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ABSTRACT

This thesis develops a scheme that improves the seek reliability of
standard optical disk data storage devices. In general, seek reliability in
an optical disk drive is relatively poor when compared to that of the
magnetic disk drive. This is due to the number of technological chal-
lenge;s that the optical drive encounters, such as very narrow track pitch
(about‘ 1.6 micron), relatively new and imperfect media, low‘ bandwidth
actuatérs and higher revolution per minute require;ments. Since the seek
function is one of the key functional components of the optical data |
stofage device, a éeek failure adversely impacts the access time and a
seek reliabil‘ity improvement methoci is desperately needed. In this
thesis, a solution method which incorporates a low-pass filter and a
phase-locked loop is proposed. This scheme applies the low-pass filter
to correct for the seek functiqn problems at the low frequencies and
actuates the phase-locked loop to solve the seek function problems at
the high frequencies. An integrated design of the low-pass filter and the
phase-locked loop, as developed here, provides an attractive method for

improving the seek reliability.
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CHAPTER 1.
INTRODUCTION

Optical data storage technology has beén one of the mbst active topics
in the storage industry dﬁring the past several decades. The reason for.

this stems from the fact that optical disk drives offer several advantages
over the use of traditional magnetic Storage devices. Compared tor mag-
netic disk or tape 4recording, a typical optical storage system provides a
higher density of stored information as well as the ability to record and

retrieve data without physically contacting the recording medium.

This chapter gives an overview of the optical data storage technology,
states the problem of interest, and presents the organization of the

thesis.

1.1 Overview of Optical Data Storage Technology

In optical recording, high data densities can be achieved for two
reasons. First, the small size of a focused spot allows individual bits to
be placed close to one another. Second, very accurate tracking can be_
achieved which allows tracks of data to be packéd at high density. A

bit density as high as 10%bit/cm?, which is one to two orders of magni-
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tude higher than the best achievable density Ain'magnetic recordings | 1],

is readily feasible in optical recording systems.

A typical optical disk drive is shown in Figure | which consists of the

following principal components:

o The media: The recording medium is embedded in a disk which

rotates under a focused laser beam.

o The head: The laser and its associated optics and opto-electronics

constitute the read/write mechanism.

o The channel: The error correction code, write equalizer, pre-amp,

read equalizer, detector and decoder constitute the channel.

o The servomechanism: The actuator and its electronic circuits help
to keep the laser in focus, to provide tracking to a groove on the
medium, or to move radially to address different tracks on the

disk.

° The controller; Among the several functions of the controller, the

primary function is to interface the disk drive with the computer.
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The two components of particular significance for the work reported in
this thesis are the medium and the servomechanism. Therefore, a brief
description of the optical disks and the servomechanisms follows.

1.1.1 Optical Disk

The major thrust in much of the reseafch on optical storage systems
today centers around the materials énd techrﬁques that will make
erasable media feasible in commercial data storage systems. A principal
result of this research has been the advent of magneto-optic media

which is the most attractive technology developed to date.

Magneto-optic recording is a combinatiqn of optical recording with the
reversible characteristic of magnetic media. In fact, it strongly resem-
bles the technique of ‘vertical’ 'rr.lagnetic recording which is the new
trend in high density magnetic stofage. The magneto-optic medium
_consists of a thin film of ferro- or ferrimagnetic material having a strong
preference for magnetization perpendiculaf to the film surface.

The writing on a magneto-optic medium'is done by:
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° Establishing the orientation of the disk magnetic layer by an

external magnet.

o - Using a laser beam to increase the temperature of the bit to be

written.

o  “Freezing” the magnetization into the disk by lowering the temper-

ature of the bit (turning off the laser).
Figure 2 illustrates the writing process as described above.

Erasing is accomplished by the same process as writing except with the -
external magnetic field applied in reverse. The process of erasing is

shown in Figure 3.

The vertical magnetization is essential in.magneto-optic recording for
the retrieval of written data. Read-out is performed optically using the
Kerr or Faraday effect. These effects manifest themselves as a change
in the state of polarization of light upon interaction with a magnetized
medium. They attain maximum when the magnetization of the material

aligns with the propagative direction of the light.
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Upon reflection, the Kerr effect yields a small rotation of the plane of
polarization of linear polarized light. The direction of this rotation in -
either a positive or negative sense depends on the 'UP’ or 'DOWN’
direction of the magnetization. In read-out, the Kerr rotation will be
detected and demodulated to recover the stored data.

1.4.2 The Servomechanism

The optical disk drive has 3 major servomechanisms:

o A velocity-controlled servomechanism is used to control the
angular velocity of the optical disk. The objective of this servo is
to prevent the angular velocity from deviating from the operating

speed.

o A position-controlled servomechanism is used in controlling the
focus actuator. The objective of this servomechanism is to focus

the laser beam onto the optical surface.

o The tracking servomechanism is also a position-controlled system.
The objective of the tracking servomechanism is to maintain the
focused laser spot at the center of the data track as the disk

rotates.
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The tracking servomechanism can also be switched to a velocity-

controlled servo to perform a seek function.

A sketch showing the typical servomechanisms is given in Figure 4.
Note that a compound actuator, consisting of a fine actuator mounted
‘piggy back’ on a coarse actuator, is used in the radial .direction. The -
use of a compound actuator has become a standard means for

- achieving iricreased servo actuator bandwidths [2, 8,9].

- 1.2 Problem of Interest

The function of searching for the proper data track on the recording
medium for customer data storage and retrieval in the quickest poséible |
manner is the focal point of this thesis. This task is rendered more
difficult to accomplish than in the case of a magnetic disk drive due to
many reasons such as the recording media being relatively new (a lot
more defects), narrower track pitch (typically 1.5 micron), low actuator
bandwidth, etc. Here, the low seeking reliability problem caused by
media defects will be studied. The presence of defects seems to impose
contradictory problems at different seek velocities. At low seek veloci-

ties, the defect appears as noise corrupting the signal which causes extra
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track counting pulses. Whereas, at high seek velocities, the defects com-
pletely wipe out the signal resulting in no track counting pulses, which
is exactly opposite to the problem with low seek velocity. Due to the
abbve defect characteristics, an acceptétble solution for the seek function
improvement should necessarily have two parts, one part to deal with
the problems ;?1t low velocity and the other part to deal with the prob-
lems at higﬁ velocity. In this thests we-shall describe the problems, a
solution method, thé .simulations, and the results in detail. Discussion

of other solution methods will also be presented.

1.3 Outline of Thesis

This thesis is organized as follows. In Chapter 2, the seek function will
be described in detail. It includes the generation of the Tracking Error
Signal (TES) and the use of this signal for executing the seek function.
The velocity profile, the seek criteria, and the seek probleins’ ére also

included.

Chapter 3 provides a solution method for the problem of improving
seek reliability. Here, a scheme that uses both a low-pass filter and a

phase-locked loop is developed. This combination proVides a solution
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with a large dynamic range in the face of a wide variation of seek veloc-
ities. Design procedures for both the phase-locked loop and the low-

pass filter will be illustrated.

In Chapter 4, a detailed performance evaluation using a Dynamic Simu-
lation Language (DSL) simulation and hardware data results will be dis-
cussed. Also, quantitative comparisons to show the seek improvement

will be included.

Finally, conclusions and directions for further research in improving the

seek function are given in Chapter 5.

The major contributions of this work are:

o A combined use of low-pass filter and phase-locked loop technol-
ogies to solve problems arising from defects with large dynamic
range. This solution method allows operation from practically

DC to hundreds of Khz.

o  Design procedures for both the low-pass ﬁltef and the phase- -
locked loop are developed. Specifically, the design of the phase-

locked loop is conducted to meet specific requirements on
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steady-state phase error and tracking to a constant acceleration

with sufficient phase margin.

A demonstration of an overall improvement of seek reliability,
which is desperately needed in an optical data storage device, is

performed.
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CHAPTER 2.
DESCRIPTION OF SEEK FUNCTION

The purpose of the seek mode is to move the head (optical lens) from
one track to another in the quickest possible manner. This includes
many considerations such as head settling time, interaction between
focus and tracking actuators and resonance excitation. Here we will
only be concerned with the accuracy of the track counting portion of
the seek to make sure that it w.ill land at the desired target track even in

the presence of media defects.

As mentioned before, the tracking servomechanism will be switched to a
velocity-controlled servo to perform the seek function. The detailed
description of this function will enable us to understand the problem

introduced by media defects and the formulation of a solution.

24 Tracking Error Signal (TES)

To perform a seek, a velocity profile (velocity vs. distance) provides the
desired velocity to move the laser spot radially inward or outward with
reference to the media. Consequently, a means to measure the actual

-velocity for feedback purposes is needed. This is normally derived from
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the Tracking Error Signal (TES). As the laser spot moves over the
medium across the grooves and lands, the laser optics together with the
electronics generates the TES as described in the following sections.

244 The Laser Optical Part of TES Generation

The recording medium, the laser beam, and the optical lens constitute
the optical part of the TES generation. The medium as mentioned pre-
Viouﬁly is a magneto-optic disk with pregrooved tracks. The users write
their information in preformatted tracks. A typical track consists of a
relatively short heading of pits containing the control information such
as address, format, clock information, etc., followed by a pregroove
where user information can be written. This prégrobve guides the light
spot during write, erase, seek and read actions. When the light spot
nioves over the tracks, the light is diffracted in various directions giving
rise to different read-out signals. For pregrooves, two read-out signals

are of particular interest [ 1,4 ].

o The first signal, called the central aperture (CA) signal, is
obtained by collecting all the diffracted light which passes through
the read-out lens. This signal is used to read the heading pits and

user information.
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o - The second signal, called the push-pull (PP) signal is used in the

servo system as a feedback signal.

The push-pull signal mentioned above is used in the generation of the
TES. As the laser light spot hits the medium, the disk grooves diffract
this incident light into a number of orders. The diffraction orders
overlap and interfere inside the lens pupil. A typical push-pull optical

system is shown in Figure 5.

The phase of + 1 diff"raction orders relative to thé Oth order debends on
the groove geometry and the position of the spot relative to the grooves.
This change ‘in phase versus track position varies the intensity and the
~phase distributions across the beam and is detected as the TES, as

shown in Figure 6:

°  When the radial position of the light spot is at the center of a
groove 6r land (a land is defined as the area between two grooVes
and is the magnetic thin film s.urface.which is closer to the lens
than the groove surface) the diffraction is symmetric in the radial
direction, i.e., just as much light energy is diffracted to the right

as to the left and hence the radial PP signal is zero.
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o - When the light spot is at any other location, the PP signal is non-
zero, either negative or positive.

2.1.2 The Electrical Part of TES Generation

It is obvious from the above illustration to see that all that we have to
do is to position two photo-detector diodes (A and B) to collect the two - -
half signals from the pupil. The difference signal from these two diodes

will give us the desired TES.

In most optical disk drive systems, the TES will be normalized to elimi-

nate the sensitivity with respect to laser intensity. The equation for the

A—B
A+B°

rents from the two photo-detector diodes.

normalized signal 1s TES = where 4 and B denote the cur-

A complete block diagram which includes the optical and the electrical
parté in the generation of the TES is shown in Figure 7.
The TES signal serves many purposes: -

o It can be used as a feedback signal for the track following posi-

tioning servo.
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o If we differentiate this positioning signal, it could be used as a

velocity feedback signal during a seek function.

o Finally, the zero crossing of this TES signal can be used to count

the number of tracks we are seeking across.

2.2 Seek Function

To efficiently perform a seek, we must provide the following informa-

tion:
o  The seek direction: Inward or outward seek?
°  Seek distance: How many tracks do we want to seek?

o The desired seek velocity: This velocity is furnished by a velocity
profile which is a profile of desired velocity versus distance to

travel.

When the above information is provided together with a seek command,
the positioning actuator (starting from zero velocity) accelerates until it

reaches the velocity profile and- then follows this profile finally deceler-
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ating to its target track. During this execution, the actual velocity is

derived from the differentiatéd TES signal and is used for feedback.

The track counting, to determine how far we are away from the target,
is done by decrementing a counter with the zero crossing pulses gener-
ated from the TES.

2.2.1 Seek Profile

The seek profile, as described earlier, -is the desired velocity signal
dufing a seek. It is generated by the maximum speed and the deceler-
ation of the actuafor. A typiéal seek profile is shown in Figure 8, and a
DSL program to generate the velocity profile is included in Appendix

D.

The vertical axis of the graph shows the desired velocity and the hori-
zontal axis displays the distance to travel in tracks.

2.2.2 Seek Criteria

The important parameters for éxecuting a seek function are:
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o Seek time: The seek time is usually defined as the time to seek a
distance of one third stroke (1/3 the usable disk distance), which is
about 6250 tracks (5.25 inch disk). This time is limited by the
acceleration, maximum velocity, and deceleration of the actuator

with a typical seek time being about 80 mil‘lisecond.

o  Retry: When a seek fails to get to the destination track due to the
presence of defects or other reasons, a second try will be used and
then a third try and so on. The maximum number of retries is
usually limit_ed to three. After the fourth attempt, if the destina-
tion track is not reached, a permanent seek erfor is reported. This
could mean either we have a very serious deféct at that track or

some problem with the seek function itself.

2.3 Problem Descrptﬁ@n

Any problems W'ith a seek will result in landing at 'the wrong target.
track. If the problem is landing a few whole tracks too soon or ;coo
late from target, a reseek will be done to get ‘to the desired track.
However, this will cause a penalty in the form of a longer seek time.
Another seek failure, which is more devastating, is when landing too

soon or too late with half tracks involved. This will cause the posi-
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tioning servo to receive positive feedback, making the head move in the

wrong direction. As a result, the actuator will crash against stops.

The problems mentioned above occur because of bad track counting
which can come from many sources: noises, media defects, thermal
effects, etc. Of all the causes, media defects contribute to more than

90% of the occurrence of the problem.

For short seeks (200 tracks or less), the seek velocity (defined as the
amount of :tracks crossed per second) is low (20Khz and below). This
causes the media defects to appear as noise on the TES signal and
results in too mény zero crossings, which will make the seek laﬁd too

soon (Figure 9).

For a long seek (200 tracks and above), the seek velocity is high (20Khz
and above). This causes the media defects to wipe out several cyc;les of
the TES completely and results in too few zero track crossings, which is
completely opposite to the problem with low velocity seeks. Because
insufficient track crossings are counted; the seek maneuver lands beyond

the desired target track as illustrated in Figure 10.
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. CHAPTER 3.
- SOLUTION METHODOLOGY

From the problem description given in the last chapter, we see that it is
difficult to have a solution that will overcome the problems at a low
seek Veiocity while simultaneously improving the performance at a high
seek velocity since their effects are coﬁﬂicting. In this chapter, a few
different schemes for the solution will be discussed, and then explicit

design proéedures will be presented.

3.1 Architectures for Solution

In this section, three solution,metﬁods will be suggested. First, a sol-
ution using a low-pass filter is }presented, which‘ is followed by a sol-
ution which uses a phase-locked loop and finally a combination of the
two methods. Each method will be described in detail and at the end
the combination solution: is selected since it is the only choice that can
provide a satisfactory solution at both low and high seek velocities.

3.1.1 A Solution With Low-pass Filter Method

A logical choice for eliminating the problems during low seek velocities
is a low-pass filter to clean up the noise in the TES signal and then

using a zero-crossing detector to detect and generate track counting
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pulses. The‘ problem with this method, however, is that at high seek
; velocities, the filter will attenuate the TES signal, resultiﬁg in a drop-
‘ping off of pulses during track counting. The overall effect is to make
the problem worse than before. Hence, a low-pass filter alone would
not be adequate for both low and high velocity seek functions. One
approach to overcome this problem would be to use the filter at low
seek velocities only and bypass it as the seek velocity gets higher. This
would improve the overall séek performance but still does not com-
pletely fix the problem, due to the missing track count at a high seek

velocity due to the media defects wiping out the TES signal.

A block diagram to illustrate the use of a low pass filter is shown in
Figure 11.

3.1.2 A Solution With Phase-locked Loop Method

From an examination of the high velocity seeking problem we see that
defects cause missing track counting pulses. The resulting signal is a
ve& familiar signal to the communications engineer.‘ In a recording
channel, the data signal represents a string of ones and zeros where a
one would cause a transition and a zero would not (Non-Return-to-Zero

NRZ signal).
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In order to determine how many zeros exist between the ones, a clock
regeneration is required. A phase-locked loop (PLL) is used to lock on
to the data signal and regenerate the clock signal. Using this clock, the

number of zeros between the ones can be detected.

Using the same idea, a PLL will be used to lock on to the TES signal
and once the loop is locked, the clock signal can be used for identifying
the track counting pulses. This clock signal will make up for the

missing pulses caused by media defects.

However, a problem with this solution method i's that- at a low seek
Velbcity, the extra noise in the TES signal (from media defects) will
- cause the PLL to lose lock. As we did in the case of the low-pass filter
mbdiﬁcation, the PLL technique can be ‘modiﬁed to overcome its short-
comings. - This would consist of a scheme to simply bypass the PLL at
low seek velocities and enable it as the seek velocity increases. This will
improve the overall seek performance but still does not fix the problem' ‘

of extra track counts at low seek velocities.

A block diagram that illustrates the use of a PLL is shown in F igure 12.
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3.1.3 An Integrated Solution Method

As can be seen from the above discussidn, thé problem can be_ divided
into two parts and hence the soldfion also has two portions: one to
deal with low velocity seeking and the other with high velocity seeking.
Thus, a combination of the above two solutions should provide a satis-

factory solution to seeking at all velocities.

The principal components of this solution are the following:

o At a low seeking velocity, a 4th order low-pass filter will get rid

of the TES noise problem.

o At a high seeking velocity, a PLL will recover the track counting

pulses that were wiped out due to defects.

The .block diagram architecture of this integrated solution is shown in
Figure 13. With this architecture, at the beginning of the seek, the low-
pass filter would be used until the seek velocity reaches a predetermined
threshold value and then the PLL will be switched in. The PLL stays
locked on until the end of the seek where at a certain threshold velocity,

the low-pass filter will take over.
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3.2 Low Pass Filter Design
In this sectioh, the first half of the solution (the low-pass filter) is
designed. Important items such as the filter bandwidth, specific design
procedures and simulation results are discussed.

3.2.1 Cross-over Frequency

The cross-over frequency is a threshold frequency at which the phase-
locked loop will be switched in and is maintained for hi-gﬁer frequency
values. For frequencies beiow this threshold, our solution will employ
the low-pass filter. Since during the execution of a typical seek func-
tion, the head will accelerate up to a high velobity in a very short time,
the phase-locked loop will be used for a greater time. Therefore it is
desirable for the phase-locked loop to cover as large a range of seek
- velocities as possible, with a minimum dynamic range of 10:1 being pre-
‘ferred. Very few components on the market today can fneet this
requirement and one of these is the module CD4046 made by National
Semiconductor. This PLL module provides the large dynamic range
required since it contains a Voltage Control Oscillator (VCO) with the
frequency range capability of 10:1. With the top seek velocity of

150Khz, the lowest velocity that the VCO can follow would be 15Khz.
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A threshold frequency of 20 Khz could then be used in order to have
some margin for the VCO.

3.2.2 Filter Design

As discussed above, for all seek velocities not exceeding 20Khz, we will
be using the low-pass filtér. Thus a 4th order low-pass filter with the
cut-off frequency at 20Khz will be designed. For a flat response in the
passband, a Butterworth type filter is selected. The procedure to design
an active filter to satisfy the above criteria is available in many text-

books. The following procedure is a standard one and is taken from

[7].

1. Factor the filter transfer function into two second-order transfer

functions of the form

2
Vour (KCw;) 0
v. — 2 2,
in (s" + Bw,s + Cw,)

In this case, K= 1 and hence

2
Vour _ (ch) ®)
v. = 2 2
i (s" + Bw,s + Cw,)
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The coefficients B and C in équation (2) are those for the normal-

ized case and are given in Appendix A of reference [ 7].

First stage: B =0.765367 C=1
Second stage: B = 1.84776 C=1
Select a standard value of C(, (preferably near }0 wfH and a
standard value of C; satistying
2
(B°Cy

Now, choosing C, = 2700 pf and calculating (), from equation

(3) we have C, < 198 pf from which we selected C; = 180pf.
Calculate the resistance values given by

Ry= 4__ —8.2Kohm  (4)

[w(BC, + J (B*C5 —2€C,CY)]

R1=R2

Ry = l = 15.8Kohm. (5)

37 2
[CC1C2CI)CR2:I
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S. Select standard values of resistance as close to the calculated

values as possible and construct the filter.

Repeating the above procedure to calculate the values for the second

stage yields the values given in Table 1.

Component First Stage Second Stage
R, 8.2 Kohm 3.4 Kohm
R? 8.2 Kohm 3.4 Koi)m |
R; 15.9 Kohm 6.9 Kohm

G 180 pf 1000 pf

G 2700 pf 2700 pf

Table 1. Component Values for 20Khz 4th Order Low-pass Filter
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3.2.3 Hardware Implementation

The infinite-gain multiple-feedback circuit is shown in Figure 14. This
circuit is called a multiple-feedback (MFB) circuit because of the two
feedback paths through Cl and R2, and because the operational ampli-
fier is serving as an infinite gain device rather than a finite gain device.
The tWo stagés are cascaded to obtain the 4th order effect.

3.2.4 Simulation Results

Simulation studies using the Advanced | Statistic Analysis Program
(ASTAP) are conducted to obtain the response of the circuit in Figure
14 [5]. This progfam has a library model for all of the discrete devices
such as resistors, capacitors, transistors, op-amps, etc, very much like the
industry standard SPICE ‘simulation program. The user will conhect
these discrete components together to obtain the desired circuit and run
the simulation. A sample ASTAP program for a 20Khz filter is
included in Appendix A. The response of the low-pass filter is shown

in Figure 15.
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The nomenclature for the frequency response plots is stated below.

o The solid line VIXX is the magnitude response. The vertical axis
for this trace is on the left hand side of the graph with the units

in decibels (db).

o  The dashed line of VJXX is the phase response. The vertical axis
for this trace is on the right hand side of the graph with the units

in degrees.

o  The horizontal axis is a log scale of frequency with the units

expressed in gigahertz.

From the Bode plots we see that the magnitude response is flat from
DC up to 20Khz. At 20Khz the magnitude is 6db down and then rolls
off with a slope of -80db per decade beyond 20Khz. Thus, the magni-

tude response is acceptable as expected.

Looking at the phase response, we see that it is being shifted by 180° at
the cutoff frequency of 20Khz. This however constitutes a serious
problem because a track counting pulse will be generated from the posi-

tive zero crossing on the filtered signal, which will occur at the negative
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zero crossing of the unfiltered signal which the phase-locked loop will
lock onto. Thus, at the transition time (from low-pass filter to PLL),
the track counter first counts the pulse from the filtered signal and then
counts the pulse generated from the PLL. But these two pulses come
from the same zero crossing which means a single iero crossing is being
counted twice. As a result, the seek will end at .half a track away from

the desired target which causes it to crash as described in Chapter 2.

To avoid‘ this problem, another requirement for the filter is that the.
phasc}e delay should be at most 90° af the 20 Khz threshold‘ frequency.
* This design criterion moves the cut-off frequency of the low-pass filter
to at least 40Khz. For insuring some safety margin, we will set the

cut-off frequency at 50Khz.

The design for the 50Khz 4th order Butterworth low-pass filter using the
same procedure as described above yields the following component

values given in Table 2.
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Component First Stage | Semnd Stage
R, | 3.3 Kohm 1.35 Kohm
R, 3.3 Kohm | 1.4 Kohm
R; | 6.4 Kohm 1 2.8 Kohm

G | 180 pf 1000 pf

G | 2700 bf 2700 pf

Table 2. Component Values for S0Khz 4th Order Low-pass Filter |

3.2.5 Simulation of 50Khz Low-pass Filter

The results of the simulation for this filter are shown in Figure 16.
From this plot; one can observe that the phase delay now is about 60° -»
at the 20Khz threshold frequency which is very good. Also, the atten-
uation of any noise in the frequency range above iOOKhz is at least

23db. Thus, this filter should be sufficient for our application.
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3.3 Phase-locked Loop

This part of the solution deals with overcoming the loss of performance
due to media defects at high velocities. At high seek speeds, media
defects cause the TES signal to drop out completely and as a resﬁlt,
pulses for track counting are missed. The motivation for using a phase-
locked loop to overcome these problems has been explained before and
mainly is used to regenerate the clock signal. In this section, we shall
discuss the details of designing a PLL for the present application.

3.3.1 Introduction to Phase-locked Loop

A phase-locked loop contains three basic components: a phase detector
(PD), a loop filter, and a voltage-controlled oscillator (VCO), whose fre-

quency is controlled by an external voltage.

A block diagram of a basic phase-locked loop is shown in Figure 17.
The input to the phase detector will be the TES limited signal. The

phase of this signal is compared with the phase of the VCO and the



TES lim. Phase Loop

-» Detector Filter

Figure 17. Block Diagram of Phase-locked Loop
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output of the PD is a measure of the phase difference between the two
signals. This difference signal is then filtered by the loop filter and
applied to the VCO as the control voltage. The control voltage on the
VCO changes the frequency in a direétion that reduces the phase differ-
ence between the two input signals of the phase detector [ 3]. 'When
the loop 1s locked, the control voltage is such that the frequency of the
VCO is ekactly equal to the average frequency of the input signal. For
each cycle of input there is exactly one cycle of oscillator output.

3.3.2 Phase Detector |

- The selected module CD4046 (discussed in Section 3.2.1) consists of a
low power linear voltage-controlled oséillator, a zener diode, two phase
comparators, and a source follower. The si‘gnal input can be directly
coupled for a large voltage signal, or capacitively coupled to the self-
- biasing amplifier at the signal input for a small voltage signal. In our
case, the TES input signal will be passed through a limiter circuit which
gives a TTL level signal at the output. A block diagram for this module

is shown in Figure 18.

The phase comparator I is an exclusive OR gate and the phase

comparator II is an edge-controlled digital memory network.
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Phase comparator I is selected s‘ince during the periods of absence of the
TES signal (due to media defects), the phase comparator oufput will
still provide a steady-state holding'signal. This phase comparator pro-
vides a digital error signal (at the phase comp. I.out pin) and maintains
a 90° phr;lse shift at the VCO center frequency. Due to this reason, we
would like the VCO running at twice the TES limited frequency so that
we will have VCO transition edges locking with the TES edges. This is
necessary because counting pulses will be generated from the rising
edges of the VCO and these pulses have to aligh with the transitions of

the TES limited signal.

Figure 19 shows the timing diagram for the phase detector whose opera-

tion can be described as follows.

o - The top trace of the timing diagram shows the TES limited signal
with a few missing pulses to illustrate the response of the phase

detector.

°© - The other input to the detector is the VCO output divided by 2.
This signal will be locked 90 ° out of phase with the TES limited

signal.
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o The XOR line is the output of the phase detector which is an

exclusive-OR function of the two inputs.

o  The low-pass filter output, which averages the output of the phase
detector, is used as the control voltage of the VCO. Notice that
during the time the TES signal is nulled due to'the media defects,
the low-pass filter signal on the average maintains the same DC

level and thus keeps the VCO frequency unchanged.

o The VCO line is the output of the VCO which is running at twice

the TES frequency.

o A single shot fired at every VCO rising edge is used to decrement
the track counter.

3.3.3 Feed-Forward Technique

In this application, a small difference from the basic loop described
above is employed. When a long seek function is performed (full stroke
seek), the actuator starts out at zero velocity, accelerates up to top speed
and maintains this speed until finally decelerating down to the destina-
tion track. This velocity profile covers the full dynamic range of the

VCO. From this we see that the control voltage for the VCO will swing
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full range and have very little room to feact to the TES signal defects.
A feature of the »CD4046 module is an additional adjustment input to
the VCO. The VCO free running frequency will vary with a reference
current established by an input voltage through an external resistor.
The velocity profile voltage is a perfect signal to feed into this reference
current input, since it knows ahead of time what the actuator velocity
should be. With this reference current information, the VCO will run
very close to the desired frequency, which will make the control voltage
stay close té zero and allow a sufficient amount of dynarﬁic headroom

to compensate for any media defects.

However, at the start of the seek, the velocity profile voltage is not a
good indicator of the actuator velocity since the actuator has to accel-
erate from zero velocity. A ramp generator to approximate the acceler-
ation of the actuator is needed. This ramp signal is used until the
velocity profile voltage is reached, which indicates that the actuator
velocity is finally at the same velocity as the velocity profile. At this

time the velocity profile voltage is switched in.

Figure 20 illustrates the feed-forward technique described above. The

block diagram shows how the feed-forward signal is created by first
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using the output of a ramp circuit and then switching over to the
velocity profile when the two signals meet.

3.3.4 The Voltage Controlled Oscillator

There are many requirements placed on VCOs in different applications.

For our application, the more important requirements are the following.

°  Large dynamic range: This is needed because of the large velocity
range that the actuator will go through during a typical seek. In
the present case, the minimum range should be from 20 Khz to
200 Khz. The VCO capacitor is selected from a curve in the spec-
ification of the PLL module CD4046. For C = 1000 pf and R =

10 Kohm, the center of the frequency range is about 60 Khz
which is close to the middle of our frequency range of interest.
Thé adjusted value for the resistor can be evaluated as R = 6.8 |

Kohm.

o  Linearity of frequency versus control voltage: This is required in

a linear system.

o Large gain factor (Ki,): In our case, with an oscillator capacitor

value of 1000 pf and the reference resistor valu;é’ of 6.8 Kohm; the
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measured control voltages and the corresponding values of the

clock frequency are given in Table 3.

Control Voltage (Volts) | Clock frequency (Khz)
3.1 10.4
| 3.0 24.2
2.9 37.6
2.5 89
2.0 147
1.8 172
1.4 227

Table 3. Control Voltage Versus Frequency of VCO
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From this table, a plot can be generated and the VCO gain can be
determined (see Figure 21). From Figure 21, it may be observed
that the VCO response is quite linear over the frequency range of
[0 Khz to 220 Khz. The gain constant can be calculated by
dividing the difference in freciuency by the difference in the con-
trolled voltage. Thus the gain constant is Ky, = 2nf rad/volt‘and

f= 120000H>.

" Disable capabil.ity: The CD4046 module exhibits a nice feature as
a result of having the INHIBIT pin. This pin will turn the VCO
off when the pin is at a TTL high level and will start the
oscillator when at a low TTL level. The advantage provided by
this pin is that the oscillator can be started in phase with the TES
limited signal to eliminaie the phase acquisition problem. But, a
drawback to this approach occurs during non-seeking periods.
When not seeking, the TES limited signal will be léw and the
oscillator is off. Thus, the output of the comparator will be low
causing the loop filter to be discharged down to the ground level.
This is an undesirable situation since the loop filter when idle
should be at the same voltage level as when the loop is locked.

- The problem can be eétsily overcome by feeding a high frequency
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signal in place of the TES limited signal during the idle time. This will
produce a response equivalent to a zero phase error from the phase
detector. There is a 400 Khz clock in the system that can be used for

this purpose.

The block diagram of the Voltage Control Oscillator is shown in Figure
22, which displays the RC components, the INHIBIT input, the feed-
forward and the control inputs.

3.3.5 Loop Equation

A block diagram representation of the phase-locked loop for conducting
analysis is shown in Figure 23. Let F(s), K, , and Ko denote thév loop
filter, the phase detector, and the oscillator transfer functions‘respec-

tively. Using these, the following equations can be written.

(Zcho)
A

o Forward gain: G(s) = K, x K, x F(s), where K, =

Note: The factor of 2 appears since we want to run at twice the
TES frequency. K, has a pble at the origin since the phase of the

oscillator, not the frequency, 1s compared by the phase detector.
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Feedback: H(s)=1(n=ej{7 where N=2.

The PLL opeh loop transfer equation becomes

G(S)H(S) — (KP X F(j) X cho) ) (6)

The closed-loop transfer function is

(Gl
- (1 + G(s)H(s))

Cls) (7)

The error equation for the phase-locked loop s

1
(1 4+ G(s)H(s))

x 0(s). (8

X 95(8) =

s
(s + KK H(s))

3.3.6 Design Criteria

The specifications for designing the phase-locked loop are stated below.

o

Tracking to acceleration: The acceleration of the actuator is being
cancelled out by.the feed-forward signal. Therefore, only the
radial accelerafion of the media, which is 11.5 m / sec? (from
media specification) needs to be tracked. However, since the feed-

forward may not be perfect, this specification will be doubled to
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include the difference between the actuator response and the feed-

forward signal.

m
sec?

Thus, accelerati_on = 0,=23

o A typical specification for the phase error is:

Maximum acceleration phase error = 10% of a track pitch =

10% of 1.6 micron.

Thus we have: 6,= 0.1 (1.6 x 107%) =0.16 x 10-°.

- © A phase margin of at least 45°. This is a typical number selected
to ensure stability 6f the loop.

3.3.7 Steady-state Error

To calculate the steady-state phase error, one can use the limiting opera-
tion from the Final Value Theorem of Laplace Transforms,

;im Y1) = linol sY(s) .

Even though during a seek, the actuator starts out accelerating from rest

until it reaches the top speed, coasts at top speed and finally decelerates
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to the target track, the VCO is fed forward this same information. As a
result of the feed-forward signal into the VCO, the error voltage should
be very near zero volts. In the following discussion, the equation for
the steady-state error with a step acceleration input is presented. This
equation will be used later to calculate the loop filter components to

meet the acceleration phase error requirements.

)

a
83

For a step acceleration input: 0{s) =

Hence, -

0
0,()=—5—= - 0O
(s°(s+ KvaF(s)))

It is evident that lin(} s0(s) will become oo unless the term F(s) has at

least an s in the denominator. Therefore, let us write

(Bs)
= (10)

F(s)=

with the definition of E(s) given later. Then equation (9) becomes,
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. é
0(5) = —5— (1)
(s(s” + K,K,E(s)))

and hence the steady-state error can be evaluated as

a

¥
0. = lim s X 5
70 (s(s” + KKLE(9)

P
= lm 3
=0 (s° + KK, E())
(K,K,E(0))

a

(12)

Since the denominator has the form s? 4+ 2&w,s + w3, 0, can be evalu-

ated finally as

) )
9 z = (13)

“T(KKE0) o

From this equation, the natural frequency can be determined to meet

the steady-state phase error and the input acceleration requirement.
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3.3.8 Loop Filter Design

Since the specifications require acceleration to be tracked, a second
order loop filter is needed. Using the loop filter configuration shown in

Figure 24, the following design equations can be derived:

° Transfer function

Voul(s) B (st3 +1)
Vi) ((st1 +1) x (s12 +1))

F(s) = (14)

where:

(=RICl=—7-,  5=RC2=—,

'13=R2(c1+cz)=% .

°©  From the expressihon for the steady-state error in equation (13), we °
see that E(0) is needed. To calculate this, using equations (10)

and (14) we get

(s X (s13+ 1))
((ST[ + 1) X (S’Z'z + 1))

El(s) = sF(s) = (15)



Figure 24. Loop Filter Block Diagram
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We see that when s — 0, E(s) becomes zero and therefore 0, will
be indeterminate. Hence to calculate E(0) , we have to. do some
approximation. Assuming 1, is large, equation (15) can be

rewritten as

L xGmAD) (D)
B =sFS) = oS et 1)~ o x Gt 1) (16)
and hence
E0) =+

Substituting this value of E(0) in equation (13) yields

Oa Oa Oa
0, = = = 17
o REEO) gLy
1
and hence,
KK, K,K,0,
(KK (KEKf) is)

w3 Oa



For the parameter values,

__6 _ 0000
K,= o K,=2nf,  f= 120000Hz
=B O,=1x16x10"°m ,

SeC
'we-obtain

(2@ x 120000 x 6 x .1 x 1.6 x 10-°)
B (2 x 7 % 23)

T1

From equation (14):

7. = RIC1 .

Selecting a value of C1 = 0.22uf, we obtain a value for RI.

T .005
Cl (0.22 x 1079)

Rl = = 22.7Kohm

= .005 .

78
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For calculating the value of the other capacitor and resistor, the
pole and the zero must be located to meet the phase margin

requirement.

From equation (17), we can calculate the natural frequency

. (KK)
Wi == = 144000000

and hence

w,= 12000 and f, = 1910.

The zero location should be placed at half the natural frequency.

Thus,

For the required phase margin, the pole location should be placed
sufficiently far away from the zero. From past experience, a ratio

of 16:1 yields a phase margin of better than 45° and hence
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£=16 x f, = 15280 Hz.

o Now from the obtained pole and zero locations, we can calculate

the value for C2.

b _ o (RUCI+C2) _ (C1+CD)
£ T (RICH T Cl
and hence

_Cl_ e
C2=—-=14.Tnf

o The value for R2 can be easily found as

1

R2 =)

= 7080hm .

To summarize the design, the selected loop filter components are given

in Table 4.
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Component Value

R, | 22 Kohm
R, 680 ohm
C 0.22 uf
G 15 nf

- Table 4. Component Values for Loop Filter
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CHAPTER 4.
PERFORMANCE EVALUATION

- The solution presented in the previous chapter for improving seek reli-
ability results in quite a complicated system. Some of the complex
issues involved in the .design are the transition between using the low-
pass filter and the phase-locked loop, the phase lock acquisition, and the
matching of the feed-forward signal with the actual actuator velocity.
- As a result, a perforrhance evaluation of this system is not a simple task.
Some of the performance measurements can only be performed fhrough

simulations and some through building prototype circuits.

The results of a performance evaluation therefore will be presented in
two main sections. One type of evaluation is obtained through the use
of computer simulation and the other evaluation will be in terms of

hardware prototype data.

4.1 Performance Evaluation Using DSL Simulation

In this section, a brief explanation of the software Dynamic Simulation

Language (DSL) will be presented followed by the simulation results
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showing the performance in terms of the transfer function of the loop
filter, and the system’s open loop and closed loop frequency responses.

4.1.1 Dynanﬁﬁc Simulation Language

The Dynamic' Simulation Language (DSL) is a high level programming
language suited primarily for the simulation of engineering and scientific
problems of a continuous natﬁre. DSL combines the building-block
approéxch of analog computer programming Witﬁ the power of logical
and algebraic notation. It provides the user with a library of functional
blocks such as integrators, limitérs, arbitrary function generators, delays,
crossing detectors, etc., from which a physical system model may be
constructed [6] . |

4.1.2 DSL Results

The results of performance evaluation by simulation are shown in
Figures 25-28. The DSL program for this simulation is included in
Appendix B. All these figures are Bode plots and their axes are the

following:
o The horizontal axis is a logarithmic scale of frequency.

o The left axis-has the magnitude scale in db.
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o The right axis has the phase scale in degrees.

In the following, we shall discuss each of these plots with the objective
of ensuring that the system behavior is indeed proper and the design

criteria are met.

1. In Figure 25, the frequency response of the system which consists
only of a phase detector and a VCO (without the loop filter
compensator) is plotted. This system is of first order as expected

from the VCO.

The solid trace (MAGSYS) shows the magnitude response of the

system and it has a -20db/dec. slope as expected.

The dashed line (PHSYS) shows the phase response of the system
which is a constant -90 degrees, representing a single pole at the

origin.

2. Figure 26 shows the frequency response plot of the compensator -
filter. From design equation (13), it can be seen that the filter has
a zero at about 1 Khz and two poles, one at 30 Hz and the other

at 15.3 Khz.
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The magnitude plot of the loop filter (MAGLFT) starts out at
0db from the origin, then rolls off with a slope of -20db/dec at
about 30 Hz (pole P1). At about 1 Khz», the curve flattens out
horizontally since a zero is reached. Finally, at about 15 Khz
(pole P2), the magnitude again rolls off with a slope of -20db/dec.
This mégnitude response perfectly represents the filter character~

1stics.

Tﬁe phase of this filter (PHLFT) begins at 0° rolls down toward
—90° as it sees P1 at 30 Hz. Next, the presence of the zero brings
it back toward 0° which is followed by the effect of the pole P2
which pulls this phase towérd —90° again. The net effect on the
phase response is a phase bubble generated between the zero and
P2 which will give the required phase margin to the Qverall system

as can be seen in Figure 27.

In Figure 27 is shown the loop gain response for the whole phase-
locked loop system. This plot vividly displays most of the charac-
teristics of the system.  The phase margin, gain margin,

bandwidth, etc., can be determined from this plot.
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The magnitude reSpoﬁse (MAGSTD) is a combination of the two
previously described magnitude plots. Therefore, it has a slope of
-20db/dec from the origin which increases to -40db/dec at the first -
pole P1 (30 Hz). At about 1 Khz, the slope will become
-20db/dec because of the zero and finally it increases to -40db/dec

at the second pole P2 (15..8 Khz).

The phase response (PHSTD) is also a combination of the two:
phase plots. The phase starts out at —90° , rolling down toward
—180° due to the pole Pl, then goeé back to —90° as the zero is

seen and finally approaches —180° due to.the pole P2.

The phase margin of the system can be evaluated when the magni-
tude trace crosses 0db. The phase value at this frequency is about
120° and thus the phase margin is ¢, = 180 — 120 = 60°. This

verifies that the design gbal (at least 45 °) is achieved.

The frequency response of the closed loop transfer function is
shown in Figure 28. This plot can be used to determine the band-

width of the overall system.

The magnitude plot (MGSTDI) indicates a bandwidth of about

3.5 Khz matching the bandwidth of the open loop plot (0db fre-
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quency). - A peaking magnitude of only about 2db also indicates a

good phase margin.

The phase plot (PHSTD1) starts out at 0° and rolls down toward
—180° at the cutoff frequency. This indicates that the overall

system is of second order as expected.

A relatively high bandwidth for the system is expected because of

m
sec?’

our desire to track a relatively -large acceleration of 23 (This

is more than twice the gravitational force.)

4.2 Hardware Data Evaluation

Before presenting thé graphs of data, some details on the circuit opera-
tion will be given to clarify the seek function. The following section
describes the starting, accelerating to top speed, coasting, decelerating
and finally ending actions during a typical seek motion.

4.21 Operating Sequence of Circuit

In general, the following sequence will describe how the seek command

1s executed:



Figure 25. Phase-locked Loop System With No Compensation



ure 26. Loop Filter Transfer Fu



..1|@c_,m 27. Seek Through Defect Loop Gain Response(G(s)*H(s))



Figure 28. Seek Through Defect Closed Loop Response
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First, the computer will requiré the optical drive to go to some
location for data storage or retrieval. The microprocessor on the
drive will figure out how many tracks from where the.actuator is
currently located to the desired location and the direction (toward

center of disk or outward) of the seek.

The number of tracks to seek is then loaded into a counter and
the counter output is connected to the address of the ROM seek

profile.
A seek flag then becomes active and the seek is started.

As the actuator accelerates from the rest position, the TES signal

‘will be monitored for switching velocity in the following fashion.

o At every positive TES zero crossing, the INHIBIT line of

the VCO will go low to enable the oscillator.

o The oscillator will start oscillating at its free running fre-
quency first at a high level and then low. This périod (high
then low) is set at 25 usec (for a frequency of 40 Khz which

is twice the TES frequency of 20 Khz).
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o Within the above 25 usec period, if the TES negative zero
crossing has not come through, indicating that the velocity
is still below 20Khz, the rising edge of the oscillator will

bring INHIBIT high and in turn disable the VCO.

o~ The TES velocity monitoring routine repeats itself as above
until within the period of the VCO the negative zero
crossing of TES occurs, indicating that the TES speed has

reached the VCO speed.

A latch will turn on to prevent the VCO rising edge from turning
the INHIBIT line active and the multiplexer is switched to select

the PLL output pulses instead of the low-pass filter pulses.

The seek will then accelerate to maximﬁm velocity, coast at that
- speed, and finally decélerate towards the end of the seek. During
this whole iime (since the seek flag is activated), t'he counter 1is
counting down using half track crossing pulses output from the
multiplexer. As a result, this counter keeps track of how far the
head is away from the target track and controls the ROM profile

to output the proper desired seek velocity.
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7.  Now, a threshold level is set to check against the feed-forward
profile such that when the seek is at about 15 Khz the multiplexer
is changed back to select the low-pass filter output and also to
reset the latch to activate the INHIBIT line and turn off the

VCO.

8. The seek motion continues to decelerate until the counter reaches
zero. At this time the seek flag goes inactive, terminating the seek
and sWitching the servo back into its track following mode.

4.2.2 Graphs

The performance evaluation in this section will be done by studying the
pictures captured by a NICOLET digital oscilloscope. The dynamic
behavior of the starting, locking and ending sequences will be shown in

Figures 29-33.

1. Figure 29 shows the starting sequence of a seek. This plot dem-
onstrates -how the PLL starts in 'phase with the TES signal and -

how the low-pass filter is switched out.

The top trace of the plot is the output of the multiplexing opera-

tion between the TES filtered and the raw TES signal. Starting
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out from rest at point A, the filtered TES signal accelerates up to
point B. Here the switching to tIie raw TES signal takes place
indicating that the head has reached the crossing threshold fre-
quency. It may be noted that the switching has happened close to
the-‘peak of the ’I‘ES signal. As a result of this, there are no
missed or extra transient pulses at the zero crossing of the TES

signal where the track counting pulses are formed.

The second and the third traces in this plot are from the
INHIBIT and VCO lines, respectively. These two traces will be'
explained togetl,ier. At every TES positive - zero crossing,
INH‘IBIT goes low (inactive) allowing the VCO to start oscil_-
lating. The VCO oscillates at the free running frequency, first
high and then low. If during this oscillating period, the TES neg-
ative crossing has not arrived, which indicates that the actuator
has not reached the switch over frequency of 20 Khz, the VCO
rising edge will activate INHIBIT, thus turning off the VCO.
When the next TES positive zero crossing occurs, the above
process will be repeated until the actuator reaches the desired

velocity. INHIBIT will then remain inactive and the system is
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switched over to the PLL. which can be seen on the fourth trace in

Figure 29.

The bottom trace is the 4OOKHZ/TESLIM signal. This is an
input to the phase detector. As mentioned in the design section,
when the PLL is ndt in use this input should be some high fre-
quency signal. (400Khz) to initialize the phase error to zero.
When the PLL is finally selected, the TES limited signal is present
on this line. The transition is very élear from the plot, as this line
switches to a iow frequency signal’in phase with the TES signal

(point B).

Figure 30 displays the TES signal and the feed-forward profile for
a 9000 track seek. The seek starts at the cross-mark on the plot

and ends when the top trace goes back to zero.

AThe top trace again is the TES FILTERED/RAW TES signal as
in the previous plot. It shows the various phases dﬁring the
motion which starts out at DC, accelerates up to top speed, coasts
at maximum speed, decelerates down and finally stops. Thére are
9000 cycles of the TES heré, which can not bé counted with .this

resolution, but that is not the purpose for this plot.
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The second trace is the feed-forward profile signal. Although the
signal looks inverted, this profile is correct because from the VCO
description given earlier in Chapter 3, the lower the value of the
voltagé, the higher will be the frequency. This plot shows clearly
the acceleration, coasting and deceleration periods during the
motion. The slope of the deceleration part is a straight line
instead of é curve as showﬂ in Figure 8 because this is a plot of
velécity versus time, and not distance. Towards the end of the
motion, a lower deceleration rate is us'edA for a safer tranéition to

* track following.

In this figure, we also see that the accelerating rate is higher than
the decelerating rate. This is because some force is reserved

during the deceleration to overcome any disturbance forces.

Figure 31 provides an expanded view of the previous picture at
the maximum velocity of the seek. The graph verifies the

soundness of our design.

The second trace in this figure is the VCQO)/2 and the third trace is
the TES limited signal: These two traces are locked on to each

other at 90° out of phase as explained in Section 3.3.2.
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The last trace in the figure displays that the phase detector output
has some speed up and slow down actions during its tracking of
the TES limited signal. It is the filtered version of this signal that

becomes the controlled voitage for the VCO.

Thus the PLL works very well all the way up to the maximum

velocity.

Figure 32 is the ending sequerice of the seek motion. This figure
illustrates the switching off of the PLL and the switching on of

the low-pass filter.

The top trace again is the raw TES signal which switches back to
the TES filtered signal at the vertical line in the middle of the
plot. The switching is done at the peak in order to avoid any
interference with the generation of the track counting pulse (at the

TES zero crossing).

The second trace is the feed-forward signal which also switches off -

at the same place as the TES signal.

The last two traces are those of the 400Khz/TESLIM and the

VCO/2. These show that the PLL remains locked all the way
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down and finally the 400khz/TESLIM (input to the phase
detector) 1s switched back to the 400Khz signal and the VCO is

inhibited at the same location where the top two signals turn off.

In summary, the PLL from start to finish remains locked during the
whole seek time and the transitions always take place at the peak of the
TES signal which does not disturb the track counting pulse" generation.
Thus, all the critical design criteria are satisfactorily met.

4.2.3 Experimental Results

In the previous section, a general discussion of the problems with seek
reliability have Been described, a solution methodology has been out-
lined, Aand a performance evaluation by simulation has been given. In
this section, a brief discussion of the precise improvement in seek reli-
ability will be given and then a few plots of experimental data which

support this discussion will be shown.

As discussed in Section 3.2.1, the phase-locked loop is shown to be used
for a greater amount of time than the low-pass filter during a typical

seek motion. This is the key for the improvement of seek reliability,
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Starting Sequence

mizure 29. Seek Starting Sequence
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15: 10:20

5/00/91

§ &ure 31. Expanded View to lllustrate Locking of Phase



Ending Seiquence
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since it is well known from applications in communication engineering
that a phase-locked loop provides a very reliable method to recover the .
clock signal. This has been proven in the raw data reliability (before
error correction) of any recording channel when using a phase-locked
loop for clo.ck recovery. The réliability of a typical recording channel
(magnetic tape or disk) is about one error byte per one hundred thou-
sand data bytes processed. For the same reason, the seek reliability in

the present application should improve significantly.

An opportunity to work on an opfical hardware disk drive, which
implemented the solution method developed in this thesié, was available.
Uti‘lizing this, two sets bf data were collectéd- to demonstrate the
improvement of seek reliability from {hat drive. Each of the data sets
consist of 2000 seeks with random seek lengths. At the end of each seek
motion, the computer will keep track of how far the actuator is away
from the target. One data set represents the results without the seek
improvement circuit and the othér data set corresponds to the exper-

iment with the circuit enabled.

1. The first plot"(Figure‘33) contains the data set without the seek

improvement circuit.
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The horizontal axis shows the seek lengths. | The seek distances
start at 0 in the middle of the plot, with positive numbers indi-
cating seeks toward the outer diameter (OD) with a seek distance
of up to a‘maximum of 18000 tracks and negative numbers indi-

cating a seek maneuver in the opposite direction.

The vertical axis (TKERRI) reéresents the number of tracks in
error (distance away from the target). Positive numbers for an
OD seek mean the seek was too long. This indicates track miss-
counting due to the TES signal being wiped out. The negative
numbers on this axis mean the same thing for an opposite direc-

tion seek.

This plot indicates that the seek reliability is not very good since
most of the time the seek lands in error. Also, the longer the
seek, the bigger the error will be due to the more defects it will

sec.

The plot containing the data generated using the Seek Through

Defect circuit is shown in Figure 34.

The axes for this plot are the same as in Figure 33. The obtained

graph is almost a horizontal straight line at zero error showing a
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big improvement over the previous plot. The error is only one or
two tracks off as compared to the 60 or 70 tfack errors in Figure
33. This is the final proof that the solution method proposed

here indeed works very well.

In summary, the DSL simulations, the pictures captured from a
digttal oscilloscope, and the acfual hardware data have all pro-.
vided conclusive proof that the integrated solutioxni of the low-pass
filter and the phase-locked loop is indeed a viable sdlution to the

seek reliability improvement problem caused by media defects.
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CHAPTER 5.
CONCLUSIONS

The results presented in ihe previous chapter quantitatively illustrate the |
improvement in the seek reliability. Despite the complexities of the sol-
ution method, the design conducted here has proved to be very effective.
This new application of the well known phase-locked loop technique
from communication engineering indeed provides a very satisfactory sol-

ution to the problem considered here.

In this chapter we shall summarize the major contributions of this work
and outline some directions for further research. The contributions of
this work will be highlighted in Section 5.1 and some future directions

related to this topic will be discussed in Section 5.2.

5.1 Contributions

The first worthwhile contribution of this work is the development of an
' 'i'ntegrated scheme combining a low-pass filter and a phase-locked loop
as a viable solution technique for improving seek reliability. We have
shown that the problem arising from media defects during the seeking

function is of a wide dynamic range and introduces conflicting charac-
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teristics. With the iow-pass filter providing the needed compensation in
the low frequency range and the phase-locked loop compensating in the

high frequency range, the difficult task of seeking in the presence of

media defects has been solved.

The secondAcontribution of this work is the deirelopment of a design
procedure for the phase-locked loop to meet the requirements of a spec-
ified steady-state phase error and tracking to a constant acceleration
‘with sufficient phése margin. Also, the techniques of feeding forward
the velocity signal té the VCO and switching between the PLL and the

low-pass filter offer certain distinct advantages as described earlier.

The last contribution of this thesis is the demonstration of the overall
improvement of seek reliability, which allows an optical data storage
device to locate any area on the recording medium for customer data

storage or retrieval in the quickest manner possible.

5.2 Directions for Further Research

The problems associated with reliable seeking in optical disks mostly

come from media defects, as discussed in this thesis. Thus, a proper



11

way to correct the problem is to improve the medium itself. Better
techniques to control the media production are needed for optical data
storage. As a parallel effort, some methods to improve the solution
presented here could also be developed. Some specific ideas along this

direction are the following:

* A digital phase-locked loop to eliminate the use of loop filter RC
components can cover a larger dynamic range and further can

incorporate all of the control logic in one device.

* Due to advances in modern control theory, a state-space approach
to investigate the overall seek problem looks very attractive. The
corrupted TES signal can be corrected by designing appropriate

state estimators.

Most of the existing data storage devices have an in-built micro-
processor. In order to fully exploit the capabilities offered, a digital
method with modern control system techniques is expected to provide

the best solution for future products.
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A Appendix A.
ASTAP PROGRAM FOR 20KHZ LOW PASS FILTER

*** TITLE 4TH ORDER BUTTERWORTH FILTER 20KHZ BW
b AUTHOR: NHAN X. BUI
e PROGRAM NAME: STD20K

e 05/01/91 16:00
** PROGRAM DESCIPTION:

*** THIS PROGRAM SIMULATES THE 4TH ORDER 20 KHZ BUTTERWORTH
*** LOW-PASS FILTER. THE PROGRAM WILL USE MODEL LF357 FOR

% OP-AMPS. THE INFINITE-GAIN MULTIPLE-FEEDBACK (MFB)

***  CIRCUIT CONFIGURATION IS USED.

A
HHAARARRRRA AR RAABARARARRARRRARRRARARRAARRRRARRR AR R TR AR RN hdn ki

B D R R T R R R R T R R e S T3

MODEL DESCRIPTION
4TH ORDER BUTTERWORTH FILTER 20KHZ BW FOR STD

T T A R R R A R A AR A R AT AR AR AR AT AR ARAARAAAARAAAAARAARR AR AR AR AR RAN

** |N THIS SECTION, THE MODEL FOR THE WHOLE FILTER IS
*** DESCRIBED.
MODEL FILTER()
ELEMENTS .
EIN,GND-IN = COMPLEX MAGPH(1,0)
POINT = (ACPUN(0))

R R R R T T N A AR R A RN A A AN AT AR R A AN AAARARARA AN AN AR AAN

*** FIRST STAGE RC COMPONENTS.
***  RESISTORS ARE IN KOHM, CAPACITORS IN PICOFARAD.
R1AIN- A1 = 8.2
R3A,A1- 01 = 8.2
R2A,A1- N1 15.9
‘R4A,P1-GND = 5.0
C1A,A1-GND = 2700
C2A,N1- 01 = 180
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PR H I A IR RN A KA AT RARARAAANARAATARAR AN TN R ddededede R e dededrdedre ek drdede e de e e o

***  OP-AMP FOR FIRST STAGE FILTER. THE NODE FOR CONNECTION
*** OF OP-AMP ARE (NON-INVERTING, INVERTING, OUTPUT, GROUND)

PR A A AR T R A A AN A AR A AR AR ARAAAAARAAARA R AR AAARRAARARARTAR RN,

OPA = MODEL LF357(P1,N1,01,GND)

AR AR A A A AR A A A AR ARAAA AR A A RAAA XA R ATAAAAARRN R AAA R A AR kRdehdd

*** SECOND STAGE RC COMPONENTS. 7
R1B,01- Bt = 3.4
R3B,B1-OUT = 3.4
R2B,B1- N2 = 6.9
R4B,P2-GND = 5.0
CiB,B1-GND = 2700
C2B,N2-OUT = 1000

*** OP-AMP FOR SECOND STAGE FILTER.

***  OF OP-AMP ARE (NON-INVERTING, INVERTING, OUTPUT, GROUND)

*******ﬁ*‘k*******************************************************

OPB = MODEL LF357(P2,N2,0UT,GND)

R R R NN A TN AR A RAR AR A AN AR AARLNANAANARAAARAARRARARARARARARR

*** FOR 50KHZ FILTER, WE USE THE FOLLOWING COMPONENTS

*** FIRST STAGE RC COMPONENTS.

*** RESISTORS ARE IN KOHM, CAPACITORS IN PICOFARAD.

R1A,IN- A1 = 3.3

R3A,A1- 01 = 3.3

R2A,A1- N1 = 6.4

R4A,P1-GND = 5.0

C1A,A1-GND = 2700

C2A,N1- O1 = 180

***  OP-AMP FOR FIRST STAGE FILTER. THE NODE FOR CONNECTION
***  OF OP-AMP ARE (NON-INVERTING, INVERTING, OUTPUT, GROUND)

RN R R RN R R AN R R AR R AR AR TEAR AR RRARA R RARNAAA AN ARA AR R AR RRRAR

* OPA = MODEL LF357(P1,N1,01,GND)

*

* Ok % * % %

k4
AN R R A AN RA AR AR A RRARNAARAAANAAARRA AR AR AR RN AR AR AR AR R hFrhedh ks

*** SECOND STAGE RC COMPONENTS.

A AT R AR AR AN AR AN AN A AAA AR T AR RN ANNARANAA R AR R AR AR Rr R kR



R1B,01- B1 1.35

R3B,B1-OUT = 1.35

R2B,B1- N2 = 2.8

R4B,P2-GND = 5.0

C1B,B1-GND = 2700

C2B,N2-OUT = 1000

*** OP-AMP FOR SECOND STAGE FILTER.

*** OF OP-AMP ARE (NON-INVERTING, INVERTING, OUTPUT, GROUND)

R R K A A A A R A A N R R A A T A A A A A AN A A AR IR A AR ERRIANRRAANARRART LS

* OPB = MODEL LF357(P2,N2,0UT,GND)

b

¥ 0F % ¥ X %

*

AR AR A R AT A A A AT R T A A A AT AN AT A AR TN AT A RATANATAANAARIRRARIARARRA
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*** DUMMY CURRENT SOURCE ACTING AS METER TO SENSE OUTPUT.

AR A R A A A AN AR TR A AR AR A AR A AR AN AAA A AAARAAAAAARAARRATRIRRRN

JXX,0UT- GND = 0.0

FEATURES
GROUND = (GND)

R A R R A T T R A AN AT AT AT AN AR AT ARAATARARARAARA AN ARRA R AR A ARX

»*  FOLLOWING IS THE EQUATIONS DESCRIBING THE MODEL FOR
*** THE THREE POLE OP-AMP LF 357

MODEL LF357(P-N-O-G)

ELEMENTS

JP-N=0

RIN,P-N =1E4

E1,G-1=(WJ)

C1,1-G =39.79E3

R,1-G=100

E2,G-4 = (2E5*VR)

R2,4-O = .0001

»**|DEAL DIODE LIMITING OUT VOLTAGE OF LF357***

MODEL DIODE1(CB-E)

ELEMENTS

JD,CB-E = (DIODEQ(1E-10,1000,VJD))

R,CB-E=1E6



AR A AR A R A A AR A R R A A A A R A A A A A AR AR A A RN AATANAAAAAARAARAA AR A AR

**  FOLLOWING IS THE EXECUTION CONTROL STATEMENTS, FRIST
*** \WE HAVE TO DO THE DC RUN TO ESTABLISH BIAS FOR THE
*** CIRCUIT.

EXECUTION CONTROLS

ANALYZE FILTER(DC)

OUTPUTS

PRINT POINT

PRINT EIN,VJXX,NOUT

R R A A R R N N R A RN AN N T AN A A AN AT ANARNRIRRAANRARNANTXRRN

***  THE NEXT EXECUTION CONTROL STATEMENTS ARE FOR THE AC
EXECUTION CONTROLS

ANALYZE FILTER(AC)

RUN CONTROLS

A R KA A A AR AR A A AR A AR AN A A A A A AAAXAARAAARNAARANARRARL N -

*** THE FREQUENCY IS IN GIGAHEZT. WE WANT TO SWEEP THE
*+ FREQUENCY FROM 100 HZ TO 1 MEGEHEZT.

START FREQ = 1E-7 |

STOP FREQ = 1E-3

POINTS TER DECADE = 50

*******'k******************‘k*********‘k********‘k*******ﬁ**’****‘k****

*** THE FOLLOWING STATEMENTS ARE FOR THE OUTPUT NODES
GRAPHICS
OUTPUTS

PRINT POINT

PRINT NOUT,NIN,VJXX,NO1

PLOT (BODE,LABEL =(MAG IN DB AND PHASE VS. FREQ)) VJXX
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Appendix B.
DSL PROGRANM FOR SEEK THROUGH DEFECTS
PHASE-LOCKED LOOP

TITLE :

TITLE SEEK THROUGH DEFECTS CONTROL LOOP
TITLE

TITLE DSL PROGRAM NAME = STDO1

- TITLE

TITLE 09/06/90 10:00
TITLE o

* THIS PROGRAM IS FOR THE MS THESIS WORK AT THE U. OF A.. THIS

* PROGRAM WILL GENERATE BODE PLOTS (MAGNITUDE AND PHASE) FOR
* THE SEEK THROUGH DEFECT SYSTEM. THE PLOTS INCLUDED ARE PLL,

* LOOP FILTER, OPEN LOOP SYSTEM, AND CLOSED LOOP SYSTEM.

* THE FOLLOWING ARE THE DEFINITIONS OF THE CONSTANTS

* KV: VCO CONSTANT

* KP: PHASE DETECTOR CONSTANT

* KO: OSCILLATOR PARAMETER

* LOOPFT: TRANSFER FUNCTION PARAMETER FOR LOOP FILTER
* CLLOOP: SYSTEM CLOSE LOOP PARAMETER

* OPLOOP: SYSTEM OPEN LOOP PARAMETER

* SYST: PLL SYSTEM PARAMETER

R T R A A A A AR AR A A AR A A AR AR A AR AR RN AAARART A RARARARARR AN RRRH

. INITIAL SEGMENT
COMPLEX S,KO,LOOPFT,CLLOOP,OPLOOP,SYST
CONTRL FINTIM=5.0, DELT=1.D-3

CONST R1=22000, R2=680, C1=.22E-6, C2=.015E-6, PI=3.14159
KP =6/(2*Pl) .
KV =2*"P1*120000

R R R AN LA AT A AR A RAAA A AN XA AN ANAANAAARARARARAR AR AR R AR AR

.

DYNAMIC SEGMENT

W =10.0**(TIME + 1)
F=W/(2.0*Pl)
S =CMPLX(0.0,W)
* TRANSFER FUNCTIONS
~ * OSCILLATOR:
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KO=KV/S
* LOOP FILTER:
LOOPFT=(S*"R2*(C1+C2)+1) / ((S*R1*C1+1)*(S*R2*C2+ 1))
* SYSTEM EQUATION:
SYST=KP*KO
* CHARACTERISTIC EQUATION:
OPLOOP =KP*KO*LOOPFT
* CLOSED-LOOP TRANSFER FUNCTION
CLLOOP=0PLOOP / (1+ OPLOOP)

* MAGNITUDE AND PHASE OF SYSTEM

MAGSYS = 20.0 * GAIN(SYST)
PHSYS = RADEG * PHASE(-PI,SYST)

*

* MAGNITUDE AND PHASE OF LOOP FILTER

MAGLFT= 20.0 * GAIN(LOOPFT)
PHLFT = RADEG * PHASE(-PI,LOOPFT)

s

* MAGNITUDE AND PHASE OF CHARACTERISTIC TRANSFER FUNCTIONS

MAGSTD= 20.0 * GAIN(OPLOOP) .
PHSTD = RADEG * PHASE(-PI,OPLOOP)

k4

* MAGNITUDE AND PHASE OF CLOSED-LOOP TRANSFER FUNCTIONS

MGSTD1 =20.0"GAIN(CLLOOP)
PHSTD1=RADEG*PHASE(-PI,CLLOOP)

R R R A R R R R R R A A RN AR A A R AR A A TR T A ARAR AR AAAARTR A AR AT AR AN AR
AR RN A AT AR AR RN AT ARA AR AR ARAAAAAAAAAAR AR R R AR Ahd

*

TERMINAL SEGMENT

SAVE (S1) 0.01,F,PHSTD,MAGSTD,PHSTD1,MGSTD1,MAGLFT,PHLFT,
MAGSYS,PHSYS -

GRAPH (G3/S1,DE=1BM3279,P0=0,1,RU=1) ...
F(LO = 10E-1,AX=LOG,LE=10,UN=HZ,LI=21,NI=5), ...
MAGSYS(TI=1.0,UN=DB,LI=11), ...
PHSYS(PO = 10,TI =1.0,UN = DEGREE,LI = 11)

LABEL (G3) SYSTEM TRANSFER FUNCTION

GRAPH (G4/$1,DE=1BM3279,PO=0,1,RU=1) ...
F(LO=10E-1,AX=LOG,LE=10,UN=HZLI=21,NI=5), ...
MAGLFT(TI=1.0,UN=DB,LI=11), ...



PHLFT(PO=10,TI=1.0,UN=DEGREE,LI =1 1)
LABEL (G4) LOOP FILTER TRANSFER FUNCTION

GRAPH (G5/S1,DE=1BM3279,PO=0,1,RU=1) ...

F(LO=10E-1,AX=LOG,LE=10,UN=HZ LI=21,NI=5), ...

MAGSTD(TI=1.0,UN=DB,LI=11), ...
PHSTD(PO=10,TI=1.0,UN=DEGREE,LI=11)
LABEL (G5) OPEN LOOP TRANSFER FUNCTION

GRAPH (G6/S1,DE=1BM3279,PO=0,1,RU=1) ...

F(LO=10E-1,AX=LOG,LE=10,UN=HZ LI=21NI=5), ...

MGSTD1(TI=1.0,UN=DB,LI=11), ...
PHSTD1(PO=10,TI=1.0,UN=DEGREE,LI=11)
LABEL (G6) CLOSED-LOOP TRANSFER FUNCTION

END
STOP

118
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Appendix C.
VOLTAGE CONTROL. OSCILLATOR

TITLE

TITLE VOLTAGE CONTROL OSCILLATOR
TITLE

TITLE DSL PROGRAM NAME = VCO
TITLE

TITLE : 04/30/91 12:00

TITLE

* THIS PROGRAM IS FOR THE MS THESIS WORK AT THE U. OF A.. THIS
* PROGRAM WILL PLOT ALL THE DATA POINT COLLECTED FROM

* PROTOTYPE HARDWARE TO CHECK FOR LINEARITY AND ALSO TO

* DETERMINE THE GAIN CONSTANT OF THE VCO.

R R R RN R AR E A AT N A A AR AR ARAA R A ARAAARA IR AN A AT AR RTAT R RNY

RENAME - TIME=VCOIN, DELT=DVCOIN, FINTIM=FVCOIN
* DATA ENTRY

FUNCTION F=(1.4,227000), (1.8,172000), (2.0,147000), (2589000)
(2.9, 37600), (3.0, 24200), (3.1, 10400)
FRQOUT = AFGEN(F,VCO)
VCO=VCOIN + 1.4

*

* RUN CONTROL STATEMENT

CONTROL FVCOIN=1 .7, DVCOIN=0.1
SAVE (S1) 0.1, VCO, FRQOUT
PRINT 0.1, VCO, FRQOUT

* PLOT OUT DATA

GRAPH (G1/S1,DE=1BM3279,PO=0,1,RU=1) ..
VCO(NI=5,TI=2.0,LO0=1.0,SC=.5,UN=VOLT), ...
FRQOUT(LO=0,SC =30000,UN=HZ)

LABEL (G1) VOLTAGE CONTROL OSCILLATOR

END

STOP
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Appendix D.
VELOCITY PROFILE GENERATOR
TITLE
TITLE VELOCITY PROFILE GENERATOR
TITLE DSL PROGRAM NAME = PROFILE1
TITLE 05/15/91 16:00

PR R R R N A A R AR A RN A A AN AR A AR A ARA R ARA AN AR ARREIRAAARARA AR AN AR

*

AUTHOR : NHAN BUI
THIS PROGRAM GENERATES THE VELOCITY PROFILE FOR THE SEEK.

THE PARAMETERS FOR THIS PROGRAM ARE:

THE GRAVITATIONAL FORCE IS ........... G = 9.8 M/SEC

THE TRACK PITCH IS ........c..ce.ee. TRACK = 1.6 MICRON

THE MAXIMUM VELOCITY DESIRED IS ...... FREMAX = 150 KHZ
THE DECELLERATION RATE IS ............ 2G

EVEN THOUGH THE TOTAL AMOUNT OF TRACKS ON A MEDIA IS ABOUT
18000 TRACKS, THIS PROGRAM SIMULATE UPTO 5000 TRACKS ONLY
BECAUSE THE TOP VELOCITY HAS BEEN REACHED AT ABOUT 2000
TRACKS

4 * F # % ¥ % * % * * % X %

AN AR A A AR AR A AR A AR A A AR AN AAA AT A A de kA hhh A dhdn

PARAMETER G=9.8, TRACK=1.6E-6, FREMAX= 150000
DIST=TIME
DIS=TIME*TRACK

* THE DECELLERATION RATEIS2 G
DECELL=2"G '

* VELOCITY CALCULATION
VEL=SQRT(DIS*DECELL)

* CONVERT INTO FREQUENCY CROSSING THE MEDIA
SPED=VEL/TRACK

* SETTING THE TOP SPEED LIMIT
SPEED =LIMIT(-10,FREMAX,SPED)

CONTROL . DELT=200, FINTIM =5000

PRINT 100, VEL, SPEED, DIS, DIST

SAVE 100, VEL, SPEED, DIS, DIST

END

GRAPH (G1,DE=1BM3279,PO=0,1,RU=1) ...
DIST(NI=5,TI=2.0,UN="TRACK’), ...
SPEED(LO=0,UN="HZ’)

LABEL (G1) VELOCITY PROFILE

END

STOP
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