NVETHOD AND -APPARATUS FOR REDUCI NG ' : TRACK

M SREG STRATI ON DUE TO DI G TAL- TO- ANALOG CONVERTER QUANTI ZATI ON '
NO SE . BACKGROUND OF THE | NVENTI ON 1.
Eield of the Invention. This i n\(lention relates in general to a -
rotatabl e staorage syste L C : d and appar at us
for- reducing track m srm‘ﬁ%ﬁﬁﬁf’w H‘"ﬁ?ﬁ%ﬁ%ﬁ&gé converter

- qguanti zation noi se. TB.ACKW%IBQHDN%BW TO Art.

Rot at abl e di sk dat DKFTAGT GANALOGECONYERBTER QYMANRIZATPONSINOISEL ens t o
provide rapid data file access for reading and witing. These rotating data
storage systens include disk m@wt uator driven
transducer assenblies that a i rs (VCM to access
rotating platters. Rotating disk storage systens also include optical disk
menory enploying a | aser read-wite head assenbly to access optical disks.
The readi ng and wijti ng FidM of B Inwehtid® t he concentric data tracks in a
rotating storage device 1s subject to data errors arising from head
tracking errors that.o . i.0g: t he file and during data
retrieval fromt heﬁlﬁ lgeig%ﬁh&g?éléet%%m g«%rglot?])(gorrﬁéﬁ%%ﬂorég%s i ? ?Ihcgmgﬁ f.or
reduci ng both hard and soft errors during witing and reading froma

storage di sk -ParticBlagg e s method and rppasafiie Fr reciicing dragk migegistrationdue & of f t r ack’

regi ons about each track centerline on the disk. The offtrack nethod
provi des a t hdestabledammbepseoneerten quantization noise. '

2. Description of Related Art.

Rotatable disk data storage systems are widely used in computer systems to
provide rapid data file access for reading and writing. These rotating data storage
systems include disk mefnory media using servo-actuator driven transducer assemblies
that are driven by voice coil motors (V CM). to acces.s rotating platters. Rotating disk
storage systems also include optical disk memc;ry em.ploying a laser read-writ;e head
assembly to access 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
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2 inHFbiting the read or wite functions of the head assenbly. That is, the
wite function is  inhibited (disabled) when the head position exits the

of ftrack regions, Nevert hel ess, in hard disk drives-(HDD), the
digital to anal og converter (DAC driv%ng the voice coil notor (VCM has
limted accuracgy.... ntizati on noi ses r . roundo rrors) due to the
finite preci sigHe ﬁ@eaéﬂt“ﬁgﬁﬁ’&%‘%@rogﬂteﬁﬁgéﬁs%{’g’o s, the ypite Hmghiemigr ade
servo performance. In the digital servo control |oop, the internal

preci si on of inhibited (djsabidd) sibgn e head pesiiar exitO8ie) offtmck yegiaral | y hi gher -(e. g.,
16 bits) than that of the DAC (e.g., 12 bits). As a result, the | ower
order bits have tONBRAERED &l ARKIRReCAIND), Medgitdl ¥hidlde Hndiadr (DAGENt
to the DAC. This dropping of the |ower orderj’bi tsjg I.e., t%enDACr(Dgc%
guanti zation poi.se,, may contrib signifi.cant portion of -the total
track-nisregi%T?ﬂ%Pﬁﬁm%ffW§f¥m§K&?ﬂg>mﬁg@?' GFeus eéiﬁﬁﬂ BOEHP ser vo
bandwi dth in a HDD, th;afower_ spectrum of TMR due to DAC noises is - fixed,
and the TMR dwasdefberrarpadus tothetfiniteprecisioniof thiipRAIC gan disturb the servo eamfrobleopeen
then that there is a need for a nethod that effectively reduces TMR due to

DAC quant i zat amindeggide8ervo performance. In the digital servo control loop, the internal precision of 3
SUMWWARY OF THE | NVENTI ON- To overcone the limtations in {)he prior
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control signal is sent to the DAC. This dropping of the lower order bits, i.e., thé DAC

quaﬁtizaﬁon noise, may contribute a significant portion of the total h"ack-misregiétration
(TMR). Furﬁlennore, for fixed mechanics and servo bandwidth in a HDD, the power
spectrum of TMR due to DAC noises is fixed, and the TMR does not scale with the track
density.

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

due to DAC quantization noise.



MM sregistration due to digital-to-anal og converter quantization noise.

The present invention sol ves the above-descri bed problens by providing a
quanti zation error feedback nethod that conpensates for the dropping of
Lower order bits- froma processor to a digital-to-analog converter driving

a plant. A nmethod in accordance with B8he principles of the present
i nvention includes providing SUMMARYORBHEINVENT@AN: ol 1ing a plant, the

control signals each having a precision of a first predeterm ned nunber of
bits further comprig b i il O R it oftfibb G, arldl b BvélSeimalt

| east one | east S|'5ér1{)#§g%°g[}le{m%;ﬁ{m 6ro§? |e g each of the first group of nopst
significant biﬂ%s to,. the o control .,operati,on of, t

| ant e e pl an
accunul ating ¢ glgptqt’é’é}%ﬁ_’%}‘(éu g?ce'al&ﬂpgfff&?ﬁ‘@PB&??F“&&%”“&H?‘?‘F‘B%&HQW S Rygent
significant bit is-generated and adding the new nost significant bit to a
first group opecifisation theipkésentrinveptios diselossse methedjanst apprradits forredueing trale |
Q her enbodi nents of- a nethod in accordance with the principles-of the
i nventi on Maymiddpdtkhtitn ahé & digihdl 6 amdlo® Bérvenér quantiiastiowpeike.aspect s. One such
aspect of the present inventron is that the accunulating the at |east one
| east significant bit _until : Lot SRt ms By BRRED: d-
further conprises % Fﬁe&k%vgnt%?‘%{é}égthegﬁg@%%st S,%ﬁ‘?%ﬁ’%g}’q? bi 'tlﬁéfghrough a
f eedback | oop having a feedback | oo ain until the new npst .signifjicant
bit is geneP@;@@i_zatiqon error feedback metho% t%at compensates for the dropping of Tower orcif:r%ﬂs
Anot her aspect of the present invention is that feedback |oop gain is
[err], where féom)a prosessorftd b digitalstvemeldgrecanygdrter dfiving aiplanti s assunmed to be a
real rational function which is analytic and bounded in [err].

A method in accordance with the principles of the present invention 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, 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 lgast one least significant bit until a new most

' signiﬁqant 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.



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

single integrator. Anot her aspect of the present invention is’ that

t he feedback | oop gain is a double integrator. Anot her aspect of the
“present invention is that the filter F(z) provides a power spectrum [err]

of shaped noi se that always satisfies [err] K, where Kis a

const ant . not,her as t of the prese j Nid QN1 s t:hat R (o]
error is trac f 3@68&&?%? ﬁs,enp’f%%mtoflésglllaenqgés{ﬁ)g%% fép P §$1|né% bei(ng’ &r@%é E?Zéd
according to a position error signal (PES), the ) . L

E(PES2 (t)) [lemrfjlterphnsestmansfes funshiowisessupmd tobeiagegliratipnal function which is wher e
g= 2[err] ¢ with ¢ being the quantization resolution in the processor, and

| being a nunper representing{zhpzfatl} | east one |east significant bit.
iyl Shp

Anot her aspec?’n invention is that the control.error is track

m sregistration, the track m sregistration being nmeasured according to a
position error si4{netheraspsst of the prepont inpentian i that fiedfeedbackdeer gaindsa sipglors
bei ng derived according to a nethod including constructing state space

matrices [errintegrdterr] 2, A and B, solving :
5 L [err] [err] togetthesol ution

[err] finding the ' i i ol : 1. vi ng
for the mnimm o‘?%éer%eg{nws%ﬁgrf seen\t/f’;il"i%ﬁﬁet{d([)l:ci $ 8B fho RelblokcTobPfdid i ot
integrator.

Another aspect of the present invention is that the filter F(z) provides a power spectrum

1 T :
—- s In(Sgpz(@)do =
Sags(®) of shaped noise that always satisfies 7 o K,whereKisa

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

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

2
E(PES*(0) 2L .12 ,
mean square value of PES satisfying 12 - 7 where g=2 ¢ with ¢ being

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

Another aspect of the present mvention is that the control error ils track misregistration,
the track misregistra_tion 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, ,A, and B, solving



mnE[err] PES given by: f : 12 Anot her aspect of the
present invention is that the nean square val ue of PES achi eves the

| ower bound, 1 2 , by additionally feeding forward the filtered QEF noise
Nt o the control I er i nput when there is %t | east one sanpling delay in the
servo | oop. Anot her aspect of t present_.invention is that the
nmet hod further includes driving a state,esthmater| with the nost.

significant bitsra osjtion error S|6na o speduce the power, spectrum
density funct ";Ejfﬁgpt'r cte gat the sgftiont at i Iﬁz‘ atD; -dmding the priamal flietenci es. .
The quantization error feedback method and the state estimator nethod may
be used separately, or alternatively, may be used jointly to achi eve even

nore track msr |strafo tpdn i f I s .used separ at el :

I n anot her en‘ES’S&%g of {C é"%'r ﬁ’?‘f’ﬁ/@ﬁfheéwmfrﬂ'ém &’ﬁé’beaflﬁé’?fﬁgglued
providing control signals for controlllng a plant, the control signals
each having a precision of a first ed e er, of bits further
conprising a first grouﬁmﬁﬁ' ﬁ@gt t)él‘gg 2&!&91)%5&9 | east one | east
signi ficant bPES grvan by vi’ ng a stat Stimator with the nost significant
bits and a position error signal to reduce the power spectrum density
function of the tAactherdspectof the peeséns mventiqn ie thet Srermhennciqhare cyakun of BES

6 . These and various ot her advantages and features of novelty which

characterize the invention are pointed out with particularity in the
clai ms annexed hereto and form$% pqﬁ

achieves the lower bound, 12 - , by additionally feéding forward the filtered QEF
noise QN to the controller input when there is at least one sampling delay in the 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 aliematively, may be used jointly to achieve even more track misregistration
than 1f either is used separately.

In another embodiment of the present invention the method includes providing

control signals for controlling a plaﬁt, 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.



.her eof However, for a better understandl ng of the invention, its
advant ages, and the objects obtained by its use, reference should be nade
to the drawi ngs which forma further part .hereof, and to acconpanyi ng

descriptive matter, in which there are :NIGI ustrat ed and descri bed specific
exanpl es of an apparat us_in, accordance ny, on., . .
7 These aphyariouspthergdvan sepd tﬂé){e Kﬂ%‘”m"h characteriza the g

now to the drawings in which |like reference nunbers represent

cor r espondi nginperttion atdpaimteshouttwith particularitfingthe ¢laims annexesthescte arnd foapaipest -

di agram of a data storage systemsuitable for practicing the present

i nvention; MRS5S thd BveMEonSIR ddvabipésahmbithen Fi g.
1; hereo§ }F)I ustrzfgfggg%rg?&n% F1fi e%) bl ock di agram of g HDD servo
system upval e cui f

i I lustrated |?P1Wt§gbt§“°&§y% e‘éenc%ng E ?’ﬁ‘ieﬁg %%g‘rﬁ@ 95@%@0‘?’%@ Fom.
quanti zation error to TMR Fig.. 6 illustrates a bl ock dragram of a
quanti zati on mhuwfeg@m@mnwymgmsmp@ve ratteniawhich; there gee 14 and

i nvention; Fig. 7 shows the ideal power spectrunms of TMR due to
quanti zati on 8éscAbeddpbtific Staniples-of ah apparitos inQGcboramamvithothe irspntiond Wi t hout
any QEF (upper curve), respectively; Fig. 8 is an equi val ent
circuit of the block diagramillustrated in Fig. 6 wherein the:

doubl e-integrator plant is deconposed into two integrators; Fig. 9
is an equivalent circuit of the block diagramillustrated in Fig. 8;

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

E[err] of




Fig. 9; Fig. 11 illustrates a block diagramof a QEF schene with
doubl e integrators wherein nore power reduction nay be obtained at the

| ower frequenci es; - 8

Fig. 12 is an equivalent circuit of the,bl ock diagramillustrated in Fig.

11, wherein the doubl e integrator F scherre LS the optinmal feedforward
scheme and the prefilter im HEA (HE DRAWINGSt he nean square
val ue of PES; Fig. 13 is an equival ent circuit of the bl ock diagram

illustrated in Fi gReféing now to the drayingt4n whichdikeatferen¢dvainpererepsepartt r um
density of the filtered disturbance QE2 of Fig. 13; - Fig. 15 shows

the ideal powgy Qs g{rgéﬂggueto quantization error with the
e§[51ﬁ1 o Phkis iro y

doubl e-i nt egrato 6 illustrates a general structure for the'

QEF net hods accor t he r.esent .invent ..

f eedf orward bl ock b?‘lﬁ’ﬁ%tf"sfg@ema%ﬁmgf%?é F@gatgpg}(ségngwta?bxegfor 16

Fig. 18 is a three dimensional plot of power spectrum density d&against the
val ue a practigiing the presentinventionss t he variation of the power spectrum of
GE with variation of n; " Fig. 20 is a plot of the |ogarithm of

power spectrum denEllgtlsl&lfwsStpr)fbdvoﬁlH@ﬁ}fste&ﬁﬂiu@tﬁat&Dhﬂﬁ denonstrating that the
average i s constant; Fig. 21 is a nodified bl ock diagram of the

QEF et hod wher ei npfhe ;FNR, QUG nplified blook diagram of a HDD servo system;

Fig. 4 is an equivalent circuit of the block diagram illustrated in Fig. 3;

Fig. 5 shows the frequency response from quantization error to TMR;

Fig. 6 illustrates a block diagram of a quantization error feedback (QEF) circuit
according to the present invention;

Fig. 7 shows the ideal power spectrums of TMR due to quantization error with
single-integrator QEF (lower curve) and without any QEF (upper curve), respectively;

Fig. 8 is an equivalent circuit of the block diagram illustrated in Fig. 6 wherein
the d_ouble-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 QOF, 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 frequencies;'



sbound ‘i s achi eved, Fig. 22 is an equivalent circuit of -the bl ock
diagramillustrated in Fig. 21; " Fig. 23 is a block diragram
illustrating a servo control nethod based on state estimation; and

9 Fig. 24 illustrates a block diagramof a controller that is

. configured to execute the quantizatior®error feedback method in accordance
with the present iFigeh? ismn equivalent circuit of the block diagram illustrated in Fig. 11,

10 DETAI LED DESCRI PTI ON OF THE | NVENTI ON In.the

fol I owi ng des@hbmRin 18 dedblé fitegextehQERs¥henidie did dptimal feeBfkwadachdnd @iditht O
t he acconpanyi ng drawi ngs which forma part hereof, and in which is shown

by way of i 'bﬁéﬁﬁéﬁ%gﬁg@@eﬁ R &t hiif gg fE ésghﬁe%%@%f%?& i nvention may

be practi ced. I's t er st ood enbodi ments’ nay be

utilized as structyral changes be. e . w.thout departi .rqm t he
scope of the pres e#’cg- il%%se%‘t‘?qb‘h‘faiz%%‘mm&%%ﬁeblﬁ?ke‘géﬂ?m lﬁsﬂ?ﬁ‘?"?}g Fjb%'c}?i des a

met hod and apparatus for reducing track msregistration due to*

digital -to-anal 09 eRNYRhihimAFRIICARE LR Rhsit!dF tAfIb:d Al Ok HPD)

servo control syste guanti zati‘on noi ses (or rou errors ue to the
finite precigion,of the DJA converter (DAC) driving the VCM contribute a
significant p 13 of the total track-m sregistration (TMR). The present
i nvention provides a quantization

: Fig. 15 shows the ideal power spectrums of TMR due to quantization error with

N

the double-integrator;

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 .piot of power spectrum density against the value a

Fig. 19 illustrates the variation of the power spectrum of GOE 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



£rror ‘feedback (QEF) technique to reduce TMR due to DAC quanti zation

noi ses. The QEF technique according to the present invention offers a
sinpl e method of reshaping the spectrumof this noise to mnimze its
contribution to TMR In the digital siggal processor (DSP) inplenentation
of the QEF schenes, the _quantization erfor is nponitored nd cunul ated in
the DSP; when suf f¥igi ¥hillustrates a hlgek diagram ofa controlles & g’e"ﬁﬂé‘?éﬁc
are nodified such as to cancel the effect of the error. Despite the

nonencl at ur e quagtightioareionfeedliaick inwetlekifin atdordanye with dedbrésentmwentiorc hni que

whi ch neans that it cannot affect or degrade the servo | oop response.

Fig. 1 shows a schematic diagramof a data storage system 10 suitable for
practicing the present invention. System 10 includes a plurality of
magnetic recording di sks 12. Each disk has a plurality of concentric data
tracks. Disks 12 are-nmounted on a

11 spindle notor shaft 14 which is connected to a spindle notor-16. Motor
16 is mounted to a chassis 18. The disks 12, spindle 14, and notor 16

i nclude a disk stack assenbly 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 corresponding 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. Arns 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

di sks 12. Actuator 36 typically includes a rotating nmenber 38 nounted to a
rotating bearing 40, a notor wi nding 42 and notor magnets 44.



Actuator 36 is also nounted to chassis 18. Although a rotary actuator is
shown in the preferred -enbodinent, a |inear actuator could al so be used.
The sliders 30, suspensions 32, arnms 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 | dashed line) _which provides
protection from particul PETAHEDRESGRIBRION OF THE INXENIIONG| | er unit 50
provi des overall control to system 10. Controller unit 50 typically

contai ns a cent r alnahefollowihgidescriptioh of BRekemplaryembodiment, aeféirentdws madiedo t al
‘circuitry. Controller 50 is connected to an actuator control/drive unit 56

which in turngj : . : . ] o
control the %ég%%&g@ﬁéwgé&g%%\%ra@&%?o g’fﬂ h'ﬁ%&ﬁ?%%ﬂdeg‘g ?f; a
connected to g read/wite .chanpel.. 58 whi.ch in.turn is connected.t.o, the
heads of the HpstEabion thespect 9?“@?4’-6\?@ 188\41‘&{3?[1‘? invenpn, rgay e practiced, It is fq be

data fromthe disks 12. Controller 50 is connected to a spindle-
cont rol / dri veundefstood@hat other embodiments may be utilized as structural changes may be made

which in turn is connected to spindle notor 16. This allows controller 50

to control thgihdRbatdreRy Sém thesdeope of théplassit iesdoarm 70, which is typi-cally
.a conmputer system is connected ?o the controller unit 50. System 70 may

send digital data 40 controll e . ' ' . y
request that digi t’g e%sﬁeg{lggérﬁiégigﬁl%%aaﬁ %‘ﬁ‘;s&)@d?ﬁ%agié%‘s‘t 0 g%aégst em 70.
The basic operation of DASD units is well known in the art d j )
descri bed i n FsTegigEtian dus o digitphde-prales eonverter quaRtFaHIbROISS:, ﬁ%@%‘%k #E¥ and
Eric D. Daniel, McGaw Hi Il Book Conpany, 1990. Fig. 2 shows top
vi ew of syst e(HDD) sefvdé emttohsysteaspquantivetion $0ises(or crmtleff emors) dee todlglnited t he
di sk stack assenbly 20. Menber 80 automatically unloads the sliders 30
precision of the D/A ¢onverter (DAC) driving the VCM contribute a significant portion

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

error feedback (QEF) techrﬁque to reduce TMR due to DAC quantization noises. The
QEF technique according to the present invention fo'ers a simple method of reshaping
the sp?ctrum of this noise to minimize ifs contribution to TMR.' In the digital signal
p;'ocessor (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 é 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



fromthe disks 12 as actuator 36 noves the sliders 30 to the outer disk .
position. To. unload a slider or head means to nove it a vertical distance
away fromits corresponding disk surface. The ranp 80 is optional.
Alternatively, the sliders 30 may be placed pernmanently in the | oaded
position between the disks. Furthernorellthose skilled in the art wll
recogni ze t hadpindiemetorshaftridywhichds sinoectebtosyapinsihe ingtop 1 @sMetorfléris mounted
idlustration only and that the present invention is not neant to be
linmited to MagRethc:isi O AgALMSSIRCHFindld 1, andiidtor IEinelugs s disk istavie aisefibly S
applicable to other types of storage systens, e.g., optical storage
systens. Moiregver, herein a plant being driven by a digital signal
processor ( ) will be described as being a voice coil notor. However,
those skilled in the art wll recognize that the present invention is _not
meant to be |ini t el pheralifyef skiders 3hbkavingread/pnigheads arepesitigngd qysx 125
equal ly applicable to other types of plants, e.g., a spindle-ptor or
actuator. such that each surface of the disks 12 has a corresponding slider B8. Each slideF3@.is 3
‘illustrates a sinplified block diagram 300 of a HDD servo system In this -

system t he( Bitgcﬁ%%%g%%@{hegf,ﬁéﬁ?ﬁty%%&s%&f&ﬂs 3D QFhidH Bl d28attdeBEd &%ﬁl@fﬁy&

converter es. efore, "only the nost significant

part 320 of th cal cul ated, control signal, 322 is sen tqg A.converter
312, the Ieas?F%qu&tﬁr@F@é £ s § “‘8‘3&?&9‘%2&°‘F"§’a€§’6ﬁ623eé“ ?%Dﬁﬂ%}&‘p‘%ff).
The error (LSB) 324 due to the DAC truncation is referred as DAC
quant i zati on amw34 hapbe e integeal parof asotay anwater gomb. Actuator 3 mayesitheibeads on
noi se QE(t) 324 can be viewed as a white random process having a uniform

probabi ity deieiddialditedtion/acrossididks 120e¢teatar=3 ypichily intlutiesca toeating rhdirber

quantization resolution in DSP, and | being the nunber of LSB bits. The

mean val ue foBg \ounted toa rotating bearing 40, a motor winding 42 and motor magnets 44.
Actuator 36 is also mounted to chassis lé. Although a rotary abtuator is shown in the
preferred embod_iment, a linéar actuator could also be used. T,he' sl_iders 30, suspensions |
32, arms 34, and actuator 36 include an actuator assembly 46. The disk stack assembly
20 and the actuator assembly 46 are se_aled n 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 reﬁd/write channel 58 which in turn

is connected to the heads of the sliders 30. This éllows controller 50 to send and receive

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



‘f he dﬂantization error is: E(QE(t)) =0, and its variance

satisfies [err] = E{(QE E(QE))2} [err]

12 which is the nean square val ue of the guanti zati on noi se. The

aut o- correlatlonfunctlon is given as {pllows, R[err]
([err]) = err ‘{!ﬁ frol.€ = 0;

(Terr]) = o Pohish Tibim s cpmads L%lttpapﬁ‘% elf Q{l%‘H‘ﬁ/ﬁ@“ B30

[-err]

14 Therotdtionef dtshsalzaoﬁmpst@ystemgomhmhuatypwa&v acompuatessystesn,dévenl y :
di stributed on all frequency ranges. The bl ock diagram 300 in Fig.

3 can be redréihedsd foltke &inftoHerdindB0RByd{eth 70" mhy §bnd digital Ataqd 8618rolleh S0 VR

due to quantization error of D/A can be represented by

(F;;S% é ) Pég( 2) (& toed on WARE ?2 Qay rgq&els]ﬁh t %%fzﬁ %a{a%%%acf AR ARS 15%.91 ESI??(Q from

[err
Lerr] the system 70. The basic operatlon of BACS% umts 1s well known in the art and 1s

described in more detail in Magnetic Recording Handbook, C. Dennis Mee and Erie D.
Daniel, McGraw Hill Book Company, 1990.
Fig. 2 shows top view of system 10. A loading ramp member 80 is located at the
edge of the disk stack assembly 20. Member 80 automatically unloads the sliders 30
from the disks 12 as actuator 36 moves th;e sliders 30 to the outer disk position. To
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 liqﬁted to magnetic storage systems, but
that the present invention is applicable to other types of storagé systems, e.g., optical
storage systems. Moreover, herein a plant being driven by a digital signal processor
DSsP) will be described as being a voice coll motor. However, those skilled in the art
wili recognize that the present invention is not meant to be limited to applications
involving a voice coil motor but is equally applicable to other types of plants, e.g., a

spindle motor or actuator.



P([err]) 410 is the transfer function of the plant, which is dom nated by a
doubl e-integrator. Thus, assum ng.the transfer function P(z) 410.s a '
double integrator, in the follow ng, the magnitude of TMR or position

error signal (PES) 420 is neasured by i.}g mean square val ue. (or variance),

whi ch can be represented by L ) 'EéPESZ(t = [err wher e
[err] is the I\Iyquifélg-3ﬂ]@q@%%i}/§lmnﬁﬁe¢lb1°§kﬁ@m_%@fﬁgﬂqﬁq‘[WF e Infhigs,
the nean square value of TMR is the average power of the signal, which is
det ermi ned bysystesm, theanieropsqeessor (DSR)S16 ihty highagirecision THaa tiedldX capertter um
density function of PES Is then represented by: . S

([err] 11K [(Ejeﬁ[%ﬁorel etk mﬁn%{]ﬂ'lt]z#eos% srlgrglt}gan(':cb]ﬁw 33{:{&1325'3? owner

spectrum of t I's dependerf ncy res se of the transfer

function from 402 to PES and t he r spectyum,of the . .
quanti zati on ‘ﬁgzué"é‘?‘ﬁf%trﬁg‘gr? S?%\F,sep?toﬁh@gxﬁ?ﬂ i ?%Fpilgnthﬁé‘?@{;s‘%lﬁf’%rbétsent ed
as white noise as discussed in the previous subsection, then +the shape of
power spect r ufeSB) pa/BR24 stonmdated Gotueded of). Theerrord§8B)334 dussiodhsPAST t he
system ' Slerr]([err]=11 H(e[err])[err]

truncation is referred as DAC quantization error (noise), denoted as QF herein. - -

The quantization noise QF(#) 324 can be viewed as a white random process

having a uniform probability density in [-¢/2, ¢/2], where g= 2e with ¢ being the
quantization resolution in DSP, and / being the number of LSB bits. The mean value for
the quantization error is:

E(QE()=0,
and its variance saﬁsﬁes_

2
84z = E{(QE - EQEN*} =T

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

given as follows,

2

Ry (2) = E{QQE(OQE(t +7)} = ‘1’—2

Rpg(z)=0

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

2

Sep(@)= 5 Rop(@e™™ = Rpp @ =L



‘The typical frequency response of the closed | oop systemfrom Qg 402 to PES
420 has a shape of a low pass filter. Fig. 5 shows the frequency response
500 from quantization-error to TVR Thus, the power of TMR due to DAC
guanti zation noise-510 is concentrated at |ower frequencies.

Therefore, referring to Fig. 4, the redd®tion of the average power of PES
420 can be achi evBubréfore; the papenef théBDASHquantizaswomoismisieveslydistributed pwall of
TMR, or changing either the frequency response of the closed | oop transfer
function or t ugg%ﬁ.gn ectrum of the input noise. Since any alteration of
t he frequency response of the closed loop transfer function may degrade

TVR T educti on Shoutt Hek Regan 90 i SAah B Reer AR AR ek BB WER IR

of the input noise QE 402 and reduce the avera eéﬁgower of PES 420 in the
frequency ran‘t}emreﬁomﬂﬁélmdﬂh@mﬁéﬂl%ﬁﬁ%ﬁga eapsbeeprspantedbst o t he

present invention reduces the power at the |ower frequencies.- The

principle of QEF is illpESErired) @E(b),the bl ock diagram 600 in Fig. 6. Wth
-this technique, the quantization (or roundoff) error 610 is nonitored 612

and accunul %ﬁ%.e%nig t gﬂlgg%?e%?fggﬁ%%&%%%&uﬁé&ci ent error has

accunul ated, 1. 'S g e generated MSB 620 is
added to the original MSB 630

16 feeding the DAC. Not y&?gt i’npizﬂe first enbodi ment of the QEF schene
according to the present 1 nienR{z2p0(z)the QE signal 610 is integrated once.
Hereinafter, this schenme will be reférred to as the single-integrator CEF..
Fig. 7 shows the ideal power spectrunms of TMR due to quantization error
with ' :
P(2) 410 is the transfer function of the plant, which is dominated by a

double-integrator. Thus, assuming the transfer function P(z) 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 fepresénted by

1
E(PES () =—Jp " Spgs (@)@
@,
where w,,. is the Nyquist frequency, which is normalized as zherein. Thus, the mean
square value of TMR is the average power of the signal, which is determined by its
power spectrum density function. The power spectrum density function of PES is then

represented by:

Spps (@) =] H(") "2 SQE (@) ,

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



single-integrator QEF (lower .curve) 710 and w thout any QEF (upper curve)
720, respectively. The TMR reduction is significant. In fact, if there is.

no QEF, then the nean . g2 square
value of TMR is 1.5827X[err] 12 , V\hile1¥vith single-integrator QEF, the
mean " : ' [err] square value of TMR s

1. 0965X10[ er r fuantization noiseTh pastignlasyifithe quantizatioEpoise t1eprgteatedas vhilgmoisglae ne
di scussed earlier with references to Fig. 6.is equivalently (but

unreal i sti cal figdussePinahiepietidus subisb@tioh] thexk thdishapesNpoReOspettrirh of TRIR dépehdld S
bl ock di agram 800, the double-integrator plant is deconposed into t wo

I ntegrators: = s K(z)=I (z) 820, where I(z) is a
di screte-ti ne?él%lktoé[é?%{r%qu%ﬁﬂfgﬁoﬁel&tht%}gfeﬁg) = [err] Q\[err] 830 can

al so be interpreted as the truncation error (LSB) of QE after integration

in the above bl ock di ﬁ&a%gﬁ& ee‘”)il t@€rnal signal 842 driving the block
kl (z) should be MSB. . B \hat errgil 1830 is exactly the same-signal. as

Q\[err] 510 in the block diagram 500 of° Fig. 5. In the follow ng
anal ysis, Q\NJerr] 810 is white noise with the simlar stochastic

roperties as discyssed, apove, in particy|ar, -
F137 P sthe F;pca?%gqqeﬁy re%[ogfq ?fu '-}“f glpsad)loop system from QF 402 to PES
12 .

420 has a shape of a low pass filter. Fig. 5 shows the frequency response 500 from
quantization error to TMR.. Thus, the power of TMR due to DAC quantization noise 510
is concentrated at lower frequencies.
Therefore, referring to Fig. '4', the reduction of the average pov;rer of PES 420 can
be achieved by reshaping the power spectrum density function of TMR, or changing
| either the frequency fespoﬁse of the ciosed loop transfer function or the power spectnim
“of t_he input noise. Since any alteration of the frequency résponse of the closed loop
transfer ﬁmctién may degrade other desired properties of the servo systems, desirable
techniques for TMR reduction should. be those that are able to reshape the 'poﬁer
spectrum of the input noise QF 402 and reduce the average power of PES 426 in the
frequency range of interest. The method and apparatus according to the present invention
reduces the power at ﬂ16 lower frequencies.
The prinéiple 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, ie., an

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



‘The control schene shown in the bl ock diagram 800 is actually feedforward
control which does not alter closed |oop transfer function. As the
prefilter K(z) 820 in this case is a single discrete tine integrator.
~kn the foll ow ng discussion, the QEF teftgni que 400 in Fig. 4 will be
referred to as' single integrator QEF. fact, the single integrator QEF
i s an opti nal feedingithy RACH Nate that i1 the first smbpdimentofdaeQEF sphame aeeordimgrto theor
K(z) =1(z) in Fig. 8 is optimally chosen such that the resulting PES 850
has m ni mal vpiesént Wvehtién) thedDE eipnal 610ds intepratéd oneee HedinafteRHhis stlseme will be

represented as follows:. ) PES([err]) =[err]QE(z) +
kI'(z) ingle-i FQBfz) A 2) 1- P(z)XAz) Q
As QE 802 andre&ﬁfeedrt?]asgtg(?m len Y %/tfre%eﬁg as two i ndependent white noi ses,

t he power spectrumdénsity function of PES c represepted as: .
kK(edferr])I(e[err ?1)3- - pﬁg\ﬁ%ﬂ}e]njlea power SPWW&%M)M’ 0 quangza%oq error with | |
Therefore, the nean square val ue of PES 850 is : E(PES2(t))

=[ err] ([ err]) dingle-ihtegrator QEF @owér curve) 710 and withdus any QEFdipper phrve) 720,

1- P(e[err])C(e[err] 1 kK(e[err])I(e[err]) - P(e[err]) 12

ki(e [err]) respectively. The TMR reduction is significant. In f&th F thkre'is no QEF, then the mean
112 d[err]+[err])[err] 12[err] 1- P(e[err])C(e[err]) 12[err]
1 - P(e[err])C(e[err]) . - 18

square value of TMR is 1.5827x 107,12 , while with single-integrator QEF, the mean

2

-z
square value of TMR is 1.0965x107°.12

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: Piz)=k! (?)810, and K(z)=I(z) 820, where I(z) is a discrete-time
integrator:

1
1-2z

1 I(z) =

-1

ON: 830 can also be interpreted as the truncation error (LSB) of QF after infegration in

the above block diagram; as the internal signal 842 driving the block %/(z) should be
MSB. Note that@M 830 is exactly the same signal as N1 510 in the block diagram

500 of Fig. 5. In the following analysis, ON1 810 is white noise with the similar

stochastic properties as discussed above, in particular,



I't is'noticed that the second termin the above is independent. of the.
prefilter K(z) 820; and the non negative first termtakes the m ninal
value O if - kK(e[err])I(e[err]) - P(e[err]) =0

1 - P(e[err]})C(e[err]) which is achieved by kK(z)I(z)=P(z) or K(z)=I(z).
In this case, the nean square val ue of 21I7ES 850 takes m nimal val ue, which
IS m n) E(PES2(1,)), = [err] The bl ock di agram
800 in Fig. 8'is equi va@néf?o: QBe(a’BI:O%? diagram 900 in Fig. 9. Conparing .
this bl ock diagram 900 with bl ock diagram 400 Fig. 4, one can easily see
that the disturbance entering the system becones: QB[ err]
(z) = QN([err = (1- z[err])QN(z) i.e., the quantization noise QN 902 is
reshaped by t Hierpntral schomeshows imthg blockidiagram 800 iimactually feedforwaidanontrol The
power spectrumdensity of the filtered disturbance Qg[err] 910 is as

fol | ows: which does not alter 8Q¥ed(1b6) frdnsfer [fgictibd.-2d @k plefiltef K}z) BD®Ir this(dagé fs] )

=4 Sin [err] Fig. 10 illustrates the power spectrumdensity

1000 of the fia'sﬁ:%@c‘ﬁs&&%ttﬂrgmgﬁmrqz[e”] 910 of Fig. 9. Fromthis figure,
e oBbs

the filtering protess can erved as reducing the power at the | ower

frequencies 1010 up to 3 of the Nyquist freguency 1012, and enl arging
the power at the hﬁ-@ﬂ@rﬁl’ﬁ?‘@&&éﬁéPSé@niﬁ‘fQEﬁ—MM@R ZQOHP@S- dawillbe re goas
total power reduction on PES 710 as illustrated in Fig. 7.

single integrator QEF. In fact, the single integrator QEF is an optimal feedforward
control scheme in the sense that the prefilter X(z)=I(z) in F ig. 8 is optimally chosen'such
that the resulting PES 850 has minimal value with the given structure. To see this, PES

1s represented as follows:

kKK (2)I(2)— P(2) OE(Z)+ kI (2)

PES(z) = _H@
B = r @@ PG

ON,(2)
As QF 802 and ON) 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’®)

K (e/®)

Spgs (@) =] I_P(ejm)c(ejm)

”2 SQE ()|

I SQN, (w)

Therefore, the mean square value of PES 850 is

E(PES?(t)) = -71; (£ Spas(@)de>

127

= 1w RK (™))~ P(™) 1 kI (e’) 2
s Ig(” 1—- P(ejw)c(ejm) ” SQE (a))+ " 1— P(ejw)c(ejw) ” SQNl (a)))dw
2 kK Jo I Jo -pP jo 2 Jjo
= 4o BEE) - PE?) o Rl HE™) oo

1- P(e?*)C (") 1- P(e™)C(e®)



19 ' ‘Those skilled in the art will readily recognize that other QEF
structures in accordance with the present invention are possible for
different TVMR reduction objectives. For exanple, Fig. 11 illustrates a

bl ock diagram 1100 of a QEF schene with double integrators 1110, in which
case nore power reduction may be obtaind® at the |ower frequencies. In
Fig. 11, 'the LSB 1it@¥ndticedrthhtithe BSiond serimin ¢l atiowel istindependebt 6f the pebfilteh K(z)
resulting MSB part 1120 is added to the original MSB 1130 of the DSP out put
before feedigmg. ol | doubl e i nt egrat or
QEF 1100 rmay %@,E@%{é{%ﬁogﬁg%agyﬁﬁgsé% eee f%?ﬂmlg?gfaggaﬁgén@? and the bl ock

di agram 1100 in Fig. 11 is equiyalent to the block diagram 1200 of Fig.
12. In Fig. 12y kKfe”¥d "’I)é‘—lfﬁ‘i{éqgg r plant 1210 is represented as
P(z) =k[err]([err]) 124”), 1 JKCr 2 (['err]) 1250, wherel(z) is again an
discrete-tinme integrator: [err ([err]? = 1/(2 - QN2 1260 is truncation
error (LSB) of QE 1202 after integration. Note that QN2 1260 i-s.. white

noi se with thehichns achieved by h&&il@ =P (@ pek(E)efz)ab G5 cao€) thamdar square value of

assunptions discussed above. ' It can be shown that the double
i ntegrator QEPESgHGHResRBBmhBvARE wiRli§B!l feedforward schene and that the
prefilter K(z) = ([err]) is optimally chosen to mnimze the nean square

val ue of PES 1270 in Fig. 12. The bl ogk di agLIa ,1200 in Fig. 12 is

equi val ent to the bl ockg%gggﬁwréjégﬂgfdﬁw__igl@_ api,ng this block

di agram 1300 with the I=pck di agr ane400 i-nPE/YC@E/?)one can easily see that
t he di sturbance entering the system becones: [err]

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:

ON(z) _

QF\(2) = 1)

(1-2z)ON(2)

2

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 CE\ 910 is as

follows:

o —jo 2 . 2,0 qz
Sog, (@) =[1- €™ |* Spp (@) =4sin (7)'5

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

QE| 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.



20 i.e., the quantization noise is reshaped by the filter which is now a

doubl e discrete-tine differentiator. The power spectrum density of
the filtered disturbance Qg2 1310 is as follows: Slerr]
([err]) =1 - e[err] S[err] ([err]) = 16sin[err] Fig. 14

illustrates the power spectrumdensity 1480 of the filtered disturbance
QE2 1310 of Fig. 1Bhosks imthe a7t witl readily r¢cogiinethat athersQER atrudterephser ved t o
again reduce the power density at the-lower frequencies 1410 up to 1/ 3. of

the Nyquist fiQaanceiwithte pres8itinGeioh 8 foISbRIYEifidrent MR Ye@ebn

frequenci es 1414. This reduction as well "as enlargenent 1s even greater

than that with. siqal-e i ntegrator, 1000 of, Eig. 10 peri sed on Fig.
14 F g 15 SRR SRRy | C Rt Dot fgmer RV 2 BB Sebeme it
guanti zation error, with the double-integrator. The mean square val ue of TMR .
in this ouble integrators 1110, in péiqhjcasemere power BRgFtonIDRIEbe gbtained at the

Next, constraints on the QEF technique with the consideration-ef the
general QEF bwenfitqueacies) digridatded SB 1102 fiven D8P is infep R0 tdiceda8dSadd be
considered. In the above discussion, single and double I ntegrator QEF

schemes were {patiafl QQSB@ﬁggggé?ét addeh g&'&& Hﬁgigt;ﬁ%Bf ﬂ@O%eéﬁ?ﬁi?ﬁgﬁéué B own

in Fig. 16. Wth this tec uant i I'on (or roun Fror 1610

is nmonitored 1612 an ated 1614 in the P.. Wen ficient error

has. accumil at Eading Bihe HAC T Hg8h Eogd tasberiba, B sgbl tpgaidnlid 1100 savche

original MSB 1630 feeding the DAC. Note that the feedback |oop in the error
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.
- InFig. 12, the double-integrator plant 1210 is represented as P(z) =1 @) 1240,

and K(z)=1 ) 1250, where I(z) is again an discrete-time integrator: Iz)=1/1-2z"") ,
ON2 1260 is truncation error (LSB) of OF 1202 after integration. Note that ON2 1260 is
white noise with the similar stochastic properties as OF 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)= () is optimally chosen to nﬁmmze
the inean square value of PES 1270 in Fig. 12. The block diagram 1200 in Fig. 12 is
equivalent to the block diagram 1306 inFig. 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)

QE,(2) = ()

=(1-27)’ON,(2)

?



accunul ati on operation has at |east one pure delay so that.the operation is
I npl enent abl e. - 21 I'n the
bl ock diagramof Fig. 16, QN 1640 is the truncation.error (LSB) of CE
after filtering. Note that QN 1640 is white noise with sinilar stochastic
properties to QE as discussed above. |me@articul ar, '
S[err] ([ err])ie, the gnadtizhtion faisesis efshaped by 1Re filrwehielr is nbtre &mblbtdlairaéwd
the optinality of the general QEF nethod nust be addressed. Consider the
general CQEF sgipep®@dfO in Fig. 16. In this structure, the feedback |oop
gainis [err]F(z) 1660, where F(z) is a filter whose transfer function is
assuned to be a real rational function which is anal yt kﬁ?and bounded in {z
[err] [err] 1}. The p@xqrlspectrutrhdenkityrofithé fillered Histunieange #é12al3 1 QFasollewss
t he possible optimal choice of the filter F(z) should be considered. Wth
some bl ock di agram mani pul ation, one can equivalently;transformthe bl ock
di agram 1600 in Fig. 168§, (&me"ﬂeedﬂ"’q[r‘\gg@)b:kmym‘ Bﬁ am 1706-4-n Fig. 17.
It is noted that in Fig. 17, the quantiZation nois@ Q1702 is reshaped by
the general filter, [err] 1710, resulting in disturbance GQE 1720 enteri ng

the system as’ 1&] 14 illustrates @i}()&/)ir ST SMGL%J t”g]lﬁéé 2)% the ﬁ t&]ed (&ﬁ@lﬁ%ance

Therefore, the TMR due to quant atlo error ones

E; 1310 of F ig. 13. From Flg. 14, the filtering process can be observed to égain reduce
the power density at the lower frequencies 1410 up to 1/3 of the Nyquist frequency 1412,
and enlarge the power at the higher frequencies 1414. This reduction as well as
enlargement 1s even greater than that with the smgle mtegrator 1000 of Fig. 10
superimposed on Fig. 14. Fig. 15 shows the 1dea1 power spectrums 1500 of TMR due to

quantization error with the double-integrator. The mean square value of TMR in this

2

case is 2.5587x107" -% .

Next, cons;craints 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, i.e., an MSB is generated 1620, it is 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.



22 C H(z) = P([err]) where 1- P([err])C(z) is the transfer
function fromQ to PES in the original block diagram As QN 1702 is white
noise with simlar stochastic properties to Qg and the  power spectrum of

PES is S[err] ([err]) =K1 - e[err]F(e[err]))H(e [err]) 112
Slerr] ([err]). the variance of PES 150 can be obtai ned by the '
fol | owi ng fornul at ilnkhe block diagram of Fig. i6,82$264 js th¢ tumdation éner (EEB) sf@Et hat
ntnE( PES2(t)) = mn [err] where the mnimal is achieved

(mat hemat i cal lagkr Nitdring FiNRkethad QN 680 & wllite riois@will{ ﬁ)mla?stochastlc O%rogé}ﬁésqg(él?

t he (rratherratlcally) optlmal filter F(z) is a forward shif at or

Thus, the ' opt| dbac inis identity vmthout any del ay.
However, it & gpussrxﬁ% oé’ﬁeﬁl%ﬁ‘gﬂ%ecause the QEF feedback | oop should at

| east contain a delay operator. |In the follow ng, whether or not the -
optimal QEF filter can lﬂ-@v@pﬁ%qw)heqlzﬂy an inplenentable filter nust be
consi der ed. [err] G vem-a > 0, for

all z satisfying a , the follow ng expansion follows: [err]
[err] However, the[cgmqamts and the optimality of the general QEF method must be

-~

addressed. Consider the general QEF scheme 1600 in Fig. 16. In this structure, the

-1
feedback loop gain is # F(z) 1660, where F(z) is a filter whose transfer function is

assumed to be a real rational function which is analytic and bounded in :lzI21} T
explore the limitation of the general QEF schemes, the possible optimal choice of the
filter F(z) should be considered. With some block diagram ménipulati.c;n, one can
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, 1 =2 ¥(2) 1710, resulting in disturbance GQE 1720 entering the system

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

Therefore, the TMR due to quantization error becomes

~P(@2)

PES @) = I ck

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

2



1n particular, the n-th order approximation F(z) to z vyields:

23 [err] In particular, if a=1, then the single and double
integrator QEF schenes as. di scussed above recover with n=1, 2,
rrespectively. As n [err] [err] the feedback | oop gain [err] 1710 is
convergent to the optlnal fllter 0, at2%he foll owi ng frequenci es:

the convergent frequencies are [0, [err]3].

[err] - Mor #e]p(\é?

Thi s interpre hd - peYE(z) at freqguen [ ))
i s reduced an{cxf &Hl ar ged a}f( m)hfsgth%ﬁam?%g%%??@&g?fﬁ H“q%fg’ﬁﬂﬁ
for both smgle integrator and double integrator CEF. In addition, the
larger a is, S€iagrapi g(gsaQNt HO2 eowhite nrise with similan sipghastic properties to QE[aendrt]le
[err], the convergent frequency set approaches [0, [err]2]. Next ,
an illustratipewéfspbsiint 6rPEXMEr spectrumis shaped by the filter in

di fferent cases Is provided. Notice that S[err]([err])

n=1, then the [err}-filter
becones a :gpsﬂm)l:hll(l-se_e{wé'édf'w(ieﬁ“f)dlgrg@ﬁ@),, and

the variance of PES 1750 can be obtained by the following formulation:
1 2 —J@ gy Jo o
EQPES*(0) = —§ Spos (@¥e = -1-(-12;13' - e F(e/* N H (') | doo
One can see that

2
min EQPES2 (1) = min (-1— {I(1- e F(e’*HH () |* dw) = 0
F F 127

2

where the minimal is achieved (mathematically)-with F(e®)=e/® ,or Fi(z) =z

Therefore, the (mathematically) pptimal filter F('z) isa forwérd. 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 operat;)r.
In the following, whether or not the optimal QEF filter can be approximated by an

implementable filter must be considered.

-1

o1
IT-—Ii<1
Given a > 0, for all z satisfying a , the following expansion follows:
1 1/a -1 z7!
z=—=———~———1+ 1———+1— 2+(0- +
P S T g e (1+( ) +( ) ( a) A)

In particular, the #-th order approximation F(z) to z yields:



{err] ~ ' 24 Fig. 18 is a
t hree di nensional plot 1800:of povver spectrum density against the value a.
Fi'g. 18 reveal s. how the power spectrumof GQE varies with the variation of

a 1810. Fora=1,thenthefilterbecones - F([err])=(-z) which is a

rrultlple S[err]([err]) —[e%q'] (1 -e [errJ) [err] S[err]
= 4" - t

([err]) ?IFPZgl ib Fi_rulgb{lg't@s—ﬁdk@thg )pov{kr Qpegt)rlum of GQE varies

W|th the variation of n 1900 (egch _Q| ot _representing a different val ue of

n). In the fdha Bt i3 gpsAngdih t_ih _fAI_té_r_ (£) yused in
the CEF filter has thedl fal 1ovmaxng %Sanlsafgn a a $ a d: )) 5
+=f[err]z + flerr]zegr] +[err] From t he d| scussi on of Figs. 18

and 19 above, it seéens thaj; the reduction of the power of quantization
error at sone frequen_c egl)s. at the cost of enlargenent of the power at

ot her frequencies. acl,”’ this is a fundanental limtation fer
i npl enent abl e QEFs. Th| S observation is st ated-in the followi ng Theorem
QEF Limtation Theorem 1 (Spect rum Shapin For all

i npl enent abl e QEF Hcppstigadar, if ag/ ﬂméwfm&l%@nd#oyjﬂq integrager QEF pohemes as

real rational function anal ytlcal and bounded in {z: [err]z[err] [err] },

t he power discussed above redpest Withn=d, @[ rebpectifelp.hAp Rd-ne) thefekdback 1sop(gain
[err]F([err]))Q\I([err]) W th N being the white quantization
noi se, al vvays saLll fjc [err] In(S[err] ([err]))d[err]
const ant, whet e 2t FTan, mrebnvesganh thethe nptems! filfer t(];at the following frequenciektoi ce of
the filter F(z).

e jo

{o:1-2
: a

I<L0<w< 7z}

Moreover, if a=1, the convergent ﬁ:equencieé are [0, #3]. This interprets why the
power at the lower frequencies (w0, #3)) is redpced and enlarged at the lﬁgher
frequencies (wef 73, Fi)) f01; both single integrator and double integrator QEF. In
addition, the larger a is, the bigger the convergent set; in particular, as g — oo, the
convergent frequéncy set approaches [0, #2]. .

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

- 1 1_ ,—J@ Jo~ 112
cases is provided. Notice that Saga(@) 1= F )| Sg”(w). If n=1, then the
71
1-z7'F(2) = -2
filter becomes a , which is a scaled mtegrator and

_jm

e -1 2
Sogs(@) =(|1- I” Sgv(@)=( tg T oS @) S (@)



Proof of QEF Linitation Theorem1-is as follows. As o GQE(z)
= (1 - z[err]F(z))Q\(2z) _ - 25 Slerr] ([err])
=[err] - e-[err]F(e[err]) [err]2 S[err] ([err]) =[err] 1 - e[err]F(e[err])
112 [err] 0 12 Therefore, |t foIIovvs

t hat : '

In the foll ow ng th 18 isa fhrecdimansions] plobh8A0-efipoviee speciram deasity agnnlsh@eabove
formula is .constant. By assunption, the function F(z) is analytical and

bounded in {zvalhear Flg. 18 s@véals kuk@wetémmnu GOE vafids with the vaHXedr &Yy
[err] is also analytical and bounded in [err]. It can be shown.that

[err] Then. summati on of residues of fu[}ﬁé r} G%z,ﬁ I nside the unit
circle is a réal0. meievd;thed&m(ﬁledbamnﬁs t 5tths a,rudhmhxs[aemu]tlple[err]
[err]

, . o, O
Sogu(@) = A=) | Sou (@) = 4"sin*" (=) Sy (@) _ ~
integrator, e o 27 . Fig. 19 illustrates

how the power spectrum of GQE varies with the variation of n 1900 (each plot -
representing a different value of n).
In the following, it is assumed that the filter F(z) used in the QEF filter has the

following expansion:
F(2)=fi+ frz7 + 272 +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 Iﬁmitation Theorem 1 (Spectrum Shaping)

For all implementabie QEF schémes, i.e., the filter F(z) in Fig. 12 isa
real rational function analytical and bounded in {z : ||z|| 21}, the power

-1
spectrum Soa(@) e shaped noise, F2E(2) = (1= 2" F(2)ON(2) yin
ON being the white quantization noise, always satisfies:

= [ In(S s (@) =

choice of the filter F(z).

constant, where the constant is independent of the

Proof of QEF Limitation Theorem 1 is as follows. As

GQE(z) = (1~ z 'F(2))QN(2)



—Theréfore, : [err] - . S ‘ 26

[err]Re(2[err]. = =2 summati on of residues of (G inside
unit circle [err]) _ [err]Re(2[err] R =2
) =0. Thus, [err] which is of course a constant. . From

the above limtation theorem one can c@dl.ude that for white quantization

noises with fixed power ectrym densit t he gverg § g 1 ogari t hm of
power spectrum degséet(? t slﬁa}é’ %{qﬁintélygué@?ﬁm THi sg%? SHon‘l?éfr ant, what ever

guanti zati on error accurrul ation algorithmis chosen; i.e or any QEF
schene, the "+" 2010 and "-" 2020 areas are equal in Fig. 20.

Next, the co reduction will be considered. The PES with the"
general struc °¥9f‘ lﬂﬁgﬂ’(%gat“ lter is represented as foll ows:

PES(z) = H(z)[err](1 - z[err]F([err])) Q\N([err]) = [err]([err]) Q\I([err])
wh h f f I
b ok Ch LSt oo Bou Bl s FE B
=[err] - e[err]F(e[err] H(e[err]) [err] S[err]([err])

=— JS’ In(|1-e/*F (e"”)ll)dwﬂn(——)

In the following, it is sufficient to show that the first part in the above formula is

constant, By assumption, the function F{(z) is ariélytical and bounded m {z izl A,

= . ' a
sois 172 F(2). furthermore, the following function, G(z)=In(l-27"F(2)) , is also

' analytical and bounded in {z: [|z]| 21}. It can be shown that

G@=In(-7 F@)=In(-z"F(z)=In(~z"F(z)=G6@)
Then summation of residues of function G(z) inside the unit circle is a real
number, denoted as R. On the other hand,

o jo~ _ G(¢!®) _ _ReG(e/?) ImG(e/?)
1-e™ " FEe'")=e =e e . then

~J j ReG(e/?
1~ o) e e® g

In||1-e ™ F(e’”)||= ReG(e’®)
Therefore,

pInl1-e7?F(e’) |hde = { ReG(e’®)dw
= Rejé’G(ej"’)daJ

= —;—Reﬁ”G(ef‘*’)dco

= —;—Re § G(z)dz



the variance of PES can be obtained by the follow ng fornulation:

E(PES[err](t)) = [err] : If the transfer function
[err]) fromQE to PES is represented "as: 27
[err] i.e., its inpulse response is [err], then from Parseval's identity,
one has [err] satisfies: [err] #6r sone nonnegative integer m

l.e., there are mpure dél % in the closed |oop transfer function. Thus,

[err] for sone [err]. Fram the &Hﬁfﬁﬁu@@éﬁ%ﬁéﬁes%f Hé{lﬂlwigaf% mredi at el y

has the follow ng statenent. Limtation eorem Reduct i on)

—Re(Zm"g
=2 )=0

Thus,

2

L. =2 pin(1-Po R e 43 o (L
7§ n(Sogs (@)de =~ {1~ /*F(e/*) Do +In(]) =In)

which is of course a constant.

~ From the above limitation theorem, one can conclude that for white quantization
noises with fixed power spectrum density, the avefagg of the logarithm of power
spectrum density of shaped quantization noise is constant, whatever quantization error

accumulation algorithm is chosen; i.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 a; follows:
PES(z) = H(z)-(1- 7" 'F(2))- ON(z) = 8(z) -QN(Z),

H(z)

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

power spectrum of PES is
Sess (@) (1~ e F(*DH (') | Spy (@)
the variance of PES can be obtained by the following formulation:

E(PESZ(t)) =2 J{,’ 1-e*FeNH () |} do =1 j;’ e(e’) I do

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



~For the QEF schenes considered in this section, the nean square val ue of

E(PES2 (t)) [err] " PES al ways satisfies - 12 - Proof of CQEF
Limtation Theorem2 is as follows. As the filter F(z) used in the QEF
filter has the follow ng expansion: [zerr]

28 Thus, the transfer function is [err] Therefore, the

i mpul se response [err] W)zstpbeq;l[zéﬁ-rl]rzz “-h&r eby provi di ng: [err] from

whi ch the conclusion follows. The above theorem gives a TMR | ower bound
using the QEF techni ques Next, the optimal TM reduction with a given QEF

structure wil {P.}f_ tyg? i er with a
gi ven QEF st rtctigre I’ gs@oﬁ% Xerm ne from egu 5 %h%en§g£s;uant i zation
noise. In this exanple t he case where the QEFflIter F([err]) is an FIR

filter will bé_ﬁﬂ@@udﬂp% I% ehi s exanpl e: [err]
#=0 . Let the transfer function of the closed loop system H(z)

satisfies:

b z" '+ A +bz+b,

z* +a,,_lz""1 +A +az+aq,

H(2)=z"(h, + Y=2""H(2)

9

for some nonnegative integer m, 1.e., there are m pure delays in the closed loop transfer
function. Thus,

_ bk_lzk‘1 +A +bz+tb,
¥+ 2" +A +azta,
=k + bz +A +bz %D +pz7F
1+ (ak_]z‘1 +A + alz'(k"l) + aoz'k)

=hy +hz™ +A

Ho(z)=hy +

for some idt R rom 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

E(PES*(t)) 2 h§
PES always satisfies

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

QEF filter has the following expansion:

a

F2)=fi+ [z + fz 2 +A



-An optinmal vectorf is needed, such that f = argm nE(PES2(t)) =
argmnf[err] : f - Because of the structural
constraints on the filter, the optimal -TMR nean square value will not be
Q, and it has a | ower bound given by the TMR reduction |imtation theorem
as described above., To find out the opt38&ml sol utions, how the nean.square
val ue of PES | us;dhpmmﬁerlﬁmqhemﬂs of the Parseval's |dent|ty fromtransfer
function nmust be shovvn First, the tine domain (state space) equation for

the transfer function | et%;- - 29
[err](z) = H(z) [err] ( E{(ZZ?E({ sife err]ll-{%(f [(err]lg((z))) where the
transfer function of the cl=ozé’t(h$ &dn;z ys!\t)ﬂﬁﬁ(zz —-Nas fppure del ays as given

in the previous subsection: _,,, aé‘hrr%df (1) &enote [err] then [err].
Next, the system[err] wll™ )7{"i's'A cascade interconnected
system The first observatlon |s t hat: [err] So its state space
equation is as follows: T

Therefore, the impulse response {7 }'~1 of &) satisfies P = hy , thereby prov1d1ng

1 o
~[ B do = 3 p > p, =,
z =

2

-ﬁ‘om which the coriclusion follows. The above theorem gives a TMR lower bound using
the QEF techniques. Neﬁ, the optimal TMR reduction v'vith a given QEF structure will
be considered.

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

F(z) is an FIR filter will be considered. In this example:
F@=fi+fyz +h + 77 o =l fu A AT

An opthﬁal vector fis needed, such that
* q2 s
f= argmfinE(PES )= argn}in(aff 8(’®) |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 feduction 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:



[err] wher e [err] Al so the state space equation for the
closed loop transfer function Herr] ([err]) is represented as foll ows:
[err] , 30 In particular, if [err] is.given by
the transfer function provided earlier, then its [err] '
Therefore, the (n+k)-th order state spac@realization of the transfer,.
function [err] can be @e)=eHEs)- b £3F{N) Lawsz™'F(2))- H(2)

where the transfer function of the closed loop system H{(z) has m pure delays as given in

the previous subsection:

bz '+ A + bz + b,

zFtva, 25 4N 4+ a,z+a,

H(2)=z""(hy + Y=2z""H (&)

Denote: €0 =0~ z7\F(2) -Ho'(z)’

then O(@z)=2z" ®°(z). Next, the system B (2) will be examined; it is a cascade

interconnected system. The first observation is that: -

n

1-rr( =1- S AT A,
. —

‘50 its state space equation is as follows:

| {x,a +1) = Ax, () + Bu(f)
»(@®) = Cix () + Du(t)

where
[0 1 0 A O 1
001 A O 0
A4=IM A M , B=lol ., CG=-f, fiu A £l D=L
00 0 A 1 M "
00 0 A O 0] .

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

represented as follows:

{xz(t +1) = A,%, () + B,y (t)
Y(@) = Cyxy(8) + Dy ()



‘[érr] ~ where state [err], and coefficient matrix: [err] Now

wWth the state space equation of "one can cal cul ate the inpulse response
of the system i.e., for the input {u(t)} wi.th u(0)=1, and u(t)=0 fort >0,
the output response {y(t)} can be cal cul ated -as foll ows: [err]
Ther ef or e, 30 31 [err]

. In particular, if 770 is given by the transfer function provided earlier, then its

[ 0 1 0 A 0 1]
0 0 1 A O 0 _
L=l M A M|, B=|0| , Co=-[by 5., A bl D,=h,
0 0 0 A 1 M '
~% —a —ay A —a ] 0] 1a o

. Therefore, the (-+k)-th order state space realization of the transfer function

— — _l - ’
©o(2) =(1-2z""F(2))-Ho(2) can be represented as follows:

x(t +1) = Ax(t) + Bu(®)
: { y(@) =Cx(t) + Du(t)

where state % , and coefficient matrix:

A= [ . A:i!, B =[ 1‘322], c=[c, bc,] D=DpD,.

Now with the state space equation of ®o(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(?)} can be calculated as follows:

y(©0)=D,

y(1) =CB,

¥(2) =CAB,
M

(i)=C4™'B,
M

Therefore,



Si npl.e al gebraic mani pul ation yields that L satisfies the follow ng _
Lyapunov equati on: [err] Therefore, - [err] where L is the solution of
t he Lyapunov equation, which is positive definite as the system 'is stable.
In the follow ng, the above value w | be m nimzed by optinally choose the
coefficientsfof the filter F(z). Noti ce ¥ at in the state space €quati on,

the matrices A, B, and D1 2l e n the Lyapunov
equation; part of the matug E%gngm;ends mlgfﬁ‘gn(;:{m%a# in fact, [err]
Now, suppose the matri x L1> Ois partltlcmed as

32 [err] ——51!6 )| do = zp, Ey ]

= D2 + ECAi—lBBT (AT_)I'—_] CT
) =1
__;D2 +C(§Ai—IBBT(AT)i—1)CT awohe s
i=l ’

=D? +CILCT,
where

L= zA:—lBBT(AT)I—

i=1
Simple algebraic manipulation yields that L satisfies the following Lyapuno..v
equation:
ALAT -L + BB? =0
' Therefore,

2 2
E(PES* (1)) =L "] (') |? dw =2 (D?* +CLCT
( (3)] 12”jé'll @) do 12( )

2

where L is the solutién of the Lyapunov equation, which is posiﬁve 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=[C1 D1C2]=[‘f Cz].

Now , suppose the matrix L > 0 is partitioned as



-al so notice that D = [err], one has . [err] Then the .optimal solution

f. minimzing the above val ue sati sfies: o [err]
flerr]=[err] and - mnE(PES2(t)) = [err] L is positive
definite, then [err], so . - m nE(PES2(t)) =[err] (C2(L22 :
-L[err])Cerr] +h[err]) f 32 - 1 2 which again confirns
the QCEF TMR Limtation The gemL,, In sunmary, to arrive at the optinal
reduction al gorithm f17 Q%n truct state space matrices B2, D2, A and
B. 1 [err]: 2. Solve the
foll ow ng Lyapunov equatlon to get the solution [err] ALAT -L
+BB[err] =0 d optimal filter coefficients: f Clerr].
33 [ ] also not1ce ‘that R D¢ DW Ro , one has [ |

q2 .

E(PES(1)) =-ﬁ-(D2 +CLCT) —
2 .
- =L (ML ST = 20,1, /T +Co Ll + 1.

12
Then the optimal solution I minimizing the above value satisfies:

QE(PES®(®) _q* .., .+ -
— === 2f L; ~2C,L;;) =0
af 12 1 2412 o

f* =-C2L12LIII’ and
, :
min E(PES™ () = T-(Cy Lo ~ L3 La)CT + B).
L is positive definite, then Ly~ L12LTIIL21 >0 , SO
, 7 7
min EQPES* (1) = 15-Co (= LpLiln)Cy +56) 232K
which again confirms the QEF TMR Limitation Theorem.

In summary, to arrive at the optimal reduction algorithm:

1. Construct state space matrices B,, D, ,A, and B.
[t zqz]

|
2. Solve the following Lyapunov equation to get the solution In I
ALAT —-L+BB" =0

. -1
3. Find the optimal filter coefficients: =Gl



-4. Thé optinmal solution i-s given by: _ m nE(PES[err](t)) =[err].

f ’ 12 Above, the constraints of the QEF nethods according
to the present invention have been exam ned, and a bound for achievable
TMR reduction was given. Next, it will be shown that the |ower bound for
TMR can be achi eved for mni num phase $38stens where the |oop transfer
functi ons have at 4.edbe¢ optirealdseluipn is given byi r st consi der the servo system
~block diagramin Fig. 4. Suppose {he plant considered has the foll ow ng
transfer function: mihd(PES @)d £heC<bsvolielghhN6hlehy)desi gned can be
represent ed as: [erfr] where m &hd s are sone nonnegati ve integers,
denoting the pure delays in plant and controller, [err] and [err] are

nonzero nunbers, agBowy (heodstraintX bfathé QEF nréth&srakdordiag do e lpedsedt)in@mtion

polynom als. The closed Ioop transfer function fromthe quantization error
I's as ol | oWsy,ve peen examix{e%f gxldabound for achievable TMR reduction was given.. Next, it will
be shown that the lower bound for TMR can be achieved for ‘minimum phasé systéms

where the loop transfer functions have at least one delay.
First consider the servo éystem block diagram in Fig. 4. Suppose the plant

considered has the following transfer function:

m Ptz INETY)
1+z7'M ™)

P2y=zT"-By(2)=z

and the servo controller designed can be represented as:

co+ z'R(z™)

c@=z" 1+27'8E™

where m and s are some nonnegative ihtegers, denoting the pure delays in plant and

controller, ho and P are nonzero numbers, and N(-), D(-), R(-), and S(-) are polynomials.

The closed loop transfer function from the quantization error is as follows:

H(z)= P
1- P(2)C(2)

_ 2" po(1+ 2 Nz )+ 2S(z1))
A+ MEY)A+278E ) - 2™ pe, A+ 2 NE DA+ 2R ™Y)
- 14279 _
' 0 1+z'1‘Il(z’l)

hoz™ +h, 27" 4 A



-34 if 'mts >0, where [err]([err]) and [err]( ) are sone-pol ynom al s and
h[err]= Plerr] In the following, H(z) is assumed to have a ni ni nrum phase.
Fromthe QEF TMR limtation theorem di scussed above,  the nean square val ue
of the TMR satisfies the follow ng: ' : ' [err]
-E(pES2(t)) > q.[err]h2 = q [err]p[err] 34if any of the QEF schenes '

~introduced abgve are used..ln f o if either mor § A4S ositive .

i nt eger, then%@s %@0\‘/"3“."? 'h%%ﬁdﬁﬁ‘&“?@&%‘fﬁ“é@f&ae vﬁfoh ﬁ‘%hﬂ%‘“ﬁ%l on
of the QEF schene. In fact, the nodified QEF schenme 2100 shown in
Fig. 21 can afdriphssumed ko bavenaginimym pbaset bl ock di agram 2100,
Flerr]([err]) is a filter has the sane properties discussed above with

reference t.o Figs. Ffonlthe QEF TMRIBRSBEGhefBm diSubledRbovs tHeQhdap\Wnare valiR' I |

Note that [err] A simlar argunment to that described above wth reference
to Fig. 8 inply Ti\h‘%t i | .ON2120 in Fig. 21 is white noise and has
t he sane stocﬁ%@?‘i F%%sgfﬁggagos ‘e quanti zation error QE 2102; and
Slerr] ([err]) = S[err] ([err]) :Lerr] _ L _

12 - It is easy t%@%g,zi&%tq hgib_lq?c.k gdi agram'2100 in Fig. 21 is
equi val ent to t*he bl ock gk 72200= i Fi& 22. Fromthe bl ock diagram
2200, one can easily have that >

if any of the QEF schemes introduced above are used. In. fact, if eithermor s is a
positive integer, then the above TMR lower bound is achievable with a modification of
the QEF scheme. |

In fact, the modified QEF scheme 2100 shown in Fig. 21 can accomplish this
task. In that block diagram 2100, Fo(z) is a filter has the same properties discussed

above with reference to Figs. 6-15. It is dependent on the plant as follows:

_M@EH-NETH
1+ 27N (™

Fo(2)

_ Po z ™
P(z)= PR TR Y
Note that ~z Fo(Z™) | A similar argument to that described above
with reference to Fig. 8 implies that the signal ON 2120 in Fig. 21 is white noise and has
the same stochastic properties as the quantization error QF 2102; and

2

Son (@) = Sgs (@) =T

1t 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



.35 PES(z) = p[err] .QN([err]) whi ch is independent of the
controller - C(s), and is a white noise, and [err] which is the | ower
bound given in the TVMR reduction theorem To see how t-his schene is
related to the schene described above with reference to Figs. 6-15, one
can equivalently represent the bI ock dizggramin Fig 22 with the bl ock
diagramin Fig. 16 vm't'hpES% = poz " -ON{zy he noise filter in Fig. 17 is as
foll ows [err] Noti'ce t i the closed |l oop map H(z) has a m ni num
phase, i.e., it has stable zeros, then PES can be cal cul ated as wher e
t he above zerwhiplissndependdnk af the contellet C@)dndas bwhite seis¢;laagd are st abl e.
From t he above di scussion, it can be concluded that if the cl osed | oop
systemis m ni mum phase and therezl s at | east one _pure delay in the |oop
transfer function, it cgopmzﬁ])g figm et It He =ddi pf ed QEF scheme can
achi eve the lower bound for the M8 Wi th the QEF 3%2henps introduced above
with reference to Figs. 6-15, and the resulting TMR -

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

M@E)-NE) | ey CoPod+ 2 RET)
1+z7'N(z™) 1+27'8(z™)

F@) = Fy@+ poz " C(2) =
And the noise filter in Fig. 17 is as follows

l-z“th)=1—z‘1Fo<z>—poz.""C(z>=”;fz) = pez"C(@) = ‘;;(Z)

Notice that if the closed loop map H(z) has a minimum phase, ie., it has stable zeros,

then PES can be calculated as

PES() = (-2 'F(a)-H)- QN @) = ’;I = - H(2)-ON() = poz "ON(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

1s white noise.
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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 2312 that ars sent to the DAC 2320. The state
estimator 2310 al so. mpniitors the PES s ‘Enal 2322. The state estinator 2310
generates a si gnal Fig338 it shlock fiegram 23(0dHustipting p servo coniral giethad) haged opustats
2340. In Fig. 23, the power spectrumdensity function of the TMRis .
reduced at al estimatipne fic Fips 28 the sthterestimatoy 23110 1¢ idnigert With dteatest sighifieantdits2310
with the nost significant bits 2312 that are sent to the DAC 2320. Those
skilled in {38 fhabinh benth6 BRITAC DI OMat ShilfatbOI T 01l IR dhEPERN

error feedback mnethods scri be ove and the DAC- out put I ven esti mat or

met hod il lustr.ated.w.th, reference, t |g. 2 nor e en re. TMR reduction
i s possi bl e. SIgnaelcb%FiqB?.s"? qs{l]{natgf 23{1&91151%8&&@@} g\fgq\bégt}?tggergs&%%pdg}vgr
2400 that is configured to execute the quantization error feédback nethod
i n accor dancethgicontrelics gping 23M0. InHigrid3, e powrh epestiwydsnsityrfumctivn of the TBds a
processor 2410 and -nenory 2412. The processor 2410 executes one or nore

conput er pr ogféneed aalldreqasids P irReredt bg drivihgHhdstatt @stitathhE3 1 OWittOW ndskt 4.
General ly, the conputer progranms 2414 may be tangibly enbodied in a

conput er -r ead %}]ﬁ— aEdi; i ; r : f!' lé?i?l and/ or
removabl e datg1 sltcor aég'@gggﬁggé{efgéﬁé?ﬁ%@%?@rz Bdgggges}cg{egéjg&gra at'a
communi cati ons devices,, The copputer prograns 2414 may be | oaded fromthe
data storage ﬁeé’%rb‘é"sg‘ﬂﬁl%uqui’ﬁ q‘ﬁﬁ‘ﬁ@? n?‘l@f%"‘é?@@@& desembed; aheve
processor as 2410 di scussed above. The conputer prograns 2414 conprise

i nstructions ad tie DAGeutpus ddvemestimator meghbdailusttatedowitic refegence to Fig. 23, more

even more TMR reduction 1s possible.

Flg 24 illustra‘@s 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 .rﬁemory 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.



-2410, causes the controller 2400 to performthe steps necessary to execute
the steps or elenents of the present invention.

37 Al t hough an exenpl ary controller configuration is illustrated in
Fig. 24, those skilled in the art wll_recognize that any nunber of
different configurations performng simlag functions may, be used in

accordance with thAlthoughamexemplar sagroller configuration i tliustrated in Frg. 24 daosat
invention provides a QEF nethod to reduce the TMR of HDD due to DAC
quant i zati on sidllekinthé¢ drowill sdcogmizeanthaicmyaagibadefityffertre cobfigratibas perfahmisger vo
performances. The constraints of the QEF methods have been analyzed, and a -
| ower bound f gfnifaPRinBBAH? éﬁzﬁ#@f,&dﬂ{é&oﬂﬁn&!ﬁﬂy&b fesédeinwaliGes has been

i

descri bed. The opti nal I'ter which minimzes the nmean square val ue of

GEF mothod of the [T GEEHY: PRORRIRGRR BEEont SR aH S PAERO QIR DS

W t hout significantly increasing conputational time. “The foregoing
descri pti on oFDIhéuated T spuygntizaborineteswithout aleringror degrading thesotheralesired
presented for the purposes of illustration and description. It is not

i ntended to bgervepdifunmhndes. The édhstrhifitstof tHRaQER MRl Ravebebh gnalyz04 ) did af Or M
di scl osed. Many nodifications and variations are possible in light of the

shove, S0 o ek ATl oS B RSB O
hereto. The optimal QEF filter which minimizes the mean square value of TMR has been

derived, and an algorithm ilas been proﬁded. 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.
| presén_ted for the purposes of illustration and description. It is not intended to be

exhaustive or to limit the invention t§ the precise form disclosed. Many modifications

and variations are possible in light of the ;1bove teaching. It is intended that the scope of

the invention be limited not with this detailed description, but rather by- the claims

‘appended hereto.



1. "A nethod for reducing a control error for a servo | oop due to :
guanti zation noise of a digital-to-analog converter driving a plant, the.
quanti zation noise resulting fromthe digital-to-analog-converter. havihg a

| ower preci si on than a processor driving the digi FI ' I H) nverter,
~the method co 5|n rovi di ng 3sontrol si ﬂﬂm mﬁ f ling a
plant, the co %@M@&‘Eh having a precisioR 3 '
pr edet er m ned nunber of bits further conprising a first group of m)st

significant bits and at | east one |east significant bit; ©accurul ati ng
the at |east one'least Arﬁé&édﬁﬁ?édu@ihgaléaﬁfréle?rof\ﬁ)‘t\/a@&%lo%pﬁlﬂbid G@tizdtidn i S
gener at ed; addi ng t he new nost si gnlflcant bit to a first group of nost
S|gn|f|cant bit.s t r.at e

provi di ng then%%?é)q% "%Ttgr?fmlg%ﬁ?r}vgﬂ Sl g’%aa@ %mf ﬁ]% (’%‘léuzﬁh&g Sh(’)enxfé&ﬂ g
operation of the | ant . The net hod of claim 1 wherein_ the

accunul ati ng fip@ dngetalsto-a@nbgwe@mter kaving 4 lowsnprepision diwni 4 pracesaw deiing the
significant bit is generated further conprises feeding the at |east one
| east si gni fi digithl-foFdnalogiconigiter) thearnethad korhprigindyavi ng ‘a f eedback | oop gain

until the new'nobst significant bit is generated.

39 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 sighiﬁcant bit;

accurnulating the at léast one least significant bif until a new most significant bit is
generated;
adding fhe 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 furth& 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.



3 The method of claim 2 wherein the feedback looﬁ)ﬂﬁal nis [err] where

F(z) is a filter whose transfer function is assurreHI Hﬂ“ﬂl lﬂfl " Illalitl_lhonal
e

function which is analytic and bounded in [err] 4
net hod of claim 3 wherein the feedback | oop gain is a'si ngl é fntegrator.

5. The nmet hod of claim 3 wherein the BRedback Ioop gainis a doubl e

i ntegrator. 3. 'ﬁhemeth&ﬂ'@félﬁhh@qvh&feufﬂu@f % Loy 2" FUEY z)
provi des a power spectrum rr‘ﬁ&:l ﬁfﬁ dgr}? ) of s,ﬁvglbegé
noi se that al S sfles is a _constant.

7. The et RS tf%m@tr%ﬁmﬁ?w 3@84{?‘?"&9 bsarreafl ratéong} fiiggtion which is

m sregi stration, the track m sregi strati on bei ng nmeasured according to a
posi tion errowﬁ@ﬁhbgmmﬁhdlzw 1} [err]
mean square val ue of PES sati sfying 12 where g=2[err]c with c

being the quantization resolution in the processor, and | being a nunber
representing the at |east one least significant bit. -

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

S In(Sop (@))deo =
GQE(w) of shaped noise that always satisfies # IO o K, whereKisa
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

E(PES?(t)) >_ hg ;
mean square value of PES satisfying , where g=2'¢ with ¢ being

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

least one least significant bit.



40 - 8. The nethod of claim1 wherein the control error is track
m sregistration, the track ni sregistration bei ng nmeasur ed according to a
position error signal (PES), a mninumof the maan”mm llluﬂuuﬂlﬂl PES

hei ng derived according to a nethod ggnprising: WHREH ik state
space matrices [err] , A and B;

[err] solving ALAlerr]- L + BB[err] = 0 to get the solution [err]
ftnding the opti meB. fi | Thermethed 6f alaient wherewy thg corftenl efroris track misregistsation ng
for the mi nimumof the nmean square value of PES given by: mnE([err]

(C2(L22 -[ errihe trhek misre egxstratlon being fneasured according to a dAicnRaP Sighsl c?PEB) B 1

wherei n the nean square val ue of PES achi eves e | ower boun [err] ,
by additiona f eedi f or war d th red e

control | er Hﬂémm%%?"é‘ ﬁqé‘a%tva Hag Iv @ccﬁrg%oaﬁn‘ftﬁ Servo

| oop. The met hod of cI aiml further conprising driving a

state esti rrat@mpmsmg the nost significant bits and a positionerror signal
to reduce the power spectrumdensity function of the track msregi stratlon

at predeterm ned fr egm?crﬁ%'ges?ate space matrices BzaDz ,4, and B,

L = (:l'll L]Z]
solving ALAT -L+BB" = 0 to get the solution Ly Ly :

finding the optimal filter coefficients: S =CoL, L ; and

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

: 2
mfinE(PESz(t)) = E(Cz Loz = L Lt Ln)C3 +H3).

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.



'11. . A actuator system conprising: : a voice coil notor being.
driven by a digital-to-anal og converter; a processor -providing a
control signal for controlling the voice coil notorj l“ﬂmu“gnal S
each having a precision of a first prggeterm ned nummmlmm her
conprising a first. group of nost significant bits and at |'east Jne’l east
significant bit; and a quantization error feedback circuit for reducing

a-control error of 1 sep\v&tﬁmygtgﬁ, bénpréight i zati on noi se of the
digital -to-anal og converter driving the voice coil notor, the quantization

noise resulting fromthe digital-ta- . y | wer

preci sion than the pr%ggéogg?ﬁ rqt?fﬁ)ﬁgl%tadr]ngg%ﬁg?;ag@%-%ﬁygg%ng%rlﬁv’erter, t he
guanti zation error feedback_ circuit providing control signals far

control |ing a "pldEecesIoR pravising & ponitol signal fareantralling the voicesod analpry theontsol
first predeterm ned nunber of bits further conprising a first group of nost
si gni ficant biighalracidiavirpasprecisien lof a fitst pregloiefmmad huinbér,of bits finthkent i ng t he
at least one least significant bit until a new nbst significant bit is

gener at ed, ad%ﬂﬂﬁéiﬁ%a@i‘?&’é’ fof nlsilAiEAR bitbhid hdedit bhd st HoatRabit1AL

significant bits 'to generdate a nodif ant control signal” and providing

d p
the nodified plant control si | .to t
pl ant . ' aq“i‘@'.m&mrﬂ@f&%%s% “ 3?

|l ant to conjrol eration of the
e L TaneER gro It Reto
quanti zation error circuit feeds the at |east one-least significant bit
t hrough a f eedpamtizatioopoisrefithgydigitiletocinalog convepter draving thetvioice cpid motax, thost
significant bit is generated. . . ' . 42
13.  The act ypastizatiyibhéiss @buliih@fibinliBe diathkiorinhlog cherMeAkdvin®PRvER bfecision
| 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 uatil 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.



conprises [err], where F(z) is a filter whose transfer “function i s asuned
to be a real rational function which is analytic aiﬂllmmﬂmuﬂmwm] '
14. The actuator system of claim 13 wherein the f is a
single integrator. . 15. The agtuator systém 6f tlal m®13 *wherein
the feedback loop gain is a double integrator. 16. The

actuat or system of 18 ai rTheGctiatr systenh bfclaim 1 2wherem) the feedbhatk doap gaomer

[err] spectrum [err] [err] of shaped noise that always satisfies [err]

K, where Kis a consta 17. The actuator systemof claim1l

wherein the coompisesf r 52}, svherelik) is g i tee yheser tsansfen funcien 1seggimed to be a real
m sregi stration bei'ng nmeasured according to a position error [err] signal

(PES), the nean,.s re.val ue, of PES sat.i | {z:]|z|>182 , Where g= 2 ¢
wiith ¢ being trﬁtéorg’EgLHFF%WFﬁhl?%%a ﬁtaingr?g{’%depﬁ% processor, and | being a
nunber representing the at | east one |east significant bit.

LCFVI

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 'feedbacl_( loop gainis a

double integrator.

16.  The actuator system of claim 13 wherein the filter F (2) provides a power

1 .
—- [§ In(S gpg (@))dw =
spectrum Saga(®). ;¢ 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
_ EQPES* () 2L .2
signal (PES), the mean square value of PES satisfying 127 where g=

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

representing the at least one least significant bit.



18. The actuator systemof claim 11l wherein the control error _is. track

m sregistration, the track msregistration being ‘measured according to a -
position error signal (PES), a m ninmum of the of PES
being derived by the processor accordipg to a ’r@nw mgm “E “ﬁ
constructing state space matrices [err], A, and cere] M s * solving ALA
-L+BB[err] =0 to get the solution [err] finding the optinal

filt fficient f fth
LS 2 3 D g8 i B f

[err]

19.
The act uat or mvegisradions ﬁhﬁtrﬁ?li@lmf‘t@"ﬁnlbﬁ@gﬁ%"é%‘é{ﬁ%’f’@%ﬁ%?ﬁopgor

[err] achieves the | ower bound, 1 2 , by additionally feeding forward
the filtered cEmal (RBSxe mmwnpﬁéleammmquarewahmpERES\hemg térived biysheat | east
one sanpling delay in the servo | oop. 20. The actuator system

of claim 1l fprdobiabr &Rbmdigtb Ainéth&d @nfhrRalg: mator, the drive state
estimator being driven Wltgh the nost significant bits and a position error

constructing state space matrices B,. D, ,A, and B;

[ 5
solving ALAT -L+BB" =0 ¢, get the solution In Lz ;

finding the optimal filter coefficients: S =ColnLy 11; and

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

2
min E(PES*(1) = f—zccz Ly, = L Ly )CT + 1),



si gnal to reduce the power spectrumdensity function of the track
m sregi stration at predeterm ned frequencies. —A--dat-a-

storage system conpri sing: a data storage a not or
for rotating the data storage di'sk; and an act uat !ﬂf' QHH’UH |ng a
transducer relative to the rotating dat%4storage dis

system further conpri sing: a voice coil notor being dri ven by a

digital -t o-anal 0g qoNVertElcmptor system B QAP R RAEreR G lhM B g Gfpisd gnel

for controlling the voice &8 control signal s"eac aving
precision of a first predeternlned nunber of bits further conprising a
first group of nost S|gn|f|cant g pand at | east one | east significant
bit; and a quantization—err@s feedback circuit for reducing a

control error abhieves thelower bowd, ldie t Q byl additibradly ifeedingdbeard thet filered QEF
digital -to-anal og converter driving the voice coil notor,

45 noise gN fo the c?ntlt’oller mgFt when there‘%% ttlgﬁt gﬁéas%rlﬁ% 'dglgy BPR Servo

resulting fromthé digital-to-analog conver avin precrsion

t han t he proczssor driving the digital-to-anal og converter, the

guanti zati.on feedback circuit  providing each of the first group
of nost significant bits to the voice coil notor to control, operation of
the voice coil notor, accunulating the.at |east one |east significant bit
until a new nost significant bit is generated, and adding the new nost

significant bit toqy firgh gfoup sﬁienqgﬁélaiﬁ{ plnfufrt'hgrac%tmp%s}nsg abs te es?hmaegop e

provided to 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,



‘voi-ce coil nmtor. 22. The data storage- system-of ctaim 21

wherein the quantization error circuit feeds t east .
significant bit through a feedback | oop having Hil'ﬁ“ﬂﬂ@in“man gain until
t-he new nost significant bit is generated. e S S dat a

storage system of claim22 wherein the f8edback | oop gain conpri ses

e e

real rational function I'sanal ytic and be _ o

;4.' si n;rg ?ﬁ{%&%&?ﬁﬁ%ﬁ the’ grtogerpsgrfdn%{nagl the ?git\é\{]%[aenla{%gtcgrewérteeg 5 &\E(%Jtigg&onge%_ 'S _ |

The data storage systemof claim23 wherein the feedback |oop gain is a

doubl e i nt egrfgedhack circuit proeding exeleolthe first graupgf mogtgnificsnt bitaitonthe 3

wherein the filter F(z) provides. a power spectrum[err] of shaped noise

that always saidesdoilgfiotor tolcBhtkd] opkratidhI6f tBe Koics cill £6108 RBimulating 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.

22.  The data storage system of claim 21 wherein the quantization error circuit
feeds the at least one least significant bit through a fe_edback 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 1oop gain

-1
comprises Z £(2) where F(z) is a filter whose transfer function is assumed to be a real

rational function which is analytic and bounded in z:lzlp1}

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

single integrator.



27. The data storage systemof claim 21 wherein the control--error is

track msregistration, the track m sregi stratl asured accordi ng

to a position error [err] - signal (PES), the m, n@gﬂim f PES

sati sfying 12 , Where g= 2[err] cC Wt ntization

resolution in the processor, and | bei 8 a nunber representl ng the at

| east one | east siggifiTiRddatdstorage systemofclalm 23 wherein the feedback loop gainis a -

47 28. The data storage system of claim 21 wherein the control

error is track,, ﬁg F &tratlon the track m sregistration being neasured
0

according to a posi nerror signal (PES), a mnimmof the, nmean square
val ue of PES being derived by the processor according to a nethod

conpri si ng: constructing state space matrices B2, D2, A and B;
solving ALA[err] L+BB[err]= 0 togetthe solution [err]; finding
the optimal filterygoef fhedfnidragt 8ystdm ofiélsim 23 wherem'stﬁéﬁlt&QF {’;Bromﬁsm ni mum
of the nmean square val ue of PES g| ven by: [err] m nE[err :

L 108 g (@D =
power spectrum Saga(®@) of shaped noise that always satisfies # ’ o8

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

E (PES ) > hg
signal (PES), the mean square value of PES satisfying , where g=

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

representing the at least one least significant bit.



'29.  The data- storage .system of clai m28 wherein the nean square val ue of

[err] PES achieves the .| ower bound, 12 , by L ‘ ding forward
the filtered QEF noi.se QN to the controller Hmm“m‘““m\ is at |east
ane sanpling delay in the servo |oop. * .. WThé d&ata storage

system of claim 21 further conprising #’state estimator, the drive state

estimator being drpgen Thé dath SOraEe systéth @Ntlhing 21 ivhbreirstha behteol BASH itk er r or
48 signal to reduce the power spectrumdensity function of the track

m sregistrati . 'gﬁg . (e =L . I\ icle
of manufactur gﬁﬁr%ls redi gg‘?‘ %\ g%{ﬂr ac %Er%ugﬁgg pg‘%‘g g‘ﬁa%uﬁe% ?cho{dcl)ng t;:]at]f a‘?ﬁs}@gte?%%

noi se of a digital-to-anal og copyverter drivi a t.in a rvo | oop, the
quanti zati on %&@eﬂ’ﬁg)samm@mpg ﬂ?@néﬂbﬁr?é{ﬂ-g? Bﬂg\éggﬁﬁg a%‘(%&’é]i‘e havi ng a
| ower precision than a processor driving the digital-to-anal og converter,

the article oprovessaf econding to e mmthodséongprizingonput er readabl e nmedi um havi ng
I nstructions for causing a conputer to performa method conprising:

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

L_[ln le]
r r ' o L,
solving ALA" =L +BB" =0 1o get the solution 1 ",

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

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

min EQPES* () = T(Cy (s ~ L it L)C] +1).

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

2

94 52
0
PES achieves the lower bound, 12 » by additionally feeding forward the filtered

QEF noise ON 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 error



’ p'r ovi di ng control signals for controlling a plant, the-control~signhals each

having a precision of a first predeterm ned nunb ' f r
conprising a first group of nost significant .bi talm ﬂ %“ﬂH ‘u e | east
significant bit; accunul ating the at least o I'TxCant bit

until a new nost significant bit is gefferated, addi ng the new nost
signi ficant bijgndl @ Redhiéd the pewerkpestiuridesity fi@ittibh 6Mhe tlaclk ﬁliir?i@tﬁﬁ%ﬁ&t e a
nmodi fied plant control sighal; and. provi ding the nodified plant control

signal to the_pl Nt -t o [ operation of the plant.
49 32.plgd| e'aﬂﬁ%ﬁgﬂ%& manuf acture of claim 31 wherein the

accunul ating the at |east one |east significant bit until a new nost
significant bit is generated furtherconprises feeding the at |east one

| east significant bit through a feedback |oop having a feedback | oop gain
until the new most3gi gnpp ?t?dié HnhndfRcteie B6 edRhe track misregistratioh due tdh€ :
article of manufacture g‘%‘ac ai(r)n 32 wherein the fgeedback Foop garn is :
[err], where F([err is a filter whose transfer. functign is assunmed to be
L renl ot ondenriaots A gt SiRIrR f ST G AR A et foop: the

34. The article of manufacture of claim 33 wherein the feedback |oop gain
is a single {uandigationmoise 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.



"35. . The article of manufacture of claim 33 wherein thé ¥ eédback Toop gain

Is a double integrator. - : ' 36. The art re of
claim 33 wherein the filter F(z) provides a ”",m"ﬂ""m mﬂmr :
[.err] power spectrum S[err]([err]) of shgped noise*that alwaysssatisfies
[err] K where Kis a-‘constant. - 37. The artlcle of

manuf acture of cl aBf 31Thé1mthelemf1nimufaomre of clainr 3 whereinrthe &ccumulating the at
ntsregistration, the track misregistration being neasured according to a

posi tion err ofeast one least significant bit until a new most s%uﬁcant bit is en'éf%lted

[err] signal (PES th an square val ue of PES satlsfyl ng 12 ,
“where Q= 2[ vmthc ej.ng.th antization.re 0 '
processor, an 'ﬂir’ﬂg eafb’g%{é’?@h ﬁ%ani a’éé}‘%%@él?aég%‘?ol’

significant bit. The arti cI e of rranuf acture of claim 31

wherei n the cbeningk fesdbask lpep ganauktllthmwgmgt signifieant btthsegfmemq‘d _
m.sregi strati on being measured according to a position error Signal (PES),
a mni mum of the mean squaré val ue of PES being derived according to a

met hod conpri si ng:

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

~1 ’
z"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 CHEL S

34.  The article of manufacture of claim 33 wherein the feedback loop gainisa

single integrator.

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

double integrator.

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

- .f In(Sgop (@))dw =
power spectrum Saga (@) of shaped noise that always satisfies # oo

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



constructing state space matrices [err], [err}, A and B

[err] solving [err] to get the solution [err lwedi t he

optimal filter coefficients: [err] and sol vi| Illlcml I“H "“ i| m of

t he nean square val ue of PES given by: * Lerm] mnJerr]

39. © The article of manufacture of clai¥ 38 wherein the m::anZI square val ue

ifz‘ . i ﬁ %a . berlgésg!:fs acgj(p@ﬁt)ﬁlagq_, wer bo';md,
, by addig: Ool'pe ?J\k,ﬁ] A

controller inpstlué W@ens}stﬁgre ﬁgqgﬁ%}o%gs?f one %gﬁﬁeng delay in thé grgr o]

| oop. - 51 - 40.

The' articl e of 2'weRith 3 beibeheduaatisition Fdsolution i theqREaREcS) 4td I Being aBinbes!t at e
estimator with the nost sSignificant bits and a position error signal to

reduce t he power Ctrum. . d it ' f the track m sregistration
at predet erm'\é\%@re?&%ﬂéghecﬂtéesagpgm1¥asu}igﬁ&i|ﬁ%ab& A nmethod for reducing a
control error due to quanti-zation noise of a digital-to-anal og-tonverter
driving a plant, the quantization noise resulting fromthe

digital -to-anal og converter having a | ower precision than a processor

driving the digitalsgto-AnalQ8e oPRURGMHIre 6f@ﬁFH@tIMr&9ﬂﬂrJoﬁﬁﬂlil%ror is track

providing control signals for controlling a plant, the control signals each
having a precision.of .a first predeterm ned nunber of bits further
comprising a FRFLEIGRIE the HRgpiseRiby Hips Brriedaoduinalo dpogiion rags
significant bit; driving a state estimator with the nost

si gni fi cant bi &ignad (CESD), peunimusnokthe geas sginag valee oflddifcleingderiyedaecosding taaim
density function of the track m sregistration at

' method comprising:

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

. -1
finding the optimal filter coefficients: I =Clply ;and

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

. 2
min E(PES* (1)) = f—2<cz Ly ~ Lo LAL,)CE + D).

39.  The article of manufacture of claim 38 wherein the mean squafe 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.



pr edet er mi ned frequenci es; " accumul ati ng-the-at~t east one | east

significant bit until a new nost significant bit |

addi ng the new nost significant bit to a first gr Eﬂﬁ“ﬁmﬂm‘“}m\flcant
hits to generate a nodified plant contrgl si gnal ; w s providing
the nodified plant control signal to.th pI ant to control operation of the

pl ant. 40.  The article of manufacture of claim 31 furthefasdmprising driving a state 42.
The net hod of claim4l wherein the accunulating the at | east one | east

significant blf& Q{ohlwﬂﬁ a@ee o3 émﬁéag é?s#%gpé%t’%m lertorK ?otrggudcetiﬁé E&ber

conprises fee one I cant throu

f eedback | oop haV| ng a feedback | o0 ain until the w post, significant
bit i s gener atSBectrum dengty Kanction of the tra SFREIgHo Rt RE?‘Q’F‘?W d\frgauenciest he

feedback loop gainis [err], where F(z) is a filter whose transfer
function is assuned to be a real rational function

peecrra

41. A method for reducing a control error due to quantization noise of a
digital-to-analog converter driving a plar_xt, the quantization noise resulting from the
digital-to—anélog 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 compﬁsiné a first group of most
signiﬁcant bits and at least one least signiﬁéanf bit; a_tnd

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

frequencies.
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“whi ch |s anal yti ¢ and bounded in [err] 44. i The nethod, of
cl ai m 43 whexiesyset HaesE Q@egk loop gainis a single i nt egrator

recesraco AL ™ 57 == == ST, - -
46. The net

3 wherein th82filter F(z)* pfovides & pdwer

spectrum : [err] [err] of shaped °
noi se that always gati sfrheseltfRfi'df claim 41 further bom adéuinﬁlaﬁngﬁiérh‘ﬂe%@ltone
47 . The net hod of claim4l wherein the control error iIs track

m s_re_gl strati ?ngﬁ ﬁca(’gggk Ef[azxiee }n%;strs?él{lﬁcanpgiltpsggerreagegr ed according to a

position erro [err]
mean square val ue of PES satisfying 12 whereq=_[err] with c
being the quamsddingthenew wossignfient bit tarefist grou ebmost sigaificanichitsgo genruatper
representing the.at |east one |east significant bit.

modified plant control signal; and : o

providing the modified piant control signal to the plant to control operaﬁon of the plant.

43.  The method of claim 42 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.

-1
44.  The method of claim 43 wherein the feedback loop gain is Z £ (&),

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

which is analytic and bounded in 2112121}

45.  Themethod of claim 44 wherein the feedback loop gain is a single

integrator.
46.  The method of claim 44 wherein the feedback loop gain is a double

TS SHEET HAS- aseﬂ
" "REPLACED ___

mtegrator.




- 48.  The nethod of ¢&laith41l wherein the control error is track... .

m sregistrat mﬂsheéthlﬁsﬁ ;ST egi stration being. rrammﬁl& according to a
a

position erro a -mninumof the ne 'mﬂmﬂml PES
oy st ete

bei ng derived nethod conpr|3|ng
space matrice

[err] soIV|ng[err] to get t he solutlon [err]; - finding the
optimal filter coejfiCi¢md Rethb@bf dlail £4 Whereft e ﬁ_lter Fz) ?Qllxﬁééqﬂp(f)@érstp@&ruxn

m ni mrum of the mean square val ue of PES given

54 49 . The net hod of cl aim 48 \/\herel n the mean square val ue of
PES achi eves 2 the Io %6(\1&»5&’] , by

addi tional l'y fg@@ﬁfvﬁmffsniphamdlséﬂﬁtﬁlwayewﬁﬁ R fioi se t KewhorRti & 4 er
i nput when there is at l'east one sanpling del ay in the servo | oop. _
50. A data Ql.ape system conpri sing: a data storage disk;

a notor for rotating the data storage disk; and an act uator"‘systemfor
noving a transducer relative to the rotating data storage disk, the
actuator system further conprising: -a voice coil notor being

driven by a digital-to-anal og converter;
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), the

2
EPES? @)=L .2 .
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.

49.  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
compdsing:

constructmg state space matrices By, D, ,4,and B;

- [lﬂ Lu]
solving ALAT ~L+BB" =0 ¢, get the solution In In ;

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

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

2
min E(PES* () = £(Cy (L = L3 L)C] + ).




a digital "signal--processor-providing a control signal for controlling the
voi ce coil the control signals each having a precision of a first

DL.Or, e
S gni f1 cant f mu@ﬁﬁ;st one 1east s ot {1 cant | I ||fmm||[n§
* ONn

si gni fi cant
error for a gervo |oop dire *o quamtisza

processor re
noi se of the digital-to-anal og converter driving the voice coil notor, the

processor accunul gj i ngIﬁehﬁetﬁédbﬁﬁﬁin@‘ﬂhé@ﬁi&heﬁieﬁmscfdamﬂuébﬁPBﬁo!ﬁevés new
nost significant bit is generated, and addi ng the new nost significant bit

to a first group of nost Ségnlflcant bits before being provided to the
voi ce coil notor. q.- ;2 : This is the replacenent sheet

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 sop.

51. A data storage system, comprising:

a data storage disk; |

a motor for rotating the data storage digk; 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 signai processor providing a control signal for controlling the voice coil
motor, the control signals each having a precision of a first predetermined number 6f 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—anélog 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.




