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5 31 JUL 2003 SYSTEM AND METHOD FOR CALI BRATI NG A CORNER

FREQUENCY OF A TUNABLE FILTER EMPLOYED { N A READ CHANNEL OF A DAT%iﬁHCﬁmFE
SYSTEM 10 FI EL H | ON 15 The present invention relates generall

to filtering a
particul arly,

roma data storage nmedi um and, nore

to a sywizem and net hod forlcalibrating a corner frequency of

a tunable filter used for filtering a signal read froma data storage 20
GRﬂmmwl ‘wmﬂ ENTICN 25 Tunable filters, such as integrated
i me are known to be partlcularly useful when

medi um BACK
conti nuous t

I npl emented in the reagd- channel of a disk drive systemfor purposes
filtering readback signals obtained froma data 30 storage disk. A typical
di sk drive systemincludes a nmagnetic nediumfor storing data in magnetic

formand a number of traﬁgyﬁﬂrﬁNﬂSﬁﬂrh@n%bhecﬁﬂiBm@&N@agnetIc dat a

respectively to and f

N OIdR! A IRhSIEEE | PP tert YPI cal

I’O
stored in the fgrm ; SRR R

31 JUL
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FIELD OF THE INVENTION

The present invention relates generally to
filtering a signal read from a data storage medium
and, more particularly, to a system and method for
calibrating a corner frequency of a tunable filter
used for filtering a signal read from a data storage

medium.

BACKGROUND OF THE INVENTION

Tunable filters, such as integrated
continuous time filters (CTFs), are known to be
particularly useful when implemented in the read
channel of a disk drive system for purposes of
filtering readback signals obtained from a data
storage disk. A typical disk drive system includes a
magnetic medium for storing data in magnetic form and
a number of transducers used to write and read
magnetic data respectively to and from the medium.
Digital information is typically stored in the form of

magnetic transitions on a series of concentric, spaced

of

y
ric,



tracks formatted on the surface of the nmagnetizable rigid data storage

di sks. Reading data froma specified disk location is typically 31 JUL 2003
acconpl i shed by using a read elenent of 5 the read/wite head assenbly to
sense the magnetic field or flux lines emanating fromthe magneti zed

| ocations of the disk. As the read el ement passes over the rotating disk
surface, the interaction between the read el enent and the nmagneti zed

| ocations 10 on the disk surface results<4 n the production of electrical
signals, commonly referred to as readback signals) in the read elenment. A
filter enpl oyedaicksa freeathtchadnat thustsgeferal df thiee capabé i pdble
accommodating variations in 15 the data rate of the readback signals
transmitted tBrGdGh SBtE rERFaImHetks The ability to precisely tune such a

filter is therefore of ?%%dl?ﬁ aaag 5@%%p%éiff€(§e€f§}@| i(%(cgggé'gder ed

i nperative that a cutof ner ftfrequency of a tunable filter used in
such appl i cat iens yipd cadjlys teaditanmpll #Idheal yghustagy e wdadrekasent. oBuch
appl i catians al so require that the tunable filter be adjustable within
a range of seng§tiﬁﬁ§4ﬁﬁiﬁq Fa) PSR Vi th HEYIE JrRRiTRDIETES 1t is vel |
understood ingiBegakh Ak tunad E‘enfa'rlalttgirr?g R e ethd i d M &Qrat ed

circuits, such as VLSI chips for exanple, exhibit frequency response
characteri sti éscahaprng o fsdriw tdivek .t 0 Asedtiveo | apd aleRUt sSS2®i at i ons.

Technol ogy 30 vari?%{ieons,t 3? mek#_gi factors resultin féénnéﬂrcuit/filter
desi gn or i mpPERENEAES & ° 35 ¢h FEUITH 4R 9% 'S o RS Wt h respect to
the filter's beBledHl t2R0F IS RAGEdrRI 514 AfHe MRAANCIed Susdhd Dbgsances

can result in performance | osses. There exists a need for an apparatus and
net hod fdi0 pre8i §Bpy ddgkustirfgachaeanldis iy ddieemBpdictsion tfhabl e filter

to a specifi ed) LLEQYEASY Al LHRAURNGHSSn \THAIR AUt S ngaldib e di sk

drive system nanufacturing-conminity an appar atus and net hod
sui tabl e for Ehpheient dni che resid wlamdirgk drive system and) nore

particul arly, I STLY, & 539,40 SRt £l e K R SiRlAn The
generally be capable of accommodating variations in

15 the data rate of the readback signals transmitted
through the read channel. The ability to precisely
tune such a filter is therefore of particular
importance. It is generally considered imperative
that a cutoff or corner frequency of a tunable filter

20 used in such applications be adjustable with a high
degree of precision. Such applications may also
require that the tunable filter be adjustable within a
range of selectable cutoff frequencies with high
precision.

25 It is well understood in the art that
tunable filters implemented in integrated circuits,
such as VLSI chips for example, exhibit frequency
response characteristics that are sensitive to
technology and process variations. Technology

30 variations, as well as factors resulting from

circuit/filter design or implementation, often result

in large tolerances with respect to the filter’s



31 JUL 2003 4 SUMVARY OF THE | NVENTI ON The present invention is directed to
a system and nethod for calibrating a corner frequency 5 of a tuna Ig L 2003
filter coupled to a read channel of a data storage systemto a desir H
frequency. A corner frequency calibration nmethod according to the present

i nvention invol ves generating a signal having a frequency equal to the
target corner frequency and 10 adjusting a gain of the signal to a gain
threshol d. The gain of the signal is adjdsted fromthe gain threshold by a
pre-established amount, such as by 3 dH. The corner frequency of the signal
is 15 shi ftedsdpatzuEléhecgabmfoffrtekgae&bgnal guc Wistardn@éd ycggqual to the
gain threshold) at which point the corner frequency of the tunable filter
is caI|bratedr¢§ulhe16e§ﬁr§§rﬁﬁéq§eﬁ@§seﬁhe cal i brated corner frequency of

the tunable filter a Iom1o hi_gh 20 frequ appropri ate
for. filtering a data s?§ﬁ5F 8?15 ergeé ?ﬁr %Rﬁhfg$%% %H ner
frequency of hbensigpak byekLeakhy ba\_»jgls%&sugsfwé 'diﬁ:dﬂe @@é@@énéyealﬂency of
the signal downward in frequency. Shifting the corner 25 frequency of the
signal al 8o |®V©UV@blghfiﬂtng theacapﬁ@ﬁfﬂﬁ@b@mﬁgpﬁﬁcxPQISlgnal whil e the
gain of the s# ﬁu Lg;held ap galgskgv% %Q%?H }hpe 2, 94k N }f& shol d pl us
the pre-estab ed garn ambunt. od e fh |nvo ve convertlng

30 the S|gnajsysoamamahogaéaﬁﬁnhg db@mUaht&ommﬁ<sthxhnxappa&@mmal si gnal .
In this case, adjustln the gain of the S&%Pal i nvol ves dj |tallxggﬂjusting

the gain of t#@ ddrgrba §P§H3P1?of8rdﬂﬁp SGLAt U eH L 2003 s
I ncreasi ng t hey g NsPbe bhcagliagi &akes%og&l%hcm\éqh\pes Jflr@Eny akdyal ner easi ng
the digital signal gain. Generating ignal, "according to one

enbodi nehf, ichahnet génthatdmgkadpask- dyséemablghﬁgynﬂ%emmch as 5 a

triangul ar or, sinusoi da I The 5| be &

(emtter- coudF@ﬁePgb?E)%g?Sgg? oF oﬁﬁlﬁﬁé f netal oxi de

sem conductor) signal, for exanple. A circuit for callbratlng a cutoff
frequency 10 of a filter to a desired frequency includes a tunable filter
and a variable gain anplifier coupled to the filter and a signal source.
The signal source generates a signal used in the corner frequency .
calibration procedure. An anal og-to-digital converter 15 (ADC) is coupled
to the filter. The ADC produces a digitized signal in response to receiving
the signal fromthe filter. A control circuit is coupled to the filter,
anplifier, signal source, and ADC. The control



20 circuit adjusts a gain of the digitized signal to a gain threshold,
increases the gain of the digitized signal fromthe gain threshold| Hif 03
pre-established anount, and shifts the corner frequency of the digitized
signal until the gain of the digitized 25 signal is substantially equal to
the gain threshold, at which point the corner frequency of the filter is
calibrated to the desired frequency. Thegsignal source, according to one
enbodi ment, includes a signal translator,. The signal 30 transl ator

comuni cates a signal, such asyaielosi sl TnIeReraked by the signal
source to the anplifier. The signal source may further include a sequencer

coupled to the signal translator. The 31 JU 2003 6 sequencer includes
servo inputs coupled to Servo VOlt%%E controlle ,oscgllator and data

inputs coupl ed to a tundbli% RETIEVTAYE a1 FEHS65ER F&t 8r. The

control circukl s RAHSP M0l 00ed 55 te EbensLgRakgheuese to set
the signal source to a frequency to be divided into the desired coOrner

f requency.5 Thefcentuslakdier duiilit oomrimlesd sl @i xewd pehkndeteefor circuit

t hat digitallﬁ @eaktde%gcts tﬁfr% in of the qgg%tized gigna Eecgived from
the ADC. 10 Th&“€oRtr6IP<E e t© (%ﬁnﬁﬂQ%ﬁﬁﬁea OREF ol “¥i gndl P8 ERe ADC to
set a sanpl i ngregagueyc\taafi B NXC.mdADe & et ¢iv2d10gi Eoneiebpresepled

bet ween the ADC and the control circuit. A digital gain controller is
typically coubP@&nEéFWeé@W9%¥QﬁNQQQﬁr%ﬁ%QHH% SRR ehﬁﬁlﬁﬁpﬁifier. The

digital gain goBHLBLG" SRRV AR5 APl ddI e COMAOL PLoggbAcOahle anplifier
In response to control signals receive romthne contr citcuit. The
filter nmiyY beadgpbéingt ed gesim dfurtddd e illawpasso fa Igein thnaebheldi ghpass

filter or tun@gle 20 bﬁ&dg2§s filter., 'TQ@ corqir freqtegc¥ cglibration
circuitry may b€ Phplefntef iFEqu ¥ A Triahnet ©Br =A% dP 8k dri ve system
The above sunvhtgshbldh®ypizegat-dsbeiltitied Samtint Nt eneledasobgescri be each

enbodi ment or _.every 25 inplenentation of the present invention. Advantages
and attainnengg) together with a nore conpl ete understandi ng of the

invention, will becone apRarineand ARRIAAISGD e r&fghdingsto the
follow ng detail ed description and clalns taken in conjunction with the 30

acconpanyisng gha@tagsuntil] thigl 920038 oBRINEF CRSCH R GG HEL DRAW NGS
EIOESI ﬁgi EO\E/IeJ; gggﬁg\r/gg;e%%ie\/%a\éine\gh%fes%oq.ids,k a§: C\jﬂr};ivc% 3 osfr?tm é’Y'ué hcé%‘x%e%pper
frequency of the tunable filter is calibrated to the
desired frequency. The calibrated corner frequency of
the tunable filter may be a low or high corner
20 frequency appropriate for filterind a data signal or a
servo signal.
Shifting the corner frequency of the signal
typically involves shifting the corner frequency of
the signal downward in frequency. Shifting the corner
25 frequency of the signal also involves shifting the
corner frequency of the signal while the gain of the
signal is held at a gain level equal to the gain
threshold plus the pre-established gain amount.
The method may further involve converting
30 the signal from analog form to digital form to produce
a digital signal. 1In this case, adjusting the gain of
the signal ihvolves digitally adjusting the gain of

the digital signal to a digital gain threshold.



Fig. 2 is a side plan view of a disk drive systemconprising a plurality of
data storage disks; Fig. 3 is a diagramof circuitry provided in t?gjreﬂﬂj
channel of a disk drive system the circuitry 10 including a tunab QH er
and circuit elenents that provide for high precision, progranmable digital
adj ustnment of a cutoff frequency of the tunable filter in accordance with
the principles of the present invention;515 Fig. 4 is a graphical
illustration of the frequency response of a tunable |owpass filter having a
cutof f frequenyrddwingschdj gaiabbe ereondyngallosagrenbaaiviidnieof the
present invention; Fig. 5 is a graphical illustration of the 20 frequency
response of dnqKRMRRtablpassctepsenghbbengligicadorionedqeéidy that is

subj ect to adjust t_according to an_e ime t r t. i nvention
Fig. 6 depicngfﬁggﬁﬁﬁgd?gﬁrﬁhg?%$h1gggg?éghgtg%sgﬁﬁvgﬁ9%9§ﬁ%%§’calibration
of a cutoff finprailersy gébnepssochgt gdpsbkbdattbunable kawpass uldterasaccordi ng
to an enbodi nent of the present invention, Fig. 7 is a flow diagram
depicting5se@eﬁ£1%ﬂﬁﬁkﬁ¥n®bl%1@@S©h@a%aﬁigﬂagbonTbﬁ gienedf Mapr &fuency
associ ated w tu v | o Lhg_to anot her

enbodi nment of&?ﬁgnbrggg% t%ﬁ&@%@?%%? %5%%cg %g%ﬂé so?ncﬁggw di agram form
several st eps dompdl mertt &g aetepaprogeder eeehpboyedtdu) i sdgralli,brfatd on of a

cutof f frequency representing the low 31 JUL 2003 a end of a range of
cutof f frequ&i& ssociated with a tunable | owass filter according to an

enbodi ment of the presentoipventipoy FAPibPat$ng &l ewrdiFagraesReiwyng

several 5 steps involving a setup procedure enp?oyed during ggllbratlon of
a cut of {18 r eqfermc\f ildigesentd ndesieedi Hheenenoy inrcindesof tungbfle
frequenci es ciated,w th, a. t.upabl e | owpass-filter rding,to an

enbodi nment ogiﬁﬁgrgragjsden? Y%%%W%ng,’all’b |%.fl£beﬁe ?‘é?gglgngﬂ ovrxlledi agram
form several fitleps iandlyistyide €abids at i Phe ofignelt gbhrteequency
representing the | ow end of a range_of cutoff frequencies associated with a

tunabl e | owpESSFAYST ATHM hg 19 tHe PheseRtPehvEREABA"Ynd 15 Fig. 1Z

depicts in flLawida@ A fPrdpsayes al Sl epsal BYOotNLAggi ba1cabhbeatieen of a
cutof f frequency representing the high end of "a range of cutoff frequencies
associ at’dd wilPRG tgnasiurleohpasstiie |kt eecorBhaghPe PhREJpPFESeft

i nvention. 2Q.whil. i nvent. i e i Qu tElLcations and
alternative gégﬁgf%f%géﬁqﬁé?tHﬁgg%%xﬂggga%%eﬂég%%g%hgyéﬁggg%%hgganpIe in

t he draw ngs fard whlel fd tdascri bed in detail hereinbelow. It is to be
under st ood, however, that the intention is not tf %5 Iight %hg invention to
the particul ar enbodi mMehtSOHFEr iHEFY 0 1HCLHFAr§© HRE FAVEREIon i s
intended to eepaifakl,mdidriLatdansce ernyadeo! s, Te@decahtespatives falling

within the scope of 'the invention as_defined by the appended cl ai ns. 31
JUL 200%Q circuit adjusts a gain of the digitized signal to a

gain threshold, increases the gain of the digitized
signal from the gain threshold by a pre-established
amount, and shifts the corner freguency of the
digitized signal until the gain of the digitized
25 signal is substantially equal to the gain threshold,
at which point the corner frequency of the filter is
calibrated to the desired frequency.
The signal source, according to one
embodiment, includes a signal translator,.. The signal
30 translator communicates a signal, such as an ECL
signal, generated by the signal source to the
amplifier. The signal source may further include a

sequencer coupled to the signal translator. The



DETAI LED DESCRI PTI ON OF VARI QUS EMBODI MENTS In the foll owi ng description of
the illustrated enbodi nents, references are nade to the 5 acconpanyimﬂ_ﬂm3
drawi ngs which forma part hereof, and in which is shown by way of
illustration, various enbodinments in which the invention nmay be practiced.
It is to be understood that other enbodinents nmay be utilized, and
structural and functional changes may be610 nade wi t hout departing fromthe
scope of the present invention. A system and net hodol ogy in accordance with
the princi pl eseqlietiteprigssnidd Nvuantion fpovs deohpl el gb ar sersoon,

pr ogr ammabl e digital adj ustment of a 15 cutoff frequency of a tunable
filter. In on¥CehBa& FeMtrl kethAfa kligter ardchaba anPukabFeuPd®fass
filter, is provided,inhe. re i riyve: The cut of f
frequency of ?éegtgHQ%FgQi3&%@%%q?ﬁ3¥§#33%”ﬁ%g¢f¥%§l%ggﬁi%éésglrange of 20
cutof f frequencies boundes oritawland dugiht cedafiini cegeencdrsrol
respectively. The ran%e of programmabl e cutoff frequencies,_in accordance
with one énbodiHBALS L& Hher &iasal SFMAE it 39 delkenpbdRet 8QUECRat e
variations ingth r QRgp i : { n; r a t medi um of
a disk drive g%s?e%?e%%% r n§é§§%pg¥ag$%%%g§ﬂg;aﬂg%f?ggég%éeﬁé?%gris al so
sufficient tofaegosmogat e T¥ey oorirgyialeivaniiat | amsprhsédnea rébglbaek si gna

obtained froma data storage nedi,umof a disk drjve system 30 In
accor dance wi PR2 hgeﬁ?FﬁaﬁNQ%¥QHiqiﬁ%ﬁ&%ﬁﬁﬁﬁtq rﬁ?%#hééﬁ?ﬁﬁ%th?requency

calibration systgmandHEeihedqlioes RiiQHdes - diurher £ fm advamnisges
unreal i zabl e usi ng conventi onal inplenentations. By 31 JUL 2003 10 way of
exanpl e, 1® hi §hedegre&odf cigauisr eemawmeisiatias armPprogy Srgmyl frexibility
i's provided. e n..ini_ti.al - rOYt or frequency
calibration oé%%réDgufgngthglﬁé Egpgégﬁggﬁuﬁﬁg{ﬁ%?qgmggég%taggﬁgoncerns a
calibration apppbarh Whigdk wiay bzesoapdiegi tadtweeak tded G amd yishem usi ng
ADC digitized sanples. .A cqorner frequency calibration system and

met hodol ogy O?OFEgogrE%éﬁPanveﬁtﬁ&%léﬁﬁe&ﬁﬁﬂﬂ%P@RF 3 it es the need to

use fuse tri nj@)é@segw&sgohng edtWaeR ¥ieNGHldes) teGhIOl ORS¢ e COT Ner
frequency calibration approach consistent with the present invention
provi des for 2vekibhdels t 8e gdiditedhmslisgyroswriide dmrawidare i nterna
nature of the CEE S hadol e1Y2 : | Lon

engi ne, mhichaﬁél?E%%gn%%¥§%%ﬁngg%€%§%rgﬁ Fg%¥§ |Hg%%%:J$E§%%!é%?%éthe
control centetofoentnpleseghnelyg aecerived freguaney caltidwlatdicrcuigchni que of

the present invention. e control logic circuit 20 provides faqr, enabling
and set-up of the appr o%gFa%éﬁftgtrem@?'r %ﬁi r‘gqpﬁﬁ"eﬁ%eecgﬁ% ﬁg%&ﬂ}aﬂo&efrequency
cal i bration. Yowpsser fiteguencynadliebhayhea sietfiqddo@r afurddia €r esent
invention may be viewed as a calibration approach that uses the entire
anal og ré&d Z%aﬁgﬁﬂs?ofaﬂﬁﬁfrzeréﬁ FREBRRaFF Yeeatcdd 1rGtion hat i s
frequency andcgaén; €29t figl! 8d. 1hp1eRBAERL HEIME 1A LURY dHLHHANCYE

cal i bration procedure of The present invention passes a signal, having a
frequency equaldisktdrivar ggstevrner frequency, through a continuous tine
30 filter (CTF). The gai.p_o i i s cadfus tQ.a. i1 q3 hr eshol d,
after which the gain is&ﬁﬁcrggéggdgg&{ﬂgkgpégi gjih%d%g%)s&n g 1&‘?’%&’1‘%’%%
corner frequeneynot iheeadgdakol depovéHebaakhuetibodimendesr edery

25 implementation of the present invention. Advantages

and attainments, together with a more complete
understanding of the invention, will become apparent
and appreciated by referring to the following detailed
description and claims taken in conjunction with the

30 accompanying drawings.



31 JUL 2003 7.1 threshold is again reached. This results in the CTF corner
frequency being properly calibrated to the desired frequency. It w31 We 2003
readily appreciated by those 5 skilled in the art that the circuitry and
met hodol ogi es descri bed herein may 'be applied in filter applications other
than those enployed in a read channel of a disk drive system The skilled
artisan will also recognize that the cutdif frequency 10 calibration
t echni ques descri bed herein nay be used in connection with a broad range of
tunable filters, including, tunable bandpass and highpass filters, for
exanple. In accordance with one enbodi nent of the 15 present invention
i npl enented in a di sk dr BRI ESy DESER IFTFRPNH @ i BB PRFANINGAL i on of the
cutof f frequency of a tunable |lowpass filter nay be acconplished using
existing circuit elements of the read channel. A significant advantage
associated with use of exigting LG ress )]ﬁélﬁ@p@btmrécuiéwyoﬁoacari@& the
el imnation of technology and process tol erances that could otherw se
adver sel y Bf f 8t VienS YRS@W atht fofltsheiBPe ¥ dpoys g oFPVe¥ efgeargdias wel | as
the 1ow and high cutoff fipauendl es ofsa rpnge,of, sshegtable gutotf 25
requenci es. Anot her advartage ‘i nc udes I m natT ng dependernicy on external
si gnal processiysg el exinpniithg Whiglhued 1 Miyabesdate sesdase alikreate
additional space to acconnodate such_external circuitry. Referring now to
the drawi ngs, and nore 30%art iluIcardipIRTE 95. cHraptt Dy PReyéded in

I lTustrated aqdeskedd \{:%a%}b?etle'a@% W) Na e Gipadn g@%?egit

. . r .
nmet hodol ogy for calibrating cutoff frequencies of a tuna Iter KrOV|ded

in, or cdupl edncduddngead turgbliUL iA063 12nd hainabiacebedémygs t bhahe
principles of the.present .i.nyention nay be inplenented. . The disk drive

syst em 20 tprESVﬂ@q (ﬂﬁu§%§ﬁmafgﬁl rﬁiﬁg??ﬂﬂékéﬁcﬁﬁng% sks 24, as is
best shown i naB@sthenthicHh Al@ite £ Fakath&0axict [thd nilsnderi spaeed

rel ationship, and rotate about a spindle notor 26 at a relatively high rate
of rotation. AR PEC@&FiedIcEd Withritde PriqgpirrsioD4he RygTeRF Iy for matt ed
to include a EEUE%EE%%-Of spaced concentric tracks 50, with each track

being 10 partitioned into a series of sectors 52 which, in turn, are
further diSvided into indiig.d4alis af grnegthiicre ) iidldstisiar obrehef the

di sks 24 may alternatively be formatted tq .include a spiraled track

configuration?rf YRA Cdet§ F@Psfo°ggﬁi§£ﬂ %?u:3ﬁﬁ§§%1¢aﬁﬁﬁﬁcﬁ)V}%?erleaved

actuat or ar nmsaZ28unblfif €ael@ntyhanatg ieneadiudmi d ransstdiaig 2o and sl i der

assenblies 35 unted to | pad beam 25 for transferring infornmation to and
e@BSB ?%stgﬁ

fromthe data AGETEi . PYRESDY d&V eI 18¥ii s typical |y designed as

an aerodynam c lifting bady thak ki Greghiedr anadiseeratdorofds thige surf ace
of the disk 24 as the rate of spindle notor rotation increases and causes
the trangducefr2FVUEHCHO¥FEEPIHEFe Ofhe Fdielie devmess £ idday dyppreduced by

hi gh speed 2550fEgtat ifQ@qufentcE'etgia%k 12451 A5 UITRlgluiLant may
al ternatively be disposed on the disk surface 24 to réduce static and
dynani ¢ frictfenackéingetiot ha shbgdimg@htaed ttihe dirsleent fiaverdiomhe

actuator 30 is typicall*egqﬁgaggpggtg 32 %%%w<§yy%§§§§%§%p%§%§g§132 and

rotates on the shaft 32 € "actuator arnmns INto an of the
stack of datassépsagavelsitg?24heAcatiibrasdemdlof 36 curedit €ddquenepil franme

34 of the actuator ,k 30, ) . )
25 associated with a tunable lowpass filter according to
an embodiment of the present invention;

Fig. 7 is a flow diagram depicting several
steps involving the calibration of a cutoff frequency
associated with a tunable lowpass filter according to

30 another embodiment of the present invention;

Fig. 8 depicts in flow diagram form several

steps involving a setup procedure employed during

calibration of a cutoff frequency representing the low



31 JUL Z003 13 generally rotates wwthin a gap 44 defined between the upper
and | ower nagnet assenblies 4'0 and 42 of a permanent magnet strLuny4[WL3@03
causing the actuator arns 28, in turn, to sweep over the surface of the
data storage disks 24. The spindle notor 26 typically conprises a
pol y- phase AC notor or, alternatively, a DC notor energized by a power
supply 46 and adapted for rotating the data storage di sks 24. The coi
assenbly 36 and the upper and | ower 10 magnet assenblies 40 and 42 of the

permanent nmageed SFrHCHHKEe3BfORRLIEE IFFCRRRATIRIY UL RSt &L iwpiRraVvol ce
coil notor 39 responsive to control signals produced by a servo processor
56. The servotpnrabéesdewpsssofitidsles eleodidiast iteon aanemhinenie of contr ol
15 current supplied to the voice coil notor 39. The actuator voice coi
not or 39 prodﬁ@%spﬁe?SP u?ﬁﬁePgFQE'on the actuator coil frame 34 when

control currents of vary&gg di hechi enoandiBRaind Wi Wil &dvetde coi
assenbly 36 in the presenCe of a magnetic field 20 produced by the

per manent Smagdleepst kurolvengga Fheupopyoicrguirer caw liayeal thwriol t he act uat or
coil frame 34 cglse corres ondingorgtgtional novenent of .the .actuator arns
23 b5

28 in directi%n &hdBnP ofR £R FERYEBEY RERESHT O urYEht s 1 owi ng

in the coil 2%idlssendl ¥f38. rdhgeseEveupbiteFseuhic Wy eltseopaiailes With
read channel e|ectronics 57, regulates_the actuator voice coil notor 39 to
nove the act udtioR arHeneBlandorPaRsdhiéer§r22CCOYFRES HiDEd track 50 and 30

sector 52 | ocahh9asmiheNcE eafbng 2RdnW L hiagdal@ to and from the disks 24.

The servo processor 56 is | oosely coupled to a disk drive controller 58.
The diskl@rive control | Bxg5810ygeparty inclfldwsddegreol form several

steps involving the calibration of a cutoff freguency
representing the low end of a range of cutoff
frequencies associated with a tunable lowpass filter
according to the present invention; and

15 Fig. 11 depicts in flow diagram form several
steps involving the calibration of a cutoff frequency
representing the high end of a range of cutoff
frequencies associated with a tunable lowpass filter
according to the present invention.

20 While the invention is amenable to various
modifications and alternative forms, specifics thereof
have been shown by way of example in the drawings and
will be described in detail hereinbelow. It is to be
understood, however, that the intention is not to

25 limit the invention to the particular embodiments
described. On the contrary, the invention is intended
to cover all modifications, equivalents, and
alternatives falling within the scope of the invention

as defined by the appended claims.



31 JUL 2003 14 circuitry and software that coordinate the transfer of data
to and fromthe data storage disks 24. Al though the servo processq@r {6, 2003
di sk drive controller 58, and read channel electronics 57 are depicted as
separate 5 devices in Fig. 1) it is understood that .the functionality of
two or all of these devices may be enbodied in a single multi-purpose
processor, which typically results in a peduced conponent cost. Turning now
to Fig. 3, there is illustrated 10 an enbodi ment of circuitry for
calibrating a cutof £OE apLey ki i IHHﬁ@ g norna
operation of a m:ﬁgﬁééve s3§¥%§$Eg?i?gcgkvgéhgb§§a§%gk ]élgnéf obt ai ned
froma data storage nedium The circuitry illustrated in Fig. 3., according

to an 15 enbodi nent of the present inventjon, represents existing circuitry
provided in a read chanhBl t8e Zodilewigg WesSriRimAhith W8§ be utilized

usi ng net hodo i h inV i cg kbrating
one or nore c%?g¥$§¥§gage§g?é§§§%5§ﬁ’23%#E%23%§%%§£%?ﬁ?§$eSﬁ%v? %d iii the
read chanpel . atoompsoydagcdramt hgshiwhietbddimert pdrt thereof noamddini ona
circuitry or sﬂgn%flcan nnd'ficatio? ngreto is required to performa
tunabl e filte¥?talti brafrBH pPEc¥@dr & accor ittt he’ PrEdnt 25 i nvention
For di sk drivemsy8iReh:8NPhowhRgh ead GhRaRMids My thy phrddeitdd.
significantly fromthat shown in Fig. 3, it is believed that only m nor

modi fi cati onsloriadept Pensnderekiosd wlatead herammdtiodinentis rmyeided be nmade
in order to i a n e 30 _filter |i br.atian cedur rdi ng
to the presen‘{mllﬁgg%?i oﬁ.;’al ?Q}rgcgﬁ 8rls:a§gd%t%r?§:%lﬁlea ec aﬁ?%euéles'#aa}ﬁggg
circuitrygof ormedti biahony depastingr €rout ahke focegeend ehofpredemabl e
filter as desgribed, herein 31 JUL 2003 15 may be inplenented and utilized
in a wide, vatPeEytdP"electronic systens and, in particular, in varying
types of data processing Q?Qtéhoéhﬁgméiﬁb@6§pb9 deNiRlordarfddurecd depicts
a nunber of conponents that process information signals derived froma data
storage di sk e usrhgcinéepead thenpmesehtaimwamtiwan eumader feturing

nor mal di sk | erat.i i.nfor [No] i ined from
the surface g‘?iqﬁ %¥§§§%8ﬁyp?%gg?ﬁmaag%}gsgglgqgétla%o ugjﬁvegjﬁog%%r%ati on
stored théreomtdiif fragguantudefotheuntippes fdfl tienf.or et icore The i nformati on
stored on disk 73.is typically jn the. form of netic transitions on a
series of coﬁ?&???%@eﬁg'sﬁrbﬁﬁ?#ﬂg EF&EE§! ?Hgg? sr@a&”ﬂ%ﬂi? head 71 may
include a magnebpsesi siiver( MRy peadigb8NBAt the gedd cMRGHRNOIESIStI Ve
(GWR) read elenent, a thin-filmread el enent, .or other type of read
transducer. I91$% YRi%e sP¥BECThat THEt SUEPEEadEcAPERCY3 M & ore opti cal

information, {fndbi&h&As8s305k eadiWi bt foheadaBleMBk bRE Wi Ay Ri4 cal
read el enment. During nornmal operation, an information signal 1nduced in the

read tradfducerteffrtnegwenceehehdurdedsbyyprwabhy bdghususstfdd t o
pre-anplificagﬁﬁguéésﬁ%gﬁfgggég§%%§§$? as an armelectronics (AE) circuit

or nodule 72. és the readback signal transmtted
fromthe read/ witehdéenandd, of yprogkhymbébbde theofifc faequiencdrge tim t he
mllivolt raqge. The anplifged reaggaék signal S cgnnu iicated 30 fromthe
AE modul e 72 FOCRFLRRFErYLTE QRECRMPAPEHERT pr bEeBEELeFREWeadback si gnal
The el ements ghfeiéLeht Yo 7acbEnnbydt 89d4EamRdbbevaZiatgddisWint @ Heead 71,

and disk 73) are preferably, but not necessarily,

25 readback signal obtained from a data storage medium of
a disk drive system. The range of programmable cutoff
fregquencies is also sufficient to accommodate servo
signal variations in the readback signal obtained from
a data storage medium of a disk drive system.

30 In accordance with the principles of the
present invention, a corner frequency calibration

system and methodology provides a number of advantages

unrealizable using conventional implementations. By



31 JUL 2003 16 integrated wthin the read channel. It is noted that various
conmponents of readback signal processing circuitry 75 |IIustrateq]Juuﬁmn 3
are conponents typically enployed in read channel applications. In
accordance with the enbodinent illustrated in Fig. 3, the readback si gna
processing circuitry 75 includes a variable gain anplifier 76 which is
coupled to AE nodule 72 through a nmultiplexer 65. A variable gain anmplifier
is understood in the 10 art as an anplifier having a gain that is alterable

in response t QagORt @xapng %ﬁﬂ@ét@geugéﬂtp@égﬁaﬂmabshv 76 is
coupled to a continuous tlne fllter 78 through which readback signals

are comuni cagad @ﬁ@gﬁammwngjﬁﬂﬁXIﬁpkﬂﬂynﬂScmmmYﬁd@ﬁ 15£CFF 78, as wil |

be di d ter_ detail | ts a tunable filt
i ch: whon pPDRGARY. GRHUTH 150K 1P P URRANRI b THEOF | hEPRPEECH: the

present 'nVenEbQ&bﬂ@H%Hd*ﬁ%éd¥sfHdedHé%&éﬂIW‘@K&f@%ﬂ@@% of phbenkkl ter's
cutoff frequency. 20 CTF 78 is coupled to an ‘anal og-to-digital converter

(ADC) 101 Swhi éﬁvémlagez@@rmﬁﬁmg oF |datl@rkétﬁ¢3efa@bwmr@¢@ha‘w131@assed t hr ough
CTF 78. Durin 0 re oper-ati o rea ack rom ADC 101
g& ?o Swist %ﬁf %ﬁrgﬁﬂ %%Qﬂ%% Eﬁ é

are transnmtte Ut t processing al ong

si gnal conductiggs tireld %@w@negxnmﬂed to approprlate out puts of ADC 101
Digital output signals produced by ADC 101 and transmtted through
conductor 81 are used by tIRFENt RﬁqqﬁﬁﬁX:Qﬁlkﬁﬁﬁt¥ﬂﬁvﬁkﬁﬁﬁ@r$6 mng a CTF

cutof f frequepgcyneabhly g%t [eTy &%e%%%%g}g & Ak I%t\_/\i%gl)%/he principles

of the present 1 nventi nt s omn in GA 76 is used
to nornallicze ehemamaltetsudteueomdeh:‘e troeaﬂstfacﬂmsaa gnaims Fhetki2H03 17 recei ved

from AE nodule 72. Far anple) th eadba |tude at t he out put
of VGA 76/ CTFE980HES Soa st Masnge She e T ot

peak- t 0- peak) fréguatey GaNGH 1M tilbr %@p@cra‘dh tcdﬁb’ﬁféﬂ}éﬂ@twm stigen in 5 Fig.
3, adigital gain control converter 80 produces control voltage_signals
whi ch are traRsRFEREd 1BVERG I RFXGEe s7 £ 10 B FHt tRIHDARRS of

adj usting t het@é‘hﬂoQEg\éG%gn Ang h%Jea%e e MGA ST Aauptd ageschypical ly

span the range of exp age signals 10 input to VA 76. For exanpl e,
VGA cont 18l volragésryargidng hsemesdodod@@yménol op48D. MA cor ¥ Bspatniisnt o an

operating 92l urange ghathe YoM P L QNI dep of the

circuit, represents the control center for
implementing a corner frequency calibration technique
of the present invention. The control logic circuit
20 provides for enabling and set-up of the appropriate
circuits for use during corner frequency calibration.
A corner frequency calibration methodology
of the present invention may be viewed as a
calibration approach that uses the entire analog read
25 path to digitize an internally generated signal that
is frequency and gain controlled. 1In general terms, a
corner frequency calibration procedure of the present
invention passes a signal, having a frequency egqual to
the target corner frequency, through a continuous time
30 filter (CTF). The gain of the signal is adjusted to a
desired threshold, after which the gain is increased
by a specified amount. Finally, the corner freqguency

of the signal is moved back until the desired



Gain control converter 80 produces gain 15 control voltage signals iWU 003
response to digital words received fromcontrol logic circuit 90. %ﬂe ﬁaZR
control converter 80 transmits the gain control signals to VGA 76. As such,
control logic circuit 90 effectively controls the gain of VGA 76 during a
20 cutoff frequency calibration procedure according to the present
invention. It is understood that the conpdnents depicted as individual
circuit. elenents in Fig. 3, and other figures,~my alternatively be

integrated W tthires0RE Ori Sdda 1!l 6 89ERe QU PPEEs 2Be 8QNMBENERAL Shel TTENE
enbodi mrent of the present invention particularly well-suited for use in
Filtering readodtieTsifgrrauevtyt dpabeo f poepar dut aasibragednbai the CTF 78 is
configured as a4 nggpgﬁrlo ass filter. The ability 30 to, precisely

fre

establ i sh t he &t %ﬂﬂa %Vtﬁ CTF 78 within a range of cutoff

frequencies is typicall ymnegessasy +&a@Terappreoinengapg thbseata rate
variability in the readback signals transmtted 31 JUL 2003 18 through

the read chang&lillad éreflarartcomahuoe €ineuitryeendhi ch rnay be

utilized in raadrehannel: Appldeallons Andsenhiolledousiogaths

met hodol ogi es © esent  invention i's descr

5,491, 447 (Coetideclkel agiplalcatiovs cdrher hei@bythosor apideddhenean by
reference inits entirety. CIF 78 may_thus be characterized as.a filter
having a tunaBe&% a@ﬁﬁyqfesapd#sﬂf B Vhi BASEEB- cutlBef SbElE8fner

frequency of Lhe ifiaht ¢113 lAMRASSd She 10,a0sh 2Bl erubhphBya range
of frequencies bounded by a | ow cuto frequency) fl, and a hrgh cutoff
frequencyi0 f zcaCipra8 iiome lteddsniayuwas cldsadilvesd hempeiin 89ay abéowsedl dbrati on
bit input 91, and a,high calibration,15 bit ipput 93 each of which is
coupl 68 0 a EOPPEEEaR MG BLEPEEHE bt o inaite ETeSre '50. The
cutof f adj ust ihepudide,i $uhsed d baeiReds atleshigkbsss of {1f&egeney. Due to
factors such as technol ogy and process variations, a selected CTF cutoff 20
frequency of t EX¥2BPfers fromthe actual CTF cutoff frequency.

In accordance with one embodiment of the
15 present invention implemented in a disk drive system,
high precision calibration of the cutoff frequency of
a tunable lowpass filter may be accomplished using
existing circuit elements of the read channel. A
significant advantage associated with use of existing
20 read channel circuitry concerns the elimination of
technology and process tolerances that could otherwise
adversely affect the accuracy of the filter’s cutoff
frequency, as well as the low and high cutoff
frequencies of a range of selectable cutoff
25 frequencies. Another advantage includes eliminating
dependency on external signal processing electronics,
which eliminates the need to allocate additional space
to accommodate such external circuitry.
Referring now to the drawings, and more
30 particularly to Figs. 1 and 2, there is illustrated a
disk drive system 20 within which an apparatus and
methodology for calibrating cutoff frequencies of a

tunable filter provided in, or coupled to, a read



In accordance with the principles of the present invention, the | 2@%
hi gh calibration bit inputs 91, 93 are used to precisely tune CTF 78 so
that the actual cutoff frequency of CTF 78 nmatches the sel ected cutoff
frequency. Control logic circuit 90 generates digital words which are
transmtted to the cutoff adjust input 89, low calibration bit input 91,
and high calibration bit input 93 of CTF338 to control 30 the frequency
response (e.g., cutoff frequency) of CTF 78. It will be inmediately

apparent to o%%azﬁjé%eag#%cﬁiﬁ?a‘gé Elpgt Pﬁggaﬁﬁz@é é@l |tlp1r a&a‘r%%e@xets' red 31

JUL 2003 19 | requen I es a tunable filter

is a difficul tinirseriakingy e vi @ﬁehﬂé@renthéeahﬁkldﬁﬁv@ﬂ®yEU6mut
i npl enentation factors) for exaqy Further, it .may be necessary to 5
modi fy the |0\R/0ar¥dfnﬂ@hlbutm¢l %ame,u@ls mpreandgid dataa SteF@sIe filter

when read chary lectronic irgne r di fied.
Tur ni ng now toqgkse Z%P %reglkgé dé;pl c%'"é Fg% d?agpé%cghgvﬁg sever al
st eps a35dﬁlabeéond1dHhxxﬁliy€&mn® @aﬁ@@ﬁbbﬁaéeatEElasuchs&SFa tamaabl e

| owpass fllter .g9., CTE 78 shown in Fig accordln .to_the present
H§giﬁf 6% E

i nventi on. ‘ﬂ%ﬁ%r%91Q@%?mﬁ°%9§l aPti® 5@15 dUELYe i
a' tunabl e or er r a tion
procedure is geng ated 150 gi%e sé%n dggfcgggk e!t:ggt agl eéglcglnlg‘llgfuch as

a triangul ar @¢ sisnusgiidsdllsy givatma thted stgnahclsdgeaepatedlityhade a
frequency equal to he tar et. corner fre uency, and whjch E #Is wi thin the

pass band of R& I GeATHDF° hewﬁgﬁn%?chstﬁaf Ed"¥5E tc~ a

preestablmhe@a&%llrtltda{eeﬁw& aassélslé@déﬁaésétwstﬁg QHLBHt Vel tage versus
frequency characterization of CTF 78 provided in gure 4 is a

graphi cal il §8&Fat isge durthensifviQrnbyte elslp‘éh‘éég‘éﬁilélflﬁﬁﬁﬁlﬁélp&/\pass
filter, such fie1ds. one or more of the disks 24 may alternatively

be formatted to include a spiraled track
configuration.

15 An actuator 30 typically includes a number
of interleaved actuator arms 28 with each arm having
one or more transducer 27 and slider assemblies 35
mounted to a load beam 25 for transferring information
to and from the data storage disks 24. The slider 35

20 is typically designed as an aerodynamic lifting body
that lifts the transducer 27 off the surface of the
disk 24 as the rate of spindle motor rotation
increases and causes the transducer 27 to hover above
the disk 24 on an air bearing produced by high speed

25 of rotation of the disk 24. A conformal lubricant may
alternatively be disposed on the disk surface 24 to
reduce static and dynamic friction between the slider
35 and the disk surface 24.

The actuator 30 is typically mounted to a

30 stationary actuator shaft 32 and rotates on the shaft
32 to move the actuator arms 28 into and out of the
stack of data storage disks 24. A coil assembly 36,

mounted to a coil frame 34 of the actuator 30,



as CTF 78 shown in Fig. 3, having a cutoff frequency that is adjusgquEzma
according to an enbodi nent of the present invention. In Fig. 4, the darn of
the signal is adjusted 156 until a pre-established gain threshold 30 (e.g.,
ADC threshold) is reached. After reaching the pre-established gain

t hreshold, the gain of the signal is increased 158 fromthe gain threshold
by a pre established ambunt. The tunablé3ilter (e.g., CTF 78) 31 JUL
2003 20 is controlled so as to shift 160 the corner frequency of the signal
downwar d. Dowgemedaidjusbhenesofvithénsiagmalp ¢4calalfeindd doeewegncohei nues

162 until the 8ain of tEe signal is e%ual Q the(gre}gstablished gain 5
threshol d (i .8PPEeRDRNEhL QYRS BRINEE PRESHSIAEDHM deney Between the
gain of the sj i | d, : r of the
tunabl e fi|te$g?@58éﬁgcﬁgs9g§ EEEEEF?ggaggdk%gfﬁggft}ggégggggggfrequency.
Figure 5 10 saoms BBe finequencytpesperpecvkerCEhe/&wasfdde ghi bhef the

signal is_increased 158 frqoqmthe _gain_threshold by the pre-established
anount -i n hi aE%s%téraﬁPaﬁas Re?&r gnales SP3MTef %F%ﬁﬁéﬁ%§ ?%pﬂﬁﬁkiﬁrd

shifted untilcbhsrgaks of pbmgfghggal AeUHBLES rt Be, Prarestal iwded, ggin 15
threshold (i.e., point Ain |g. 5). Wth continued reference to Fig. 3, a
nmore det ai | edP@eBeEPpt €BATEL 28dCHF 8oPAREYT sEgRdirc &callidhradapiedret hodol ogy

accordi ng t. o anof @éggﬁgfghgﬁggtgfsggg ggeﬁqgksi yention will now be 20

descri bed. A signa e cali on procedure is generated by
signal translator 61. ThRestghal atsamslat 06 6hd sher upgehyared seswencer
107. A Wite VCO (voltage controlled oscillatgr) 63 provides a proper

signal t 60 he™3Prent@PENbYieshe0sapdethtePl 16%2BrABR R i ¢he si gna

recei ved fromthe-WED $8 8pdrse8Vent sobBerdtybaedsSiagnalcthddb:si gnal
having a frequency equal to the target corner frequency. This signal is

i nput into theelmA qeiETRoY8rvid REXPBBSiNs GPl Fopér@dserigned § n great er
O oo TGP, & EE Bt alEL ot T ehal! R, Bl e, s
from control $&gientrolsi tho0di ved¥W i3 63ndi magnlittW€0ctfuremtktd. The 31
JuL 20031%1 current supplied to the voice coil motor 39. The
actuator voice coil motor 39 produces a torquing force
on the actuator coil frame 34 when control currents of
varying direction and magnitude flow in the coil
assembly 36 in the presence of a magnetic field
20 produced by the permanent magnet structure 38. The
torquing forces imparted on the actuator coil frame 34
cause corresponding rotational movement of the
actuator arms 28 in directions dependent on the
polarity of the control currents flowing in the coil
25 assembly 36.

The servo processor 56, which cooperates
with read channel electronics 57, regulates the
actuator voice coil motor 39 to move the actuator arms
28 and transducers 27 to prescribed track 50 and

30 sector 52 locations when reading and writing data to
and from the disks 24. The servo processor 56 is
loosely coupled to a disk drive controller 58. The

disk drive controller 58 typically includes control



W/CO tuner |12, which is coupled to the WCO 63) converts the N Value for

pur poses of setting the WCO 63 to the correct frequency to be divided JUbt 2§03
the desired corner frequency. 5 A Servo VCO (SVCO 109 provi des the proper
sanpling frequency used by the ADC 101 via |ine 108. The output signal of
the VGA 76/ CTF 78 is digitized in the ADC 101 and captured by ADC capture

| ogic 103. Line 81 is coupled between AQG 101 and ADC capture 10 | ogic 103,
and comruni cates ADC out put data. The control logic circuit 90 receives

these timed S@%Eﬁgstfrﬁrg%bé%oﬁf&{a%ee cHay %o]oq:@ir%tgé; {%}é Ye PSR JELEEL S the

val ue of the sanp makes € appropriate si‘gnal gai n
adj ust nent s faktawed BydlFreppropr idate caidreigd rdimiadjast mext shdugh
accordance with the calibration techniques described previously and

her ei nbel ow. FOENPRFVRORFOS SRS &67, ek €lniyq |quiradlar 138 £ 130F di agr am
formseveral s QBScﬁgnb@iokﬁ%%Qrbgﬁc%a@fm%¥é‘a%?¥c§eq'éé“é%ﬁgr%ﬁgq“ency
a ow pass tilt

associ ated with a tunabl’'e or programrmabl e er according to a
further esboddeehtesf ihhgipr.egentiti Ageninderstdeeh thH itdid ng t he corner
frequency calibration procedure 170, a_nunber of 25 paraneters are
initially estBBPFsheRapityr ofotyer P&r fildg Ofn tRGSEElS Ve &6 MY fR%quency

calibration. bfnpaikhcyhat, s3ig1dl fl8RENLUPRILS AR &IAD! iihedh to

properly set-up the corner frequency calibration.” These six Iinputs are
typical ly esteppbisaedyusesglsé inpeat sedeceidvednpprenis@ostA sanpl i ng wi ndow

is selected 1,72. A sanpling w ndow_|ength specifies .the.ti i ich the
digital peak detector g?“?ﬁgngoﬁPWbF°|§3ﬁb ?Vr%bq;%M}S %%quﬁfék%g
10 an embodiment of circuitry for calibrating a cutoff
frequency of a tunable filter which, during normal
operation of a disk drive system 20, receives a
readback signal obtained from a data storage medium.
The circuitry illustrated in Fig. 3, according to an
15 embodiment of the present invention, represents
existing circuitry provided in a read channel of a
disk drive system which may be utilized using
methodologies of the present invention for purposes of
calibrating one or more cutoff frequencies of an
20 integrated filter provided in the read chahnel.

In accordance with this embodiment, little
or no additional circuitry or significant modification
thereto is required to perform a tunable filter
calibration procedure according to the present

25 invention. For disk drive systems employing read
channel circuitry differing significantly from that
shown in Fig. 3, it is believed that only minor
modifications or additions to existing read channel
circuitry need be made in order to implement a tunable

30 filter calibration procedure according to the present
invention. It is understood that the techniques and
circuitry for calibrating one or more cutoff

frequencies of a tunable filter as described herein



22 | ooks for valid sanples. In one enbodinent, the specified tinme or
sanpling wi ndow | ength defaults to 1,024 crystal clock cycles. The %L 2003
threshold level is then set 174. The ADC threshold level, which 5
represents a pre-established gain threshold, is a threshold in the ADC 101
that the peak detector of the control logic circuit 90 uses to determne if
a sanple should be captured. In one enbodsment, the ADC threshold level is
programuabl e and defaults to a 10 positive detect |evel. The negative
detect |evel infmyCaeCulnilRthd il USR] dtiM A4 19Sd thV@e VRbdeeB§ bE IS
centered around an ADC t hreshold | evel code corresponding to a known signal
state. The amsdlictaforaita eniadtgnsh ard r din -rEfticulsr selecvadyifig. The size
of the roll-off_repr ts the anbunt of attenuation the user wants to set
the corner fré&@gﬁcfeﬁ%tﬁé’wsﬂn% di T 1 S ERBBdi fent, exhibits
a 0.1 dB grandlealeirayt .per step, such that one code corresponds to a step of
0.1 dB. 20 Thé-attenuation is programmable, according t~ this enbodi nent,
from1 to B3 steps, andFdefmd t3s dapixtst ep nunher of f 3pommphent gok hetponds
to 3 dB of attenuation. _.The q:urrber .of@arrp es, i S t%g.p sel(gcégd 178. This
nurber repr es @S e *MIMFER TGOS SAF . hde § D WeT Bt t2 vali d
threshol d crosgborggelldg shumzerusding aHY asadldleenentprefr anvahd gwraceor di ng
to one enbodinment, from 16 to 240, and defaults to a sanpl e nunber val ue of
64. An N Val ude@fi dft icerdded ramads bt sHiite SYRFfesPPesRrebPher frequency

I's selected 184, gﬁ%o'}lmgﬁg%% fs‘?fgt 19 TS e o TEMIencY L ERT SBENL S a

val ue which will be use uring e appropriate corner frequency
calibratilon (eigk, 7Bi glypdeaidry aredrmagent3Batid 20623 conferjpatTbe N Val ue
is used to se't up.the WCO 63 to the .desired frequency. In_one enbodi nent,
the user i nputsioﬁgér tﬁe@gloﬁles,%”&né“ayl “\f’:ﬂ%&@eef &tk@}cﬁ@eﬁ HE four corners
(high and | ow}nassagicabnd Wil readhatit ivritaloredad &k sef vpsdata,
respectively. A Dvider/filter setting is selected 182. The Divider/filter
paraneter is §¥PéepddYt drolha fotiie ofr GlFem aRECO tsiagil & HPNS sPB R needed to

attain frequeaciassl QYeLchan212 M sl five derddid terpdD sel ecti on

paraneter is used I n conjunction vmthst ue to attain the proper

f requencyk5 Theeadéwrtiypei dalkaldy 7ilnputys iatl udeure DiagrdardfesisteiveetMRhgs for
all four-corners .(i.€e., gata hi.%htand |_ow, ser.v% 'hie‘gh( |OV\$ . 15 After
perforning th&S&BovaSHELEri Bed S8t IFI0EESE S RE YT s | 2T1Y a del ay
period of a walbmkh#® GEtr@in-f8i%l reaystedlenpeit odbWaithdd NB)ypdadbre the
calibration actuall éﬁstarts. This wait time is needed to initiate a coarse

tune in the WEPRE SYAPRESCEEr 28 twhisc RAmeHIStaqsy &at G2 SERTRI% 0 t he
proper prescaligsfng st yag Biitel @pRe ARPliEd ks WIED 3ol hasge prescal e

and tune bits are use to programthe W/ to the proper frequency.
During t % wikprdperise, heed gt mey 2ncdpseomni ¢ idalcwieadnabl es and
calibrate CO”EEane kgnal s coordinated by or within control logic circuit 90
are applied, thereby readying the systemfor the calibration procedure. The
control logic circuit 90ualisg smetrsmalp opleeasdmpl,i rg finspwemdyiad the ADC 101

30,duri 9 Thl Sodgh, BenLoda Olce e OD.83 RS 4 A0d s Hrgper
calibrate bitgeka MaxiBURypWoiadhyPesheSintile teer Yy pHd-Afpfafidtion
25 electronics, such as an arm electronics (AE) circuit
or module 72. The AE module 72 amplifies the readback
gignal transmitted from the read/write head 71,
typically from the microvolt range to the millivolt
range. The amplified readback signal is communicated
30 from the AE module 72 to circuitry 75 which further
processes the readback signal. The elements of
circuitry 75 (excluding AE module 72, read/write head

71, and disk 73) are preferably, but not necessarily,



31 JUL 2003 24 possible. Then, the gain set-up preanble is initiated. The

| ow and hi gh corner frequencies are respectively calibrated 184) 186 in a
manner described in greater detail hereinbelow, the conpletion of vAiJih 2803
i ndi cates the conpletion 188 of the corner frequency calibration procedure.
Returning again to Fig. ~, the signal which the W/CO 63 provides via the
sequences 107 is preferably an ECL signalé which is received and 10
filtered by an ECL-to-sine wave converter circuit (not shown) provided in

or coupl ed to; ¥egr8telhQiEflir QFida- Y - ICOMYET L erT€i { §UhbreanyBkls the
ECL signal to a sinusoida-1 signal by band pass filtering the input signal

usi ng a sel ecvadipask compomeadist ifs. repdbadle signmal prscasséady been

di vi ded down in_the squ nG 107 to the pggfer frequengé befgre it reaches
the VGA 76. TReTEBLLEY- dPnéd e A9 r cli FFQctLBRER Sl t er nat e

i nput to the MGAi£G1WMy Ieﬁlptliéie\ﬂeﬂrj WRIHG ohnsdd (£heFi @a€i6R8N- This signal
then t~~a~~Ils rough"the VG 76 and CIF 78 and is digitized by the ADC
101, whiclp is sanpling Oz agcchreagerey ovitdl fthateneddiokept ovi ded by t he

sequences lo7.yia lLin 08. e signal, is gai,n adjusted in the VGA 76 to
achi eve the 2’5}(?)P8b5f3‘%§?39ﬁ5‘| -E{lgvel%' %ﬂecﬁ%élﬁcgﬁﬁjﬁ%‘g} a3y tRe"di gi t al
peak detectorcereglttyi nst iacQededla haghiarwl ¢ i in Bngf i efethesr aw ADC

sanpl es are cggtured In the ADC capture |ogic 103. Once the_ appropriate
gain is deter¥hhel, igheospleghticoPE gPAVLS rtdi thoePurpset L iRtRESEes t he

o TSl eSS e T Syt od e
frequencyoareart as an amplifier having a gain that is alterable in
response to control signals, such as voltage control
signals. VGA 76 is coupled to a continuous time
filter (CTF) 78 through which readback signals are
communicated and filtered during normal operation.

15 CTF 78, as will be discussed in greater detail
hereinbelow, represents a tunable filter which, when
properly controlled in accordance with the principles
of the present invention, provides for high precision
adjustment of the filter's cutoff frequency.

20 CTF 78 is coupled to an analog-to-digital
converter (ADC) 101 which digitizes analog filtered
readback signals passed through CTF 78. During normal
read operations, readback signals output from ADC 101
are transmitted to downstream circuitry for further

25 processing along signal conductors (not shown) coupled
to appropriate outputs of ADC 101. Digital output
signals produced by ADC 101 and transmitted through
conductor 81 are used by the control logic circuit 90
when performing a CTF cutoff frequency calibration

30 procedure in accordance with the principles of the
present invention.

In the embodiment shown in Fig. 3, VGA 76 is

used to normalize the amplitude of the readback signal



31 JUL 2003 25 nani pul ated. The calibrate bits are adjusted until theg gameQ]
threshold used to determne the gain set-up is reached. This effectively
noves the corner of the CTF to 3 dB bel ow the pass band. 5 This sequence of
events occurs four times in the case in which the channel calibrates a data
| ow, data high, servo |ow, and servo high, preferably in that order. As was
di scussed previously, the user initiallylgets up the required six inputs

di scussed 10 with respect to Figure 7 and then the calibration of all four
corners in theearinwed peodt i oodel e ot2ur sFoirt Beainpary thet herdbatckup or
user interventi.on. .Turni.ng QQM/to Fi%ure 8, re is_i ustr%ted vari ous

th [
steps invol vi fig &Aoo hetda 52§ r gy eﬂ%?pEEIPngFﬁoﬁségFFuﬁ plg¥edGre in
accordance W trfpyafa 16nhedi fendo @ v 16 PaEEEBEchPYSNt h@BK-HBOBekR) Li ation 200

of the |low corner frequency ca.'._ribration set-up procedure, a desired |ow
corner frequerdey aqapfdariae sel Wot gk 20Prcwdt exnfipberanidasghedndana | ow 20
corner freguenc~ rnay be, set

96.5 MHz. Various CO freguency paraneters
are then s2lectéd 04?|q%%ﬁﬁ§3(ﬂﬁ%ﬁ,C?%%rﬁfoﬁ%?VﬁF Fuégmﬁfﬁgﬁ¥$ﬁder for
the desired ceorrdlr eeiuye | $igedes MNEEh BYe We¥aRbmexeen! g1088d assum ng
a desired 25 |l ow corner frequency of 96.5 MHz is selected and a valid WCO

frequency of 39BAUILArE SEl @ SR tHe BrXi Me¥rrpaeanef erdiysEdRPUEBE by 386
MHz = D96.5 fr i Di t to, be 4 t he Divider
n o%]m s I%V%?%%E?%‘ cglg vEa Péofit r @B%é%fﬁs/

par aneter, D, 3 ole nunber arrived a ing the
W/CO frequencyywiitdaillya sgzn dtheangngsd df egusact €8 abl eagbayiggaest abl i shed

the desired | Qqw corner freqyency. 31 JL% 2003 26 The val ue of the Divider
par anet er 0 D, 1R thé T IBut & udiHy FRIMPHE I VWP hCPRY Rt aVOVARRPESVCD

Frequency = Diréind@he0ahyderGUAIE my e N 0@l e HeFPEBbEhdsBYobgnconput ed
usi ng the follomnn%.fornuLa: 5 N Value = Valid VCO Frequency32/ Crystal
Frequency. G PefrefRdngacaist aangshide thadVeh VaF uehats perpLuted as 386

MHz32/ 60 MHz = -l , o
AT A S SR SRR

comput ed by adjGsting ih a va r%Rge of
frequencies. |If 206 the GAICO daraqeencyorthosst e0t 8 Prpxoddiece vegaesi red val ues

for N Val and Divi.der, the WCO frequency or frequency, aneters are
adjusted]%g8 gﬁﬂgkﬁﬁigﬁ&%fgeﬂﬁ§99§kﬂ zﬁ%%EfQﬁ?kﬁkréh%ﬁgggrﬁoﬁgﬁociated
with the 15 | ewceareer fidcequRit-dlanagiers vdeitstar ed 2 doainl ater use

during the |OM/COFH%F frequency calibration procedure. Additjonal |ow
corner frequefBPEER RV STettF @AY §Hvidts S DVER TP tor r ect

settings for signals to VGA 76. As such, control logic circuit 90

effectively controls the gain of VGA 76 during a

20 cutoff freguency calibration procedure according to
the present invention. It is understood that the
components depicted as individual circuit elements in
Fig. 3, and other figures, may alternatively be
integrated within one or more multiple-purpose

25 components.

In one embodiment of the present invention
particularly well-suited for use in filtering readback
signals obtained from a data storage medium, CTF 78 is
configured as a tunable lowpass filter. The ability

30 to.precisely establish the cutoff frequency of CTF 78
within a range of cutoff frequencies is typically
necessary in order to compensate for data rate

variability in the readback signals transmitted



20 the ECL Divider and input translator filter. In one enbodi nent, a high,
m d, and | ow frequency range are considered valid choices. A high fﬂédﬂgﬁW%
range setting varies between 300-712 MHz with no division. Avalid md
frequency range setting caries between 7025 300 MHz with divide by 2 or 4.
A valid | ow frequency range setting varies between 30-70 Miz with divide by
e. Having conpleted the | ow frequency cald bration set-up procedure, the | ow
corner frequency calibration procedure may be initiated 212. 30 Figure 9

illustrates vagigQUshSEERS +aYolY 3 high Jmﬁl L eouUsnCyL ks bration
set-up procedure a%corginé to gnagﬁgbdinent%%g t éIdfesent ?nvention. After
initiating theiheghitoermewhficégumeagcpecaltiilrisgednin Bdad ¢h@200381 27 set - up

procedure 220, desired hi corner frequency cyt-off is selected 222. By
Pey of examn S0ELLGRLI PR Afigh COBRReR Leredims ir RATIGG SR oht 427 5

Mz, W/CO fr eﬂﬁ’@“ﬁi‘e@éﬁé”ﬁh%ﬁt%ﬁ tiiéle@e%‘g‘ﬁ%e%ﬁ 2?4, P B MUCQr !, Val ue

and Divider paraneters may, for exanple, be established using the formul a
provi ded &bove, §91e447VaGodtWrbBelFetqadndy wibioh der Gmuedyy Frequency). In

one illustratjve exanple he Divider raneter. may be set at 1, r eby
ooVl di ng. o RS RaTREER hPEeTonEY GE IR S Do SOOIy EE
conputed by the msevirus! yedehenasedricedulsa @ .fa.1td¥ Vahwitmg a/alid WCO

Frequency32/ Crystal Frequency). According to this exanple, the N Value may
be conputed adstiu3le frggReBOYMAESRORNSE. Py Thd AwEDS R ey s adj ust ed

226, 228 durihg-tbe YW LegugrcyRa 8" <58l Rl N 1, gfd}fggjt-agi on
process as needed. Thegéa%t)ﬂigg ﬁggng?qﬁreqjinéy paraneﬁ rs aré'stored 230
for subséquersdimsetaiolengithénaet uahgki gli Eoregerenfoiesgudreyndsal idyr ati on 20

procedur e, ich ma ep be initiated 232. Figure 10 illustrates various
B eps | nvol vi 10 < TRF Eor FERUFPEYuatcy 231 Br AEPBACPrBEaATERRE00Y A g 1o
an enbodi menteQf the present invention. The | ow corner frequency

calibrati4n procedure 25 depicted_in Fig. 10 advantageously occurs
automatical |y, without FE&§uiBerBRLUBESUSeFUSPLIS §E88ESr 1T Bipt i%n, after

the 7, ow cor nes,, f&ALSRLY 1 68 bREat HBAL S8, URrRM aCRduhe cah B Gt i&as been
conpleted. 30 Wth reference to Figs. 10 and 3, aftér initiating 240 the
| ow cor néf friefueirguiea?s brasicbnofevhiighpiscedupded e W/CO 63 is tuned 242

to the appropri yg nc i.pg_th rey| y red. . JUL 2003
28 corner fré%%%%%é %@@gﬁ%té?ggfg.a%,gkgvgﬁhgyghT%gggfl?é#%ggﬁd%%%'the CTF
78 i s set 244rhe antwffnadyhet!| ompht egoeneyueutioth adjiest hbi Besi@dd bits)

input to CTF 78 via pnput 91 are_set 246 to nmaxinu and the hi_ gh
frequency GNF?ﬁ?éPiﬁﬁg?u?%ctﬁF Bae\tg ?ﬁﬁﬁ?r§353Fg]§8ttiﬁgnPi°§ m d-| eve
setting. The fidigabcdas Nvisiadiunteda 2881 bytthecgentuebslrogic circuit 90
[ jcooPesgtion i the dloltal gain gontrol converter, 80 ULl the ADC
codes d Y
frequency.
In accordance with the principles of the
present invention, the low and high calibration bit
inputs 91, 93 are used to precisely tune CTF 78 so
25 that the actual cutoff frequency of CTF 78 matches the
selected cutoff frequency. Control logic circuit 90
generates digital words which are transmitted to the
cutoff adjust input 89, low calibration bit input 91,
and high calibration bit input 93 of CTF 78 to control
30 the frequency response (e.g., cutoff frequency) of CTF
78.
It will be immediately apparent to one

skilled in the art that precisely calibrating desired



10 exceed the pre-established ADC threshold. The digital gain is increased
increnentally 252, 254 in accordance with the gain adjustnent resduliloflbf
the VGA 76 until the digital gain is increased fromthe preestablished ADC
threshold by 3 dB. In one enbodi ment, 15 the VGA gain has a 0.1 dB
granularity per code step. The desired 3 dB gain increase is achieved by
bunmpi ng the digital gain by 30 code step$9(i.e., 0.1 dB/code30 codes - 3
dB). When the digital gain is increased fromthe 20 pre-established ADC
threshol d by 3ociBarderidilgidedoffifiregudret de@pbfataridi 5,,| eyvfelg and the | ow
frequency CAL bits are adjusted 258, 260 until the ADC codes reach the

pre- est abl i shégnABE & Hriddifal dis iheh e Wb wodest akine #ReVAEY- &4t abl i shed

ADC thre5h0|ddn%@%e@@NEg%ﬂﬁ§q§§¥£§ﬁﬁn5¥§guP@Siﬁﬁfgmgﬁtggﬁgbed 262 to the

desired frequency. Figure rates various steps 1nvolving a high
corner frequeflayteald,brfatd axgmpdeedurramadeer di g hay abeenbodiesanly abo t he
present 30 invention. The high corner frequency calibration procedure

depi cted ith FM§IifY &diParkagedisIR Dt A bl birdveart §s. wh et L2
requirement o, rUSEl (B PGSy TWHEH T Wha@ld £7 i%&t?b%cg% r 3l

JUL 2003 29 frequency calibration set-up procedure o Ig. 9 has been
conpl eted. W ppheretemgneedud dangnt €l bramdndiifafedr initiating 270 the high

corner frequency calibration 5 set- ocedure,. the W/CO 63 | s.tuned 272
to the appropriate freq éﬁgvjﬁ%FﬁﬁvﬁﬁbR%¥%vi §#§e§?o+%§g%Pbﬁ£88rﬁer

freguency par grelvers ageath sHIWH Bevelhfl fdddy Daws-phecéhewtth 78 is set
274 to maxi mum The high frequency CAL bits input to CTF 78 via input 91 10
are set A% t 6apdRr@isng a tunable filter, such as a tunable

lowpass filter (e.g., CTF 78 shown in Fig. 3),
according to the present invention. In broad and
general terms, a signal to be processed by a tunable
or programmable filter (e.g., CTF 78) during the
15 calibration procedure is generated 150. The signal is
a peak-detectable signal, such as a triangular or
sinusoidal signal. The signal is generated to have a
frequency equal to the target corner frequency and
which falls within the pass band of the CTF 78. The
20 gain of the signal is adjusted 156 to a pre-
established gain threshold, as is indicated in the
output voltage versus frequency characterization of
CTF 78 provided in Fig. 4.
Figure 4 is a graphical illustration of the
25 frequency response of a tunable lowpass filter, such
as CTF 78 shown in Fig. 3, having a cutoff frequency
that is adjustable according to an embodiment of the
present invention. In Fig. 4, the gain of the signal
is adjusted 156 until a pre-established gain threshold
30 (e.g., ADC threshold) is reached. After reaching the
pre-established gain threshold, the gain of the signal
is increased 158 from the gain threshold by a pre-

established amount. The tunable filter (e.g., CTF 78)



The digital gain is adjusted 278 by the control logic circuit 90 in
cooperation with the digital gain control converter 80 until the ARG Hhd48]
exceed the pre-established ADC threshold. The digital 15 gain is increased
incremental |y 2B0) 282 in accordance with the gain adjustnment resolution of
the VGA 76 until the digital gain is increased fromthe preestablished ADC
threshold by 3 dB. Wen the digital gai? is increased fromthe 20
rre-established ADC threshold by 3 dB Re digital gain is held 284 at this

| evel , and the hi frgﬂ%fq§¥ CAL bits gre a&j 28 88 until the ADC
codes reach tH iThert At it e hb? eﬂOFHErA g88BSYreach the
pre-establishgd &5?625:ﬂéﬂﬁw§P&n§é hEeguRpCcY shagebeen

cal i brat ed' 290 to the eS|red requency. It is understood that the | ow and
hi gh cut of f fsmmﬁéldcg/ aratridor aﬁrmuepuqcedmm@smdescllézednabbvehﬁagaeach be

I ted i dual |y f 30 br at hi gh cut of f
1 equoncy. THRE IS8 SAEHIGH SURBIAL 170 qUERGY 2t s B G ERefr S88hur co may

al so be uypl@my@ggbydlppqplmﬁm@ntﬁré§h§p$)bratlng respective | ow and high
cutof f frequencies 31 JUL 2003 30 of a range of cutoff frequencies

associated with a tunalite he treintThet fm@gﬁ%@@lﬁsl@etpw@ntbe ghénvari ous
enbodi nent s gf é%%léy/ ﬂ(ghéuﬁh egprfr éghciﬁortéetg ﬁHngoses of
es no X

illustrati on an t o be austive or to
limt the frequency of the tunable filter (e.g., CTF 78) is

calibrated 164 to the desired frequency. Figure 5
10 shows the frequency response of CTF 78 as the gain of
the signal is increased 158 from the gain threshold by
the pre-established amount—in this case 3 dB—and the
signal’s corner frequency is downward shifted until
the gain of the signal equals the pre-established gain
15 threshold (i.e., point A in Fig. 5).

With continued reference to Fig. 3, a more
detailed description of a CTF corner frequency
calibration methodology according to another
embodiment of the present invention will now be

20 described. A signal used in the calibration procedure
is generated by signal translator 61. The signal
translator 61 is driven by a sequencer 107. A Write
VCO (voltage controlled oscillator) 63 provides a
proper signal to the sequencer 107. The sequencer 107

25 then divides the signal received from the WVCO 63 and
converts the divided signal to a signal having a
frequency equal to the target corner frequency. This
signal is input into the VGA 76/CTF 78 via MUX 65.

As will be described in greater detail

30 hereinbelow, a frequency parameter, referred to as an
N Value, is used to set the WVCO 63 to a desired
frequency. The N Value is transmitted from control

logic circuit 90 to WVCO 63 via a WVCO tuner 112. The



i nvention to the precise formdisclosed. Many nodi fications and varjngpﬂma
are possible in Iight of the above teaching. It is intended that the scope
of 10 the invention be limted not by this detail ed description, but rather
by the clains appended hereto. 31 JUL Z003 31 CLAIMS What is clained is:

5 1. A method of calibrating a corner frequency of a tunable filter coupled
to a read channel of a data storage systzmto a desired frequency, the

met hod conprising: generating a signal having a frequency 10 substantially

equal to the ggébrggngquq@ f reauencys éﬁﬁ?@?&:ﬁﬁeﬁﬁgﬂww the signal to a

gain threshol I ncreasing the gainof t 10 romthe gain threshold
by a pre-estabbhsbedsambhenty vanicel T shigurpesddeof osaret ihid eghengyCof t he
signal until the gain of the signal is substantially_equal to the gain
threshol d, at&#hFENCPEI FOTRE te drfeaRgueh e dfiYied ulabPet Pl ter is

cal i brated todgggrggsgggge&r%q@@yghqygo_2. The nethod of claim1, wherein
generating the signal conprises generating a peak-detectable signal.
5 A Servo VCO (8VCO) 109 provides the proper
sampling frequency used by the ADC 101 via line 108.
The output signal of the VGA 76/CTF 78 is digitized in
the ADC 101 and captured by ADC capture logic 103.
Line 81 is coupled between ADC 101 and ADC capture
10 logic 103, and communicates ADC output data. The
control logic circuit 90 receives these timed samples
from ADC capture logic 103, digitally peak detects the
value of the samples, and makes the appropriate
digital signal gain adjustments followed by
15 appropriate corner trim adjustments in accordance with
the calibration techniques described previously and
hereinbelow.
Turning now to Figure 7, there is
illustrated in flow diagram form several steps
20 involving the calibration of a cut-off frequency
associated with a tunable or programmable low pass
filter according to a further embodiment of the
present invention. Upon initiating the corner
frequency calibration procedure 170, a number of
25 parameters are initially established prior to
performing an automatic corner frequency calibration.
In particular, six different inputs are established to
properly set-up the corner frequency calibration.
These six inputs are typically established using
30 inputs received by a user.
A sampling window is selected 172. A

sampling window length specifies the time in which the

digital peak detector of the control logic circuit 90



25 3. The nethod of claim 1, wherein the pre established anount ﬁi ngmp 3
dH 4. The nethod of claim1, wherein shifting the corner freque J " The
signal conprises~shifting the 30 corner frequency of the signal downward in
frequency. 31 JUL 2003 32 5. The nethod of claim11, further conprising
converting the signal fromanalog formto digital formto produce a digital
signal, wherein adjusting the gain of thgzxsignal conprises digitally
adjusting the 5 gain of the digital signal to a digital gain threshold. 6.

The met hod of 1eb&isMz2y WIANG Ldifrdas! g, Uhe. aam,@fnd e, digetal signal
conprises incrementally 10 incredsing the digital signal garn. 7. The
met hod of cl aepetifuleer edimes oy tdangpl irey oot m@ow f Yegyencye Ddul he sbgna

conprises shifting the corner. frequency of the signal while the in of the
15 signal is hepagatcrm%a@aiq%qq%& &F pl ushe H%D(gr%}é%‘%%?mlrghgﬁvgiount. 8.

The net hod of ¢l gh%l,sébnclrﬁasi ARG, d I'}ngqg],gi)%%tq@%d Z]Eé\,é'gpprmé}qg t he signal

gain by the pre 20 establi'shed anount of The net hod of claim
1, wherei ¥ 't hepceseart f requen@stafbla shebjeid ithwershsld, | Dsv ar hi gh

corner frequen appropr.i ate faor_filtering a data sigpnal. 25 10, The net hod
of claiml, mﬁg¥8ﬁﬁc9ﬁ%15br _pFFédﬁéhdyh%) %P? eggq?f%ﬁri%fa; ow or
hi gh corner fegauengy 12RAORIA of Io flddLrd HBa /MR Si BNl samp3d JUL

2003 should be captured. In one embodiment, the ADC
threshold level is programmable and defaults to a

10 positive detect level. The negative detect level is
calculated from user inputted positive value as it is
centered around an ADC threshold level code
corresponding to a known signal state.

The amount of attenuation or roll-off is

15 selected 176. The size of the roll-off represents the
amount of attenuation the user wants to set the corner
frequency to. The VGA 76, according to one
embodiment, exhibits a 0.1 dB granularity per step,
such that one code corresponds to a step of 0.1 dB.

20 The-.attenuation is programmable, according to this
embodiment, from 1 to 63 steps, and defaults to a step
value of 30, which corresponds to 3 dB of attenuation.

The number of samples is then selected 178.
This number represents the number of samples needed to

25 detect a valid threshold crossing. The niumber of
samples value is programmable, according to one
embodiment, from 16 to 240, and defaults to a sample
number value of 64.

An N Value which is used for establishing a

30 desired corner frequency is selected 180. The N Value
for a desired corner frequency represents a value
which will be used during the appropriate corner

frequency calibration (e.g., high corner or low



33 11. Acircuit for calibrating a cutoff frequency of a filter to a
desired frequency, conprising: a tunable filter; a variable gain qpph
coupled to the 5 filter and a signal source, t he si gnal source genera |ng a
signal having a frequency substantially equal to the desired frequency; an
anal og-to-digital converter (ADC) coupled to the filter, the ADC producing
a digitized signal in 10 response to recgiving the signal fromthe filter
and a control circuit coupled to the filter anplifier) signal source, and

ADC, ahe cont kgl Cul inaflivisidng. gka)ftégfm gt LEECyBLANGL 1B a-0ai

t hreshol d, increasing the gain o | 1tize fromthe gain
t hreshol d by ahpr deedtraldl |f&feeﬂ1am}unt Irartd’léf‘ﬂrfﬁl:wdlgnéﬂﬁe cohaeusérequency of

the digitized, signal until_ the gain of tkmaéi gitized signal is
subst anti al | y1BRHAF t8”Fh§g¥%¥¥%%né§ﬁb@ﬁF’ Ui Uh $F Rt Ot hehRoF RBF

frequency of EB?nE‘rlst %1?%. GRd law)e%s%%l%&@ vﬁeéwlegaéﬁgaye%%jnaiZ The

circuit of claim 11, n the si'gnal source conprises a signa
transl at o5, tHeatsi gndl serawsidatter, cwmwpeEtitcatd Ing a peak- det ect abl e signal 2S

generated by the signal to .t mplifier. 3. e cirtc of claim
12, wherein the signal 903P83%Fﬁ/ﬁhg$egbﬁfﬁ d‘%éﬂﬂg écﬁ%%red to the
signal translaherpithgesogyaness i@ eFeri\0 sénm&tSecSOtcsO&@i@ﬂnt@h@ servo
voltage controlled oscillator and data inputs coupled to a tunable wite

vol t age cont rBrPeEro¥¥LPl signal GEripdeoeedd o aHeabircuit of claim
11," ~wherein E?§888HE58 GILEY GO g@ﬁ@'%ﬁi ‘?ﬂgrﬁi%f dﬁ%flé the signa

source to set signal source to0~ rrequency to be 0 the

desired a®rneseleeguencparamdierThe aisecuiitn aorghaidnildn wieh etlne t e

control circujt conFrlses a di taI ggak detector circuit that digitally
a

peak detects ﬂ%uﬁ R BFLPRE &G BF2 EeAUSYei ved®s r¥#it he ADC. 10

typically inputs all four Divider/flilter settings for
all four corners (i.e., data high and low, servo high
and low).

15 After performing the above-described set-up
steps, there is typically a delay period of a wait
time (e.g., 8191 crystal period wait time) before the
calibration actually starts. This wait time is needed
to initiate a coarse tune in the write synthesizer

20 which will convert the N Value to the proper prescale
and tune bits to be applied to the WVCO 63. These
prescale and tune bits are use to program the WVCO 63
to the proper frequency.

During this wait period, all of the

25 appropriate circuit enables and calibrate control
signals coordinated by or within contreol logic circuit
90 are applied, thereby readying the system for the
calibration procedure. The control logic circuit 90
also sets up the sampling frequency of the ADC 101

30 during this wait period. Once the WVCO 63 is set up
to the proper frequency, the calibration procedure
starts by adjusting the corner calibrate bits to

maximum, which pushes the corner out as far as



16. The circuit of claim1l, wherein the control circuit comunicates a
control signal to the ADC to set a sanpling frequency of the ADC. 15317l 2003
The circuit of claim1l, 'further conprising ADC capture |ogic coupled

bet ween the ADC and the control circuit. 18. The circuit of claim 11,
further conprising 20 z dvgital gain controller coupled between the
.Noantrol circuit and the anplifier) the&4digital gain controller providing
anplifier control signals to the anplifier in response to control signals

recei ved fronpbgglm@t r olthedrf,C WHe g%inl%etTh@ cpf@ml@flgl aim1ll, wherein
the filter conprises a t unabl’e | owpass filter. 20. The circuit of claim 11,

wherein the chncﬂnﬁtsﬁ i s Thepllenerred Higlsicarrey efice ihemnied s ofra dISk
drive system 003 35,21. ta sto SYS ris

data storage angec 15 & %ﬁgr&taﬁei%% ncllq.éi Jﬁﬁ %r?aeré{gg]f %‘E f@? coupl ed
to a read Chaﬂﬂebreété& AR N0M QN QWi Nthd &l GHip M 1B esBNh Dehween
the head and the disk; and a circuit coupled to the read channel for

calibrati g aipdieptesr Eqeevoppefeta o (148 afo thelexdrmar fieefiesryy the

circuit conprhghggra%gog % ypahlg fJ I ter; a variable gain anp!lfle[ pouplgd
to the filter a signa source 't he S|gnal source generating a"signal

an anal og-to-digital coa\eemtrenn(gAB@)ath teouplerd 3,0 thee didral )whheh ADC
produci ng a dlgltlzed si_gnal géres onsg to receiving the. signal fromthe

filter: and atB8ntVGEP 6P PFPVidssplidd oS FEFIMGHE 1i%ier, signa
source, and ADLerbBELEYNEROECL signal, which is received and

10 filtered by an ECL-to-sine wave converter circuit (not
shown) provided in or coupled to VGA 76. The ECL-to-
sine wave converter circuit converts the ECL signal to
a sinusoidal signal by band pass filtering the input
signal using a selected bank of capacitors. This

15 signal has already been divided down in the sequencer
107 to the proper frequency before it reaches the VGA
76.

The ECL-to-sine wave converter circuit acts as an
alternate input to the VGA 76 while the VGA input

20 switches are open. This signal then travezls through
the VGA 76 and CTF 78 and is digitized by the ADC 101,
which is sampling using the servo half rate clock
provided by the sequencer 107 via line 108. The
signal is gain adjusted in the VGA 76 to achieve the

25 proper signal level, which is then -detected by the
digital peak detector circuit in the control logic
circuit 90 after the raw ADC samples are captured in
the ADC capture logic 103.

Once the appropriate gain is determined, the

30 control logic circuit 90 bumps or increases the VGA
gain code by the user-specified amount. This is the
point in the procedure in which the actual calibrate

bits which control the CTF corner frequency are



20 circuit adjusting a gain of the digitized signal to a gain threshol d)
increasing the gair~.of the digitized signal fromthe gain thresholdd Jy 203
pre-established anmount, and shifting the corner frequency of the digitized
signal until the gain of the digitized 25 signal is substantially equal to
the gain threshold, at which point the corner frequency of the filter is
calibrated to the desired frequency. 222s5The system of claim2l, wherein
the signal 30 source conprises a signal translator, the signal translator

conmuni cat i ”%aﬁqf@?ﬂ%‘é’é’ ect ecst e t by gt jPNRe ;§ource to
the amplifier. 1-%1@ZOOgH§6C§gQB$hggsggsgn?gf %FQ%%?%L %ﬁ%in. t he
si gnal sourceHarddwer tthnpshsed assdquendesecntpkedhieo dalie Segralp

transl ator, the squ;nces havi ng_servo inputs coupled to a servo voltage
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control | ed ogGig 11 Of .qR4e THE §1¥§t§gqsgf bﬁhéi.m 21, wherein the control

circuit communicates control signals to the signal 10 source to set the
signal sobrce to a freqlieheys¢quéecedi of dedehhsootherdegioued tdoemserin

frequency. 25. The systemof claim21, wherein.the contral circuit
congriseg a diltfi 18 pek %%F@%tg?ec??%ﬁF?ftﬁﬁ?l%gaﬁﬁjiFagﬁ§ap§8W'detects

the gain of the irigi zesksi@nebl e5eavegrb60RiEHe APEE2Eb1TNensySt em of
claim21, wherein the control circuit comunicates a control signal to the
ADC to 2C setthets@siathg fAediencdd osusped ApcevigusIte &6t 89esf cl ai m 21,

further CP”pEﬁ¥€¥§¥¥§3éé%§LG§ {991 £e GOLPLES DS VBN ENE: ARG s3RG the
control circuit.

10 with respect to Figure 7 and then the calibration of
all four corners in the above-specified order occurs
without any further set-up or user intervention.

Turning now to Figure 8, there is
illustrated various steps involving a low corner

15 frequency calibration set-up procedure in accordance
with an embodiment of the present invention. Upon
initiation 200 of the low corner frequency calibration
set-up procedure, a desired low corner frequency cut-
off is selected 202. For example, a desired data low

20 corner frequency may be set at 96.5 MHz. Various WVCO
frequency parameters are then selected 204. 1In
particular, the proper N Value with Divider for the
desired corner frequency is determined.

By way of example, and assuming a desired

25 low corner frequency of 96.5 MHz is selected and a
valid WVCO frequency of 386 MHz is selected, the
Divider parameter is computed by 386 MHz = De96.5 MHz,
from which D is calculated to be 4. Generally, the
Divider parameter, D, is a whole number which is

30 arrived at by modifying the WVCO freguency within a

valid range of frequencies after having established

the desired low corner frequency.



28. The systemof claim 21, further conprising a digital gain controller
coupl ed between the control circuit and the anplifier, the digital gdinUL 2003
controller providing anplifier control signals to the anplifier 30 in
response to control signals received fromthe control circuit. 31 JUL

2003 37 29. The systemof claim 21, wherein the filter conprises a tunable

| owpass filter. 30. The system of clai m2zl, wherein the circuit 5is
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set-up steps involve providing correct settings for
20 the ECL Divider and input translatcr filter. 1In one
embodiment, a high, mid, and low frequency range are
considered valid choices. A high frequency range
setting varies between 300-712 MHz with no division.
A valid mid frequency range setting varies between 70-
25 300 MHz with divide by 2 or 4. A valid low frequency
range setting varies between 30-70 MHz with divide by
8. Having completed the low frequency calibration
set-up procedure, the low corner frequency calibration
procedure may be initiated 212.
30 Figure 9 illustrates various steps involving
a high corner frequency calibration set-up procedure

according to an embodiment of the present invention.

After initiating the high corner frequency calibration
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cut-off is selected 222. By way of example, a desired
high corner frequency cut-off may be set at'427.5 MHz.
WVCO frequency parameters are then selected 224.

5 The WVCO N Value and Divider parameters may,
for example, be established using the formula provided
above (i.e., Valid WVCO Frequency = DividereCorner
Frequency). In one illustrative example, the Divider
parameter may be set at 1, thereby providing a valid

10 WVCO frequency of 427.5 MHz. The N Value may be
computed by the previously discussed formula (i.e., N
Value = Valid WVCO Frequencye32/Crystal Freguency).
According to this example, the N Value may be computed
as 427.5 MHze32/60 MHz = 228.

15 The WVCO frequency is adjusted 226, 228
during the WVCO frequency parameter selection or
computation process as needed. The WVCO high corner
frequency parameters are stored 230 for subsequent use
during the actual high corner frequency calibration

20 procedure, which may then be initiated 232.

Figure 10 illustrates various steps
involving a low corner frequency calibration procedure
according to an embodiment of the present invention.
The low corner frequency calibration procedure

25 depicted in Fig. 10 advantageously occurs
automatically, without requirement of user or
processor interruption, after the low corner frequency
calibration set-up procedure of Fig. 8 has been
completed.

30 With reference to Figs. 10 and 3, after
initiating 240 the low corner frequency calibration
set-up procedure, the WVCO 63 is tuned 242 to the

appropriate frequency using the previously stored low
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fllter band of the CTF 78 is set 244 to minimum. The
low frequency cutoff adjust bits (CAL bits) input to
CTF 78 via input 91 are set 246 to maximum, and the

5 high frequency CAL bits input to CTF 78 wvia input 93
are set 248 to a mid-level setting.

The digital gain is adjusted 250 by the
control logic circuit 90 in cooperation with the
digital gain control converter 80 until the ADC codes

10 exceed the pre-established ADC threshold. The digital
gain is increased incrementally 252, 254 in accordance
with the gain adjustment resolution of the VGA 76
until the digital gain is increased from the pre-
established ADC threshold by 3 dB. In one embodiment,

15 the VGA gain has a 0.1 dB granularity per code step.
The desired 3 dB gain increase is achieved by bumping
the digital gain by 30 code steps (i.e., 0.1
dB/code*30 codes = 3 dB).

When the digital gain is increased from the
20 pre-established ADC threshold by 3 dB, the digital
gain is held 256 at this level, and the low frequency
CAL bits are adjusted 258, 260 until the ADC codes
reach the pre-established ADC threshold. When the ADC
codes reach the pre-established ADC threshold, the low
25 corner frequency has been calibrated 262 to the

desired frequency.

Figure 11 illustrates various steps
involving a high corner frequency calibration
procedure according to an embodiment of the present

30 invention. The high corner frequency calibration
procedure depicted in Fig. 11 advantageously occurs
automatically, without requirement of user or

processoxr interruption, after the high corner
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been completed.

With reference to Figs. 11 and 3, after
initiating 270 the high corner frequency calibration
5 set-up procedure, the WVCO 63 is tuned 272 to the
appropriate frequency using the previously stored high
corner frequency parameters (e.g., N Value). The
filter band of the CTF 78 is set 274 to maximum. The
high frequency CAL bits input to CTF 78 via input 91
10 are set 276 to maximum.

The digital gain is adjusted 278 by the
control logic circuit 90 in cooperation with the
digital gain control converter 80 until the ADC codes
exceed the pre-established ADC threshold. The digital

15 gain is increased incrementally 280, 282 in accordance
with the gain adjustment resolution of the VGA 76
until the digital gain is increased from the pre-

established ADC threshold by 3 dB.
When the digital gain is increased from the
20 pre-established ADC threshold by 3 dB, the digital
gain is held 284 at this level, and the high frequency
CAL bits are adjusted 286, 288 until the ADC codes
reach the pre-established ADC threshold. When the ADC
codes reach the pre-established ADC threshold, the
25 high corner frequency has been calibrated 290 to the

desired frequency.

It is understood that the low and high
cutoff frequency calibration procedures discussed
above may each be implemented individually for

30 calibrating a respective low or high cutoff fregquency.
The low and high cutoff frequency calibration
procedures may also be implemented in combination for

calibrating respective low and high cutoff frequencies
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data storage system to a desired frequency, the method
comprising:
generating a signal having a frequency
10 substantially equal to the desired corner frequency;
adjusting a gain of the signal to a gain
threshold;
increasing the gain of the signal from the
gain threshold by a pre-established amount; and
15 shifting the corner frequency of the signal
until the gain of the signal is substantially equal to
the gain threshold, at which point the corner
frequency of the tunable filter is calibrated to the

desired frequency.

20
2. The method of claim 1, wherein generating
the signal comprises generating a peak-detectable
signal.
25 3. The method of claim 1, wherein the pre-

established amount is about 3 dB.

4. The method of claim 1, wherein shifting-the
corner frequency of the signal comprises 'shifting the

30 corner frequency of the signal downward in freguency.
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6. The method of claim 5, wherein increasing
the gain of the digital signal comprises incrementally

10 increasing the digital signal gain.

7. The method of claim 1, wherein shifting the
corner frequency of the signal comprises shifting the
corner frequency of the signal while the gain of the

15 signal is held at the gain threshold plus the pre-

established amount.

8. The method of claim 1, increasing the gain
comprises increasing the signal gain by the pre-

20 established amount of about 3 dB.

9. The method of claim 1, wherein the corner
frequency of a tunable filter is a low or high corner
frequency appropriate for filtering a data signal.

25

10. The method of claim 1, wherein the corner

frequency of a tunable filter is a low or high corner

frequency appropriate for filtering a servo signal.
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to the filter, the ADC producing a digitized signal in
10 response to receiving the signal from the filter; and
a control circuit coupled to the filter,
amplifier, signal source, and ADC, the control circuit
adjusting a gain of the digitized signal to a gain
threshold, increasing the gain of the digitized signal
15 from the gain threshold by a pre-established amount,
and shifting the corner frequency of the digitized
signal until the gain of the digitized signal is
substantially equal to the gain threshold, at which
point the corner frequency of the filter is calibrated

20 to the desired frequency.

12. The circuit of claim 11, wherein the signal
source comprises a signal translator, the signal
translator communicating a peak-detectable signal

25 generated by the signal source to the amplifier.

13. The circuit of claim 12, wherein the signal
source further comprises a sequencer coupled to the
signal translator, the sequencer having servo inputs

30 coupled to a servo voltage controlled oscillator and
data inputs coupled to a tunable write voltage

controlled oscillator.
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10t 0910% ()-source to set the signal source to :a frequency to be

divided into the desired corner freguency.

15. The circuit of claim 11, wherein the control
circuit comprises a digital peak detector circuit that
digitally peak detects the gain of the digitized
signal received from the ADC.

10

16, The circuit of claim 11, wherein the control

circuit communicates a control signal to the ADC to

set a sampling frequency of the ADC.

15 17. The circuit of claim 11, 'further comprising
ADC capture logic coupled between the ADC and the

control circuit.

18. The circuit of claim 11, further comprising
20 a digital gain controller coupled between the control
circuit and the amplifier, the digital gain controller
providing amplifier control signals to the amplifier
in response to control signals received from the
control circuit.
25
19. The circuit of claim 11, wherein the filter

comprises a tunable lowpass filter.

20. The circuit of claim 11, wherein the circuit
30 is implemented in-situ a read channel of a disk drive

system.



S. 109 ()-!& 910%&k ()- sS$S 109%& ()-] !'zX6aS4!!! yl109%6S& ()- ! y!109%& () -
1"yl10%.s. & ()- ! y!10%; & ()- ! "yl 10%y& ()- 9L 10%& ()-o}[M?1! yHOf 61g0)
106| 6] 106]/6|!n" 1 10%| 6| & ()-! 1 10%@@& ()- ) 109%& ()-! ")
10%@ek’' ()- y!10%& ()- 1ddEM?1! 106| 6|

10F1090& ()- 1099& ()- 110%& ()-LS109%& ()- &10%& ()-Y(nlO%& ()-._}aBMr1l
I 106] 6| 35

1L10%& ()-9s10%& () - 10%?&'()-‘LFlO%T&'()-L‘lO%T&'()-!‘10%TT&'()-y >A<MR1!

1090el () LTio0e (1o [ et unet - SbeTe| TS0l PE P IBORG (). 10T 10T
10TL810%&' () -L6 10@&86&)d£éé0§ﬁgrégeU&Ew%ﬁbC' 10'&y 10@@y&f()-g&y
10% & ()-g'& 10%Vv& ()-g! &y 109%5& () - 109& p&y
10% ] & ()-gTJODMUI3bCl @& data transfer hea inclu 1ng a read
transducer coupled to a read channel;
5 an actuator for providing relative movement
between the head and the disk; and
a circuit coupled to the read channel for
calibrating a cutoff frequency of a filter to a
desired frequency, the circuit comprising:
10 a tunable filter;

a variable gain amplifier coupled to
the filter and a signal source, the signal source
generating assignal;

an analog-to-digital converter (ADC)

15 coupled to the filter, the ADC producing a digitized
signal in response to receiving the. signal from the
filter; and

a control circuit coupled to the
filter, amplifier, signal source, and ADC, the control

20 circuit adjusting a gain of the digitized signal to a
gain threshold, increasing the gain.of the digitized
signal from the gain threshold by a pre-established
amount, and shifting the corner frequency of the
digitized signal until the gain of the digitized

25 signal is substantially equal to the gain threshold,
at which point the corner frequency of the filter is

calibrated to the desired frequency.

22. The system of claim 21, wherein the signal
30 source comprises a signal translator, the signal
translator communicating a peak-detectable signal

generated by the signal source to the ampiifier.
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signal translator, the sequencer having servo inputs
coupled to a servo voltage controlled oscillator and

5 data inputs coupled to a tunable write voltage

controlled oscillator.

24, The system of claim 21, wherein the control
circuit communicates control signals to the signal
10 source to set the signal source to a frequency to be

divided into the desired corner frequency.

25, The system of claim 21, wherein the control
circuit comprises a digital peak detector circuit that
15 digitally peak detects the gain of the digitized

signal - received from the ADC.

26. The system of claim 21, wherein the control
circuit communicates a control signal to the ADC to

2C set a sampling frequency of the ADC.

27. The system of claim 21, further comprising
ADC capture logic coupled between the ADC and the
control circuit.

25
28. The system of claim 21, further comprising a

digital gain controller coupled between the control

circuit and the amplifier, the digital gain controller

providing amplifier control signals to the amplifier
30 in response to control signals received from the

control circuit.
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29. The system of claim 21, wherein the filter

comprises a tunable lowpass filter.

30. The system of claim 21, wherein the circuit

5 is implemented in-situ the read channel.



