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SYNCHRONOUS DIGITAL DEMODULATOR WITH INTEGRATED 

READ.AND SERVO CHANNELS 

BACKGROUND OF lliE INVENTION 

The present invention relates to a servo system in a c;lata storage 

5 device and, in particular, to demodulation of position error signals (PES) 

within the servo system. 

A data storage device, such as a magnetic disc drive, stores data 

on a recording medium. The recording medium is typically divided into 

a plurality of generally parallel data tracks. In a magnetic disc drive, the 

10 data tracks are arranged concentrically with one another, perpendicular 

to the disc radius. The data is stored and retrieved by a transducer or 

''head11 that is positioned over a desired data track by an actuator arm 

The actuator arm moves the head in a radial direction across the 

data tracks under the control of a closed-loop servo system based on 

IS . servo data stored on the disc surface within dedicated servo fields. The 

servo fields can be interleaved with data sectors on the disc surface or on 

a separate disc surface that is dedicated to storing servo information. As 

the head passes over the servo fields, it generates a readback servo signal 

that identifies the location of the head relative to the centerline· of the 

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

actuator arm to adjust the head1s position so that it moves toward a 

desired position 

There are several types of servo field patterns, such as a "null­

type11 servo patte~ a "split-burst amplitude" servo pattern, and a "phase 

25 type" servo pattern. A null type servo pattern includes at least two fields 

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

, I 



W000/00976 
PCT/US99/13969 

-2-

field is a: 11phase11 or 11sync11 field which is used· to lock the phase and 

frequency of the read channel to the phase and frequency of the read 

signal. The second field is a position error field which is used to identify 

the location of the head with respect to the track centerline. 

5 As the head passes over the position error field, the amplitude 

and phase of the read signal indicates the magnitude and direction of the 

head offset with respect to the track centerline. The position error field 

has a null;.type magnetization pattern such that when the head is directly 
. . 

straddling the track centerline, the amplitude of the readback signal is 

1 O ideally zero. As the head moves away from the desired track centerline, 

the amplitude of the read signal increases. When the head is half-way 

between the desired track centerline an~ the centerline of the adjacent 

track, the read signal has a maximum ainplitude. The magnetization 

pattern on one side of the centerline is written 180° out of phase with the 

15 magnetization pattern on the other side of the centerline. Thus, the 

phase of the re~d signal indicates the direction of the head position error. 

To control the servo system, a single position error value is 

generated for each pass over the position error field. Typically, the 

magnitude of the position error value indicates the distance of the head 

20 · from the track centerline, and the sign of the position error value. 

indicates the direction of the head's displacement. The position error 

values are typically created by demodulating the read signal associated 

with the position error field. In a synchronous process, the exact phase of 

the read signal from the position error field is known from the phase 

25 field's read signal because the phase field is written on the storage 

medium at a known and fixed phase relation to the position error field. 
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A phase-locked loop (PLL) is typically used to acquire the phase of the 

phase field, and this phase information is used for demodulating the 

position error field. 

The read signal is demodulated by generating a demodulating 

5 signal, such as a square wave, having the same p~se ~d frequency as a 

fundamental component of the read signal and then, with analog 

techniques, multiplying the read signal by the demodulating signal. The 

product is integrated over a time window that corresponds-to the middle 

cycles of the position error field. The result is a position error value for 

10 the head with respect to a desired position on the storage medium 

within that servo pattern. This process essentially identifies the 

amplitude and phase of the read signal at a specific frequency point. The 

sign ofthe position error value indicates which direction the head is 

located with respect to the desired location. 

15. Although demodulating the read signal with analog techniques 

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

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

predominately digital data channel. This can increase the overall cost 

and complexity of a servo· system. 

20 The present invention addresses these and other problems, and 

·offers other advantages over the prior art. 

SUMMARY OF THE INVENTION 

The present invention relates to a synchronous digital 

demodulator and method which solve the above-mentioned problems. 

25 One aspect of the present invention provides a method for 

demodulating a read signal formed of a user data waveform and a servo 
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waveform which are generated by a read head as the read head passes 

over a user data area and a servo area, respectively, on a medium in a 

storage device. The method includes converting the user data waveform 

to a series of digital user data values at a user data sample rate and then 

5 applying the series of digital user data values to a user data detector 

circuit. The servo waveform is converted to a series of digital servo 

values at a servo sample rate, which is independent from the user data 

sample rate. The series of digital servo values is then demodulated 

synchronously with the servo waveform to produce a position error 

10 value indicative ~f a position error of the read head relative to a location 

on the medium. 

Another aspect of the present· invention provides a disc drive 

storage device for accessing data on a storage medium. The disc drive . 

includes a read head, a read channel, a servo channel and a servo system. · 

15 The read head generates a user data waveform and a servo waveform as 

the read head passes over a user data area and a servo area, respectively, 

on the storage medium. The read channel includes a firstanalog-to­

digital (A/D) converter and a user data detector circuit. The first A/D 

converter is coupled to the read head and has a user data sample rate. 

20 The user data detector circuit is coupled to the first A/D converter. The 

servo channel includes a second A/D converter and a digital servo 

demodulator. The secondA/D converter is coupled to the read head 

and has a servo sample rate which is independent from the user data 

sample rate. The digital servo demodulator is coupled to the second 

25 A/D converter and has a position error output that represents a distance 

and direction that the read head is displaced from a location on the 
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storage medium. The servo system is coupled to the servo channel for 

positioning the read head over the storage medium based in part on the 

position error output. 

Another aspect of the present invention provides a djsc drive 

5 storage device for accessing data on a medium. The disc drive storage 

device includes a servo structure and integrated read and servo 

channels. The servo structure positions a head over the medium based 

on a position error for the head relative to the medium. ·Tue integrated 

read channel and servo channel receive a user data signal and a servo 

l 0 signal from the head and generate the position error synchronously to 

the servo signal. 

BRIEF DESCRIPI'ION OF THE DRAWINGS 

FIG. 1 is a simplified block diagram of a disc drive according to one 

embodiment of the present invention. 

15 FIG. 2 is a block diagram of a read channel and a servo channel in 

the disc drive shown in FIG. 1. 

FIG. 3 is a diagram showing the essential portions of a null-type 

servo magnetization pattern used in one embodiment of the present 

invention and in the prior art. 

20 FIG. 4 is a waveform diagram showing a portion<:>£ ·a read .signal 

produeed by a head passirig over a position error field in the pattern 

shown in FIG. 3 while directly straddling a track centerline. 

FIG. 5 is a waveform diagram showing a portion of the read signal 

produced while the head is positioned on one side of the desired track 

25 centerline. 

i I 
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FIG. 6 is a waveform diagram showing a portion of the read signal 

produced while the head is positioned on the other side:of the desired 

track centerline. 

FIG. 7 is a block diagram showing the servo channel of FIG. 2 in 

5 greater detail according to one embodiment of the present invention. 

FIG. 8 is a waveform diagram illustrating various waveforms in 

the demodulator circuit shown in FIG. 7 over time. 

FIG. 9 is a block diagram of a no~ization circuit for 

. normalizing the position error magnitude according to an alternative 

I 0 embodiment of the present invention. 

FIG. 10 is a graph showing root mean square (RMS) error of 

position error magnitude as a function of the number of quantization bits 

used by an A/D converter in the servo channel shown in FIG. 7. 

FIG. 11 is a graph illustrating signal-to-noise ratio (SNR) of 

15 position erro~ magnitude for various demodulating signals as a function 

of the servo burst frequency, defined in terms of pulse-to-pulse spacing. 

DETAILED DFSCRIPTION OF TIIE PREFERRED EMBODIMENTS 

FIG.1 is a simplified block diagram of a disc drive 100 which 

includes drive controller 102, servo control processor 104, power amplifier 

20 106, a~tor assembly 108, disc pack 110, one or more preamplifiers 112, 

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

includes spindle 120 which supports one or more coaxially arranged discs 

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

include any number of discs. Each disc 122 has first and second recording 

25 surfaces with concentric data tracks for storing user data in the form of 

magnetic flux reversals which are encoded in the tracks. Actuator 
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assembly 108 includes a base 128 which supports one or more track 

accessing arms 130. Each track accessing arm 130 is coupled to at least one 
--

suspension132, which supports a recording head, such as a read and write 

head, for accessing data on a corresponding disc surface. 

5 Drive controller 102 is typically a microprocessor or digital 

computer, and is coupled to a host system or another drive controller 

which controls a plurality of drives. During a write operation, drive 

controller 102 receives a command signal from the host system which 

indicates that data is to be written on a certain portion of one or more of 

10 discs 122. fu response to the command signal, drive controller 102 

provides servo control processor 104 with a position request signal which 

indicates a particular track or cylinder over which actuator assembly 108 is 

to position suspensions 132 and their associated write heads. Servo control 

processor 104 converts the position request signal to an analog signal such 

15 as a current which is amplified by power amplifier 106 and is provided to 

·actuator assembly 108. In response to the analog position signal, actuator 

assembly 108 radially positions suspensions 132 and their associated write 

heads over the desired track. 

Drive controller 102 provides the user data that is to be stored to 

20 write channel 118. Write channel 118 encodes the data aecordingto a 

·selected encoding scheme and then wr.i.tes the encoded data in the desired 

track by controlling the direction of current flowing through the 

appropriate write head or heads. 

During a read operation, drive controller 102 receives a command 

25 signal from the host system which indicates that a certain portion of one or 

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

: I 
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drive controller 102 provides servo control processor 104 with a position 

request signal which indicates the track to be accessed. A~ servo 

control processor 104 controls the position of suspensions 132 and their 

associated read heads through amplifier 106 in response to the position 

5 request signal. 

As the read head passes over the disc surface within the desired 

track, the magnetization patterns within the track generate a read signal 

in the read head which contains the encoded data that was written on the 

disc surface. The read signal is provided to preamplifier 112 which 

10 amplifies the read signal and provides it to read channel 114 and servo 

channel 116. In an embedded servo scheme, servo sectors are interleaved 

with user data sectors on the surfaces of discs 122. When a read head 

passes over a data sector, read channel 114 decodes the encoded data 

from the read signal to recover the original user data, and then passes 

15 the recovered user data to drive controller 102 throu3h data output 140. 

When the read head passes over· a servo sector, the magnetization 

patterns within the servo sector generate a plurality of servo bursts in the 

read signal which provide an indication of the position of the read head 

within the desired track on the disc surface. Servo channel 116 

20 demodulates the servo bursts to determine the current location of the 

hea~ and generates a position error signal (PES) estimate on PFS output 

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

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

location of the head and the desired location received from drive 

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

actuator assembly 108. 



WOOOJ00976 
PCT/US!J!J/13969 

-9-

As shown in more detail in FIG. 2, servo charinel 116 has a 

synchronous digital demodulator and a programmable:analog-to-digital 

(A/D) sample rate. The sample rate is programmable by servo control 

processor 104 through sample rate input 144. Servo control processor 

5 104 loads servo channel 116 with a sample rate variable which indicate 

the desired sample rate. The sample rate variable can be loaded once at 

start-up or can be updated periodically as desired. In one embodiment, 

s~o control processor 104 runs an.optimization routine which selects 

an optimum.sample rate by first varying the sample rate variable and 

10 then monitoring the PFS estimate produced on PFS output 142. 

FIG. 2 is a block diagram showing read channel 114 and servo 

channel 116 in greater detail, according to one embodiment of the 

present invention. Read channel 114 and servo channel 116 are 

preferably integrated onto the same integrated circuit 150. Integrated 

15 circuit 150 has a read signal input 152 which is coupled to the output of 

preamplifier 112 (shown in FIG. 1). The read signal from preamplifier 

112 is passed through low-pass filter 202 to read signal inputs 154 and 

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

Read channel 114 includes analog-to-digital (A/D) converter 204, 

20 phase-locked loop (PLL) and sample clock circuit 206, finite impulse 

response {FIR) filter-208 and user data detection circuit 210. ·Read -

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

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

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

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

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

' I 
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frequency of the data transitions in the read signal. The PLL in circuit 

206. generates a sample clock signal 220 having a frequency that is 

selected for accurately and reliably recovering data from the filtered read 

signal. Sample clock signal 220 is applied to a sample clock input of 

5 A/D converter 204. The series of digital values generated by A/D 

converter 204 are filtered by FIR filter 208 and applied to the input of 

user data detection circuit 210. 

User data detection circuit 210 recovers encoded user data from 

the series of digital values using a detection method which matches the 

10 encoding scheme used by write channel 118 (shown in FIG. 1) to encode· 

the data. For instance, detector 210 may use one of a variety of circuits or 

methods, such as a Viterbi .detector, Decision Feedback Equalization 

(DFE), Fixed-Delay Tree Search with Decision Feedback (FDTS/DF), 

Reduced State Sequ~ce detection (RSSE} or Partial Response, Maximum: 

15 Likelihood (PRML). After detecting and decoding the user data, circuit 

208 provides recovered user data to data output 140. 

Servo channel 116 includes servo A/D converter 250, digital servo 

demodulator 252, PLL 254, programmable frequency synthesizer 256 and 

sample rate variable register 258. Servo A/D converter 250 receives the 

20 filtered read signal read input 156 and, when the read head passes over a 

servo sector on the disc surface, samples the read signal at or above the 

Nyquist rate and converts the samples to a series of digital servo sample 

values on A/D output 270. Servo PLL 254 locks on to the phase and· 

·frequency of the read signal generated by the servo sector fields on the 

25 disc surface and provides a clock output 272 to programmable frequency 

synthesizer 256. Synthesizer 256 generates a servo sample clock signal 
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260 by dividing or multiplying the frequency of the clock signal received 

from PLL 254 by a programmable sample rate variable that is stored in 

register 258. Register 258 has an input 276 which is coupled to sample 

rate input 144 for receiving the sample rate variable from servo control 

5 processor 104. Servo sample clock signal 260 is applied to A/D 

converter 250 for controlling the sample rate of the converter. Digital 

servo demodulator 252 synchronously demodulates the series of digital 

servo sample values provided by A/D converter 250 to ·generate the 

position error estimate on PFS output 142, as discussed in more detail 

IO with reference to FIG. 7 below. 

In the embodiment shown in FIG. 2, read channel 114 and servo 

channel 116 have separate A/D converters. Titis allows the nwnber of 

quantization bits and the sample rate of each converter to be selected 

independently. The preferred number of quantization bits in read 

15 channel 114 typically depends upon the type data encoding and 

decoding schemes used in the read and write channels. However, for 

servo channel 116, the greater the number·of quantization bits in A/D 

converter 250, the lower the root mean square error (RMS) in the position 

error. Also, the preferred sample rates for read channel 114 and servo 

20 channel 116 may be different from one another. The ·burst frequencies 

generated by a typical servo sector are well below the burst frequencies 

generated by a typical data sector. The use of separate A/D converters 

allows independent sample rates and numbers of quantization bits. 

Another advantage of the embodiment shown in FIG. 2 is that 

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

integrated on the same integrated circuit as read channel 114, if desired. 
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A separate analog demodulator circuit is not required. 'This reduces the 

cost and improves flexibility in the design of each channel. Although 

analog demodulation is the limit to which digital demodulation can 

approach in terms of accuracy of the PES, if the loss of accuracy is small 

5 for a reasonable reduction in circuit complexity, then digital 

demodulation can be an acceptable substitute for analog demodulation. 

FIG. 3 is a diagram showing the essential portions of a null-type 

servo magnetization pattern in a servo sector 300 on one of the discs 122. 

This servo pattern is used in one embodiment of the present invention 

10 and in the prior art. The radial dimension of disc 122 is shown vertically, 

and the angular dimension of disc 122 is shown horizontally. Arrow 302 

indicates a down-track direction, or angular dimension, of disc 122. 

Arrow 304 indicates a cross-track direction, or radial dimension, of disc 

122. FIG. 3 shows four track centers 310, 311, 312 and 313, which are 

15 labeled "ii', 11211
, 

11311 and 11411
, respectively. A read head 316 is aligned with 

track center "211 along cross-track direction 304. 

The shaded regions in FIG. 3 correspond to regions of opposite 

magnetic polarity as com.pared to the non-shaded regions. For example, 

fu a longitudinal recording system, if the longitudinal magnetization in 

20 the non-shaded regions is right-to-left in the figure, then the longitudinal 

magnetization in the shaded regions would be ldt-to-right. Within these 

regions, the magnetic medium. is saturated in either longitudinal 

direction, as is standard practice in digital magnetic recording. 

Servo sector 300 includes leading fields 320, 11sync11 or ''phase" field 

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

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

!! 
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"empty" as shown in FIG. 3 or may include additional servo data. For 

example, leading fields 320 can include a write recovery field and middle 

fields 324 can include a track number and a sector number. Phase field 

322contains radially coherent magnetic transitions. As h~d 316 passes 

5 over phase field 322, the magnetization pattern within phase field 322 

induces an oscillating signal in the output of head 316. Position error 

field 326 contains a null-type magnetic pattern. The null-type magnetic 

pattern in position error field 326 is written ina predetermined phase 

relation to the magnetic pattern in phase field 322. Position error field 

10 326 can also include a set of quadrature null patterns (not shown) which 

are offset by one-half of a track width with respect to the original, 

normal null burst patterns. 

A PLL, such as PLL 254 in FIG. 2, is typically used to lock onto the 

phase and frequency of the oscillating signal induced by phase field 322 

IS and to generate a demodulating or mixing signal having a phase which 

is synchronized with the phase of the oscillating signal. The 

demodulating signal is used to demodulate the position error signal 

from position error field 326. In the prior art, demodulating the read 

signal involved multiplying the analog read signal by the demodulating 

20 signal and integrating the result to produce a position error value. 

Because the null-type servo pattern is written at the same frequency as 

the phase field and at a fixed phase relation to the phase field, 

multiplying the two signals produces either a positively rectified signal 

or a negatively rectified signal. At the track center, the rectified signal 

25 will have zero magnitude because the position error signal is zero at the 

track center. If head 316 is displaced to one side of the track center, the 
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rectified signal is positive, and if head 316 is displaced to the other side 

of the track center the rectified signal is negative. 

Phase field 322 has also been used for automatic gain control 

(AGq in order to maintain the amplitude of the readback signal in the 

5 same scale range independent of the radial position of head 316. -

Automatic gain control is used to normalize the demodulated position 

error to maintain the same slope (gain) in cross-track direction 304. 

_FIG. 4 is a waveform diagram showing a portion of the read signal 

as head 316 passes over position error field 326 while directly straddling 

10 centerline 311 of track 2. The read signal from head 316 is substantially 

zero. FIG. 5 is a waveform diagram showing a portion of the read signal 

when head 316 is half-way between centerlines 310 and 311 of tracks 1 

and 2, respectively. FIG. 6 iS a waveform diagram showing a portion of · 

the read signal when head 316 is half.:.waybetween centerlines 311 and -· 

15 312 of tracks 2 and 3, respectively. The read signal in FIG. 6 is 180° out of 

phase from the read signal in FIG. 5. It is this phase difference that 

causes the rectified signal to be positive or negative, depending on which 

direction head 316 is displaced from the track center~ 

FIG. 7 is a block diagram showing servo channel116 with 

20 demoduJator 252 in greater detail according to one embodiment of the 

present invention. Servo demodulator 252 includes demodulation signal 

generator 400, timing circuit 402, sign circuit 404, multiplier 406, 

accumulator 408 and PFS output 142. The filtered read signal is applied 

to read input 156, which is coupled to servo A/D converter 250, PLL 254 

25 and timing circuit 402 As explained above, A/Dconverter 250 samples 

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

---- --1 
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samples to a plurality of digital servo values on A/D output 270. The 

plurality of digital servo values on A/D output 270 are applied to input 

412 of multiplier 406. 

Demodulation signal generator 400 has an input 414 for receiving 

5 the clock signal from output 272 of PLL 414 and responsively generates a 

square-wave demodulating signal on output 414 which is synchronized 

with the phase and frequency of the filtered read signal. 

Sign circuit 404 is coupled between output 416 of demodulation 

signal generator 400 and input 410 of multiplier 406. Sign circuit 400 

1 O samples the sign of the demodulating signal and generates a series of 

digital sign values (such as a series of "O's" and "l's") on sign output420 

which are multiplied against the plurality of digital servo samples by 

multiplier 406. Sign output 420 toggles between 11011 and "1" (e.g. 

"positive" and negative") every half cycle of the demodulating signal. ~ 

15 an alternative embodiment, demodulating signal generator 400 generates 

a series of signed digital words which are digitally multiplied against 

corresponding servo sample values by multiplier 406. 

A square-wave demodulating signal generator and a sign circuit 

are fairly simple to implement and provide a high quality position error 

20 signal, as described in more detail below. In alternative embodinients, 

other demodulation signals can be used such as sinusoidalwa:ves (sine 

and cosine) or a matched filter signal. With these alternative 

demodulating signals, the digital servo sample values would be 

multiplied by corresponding sampled values of the demodulation 

25 signals. 
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Multiplier 406 essentially "flips" or "inverts" the signs of the digital 

servo sample values, possibly with gain, every haH clock cycle when the 

sign of the demodulating signal is negative. When the sign of the 

demodulating signal is positive, the sign of the digital servo sample 

S value is not inverted. Multiplier output 430 provides a plurality of 

signed demodulated servo sample values which are applied to the input 

of accumulator 408. 

Accumulator 408 accumulates the signed demodulated servo 

sample values on output 430 during a selected time window to obtain a 

10 scaled PES estimate on output 432. Output 432 is coupled to PES output 

142. Accumulator 408 has an enable input 434 which is coupled to PFS 

enable sum output 440 of timing circuit 402. Timing circuit 402 activates 

PES enable sum output -!140 at a predetermined time following detection 

of a synchronization or servo address mark ("SAM"), for ex:ample,·in 

IS middle fields 324 (shown in FIG; 3). Timing circuit 402 is synchronized· 

with the phase and frequency of the filtered read signal through output 

272 of PLL 254. Ina preferred embodiment, PES enable sum output 440 

enables accumulator 408 during the middle cycles of position error field 

326 to accumulate a position error portion of the plurality of servo 

20 sample values and thereby generate a position error estimate on . 

accumulator output 432 

The sign of the position error estimate on accumulator output 432 

indicates which direction head 316 is in relation to the track centerline. 

The magnitude of the position error estimate indicates how far head 316 

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

is used by servo control processor 104 (shown in FIG. 1) to _control the 
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radial position of head 316 relative to the desired track centerline on the 

·surface of disc 122. 

Mathematically, the position error signal (PES) at some radial 

position on the disc surface can be written as: 

N-1 

PES = Lr(nT5 )·8(t-n1$)·mx (f sa.+SD,nT8 } 
n=O 

{

sgn[sin(21tf SBn7; +1Ps8 )] 

mx (f SB ,+se ,n1$.) = sin(21t/ sanT5 + +ss} 

. . r1DEAL ( n1$) . 

Eq.l 

Eq.2 

where r( ) is the read signal from recording head 316, n is the sample 

number, Ts is the sampling period, 6() is the Dirac delta function 

(impulse function), sgnO is the signum function, fSB is the servo burst 

10 frequency, r10BAL is the ideal read signal, and +sB is the servo burst phase · 

offset necessary to align the fundamental frequency of the demodulating · 

or mixing signal with the fundamental frequency component of the 

demodulating signal. The signal mx defined in Equation 2 shows several 

possible demodulating signals, including a square wave, constant 

15 frequency sinusoid, and matched filter signal (equivalent to the ideal 

read signal). Sampling at the Nyquist rate will properly demodulate the 

read.signal because of the known synchronization between the . 

demodulating signal and the phase of the read signal front position error 

field 326. At the Nyquist rate, digital servo demodulator 252 essentially 

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

FIG. 8 is a waveform diagram illustrating various waveforms in 

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

signal received on read input 156. The read signal includes a user data 
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waveform 503 which is generated by the read head as the read·head 

passes over a user data area on the disc surface~ The read signal also 

includes a pair of servo waveforms 504 and 505 which are generated by 

the read head as the read head passes over a servo area, such as servo 

S sector 300 in FIG. 3, on the disc surface. Servo waveform 504 is 

generated by phase field 322, and wav~orm 505 is generated by position 

error field 326. The plurality of digital servo values generated on A/D 

output 270 is shown at 506. Each dot represents the magnitude and sign 

of servo waveform 505 for the corresponding sample. Waveform 508 

10 represents the demodulating square wave generated by demodulation 

signal generator 400. Waveform 509 represents the PFS enable sum 

signal generated on enable output 440 of timing circuit 402. The PES 

enable sum waveforin goes active at time TI and inactive at time T2 to . 

define a position error field accumulation time window 510 duriri.g 

. 15 which accumulator 408 is enabled for generating a position error field 

Fourier coefficient. 

In some embodiments, the signed position error estimate 

prod11ced on accumulator output 432 (shown in FIG. 8) is normalized 

before being used to control the servo system. A normalization circuit 

20 600 used in these .embodiments is shown in FIG. 9. Normalization circuit 

600 includes phase field accumulator 602, sample and hold circuit 604 

and divide circuit 606. The digital servo sample values generated on 

output 430 of multiplier 406 (shown in FIG. 7) are applied to the data 

input of phase field accumulator 602. 

25 Phase field accumulator 602 has an enable input 610 which is 

coupled to an additional output 612 of timing circuit 402. Timing circuit 

.. 
I! 
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402 activates a phase field enable sum signal on output 614 during the 

middle cycles of phase field 322 (shown in FIG. 3). Phase field 

accumulator 6~2 accumulates the digital servo sample values while the 

phase field enable sum signal is active for generating a reference 

5 amplitude on accumulator output 614. The reference amplitude is 

stored in sample and hold circuit 604 while the unscaled position error 

value is estimated in PES accumulator 408 (shown in FIG. 7). Sample 

and hold circuit 604 is used since phase-field 322 and PES field 326 occur 

at different times in the read signal. When the unscaled position error 

I 0 value appears on output 432 of PES accumulator 408, it is divided by the 

reference amplitude that is stored in sample and hold circuit 604 by 

divide circuit 608. The output of divide circuit 608 is a normalized 

position error estimate, which is coupled to PES output 142. The ·phase 

field and the PES field do not need to be the same length, as long as the 

15 ratio of the number of cycles between the two fields is known and 

accounted for during normalization. In another alternative embodiment, 

a highly accurate automatic gain control circuit is used to normalize the 

PES estimate. 

· Referring back to FIG. 7, servo A/D converter 250 ca:n sample the 

20 filtered read signal at an integer multiple of the fundamental frequency 

of the servo waveform, as detected by PLL 254, or cah sample the filtered 

read signal at a non-integer multiple sample rate that precesses the 

sample times through the read signal. In one preferred embodiment, 

·servo A/D converter 250 has a precessing sample rate of greater than 

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

PES estimate to noise. 

' I 
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The synchronous .demodulator shown in FIGS. 2 and 7 was 

simulated to determine the effects of the number of quantization bits in 

servo A/D converter 250 and the sample rate of servo A/D converter 

250. One measure of the quality of the signed position error estimate 

5 generated by the synchronous demodulator of the present invention is 

the amount of noise that it will reject. Electronics noise is the simplest 

. c:age, and is usually taken to be additive white Gaussian noise (AWGN). 

In the simulations, AWGN was added to the raw read signal, which was 

then low'."'pass filtered to help remove some of the effects of the additive 

I 0 noise, and finally demodulated. 

FIG. 10 is a graph showing root mean square (RMS) error of the 

position error magnitude on axis 700 as .a function of the number of 

quantization bits, on axis 702, used by servo A/D converter 250 for 

sampling the read signal. The higher the RMS error, the lower the 

IS quality of the ~ES estimate. A raw signal to noise (SNR) ratio of 20 dB 

was assumed in the simulations. Here SNR is defined as the ratio of the 

. square of the zero-to-peak voltage of an isolated read pulse to the noise 

power over the demodulator bandwidth. 

Having fewer bits in servo A/D converter 250 is desirable from a 

20 speed and cost standpoint. Line 704 shows the RMS error as a function 

of the number of quantization bits for a synchronous analog 

demodulation method. Since an analog synchronous demodulation 

method does not use samp~ it is a good benchmark against which to 

measure the synchronous digital demodulator of the present invention. 

25 The RMS error for the synchronous analog method, shown by line 704, 

was about-46dB. Line 706 shows the RMS error as a function of the 
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number of quantization bits for the synchronous digital demodulator in 

which servo A/D converter 250 samples the read signal:at an integer 

multiple of the read signal frequency (e.g~ four samples per cycle). Line 

708 shows the RMS error as a function of the number of quantization bits 

S for the synchronous digital demodulator in which servo A/D converter 

250 samples the read signal at a non-integer multiple, precessing sample 

rate of at least five samples per cycle. The precessing sampling method 

outperforms the non-precessing sampling method for lower numbers of 

quantization bits. For example with five quantization bits the precessing 

10 sampling method outperforms the non-precessing sampling method by 9 

dB. The reason for this performance gain is that the sample precession 

acts like a kin4 of dithering input to servo A/D converter 250 to help 

. mitigate quantization errors. 

FIG. 10 shows that there is a tradeoff between sample rate and 

15 quantization bits, since more samples per cycle are required for the 

precessing sampling method than the non-precessing sampling method. 

FIG. 10 also shows that selection of the number of quantization bits can 

be critical to obtaining a good quality PES estimate. A typical Partial 

Response Maximum Likelihood read channel has six quantization bits. 

20 If the user data A/D converter output were used to digitize servo data in 

addition to user data, this number of quantization bits would result in 

the PFS estimate having a relatively large RMS error. Use of 

independent A/D converters for digitizing user data and servo data 

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

25 each channel. 

: I 
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As mentioned above, the A/D sampling rate for the servo channel 

is preferably independent of the A/D sampling rate for:the read channel. 

The optimal frequency of the servo bursts from a servo sector is usually 

much lower than the optimal frequency of data bursts from a data sector. 

5 FIG. 11 is a graph showing SNR of the position error magnitude on axis 

800 as a function of servo spacing (SSP) on axis 802. Servo spacing is 

defined as: 

(T~ 
SSP=--­

pw50 
Eq.3 

where pwSO is the pulse width at half the maximum amplitude of the 

10 recording head's isolated transition step response. Line 804 represents 

the SNR as a function of servo spacing with a matched filter 

demodulating signal. Line 806 represents the SNR as a functio.n of servo 

spacing with a sinusoid demodulating signal. Line 806 represents the 

SNR as a function of servo spacing with a square lN'ave demodulating 

15 signal. FIG. 11 shows that SNR versus SSP for each of these 

demodulating signals peaks between SSP values of 1.5 and 2.0. For 

example, if an SSP of 2.0 is optimal from SNR. and other considerations, 

the servo burst frequency, fss=l/Tss ,with a pw50of10 nanoseconds is 

25 MHz. Titls servo burst frequency is well below the frequencies 

20 normally seen in user data read channels. The use of independent 

sample rates allows the user data channel and the servo channel to be 

optimized.independently. 

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

required. In one embodiment, the read channel and the servo channel 
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share the same A/D converter, but operate theA/D converter with 

different, gated sample clock signals. A first, data sample clock signal is 

applied to the A/D converter when the head passes over a data sector, 

and a second, servo sample clock signal is applied to the A/D converter 

5 when the head passes over a servo sector. However, separate A/D 

converters may be desired so that the number of bits and the speed of 

each A/D converter can be optimized separately. Other configurations 

are also possible. For example, the data and servo PLLs and the 

frequency synthesizer can be combined and re-programmed through 

1 O register 258 between the data and servo sectors. 

In summary, one aspect of the present invention relates to a 

method for demodulating a read signal formed of a user data waveform 

503 and a servo waveform 504, 505 which are generated by a read head 

316 as the read head 316 passes over a user data area and a servo area, 

15 respectively, on a ~edium 122 in a storage device 100. The method 

includes steps of: (a) converting the user data waveform 503 to a series of 

digital user data values at a user data sample rate; (b) applying the series 

of digital user data values to a user data detector circuit 210; (c) 

eonverting the·servo waveform 505 to a series of digital servo values 506 

20 at a servo sample rate, which is independent from the user data sample 

rate; and ( d) demodulating the series of digital servo values 506 

synchronously with the servo waveform 504, 505 to produce a position 

error value 142 indicative of a position error of the read head 316 relative 

to a location on the medium 122. 

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

a fundamental frequency of the servo waveform. 504, 505. In another 
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embodiment, the servo sample rate in is a non-integer multiple of a 

fundamental frequency of the servo waveform 504, 505,:such as greater 

than five samples per cycle of the servo waveform 504, 505. 

A first phase-locked loop 206 generates a user data clock signal as 

5 a function of the user data waveform 503, and a first sample clock signal 

220 is generated based on the user data clock signal. The first sample 

clock signal 220 is applied to the first A/D converter 204 to operate the 

first A/D converter 204 at the user data sample rate. A second phase­

locked loop 254 generates a servo clock signal 272 as a function of the 

10 servo waveform 504, and a second sample clock signal 260 is generated 

based on the servo clock signal 272. The second sample clock signal 260 

is applied to the second A/D converter 250 to operate the second A/D 

converter 250 at the servo sample rate. In one embodiment, a sample 

rate variable is stored in a programmable register 258, and the servo 

15 clock signal 272 is modified by the sample rate variable that is stored in 

the programmable register 258 to generate the servo sample clock signal 

260. 

The servo waveform 505 is demodulated by generating a 

demodulating signa~ 508 from the servo clock signal 272, wherein the 

20 demodulating signal 508 is synchronized with.a fundamental phase and 

frequency of the servo waveform 504. The series of digital servo values 

506 are multiplied by the demodulating signal 508 to produce a plurality 

of demodulated servo values. The plurality of demodulated servo 

values are accumulated to produce the poSition error value 142. 

25 Another aspect of the present invention provides a disc drive 

storage device 100 for accessing data on a storage medium 122. The disc 

.. 
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drive 100 includes a read head 316, a read channel 114, a servo channel 

116 and a servo system 104, 106, 108. The read head 316 generates a user 

data waveform. 503 and a servo waveform 505 as the read head 316 

passes over a user data area and a servo_ area, respectively, .on the storage 

5 medium 122. The read channel 114 includes a first analog-to-digital 

{A/D) converter 204 and a user data detector circuit 210. The first A/D 

converter 204 is coupled to the read head 316 and has a user data sample 

rate. The user data detector cirCuit 210-is coupled to the first" A/D. 

converter 204. The servo channel 116 includes a secorid A/D converter 

1 O 250 and a digital servo demodulator 252. The second A/D converter 250 

is coupled to the read head 316 and has a servo sample rate which is 

independent from the user data sample rate. The digital servo 

demodulator 252 is coupled to the second A/D converter 250 and has a 

, position error output 142 that represents a distance and direction that the 

15 read head 316 is displaced from a location on the storage medittm 122. 

The servo system 104, 106 and 108 is coupled to the servo channel 116 for 

positioning the read head 316 over the storage medium 122 based in part 

on the position error output 142. 

Another aspect of the present invention provides a disc drive 

20 storage device 100 for accessing data on a medium 122. The disc drive 

storage device 100 includes a servo structure 104, 106, 108 and integrated 

read and servo channels 114, 116. The servo structure 104, 106, 108 

positions a head 316 over the medium 122 based on a position error for 

the head 316 relative to the medium 122. The integrated read channel 

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



W000/00'76 
PCT/US99/J3969 

-2"-

signal 504; 505 from the head 316 and generate the position error 

synchronously to ~e servo signal 504, 505. 

It is to be understood that even though numerous characteristics 

and advantages of various embodiments of the present invention have 

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

structure and function of various embodiments of the inventioni this 

disclosure is illustrative only, and changes may be made in detail, 

especially in matters of s.tructure and arrangement of parts within the 

principles of the present invention to the full extent indicated by the 

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

expressed. 

ji 
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WHAT IS CLAIMED IS: 

1. A method for demodulating~ read signal formed of a user data 

waveform and a servo waveform which are generated by a read 

head as the read head passes over a user data area and a servo 

area, respectively, on a medium in a storage device, the method 

comprising steps of: 

(a) converting the user data waveform to a series of digital user 

data values at a user data sample rate; 

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

detector circuit; 

(c) converting the servo waveform to a series of digital servo 

values at a servo sample rate, which is independent from 

the user data sample rate; and 

( d) demodulating the series of digital servo values synchronously 

with the servo waveform to produce a position error value 

indicative of a position error of the read head relative to a 

location on the medium. 

2. The method of claim 1 wherein the servo sample rate in the 

converting st~p (c) is an integer multiple of a fundamental 

frequency of the servo waveform.. 

3. The method of claim 1 wherein the servo sample rate in the 

converting step (c) is a non-integer multiple of a fundamental 

frequency of the servo waveform. 

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

converting step (c) is greater than five samples per cycle of the 

servo waveform. 

This Sheet Has Been Replaced 
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5. The method of claim 1 wherein: 

the converting step (a) comprises converting the user data 

waveform to a series of digital user data values with a first 

analog-to,.digital {A/D) converter; and 

the converting step {c).comprises converting the servo waveform 

to a series of digital servo values with a second A/D 

converter. 

6. The method of claim 5 and further comprising: 

(e) generating a user data clock signal as a function of the user 

data waveform with a first phase-locked loop; 

(f) generating a first sample clock signal based on the user data 

clock signal; 

(g) applying the first sample· dock signal to the first A/D 

. converter to operate the first A/D converter at the user 

data sample rate; 

(h) generating a servo clock signal as a function of the servo 

waveform with a second phase-locked loop; 

(i) generating a second sample clock signal based on the servo 

clock signal; and 

G) applying the second sample clock signal to the second A/D 

converter to operate the second A/D converter at the servo 

sample rate. 

7. The method of claim 1 wherein the converting step (c) comprises: 

(c)(i) converting the servo waveform to a series of digital servo 

values with an analog-to-digital converter A/D converter 

having a sample clock input; 

.... 
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(c){ii) generating a servo clock signal as a function of the servo 

waveform with a phase-locked loop; 

(c){iii) storing a sample rate variable in a programmable register; 

{c){iv) modifying the servo clock signal by the sample rate 

variable that is stored in the programmable register to 

generate a servo sample clock signal; and 

(c){v) applying the seI'Vo sample clock signal to the sample clock 

input of the A/D converter to operate the A/D converter at 

the servo sample rate. 

8. The method of claim 1 wherein the converting step (c) comprises: 

(c){i) converting the servo waveform to a series of digital servo 

values with a:n analog-to-digital converter A/D converter 

having a sample clock input; · 

(c)(ii) generating a servo clock signal as a function of the servo 

waveform with a phase-locked loop; and 

( c){iii) generating a sample clock signal as a function of the servo 

clock signal and applying the sample clock signal to the 

A/D converter to operate the second A/D converter at the 

servo sample rate; and 

wherein the demodulating step (d) comprises: 

(d)(i) generating a demodulating signal from the servo clock 

signal, wherein the demodulating signal is synchronized 

with a fundamental phase and frequency of the servo 

waveform; 

; I 
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( d)(ii) multiplying the series of digital servo values by the 

demodulating signal to produce a plurality of demodulated 

servo values; and 

(d)(iii) accumulating the plurality of demodulated servo values to 

produce the position error value. 

9. The method of claim 8 wherein the generating step (d)(i) 

comprises generating a demodulating signal comprising a series 

of digital sign values. 

10. The method of claim 1 and further comprising: 

(e) generating a user data sample clock signal as a function of the 

user data waveform; 

(f) generating a servo sample dock signal as a function of the 

servo waveform; 

wherein the converting step (a).-comprises: 

(a){i) converting the user data waveform to a series of digital user 

data values with an analog-to-digital {A/D) converter 

having a sample clock input; 

(a)(ii) applying the user data sample clock signal to the sample 

clock input to operate the A/D converter at the user data 

sample rate during the converting step (a){i); and 

wherein the converting step (c) comprises: 

(c)(i) converting the servo waveform to a series of digital servo 

values with the A/D converter; and 

(c){ii) applying the servo sample clock signal to the sample clock 

input to operate the A/D converter at the servo sample rate 

during the converting step {c)(i). 

ii1iiiiiii 
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11. A disc drive storage device for accessing data on a storage 

medium, the disc drive comprising: 

a read head for generating a user data waveform. and a servo 

waveform as the read head passes over a user data area 

and a servo area, respectively on the storage medium; 

a read channel comprising: 

a first analog-to-digital (A/D) converter which is coupled 

to the read head and has a user data sample rate; 

and 

a user data detector circuit which is coupled to the first 

A/D converter; 

a servo channel comprising: 

a second A/D converter which is coupled to the read head 

and has a servo sample rate which is independent 

from the user data sample rate; and 

a digital servo demodulator ';\1hich is coupled to the second 

A/D converter and has a position error output 

that represents a distance and direction that the 

read head is displaced from a location on the 

storage medium; and 

a servo system coup~ed to the servo channel for positioning the 

read head over the storage medium based in part on the 

position error output. 

12. The disc drive of claim 11 wherein the servo sample rate is an 

integer multiple of a fundamental frequency of the servo 

waveform. 
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13. The disc drive of claim 11 wherein the servo sample rate is a non­

integer multiple of a fundamental frequency of the servo 

waveform. 

14. The disc drive of claim 13 wherein the servo sample rate is greater 

than five samples per cycle of the servo waveform. 

15. The disc drive of claim 11 wherein the digital servo demodulator 

comprises: 

a multiplier having a first input-coupled to the second A/D 

converter; 

a demodulation signal generator which generates a demodulating 

signal that is synchronized with the servo waveform and is 

coupled to a second input of the multiplier; 

an accumulator having an accumulator input coupled to an 

output of the multiplier and having an accumulator output 

coupled to the position error outp11t. 

16. The disc drive of claimll wherein the servo channel further 

comprises: 

a phase-locked loop (PLL) which is coupled to the read head and 

has a servo clock output; 

a register for storing a sample clock variable; and 

a programmable frequency synthesizer coupled to the servo dock 

output and the register for modifying the servo clock 

output by the sample clock variable to produce a sample 

clock signal on a sample clock output, wherein the sample 

clock output is coupled to a sample clock input of the 

second A/D converter. 



W000/00976 
' lllllll \lllll lllll lllll \l 1111' ··;;· 

* C L M S * . 
PCT/US99/13969 

-33-

17. The disc drive of claim 11 wherein the read channel and the servo 

channel are integrated on a single integrated circuit. 

18. A disc drive storage device for accessing data on a medium, the 

disc drive comprising: 

a servo structure for positioning a head over the medium based 

on a position error for the .head relative to the medium; and 

integrated read channel and servo channel means for receiving a 

user data signal and a servo signal from the head and for 

generating the position error synchronously to the servo 

signal. 

~ I 


