sequence on basis of the
out put t@f t he 30 Xof% AL LT o A (& B =R oJrrgii%gfzalt%]f %(ﬂg ¥Frst-stage

decoder uni 480-hdj) the )81k IR, AEPOLET 4.1 gk e sesDpet 1 ve PR

wavef orm generators 40 e automatic gain con fse

control ler 48,11d MG UEC &k RMLPOIdES A ANh AP &994%%@@&. PR

controller 452 perform feedback control for "adjustnent of the gain of the

Xgri ?bl e gai n wipld fdRfudhkbe AdsRisgimiensatd hofb iher pfds@iegOepensat or
, e output from the comparator 601. In other words, the

15 binary sequence corresponding to the output (soft-
decision values) of the soft-decision Viterbi detector
461-1 in'the decoder unit 460-1 is converted into
an expected PR value sequence by the PR waveform
generator 400.

20 The PR waveform generator 400 incorporates a flag
generator 610. The flag generator 610 generates
a reliability flag F that indicates whether the
reliability of the expected PR value sequence generated
by the PR waveform generator 400 is high or low.

25 The flag generator 610 comprises an absolute value

converter 611, threshold (TH) register 612, comparator

613, delay circuit 614 and AND gate 615. The output



"- 44 recovery of the sanpling clock ADC CLK and adaptive control of the
FIR filter 451, respectively. Thus, the enbodi ment utilizes the output of
.the soft-decision Viterbi detector 461-1 of the first-stage decoder 5 unit
460- 1 whose delay tine is shortest anong the decoder units 460-1 to 460-3
of the iterative decoder 46. By virtue of this, the read channel 40 (signal
processing device) that utilizes iteratiwg decoding and hence needs an
extrenely long delay tine 10 to output binary data (hard-decision val ues)
obtains the advantage that the delay tinme due to a feedback | oop is reduced

to that requi r@%eg‘ﬁ)defﬁ‘%;ﬁfﬂ g, e o kel d drodid atd Qo The dlge needed

for conputing t g I hood ratio is therefore much shorter 15 than

the tinme requidad upt @ @uipuly ofndidardgdatign: Theseiores angignidi cant
increase in the delay time due to a feedback | oop can be avoi ded. Further,

in the read chapnelb< utd [y ddBretidase gheradh Nthe aEXAY didie AL d e

enbodi nent, the PR 20 waveform generator 400 generates an expected PR val ue
sequence (i.e.6108 digivdll v us seRIa@drgicatéye, ofTiee radasanee PR
waveform for an error value detection) and a reliability flag F that is

i nformatsi on i ndilosd iccenwdrttdre 63l iahitertys ofidte £R aledalkatsequence, thereby
25 controlling the output of an error signal on the basis of the flag F. As
a result, everalhe,r eadschardeetisfinn ivelws chutiet Fivm gt of a signal

input to the - 45 soft-decision Viterbi detector 461-1 of the iterative
decoder 46 is St~ demi sigipriéste vy cirdrataet et 1bn ofherewiPWaleks and
obtain a sufficient feedback |oop gain. 5 Furthernpre, in the enbodi nent,
the output of ¥hfe aIILYeR i G Bif \FARF Efet &t of s 4RUL et B used for

f eedback control sinply b ddi ng the conpar ator. 601, sol ut.e val ue
converter 611,“(“?9%2%%%& %llegl g&%@?efélezf, £o a"?‘a‘f%]ru%jl}S‘?ﬂgeJr%ytI&‘?rcuit 614
and AN ate 5 10 T erformf ba control in a djgital signal

proces 'O%g sygtt]rﬁﬁ%}%é)zrlp%%ﬁ\ﬁ_ @gz[d’ect %,C?Tp?%a%?ﬁfﬁ?e%?m??r%% expect ed
signal anplit i i t .@ggy' e S l.e.

(digscr et gPti rreuggearﬁﬁﬁ% va%ﬁ%%t%%@‘ﬁ“ y s%%?i%ﬁg%g;\lagc u%?rprvg%%hﬁ%%al ,
and 15 the di ffenancser thes ehetyaed 4 Sr&PIWEL E eghs ntopan; eryory V]@Hék@n,ThU&

t he t hus-obtai ned error val ue enabl es feedback control other than that for

the abovenent ined gaddr agh Ustimntapsdfsed cONPENSAt {108, ot 0o f CERYErY
and adaptive control of the FIRfilter 451. 20 For exanple, also in

f eedback cont radff-adecidi@CctVingethe detddtcad aSyrreisy e alewgnal tyvavef orm
due to non-linear distortion, digital data of a PR waveform (PR val ue
sequends®) generaltisbilitihe PR wav@iorod genes at 0f 700 ewpboyedf i the he
enbodi nent can be used as
absolute value converter 611 (i.e., the absolute value
of the output of the soft-decision Viterbi detector
461-1) is lower than the value (threshold value) of the
threshold register 612, the comparator 613 outputs
20 a flag F' indicative of "0" to show that the output of
the soft-decision Viterbi detector 461-1 is unreliable.
On the other hand, if the absolute value of the output
of the soft-decision Viterbi detector 461-1 is equal to
or higher than the value of the threshold register 612,
25 the comparator 613 outputs a flag F' indicative of "1"
to show that the output of the soft-decision Viterbi

detector 461-1 is reliable.



"25 digital data of a reference PR waveform The present invention is
applied to a magnetic disk drive (HDD). However, it is also applicable to
.- 46 various disk drives that use, as a recording nedium a disk nmedi um
such as a nmagneto-optical disk, optical disk, etc. - 47 WHAT | S CLAI MED
I'S: 1. A signal processing device utilizing partial response maxi nmum

| i kel i hood detection, conprising: an Llegg;iue decoder which detects a
signal froma 5 partial response equalized sanple val ue sequence, utilizing
iterative decoding, the iterative decoder having a plurality of

de- t ed i1, h Lts_Lncl udi
Cof L deci Si on Vi terbr et Set br U k- oul Bht o sut 12 HGEL oF on” bafled

nga
sof t-deci sion Viterhbi put's lLes’ 18 from a

sanpl e val ue sgguenceddpitle toedch: At thengacogdersunit spacrpastiale,
response wavef ormTenerator which generates a drgital value sequence of an

expect ed partile raspansecsayefehdn has ede Odrmm oyt oitb&fudbe i DEble by
soft-decision Viterbi detector included in a predeterm ned one of the

decoder units,tHdecquieoed o5 el tocpsies ovét bierdg ©éhesds han a fixal stage
decoder unit a flag generator which generates flag information 20

i ndi catisve of dwhether=r3Z) iabithd ysafpliey dtDodlal AGBI CBK sefjuencetigeser at ed
by the partial response waveform generator is |ow or high, based on the

out put of the soiplderisenirdsterbi degettof thntsuded thetdmbpdimdentr m ned
decoder unit 25 an error detector which detects error values in the partial
response equalifZzethesmgiraraioe chbjudecernimes cihar deeeetbPubiti8i zi ng the

digital val ue sequence - 48 , , _
unreliable, the flag F' is maintained at "0" for three

sampling periods to show that the reliability of the PR
10 value sequence is low during these periods. To this
end, the delay circuit 614 comprises three (n - 1)
cascade—-connected delay elements (D) 6l4a, 614b
and 6l4c. The output (flag F') of the comparator 613
is input to the first-stage delay element 614a.
15 The delay elements 614a, 614b and 6l4c are flip-flops
that operate in synchrony with the sampling clock
ADC _CLK to thereby hold each binary value of the binary
sequence input thereto for one period (one sampling
period) of the sampling clock ADC CLK. The outputs of
20 the delay elements 614a, 6l4b and 614c are obtained by
delaying the output of the comparator 613 by one
period, two periods and three periods of the sampling
clock ADC CLK, respectively. The outputs of the delay
elements 614a, 614b and 614c are input to the AND gate
25 615, together with the output (flag F') of the
comparator 613. The AND gate 615 provides the logical

product of the output of the comparator 613 and each of



" generated by the partial response waveform generator, as a digital value
sequence of a reference waveform for feedback control of a predeterm ned
.control target, the reference waveformbeing referred to for error value 5
detection; and an error output controller which controls output of the
error values detected by the error detector in accordance with a state of
the flag information generated by the flag generator. 10 2. The signal
processi ng device according to claim1, wherein the predeternm ned decoder
unit is a first-stage decoder unit included in the plurality of decoder

units. 3. The Lsrié?l’lf\lt S@§e§§i deyi f&rf?éz%sﬁ‘%i@a,l\?ﬁ% imd. gperein the

flag generator 1ncludes: an absol ute value converter converts, into

an absol ute vatie, o 5of s Heeh ST A VAl te ous pid d4oin {herisof t - deci si on
Viterbi detector included in the predeterm ned decoder unit 20 a conparator

whi ch conpar esreni & Puity of 1 der AbSTH okt &F od et 6 OTWET d e Wi &)t athe
predeterm ned threshold valued and a flag setting unit which sets a state

of the flag i ndotpmt i®h the agedt-ddaces Wb Wit exthpadé Sertsesab1-0f 125 the
conparator. 4. The signal processing device according to claim 3, wherein:
5 unreliable, when the output (flag F') of the comparator
613 is "0", the flag F as the output of the AND gate
615 stays at "O0", indicative of low reliability, for
three sampling periods (= (n - 1) sampling periods).
Thus, the AND gate 615 functions as a flag-setting unit

10 for setting the state ("1" or "0") of the reliability
flag F in accordance with the output of comparator 613
and each output of the delay elements 614a, 614b
and 6l4c.

The value held in the threshold register 612 can

15 be rewritten by, for example, a control MPU
(microprocessor unit), not shown. A predetermined
threshold value is set in the threshold register 612 at
the stage of initializing the read/write IC 20 by the
MPU in accordance with a control program (software).

20 As 1s apparent, if "0" is set as a threshold value in
the threshold register 612, the reliability flag F is
always "1". 1In the embodiment, the PR waveform
generator 400 incorporates the flag generator 610.
However, the flag generator 610 may be provided

25 independently of the PR waveform generator 400.

FIG. 7 is a view illustrating examples of soft-

decision values (soft-decision output values indicative



- 49 the flag generator further includes a delay circuit which delays the
conparison result of the conparator by one of one sanpling period to a
. nunmber (n-1) of sanpling periods, n indicating a sanpling 5 period in which
i nfluence of the partial response equalized sanpl e val ue sequence exerts;
and the flag setting unit sets the flag information in a particular state
indicating that the reliability of the digital val ue sequence generated by
the partial 10 response waveform generator is low, during a period in which
at | east one of the conparison result of the conparator and an output of

the del ay cirgyi t-cindigates,)t hat whe Authuts ot the absal e Malye converter
is lower than the threshol value the output of the delay 15 circuit being

generated durivigehipe QRecRftdrhedane SERINAG peyi-gt dde thaguaer (n-1) of
sanpling periods. 5. The signal processing device according to claim 4,
wherein the dehdy digocdi.t iImclrIdrs 79 e 230 o nabs difs a8l ayh il ey s
connected by cascade connection, a first-stage one of the nunmber (n-1) of
del ay el ement & bawpig amnbeyutastsdrgneathltoc @avdctsethdle afsoutjautpdierti nal  of
the conparator, the nunber (n-1) of delay el ements del aying respective

i nputs By one oZ5 as s@pipilieg edricodeBienfive silgna Yreocessiin ﬂmdic“@taec)cor di ng
to claim5, wherein the nunber (n-1) of delay elenents are -

flip-flops thﬂ@Mﬂﬂﬁ?&lﬁﬂﬁoﬂﬁﬂﬁﬁﬁﬁﬂkﬂﬁ|Wﬂik%;@kﬂgiﬁﬂ¥QﬁﬂﬁﬂqufQEWQOd in
synchrony with a sanpling clock. 7. The signal processing device according
to claiml, wiédr &Fh FepRdd | (a? W@p@%@%vef%sﬁ%r%ﬂﬂ idfcl udes: a

har d- deC|S|on n| m@{ch E i zes, a soft deci on v ue o ut fromthe

sof t - deci si on Bil ey Sd eqlrftﬁ%e(f‘%l‘}‘? tre prigvet B der unit,

in accordancegmﬁo@bq%ag L Yo, 0! trdea S, val ug, tlrQeé { hageby

outputting a nary ‘sequence; an donv ut1on egra execut es
10 soft-decision value 1s considered to be +1 or -1. This

means that the reliability of the soft-decision value
of 0 is lowest. The greater the absolute value of a
negative or positive soft-decision value, the higher
the reliability of the decision result. As mentioned

15 above, FIG. 7 shows output samples of the soft-decision
Viterbi detector 461-1 of the first-stage decoder unit
460-1, therefore there are many samples of low soft-
decision values (log-likelihood ratios). However, as
the number of occasions of iteration of decoding

20 increases, the reliability of the decision results is
enhanced (i.e., the log-likelihood ratio increases).
Therefore, as the number of occasions of iteration of
decoding increases, the sample points are separated
into upper and lower portions of the graph. The sample

25 values of the sample value sequences output from the
soft-decision Viterbi detectors 461-2 and 461-3 of the

decoder units 460-2 and 460-3 correspond to the



“convol ution integration of the binary sequence output fromthe

har d- deci sion unit and predeterm ned partial response val ues, the
.convolution integrator outputs 15 a result of the convolution integration
as a digital value sequence of an expected partial response waveform 8.
The signal processing device according to claim7, wherein the convol ution
integrator includes: 20 a nunber (n-1). ofyzdelay el ements connected by
cascade connection, a first-stage one of the nunber (n-1) of delay elenents
havi ng an input term nal connected to an output termnal of the

har d- deci si on 4ndt, I e 1dds Dt .Ogad&gl'f%c?i'r?@”éép?ﬂ@é@ nﬂ]ﬁg

respective inputs by one sanpling perio irst nmultirplier whic

nul tiplies an il RigpH 4l NRFL- ASSH S s W tethy @ psiedet ermi ned paranet er

- 51 wvalue; a nunber (n-1) of second nultipliers Which nultiply outputs of
the nunber (n-1) ofrWelmy. el gremd SsipI €SPeLhtyep DAt 8888y VYREUS§uaBEquel y
assigned to the 5 nunber (n-1) of delay elenents; and an adder which adds
an out put of tieerKs reste mointyd ier wnicloutipritse il tdeo humded-decildieh second
multipliers. 9. The signal processing device according to 10 claim 1,

wher ei n & he erasrtowhmitheonthollegy-kictesl thdod beatoin pis sosdrivaloe to a
val ue lower than a detection result of the error detector, during a period
in which the fllegptiinfer niate on hyesteeated gwehetlidmg gemeesholdi nall eat es
that the reliability of the 15 digital val ue sequence generated by the
partial resporde Wawng HyerReat orOn sthevpthex Ch’ﬂﬁ@dsi grRl sprpE@ssi ng

devi ce according to claiml, wherein the error output controller sets a

t 0- be- out put G EYRIRE RS RY refartTRaEkprare points at which the

results of the hard-decision were incorrect. As is
10 evident from FIG. 7, the sample points indicated by the
x-marks have low log-likelihood ratios. Further, among
the sample points at which the log-likelihood ratio is
low, the ratio of the sample points that indicate the
results of the hard-decision were incorrect (i.e., the
15 sample points indicated by the x-marks), to the sample
points that indicate the results of the hard-decision
were correct (i.e., the sample points indicated by the
square marks) 1is extremely high. In FIG. 7, 95% of
the sample points indicated by the x-marks (indicating
20 the hard-decision values were incorrect), had
a log-likelihood ratio is lower than 5. Accordingly,
when the sample value sequence shown in FIG. 7 is
input to the PR waveform generator 400 having the
configuration of FIG. 6, if the wvalue of the threshold
25 register 612 is set to 5, 95% of the incorrect decision
values can be eliminated, with a sufficient number of

correct decision values held.



20 a detection result of the error detector, during a period in which the
flag information generated by the flag generator indicates that the
-reliability of the digital value sequence generated by the partial response
wavef orm generator is low 25 11. The signal processing device according to
claim1, wherein one of a signal gain, a signal offset, asymetry of a
signal waveform timng recovery is - 52 the control target subjected to
f eedback control based on the error values whose output is controlled by
the error output controller. 12. The signal processing device according to

ol Bl e of Un e (PRORrESL 802 Bi¥ek ADag 8R! M1 RUBLELLeRaVELEN adj st e an

anplitude of a read anal og signa an an wWhi ¢ ters an anal og

si gnal out put ééﬂf&&ﬁ@hﬂ@éﬁa@fetﬂé'Qfﬁg@k'%bﬁfroi9e§n49f%§§éa99 epgat or
whi ch receives the anal og signal ltered by the anal og ter a

conpensates aneDbfsel ofné herasat ogost Boal er ats MBPsCERNEELRE Whi Ch converts
an anal og signal, output fromthe offset conpensator, into a quantized 15

di screte-tine S@mﬁi@uwatU@nS&queneeauﬂoﬁaﬂﬁbr@ﬂYnWtbhtﬁo§§€E|ﬂmgsﬁbﬁﬁk a
digital filter which equalizes the quantized discrete-tinme sanple val ue
sequenced out putn fFon the Afecifically, the offset controller 48
comprises error detectors 481 and 482, amplifiers (G)
483 and 484, multiplexer (MUX) 485, integrator 486 and
D/A converter (DAC) 487, which correspond to the error
detectors 471 and 472, amplifiers (G) 473 and 474,
10 multiplexer (MUX) 475, integrator 476 and D/A converter
(DAC) 477, respectively. However, the error detector
482 differs from the error detector 472 of the
automatic gain controller 47. The error detector 482
detects offset errors, instead of detecting error
15 values in amplitude from channel-encoded data.
FIG. 9 is a block diagram illustrating the
configuration of the error detector 482 of the offset
controller 48 of FIG. 8. The error detector 482
incorporates a PR waveform generator 400 having the
20 same configuration as that shown in FIG. 6. The error
detector 482 also incorporates a delay circuit 482a,
adder 482b and multiplier 482d that correspond to the
delay circuit 472a, adder 472b and multiplier 472d
shown in FIG. 5, respectively. The adder 482b adds
25 a PR value sequence output from the PR waveform
generator 400, to a sequence that is obtained by

inverting the polarity of each sample value of



converter in a desired response direction, and outputs 20 a parti al
response equal i zed sanpl e val ue sequence; an automatic gain controller
. which feedback controls a gain of the variable gain anplifier such that the
vari able gain anplifier maintains the anplitude of the read anal og signa
constant; 25 an offset controller which feedback-controls offset
conpensation by the offset conpensator; astimng recovery controller which
- 53 feedback-controls timng of the sanpling clock used for sanpling by
the A/D converter; and an equalized characteristic controller which

f eedback-contr Fﬁﬂy 'égyg [ §td f e t Ll ter
wherei n at Iez;cgitesgﬁ'{g]co tadhée ut‘%%lﬁgé S%él(ﬁjécrgcnét))ro({§gtrr?e ?%%oﬁls%%i o
control l'er, theidding LY ame ML PldBFcdnd 4418 equald zeth e acteristic
controll er includes a conbi'nation of the partial response wavefiorm 10

generator, thedlaguiaigiiatay thhe i deteed ddse 44w epyor out put
controller. 13. The signal processing device according to
a reliability flag F (the flag F is output from the PR
5 waveform generator 400 together with the PR value
sequence), thereby preventing error values of low
reliability from being output.
The error detector 482 of the offset controller 48
differs from the error detector 472 of the automatic

10 gain controller 47 in that the former does not have
an element corresponding to the polarity determining
unit 472c. In the error detector 472 of the automatic
gain controller 47, to detect error values in signal
amplitude from channel-encoded data, the amount of

15 deviation from the center level of a reproduction
waveform is estimated. On the other hand, in the error
detector 482 of the offset controller 48, to detect
offset errors from channel-encoded data, the amount of
deviation of the entire waveform is estimated.

20 FIG. 10 is a block diagram illustrating the
configuration of the timing recovery controller 49
appearing in FIG. 1. The timing recovery controller 49
is realized by a timing loop controller that
incorporates a voltage-controlled oscillator.

25 Specifically, the timing recovery controller 49
comprises a phase comparator 491 for an acquisition

mode, phase comparator 492 for a tracking mode,



"claim1, wherein the soft-decision Viterbi detector utilizes a soft-output
Viterbi algorithmwhich 15 conputes, as soft-decision values, a logarithmc
.ratio of a posterior probability of an input sanple val ue sequence. 14. A
disk drive for witing and reading data to and froma di sk, using a head,
conprising: 20 a head anplifier which anplifies an anal og signal read by
the head; and a signal processing device yich converts the anal og signal,
anplified by the head anplifier, into a partial response equalized sanple
val ue sequence, and 25 decodes original data fromthe partial response

equali zed sanpler valie, SEAURREE. 448 SLONAL: DEoreps) g eyl cea ol udi ng:

- 54 an iterative ich detects a signal Troma par response

equal i zed sanplen¥Ab LB §COMENEEt S | V@ONUabS er abj ¥ e eCcOdiNgnat Doy
iterative decoder having a plurality of cascade-connected deco%er 5 units,

each of the decodefetits & nshalgé nraosobétwesh Sh ofavhtEFRI sggbesgor which
out puts soft-decision
from a preamble pattern and the channel clock, on the
5 basis of the output (sample value sequence) of the A/D
converter 44. The phase comparator 492 detects a phase
error between a waveform sampled from channel-encoded
data and the channel clock, on the basis of the output
(PR equalized sample values) of the FIR filter 451 and
10 the output (soft-decision values) of the soft-decision
Viterbi detector 461-1 in the decoder unit 460-1.

The multiplexer 493 selects an error signal output
from the phase comparator 491 if the acquisition mode
is designated by a mode signal M, and selects an error

15 signal output from the phase comparator 492 if the
tracking mode is designated by the mode signal M. The
selected error signal (phase error value) is input to
the VCO 495 wvia the loop filter 494, and used for
frequency and phase control performed by the VCO 495.

20 The VCO 495 is dynamically controlled by the error
signal selected by the multiplexer 493 (i.e., the
phase error value detected by the phase comparator 491
or 492). As a result, the VCO 495 generates the
sampling clock ADC_CLK synchronous with the channel

25 clock.

FIG. 11 is a block diagram illustrating the

configuration of the phase comparator 492 of the timing



“values froma sanpl e val ue sequence input to each of the decoder units; a
partial response waveform generator which 10 generates a digital val ue

. seqguence of an expected partial response waveform based on an out put of the
soft-decision Viterbi detector included in a predeterm ned one of the
decoder units, the predeterm ned decoder unit being other than a final 15
stage decoder unit a flag generator whichygenerates flag information

i ndi cative of whether reliability of the digital value sequence generated
by the partial response waveform generator is |ow or high, based on 20 the

out put of the Soldyslesi Shon- 1 £6¢ big det epter {gc uged p,Lge predet er i ned

decoder unit an error detector detects error values In the parti al

response equalddigsh ST & 921 4SnSLANENCE. ph NGaPEEOEn ISLREL BEQHT LD ZI N the
digital 25 val ue sequence generated by the partial reSponse waveform

generator, as rahiny tale Ve SOREEHELa0foR AT eREACEnYANElQr PrEOr 6f eedback
control of - 55 a predetermned control target, the reference waveform

bei ng referredri® gliseréaipaypd ter dedBCil On; camslr B8 € £08eDayPEireqntrol | er
whi ch controls output of the error val ues detected by the error 5 detector
in accordance 4#2d andtaidenf49Pe thaig correspond to the delay
circuit 472a and adder 472b shown in FIG. 5,
respectively. The phase comparator 492 further
comprises a gradient predictor 492c and multiplier
492d. The delay circuit 492a delays the output of
10 the FIR filter 451 by a predetermined time period.
In a manner similar to the case of the delay circuit
472a, the delay time is set equal to the time period
required from the time when a sample value sequence is
output from the FIR filter 451, to the time when
15 a corresponding sample value sequence is output from
the soft-decision Viterbi detector 461-1 of the decoder
unit 460-1.
As described above, the PR waveform generator 400
generates an expected PR value sequence on the basis of
20 the output of the soft-decision Viterbi detector 461-1.
The adder 492b adds a PR value sequence output from the
PR waveform generator 400, to a sequence that is
obtained by inverting the polarity of each sample value
of a sample value sequence output from the delay
25 circuit 492a. The output of the adder 492b indicates
the results of comparison between the amplitude of an

expected PR equalization waveform and the amplitudes of



information generated by the flag generator. 15. A signal processing nethod
for feedback control of a predeterm ned control target, for use in a disk
.drive which decodes data froma sanple value 10 sequence obtai ned by
sanpling an analog signal read froma disk, utilizing partial response

maxi mum | i kel i hood detection, the disk drive including an iterative decoder
whi ch detects a signal froma partial response equalized sanple val ue
sequence, 15 utilizing iterative decoding, the iterative decoder having a
plurality of cascade-connected decoder units, each of the decoder units

ncl uding a sof -slacisi ok \A4e bl detsetory R £ ouLpULS, ST gsdeel si on
of the

val ues from a sanpl e val ue sequence Tnput to each decoder units,

the signal progessidg:Tmes had Cops | sAgr Senesat{Noeide dight 8tyyal Yo
sequence of an expected partial response waveform based on an out put of the

sof t - deci si on dd eddiu4lBt Bt @Fud NCh atelesh i wave PEBAEL €THE NEGLOALS O£t he
decoder units, the 25 predeterm ned decoder unit being other than a

final st age dectitgerrimifigemer48i ngnd | egf t rdet tatdonvipdisat iyee6for - 56
whether reliability of the digital value sequence of the expected parti al
responsed wavefésimis impubrtdighe hosed oompieaiowt pl22 pf coheespbhddesi si on
Viterbi detector included in the predeterm ned decoder unit, 5 generation
of the flag ird cranrRiorvddngpitendelohajrpedratien AfDtbendegstiah val ue
sequence; detecting error values in the partial response equalized sanple
val ue sequencebythR i B iRt efentt at cceraiinylval tee sedtbnteods a
digital value 10 sequenc f a reference waveform used for feedback contro
of a predeterﬁ%ﬁﬁ?éﬁ%ﬁriﬁfheﬁ%ﬁﬁ?sgﬁﬁﬂ%%$tF%l¢¢%@ PpLe BPlufe detected

error val ues incﬁccquance with a siate, of tgg.ggger tedligqg i nfornmati on.
CAL9. A& A A . AP E R B SR ALY Ry ALD ARTIAST AACR (AL REUAGS. AT As. As. Ay

s. AN. AL Ays. A :
CAYS. ALY L e %) A TRES RPN STIRL ARDSPIESG CHRABALAF 498, A . As. A

AL. A AL. A AyL. AL LA MVBBITA22Y1 vy detect a deviation (error) in the

direction of time (phase). Accordingly, the phase
comparator 492 predicts a waveform gradient at a sample
point at which an amplitude error is obtained, and

15 converts an error value in signal amplitude into an
error value in phase on the basis of the prediction
result. The prediction of gradient is performed by the
gradient predictor 492c in the following manner.

Firstly, an expected PR value sequence as the

20 output of the PR waveform generator 400 is input to the
gradient predictor 492c. The gradient predictor 492c
incorporates a number n of delay elements (not shown)
connected by cascade connection. The gradient
predictor 492c holds amplitude values at a number n of

25 continuous sample points, using the number n of delay
elements. The gradient predictor 492c¢c predicts a

waveform gradient from the amplitude values at the
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output (amplitude error) of the adder 492b, a predicted

20 waveform gradient acquired at each sample point by the
gradient predictor 4922c, and a reliability flag F
output from the PR waveform generator 400 together with
an expected PR value sequence. As a result of this
multiplication, the multiplier 492d acquires a phase

25 error in a waveform sampled from channel-encoded data,
with respect to the channel clock. Further, the

multiplication of an amplitude error, waveform gradient
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error values of low reliability from being output
during the time when the reliability flag F is "O"
(i.e., during the time when the reliability of the
5 soft-decision value input to the PR waveform generator
400 1s low).
FIG. 12 is a block diagram illustrating the
configuration of the tap coefficient controller 452.
The tap coefficient controller 452 performs feedback
10 control for adaptive control of the equalization
characteristic of the FIR filter 451. This feedback
control is realized by updating the tap coefficient of
the FIR filter 451, using the outputs of the A/D
converter 44, FIR filter 451 and soft-decision Viterbi
15 detector 461-1. For facilitating the description,
assume that the number of taps employed in the FIR
filter 451 is 12. 1In feedback control performed on the
FIR filter 451 by the tap coefficient controller 452,
high-speed acquisition of a read signal using
20 a preamble pattern is not performed, unlike the above-
described feedback control by the automatic gain
controller 47, offset controller 48 and timing recovery
controller 49. This is because the use of a simple
pattern, such as a preamble pattern, makes it
25 impossible to finish a tap coefficient updating
operation, and may cause the tap coefficient to drift

to an incorrect value.



" 10qq 10qql ~MzX6@L

109! y9% 109%& ()-y! 3! 109%&' ()-f!3! 10%& ()-f!3! 10%m& ()-f#109%& ()-f!#109%& ()-f
. 5678>z1 "P1 1S 10%& ()- 10 10

10!y. #10%&' () - & y. #10%c& ()- &% 10%& ()-y!y% 10%& ()-y>v 91 B ~?"P1

1S, #109\&' () -!, #10%&' () -*10%& ()-9; "100/&' ()-'59 "10%)0&' ()-10%& ()-B
6IVI1 "WUBAPL 1y% #1096& ()-f!y% #100& (Ogqf ! @% #109& () -f! #10% ()- @
#109&' ()-@ #10% & ()- @ " " #it##t#r $$r P1

1s" 10% g& () - f"s" 109%& ()-f,s10% & ()- 10 10

10!y. " 100 ' %@q A<

11 010% 1 & (3 = 10%%% S‘f %E)é%’b%]&e?)@a 1T HFT) 2o & () -
(())))AE)rS4 - s31 Q98 dJt-0 A W8 (Ang ]&;éftﬂ-(glent updatlng unit 454.

10t 11 @10% t & ()= De10% & (- | V61008 (I By v)) )T % * s

17 1yl109%& () - Sy | %Wl e Y& 43 cﬁé@é’/&s()ersrors in tap
109& ()-L@LOY& () - ****- +B+x+dEr S4

1 V#1098 () - | OO (Q ket (Dhes 106 £ ) EAOWR It ML QUMBE ) 4 Bk ++++) , Kk, , ~\ =r

$4 1010% ()-'@"10%& ()- '@"10%& ()- @"10%

& ()-" 'H 109 UpdsdD U ) Eap ek KEleMiB:s v ffdthe FIR filter 451 on
the basis of errors in the tap coefficients detected by
the error detector 453, using a coefficient-updating
algorithm called a "minimum mean square (LMS) method".

FIG. 13 is a block diagram illustrating the
10 configuration of the error detector 453 of the tap
coefficient controller 452 shown in FIG. 12. As shown,
the error detector 453 comprises a PR waveform
generator 400 having the same configuration as that
shown in FIG. 6. The error detector 453 also comprises
15 a delay circuit 453a, adder 453b and multiplier 453d,
that correspond to the delay circuit 482a, adder 482b
and multiplier 482d shown in FIG. 9, respectively. The
error detector 453 further comprises a delay circuit
455, eleven delay elements 456-1 to 456-11 connected by
20 cascade connection, and twelve multipliers 457-1 to
457-11. The delay elements 456-1 to 456-11 are flip-
flop-flops that operate in synchrony with, for example,
the sampling clock ADC CLK.
The delay circuit 453a delays the output of the
25 FIR filter 451 by a predetermined time period. 1In a
manner similar to the delay circuit 472a, the delay

time is set equal to the time period required from the
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detector 461-1 of the decoder unit 460-1. The adder
5 453b adds a PR value sequence output from the PR
waveform generator 400, to a sequence that is obtained
by inverting the polarity of each sample value of
a sample value sequence output from the delay
circuit 453a. The output of the adder 453b indicates
10 the results of comparison between the amplitude of
an expected PR equalization waveform and the amplitudes
of an actual PR equalization waveform. The multiplier
453d multiplies the output (error value) of the adder
452b by a reliability flag F (the flag F is output from
15 the PR waveform generator 400 together with the PR
value sequence), thereby preventing error values of low
reliability from being output.
On the other hand, the output of the A/D converter
44 is delayed by the delay circuit 455 by the time
20 required after the A/D converter 44 has output a sample
value sequence until the soft-decision Viterbi detector
461-1 outputs a corresponding sample value sequence.
As a result, the delay time of the output (sample wvalue
sequence) of A/D converter 44 is adjusted to that of
25 an expected PR value sequence generated by the PR
waveform generator 400. The output of the delay

circuit 455 is sequentially delayed by eleven delay
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clock ADC _CLK. The multiplier 457-0 computes the
product g0k of the output x0k of the delay circuit 455
and the output ek of the multiplier 453d in synchrony

5 with the sampling clock ADC_CLK. The multipliers 457-1
to 457-11 compute the products glk to gllk of
the outputs xlk to x1lk of the delay circuits 456-1 to
456-11 and the output ek of the multiplier 453d,
respectively. The products g0k to gllk represent

10 errors in respective tap coefficients.
The coefficient-updating unit 454 shown in FIG. 12
updates the tap coefficients Cx (CO to Cll) of the FIR
filter 451 on the basis of the errors gx (g0k to gllk).

In the above-described embodiment, the automatic

15 gain controller 47, offset controller 48, timing
recovery controller 49 and tap coefficient controller
452 incorporate respective PR waveform generators 400.
Each PR waveform generator 400 generates an expected PR
value sequence on the basis of the output of the

20 soft-decision Viterbi detector 461-1 of the first-stage
decoder unit 460-1 in the iterative decoder 46.
Using the respective PR waveform generators 400, the
automatic gain controller 47, offset controller 48,
timing recovery controller 49 and tap coefficient

25 controller 452 perform feedback control for adjustment
of the gain of the wvariable gain amplifier 41, offset

compensation of the offset compensator 43, timing
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Viterbi detector 461-1 of the first-stage decoder
5 unit 460-1 whose delay time is shortest among the
decoder units 460-1 to 460-3 of the iterative
decoder 46. By virtue of this, the read channel 40
(signal processing device) that utilizes iterative
decoding and hence needs an extremely long delay time
10 to output binary data (hard-decision values) obtains
the advantage that the delay time due to a feedback
loop is reduced to that required for computing the
log-likelihood ratio. The time needed for computing
the log-likelihood ratio is therefore much shorter
15 than the time required up to output of binary data.
Therefore, a significant increase in the delay time due
to a feedback loop can be avoided.
Further, in the read channel 40 utilizing
iterative decoding, according to the embodiment, the PR
20 waveform generator 400 generates an expected PR value
sequence (i.e., a digital value sequence indicative of
a reference PR waveform for an error value detection)
and a reliability flag F that is information indicative
of the reliability of the PR value sequence, thereby
25 controlling the output of an error signal on the basis
of the flag F. As a result, even the read channel 40,

in which the S/N ratio of a signal input to the
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error values and obtaln a sufficient feedback loop
gain.

5 Furthermore, in the embodiment, the output of the
soft-decision Viterbi detector 461-1 can be used for
feedback control simply by adding the comparator 601,
absolute value converter 611, threshold register 612,
comparator 613, delay circuit 614 and AND gate 615,

10 To perform feedback control in a digital signal
processing system utilizing PRML detection, it is
sufficient if an expected signal amplitude is compared
with the amplitude of each sample (discrete-time sample
value) obtained by sampling an actual read signal, and

15 the difference therebetween is converted into an error
value. Thus, the thus-obtained error value enables
feedback control other than that for the above-
mentioned gain adjustment, offset compensation, timing
recovery and adaptive control of the FIR filter 451.

20 For example, also in feedback control for correcting
the vertical asymmetry of a signal waveform due to
non-linear distortion, digital data of a PR waveform
(PR value sequence) generated by the PR waveform
generator 400 employed in the embodiment can be used as

25 digital data of a reference PR waveform.

The present invention is applied to a magnetic

disk drive (HDD). However, it is also applicable to
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1. A signal processing device utilizing partial
response maximum likelihood detection, comprising:

an iterative decoder which detects a signal from a

5 partial response equalized sample value sequence,
utilizing iterative decoding, the iterative decoder
having a plurality of cascade-connected decoder units,
each of the decoder units including a soft-decision
Viterbi detector which outputs soft~decision values

10 from a sample value sequence input to each of the
decoder units;

a partial response waveform generator which
generates a digital value sequence of an expected
partial response waveform based on an output of

15 the soft-decision Viterbl detector included in
a predetermined one of the decoder units, the
predetermined decoder unit being other than a final-
stage decoder unit;

a flag generator which generates flag information

20 indicative of whether reliability of the digital wvalue
sequence dgenerated by the partial response waveform
generator is low or high, based on the output of the
soft-decision Viterbi detector included in the
predetermined decoder unit;

25 an error detector which detects error values in
the partial response equalized sample value sequence,

the error detector utilizing the digital value sequence
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detection; and
an error output controller which controls output
of the error wvalues detected by the error detector in
accordance with a state of the flag information
generated by the flag generator.

10 2. The signal processing device according to
claim 1, wherein the predetermined decoder unit is
a first-stage decoder unit included in the plurality of
decoder units.

3. The signal processing device according to
15 claim 1, wherein the flag generator includes:
an absolute value converter which converts, into
an absolute value, a soft-decision value output from
the soft-decision Viterbi detector included in the
predetermined decoder unit;

20 a comparator which compares an output of the
absolute value converter with a predetermined threshold
value; and

a flag setting unit which sets a state of the flag
information in accordance with a comparison result of

25 the comparator.

4. The signal processing device according to

claim 3, wherein:
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10%&f()5@810%@qgiqdlin which influence of the partial response
equalized sample value sequence exerts; and
the flag setting unit sets the flag information in
a particular state indicating that the reliability of
the digital value sequence generated by the partial
10 response waveform generator is low, during a period in
which at least one of the comparison result of the
comparator and an output of the delay circuit indicates
that the output of the absolute value converter is
lower than the threshold value, the output of the delay
15 circuit being generated during the one of the one
sampling period to the number (n-1) of sampling
periods.
5. The signal processing device according to
claim 4, wherein the delay circuit includes a number
20 (n-1) of delay elements connected by cascade
connection, a first-stage one of the number (n-1) of
delay elements having an input terminal connected to
an output terminal of the comparator, the number (n-1)
of delay elements delaying respective inputs by one
25 sampling period.
6. The signal processing device according to

claim 5, wherein the number (n-1) of delay elements are
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claim 1, wherein the partial response waveform
5 generator includes:

a hard-decision unit which binarizes a soft-
decision value output from the soft-decision Viterbi
detector included in the predetermined decoder unit, in
accordance with polarity of the soft-decision value,

10 thereby outputting a binary sequence; and

a convolution integrator which executes
convolution integration of the binary sequence output
from the hard-decision unit and predetermined partial
response values, the convolution integrator outputs

15 a result of the convolution integration as a digital
value sequence of an expected partial response
waveform.

8. The signal processing device according to
claim 7, wherein the convolution integrator includes:

20 a number (n-1) of delay elements connected by
cascade connection, a first-stage one of the number
(n-1) of delay elements having an input terminal
connected to an output terminal of the hard-decision
unit, the number (n-1) of delay elements delaying
25 respective inputs by one sampling period;
a first multiplier which multiplies an output of

the hard-decision unit by a predetermined parameter
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multiply outputs of the number (n-1) of delay elements
by respective parameter values uniquely assigned to the
5 number (n-1) of delay elements; and
an adder which adds an output of the first
multiplier and outputs of the number (n-1) of second
multipliers.
9. The signal processing device according to
10 claim 1, wherein the error output controller sets
a to~-be-output error value to a value lower than
a detection result of the error detector, during
a period in which the flag information generated by the
flag generator indicates that the reliability of the
15 digital value sequence generated by the partial
response waveform generator is low.
10. The signal processing device according to
claim 1, wherein the error output controller sets
a to-be-output error value to 0, regardless of
20 a detection result of the error detector, during
a period in which the flag information generated by
the flag generator indicates that the reliability of
the digital value sequence generated by the partial
response waveform generator is low.
25 11. The signal processing device according to
claim 1, wherein one of a signal gain, a signal offset,

asymmetry of a signal waveform, timing recovery is
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" 12. The signal processing device according to
5 claim 1, further comprising:
a variable gain amplifier which adjusts
an amplitude of a read analog signal;
an analog filter which filters an analog signal
output from the wvariable gain amplifier;
10 an offset compensator which receives the analog
signal filtered by the analog filter and compensates
an offset of the analog signal;
an A/D converter which converts an analog signal,
output from the offset compensator, into a quantized
15 discrete-time sample value sequence in synchrony with
a sampling clock:
a digital filter which equalizes the quantized
discrete-time sample value sequence output from the A/D
converter in a desired response direction, and outputs
20 a partial response equalized sample value sequence;
an automatic gain controller which feedback-
controls a gain of the variable gain amplifier such
that the variable gain amplifier maintains the
amplitude of the read analog signal constant;
25 an offset controller which feedback-controls

offset compensation by the offset compensator;

a timing recovery controller which
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feedback~controls timing of the sampling clock used for
sampling by the A/D converter; and

an equalized characteristic controller which
feedback-controls an equalized characteristic of the
digital filter,

wherein at least one of the automatic gain
controller, the offset controller, the timing recovery
controller and the equalized characteristic controller
includes a combination of the partial response waveform
generator, the flag generator, the error detector and
the error output controller.

13. The signal processing device according to
claim 1, wherein the soft-decision Viterbi detector
utilizes a soft-output Viterbi algorithm which
computes, as soft-decision wvalues, a logarithmic ratio
of a posterior probability of an input sample value
sequence.

14. A disk drive for writing and reading data to
and from a disk, using a head, comprising:

a head amplifier which amplifies an analog signal
read by the head; and

a signal processing device which converts the
analog signal, amplified by the head amplifier, into
a partial response equalized sample value sequence, and
decodes original data from the partial response
equalized sample value sequence, the signal processing

device including:
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decision Viterbi detector which outputs soft-decision
values from a sample value sequence input to each of
the decoder units;

a partial response waveform generator which

10 generates a digital value sequence of an expected
partial response waveform based on an output of the
soft-decision Viterbi detector included in a
predetermined one of the decoder units, the
predetermined decoder unit being other than a final-

15 stage decoder unit;

a flag generator which generates flag
information indicative of whether reliability of the
digital value sequence generated by the partial
response waveform generator is low or high, based on

20 the output of the soft-decision Viterbi detector
included in the predetermined decoder unit;

an error detector which detects error values
in the partial response equalized sample value
sequence, the error detector utilizing the digital

25 value sequence generated by the partial response
waveform generator, as a digital value sequence of

a reference waveform for feedback control of
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15. A signal processing method for feedback
control of a predetermined control target, for use in
a disk drive which decodes data from a sample value

10 sequence obtained by sampling an analog signal read
from a disk, utilizing partial response maximunm
likelihood detection, the disk drive including
an iterative decoder which detects a signal from
a partial response equalized sample value sequence,

15 utilizing iterative decoding, the iterative decoder
having a plurality of cascade-connected decoder units,
each of the decoder units including a soft-decision
Viterbi detector which outputs soft-decision values
from a sample value sequence input to each of the

20 decoder units, the signal processing method comprising:

generating a digital value sequence of an expected
partial response waveform based on an output of
the soft-decision Viterbi detector included in
a predetermined one of the decoder units, the

25 predetermined decoder unit being other than a final-
stage decoder unit;

generating flag information indicative of
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whether reliability of the digital value sedquence of
the expected partial response waveform is low or high,
based on the output of the soft-decision Viterbi
detector included in the predetermined decoder unit,
generation of the flag information being parallel to
generation of the digital value sequence;

detecting error values in the partial
response equalized sample value sequence by utilizing
the generated digital value sequence as a digital value
sequence of a reference waveform used for feedback
control of a predetermined control target; and

controlling output of the detected error
values in accordance with a state of the generated flag

information.



