;e3e5../$1>256B5T5w2 9 N o v 2002 -1 SYNCHRONOUS DI G TAL DENUDL% JOR W TH
-1 NTEGRATED READ AND SERVO CHANNELS BACKGROUND OF THE | NVENTI ON NW@@OZ
invention relates to a servo systemin a data storage S device and, in
particular, to denodul ati on of position error signals (PES) within the
servo system A data storage device, such as a magnetic disc drive, stores
data on a recording nedium The recording nediumis typically divided into

" a plurality of generally parallel data tracks. In a magnetic disc drive,
the 10 data tracks are arranged concentrically with one another:

. per pendi cul ar SYNECHR@NQUS IHGETAFDEMORULATOR, WITEHINTEGRATER by a
transducer or "head" that iﬁEQ%i&rhﬁ??lﬁ?tﬁé 'Lrsed data track by an
e ad’in

actuator arm 'the actuator arm noves € a radial direction across
the data tracks under theBODKGROUNDOH THBINVENTEPNVO system based on 15
servo data stored on the disc surface within dedicated servo fields. The

servo fields can b&he presentinventiphwplatesita asectosystem inlredatastorege f ace or on

a separate. digc surfgce that is dedicated.to stori.ng servo inf tion. As
fhe head pasaevist andyinatBrylatsPelercdyiptgd ol barbioR st rinateptk (2 vo i gnal
that identifiggpfiiend Qrdbspftepl the head relative to the centerline of the
20 desired trac{k. Based on"this location, the servo systemrotates the
actuator armto adAukbita stoeagedelise, push tas amnagndtieatisd drivo\storesalata d a
desired position. There are_ several types of servo field patterns, such as
a "nul | type"oBargerrding Bedium. Ie reconding megdinmiis tigricallp disidedintar n, and a
"phase 25 type',sef. tt 1R ervo _patterng.i . at | east
two fields wh ghurgp ﬁpﬁf’ﬁ%’@%wﬁ%"%ﬁ%ﬁ‘% ng'e_ir}% az_fg%e Ctdés%%}ely‘g(ﬁtg? her. The
first nrerg-' odathdrf¥é arearrange®cdltbn&idywith oak dnbehet, %&%ﬁaicm “sync”
field which is used to | ock the phase and frequency of the read channel to
t he phase andtoftheqlisnmadiug Theedatedsistoreshand rathieved byradtranseluter or a posi ti on
error field which,i,s used.to identify the locati of the head with respect
to the trac kwg@ﬁgemqtﬁ%l’o%nﬁ’é‘e‘g ﬂ@e%%éﬁs"b%g%@ Wgﬂ’yt HragyatqriagMter r or

field, the anplit fbvbha1sad sl R cTo My gndragni t ude
and direction of ?ﬁ%eﬁ%}ga&g??g’let \Y\A tﬁler espelgtag{tagkatquﬁtcgg%%%f%ﬁterI i ne. The
posi tion err odathitedclts hadeatheddnttol pf arhgrdtloaptewio gyatdmebasalioh t hat when

the head is direct] {zesst raddling the track centerline, the anplitude of the
readback s grgrve datepstprpeken fhe,disg surface withindedisaied servmfieldsorhbehe desi red

track center 'ée?&v\% girﬁﬂrsr%@ei ihl‘éqgeagtedéilﬂ\ Hgﬁe re?t%ogggé rt}fa@?%s%%ﬁ?ﬁte 6 t he head

is hal f-way be esired track cen € centerline of the
adj acent t xacksepdr&terdigcsgtgeahatiasledidited toytoAnp setwiaforthatisragaet i zat i on
pattern on one side of the centerline is witten 180 out of phase with the
1 S magnet i zatedwagpaseasPven thagergp fiekdss itgengratene readhask ser® sigmtls, t he

prase of e baghaiRgind RAAGRNSE i CRARNIB 6l PRSP BRCL |

20  desired track. Based on this location, the servo system rotates the

actuator arm to adjust the head's position so that it moves toward a
desired position.
There are several types of servo field patterns, such as a "null-
type" servo pattern, a "split-burst amplitude” servo pattern, and a "phase
25  type"servo pattern. A null type servo pattern includes at least two fields

which are written at a known phase relation to one another. The first

T
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generated fox each pass over the position error field. Typically, the
magni t ude of the position error value indicates the distance of tﬁkghﬁﬂﬁvéaj
fromthe track centerline, and the sign of the position error val ue 02
i ndicates the direction of the head' s displacenent. The position error

values are typically created by denodul ating the read signal associ ated

with the position error field. In a synchrgnous process, the exact phase of
the read signal fromthe position error field is known fromthe phase 25
field' s read signal because the phase field is witten on the storage

medi um at a knowfieldrid af"phase" pnisymct Sekd whichtis used tploskithephaseandfiel d. 2

9 N Ov 2002 -3 hase- | ed | P is,typically used acquire the
phase of the phaZBIReEyet tiefead HEmpRLE e PhoHARS B eek e drad ]
demodul ati ng t NesipRsi (FiRLeeekPlield 18 bhoshith &6 AUIIRIH ;S ubIRAMCALRA DY
generating a denodul ating 5 signal, such as a square .wave, having tHe sane
phase and frequetheyocstion dfithd herd bth osppetitothe thck bentedird. si gnal and t hen,

wi th anal og techniques, nujtiplying the read signal tg t he denpdul ati ng
signal . The product iésmﬂ%@aew@rtheppﬂﬁowem\ﬁ quatbe@amléygsms to

the mddl e cycles. of;the Lt r.n. el The.rasul t; i.s a posigtjon
error value for Tﬁfh%?eh%fggg\fé%ﬁﬂgﬁélﬁgéf&teg tlge as: rtélggﬁgg i lfeoc%logln&tthée
storage medi um Vhéafa_ 6H§eh@$it}§&rsﬁ@ctﬂattlﬂ@ﬁaek E'éhtérli@{ep%%%)déﬁitﬁﬂéﬂraif H;dld
identifies the anplitude and phase of the read signal "at a specific

frequency poi nt . hasrengllgypeomaghetizadinn pastersisndn thediwieeri theilwatlds dideirdh
direction the head jS§, |l ocated, with lespect tﬁ‘t%@g r?tg\Si re%@légcati n. 15
Al t hough denodulsiﬁd_rﬁgul er‘@éﬁcg?ﬁﬁ‘érl‘e'_ ¢ AMRALGH GO BERRRRA Hes a
very accuratyg p?ﬁg&%ﬁex%ﬁ rAd ttl'ﬁq{e‘alﬁ’m&@éssavﬂr/}g ofH tHlGIREUA 3 RReHRNINE

. . e
difficult to integrate onto e sanme Integrated circurt as a predomnately

digital data chaheemplititle®f Gereatdcigasd tndrbesVWhan the biehd anHaleevgy exi ty of
a servo system 20 The present_ invention addresses these and ot her

probl ems, and o-hetveenthrdesiteddmalyentalior apdshpeerderlaetof themmjarentor THE

| NVENTI ON The presente~invention,relates to a synchrapous diqgj.tal

Homodul ator | ang R (AR nbE s Myl A o Brapflitdions one

aspect of the p;;fa%@ah OB A ©6f Ple@eheBnaisREifed 180" o katifgte read
a

signal forned o user data waveform and a servo 29 2002 -4
wavef or m whiléh anagmmiratiangatieyn anthadthee ailead thévcenterdtheh dddispisses over a

user data area and a rvo grea, ,respectijvel.y, .on iumin_.a storage
ovi ce. The. mot HESE AL AiRfBad SEETPLIISE I Siisr oAt RAGAA BPRIOD S5 Bor | os
of digital user datanAldififolihe fr¥s Ryt @ HRIPPEsiBhRLARYalieR S5 applying
the series of digital user data values to a uUSe ata detector circuit. The

servo wavef or m igenecivé fdreghchpaas setrithe pobitibngirtal fisddr Topicallyeheat a servo

sanple rate, which is indeq;k)\gnde.njt fromthe user data sanple rate. The
series of digitanagifde othgeesitonyeer wwemslicateytheydistapepetitiehegid h t he

servo wavef gpm I L) .1 nd] I of a
position er ragr gforgﬁgg?%gla@%@g@x{réé%g?%%ggg%gu?(%éﬁﬁlggnggﬁgkhg&mdi um

Anot her aspect @hdichesphedrattidrivitheiteadidisplseinentdThe pdisiticn &fror age
device for accessing data on a storage nmedium The disc drive includes a
read head, a readlussanedypicdlsaeseddiyaderapdalating theread sigaalassodstethe read
head generates a .user data wavef or nd a servo waveform as the,read head
passes over a ué’%‘ﬁ‘ géetEosé?l%%e‘éfﬁﬂ?lﬁmsi?\?&yﬁagg,no}lﬁgf)%ﬁ?ﬁ'\ﬂé? ?’,‘ac(gﬁ’hPﬁeeOfstorage
medi um The rea | “RAI converter
and a user dat a%%f%gkggnéé?ﬁ:ddﬁlﬁép‘?'ﬂgb?i%%rsc?q%,%gconver %Irgrﬁll Fgéaélc%sgl ed to the
read head aRfl héigldis vl sighdldesaugel the phse fidld iJheitusedn tad stockgieect or

circuit is coupled to the first A/D converter. The . .
medium at a known and fixed phase relation to the position error field.



servo channel includes a second A/D converter and a digital servo
-denodul ator. The second A/ D converter is coupled to the read h@ig ggvhzqu
servo sanple rate which is independent fromthe user data sanple’r .
digital servo denodul ator is coupled to the second 25 A/ D converter and has
a position error output that represents a distance and direction that the
~read head is displaced froma location @n the 2 9 NO V 200Z storage
medi um The servo systemis coupled to the servo channel for positioning
the read head over the storage nedium based in part on the position error
-out put. Anot héx phaspdotkenf lobpdPhLEBdRpically ersed ao apquive tesplasdiof ¢thelr i ve 5
st orage device, for_ggcessing data gn a medjum The disc drive_storage
devi ce i ncl ud@hase @éﬁv‘ﬁ"‘iﬂ}‘ﬁe ﬁ?eemg?\"d“"?qﬂréﬁr‘éie&f% damoglating the channel s.
The servo str ALY ighons a head over the nedi um based on a positiomr
error for theBﬁgelgaﬁregﬁ%gtf%eil/@ to the nmedium The integrated read channel and
servo channel recefligréadiighaldatiamdunatd Bydpehetinga tenidnaingom t he head
and generate the 1[‘)_osi tion error synchronousSly to the servo signal. BRIEF

DESCRI | ?' T3 ONsigRalf siclDRasgNESe wavel Bavingthe ssinephase @ddiftesplendy agram of a
di sc drive acgordi ng to one enmbodi.nent .of the sent .jnvepntion. 15 FIG 2
is a block di %ﬁ%‘%ﬁ%%@%&é’gmre&ﬁcf‘&"géﬂ%g‘?‘éﬁawﬁbmﬁa &he disc drive
shown in FIG ﬂechﬁiqrggs,%nhﬁi;gﬁ\gﬁa@@mB%gg%m@d&%am t(ﬂ;'{% sggﬁah! qps of a

nul | -type t servo magnet| patter In one e nt of the
present i nvenpratuctixintegrafed qver artirae wind6wHhat cdrrespandsas ehemiddleagr am
showi ng a portion of a read signal produced by a head passing over a
posi tion err ofydesefdhe posiienearardiald s ibgmes it isiaposition erer gpkueder y

ddl i Kk line, . B Qs di m showi
por tion of ¢ nieread Gt Regeenfisd deti ol BN S e BN on one
side of the dgsthithdtsas/ a;?egtéiﬁ.,mmis! prieRess es@e&m}ﬁid\élr@ﬁ@;ﬂ% G 6is a

wavef or m di agr am showi ng ortion of the read si'gnal produced while the
head i s posi t amplithdenrtdphaterdthe retel signale adgsicifedrequesky pemterThene. FI G

7 is a block dia rg\m showi ng t he servq.channe| .of. FIG in 5 greater
detail accor d?lﬁ’@%f W“é%gﬂpﬁéfﬂ “edf‘gt%éesp‘?’g%fi“?%?&fﬁ? %‘ﬁ?gﬁ G 8is a
wavef orm di agfamell NG ha'd ﬁlgd“%}é@ifo roms in the denodul ator circuit
shown in FIG 07‘{1]%("5!verfﬂt§%@.E FI G 9e|95 a bl ock di agram of a normalization
circuit fr nornal Athoggh Hempdsildtirgnthernead sigrgibvtitidanalog eeahinigudso an
alternative 10 enbodi nent of the present invention. )

provides a very accurate position error value, this type of demodulation

can be difficult to integrate onto the same integrated circuit as a

predominately digital data channel. This can increase the overall cost

and complexity of a servo system.

20 The present invention addresses these and other problems, and
offers other advantages over the prior art.

SUMMARY OF THE INVENTION

The present invention relates to a synchronous digital
demodulator and method which solve the above-mentioned problems.
25 One aspect of the present invention provides a method for

demodulating a read signal formed of a user data waveform and a servo



FIG 10 is a graph show ng root nean square (RMS) error of ppsition error
magni tude as a function of the nunber of quantization bits used &Nb A/ZB
converter in the servo channel shown in FIG 7. FIG1l is a grag V 02
illustrating signal-to-noise ratio (SNR) of 15 position error nagnitude for
vari ous denodul ating signals as a function of the servo burst frequency,
defined in terns of pul se-to-pul se spaci ng4- DETAI LED DESCRI PTI ON OF THE
PREFERRED EMBODI MENTS FIG 1 is a sinplified block diagramof a disc drive
100 which includes drive controller 1@0% servo_control processor 104, power
amplifier 20 106WaY whicheare gsnerategby @ireed haad as thy: read head passes

preanplifiers 11 re C 1116 and wrj.te .channelll8.
Di sc pack 110 inc %&e@%@%@géﬁﬁﬁ%&%g%@%ﬁ&?}?a%erdé“%‘olg%_ ally
arranged discs lgdraghl ddvaued  THeubtHYdSIEEIuLRE cahPertiB@Whe LBerdden Wwavdicien pack
110 can include any nunber of discs. Each disc 122"has first and second

recordi ng 25 surtoeceesiesiof digital tsen date widues atraasies datr sastple iratg amdehenat a i n
t he form of gneti.c, fl ux reversals ich, are encoded in, the tracks.
Actuator 2% NERRIVRESe seder s Petabuse dafgalus fag ssaAAp L uppor t s
one or nore track QECeRR RovviReforth isk3nleltb A4 a IEGESSH d]giet%l(r)s'r%x?ogo IS

coupled to at | east one suspension 132, which supports a g head,
such as a read aralusyattaseireadample rase, oekish igirdizpandentdreanthe apanditag di sc
surface. 5 Drive controller 102 is typically a_m croprocessor or digital
conput er, and i Samplpralg (Iheseriesef digitebsgryp valussiethesydemeodwatedol | er whi ch

controls a plurality of drives.,During a ite operation, .drive controller
102 receives a C%’Hﬁ%rr?d‘oélis n ﬁ*ﬁﬁ?ﬁ%ﬁ%&rﬁgfgwm%ﬁb?‘ B EHPEs t hat
data is to hp WydlieihdithtieCfal posititPbirbp Bf ffe 1228 Hehd PRREVOT, 4 Bdiishs 122
In response to the command signal, drive controller 102 provides servo

control processamn the4neditdn.a positionrequest signal which iqdicates a

particul ar track or (Rilliplder over \pgi ch actuator assenbly c%._08 isto
posi tion suspensi-ons ARghgrasnenbeh th Rrsantirvenfiangronidesa disgdiige cont r ol

-

processor 104 c ! | n l ;. gnal such
15 as a current %\%r?g%ﬁiegﬁgr%ﬁ] %C%%S%Q%g}g%gﬁe% S?ﬁg%eggl@t)gﬂ gglé& iqzlsﬁ‘i)e?ovi ded
to actuator assentilylesdfBead headsapend ehinndlesanalchgniid sintiaderes gysaém.
actuator assenbly 108 radially positions suspensions 132 and their

associ at ed Wi t dheagad head generatesesises dlata sewefopm ard 8 sevooyaaformpas
provi des the usey_dat i e red tQ 20 wite charnel 118 Wite
channel 118 encg %gétdﬁ%éa@agsgscégerrgal %Saerrt% 8?%arse§|aéx e EREOdY ﬁeﬁpg%rhvee%é and
then wites theocentedefag@hdidm! hedead chanidlatdulys & BRIt LAkIJgNG- t he .
direction of current flow ng through the appropriate wite head or heads.
During a read opégitali(dd D)arnvertenand aluser daeletenter ciemiita Toafizatid /23 si gnal

o e oSt S e SRl B BB el © ™
20  The user data detector circuit is coupled to the first A/D converter. The
servo channel includes a second A /D converter and a digital servo
demodulator. The second A/D converter is coupled to the read head
and has a servo sample rate which is independent from the user data
sample rate. The digital servo demodulator is coupled to the second
25  A/D converter and has a position error output that represents a distance

and direction that the read head is displaced from a location on the



2 9 NOV 2002 8 drive controller 102 provides servo control processor
-104 with a position request signal which indicates the trackgtsa,@a
accessed. Again, servo control processor 104 controls the poSi V)QDDZ
suspensi ons 132 and their associ ated read heads through anplifier 106 in
response to the position 5 request signal. As the read head passes over the
di sc surface within the desired track, _.6he magneti zation patterns wthin
" the track generate a read signal in the read head which contains the
encoded data that was witten on the disc surface. The read signal is
. provided to pstemags mediavm.1 The gerivelsystenuisigptipledstotthe servad-hangelfor and
provides it to rgad channel ¥1114 and ervo channel })6. ] n an enpedded servo
schene, servopg% pBing the Ze3d nead Qvgr eﬁotra}geugg ym based i Bt 0ine he
surfaces of dL,§8§0n2%or \%ﬁyh read head f passes over a data secCtor, read
channel 114 codes the encoded data fromthe read signal to recover the
original user dataAnatiérabpect phtisgereddntiieentiseoproridbsusdisc daive to drive
controller. 102 throU~h data output, 140. Wen the read head sses over a
servo sector SPF?GSerFBQjH'@tfPEa‘F‘ieWEéPfae‘Prhé mediniy W1§%ﬂwe§§§?5‘? generate a
plurality of [.VO. pr vide an indication of
3 lf%mlgp %Ehégadé &??{]tg?ed?rad 9@% re :f

the position erea S(%V?_he di sc surface.
Servo Channe'clﬂa%ﬁe%@%@@ﬂkdﬁi&&uﬁdﬁ)%&ﬁé&cﬁé@er&ﬁeﬁ%ﬁﬁfﬂ%eahe current
Location of the heat: and generates a position error signal (Pl:S) estimte
on PF. S out pwn apfe)ﬁmmermnfndtlwhml talatwgrtotthmmedndnd'lﬂeantaylateﬂ t he
position error rvo co troI rocessor, 104 nonitors the S and, based on
the current Irﬁégtcf‘ gtb”ﬁﬁﬁ‘ﬁ‘ﬁ’é"*@éﬁ“@ﬁh%ﬁ’é%ll ?é‘%!'@Pved from

drive 25 jgont I 0, rent
appl i ed tg acgtlgl]‘ At'lgl? léglgeélr}g{a Xﬁ%ggﬁé{agé t&@ﬁ%%ﬁ@)%zé%@y&%gorgﬂ%%@ n nore
detail in FI Cﬁhegensﬂigmchannel 116 has a synchronous digital denodul at or

and a progranmabl e' anal og-t o-di |taI A/D sal pl e rate. The sanple rate is
programmabl e by servo cBRIEHDES N (310 MNINGOD| e rate input 144,

Servo control pro t 5.10 [VO C n | 116 w t Ie rate
vari abl e which i nﬁ@g??qﬂ@é@s&%ﬂ% ﬂ%rlag‘? geéﬁﬁ%a@grtgt P&vari abl e
can be | oadedAPSd@ndtint 6f delpréden@invedtioRe updat ed periodically as desired.
I n one enbodi nent, servo control processor 104 runs an optim zation routine

whi ch sellécts an diiG Zisn bloek|daagraneofnyrdaidrabanneranidwgsarve chanpéldnr at e

vari abl e and 0 thecg_ no Itor%g\?\n PES estimate produced on PES out put

142. FIG 2 itBegisgqiye ng read channel 114 and servo channel
116 in greater delri 3iaLaphelaanbyingteaRa sfengungpeent

i nvention. Read channe 114ggnd servo channel ﬁ%@lf%glfés pre gg?y i nt egrated
onto the samservd pggatzhtion pattdrnifsed i ohegmbbdindist ofithe pirésehb0 has a read

signal input 152 which is coupled to the output of
invention and in the prior art.

20 FIG. 4 is a waveform diagram showing a portion of a read signal
produced by a head passing over a position error field in the pattern
shown in FIG. 3 while directly straddling a track centerline.

FIG. 5 is a waveform diagram showing a portion of the read signal
produced while the head is positioned on one side of the desired track

25 centerline.



preanplifier 112 (shown in FIG 1). The read signal from prearrpliféL r 112 is
passed through |owpass filter 2Q2 to read signal inputs 154 and §6N:@V 2002
read channel 114 and servo channel 116, respectively. Read channel 114

i ncl udes anal og-to-digital (A/D) converter 204, 20 phase-locked | oop (PLL)
and sanple clock circuit 206, finite inmpul se response (FIR) filter 208 and
user data detection circuit 210. Read cha#nel A/ D converter 204 sanples the
filtered read signal and converts the sanples to a series of digital values
whi ch represent the anpljtude of the read signal at each ccessive sanple
time. Since the rot aﬂ% is axaveiPHRGIgsTam 8 glazeom«?f;tr\yr Pl and

wi th the radi al ) i N.: 8- it is used
to |l ock onto thgg g%%ééﬂ%gé ﬂ{egﬁgﬁﬁlggogﬁ;gggb?n %gib lrﬂé%qﬂl}é%écé?o c%%%gaat a
transitions in thekkeawrlinegnal . The PLL in circuit 206 generates a sanple
cl ock signal 220 havigg a frequency that is selected for accurately and

reliably recovering HHed isadieckhdiagramshewingthe serymehan@d @6FIGAE Btk si gnal
220 i ligd t | Qck .i t of A/ t .204...Th i

of Cdi gi tor vl usteenaiBn Berdrdin oY arament ot RS RGN R R 11 e er
208 and applied to thRsigiRYtwNefSR Ui E&%@@ﬁﬁhg@aﬁb%w&ve%#ﬁer dat a

detection circuit 210 recovers encoded user data i

romthe series of digital
val ues using a tetdahodulatetdireditshoon indiICh&oveheéind) encodi ng schene used
by wite channel 118_(shown in FIG 1) to encode the data. For instance,
detector 210 may useFEnd 15 blockdingram of a gormaiization ciseihé¥s, such as a

Viterbi detecto c):S] I: i Ei - ay Tree
Search with Dec#:\gfrg%ﬁégggg%giﬁﬁ%%f) E%%?&Caggo%géo g%(‘q‘il}gﬁ}:ae%) et ecti on
(RSSE) or Pp(;ti%begﬁﬁgnsg,mé\/pg@sgﬁmlyeﬁﬁbﬁkel i hood (PRM.). After detecting
and decoding the user data, circuit 208 provides recovered user data to

dat a output 140. SerFkl&.dAdswmgraptighawisigudebmeansquavelRMB)\errerof 250,
dig-ital servo denpndul ator 252, PLL 254, programmable frequency. synt hesizer
256 and sanpl e stleov,&fﬁoamaeg%l&e;ﬂﬁ&zé'?s%.ng@f‘?ﬁoﬂw rc%éwg‘?ftt%a%?gé”{ﬁecei ves
the 20 fi1teredyieagy 3 808 cd@Attc B We d20o RAithndtARBWIIA FiERS. head passes

over a servo sector “on di sc surface, sanples the read signal at or
above the Nyqui st raFl&.ands £ grapdriflsistrhgng aigolbto-hoisa ratie (BRpbdf di gi t al
servo sanpl e values on A/D output 270. Servo PLL 254 | ocks on to the phase
and frequenty oPotifien eEglmag e fenvatpuydepodnlating signaleas 8 furgtionds on

the 25 disc sur Vi C %lg g t r 55}39%91
frequency synt hé@@%gg%%gwgﬁee@y’zgr ngtgﬁté?égégisg'tgﬁg%@ anpl% cl ock
si gnal 2 9 N O/DEIAZLED DESORIPTION ORI RREFERRED IBMBQDIMENT8quency of
the clock signal received fromPLL 254 by a programabl e sanple rate

variabl e that is stdfiédlisn siepliedblodadiageagn of @ disgaigivied§0arhichput 276

Y/\A;Ir icgb: Z ??gm S%Fi}zgdeg %rﬁ?:e; g?xghatgl?erllaﬂ%ten;bd'c%nftr%rl pg‘gc%géo\leg, ;;oh“ei\ersaam iffed 21 €
20 106, actuator assembly 108, disc pack 110, one or more preamplifiers112,

read channel 114, servo channel 116 and write channel 118. Disc pack 110

includes spindle 120 which supports one or more coaxially arranged discs

122. Although four discs 122 are shownin FIG. 1, disc pack 110 can

include any number of discs. Each disc 122 has first and second recording
25  surfaces with concentric data tracks for storing user data in the form of

magnetic flux reversals which are encoded in the tracks. Actuator



5 processor 104. Servo sanple clock signal 260 is applied to fi
-250 for controlling the sanple rate of the converter. Digital Aggagwm

denodul at or 252 synchronously denodul ates the series of digital servo
sanpl e val ues provided by A/D converter 250 to generate the position error
estimate on PES out put 242, as discussed in nore detail 10 with reference
~to FIG 7 below. In the enbodi ment showy-in FIG 2, read channel 114 and
servo cannel 116 have separate A/ D converters. This allows the nunber of
quanti zation bits and the sanple rate of each converter to be selected

- i ndependent | y assereblp 168 includesahese 128 whighswppesisoss opmase tiackead 15 channel

'n the read AREARREeERIn e OB SRR AP ABeSRE0
the nunber of sqiRMsicHABR AWNRKsBPPBrida FecRAiPHAM %R ashlitad aM@kviitBe T 0Of

mean square error (RVS) in the position error. Al'so, the preferred sanpl e
rates for realieaddonaicessing datd onercooregponimgisc sitfrcemy be different from

one another. The burst frequengi.es generated by a typical ,servo sector are
wel | bel ow t he bur ‘VFFQBHEH%‘T@?:%@?P&BS{YWOI 9?)%@373% sector. The
use of separa Qm@h C r L and nunbers
of quanti zati I(;-')n |E§f%§fhgéﬁggég%gg&g§ﬂ?ﬁgﬁe eﬁ%ﬁ?r{s Ige\?m in FIG 2
is that 25 si Mﬁc}d@imﬂﬂtaphtraﬁg%fic&ix&sdmﬂr?a weiroeipdration, drber vo channel

e

116 can be integrated on the sane integrat circuit as read channel 114,
if desired. conimoligpi02geeives a gommanyhyighal freraitbghadspetamavbichci rcuit is

t i d.. Thi d .th di fl ibility i t he desi
of each channifidicatet FaLARR in s BLeBan AR PertoRrorror e i ch di gl cal
denodul at jen S&FTIZSZ@]B?)? &b thelcBRRindGicHAR Y vOEodthSlIRED2 I f the |oss of

accuracy iIs sma reasonabl e reduction in circuit conplexity, then
di gi tal denpdptatidersecencdrerd procssptlah vetisa pesitibnireqifeat signall valgich
denodul ation. FILG 3 is a diagram showj ng the essenti al por%i ons .of a

nul | -type ser imslisrdefrePasisulas frapk Pt exlindes oyeswhich asbiter asse A2 of the

di | 22. Thj : i | ' t
nventi on 10 SO TIOTREPERENs LR Rl ETRARE RER. Sty Sr 3 TS

shown verti captotessdnd0d fenvengthaposdtior rsqueet ign4lits &n aRZlogSigifabyuch
horizontally. Arrow 302 indicates a down-track direction, or angular
di mensi onl> of awa eerentwhich iygmplifiedhy pawies ampdifier d06and isperidgdtect i on, or

radi al di nensjiqn,, of di a-FLG 3 shows four track .centers 0, 311,
312 and 313, %??YF%*H”S?SS“IS"%%_}@&@I‘ poripero thipnatigposion sighal ?%%%tg’%ti vely. A
read head 316a§s§m%|l)!'ﬁ)’ﬁ@d&’ﬂ]ﬁszoslti(ﬁ%%u§ﬁéﬁsﬂfns"1@§ 2Rl ORdr &dsBsiatddafle direction
304. The shaded redions in FIG 3 correspond to regions of opposite

magnet i ¢ pol ah¢ads owsr tendesired ttagkt he non- shaded regi ons. For exanple, in a
| ongi tudi nal recordi.ng system..if the | gngitudin magnet i zatjon in 20 the
non-shaded. r et onsDrSeFpdFRIRg0p Brovidee fidiset Getranainbbs 4Ry  udi na
magnet i zadg oONyirfle LR REke AVHRGHRPIS chcBled tjﬁfetd'aEaOéd'cbﬂﬂhé i thin these
regions, the magnetic nediumis saturated in either |ongitudi nal direction,
as i s standarstlgtaténmeingsciegietand thagmaites thearwodédidatade thodssrdor 300

i ncludes | eading fields 320, "sync' or "phasﬁ?" field 25 322, mddle fields
324, posi ti ontrad i canteqllingthe digrrtionsf crrgnt ilewing theensh B8di ng fiel ds 320,
m ddl e 11 el ds, 324 800 4Kl M Aehieghds 328 may be

During a read operation, drive controller 102 receives a command
25  signal from the host system which indicates that a certain portion of one or

more of discs 122 is to be accessed. In response to the command signal,



29 NOV 2p02 -13 "enpty" as shown in FIG 3 or may include additional
servo data. For exanple, leading fields 320 can include a wi tleQCN@VyZOOZ
field and mddle fields 324 can include a track nunber and a sector nunber.
Phase field 322 contains radially coherent magnetic transitions. As head
316 passes 5 over phase field 322, the magneti zation pattern w thin phase
field 322 induces an oscillating signal ing8the output of head 316. Position
error field 326 contains a null-type magnetic pattern. The null-type
magnetic pattern_ in position error field 326 is witten in_a predeterm ned
phase rel ation t&iveroniniiesl0Zpiayidessaryaronied pracessoy 184 withmopesitionh err or
field 10 32b can _al sq include.a set . of. quadrature nul at.terns (not shown)
whi ch are off Setregyesgﬁgnﬁgwguc&mglqa;;eg&e &‘afgitﬁ)lﬁa[cr:leslsg y 6"t he original,
normal null bur onpdl picBSsor 164 Cortkdls tiffsdsitish dtlskispéitsibrk 182 @nd theit S
typically used to | ock onto the phase and frequency of the oscillating

si gnal induced gsqpliated réaddhahd3d2Rraugh aanplifies 1€ irareapense td énopledien ng or

m Xi ng si gnal. havi ng a, phase which is synchronized with the phase of the
osci |l lating 2i ghgfAvest nmodul ating signal is used to denodul ate the
position error si gnagmé %8%?&’%3&1?95%%9{3&4&&& ce VAithiRGhR deQefr L .
denodul ating the read signal 1 nvolfved nultiplying e anal og read signal by
the denodul ati ngrat®, HegRagneim tiontpRtethd Withirhthe tesdld gerletatolagdad Sighaposi ti on
error value. Because the null-type servo pattern is witten at the sane
frequency as thén phm@@dfhe@ﬂmbi@é cgntaing theencodrddata ghattwanwritten po thhase

field, I tiplyi the t i l d ith . it vel tified
R A o B L S SRR P BuRR R CoL L 0
signal 25 wil W%@a@%yﬁnégwamt@rdaa%hahﬂamaﬁaséavana' i's

zero at the track center. If d 316 is displaced to one side of the track
center, the  2cBahnhd) 196.200h erthbedded bérivedcldrgaservasqubms aremtederdedf head

316 is displaced to the other side_of the track center the rectifjed signal
i s negative Pha¥dth pegrflataseqiors of) e syeice S‘?s&rzzaWB%PF%adg]a?ard cont r ol

*

(AGC) in order i_mtali 'gdq% e ' inthe 5
sanme scal e ranggglsér%g%éﬁ%gﬁtah%fwlééara :az'a‘ﬂglplgﬂsaic%%cggg%@%%gg%g%?ééeamtomati C
gain control isfisRethd fead@ighallitd eddver derdyitihal @lr Aas, hh@Mhe pAdses O

mai ntai n the sanme sl ope ggal n) in cross-track direction 304. FIG 4 is a

wavef or m di &yr athetrsarvergdaispodatate dive ¢pntraller 162 e shelatreeretpyt 84Qasses
over position error {ield 326a5\,{;|1ie| 8§ directly straddl.i nqplo cent.er l.ine 311

of track 2. The read siedhtgﬂerfrom RERG>518 VES? SUBSCSRPF A FF%}E Zals 5is

a wavef or m di agparesRavitREh theRefid &Rt genbaté 8 husligPal serybirdteadtdl6 is
hal f -way between centerlines 310 and 311 of tracks I and 2, respectively.

FIG 6 is a wavtdastsigualaghishprhvidenn mdicationef thd posidonehthesiegddieadhen head
316 is hal f-way between . centerlines 311 and 15 2 of tra 2 and 3,
respectively. TWéM@_&e g?sé‘f?éll track ?’i‘g‘e isf: gurfage. fv%?hﬂﬁ‘fiiﬁf romthe read
signal in FB6  dembluldted tHeSePPsBarll {d &EBRARe B LufBHERRGHFOf Bfel 1 Tied
signal to be positive or negative, depending on which direction head 316 is
di spl aced from hésl andgknerandsar position error signal (PES) estimate on PES output

142, which indicates a magnitude and direction of the position error.

Servo control processor 104 monitors the PES and, based on the current

location of the head and the desired location received from drive

25  controller 102, servo control processor adjusts the current applied to

actuator assembly 108.



FIG 7 is a block diagramshow ng servo channel 116 with 20 ermdul ator 252
-in greater detail according to one enbodi ment of the present g\ﬁﬁv 2002
Servo denodul ator 252 includes denodul ati on signal generator, 40 timng
circuit 402, sign circuit 404, multiplier 406, accumnul ator 408 and PES
output 142. The filtered read signal is applied to read input 156, which is
coupled to servo A/D converter 250, PLL9254 25 and timng circuit 402. As
- expl ai ned above, A/ D converter 250 sanples the fi I tered read signal at or
above the Nyquist rate and converts_the V ~no2 -15 sanples to a

“plurality of digitAssheppdnyaeiesdetath k5. (?uﬁiﬁyp cimonelméfﬁaswr ality of

d |
R L e L S oL
recei ving 5 the/D) ealiph aeal mé@m@wmls&agﬁm%léﬁﬂsmdoa&mw vely

generates a square-wave denodul ati ng signal on output 414 which is
synchroni zed NQCHS&ONé%hhlwghrﬁ@mn éqﬂemgufdfﬁt (Pertao CQlﬁr@lcpme%ﬁéosl gnal . Sign

t 4 led b { 416 d t
300 and i nout TATSE SHRYPEPBTRE T R0Bh & SAels rlevaraBs WB b IEIEE he o on
of the demdudrétdéa&feag,sga@e e, gﬁ@géﬁbfesra@e $&1iA1518 ch be1GAded orde®t Val ues

(such as a series o on sign output 420 which are

mul tiplied agstartsip bharpbelupﬂateyl pﬁrlmlimylltyeds cmfmd $ﬂlfmbemﬁmﬁ1menﬂw tiplier
406. Si gn oukput 420 toggles between "0" and ' 'positive" and
negative") e&&IyO RANrOLPRIcEssor 1Pﬁéu%ﬁe4fbamua\narﬁg>rsqoglm whigh selegts

alternative enbodj.nen de ener tor 400 nerates a
series of _SI Wg"f’"ﬁ{fg&mﬁ %‘%ﬁg“‘gt&gfaﬂ WF?’F‘BFE@@“ gai nst
correspon@ NGheAMEniterIRg the/PES egirtXtePrbluBdd 8R P@ﬁm puyar e- wave

denodul ati ng signal genefator and a sign circuit are fairly sinple to

i mpl ement and pr oVFIfe 2ds hiblgrkodiagrany showing wadehaonelZl 4singlseryo-as descri bed
in nmore detail bel n al ternative enpodi ments her d dul ation

si gnal s can E@W@%ﬁsﬁ.}é‘tﬂrﬁgt% %élof’ffé’lr W@é’"@sﬁ’ﬂ‘é"%ﬁ&?rﬁﬁ%) or a matched
filter signal i I the digital
servo sanpl e I\)/re\fﬁll'(}]éats &%ﬁ?ﬁl g%éerﬁgu ti pI by %:%?%é:gggﬁ ?Egazeérrpl ed val ues of
the denodul atpreferablysinggahed ontﬁt@eﬁérﬁh/nﬁ@@xﬂétecﬂ.&rdﬂﬁ 150! Ingegrdfdl essentially

"flips" or. "inverts" the S|gns of the digital servo sanple values, possibly
with gain? ev@rtithkiOthasiager Hw%@@wghgﬁwccw edhio g‘@ﬂdﬁﬂh@f ng signal

7 o0 ve, e TR By e Rl R, L1 51
provides a plupak ph%eﬁfthrough low-pass filter 202 to read signal inputs 154 and

156 of read channel 114 and servo channel 116, respectively.

Read channel 114 includes analog-to-digital (A/D) converter 204,
20  phase-locked loop (PLL) and sample clock circuit 206, finite impulse

response (FIR) filter 208 and user data detection circuit 210. Read

channel A/D converter 204 samples the filtered read signal and converts

the samples to a series of digital values which represent the amplitude of

the read signal at each successive sample time. Since the rotational

25  velocity of discs 122 can vary over time and with the radial position of

the read head, the PLL in circuit 206 is used to lock onto the phase and



si gned denodul ated servo sanpl e val ues which are applied to the_input of
accumul at or. 408. Accumul ator 408 accunul ates the signed dem)dulggetN@Mg@[]z
sanpl e val ues on output 430 during a selected tinme window to obtain a 1
scaled PIrS estinmate on output 432. Qutput 432 is coupled to PFS out put

142. Accunul ator 408 has an enabl e input 434 which is coupled to PIrS

enabl e sumoutput 440 of timng circuit 40¢. Timng circuit 402 activates
PFS enatbl e sum output 440 at a predetermned tine foll owi ng detection of a
synchroni zation or servo address mark ("SAM'), for exanple, in 15.m ddle
fields 324 (shovirequerkcy@f thy dathi tvamgitions isuthe regbsignak yHrePhizeigcuit t h t he

phase and frequepcy of the filtered read signal .t hrqugh output 272 of PLL
254, In a prof erdBeaERIE RerrPietieck ignelo lavioe pitednenen hasits ]
accumul ator 408 Qyictdifrd:hRcilabily aridveliglyTec il HdRthd hiftbla3e8a ! ©
accunul ate a position error portion of the plural®ty of servo sanpl e

val ues and t her efignaleSarrgleclackeigrial 220 Brapplied 16 asairglodlogk énpml ¢t or out put
432. The sign of the position error estinmate on accunul ator output 432
i ndi cat es whidch &l Peonvertendld Thegeriss phdigitehvalyes genaratedibyadi(eent er | i ne.

The magni tude of the position.err iptenLndi,cat es hoyw far head 316 25
i s displaced f rmﬁ’étglf ?%{?feggﬁ?ggibyﬁﬁh fgﬁeé%g? aﬂéapsﬁsﬁé‘?gﬁe ’é}p%lo?esti nat e
i s used by servq,epAhfadetbétiesisQtit A (shown in FIG 1) to control the 2
9 NOV 200Z -27 radial position of head 316 relative to the desired track

centerline on the sulfseceatsf detiestion 2zcuitBl hearaversaincgded heerpdega fioom er r or

signal (PES) at sone.radigl,5 tQ 15 20 position on the disc surfage can be
witten as: N1t ga_rlesr%rfggtalo‘(ﬁyﬁsrgﬁmg qtectionggethpd) which matches the

sgn[ si n( 2~f n + ~=$a 1~ =184, 0(; IS + ~sa ) Eq.
2 rnmsic (nT§ 6) mﬁg?%ﬁg%cg‘gTs S(ﬁéﬁe@?@?@iﬁg&@rsoﬁh?@olﬁgﬁﬁgT)r@aeé‘ Cg.alg nis
the sanpl e nunbehe ddta. iIForiifstafédidetdtorZ0i A8y usd one bfa VakeH) dfagrcdRs ba
function (inpulse function), sgn(J_ is the signumfunction, 'fss is the servo

bur st frequency methpeaisugk as acViterbhretestot, Begsian FeadbacksBqualizatienser vo
burst phase off ces ta ald gn.the fundanental, f f the
denodul ating or ?ﬁ%ﬁp%ﬁgﬁiﬁv ’.gfeter'?l’egﬁcé‘ ‘f’ﬁhgﬁa%ﬁ?‘é? eq‘*b@ﬁ{ﬁZﬂ@@gZéﬁgonent of
the denodul ati nRegh@odEtatd, Bé‘q@érﬂ:@%eté@ﬁo‘ﬂqksgﬁfbﬂ lﬁbxﬁgPREé;%hs@, Kheususever al
possi bl e denodul ati ng signals, including a square wave, constant frequency

si nusoi d, ahdl midledigaotl (PRML)Y I fftat d¢teqing ahd decading ke usmadatagdtudti gnal ) .
Sanmpling at the uist rate wl roper enodul ate the read signal
because of the %ﬁ%ﬁhOEQﬁ%Fﬁf8ﬁF%‘]ﬁ‘%ﬁdBa%‘éﬂaPﬁéP effbdul ating signal and
the phase of the reaéewoge@hngrm ﬂfeﬁi&e'sgen%ulsjy»b Joh@}eﬂeﬁﬁﬁ),tdﬁ%m@srdwqu' St

rate, digital servo denodul ator 2S2 essenti al sanpl es at peaks, since

the zero crossi dgnseinbtes 252, Plde2s, prdgrandmabledraspreatp symithesigen2fié and
illustrating vari OUf vvavefqrr&g in, servg channgl 116 over a tine axjs 500.
Li ne 502 repr esé&NNplaate varableirggister 2eeiSearr 6 O eanyertepdpO 1essives e 1 ead

signal incl 56’65 ﬁﬂefbsdexreaqasﬁﬁlal read input 156 and, when the read head passes over a
servo sector on the disc surface, samples the read signal at or above the
Nyquist rate and converts the samples to a series of digital servo sample
values on A/D output 270. Servo PLL 254 locks on to the phase and
frequency of the read signal generated by the servo sector fields on the
25  disc surface and provides a clock output 272 to programmable frequency

synthesizer 256. Synthesizer 256 generates a servo sample clock signal



2 9 N OV 2002 -18 waveform 503 which is generated by the read head as the
-read head passes over a user data area on the disc surface. QN@UI Qﬂaaal
al so includes a pair of servo wavefornms 504 and 505 which are generated by
the read head as the read head passes over a servo area, such as servo
sector 300 in FIG 3, on the disc surface. Servo waveform 504 is generated
~ by phase field 322, and waveform 505 i sigenerated by position error field
326. The plurality of digital servo values generated on A/D output 270 is
shown at 506. Each dot represents the magnitude and sign of servo waveform
. 505 for the céf? BEsbvidingosanitiplying the sequencyof the ¢legs sigapk received

denodul ati ng y e Egg | on.Siagnal. e or 400.
Wavef or m 509 %g)f)]? gg‘%’%é%tyﬁaeﬁ %@ ena%?i%g%%gegagén{é ladvgﬁg?agtlse%%gen&ﬂéﬁlabl e
out put 440 of rédiBleP 058 REtbler 268 had AR irifitft 276 Wbk & GupRIBYSinRple goes
active at tinme Tl and inactive at tinme T2 to define a position error field

accunul ati on rateénpitikidfos teeiiing the $8npleirate wariablefratrosertogongoknabl ed for
generating.a positio rror field Fourier ficient, In some enbodi ments,
the si gnegS poEF‘?qeé?Pr oPEEE FATRP c&mgg(ﬁmlsﬁﬂﬂiﬂltgtﬂﬁout put 432
(shown in FI ' I | AfslkRetRE bl r e; servo
system A no?cn%@ezrg%izggféﬂdcw tllgg 6%0 rﬁ@g&gfeﬁﬂ%ggmg& od?ﬁé&?‘g i's shown
in FIG 9. Noserebideatddulair26isynd@nbusdy e dilaee thd firiésacd lator 602,

sanpl e and bold circuit 604 and divide circuit 606. The digital servo
sanpl e val uesSeJEAsABIPR] valnes provided by Af Disgnventer 250 tagsnesttothie in FIG 7)

l'ied .he d [ f fi I 602, .2S Ph
7l a1 6" becum Bevronsoheeniite RagfSiipt P o IR BT iR e o an
addi ti onajp ouiRiH refrénd td FIOT. Whelbyycui t 402, Timing circuit 2 9 Nov 2002

-19 402 activates a phase field enable sum signal on output 614 during the
m ddl e cycl es of pheate dmbatight hbwniniFiGR?, GeadharRtehi®td fandlseraccunul at or

602 accurul ates the_djgital servo npl e values. whil e the phase field
enabl e sum si éwawneféléa’gﬂwpﬁa?teg%ﬁrcaww&ra Sé”é’l"i‘tsetths rapsriQide on
accumul ator o 614 1 ' ' ' mpl e and
hold circuit %%ﬁvﬁ%é t’fl-ﬁgﬁ lﬂlg%gaggﬁggﬁgﬁf'ga&gﬁdg? rt\%g%ggic’és@%g?i mated in
PES accumul at pidef@8déshavhé préfefBed nunSserlf quantzAintbitd inaehd 604 is used

since phase field 322 and PFS field 326 occur at different tinmes in the
read signdl . Shrswmel b ripieadlyedensodisiipen the type doa earedinggpdar s on out put

432 of PFS acgunul. ator, 408, it;.i divided, bv..t he refer,ence anplitude that
1 ored | o s Shetadutell ihdnd KAt Wit ORI EIC OGS TR U0

out put of di vs'éiieo@hw@xt11§,Q&eig,?eaeﬂmermmg@obmﬁﬁhukmo&bn@mA ) mat e, which
is coupled to PES output 142. The phase field and the PES field do not need

to be the saneorivenigr B0, dbe lowigr e nohbmesnsquars egfort(RMSpinttlee positienc| es

bet ween the two fifgl ds,.i s Irégowndand CC ugt ed foé durli&ﬂg nglr mal i zation. In
anot her al t er H&P% VAl@nisdrmEsTred SPRP RS AR irrdchanel A ARE S§EYA cont r ol
circuit i usgfhring MY MRl ieRuifReerdtER R Sht ARb&er REASHLIN GrlRekcikd FIG 7,
servo A/ D converter 250 can sanple the 20 filtered read signal at an

i nt eger nul tigdreratedtiyea tupickd sertesectarege arethbetdw thebsmst frequanaéor m  as

detected by PLL 254, or can sapple the filtered read signal at a
non-i nt eger rﬁﬁﬁqrﬁeél%’a?rﬁl%“rlé{a@aﬁ%?r- prhecaseof separatesh B OWEREES t hr ough

the read signal. In on fer [‘ER?E 0 verter 250 has a
precessing saaﬁ C]“és F\ac{%g%?érgtrs:agﬁ@g rgﬁgﬁgg |}€/eé§§gﬁ% _eség;gl(é\jﬁ%ég%l e of the
read signal, whi chARBiHeRlad08nfagef itlhe &nbbAEnditisRoRatinAGE2 iNthaei se.

25  since demodulator 252 is a digital demodulator, servo channel 116 can be

integrated on the same integrated circuit as read channel 114, if desired.



2 9 N OV 2002 -20 The synchronous denodul ator shown in FIGS. 2qand 7 was .

sinmulated to determne the effects of the nunber of quantizatiz W(}Vlm

servo A/ D converter 250 and the sanple rate of servo A/ D converter 250. gZe
measure of the quality of the signed position error estimte 5 generated by
t he synchronous denodul ator of the present invention is the anmobunt of noise
that it will reject. Electronics noise is-12he sinplest case, and is usually
taken to be additive white Gaussian noise (AWGN). In the sinulations, AWGN

was added to the raw read signal, which was then | owpass filtered to help
remove some of tfAdepprate aralgg demodulator ripeuif is nfireguiradd Thisrguges the

denodul at ed. Fl ] j 4 . quar e error of the
position error %ﬁ%ﬂ?@(ﬁ&%@g&;@@ %&hé(a%lﬁg%?%ﬁab%%ﬁ'mng& _
quanti za~tion bidralo®dem¥idulation is UMM oSPhICA REIAICRMEALREORREN f OF
sanpling the read signal. The higher the RMS error, the lower the 15

qual ity of the RiEPpresch imtesms af aconradyyefltheES ifitbe I¢sSRpcaanipiscimdd dB was
assunmed in the sinulation re.SNR i.s defin as the ratio of the square
of the zero- Eo- pgé’él'i"%?c’t“éégrggu I?’éb%“éb‘ﬁ’%&%%é‘@"t‘%g‘ttﬂe noi se power

over the demdu'c?érﬁf)dgl%ﬁgi’i‘c Be ah'%\féé}ﬁalﬁl@‘éﬁf:s%&)éf&%ﬁﬁ%gexﬁégugﬁ]%\{@r ter

250 is desirable froma 20 speed and“cost sta ol nt. ows the

RVB error as a functiKIG. 8iis 4 Hiagramisbowihg theedseanal purtibhs of & elullatype
synchronous anal og denodul ati on nethod. Since an anal og synchronous
denpdul ati on netSebP BrERefizationpatiesRpn pisgrva sectar 390 goorheefrtbea gk 134ai nst
whi ch to neasureqt.he synchrong i.9i tal dempdul at of the.present
Mvent i on. 25 TruetEEleny 8 el df ohR et e ER et Prata ARV Bn by
line 704, way abeidinthePBior hit) TheGadR Aidehdion BVEIRM179]s éﬁo@nfv'éf‘&:tau?,n of
t he ~9 NO ~ 2002 -21 nunber of quantization bits for the synchfonous
di gi tal denodul andrthernghlardimensionAf Biswdi2? és sleow borizantillys Atrewr3fad
signal ~at an integer nultiple o% t he .read signal _freq_uencg (e.%. f our
sanpl es per cyciiB§icaies gdopyr tragk direcen puangtiasdimension, Ak dise 23 ¢ he
nunber of quanti {,o%h4hi r N : s dLai.Lak- I in
whi ch servo A/ D'A(?:Ig%vert4gl;\8§g%ggé&n%%etzyﬁgﬁ€ég%’ gl g%é%’ﬁ%ﬁ%ggogﬁ-o?ﬁ gger

mul tiple, preced22ngIGanHeyvs faue takk abnleea3l0, 81l S12angl3as, whickcate!l e. The
precessi ng sanplin qut perfornms the non-precessi ng.sarrpl i ng met hod
f

t hod
for | ower nﬁﬁbell%begq?dnea\fl'a&r)?t"i "Batndnt brespectitaly e Adiept epi 30 fis slégnrpsawithzat i on
bi h i j J h - i
its the preces%gggégg?agﬁ%bﬁéc%g_p%glf eﬁ)g&ég@gﬁrt € non- precessi ng

sanpl i ng met hod ason mance gain is that the

sanpl e precession acthelshk@edirdgisr afFIA. 8 kefresgorid R egithsSopboAItD ]
converter 250 to help mtigate quantization errors. FI'G 10 shows that there
is a tradeof f be&tagneticpohsiy assompaner ibtheuomt-shesteidorglvinss Fos emarepleor e

sanpl es per cycle are .reguised for th r ssing sanpling nethod.than the
non- pr ecessi ng é’éﬁ@?’.‘&% %B?HSWIdg?@y%@?‘aﬁgﬁemdﬁ@tmg MEERFBR 1Bf t he
nunber of qp@nt kRAhbRBNMEPrepthss right-té-%et irf the b,%@ﬂtﬁegﬁ%g%l' ty PES

estimate. A typical Partial Response Maxi mum Li kel 1 hood rea has
si x quanti zat i omdgriesiza2éh irf thelsbadedregiansawaiiltl be kufetd-FghbuWithinwkese used
to digitize servo .data in additi or&f.t o0 user data, this nunber of

quanti zati on bi F&&1GR%the magnetic mediym ipgauzated in etheplongifudingl| at i vel y
| arge RVB error g; f, ol 5}@&% C Lgltizing user data
and servo data 'Ej g?@?lgrag lgﬁﬁg%s or Cﬁ@%ﬁﬁﬁg‘r"géﬁaﬁﬁﬁ%%‘gﬁbn bits to be
optim zed for 25 eacBebaecwel 300 includes leading fields 320, "sync" or "phase" field

25 322, middle fields 324, position error field 326 and trailing fields 328.

Leading fields 320, middle fields 324 and trailing fields 328 may be



2 9 NO V 2002 As nentioned above, the A/D sanpling rate for .the servo
-channel is preferably independent of the A/ID sanpling rate fgr tNO\ézﬂﬂOZ
channel . The optimal frequency of the servo bursts froma servo sector is
usual ly nmuch | ower than the optiml frequency of data bursts froma data
sector. S FIG 11 is a graph showi ng SNR of the position error magnitude on
axis 800 as a function of servo spaci ngl¥SSP) on axis 802. Servo spacing is
defined as: T SSP = pyv50 Eq. 3 where pwb0 is the pulse width at half the
maxi mum anplitude of the 10 r?éor di ng h,ead'cf i sol ated transi t[fn step
response. Li nee®ol rasshewaindtné ospryincide additignalsereedata. i08cing with a
mat ched filter : | I i senpresent g. a
function of see?gl%'gg%?cal%#gé] \%Iel,?l h%gégﬂil}{sc?}? %gggvrﬁot%ufeg Ye%%gliélg%%?%gaﬁee 806 _
represents thgekNR2Asan ihdlidé h tracRnusterartDassdist NMuibed BliasRIRId Wave
denodul ating 15 signal. FIG 11 shows that SNR versus SSP for each of these
denodul ati ng S23eentsinsgadiallysoherent segnett transitions, AsdradB16 pasess exanpl e,
if an SSP pof 2.0 is Opti from SNR.and ot her considerati he servo
bur st frquengy?"k’é@sﬁ;w@&zfﬁ?ﬁ‘agngbé%l%pige%‘ﬁ{}g&ﬁ%ﬁ?ﬁersﬁ?g&M—lz. Thi s
servo burst f 86 obSINERE SIBRRON thB®utp GONIAREISH 62 oBdIPlgyr Seen | n
user data read channels. The uSe of | ndependent sanple rates allows the
user data chafiekl 3Zn@ntdins a eullaypbamptietic paternpThenntdy padepgredient | y.
Separate read channel and servo_ _channel A/ D converters are not required. In
one enbodi menPatieReivROsiihermeRiield iz inwritanin apeadetsrmined phres/ 2002 share
the same A/ D cgnverte b . rter.th diff,grent, gated
sanpl e cl ock 5‘%@%{2‘? Esq {HE T?é%{e%%eﬂ(fg{egn%g hﬁgeeqé%lggéﬁ‘sﬁjgﬁlgp nieg%‘p{l)‘%llged to the
A D converg er 3pheih dlbeirtaadk et guadeiture Aall patefiOnot SsvA) AEa@Nd, servo
sanple clock signal is applied to the A/ D converter 5 when the head passes
over a servo sexeftset bjronevhalf of scpagkawid thywith gespect tar themaigibal, desired so

t hat the nunber of bif and the speed of each A/ D converter can be

opti m zed sep%?ﬁ?%l!:‘ﬁl %Epa%‘?ﬁ‘?i gurations are al so possible. For exanple,

t he data and servo S ' Lhed and
re- progranmed ; hr oﬁgﬁ“ Ii‘i(gg‘%}ga% Etﬁé?ggggﬁgg%lz\i\g%ﬁ&? %Zf@g{egqggﬁaggﬁ@gmgect ors.

I n sumary, opRasspelfreqierichef Hieswillating/dpghaldndueddbephase flelaedfod f or
denodul ating a read signal forned of a user data waveform., 503 and a
servo wavbf or adtugenategiamodylating os mixing signal hasing pedwse¥8'eh t he read

head 316 passgs, Quel @ USFndAl BrALes APS.ANSERY GigfPamd5 respectively, on
Geviih e Brdesg ™ P Re g

a medium 122 in'a stora evi c i he e ncl udes steps of: (a)

converting thaemsaulatialasigel &f @ded oQintvddlasetheqfostiordégot signdlser data |
val ues at a user data sanple rate; (b% appl yi ng the series of digital user
data val ues t&om pewdtionarrar feldstibodndhe puior apt demodplating/thetiend t he servo

f 505 t. . i f,. di i 6,20 |
Fate Cuhi on i SenfliBFREE s Phink he AEUVE s4RY M@ PL R SholnR Yy 2™ ©
denodul at3gg gigﬁaxse@{diasegtqauﬂgméﬁgu&%pepaaéet@ﬁoé%n%ym%ﬁmusl y with the

servo wavef orm 504, 505"to produce a position error value 142 indicative of
a position erBerausd thereull-bge deewalpdtérvisivatiftom at thessahwrfrequenayrast he nedi um

2" undament ol MERGRAEY 14 LS BRI ooba Pragstiekn anot her 2 9 N
0V 2002 multiplying the two signals produces either a positively rectified signal
or a negatively rectified signal. At the track center, the rectified signal
25  will have zero magnitude because the position error signal is zero at the

track center. If head 316 is displaced to one side of the track center, the



-24 enbodi nent, the servo sanple rate in is a non-integer nultiple of a
fundanental frequency of the servo waveform 504, 505; such a Qrﬁb@Vrzgggn
five sanples per cycle of the servo waveform 504, 505. A first phase-ToCRed
| oop 206 generates a user data clock signal as a function of the user data
wavef orm 503, and a first sanple clock signal 220 is generated based on the
user data clock signal. The first sanple clck signal 220 is applied to the
first A/D converter 204 to operate the first A/D converter 204 at the user

data sanple rate . . ¢ - £l ock
signal 272 as a F %Wn&gﬁ’l 9{?‘25%8&?%%%8%%%? m %ﬁé&d:t?])dtﬁ g%?‘ééé%h sanpl e
clock signal 2bOof theteaek cindél tha sedtifivd sigreal ehegativeock st gnal 272, The

second sanpl e clock signal 260 is.aggl ied to the second A/D converter 250 -
to operate the secondPhase fiedd3a? hes alsgbean usedbfarauiomatioghin comteol | n one

enbodi nent, a sa rate,variahle.is stor i n rogranpabl e. regi st er
258, and the ser%&@g‘e{qﬁf OW%%WEMCP%&?%W%%% ate
variable thatgis ' AP SUATORM EraHea! nerate the
servo sanpl e cl og g?ﬁﬁfﬁ‘%‘%ﬁ %e servo ivgvef gr%%nﬁfggg&?ls gggngdul ated by
generating a denmbddbmatiogaisi @mitol i&sed tomdriralize thodehodklasedypaditidr 2,

wherein the 20 denodul ating. signal 508 is synchronized with a _fundanent al
phase and frequePE§r i mapaiiethe SaeA9RA (BREY AN cmyse-tepskidizecpngdldi tal servo

val ues 506 are nul ti p}y ‘ ?gm;i! i I I [ c
plurality of denodul g{:iecgqslgryi\%ggeg ues. %é{%‘g’t‘j‘?‘ggg%lorogggg%o@uﬁggﬁﬁager VO
val ues are accumi RéRIBTE PGS PoIRIARE T fdld 86 WhikAdiveetly4traddBingnot her
aspect of the present invention provides a disc drive storage device 100

for accessi nf datemtenting 331 of &gek de dheneadgignalfront lwad 318 isswrargEdly dri ve
100 includes a read d.316, a yead,channe] 114, a servo channgl, 116 and a
servo system 104?%’96%?@8515‘%\%“?’ gyliagrags ghopeing apedtion ofd Frﬁ%f%igﬁé\/eform

503 and a servo ; 2 W o T E-TTo Ml JoF-Te BIC r data
area and a ser vo@%’ggﬂ%%gggc’?ﬁm ? eon %hg s%%&]gag?@ﬁﬁnga%%?% ihe read
channel 114 i nclates, respedtiselyarfi306-4 awdivgidral diaptddh showisg h por@édoand a

user data detector circuit 210. The first A/D converter 204 1s coupled to

the read head 31eaprd piggahwiisphead 346 ishalf-way hegveaneeniedinegdihandt ect or
i it 210 4 t i . |
716 el uded s S22RFagkB2 e ridlec b STRY Sl LNighatin FICESEIN RRNS,

252. The second pdde ¢RI Ehé fad2iPndlSn FOGE. €M id thid PRadeBfenterél k6 and has a
servo sanple rate which is independent fromthe user data sanple rate. The

digital servo deavded teaectified signaldgdieqbsitive dronegativedlepebdinghor whaeh 250 .
and has a positigon erraqr ut ,142 that represents a di stance and
direction that tﬁéE%f#qEég‘L{‘ﬁgdad?f CFQ?{HIE&?%E‘@& FUEE- a | ocation on the
storage medi, i m 122 piENg iSebkRIHILAR LvinsMeranchatdR1 16 fapl ed Lo the
servo channel 116 for positioning the read head 316 over the storage nmedi um

122 based i r20pardemoodalator52iit igoenter detnil antqrdinglbbnefnobdidimess pétiie of t he

present invention provides a disc drive 20 storage device 0_.for, accessing
data on a nedi urRresent wtmrscéeav?as alge2efelitc "-‘EG'GHI%%S%E@SS‘&T‘%WO

structure 104,1 [ I : Q?,E 14,116. The
servo structur eog%&%?a%g?élbo%@gicgcgﬁs@gﬁﬁggggﬁ%&g@éﬁ (Iia]l%lr-r%%ﬁll’um 122 based
on a position erdcelimuitof 468 HeAWES batpel BRI Tetfilterb® réRIbiphal i dpplide
integrated read channel 25 114 and servo channel 116 recelve a user data
si gnal 503 and dogead input 156, which is coupled to servo A/D converter 250, PLL 254

25  and timing circuit 402. As explained above, A/D converter 250 samples

the filtered read signal at or above the Nyquist rate and converts the



2 9 NdV 2002 -26 signal 504, 505 fromthe head 316 and generate the
-position error synchronously to the servo signal 504, 505. & Y@?D
under stood that even though nunmerous characteristics and advant a& 2
vari ous enbodi ments of the present invention have 5 been set forth in the
foregoi ng description, together with details of the structure and function
~of various enbodi nents of the inventiogg.this disclosure is illustrative
only, and changes may be nade in detail, especially in matters of structure
and arrangenent of parts within the principles of the present invention to
-the full ext eiatnplasita:aphdrabWOfr@gltelsﬂrmdalgleﬂenA/Bwhp 7% Thee ternms in

whi ch t he ap ded cl axe ex resse 02, -27 1. A
met hod for d f%g'éalrssa’&’% g?ﬁa‘i’ngdﬂi‘g‘dtp&ft%ggag?e@lgﬁ P8 or m and a
servo wavef o(rjﬁhz gg@er ated by a read head as the read head passes
over a user ta area and a servo area, respectively, on a nediumin a

storage devi ce, ttmexﬁedhladmmyﬂgmalgeng’asdﬂmha‘san(lﬁpuE@IWf@Hredegmhge user
data waveformto a series of user data values at a user data sanple

rate; (b) Sapghgiclesk tst@aééfqrwuafutc%uot Rl Lydéandaespansivaly geoeratesser dat a
det ect t t.he ~ t f di t al
Gervo. val ues Sitkie-tbs SRR IAAE HER (ol SRmARAEL BTN BedreRianifebe user
data sanpl e raftR thé'phisedarld fréquéiey!dF@hd ﬁn&lealrrega s(gNaP) converter having a

sanpl e clock input;” (d) generating a servo clock signal as a function of
the servo wavefor rﬁlgn-cm:mh4% faqogplqdm‘yemouqmtltldépﬁ desjodgdatiorat i ng a

le ¢l ock | f f | ock | and
2Pl yi ng. T he sy geasapra D asEneg Al of Bulties a6 S Gt HBLL of ¢ he
first A EOCOQE{%@% t}{e%gé%PSf ?{?"de&#&d&hﬁﬁé @4\9 sﬁ?ﬂ&&&g{es% ehfag opervo sampl e

rate; (1) e series Servo val ues synchronously

Wi th the Ser\tﬁéﬁﬂ\@éﬂfrﬂm@ﬂsdch)dsla)seﬁ@ﬁef'&ts"ﬁﬁdal'@‘;fﬁiﬂﬂ lougutsszgnal from
t he servo cl oc wherein the denmodul ating signal is synchronized

with a f undamtchlarq)mé@phe@ agexeqﬂétﬁ@u@ﬂltx hledigétal eerwavatplenby( f) (i)
o' br bcsee’a RSkt 8 oieflaMbEl 420k kRl Bt TRt bR PRy =t o ot o
"positive" and negative") every half cycle of the demodulating signal. In
15 an alternative embodiment, demodulating signal generator 400 generates
a series of signed digital words which are digitally multiplied against
corresponding servo sample values by multiplier 406.
A square-wave demodulating signal generator and a sign circuit
are fairly simple to implement and provide a high quality position error
20  signal, as described in more detail below. In alternative embodiments,
other demodulation signals can be used such as sinusoidal waves (sine
and cosine) or a matched filter signal. With these alternative
demodulating signals, the digital servo sample values would be
multiplied by corresponding sampled values of the demodulation

25  signals.



2 9 NO V 2002 -27A (f)(iii) accumulating the plurality of degqgdyl
(fF)(iii) u i ng plurality ﬂ‘@kﬁ\fiﬂm

servo values to produce a position error value indicative of

error of the read head relative to a | ocation on the nediwnm 2. The nethod
of cld& m1 wherein the servo sanple rate in the converting step (c) is an
integer nultiple of a fundamental frequency of the servo waveform 3. The
met hod of claim 1l wherein the servo sanpleléate in the converting step (c)
is a non-integer nmultiple of a fundanental frequency of the servo waveform

4. The nethod of cl ai wherein the.ser, .e rate in the conyerting

step (c) is greater t%ﬁ%%S@Q%Fﬁga&meggqu%Yeﬁéh%QBVB° ’Sfti‘rt ~i

2 9 NO V 2002 5 i WELiRI Sverl BE1SH i (a)

conpri ses converts?l:r?ga%t lggglr&%ﬁﬁmé?g? %b%rgglrl esé%?eé){fllég;f“thgf\%ser -

data val ues w t hsignafehadegwdudatingsighal it akgdivd)) When the ﬁigh.ofﬁhe The met hod
at

of claim5 and further conprising: (l_gl?v generati ng a _user a cl ock signal
as a function of demedudatingrgnalis peFibive thesignoktbeshgitalisssee sasprled | oop;

(h) generati a L.d I | I sed ;on_the er .data cl ock
signal ; and EI@) ‘é%; 3}?ﬂg%%ﬁgﬁggéy@#géggm48?%5%‘9?%%&?“&%%ﬁfe second A/
D converter to Oﬁgh@&@leh{éﬂi_tﬂﬁﬁars@rv‘ﬂ darh @%lﬁe%rwﬁﬁchtah@a?ﬁﬂéd ot iﬁ@[ﬂ_)' €
rate. 7. The nmethod of claim 1l wherein the converting step (e) conprises:

(e)~,) storing aofamephmulatard0§ari able in a progranmabl e register; and y
(e)(ii) nodifying the,servo, clo signal, by the sapple rate yariabl e that
is stored in the progPsrRHlatoy %‘Fgfm{l%t%gl‘f‘e?‘&‘f‘ ﬁ%‘ogé‘ﬁevﬁf\{%ﬁﬁ?l e cl ock

L, e oy AN e Tl b A
conpri sing alseric@tedPESegirhale @i GUpuwUB2SOutput 432 is coupled to PES output
142. Accumulator 408 has an enable input 434 which is coupled to PES
enable sum output 440 of timing circuit 402. Timing circuit 402 activates
P;SS en;’ble sum output 440 at a predetermined time following detection
of a synchronization or servo address mark ("SAM"), for example, in
15 middle fields 324 (shown in FIG. 3). Timing circuit 402 is synchronized
with the phase and frequency of the filtered read signal through output
272 of PLL 254. In a preferred embodiment, PES enable sum output 440
enables accumulator 408 during the middle cycles of position error field
326 to accumulate a position error portion of the plurality of servo
20  sample values and thereby generate a position error estimate on
accumulator output 432.
The sign of the position error estimate on accumulator output 432
indicates which direction head 316 is in relation to the track centerline.
The magnitude of the position error estimate indicates how far head 316

25  is displaced from the track centerline. The signed position error estimate

is used by servo control processor 104 (shown in FIG. 1) to control the



10. The method of claim 1l and further conprising: (Qg) generatl ng a user
data sanple clock signal as a function of the user data vvave MZZ
the converting step (a) conprises: (a)(i) converting the user d rm
to a series of digital user data values with the first anal og-to-digital
(A/D) converter; __ (a}(ii) applying the user data sanple clock signal to
the sanple clock input of the first A/Q%onverter to operate the first A/D
converter at the user data sanple rate during the converting step (a)(i);

and wherein the generating ste nmprises: (e)(~~ applying-the servo
sanpl e cl ock @dgaazposmrw& ﬁéeghdeltm%desuesl trackoenterliseoneghey D

converter at the servo |l e rate during the. converting step (c). 11. A
di sc drive st(ﬂ‘rg o(ﬁg\ﬁczlgﬂpox accessing data on a storage nmedium the disc

drive conprising: MaftRashtheay, fep &ﬁf&{&&bﬂﬁgﬁa}’(?%“s)g PdgindVBaehor m and a”

servo waveform as the read head passes over user data area and a servo
ar ea, respectpaseﬁlqnonthméssisurfagecmbhwmttmasead channel conprising: a
first anal og-to-digital ,converter which is coupled to the read head

and has acuser data sa n def-ector circgjt; which is
5
coupled to the first rrp%; q%fgrtfg g(ta séfvdct?{ffa?r‘ﬁé’fyegorrprl Si ngh 2 9 NOov
2002 -sa a second A/D converter which is coupled to the read head and has a
servo sanple rate which is independen sgh[sQf(Tz{& z yata sanple rate; and
A

a digital servo denodul ato i chpis second A verter
and has a position error O{({Sb f”’f'g%?t éu@ggsé'r‘i?s i stance angEﬂ?i:ectl on

that the read head is displaced from ,Ag,gélal}l)on on the storage medi um
wherein the gﬁgl tal servo denodul at or gﬁvl ses: a nultiplier having a
first input erieadl) isdhe mead sigpalfram meewsting head 316, rdisthelsamapieon si gnal

generator whi %r}ngeer??r R4ke samplmg period, () is the Dirac delta function

(impulse function), sgn(] is the signum function, fsg is the servo burst

10 frequengy, ripeat is the ideal read signal, and ¢sg is the servo burst phase
offset necessary to align the fundamental frequency of the demodulating
or mixing signal with the fundamental frequency component of the
demodulating signal. The signal m, defined in Equation 2 shows several
possible demodulating signals, including a square wave, constant

15  frequency sinusoid, and matched filter signal (equivalent to the ideal
read signal). Sampling at the Nyquist rate will properly demodulate the
read signal because of the known synchronization between the
demodulating signal and the phase of the read signal from position error
field 326. At the Nyquist rate, digital servo demodulator 252 essentially

20 samples at the peaks, since the zero crossing samples are zero.

FIG. 8 is a waveform diagram illustrating various waveforms in

servo channel 116 over a time axis 500. Line 502 represents the read

signal received on read input 156. The read signal includes a user data



denodul ating signal that is synchronized with a fundanental phase and

frequency of the servo waveformand is coupled to a second ingug @fq%f@oz
mul tiplier; and an accurnul ator havi ng an accumrul ator input colp¥e

output of the nultiplier and having an accunul ator output coupled to the
position error output; and a servo systemcoupled to the servo channel for
positioning the read head over the storagi-medi um based in part on the
position error output. ~ 9 N Ov 2002 -31 12. The disc drive of claim1l

wherein the servo s I ate.is an integer, mul tiple of the fundanmental
frequency of th@vasé?%g%%ﬁﬁhﬁsgf&?f*ﬁfgglaﬂ?cfea{ii*@égeﬁﬂe*?aﬁafh erein the
servo sanple ra i =) [ e equency of
t he servo wavef %;?%éf%gﬁ%’_%géﬁlﬁfg%%?a{%ﬂem&@ 15 %C%S%grgﬁ% ealgééer__vo sanpl_e
rate is great er irndhades d psir of serivesvpefortych@ aid 505 ewhivhwre ganaherdby 15.

Cancel l ed. 16. The disc drive of claim1ll wherein the servo channel further
conprises: a phthereaddicad assbpread head passes quer asapraareasUchas s88@ head and

has a servo §:I ockcégﬁwl}\gr%@;yég%%e&isg ﬁﬁfascgpg%ﬁg) ‘?8§ %Oﬁlﬁ?(:k vari abl e;

and a progranna% equ esi zer cou servo cl ock out put

~~ and the regi g&ﬁéraiéabywpﬂﬁs‘@ﬁéw 0B urdien y Pef6HAGHS MiFdtrate Byossiasm| e
clock variable To produce a sanple clock signal on a sanple Clock output,

wher ei n t he sanpitrer felsb®6o Ehmplurality of digithl serve vadngsl genetated ondp{lP of t he
second A/ D converter.._ .Z.9 N ov_20 -32 17. The disc drjve of . ,claim1ll
wherein the reaﬂf‘%’é%@l‘s %hﬂ_ﬁ"‘? ﬁ55ée%5héﬁ§ﬁ?{gﬁsegﬁﬁﬂ?%w ?ja%q'ls%nSI ngl e
integrated circyy %ry&%va\/%fcqlréﬁoﬁjgdr‘fge éér‘ri‘éﬂ%‘?ud %aﬁnﬁgfeOW%&Sﬁﬁ!sbg data on a

medi um the disc ve conpri sing. servo str for positioning a head
over the merh unidpaeschtotheaddinsdiliating square vave gdierdred by ddnaddulation t he

medi um and
signal generator 400. Waveform 509 represents the PES enable sum
signal generated on enable output 440 of timing circuit 402. The PES
en;ble sttm waveform goes active at time T1 and inactive at time T2 to
define a position error field accumulation time window 510 during
15 which accumulator 408 is enabled for generating a position error field
Fourier coefficient.

In some embodiments, the signed position error estimate
produced on accumulator output 432 (shown in FIG. 8) is normalized
before being used to control the servo system. A normalization circuit

20 600 used in these embodiments is shown in FIG. 9. Normalization circuit
600 includes phase field accumulator 602, sample and liold circuit 604
and divide circuit 606. The digital servo sample values generated on
output 430 of multiplier 406 (shown in FIG. 7) are applied to the data
input of phase field accumulator 602.

25 Phase field accumulator 602 has an enable input 610 which is
coupled to an additional output 612 of timing circuit 402. Timing circuit



integrated read channel and servo channel neans for digitizi user data
- signal and a servo signal received fromthe head at _. indepZ%ijﬁ \é@@ge
rates to prcduce a digitized user data signal and a digitized servo sigfral
generating a denodul ating signal which is synchronized with a fundanent al
phase and frequency of the servo signal, nmultiplying the digitized servo
~ signal by the denpdul ating signal to pygaduce a plurality of denodul ated
servo a val ues, and accurulating the plurality of denodul ated servo val ues
to produce aégfsition error value indicative of the position error. 19. A

-disc drive s#é?agivaiesa phasedield enableisum signal asvoutpyt 6t4duringdhe uiri; t he
di sc dri i sing: d_h i _dat f d
servo waver ofdls DRfEs ot Ehare A% P22 R B FIC R CPhaR 688, 22 "0 & servo
area, respechidghilafi} d0RAcSLAURIE ﬂﬁ%‘ﬂﬁ%ﬁ?&l s@rxfc?@aﬁ'nsﬂ@%ﬁ?és WRIPHeSI Ng: a

first analog-to-digital (A/ D) convert which 1's coupled to the read head

and has a usphasifidd eanblesunasignabisdctivefoegedatatingat mférencei rcuit which is

coupled to the fixst A/D converter; a servo channel conprising: 2 9 N~V
2002 -33 % s%m#&liewemﬂa&w\ﬁpehﬂi% eipteence amplituda s head and has a

servo_ sanpl el £ ehelahd HUIERANT 8D LIOMDEAUSELY falAoaammke rate; a

digital servo denp coupl e e Sec onverter and

has a positioaluelis edtirtatefl ih PESaicciitnlRse4085(shownih FIGE7a8drthleect i on t hat
the read head is displaced froma |ocation on the storage nmedium a
phase- | ockedandbpld erqujt 604 is msed sivee phase ﬁ&idt383anddﬁ9rfe§d 32h@ceits a servo

clock UL buty Seheah Sl hahe LI LD R IR, Shock et gopnd o
e 0L TR R oS e e el o0k
the sanpl e clefierence amplitude that is stored in sample and hold circuit 604 by
divjde circuit 608. The output of divide circuit 608 is a normalized
position error estimate, which is coupled to PES output 142. The phase
field and the PES field do not need to be the same length, as long as the
15 ratio of the number of cycles between the two fields is known and
accounted for during normalization. In another alternative embodiment,
a highly accurate automatic gain control circuit is used to normalize the
PES estimate.
Referring back to FIG. 7, servo A/D converter 250 can sample the
20 filtered read signal at an integer multiple of the fundamental frequency
of the servo waveform, as detected by PLL 254, or can sample the filtered
read signal at a non-integer multiple sample rate that precesses the
sample times through the read signal. In one preferred embodiment,
servo A/D converter 250 has a precessing sample rate of greater than

25  five samples per cycle of the read signal, which maximizes a ratio of the

PES estimate to noise.
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10gs310%& () multiple of the read signal frequency (e.g. four samples per cycle). Line
708 shows the RMS error as a function of the number of quantization bits
5  for the synchronous digital demodulator in which servo A/D converter
250 samples the read signal at a non-integer multiple, precessing sample
rate of at least five samples per cycle. The precessing sampling method
outperforms the non-precessing sampling method for lower numbers of »
quantization bits. For example with five quantization bits the precessing
10 sampling method outperforms the non-precessing sampling method by 9
dB. The reason for this performance gain is that the sample precession
acts like a kind of dithering input to servo A/D converter 250 to help
miti gate.’quantization errors.
FIG. 10 shows that there is a tradeoff between sample rate and
15 quantization bits, since more samples per cycle are required for the
precessing sampling method than the non-precessing sampling method.
FIG. 10 also shows that selection of the number of quantization bits can
be critical to obtaining a good quality PES estimate. A typical Partial
Response Maximum Likelihood read channel has six quantization bits.
20 If the user data A/D converter output were used to digitize servo data in
addition to user data, this number of quantization bits would result in
the PES estimate having a relatively large RMS error. Use of
independent A/D converters for digitizing user data and servo data

therefore allows for the number of quantization bits to be optimized for

25 each channel.
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The optimal frequency of the servo bursts from a servo sector is usually
much lower than the optimal frequency of data bursts from a data sector.
FIG. 11 is a graph showing SNR of the position error magnitude on axis
800 as a function of servo spacing (SSP) on axis 802. Servo spacing is

defined as:

SSP = Eq.3

where pwb50 is the pulse width at half the maximum amplitude of the
recording head’s isolated transition step response. Line 804 represents
the SNR as a function of servo spacing with a matched filter
demodulating signal. Line 806 represents the SNR as a function of servo
spacing with a sinusoid demodulating signal. Line 806 represents the
SNR as a function of servo spacing with a square wave demodulating
signal. FIG. 11 shows that SNR versus SSP for each of these
demodulating signals peaks between SSP values of 1.5 and 2.0. For
example, if an SSP of 2.0 is optimal from SNR and other considerations,
the servo burst frequency, fss=1/Tsp ,with a pw50 of 10 nanoseconds is
25 MHz. This servo burst frequency is well below the frequencies
normally seen in user data read channels. The use of independent
sample rates allows the user data channel and the servo channel to be
optimized independently.

Separate read channel and servo channel A/D converters are not

required. In one embodiment, the read channel and the servo channel
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and a second, servo sample clock signal is applied to the A /D converter
5  when the head passes over a servo sector. However, separate A/D
converters may be desired so that the number of bits and the speed of
each A/D converter can be optimized separately. Other configurations
are also possible. For example, the data and servo PLLs and the
frequency synthesizer can be combined and re-programmed through

10 register 258 between the data and servo sectors.

In summary, one aspect of the present invention relates to a
mathod for demodulating a read signal formed of a user data waveform
503 and :a servo waveform 504, 505 which are generated by a read head
316 as the read head 316 passes over a user data area and a servo area,

15 respectively, on a medium 122 in a storage device 100. The method
includes steps of: (a) converting the user data waveform 503 to a series of
digital user data values at a user data sample rate; (b) applying the series
of digital user data values to a user data detector circuit 210; (c)
converting the servo waveform 505 to a series of digital servo values 506

20 ataservosample rate, which is independent from the user data sample
rate; and (d) demodulating the series of digital servo values 506
synchronously with the servo waveform 504, 505 to produce a position
error value 142 indicative of a position error of the read head 316 relative
to a location on the medium 122.

25 In one embodiment, the servo sample rate is an integer multiple of

a fundamental frequency of the servo waveform 504, 505. In another
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than five samples per cycle of the servo waveform 504, 505. )
A first phase-locked loop 206 generates a user data clock signal as
5 afunction of the user data waveform 503, and a first sample clock signal
220 is generated based on the user data clock signal. The first sample
clock signal 220 is applied to the first A/D converter 204 to operate the
first A/D converter 204 at the user data sample rate. A second phase-
locked loop 254 generates a servo clock signal 272 as a function of the
10 servo waveform 504, and a second sample clock signal 260 is generated
based on the servo clock signal 272. The second sample clock signal 260
is.fpplied to the second A /D converter 250 to operate the second A/D
convertér 250 at the servo sample rate. In one embodiment, a sample
rate variable is stored in a programmable register 258, and the servo
15 clock signal 272 is modified by the sample rate variable that is stored in
the programmable register 258 to generate the servo sample clock signal
260.
The servo waveform 505 is demodulated by generating a
demodulating signal 508 from the servo clock signal 272, wherein the
20 demodulating signal 508 is synchronized with a fundamental phase and
frequency of the servo waveform 504. The series of digital servo values
506 are multiplied by the demodulating signal 508 to produce a plurality
of demodulated servo values. The plurality of demodulated servo
values are accumulated to produce the position error value 142.
25 Another aspect of the present invention provides a disc drive

storage device 100 for accessing data on a storage medium 122. The disc
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5 medium 122. The read channel 114 includes a first analog-to-digital
(A/D) converter 204 and a user data detector circuit 210. The first A/D
converter 204 is coupled to the read head 316 and has a user data sample
rate. The user data detector circuit 210 is coupled to the first A/D
converter 204. The servo channel 116 includes a second A /D converter

10 250 and a digital servo demodulator 252. The second A /D converter 250
is coupled to the read head 316 and has a servo sample rate which is -
indeper}dent from the user data sample rate. The digital servo
demodL;iator 252 is coupled to the second A/D converter 250 and has a
position error output 142 that represents a distance and direction that the

15 read head 316 is displaced from a location on the storage medinm 122.
The servo system 104, 106 and 108 is coupled to the servo channel 116 for
positioning the read head 316 over the storage medium 122 based in part .
on the position error output 142,

Another aspect of the present invention provides a disc drive

20  storage device 100 for accessing data on a medium 122. The disc drive
storage device 100 includes a servo structure 104, 106, 108 and integrated
read and servo channels 114, 116. The servo structure 104, 106, 108
positions a head 316 over the medium 122 based on a position error for
the head 316 relative to the medium 122. The integrated read channel

25 114 and servo channel 116 receive a user data signal 503 and a servo




\\Ta]]]/~dEbC10 ' 10%& ()- 10%& ()- ®10%&' ()- 109%&' ()-y 109 ()-Z3
109%& ()- /"g"_Q_% dEbC10s10%& ()- & 10%&' ()-1z10%&' () - 1(?@ (NQV 2002
gl0%& ()- @O%& ()-% v ~a?axaadEbCl0(10%& ()-&z10%&' () -

FOs109&' ()-#109%& ()- !:109%& ()-  109%& ()-

ab$ckcl cntnc} ccbClOL10%& () -"10%& ()- 10260 10210%& ()- |

1109%&' ()-L*109%& ()-' cc(di ddd2edEbC1010%& ()- S@O0Y%& ()- 10%& ()- f

1090& ()- " 110%& () l0%R&: () - ef Nf.f f aBbC100y310% . .

& ()-1[y310%5 H5§}5(‘%j i%/é@é F&’)‘%E%é %\gﬁ-a"ﬁ g?tf%‘é tll‘? PogHNeET ey

f $gnggg*hs thbClQﬂé}&éﬂ%as&'r €0 the@o¥0 ¥idial 504, $83.090& () -yR"Z109%& ()- 9 -

1096& ()-yz109%& () - shhiiliiiibClLO10%Z& ()-y#l 109Z& ()- 105 105 ..

1051f 1096& () - f * 109681t t beuodaatgad tha ey eq BiuRaGHAY ABAHER (R Hstics
and advantages of various embodiments of the present invention have

5 been set forth in the foregoing description, together with details of the

structure and function of various embodiments of the invention, this
disclosure is illustrative only, and changes may be made in detail,
especially in matters of structure and arrangement of parts within the
principles of the present invention to the full extent indicated by the

10 broad general meaning of the terms in which the appended claims are

expressed.
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medium in a storage device, the method comprising steps of:

(a) converting the user data waveform to a series of digital user data
values at a user data sample rate;

(b) applying the series of digital user data values to a user data detector
circuit;

(c) converting the £2rvo waveform to a series of digital servo values ata
servo sample rate, which is independent from the user data sample
rate, with a first analog-to-digital (A/D) converter having a sample
clock input;

(d) generating a servo clock signal as a function of the servo waveform

" witha first phase-locked loop;

(e) generating a servo sample clock signal as a function of the servo clock
signal and applying the servo sample clock signal to the sample
clock input of the first A/D converter to operate the first A/D
converter at the servo sample rate; and

(f) demodulating the series of digital servo values synchronously with the
servo waveform by:

(f)(i) generating a demodulating signal from the servo clock signal,
wherein the demodulating signal is synchronized with a
fundamental phase and frequency of the servo waveform;

(f)(ii) multiplying the series of digital servo values by the
demodulating signal to produce a plurality of demodulated

servo values; and
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step (c) is an integer multiple of a fundamental frequency of the servo
waveform.
3. The method of claim 1 wherein the servo sample rate in the converting
step (c) is a non-integer multiple of a fundamental frequency of the servo
waveform. B

4. The method of claim 3 wherein the servo sample rate in the converting

step (c) is greater than five samples per cycle of the servo waveform.
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(8) generating a user data clock signal as a function of the user data
waveform with a second phase-locked loop;

(h) generating a user data sample clock signal based on the user data clock
signal; and

(i) applying the user data sample clock signal to the second A/D converter

to operate the second A/D converter at the user data sample rate.
7. The method of claim 1 wherein the converting step (e) comprises:
(e)(j) storing a sample rate variable in a programmable register; and
(e)(ii) mc.;difying the servo clock signal by the sample rate variable that is
stored in the programmable register to generate the servo sample
clock signal.
8. Cancelled.
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wherein the converting step (a) comprises:

(a)(i) converting the user data waveform to a series of digital user data
values with the first analog-to-digital (A/D) converter;

(a)(ii) applying the user data sample clock signal to the sample clock input
of the first A/D converter to operate the first A/D converter at the
user data sample rate during the converting step (a)(i); and

wherein the generating step (e) comprises:

(e)(i) applying the servo sample clock signal to the sample clock input to
op;_;rate the A/D converter at the servo sample rate during the.
converting step (c).

11. A disc drive storage device for accessing data on a storage medium, the
disc drive comprising:

a read head for generating a user data waveform and a servo waveform as
the read head passes over a user data area and a servo area,
respectively on the storage medium;

a read channel comprising:

a first analog-to-digital (A/D) converter which is coupled to the
read head and has a user data sample rate; and
a user data detector circuit which is coupled to the first A/D

convertetr;

a servo channel comprising;:
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| data sample rate; and
a digital servo demodulator which is coupled to the second A/D
converter and has a position error output that represents a
distance and direction that the read head is displaced from
a location on the storage medium, wherein the digital
servo demodulator comprises: -
a multiplier having a first input coupled to the second
A/D converter;
a demodulation signal generator which generates a
demodulating signal that is synchronized with a
fundamental phase and frequency of the servo
waveform and is coupled to a second input of the
multiplier; and
an accumulator having an accumulator input coupled to
an output of the multiplier and having an
accumulator output coupled to the position error
output; and
a servo system coupled to the servo channel for positioning the read head

over the storage medium based in part on the position error output.
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multiple of the fundamental frequency of the servo waveform.
14.  The disc drive of claim 13 wherein the servo sample rate is greater than
five samples per cycle of the servo waveform.
15.  Cancelled.
16.  The disc drive of claim 11 wherein the servo channel further comprises:
a phase-locked loop (PLL) which is counled to the read head and Las a
servo clock output;
a register for storing a sample ciock variable; and
a programmable frequency synthesizer coupled to the servo clock output
e and the register for modifying the servo clock output by the sample
clock variable to produce a sample clock signal on a sample clock
output, wherein the sample clock output is coupled to a sample

clock input of the second A/D converter.
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are integrated on a single integrated circuit.
18. A disc drive storage device for accessing data on a medium, the disc drive
comprising:
a servo structure for positioning a head over the medium based on a
position error for the head relative to the medium; and
integrated read channel and servo channel means for digitizing a user
data signal and a servo signal received from the head at
independent sample rates to prcduce a digitized user data signal
and a digitized servo signal, generating a demodulating signal
which is synchronized with a fundamental phase and frequency of
the servo signal, multiplying the digitized servo signal by the
* de;;nodulating signal to produce a plurality of demodulated servo
values, and accumulating the plurality of demodulated servo
values to produce a position error value indicative of the position
error.
19. A disc drive storage device for accessing data on a storage medium, the
disc drive comprising;:
read head for generating a user data waveform and a servo waveform as
the read head passes over a user data area and a servo area,
respectively on the storage medium;
a read channel comprising:
a first analog-to-digital (A /D) converter which is coupled to the
read head and has a user data sample rate; and
a user data detector circuit which is coupled to the first A/D

converter;

a servo channel comprising:
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converter and has a position error output that represents a
distance and direction that the read head is displaced from a
location on the storage medium;
a phase-locked loop (PLL) which is coupled to the read head and
has a servo clock output; .
a register for storing a sample clock variable; and
a programmable frequency synthesizer coupled to the servo clock
output and the register for modifying the servo clock cutput
- by the sample clock variable to produce a sample clock
signal on a sample clock output, wherein the sample clock
output is coupled to a sample clock input of the second A/D
converter; and

a servo system coupled to the servo cliannel for positioning the read head

over the storage medium based in part on the position error output.



