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(57) Abstract

A method of generating a position error estimat i iti i
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In addition, a demodulation circuit is provided that utilizes ﬁeldpratioing. signal. The result of the division is the position error estimate.
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pattern that is conbi nation of several servo fields. There are

several types of servo field patterns, including "null-type" servo
patterns, "split-burst anplitude” serég patterns, and "phase type "
servo patterns. A null-type servo pattern includes at |east two
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-2- second.field is a position error field, which is used to I dentify
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centerline in the
A storage device, such as a disc drive, typically uses a servo

system to position a read or write head over a recording track were -
10 digital information is stored. The servo system relies on servo
information stored either on a dedicated disc surface in a multidisc
system or in servo sectors that are radialy dispersed throughout each
disc. The servo information gives coarse position information such as
the track number of the track that the head is positioned over and
15 possibly the angular sector that the head is positioned over. The servo
information also includes fine position information that describes the
radial location of the head within a track.
The fine position information is generally stored using a servo
field pattern that is a combination of several servo fields. There are
20  several types of servo field patterns, including "null-type" servo patterns,
"split-burst amplitude” servo patterns, and "phase tvpe " servo patterns.
A null-type servo pattern includes at least two fields, which are
written at a known phase relation to one another. The first field is a
"Phase"” or "Sync” field, which is used to lock the phase and frequency of
25  the read channel to the phase and frequency of the read signal. The
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centerline and the centerline of an adjacent track, the read signal has a

maximum amplitude.
10 The magnetization pattern on one side of a track centerline in the
null-type position error field is written 180 degrees out of phase to the
' magnetization pattern on the other side of the track centerline. Thus, the
phase of the read signal in the position error field relative to the phase of
the read signal from the sync field indicates the direction that the head is
15  displaced from the track centerline.

To control the servo system, a single position error value is
determined in each servo sector. Such position error values are typically
created by demodulating the read signal associated with the position
error field. Typically, the magnitude of a position error value indicates

20 the distance of the head from the track centerline, and the sign of the
position error value indicates the direction of the head's displacement.

Demodulation of the read signal from a null-type pattern has, in
the past, always been a synchronous process. In a synchronous process,
the exact phase of the read signal of the position error field is known

25  from the phase field read signal because the phase field is written at a
known and fixed phase relation to the position error field. A phase
locked loop (PLL) is typically used to acquire the phase of the phase
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phase locked loops that operate the same in every servo field.

The position error value generated by the servo system ideally

15 changes linearly as the head moves radially across the track. Such linear
changes simplify the calculations needed to determine the amount by
which the head must be moved to bring it to a desired location. In
general, servo systems do not produce position error values that change

. linearly as the head moves radially across a track. In particular, as a
20 head moves radially across a track, the read signal generated by the read
head tends to fluctuate due to the geometry of the head. To reduce the
effects of such fluctuations, the prior art has used automatic gain control
systems to automatically adjust the gain of the servo loop so that it
remains constant at all track positions for the head. The amount of gain

25  that must be introduced by the automatic gain control is set by a control
circuit that must be initialized either at disc burn-in or periodically

during the life of the disc drive.
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consi stent across different servo areas. This has resulted in conpl ex
and costly structures that drive up-ghe cost of the disc drive. 5
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of the division is the position error estimate. A circuit and system
for practiging the nethod arSUMMARY ORTHEINBENTION : BRI EF
DESCRI PTI ON OF THE DRAW NGS FIG 1 is a perspective view of a

disc drive of the pgxesethod of generating a position error estimate generates a

phase field signal and a position error field signal. A set of operations is
performed on the phase field signal and the same set of operations is .
performed on the position error field signal. The result obtained by

10 performing the set of operations on the position error field signal is
divided by the results obtained by performing the set of operations on
the phase field signal. The result of the division is the position etror
estimate. A circuit and system for practicing the method are also
provided.

15 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a disc drive of the present
invention.
FIG. 2 is a block diagram of a servo loop in a disc drive.
FIG. 3 is a pattern layout of a servo pattern of the prior art.
20 FIG. 4 is a read signal produced by a read head as it passes over
the pattern of FIG. 3.
FIG. 5 is a read signal produced by a read head as it passes over
the pattern of FIG. 3.
FIG. 6 is a read signal produced by a read head as it passes over
25  the pattern of FIG. 3.
FIG. 7 is a block diagram of an analog demodulator of the prior

art.
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drive. FIG 3 is a pattern |layout of a servo pattern of the
prior art. 20 FIG 4 is a read signal produced by a read head as it
passes over the pattern of FIG 3. _s. FIG 5 is a read signal
produced by a read head as it passes over the pattern of FIG 3.

FIG 6 is a read siFIG8ipadlodedidgyram sfadigicddianodulatasstthegydor . t he
pattern of FIG 3. FIG 7 is a block diagram of an anal og
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- 5- FIG 8 is a block diagramof a digital denodul ator of the
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servo pattern of FIG™09. .

FIG. 11 is a read signal generated by a read head as it passes over
the servo pattern of FIG. 9.

FIG. 12 is a read signal generated by a read head as it passes over
the servo pattern of FIG. 9.

10 FIGS. 13-1 through 13-5 are signal diagrams of signals associated -
with a digital demodulator of the present invention.

FIG. 14 is a block diagram of a digital demodulator of the present
invention.

FIGS. 15-1 through 15-2 are timing diagrams showing the

15 relationship between rectification values and a read signal for one
embodiment of the invention.

FIGS. 16-1 through 16-2 are timing diagrams showing the
relationship between rectification values and a read signal for a second
embodiment of the invention.

20 FIG. 17 is a block diagram of an analog demodulator of the
present invention:

FIGS. 18-1 through 18-11 are timing diagrams showing signals
associated with the block diagram of FIG. 17.

FIG. 19 is a block diagram of an analog division circuit used in

25 FIG.17.
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- 6- clamp 108. Disc pack 106 includes a plurality of individual discs, which
are mounted for co-rotation about central axis 109. Each disc surface has
an associated disc head slider 110 which is mounted to disc drive 100 for
communication with the disc surface. In the example shown in FIG. 1,
10 ~ sliders 110 are supported by suspensions 112 which are in turn attached to -
track accessing arms 114 of an actuator 116. The actuator shown in FIG. 1
is of the type known as a rotary moving coil actuator and includes a voice
coil motor (VCM), shown generally at 118. Voice coil motor 118 rotates
* dctuator 116 with its attached heads 110 about a pivot shaft 120 to position
15 heads 110 over a desired data track along an arcuate path 122 between a
disc inner diameter 124 and a disc outer diameter 126. Voice coil motor 118
is driven by servo electronics 130 based on signals generated by heads 110
and a host computer (not shown).
FIG. 2 is a block diagram of an information storage device
20 228, such as magnetic disc drive 100 of FIG. 1. Storage device 228 includes
three main components: plant 230, servo logic 232, and microprocessor 233.
Microprocessor 233 communicates with a host (not shown) through a host
interface 234. Microprocessor 233 controls the reading and writing of
information to a disc based on instructions received from the host.
25  Specifically, microprocessor 233 applies control signals through control
lines 235 to plant 230 to control various functions of plant 230 including

selection of a head, strength of a write current, read sensitivity and mode
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perspective view of a disc drive 100 in which the present invention is
useful. Disc drive 100 includes a housing with a base 102 and a top
cover (not shown). Disc drive 100 further, includes a disc 5 pack 106,

which is nounted on a spi ndl e notor (not'7§hown) by a disc cl anp 108.
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Speci fically, R1 croprocessor 233 applies control signals through control

I i nes 235 to ppesitioAdBfermatinm stored dnisero lagic t232issmenqsy derathaws HEEBLdI ng
address bus 241 and data bus 243,

Within plant 230, current command 236 is received by power

15 amplifier 238, which converts the voltage of current command 236 into a
current signal 240. Current signal 240 is provided to and controls an
actuator 242, which includes voice coil motor 134 of FIG. 1 that is driven
by, and accelerates at a rate determined by, the current of current signal
240. Actuator 242 translates the current of current signal 240 into

20 mechanical movement 244, which moves head 112 relative to the medium.

Head 112 detects data and servo patterns embedded within
the mediﬁm as it moves relative to the medium. The servo patterns
cohtain information about the position of the head relative to the medium
and cause the head to produce a low-level signal 248 that contains encoded

25  position information. A head amplifier 250 amplifies the low-level signal
248 to produce amplified signal 252, which is less susceptible to noise and
which is easier to decode. Amplified signal 252 is input to demodulator
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228. In one mode, known as track seeking, microprocessor 233 instructs

servo logic 232 to move the head across the medium to a new track. In the
second mode of operation, known as track following, microprocessor 233
instructs servo logic 232 to keep the head located over a position within a
track. Track following is not a completely passive mode since servo logic
232 must move the head in order to keep it steady relative to a track on the
medium. This movement is necessary because the tracks include
irregularities and servo logic 232 must move head 112 in order to follow
these irregularities. During track following, the head is kept in position
using the servo loop formed between plant 230 and servo logic 232.
Specifically, as head 112 moves off position, low level signal 248 begins to
change because the head is reading different parts of the servo patterns
embedded in the medium. This change in low level signal 248 causes

- similar changes in amplified signal 252 and position measurement 256. In

response to the change in position measurement 256, servo logic 232
changes current command 236 so that head 112 moves toward its original

position over the track.
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112 changes within a track. Thus, the head will respond faster to track

10  irregularities in different parts of a track.

FIG. 3isa diagram showing the essential portions of a null-
type servo magnetization pattern for a servo section 180 used in the prior
art. The radial dimension of disc 122 is shown vertically, and the angular :
dimension of disc 122 is shown horizontally. Arrow 182 indicates a |

15 down-track direction, or angular dimension, of disc 122. Arrow 184
indicates a cross-track direction, or radial dimension, of disc 122. FIG. 2
shows four track centers 190, 191, 192 and 193, which are labeled "1", "2",
"3" and "4", respectively. Head 134 is aligned with track center "2" along
cross-track direction 184.

20 The shaded regions in FIG. 3 correspond to regions of
opposite magnetic polarity as compared to the non-shaded regions. For .
example, in a longitudinal recording system, if the longitudinal
magnetization in the non-shaded regions were right to left in the figure,
then the longitudinal magnetization in the shaded regions would be left

25  toright. Within these regions, the magnetic medium is saturated in
either longitudinal direction, as is standard practice in digital magnetic

recording.
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256, servo logic 232 25 hanges curtrent command 236 so that head 112 noves

toward its oriphaselfield 202 the magmetizationtpatternavithin phasedigl d202/indades

an oscillating signal in the output of head 134. Normal position error

10 field 205 and quadrature position error field 206 contain null-type

| magnetic patterns. The quadrature magnetic pattern of quadrature

position error field 206 is offset by one-half of a track width with respect
to the normal magnetic pattern of normal position error field 205. In
some null-type servo patterns, the quadrature magnetic pattern is split in

15 half by placing half of the quadrafure pattern before the normal pattern
and half of the quadrature pattern after the normal pattern.

FIG. 4 is a waveform diagram showing a portion of the

read signal 210 of the prior art as head 134 passes over phase field 202,
middle fields 204, normal position error field 205 and quadrature

20 - position error field 206 while directly straddling centerline 191 of track 2.
Read signal 210 can be time-wise divided into a phase field signal 207
that is produced when the head passes over phase field 202, a normal
position error signal 212 produced when the head passes over normal
position error field 205 and a quadrature position error field signal 214

25 produced when the head passes over quadrature position error field 206.

Note that because head 134 is straddling a track centerline to produce
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dependent response to irregularities in the track in the sense that
its ability to respond toirregularities in the track decreases as the
frequenci es of those irregularities increases. In this sense, the

irregularities of the track can by 5 tﬂéught of as an input signal to the

servo | oop and the seryv oop' s .. esponse. thoseaiq te L1 L can
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112, specificall § %agnet oresi stive heads, t he frequency response of

t he servo Ioopzeg & 'ges as the position of head 112 changes within a

track. Thus, the head w FIGrs g reavedsifirdiagram ablowiflg d portipn of atread in
different parts of a track. - FIG 3 I's a diagram show ng

the essential gignali 2iéswhienchead 134 is halfway betweern cenigrines, 190 and d81afr n f or

a servo section 180 used in the_ prior . art,. The radj.al, dj mensi,on of
disc 122 i $ sHaagks/kandcd negpedtively-hRead igaal 216 cany b ividsd BROFESe1 2 | o
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centers 190, 1&%8%5%* 193,HQ£ i chZ%F %%%éfeegﬂq%qc?by%}g?dslm " 3?Aand 4",
respectively. &eadphase ifield|202nembrimal hpdsition expont ield 205adund gyuadrature
cross-track direction 184. 20 . The shaded regions in FIG 3
correspond to pesjtionsemor field 2)6paespectivelihetFIE. foliara WAVREOHBGRSEYTY 0 t he
non- shaded regions, For

. exanple,, in a, lqngitudi nal .recording. system
if the | onHfl t uthqwsing 2 Poﬁ%ﬁg?a’fqaénsﬁm f?gan?ﬁ’ eé‘ngﬁéﬁ SytoMEHERY 1 ght
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magnetic medi ugighs] 924 \Wanlesl divided into phase field signal 226, normal position

error field signal 228 and quadrature position error field signal 230.

Note that normal position error field signal 220 in FIG. 5 is 180° out of

15 phase from normal position error field signal 228 in FIG. 6.

FIG. 7 is a block diagram of a demodulator 300 that
represents one embodiment of demodulator 254 of FIG. 2 of the prior art.
Demodulator 300 receives amplified signal 252 at an input to an
automatic gain control 302. Automatic gain control 302 is part of a

20 feedback loop that includes a summing circuit 304, which is connected to
the output of automatic gain control 302. Summing circuit 304 also
receives a reference value 306 created by servo logic 232 of FIG. 2.
Reference value 306 is calculated by servo logic 232 to ensure that the
gain of the servo loop remains constant at all track locations. Summing

25  circuit 304 subtracts the reference value 306 from the magnitude of the
output of automatic gain control 302 to produce a feedback value 308

that is fed back to automatic gain control 302. Based on feedback value
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pattern. locked loop 312 continues to generate clock signal 316 based on the
' phase field signal even after the phase field signal ends and the normal
10 position error field signal begins. The normal position error signal
follows the phase field signal on gain control output 310 and is provided
to a multiplier 318 along with clock signal 316.
Multiplier 318 multiplies the normal position error signal
by clock signal 316 to produce a product signal 320. Product signal 320 is
15  provided to an integrator 322, which receives timing control signals from
timing circuit 314. The timing control signals cause integrator 322 to
integrate product signal 320 over some portion of the period of time
associated with the normal position error signal. The output of
integrator 322 is a normal position error value, which is routed by a
20 multiplexer 323 to a hold circuit 324 where it is held for later use.
Product signal 320 represents a rectified version of the
normal position error signal. To achieve proper rectification, the prior
art required that clock signal 316 have a known and exact phase
relationship to the normal position error signal. Any errors in the phase

25  relationship cause product signal 320 to be inaccurate and thus cause the

normal position error value created by integrator 322 to be inaccurate.
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output 328. The quadrature position error value on output 328 and the
normal position error value on output 326 are then used to calculate the
10 position of the head within the track. Such calculations are well known
in the art.
FIG. 8 is a block diagram of a digital demodulator 350,
which is one embodiment of a prior art demodulator 254 of FIG. 2.
Amplified signal 252 of FIG. 2 is provided to automatic gain control 352,
15 which operates in a manner similar to automatic gain control 302 of FIG.
7. Gain control output 354 of automatic gain control 352 is provided to a
summer 356 which subtracts a reference value 358 from the magnitude
of gain control output 354 to provide a feedback value 360. Based on
feedback value 360, automatic gain control 352 applies the proper gain to
20 amplified signal 352. Gain control output 354 is also provided to a phase
locked loop 362, which generates a clock signal 364 based on the phase
field portion of the read signal. The sign of the clock signal is
determined by a signum circuit 366, which provides a digital value
representative of the sign of clock signal 364.
25 - The clock signal generated by phase locked loop 362
continues even after the phase field portion of gain control output 354

ends and the normal position error signal and quadrature position error



posi tion erworogfeoehrd 206, respectively. FIG 6 is a wavef or mghpasangedl
showi ng a portion of a read signal 224 when head 134 is hal f-way

bet ween centerlines 191 and 192 of tracks 2 and 3, respectively. Read
signal 224 can be divided into phase field signal 226, normal position
error field signal 228 and quadrature po3#tion error field signal 230.
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summed over a period of time associated with the central part of the
10 normal position error field signal.
The sum produced by summer 372 is directed by a
multiplexer 376 to a hold circuit 378, which holds the value for later use.
The output of hold circuit 378 is the normal position error value.
| The quadrature position error signal is also converted into
15 - a series of digital values by analog-to-digital converter 368. The series of
digital values are then multiplied by the sign of clock signal 364 by
multiplier 370. The series of product values produced by multiplier 370
are then summed together by summing circuit 372 under the control of
timing circuit 374. The result of this summation is the quadrature
" 20 position error value, which is directed by multiplexer 376 to an output
380. The quadrature position error value and the normal position error
value are then used to calculate the position of the head in the track.
In both systems of the prior art shown in FIGS. 7 and 8, the
automatic gain control and the phase locked loop must be precise
25  circuits that are free from excessive drift. In light of this, in the prior art,
a great deal of cost has been expended on improving the performance of

these circuits.
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signal . Any errors tn the ase relatronship c e product signal 320
to be inaccurafife predehhittrentiohedddsenot need the accurate phase locked loop that

is found in the prior art and thus does not require as many transitions in

the phase field as the prior art. Normal position error field 408 and

15 quadrature position error field 410 are similar to prior art normal and

quadrature position error fields 205 and 206, respectively, with the

exception that normal position error field 408 and quadrature position

error field 410 both include a set of radially coherent transitions 414 and

416 near the beginning of the respective fields. Radially coherent

20 transitions 414 and 416 are similar to the transitions found in phase field
404. The use of these transitions is discussed further below.

FIGS. 10, 11, and 12 are timing diagrams of example read

signals 450, 452, and 454, respectively, which are produced by head 134

as it passes through servo region 400 of FIG. 9 at different track locations.

25  In particular, servo read signal 452 of FIG. 11 is produced as head 134

paésés along the centerline of track 418 of FIG. 9. Read signal 452 can be

divided into three regions consisting of a phase field signal 456, a normal
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After the normal position error signal, the next signal on gai n contr ol
output 310 is the quadrature position error signal. The guadr at ure
position error signal is also provided tbb-multiplier 318, which

multiplies the quadrature si | b | ock gignal 316.to produce prgduct 5
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normal position error value on output 326 are then used to cal culate the 10
posi tion of theiggendsuillation péwicrr 46X andux muilapattbmt iportionr4édneltiggrown
in the art. : FIG 8 is a block_diagramof a digital
denpdul at o5 33Bcillationpewion 46biscreasdavhemhead 184 passes aver &@m@l& or 254
control 352, 1SNeRFRtCRADHBRHD A4 Bl ndyulf fieEh oyl AR B ERGR° 01
cont ol 302 ol Fhfhesd 134 pal on6oHid SimgeeLbt il posemiiior g
val ue 358 frongoghesifie@hieadd84 is centered on track centerline 418 when generating
read signal 452, null pattern portion 464 is substantially equal to zero.
10 Quadrature position error signal 460 can be divided into a trigger °
oscillation portion 466 and a null pattern portion 468, where oscillation
trigger portion 466 is created by radially coherent transitions 416 of
quadrature position error field 410 and null pattern portion 468 is
created by the null pattern in the remainder of quadrature position error
15 field 410.
Read signal 450 of Fig. 10 is generated when head 134 is
1ocated between track center 418 and track center 420 of FIG. 9. Read
signal 450 can be divided into three portions including a phase field
signal 470, a normal position error field signal 472, and a quadrature
20  position error field signal 474. Normal position error field signal 472 can
be subdivided into a trigger oscillation .portion 476 and a null pattern
portion 478. Quadrature position error field signal 474 can also be
divided into a trigger oscillation portion 480 and a null pattern portion
482. Note that null pattern portion 478 of normal position error field
25  signal 472 has a maximum amplitude while null pattern portion 482 of
quadrature position error field signal 474 is substantially equal to zero

because the read head is located halfway between two track center lines.
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f eedback val ue 360, automatic gain control 352 applies the proper gain to
20 anplified signal 352. Gin control output 354 is also provided to a
phase | ocked | oop 362, which generatgs a clock signal 364 based on the
phase field portion of the read signal. The sign of the clock signal is
determined by a signum Readwsigndlchs ohFIG. B2 dyigéeeratedi whenl hesl 484 is
representative of the sign of clock signal 364. 2 The_ cl ock
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10 Since both read signal 454 and read signal 450 are
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generated when head 134 is positioned half-way between respective
track center lines, they have common features. For example, null pattern
portions 482 and 502 of read signals 450 and 454, respectively, are both
substantially equal to zero. In addition, null pattern portions 478 and
15 498 of read signals 450 and 454, respectively, have maximum amplitudes.
Read signals 450 and 454 are not identical, because null pattern portion
478 is 180 degrees out of phase with null pattern portion 498. This is
similar to the phase shift found in null type patterns of the prior art.
Read signals 450 and 454 differ from the prior art in that trigger
20 oscillation portions 476 and 496 are the same in normal position error
signal 472 and normal position error signal 492 even though the null
pattern portions are shifted 180 degrees out of phase from each other. In
fact, the trigger oscillation portion of any normal position error field
signal generated from servo region 400 of FIG. 9 is the same. Similarly
25  the trigger oscillation portion found in a quadrature position error signal

of the present invention would be the same at all head locations in servo
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normal position error field signal. _ The sum produce
sumer 372 is directed by a mul ti pl exer 376 to a hold circuit 378,

whi ch holds the value for |ater use. The output of hold circuit 378 is
the normal position error val ue. -18 The quadrature position

error signal is als erted . into .series..of. digifal walues b
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together by summ ng circBIG. 342isuaddlodheliggaim df ohe embodimient 6f racui t
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val ue, whi ch idemibdelateri524 ofrtihe pprésentin@ngiono Remodufator 520 is 38ligitdhe
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great deal of cost has “been expended on I nproving the pefformancé of

these circuit sinventiveCGechfiye088 lfZeld ratioing. The layout and operation of

demodulator 520 is described below with reference to Fig. 14 and with
10 reference to timing diagrams shown in FIGS. 13-1 through 13-5.

FIG. 13-1 shows a read signal 522, which represents one
segment of amplified signal 252 of FIG. 14. Read signal 522 is provided
to an analog-to-digital converter 524 which samples the read signal at

- ‘selected sampling points based upon a sample clock produced by a

i5 friggered oscillator 526. FIG. 13-2 shows a timing diagram of a sample
clock signal 528 produced by triggered oscillator 526. Each positive-
going transition in sample clock signal 528 causes analog-to-digital
converter 524 to sample read signal 522 at that time, and to convert the
sample into a digital value. In FIG. 13-1, the samples are shown as dots

20 onread signal 522, such as sample dots 530 and 532. In the embodiment
shown in FIGS. 13-1, 13-2, and 14, sample clock signal 528 has a
frequency that is four times the fundamental frequency of read signal

522. However, the frequency of sample clock signal 528 does not need to

be an integer multiple of the frequency of read signal 522. In fact, any

25 frequency that provides adequate sampling of read signal 522 may be

used.
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used in the present invention. In FIG 9, the cross track direction is
shown vertically and the down track direction is shown horizontally
with a head 134 noving fromleft to right across the figure. Servo

region 400 includes 5 leading field 402,19phase field 404, mddle field
406, nornmal position errpr field 40 uadrat ur e I 1N _errorafield
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416 near the beginning of the respective fields. Radially coherent 20
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position error field 410, respectively. Sequencer 534 insures that

triggered oscillator 526 starts at a consistent phase relationship in each of
15 the fields of servo region 400. To insure this phase relationship,
sequencer 534 disables triggered oscillator 526 at the end of each field

and re-enables triggered oscillator 526 at the beginning of each field.
Sample clock signal 528 is also provided to a rectification
value generator 540 of Fig. 14, which produces a rectification value with
20 each positive going transition in sample clock signal 528. The
rectification values produced by rectification value generator 540 are
provided to a multiplier 542, which also receives the digital values
produced by analog-to-digital converter 524. Multiplier 542 multiplies
the rectification values by the sampled data values to produce a series of
25 product values 544 that are input to a summing circuit 546. Together,
rectification value generator 540 and multiplier 542 rectify the values

produced by analog-to-digital converter 524. This rectification can



passes al ongyd beoggnt erl i ne of track 418 of FIG 9. Read si gng%.g@'égg/&gg{'h be

divided into three regions consisting of a phase field signal a nor mal
PCT/ US99/ 09312 - 16- posi tion
error signal 458 and a quadrature position error signal 460. Phase

field signal 456 is simlar to the phase-Zl-el d signals found in FIGS.
4, 5 and 6 Of'”lﬁ prior t. Normal position error signal 458 includes a
trigger oscil|HYQ¥e fopim Fﬁ';g%&ﬁﬁ"& Where gl negatiye) valuss peoducedi yer 5

oscillation porfion 462. i [eat ed n _head.134.passes qver, the radially
coherent trans #?lggétoﬁlg%}. 8%%1%@' %ﬁe ﬁ%’?‘?@ﬁ?\d Sr FW&E@E‘OPSV@PQ&# ed
when head 134 pasgfse VY e a[1e BBl r 0 if) or Jfi.ehd
408. Since head 134 is cer?%lgr gg'gﬁgtrac‘k’g{:ueerglt g??ljil%%azfé} M%ggng%It ng
read signal A452nvertdr 524 arer mupplied byt fedtificatibal vl Hf lposhiikeabné O IR €T 0.
10 Quadrature position error signal 460 can be divided i'nto a trigger
osci | | ati ors popthesnembediments, the |regtification paluéso praddcedibyr sectificatibat i on

trigger portion 466 is crea}sgg b%lradi ally coherent transitions 416 of
quadr at ure posVRiH5n8EREIZIoL PAY (cam e, mpLe Fp % &0n2pdiOt FUPPLRSS Reisy

created by theghbleshii'daitglet fbchfif 68 MBIdASRIbR D HAM B W rdhbhal o O

FIGS. 15-1 and 15-2 are timing diagrams associated with
one embodiment of the present invention in which the rectification

10 values are chosen to suppress noisy samples taken from the read signal:
Specifically, FIG. 15-1 shows a read signal 600 with sampled points
represented by black dots. Fig. 15-2 shows rectification values generated
by rectification value generator 540, with the values vertically aligned
‘with the respective samples that are multiplied together to produce
‘15 product values 540 of FIG 14. From FIGS. 15-1 and 15-2, it can be seen
that in this embodiment, samples taken at the peaks of the read signal
are multiplied by either one or negative one depending on the sign of the
sample. For example, sample 602 is multiplied by a rectification value
604 of negative one since sample value 602 is negative, whereas sample
20 value 606 is multiplied by a rectification value 608 of positive one
because sample value 606 is positive. In FIGS. 15-1 and 15-2, sample
values that have magnitudes close to zero are multiplied by rectification
values of zero. For example, sample value 610, which is nearly zero in
read signal 600, is multiplied by a rectification value 612 of zero. By
25  multiplying such low magnitude sample values by zero, the present
invention suppress these values and prevents them from affecting the

position error value calculation. This provides an advantage in the



Read si gnal wibéb/eps7iFi g. 10 i s generated when head 134 is '
between track center 418 and track center 420 of FIG 0. Readl*@%ggkgz{azl
450 can be divided into three portions including a phase field si gnal
470, a nornmal position error field signal 472, and a quadrature 20
position error field signal 474. Nornal ‘}%Sition error field signal 472 can

ort i on 478, cRERsral drueREl (B oBls e iERiNaE 3R e g bET
divided into a ' b:ld aty ' a I i ti
482. Note thatC&r}a‘lﬁ &%P?Z’ﬁ‘%‘%or? gsn %%é%?gﬁ?ﬁpﬁ;?og%%oaﬁagérlrhﬁmw g:idl (2)2

signal 472 hasgpsgtowThagstpdd valdes idalse sappresseds ern portion 482 of

guadrature position error field signal 474 1s substantiall ¥ equal .tp zero

because the read head i sFiGBaled andiled shawerseeard t imantepf (thges.
PCT/ US99/ 09312,

Read si gnal5 45invgntiepcyhere the rgchificationvalies, %aﬁdl@ls'qlpéiress uﬂgg?if L
hal f-way between t ge%ﬁ%¥§r§ﬂ%% 2 ré%@ S %%8 %eaﬁls%-ﬂgng?%ﬁ éasegks $ QH.%E 454

may be di vi dedS¥HP separate portiéns 1ncl field

signal 490, a pEXEPEIDANE 6D8AsWélDhs SheliRlerd $26 andds28. (Blesiildety 626and
position error-signal 494. Normal position error signal 492 may be

further divi ded28 pépregeritricggitteabportidrns ofreadosignalr6209 Gharsds d takent er n

from shoulders 626 and 628 do not accurately represent the transitions

10 stored in the medium. Under the embodiment of the invention shown in
FIGS. 16-1 and 16-2, rectification values of zero are used to suppress
samples taken from the shoulders. Thus, the samples associated with
shoulders 626 and 628 are multiplied by rectification values of zero. The
remaining rectification values are chosen to rectify the samples taken

15 from the peaks. Thus, samples having negatives values are multiplied
by negative one and samples having positive values are multiplied by
positive one.

Those skilled in the art will recognize that the
embodiments shown in FIGS. 15-1, 15-2, 16-1, and 16-2 are only examples

20  of possible embodiments for the rectification values. Other sequences of
rectification values are possible and are considered within the scope of
the present invention.

Returning to FIG. 14, summing circuit 546 sums together a
series of product values 544 for each of the fields in the servo region.

25  Specifically, summing circuit 546 sums values for phase field 404, normal
position error field 408, and quadrature-position error field 410. In most

embodiments, the time period over which the sum is taken is the same



portion 498.w@ismkbsat|y, quadrature position error signal 494 gy $99/00312
divided into a trigger oscillation portion 500 and a null pattern pOI’?I on
502. 10 Since both read signal 454 and read signal 450 are
generated when head 134 is positioned halh-way between respective

track center lines, they have conmon feaffires. For exanple, null pattern

portions 482 ggd Sgﬁﬂ £Rild r&@o&&@@t%ﬁ@iﬁ@hgfﬂ%ﬂe feBptial 19cakbn Rihikot

substantial ly eq to zero. In addition, pattern portions 478 and 15

498 of read sigehlffeld>Thertiindperiodspacivhich the Simreisrmkérniseontvlledibys.
Read signals 450 and 454 are not identical, because null pattern portion
478 is 180 demqreenable sufm signal generatad bypsequencesob34 ands ggovitdeds to s
simlar to the phase shift found in null type patterns of the prior art.
Read signal s mﬁgﬂ“’disﬁger fromthe prior art in that trigger 20

oscillation portions 47 4 the. r@ié"glg it%llgﬂ r

si gnal 472gand nor mal p%lﬁ?’ﬁﬁg}%rg Y gnag evg{)]%gug %he r?%l{a?
pattern porti ;g apfable &iledsifAAl 82818RStHIvE KikhPRAS6nd 650D 550 harf BS4. | n
fact, the trigger oscillation portion of any normal” position error field

si gnal gener atedufringrespectivebyduringtheqfhase@ield signalhthesaommalJposition] y 25
the trigger oscillation portion found in a quadrature pgsition error_ signal
of the presenterrer/Egld signabangd tee gradsatiee posiiion ey fidldasigaals Highervo

PCT/ LS99/ 09312poriions 550, 552, and 554 are of equal duration and occur during the

10 same relative period of time in the phase field signal, the normal position -
error field signal and the quadrature position error field signal. In most
embodiments, enable sum signal 548 enables sumuning circuit 546 such
that beginning and ending transition in each of the field's signals are not
included in the sum. This helps to eliminate transitions from the sum

15 that may be corrupted due to pulse crowding,.

Summing circuit 546 produces a series of sum values
including a phase field sum, a normal position error field sum, and a
quadrature position error field sum. The sums are provided to a
| multiplexer 556, which is controlled by a multiplexer control signal 558

20 from sequencer 534. Multiplexer 556 sends the three sums from
summing circuit 546 to three respective registers 560, 562, and 564.
Register 560 stores the sum associated with the phase field signal,
register 562 stores the sum associated with the normal position error
field signal, and register 564 stores the sum associated with the

25  quadrature position error field signal.

Under the present invention, the phase locked loop and the

automatic gain control can be removed by using a technique of field



-18- r e@iod9/688@. The consistency of the trigger oscill atigerpeédiosiz

allows for a sinplified circuit design as described further bel ow
FIG 14 is a block diagram of one enbodi mrent of a denodul at or 520 of
t he present invention. Denodul ator 520 is a digital s denodul ator that
converts anplified signal 252 of Fig. 2-3Ht o0 two position error

si gnal s. Denodul| gt or, 520Q. r.edu th '

cirou an$hpmgaea€81w§sﬁ§ st S with she adfiil ol Bl 2l [ 0
rati oi ng. eg: ' ; AEfatRé Bdh ¢ retd ibyed

bel ow with ref‘é@%@%tﬁgqﬂﬁggﬁ an Q’%\}iﬂt\ﬁhﬁgﬁ refere Cog to téli&r%gng d:HZgrarrs

shown in Fl GSthelgurh ds56@a8@d withtthe phase field. By dividiftg@ach 8f the position r ead
signal 522, which represents one . segnment_ of anplified, signal 252 of

glz S V\%_Af. hRead elﬁ:iog Lﬁxte:]d S@msiby ﬂl&ﬂ?@edield sumy l’fhel preseng inventipnynermaliges er t er
I ch sanpl es ereag i gnal at sel ect ed | i [ b d

qun a s?ni)! ethﬂssc%uﬂﬁ f @i“‘BFaEFslgamt fa rg!i‘%oas%?{:qaaflrb‘%n ngl()arﬁé 61"25(133-2

shows a timn a mof. a_s e [ A

triggered osc%@f‘iﬂ ﬁﬁ%é‘éﬁsé&%&?ﬁ%-wﬁméﬁ% ?‘r’iﬁss%l nﬁpgésrspl e

clock si gnal RHRER peAbABelObHl 4ididision cifc¥ity S6beto prédiee safire ead
signal 522 at %ﬁ%t tine ﬁand to cgﬂvert1 then ¢ éarrpl e i?t&o a di girngl

val ue. I n Fl Gpogitich ciroe sl estimate. SHuevdivisionoofs ik quadratuzel posifien 522,
such as sanplé dots 530 and 532. In the enbodi mgnt shgwn in EIGS 13-1,
13-2, and 14, esworfield sune byshgmhass field sympis perforraeq, by divigion Grewh

: ne , . . '
[ r equency 10 SAATPCOTAdicE & parand Pt Sl el etfard CYREChret gt
mul tiple of the f{f pukiton frok §8ghall fidhated are kierl @6MbiASY using known

techniques to determine the location of the head within the track.

The normalization performed by the demodulator of the
present invention shown in FIG. 14 removes certain errors in the position
15 error sample that would otherwise arise due to the demodulation
hardware. To show this, the sampled read data produced by analog-to-
digital converter 524 can be defined as:
y'(6)=Y()-5(t—nTy) EQ.1
where y*(t) is the sampled read data, Y(t) is the amplified signal received
20 by analog-to-digital converter 524, t is time, & is an impulse function, n is
the number of this sample, and (Ts) is the sample clock period.
The steps of multiplying the samples by a rectification
value and summing the product can be represented by:

S, = iY(t)-&(r-nTS) ‘R, EQ.2

25  where Sy is the sum produced by summing circuit 546 of Fig. 14, Rn is the

rectification value associated with the nth sample, and N is the number



25 frequen provi des adequate sanpling of read signal !
used. BRI 005l PetTusBijes

Triggered oscillator 526 generates sanple clock signal 528 based on
control signals froma sequencer 534. Sequencer 534 includes a zero
phase restart circuit, that is commonl y.ggnown in the art, which uses

portions of read signal 522 to generate an enable voltage controlled 5
osci | | ator (VoPsagipjestakedtowdr theGegith. 3ImEFiGal4; thet swwl ofabguation 2ois| ed
oscillator (VCO signal 538 of FIG 13-4, To generate enpabl e VCD signal
536 and start t oveythiee separats dipldsc dhusgthe zead sign §§B§H gb)‘@ ed

transitions | Qcated at the beqi nning of the phase field, the normal

position erroﬁnﬂé‘rﬁ?smﬁﬁggﬁfﬁ%ﬁgtﬁre position error field of the servo

10 region. Thus, referring to FIG 9y seguepcer 4 uses the figetsfour
a0 Raid O 2

transitions associated with phase fie r‘adi al | y coheren

transitiong 414 and 416 of normal poskti oR_eyroredy el d 408 and dgat ure
position efror field 410, respectivel g?’”?éeqﬁ‘éffgégj 534 insures that

triggered oscillator 526 starts at a c .St ent . phase rel ati onshiyp, En each
of 15 the fields of servo region 400. %ﬂ)n’sgﬂ"ef@hi s phase rel a?*lE 'ghi p,

sequencer 534 g sables. by LOBR Seh P Sfiral Hoth ARnAmbDBo&RBrokmeATud) € d

Anprr is the amplitude of the read signal in the normal position error

field, f(t) is a generalized function représenting the read signal at all
10 three fields, Yqper(t) is the portion of the read signal from the quadrature
position error field, Aqper is the amplitude of the read signal in .the
quadrature position error field, Ypr(t) is the read signal from the phase
field and Apr is the amplitude of the read signal in the phase field.
. Combing equations 2, 3, and 5, the division performed by
15 glli._vision circuit 566 of FIG. 14 can be represented as :

y
> Ay f(0)- 5t —nTy)- R,
PES] =21 EQ. 6

> Apef(0)-6(t—nT) R,

where PES1 is the first position error signal estimate produced by
division circuit 556.

Making the common assumption that f(t) is the same in the

20 normal position error field and in the phase field, that the phase of the

sample clock is the same in both fields; and requiring that the

rectification values used in the normal position error field match the

rectification values used in the phase field, Equation 6 can be simplified

to:



and ‘'r e- enabwaxoweosTger ed oscillator 526 at the begi nning of e®drnisesiossi2
Sanpl e clock signal 528 is also provided to a rectification val ue
generator 540 of Fig. 14, which produces a rectification value with 20
each positive going transition in sanple,glock signal 528. The
rectification values produced by rectifi@4diion val ue generator 540 are
provided to a multiplier 542, which al so receiypes the digital val ues
produced by anal og-to-digital converter.EE&l=ﬁ%¥¥iplier 542 nul t iEDi 2s
the rectification values by the sanpled data vékrues to produce a series of

25 product values 544 that_are inpuf. to a supmn I rgui.t, 546. T her,
rectification val ue gené@gﬁﬂyﬂsﬂgﬁt}vﬁm‘? iHﬁrF‘%nm%;i Yr éb‘f‘?lpfl‘ ‘Elﬁ%ﬂg% es
produced by anal qg-t o- dieg‘itgé%ygonverter 524. This rectification can

PCT/ US99/ 0931 5an be repres : - 20- i nvol ve a

sinple rectification where all negative val ues produced by
anal og-to-digital converter 524 are wﬁﬂpkﬁﬂd)-l@jt—anfe)cﬁ,f I cation val ue of
negative one and all positive vapggsfa=bduced by anal ag-to-digitakQ.8§

o ether enbod: menta. L he s act 11 cat | ond il B e ey T eet V¥ onti on'
val ue generator 540 &an be nore conplefdso as to suppress noi sy
sanpl es or ssanphese IPES2t fdhresentddbiel satohel positiopnerror sigrall paodudegh dly.
division circuit 568. Using the assumptions described above, equation 8
can also be simplified to:
PES2= Aurer EQ.9
PF
Equations 7 and 9 show that any errors that consistently
10 appear in f(t) are removed by the divisions performed at division circuits
566 and 568. In addition, since the sampling period Ts is cancelled out in
Equations 7 and 9 if the sampling period is the same in each field of a
servo region, itcanbe seen that the sampling period does not need to be
the same for each servo region as long as the sampling period is
15 consistent in all of the fields within a single servo region. Thus, a highly
accurate phase locked loop is not needed since the sampling clock does
not need to be the same at each servo region. Instead, a consistent
‘triggered oscillator can be used as shown in FIG. 14. It should also be
noted that R, can have any values as long as Rn is consistent in all three
20 fields in the servo region. Thus, the values of Rn can be chosen to
eliminate noisy samples without impacting the position error signal
estimate. In addition, different Rn values can be used at different servo

regions to maximize the performance of the demodulator.



FI GS. 15-1 aw@ddbmosriare timng diagrans associated with geq.ﬂgg;‘g/agljigent
of the present invention in which the rectification 10 values are chosen

to suppress noisy sanples taken fromthe read signal. Speci fically,
FIG 15-1 shows a read signal 600 with sanpl ed points represented by
bl ack dots. Fig. 15-2 shows rectificati o®bval ues gener at ed by

rectification val ue generES!t or Hglgﬁ rtﬂn th thetval ues.vertically aligned
with the respective sanpF¥§tt a er’rﬁl"'?ﬁeﬁ‘l i &4v% 'héP% Oftic&* s

product val ues . k : ,%.{ga- 1 502 Tl . n
that in this e%%?%lxtlﬁgéﬁ%}{ﬁs&%fﬂé%{g e %ea S gf I? ear‘ﬁggl gﬁfgﬁi
are mul tipli edﬂ@qlnﬁht:jﬂ@f tha&riggendgaédilwatoﬁﬁs?dﬂﬁmndi irg) théphasg fiedd t he
sanpl e. For exanple, sanple 6 is multiplied by a rectifijcation value
604 of negati véhamdusingcthepmsition exnoxife if¢he &gggered ospillaterbeging@dte 20
val ue 606 is nultjiplied E)%/,a r,ect.ificgtééa val ue,6%§ of iD_ositive pne
because sanpl e ergorslativesime ingach, field; epors in the pgsifiorverrer signal

val ues that have,.nmagnitudes 0S Q. .ar lt1RLI rectification
val ues of zer o.es%}aq%ﬁmlﬁ%cgbﬁ%%éf ﬁgsgﬁgro%%ﬁé%g&n arly zero in
read signal 600, is nultiplied by a reetification value 612 of zero. By 25
mul ti plying such | ow magnitude sarm,l,@Zdl'(toeﬁ(bﬂyn(ﬂ'gﬁcf,};)t—tﬁg)pﬂgsent

i nvention suppress these val pggiand pmevents themfrom affecti nggQheo

position error value calculation. Thi Loy _an ¢ inkage in the
PCT/ US99/ 09312 2,250 505 - 80 R

n=]

where the division of the summation values represents an error
coefficient that is multiplied by the ratio of the amplitude of the normal
10  position error field signal to the amplitude of the phase field signal. In
equation 10, T represents the difference between the sampling period
during the normal position error field and the sampling period during
| tfle phase field, and Sg represents the start error between when the
tﬁggered oscillator starts in the normal position error field and when it
15 starts in the phase field. A similar equation can be written for PES2 to
describe errors introduced by triggered oscillator 526 into the second
position error signal estimate. Based on the equations above, the present
inventors found that the difference in start times should be less than
approximately .7 % of a data cycle in order to keep the demodulation

20  error below 1% of the track width.
The present invention can also be implemented as an
analog demodulator 700, which is shown in block diagram form in FIG.
17. In demodulator 700, amplified signal 252 of Fig. 2 is received by a
sequencer 702, which provides a number of different timing signals for

25  the remainder of demodulator 700. Sequencer 702 bases these timing



-21- pwesemsbsmnvent i on since these | ow magni tude val ues ‘i’@‘i’ﬂﬁ%ﬁﬁl?e
corrupted by noise. By suppressing them the noise associated wt

t hese | ow nagni tude val ues is al so suppressed. FIGS. 16-1
and 16-2 show a second enbodi nent of the i nventi on where the
rectification values are used to suppres84-undesirabl e sanpl es taken

froma read signal 620. I?g@d! b I%§O S S.¢S a eaks, 622 and
624 as wel | a?ég@ﬂﬁlﬂrhéﬁp %F‘%?% . ’ﬁggf‘ﬁgﬁggé’%&%@ Bs Sh%‘ﬁ@ ﬁle%}eesent
non-ideal porg rhfRef FIQNE8-162Pwodihe s‘i%fﬂ%%?.n@?é‘t@ﬂ by sequefer

shoul ders 626 an 0 not accurately represént the transi'ti ohs 10

stored in t heoregdewn endilevoltage eshadlivdndscillatoh VO esignal 70dshowri in
FIGS. 16-1 and 16-2, rectification values of zero are used_tq suppress

sanpl es t akerthertiming diagreo @6HG. 183 andrw staxtiypltaga septiolled Psliator

7 ermi i ng ek 0By s i biftingl diveiem sf 1 HE SERe AR 1
fromthe peak h . i . |\ u LR: J L Bl d

by negat i ve. oNEantc4 if HBLRRA M o' ¢18ERRd SEER 708, WhicR blodt ep s
positive one.myltjplier clock si 7H0stowki inl BIG.| 18-2heTragderadl dscilRe@grog e t hat
t he enbodi nents shown in FIGS. 15-1, 15-2, 16-1, and 16-2 are only
exanpl es 20 albo poceivéd staet VD06 frofw seqhiencer A02f | Whth enablel VES 7% her

sequences of _ rectification values are possible and are considered
within the sduigh, driggered tgssillates of18 wille begin to proc?uce mulhp?ler ki1 ni ng

to FIG 11%’ Sslignﬂapglé: LG star? 4P 786 tg%%%‘h@%h al'riggered oscillator 708 will -
continue to produce multiplier clock signal 710 until enable VCO signal
704 retumé to low. In most embodiments of the invention, multiplier
clock signal 710 is a square-wave clock signal oscillating between
negative one and positive one.

15 Through enable VCO signal 704 and start VCO signal 706,
sequencer 702 restarts clock signal 710 at each field in the servo region.
Specifically, clock signal 710 is restarted each time the head enters a

 phase field, a normal position error field, and a quadrature position error
field. Sequencer 702 generates enable VCO 704 and start VCO 706 based

20 on the first sets of transitions in each field. In particular, sequencer 702
uses the first sets of transistions in the phase field, and the sets of
transitions associated with the oscillation trigger portions of the normal
position error field and the quadrature position error field such as
oscillation trigger portions 414 and 416 of FIG. 9. Since sequencer 702

25  uses radially coherent transitions to start triggered oscillator 708, the
clock signal produced by triggered oscillator 708 will have the same



series of phedembsral ues 544 for each of the fields in the s 093 25
Specifically, sunmng circuit 546 suns val ues for phase fiel ?%gﬁﬁg%l

position error field 408, and quadrature position error field 410. In nost
enbodi ments, the tine period over which the sumis taken is the sane
PCT/ US99/ 09312 -28- -22- for each

field and occurs at the same_relative tenpgral .| ocatjion wthi . ,each
field. The ti rhegningphaserrelatianshimto amplitied:signal 292 Wi‘(ﬂtﬂbﬂ f’cﬁ}gs an
enabl e sum si gnal generated by, sequencer. 534 and provided to sunmmi ng
circuit 546. Fegar ess of the eaérs(ﬁa&fgpgsg?&vs a timng diagramfor an enable

sum si gnal 548. Ena@;ﬁé%i’% t 2R t g‘g‘g’%ﬁf’gﬁgiﬁﬂﬁ 5%, 552,

and 554 occurring réspectively during the’ p sighal, the

normal positi bes notChé@ssdrily! thavk Ottt samied fidq@eficpdasatthe efyradarhental er r or
field signal. Hgh . porti dons 550, 552, and 554 are of equal duration

and o;:cur hdur i frgquérecyl6f asplifieck signal @5perincard dition; maultiplienclpdasigral el d
signal, the normal position .. error field signal and the quadrature
posi tion error740 does B Rasessarilypaye a freqm&gﬁ%}ﬁ an 1teger @g"rﬂq Ofnal

510 cnabl oo SRR AR Bl it SR prpicklggssan 1o and endins
Multiplier clock signal 710 and amplified read signal 252
are both provided to a multiplier 712 which muitiplies the two signals

10  together to provide an analog product signal 714. Analog product signal -
714 can be divided into three portions representing those portions of
amplified signal 252 that correspond to the phase field, the normal
position error field, and the quadrature position error field of the servo
region.

15 An integrator 716 integrates each of the portions of product
signal 714 under the control of start VCO signal 706 and enable
integrator signal 718 shown in the timing diagram of FIG. 18-5.
Integrator 716 is reset by start VCO 706 at the beginning of each portion
of product signal 714. Enable integrator signal 718 enables integrator 716

20 for a small period during each portion of product signal 714. In one
embodiment, integrator 716 is enabled during a period that excludes
transitions at the beginning and end of the phase field, the null pattern
portions in the normal position error field and the null pattern portions
in the quadrature position error field. In such embodiments, the period

25 of integration is the same in each portion of product signal 714. Thus the

period of integration in the portion of product signai 714 associated with
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that nay be corrupted due to pul se crowdi ng. Summ ng
circuit 546 produces a series of sumwval ues i ncluding a phase field
sum a normal position error field sum a guadrature position
error field sum The suns are provided td”a mul ti pl exer 556, which is

control |l ed by o) Ig{éﬁ# 4,

Mul ti pl exer SSg\eggiﬁ%éseo%lﬁfge{shfrHewega{slﬂhsa%f ro eriod %&#Tté%ﬁ%?f%g :{tﬁgéﬁignﬁ t hree
respective r_eggééiﬁbﬁeiﬁﬁ,fiéi&&ndaﬂ@cﬁ%raturep@lﬁt:bﬁbﬁbrﬁ@m.ﬁOf es the sum
associated wth the phase field signal, regi ster 562 stores the sum

associ ated with the nor mifteposachi segration, integratoe|Zl6spmpdaices amdanalggst er

564 stores the sum asspocirated with the 25 quadrature position errgr field
si gnal . value resulting whaeﬁeqpﬁacwéé@mrmcgﬂ?@ &4 s piipykaskhe Hested

| oop and t . ut.omati ¢ ' 0 renpy . LS

| 00p and ' intpg RIS SSBIINEIY fbiRls A0 P HRs el tigand,

- 23- rati g&ﬁ@h H‘ﬁge&ie&ilggﬁ hbRipleRRR?2ZP e ahethalhs ?h"a&?ﬁ@m aahﬁkpsi tion

error field and t sum dssocl ated wth the quadrature positioh error

field by t ed-hiold eireaitiZade Multiplekéarc722hdivects ithé thtegsardl 10 phaxe fieldh of
the position sample and hold circuit 724 based on a multiplexer control signal 726
shown in FIG. 18-6. Multiplexer control signal 726 is high during the
10 period of time when integrator 716 is producing the integrand for the
phase field and is low during the periods of time when integrator 716 is
producing integrands for the normal position error field and' the
quadrature position error field.
Phase field sample-and-hold circuit 724 receives a phase
15 load signal 728 and a phase reset signal 730 from sequencer 702.
Examples of phase load signal 728 and phase reset signal 730 are shown
in FIGS. 18-9 and 18-10, respectively. Phase reset signal 730 resets phase
field sample-and-hold circuit 724 just before the phase integrand is
produced by integrator 716. Phase load signal 728 places phase field
20 sample-and-hold circuit 724 in a state to receive the phase integrand
from multiplexer 722 just after integrafor 716 produces the phase
integrand. This is shown in FIGS. 18-9 and 18-5 where phase load signal
728 goes high just as enable integrator signal 718 goes low for the phase
field. Once the phase field integrand has been loaded into phase field
25 sample-and-hold circuit 724, phase field sample-and-hold circuit 724

produces the phase integrand at its output 732 until it is reset.



error fiel degébeoby t he phase field sum the present inventio |.28S 5
t hese suns and el ?%?1 nates gain factors that are conmon to all QFE%SSEM&;

fields. The division of the normal position error field sumby the phase
field sumis perforned by. a division circuit 566 to produce a first
position error signal estimate. The di vi-3@on of the guadrature position

error field sumby the phase,.fisld .S, perfoerned b lvision gircuit
10 568 to produce a sec‘gﬁﬁr %ﬁ%@&%@ﬂ“ﬁ#&?ﬁ&(ﬁ%@# tlg.Prﬂ‘#émF? &éet and
second positi s A : t heR; ' LS |

t echni ques to?@(ﬂa?gé%szhﬁgérf%igﬁ%gﬂ%ﬁﬁ% hgglcfc\%ﬁtg I n th&i'r??gc %wh

The nor mal i zatyoRitidie lerfornsignb shinpleandddld! eirceit 73%eby mudlipleseat 722vent i on

shown in FIG "14 renpves certain errors in the position 15 ‘error sanple
t hat woul d ot Resiticre exnor signil sampletanddboldcirenit 734 is controtledrky aRES how

t52 I4S c aE] hﬁ(ﬁ 32}%@% girggjga_ij 7%1 tar‘ild %rlggéjgcssgt ls)iygn%.i‘| %g%iﬁc_h are Shg% ltpall‘léé) Té% ' EE? 1
where y*(t) is._t anpl.ed..r.ead | of i cei ved
20 by anal og-ﬁ'éi’?%peggkg@r tlselgé geffwsigrfa! %f” |E Egse% er g_a?‘gplgﬁg{?ﬁ%ﬂkge
function, n i greuit 7584 jult BE6reithé MhSrRAIRIRItiGH terkdsS )field ﬁﬁe%mmolie cl ock
peri od. The steps of multi'plying the sanples by a
rectification producedl Thisicldars/RES sgmipile-gndsHold civemit (784 rof prgspravidudy :
[err] = EQ .2 25 where S[errL s the sum produced by sunm ng circuit
546 of Fig. laalmgsthat itsmaydhave beendialdingt i[JS Jead sigitad /S6aset8 TS h t he

nth sanpl So ansgml\llzvlle-sar{[dhﬁoﬂ"lcnlpc(ﬂit 734 so that it accepts an integrand produced by

 multiplexer 722. PES load signal 736 goes high just as enable integrator

signal 718 goes low for the normal position error field. Thus, PES load

signal 736 goes high just as integrator 716 produces the normal position

error field integrand. Position error signal sample-and-hold circuit 734

15 holds the normal position error field integrand at its output 740 until it is

. reset by PES reset signal 738.

Outputs 732 and 740 of sample-and-hold circuits 724 and

734 are provided to a division circuit 742, which divides the normal

position error field integrand by the phase field integrand. This

20 produces a first position error signal estimate at the division output 744,

which is provided to an analog-to-digital converter 746 to produce a
digital first position error signal estimate.

PES reset signal 738 resets PES sample-and-hold circuit 734

just before integrator 716 produces the quadrature position error field

25  integrand. PES load signal 736 then sets PES sample-and-hold circuit 734

so that it accepts the quadrature position error field integrand and holds

the integrand at its output 740. Division circuit 742 then divides the
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over the region. In FIG 14, the sumof Equation 2 is t aken over ? ree
separate fields. Thus, the read signal can be divided into three
sections represented as: [err]

EQ 3 5 [err] ~ EQ 4

. Qi h
Lg”rlll posi ti oﬂ error ef]?oslxtéon‘éﬁ%? egér ek(‘ e aﬂr?%epﬂé%%gl%#iq?ﬁégéég ;i Snal

in the normal pasdddeQiseeond F;osmorf eszﬂﬁeIc( éétmzateatmqe edvided tbtamld%m
representing the read signal at all 10 three fields, Y[err](t) is the
portion of theto-digitadicgnaerter G46+ hEhesecond (pasition ot Slgna!leesfamatbl sl d,

S o Rt Wbl b e O
AL o Souh, BB B5ogfighbe Al A0ty o, BB R i e presens
invention, the division of the normal position error signal integrand and
the quadrature position error signal integrand by the phase field
integrand eliminates common errors introduced by the servo system into
each integrand. This allows for the elimination of the AGC circuit and
10 the phase locked loop under the present invention.
FIG. 19 shows one embodiment of division circuit 742 of
FIG. 17. InFIG. 19, the output 740 of position error sighal sample-and-
hold circuit 734 is provided to the inverting input of an operational
amplifier 750. The output of operational amplifier 750 is fed to a
15 multiplier 752, which also receives output 732 of phase field sample-and-
hold circuit 724. The output of multiplier 752 is provided to the non-
inventing input of amplifier 750.
Although the description of analog demodulator 700 found
above shows that the analog values are not converted into digital values
20 until after the position error field integrand has been divided by the
phase field integrand, in other embodiments, the integrands may be
converted into digital values at any point after integrator 716.
In summary, the present invention provides a method of
determining a location of a read head 110 over a storage medium 106
25  based on a servo signal 522 generated by the read head 110 as the read
head 110 passes over a phase field 404 and a position error field 408, 410.
The method includes performing a demodulating set of operations 542,



15 divi si on Qig dpér1 566 of FI G 14 can be represented as:

where PESl1 is the first position error signal estimate producgg‘ig{/émgsu
division circuit 556. Maki ng the conmon assunption that
f(t) is the same in the 20 normal position error field and in the phase
field, that the phase of the sanpl e eBdck is the same in both fields;

a7 or i el o et TH 716 ory & ORReRADE of tkperie Ao 458 rehephacein By,
_Egg?t on 6 can pti'leasgifmldi 1£% prodhgé a phaFengrercf‘%gg 3 E{S a.l7o includes
performing a demodulating set of operations 542, 546, 712, 716 on a
portion 458, 460 of the servo signal 452 associated with the position error
s field 408, 410 to produce a position error field value and dividing the
position error field value by the phase field value to produce a position
error estimate 744 indicative of the location of the read head over the
storage medium.
The invention also includes a method of determining a
10  position error signal 744 indicative of a position of aread head 110 overa
storage medium 106. The method includes passing the read head 110
over a phase field 404 to generate a phase field signal 456 and generating
- a phase field demodulating signal 710, Ra, having a phase set by a
| portion of the phase field signal 456. The read head 110 then passes over
15  a'position error field 408, 410 to generate a position error field signal 458,
460. A position error field demodulating signal 710, Rn. is produced
having a phase set by a portion 462, 466 of the position error field signal
458, 460. The demodulating phase field signal 710, Rn is used to
demodulate the phase field signal 456 to produce a phase field
20 normalization factor 732. The demodulating position error field signal
710, Rn is used to demodulate the position error field signal 458, 460 to
produce an unscaled position error signal value. The unscaled position
error signal value is divided by the normalization factor 732 to produce a
scaled position error value 744.
25 The invention also includes a demodulation circuit 520, 700
for demodulating a servo signal 450, 452, 454 to produce a position error
signal value 744. The circuit includes a rectification circuit 540, 542, 708,



Simliarly, WO&6BMNi si on perfornmed by division circuit 568  PCTHiS89/p312

represent ed by: [err] EQ 8 5 where PES2
represents the second position error signal produced by di vi si on
circuit 568. Using the assunptions descr3jed above, equation 8 can al so
be sinplified to: [err]

Equations 7 apgh $osrertifyingta phasefiebd sigriahd560480,s4¥hahd 4 posiinyearrorn f (t)
are renmoved by the divisions perfornmed at_ division circuij,

S65. ' acd: B sigrak 54 4605 47 /4q 34 orpes Fod 8 restibien psg deld

uati ons an |, . [ i S, [ ' .

ts%rvo regic on, Si%‘aéisﬂ%‘dtoée > e@h&ﬂs@ﬁr@l g%?lﬁfﬁtﬁ@eﬁségla?%dl ggggaggid(ﬁgg%é;{loabe
e sane for e .S . ' s iﬂﬁF ' | '

consi stent i hcgﬁplto?iﬁéﬁa?gggsa\?\ns{nhl n g s(ls ng gaggér'i/gg?ggibg [deﬁtS;,&hg

hi ghl'y 5 ACppE @tidRASAUiIaKE dapabile of sunvining edbtesofthe teeefiedrphidsag
cl ock does not need to be the sane at each servo region. Instead, a
consi stent field siggel edensinid taproducena nermwdizationsfastar 732 mndcapable, ¢

shoul d al so be
of summing the values of the position error field signal over time to
produce an unscaled position error field value. A division circuit 566,
568, 742 is capable of receiving the normalization factor 732 and the
10 unscaled position error field value and is capable of dividing the -
unscaled position error field value by the normalization value to
produce a position error signal value 744. |
Although the present invention has been described with
reference to eliminating the phase locked loop and automatic gain
15 control, those skilled in the art will recognize that the present invention
may be practiced in a disc drive that retains a phase locked loop and an
automatic gain control.
It is to be understood that even though numerous
characteristics and advantages of various embodiments of the present
20 invention have been set forth in the foregoing description, together with
details of the structure and function of various embodiments of the
invention, this disclosure is illustrative only, and changes may be made
in details, especially in matters of structure and arrangement of parts
within the principles of the present invention to the full extent indicated
25 by the broad general meaning of the terms in which the appended claims
are expressed. For example, demodulation of the phase and position

error fields can be performed sequentially with the same circuitry or can



noted that Wpamwrhsan have any values as long as Rerr] is corsigifbsian
all three 20 fields in the servo region. Thus, the values of R err] can be

chosen to el i m nate noi sy sanpl es without inpacting the position error
si gnal estimate. In addition, differgnt R err] values can be used at
different servo regions to maximze T performance of the denodul ator.

PCT/ US99/ 0931 < . - 26- .

Even with the%per eg%rr{?nlnﬁ\c}erlljlyi o}r?l ayg}re‘:%‘r:?lgrys %%endmgngﬁat%elpﬁrpﬂ'ﬂﬁﬁt t he
posi tion err orapplidatione GhitHout eparfin i j st : of the
triggered osci I%t or is differ er}ljt du?ﬁ%ﬂfﬁ{e@%cﬁgsiaé#g’%m of Hﬁgﬁé}%ﬁﬁ ng
the position dnventibhelQther mddifinatioms goealed beanadé.at or begins at 5 a
different relative tine in each field, errors in the position error signal
estimate can arise. The affects of these errors can be seen in:

[err] EQ 10 where the division of the sunmation val ues
represents an error coefficient that is nultiplied by the ratio of the
anplitude of the normnal



10 'positi'owmansmiel d signal to the anplitude of the phasepérmissh/edsgnal .

I n equation 10, TE represents the difference between the sanpling
peri od during the normal position error field and the sanpling period
during the phase field, and S[err]_égpresents the start error between
when t he triggered oscillator startS in the normal position error

field and V\hegﬁg_{ %@%@MEymzthe phase field. A simlar equation can be
witten for P escribe errors introduced by triggered oscillator
526 into the gecond Amnethiodoof deteomining s locasion e # reihhedd wver e

equations above, the present inventors found that the difference in
start tinmes sistoragemediver in asterage dexjgerbrsedwna servp signal generateddycl e in

order to keep the d dyl atjon 2 er,y or bel ow 1% of the,track w dth.

The present | AbEREAG Reedneheqend headh BAssns oFens Biise Held 45 & POStBHLI at or
700, which is I ' O s nmodul at or
700, anplifi eé%ﬁ%ép%@%%°%%%§&%‘éﬂ?@géﬁ %@gﬁbc)? %Pnsx}%sééébugﬁcer 702,

whi ch provi des a nunber (gj Iggrt&qf.ﬁgt at id@h&gj‘ﬂggﬁg! Setf 6f offeratibfis r@rad nder

of denodul ator 700. Sequehcer 702 bases these tiMm ng PCT/ US99/ 09312
-27- signal s on anplifi edpaitipredf GeXerem sigratpssocidtediwith the phasewn i n
t he timng diagramof FIG, 18-1. Two of _the .sidqnal S generated by
sequencer field to produce a phase field value;

(b) performing the demodulating set of operations on a
portion of the servo signal associated with the
position error field to produce a position error field
value; and

(c) dividing the position error field value by the phase field
value to produce a position error estimate indicative
of the location of the read head over the storage
medium.

2. The method of claim 1 wherein the read head passes over a
second position error field and the method further comprises steps of:

(d) performing the demodulating set of operations on a
portion of the servo signal associated with the
second position error field to produce a second
position error field value; and

(e) dividing the second position error field value by the
phase field value to produce a second position error
estimate indicative of the location of the read head

over the storage medium.

I ————
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702 are an ol tage controlled oscillator (VCO signal in
wo e g%@%??%#or

the timng agramof FIG 18-3 and a start voltage controlle

5 (VCO 706 shown in the timng diagramof FIG 18-4. Enable (VCO
signal 704 is provided to a triggered oscillator 708, which produces a
mul tiplier clock signal 710 shown in Fl @e-18-2. Triggered oscillator 708
al so receives start VCO 706 from sequencer 702. Wth enable VCO 704

hi gh, trigger8d oscill affire method of clabrgilrwhergingirformingta deinodudatings 10
signal 710 after start VCO 706 gges high. Triggered oscillator 708 w ||
continue to produce multipli &6t QfRRETafigRa ory BoPEREPR ntha §31\7&)5‘£“\§1|al
704 returns to low. In nost enbodi.mentcts of.the invention, multiplier

clock signal 710 is a square-‘\%@nﬁs ®PEPYnal oscill at i ng bet ween

negative one and positi g@a tion of the BERHIEARBR] BenlérGteSh gnal
704 and start VCO si.gnaxs)f 6, mﬁﬁng;téaggﬁcgrrlomz restarts cl ogk signal 710

at each field in the servo reggaence of sighpksarhpls} | y, clock signal 710 is
restarted each tinme the head enters a phase field, a nornal position

error field, and a quadr(a)}?) enpbiplying, thersaquence of sighal samupleseby 782
generates enable VCO 704 and start VCO,706 hased 20 ,on the fi rét sets of
transitions in each field. IﬁeBHFFF%quir?e%bgHﬁg'ﬂﬂerva}Bﬁs O PEABYCE hR first

sets of transistions in the p&%ﬁ%&éﬁk%cﬁ?ﬁﬁx‘ﬁﬁeé of transitions

associated with the oscillatio Ir'gger portions d e nor nal

position error field andgafbp UHR PERIfdDNBEEDNT IR deguehceDf
oscillation trigger portions 414 and 416 of FIG 9. Since sequencer 702 25

uses radially coherent transitectifiedtvalsesaogethiargger ed oscill ator 708, the
el ock stanal gy oduced by rliod of G  Wekeih the Sequuehcs of Heshificaton
values comprises at least one zero.
5. The method of claim 4 wherein the multiplying step (a)(2)
comprises multiplying a signal sample that has a small magnitude by a
 rectification value of zero.
-6. The method of claim 4 wherein the multiplying step (a)(2)
comprises multiplying a signal sample by a rectification value of zero if
the signal sample is taken from a peak shoulder of the servo signal.
7. The method of claim 1 wherein the performing step (a)
comprises steps of:
| (a)(1) multiplying the portion of the servo signal by a
rectification signal to produce a rectified signal; and
(a)(2) integrating the rectified signal. |
8. " The method of claim 7 wherein the position error field
value and the phase field value are analog values and wherein dividing

the position error field value by the phase field value is an analog

operation.

* [+ L M S *
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phase rel at ﬁsﬁ‘n p to amplified signal 252 in each of the fi eTCP/ﬁgéMﬁg

regardl ess of the heads radial position. Under the present
invention, rmultiplier clock signal 710 does not necessarily have the
sanme frequency as the fundanental 5 fre8fency of anplified signal 252. In

addition, nultiplier clock S|gnal 71Q doe not cessarlly hav
frequency t hat9.i s an i nt Agdemadulatimecirguit for deraod F%‘{"Oﬁlgﬁﬁgﬁby of
anplified signal

amplified read gptﬂﬁqor@devme & é’rBGPﬁe ﬂrp&ﬂtg"é'hgﬁ%%g% trprT étrlz%g??c\p/\hr ch

I tinpl t he .t | : : i I
714, Anal og proeiiek CRBRsfhe® pHARq Held sl Buth pRsRibrPBROTAa ML <! on
representing ttgﬁscfexﬁeaﬁlaﬁbﬁcﬂfcmtcorﬁ]ﬁhh@ ed signal 252 that correspond to

the phase fiel t he. nor mal position-error field, and the quadrature
position error field of hhmectificaidon cirquitjicapablesof recexvmg and atnleast

i ntegrator 716 integrates each of the portions of t Si | 714
under the control of start VCBaéql?éii’all"'ﬁu ing, %rﬂhﬂsé fjéiﬁ E@“&?gﬁ €si gnal

718 sh the t di 5 FI | :
[15 show, [nLhe {1 ng 120" o S \Bor et sigel '$i0480T lukea o5t

phase field signal and a rectified position error field
signal;

a summing circuit coupled to the rectification circuit and

capable of summing values of the rectified phase
field signal over time to produce a normalization
factor and capable of summing values of the
position error field signal over time to produce an
unscaled position error field value; and
a division circuit capable of receiving the normalization

factor and the unscaled position error field value
and of dividing the unscaled position error field
value by the normalization factor to produce a
position error signal value.

10. The demodulation circuit of claim 9 wherein the summing

circuit comprises an analog integrator.

* c L M S *



of product signal 714. Enable integrator signal 718 enables integrator 716
20 for a sﬁ\éﬁ?”’@éﬂi od during each portion of product signal US99P933e
enbodi ment, integrator 716 is enabl ed duqh@g a period that excludes
transitions at the beginning and end of t phase field, the null pattern
portions in the normal position error field and the null pattern portions

I n the quadrature position error field. In such enbodi nents, the period 25
of integration is the same in each portion of product signal 714. Thus the
period of integration in the portion of product signal 714 associated with
PCT/ US99/ 09312° - 29- t he phase
field is t&} sane as the period of integration for the nornal position
error fieled¥®pd the quadrateye position error field. Af ter
each integratign, integratd® 716 produces an anal og value resulting in

a sequence of egrands 72D at its output. The first 5 integrand in the
sequence of integhNands 720 s a phase field integrand, = which is
directed by a nultipl exer 2 to an anal og phase field sanple- and- hol d
circuit 724. Miltiplexer 72 dirg he integrand to phase freld

sanple and hold circuit 724 Dgse | tipl exer control si | 726

showmn in FIG 18-6. Miltipl exeg - ~gnal 726 is high dyseng the 10
period of tinme when integratgr 716 i gi ng the integranﬁjfpr t he

118



phase fi el dwarmssbsyil ow during the periods of tinme when integr %@;Usgglﬁ,ﬂf
produci ng i ntegrands for the normal position error field and t

guadrature position error field. Phase field
sanpl e-and-hold circuit 724 receives a ﬁygée 1 5 load signal 728 and a
phase reset signal 730 from sequencer 702. Exanpl es of phase | oad
signal 728 and phase reset signal 730 are shown in FIGS. 18-9 and
18-10, respectively. Phase reset signal 730 resets phase field
sanpl e-and-hold circuit 724 just before the phase integrand is pr oduced
by integrator 716. Phase |oad signal 728 places phase field 20
sanmpl e-and-hold circuit 724 in a sigate to receive the phase int nd
frommultiplexer 7224 ust after |d§egrator 716 produces the phas
integrand. This is s mn i . |L8-9 ape-18.5 where phase | oad _skgna
728 goes high just as™ i signal 718 goes | ow for €GB phase
field. Once the phase flh 5 been | oaded into phasg®Teld 25
sanpl e-and- hol d gifcult sanpt e- and- hol d ci rcui 4
produces the phage in%gg t 73R until it is reset.
PCT/ US99/ 09312 . - 30-
After the phase filel d\ i nRe or. 7|L6 prodt t he
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nor mal posiwo®eeesyaor field integrand. This integrand is rout@geriishonsiz
position error signal sanple-and-hold circuit 734 by nul tipl exer 722.
Position error signal sanple-and-hold cigmggit 734 is controlled by a PES 5
| oad signal 736 and a PES reset signal 738, which are shown in FIGS. 18-7
and 18-8, rgspecfi\u:l y PES reset signal 738 resefs PES sanpl e-and-hold
circuit 734 us ¥pre %@# naP*p05|t|o erNor field integrand is
produced. Thi s cleaég d hol d dji r cui 34 of any previous

val ues that it may ie B erﬂ oI a@ signal 736 sets PES 10
“sanpl e- and- hol d ci reqfit |t accepts an it egrand produced by

mul ti pl exer 723 S lload S|adal i gh justEas enable integrator

si gnal 718 goesy | ow [i:oik He |noid error fTeId Thus, PES | oad
signal 736 goes N gh just;as i ntjegt tor 71 produceg the nor mal posi tion
error field integtard.:. 05|tﬁQn; > sanpl%%and hold circuit 734 15
hol ds t he nor nal pOSI[I T err u TTt egrand at G ts out put 740 until it
is reset by PE§reget—sier Qut puts 732 and 740
of sanpl e- and: hol d & are provided to a division

&ition error field integrand
uces a first position error
which is provided to an
digital first position
reset signal 738 resets PES
Beflorel i ntegrator 716 produces the
.- d. PES | oad signal 736 then
that it acceptsythe quadrature
the i nt fAndht its output

circuit 742, ich diddiesi]
by the phase field ildiegrang.“Hhi
signal estimafe at the di‘vi-gi on [ouf}
anal og-to-digjtal cdnverter 746t o grodice
error signal yestimte. A
sanpl e-and- h&d ci r qUEF: /54_gqg;” 3
quadrature pdsition I f i e
sets PES sanple-and-hold circuit 734
posi tion errﬁ% field integrand and hol ds

740. Divisio oCi rcuit 742 then divides the -
l:-'-.:.'- DU ] - casmam
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position error field integrand by the phase field integrand to pr oduce
a second position error field estimte t ? is provided to anal og-
to-digital converter 746. The second position error signal estinmate is
converted by anal og-to-digital converter 746 into a digital second 5
position error signal estimate. As in the digital version of the present

i nvention, the division of the normal position error signal integrand and
the quadrature position error signal integrand by the phase field
integrand elimnates common errors introduced by the servo systeminto
each integrand. ThIS allows for the elimnation of the AGC circuit and 10

t he phase | ocked under the present vERN on. FIG. 19
shows one enbodlﬁbhqg'f division circuit 42&bf FIG 17. TG)FI

the output 740 o ogl tion error signal éygp - and- hol d ciJ cuit 734 IS
provided to the dSSthlng i nput of an ¥ at fonal arrpllflem . The
out put of oper anplifier 750 |S]E§q t%;a 15 multipli 522 whi ch
al so receiv pub 732 of phase fi sa and- hol d t 724.
The out put nultlpller 752 is prov%ﬁed to e non- ventlnb\*nput of
anplifier 754. i Al t hosgh the description ogtanalog
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above showswohasgoszhe anal og val ues are not converted into di gidiisosabiies 20
until after the position error field integrand has been divided by the
phase field integrand, in other enbodi mgts, the integrands may be
converted into digital values at any point after integrator 716.

In summary, the present invention provides a nmethod of determ ning a
| ocation of a read head 110 over a storage nedium 106 25 based on a servo
signal 522 generated by the read head 110 as the read head 110 passes
over a phase field 404 and a position error field 408, 410. The met hod

i ncl udes performfhg a denodul ati ng set of operations 542,

PCT/ US99/ 0931% - 32- 546, 712,
716 on a portson 456 of the servo signal 452 associated with t : phase
field 404 tq produce_a phase field value §32. 1§ also include

perforni@y & defredyl gting Pe& ofjoperatjoffs 542F 54& 712, 716 on a
portion . ' edewi th the p i error

@t
5 field 40 [0 pr oduComg sitionSaror go val ue ands i dopg t he
position errjor TTETd val ue@t phase filel d y&]Jlie to producua. posdti on

error esti 44 i ndi cat] e oflt he 1 ocat]li on o& the read head over the
storage nedi §n The inve pl s@i ncl udes a net hod of
det er m ni ng e _ @
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10 positi orwersees7si gnal 744 indicative of a position of a reeg¥nusesossiio
over a st orage nedi um 106. The net hod i ncl udes passing the read head
110 over a phase field 404 to genera##3a phase field signal 456 and
generating a phase field denodul ating signal 710, Rerr], having a
phase set by a portion of the phase field siggal 456. The read head 110
t hen passes over a p§itidgn egronyfield 498,410 to generate a position
error field si gnag2 433 at0. X po ition erxor field denmodul ating signal
710, Rerr]. is pn:odu!:ed l havi hg ajphgse set\by a portion 462, 466 of

t he position errof ¢l @bi @bl | 4%8, 460. e denodul ati ng phase field
signal 710, &err] i ius fi ol i dempdul at e thg phase field signal 456 to
produce a phdse fiel %20 §no ligati gn factor §32. The denodul ating
position erroki 1an| Rlerr] isiused to denodul ate the
position error N &Fe—hi-fithiia 0

D pr@uce an unscal ed position

error signal val ug? ﬂfﬂgg;ammf:@ I on gror signal value is
di vi ded by the wﬂlﬂﬂﬁnmz‘é 2 to prodce a scal ed position
error val ue 744. e oamel LIt |i nwention al so includes a

denodul at i Ci WK-EWMEFW-‘-W

dgnodul ati ng a servo signal 450,
452, 454 to| produgEt AfrEE Oh ke

signal value 744. The ¢gircuit

i ncl udes a fectifi c&Esd SRR &8 1542, 708, PCT/ US99/ 09312
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712 for rectwoworessg Phase field signal 456, 470, 490 and a PY zﬁ%§§§ error
field signal 458, 460, 472, 474, 492, 494 to produce a rectifi op12

field signal and a rectified p05|t|og,ﬁgn$r field signal. The

denodul ati on circuit also includes a é ing circuit 546, 716 coupl ed
to the 5 rectification circuit and capable of summ ng val ues of the
rectified phase field signal over tine to produce a normalization
factor 732 and capabl e of sunm ng the values of the position error
field signal over tine to produce an unscal ed position error field
value. A division circuit 566, 568, 742 is capable of receiving the
normal i zation factor 732 and the 10 unscal ed posit error field val ue
and is capable of dividing the 4bbscal ed p05|t|4%§erroﬁg ®i el d val ue by
the nornalization value to pr gduce a 05|t|on rror I gnal val ue 744.

Al t hough t he RNFERENEE/SIE BHRSDN hasﬁ)e@ﬁf/ W‘? W
ntror, % ose

el imnating,the. ch se, | qcked lOE' and.aut o -t C galn 15

skilled in f{ndl aft fwifl| r-\OUnI i thafl the florgsdht li en |
practiced i L ditstl dli Yl Hnh Rt | B\ F\phe Q lfocKked (i qdp and anf
aut omati ¢ gajfn o’t Dl t Y{sY{tqfbe v]0)o Teve

t hough nuner pud fi ous enbadinen

chanfaclerfi st fcsiflanid §dvypnfjades ¢
of the present 20 ég%irtlon haﬁg@?gfn sef forth in § O g0l ngd74
descrlptlon togeth l s of t#ﬁ?structure :Ezznctlon of

vari ous enbodi nents of t i nverjtion, this discliosur ative
only, and changes may made L in details, espeC|aIIy i ers of
structure and arrang t of parts Wi t hin the prfi nci Ies of the

present invention to the full ektent lindicated 25 by thelbroad gener al

meani ng of the ternms in i,ch the apgended cl ai ns 40
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ar e ‘expr esswib gofgos7iexanpl e, denodul ation of the phase and pospeirRies/e9312
error fields can be perforned sequentially with the sanme circuitry or can

PCT/ US99/ 09312
circuitry depending on the particul ar

8/13 - 34- be perforned by parallel
application without departing from

the scope and spirit of the present inven]i on. O her npdifications can
al so be madg, [ US99/ @212 . 35-
WHAT IS CL 1. gmath)d%determ’ninga'location f a
read head o"qer_ orage EEERB UM }'n a sjorgle device baged on a
si gnal genenat e®<f the rEgE hegd as the rgad head paskes over phase
field and POSLt i erroe==el ¢ on the stjorage nediiny the net hod
conpri si ng%t
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(a) performg nodul ati ng set of operations on a - '
portion of mtvﬁgg@%ér;\io signal associated with the phase PCT/US99/09312

field to produce a phase field val ue; 9/13 (b) performng the
denodul ati ng set of operations on a, portion of the
servo signal associated wth the = position error field
to produce a pgsition error fiel dN§ : val ue; and

(c) dividing t position error f%d val ue by the phase field
val ue to produ a positiegn erroradsti mte ind cative
of the Iocatioﬁ%f\the read hea® over the st ge

medi um 2. The of claim I¥WTerein the read ERY passes
over a segomt—posTtiomn nd the nethod further c i ses
steps of: (< t he @;iul ating set of operations
on a portion of thp semwesmsignal associate ith the
second position error field to puoduce h se ,
position error field value; and = (e) dividing the=second
position errpr field value by L@ phase fildLd value to
produce a segond position errdd® esti mat e I ndi cative of
the location|of the read hegd ' over {he gtorage nedium
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PCT/US99/ 09%i99i60s711 . _ -36- 3. pcrwsevnssiie
nmet hod of claim 1 wherein perform ng a denodul ati ng

set of operations on a portion of the seﬁmgssignal

conprises steps of: (a) (1) "sanpling the portion of the servo
signal to generate a sequence of signal sanples;

(a)(2) multiplying the sequence of signal sanples by a

sequence of rectification values to produce a sequence
of rectified values; and (a)(3) sunming the rectified val ues
in the sequence of - rectified val ues together. 4.

- The nmethod of claim3 whereein the sequence of rectification val ues
conprises at |east one zem 5. The net hod claim4 wherein
the multiplying step (a)(ET conprises multiplying a nal sanpl e that
has a snal | nggnitude by agy rectification yalue of ze 6.

The nmethod of \gl ai m4 wh in the nmultiplyingN¥step (a)(2 conpri ses

mul ti plyi ng a Qi gnal san%byarectificati val ue of 220 if t he

signal sanple i\s taken fr‘'om a peak shoul der t he serxv i gnal . /.

The met hod of aim1 wherein the performng step (a) onpri ses stqps

of : (a) (Ty=~mul tiplying the porggnon of the servo signaNQy a

rectification signal tqu?éﬁhoe a rectifiedtiﬁgnal; and =
A N ™
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(a)(é) I Nt egbabjeeg t he rectified signal. 8. The rﬁh})@g 35l aim -

7 wherein the position error field val ue and the phase field va ue are
anal og val ues and wherein dividing thH/130sition error field value by the
phase field value is an anal og oper ati on. PCT/ US99/ 09312

- 37- 9. A denodul ati onjcircuit for denodul ating a servo signal

I n a data storage device to pradice®& position error signal value, the
servo signal conprising a phase%f _e)'\d signal and a position r field
si gnal , t he dem)dul ation cigcu Lonpri sghng: g—

nd at | east .
and t he
ctified CD
and a recti fi [

_ error field
a summing circuit copiplegto the g ctlfllelufl on

rectification circurt capabl éxgf r ceigyi ng
partially rectifyiny the phase fi
position error fi '
phase field signal

signal ; &

circuit ak : capaiste—of JLD'n ng val u@ of the rectified
phase B m
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field si gﬁa‘W(%ﬁfosH me to produce a normalization PCT/US99/09312
factor and capable of summ ng val ues of the posiglon

error field signal over tinme to produce aB/13 unscal ed
position error field value; and a division circuit capable’
of receiving the normalization _ factor and the

and of dividing
NS % value by the
'\} K\ position error
ciruit\& claim9 wherein

unscal ed position error field val ue S

t he unscal ed position error field & §

normal i zati on factor to produce a } \1
ljat i

signal value. =~ 10. The denod 0 f
t he summ ng circuit conpriges~an analjg 'i-Trlegrai or.
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