;e3eY. UYJIJKANTPPTT6TT. U8 . -9 MAY 2002 r166166' 1 METHOD AND APPARATUS FOR
REDUCI NG W STRATI ON DUE TO DI A TAL- TO- ANALOG CONVERTER

QUANTI ZAT&M‘WNN@ CKGROUND OF THE I NVENTION 1. Field of the |l )Sgnm :
This inve |on66§6j ates in general to a rotatable storage sysrw n e
particularly to a nethod and apparatus for reducing track m sregistration
due to digital -to-anal og converter quartization noise. 2. Description of

Rel ated Art. Rotatabl e IMETHODEANDARFARATUSHORREMIGING used in
conputer systens to provi deTRACK MISREGIRFRACTION DUE T@adi ng and writing.

These rotating dalGITH BGO- WA BTG CONVERTER QUENITY ATAON NOGISRY _
servo-actuator driven transducer assenblies that are driven by voice coil

notors (VCM to access rotating platters. Rotating disk storage systens

al so include optical disk nmelBffykeh . AHEFR BHEMN write head assenbly
to access optical disks. The reading and witing information to the
concentric data tracks in a rotating storage device is subject to data
errors arising frqm hegg arﬁking errors that occur during data.storage to
the file and during da el beR-omthe files. For exanpl e, one net hod
known in the art for reducing both hard and soft errors during witing and
readi ng from a st dhigevatitioh rélates m ghatiahte arotataldk storage eystéms andthoest abl i sh
limted offtrack regi ons about each track centerline on the disk. The

of ftrack met icnraﬁyit&smeﬁlddmhe%bﬁﬂmm&w&n{gﬂfack misregistitiorP@8302
inhibiting the read or wite functions of the head assenbly. That is, the

wite functiqgn.js.inhibited (disable the head position exits the
of ftrack reg;agg’#saft %aé?%(ﬁgﬁ%éeg,qﬁﬁlﬁlzﬁg%%x@?%k drives (HDD) the digital to
anal og converter (DAC) driving the voice coil notor (VCM has limted
taccuracy. Quantization noises (or roundoff errors) due to the finite

preci sion of the DAC cq)bsgﬁrg{dﬂrdpmém@eds&&yo control |oop and degrade servo

performance. In the digital servo control |oop, the internal precision of

that of t he DAC (S RAE SR plyTRinlgd el AN BEE cnpllereviBpdid D) TG

be dropped when .the cal culated cgntrol signal .is .sent to the DAC. This

dr oppi ng of PRYVI{LREH %ﬁ%ﬁe agieps Lor reaging GMOVESRS, qﬂﬁ’ﬁ? fostingshtaPege may
contribute a significant portion of the total .track-m sregistration (TMR
Fur t her nor e, system$ inchule deskimaethory naadih weng/serixandwitort driven tangdder askembploeser
spectrum of TMR due to DAC noises is fixed, and the TMR does not scale with
the track that are driven by voice coil motors (VCM) to access rotating platters. Rotating disk

storage systems also include optical disk memory employing a laser read-write head
assembly to acoess optical disks.

The reading and writing information to the concentric data tracks in a rotating
storage device is subject to data errors arising from head tracking errors that occur during
data storage to the file and during data retrieval from the files. For example, one method
known in the art for reducing both hard and soft errors during writing and reading from a
storage disk is to define a track centerline and establish limited offtrack regions about

each track centerline on the disk. The offtrack method provides a threshold measure for

TR
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density. It can be seen then that there is a need for a nethod that
effectively reduces TMR due to DAC quanti zati on noi se. 3 SUMVARY OF THE
| NVENTI ON To overcone the limtations in the prior art described above,.gRd
to overcone other limtations that will becone apparent upon negphngaaan
under standi ng the present specification, the present invention

met hod and apparatus for reducing trackénisregistration_due to o

di gi t al - t o- ariahibijingdheread er wrjtefhmdtions plthe heddsssembly. Phatdathe wrtedanetion is

sol ves the above-descri bed problens by providing a =~ quantization error

feedback met HgdbithbldisaBRRPREST 88 hb4 pdsiiRn @kt Befratk fegias. or der bits from
a processor to a digital-to-anal og converter driving a plant. A nethod in

accordance with t rinciples of. the pr t .l nv i on. i ncl i di ng
control signals f evggh{i?s& ’Iﬂﬁ%{)@f%a‘a}%"?(ﬁm @8@%@@? {oseﬂ)gko °§H‘2°§€eﬁﬁ?§@ ng a
precision of a first predeterm ned nunber of bits further conprising a .
first group ckivingsthe yoignedil mater (BEMD haslimited pecaigacy o Rivantization 5oiges ®F cant
bit, providing each of the first group of nobst significant bits-to the

pl ant to controgddoBigions) idas todthe fiite Pledibion of e DAIC LR tirh éhedderdotasatroldoep
| east significant bit until a new nost significant bit is generated and

add g e noilTaasLonl LLEARAY Uy U8 ol OLR M Bt athicaRlr
accordance il bl SODSBLES ol LMENLED Ty LRclite, Bl tpelae o

that the accunulating the at | east one |least significant bit until a new
nmost si gni fi deugt, 1Bibits). SAge resulbtthellofver bider bitsdraye telesdioppa wiert the catulhtedst
.one | east significant bit through a feedback | oop having a feedback | oop

'gain until t h:%nﬁ‘él%%ﬂﬂs sehidBtld IDACT Thid drbﬁpiﬂ%ﬂﬁﬂh@ll&%r order bits Ve theBAL 4

Anot her aspect of the present invention is that feedback loop gainis z

1F(z) , where_F is a filter ose t.rapsfer functjon is assuned.to.be a
real rati onalq‘ﬁa{itlel)&“log RORRE e ‘ioé‘t\gg’ﬁfgal ay?l%lﬁ‘éar?g PREGRS eiq%taftfac?@fwzglsgg?o’i}
Anot her aspect of the present invention is that the feedback |oop gainis a
singl e i nt egr@MIp). Eapbemegre.depiived mychanies gdssuiotbandwidih imomHPD, thpowsse
feedback | oop gain is a double integrator.

spectrum of TMR due to DAC noises is fixed, and the TMR does not scale with the track

scl oses a

density.
It can be seen then that there is a need for a method that effectively reduces TMR

due to DAC quantization noise.



Anot her aspect of the present invention is that the filter F(z) provides a
power spectrums ~ 1 ~!o ~(s~B ~~))d~ _ Q( ) of shaped noise that always
satisfies ~ K, where Kis a constant. Another aspect of the pr.e?MAY 2062
invention is that the control error is track m sregistration, e trac

m sregi stration being neasured according to a position error signal (PES),
the 2 E(PES2 (t)) z ~- ~ ho nean square %alue of PES satisfying 12 , where
g= 2 ~ with ¢ being the quanti FMPARYCOPITHE INVENTIME processor, and 1

bei ng a nunber representing the at Teast one |east significant bit. Another
aspect of the pre invention.i.s r i

m sregi stration, tﬁﬁer&?rrc 3‘8&%%}}1&5}0& pﬁ?%ﬁgﬁéﬁ?%&ﬁ%‘%{d&o g% aé%é%é‘gal?%ﬁn %o a
position error. signal (PES), a mninmmof the nean square val ue of PES

bei ng der i ve@thse imitations thet willheeorariapnacent upon ading ard wedersiegndingthe psgsaate
matrices BZ ~ DZ , A and B, solving 9 MAY 2002 5 L =W-~zr r ALA- L +
BB = ~ to gebpdcifation, thd ?:@sentinv@ntionfdimséaiﬂm&mhﬁmpbarﬁﬂub fetredieadd travkent s:
f = C2~z~ ~ and solving for the m nimum of the nmean square valye of q

nfi nE{ PESZ{t )): .. =3 r =V T aTo) gl . Anot her aspect
of the pres e%\l%lsrfa 13%%%%#«5ﬁ§d%@[ fo:%)gfaﬁecgﬂ@gtc?ag@h%q{o&& ot PES ~2 , h2 0
achi eves the | ower_bound, .12 , by addjtionally feedi forward the filtered
QEF noise QN to t HbepEseRtanyeation sives @PVPﬁswf‘JFip@g?%ﬁytprew@n%@ ing
delay in the servo | oop. Another aspect of the present invention is that

t he met hod f gnarizatiomerrordesiback methgd thas t@ahpensates foatlerdropptihg ofHewnnartder bits
significant bits and a position error signal to reduce the power spectrum

density functibffa Qxfocééa&M@ﬁ@@ﬂ&aﬁ&é@w@%ﬁ&%ﬁmﬂﬁ% erm ned frequenci es.
The quantization error feedback method and the state estinmator nethod nmay

'be used separ at,el r alternati. ey b sed jointly t.0.achieve.even
mor e track: m oPaataedin Reaena withihd priier & HE L lburomigeiiia SHGeRE:
enbodi rent of the present invention the nmethod includes providing control
signal s for eenirdsignplsdorcopirating atmiant.dbe eemdrol sigaa pachdwymelfarrpgigion of a
precision of a first predeterm ned nunber of bits further conprising a
first group dfstpesietesmgied husberd ofthits Surthied cahplidagh fiest grdupas inst ggnificaeant bi t
and driving a state estimator with the nost

bits and at least one least significant bit, providing each of the first group of most

significant bits to the plant to control operation of the plant, accumulating the at least one
least significant bit until a new most significant bit is generated and adding the new most
significant bit to a first group of most significant bits before being provided to the plant.
Other embodiments of a method in accordance with the principles of the invention may
include alternative or optional additional aspects. One such aspect of the present
invention is that the accumulating the at least one least significant bit until a new most
significant bit is generated further comprises feeding the at least one least significant bit
through a feedback loop having a feedback loop gain until the new most significant bit 1s

generated.



significant bits and a position error signal to reduce the power spectrum
density function of the track m sregistration at predeterm ned frequencies.
- 9 MAY 200Z 6 These and various other advantages and features__.g; R\I(egggz
whi ch characterize the invention are pointed out with particul art Mi e
cl ai rs annexed hereto and forma part hereof. However, for a better
under standi ng of the invention, its advgntages, and the objects obtained by
its use, reference should be made to the draw ngs which fo%-npgz)further art
hereof, and té&netherprengf the present inventiersis that feedbackdoeprgaimist her & /amdere Fiz
illustrated and described specific exanples of an apparatus in accordance
with the invesy FRE whose trindYuRARA iBRsEReDESGR REl faboff ftdEoPRANINGS
Referring now to the drawings in which |ike reference nunbers represent
corresponding parts thr ough_ou#z:. II;i gy 1 illustrates a schematic diagramof a
dat a st or age asglgtieandhnmded in ot [y Akt ci ng the present invention; Fig. 2
shows top view of the systemillustrated in Fig. 1; Fig. 3 illustrates a
sinplified bl ock Adiofief adPeditiof thetfibdeftEinventioy i tal théfe@dbadk lGopaiaireidtal shgdlent
circuit of the block diagramillustrated in Fig. 3; Fig. shows the
frequency re%&gng&from guanti zation error to TVMR, Fig. 6 illustrates a
bl ock di agram o ‘quanti zation error feedback (QEF) circuit according to
the present invention; Fig. 7 shows the .idea] power_ spectrung of TNMR due to
quanti zation er réﬂowlt#’fp%q%ﬁémépf‘ﬁ?@gﬂ‘é{’%?n t@%bae%f%)gama\ﬁop ut any
QEF (upper curve), respectively; Fig. 8 is an equivalent circuit of the
bl ock di agr anmtegmtest rated in Fig. 6 wherein the double-integrator plant is
deconposed iilto two integrators; Fig. 9 is an equivalent circuit of the
bl ock di agram j i kbt iriventhd] I | : trum
‘density of the@é%tgﬁ%g?g%gﬂé%%ﬁg%e I&FE(%HQ(%F;& g%ﬂugﬁ%?g%ﬁ@lﬁlpl@ﬁ%f%pg? E‘?ﬁa
bl ock di agram of a QEF schene wi th doubl e iﬂLegrators wher ei n nore power
reduction mayg be(a()))bt ained at the |ower frequenfils,,;(@)dwMAY 2002 8

oo f shaped noise that always satisfies 7 K, whereK is a

ol shap Y ]

constant.
Another aspect of the present invention is that the control error is track misregistration,

the track misregistration being measured according to a position error signal (PES), the

2
E(PES?* ()2 L. p2 ,
mean square value of PES satisfying 12 " where g=2 ¢ with ¢ being

the quantization resolution in the processor, and / being a number representing the at
least one least significant bit.

Another aspect of the present invention is that the control error is track misregistration,
the track misregistration being measured according to a position error signal (PES), a

minimum of the mean square value of PES being derived according to a method

including constructing state space matrices By, D, ,4, and B, solving



Fig. 12 is an equivalent circuit of the block diagramillustrated in Fig.
11, wherein the double integrator QEF schenme is the optinmal feedforward
scheme and the prefilter is optimally chosen to mnimze the ne I
value of PES;, Fig. 13 is an equivalent circuit of the block di a@ﬁﬂ&aﬁm
illustrated in Fig. 12; Fig. 14 illustrates the power spectrumdensity of
the filtered di sturbance QEZ of Fig. 133 Fig. 15 shows the ideal power
spectruns of TMR due to quantization error (it hLj,He doubl e-integrator; Fig.
16 illustrates a.gener structure for th&|QEF ?r%t hods according to the
present inverdhdn LFi BB D itsgéthiee Sobétithor ! bi"Bek findiag tieroptiinal fikted! ock
diagramillustrated in Fig. 16; Fig. 18 is a three dinensional plot of
power spectrum density against the value a Fig. 19 illustrates the
variation of the power_.sp Cérl:;,lmOf GE with variation of n; Fig. 20 is a

pl ot of the Ico@tﬁcibnﬂsmfof‘g 1 apd selvingfeteths imtinimyin effthpmeansquated vadng ofh

noi se denonstrating that the average is constant; Fig. 21 is a nodified

bl ock di agram of the QEF nethod wherein the TMR | ower bound i s..achi eved;
Fig. 22 is an equival ennick(RES()pE i€, ek, dilag)@n+irf).ustrated in Fig.
21; Fig. 23 PESgikdmigk df agramillud@rating a servo control method based on
state estimation; and - 9 MAY 2002 Fig. 24 illustrates a bl ock diagram

of a controller t%{otﬂe%aﬁ%&fdfwgﬂset ﬁneéﬁﬁm@mwﬁe ﬁié@ﬁ'&dh 2 e STPTES

f eedback nethod in accordance w e present 1nventio - g MAY 2002 ,o0
DETAI LED DESCRI PTION OF THE I NVENTION I n the follow ng description of the
exenpl ary enbodi ment, reference’is,pade to the acconpanyi ng draw ngs which
forma part hereof, and in vvhia Iéoshovvn by way of illustration the

speci fic enbadhiresstthe lowehbainds i nveby additiorayly feedprgdotvaré the filterédsQEB be
‘under st ood that other enbodi nents may be utilized as structural changes may

be made Wi t hQuise ¢RPR the BéhtidiIB InpewBHARE e H atllBRt BEEHEMing AXBH A B4R servo

loop.
Another aspect of the present invention is that the method further includes driving
a state estimator with the most significant bits and a position error signal to reduce the
power spectrum density function of the track misregistration at predetermined frequencies.
The quantization error feedback method and the state estimator method may be used
separately, or alternatively, may be used jointly to achieve even more track misregistration
than if either is used separately.
In another embodiment of the present invention the method includes providing

control signals for controlling a plant, the control signals each having a precision of a
first predetermined number of bits further comprising a first group of most significant
bits and at least one least significant bit and driving a state estimator with the most
significant bits and a position error signal to reduce the power spectrum density function

of the track misregistration at predetermined frequencies.



The present invention provides a nethod and apparatus for reducing track

m sregi stration due to digital-to-anal og converter quantization noise. In
hard di sk drive (HDD) servo control systems, quantization noi seg_é I 2002
roundoff errors) due to the finite precision of the DJA converter 3&&5
driving the VCM contribute a significant_portion of the total
track-msregistration (TMR). The presentGinvention provi des a quantization

error feedback (CQfhpsetandivatiopseothas adeantages avegiyeesobnoyetty Gihaeh gharactesize the

noi ses. The QEF techni que according to the present invention offers a

si npl e net hoéhwehtisress P@inﬂﬂ dubwith pegiculafitydh thd\élsin3nfiexet herdtdarid forn b part
contribution to TMR In the digital signal processor (DSP) inplenentation

of the QEF s e guant | i LLLOF eSS L.t or C ted in
the. Dep: wholooar ot afe R AsheA R of i HRRHLR R P ASTHRET 20 LT
nodi fied such, as to cancel the effect of the error. Despite_ the

nomencl at ur e obisel ohtainer by itemse, refersngeshonld beynade e kg drayvings which o & fthghi ch
nmeans that it cannot affect or degrade the servo | oop response~-Fig. 1
shows a schepaitihereof, agd Rracedmsanstingalesdriptieg matisrs irewhitb theers drabilwtrbied and
practicing the present invention. System 10 includes a plurality of

magnetic rec I i j i f: ntric._data
tracks. Dis kg&%&{i}% %‘%D@ﬁ%%@lgﬁ%nq@w%} g%oglidﬁf?é "’sYIS‘i( rtll% I lgggn@ts g’r shaft 14
which is connected to a spindle notor 16. Mdtor 16 is nounted to a chassis
18. The disks 12, spindle 14, and notor 16 include a disk 'stack assenbly S
20. A plurality of sliders 30 having read/ wite heads are positioned over
the disks 12 such that each surface of the disks 12 has a correspondi ng
slider 30. Each slider 30 is attached to one of the plurality of
'suspensions 32 which in turn are attached to a plurality of actuator arns
34. Arnms 34 are connected to a rotary actuator 36. Alternatively, the arns
34 may be an integral part of a rotary actuator conb. Actuator 36 noves the
heads in a radial direction across disks 12. Actuator 36 typically includes
a rotating nmenber 3 8 nounted to a rotating bearing 40, a notor w nding 42
and notor nmagnets 44. Actuator 36 is also nounted to chassis 18. Although a
rotary actuator is shown in the preferred enbodi nent, a |inear actuator
could al so be used. The sliders 30, suspensions 32, arns 34, and actuator
36 include an actuator assenbly 46. The di sk stack assenbly 20 and the
actuator assenbly 46 are sealed in an enclosure 48 (shown by dashed |ine)
whi ch provides protection fromparticulate contam nation. A controller unit
50 provides overall control to system10. Controller unit 50 typically
contains a central a processing unit (CPL)], nmenory unit and other digital
circuitry. Controller 50 is connected to an actuator control/drive unit 56
W uch in turnis



connected to actuator 36. This allows controller 50 to control the novenent
of sliders 30 over disks 12. The controller 50 is a connected to a

read/ wite channel 58 which mtumis connected to the heads of the 1 de ﬁ
30. This allows controller 50 to send and receive data from the s Yéé 02

Controller 50 is comected to a spi ndle,controlldrive unit 60 - 9 MAY
1002 12 which in turn is connected to spindle notor 16. This all ows
controller 50 to control tBRIEBDRSCRIPFIONiQl SHEDRAWINGS system 70, whi ch

is typically a computer system is connected to the controller unit 50.
System 70 may sen@eftinghd Adw €pthe didwifidinvaible lik&ffdrende @uiiberseepregentli sks 12,
or may request that digital data be read fromdisks 12 and sent to the
system 70. Tge é)sasi(gnog%eéﬁal}lironhof, DASD units is well known in the art and
i s descri bed YR HOTE™S & %ﬁgnetic Recor di ng Handbook, C. Dennis Mee
and Eric D. Daniel, McGaw H |l Book Conpany, 1990. Fig. 2 shows top view
of system 10. A | 8iilnbustestes arncheresticgbagram| of @slatacbterage fysteauyitable fohe di sk
stack assenbly 20. Menber 80 automatically unloads the sliders--30 fromthe
di sks 12 as peicticihgthedfestBVSeritioa; sl i ders 30 to the outer disk position. To
unl oad a slider or head neans to nove it a vertical distance away fromits
correspondi ng di sk syr The. r i i : ternatively, the
sliders 30 may be%‘bq’s'gcsfgg&’géo nﬁﬁgﬁ%ﬁﬁerﬁ% ogfgrehglm '@#ti on between the

di sks. Furthernore, those skilled. in, th rt wll] recognize that the above
magneti c storage g&% t3éﬁﬁ‘~°rt%at‘i§rae%l§ﬁ]t‘ﬁ?dol?1°‘§? ‘%ﬁ&rtafr‘a‘itjiac}ﬂsbrﬁ%woéﬁﬁe%at t he
present invention is not neant to be limted to magnetic storage systens,
but that the presé&ig. 4iinuenaquivalentsirampdf tha blosk dmgoarh diustryted sn Big. 31 or age
systens, e.g., optical storage systens. Moreover, herein a plant being
driven by a digit @ig S BB tHY ReRERS Tedpoid froth lqhakiZa &b &t drie tMES, bei ng a

voi ce coil notor. wever, those skilled in the art will recognize that the
present inventiond.s n meant [ mdte | i i Vi a
Voi ce coi | motor B o SoufigMybd et et GuRBR b b RRR | At 7
a spindle notor gr actuator. 9 MAY 204a 13 Fig. 3 illustrates a

sinplified bPEROKRMEE iR)thspresont iBYeniompD servo system In this system the
m croprocessor (DSP) 310 has higher precision than the DA converter (DAC
312 does. Ther ef orfég. Toshlows theeidead power spectiumns of TRt dyeNSB)agaatioB@0orofith he
cal cul ated control signal 322 is sent to the DA converter 312, the |east

si gni ficant Ridgld-in®3}atBPQEF 3Bet Surl wﬂa%e@uﬁér%(ggp@l f eur¥é)erepdclieliyl SB)
324 due to thierigDAC%%Euﬁi%ti g% is re‘?erred as DAC quan@iﬁezati%n eglgror y
(noi se), denoted ﬁgg‘:is Qﬁreﬁﬁigalent circuit of the block diagram illustrated in Fig. 6 wherein

the double-integrator plant is decomposed into two integrators;

Fig. 9 is an equivalent circuit of the block diagram illustrated in Fig. 8,

Fig. 10 illustrates the power spectrum density of the filtered disturbance Oy of
Fig. 9;

Fig. 11 illustrates a block diagram of a QEF scheme with double integrators

wherein more power reduction may be obtained at the lower {requencies;



The quantization noise Qg(t) 324 can be viewed as a white random process
having a uniformprobability density in [-qgl2) g/2], where g= 2J ~with c
bei ng the quantization resolution in DSP, and | being the nunber of LS@
bits. The nean value for the quantization error is: E(QE(t))=0, -angA 2002
vari ance satisfies 2 ~QE - EFCQE - E(QE)) 2 ~ _ ~2 which is the nean square
val ue of the quantization noise. The agto-correlation function is given as
follows, 2 RQa (z)rig 1268 &q\%lénttﬁféﬁill loFthBldcfc dfagrd?ﬁl ilﬁisb@été%ﬁg!?m (z) ~.
o]

Power density specthun is given as ows: 2 Sg3 (~) = z)e-'rw = ~~

(0) =9 z--~12 . -- AY 2002 Therefore, th ower o he DA

quanti zati on "%h?feé%ﬂ}esd%g eﬁﬁ“\?g@?(gtdﬁ%bff'?@@e 6%&13@&?’?619{%%&‘3 r‘i 55%‘5‘5‘5 'an%.}'g bl ock
diagram 300 in Fig. 3 can be redrawn as the bl ock diagram400 in Fig. 4.
Ther ef or e, t IpeefifterisRptimally chosgate minimizethe mean sgarayatlueefPH% represented by
PES(z) H(z) -QE(z), where H(z) is the (closed | oop) transfer function from
QE to PES: H(z) - Fig.H633 ad eqivaledt(cintuiPoLthe Bldek idiagtdie illusaaed @i Figunpt i on of
the plant, which is domi nated by a doubl e-integrator. Thus, assunming the
transfer function p(z) 410 is a double integrator, in the follow 5 t he
magni t ude of TMR g Jdgllustmtesdhe mw@sg@uﬂ&@@)tyﬂ%ﬁbtewédmb@m it of nean
square value (or variance), which can be represented by E(PES2 (t)) =1, (o
" SPas (~)d @yg-3;where ~n is the Nyqui st frequency, which is normal’i zed as
wherein. Thus, the mean square value of TMR is the average power of the

[ |, which i wned by ) d ' fupnetion. T
ovor Spect 1 um denubry PTG EroretpoRBSeBRER HIRERAA bl g B o)

Il H(er~) 112 SQa (~) Therefore, the power spectrumof the TMRis
[dependent on thgdoubjes Qs

o<

Fig. 16 illustrates a general structure for the QEF methods according to the
present invention;

Fig. 17 is the feedforward block diagram of the block diagram illustrated in Fig.
16;

Fig. 18 is a three dimensional plot of power spectrum density against the value a

Fig. 19 illustrates the variation of the power spectrum of GQF with variation of

, Fig. 20 is a plot of the logarithm of power spectrum density of shaped
quantization noise demonstrating that the average is constant,
Fig. 21 is a modified block diagram of the QEF method wherein the TMR lower
bound is achieved;
Fig. 22 is an equivalent circuit of the block diagram illustrated in Fig. 21;
Fig. 23 is a block diagram illustrating a servo control method based on state

estimation; and



response of the transfer function from QE 402 to PES 420 and the power
spectrum of the ;- 9 MAY ~~?2 15 quantization noise. In particular, if
the quantization noise is represented as white noise as discussed in tge
previ ous subsection, then the shape of power spectrum of TMR dep-engA I%QZ
on the frequency response of the system 2 SpBS (~) _ ~~ ~(erm 112 ~2 The
typi cal frequency response of the clos@d |oop systemfrom QE 402 to PES 420
has a shape of a Fipgn24¢ihstrites 4 block BiagranSofhenutrotlerethitrie qerdigniedrie sxsentedhé 00
fromquantiza tion error to TVR Thus, the power of. TMR due to DAC

guanti zation t:58; ' : oVU=TCR R [ JJherefore,
referring tomgﬁgz&%g%%ﬁ%ﬁ?é%ﬁ%?@%%igﬁqfﬁ%d%veréggh§@§ggﬁgﬁéﬁgé'420 can be
achi eved by reshaping the power spectrumdensity function of TMR or
changing either the frequency response of the closed |oop transfer function
or the power spectrumof the input noise. Since any alteration of the
frequency response of the closed |oop transfer function nay degrade other
desired properties of the servo systens, desirable techniques_for TWMR
reducti on should be those that are able to reshape the power spectrum of
the input noise QE 402 and reduce the average power of PES 420 in the
frequency range of interest. The method and apparatus according to the
present invention reduces the power at the |ower frequencies. The principle
of QEF is illustrated with the block diagram 600 in Fig. 6. Wth this
techni que, the quantization (or roundoff) error 610 is nonitored 612 and
accunul ated 614 (integrated) in the DSP. Wen sufficient error has

accurul ated, i.e., an MSB is generated 620, and the generated MSB 620 is
added to the original MSB 630 - 9 MAY 2002 16 feeding the DAC. Note that
in the first enbodi nent of the QEF schene according to the present
invention, the QE signal 610 is integrated once. Hereinafter, this schene
will be referred to as the single-integrator QEF. Fig. 7 shows the ideal
power spectrunms of TMR due to quantization error with single-integrator CQEF
(lower curve) 710 and wi thout any QEF (upper curve) 720, respectively. The
TMR reduction is significant. In fact, if there is no QEF, then the nean
square value of TMR is 1.5827x 10-9 . 12 ~ while with single-integrator

QEF, the nean ~, a square value of TMR is 1.0965x 10 . 12



To help explain the QEF techni que, the QEF schenme discussed earlier with
references to Fig. 6 is equivalently (but unrealistically) represented as
the bl ock diagram 800 in Fig. 8. In this block diagram 800, the
doubl e-integrator plant is deconposed into two integrators: P( zLﬁIMW)ZUOZ
810, and K(z)=I(z) 820, wherel(z) is a discrete-tine integrator: ~7/~"=
_Z-~ Q\~ 830 can also be interpreted a®¥the truncation error (LSB) of CQE
after integration in theDEXAMEED DERCRIBHOMNOF 8K INVENTHDINal si gnal 842
driving the block kl(z) should be MSB. Note thatQ\~ 830 is exactly the sane
signal as Q\~ 510y, ' i |
anal ysis, Q\ 810@@8&%@§g§s§gb€m&¥%ﬁ%&gﬁﬁ ngrfg@b%c??ghgg%f%n%ﬁggg% :ﬂgs as
di scussed above, in particular, _.j ~ ,~ MAY 20~~ 17 - ~ .z _Sue - Qa
(~) 12 The cHmacermpanymerawings whichfomn BP@'&E%P%@?‘&%‘%‘G“ fssshaw&afw%y of
feedf orward control which does not alter closed |oop transfer function. As
the prefilt eillu$gatioBR0 speviftdensbodanentiirs whichithwineention anaytbe practeed. nit egtodieor .
In the foll ow ng di scussion, the QEF technique 400 in Fig. 4 w.ll be
referred to ' i [ &t Fis
%ﬁdc?ktﬂ&i that g%&%ﬂ{om i ag%%{ga* Be hfiFded ab BPuciriDAnpBUARS B RhdEE

an optimal feedforwar n the sense that the préfilter
K(z)=lI(z) in_Fjqg. is.optimally chagsen such that the resulting PES 850 has

miniml val ué“%%}‘%gepﬂém@%%‘h%?%?&ogﬁ?.prelsgntslﬂge“?iﬂ?'s, PES is represented as
follows: PES(z) = kK(z)p~2)C, ~z~ z) QE(z) + 1- p(Zj~(z) QN (z) As QE 802
and Q\~ 830 can bdheipessent inventiowprionidene methed anf pprarstts s sgduchig trskier

spectrum density function of PES can be.represented as: Spas (~) _~~ kK iel
p(e~~,) C( ep( xiisnegistratiocnafhe ko dipithFtolanaRg@onveref guantiYatiohhoSgNIn haril diskedréfeor e,
t he nean square value of PES 850 is E(PES2(t)) _ ~ ,~SPES(~)dfJ 1 ,~ kK

(55T " o i by e i ) i,
14T et Bk B s ki e,
i ndependent of the prefilter K(z) ¢

of the total track-misregistration (TMR). The present invention provides a quantization

error feedback (QEF) technique to reduce TMR due to DAC quantization noises. The

QEF technique according to the present invention offers a simple method of reshaping

the spectrum of this noise to minimize its contribution to TMR. In the digital signal

processor (DSP) implementation of the QEF schemes, the quantization error is monitored

and accumulated in the DSP; when sufficient error has accumulated, the MSB feeding

the DAC are modified such as to cancel the effect of the error. Despite the nomenclature

used herein, QEF is effectively a feed-forward technique which means that it cannot

affect or degrade the servo loop response.

Fig. 1 shows a schematic diagram of a data storage system 10 suitable for

practicing the present invention. System 10 includes a plurality of magnetic recording

disks 12. Each disk has a plurality of concentric data tracks. Disks 12 are mounted on a



820; and the non negative first termtakes the mninmal value O if

kK(e~'" )l (e~")-P(e~") 2~0 ~I 1-P(ej~,~C,(ef~,) Il which is achieved by
kK(z)I1(z)=P(z) or K(z) I(z). In this case, the nean square val ue ﬁﬂ\ﬁi? %ﬁﬁz
takes minimal value, which is a g2 a ~(eJ~) z xunE(PES (t))- |2=
1-P(e~")C(e~w) Il dw. The block diagram 800 in Fig. 8 is equivalent to the
bl ock diagram 900 in Fig. 9. Conparing this block diagram 900 with bl ock

di agr am 400 Bpigdle4notonshafidd vetdeh is\conmeetetitan spindlednatonléh dviotr d6 tsemounnted he
system beconmes: QEi (z) = Q~Z2~) _ (1- Z1)Q\z) , i.e., the quantization
noi se QN 9024 §cﬁfﬁ@a}@?%pﬁisk??z,fsh]ingﬁr14!“ah@ﬂ;oto'§ 18 ¥1dteH GEE Gh&k dssEmbl
differentiator. The power spectru ensity of the filtered di sturbance QE
910 is as follows: 2 SgE, (~) _ ~~1- a'~~~2 Sga (~) =4 sine (-) . q 2
12 Fig. 10 i PPustrates the power spectrum density 1000 of the filtered

di sturbance QED 910 of Fig. 9. Fromthis figure, the filtering process can
be observed as redupluradity dfslidens30 having nead/vombe heddsagepositiarsd 00ercheidisko 12 / 3
of the Nyqui st frequency 1012, and enlarging the power at the.higher

frequenci es kibifthat iR ¥@face bMMLE diskS Ub has 4 BortddforidpélidePI®r Edchckliges 3mison PES
710 as illustrated in Fig. 7. g MAY 2002 19 Those skilled in the art wll

di | ' h h j - | h
| mvent} on ar shEa e UGy bbb RS BoRETE BT BEA e Bl RET.

Fig. 11 illustrates a bl ock di a%ram 1100 of a QEF schene with double
i ntegrators ofaduatprarmsiddh Arasd s econpested torargtasy puvatoradp. phltespatiieiedheat t he
| oner frequencies. In Fig. 11, the LSB 1102 fromthe DSP is integrated

twi ce 1110, affs Bdhenay®sahintegalyii dfarrbtadyladfuater catibe chentér 36 movegitiahealiSB
1130 of the DSP output before feeding to the DAC. Upon cl oser inspection,

R eroubl e o' B EGRIrelTn a0 JERY 1 POARRER: 10 WRIANY ifucRs h ERRGAY REfher

schene, and di agram In Firg. 117 ulvalent to

di agram 1200 9f Fig.,,12. In Fig..1 t he, doubl.e-integrator plant 1210 is
repr esent ed 381’[}-‘("2‘?‘3@@alrﬁtatl‘ﬁi’%@ﬁ‘é?ma%ﬁ’ol;@(?j—IP%A*???‘QTQ m gtrséj"tl(z) is
again an discrete-tinme integrator: | _(z% =1 /(1- z-~) Q\2 1260 is

truncati on eryr8tatqr3oEs alsp nogEnteddo chassiad 8i Adihgught 3 Bary ppfbietor kshownon H#60 | s
white noise with the simlar stochastic properties as Qe 1202 under the
assunpti ons @referasbaabalxae, a liheat actudior cubivlsd batiseih&hel slider£30, 3L @nsions QEF

schene 1200 is the opti nal
32, arms 34, and actuator 36 include an actuator assembly 46. The disk stack assembly
20 and the actuator assembly 46 are sealed in an enclosure 48 (shown by dashed line)
which provides protection from particulate contamination.

A controller unit 50 provides overall control to system 10. Controller unit 50
typically contains a central a processing unit (CPU), memory unit and other digital
circuitry. Controller 50 is connected to an actuator control/drive unit 56 which in turn is
connected to actuator 36. This allows controller 50 to control the movement of sliders 30
over disks 12. The controller 50 is a connected to a read/write channel 58 which n tum

1s connected to the heads of the sliders 30. This allows controller 50 to send and receive

data from the disks 12. Controller 50 is connected to a spindle control/drive unit 60



feedf orward schenme and that the prefilter K(z) =12 (z) is optimally chosen
to mnimze the mean square value of PES 1270 in Fig. 12. The bl ock di agram
1200 in Fig. 12 is equivalent to the block diagram 1300 in Fig. 1 2
Comparing this block diagram 1300 with the block di agram 400 in 33 MA\YM
can easil y see that the disturbance entering the system becones: QEz(z) _
~Z~ (I ") ZNa( z) ~- 9 MAY 200210 i.e., the quantization noise is

r eshaped by twlgcH inl thmaris vrinedted ® spindlamdtondbe THissdlows sontrotler §0 ¢ eontrol thet or .

The power spectrumdensity of the filtered disturbance QEz 1310 is as

follows: 2 Sgﬁtgu&n df disks 121 A hddt %ysf‘em 76, widh fs’?pwé'l fy Sédidptersystem, is2 Fig. 14

illustrates the power spectrum enS|ty 1400 of the filtered disturbance: QEz
1310 of Fig. 13. Fr.omFi er roc [0 obse to
agai n reduce Wﬁ@cﬁéﬁ%me&g%hey g?h§Yﬁthﬁ%?aBéaﬁ§§ tggglaﬂ%bc [5% l%re#)/ 9 of

t he Nyqui st frequency 1412, and enlarge the power at the hi I%her frequenci es

1414. This r destoredon disks/id), br msy eghest tatrdigital dateberead from disks haand seat tavi t h
the single integrator 1000 of Fig. 10 superinposed on Fig. 14...Fig. 15

shows the i degd syRRIET0. SRRUakiH BPerhBOPoODA S iy @5 Woll kHEWH ir? Bela@hn@ris Or Wit h
t he doubl e-int egrat or. The nean square value of TMRin this ~, z -n case

2.5587x 1 Ne
I(:zn3| der ai<| Y e & %@ééﬁ?e‘ﬁ%lﬁs@ B rlﬁg %O}r@g %58‘%%?@%@3&“&?& aft"lljeq;f)r} e[s)ent

i nvention needs to be considered. In the above di scussion, single and

doubl e i nt egAanéal, MeRrayeHihBeokfepmpanys F&liced. A general structure 1600 for
(EF schenes is showmn in Fig. 16. Wth this technique, the quantization (or
roundof f) error 1&g 2 showsfip viewdf 3Giein d0dA dedingrhmipeneniet £0iis ldchted BSthe
‘Wen sufficient error has accunulated, i.e., an MSB is generated 1620, it

s added Lo g, origel SRLARY 102 0o e RAG i Bndoldd i BRabrg8gback

loop in the erfor accunu atl on operation has at |east” one pure delay so

1L, P80 5 SO PP R ol WESPAR £

Not e t hat Q\I 1640 is white noise with simlar stochastic properties to QE
unload a slider or head means to move it a vertical distance away from its corresponding

disk surface. The ramp 80 is optional. Alternatively, the sliders 30 may be placed
permanently in the loaded position between the disks. Furthermore, those skilled in the
art will recognize that the above magnetic storage system is present for illustration only
and that the present invention is not meant to be limited to magnetic storage systems, but
that the present invention is applicable to other types of storage systems, e.g., optical
storage systems. Moreover, herein a plant being driven by a digital signal processor
(DSP) will be described as being a voice coil motor. However, those skilled in the art
will recognize that the present invention is not meant to be limited to applications
involving a voice coil motor but 1s equally applicable to other types of plants, e.g., a

spindle motor or actuator.



as discussed above. In particular, SON (cv) = S@(cv) = g2 /12 However, the
constraints and the optimality 'of the general QEF nethod nust be addressed.
Consi der the general QEF schene 1600 in Fig. 16. In this structure, the
feedback loop gainis z '"F(z) 1660, where F(z) is a filter whose grm?m}
function is assuned to be a real rational function which is anary [ 2
bounded in{ z ~~~z ~~>_ 1~ . To efalore the limtation of the general
QEF schenes, the pisiilhistratesnisimaplifedddilock didgraineg00idf 8 dHDIP servo systernd Iinthis
considered. Wth sone bl ock di agram mani pul ati on, one can equivalently

transformt hgys@r%ﬁge Q%%%@%QSQ&Q@S' 13 0 Bhs higher irégﬁforf et e YAl SnbéRe K

di agram 1700 1 n I's noted that Tn . 17, the quanti zation
noi se QN 17020 S.. I aped, by.t he neral, filter,, .1 F ~..10,
esul t g 1 G 317 S3Re asttrorey 59 Tt signideBbebit pulplbitaad of e,
z-1F(z)) ~ Q\(z) Therefore, the TMR due to quantization error becones

PES(z) =1_ p( calGflatedigmiftel sighal)3221s sent Ky the D/ANEnYyerter 312, the least spmificapbbity z)
_ P(z) where 1- P(z)C(z) is the transfer function from Qe to RES in the

original bl O%Sgiyﬁgﬂ@q‘isﬁﬁn@éd](?&%dééo@im&@igﬁg 132 ik 6 theDACOChast i ¢
properties to and the power spectrumof PES is Spas (~) =IK - a

~F(e~"))H(el') 112.'SqlJ.(~.~the variance of. PES 1750 be obt ai ned by
the fol | ow nb’“%’%tml%ﬁe?e&??‘(aibé‘&ﬁ‘éﬁz’(‘ﬁa‘}°“:e@r ,(‘l%%"gét%@ea aé@n‘l‘i‘?&"— a
~'F(e~")).~(e~~) %I z dw ~c 12c One can see that a q l-e-'"'F(e~"))H(e~") 112
dcv) = 0 mi n E( PESh¢ tqupntizatipm npisg~OF () BR4 waerbe viawedrianiaysyhite sanddm gareepss
Emamemaz!cally) vm%h Fl(e;il)t:e; , or F(fz):z. ‘(Ij'heL_eH)re, t he h .
mat hemati cally) opti. [ . F(,z) .is r | rat.or.. Thu e
"optimal " fehﬁ%ﬁ%lﬁp ng%r’gaf%aﬁ‘i‘% g%’?ﬂ‘?’t‘?alﬁﬂ@h%]’ aﬁvredgrg‘y"? Wv'é?‘{lgi ®is
‘not inplenentable because the QEF feedback | oop should at |east contain a
del ay oper at grantizatierheesélotioroin INGP, andditiemng tbe nHwber ¢ofd Fp bitsrelihe omrnfvalyesfor can

be approxi mated by an inplenentable filter nust be considered. Il 1- Z |11
1 Gven a > he qahtiztibn2ndAsi sSfying a , the follow ng expansion follows:

EQE(®)=0,

and its variance satisfies

2
Sgs = E(QE-EQEN*y =L

which is the mean square value of the quantization noise. The auto-correlation function is

given as follows,
2

Rpp (0) = E{QEWOQE( + 1)} = %

?

if 7= 0, otherwise Rop(7)=0 . Power density spectrum is given as follows:

2

Sos@) = § Rop()e™ = Rop@ = L



z=1-_1a _ 1(1+(1-z-1)+(1-z-1)2+(1-z-1)3+~) i ~ 1- (1- z-1/ a) a a a a
In particular, the n-th order approximtion F(z) to z yields: g NIAY 2002
23 1-Z 1F(z)=1-z 11(1+(1-Z 1)+(1-z-1)2+~ +(1-z-~)n) aaaa-1-1-1-1-
-1 -1-1=.z)(1-z z (1-2 )-z (1-z )a-A z tl _z )ni) aaaaa..g:MAYZ[][]z
=(1_z-1)n a In particular, if a=l , then the single and doubl e int&grator
QEF schenes as discussed above recover Wth n=1, 2, respectively. As n --~
~, the feedback |Qh@reﬂﬁé,ﬂhélpovieer&k)DAC*quiﬂtiiaﬁoﬁﬁﬂi\seimamlyﬂisuﬁﬁ\medxmdlITBl
filter, 0, at the followi ng frequencies: {cv:l~l- ~~<|,OScvS~c~ a Moreover,
if a=l, the 5{9? gsjrequen0|es are [0 ~f3]. This interprets why the
power at the $1quenC|es ( c~c~0, n 3)) is reduced and enl arged at

t he hi gher frequenC|es td$ ~ for both single iptegrator and double
i nt egr at or | Fhe leck dingram ﬁ@a P'a%’@e? cgp besrediap g5 the, Btocls Alegragh ) indie.
set; in partlcular as a --j ~, the convergent frequency set approaches [D,
~ 2] . Next, 4n Thetefisié,thé TMR dle toquahtivatipnemor cﬁ'ﬂyAtdanrbequ)rsdeataédbyby t he
filter in different cases is provi ded. Notice that SQ (~) =.1- a ~" F(e~'

) ~~2 SN (w) , if n=lp e 1-z' F(z)=1- filter becones a , whjch
is a scaled integrator, Ek?% é&% Q¥?7 =l 1- aa~11Z SQN (=) _ (1 +a2 - 0Q
~ cos m ~ SQN 18 is a three, di mensjon | ot 1800 of power
spect rum dené‘flle?v%@éisrﬁ? (qlmdmmtrwasferﬁ}l@chomér%é 3’5{%‘3w t he power
spectrum of GQE varies with the variation of a 1810. For a=1, then the
filter becomes 1- z ~F9§2 (1-PLz1 ) , which is a nultiple Sacg(!.\o =l 1
(1-a !'~)n 112 SOQN(A J) @Hb ﬁ%} ~SQ\I( ~) .. . integrator, 2 . Fig. 19
illustrates how the power spec m-of> GQE varies with the variation of n
1900 (each plot representing a d||~erent value of n). In the following, it
‘is assumed that the filter F(z) used in the QEF filter has the follow ng

expansi on: F(Z) —H’GZML fsfheltrdnsFed furlci0f Hbtttepm%ﬁémraoatmﬁwﬁyaw and 19

above, it seens that reduction o

double-integrator. Thus, assuming the transfer function P(2) 410 is a double integrator,
in the following, the magnitude of TMR or position error signal (PES) 420 is measured

by its mean square value (or variance), which can be represented by

1
E(PES*(t)) = — 5" Spps (@)do
a)n
where ¥~ is the Nyquist frequency, which is normalized as zherein. Thus, the mean
square value of TMR is the average power of the signal, which ts determined by its
power spectrum density function. The power spectrum density function of PES is then

represented by:

Spps (@) =|| H(e’“’)llz S op (@) ’

Therefore, the power spectrum of the TMR is dependent on the frequency

response of the transfer function from QF 402 to PES 420 and the power spectrum of the



power of quantization error at some frequencies is at the cost of

enl argenent of the power at other frequencies. In fact, this is a
fundanmental limtation for inplenentable QEFs. This observation i 6\2%
in the follow ng Theorem QEF Limtation Theorem 1 (Spectrum Sha‘p@n@‘\ L 02
all inplenentable QEF schenes, i.e., the filter F(z) in Fig. 12 is a real ~
rational function analytical and boundd8& in {z : ~ ~z~ ~ 21 }, the power

spect r um SoQQuantizaién 56154 el pareibgsy, ifEREqEantizatiohnoise iffepiesédiédds whitdindde dyei ng
the white quantization noise, always satisfies: 1 "1nS co dcv=~"'" ~0 ( ca

il ter Fizy. ObpSort By beB R Rbridh MRTRERRGEL S RGO UR GTNR iy
(1- z-1F(2)) Q\(2) 9 MAY ~~~~ 25 SaB (~) =Il 1l-a ~"F(e~" ) 112 Sgrr (~)
=1) 1- a ~ Fgelely on the frequegoy respopseplthes¥sternt fol lows that: ' 1 In S cu dcv=
l1Inl-aFacCaQ()) ~'"!'"o (Il ~* C~")Il1Z)dcv+ln~g2) 2 =~"',~~ClI1l-a
'~~"F(e~~'") Il)d~+~(~2)~ ~In the fol Izo)fd ng, it is sufficient to show that
the first part in the afpy@)i=lt M) I'seconstant. By assunption.. the
funl(é'zl;)n F(z) is anfllhyt:cc?: and b?undtehzl n g ) I IIzl(ll zl i:( ;5;) is 1- I
z-~F(z) ~ ~~e-~ore, e follow ng function, z) =1n(1- z-~F(z ~1is also
anal ytical and bounded in {z : | Iz~ 1 zlI }. It can be showmn that ¢ z) _ ~~
-z 1K(z)) _ ~~ - 'Ihel%i(ié’a}ﬁeqnqn res%oxﬂ;E()Zl}l): closéd Iopp ywedin SOMMBE 40D tOPES

z

resi dues of function inside the unit circle is a real nunmber, denoted

R Onth , - Aie-mh= = = =! ' th I
o e il b ey A AP,
Ig:rf&)res’ ) dé{l}grgtgz!altlﬁge&mgé(m) &L&s?%xa:po;vlzé?gmgﬁj&o%ﬁg aua%uez;‘ao gcﬁ(s)e 510

is concentrated at lower frequencies.

Therefore, referring to Fig. 4, the reduction of the average power of PES 420 can
be achieved by reshaping the power spectrum density function of TMR, or changing
either the frequency response of the closed loop transfer function or the power spectrum
of the input noise. Since any alteration of the frequency response of the closed loop
transfer function may degrade other desired properties of the servo systems, desirable
techniques for TMR reduction should be those that are able to reshape the power
spectrum of the input noise QF 402 and reduce the average power of PES 420 in the
frequency range of interest. The method and apparatus according to the present invention
reduces the power at the lower frequencies.

The principle of QEF is illustrated with the block diagram 600 in Fig. 6. With
this technique, the quantization (or roundoff) error 610 is monitored 612 and
accumulated 614 (integrated) in the DSP. When sufficient error has accumulated, i.e., an

MSB is generated 620, and the generated MSB 620 is added to the original MSB 630



- g MAY 2002 26 = 2 R-2~ sunmmation of residues of Ginside unit circle 'y)
- 2 Re( 2R =0. Thus, 1 ' ,~ ~(Sc~a (~))d~=2" ,~ 1In(111l- a ~' F(e~~" )
[1)d~ ~ ~(~-2 ) =1In(~2 ) 12 12 which is of course a constant. Frorn the
above |limtation theorem one can conclude that for white quant_i,saM’m %002
noi ses with fixed power spectrum den5|t§ the average of the |og¥r

power spectrum density of shaped quantl ation noise is constant, whatever
quant i zat i on feadinmg the £XAGNNateithat in thpdirst dmbodgmerti of the, QEF whemﬁoccoah;xg Gee
scheme, the "+" 2010 and "-" 2020 areas are equal in Fig. 20. Next, the

constraints r al
Conett o 01, el O M chsicanplargdh, BRSERIEl it SNt

z-~F(z)) ~ H (z) is the transfer function from
QE to PES in %ﬁ%ﬁ%ﬁ%ﬁmﬁ}@t&%‘w&g@ The power spectrum of PES is SPES
(=) =IKI - e-'"~"Fe " '"))He ") Iz SON (~) the variance of PES can be

obt ai ned by the fcﬂlgdmhoysﬂhcrxduala:pmnspea(rmsgﬂ"wduququaxmmnqrorwnh
~~"F(e~"))H(e' ~) I1Z dcv g2 ,~Oll~"~(e~~) 11Z dcv 12t 12~ Lf..the
transfer fun%mgl’éhrﬁeﬁatorf QEI“(Q&ZVGF SurbE)Y 10%nd SRitREEAHYEYER Aipper curtk) WQ@\Y 2002 27

~(2) po + P 4 +tAi.e,, its inpulse responsels{p} 1, then

o P eyl ek Fﬁ%%gegaa%s RNy oy IpEl e OB g OB ned®,

bk_Izk 1 +A +b z+bo ):-z_,Ho(z) zk +ak_lz~-" +A +a z+a for sone nonnegatlve
integer n:; i.e., there are m pure del @fs in the closed | oop transfer

i, T i 500 08 gt B

.= h + hl z-* + ~1 for some (h" ~' ~~-1. Fromthe above Parseval's |dent|ty,
‘one imedi ately has the foll ow ng stateqr’ent QEF Limtation Theorem 2 (TMR
Reduct i on) F%rgggr?%%ffi&ﬂfgﬁzos%%n%de.r@. in this section, the nmean square

val ue of E(P

To help explain the QEF technique, the QEF scheme discussed earlier with
references to Fig. 6 is equivalently (but unrealistically) represented as the block diagram

800 in Fig. 8. In this block diagram 800, the double-integrator plant is decomposed into

2
two integrators: P(z) =1 (2) 810, and K(z)=I(z) 820, where I(z) is a discrete-time
integrator:

1

_Z-—

1 1) =

ON, 830 can also be interpreted as the truncation error (LSB) of QF afler integration in

the above block diagram; as the internal signal 842 driving the block 4/(z) should be
MSB. Note thatZM 830 is exactly the same signal as M 510 in the block diagram

500 of F1g. 5. In the following analysis, OM 810 is white noise with the similar

stochastic properties as discussed above, in particular,



PES al ways satisfies . ... Proof of QEF Limtation Theorem2 is as follows.
As the filter F(z) used in the QEF filter has the follow ng expansion:

F((z _ .ft +.fzZz 1 +,rsz 2 +A 9 MaY zooZ Thus, the transfer j b
28 (z) = Hz) " (1" z"'Fz)) =znHo (z) ' (1- Z"'F(z)) =z-"'(hf?93Mf§¥-2602
+/\)(1_flz1 .~ _f"z ") _ ~OZpry., (hl _ylOIl )z-{i"+1) +I't Therefore,
the i npul se response f p' }~" of ~z) satrsfies p"~ - h , thereby providing:
1 -~01lp(e~~" ) ~~2d IV =~pt Zprng2 hO 7t t=0 from which the concl usion
fol | ows. The above theoS@@ﬂ@)Vébg@ﬁﬂﬂﬁzlomer bound using the QEF

techni ques. Next, the optimal TM reduttion with a given QEF structure wl|
be considered. Next, an optinmal QEF filter with a given QEF structure w |
be determ ned to reduce TMR due to quantization noise. In this exanple, the
case wher e t HEheQ@ohtrdli schéne $Homn insheblotk HMagiaht 80 isiablualhefeedfonvaié cartroll n t 1 us
exanple: F(z) =f + fez-~ +tA+ f"z2"-1 ~ where f - ~f" f"-1 Af ~T An

opti mal vect .1 , = 1 A 1 .

, 0~~~(e~~") 9‘@"&9@ sqﬁ?gg%c@ggtl}gg%%bst @ng%%%twuraggﬁg(paﬁz&ﬁhggbt elgl
filter, the optimal TVMR pmean square value will not be 0, and it has a | ower
bound gi ven Bysngle diserets e Eteg#or-i ni t ati on t heorem as descri bed above. To
find out the optinmal solutions, how the nean square value of PES is .

conput ed m terns ol théfollBairpadisdussion, dbanQEFtedhnoque 408 ms Fagr 4 faalh bt referrerlitotasbe
shown. First, the time donain (state space) equation for the transfer

function nust sul?@? %&%@PQEF Tn fact/iie 4R81E uﬁg%rgorz QEF is ))ptli‘méljféedforwi(@) ) _

(1- z-1F(z)) ~ eré the transfer function of the closed | oop system

H(z) has m pure, del ays as,qgiven in_the orevious,subsection:. H(z)=z-~~t(h +

BT zens TP eRuofons Bndaunt o) e iseflie K BT MG 3tiphly tadsen shéa”
1-- z 1F(z ~H(z

( (2) )that the gem)llting PES 850 has minimal value with the given structure. To see this, PES

is represented as follows:

kK (2)I(2) - P(2) kl(z)
PES(z) = E(2) + ———————0N,
D= race LA T rmee @ |
As QF 802 and OM 830 can be viewed as two independent white noises, the power

spectrum density function of PES can be represented as:

kK (e’®)I (e/*) - P(e’®)
1- P(e/*)C(e’?)

kl(e’?)
1= P(e’*)C(e’®)

Spas (@) =l I Sog ()] I Son, (@)

Therefore, the mean square value of PES 850 is

E(PES*(0) = — § Spas (@0

_ 1 a2 KK - PE’®) K (e’) 2
”.[o { 1= PN (@) I” Sgg (@)t |l 1= PE@™)C @) I” Son, (@))dw
2 kK Jo Joy. p jo 2 . kI jo
= lqz 5’“ (e )I(ew ) afe ) “2 dCO+ q IO “ }(f) ) . “2 d
” 1- P(e/®)C(e!®) 1272 0" 1- P(e?®)C(e!®)



then ~(z) = z-""Q(z) . Next, the system~(z) will be examned; it is a
cascade i ' interconnected system The first observation is that: 1-

z-1F(z) =1 _f zn 1 + .~2zn 2 +n + fn Zn so its state space equation is as
follows: xI (t + 1) = Alxl (t) + Blu(t) yl(t) = dxI(t) + Du(t) Bar 1
On0O1001no0A=MNnN~BL=0~d0d _-~n.~n-1nf ~ D =igowzn002
1 n~xn~nxl Also the state space equation for the closed |oop transfer
fullG 1011 H (2) 1tii$nétRied BeHeqdodda thih InAhe abow id ihlepend A of (Holpr&tdiet k) Y (1)
= C2xz(t) + D2y1(t) 9 MAY 2002 30 In particular, if HQ (z) is given by
the transfer_function provided. earlier, then it 10.I1L0O1001AO00O
A2 = MA M ,8@2 an G’C,n%?egatl"ﬁg'ﬁstlefﬂk@ es. CBBL‘{m%Za_Cde 000tl 1~ kxl

Therefore, the (n+k)-th order state space realization of the transfer
function Qo (z) _ (1- zZ#KRe®))(e* Y0P/ ran be represented as follows: x(t +
1) = Ax(t) + Bu (t) y(t =X I?Zfzov\,he‘re state x2 , and
coefficient matrix: A= ot B2 )@ g2 ,c=~c DIC2 ~D=DiDz 2 2
Now wi th the state space equation of ~ ~ (z) , one can calculate the

i mpul se 1 espeARS iQhcHifed %ﬁ ?KE}?{TJE}’?Z) or fl(?i) IBE Th ﬁﬁé‘&asé,lqﬁé }r}eaﬂ"is&&ré‘(lﬁﬁetbﬁ and

u(t)=0 fox t >0, the outp responsé ~y(t)} ‘can be cal cul ated as foll ows:
y(0) = D, y( = _CB, 2). =, CAB, M.y(i) = CA' -'B, M Therefore, w 31 ~,
~11(e'") 11%'%5@9%@?‘?‘“’;@311’31%6’(%&*? 112 dcv - 1 ~I1~o(e'')112 dtv= EP? °
EY2(1)

kI(e/®)

2
1~ P(e/*)C(e’™) I de

2
in E(PESX()) = 2|~
Illg(lzf)l ( @) 12”]0”

The block diagram 800 in Fig. 8 is equivalent to the block diagram 900 in Fig. 9.
Comparing this block diagram 900 with block diagram 400 Fig. 4, one can easily see

that the disturbance entering the system becomes:

OE,(2) = %N—(z—)- = -2 HON()
@ .

>

i.e., the quantization noise QN 902 is reshaped by the filter which is now a discrete-time
differentiator. The power spectrum density of the filtered disturbance 9E1 910 is as
follows:

@, q
Sog, (@) =|1-e7* & Sog (@) = 4sin® (—2') 5D

Fig. 10 illustrates the power spectrum density 1000 of the filtered disturbance

QE1 910 of Fig. 9. From this figure, the filtering process can be observed as reducing
the power at the lower frequencies 1010 up to 1/3 of the Nyquist frequency 1012, and

enlarging the power at the higher frequencies 1014. However, this results in the total

power reduction on PES 710 as illustrated in Fig. 7.



;=0 i =0 =D2 + ~CAr ~BBT(AT)~ ACT i=1 =D2 +C(~Ai -i BBT(AT)i-1)CT w,.~. i=i _:
D2 + CLCT , where L = ~ Ar-tBBT (Ar )r-i i=1 Sinple al gebralc manl puI ation
yi el ds that L satisfies the fol | owi ng Lyapunov equati on:

O Therefore, E(PES2(t)) =qz ,lo Il (e~) 112 dcv = ~-z (D2 +CL(?-F MA?E%UZ
where L is the solution of the Lyapunov equation, which is positive
definite as the systemis stable. In theidollow ng, the above value will be

mnimzed by opti MTRbdeNkARAIRS theldrEwiiPRhdilyresognizetha btHePQFF strugtiues ) . Not i ce

that in the state space equation, the matrlces A) B, and D are known, so L

can be solved in,the uno uat.i on; ends on the
unknown, f, PePOFdgupe W, tL*;K eﬁf%fentlon are @ ltor C%ME??E&{ e matrix L

> 0 is partitioned as '- g MAY 2002 ~z ~1 '-22 32 also notice that D -
DtD2 - h , onbjettivwes.2F&i(RESPle, Fig. 11 ilusirates a blogk djagram 100 ofn QEF fsghepgowith f T
+CzLzzCz +ho). Then the optimal solution f ° mnimzing the above val ue

satisfies: S%Mt at))rﬁ 1(10 1§13N1‘flch se n%@g erTedlctibn nmay be oB3ired d2dhdl , and
2 nfnE(PESz(t)) -~2~1~1)C2 +ho)~ i L is positive.definite,

.t hen ~z --~z~ iower fregﬁencles. In Fig. PE(tEeE Eé]é tl)lé)2 from tﬁ%ﬁg mteg%ateé Wl 1 1(8 )ang q

ho 12 12
the resulting MSB part 1120 is added to the original MSB 1130 of the DSP output before

feeding to the DAC. Upon closer inspection, the double integrator QEF 1100 may be
seen to again be a feedforward scheme, and the block diagram 1100 in Fig. 11 is

equivalent to the block diagram 1200 of Fig. 12.

2
In Fig. 12, the double-integrator plant 1210 is represented as P(z) S 2 1240,

2 _ -1
and K(z)=1 (2) 1250, where I(z) is again an discrete-time integrator: (%) = -z

QN2 1260 is truncation error (LSB) of QF 1202 after integration. Note that N2 1260 is
white noise with the similar stochastic properties as QF 1202 under the assumptions
discussed above.

It can be shown that the double integrator QEF scheme 1200 is the optimal

feedforward scheme and that the prefilter K(z)= I*(z) is optimally chosen to minimize
the mean square value of PES 1270 in Fig. 12. The block diagram 1200 in Fig. 12 1s
equivalent to the block diagram 1300 in Fig. 13. Comparing this block diagram 1300
with the block diagram 400 in Fig. 4, one can easily see that the disturbance entering the

system becomes:

ON(2) _

T2 @ “Z—])ZQNz(Z)

2

QF,(2) =




whi ch again confirms the QEF TMR Limtation Theorem In summary, to arrive
at the optimal reduction algorithm 1. Construct state space nmatrices Bz
Dz , A and B. L= W2. Solve the follow ng Lyapunov equation to get t he

solution Lzi ALAT - L + BBT = 0 Lzz 3. Find the optinmal filter ‘=0 MAY 2002
coefficients: f - Cz~z~—~ - 9 MAY 2002 33 4. The optinmal soluti onis

given by: 2 nfinE(PES2(t)) ~2 (C2('-"d -~zLtiW)C +ho)~ Above, the
constraints ugﬁEP i AR been
exanm ned, angéa&%% or ac%eva %aﬁlﬁh‘%ggﬁ%ﬁ%ﬁg%{iven lbﬁgg??ﬁﬂft

wi |l be sho t he | ower bound for TMR can be achieved for m ni num

phase syste é"fhe | oop transfer functions have at | east one del ay.

First consi der the servo system bl ock diagramin Fig. 4. Suppose the plant
consi dered has th i e QIZ 0 = Z-m
Po (1 + z-" N(z-' %%841‘1’%\% ??\7} [g@hﬁfﬁgﬁgﬁ&gag&sﬁ%&%mm lsgeguéilﬂgd can
be represented as: C(z) - z-s ¢ (1 + z-"R(z-1)) 1+z 13(z ~) Wnere rn and s

are sone nonnegative integers, ,den -PHl:ea @8l dys in plant and
controller, h and p arnghgﬁ);"la ﬁujr?;bllep%ﬂkgﬁdﬁ) 18 D(T}zi) R(~), and S(~) are
pol ynom al s. The closed | oop transfer functi on from t he quant| zation error
is as follows: H(z) 1- P(Z)C(Zanm Nlz-' 1111 + z-'

Sl z-' 11 (1 + z e M‘lhlsm{eaﬁm ppwer 8(62 )€5en81tyzl4ﬂﬁmpé§h°ﬁé@$d(dlsﬂifbfm N(z '
))(1 + z-'" R (z-'")) _;Zmpo,1+ ' = hnZ-m+ hnr+l Z ~mtl) +

[~ 14z~ ~Y(z 0B, h 310 O?BM pchﬁle?'?’él lhfthg'f’ﬁenrpq‘ﬁ )9%1-% ganﬁe gbsgrggc% to(er%u%reﬁuc%one

pol ynom al s and ol

m ni nrum phase. From t he F TMR Ilimtatiqn_theore g ssed _above, _t he
mean square $sIReavesfenstiy atfrlovearifioanencies 1419 Bp fulff @ 'Ehe&l sy fiequensy 4412, hn -
g2 ' Po 12 12

and enlarge the power at the higher frequencies 1414. This reduction as well as
enlargement is even greater than that with the single integrator 1000 of Fig, 10
superimposed on Fig. 14, Fig. 15 shows the id-eal power spectrums 1500 of TMR due to
quantization error with the double-integrator. The mean square value of TMR 1n this
g

case is 2.5587x107". 12

Next, constraints on the QEF technique with the consideration of the general QEF
structure in accordance with the present invention needs to be considered. In the above
discussion, single and double integrator QEF schemes were introduced. A general
structure 1600 for QEF schemes is shown in Fig. 16. With this technique, the
quantization (or roundoff) error 1610 is monitored 1612 and accumulated 1614 in the
DSP. When sufficient error has accumulated, 1.e., an MSB is generated 1620, it 1s added
to the original MSB 1630 feeding the DAC. Note that the feedback loop in the error
accumulation operation has at least one pure delay so that the operation is

implementable.



if any of the QEF schenes introduced above are used. In fact, if either m

or sis a positive integer, then the above 'IlvllIZ | ower bound is
achievable with a nodification of the QEF schene. In fact, therm)dw d
schene 2100 shown iil Fig. 21 can acconplish this task. In thai=8#l ‘?2

di agram 2100, Fo(z) is a filter has the sanme properties discussed above
with reference to Figs. 6-15. It is dependent on the plant as foll ows:

Fo(z) = Mz i) _ Natheblock diagramf Fig. X16,ONR640 is th&@dndiibe elr&aLSB) o(IZ:QEFO (z 1

) . Asimlar argunent to that described above with reference to Frg. 8

i nplies that the.signa 2 i.n Fig.2l.is white noise and has the sane
stochastic praji‘ﬁ"et?ﬁ‘if@& 5@%@&&&?? isa‘%“ PR ?ﬁ”@i%ﬁ&aéﬁ%prap?ﬁ%ﬂ QIZ) =
sge (~) - 12 It is easy to see that the block diagram 2100 in Fig. 21 is
equi val ent t @sdiseussedabovdi fgpatiod®00 in Fig. 22. Fromthe bl ock di agram
2200, one can easily have that ~- 9 MAY 2002 35 PES(z) = poz-"'" ~ ON(2z)
whi ch is independent ofgt cant let s), and is a white noise, and 2 2
E(PES2(t)) = 2~¢c ~ ~~ gﬁ?éarﬁg&{@agv/@Q ~ Po which is the_|lower bound
given in the TMR reduction theorem To see how this scheme is related to

the schene desfidvbethealBAYEiIWS hik ﬂu@foﬁﬁxﬁﬂﬁt?_oft‘ﬂle@eﬁéal OER tetlIGnERBe
equi val ently represent the block diagramiin Fig 22 with the bl ock di agram

in Fig. 16 with F(z) < FEq ( + P ~ .= 1 Nz ~
Z-Vin' +s-i> ,ad&r&ﬁ%é( 5_30231@9“@%%‘?“1‘?“‘?@@@«9{‘?’% f‘?\‘i}“i‘fl'F‘é-Z‘f i this Sﬁ%‘%‘%‘ge’ a}" And the
noise filter in Fig. 17 is asl follows -m-m1- z 1F(z) =1- Z 1Fo (z) - Poz
"' C(z) = P~(  BGh3) 22 Ftk | ih | p H(2)
has a mri ux?%e%b%ﬁ(gé%? E‘ll%égz i tf %é%é%yggﬁ%f (g)gr Ssﬁ,lte{ ﬁg%s(éﬁ%% c%ﬁﬁgtgmﬁ@
calculated as PESz 1-z-Fz ~Hz Nz - nt~Hz Nz - z Nz () _ ( " (,)) (1)'Q( )
- H(z) ()’ Qabsumed tPbe aréDritionaMuastantWiaciaisavslyiesst pandedandellFdRilbnTs s
al | owabl e because they are stable. Fromthe above discussion, it can be
concl uded th ' > [ I | . n j s at
enst one pursP9e 0 ErniRE6y ho R S b, MR B Pl ol et e o1
that the nodifje F ene can .achieve the | ower bound for the TMR with
e GEF sCherler 1 s B EBOOB T FBHUgoh BB Po Bor oSl ¢ he

I ti TVR
restiing equivalently transform the block diagram 1600 in Fig. 16 to the feedforward block

diagram 1700 in Fig. 17.

It is noted that in Fig, 17, the quantization noise QN 1702 is reshaped by the

-1
general filter, } =2 £(2) 1710, resulting in disturbance GOE 1720 entering the system

as
GQE(z)=(1-z"'F(2))-ON(2)

Therefore, the TMR due to quantization error becomes

- P2)

PES () = I h i m)

GQE(z) =H(2)-(1-2"'F(2))- QN (2)

2



is white noise. ~- 9 MAY Z00 36 Fig. 23 is a block diagram 2300
illustrating a servo control nethod based on state estimation. In Fig. 23,
the state estimator 2310 is driven with the nost significant bits 2&1& tsﬁﬂb
are sent to the DAC 2320. The state estimator 2310 al so nnnitors-Gh ¥ 2
‘'signal 2322. The state estimator 2310 generates a signal 2330 that then is
used to drive the controller gains 23492 In Fig. 23, the power spectrum -
density functi oné})é the 9RR)i s i:~duced at all frequencies of interest by
driving the stat %rrﬁgﬁgyiéglo with the nost significant bits 2312 that
are sent to whereDAC 23 20 s thk transfer functiondroar OEip PESe thsprigivaltbieck by
using both the quantization error feedback nethods descri bed above and the

DAC- out put  dgjay@h. €A% guvima iRhOdoikd Wwith AR Gtodhdshic F)ﬂf;ﬁﬂfﬁ@@@QEadﬁ e 23,
nore even nore TMR reduction is possible. Fig. 24 illustrates a bl ock

di agram of a controller .that is configured to execute the quantization
error feedbaEW%PWﬂ&ﬁ’ér dance with the present invention. The
controller 2400 includes a processor 2410 and nenory 2412. The.processor
2410 executes one or e Ryl et/ piy o9 Joyaigch e represented in Fig.
10 by the wi ndow 2414@@8@?3‘% ?{tﬁggcg)?rg%t e)\r,"qf)gr:%é‘?;m 2414 may be

tangi bly enbodied in a conputer-readabl e nmediumor carrier, e.g. one or
nore of the fixed and/or renovabl e data storage devices 2416, or other data
storage or data communi_cations devices. The cqonputer progranms 2414 nmay be

| oaded from the&atiancg ofPES 440 %\/bed&almlﬁ’ﬁhﬁtf@%’égm}ag%ﬂlz f or
execution by the processor as 2410 di scussed above. The conputer prograns
2414 conprise instructions which; when read apd executed by the ”Fr cessor
2410, causes the cont r d(PES* @NGO—tfHSpsfdsunttie [Hlepe /HECIS DA ¢/t edecut e
the steps or elenents of the prefent inventidA? k~ g MAY 200 37 Al theough
an exenplary controller configuration is illustrated in Fig. 24, those
skilled in teeasit sésithdt recogni ze that any nunber of different
configurations performng simlar functions may be used in accordance with
the present invention. In summary, the esent invention provides a QEF
method to reduce the TNR,of PHERHue t-DAF [puaav? FerP PR @6 dw)t-hout
altering or degrading the ot her desifed2g8érvo performances. The constraints
of the QEF net hods have been anal yzed, and a | ower bound for the nean
square value of TMR using QEF schenmes has been degscwkibeda The optimal CQEF
filter whi chwierethe pesinehs achigveds@mathematighllye voth ;’155" beent(z)=z.

Therefore, the (mathematically) optimal filter F('z) 1s a forward shift operator.
Thus, the “optimal” feedback loop gain is identity without any delay. However, it is not
implementable because the QEF feedback loop should at least contain a delay operator.
In the following, whether or not the optimal QEF filter can be approximated by an

implementable filter must be considered.

1

-
[1-—II<1
Given a > 0, for all z satisfying a , the following expansion follows:
p= o Vel qiZ - T q-E g
z' 1-Q-z"a) a a a a

In particular, the n-th order approximation £(z) to z yields:



derived, and an al gorithm has been provided. Mreover, the QEF nethod of

the present invention may be conveniently inplenented in DSP w t hout
significantly increasing conputational tinme. The foregoing descl.i tM);&YOé

t he exenpl ary enbodi nent of the invention has been presented for'gh 002
purposes of illustration and description. It is not intended to be
exhaustive or to limt the invention t4 the preci se formdi scl osed. Miny
nodi fications and variations are,possiblel in |ight ,0f the above teaching..

It is intendbdzﬁﬁ&i)%hez?ea@é(bf—%ﬁé%ﬂnvedfﬁdh*ﬂk-kfﬁf)ed not with this

detai |l ed description, but 4ather ®y the €l ains appeflded hereto. ~9 MAY
~~~~ WHAT |'S CLAI MED | S:;z7B8 1z7'A gt hod™ orz‘Pﬁd 'qgjg cmﬂt{olz"sr,_rlor for a
servo | oop due to qFdhTi 1"oﬁa“n'o‘|;s’é1'oT‘a_ “dpgvtar;1o- n"aWé copVverter

driving a plant, the gquahtization noise resulting fromthe

di gi tal -to-anal og cofverter having a | ower precision than a processor
driving the digital -to-gnal og converter, the method.conprising: providing
control signals for=0bntre)"ling a plant, the control signals gach having a
preci sion of a first prefleterm ned nunber of bits further conprising a
first group of nost significant bits and at |east one | east significant

bit; accumul ati ngit e Rltarl 835, GBS tHetRRle HlddbubleGaRpradriQEMsdHenRs W NOSt
significant bit is generated; adding the new nost significant bit to a

HEILETR St LIE RREEROE S S e

control operation of the plant. 2. The nethod of claim 1l wherein the

T oni 11 cant by 1 o g TR hoBRrk T RS bR BB Bt Wil sRRGERS!

least significant bit through a feedback | oop having a feedback | oop gain
until the new nost signifi z_a_mt"“b'é IS gene at ed. - g MAY 2002 39 3. The
nmet hod of claim 2 V\heréq’n”ﬁhe—j—egdbgci I%GE) gainis z 1~(2) , where F(z) is
a filter whose transfer function is assunmed to be a real rational function
W uch is analytic and bounded inf z v ~~z ~(Z11} . 4. The method of

cl ai m 3 wherein tMorgovew ik, thspenyersent figquengies gred 0, #3]. This interprets why the

power at the lower frequencies (w0, #3)) is reduced and enlarged at the higher
frequencies (wef 73, %) fo1; both single integrator and double integrator QEF. In
addition, the larger a is, the bigger the convergent set; in particular, as a — o, the
convergent frequency set approaches [0, 72].

Next, an illustration of how the power spectrum is shaped by the filter in different

=1~ e /2F () |

cases is provided. Notice that Saps (@) Son (@) . If n=1, then the

-1

1 Z
-z F(@)=1-—
filter becomes a | which is a scaled integrator, and
e ? 2 1 2
Saos (@) ={|1- 2 I SQN(w)=(1+;2—"';'COSCU)'SQN(CU)



integrator. 5. The nethod of claim3 wherein the feedback |oop gainis a
double integrator. 6. The nethod of claim3 wherein the filter F(z)

provi des a power spectrum1 "lii(S u~d SQB (~) of shaped noi seugaﬂﬁ\@@z
satisfies ~. ~@ ()) ~ K, where Kis a constant. 7. The nethod¥o arm
1 wherein the control error is track m _sregistration, the track

m sregi stration bei ng neasured accordi #§ to a position error_signal (PES),
the 2 E(PES2 (t)) Fig. 18 is-atuendimensiqual iptot\i800 ef piweapEpectrum denyityggainst thenher e
g= 2 ~with c being the quantization resolution iil the processor, and |
being a nunb%lu@%?rlﬁ%el%t FeVEalt Béw Me pRRS sp@ifm FAGDESVaHBS With WY vadation of a 9
MAY 2002 40 8. The thod of claiml wherein the Control error is track .
m sregistration, the track misregistration,bei ng meagured according to a
posi tion errqgigi Bodd={ BRDthe AltsFbRboHEY b 2t HEITdT % Quamicha HenfiplPES

bei ng derived according to a nethod conprising: constructing state space
matrices B~ ~ D2 , A and B; L = Ln Li2 solving ~T - L + BBT = 0 to get the
solution L21 Lz2 "' 8 fiaylipg -tdie ot iSyplo) + W en2"eBof §j,cignt s —F = C2~2L~
1; and sol vi igefratorf he” m ni mum of the an square ¢al ue of . PES 1giillastrans 2
m nE(PES2(t)) = ~2 (CZ(L2a -LIzLii~1)G +ho)~ 9. The nmethod of claim1

wherein the AL DEE Syt dd&%a baund, 12
, by additi o%%éggg%%ﬁéwagéﬁg%%@ere(fq%gglﬁ%fgge ('lfhgﬁ!ﬁe
controller input when there is at _|east one sanpling delay in the servo

| oop. f 10. Terzesetnga dufterent xelue ¢f Mur t her conprising driving a state
estimator with the nost significant bits and a position error signal to
reduce the power dpdetfollowihgns istassdmerdt thatithe diltet BE) tsedak thel QER Gitet hagtthon at
.predeterm ned frequenci es.

N

following expansion:

1

F(2)=fi+ f,27 + fyz77 +A

From the discussion of Figs. 18 and 19 above, it seems that the reduction of the
power of quantization error at some frequencies is at the cost of enlargement of the power
at other frequencies. In fact, this is a fundamental limitation for implementable QEFs.

This observation is stated in the following Theorem.

QEF Limitation Theorem 1 (Spectrum Shaping)

For all implementable QEF schemes, 1.e., the filter F(z) in Fig. 12 1sa
real rational function analytical and bounded in {z : ||z|| 21}, the power

-1
spectrum San(®@) shaped noise, CLE(2) = (-2 F(2)ON(2) iy

QN being the white quantization noise, always satisfies:
1
P fo In(S coe(@)dw =

choice of the filter F(z).

constant, where the constant 1s independent of the

Proof of QEF Limitation Theorem 1 is as follows. As

GQE(z)= (1~ 2" F(2))ON(2)



- 9 MAY zoos 41 11. A actuator system conprising: a voice coil notor being
driven by a digital-to-anal og converter; a processor providing wib
signal for controlling the voice coil notor, the control si gneﬂ‘% 02
having a precision of a first predeterm ned nunber of bits further
conprising a first group of nost significant bits and at | east one | east
significant bit; and a quantization erra® feedback circuit for reducing a
control error of a servo |oop due to quantization noi{sme pf gt he
di gi t al - t 0- anal ogSegrvdr|&r edtiKiefio) It ﬂ%n\(@b shlzerl Feet“oll’ '%{.e quant i zati on
noi se resulting fromthe digital-to-anal og converter having a | ower

preci sion than the processor driving the digital-to-anal og converter, the
quanti zation _error feedback circuit providing control signals for

control | i ng Bhesefers it fellpwsdtbatt r ol si'gnal s each having a precision of a first
predet erm ned nunber of bits further conprising a first group of nost
significant bits and atj | east one | east] signifi cant bj»t ‘o accumJ,Yati ng the
at |east one |east signifff éSugsKed)dore it GAlndEw ardSF (e glh|)drt)c'aln£-—2‘gi t is
generated, adding the few nost signifi&nt bit to a first grozup1 f nost
significant bits to generate a nodif2e nt _ ral . §i gnalgand provi di ng
the nodified plant control signal t“o;f%é‘%l §ﬁtﬁ%?fe{:“§r{9$@|q’q¥5¢3§r%ati on.of. t he
plant. 12. The actuator system of claim 11l wherein the quantization error
circuit feeds the at | east one |least significant bit through a feedback

| oop having a f eebithe Followdne, dtas suffinient totshew et/ thepférst parinithe dhove fasinulg s
gener at ed. - 9 MAY 2002 42 13. The actuator systemof claim 12 wherein

t he feedbackedneit dBy sssGRFRGN, IeSfufictidn(K(b) is anklgtical bhd boundedird i{k t Bz|| Whpse
transfer function is assuned to be a real rational function which is
‘analytic and boynded in f z ' ~~z ~~>_ 1} 14. Th ct uat or_, em of claim
13 wherein tms'fige?dg%w;|faamergmegtﬂ@fonowinggmﬁbn,t éé‘%a‘tlﬁ "% %Z.S)B,Tmlso
actuator systemof claim 13 wherein the feedback | oop gain is a double

i ntegrator. Tt - SY.St f &l.al inthe filter F(z)
provi des a p%&lrlﬁﬁiﬁ?%oﬁﬁ?ﬁ{%gzﬁjw %}:ﬁggfég%%*u%r%% (~) of shaped noi se
that always satisfies ~ ~ B ( )_ll K. where K is a constant 17. The

actuat or system of cl aiG(el2 livheeelR(z)helindont TB(z)pe hal —izS R(EPKG(2)

m sregi stration, the track m sregistration being neasured according to a
position error

Then summation of residues of function Gyz) inside the unit circle is a real
number, denoted as R. On the other hand,

_-Jo Joy _ . G(/®) _ _ReG(e/®) ImG(e/?)
l1-e™ " Fe')=e =e e _ then

- ReG (e’
1-e/F(e’)|=e™* (e ), and

Inj[1-e™/*F(e’”)||= ReG(e’™)

Therefore,

pIn(l1-e7?F(e’*)|Ddo = [fReG(e’”)dw
=Re[fG(e’")dw

- %Re £7G(e’)da

= %Re ij(z)dz



2 E(PES2 (t)) z ~-' ho signal (PES), the nean square val ue of PES

satisfying 12 , where'g=r 2 ¢ with ¢ being the quantization resolution in
the processor, and | being a nunber representing the at | east one éne@%tY 2002
significant bit. - 9 SAY Zaoz 43 18. The actuator system of cl

wherein the control error is track msregistration, the track

m sregi stration being neasured accordi®g to a position error signal (PES),

a mni mum of the nean sq;%ﬁ@val ue of PES being derived by the processor
according to a nethod caoi ing: '“" conshructing .stat.e .space matrices B2
~DZ, A and B, Wsol Vi(ang ACT s&nxﬁagorbg.?res:utlgestogbdg?ﬁ? H‘@?%'B‘ﬁﬁh on finding

the optinmal filter coei~cients: .f ~ - C2~2~1; and solving for the m ni num
of the mean square val ug_l_l&f(zfggs given by: 2 min E(PES 2 (t)) _ ~2 (CZ (fizz
- Bt2~ 1 Lzi)Ca + ho )=> YNAY 200Z 19. The actuator system of claim 18
wherein the mean square value of "PES 2 q .h2 0 achieves the | ower bound, 12

, by additionally feeding forward the filtered QEF noise QN to the
controller input WheHh there is at |east one sanpling delay in.ihe servo

| oop. 20. The actuator systemof claim 1l further conprising a state
estimator, the driye state estimator being driven wth thg2nost ,8ignificant
bits and a position EhSsuLmwpda =to [ bflkee ' AE(@OMIda bkt rumlnlensity |
function of the trffack misregistratfion at predeternined frefuenci‘és, 21. A
data storage system conprising: a data storage disk; a notor for rotating

t he data st owhyd ifloféoursttdonstamct uat or system for noving a transducer
relative to the rotating data storage di sk, the actuator systemfurther
CoMpri $ing: 2 VOl fir el o3 itk ecilh 51 Y o MdlichAtor Onfl @lefllzation
converter; a processor providing a control signal Tor contro ng € voice

‘coil notor, the . .
nct}ses with fixed power spectrum density, the average of the logarithm of power

spectrum density of shaped quantization noise 1s constant, whatever quantization error
accumulation algorithm is chosen; 1.e., for any QEF scheme, the “+” 2010 and “-" 2020
areas are equal in Fig. 20.
Next, the constraints on'TMR reduction will be considered. The PES with the
general structure of the QEF filter is represented as follows:
PES(z) = H(2)-(1 -z 'F(2)) - ON(z) =: ©(2)-ON(2) ’

H(2)

where is the transfer function from QF to PES in the original block diagram. The

power spectrum of PES is

Spps (@) =[(1- eV F(e’*NH (') ||* Sgy (@)

the variance of PES can be obtaned by the following formulation:
7 _ 2 .
EQES* (@) =< F 1= " PN HE) | do == 10E") I do
7 4

If the transfer function &§z) from QF to PES is represented as:



control signals each having a precision of a first predeterm ned nunber of
bits further conprising a first group of nost significant bits and at | east
one least significant bit; and a quantization error feedback ci rcu'Bt MK{Y 2002
reducing a control error for a servo |oop due to quantization nois h
digital -to-anal og converter driving the voice coil notor, - 9 MAY 200Z 45
the quantization noise resulting from2he digital-to-anal og converter
havi ng a | ower preci si @z Qa},p 41‘91@-lp,r9cbe%$gr driving the digital-to-anal og
converter, the quantization ‘@rror f eeliback circuit provi di ng each of the
first group of nost significant bits to the voice coil notor to control
operation of .the voice coil nptgrye accunul ating the at | east one | east )
signi ficant bf+ 15 npylse rgspoase ’ﬁo{g}g '%Wéﬁi‘ E’ﬁﬁmeﬂiﬂ%s dentfx, e dped, and addi ng
the new nost significant bit to a first group of nost significant bits
before being pp Lded . to the yoice coil notor. 22. The data storage system
QTGO R

of claim21 M GadPi zati on error circuit, feeds the at | t one

| east si gni f%:ant bit through a%é‘&fﬁ%ﬁ&gﬁ‘ﬁu%@ét%c@sqdéé%%ﬁm gai n
until the new nost significant bit is generated. 23. The data storage
system of cl aitisfie2 wherein the feedback | oop gain conprises z 1F~2~ , where
F(z) is a filter whose transfer function is assuned to be a real ratiaonal
function which is analytic and boundged jm {,_3\~b~~+ ~~~ 1} 24. The data
storage system of cl ai qy%s—_vme'(ﬁ(j n_.t_ﬁé'_‘igedbaﬁldiaéb_gﬁi:rﬂ"goqz)si ngl e
integrator. r 46 25. The data stafage,_g/stem-bh,zctaj m 23 wherein the
feedback loop gain is a . double integrator. 26. The data storade system of
claim 23 wherein the filter, F(z) provides a ower ectrum SQB, (w) of sha ed
noi se that afdidomegqppegptigsiniegsl m, Lg.qhere.a5q 7 g dﬁaasw rheqﬁq%% ieetnfer s o
lconstant. 27. The data storage system of claim 21 wherein the control error
is track m sfieghet.rAtuson, the track msregistration being neasured
according to a position error 2 E(PES2 (t)) z g ~ ho signal (PES), the nean
square val ue of PES satisfying 12 I = c ~",i~ c being the

quanti zation resol uti ordj(x)thg 4 W:?\ $of 1t ing a nunber representing
the at | east one |east signifi cart +igz"" tA +az+a,

bzt +A +bz7 D +pyz7F
1+(a, 2" +A + az7 ¢ + aoz"/‘)

=hy+hz? +A

=h0+

for some %31 From the above Parseval’s identity, one immediately has the following
statement.

; QEF Limitation Theorem 2 (TMR Reduction)

For the QEF schemes considered in this section, the mean square value of

2
EPES? (1) 2 L2
PES always satisfies 2 -

N Proof of QEF Limitation Theorem 2 is as follows. As the filter F(z) used in the

QEF filter has the following expansion:

F(2)= fi+ foz7 ' + fiz 2 +A



9 M~Y zooz 47 ' 28. The data storage systemof claim 21 wherein the
control error is track msregistration, the track m sregistration being
nmeasured according to a position error signal (PES), a mninum ofy_QMAEazooz
square val ue of PES being derived by the processor according to a
conprising: constructing state space matrices B2 ~ Dz , A and B; solving
~T - L+ BBT =0to get the solution 128 Ez2 ; 1 fording the optimal filter
coef fi ci ent sThus, -th€Rausferifunctiamés sol vi ng for the m ni num of the nean square
val ue of PES given by: 2 mn E(PES 2 (t)) _ ~~ (C (L22 - ~2~iW)G ~'" ho
) 29. The data storage gsyst of . cl & 8 rei he_y square val ue of
g2 . h2 0 PES achieves Eﬁ%‘%’ﬂbﬁuﬁ? szzgéin £i ?r(gﬂl y feeding
forward the filtered QEF nop9g;QNpl0! they (ool her fnpyt when there is at

| east one sanpling delay in the servo | oo .+1§0. The data storage system of
claim 21 further conprisi r@hﬁ""ét‘dhe‘é@ml’rgf rtAthe drive state estimator
being driven with the nost significant bits and a position error - 9 MAY
2002 48 signal to reduce the power spectrumdensity function .af the track
i st egi st at TRéeffe, MeARBLRE MsPale POt GRBSatisds Pn~alot kithébyQhoviaimyl act ur e
for reducing track m sregistration,due to quantization noise of a

di gital -to-anal og conva[ter driving a_plant in a servo |oop, the )

guanti zati on noi se res g’i]@ggf?;prmbh;eijfgi al=hkp-anal og converter having a
| ower precision than azprocessor driwkng the digital-to-analog converter,
the article of manufacture conprising a conputer readable nedi um havi ng

i nstructions r ! GO er e risings .. .

provi di ng co%%’&lo‘fﬁgﬁgiﬁgggﬁ?%?nn@gh o ?ﬁ%orvgﬂ%%eﬁ% ER’ %ﬂ%%@%@%‘?@n‘éﬁ“& each
having a precision of a first predeterm ned nunber, of bits further
Conpr 'sing alliQIEE teghuigusoNerobe oBtEAl HYRuoson svitiiueien QEE e Vihst
significant bit; accunulating the at | east one |least significant bit until
a new nost sbegeerfsidesdt bit is generat ed;

Next, an optimal QEF filter with a given QEF structure will be determined to
reduce TMR due to quantization noise. In this example, the case where the QEF filter

F(2) is an FIR filter will be considered. In this example:

F@)= fi+ £z +A + £z f=U S A AT

, where

An optimal vector fis needed, such that
* q2 ;
f = argmfinE(PESz(t)) = afgrr}in(—l—z-;]g”@(em) I? dw)

Because of the structural constraints on the filter, the optimal TMR mean square
value will not be 0, and it has a lower bound given by the TMR reduction limitation
theorem as described above. To find out the optimal solutions, how the mean square
value of PES is computed in terms of the Parseval’s identity from transfer function must
be shown. First, the time domain (state space) equation for the transfer function must be

derived:



addi ng the new nost significant bit to a first group of nost significant
bits to generate a nodified plant control signal; and providing the

nodi fied plant control signal to the plant to control operation of

pl ant . - g MAY 2002 49 3 2. The article of manufacture of cl ai,m‘ﬁrﬁAY 2002
wherein the accunulating the at |east one |least significant bit until a new
nost significant bit is generated furthegconprises feeding the at | east one
| east significant bit ou  { eed _oop-hayi\n f eedback | oop gain
until the new nost si g%)ilah'égjr:{tz?l&{tgi ?@ﬁe@a?e?ﬂj\%g@ article of

manuf acture of claim 32 wherein the feedback |oop gainis z 1~(z) , where
F(z) is a fiWwhee thhemsfer Anoadeof theBiesdddBop ?s&ﬁﬁH@ﬂaémﬂi@e@elé als givhiignal
function which is analytic and bounded in {Z v ~~ Z ~~~ 1} 34. The article
of manuf act ug)e of .cl aiym 3t3 wherein the feedback | oop gain is a single

i ntegrator. SCBTCESUREPI% of nanufacture of claim3 3 wherein the

f eedback | oop gain is a double int egratzg\r}. 36. The article of manufacture
of claim 33 whereili t filt, F(z)b Vielkst dzl+ b, J"1 n(S, W = power
spectrum SQB (~) of shglerféb=ﬁoié'@*thatkpgl weys§ Safl st es)-igsqgo%\gl)) K, where
Kis a constant. 37. The article of Adwufactute Bf 'foai m 31 wherein the
control error is track msregistration, the track msregistration being
nmeasured according to a posi@' g@__:e{lrp L)) Y zoos 50 2 E(PES2 (t)) z ~-
~ ho signal (PES), theDeawdgr square" val ue 3} satisfying 12 , where g=
2~c with ¢ being the quantization resolution in the processor, and | being
a nunber repres i ng-she [t | east one | significant bit. 38. The
article of nﬁlﬁmg%?urge %P(Zgl aVext.3he Wa@mei@ﬁ%)h\@ﬂ Xeplneds itay a pascadeack

jrri sregistration, the track mi sregistration being neasured according to a
‘posi tion errdkerson@bebd £y, , Thr fitktubdervativn ik fkat:nean square val ue of PES

bei ng derived according to a nethod conprising: constructing state space
matrices B2' D2 , A a?gz_Bl,F(j)ol_\lll__nlznACIfz-sz-z _;ABP};" = 0 to get the solution

Z 2
so its state space equation is as follows:
{x, (t+1) = Ax, () + Bu()
n(@) = Cyx, () + Dyu(?)
where
0 1 0 A O] 1]
0 01 A O 0
4=|M A M, B, =10] , C1=—[fn Joa A fl]v D =1
0 0 0 A 1 M
-0 0 0 A 0 nxn _O. nxl

Also the state space equation for the closed loop transfer function Ho(2) is

represented as follows:

{xz(t +1) = Ayx,(£) + By, (£)
y(1) = Cyxy (1) + D,y (8)



r 1 finding the optimal filter coefficients: f - C2~2Li1; and solving for
the m ni rum of the nean square value of PES given by: 2 mliE(PES2(t)) _ ~
(C2(Ez2 -~z~iL2i)C +ho2). 39. The article of manufacture of cl a", Sﬂm
wherein the nean square value of q2 , h2 0 PES achieves the Iower'nh Y 21092
, by additionally feeding forward the filtered QEF noise QN to the
controller input when there is at | eastggpne sanpling delay in the servo

| oop. - Y 20 H, (4 The article of nuf act. f. aim 31 further
conpri si ng dm =1§t at epéssﬁly%l?yo e fapgfer finc Wo‘ggﬁﬁ?a%ﬂ ‘hf’ng]ﬁts and a
position error si gnal to reduce the power spectrumdensity function of the
track m sregi strfagi on jat p@edﬁt errﬂ ngd fredagencies. 41. A nethod for
reduci ng a control error d{J nf{i zati ' noi se of a digital-to-anal og
converter drivirlg 02 pI qua tlzati o poise resulting fromthe
di gi tal -to- adakdg Monverte‘r haV| ngMa ] oBer |ff eci ﬂzon—[an nga_zpr.(ncleJ,orD2 = hy.
driving the digi t@l to-p nal (?g gonveyter, t hq IVFEt hod conpri sing: providing
control signals |for contr ling a pI nt, thejcontrol signals each having a
preci sion of a flirat paedederAi i negpunber 8],0i ts further conprising a
first group of nost significant bits and at |east one | east significant
bit; driving a state estimator with the nost significant bits and a
position error signal to reduce the power spectrumdensity function of the
track m sregistration at predeterm ned frequencies; accunulating the at
| east one | eHsdrefotegthief(h t)rth obder statd spacareakization sf theitgnsfer fwactiorbi t i s
generated; adding the-new nost significant bit to a first group of nost
significant hi en d| fied plant control signal; and providing
the nodifi edgﬁkz;n'ta g‘n E{ﬁ&} 2{‘8{5 cambetdpeesphtadms folowsnt r ol operation of the
pl ant . 9 MAY 2002 62 42, The nethod of claim4l, wherein the accunul ating
the at |east one Ieastfgg% Li Bqéyp until a ne~~ nost significant bit is
e

generated further conpdli at | east one least significant bit
through a feedback | oofy H&VF (fé*‘flgléﬂ)o ck loop gain until the new nost
significant bit is generated. pg () 43. . The nethod of claim.4?~
wherein the feedback | inis z Fz where F(z) i~ a filter whose transfer
function is assuned taq b"e]‘a real rational function

where state , and coefficient matrix:

1o 4, [ B,

Now with the state space equation of

=[B‘D2], c=[c, pC,l] D=DpD,

B8,(2)

, one can calculate the impulse
response of the system, i.e., for the input {#(¢)} with (0)=1, and u(?)=0 for ¢ >0, the
output response {y(2)} can be calculated as follows:

y(©0) =D,

y(@) =CB,

y(2) = CAB,
M

(i) =CA™B,
M

Therefore,



which is analytic and bounded inf z v ~~ 2z ~~> 1} 44 . The nethod of

claim 43 wherein the feedback |oop gain is a single integrator. 45. The

met hod of claim4~ wherein the feedback | oop gain is a double int 89 M)
,~11~"f '. 63 46. Z he nethod of claim43 wherein the filter F(z) rpb I&‘ésZUOZ
a power speotruml1 ' to In(Sc a (~))d ~ SGQe ( ) of shaped noi se t hat

al ways satisfies ~ QK, where Kis a cof&tant. . ' The nmethod-of claim

41 wherein the control ery k m ste t:d, thetrack

ni sregi stration being rreas%h@@sj b":%‘?‘eh Ié _%ééméj n@rror signal (PES),

the z E(PES z (t)) z q ~ 7f10 mean squar € vaI ue of PES satisfying 12 , where

g= 2 ~wth c being the_q_ by 074 &S the processor, and 1
bei ng a nunber representlyﬂgwa’lga “;I east,-2 he _eas'?) Si gnl ficant bit. 48. The
met hod of claim4l wherein the control errorools I Sregistration, the

track misregistration being neasured aes &t ﬂﬁ'@‘l{'dﬂé @‘bs) TC8n error signal
(PES), a mininmum of the nmean square val ue of? PES being derived according to

a met hod conprising: constructing state r éyei z-1 7D2‘..,. A, and B;
L =Lii Liz . solving ~T-L+BBT getﬂ oIAtlon ‘r'ZZ finding
the optimal filter coefficients: b Tand solving for the m ni num
of the mean square val ue of PES gl ven Bylg E(PES z (t)) _ ~2 (Cz (Lzz
'- L~2L~ tLzi)Cz + ho )~ g ~pY 2002 54 4g, The met hod of claim4$ wherein
t he mean squq?ﬁeré/al ue of PES achieves ~2 , h2 0 the | ower bound, 12 , by
additionally teeding forward the filtered QEF noise QN to the controller

i nput when there is at Ieast one sanpling delay in the servo 1"oop. 50. A
data storage system copprs si-heg? @'Jata storage disk; a notor for rotating
t he data storage disk; andaian act uat or systemfor noving a transducer
relative to the rotating data storage disk, the

Simple algebraic manipulation yields that L satisfies the following Lyapunov
equation:
ALAT -L+BB" =0

Therefore,

2 2
2 - 4 Jary §2 _4d 2 T
=21 _Flle do=>—(D*+CLC
E(PES* (@) =7~ 11 0@ | do =1 )

2

where L is the solution of the Lyapunov equation, which is positive definite as the system
is stable. In the following, the above value will be minimized by optimally choose the
coefficients fof the filter F(z). Notice that in the state space equation, the matrices 4, B,
and D are known, so L can be solved in the Lyapunov equation; part of the matrix C
depends on the unknown, f, in fact,

c=[c, DCl=1-/ G

Now , suppose the matrix L > 0 is partitioned as



actuator systemfurther conprising: a voice coil notor being driven by a
digital -to-anal og converter; a digital signal processor providing a control
signal for controlling the voice coil notor, the control signals SaMAY 2002
having a precision of a first predeterm ned- nunber of bits furthe
conprising a first group of nost significant bits and at |east one |east
significant bit, wherein the processor gpeduces a control error for a servo
| oop due to quantl zati on Elé the digital-to-anal og converter driving
t he voice coil notor, "g}or accurul ating the at | east one | east
significant bit unti I a n significant bit is generated, and adding
t he new nost significant blt to a first group of nost significant bits
bef ore bei ng provided tﬁﬁ th;) ce coil notor.
A Ae. Ay (. A 4ise Abtice that Aone Kas. AYUY. An. AA. A3. Al 9
CAY. A% AT AALL AY2 LA AL AY9. A LAl & A&s . An% As, . A& AnL . AL . Al % As

A A{L. AU . Aa&R A . Ay. Au . Ae. AyR LAY

.A . AuL. Al , . As. Al 9. AH%}( %ﬁ 2]..@@Tg’\ﬂ ca] cal] ca] c, a] cka] ca] ca] ca] ca
] ca] ca] ca] ca] cal ca] ca] ca]Dca] a] ta] ca] ca] ca] ca] c*a] ca] c"a] caUcaU]ca]c(a]cT
a 2, >A
/vAgy+~7{vq| gb])(] ca] ca] ca] ca] cad gaLﬂa]_ﬁfa—] Eﬁ]lqaj] calsh},€AMog).ca] ca] ca] ca] craU
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cd¥ca] ca] ca!
a<Hal @ vql gb] X gb] X] ca] ca] ca] ca] ca] caV] ca] ca] cajcalcalcaV]c a]jc aV]c
a] caJ ca] ca] ca ca] caV] ca] caUlea]c(aUc(a]c(aU c(a]c(a]ca]ca

s quwz#~+R] | wr HFL 9biin &Déui]ooaj/c ( U] %E]Véa’]i@a]se;éﬁﬁém caJca]ca]caV]calc
a] cal caV] ca] cal ca] caV] ca\/] ca] cal c( a] ca\/] ca] caV]ca] ca

(YHYPEET7 N H=HAH23S BS OE(PES(£))
RB8e B’ &&{ vql gb] X] € 2A] Bal@&),éa) &dV] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] cajca]c c’\a] c&a) calcalcalcaljcal,&@D G P "' ((g(k(((())X
)))) DF*F* Y+ +] +f +i +++2, {vpkf [V]ca]ca]c™alc(a]c(aU c(a]c(a]ca]calc(a]ca]ca
] ca] ca] ca] ca] ca] ca] ca\/] g,géa&] ca] ca]ca]ca] ca]ca]ca]caV]ca]ca]ca!2,,,-d--.
| ../j/10j 001Blll’>2K2N2 48¥d55{ vl gb] X] ] ca] ca] ca] ca] ca] ca] ca] ca] cal]
ca] ca] cal] ca] c(a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca!5
6a666’7777J888U9c99 i:i;Q;

 1<<<2===@>>F???@ xs mitl APFFea))ca é}'ﬂélzcaheé'szaﬁat b3 ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] c( a] cd] ca] ca] ca] cd¥ ca] ca] ca] ca] ca] ca! @@ED @ @EAMAA
B! B' BSB{ BBBBBBCY{C@BC CCCCCCCDD{ vgkf [ Uni d_ZV] ca] caV] ca] caV] ca] ca] ca] caV] ca
]CEZ] ([:)a\/] ca] c%]lscgosclg‘\,/e] c(l:eﬁ]mte\t/llx lqca_]géai\ﬂgzakqa] ca] ca] ca] ca] ca]ca] caUl c(a] c(ay]
D=DGDIVDc Dn D} DDDD2|—|—|—|—|—|—|—|—|—|—|—|—QFquFFF G Gaz0g vql ga\ Vkf " [ Un| d_ZWwV] ca] caV]ca
] ca] ca] caV] ca] ca] caV] ca
V] c*aV] caV] ca] caV] ca] cawlcfe(]”@&/]t})a] (Cdlea] Eabi ba)D( *a]“a')ax/&za]’cca\/] ca] ca] caO
GRGGG?HCHKH[ Hj Ht HX HHHHHEH! 1712111 33119&3- J1J4Jr Jud| J~yr | gb\ Vkf " [Uni d_ZWV] caV

ca] cal] cal] ca

]U\/] La] La\/]U]caU]Ind] agajcadnfiab te]QERTMR/Lonltadwy|lhapren] caV] ca] caV] ca] ca] ca] caV]
‘ca] ca] ca] cal] ca| JJJI( KNKKKKKJILLLGVEM MUWMWNMNOhG O QuOx OQ( PRPPP} xr mhc” Yni d
ZW] ] ca] ca] ca] ca] qakhnahsl ddsvabahabsahsabaatioahpaligal.caV] ca] caV ca] ca] ca]
cal] ca] ca] ca] caV] ca] cal] ca]ca] caV] ca Pl QQQRpRRRRRRS( S* S9S=Sz S} SSSSST
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2. Solve the following Lyapunov equation to get the solution L
ALA" -L+BB" =0

< -1
3. Find the optimal filter coefficients: S =Clnly,
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It is easy to see that the block diagram 2100 in Fig. 21 is equivalent to the block

diagram 2200 in Fig. 22. From the block diagram 2200, one can easily have that
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which is the lower bound given in the TMR reduction theorem.
' To see how this scheme is related to the scheme described above with reference to

Figs. 6-15, one can equivalently represent the block diagram in Fig 22 with the block

diagram in Fig. 16 with

-1y -1 1 IR
F@ = Fo(e) + poz P00 =T TE D e SR 2

And the noise filter in Fig. 17 1s as follows

1= F@) =1- 27 Fy () = poz "C@) = Eb = poz ™ (z>-"};(z)

Notice that if the closed loop map H(z) has a minimum phase, i.e., it has stable zeros,
then PES can be calculated as

PES(2) = (1~ z"'F(2))-H(2)-ON(2) = ’f,; 5 L H(2)-ON(2) = poz™"ON(2)

2

where the above zero-pole cancellation is allowable because they are stable.

From the above discussion, it can be concluded that if the closed loop system is
minimum phase and there is at least one pure delay in the loop transfer function, it can be
seen then that the modified QEF scheme can achieve the lower bound for the TMR with
the QEF schemes introduced above with reference to Figs. 6-15, and the resulting TMR

is white noise.
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109 () - LOL10@Re4 heall frequencies of interest by driving the state estimator 2310 with the most
significant bits 2312 that are sent to the DAC 2320. Those skilled in the art will
recognize that by using both the quantization error feedback methods described above
and the DAC-output driven estimator method illustrated with reference to Fig. 23, more
even more TMR reduction is possible.

Fig. 24 illustrates a block diagram of a controller 2400 that is configured to
execute the quantization error feedback method in accordance with the present invention.
The controller 2400 includes a processor 2410 and memory 2412. The processor 2410
executes one or more computer programs, which are represented in Fig. 10 by the
window 2414. Generally, the computer programs 2414 may be tangibly embodied in a
computer-readable medium or carrier, e.g. one or more of the fixed and/or removable data
storage devices 2416, or other data storage or data communications devices. The
computer programs 2414 may be loaded from the data storage devices 2416 into the
memory 2412 for execution by the processor as 2410 discussed above. The computer
programs 2414 comprise instructions which, when read and executed by the processor

2410, causes the controller 2400 to perform the steps necessary to execute the steps or

elements of the present invention.
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lower bound for the mean square value of TMR using QEF schemes has been described.

The optimal QEF filter which minimizes the mean square value of TMR has been
derived, and an algorithm has been provided. Moreover, the QEF method of the present
invention may be conveniently implemented in DSP without signiﬁcan’tly increasing
computational time.

The foregoing description of the exemplary embodiment of the invention has been
presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed. Many modifications
and variations are possible in light of the Iabove teaching. It is intended that the scope of
the mnvention be limited not with this detailed description, but rather by the claims

appended hereto.
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digital-to-analog converter, the method comprising:
providing control signals for controlling a plant, the control signals each having a
precision of a first predetermined number of bits further comprising a first group of most
significant bits and at least one least significant bit;
accumnulating the at least one least significant bit until a new most significant bit is
generated,
adding the new most significant bit to a first group of most significant bits to generate a

modified plant control signal; and

providing the modified plant control signal to the plant to control operation of the plant.

2. The method of claim 1 wherein the accumulating the at least one least
significant bit until a new most significant bit is generated further comprises feeding the
at least one least significant bit through a feedback loop having a feedback loop gain

until the new most significant bit is generated.
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) 4, The method of claim 3 wherein the feedback loop gain is a single
integrator.

5. The method of claim 3 wherein the feedback loop gain is a double
integrator.

6. The method of claim 3 wherein the filter F(z) provides a power spectrum

— jo In(S 55 (@))da =

Saga (@) of shaped noise that always satisfies # o K, where K is a
constant.

7. The method of claim 1 wherein the control error is track misregistration,

the track misregistration being measured according to a position error signal (PES), the

2
EQPES*®) 2L -p2 ,
mean square value of PES satisfying 1 , where g=2¢ with ¢ being

the quantization resolution in the processor, and / being a number representing the at

least one least significant bit.
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constructing state space matrices By, D, ,A, and B,
o[l b
r L, L,
solving ALA" -L+BB" =0 ¢, get the solution 21 Tad,

* -1
finding the optimal filter coefficients: S =Clnlyy; and

solving for the minimum of the mean square value of PES given by:

2
min E(PES*(0) = L(Cy (L = I Ti{La)CT + ).

9. The method of claim 1 wherein the mean square value of PES achieves
2
9 .2
0
the lower bound, 12 , by additionally feeding forward the filtered QEF noise QN to

the controller input when there is at least one sampling delay in the servo loop.

10.  The method of claim 1 further comprising driving a state estimator with
the most significant bits and a position error signal to reduce the power spectrum density

function of the track misregistration at predetermined frequencies.
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a processor providing a control signal for controlling the voice coil motor, the control
signals each having a precision of a first predetermined number of bits further
_comprising a first group of most significant bits and at least one least significant bit;, and
a quantization error feedback circuit for reducing a control error of a servo loop due to
quantization noise of the digital-to-analog converter driving the voice coil motor, the
quantization noise resulting from the digital-to-analog converter having a lower precision
than the processor driving the digital-to-analog converter, the quantization error feedback
circuit providing control signals for controlling a plant, the control signals each having a
precision of a first predetermined number of bits further comprising a first group of most
significant bits and at least one least significant bit, accumulating the at least one least
significant bit until a new most significant bit is generated, adding the new most
significant bit to a first group of most significant bits to generate a modified plant control

signal and providing the modified plant control signal to the plant to control operation of

the plant.

12.  The actuator system of claim 11 wherein the quantization error circuit
feeds the at least one least significant bit through a feedback loop having a feedback loop

gain until the new most significant bit is generated.



& ()-S)109%Wa&' ()-' FLO%VE ()-$Z10%VE ()-" @ 10%VE& () -y

110988 ()-Vv}}}}~~~~I~uj = 10 1 10! $ 109& ()- 10M 10M

10V 100K () - ML.31090/& ()~ 110%VE () -!!S) 109%n& () -! ~k~n~~~~~}[ 9] _=QLijAY 2002
1 109%° P

& ()-T!, MLO% | & ()-S, MLO% & () - St 109& ()s ! f9100& ()-'!f910%& ()-' ~YJaBj =

10 1 ' O@&LOYR ()-VYy 109& ()-!1:' 109%& ()-f @

109& () -, 109%&' () - OINY& The abluakéfayitert of Elaiin 112 bR the feedback loop gain .
& ()-f(1090& ()-! (f940%& ()-fYdOWR& ()-y#10%& ()-Ss! 109& ()-Z}sfY: 10 1 !9®
10%&' () - 10RR10RR10RR! By1- 109RR&' () -y1-10%& ()-y@ 10%&' ()-f, 109%& ()-

BFL}[ <fY: 10 coniprite9&’ %)@). [HEOFE) & o flte@h0REs rinsfedBirtish (s) asFinsaIl R o fealF
&&3109%& ()-Fb+wdEfY: 10 1 1fY'109& ()- @ 10%& ()- 109& ()- y- 109%& ()-
y109%& () - S@0%& ()-wB[dEFY; 10 1 !1109& ()-.z1Q%&{)s B 109& ()-)

10%& () - Ff &z mobgnal furzgqth@ analyjif; gnd bounded i 2 £ e B

______

14,  The dctuator system of claim 13 wherein the feedback loop gain is a

single integrator.

15.  The actuator system of claim 13 wherein the feedback loop gain is a

double integrator.

16.  The actuator system of claim 13 wherein the filter F(z) provides a power

1
—- [y In(Sgpp (@))dw =
spectrum Sagn(@) of shaped noise that always satisfies # oo K

where K is a constant.

17.  The actuator system of claim 11 wherein the control error is track

misregistration, the track misregistration being measured according to a position error

2
E(PES?(5) > L. p2
signal (PES), the mean square value of PES satisfying 1 , where g=

2°¢ with ¢ being the quantization resolution in the processor, and / being a number

representing the at least one least significant bit.
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misregistration, the track misregistration being measured according to a position error
signal (PES), a minimum of the mean square value of PES being derived by the

i

processor according to a method comprising:

constructing state space matrices By, D, ,4, and B,

I - [Ln le]
solving ALAT ~L+BB" =0 ¢, get the solution In LIn ;

. -1
finding the optimal filter coefficients: S =Calnaliy; apg

solving for the minimum of the mean square value of PES given by:

2
min B(PES® (1) = -(Cy (L = L i Lo)C + 1)
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loop.

20.  The actuator system of claim 11 further comprising a state estimator, the
drive state estimator being driven with the most significant bits and a position error
signal to reduce the power spectrum density function of the track misregistration at

predetermined frequencies.

21. A data storage system, comprising:

a data storage disk;

a motor for rotating the data storage disk; and

an actuator system for moving a transducer relative to the rotating data storage disk, the
actuator system further comprising:

a voice coil motor being driven by a digital-to-analog converter;

a processor providing a control signal for controlling the voice coil motor, the
control signals each having a precision of a first predetermined number of bits further
comprising a first group of most significant bits and at least one least significant bit, and

a quantization error feedback circuit for reducing a control error for a servo loop

due to quantization noise of the digital-to-analog converter driving the voice coil motor,
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least significant bit until a new most significant bit is generated, and adding the new

most significant bit to a first group of most significant bits before being provided to the

voice coil motor.

22.  The data storage system of claim 21 wherein the quantization error circuit
feeds the at least one least significant bit through a feedback loop having a feedback loop

gain until the new most significant bit is generated.

23.  The data storage system of claim 22 wherein the feedback loop gain

z7'F(2)

comprises , where F(z) is a filter whose transfer function is assumed to be a real

rational function which is analytic and bounded in 12112 IR 1}

24.  The data storage system of claim 23 wherein the feedback loop gain is a

single integrator.
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power spectrum Saga (@) of shaped noise that always satisfies # ° o

K, where K is a constant.

27.  The data storage system of claim 21 wherein the control error is track

misregistration, the track misregistration being measured according to a position error

2
E(PES* () 2 L--R?
signal (PES), the mean square value of PES satisfying 12 7 where g=

2'¢ with ¢ being the quantization resolution in the processor, and / being a number

representing the at least one least significant bit.
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signal (PES), a minimum of the mean square value of PES being derived by the

processor according to a method comprising:

constructing state space matrices By, D, ,A4,and B,

s

solving ALAT ~L+BB" =0 (o get the solution L Lz ;

. -1
finding the optimal filter coefficients: f =Cololay; ang

solving for the minimum of the mean square value of PES given by:

2
min EQPES* (1) = £-(Cy Loy = L it )C3 + ).

29.  The data storage system of claim 28 wherein the mean square value of

Q_z_.;ﬁ

0
PES achieves the lower bound, 12 , by additionally feeding forward the filtered

QEF noise QN to the controller input when there is at least one sampling delay in the

servo loop.

30.  The data storage system of claim 21 further comprising a state estimator,

the drive state estimator being driven with the most significant bits and a position etror
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31.  An article of manufacture for reducing track misregistration due to
quantization noise of a digital-to-analog converter driving a plant in a servo loop, the
quantization noise resulting from the digital-to-analog converter having a lower precision
than a processor driving the digital-to-analog converter, the article of manufacture
comprising a computer readable medium having instructions for causing a computer to
perform a method comprising;:

providing control signals for controlling a plant, the control signals each having a
precision of a first predetermined number of bits further comprising a first group of most
significant bits and at least one least significant bit;

accumulating the at least one least significant bit until a new most significant bit is
generated,
adding the new most significant bit to a first group of most significant bits to generate a
modified plant control signal; and

providing the modified plant control signal to the plant to control operation of the plant.
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furthercomprises feeding the at least one least significant bit through a feedback loop

having a feedback loop gain until the new most significant bit is generated.

e

33.  The article of manufacture of claim 32 wherein the feedback loop gain is

-1
z F(z) , where F(z) is a filter whose transfer function is assumed to be a real rational

function which is analytic and bounded in {7 Izl=13,

34.  The article of manufacture of claim 33 wherein the feedback loop gain is a

single integrator.

35.  The article of manufacture of claim 33 wherein the feedback loop gainis a

double integrator.

36.  The article of manufacture of claim 33 wherein the filter F(z) provides a

- ,[0 In(S GOR (@))dw =

Saon(®@) of shaped noise that always satisfies #

power spectrum

K, where K is a constant.

37. The article of manufacture of claim 31 wherein the control error is track

misregistration, the track misregistration being measured according to a position error
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2'e with being the quantization resolution in the processor, and / being a number

representing the at least one least significant bit.

38.  The article of manufacture of claim 31 wherein the control error is track
misregistration, the track misregistration being measured according to a position error
signal (PES), a minimum of the mean square value of PES being derived according to a

method comprising:

constructing state space matrices By, D, ,4, and B,
I = [Ln le]
L, L
solving ALAT ~L+BB" =0 ¢, get the solution 2l

v -1
finding the optimal filter coefficients: J=Clply ;and

solving for the minimum of the mean square value of PES given by:

2
min E(PES™(1)) = %(Cz Ly = L L L)CT + D).

39.  The article of manufacture of claim 38 wherein the mean square value of

2
9 .2
0
PES achieves the lower bound, 12 , by additionally feeding forward the filtered
QEF noise QN to the controller input when there is at least one sampling delay in the

servo loop.
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40, The article of manufacture of claim 31 further comprising driving a
state estimator with the most significant bits and a position error signal to reduce the
power spectrum density function of the track misregistration at predetermined

frequencies.

41, A method for reducing a control error due to quantization noise of a
digital-to-analog converter driving a plant, the quantization noise resulting from the
digital-to-analog converter having a lower precision than a processor driving the digital-
to-analog converter, the method comprising:

providing control signals for controlling a plant, the control signals each having
a precision of a first predetermined number of bits further comprising a first group of
most significant bits and at least one least significant bit;

driving a state estimator with the most significant bits and a position error
signal to reduce the power spectrum density function of the track misregistration at
predetermined frequencies;

accumulating the at least one least significant bit until a new most significant
bit is generated;

adding the new most significant bit to a first group of most significant bits to
generate a modified plant control signal; and

providing the modified plant control signal to the plant to control operation of

the plant.
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42, The method of claim 41 wherein the accumulating the at least one least
significant bit until a new most significant bit is generated further comprises feeding the
at least one least significant bit through a feedback loop having a feedback loop gain

until the new most significant bit 1s generated.

( . -1
43. . The method of claimt42g wherein the feedback loop gain is 2" F(2) ,

where F{(z) is a filter whose transfer function is assumed to be a real rational function

which is analytic and bounded in % zl=1}

44, The method of claim' 43 wherein the feedback loop gain is a single
integrator.
45, The method of claim 48 wherein the feedback loop gain is a double

integrator.
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46. The method of claim 43 wherein the filter F(z) provides a power spectrum

L 10 ggs (@))do =

Saa(@) o shaped noise that always satisfies 7 K, whereK 1s a

constant.

¢

47, The method of claim 41 wherein the control error is track misregistration,

the track misregistration being measured according to a position error signal (PES), the

2
EPES* () 2 L -n? )
mean square value of PES satisfying 1 , Where g= 2°¢ with ¢ being

the quantization resolution in the processor, and / being a number representing the at

least one least significant bit.

48,  The method of claim 41 wherein the control error is track misregistration,
the track misregistration being measured according to a position error signal (PES), a
minimum of the mean square value of PES being derived according to a method
comprising:
constructing state space matrices By, D, ,A, and B;
) I = I:Ln le]
solving ALAT~L+BB" =0 get the solution L L ;

. -1
finding the optimal filter coefficients: J=Claly ; and

solving for the minimum of the mean square value of PES given by

2
min E(PES (1) = L-(Cy (L = L i)Y + 45).
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50. A data storage system, comprising:

a data storage disk;
a motor for rotating the data storage disk; and
an actuator system for moving a transducer relative to the rotating data storage disk, the
actuator system further comprising:

a voice coil motor being driven by a digital-to-analog converter;

a digital signal processor providing a control signal for controlling the voice coil
motor, the control signals each having a precision of a first predetermined number of bits
further comprising a first group of most significant bits and at least one least significant
bit, wherein the processor reduces a control error for a servo loop due to quantization
noise of the digital-to-analog converter driving the voice coil motor, the processor
accumulating the at least one least significant bit until a new most significant bit is
generated, and adding the new most significant bit to a first group of most significant

bits before being provided to the voice coil motor.



