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Abstract 

This thesis concentrates primarily on improving the data throughput in CD
ROM drives. As the recorded information is uniformly distributed along a 
continuous spiral on disc, high scanning velocities are needed to improve the 
data throughput. In turn, the disc would usually have to spin faster to achieve 
the required linear speeds along the spiral. 

There are basically four constraints, of different natures, that prevent the 
straightforward increase of the disc spinning rates: (i) the speed at which 
the processing of the read-out signal takes place is limited by the channel 
electronics; (ii) the disc rotational frequency is confined below a maximum 
value imposed by focus and tracking electromechanics; (iii) the development 
time needed to extend the previous two system margins is restricted by market 
requirements; and (iv} the sale price is limited by a very strong competition 
between drive manufacturers. 

The thesis tries to solve the problem of increasing the data throughput within 
the basic constraints previously enumerated. Another factor to be considered 
while finding an optimal solution to this problem is the drive access time. This 
parameter is determined by the time it takes to search for the requested data 
on disc and to start transferring it to the user. As the access time should be 
kept below well defined limits, this constraint must also be taken into account. 

After a short introduction to the CD-ROM technology and its related market 
environment, a system overview is presented. This survey covers all aspects of 
a CD-ROM drive, starting with opties and servomechanics, and ending with the 
user interface. The thesis addresses then a method for controlling the rotational 
frequency of the disc motor in high speed CD-ROM drives. Several other 
control algorithms for improving the average data throughput in very high speed 
drives are also discussed. These algorithms can be subjected to optimization 
and, to achieve this, the necessary tools and the mathematica! approach are 
presented in detail. The thesis also discusses a method for reducing the intrinsic 
errors introduced during data access by the rotating disc spiral. Finally, a 
special type of CD-ROM system which uses two optica! heads for reading and 
accessing data is thoroughly described. This latter system reduces considerably 

vii 



viii Abstract 

the time needed to mechanically reach the location on the disc surface where 
the requested data resides. 

Apart from the latter concept which employs dual optical heads, all others 
have been implemented in CD-ROM drives developed at Philips Optica! Storage 
in Eindhoven. This implementation effort spans a time period of about six 
years. Some ideas, initially intended to improve the data throughput in (D
ROM drives, have also been recently implemented in one of its successors, the 
DVD (Digital Versatile Disc) Video player. 



Preface 
Abstract 
Contents 

1. INTRODUCTION 

Contents 

1.1 The advent of the personal computer 
1.2 High-capacity storage devices 
1.3 CD and CD-ROM history 

1.3.1 The Compact Disc Digital Audio (CD-DA) 
1.3.2 Compact Disc standards 
1.3.3 The growth of the CD-ROM 
1.3.4 Philips and the CD-ROM business 
1.3.5 The advantages of CD storage 

1.4 The CD-ROM drive as a technological challenge 
1.5 Thesis contributions and chapter overview 

2. THE CD-ROM AS A SYSTEM 
2.1 General overview 
2.2 The opties 

2.2.1 The disc standard 
2.2.2 The optical path 
2.2.3 The laser spot 
2.2.4 The disc read-out 
2.2.5 Optical error signals 
2.2.6 Generation of the HF signal 

2.3 The servo-mechanical subsystem 
2.3.1 Mechanica! overview 
2.3.2 CD-ROM electromechanics 
2.3.3 Dynamic disturbances and servo requirements 
2.3.4 Servo loops for focus and radial adjustment 
2.3.5 Focus control 
2.3.6 Radial control 
2.3.7 Focus and radial control in high-speed drives 

2.4 The decoding circuitry 
2.4.1 The CD system as a communication channel 
2.4.2 Data-recovery general architecture 
2.4.3 The channel equalizer 
2.4.4 Signal slicing and zero-crossing detection 

v 
VII 

IX 

1 
1 
3 
5 
5 
6 
6 
7 
8 
9 

10 

13 
14 
15 
16 
17 
19 
20 
22 
27 
29 
30 
31 
32 
38 
46 
47 
50 
51 
51 
52 
54 
56 

ix 



x Contents 

2.4.5 Clock recovery and associated circuits 58 
2.4.6 EFM technique, signal demodulation and frame 

construction 60 
2.4.7 CIRC error detection and correction 63 
2.4.8 CLV turntable motor control 68 

2.5 Other basic-engine building blocks 71 
2.5.l Semiconductor lasers 72 
2.5.2 The photodetector 74 
2.5.3 Preprocessing of the photodetector signa Is 76 
2.5.4 Audio circuits 78 
2.5.5 The microcontroller 80 

2.6 The CD-ROM data path 81 
2.6.1 Compact Disc subcode format 82 
2.6.2 CD-ROM data format 84 
2.6.3 Block decoders 86 
2.6.4 CD-ROM volume and file structure 89 

2.7 System parameters and design compromises 90 
2.7.1 System parameters 90 
2.7.2 Storage capacity 90 
2.7.3 Design compromises 92 

3. QUASl-CLV CD-ROM DRIVES 95 
3.1 lntroduction 95 
3.2 Drive performance and benchmarking 96 

3.2.l Data transfer rate 97 
3.2.2 Average access time 98 

3.3 Speed limitations in CD-ROM drives 102 
3.4 CLV versus CAV 103 
3.5 The Quasi-CLV technique 105 

3.5.1 Quasi-CLV turntable motor control 105 
3.5.2 Drive behavior and performance 106 
3.5.3 The turntable motor loop 108 

3.6 Quasi-CLV design 110 
3.6.1 Genera! issues 110 
3.6.2 Loop stability during playback 112 
3.6.3 General control requirements during playback 124 
3.6.4 Loop stability during data access 137 
3.6.5 Transient performance during data access 141 
3.6.6 The controller choice 147 

3.7 Some general issues 149 
3.8 Conclusions 151 

4. ADAPTIVE-SPEED CD-ROM DRIVES 153 
4.1 lntroduction 153 
4.2 Towards higher data throughputs 154 
4.3 An unexplored control region 157 
4.4 Adaptive-speed algorithms 159 



Contents xi 

4.4.l Design criteria 159 
4.4.2 Zoned quasi-CLV systems 160 
4.4.3 Continuous variation of the overspeed factor 163 
4.4.4 Continuous variation of the disc rotational frequency 166 
4.4.5 Motor-limited variation of the disc rotational frequency 167 

4.5 Optimization of the adaptive-speed profiles 171 
4.5.1 The need for optimization 171 
4.5.2 Optimization criteria and genera! constraints 171 
4.5.3 Adaptive-speed algorithms revisited 173 
4.5.4 Zoned quasi-CLV optimization 174 

4.6 Generation of the speed profile 178 
4.7 Data throughput comparison 181 
4.8 lmplementation issues 183 
4.9 Other adaptive-speed profiles 185 
4.10 Conclusions 185 

5. HIGH-SPEED CAV DRIVES 187 
5.1 1 ntrod uction 187 
5.2 Adaptive-speed / CAV systems 188 

5.2.1 Power dissipation in the turntable motor loop 188 
5.2.2 The need for CAV control 190 
5.2.3 Optimization criteria 191 
5.2.4 A highly-optimized speed profile 192 
5.2.5 The continuous-seek CAV control 200 
5.2.6 Firmware algorithms 202 

5.3 CAV motor control 205 
5.3.1 The control loop 206 
5.3.2 General control requirements 207 
5.3.3 Optimization of CAV overspeed profiles 208 

5.4 Spiral compensation 209 
5.4.1 Genera! seek behavior 211 
5.4.2 Seeking data along the disc spiral 212 
5.4.3 Algorithms for seek correction 216 
5.4.4 Look-ahead seek correction 217 
5.4.5 Learning algorithm for look-ahead seek correction 222 

5.5 Conclusions 225 

6. TWIN-OPU CD-ROM SYSTEMS 229 
6.1 lntroduction 229 
6.2 Towards improved access performance 230 
6.3 Genera! issues 231 

6.3.1 The average access time 231 
6.3.2 The average sledge displacement and seek time 233 
6.3.3 Benchmarking revisited 237 

6.4 T win-OPU constructions 238 
6.4.1 Coupled optica1 pickup units 239 
6.4.2 Adaptive-length coupled optical heads 251 



xii Contents 

6.4.3 Independent twin optica! pickup units 254 
6.5 Benchmarking of twin-OPU drives 260 

6.5.1 Genera! calculations 260 
6.5.2 Benchmark results for coupled twin-OPU systems 262 
6.5.3 Benchmark-optimized coupled optical heads 264 
6.5.4 Benchmarking of adaptive coupled OPUs 265 
6.5.5 Benchmarking results for independent twin OPUs 266 

6.6 Conclusions 268 

7. GENERAL CONCLUSIONS 273 
7.1 Historica! perspective 273 
7.2 Review 273 
7.3 Concluding remarks 276 

Appendices 277 
A - Average seek length expressed in subcode timing 277 
B - Several details on circle criterion 278 

B.1 The condition of memoryless nonlinearity 278 
B.2 The condition of unforced nonlinear system 278 

C - The definition of stability 279 
D - Signal saturation during data access in a quasi-CLV loop 280 
E - Quasi-CLV Setpoint Calculation 283 

Glossary 285 
Bibliography 299 
Samenvatting 313 
Curriculum Vitae 315 



Cliapter 

1 
Any sufficiently advanced technology is indistinguishable from 
magie. (Arthur C. Clarke) 

lntroduction 

Not long ago, it was hard to believe that the contents of an entire dictionary, 
including pictures, could be stored on a plastic disc. Not only the availability 
for everyone of massive data recordings was pure fiction thirty years ago hut 
so was the idea of processing that amount of data at home. Nevertheless, 
the concept of storing huge quantities of information on portable media, 
namely on magnetic tape, appeared already back in the early 60's. Big 
computers were already present at that time but the digital revolution had 
not manifested itself, yet, as a technology carrier. 

The situation changed suddenly after 1970 when several previous discov
eries were brought together and opened unexpectedly the way towards a 
new technological era. Innovations like the first integrated circuit (1959) 
paved the road to a future personal computing environment. 

1.1 The advent of the personal computer 

The introduction of many storage devices should be closely related to the 
evolution of what is called nowadays the PC (personal computer). 

Since 1970, a continuously increasing number PC components have en
tered the consumer market. A historical overview of some important PC 
milestones, including processing units, operating systems, etc., is presented 
in Fig. 1.1. After its birth, the first microprocessor (Intel 4004) was very 
soon followed by more powerful devices that consequently triggered the 
evolution of the IBM personal computers and their clones. As other semi
conductor companies joined the microprocessor challenge, a relatively large 
variety of small computers became available on the market. 

1 
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1.2 High-capacity storage devices 3 

In parallel with the PC development, the operating systems as well as 
dedicated computer programs (spreadsheets, word processors, etc.) were 
writing their own history too. They have greatly soften the use of the PC 
and have given those who were not computer experts the opportunity to 
perform various tasks easier than ever before and, more important, right on 
their desktops. Engineers could run their calculations more time-efficient, 
CAD designs gained more portability and publishing work stepped towards 
professional quality. 

Once the basic hardware and software support was available, the need for 
better and larger recording media grew too. The storage capacity increased 
rapidly, the recording devices became smaller and faster and, of course, 
novel media entered the PC arena. 

Along with the already available floppy-disk, hard-disk, and magnetic 
tape drives, the newly emerged optical storage devices formed a separate 
category. The development of these devices was triggered by software dis
tribution, the need for cheap disk-based backup solutions, as well as by an 
eventual standardization. The new media carne in three flavors: Compact 
Disc1 Read-Only Memory (CD-ROM), CD-Recordable (CD-R) as write
once discs, and rewritable (magnetic, MO, PD, CD-RW). 

1.2 High-capacity storage devices 

First of all, it is important to notice that the attribute of high capacity 
as well as the definition of a mass storage device are both of a relative 
meaning. The PC hard-disk from 15 years ago could only record 20 MB 
of data and was still considered, in those times, a high-capacity storage 
drive [97,99]. This history will repeat itself again and again, an appropriate 
example being the introduction of the Digital Versatile Disc (DVD) and the 
decay of the "high-capacity" CD-ROM. 

Before considering the CD-ROM technology, it is interesting to briefiy 
explore the large variety of storage media nowadays on the market. The 
reason for this approach is given by the common driving forces that push 
ahead the development of the disk-based storage devices. A comparative 
overview of several disk systems is presented in Table 1.1. The performance 

1 In this particular context, the UK English term disc bas been chosen as an alternative 
for the American disk, mainly to comply with the related standards [70,74,114,115]. The 
latter term will, however, be used throughout this thesis to designate other storage devices 
and media (e.g., hard-disk) than those based on CD. 
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Storage device 

Reference lX CD-ROM drive 
Standard floppy-disk 
LS-120 floppy-disk 
PD drive 
!omega Zip drive 
Reference DVD drive 
DDS-3 DAT magnetic tape 
Magneto-optical drive 
!omega Jaz drive 
SyJet removable hard-disk 
Current CD-ROM drives (32X-48X) 
Fixed hard-disk 

1
) Single and double layer, respectively. 

2 l Native mode (uncompressed). 

Storage 
capacity 

[MB] 

650 
1.44 
120 
650 
100 

4700/8500 l) 

12000 2> 

128 - 4600 
2000 
1500 
650 

1000 - 47000 

Chapter 1 - lntroduction 

Sustained Average 
transfer rate access time 

[kB/s] [ms] 

153.6 250 - 300 
250/500 90 

400 - 680 70 
300 - 1200 100 - 200 
800 1400 30 

1385 150 - 200 
2000 2500 
1000 - 4500 20 - 40 
3400 - 6600 17 
3700 - 6900 12 
4900 - 7400 80 - 100 

8000 - 40000 8 15 

Table 1.1 Basic performance indicators for the most common 
high-capacity storage devices, listed according to their 
sustained transfer rate (reference date: January 1999). 

indicators (i.e., sustained transfer rate and average access time) used in this 
table will be explained in Section 3.2. 

As already mentioned before, there has always been a clear trend towards 
increasing the amount of data which can be stored by a given device. This 
development is driven not only by the size of the available software hut also 
by the arnount of data needed to be processed by a given application. In ad
dition, the PC-based applications have also become more demanding, giving 
rise to the necessity of storing, for instance, huge quantities of experimental 
data. 

The speed at which data can be retrieved is also considered in Table 1.1. 
Although many devices have also a record function, their read performance 
is taken into account to facilitate the comparison with the read-only drives. 
At this stage, a difference should be made between continuous read-out and 
access of the desired recorded data. 

The read-out speed, commonly designated as sustained data rate or data 
throughput, represents a measure of the amount of data transferred towards 
a host system2 within a given time interval. This requirement is usually 

disk storage device is considered as a peripheral of a centra! host system. 



1.3 CD and CD-ROM history 5 

expressed in kilobytes (kB) or Megabytes3 (MB) per second. Within the 
last years, the data throughput of most disk-based storage systems has been 
pushed in the neighborhood of several MB/s. 

Last but not least, the speed at which the recorded information can be 
accessed is crucial for computer applications. Along with the increasing 
computing power of the processors ( also designated as central processing 
units or CPUs), the time needed to access the available information has 
also dropped. The faster the processor is, the quicker it needs data to 
handle. For small amounts of data, the speed of semiconductor memories 
has closely followed the increasing speed of microprocessors. Although for 
large amounts of data it is quite difficult, if not impossible, to replicate 
this speed in disk systems, we are enjoying now access times of about 8 
milliseconds for a typical hard-disk. 

1.3 CD and CD-ROM history 
The storage devices from Table 1.1 are ranked according to their sustained 
transfer rate. This choice is dictated by the evolution of the CD-ROM 
drives. Ever since their introduction, the so-called X-factor has determined 
this performance indicator and has perpetually driven the development of 
these drives. 

1.3.1 The Compact Disc Digital Audio (CD-DA) 
The CD system represents a complex conglomerate of technologies pioneered 
by many individuals and companies [119]. The primary development of the 
system itself is, however, attached to the names of two giants of electronics: 
Philips and Sony. The latter company is credited with the development of 
the error correction technique (and manufactured the very first integrated 
circuit dedicated to CD error correction) while Philips is considered the 
inventor of the optica! technology employed in the compact disc. 

In 1972 Philips announced the technique of storing audio recordings on an 
optical disc. A small diameter for the disc was fixed as a design requirement 
and analog modulation methods were being used. Sony was also exploring 
the possibilities of optically recording audio information on a larger disc and 
was looking for practical error-correction possibilities. 

By 1977, many other companies had already shown prototypes of audio 
players based on an optica! disc. In 1978, Philips and Sony agreed upon the 

bytes. 



6 Chapter 1 - lntroductîon 

signal format and error-correction methods and one year later they decided 
to further extend their collaboration with respect to other compact disc 
issues. They jointly proposed in June 1980 the Compact Disc Digital Audio 
system which was adopted in 1981, as a standard, by the Digital Audio Disc 
Committee representing more than 25 manufacturers. 

The introduction of the very first audio player was delayed for the next 
two years because dedicated signal processing integrated circuits {ICs) as 
well as semiconductor laser pickup units were not available in mass quanti
ties. The introduction of the compact disc system took place simultaneously 
in Japan and Europe in October 1982. 

1.3.2 Compact Disc standards 
Since the CD-DA standard [70,114] was established in 1981, a couple of 
other spin-off standards have also been set. They are currently referred to 
as Red Book, Yellow Book, etc., and cover specific CD-based applications 
or extend a previously established standard. Significantly, not all standards 
were proposed by Philips and Sony (the CD Video or Laser Vision, for in
stance, was defined by Pioneer while Photo CD was announced by Eastman 
Kodak). Other standards were jointly developed by more companies, such 
as Matsushita, Philips, Sony and JVC in the case of Video CD, or Philips, 
Microsoft and Sony in the case of CD-ROM/XA ~ 

A simple diagram of several CD standards is depicted in Fig. 1.2. Addi
tional details can be found in [121] or [75,119,163]. However, some authors 
only refer to the year when the product itself was launched on the market. 
For CD-DA and CD-ROM, for instance, the market introduction took place 
later on, after standardization. 

1.3.3 The growth of the CD-ROM 
Once the standard was established, the CD-ROM drives began to penetrate 
the computer mar kets. In the early years of the personal computer, when 
640 kB of PC internal memory was "enough for everyone", a CD-ROM 
storage capacity of 650 MB would have seemed rather exaggerated. 

However, from a PC add-on which was separately sold in 1990, the CD
ROM drive has established itself as a standard PC component before the end 
of this millennium. Software houses sell their products almost exclusively 
on CDs. Huge archives are regularly transferred onto compact discs and, 

4 CD-ROM Extended Architecture 
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Figure 1.2 An overview of several optical disc standards and their 
related standardization years ( market introduction took 
place, in many cases, one or two years later). 
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last but not least, the entertainment world (games, video applications, etc.) 
has also boosted their business due to this optical medium. 

The sales of CD-ROM discs have followed a spectacular growth and so <lid 
the sales of CD-ROM drives too. The first CD-ROM drives were introduced 
on the market in 1985 but they really took off in the early nineties and 
reached volume sales several years later. An overview of estimated world
wide sales [29,41,47,110] since 1988 is presented in Fig. 1.3. 

1.3.4 Philips and the CD-ROM business 
As inventor of the optical disc technology, Philips shared from the very 
beginning the CD-ROM market with numerous Japanese competitors. 

Viewed from the standpoint of performance specifications, the Philips 
CD-ROM engines and drives have evolved from the standard lX speed to the 
very high speeds (32X-44X) of today. The corresponding data throughput 
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Figure 1.3 Estimated [41] world-wide sales of notebook and 
desktop CD-ROM drives. 

is directly related to what the popular computer literature calls the X
factor [139]. Simply speaking, this factor indicates a sustained transfer rate 
which is X times higher than 153.6 kB/s featured by the reference lX CD
ROM drive (see also Table 1.1). In parallel with the increase of the bit rate, 
the drives also improved their access time. Fig. 1.4 gives a graphical and 
historica! overview of the Philips CD-ROM drive specifications. In general, 
this evolution resembles the world-wide development of these drives. 

1.3.5 The advantages of CD storage 
The compact disc, as an optical medium, has definitely brought several 
specific advantages into the data storage arena. 

First of all, the plastic disc has offered from the very beginning a support 
for storing relatively large amounts of information. As a medium, the disc 
itself was small, light and could easily be handled. Along with its high stor
age capacity, these characteristics opened a new way for porting data and 
applications between computers and between their users. In this respect, 
one of the main strengths of the compact disc was its accepted standard
ization, which can be translated into world-wide compatibility. Second, the 
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recorded data is not affected by <lust and normal fingerprints, making the 
CD extremely suitable for software distribution or any other type of data 
exchange. 

Another advantage of CD storage is given by the absence of any degra
dation taking place during playback, no matter how often the disc is being 
used. Also, the quality of the recorded information remains unchanged in 
time even under large climatic variations. 

Last but not least, the plastic disc represents a very cheap high-capacity 
storage medium when compared to hard-disk, for example. Due to a simple 
mass replication process, the compact disc benefits from an extremely low 
price per megabyte5 and has become the preferred medium for software 
distribution. 

1.4 The CD-ROM drive as a technologica/ chai/enge 
Due to its advantages, the compact disc appeared from the very beginning 
as a very promising optica! storage medium for computers. This anticipated 
view turned out later to be totally true and, moreover, the CD-ROM has 
become one of the most successful products ever marketed [119]. 

5CD-R and CD-RW are somewhat more expensive than CD-ROM, but still very price 
competitive when compared with removable media based on hard-disk technology. 
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While the disc itself did not change at all after standardization, the evo
lution of CD-ROM drives has been marked by several milestones. The 
continuous price reduction and the performance improvement represented 
the two main goals to be achieved. When the development time is at a 
premium, achieving these goals has been a technological challenge for both 
the design and production engineers. Once a milestone has been passed, the 
market competition opened again and again the challenge towards another 
deadline. 

Since its introduction, the CD-ROM drive has become a commodity prod
uct. The unity price dropped from US$1,000 in 1987 to less than US$ 40 
in 1998. There has been no important breakthrough in this business un
til recently, when the DVD was introduced. Through all these years, the 
manufacturers had to promote their new systems by means of the so-called 
product upgrades. However, a tremendous effort has always been made to 
develop a new drive, f or al most the sa me price as its predecessor, and many 
original solutions have been found to improve their performance. 

1.5 Thesis contributions and chapter overview 
In the very competitive PC world, the key of success is given by being on 
time and with the right product on the most appropriate market. Amelio
rating the CD-ROM drive performance <lid not always rely on factors like 
the progress of IC technology, miniaturization of the semiconductor lasers, 
or the improvement of the manufacturing technology. On the contrary, 
better specifications have been frequently requested before new integrated 
circuits or mechanica} parts could become available. 

This thesis presents the contributions brought by the author, within a 
team framework, to the long series of Philips CD-ROM drive developments. 
These contributions should be seen within a very particular engineering 
approach: improving the performance of a given product during a short 
period of time while still using a set of available mechanica! and electrical 
components. Such situations are generated by the following phenomena: 

- the existence of a very tough competition between manufacturers, which 
shortens the product cycle in exchange for higher turnovers and increase 
market share; 

- the impossibility of designing new and better components within the 
same time frame requested by marketing offices for developing a new 
product. 
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This thesis explores the various technica! solutions found by the author, 
to improve the CD-ROM drive performance within restricted market-driven 
development periods. Most of these solutions account for the increase of the 
data throughput and have been successfully implemented in Philips drives. 
The access time minimization is also addressed in this thesis during both 
optimization of the data transfer rate and as a separate issue. 

A relatively important achievement is the concept of quasi-CLV turntable 
motor control. When employed, it preserves the sustained data throughput 
featured by the ubiquitous constant linear velocity (CLV) CD-ROM drives, 
while improving significantly the access time. A general method for variable
speed playback had already been disclosed in a patent description [77] before 
being implemented in any optical disk drive. The quasi-CLV method, how
ever, has been extensively studied and approached as a control technique for 
improving the CD-ROM drive performance. This operating mode replaced 
the control loop initially employed in the very first CD-ROM systems for 
driving the turntable motor and remained in use from 4X to 18X, and even 
24X drives. A partial treatment of the quasi-CLV mode has been pub
lished for the first time in [145] and also briefly disclosed in amore genera! 
patent [144]. Chapter 3 deals in detail with the quasi-CLV drives. 

A second achievement is the development of adaptive-speed CD-ROM 
systems which rely on the above mentioned quasi-CLV technique. Such 
drives allow the disc to spin at X-factors which can be adjusted, in real 
time, during playback. This feature leads toa significant boost of the aver
age data throughput while still using mechanica! and electrical components 
designed for lower X-factors. Dedicated optimized speed profiles can there
fore be implemented to fulfill various design criteria. Exhaustive treatments 
of the adaptive-speed drives are given in [145] and [148]. The latter reference 
as well as [147,149] describe an improved version of such a drive which is 
highly-optimized for data throughput, average access time, and power con
sumption. Together with quasi-CLV control, the adaptive-speed algorithms 
developed back in 1993 and 1994 can now be found in almost any CD-ROM 
drive6 with speeds below 24X. Chapter 4 and Section 5.2 discuss in detail 
these algorithms. 

Another subject addressed throughout this thesis is the compensation of 
the spiral effect introduced by the rotating disc during data access. As the 

6 Toshiba has also adopted the adaptive-speed techniques in their drives almost simul
taneously with Philips. Other companies, like Hitachi, Pioneer and Sanyo, followed this 
example shortly afterwards. 
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CD-ROM information is aligned along a continuous spiral on disc, searching 
for data at a particular radial position is affected by errors when counting the 
number of times this spiral is crossed. This error is calculated analytically 
and is shown to be in agreement with the experimental results. A method 
for compensating this error based only on firmware algorithms (146] has 
been developed and comprehensively discussed in Section 5.4. The method 
has also been validated in 32X CD-ROM systems. 

Finally, Chapter 6 deals with a novel type of CD-ROM drive which can 
improve substantially the average access performance. Based on twin optica! 
heads, these drives have been thoroughly analyzed by the author [142]. 
Although the idea of using multiple heads for data read-out is not new (it 
is a current approach in hard-disk drives), it has been never considered in 
a CD-ROM systern. While still on paper, this novel drive concept proves 
definitely that access performance quite close to that of a hard-disk can be 
achieved without significant increase of the overall cost price. 

Last but not least, Chapter 2 represents a brief and yet cornprehensive 
description of the CD-ROM systern. Initially intended as a short introduc
tion to this thesis, the interest for this description grew beyond expectations 
and justified its publication as a separate book [141]. Parts of Chapter 3 
dealing with drive performance and benchmarking as well as extremely sum
marized versions of Chapter 4 and Sections 5.2 and 5.3 are also included in 
this publication. 



Cliapter 

2 
"Weather cannot be predicted without knowing all the starting conditions 
which may include a butterflys wings beating in Australia." 

The CD-ROM as a System 

This chapter describes briefiy the genera! architecture of a CD-ROM sys
tem. The CD-ROM drive itself, as a computer peripheral, as well as the 
compact disc, as a standardized information carrier, are both considered. 
Significantly, the latter determines not only the drive architecture and func
tionality hut also the system performance. 

The chapter begins with an overview of the building blocks and their 
associated functions within a CD-ROM drive. The opties farms the subject 
of the next section. The servo-mechanics, decoding electronics and the 
data path are further discussed, as being the main three subsystems of the 
drive. Other important building blocks, like the semiconductor laser or 
the photodetector are also described. Finally, the physical parameters of a 
CD-ROM system and the related limitations are presented. 

It is important to notice from the very beginning that all CD-ROM drives, 
irrespective from their manufacturer, rely on the same genera! architecture 
described hereafter. The differences between drives lie at a more detailed 
level at which, in fact, the drive performance will be determined. It is not 
the purpose of this chapter to go that <leep into the subject. Nevertheless, 
when details will be needed elsewhere in this thesis, they will be discussed 
at that particular time. 

Another remark concerns other types of compact disc systems, such as 
Video CD, Photo CD, or CD-i. They will not be approached in this chapter 
although, from a system viewpoint, the differences between them and CD
ROM are relatively minor. Other systems, like CD-Recordable (CD-R) 
and CD-Rewritable (CD-R/W) do involve more essential differences with 
respect to CD-ROM. They will not be discussed herein either. However, 

13 
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all contributions brought by this thesis to the CD-ROM system are either 
applicable or have already been applied to other types of CD-based drives. 

2.1 Genera/ overview 
A block diagram of the CD-ROM drive, as a system, is presented in Fig. 2.1. 

In general, the drive can be divided into a basic engine and a data path. 
These two generic parts are symbolically separated in Fig. 2.1 by a bus of 
control signals. Apart from other specific CD-ROM functions, the data path 
provides also the interface between the basic engine and the host system 
( usually a PC). 

The rotating disc is read out without any mechanica! contact with its sur
face. An optical pickup unit (OPU) sends a laser beam to the disc and re
ceives back a reftected beam which has been optically modulated by the disc 
geometrical structure. The optical pickup unit contains, among other com
ponents, a semiconductor laser, optica! elements to guide the laser beam, 
and a photodetector to transform the optica! power into photocurrents. By 
properly processing the photocurrents, two servo signals can be derived for 
positioning the laser beam along the disc radius and spiral, respectively. At 
the same time, a high-frequency signa} carrying the information recorded 
on the disc is also extracted and forwarded to the decoding electronics. 

Turntable 
motor 

Servo 
motors 

Laser 
controi 

Signal 
preprocessing 

Power 
drivers 

Program 
memory 

Englne 
µC 

Servo 
electronics 

Program 
memory 

Data 
memory 

Control signals Host 
interface 

Figure 2.1 Simplified block diagram of the CD-ROM architecture. 

Host 
system 
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The displacement of the laser beam along the vertical and radial direc
tions with respect to the disc is accomplished by two tiny motors. They 
are usually called actuators and keep the laser beam on track and in focus 
by executing fine displacements. An additional servo motor is also used to 
perform large displacements of the laser spot along the disc radial direction. 
This electromechanical construction is usually designated as two-stage or 
sledge-actuator servo system. 

The decoding electronics, also called channel decoder, processes the in
coming high-frequency signal and regenerates the digital data stored on 
disc. It also performs error detection and correction, increasing therefore 
the reliability of data delivered further to the block decoder. Another func
tion of the channel decoder is to regulate the speed of the turntable motor1 

according to a dedicated control algorithm. 
The functionality of all electromechanical components is governed by a 

firmware program running in a microcontroller. However, in current CD
RO M drives, a common microcontroller is used to supervise the activities 
of both basic engine and data path. 

The role of the data path is to further process the digital signal output 
by the channel decoder and make it suitable for being used by the host 
system. The data path performs additional error detection and correction 
and, similarly to other disk-based storage devices, it also groups the read
out data into sectors. The communication between host system and drive 
is supervised from within the data path firmware. 

Other electronic components, like semiconductor memories for storing 
firmware programs or power amplifiers for driving the motors are also needed. 
In addition to the above described building blocks, a CD-ROM drive may 
also contain a digital-to-analog (D / A) circuit and the related audio am
plifiers to convert audio information (if audio discs are played back) into 
audible sound. These circuits are not shown in Fig. 2.1. Finally, the disc 
eject mechanism ( usually a tray) and its electromechanical control are not 
shown in this figure either, hut they are equally important. 

2.2 The opties 
Since the disc itself is part of the optical subsystem of a CD-ROM drive, 
it will co-determine the way the recorded information is being processed. 

1The term spindle motor is also commonly used. Notice that many drive architectures 
consider the turntable motor controller as part of the servo electronics and not of the 
channel decoder. 
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Fortunately, the disc has been standardized by the CD-DA Red Book [70, 
114] in 1981 and it has not been changed for more than 15 years. 

2.2.1 The disc standard 
A CD is a transparent plastic (polycarbonate) disc carrying a continuous 
spiral of impressed pits. The impressed surface is covered with a thin metal
lic layer, on top of which another plastic layer is being used for protection. 
The laser beam reads the profiled polycarbonate surface from below, per
ceiving therefore the impressed pits as bumps and being refl.ected back by 
the metallic coat. An intuitive representation of the disc read-out is depicted 
in Fig. 2.2-B. 

The length of the pits varies, being dependent on the recorded data and 
on the modulation technique which will be further discussed in Section 2.4.6. 
The pits, having an approximate width of 0.6 µm, are arranged one after 
each other along a fictive continuous spiral called track. An enlarged view 
of the disc impressed surface is shown in Fig. 2.2-A. The spiral radius in
creases from the inner to the outer disc diameter while following the track 
in clockwise direction (viewed from the substrate side). The radial distance 
between tracks~ called track pitch, remains constant all over the disc and 
may assume any value between 1.5 and 1.7 µm. 

Another very important parameter of the pit is its geometrical depth. By 
choosing the right value for this parameter, the light refiected by a pit will 

® 

Metalic layer 
(reflective coat) 

Protective layer 

Figure 2.2 Disc impressed structure as seen from the substrate side (A) and in 
an enlarged cross-section along the disc spiral (B). The dimensions 
of both views are stylistically represented. 

2 Strictly speaking, the disc contains only one track along which the pits are impressed. 
However, the periodic structure arranged in the radial direction and determined by the 
disc spiral is usually indicated by the term tracks. 
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approximately have an opposite phase3 as compared to the incident beam. 
This gives rise to destructive interference, limiting therefore the amount of 
light coming back from the pits. On the other hand, any area surrounding 
a pit, usually called land, does not produce destructive interference and will 
consequently look brighter. By reading the intensity of the refiected light it 
will be therefore possible to detect the disc internal structure and to recover 
the recorded information. A detailed discussion of the disc read-out can be 
found in literature [16,17,18,65,161]. 

Apart from its sub-micron details, the external geometry of the disc has 
also been standardized. The same holds for the program area, where both 
the begin and the end diameters have specified dimensions, and for the 
spiral eccentricity~ 

Finally, there is one disc parameter having a significant importance for 
all high-speed CD-ROM drives: the linear density of recorded data along 
the disc spiral. According to the CD standard, the length of a pit/land may 
only assume nine discrete values (see further Section 2.4.6), while similar 
pits/lands have the same length at the inner as well as at the outer disc 
diameter. It follows that the relief structures are impressed with a constant 
linear velocity (CLV) along the disc spiral. This speed may only vary from 
disc to disc and the standards specify its numerical value between 1.2 m/s 
and 1.4 m/s. Although the read-out speed is not standardized, it has been 
generally accepted5 to spin the disc at a CLV equal either to va = 1.3 ± 
0.1 m/s for audio playback or at Nva fora data disc. The constant Nis an 
integer number usually referred to as overspeed factor (or X-factor). 

An overview of some standardized CD parameters is presented in Sec
tion 2.7.1. If necessary, extended information about the CD standards can 
further be found in [70,74,114,115]. 

2.2.2 The optica/ path 

Although various optical arrangements are known for the read-out of com
pact discs, two of them are currently used on a large scale in CD-ROM 

3 For the purpose of optical recordings, the light can be described as an electromag
netic wave [1,13]. The wavefront points are characterized, among other parameters, by 
amplitude and phase. 

4The eccentricity is defined as the radial offset (or run-out) between the center of the 
spiral and the center of the disc hole. 

5High- and very high-speed CD-ROM drives do not follow this informal convention 
anymore. This subject wil\ be discussed throughout Section 2.4.8. 
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Figure 2.3 Two typical optica! paths used in CD-ROM drives. 
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drives. The optical paths associated with these two constructions are sche
matically depicted in Fig. 2.3. Basically, both constructions consist of a 
semiconductor laser, optical elements for guiding the laser beam, a photode
tector to convert the incident light into electrical signals and, significantly 
to notice, the disc itself. 

When compared with the construction A, the optical arrangement from 
Fig. 2.3-B uses a laser diode grating unit (LDGU) which incorporates the 
semiconductor laser, the photodetector (a set of photodiodes), and two 
diffraction gratings~ As an integrated optical component, the LDGU fea
tures functional stability, ease of assembly, and miniaturization [34,88]. 
Moreover, the photodetector from within an LDGU does not need any sep
arate optical adjustment during the assembly of the optical path itself. 

Due to the purpose they serve, there are inherent similarities between the 
two optical constructions from Fig. 2.3. The semiconductor laser generates 
in both situations a light beam with a wavelength À = 780 nm and an 
optical power of about 3 mW . This beam passes through a diffraction 
grating in order to split itself into a main beam, used for focus adjust and 
data read-out, and two secondary beams used for radial tracking. 

One essential diff erence between the two presented optical paths is the use 
of a second grating element in the arrangement B to deflect the reflected 

6 A diffraction grating is a periodic spatial structure whose physical dimensions are 
close to the wavelength of the incident light [13,84]. 
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beam towards the photodetector. The same role is played in the optical 
path from Fig. 2.3-A by the plane-parallel plate. The construction of the 
secondary grating will be further discussed in Section 2.2.5. 

2.2.3 The laser spot 
It is known from physical opties that a light beam passing through an aper
ture of dimensions which are small relative to the light wavelength will give 
rise to Fraunhofer or far-field diffraction [13]. This can be accomplished by 
arranging the source and the observation point very far from the aperture. 

1 
T __ , 

1.6 µm ~I 

Figure 2.4 

Normalized 
1.0 light intensity 

Half-intensity 
level 

[µm] 

However, it can be shown mathe
matically [84] that an aperture sit
uated just before a converging lens 
will also produce a similar Fraun
hofer diffraction in the focal plane of 
the lens. The latter situation is also 
characteristic for a CD-ROM optical 
path. An important consequence of 
the far-field diffraction is the shap
ing of the light intensity by maxima 
and minima which are given, in case 
of a circular aperture, by a squared 
first-order Bessel function divided by 
a quarter of its squared own argu
ment [13,84]. Another consequence 

j"o.6 µm of the Fraunhofer diffraction is the 

The laser spot and 
its light intensity. 

impossibility of having the laser spot 
focused to a perfect point. The 
situation is graphically presented in 
Fig. 2.4. The central maximum of 

the light intensity corresponds to a bright circular region called the Airy 
disk. This region is surrounded by alternate <lark and bright rings as 
given by the other minima and maxima. The radius of the Airy disk is 

(2.1) 

where NA = 0.45 defines the numerical aperture of the objective lens from 
Fig. 2.3 and À = 780 nm. The numerical aperture as well as the laser 
wavelength are specified in the CD standards [70,74,114,115]. 
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The spot diameter can be defined either between the first two minima [1] 
or full-width-at-half-maximum, usually denoted by FWHM [93,119]. The 
effective spot size is, however, smaller than the Airy disk and for this reason 
we have also adopted the latter definition. The schematic representation 
from Fig. 2.4 corresponds to this definition and it can be shown that <I> spot = 

0.51.X/NA = 0.89 µm. It is significant to notice that 84 % of the total 
amount of light falls within the Airy disk while the intensity of the second 
maximum is about 1. 7 % from that of the centra! area. Further, one should 
be aware that a diffraction pattern as drawn in Fig. 2.4 can only be obtained 
if the focused light wave is completely free of aberrations'. 

2.2.4 The disc read-out 

The read-out method used in any CD-ROM system is that of the scanning 
microscope [17,18]. An extensive treatment of this method can be found 
in [65]. 

Basically, the sequence of pits and lands forms along the disc spiral a 
diffraction grating which splits the incident light into multiple diffraction 
orders [13,84], as depicted in Fig. 2.5. The disc read-out is accomplished 
by capturing the diffracted orders on a photodetector placed either behind 
or before the grating surface, situations which are referred to as transmis
sive and reflection read-out, respectively. The reflection read-out method is 

( 
+1 

0 

-1 
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direction 

Figure 2.5 Zeroth and first diffraction orders generated in transmissive 
read-out by the pit/land grating structure, oriented along the 
disc spiral. 

7 On basis of geometrical opties, the aberrations can be described as failures of reflected 
or refracted light to give a point image of a point source. However, as the aberrations 
become small, they must be studied on the basis of diffraction theory [13]. In case of 
optica! recordings, the aberrations (e.g. coma, astigmatism, distortion, etc.) are due to 
the geometry of spherical surfaces of lenses or mirrors. 
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employed in all CD-based systems, including the CD-ROM drive. 
After diffraction, the direction Om of a particular diffracted order m and 

the direction Oo of the incident light are related to each other through the 
grating equation 

• (J • (} mÀ sm m - sm o = -
p 

with p denoting the grating period [13]. 

(2.2) 

When carefully examining the disc impressed surface from Fig. 2.2-A, it 
appears that a two-dimensional grating is being present. The main one, 
which is responsible for the read-out method via the overlapping areas de
picted in Fig. 2.5, is arranged along the disc spiral and consists of a long 
sequence of pits and lands of variable length. The smallest spatial period of 
this grating is usually denoted by p and equals twice the shortest pit length. 
The other grating, which has a fixed period q equal to the track pitch, is 
arranged along the disc radial direction. It will generate another two over
lapping areas which are perpendicular to the ones from Fig. 2.5 but are not 
represented anymore in this figure. This radial grating is responsible for 
a certain amount of cross-talk induced by the neighboring tracks into the 
read-out signal. 

The read-out method employs, as mentioned above, only the grating 
aligned along the disc spiral. For the laser spot locally incident to the 
disc surface, the direction of this grating is perceived as being tangent to 
the spiral and moving with a given linear velocity Nva. The N and Va 
parameters have already been defined in Section 2.2.1. The areas of the 
overlapping regions from Fig. 2.5 carry therefore time information related 
to the grating position. Also, because the pits (and lands) have variable 
length, the overlapping areas are affected by a spatial modulation. 

When the whole zeroth order and both overlapping areas from Fig. 2.5 are 
captured by only one photodetector, the read-out method is called cent ral 
aperture (CA) detection. This detection method is typically used in all CD
ROM systems. It can be shown [17] that the intensity of the light received 
by the CA photodetector is given by 

2 [ (A1) 2 2A1 (21rNva )] Idet(t) ~ 2A0 1 + Ao + Ao MTF(6x)cosî/Jwcos p t (2.3) 

where Ao and A1 are the amplitudes of the zeroth and respectively first 
diffracted order, î/J10 is the phase shift between these two light beams and 
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2 (6.x) t>x J (6.x) 2 

MTF(Llx) = ;arccos 2 - -;-1- 2 (2.4) 

is the modulation transfer function8 (MTF). In case of CA detection, MTF 
is basically a measure of the cumulated overlapping areas depicted in Fig. 2.5 
and depends on the spatial frequency 6.x = >./(p ·NA). MTF character
izes the low-pass filtering process undergone by the time-modulated third 
term from Equation (2.3). The modulation transfer function of a CD-ROM 

system with N 1 is plotted in 
Temporaltrequency(MHzJ 

1
•
5 

Fig. 2.6. The corresponding cut-off M U 1~ 
~~~~~~~~~~~~ 

1,0 

0,2 

0,0 0,2 0.4 0,6 0,8 1,0 1,15 
Spatial frequency (linestµm] 

Figure 2.6 Modulation transfer 
function for central 
aperture detection. 

2.2.5 Optica/ error signals 

spatial and temporal frequencies are 
equal to 2·NA/>. = 1.15 µm- 1 and 
2va ·NA/>. = 1.5 MHz, respectively. 
The latter numerical value is obtained 
for a disc rotating at a linear velocity 
Va= 1.3 m/s. Finally, it is important 
to mention that possible aberrations 
in the optica! system will not affect 
the MTF but do introduce phase dis
tortions in the read-out signal [59]. 

lt is of primary importance for any CD-ROM system to keep the laser spot in 
the middle of a particular track. Two error signals will therefore be needed 
for the servo electronics ·to automatically perform focus adjustment and 
radial tracking. Another remark concerns the shape of these error signals: 
they have to monotonically increase (or decrease) when passing through 
zero, as a requirement for building a feedback control loop. lt will be shown 
herein that both mentioned signals can optically be derived. 

Focus error signa/ 
When the scanning spot from Fig. 2.4 is perfectly in focus on the disc, the 

reflected laser beam is imaged back onto itself [17]. This optical phenomenon 

8The behavior of an optica! system in the frequency domain [59] can be described by 
means of an optica! transfer function (OTF). The modulus of OTF is known as modulation 
transfer function (MTF). 
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can better be understood from Fig. 2.7, where a disc out of focus is drawn, 
namely the objective lens is situated closer to the disc. Basically, it should 
always be possible to focus the light beam even if the disc does not contain 
any impressed structure at all. 

A focus error signa! can be obtained if some asymmetry is present in the 
optica! path. Two methods are commonly used, which involve either the 
astigmatism deliberately introduced 
into the system or the separation of 
the light beam along its optica! axis. 

The principle schematically shown 
on Fig. 2.8 is known as the astig-
matic method and is being based ~j~ t 
upon an optica! aberration, called 
astigmatism. This distortion is intro-
duced by cylindrical lenses or, in case Figure 2. 7 
of the optica} path from Fig. 2.3-A, 
by the plane-parallel plate. An astig-

Disc in focus 

Objective 
lens 

Beam focusing upon the 
disc impressed surface. 

matic image is also rotated with respect to its optica! axis. As shown in 
Fig. 2.8, a focus error signa! can be extracted if an arrangement of four 
detectors is being used. Details about the astigmatic method can be found 
in [17,119). 

V0 = A+C-(8+0) > 0 
(disc too far) 

Disc too close 
<:= 

Focus 

Dlstance 
between 

objectlve lens 
and disc 
az.[µm] 

==> 
Disc toofar 

V0 = A+C-(8+0) < 0 
(disc too close) 

Figure 2.8 Typical arrangement and focus error signa! for the 
astigmatic ( 4-detector) method. 
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Figure 2.9 Generation of the focus error signa! using the 
single-Foucault method. 

Other ways to generate the focus error are the single- and double-Foucault 
methods [17]. The form er, also known from literature as the knife-edge 
method, is presented in Fig. 2.9. The asymmetrical beam is schematically 
drawn as being produced by a knife edge which obscures half of the beam. 
An out-of-focus situation will generate a mismatch between the light in
tensities perceived by the two detectors and consequently, a corresponding 
error signa! can be derived. 

The knife-edge method described above should be associated with the op
tica! path from Fig. 2.3-B. However, instead of the knife edge, a holographic 
optica! element (HOE) is used to introduce the necessary asymmetry along 
the optical axis [34,88]. Also called Foucault grating or simply hologram, 
the HOE has a special double structure as shown in Fig. 2.10 and divides 
the refiected laser beam in two halves which are separately directed to
wards the photodetector elements. One of these half-beams is focused onto 
a split detector and can therefore be used to generate a focus error signal. 
The other half is projected onto a third detector and, as it will be seen 
in Section 2.2.6, is necessary to generate the high-frequency signal whose 
information is carried by a complete bundle. The hologram, which is inte
grated within the LDGU, features high environmental stability and reduces 
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the weight of the optical pickup unit (OPU), making it more suitable for 
fast access in high-speed CD-ROM systems. 

Apart from the two methods described herein, the focus error can also 
be optically generated by means of a double-Foucault arrangement [17]. 
This method uses a prism instead of 
the knife edge to split the beam along 
its optica! axis and two pairs of de
tectors to obtain the necessary er
ror signal. Another known method 
is the spot-size detection. Also de
noted in literature by the acronym 
SSD, the spot-size detection is sim
ilar to the double-Foucault method 
and employs a prism and two split 
detectors. While SSD can be found 
in some CD-ROM drives, the double
Foucault method has been replaced 
almost entirely by its simpler coun- Figure 2.10 

terpart, the single-Foucault. 

Radial error signa/ 

Foucault grating and its 
specific arrangement of 
the detectors. 

Since the introduction of the CD system, many methods have been pro
posed for deriving an optica! radial error signal. The most common strate
gies are described in [17] and are usually known as twin-spot radial detec
tion (or 3-beam method), radial push-pull detection, 3-beam push-pull and 
respectively radial wobble method. Nowadays, the 3-beam method has be
come a standard in almost all CD-ROM drives. It uses two additional spots 
as shown in Fig. 2.11 to loek the desired track in between. This track will 
consequently be read out by the central spot which is equidistantly situated 
between the lateral ones. 

The lateral spots, also called satellites, are derived from the initial laser 
beam by means of a grating structure (see also Fig. 2.3). The satellites 
are displaced aside from the central spot, both in the radial and tangential 
direction. The displacement in the radial direction equals a quarter of the 
track pitch and the grating should be properly adjusted by rotation in order 
to realize this distance. By using a separate detector for each satellite spot, 
a radial error signal can be created. The proper adjustment requires the 
detector signals being 180° out of phase with respect to each other. 
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Figure 2.11 Generation of the radial error signal using the twin-spot 
method with a 3-spot optical pickup unit. 

As shown on Fig. 2.11, a sinusoidal signal will be generated while moving 
the spot along the disc diameter. The minima of this signal (i.e., when the 
light intensity drops to its lowest value) correspond to the positions of the 
considered spot just centered on a particular track. If one subtracts the two 
satellite detector signals, a DC-free radial error sinusoid 

RE(x) = SAT2(x,xo) - SAT1(x,xo) 

2M . (27rX) . (27rXQ) = sin -- sm --
q q 

= 2M sin (
2;x) 

xo=q/4 

(2.5) 

can be obtained [17]. The requirement for a DC-free signal is to have both 
satellite spots of equal light intensities. The factor M defines the radial 
modulation and x represents the variable along the disc radius. The up
going slope of this error signal can consequently be used in a feedback control 
loop to keep the main spot centered above the right track. 
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We shall also mention at the end of this section that not all methods 
that can theoretically provide a radial error signal are equally suitable for 
all types of CD systems. To give an example, a CD-Recordable cannot use 
the 3-beam method described above because the radial modulation index is 
almost zero if the disc is not recorded yet. 

2.2.6 Generatlon of the HF signa/ 

As the centra! spot from Fig. 2.11 remains locked to the desired track, the 
pit-land relief structure is passing by. The reflected main spot falls onto the 
centra! arrangement of detectors. As discussed in Section 2.2.5, a particular 
differential combination of these detectors is also used for the focus error. 
However, by gathering the information received by all centra! detectors, a 
high-frequency signal modulated by the disc relief structure can be derived. 
The modulation of this signal takes place in time as well as in amplitude, 
according to Equation (2.3). 

A schematic representation of the optically generated HF signal is de
picted in Fig. 2.12 and the eye pattern9 of this signal is shown in Fig. 2.13. 
The regions between the impressed pits (i.e., the lands) reflect the incident 
light without too much destructive interference and hence, the correspond
ing HF signa! reaches maximum values. Conversely, a minimum level of 
the HF signa! corresponds to a light beam which is strongly reduced by 
interference while reflected by a pit. 

The CA read-out signal as depicted in Fig. 2.12 is spatially modulated 
by the pit lengths, which are integer multiples of the channel bit~0 The 
minimum and maximum fundamental frequencies of the modulation pattern 
(see further Section 2.4.6) are 196.4 and 720.3 kHz, respectively. Since the 
length of a channel bit can be derived from the compact disc standards 
[70,74,114,115], all frequency components between 196.4 and 720.3 kHz may 

9 The eye pattern can be obtained on an oscilloscope screen by superposing several 
time slices of the HF signal. The diamond-shaped space between the signa! rising and 
falling edges is designated as the eye opening and provides various information about the 
signa! channel (see also Section 2.4.4). A correct eye pattern can only be measured when 
the oscilloscope trigger level corresponds with a well-defined threshold, usually the DC 
component of the modulated measured signa!. In telecommunications, this threshold or 
slicing level serves the regeneration of the transmitted doek. 

10 A channel bit carries the minimum amount of information which, for a digital signa!, 
may only be either 0 or 1. When translated to the disc relief structure, the channel length 
represents a minimum physical length along the disc spiral. The subject will be discussed 
in Sections 2.4.6 and 2.7.3, and further details can be found in [17,65,93,103). 
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Figure 2.12 Generation of the high-frequency signal with a 3-beam 
optical pickup unit and the corresponding arrangement 
of detectors. 

exhibit a slight variation of about ±8 %. The derivation of the modulation 
fundamental frequencies will be explained in Section 2.4.6. 

The CD standards specify also two amplitude relations, namely 

[g 
-
1 

= 0.3 ... 0.7 
top 

In À O 6 
ftop r . 

(2.6) 

(2.7) 

which represent, practically, a provision for the noise possibly affecting the 
HF signal and for an optima! recovery of the recorded digital information. 
Both relations relate the amplitudes [g and In of the maximum and respec
tively minimum fundamental frequency components to the peak value ltop 

of the HF signal, before any high-pass filtering. 
Further, it is known from telecommunication theory [28,35] that, in order 

for the system to recover the recorded information, a detection level AD 
should be applied to the high-frequency signal. When related to the HF 
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signal from Fig. 2.12 or Fig. 2.13, this level should satisfy the asymmetry 
condition [70,74,114,115] 

An 1 
-0.2 ~ In - 2 ~ 0.2 (2.8) 

which basically poses a requirement for the ratio between the lengths of 
similar pits and lands. 

30% 

... Aaymmelty 
:1:20% 

Zero level no reflection 

Figure 2.13 ldeal HF eye pattern. 

2.3 The servo-mechanical subsystem 

) 1 

The CD-ROM servo electronics is basically associated with two control loops 
which keep the laser spot in focus on the impressed disc surface and, while 
playing back the recorded information, keep the laser spot following the disc 
spiral. In addition, the servo circuitry must also be able to find a particular 
location on the disc. This means crossing the tracks in the radial direction 
with high speed and without loosing focus, locating and locking the physical 
target track and resuming afterwards the playback state. 

Strictly speaking, there are two more servo loops in a CD-ROM system, 
which regulate the speed of the turntable motor and load/unload the disc, 
respectively. The tray that carries the disc from the outside to the inside 
of the drive and vice versa is, in general, directly supervised by the basic 
engine microcontroller. A DC voltage with predefined time-dependent am
plitude is applied to the tray motor until a certain condition is met ( for 
instance, until a switch detects the end position of the tray). Other disc 
load/unload mechanisms11 have similar operating principles. The turntable 

11The so-called slot loader does only exhibit an opening in the front panel of the drive. 
When a disc is sufficiently inserted into the opening, it will be hooked by a soft-touch 
mechanism and pulled inside. The operation is reversed during unloading. 
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motor circuitry is usually built around the decoding electronics and will be 
separately described in Section 2.4.8. 

We shall discuss within this chapter only the focus and radial servo loops, 
as being the two main feedback systems within a CD-ROM drive, apart from 
the one controlling the turntable motor. 

2.3.1 Mechanica/ overview 

The whole mechanica! construction can be modeled from separate building 
blocks that interact with each other through elastic and damping elements. 
This is a common approach within the theory of automatic control [46,87]. 

Practically, almost all CD-ROM drives rely on mechanica! concepts [124] 
similar to those depicted in Fig. 2.14. Two actuators, with their mobile 
parts totally suspended on elastic elements, are dedicated to keep the laser 
spot in focus and on track. The actuators can perform fine displacements 
along the normal and respectively radial direction relative to the disc while 
being positioned by a sledge at a raw radial location. The sledge forms a 
rigid body together with the turntable motor and the turntable itself, being 
further consolidated on what is called the subchassis. 

At this point, a difference can be distinguished between the constructions 
A and B from Fig. 2.14. The concept A has been successfully used for some 
years but, because of the relatively small mass elastically connected to the 
fixed world, it does not offer enough mechanical stability at high disc angular 
frequencies. The concept B combines the subchassis and the chassis itself in 
one body, providing therefore a heavy mass to passively damp the undesired 
vibrations which are generated by the rotating disc. For this reason, the 
latter construction is mostly used in very high-speed CD-ROM drives. 

Figure 2.14 Schematic representation of the mechanica! construction as 
seen from a servo point of view. 
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As a last remark, it is important to explain two commonly used abbrevi
ations. OPU, which stands for optical pickup unit, defines the whole elec
tromechanical ensemble (laser diode, lenses, photodetector and actuators) 
carried by the sledge. The compact disc mechanism (CDM) designates the 
subchassis itself together with the sledge, turntable motor, disc turntable, 
and OPU. 

2.3.2 CD-ROM electromechanics 

Any CD-ROM system is based upon five electromechanical actuators (mo
tors) and their related control electronics, power drivers, gears, etc. The 
role played by each of these actuators is schematically depicted in Fig 2.15. 

There are two rotary DC motors in the system, one of them spinning 
directly the turntable and the other one loading/unloading the disc. The 
latter motor may need additional mechanics to couvert its rotational move
ment into linear (tray) displacement. Some portable CD-ROMs load the 
disc manually and do not have any dedicated load/unload mechanism. 

A third rotary DC motor can be used to displace the sledge via a worm 
and gear combination. However, the very first CD-ROM drives did not use a 
translation sledge but a swing-arm (similar to the one encountered in hard
disks) which involved pairs of magnets and electromagnets for positioning. 
Other constructions such as linear or step motors are also known but, for 
the time being, their use on a large scale is rather limited. Nevertheless, 
due to the importance of fast data access, the sledge electromechanics is 
getting increasing attention from the development engineers. 

1 M Ht"/ 1 .--... 
Tray Disc Tumtable 
motor load/unload motor 

Objective lens 

L Electromagnets and 

r:: damplng springs 
tor radial positioning 

r;:i..---+.:...i (radial actuator) 

...,.___.. 
Sledge positioning 

Electromagnets and 
damping springs 

for focus positioning 
(focus actuator) 

Figure 2.15 Schematic cross-section through the CD-ROM actuators and 
intuitive representation of all driving motors. 
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Finally, a CD-ROM drive needs two motors to correctly position the laser 
spot in focus on the disc impressed surface and radially along the desired 
track. These motors are usually designated as focus and radial actuator, 
respectively. They are able to carry out very fine displacements and rely on 
pairs of coils and permanent magnets which can move the objective lens in 
the vertical direction and radially across a number of tracks. 

It will be also useful to indicate the magnitude of the movement that 
each electromechanical component is able to perform in current CD-ROM 
drives. The turntable motor rotates the disc with angular speeds hetween 
5 and 120 Hz (i.e., between 300 and 7200 rpm), depending on the drive 
X-factor as well as on the spinning mode12 of the disc. A tray or a slot
loading mechanism can load and unload the disc within 0.5 ... 1.5 seconds 
and the sledge crosses the tracks in the radial direction with a maximum 
linear velocity of 200 ... 350 mm/sec. The vertical displacements of the 
ohjective lens are typically of several hundreds of micrometers hut, under 
certain circumstances}3 magnitudes of about 1 mm are not uncommon. The 
radial actuator can move the objective lens across a number of tracks hut 
larger displacements, of 50 ... 200 µm, are quite usual while playing back 
discs with eccentricity. 

2.3.3 Dynamic disturbances and servo requirements 
In genera!, a control loop is aimed to regulate a given variable within a set of 
prescribed limits [46,87]. In case of focus and radial servo loops, the actua
tors sketched in Fig 2.15 can position the laser spot with a certain accuracy 
along the normal and radial direction to the disc surface, respectively. The 
related control variahle is, in both cases, the physical displacement. 

In addition, large displacements are also performed by rapidly moving 
the sledge together with the carried actuators between two locations on the 
disc surface. It is quite common for the sledge servo to use the numher 
of crossed tracks as controlled variable while the radial actuator is set to 
closely follow the fast sledge movement. 

There are, however, error sources that disturb the positioning of the laser 

12The very first CD-ROM drives employed constant linear velocity (CLV) as driving 
strategy of the turntable motor. Modern drives use either constant angular velocity ( CAV) 
or a predefined speed profile (145] between CLV and CAV. Concepts that combine two 
or even all of these three driving strategies are also known [148]. This turntable motor 
control will be discussed throughout Section 2.4.8. 

13Discs with marginal specifications in the vertical direction (skew). Additional details 
are further given in Section 2.3.3. 
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spot during the disc read-out. Similarly, the number of tracks crossed during 
a large sledge displacement can easily be miscounted due to various error 
factors. 

The disturbances affecting the servo loops are either generated within 
the CD-ROM drive itself or are received from the external environment. 
Dynamically speaking, the control loop has to reduce any disturbance down 
to a value at which the disc read-out can still safely take place and, during a 
large sledge displacement, a target track can be fast and accurately located. 

Disc vertical and track deviations 
The standards (70,74,114,115] specify both the maximum deviations of the 
disc reflective surface along the focus direction and the radial deviations of 
the track. Disc irregularities up to these allowed maximum values should 
definitely not disturb the read-out process. The standardized deviations are 
summarized in Tables 2.1 and 2.2 and are defined as observed by the laser 
spot, while the disc is rotating at a scanning velocity Va 1.2 ... 1.4 m/s. 
For focus only, the tabulated values include the tolerances on substrate 
thickness, refractive index, and deflection. For radial deviations above 500 
Hz, the standards specify a maximum tracking error which is due to noise 
within this frequency band. 

Focus and radial servo requirements 
It has been shown in literature [17,19,21] that a defocusing14 ofless than 

À 

.6.z = 2 · NA2 (2.9) 

in each direction ( towards and from the disc surface) is allowed while still 
preserving the reliability of the disc read-out. The above relation defines 
the total focal depth whose numerical value .6.z = 1.92 µm is given by the 
CD-ROM parameters À 780 nm and NA 0.45. When focusing the laser 
spot beyond .6.z, the frequency response (MTF) given by Equation (2.4) 
becomes worse because of the non-uniform interference between zeroth and 
first diffracted orders [17]. The focus servo should therefore control the 
objective lens within ±.6.z . 

..,c,,v..,.""",i; of the laser spot may have various causes. For instance, disc tilt (incorrect 
positioning of the disc on the turntable), disc skew and imperfections of the disc substrate 
lead toa periodical disturbance in the focus direction. The periodicity depends on the disc 
rotational frequency. Time-independent defocusing can also occur due to, for example, 
aberrations introduced by the objective lens. 
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Conditions Parameter Specification 

Maximum deviation from nomina! position ±0.5mm 

Frequencies Maximum RMS deviation 0.4mm 
below 500 Hz 

Maximum vertical acceleration 10 m/s2 

Frequencies 
Maximum deviation from nomina! position ± 1.0µm above 500 Hz 

Note: The nomina! position is defined with an ideal disc having a substrate 
thickness of 1.2 mm and a refractive index of the substrate equal to 1.55. 

Table 2.1 Standardized vertical deviations of the infor
mation layer specified at the disc scanning 
velodty Va = 1.2 ... 1.4 m/s. 

Conditions Parameter Specification 

Maximum eccentricity of the track radius ±70µm 
Frequencies 

Maximum radial acceleration below 500 Hz 
0.4m/s2 

( eccentricity and unroundness) 

Frequencies 
Maximum tracking error ±0.03µm above 500 Hz 

Note: The eccentricity is specified relative to the inscribed inner circle of 
the center hole. 

Table 2.2 Standardized radial deviations of the track specified 
at the disc scanning velocity Va = 1.2 ... 1.4 m/s. 

1 

Dynamically, a CD-ROM disc is specified while rotating at the constant 
linear velocity Va = 1.2 ... 1.4 m/s, equal to the scanning speed of an audio 
disc~5 The rotational frequencies corresponding to Va lie between 3 and 9 
Hz. It follows that a sensitivity16 

(
1.92 µm) 

ó.Sfoc = 20log O 
.5mm 

-48 dB (2.10) 

is needed in the focus loop at these low frequencies, where the maximum 
vertical deviation from Table 2.1 has been taken into account. It should 

15See Sections 2.2.1 and 2.4.8. 
16The sensitivity of a closed control loop will be further discussed in Section 2.3.4. 
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be noticed that Equation (2.10) gives only the sensitivity necessary for 
the rejection of those disturbances introduced by the disc itself. However, 
other dynamic disturbances that contribute to defocusing are usually much 
smaller and can be neglected under normal circumstances. The only excep
tion occurs while playing back a heavily unbalanced disc and this situation 
will be discussed later, throughout this section. 

In case of radial tracking, a similar approach can be considered. The 
scanning spot, which is supposed to closely follow the read-out track, might 
slightly deviate from its ideal position while still remaining within a given 
tracking error. This error is mostly determined by the total amount of 
cross-talk introduced into the HF read-out signal by the neighboring tracks. 

It can be shown that, due to cross-talk considerations, radial deviations 
of ± 0.2 µm can easily be tolerated in a CD system [17]. The necessary 
sensitivity of the radial control loop becomes 

(
0.2 µm) 

6.Srad = 20log 
70 

µm = -51 dB (2.11) 

when calculated at the audio scanning velocity Va. Again, only the disc 
itself as disturbance source has been considered in Equation (2.11). 

An intuitive representation [103] of the disc specifications in bath focus 
and radial directions is depicted in Fig. 2.16. The plots are given fora disc 
rotating at the constant linear velocity va. The corner frequencies can easily 
be derived using the equation amax = 47r2 A/2 with amax and A represent
ing the maximum acceleration and deviation, respectively~ 7 When the disc 
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Figure 2.16 Graphical representation of the disc specifications in focus 
(A) and radial direction (B), for a disc scanning velocity 
Va= 1.2 ... 1.4 m/s. 

17For example, the lowest corner frequency for the focus specification is equal to 
y'l0/(0.5 · 10-3 )/(2-ir) = 22.5 Hz. 
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rotates at higher speeds, say N Va, the corner frequencies of both plotted 
specifications must linearly be shifted by the overspeed factor N. The focus 
and radial accelerations, on the other hand, will increase by the factor N 2 

when measured along the ordinate of these plots. The whole disturbance 
spectrum in focus or radial direction should lie below the respective plotted 
specification for any given frequency f. 

As a final remark, we notice that the disc deviations given in Tables 2.1 
and 2.2 exceed the practical values which characterize the current CD-ROM 
discs. This affirmation is especially valid for the focus and radial maximum 
accelerations and leads to more relaxed bandwidth specifications of the re
spective control loops. 

Additional internal disturbances 

Apart from the deviations introduced along the focus and radial directions 
by the disc itself, the read-out process is also jeopardized by other error 
sources from inside the CD-ROM drive. 

It is significant to mention that not only the vertical and radial directions 
are important for the spot positioning, but the tangential direction should 
also be taken into account. Errors along this direction can be due to some 
displacements of the light source, vibrations of tilted mirrors but also play 
and misalignment in the sledge mechanics. Fortunately, these types of errors 
do not affect the read-out performance of a CD-ROM disc to such an extent 
that a servo correction becomes necessary [17]. The only optical systems 
which do care for tangential errors are those needing an accurate time base, 
such as the Laser Vision (CD Video). 

Looking again at the radial direction, a very important disturbance is 
the eccentricity introduced by the shaft of the turntable motor, turntable 
itself, and the positioning of the disc on the turntable. They add up to the 
maximum run-out of the track radius from Table 2.2 and lead toa maximum 
eccentricity of about 125 µm. The radial servo loop should therefore be 
calculated fora total reduction 

!:J..Srad = 20 log ( 0.
2 

µm) = -56 dB 
125 µm 

at the scanning velocity Va = 1.2 ... 1.4 m/s. 

(2.12) 

Another very important disturbance source in the system is the disc itself 
as a rigid mass in rotation. The disc is not a perfect geometrical body and 
consequently, its rotation will generate a centrifugal force which is propor
tional to the distance !:J..Rgr between the center of gravity and the rotation 
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axis. The amplitude of the unbalance force is given by 

Funbal = m( 27r frot) 2 !Ji.Rgr (2.13) 

where m is the disc mass and frot is the rotational frequency of the disc. 
Practical values for this force lie between 4 and 40 mN when measured at 
frot= 10 Hz. 

The effect of the unbalance force is perceived inside the drive as vibrations 
of the whole subchassis. It is the disc center of gravity rotating at a rate 
given by frot that determines the frequency of the subchassis oscillations. 
The actuators, which are elastically coupled to their carriage (see Fig. 2.14), 
will tend to follow the subchassis oscillations and hence give rise to focus 
and radial errors. These errors can be very large, reaching under extreme 
conditions values of tens of micrometers. It is possible to partially attenuate 
these errors by properly designing the focus and radial servo loops. However, 
the nonlinear components of these errors can only be dealt with by using, 
for example, very specific control techniques. An example of a nonlinear 
effect introduced by Funbal is the amplification of the play between sledge 
and its guiding mechanics. This play remains practically unobservable if a 
well-balanced disc is read out hut otherwise, it can hardly be compensated 
for. In addition, if a track-counting mechanism is used during an access 
procedure, it can also be disturbed by Funbal. 

In order for the heavily unbalanced discs to be played back, some mechan
ica! measures should be taken. Adding more mass to the subchassis as in 
Fig. 2.14-B when compared to Fig. 2.14-A can improve the situation. Also, 
the mechanica! tolerances can be tightened or even self-balancing turntables 
can be used. Another solution employs a dedicated algorithm to detect the 
unbalance of the played-back disc. Depending on the degree of unbalance, 
the disc rotational speed might be lowered to a particular value at which 
the CD-ROM functions are not disturbed anymore. 

A secondary effect induced by unbalance farces is the propagation of 
the internally-generated vibrations to the outside world. Usually, a CD
ROM drive is mounted on the mechanica! frame of its host system (PC) 
which means that a rigid link is established between the two mechanical 
ensembles. The PC industry and especially the hard-disk manufacturers 
can only tolerate a well-defined disturbance environment for their relatively 
quiet devices. As a consequence, the CD-ROM drive manufacturers are 
the ones called to adopt specific measures to reduce the spectrum and the 
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amount of mechanica! vibrations. 

Externaldisturbances 
Other sources of disturbances which can affect the disc read-out process 
are situated outside the player cabinet. They are generated by the external 
physical environment and do introduce errors within the focus and radial 
servo loops. Some examples include the car navigation systems using a CD 
data base and the computer systems with optical storage devices working 
in hostile environments (e.g. those devised for the military equipment). 

However, as the rotational speed of the disc has been continuously in
creased over the years, the external disturbances became of less importance 
when compared with those generated by the disc unbalance. More atten
tîon has therefore been paid to suppress the latter dîsturbances, unless the 
drive must be specifically designed to accommodate extreme environmental 
conditions. 

2.3.4 Servo loops tor focus and radial adjustment 
It has already been mentioned in Section 2.3.3 that both focus and radial 
servo loops use physical displacement as control variable. Each of these 
loops is therefore regulating the linear position of the objective lens and 
employs an optoelectronic detector to generate the error signal and several 
electromechanical components. The block diagram of a position servo loop 
is illustrated in Fig. 2.17. 

Position control loop 

The spot position, denoted in Laplace18 domain by X 8 ( s), is determined by 
the displacement of the objective lens and should coincide at any moment 
in time with a predefined reference Xd(s) situated on the disc itself. This 
reference is given by the disc reflective layer in case of the focus control loop 
and by the center of the read-out track in case of the radial loop. Clearly, 
the laser spot must follow the disc deviations discussed in Section 2.3.3, 
while disturbances d(s) originatîng inside19 and outside the CD-ROM drive 
will influence its controlled position. 

The error signa} e( s) is optically generated as already discussed in Sec-

18The complex Laplace variable is designated by s = jw with j and w being 
the angular frequency of interest. 

19These disturbances include not only those internally generated as discussed in Sec
tion 2.3.3, hut also the sledge contributions in a two-stage (sledge-actuator) radial loop. 
The block diagram of a sledge-actuator radial loop is depicted in Fig. 2.22. 
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e(s) 
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Power 
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Figure 2.17 Block diagram of a position-control servo loop. 
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X5 (s) 

tion 2.2.5 and converted into an electrical signal by a photodetector. The 
whole arrangement used for error generation, including some electronics 
needed to read the photocurrents~0 is depicted as a single building block 
and designated as position detector. In genera!, a closed control loop is 
also affected by the measurement noise n( s) which is introduced while read
ing the feedback signal [46]. For our particular case of focus and radial 
control, n( s) has both a DC component or offset and a component which 
is randomly distributed in the frequency domain (white noise). The mea
surement noise originates mostly in the photodetector itself and the related 
electronics. Fortunately, as it will be further discussed in Section 2.5.2, the 
random component of n(s) can be sufficiently minimized such that it can 
be neglected for control purposes. The offset, on the other hand, will still 
affect the control loop and should be separately dealt with. 

The correct displacement of the laser spot is accomplished by minimizing 
the tracking error et ( s) Xd( s )-X 8 ( s). As already mentioned in a previous 
section, the magnitude of this error should be reduced to less than 2 µm 
for focus and less than 0.2 µm for radial tracking. A compensation network 
will process the total error information e( s), including the measurement 
noise, and will actuate the objective lens towards the desired position. The 
transfer functions of the position detector, compensation network, actuator, 
and power driver of the actuator have been denoted by G1(s), K(s), Hact(s), 
and G2(s), respectively. 

Depending on the signal of interest, the feedback loop from Fig. 2.17 can 
be described by any of the equations 

H(s) 1 
1 + H(s) [Xd(s) - n(s)] + 1 + H(s) d(s) (2.14) 

• 
20See Sections 2.5.2 and 2.5.3 for further details. 
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1 JI(s) 
et(s) = 1 + l!(s) [Xd(s) - d(s)] + 1 + l!(s) n(s) (2.15) 

where l!(s) G1(s)K(s)G2(s)1Iact(s) designates the open-loop transfer 
function. As indicated by (2.14), the sensitivity S(s) = 1/[1 + l!(s)] needs 
being small for disturbance rejection. The same requirement is also needed 
in {2.15) to minimize the tracking error et(s). The magnitude of S(s) at 
low-frequencies should in particular cover the numerical values from Equa
tions (2.10) for focus and {2.12) for the radial loop. On the other hand, a 
good rejection of the measurement noise takes place when the magnitude of 
the complementary sensitivity 1- S(s) = JI(s)/[1 + l!(s)] approaches zero. 
The compromise between disturbance rejection, noise rejection, and small 
tracking error is accomplished by the compensation network which makes 
IS(s)I and Il - S(s)I small at low and high frequencies, respectively. 

Detailed information related to feedback control can be found, for exam
ple, in [46,86,87]. We shall approach here the actuator and the compen
sation network, while the position detector wil! be separately discussed in 
Section 2.5.2. As a remark, notice that G1(s) and G2(s) may be approxi
mated in most cases by real gains within the operating frequency range (up 
to several kHz) of the focus/radial loop. 

Focus and radial actuators 
The two tiny motors used to vertically and radially position the laser spot 
are usually called actuators. The displacement directions of the objective 
lens which are associated with the focus and radial actuators have already 
been indicated in Fig 2.15. 

Each actuator uses a separate pair of coils and permanent magnets to de
velop an electrical force along the desired direction. The permanent magnets 
are mechanically fixed while the coils are attached to the moving objective 
lens. This construction is known in literature as a linear voice-coil motor 
and is widely used in other disk storage devices [97]. The voice-coil motor 
benefits from a relatively small moving mass which is specifically aimed to 
improve the step response of the position loop as well as to reduce the power 
dissipation. 

The moving part of both actuators, including the objective lens, is sus
pended on elastic elements that are designed to separate as much as possible 
the two directions of movement. However, a certain amount of cross-talk 
is present between focus and radial loops which are, otherwise, completely 
independent from a control point of view. The cross-talk is due to mechan-
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K----~ 

Figure 2.18 Block diagram of an ideal CD-ROM focus/radial actuator. 

ical and electrical coupling through the objective lens and electrical fields 
of the coils, respectively. At this stage, a careful electromechanical design 
should be considered to reduce the mutual focus-radial cross-talk to values 
acceptable for both loops. 

A simplified linear Laplace model of the focus/radial actuator is presented 
in Fig. 2.18. Two equations govern the dynamics of the actuator, namely 

. di(t) 
Ua(t) = Rai(t) + Ladt + Ub(t) (2.16) 

describing its electrical behavior and 

d2x(t) dx(t) 
F(t) = Mact--;Ji,'2 + D(it + Kx(t) (2.17) 

characterizing its mechanics. The notations used here are ua(t), ub(t) and 
i(t) for the applied voltage, back emf and respectively current through the 
actuator coil, and Ra, La for the coil resistance and inductance. Further, 
Mact is the actuator moving mass, Dis the damping constant (viscous fric
tion coefficient) of the surrounding medium, and K is the constant charac
terizing the elastic elements. The time-dependent linear displacement x(t) 
should be regarded as relative to a reference position of the objective lens 
from Fig 2.15, which generally corresponds to i(t) = 0. 

The two above equations are linked through the electrical force F(t) = 

K1i(t) where Kt denotes the force constant. When K1 and the back emf 
constant Ke from Fig. 2.18 are expressed in SI units, they are defined by 
the same numerical value. 

The actuator transfer function can easily be derived from Equations (2.16) 
and (2.17). Together with the relation F(t) = K1i(t) they lead to 
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K1 
Hact(s) = L R 

S a + a 

1 
(2.18) 

where an electrical time constant Tel = La/ Ra can be immediately identified. 
Typical values fora CD-ROM actuator are Ra = 10 ... 20 n, La ~ 0.1 mH, 
K1 = 0.2 ... 0.6 N/ A, Mact = 0.4 ... 0.8 g, D ~ 0.01 Ns/m, and K = 
20 ... 100 N /m. As mentioned before, the back-emf constant expressed in 
V/m has the same numerical value as KJ in N/A. 

Further, it can also be seen from Equation (2.18) that a resonance fre
quency characterizes the actuator transfer characteristic. At low frequen
cies, when only the mechanica! part of this equation is taken into account 
(i.e" Ke = 0), the natura! undamped frequency fn and the damping ratio Ç 
become 

f - __!__ n< 
n - 211" V M:::"t (2.19) 

The resonance peak of a second-order system with respect to the DC gain is 
given by the quality factor Q = 0.5/Ç. Additional details on these subjects 
of control theory can be found in [46,87] and a genera! approach of the CD 
actuator is presented in [17). 

Finally, some remarks must be made with respect to the parasitic reso
nances of the actuator. Due to its mechanica! construction, there are always 
some vibration modes which disturb the transfer characteristic (2.18) and 
add undesired resonance peaks. These modes can be modeled as second
order signal paths in parallel with the mechanica} part of the ideal actuator 
from Fig. 2.18. The Bode plots21 of a real actuator with fn = 50 Hz and 
two more parasitic modes at about 85 and 900 Hz, respectively, are shown 
in Fig. 2.19. It is not always possible to eliminate these resonances and 
neither to shift them at higher frequencies where they could possible be re
duced by the loop attenuation. Moreover, these parasitic modes are usually 
temperature-dependent and exhibit variations from one actuator to another. 
In some high-speed CD-ROM systems, the disc rotational frequencies are 

21 The Bode plots represent a graphical tool for studying the frequency characteristics 
of a given linear system. If the complex transfer function of such a system is denoted, 
for example, by H(s) with s jw, the Bode plots depict the amplitude IH(s)I and phase 
arg{H(s)} as functions of the operating angular frequency w or frequency f = w/(2tr) of 
the system. 
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Figure 2.19 Bode plots of an actuator with three resonance modes. 
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lowered when servo difficulties arise at higher ambient temperatures and 
especially in combination with heavily unbalanced discs. 

The compensation network 
The compensation network should be designed to meet several goals or de
sign criteria within the frequency range of interest: (i) minimization of the 
tracking error et(s), (ii) rejection of the disturbances d(s), (iii) rejection of 
the measurement noise n(s), (iv) dynamic stability, (v) prevention of signal 
saturation at the actuator input, and (vi) robustness with respect to sys
tem tolerances. These goals regard a control loop working within its linear 
region. The control process itself is usually denoted by the term tracking 

(of the input signa!). 
The first and second design criteria mentioned above require the open

loop transfer function H ( s) to have a large gain at low frequencies where the 
first harmonie of any periodic disturbance as well as of the disc deviations 
is situated. This particular operating region of the focus/radial loop is 
determined by the disc angular frequency Wd = Nva/(27rR), with R being 
the radius of the read-out position~2 

For noise rejection, on the other hand, the gain of H(s) should be kept 
low at high frequencies. Finally, the dynamic stability can be achieved by 

22For Va 1.2 ... 1.4 m/s, the low-frequency region extends between 3.3 and 9 Hz and 
scales linearly with N at higher scanning velocities. 
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satisfying the gain and phase margin requirements23 in the middle of the 
operating frequency region. Detailed information related to these classical 
subjects on automatic control can further be found in [46,86,87]. 

One of the most known techniques used to compensate for a second
order plant with own natural frequency is the addition of a proportional, 
integral and derivative (PID) controller, eventually followed by a low-pass 
filter (LPF). This compensation network is described by the equation 

( 
K· ) 1 K(s)= Kp+ i+sKd l 
s rs+ 

{2.20) 

where Kp, Ki, and Kd are the gains associated with each of the three PID 
actions and r is the time constant of the LPF. A Bode plot of such a com
pensation network is given in Fig. 2.20. At low frequencies, the integral 
part of the controller increases the loop gain to achieve the necessary dis
turbance rejection. The proportional part brings also additional gain into 
the system, shifting upwards the whole amplitude plot from Fig. 2.19 and 

20Li ~..........:_._~..::::::::=,.~~..,,,,~_._;,_,_._._,_~~..........,~......J 
1if ,~ 1t ,~ 1~ ,~ 

Frequency (Hz] 

Ci 0 
~ 
~ 
&. -50 

101 10' 103 

Frequency (Hz] 

Figure 2.20 Bode plots of a typical PID controller, fol
lowed by a low-pass filter. 

23 A closed-loop system remains stable if the argument of H(s) does not decrease below 
-180° at the points= jw where IH{s)I = 1. The gain margin gives the factor by which the 
loop gain may be increased before the system becomes unstable, i.e., where arg{H(s)} = 
-180°. The phase margin is defined by the relation 'Pm = 180° + arg{H(j2?T/c)} where 
fc designates the cross-over frequency at which IH(j2?T/")I = L 
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increasing hence the loop bandwidth~4 The differential part of the com
pensator plays its role around the system cross-over frequency, where the 
actuator mass can hardly follow the relatively fast excitations. At these 
frequencies, the denominator from Equation (2.18) is mostly determined by 
the second-order term MactS2 because Tel = La/ Ra is usually situated far 
outside the bandwidth. The differential action sKd will therefore reduce the 
order of the open-loop transfer function H ( s) to one (in the neighborhood of 
the bandwidth), which is a necessary condition for system stability. Finally, 
the low-pass filter takes care of the rejection of the measurement noise at 
high frequencies. 

Some other effects introduced by a PID controller are also present but 
they are less obvious, although not less important, and follow only from 
typical calculations [86,87]. For instance, due to the proportional-integral 
part, the rise and settling times are penalized. The proportional-derivative 
part, on the other hand, will add some damping to the system whereas the 
steady-state response is not affected. 

Another remark concerns the tolerances of all physical parameters in
volved in the control loop from Fig. 2.17. The design of a PID regulator 
should provide sufficient control robustness by carefully taking into account 
these parameter variations. In addition, there are always situations when 
the loop behavior becomes nonlinear (for instance, due to a heavy occa
sional shock). A sort of supervisory con trol will also be needed to prevent 
undesired effects, like burning of the actuator coil, and restore the linear 
operation mode. 

Practically, the PID network can be implemented either in analog domain, 
as already given by Equation (2.20), or as a digital controller [86] based on 
a discrete-time counterpart of this equation. The digital implementations, 
in the form of dedicated PID architectures or multipurpose digital signal 
processors (DSPs), are getting increasing attention and can be found in 
most of the current CD-ROM drives. 

lt is significant to mention at the end of this section some other tech
niques which have been proposed to control the focus and/or radial posi
tion loop. An approach which is equivalent to a PID compensator is that 
of a state estimator in combination with linear state feedback [97]. QFT 
controllers which are based on quantitative feedback theory [30], the H00 

24The bandwidth of a control system [46] is defined as the frequency at which the signa! 
power drops to half of its DC value. When related to the closed-loop transfer function, 
this definition implies a magnitude drop equal to 3 dB with respect to H(j0)/[1 + H(jO}]. 
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control [46,150,152] or learning schemes which help suppressing the repeti
tive disturbances [102] have also been studied. All these control techniques 
have the same global objectives already mentioned at the beginning of this 
section but they do employ specific methods for improving the loop perfor
mance. However, because the PID controller remains very efficient when 
compared to its implementation costs, the market of servo ICs has hardly 
been penetrated by any other type of regulator. 

2.3.5 Focus control 
The laser beam is kept in focus by a circuit which incorporates a position 
loop and a nonlinear control unit (NCU). A block diagram of this circuit is 
presented in Fig. 2.21. 

- Nonlinear control unit (start-up procedures, calibration, 
t compensation, crash detection and recovelies, etc.) 

PID Power 
controller Driver 

Opties 
(incl. disc) Actuator 

Figure 2.21 Block diagram of the focus controt. 

The PID regulator, which is assumed herein to regulate the focus posi
tion, performs only within a linear operating region as already discussed in 
the previous section. However, controlling the focus loop does not represent 
always a linear process. The system has to be initialized and started up, 
the focus error should be calibrated and eventual offsets need being elimi
nated. Moreover, the functionality of the position loop should be continu
ously monitored to detect possible crashes and initiate the proper correction 
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algorithms to recover the lost focus. Such crashes can occur due to, for in
stance, discs with thickness closed to specifications, in combination with 
heavy unbalance and surface scratch es. The task of the N CU is to assist 
the PID compensator during various nonlinear operations and, if needed, 
take over the focus control. 

In genera!, the nonlinear control unit is a complex circuit based on hard
ware and software. The decisions taken by the focus N CU during opera
tion are also dependent on information received from both radial loop and 
turntable motor control. lt becomes therefore quite difficult to separate the 
focus NCU functions from those of other loops. One example is the detec
tion of a very damaged (too many scratches) or very unbalanced disc, for 
example, which cannot be played back at nominal speed. As a con~equence, 
the drive specifications can be relaxed by reducing the motor rotational 
frequency. 

2.3.6 Radial control 
Due to the large disc radial dimensions relative to the track pitch, the spot 
position is controlled by a two-stage electromechanical ensemble, as already 
discussed in Section 2.3.2. While the very first CD-ROM drives featured a 
swing-arm to access any desired track on the disc, the current drives use 
only carriages with linear displacement for the same purpose. 

A genera! block diagram of the radial control is depicted in Fig. 2.22. The 
actuator branch, which is similar to the focus loop described throughout the 
previous section, is controlled by a PID network during its linear operation. 
Typical Bode plots fora PID-based radial open-loop are given in Fig. 2.23. 
In addition to the actuator displacement, the carriage (sledge) movement 
brings its own contribution to the positioning of the laser spot along the 
disc radius. At this point, a distinction should be made between on-track 
positioning, also called track following, and the radial seek displacement. 

The nonlinear control unit (NCU) is also present in the radial servo loop. 
As with focus control, this unit takes care of all initialization and start-up 
procedures, calibrations, crash detections and recoveries. The crash situa
tions, however, are of a more complex nature than those encountered in a 
focus loop. Not only the on-track radial control can fail but crashes can also 
occur during a seek action, while the sledge is moving with high velocities 
across the disc. Practically, most of the problems affecting the on-track and 
seek control are due to discs with heavy defects, strongly unbalanced, or are 
caused by external shocks. 
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Figure 2.22 Simplified block diagram of the radial control. 

On-track radial control 

While the CD-ROM system delivers data through its host interface, the 
laser spot must obviously follow a given track. At a higher system level, 
this operation mode is usually called playback or data read-out. Ata lower 
level, this function is designated by the term track following and represents 
a particular state of the radial servo circuitry. 

Basically, only the actuator loop from Fig. 2.22 is responsible for the ac
curate spot positioning, while the sledge is set to slowly follow the actuator 
movements. This configuration requires a closed sledge loop of relatively 
low bandwidth25 and controlled by its own compensation network (a PID 
regulator, for instance). The signa! Xa to be tracked is selected with a 
seek/read-out switch and represents the actuator position relative to the 
sledge, as given reference. While continuously at playback, the spot moves 
towards the outer disc radius, leaving the sledge bebind. As the displace-

25The bandwidth of the sledge control loop during radial tracking amounts for several 
hundreds Hz, depending also on the scanning velocity of the disc. 
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Figure 2.23 Typical open-loop Bode plots for the PID-regulated 
actuator section of the radial control. 

49 

ment range of the actuator is relatively small (see Section 2.3.2), the sledge 
will also have to advance but at a slower pace, without following the fast 
tracking movements of the laser spot. 

A measure of the actuator position with respect to the sledge can be 
obtained, for example, by reading the integrator value from the actuator 
PID controller. Other methods employ the reading of the actuator back 
emf by means of an additional coil or using a state space model to predict 
the actuator movements [97]. 

Radial seek control 

In genera!, for a disk-based storage system, the servo is said to perform a 
seek when the radial control is directed to place the read head on a track 
different from the present one [97]. At a higher system level, like the host 
interface, the term of data access is also commonly used and points indirectly 
toa seek procedure. 

A universa! control algorithm able to perform the desired seek action 
can easily be explained with the help of Fig. 2.22. Before issuing a seek 
command, the system microcontroller has to calculate the number of tracks 
l::,,.Ntr to be radially crossed. The formula used for this calculation is 

(2.21) 
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where q is the track pitch, Di is the inner diameter of the program area, 
Va is the linear velocity of the recorded data and Sinit, Sfinal are the initia! 
and final subcode26 timing before and after seek, respectively. The seek 
procedure is also referred to as a jump action. Depending on the sign of 
.ó.Ntr, the seek will be outward- or inward-oriented. 

The displacement of the laser spot during a seek action should be fast 
and reliable. In genera!, a counting mechanism which increments for each 
track crossed in the radial direction is necessary. The radial error signa! from 
Fig. 2.11 can easily be used by this mechanism to accumulate track-crossing 
information. 

The sledge loop, which played a secondary role during track following, 
takes now control of the seek action. Although not explicitly shown in 
Fig. 2.22, the actuator is set to follow the fast sledge displacement27 while 
the track-counting circuit provides the necessary feedback information. The 
sledge controller acts to increase the number of crossed tracks towards the 
value given by Equation (2.21). However, just before the end of the sledge 
displacement, an algorithm is necessary to switch the radial control from 
sledge back to the actuator loop and smoothly provide the track acquisition. 
This algorithm is always needed, irrespective of the type of control (not only 
PID) being used. 

2.3.7 Focus and radial contro/ in high-speed drives 
In high- and very high-speed CD-ROM drives, the frequency spectrum of 
all disturbances and disc deviations scales linearly with the overspeed N 
(recall that Nva = wdR, with R being the disc radius at the current read
out point). 

It can be shown [143] that, when a PID controller is used to regulate the 
position of the laser spot, the bandwidth of both focus and radial servo loops 
must be increased by the factor N to achieve the same accurate positioning 
as at IX. The very first IX CD-ROM drives used a radial/focus bandwidth 

26The subcode timing defines the position of a data cluster along the disc spiral. Because 
the linear velocity Va of the recorded data remains constant all over the disc, this position 
can be indicated in time units, starting with 0 seconds at the beginning of the spiral (see 
further Section 2.6.1). The subcode timing increases strict-monotonically in steps of 1/75 
seconds from the inside to the outside of the spiral. 

27 One third of the distance between the inner and outer disc radii is typically used to 
measure the seek performance and is called third-stroke (see also Section 3.2.2). Current 
CD-ROM drives are able to execute a third-stroke sledge displacement {i.e., 11 mm) within 
50 ... 100 ms. 
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of about 500 Hz and it follows that 16 kHz would be needed at 32X. However, 
it turns out in practice that smaller bandwidths are still effective because 
the accelerations that must be reduced are situated below those derived 
from disc specifications (see Tables 2.1 and 2.2). This favorable situation is 
primarily due to the improvements that took place in the disc manufacturing 
process since the compact disc has been standardized. 

On the other hand, the high unbalance forces would also require larger 
bandwidths of both focus and radial loops. As these forces generate vibra
tions perceived by the outside world, it is first desired to reduce them to 
acceptable values. In this respect, the CDM mass is increased as shown in 
Fig. 2.14-B or the disc speed is set toa lower value. In both cases, however, 
the bandwidth servo requirements can be relaxed to several kHz. 

2.4 The decoding circuitry 

Along with the opties and servomechanics, the decoding circuitry plays one 
of the main roles within a CD-ROM system. Also designated as channel 
decoder, the decoding electronics processes the read-out HF signal, regen
erating the digital data embedded into the disc relief structure. 

2.4.1 The CD system as a communication channel 

The high-frequency signal depicted in Fig. 2.12 forms the starting point 
towards the understanding of the decoder functionality. This subject is, 
however, not strictly related to CD-ROM data processing but it has its 
roots <leep into the theory of digital communications [28,35]. 

The compact disc can be considered as a transmission medium for the car
ried signal. A digital convention will be agreed upon such that, for instance, 
the light refiected by lands will be denoted by a 1 (one). Conversely, the 
light refiected by pits (negative peaks of the HF signa!) will bear the digital 
0 (zero) notation. The disc becomes therefore the carrier of a digital signal. 
Usually, a data stream will have to be encoded first and modulated before 
being sent along a communication channel. The CD-ROM system does also 
obey this genera! rule and the associated communication channel [103] is 
schematically drawn in Fig. 2.24. 

The function of each block represented in Fig. 2.24 will be explained 
throughout the next sections. There are two global algorithms having an 
infiuence upon the performance of the CD channel: the modulation scheme, 
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Figure 2.24 Schematic representation of the CD data channel. 

called Eight-to-Fourteen Modulation (EFM) and the error detection and 
correction scheme, called Cross-Interleaved Reed-Salomon Code (CIRC). 

Apart from the EFM and CIRC algorithms employed in all types of CD
based drives, the CD-ROM data undergoes additional scrambling and error
correction coding which have not been shown in Fig. 2.24. The correspond
ing descrarnbling and error detection and correction operations take place at 
the drive data path level and they will be discussed throughout Section 2.6. 
The CD-ROM basic engine is, however, only responsible for the extrac
tion of the digital data stream from the transmission medium (disc). The 
two necessary operations performed by the channel decoder are only those 
related to EFM demodulation and CIRC error detection and correction, 
respectively. 

2.4.2 Data-recovery genera/ architecture 
When analyzed one level deeper than a transmission channel, the decoding 
circuitry reconstructs the data stream based on several general concepts. 
They are schematically shown in Fig. 2.25 and are, again, common to the 
world of digital communications [35]. 

First of all, somewhere along the decoder path, the analog signa! should 
be converted into digital domain. Although some of the decoding operations 
( channel equalization, for instance) can be performed in a straight forward 
manner on an analog signal, the current trend is to work as much as possible 
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with digital signals. When such an approach is used, an analog-to-digital 
converter (ADC) precedes the whole channel decoder as shown in Fig. 2.25. 

A second general concept common for these types of circuits is the channel 
equalizer. In case of the CD-ROM system, the equalizer compensates for 
the low-pass character of the opties, namely for the modulation transfer 
function (MTF) plotted in Fig. 2.6. 

Further, the separation between the positive and negative peaks of the HF 
signal can be achieved by determining the points where this signal intersects 
a certain threshold (slicing) level. In the CD-ROM system, the modulation 
of the HF signal is DC free and hence, the intersection points are also called 
zero-crossings. The slicing level can be obtained by dynamically calculating 
the DC value of the incoming signal. The circuit used to determine this 
threshold level is usually referred to as data slicer [35] or automatic threshold 
control [75]. 

The fourth dedicated circuit encountered in all communication channels, 
either analog or digital, is the phase-locked loop (PLL). The task of the 
PLL is to regenerate the doek from the transmitted signal. This doek 
can subsequently be used to reconstruct the transmitted stream of digital 
symbols. Also, the regenerated doek serves as time base for further signal 
processing. 
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Finally, the last two general decoding concepts regard the demodulation 
of the EFM signal and the CIRC detection and correction of the possible 
errors. A first-in-first-out (FIFO) buffer may also be used to regulate the 
data flow in some CD-ROM drives28 or while playing back audio discs. 
However, it is possible to bypass the FIFO buffer by setting the same doek 
for its input and output data streams. This feature is used in most high
speed CD-ROM drives. 

Apart from typical decoding functions, a disk-based transmission chan
nel needs a control circuit to spin the turntable motor ( also designated as 
spindle motor). The driving voltage for this motor is generated by com
paring a given speed reference with the real disc velocity, the latter being 
proportional with the recovered doek. 

The data-recovery circuits depicted in Fig. 2.25 will be separately ap
proached throughout the next sections. However, the analog-to-digital con
verter [118] which has become a standard function in almost any electronic 
equipment will not be dealt with. 

2.4.3 The channel equalizer 
As any transmission medium has its own transfer characteristics, the carried 
signal suffers amplitude and phase distortion. In case of the CD-ROM 
channel, the opties (induding the transmission medium, i.e., the compact 
disc) has already been optimized [17,103] but its intrinsic low-pass behavior 
requires a separate compensation. This behavior is given by the modulation 
transfer function (MTF) already shown in Fig. 2.6. 

From the viewpoint of physical opties, the low-pass characteristic of the 
MTF is due to the limited resolving power of the lenses. Some optica} com
pensation methods have been proposed in literature [72] but the electronic 
compensation is much cheaper and effective. It only employs a high-pass fil
ter that boosts the high-frequency components of the read-out signal while 
exhibiting a constant delay in the frequency band of interest. A typical 
amplitude plot of such an equalizer is given in Fig. 2.26 along with the 
modulation transfer function of central aperture (CA) detection. 

A number of algorithms are known for designing the channel equalizer 
and, among them, the Nyquist methods (35] or the raised-cosine roll-off 
filtering [35, 72] are widely discussed in literature. For transmission signals 

28 A FIFO buffer is only needed in CD-ROM drives based on constant linear velocity 
(CLV) motor control. The subject will be further discussed throughout Section 2.4.8. 
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used in optica! recordings, and in particular for the EFM-based CD-ROM 
signal, the specific modulation techniques which are employed allow the 
designer of the equalizer to deviate from the standard Nyquist methods [9]. 

Most channel equalizers are aimed to reduce the intersymbol interfer
ence29 (ISI). However, they can also be optimized for improving the signal
to-noise ratio (SNR) of the received signal [9]. While the very first equalizers 
used in CD-ROM systems were designed for one or two fixed data bit rates, 
the situation has been totally changed since the dramatic increase of the 
X-factor. The current CD-ROM drives are delivering data within a large 
range of bit rates which would basically require an equalization function 
adaptively depending on the data throughput. 

Finally, we notice a counter effect introduced by the channel equalizer: 
despite its design towards reducing the ISI, it will also steepen the edges 
of the HF signal depicted in Fig. 2.12. For a theoretically-perfect read-out 
signa!, this leads to an increased ISI which implies a larger jitter of the re
generated doek [17J. On the contrary, optical aberrations or the defocusing 
of the laser spot, which contribute to the distortion of the analog HF signal, 
are alleviated by a properly designed equalizer. As a perfect and continu
ous read-out spot can hardly be realized, the channel equalizer does always 
bring an improvement to the data recovery process. 

29The intersymbol interference (ISI) is due to the finite bandwidth of any communica
tion system. A signal consisting of abrupt pulses will be filtered improperly as it passes 
through the communication channel and the pulses, corresponding to transmitted sym
bols, may be smeared into adjacent time slots. The resulted waveform does not display 
a clear separation between neighboring symbols, impeding therefore the subsequent data 
detection. 
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2.4.4 Signa/ slicing and zero-crossing detection 
The continuous sequence of pits and lands carried by the compact disc, as 
a transmission medium, represents a serial-bit line code which is generally 
designated in literature as nonreturn-to-zero (NRZ) signaling [28,35,119]. 

Following the disc read-out, the recorded pit/land NRZ sequence be
comes, in the analog domain, the HF signal (see also Fig. 2.12). As a 
convention, the binary value 1 is associated with the positive peaks resulted 
from land reflections while the binary 0 is assigned to the negative peaks 
(pit refiections). 

In order to recover the recorded digital sequence, a decision level should 
be found as shown in Fig. 2.27. This threshold is usually referred to as 
slicing level and the associated electronics is called slicer. The term of 
regenerative repeater is also commonly used in digital communications to 
denote the slicing circuitry. 

Figure 2.27 The slicing level and its influence upon the 
regeneration of the NRZ signal. 

The analog HF signal undergoes, as already discussed in Sections 2.4.3, a 
low-pass distortion due to the MTF but also channel equalization. Basically, 
the quality of the incoming HF signal can be appreciated by looking at its 
eye pattern. For example, the ideal ( distortionless and without ISI) eye 
pattern from Fig. 2.13 can be compared with a distorted one plotted in 
Fig. 2.28. The eye opening provides very valuable information [35] such as: 
(i) timing error allowed for doek recovery, given by the width inside the eye; 
(ii) sensitivity to the slicing level, given by the slope of the open eye; and 
(iii) noise margin, given by the height of the eye. 
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In order for the digital NRZ se
quence to be recovered without er
rors, the slicing circuitry should de
tect the horizontal signal level pass
ing through the middle of the eye 
opening. The detection of this 
threshold level in a CD-ROM sys
tem is facilitated by the modulation 
(EFM) of the recorded digital data 
which produces a DC-free HF sig
nal~o The modulation technique will 
be discussed in Section 2.4.6. A 
relatively simple slicer as previously 
drawn in Fig. 2.25 can therefore be 

employed. It will only have to dynamically calculate the DC level of the 
signal and subtract it from the equalized HF signal. This leads to a zero
crossing threshold which can be used to separate the positive and negative 
peaks from the read-out waveform. 

The slicer requirements are usually set in terms of bandwidth, which 
amounts to several tens of Hz at N = 1. However, the presence of some 
disc imperfections such as data drop-outs or black dots do ask for a step
response analysis of this circuit. It can be shown [94] that, when the optica} 
read-out is perfect (aberration-free), the maximum slope of the HF signal31 

is given by the limited optical bandwidth, i.e" by the modulation transfer 
function. For a disc that is locally read out, along the spiral, at the linear 
velocity N Va, this slope becomes 

did'(t) 1 = 1.6Iw. NA ·Nva 
t max ). 

(2.22) 

where Iw is the maximum variation in the detector current~2 NA = 0.45 
is the numerical aperture of the objective lens, and >. = 780 nm is the 
wavelength of the incident light. This condition can further be translated 

30It is assumed that all DC offsets introduced by the preprocessing electronics are 
removed by the coupling capacitor depicted in Fig. 2.25. 

31This maximum slope is obtained at a zero-crossing, between two adjacent longest 
land and pit (or vice versa). 

32The maximum variation in the detector current corresponds to the difference between 
100 3 and 0 3 reflection levels. 
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into a maximum signa! slope of 14 % when measured over half of the eye 
width. 

2.4.5 Clock recovery and associated circuits 
It has been shown that a NRZ sequence can be reconstructed by detecting 
the zero-crossings of the incoming HF signal. It will only be possible to un
ambiguously determine a transmitted one or zero if a doek signal indicates 
the exact position in time of any transmitted bit. Usually, no separate doek 
channel is used in digital communications hut the time base is embedded 
into the carried signal and needs being regenerated at the receiving side. 

The regenerated doek should have a very precise frequency and phase 
relationship with respect to the incoming HF pulses. The process of ex
tracting the doek from the transmitted signal is called bit synchronization. 
A clarification is however necessary, regarding two dedicated terms: bit and 
frame synchronization, respectively. While the latter is used to mark and 
distinguish groups33 of data, bit synchronization serves separating the bit 
intervals from each other. 

The complexity of the bit synchronizer depends on the sync properties 
of the digital signaling [35]. The ideal synchronous detection takes always 
place, however, when the doek pulses are generated at the time moments 
corresponding to the maximum vertical eye opening. In CD-ROM systems, 
a phase-locked loop (PLL) circuit has become a standard solution for doek 
recovery. A schematic representation of the NRZ digital signal and the 
corresponding regenerated doek is presented in Fig. 2.29. 

A basic rule which should be obeyed in most communications systems, 
and in particular within a CD-ROM system, concerns the duration of the 
transmitted pulses. Neither a one nor a zero signaling is allowed to exceed 
a given maximum time length. The reason for this condition is related 

Figure 2.29 Transmitted doek regenerated from the HF signal 
after slicing and zero-crossing detection. 

general, one should talk about block synchronization. This operation, which sepa
rates the words, frames or data packets from each other, can be accomplished by embed
ding predefined patterns into the data stream [9]. 
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to the PLL capability to keep generating the doek by looking only at the 
transitions between two NRZ levels. If the distance in time between these 
transitions becomes too large, there will be no timing information available 
for the PLL. In case of the CD-ROM system (and disk-based storage devices, 
in genera!), this constraint is resolved by modulating the digital data stream 
before being recorded on disc (see further Section 2.4.6). 

As already mentioned in Section 2.4.2, the doek regeneration can also 
take place in the analog do main. The current trend is, however, to use 
all-digital PLLs [9,10,126] which can be completely adjusted and repro
grammed while in normal operation. Independent of its implementation, 

Input signal 
(NRZ algnaltng) Loop 

filter 

Ragenerated clock ',..___.,__ _ _, Voltage-conlmlled 
oscillator (VCO) 

Figure 2.30 Block diagram of a 
phase-locked loop. 

a phase-locked loop relies on three 
main building blocks as depicted 
in Fig. 2.30. A linear-gain phase 
detector determines the phase dif
ference between the incoming NRZ 
signal and the doek generated by 
the PLL itself. The loop filter will 
provide the necessary dynamic sta
bility and improve the tracking er-
ror. A proportional-integral (PI) 

filter is commonly used to reduce the tracking error when frequency steps 
are applied at the PLL input. The regenerated doek is produced by a 
voltage-controlled oscillator (VCO) driven by the filtered phase difference. 
The counterpart of the VCO in all-digital PLLs is the discrete-time os
cillator34 (DTO) whose periodic output waveform is usually a step-wise 
sawtooth. 

In addition to the phase loop depicted in Fig. 2.30, the doek regenera
tion may also employ a frequency loop to help the pull-in process of the 
PLL. When the frequency difference between the doek embedded within 
the incoming NRZ signa! and the regenerated doek is significant, the phase 
acquisition cannot take place. The frequency loop regulates the VCO out
put towards a frequency value situated within the pull-in range of the PLL, 
improving the behavior of the phase capture. Such situations occur, for ex
ample, while starting up the CD-ROM drive or while repositioning the laser 
spot to another track (i.e" during a seek procedure). Valuable information 
related to all-digital doek recovery can be found in [9]. 

34The terms digitally- or numerically-controlled oscillator are also used. 
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Three issues are of paramount importance for the PLL behavior. First, 
the capture and loek ranges, as key parameters, determine the pull-in and 
the tracking performance, respectively. The capture performance can also 
be improved by using additional (non-)linear circuits, the so-called aided 
acquisition [101]. The second remark concerns the stability of the PLL as a 
control system. In this respect, a proper design of the loop filter should be 
taken into account. Finally, the jitter35 reduction [9,140] and the behavior 
of the PLL in the presence of noise [9,55,83] are very important for correct 
bit detection. The PLL bandwidth which is necessary for clock recovery at 
N 1 is about 3 kHz. 

2.4.6 EFM technique, signa/ demodulation and frame construction 
It has already been mentioned in Section 2.2.l that the length of a pit 
(or land) does not change from the inside to the outside of the disc, when 
measured along the disc spiral. These fixed spatial lengths correspond to 
time intervals measured between the edges of the NRZ data stream and lead 
to a constant data throughput when the scanning velocity along the spiral 
is kept unchanged. 

The discrete length values which a pit/land can assume are determined by 
the modulation technique being used. Basically, the goal of any modulation 
scheme is to convert the existent information in such a way that it falls 
within a frequency band convenient for the transmission channel and can 
be recovered at the receiver in a stable manner [35]. The CD-ROM system 
employs the Eight-to-Fourteen Modulation (EFM), which belongs to the 
class of run-length limited (RLL) codes [130]. 

An RLL code describes a sequence of binary data where upper and lower 
limits are imposed for the number of consecutive zeros and ones~6 These 
limits are given by two parameters, designated as d and k, and the RLL 
sequence is said to be a ( d, k )-constrained code. The d-constraint forbids 
the occurrence of less than d consecutive zeros between two logical ones. It 
follows that d controls the highest transition frequency, reducing therefore 
the intersymbol interference (ISI) when the binary signal is transmitted over 

35The jitter cumulates statistically all small time variations of a repetitive signa!, within 
a given frequency range, reflecting therefore the quality of the whole transmission channel. 
For example, the cumulated small variations exhibited by the period of a transmitted 
digital signa! is usually designated as data-to-data jitter. Similarly, the jitter can be 
measured between the edges of digital data and recovered doek, respectively ( clock-to
data jitter). 

36It is assumed that 0 and 1 are the logica! levels on which the binary sequence relies. 
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Figure 2.31 EFM demodulation of a channel data frame. 

a bandwidth-limited channeL The maximum length of an all-zero sequence 
is limited by the k-constraint, which controls thus the low-frequency content 
of the data stream. This parameter provides an adequate rate of transitions 
between the two binary levels 0 and 1, which consequently allows the PLL to 
regenerate the embedded bit doek. The parameters d and k are chosen de
pending on various factors such as channel response, desired data rate (and 
information density, in case of disk-based systems), jitter, and noise charac
teristics [130,75]. The RLL data streams are characterized by bit sequences 
of minimum and maximum lengths equal to d + 1 and k + 1, respectively. 
EFM is derived from a (2, 10)-constrained code and was designed to fit the 
frequency response of the optica! system [103,112,133]. EFM is an efficient 
and highly structured RLL code which, from a performance point of view, 
is very tolerant to disc imperfections, increases the data density on the disc 
by 25 %, and enables a stable doek recovery [63,119,130]. According to the 
(2, 10)-constraints, the minimum and maximum RLL sequences (i.e., 100 
and 10000000000) correspond to 3 and 11 channel bits, respectively. When 
converted into NRZ signaling, any 1 from the RLL sequence marks a tran
sition between the two NRZ logica} levels (see also Fig. 2.27). In terms of 
physical lengths on the disc, the 3- and 11-bit patterns correspond to the 
shortest and longest pit/land, respectively. 

By using a fixed mapping (look-up table), EFM translates any 8-bit sym
bol from the original data stream into 14 channel bits. There are 267 words 
of 14 bits which obey the (2, 10)-constraints hut only 256 words out of 267 
are used for the translation table. However, not any two 14-bit words can 
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be transmitted one after the other because of the minimum/ maximum run
length violations. For this reason, 3 merging bits are added after each 14-bit 
sequence. Although 2 merging bits would be enough to satisfy the RLL 
requirements, a third bit helps reducing the low-frequency content of the 
digital stream. When this strategy is applied, the noise in the servo-band 
frequencies ( < 20 kHz) is suppressed by about 10 dB [130]. 

A schematic representation of the demodulation process and the various 
constituents of a data frame are given in Fig. 2.31. Apart from the parity 
symbols which will be discussed in Section 2.4.7, the frame also contains 
a subcode symbol and a 27-bit synchronization pattern~7 The subcode 
symbols from 98 consecutive38 demodulated frames are cumulated to pro
vide various user information (for instance, the subcode timing along the 
disc spiral, which can be used to access the desired data). Details on the 
frame construction can be found in the CD standards [70,74,114,115] or in 
literature [63,103]. 

It is also useful to present within this section an overview of the bit rates 
in a CD-ROM system. The starting point for these calculations is the rate 
of 7350 frames/second39 at IX linear speed, which originates in the CD-DA 
standard. The results are shown in Table 2.3. 

Bit stream Number of bits per frame Bit rate (Mb/s] 

User data (12 + 12) x 8 = 192 1.4112 
Raw data {l + 2 x 12 + 2 x 4) x 8 = 264 1.9404 

Channel data (1+2 x 12 + 2 x 4) x 17 + 27 = 588 4.3218 

Table 2.3 Various bit rates within a CD-ROM system. 

Another interesting overview is related to the frequency components gen
erated by the read-out of the discrete pit/land lengths. In this case, the 
starting point is the channel rate of 4.3218 Mb/s. The highest frequency 

37The sync pattern consists of two consecutive maximum-length sequences 
(10000000000) followed by lOxxx, where 'xxx' denotes three merging bits. 

38See further Section 2.6.1. 
39For an audio disc, the demodulated frame from Fig. 2.31 contains two streams of 12 

symbols, for the left and right channel, respectively. Each audio sample contains 16 bits 
and hence, one frame carries 12 x 8/16 6 samples per audio channel. As the sampling 
rate of the audio signal equals 44.1 kHz (see Section 2.5.4), there are 44.l · 103 /6 7350 
demodulated frames needed to generate one second of music. In case of the CD-ROM 
system, the 2 x 12 symbols simply contain computer data instead of sampled audio, 
preserving therefore the number of 7350 frames/second. 
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of the RLL transitions which corresponds to the minimum pit /land length 
equals 720.3 kHz. For any EFM pattern kT with k = 3, ... , 11 the associ
ated frequency is given by 

f kT = 4.3218 . 10
6 

• N 
2k 

(2.23) 

with N being the overspeed factor of the read-out data. The physical length 
of the corresponding pit/land profile is 

Va 

LkT = k . 4.3218 · 106 (2.24) 

where Va= 1.2 ... 1.4 m/s is the linear velocity of the recorded information. 
The length of the shortest pit/land is L3T = 902.4 ± 69.4 nm and, accord
ingly, the frequencies given by Equation (2.23) may also exhibit variations. 

2.4. 7 CIRC error detection and correction 
The demodulated frame, as depicted in Fig. 2.31, incorporates eight par
ity symbols which are arranged in two equally-sized groups. It should be 
recalled that any demodulated symbol contains 8 bits. The parity sym
bols carry special information needed for the detection and correction of 
erroneous bytes that might be present in the read-out frame. 

Due to either defects in the manufacturing process or damage of the disc 
surface during use (scratches, fingerprints, <lust), the read-out digital signal 
may not match the original source signal used to create the disc [27,67]. 
As an advantage of digital communications, the reliability and performance 
of the transmission (or storage) system can be increased by detecting and 
correcting a certain arnount of received errors. 

Two types of errors can be identified within the read-out signal: those 
which are randomly distributed among the individual bits and the burst 
errors [28]. The Jatter can be spread over hundreds and even thousands 
of data bits. In general, the integrity of data [119] can be quantified with 
three parameters: bit error rate (BER), block error rate (BLER) and burst 
error length (BERL). BER, which specifies only the number of errors but 
not their distribution, is defined at the receiver side as the ratio between 
the number of erroneous bits and the total number of bits received. BLER 
measures the number of blocks (frames) of data per second that have at 
least one erroneous bit, and BERL counts the numbers of consecutive data 
blocks (frames) in error. 
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The CD-ROM system makes use of the Cross-Interleaved Reed-Solomon 
Code (CIRC) which has been developed by Sony and Philips for CD-DA. 
Valuable information related to CIRC can be found in [17,64,103]. The 
Reed-Solomon (RS) codes employed in CIRC belong to the class of linear 
block codes40 and are very efficient in correcting burst errors [164]. lf redun
dant information is provided in the form of parity symbols, a rather simple 
algorithm can be used to detect and correct a certain number of erroneous 
or even missing symbols within the corresponding received code word. The 
calculation of the parity symbols relies on specific rules from linear alge
bra 41 and resumes, finally, to a linear combination of all data symbols. A 
good practical approach of the error correction techniques can be found 
in [112,119] and an extended mathematica! treatment of the coding theory 
is given, for example, in [33,113]. 

Before proceeding further, two important results from the theory of RS 
codes should be mentioned. First, it will be always possible to correct 
t symbols if 2t parity symbols are added to the original data. Second, 
if erasures42 are already known (i.e., detected by a decoder-independent 
device), it will be possible to rebuild at most dm - 1 erroneous symbols, 
where dm is the minimum distance43 associated with a given code. 

The two Reed-Salomon codes employed in CIRC are called C1 and C2 
and are bath based on 8-bit symbols (bytes). A codeword of C1 contains 
28 data symbols and uses 4 additional symbols for parity calculations. Ac
cordingly, C1 is designated as a (32,28) RS code. Using a similar notation, 
C2 is a {28,24) RS code, i.e., with codewords of 24 data and 4 parity sym
bols, respectively. It follows that both C1 and C2 have a minimum distance 
dm 5 and can therefore correct directly at most two symbols (within one 

40 A block code uses a sequence of n symbols ( called codeword), each symbol comprising 
m bits. Only k symbols out of n carry user data, while the other n - k symbols contain 
parity information. A linear code has the property that any two codewords of n symbols 
can be added and their (modulo-2) sum represents a valid codeword too. 

41 Details on this subject are beyond the scope of this book. However, it is important 
to mention the notation GF(q} which is encountered in all CD standards and designates 
a Galois field of q elements [113]. The Galois fields are needed for the description of 
Reed-Solomon codes and their associated encoding/decoding techniques. 

42When a received symbol is unreliable (hut not necessarily in error), its known position 
within the codeword is called erasure. 

43The distance d between any two codewords is given by the number of places in which 
these codewords differ from each other. The minimum distance dm of a code is the smallest 
value of the distance among all possible combinations of two codewords. For an (n, k) 
RS code, dm = n k + 1 and t errors can be corrected if 2t + 1 ~dm. However, erasure 
correction is more efficient, since dm - 1 erasure corrections can be performed. 
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codeword) or at most four erasures. However, it is also possible to simul
taneously perform t straightforward corrections and e erasure corrections 
provided that 2t + e ::;; dm. The parity symbols of C1 and C2 are usually 
denoted by Pi and Qi, respectively, with i = 1 ... 4. 
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An intuitive construction of the C1 and C2 codewords based on symbols 
from demodulated frames is presented in Fig. 2.32, and the block diagram 
of a CIRC decoder is depicted in Fig. 2.33. The subcode symbols are not 
represented in these figures because they undergo a separate detection and 
correction process which will be discussed in Section 2.6.1. 

The received demodulated frame enters the CIRC decoder with all sym
bols at the same time, in parallel. The data decoding begins with a 1-symbol 
delay performed upon all even-numbered symbols. Two frames are there
fore needed at this stage to rebuild an original undelayed 28-symbol frame. 
These delays, introduced during the encoding process, improve the correc
tion of small burst errors by spreading two adjacent corrupt symbols over 
two user frames. 

The next operation reverses the polarity of the parity symbols in a bit
wise manner. The polarity reversal took previously place in the encoder 
in order to prevent producing all-zero codewords at the receiving side~4 It 
becomes therefore possible to detect bit insertions and deletions caused by 
docking difficulties [164]. 

The very first correction operation is performed by the C1 decoder. It 
uses the P-parity symbols to correct at most two data symbols out of 32. 
Different detection/ correction strategies can be used [112] provided that 
equation 2t + e :s; 4 remains valid. However, the strategy adopted in current 
CD-ROM drives is to mark all symbols from the C1 codeword as erasures 
and perform no correction if there are more than two erroneous symbols. 
The erasure flags are accompanying their symbols towards the C2 decoder. 

Following the C1 correction, the deinterleaving is taking place. Originally, 
27 symbols out of 28 were delayed during encoding, in order, 4,8,12 and up 
to 108 frames, respectively. The deinterleaving process, which restores the 
original symbol positions, needs 109 demodulated frames to generate a C2 
codeword (see Fig. 2.32). The possible burst errors are hence spread over 
many C2 codewords which facilitates the error detection and correction at 
C2 level. Significantly to mention that, along with any symbol, its associated 
erasure fiag attached by C1 decoder is also deinterleaved. 

The next operation is carried out by the C2 decoder which uses the Q
parity symbols as well as the erasure flags provided by 0 1 to accomplish its 
task. Although the inequality 2t + e :s; 4 allows for several possible decod-

44 All-zero codewords can be obtained, for instance, if the HF signa! vanishes due to 
an interruption along its path. An all-zero codeword will be validated by the decoder as 
being without errors. 
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ing strategies [3,4,112), most current CD-ROM drives perform four erasure 
corrections at the G2 level. If the incoming codeword contains more than 
four erasures, it will be considered uncorrectable and forwarded unchanged 
to the G2 output. In addition, the G2 decoder will attach erasure flags to 
all 28 symbols of an uncorrectable codeword. 

Finally, the data symbols received from the G2 decoder are descrambled. 
This operation restores the initial separation introduced during encoding 
between even and odd pairs of two consecutive symbols. Next, any two 
adjacent groups of 4 symbols are separated by a 2-symbol delay. The exact 
descrambling and delay constructions can be found in the CD-DA and CD
ROM standards [70,74,114,115]. However, both operations were originally 
designed to assist the concealment45 strategy for audio data. 

One of the basic strengths of the CIRC error detection and correction 
is that it effectively randomizes the burst errors. Due to interleaving, at 
most one erroneous byte will occur in any given G2 codeword even when a 
burst error of one hundred bytes is present. The achievement of full error 
correction capability of the CIRC system requires, however, the cooperation 
between G1 and G2 decoders through the erasure flags. This cooperation 
is called enhanced decoding [4,67] and is currently implemented in high
performance CD-ROM drives. A common terminology used to characterize 
a CIRC decoder is (t = 2, e = 4) which designates at most two symbols 
corrected at the G1 level and at most four symbols corrected (by means of 
the erasure-position method) at the G2 level, respectively. Ultimately, the 
success of the correction is also dependent on the implemented decoding 
algorithm [3,4,112,154]. 

The maximum allowed BLER according to the CD-ROM standards [74, 
115] is 220 counts per second, which means that 3 % of the incoming demod
ulated frames may contain an error. A (t = 2, e 4) CIRC decoder is able 
to correct a maximum burst error of 15 frames [4,112] which is equivalent 
to 2.65 mm of track length. The ability of a CD-ROM drive to deliver reli
able computer data during continuous playback and under adverse playing 

45The symbols remained uncorrected at the output of the C2 decoder can cause unde
sired noise when an audio disc is played back. As this decoder marks any uncorrected 
codeword by attaching flags to all corresponding symbols, it will be possible to replace 
an unreliable 16-bit audio sample by a new one obtained according to a given algorithm. 
This process is called concealment and consists of either holding a previous reliable audio 
sample or interpolating linearly between two other reliable audio samples neighboring the 
one in error [17,64,112]. In order for the concealment to be successful, the scrambling and 
2-symbol delay operations separate the adjacent audio samples during encoding. 
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conditions (e.g. scratched discs) is called playability. Originally defined for 
an audio player [4], the CD-ROM playability can be measured either after 
the CIRC decoder or at the host interface level. 

2.4.8 CLV turntable motor control 
Along with the introduction of the first CD-ROM drives, the use of constant 
linear velocity (CLV) for playing back the disc has also been accepted. This 
operating mode of the spindle motor originates in the uniform distribution 
of data along the disc spiral (which is standardized) and the necessity to 
maintain a perfectly constant data rate while playing back audio~6 

However, the performance of the CD-ROM systems has improved over 
the years and the higher data rates, given by the so-called X-factor, stim
ulated the use of other techniques for driving the turntable motor. These 
techniques are also subject of this thesis and they will be discussed in detail 
later on. 

At this introductory level we shall only present the CLV motor control. 
The corresponding block diagram as depicted in Fig. 2.34 for a disc spin
ning at the constant linear velocity N Va. The recovered doek or a signal 
synchronous with the PLL voltage-controlled oscillator (VOO) represents 
a measure of the data rate. Due to linear distribution of data along the 
disc spiral, the recovered doek frequency is proportional to the disc linear 
velocity but also to the disc angular speed Wd = N va/ r, at any particular 
read-out radius r. By using a first-in-first-out (FIFO) buffer to provide out
put data at a constant doek rate, small fluctuations of the regulated linear 
velocity can be compensated. In addition, speed variations introduced by 
the periodical eccentricity47 of the disc spiral can also be handled if there is 
sufficient FIFO memory. The FIFO buffer was originally intended for audio 
playback where a fixed and very stable output data rate48 is necessary to 
reconstruct the analog signal. 

The amount of data stored in the FIFO buffer at a given moment repre
sents a measure of the angular position 1J = wdt of the rotating disc [75,103]. 
It follows that an ideal integrating action is performed by the FIFO buffer. 

46Some CD-ROM drives can buffer audio data read out at higher disc speeds and deliver 
it at lX to the sound device of the host system (see further Section 2.6.3). In these cases, 
the audio playback in CLV mode becomes obsolete. 

47 As already discussed in Section 2.3.3, the total spiral eccentricity is the sum of track 
radial run-out and mechanica! eccentricities. 

48The output bit rate should be an integer multiple of the audio sampling frequency 
Fs = 44.1 kHz. Further details are given in Section 2.5.4. 
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Figure 2.34 Block diagram of CLV turntable motor control. 

The phase error information is obtained by continuously examining the de
gree to which the buffer if filled up. In genera!, a setpoint of 50 % for the 
FIFO filling is used in CLV CD-ROM drives. 

The phase error is further processed by a compensation network. A PID 
regulator, as already discussed in Section 2.3.4, is commonly used. The 
transfer function of the CLV open loop is 

(2.25) 

where ris the current read-out radius and G1(s), G2(s) and Hmot(s) are 
the transfer functions of the decoder front-end, motor driver, and turntable 
motor, respectively. In genera!, G1(s) may be replaced by a real gain because 
the channel electronics is much faster than the whole motor loop. The motor 
is of a DC type [87,135] and therefore 

H ( ) - KeKt 
mot S -

(sLa + Ra)(sJrot + D) + KeKt 
(2.26) 

when considered between the input voltage and output angular frequency. 
In case of current-controlled motors, the above relation needs being mod
ified accordingly [148]. The parameters Kt, La, and Ra designate the 
torque constant, armature inductance and armature resistance, respectively. 
The numerical value of Kt is equal to the back-emf constant Ke when 
both are expressed in the SI system of units. The total moment of iner
tia at the motor shaft is denoted by Jrot while D represents the damp
ing (viscous friction) coefficient. Typical values for these parameters are 
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Km = 0.008 ... 0.014 Nm/ A, La ~ 2 mH, Ra 4 ... 10 0, and a damping 
constant D ~ 4 · 10-6 Nm/s-1. The moment of inertia Jrot has numerical 
values between 5 · 10-6 and 45 · 10-6 kg · m2, depending on the outer di
ameter {8 or 12 cm) of the disc and on various tolerances of both the disc 
physical dimensions and material properties. 

The Bode plots of a typical PID-based CLV open loop are given in 
Fig. 2.35 for a lX drive. The motor rotational frequencies frot lie within a 
range determined by the starting diameter Di and maximum diameter D0 

of the program area. These parameters are related through the equation 

(2.27) 

with va = 1.2 ... 1.4 m/s being the linear velocity of the recorded data and 
N being the read-out overspeed factor. 
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Figure 2.35 Typical Bode plots of the open-loop turntable motor 
control, in a IX CLV CD-ROM drive. 

A CLV control loop should basically satisfy four requirements: (i) the 
FIFO buffer must never become full neither empty during continuous play
back, (ii) the constant linear velocity N va must be relatively fast regulated 
to its nominal value after a seek action ( when the disc radius undergoes 
large variations), (iii) dynamic stability, and (iv) robustness with respect to 
system tolerances. It is important to notice that, apart from eccentricity, 
the disturbance level is very low and in this respect there is no specific re-
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quirement~9 The loop gain is determined by all conditions mentioned above 
and depends also on the FIFO length, while the PID gains and corner fre
quencies should provide the system stability. In general, the bandwidth of 
the CLV loop [75] is about twice the maximum disc rotational frequency 
which results from Equation (2.27). 

The robustness of the loop in relation to system tolerances is guaranteed 
by the FIFO buffer, provided that there is no signal saturation along the 
control path. If saturation occurs, it leads very fast to either an empty or 
a full data buffer, both situations meaning unreliable output data. Signal 
saturation during normal tracking can be due to, for example, spinning of a 
too heavy disc (i.e., with a too large Jrot) and it can be avoided by properly 
choosing the FIFO length and the loop bandwidth. 

Another remark concerns the measurement noise which has not been 
shown at all in Fig. 2.34. This noise, in the form of jitter of the regenerated 
clock, is introduced at very high frequencies by the PLL and its associated 
circuits and is completely rejected by the low-bandwidth CLV loop. 

Under normal playback conditions (continuous read-out), the basic en
gine microcontroller does not interfere with the motor loop. Under certain 
circumstances, however, the microcontroller may help the loop work out
side its linear operating region. For instance, the FIFO filling information 
is not reliable at all during an access procedure because there is no input 
data while crossings the tracks. In such cases, the motor controller must 
be reconfigured, e.g. by switching off the FIFO branch. In other cases, the 
CLV controller might be completely disabled, as it happens during motor 
start-up when a fixed voltage is usually applied on the motor coils. 

2.5 Other basic-engine building blocks 
We have only discussed until now the opties, servo-mechanics and the chan
nel decoder as three essential parts of a CD-ROM basic engine. However, 
data delivery would not be possible without generating a laser beam, con
verting the optical power into electrical signals and without the supervision 
of a centra! microcontroller. In addition, any CD-ROM drive should also 
play back audio discs, which calls for an adequate digital-to-analog (D / A) 
interface. 

49 A specific design case is represented by portable CD-ROM drives which may be af
fected by gyroscopic effects. These effects introduce additional torques in the motor 
equation and must be taken into account when designing the control loop of the turntable 
motor. 
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2.5.1 Semiconductor lasers 

The laser beam used in CD-ROM systems is generated by an aluminum
gallium-arsenide (AlGaAs) semiconductor device [15,167]. The emission of 
light within a laser is due to the transition of atoms between two adjacent 
energy bands [1]. The wavelength of the emitted radiation obeys the relation 
>. = !i/ D.E where D.E is the energy difference between the two transition 
levels and !i = 6.6256 · 10-34 Js is the Planck constant. The laser, as an 
optical oscillator, uses an amplifying medium placed between two mirrors 
( which form a resonator) and an energy source to stimulate the emission 
of radiation [111,172]. The source pumps energy into the medium, moving 
the atoms into a higher energy level. From this excited state, the atoms fall 
spontaneously to their ground state while emitting a photon. 

The laser process depends on the following conditions: (i) the photon 
stimulated emission should lead to light amplification, which is ensured by 
carefully choosing the resonator length to allow the formation of standing 
waves; (ii) a population inversion should be created between two appro
priate energy levels - achieved by the energy pump; (iii) seed photons of 
proper energy and direction are needed to initiate the emission - realized 
by spontaneous transitions; and (iv) coupling a fraction of the laser light 
out of the oscillator, which is achieved by allowing a slight transparency for 
one of the resonator mirrors. 

Several unique features [1] characterize the laser beams: (i) the radiation 
is intense, coherent50 and monochromatic; (ii) the beams are highly direc
tional and collimated, experiencing very small angular dispersion during 
propagation; and (iii) the beams can be focused very sharply. 

A laser diode, as used in optical recordings, is based on the stimulated 
emission of photons which takes place in the neighborhood of the junction 
between two semiconductor materials. Several semiconductor structures 
can be used [153]. The laser employed in CD-ROM systems is of a double
heterostructure (DH) type and has a wavelength >. = 780 nm. A schematic 
construction of this laser is presented in Fig. 2.36-A. The stimulated emis
sion takes place in the thin p-type layer of GaAs ( called the active layer) 
sandwiched between two p- and respectively n-type layers of AlGaAs. Un-

50The coherence (tempora! and spatial) represents a measure of the phase uniformity 
across the optica) wavefront. In the process of stimulated emission, each photon added to 
the stimulated radiation has a phase, polarization, energy and direction identical to that 
of the amplified light wave in the laser cavity. 
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Figure 2.36 Schematic construction of a semiconductor laser (A). longitu
dinal cross-section through the device (B). and output power 
as function of the current density (C). 

der forward DC bias~ 1 electrons are injected from the n-side and holes are 
injected from the p-side into the transition region. As a result, the GaAs 
region contains a large concentration of electrons in the conduction band 
and a large concentration of holes in the valence band, which is the con
dition for population inversion. The stimulated laser radiation is initiated 
when the current density in the p-layer exceeds the threshold value [153] 

Jt = Jodal +Jo dal [a + _1_ 1n (-1-)] 
1] 9011f Lal Rmirr 

(2.28) 

where Jo and go represent the nominal current density and nominal optical 
gain~2 respectively, dal is the thickness of the active layer, 17 is the quantum 
efficiency~3 r is the confinement factor~4 a represents the loss in optical 
energy per unit length ( absorption coefficient), Lat is the length of the active 
layer, and Rmirr stands for the reflectance of the resonator mirrors. In 
addition to Equation (2.28), the reflection angle 02 inside the resonator [84] 
should satisfy the condition sin02 ~ max(n1, n3)/n2 with ni, n2, n3 being 
the refractive indices as shown in Fig. 2.36-B. When fulfilling this condition, 
the laser beams are trapped by internal reflections within the active layer. 
Other characteristics related to the output power of the laser diode and its 
emission spectra can be found in literature [11,153,172]. 

As a final remark, we mention that a laser diode slowly deteriorates in 
time while continuously under a DC bias. The consequent decrease of the 

51 This operation mode is usually called continuous wave (CW), as opposed to the 
operation under a frequency-modulated current superposed on the DC bias. 

52The gain g is a measure of the incremental optical energy flux per unit length. 
53The quantum efficiency of a photonic emitting device is given by the number of 

photons generated per electron-hole pair. 
54The confinement factor is the ratio of the light intensity within the active layer to the 

sum of light intensities both within and outside the active layer. 
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light intensity can be avoided by capturing a fraction of the emitted light 
on a photodetector and use this signal in a feedback loop to increase the 
electrical current through the device. Such a laser controller is used in all 
CD-ROM drives. 

2.5.2 The photodetector 

The laser beam refiected by the disc surface is directed towards photodetec
tors (see Section 2.2.2). These are semiconductor devices that can transform 
incident optical power into electrical signals. A CD-ROM system uses an ar
rangement of several photodiodes to generate electrical currents which will 
be further combined by dedicated electronics into focus/radial error and 
HF signal, respectively. The two common photodiode arrangements have 
already been shown in Fig. 2.12, for the twin-spot radial tracking combined 
with astigmatic and single-Foucault focus detection, respectively. 

The operation of a photodiode, and of a photodetector in general [153], 
involves three steps: (i) carrier generation by incident light; (ii) carrier 
transport and/or multiplication by a current gain mechanism; and (iii) in
teraction of the generated current with the external circuit to provide the 
output signal. The performance requirements are given in terms of high 
sensitivity, low noise, wide bandwidth, high reliability, and low cost [11]. 
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Figure 2.37 (A) Energy bands and electron-hole pair generation in 

a photodiode under reversed bias. (B) Cross-section 
through a junction photodiode. (C) Cross-sectional 
view of a state-of-the-art photodetector. 
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When a photodiode is illuminated, the incident photons are absorbed to 
create electron-hole pairs as shown in Fig. 2.37-A and -B. The diode is op
erated under reverse-biased conditions, when the depletion region55 is quite 
wide and a small reverse saturation current ( also called <lark current) ftows 
through the device. When the p-n junction is excited by the incident light, 
photons are absorbed mainly in the depletion layer but also in the neutral 
regions, particularly on the top where the light hits the device. The car
riers ( electron-hole pairs) generated in the depletion region are accelerated 
in opposite directions by the reverse bias and give rise to a photocurrent. 
The magnitude of this current (with contributions from both the deple
tion layer and the n+-region, called bulk) depends on the external quantum 
efficiency56 

~ext = 1/;.t(l - Jl.,oot) ( 1 - !+ :~) (2.29) 

where Rcoat is the reftection coefficient of the incident surface ( usually a 
dielectric coating), ais the absorption coefficient of the bulk semiconductor 
material, Wis the width of the depletion layer, Dp is the diffusion coefficient 
for holes, Tp is the lifetime of the excess carriers~7 and T/int denotes the 
internal quantum efficiency. 

Practically, not all parameters involved in Equation (2.29) can be trimmed 
to increase the photodiode efficiency. For example, the absorption coefficient 
a, which is a property of the semiconductor material, cannot be changed 
anymore once the bulk semiconductor (the n+-region in Fig. 2.37-B and-C) 
has been chosen. A similar remark holds for the product DpTp. It follows 
that T/ext can basically be improved by choosing an adequate coating with 
Rcoat ~ 0 and by enlarging the depletion layer. The thickness W of the de
pletion layer can be increased by sandwiching an intrinsic58 layer between 
the two p- and respectively n-type semiconductor films already depicted 

55The depletion region (also called the space charge region) is formed around the junc
tion between two semiconductors differently doped and is characterized by zero-densities 
of the mobile carriers (electrons and holes). 

56The external quantum efficiency of a photodetector is given by the number of carriers 
(electron-hole pairs) collected to produce the photocurrent, divided by the number of 
incident photons. The internal quantum efficiency 1/int is the number of created electron
hole pairs divided by the numbers of absorbed photons and is usually very high, if not 
unity, in defect-free materials [11]. 

57Typical values [11] fora semiconductor material are Dp = 13 cm2 /s and Tp 10-7 s. 
58 An intrinsic semiconductor (i.e., not doped) contains, per unit volume, the same 

number of electrons in the conduction band as number of holes in the valence band. 
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in Fig. 2.37-B. This construction is called pin-diode and, when compared 
to a classica! pn-junction, it can be optimized for both quantum efficiency 
and frequency response. Common values [11] for W are between 1/a and 
2/a with a 10 ... 106 cm-1 depending on the semiconductor material but 
also on the incident wavelength À. However, the desired thickness of the 
depletion layer may be difficult to obtain, as W strongly depends on the IC 
technology used to manufacture the photodiode. 

The response speed of a photodiode represents another figure of merit, es-
. pecially for devices used in very high-speed CD-ROM systems. In genera!, 
the response speed can be maximized by carefully choosing the material 
parameters, fabricating the junction close to the illuminated surface, com
promising the thickness of the depletion layer (if too wide, the transit time 
of the carriers becomes to large), and operating the photodiode at low re
verse bias [11]. The 3-dB bandwidth59 of the device can be determined with 
the relation hdB = 2 .4 / ( 27rtr) where tr is the rise time of the photodiode 

· impulse response. 
Finally, as the currents generated by a photodiode during operation have 

small amplitudes (1 ... 20 µA), the associated noise should also be taken 
into account. lt can be shown [11,153] that the resistance or Johnson noise 
dominates in these devices60 and it can be minimized by optimizing the 
circuit parameters. Under these circumstances, the low-frequency measure
ment noise from the position control loop of Fig. 2.17 may be neglected. 

A cross-section through a state-of-the-art photodetector (i.e" combina
tion of photodiodes) for high-speed CD-ROM systems [54] is represented 
in Fig. 2.37-C. The depletion region of each diode is formed between the 
p-type regions surrounding each of the n-type buried diffusion regions. The 
device features a common anode for all diodes through the p-type surface 
region. 

2.5.3 Preprocessing of the photodetector signals 
The preprocessing of the generated photocurrents is performed by analog 
electronics which is usually incorporated in one integrated circuit (IC), 

59The 3-dB bandwidth is defined as the frequency at which the photocuri-ent amplitude 
drops to half of its value at low frequencies. 

60The Johnson noise results from the random motion of carriers that contributes to the 
<lark current of the device. Other disturbance sources are the generation-recombination 
process which gives rise to shot noise, the surface and interface defects in the bulk semicon
ductor (determining the flicker or 1/ / noise), and the optica! signal itself, which generates 
the quantum noise. 
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possible together with the photodetector itself. 
There are several reasons for which an interface is needed between the 

photodetector and the servo and decoding subsystems, respectively. First 
of all, a current will only be generated by a photodiode if the latter is 
connected in a closed circuit. The interface acts therefore as load for the 
reverse-biased diode. 

Second, the generated currents are of quite small amplitudes, typically 
of 1 ... 20 µA. The servo and decoder functions are normally implemented 
on the main printed circuit board (PCB) whereas the photocurrents are 
generated at a reasonable distance, on the moving optical head. As flexible 
connectors are used to carry the diode signals to the PCB, a good signal
to-noise ratio61 (SNR) can only be obtained if the generated photocurrents 
are sufficiently amplified by an interface circuit. 

Finally, the output of the photodetector consists of independent currents 
which may not represent always the right choice for the input of a servo or 
decoder IC. As already discussed in Sections 2.2.5 and 2.2.6, these currents 
need being cumulated or subtracted to provide the focus and radial servo 
signals as well as the HF signal. An additional function of the interface 
circuitry is to filter out the high-frequency components from those currents 
which are used for servo purposes. Also, some preprocessing ICs incorporate 
a channel equalizer to operate upon the HF signal [40]. 

An example of preprocessing functions associated with a 3-beam single
Foucault opties is schematically depicted in Fig. 2.38. The photodiode cur
rents are amplified and further combined into radial/focus error (RE/FE) 
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Figure 2.38 Preprocessing functions in a CD~ROM system based on 
3-beam single-Foucault opties. 

61 We refer here to the signal-to-noise ratio of the photocurrents with respect to all 
disturbances, like digital clocks, not originating from the photodetector itself. 
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signals and high-frequency signal, respectively. The resulted currents are 
converted to voltages and sent through fl.exible connectors to the PCB. An
other common CD-ROM architecture does not feature RE/FE subtraction 
circuits in the preprocessing IC but they are integrated together with the 
servo functions [40]. Yet another possibility is to send currents and not volt
ages through the fl.exible connectors and consequently, the transimpedance 
amplifiers will not be part of the preprocessing IC anymore. 

We shall not end this section without mentioning the extreme care which 
should be taken when designing the preprocessing circuitry. The several 
microamperes at the input are very sensitive to PCB and IC layout. The 
offsets must be eliminated, if possible, or carefully controlled over a relative 
large range of ambient temperatures ( usually 5 ... 55 °C) and the HF path 
should be designed to provide a constant delay for all EFM patterns. Last 
hut not least, the parasitic capacitances of the fl.exible connectors are posing 
problems, especially in high- and very high-speed CD-ROM drives. 

2.5.4 Audio circuits 
Despite its use in a computing environment, a CD-ROM drive must still 
obey the digital audio standard [70,114]. In fact, from a basic engine stand
point, there is absolutely no difference between data and audio discs. It 
is only the 24 user bytes from each demodulated frame, as depicted in 
Fig. 2.31, which contain either computer data or sampled audio signa} but 
the rest of the encoding process, like scrambling, error correction, etc., re
mains unchanged. The CD-ROM standard [74,115] does only represent a 
functional upgrade (see further Chapter 2.6) and the playback of an audio 
disc is still possible, if not desired, in any CD-ROM drive. 

Prior its recording, the audio signal is digitized simultaneously on two 
stereo channels at a sampling rate Fs = 44.1 kHz, which is su:fficient for re
prod uctions of maximum frequencies up to 20,000 Hz?2 Each single-channel 
audio sample contains 16 bits which leads toa signal-to-noise ratio (SNR) of 
98 dB [118]. A good overview of the CD audio recording process is presented 
in [103] and of the digital audio systems, in general, in [75,119,163]. 

Following the decoding process already discussed throughout Chapter 2.4, 
a digital stream of audio data will become available. This stream contains 
serial patterns of 16-bit stereo samples which alternate (time-multiplexed) 

62It is generally considered that frequencies between 5 and 20,000 Hz are sufficient 
for high-fidelity reproduction of audible sounds. When frequencies above 20 kHz are 
completely cut off, they are in proportion of 99% inaudible [103]. 
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for the left and right channel, respectively. The bit rate of this data stream 
equals 2 x 16 x 44.1·103 = 1.4112 MHz and an additional doek (BCLK) 
of this frequency is used to mark the position of each bit. A second signal 
which accompanies the serial data stream is the word clock (WCLK) which 
toggles between 0 and 1 for each 2 bytes representing a left/right sample. 

A block diagram of the audio circuits is given in Fig. 2.39. Basically, only 
the white-filled blocks are necessary to convert the incoming serial data 
into an analog signa!. The decoder outputs digital audio data in a stan
dardized63 IC format (40] and the digital-to-analog converter (DAC) pro
duces an analog-like wave which resembles the original audio signal. Differ
ent techniques, like weighted resistors, R-2R ladders, integration or current 
matching are used to implement the DACs [103,118,119]. The final touch 
is given by the analog low-pass filter (LPF) which removes the frequency 
components situated above 20 kHz. These components are both due to fast 
commutation inside the DAC (switches, comparators, etc.) and to sym
metrically mirroring of the audio frequency spectrum around the sampling 
frequency [48,109,122]. Additional functions like muting, de-emphasis64 or 
gain control are also provided. 

The oversampling filter form Fig. 2.39 is marked as optional because its 
bypassing does not prevent the analog audio to be retrieved. However, 

63The Philips format, for example, is called Inter-IC Sound (128) and assigns only one 
clock (BCLK) period for each audio bit. The serial pattern is coded in 2's complement 
and begins always with the most significant bit (MSB). lt is also allowed to reverse the 
polarity of the word doek (WCLK), which means that a zero logic of WCLK does not 
necessarily mark a left-channel sample. 

64 Because the high-frequency contents of music is relatively small, a first-order pre
emphasis (+20 dB/decade) in this frequency range may be applied during recording. The 
reverse operation (de-emphasis) needs being performed during playback [70,114]. 
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this filter is present in all current CD audio equipment and in most of 
the CD-ROM drives. Fundamental principles from digital signal processing 
(DSP) theory [48,109,122] require the removal of high-frequency (aliasing) 
spectra which are due to signal sampling. Without oversampling and for 
an audio signal up to 20 kHz, these spectra are symmetrically distributed 
around F8 = 44.1 kHz. The analog LPF must therefore have a very sharp 
cutoff between 20 and F8 - 20 = 24.1 kHz. As a flat group delay is also 
needed, the LPF will become of very high order and quite complex [166]. 
The design requirements can be relaxed if an oversampling filter is used to 
shift the aliasing components around N1 · Fs with Ni being a power of 2 
(usually N1 = 4 or Ni = 8). Another advantage of the oversampling filter 
is the expansion of its output resolution to 18 ... 24 bits which leads to the 
redistribution of the overall quantization noise [118] between 0 and NiFs/2. 

Finally, the (also optional) conversion to 1 bit from Fig. 2.39 will further 
increase the sampling rate of the digital audio signal by a factor N2 but its 
main role is to further reduce the noise power density in the audio band. 
This technique, called noise shaping~5 provides a mean to distribute the 
noise, in a frequency-dependent way, between 0 and NiN2F8 /2. The noise 
shaper can be used without preceding oversampling filter (i.e., N1 = 1) and 
the oversampling ratio N2 can reach very high values, like 128 or even 256. 

2.5.5 The microcontroller 
The link between all building blocks within a CD-ROM basic engine is 
provided by a microcontroller (see Fig. 2.1) running under firmware super
vision. The firmware, which is stored in a non-volatile memory, represents 
a collection of interconnected logical decisions which are designed to master 
various activities in the system. A schematic overview of the basic firmware 
functions is depicted in Fig. 2.40. 

Two basic activities are carried out right after the drive has been powered 
up: the initialization coefficients are sent to all programmable components, 

65The noise shaper, also called single-bit DAC, bit-stream DAC or Sigma-Delta (2:8) 
modulator, is a 1-bit quantization device whose output data is sampled at very high 
frequencies when compared to the input sampling frequency. The difference between 
the output and input signals is fed back via a specific transfer function which creates a 
pulse density modulation (PDM) output stream. A benefit of the device at low (audio) 
frequencies is its excellent noise suppression. In fact, the total noise is shaped in frequency 
and pushed outside the audio band. Further details about 2:8 modulation can be found 
in [25,75,104,105]. 
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namely the servo and channel decoder ICs, and a calibration procedure is 
executed. This procedure determines the disc parameters, like the linear 
velocity va of recorded data, track pitch q, total playback time, and the 
disc size (12 or 8 cm). A good calculation of the disc parameters is of 
paramount importance for the success of a seek action. The disc siZe is 
needed for adjusting the control loop of the turntable motor. 

During normal operation, the two microcontrollers of the basic engine and 
data path are communicating with each other based on a protocol between 
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their firmware algorithms. The 
communication takes actually place 
at this protocol level, even if the 
basic engine and data path are 
monitored by a common microcon
troller. 

The requests issued by the data 
path are interpreted and converted 
into basic engine commands. In 
fact, the data path only asks for 

a particular information which is located on the disc at a given subcode 
timing. The basic engine microcontroller determines with Equation (2.21) 
the physical location of the requested data, assigns necessary tasks to servo 
and channel decoder ICs, and monitors the seek and the consequent play
back actions. 

A very important role of the microcontroller is the overall supervision of 
the state of the basic engine. The complexity of the system, the required 
accuracy combined with the spread of system tolerances, the disc irregular
ities, and the environmental conditions can easily lead to various undesired 
situations. Any function has a certain probability for crash and, for this 
reason, the firmware monitors continuously all activities and initiates re
coveries if necessary. From this point of view, one of the main concerns 
during a crash is to avoid any disc damage. 

2.6 The CD-ROM data path 

As already indicated in Fig. 2.1, an interface electronics is provided between 
the CD-ROM basic engine and the host system. Any disk-based storage 
device makes use of such an interface, usually referred to as data path. lts 
role is basically two-fold: to translate the host commands into instructions 
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specific to that particular storage device (drive) and to regulate the data 
flow between drive, as a peripheral, and the host system. 

In any CD-ROM drive, the user information flows to only one direction: 
towards the host system~6 The type of the built-in data path depends on 
the interface protocol67 associated with the host. This protocol does not 
infiuence the two data-path functions mentioned above but it does require 
different hardware and software implementations of the interface itself. The 
host requests for recorded information are finally converted by the CD-ROM 
data path into subcode timing, which is a suitable reference to rapidly locate 
user data on the disc. 

An additional function of any CD-ROM data path is to couvert the read
out digital information, originally designed for audio recordings, into a for
mat for genera! data storage. This format, which is not tied to any particular 
application, has also been standardized [73, 115]. 

Finally, a fourth function of the data path in a CD-ROM drive is to add 
one more error detection and correction layer. Because the original audio 
standard does not fulfill the reliability level [154] required by the computing 
industry (i.e" a bit error rate of at most 10-12), the CD-ROM standard 
provides additional correction capabilities, usually referred to as third-layer 
error correction. 

2.6.1 Compact Disc subcode format 

As already shown in Fig. 2.31, a 1-byte subcode symbol is heading each user 
frame after demodulation. The subcode symbols contain various control 
information which was initially intended for audio playback. For instance, 
the user can determine which piece of music is being listened to, how long 
a piece of music is and whether it has been recorded with pre-emphasis or 
not, etc. 

661n CD-R and CD-R/W as wel! as in all magnetic and magneto-optical (MO) disk 
drives, the data flow is bidirectional. 

67Two interface standards are commonly used in personal computers to connect large
capacity disk drives: IDE (Intelligent Drive Electronics) and SCSI (Small Computer 
System Interface). IDE can only accommodate at most two peripherals (drives) when 
connected in parallel on the same cable hut up to four IDE interfaces (Enhanced-IDE) 
may be present in one PC. IDE is relatively cheap and easy to use. The SCSI interface 
supports up to seven drives in parallel and it offers a better performance, including data 
transfer speed, in real multitasking computing. Some details about both interfaces can 
be found, for instance, in [127,158]. 
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Fora CD-ROM system, the subcode information plays also an essential 
role. First, a subcode block and a CD-ROM data block (see further Sec
tion 2.6.2) are both based on 98 successive demodulated frames. Second, by 
inserting a special bit pattern in the subcode block, the presence of either 
CD-ROM or audio data can be detected. And finally, the time reference or 
subcode timing, which linearly marks the position of each group of 98 user 
frames along the disc spiral, remains valid for any CD-ROM disc. 

The arrangement of the 98 demodulated frames which provides a subcode 
block is depicted in Fig. 2.41-A and the internal format of this block is 
given in Fig. 2.41-B. The first two subcode symbols So and S1 contain 
synchronization information for the whole block. Because these symbols 
use two out-of-rule68 patterns from the EFM conversion table, they must 
be detected before demodulation takes place. The following 96 symbols 
carry bit-wise information from each of the 8 subcode channels which are 
designated as P, Q, R, S, T, U, V, and W (there is no relation to the Pand 
Q parity from CIRC). The subcode channels are read as shown in Fig. 2.41-
B and each of them, except P, contains provision for error detection and/ or 
correction. The Q-channel, for instance, ends with a 16-bit parity word for 
cyclic redundancy check69 based on the polynomial g(x) = x 16 +x12 +x5 +1. 

68 An out-of-rule EFM pattern satisfies the (2,10)-RLL requirements (see Section 2.4.6) 
hut it does not represent a valid modulation code for any of the 256 data symbols. 

69The cyclic redundancy check ( CRC) code is an error detection method which adds 
n - k parity bits to a user word of k bits. The user words are given by a linear code (see 
Section 2.4. 7) and the resulting n-bit words form a cyclic code. The Jatter property implies 
that all codewords are multi pies of a generator polynomial g(x) whose degree equals n - k. 
At the receiving side, the codeword is divided by g(x) and a remainder different from zero 
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On most audio discs, only the P and Q channels contain information 
whereas the others are recorded with zeros. The Q channel, which is essen
tial for audio as well as CD-ROM systems, contains information about the 
position of the associated data block from Fig. 2.41-A along the disc spiraL 
In addition, a data disc is designated by writing OlxO into the 4-bit control 
area. Because the linear velocity Va of the recorded data remains constant 
along the entire disc spiral, the position information recorded into the Q
data can be expressed in minutes, seconds, and subcode frames within a 
second and is usually referred to as subcode timing. The subcode frame 
counter increments modulo 7350/98 = 75 where the channel frame rate of 
7350 frames/second has been taken into account (see Section 2.4.6). The 
distance in tracks between any two locations on the disc spiral can be deter
mined with Equation (2.21). FUrther details about the subcode structure 
are given in [70,103,114,119]. 

2.6.2 CD-ROM data format 
Obeying the same arrangement from Fig. 2.41-A, a CD-ROM data block is 
formed by collecting user symbols from 98 consecutive demodulated frames. 
A CD-ROM black carries thus 98 x (33 - 9) = 2352 bytes (9 bytes out of 
33 were already reserved for the subcode symbol and CIRC parities). 

Each CD-ROM block starts with a 12-byte synchronization pattern70 

and continues with a 4-byte header as depicted in Fig. 2.42. The first three 
bytes of the header contain the absolute time in minutes, seconds, and block 
number within a second, indicating the position of the associated data block 
along the disc spiral. This information is copied from the Q-channel with a 
maximum allowed offset of ±1 second, being synchronized with the subcode 
timing. For this reason, the block number is also designated as frames within 
a second. The last header byte identifies three possible CD-ROM modes. 
Mode 0 indicates an unused area and the remaining 2352 16 2336 bytes 
are filled with zeros. Mode 2 defines a block of 2336 data bytes and is 
rarely used in this form because no additional error correction is provided. 

indicates the occurrence of at least one error. The division can easily be implemented 
by using a linear-feedback shift register which is, in fact, a recursive digital filter [48,122] 
whose taps correspond to g(x). This filter can also be used to calculate parity bits before 
transmitting the codeword. The parity is obtained by feeding the k-bit user words followed 
by n - k trailing zeros to the input of the filter. The CRC code is capable to detect all 
burst errors less than or equal to the length n - k of the parity word. Details about CRC 
codes can be found in [75,97,119]. 

70See further Fig. 2.44-A. 
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However, the CD-ROM Extended Architecture71 (CD-ROM/XA) defines a 
Form 1 and a Form 2 of this mode which do contain provision for checking 
the data integrity [76,119]. 

Finally, Mode 1 defines a data block which is mostly dedicated for com
puter storage. This format is also represented in Fig. 2.42. There are 2048 
bytes of user data while the trailing 288 bytes, also denoted as auxiliary 
data, are reserved for error detection and correction information. The whole 
black, except the 12-byte sync pattern, is scrambled. Because the computer 
data is not necessarily randomly distributed (i.e., the same byte may be 
repeated fora long data sequence), the scrambling facilitates the averaging 
of the EFM power spectrum during encoding. The Mode 1 data block con
tains a 4-byte field for error detection code (EDC) and a 276-byte field for 
error correction code (ECC). The latter is divided into P and respectively 
Q parity and operates upon a block of 2340 descrambled bytes (see further 
Section 2.6.3). The EDC operates upon the 2064 bytes of sync, header and 
user data. 

71 The CD-ROM/XA is an extension of the Yellow Book standard (see Fig. 1.2) and 
defines a new type of data track [116]. An XA track may contain computer data, com
pressed audio/video data, and/or still pictures. The Red Book CD-DA cannot be placed 
on an XA track which, when used for compressed audio, delivers a data throughput of 
175.2 kB/s. Clearly, special hardware is needed to decode the various types of XA data. 
CD-i, Video-CD and Photo-CD are all types of CD-ROM/XA and this format has been 
standardized in the White Book [76]. 
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The last remark related to the CD-ROM format concerns the user data 
rate, also called data throughput or, as in digital communications, bit rate. 
For the most used Mode 1 data, the speed of the user information received 
by the host system is 2048bytes x 75s-1 = 153.6kB/s. Usually, a value 
Ba = 150 kB/s is considered in literature. The notation Ba designates the 
data throughput of a IX CD-ROM drive (i.e., having a data disc rotating 
at the audio constant linear velocity va)· 

2.6.3 Block decoders 
Following the extract ion of the user frames by the channel decoder, the 
CD-ROM data is further processed according to its specific format already 
discussed in Section 2.6.2. A CD-ROM block decoder (CDBD) performs all 
necessary operations and controls the data flow towards the host system. 
The latter function is usually referred to as buffer management and is com
mon to all disk-based storage devices. The CDBD activity is monitored at 
system level by a microcontroller. It is also quite common to use only one 
microcontroller for executing both data path and basic engine firmware. 

The block diagram of a CDBD is shown in Fig. 2.43. The reference 
data path operations, which will be also described herein, are related to 
the basic Mode 1 format from Fig. 2.42. For other formats, like Mode 2 of 
CD-ROM/XA, additional (and dedicated) processing units are needed. 

The data output by the channel decoder is serially received by an input 
interface. The very first operation consists in swapping the order of any 
two bytes that would have formed an audio sample~2 This rearrangement 
is based on a left/right audio rule and is synchronized with the rising and 
falling edges of the word .clock (WCLK). The configuration of a rearranged 
data block, including the corresponding sync and header bytes, is shown 
in Fig. 2.44-A. The subsequent operations are performed upon each data 
block and follow the detection of the corresponding 12-byte synchronization 
pattern. All 12 sync bytes are discarded after synchronization. 

The data arranged as indicated in Fig. 2.44-A is further serially fed to 
a descrambling circuit which uses a presetable linear-feedback shift regis
ter [7 4,115] based on the polynomial x15+x+1. The descrambling operation 

72 When audio information is recorded on disc, each data frame contains a sequence of 
6 left/right 16-bit audio samples (words). The byte order of any two successive left/right 
samples, as they are output by the channel decoder, is MSB, LSB, MSB, LSB. In case of 
data recording, this byte order remains unchanged but it needs being reversed into LSB, 
MSB, LSB, MSB before any other operation in the block decoder takes place. 
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Figure 2.44 The sync, header and user data rearranged by the input inter
face (A), descrambling linear-feedback shift register (B), and 
Reed-Solomon correction strategy for CD-ROM data (C). 

takes place as depicted in Fig. 2.44-B and starts with the least significant 
bit right after the sync pattern. The resulted data is further loaded into a 
memory. From this point onwards, all subsequent operations are performed 
at byte level by extracting from memory only those bytes which are needed. 
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Following descrambling, an error detection is carried out. A cyclic redun
dancy check73 (CRC) is performed using the generator polynomial g(x) = 
(x16 + x15 + x2 + l)(x16 + x3 + x + 1) and the provided 4-byte EDC. If 
the polynomial associated with the combined sync, header and user data is 
divisible by g(x), there is a high probability that the received user data will 
not contain any error and it will be further forwarded to the host system. 
Significantly to notice that the ECC field of P and Q parity bytes is not 
subjected to cyclic redundancy check. 

If errors are signaled during CRC, a correction mechanism based on the 
276-byte ECC is further employed. First, all 2340 descrambled bytes, start
ing with the header, are separated in two equally-sized ECC planes. This 
separation relies on an LSB/MSB rule as suggested in Fig. 2.44-A. One of 
these 1170-byte planes contains only the most significant bytes while the 
LSBs are all placed into the other plane. The goal of this separation, which 
took initially place during encoding, is to ensure a relative spread of those 
errors remained after CIRC decoding. For error detection and correction, 
the bytes from each of the two planes need being arranged as illustrated in 
Fig 2.44-C. In fact, inside the CDBD itself, this arrangement is completely 
fictive. lt is the CDBD controller which generates addresses for the data 
memory and selects the appropriate bytes which are needed for calculations. 

When the fictive arrangement from Fig 2.44-C is considered, two differ
ent kinds of byte sequences can be formed. Designated as P and Q, each 
of these sequences forms a Reed-Solomon codeword together with the two 
corresponding parity bytes. The error detection and correction uses (26,24) 
and (45,43) RS codes for the Pand Q sequences, respectively (see also Sec
tion 2.4.7). As the minimum distance dm= 3 for both sequences, it will be 
possible to either detect exactly the location of 2 erroneous bytes within a 
codeword or directly correct one byte in error. Codewords including more 
than 2 bytes in error are detected with a certain probability. An alterna
tive strategy will allow the correction of maximum 2 erroneous bytes when 
erasure-position information from the C2 corrector of the channel decoder 
is used. Depending on the correction strategy, the CD-ROM system ap
proaches a bit error rate (BER) of 10-13 ... 10-15 when operating on Mode 
1 format. Further details about the third-layer error detection and correc
tion for CD-ROM data can be found in (74,103,115,129]. 

The CDBD controller monitors all activities discussed uritil now. Usu-

73See also Section 2.6.1 for additional CRC information. 
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ally, once the error correction has been finished, the resulting data is CRC
checked using the same 276-byte ECC field. Next, the host system initiates 
a DMA74 process for transferring data from the block decoder. At this 
point, the task of the CDBD controller consists in a proper management of 
the data flow from the DMA buffer (FIFO) towards host. 

A relatively new function of the block decoder is to supply the host with 
audio data at a higher bit rate than during normal audio read-out. This 
function has been incorporated in very high-speed CD-ROM drives (e.g. 
32X) where there is no need anymore to spin the disc at lX CLV for audio 
playback. A dedicated input buffer collects the audio bytes delivered by the 
channel decoder and the controller transfers them, at another bit rate, to the 
host system. Nevertheless, because the audio symbols are not accompanied 
by a synchronization pattern, a special sync protocol75 is needed between 
the channel decoder and CDBD. 

As a final remark, we notice that modern block decoders are not only 
capable of handling CD-ROM Mode 1 formats hut also both Mode 2 forms. 
This implies that other compact disc standards are also supported and data 
contained on various types of compact discs, like Video CD, Photo CD, 
CD-i, can also be read and forwarded to the host system. 

2.6.4 CD-ROM volume and file structure 
The information recorded on a CD-ROM disc should necessarily obey a col
lection of standardized rules, usually referred to as ISO 9660 standard [73]. 
This document specifies how computer data is placed on the disc. Any op
erating system which is supposed to read from a CD-ROM drive must be 
able to read this file structure. 

ISO 9660 defines the arrangement of data in sectors within a volume 
and, viewed from a higher level, in files within directories. The related 
numbering and hierarchy, mode of identification, etc. are also described. 
The final result is that a CD-ROM disc looks for a computer user as a 
read-only hard-disk, including a bootable area. The storage capacity of a 
CD-ROM disc lies between 529 and 701 MB (see also Section 2.7.2). 

74 When using direct memory access (DMA), a disk-based storage device can trans
fer data straightforward to the computer memory, bypassing the centra! processing unit 
(CPU) of the host system [127,158]. 

75Usually, the beginning of an EFM frame (see Fig. 2.31) is used for audio synchroniza
tion between the channel and the block decoder. In addition, the subcode timing should 
also be provided to the CDBD controller. 
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Any group of 2048 user bytes originating from a CD-ROM data block 
and forwarded to the host computer is referred to as a sector. When viewed 
from the host side, the sectors are numbered in ascending order and mapped 
through addresses to a fixed table. The mapping process is valid throughout 
the whole disc and is called logica! addressing. While retrieving data from 
disc, the CD-ROM black decoder couverts the requested sector address into 
header information (i.e., physical address) and further into subcode timing. 

2.7 System parameters and design compromises 
The final performance of a CD-ROM drive is determined not only by the 
various technica! choices adopted for the general architecture but, to a large 
extent, by the standardized parameters of the disc itself. In this context, this 
chapter will present an overview of several system parameters. The storage 
possibilities of a CD-ROM disc will also be discussed and some of the system 
choices adopted for the initial audio standard are listed. The chapter ends 
with a short description of the benchmarked drive specifications. 

2.7.1 System parameters 
A representative selection of standardized parameters [70,74,114,115] and 
calculated ones is listed in Table 2.4. If commonly used in calculations, the 
associated symbols are also indicated. 

The compromises made more than 15 years ago to define a compact disc 
standard were of a various nature. The system limitations were closely re
lated to physical and technological developments, as well as to the technica! 
possibilities for mass production. In fact, the situation has repeated itself 
qui te recently, when the new standard for the digital versatile disc (DVD) 
was established. 

2.7.2 Storage capacity 
One of the main objectives to be achieved in a mass storage device is a high 
recording density. For an optica! disk, in general, the number of data bits 
that can be stored on disc is given by [5,131] 

1r(D; D;) 
Nb = 4~2 1Jrec (2.30) 

spot 

where D0 and Di are the maximum and respectively starting diameter of 
the program area, ~spot is the diameter of the laser spot, as defined in 
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Symbol Parameter Value Unit 

Outer diameter of the disc 120± 0.3 mm 
Diameter of the center hole 15+g.1 mm 
Disc thickness l.2~g:~ mm 
Disc weight 14 ... 33 g 

q Track pitch 1.6 ± 0.1 µm 
Maximum spiral eccentricity 1> ±70 µm 

D; Starting diameter of the program area 5o_g.4 mm 

Do Maximum diameter of the program area 116 mm 

Va Linear velocity of the recorded data 2> 1.2 ... 1.4 m/s 
À Wavelength of the laser light 780±10 nm 

NA Numerical aperture of the objective lens 0.45 ± 0.01 -

nsub Refractive index of the transparent substrate 1.55 ± 0.1 -
Disc reftectivity > 70% -

Lbit Length of the channel bit 278 ... 324 nm 
Pit depth 60 ... 130 nm 
Recording density 106 Mbit/cm2 

T/rec Recording efficiency 28.4 % 
Maximum disc capacity 701 MB 

Stot Maximum playback time 3l at lX CLV 60 ... 80 min 

Ba User bit rate at lX CLV 153.6 kB/s 

f ch Channel bit rate at lX CLV 4.3218 Mbit/s 
BLER Block error rate before CIRC error correction < 0.03 -

BER Bit error rate after third-layer error correction < 10-12 -
1> Relative to the disc center 
2> Also called scanning velocity (because the original CD-DA standard was defined for 

audio discs which were only played back at this speed) or reference velocity. 
3l Depending on disc tolerances 

Table 2.4 CD-ROM system parameters. 

Section 2.2.3, and 'r/rec is the efficiency of the recording method. Clearly, 
the spot size needs being reduced in order to enhance the storage capacity. 

The recording efficiency is a measure for the amount of bits delivered 
to the host system, as end user, with respect to the total amount of bits 
recorded on disc. As already indicated in Section 2.4.6, there are only 192 
bits forwarded to the data path out of 588 channel bits. Further, the CD
ROM user has at his disposal only 2048 bytes out of a whole data block (see 
Section 2.6.2). The recording efficiency of a CD-ROM system becomes 

8 x 2048 
'r/rec = 

98 
X 

588 
= 0.284 (2.31) 
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which means that any CD-ROM user bit, at the host interface level, origi
nates from 3.52 bits recorded on the disc. 

The capacity of a CD-ROM disc to store computer data is given by 

1r(D~ - Dl) 1 
Ccdrom = 4qLbit 'T}rec . 8 X 10242 [MB] (2.32) 

and current values between 529 and 701 MB can be obtained. The computer 
literature designates a CD-ROM disc as a 650-MB medium. Significantly 
to notice that, when the compact disc was standardized, the information 
capacity was not pushed to the optica! limits in order to maintain a high 
reliability [134]. 

2. 7.3 Design compromises 
In designing a system, the desired specifications should carefully be weighted 
against each other. The final system performance depends on various fac
tors, including physical tolerances, and they all need to be taken into ac
count. The design process ends with a set of compromises which are thought 
to determine an optimal system. 

Some of the trade-offs which led to the final compact disc standard are 
summarized below. Nevertheless, as most of the system parameters are in
terrelated, it is difficult to discuss a design compromise independent from 
the others, but a certain approach is still necessary. 

Read-out of the disc in reflection. Basically, it is possible to have a 
transparent optical disc through which a laser beam is transmitted. The 
modulation of the laser beam in transmission is similar to the modulated 
reftection. However, the lat ter approach simplifies the player construction 
( electronics and optica} components are situated at only one side of the 
disc), allows for shallower disc relief structure (pits/lands) which facilitates 
mass replication, and employs simpler methods for focus control [17]. The 
main advantage of the refl.ective read-out is the possibility to protect the 
information layer against <lust, grease, and scratches. 

Wavelength of the laser. The laser beam does not obey the approx
imations of geometrical opties [84,108] and is diffracted by the disc relief 
structure. As a consequence (see also Section 2.2.3), the spot will only 
have a diffraction-limited diameter [13] which linearly depends on the laser 
wavelength. A high recording density can be achieved by reducing this pa
rameter but there is no really free choice with semiconductor lasers. In 
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terms of mass production, a 780-nm GaAs device was already available at 
the time the CD-DA standard was proposed and it could offer the desired 
recording density. 

Numerical aperture. As discussed above and indicated by Equation {2.1), 
the diffraction-limited laser spot size is proportional with 1/NA. A higher 
numerical aperture is therefore needed to increase the recording density but 
also to improve the frequency response of the system [18]. On the other 
hand, a smaller numerical aperture leads to a larger focal depth, according 
to Equation (2.9), and to more relaxed tolerances for both disc thickness 
and skew [17, 18]. When, in addition, the various optical aberrations are 
considered, a numerical aperture NA= 0.45 turns out to be a good system 
choice. 

Track pitch. Due to diffraction, a certain amount of light falls outside the 
track being read out. A small fraction of the reflected light will therefore 
represent contributions from neighboring tracks, usually denoted as cross
talk. The track pitch plays an essential role while limiting this cross-talk 
hut other factors, like quality of the scanning spot or the pit geometry, are 
equally important [17]. An ideal aberration-free spot yields very low cross
talk levels, of about -40 dB for a track pitch q = 1.6 µm. A cross-talk level 
below -20 dB is generally accepted as requirement for audio and CD-ROM 
discs [134] but safe levels below -30 dB can normally be achieved, unless 
the spot suffers large aberrations [17]. 

Pit geometry. The optimum centra! aperture (CA) disc read-out takes 
place when the light reflected by a pit is approximately in antiphase with 
the light re:flected by the surrounding area [17]. For a disc read in reflection 
through the transparent substrate (.\ = 780 nm, nsub = 1.5), this condition 
leads to a pit depth of 0.25,\/nsub = 130 nm. Typically, the pit depth is 
less than 130 nm to accommodate other system tolerances (e.g. variations 
of the laser wavelength) and eventually allow detection methods other than 
CA. The pit width, of about 0.6 µm, is determined partially by the opties 
and partially by the material properties of the disc [134]. The length of a 
pit depends both on opties and charme} modulation, varying between 3Lb-it 
and llLbit with Lbit being the length of the channel bit. 

Channel modulation. The choice of the channel modulation affects the 
quality of the recovered signal, the frequency spectrum of the HF signal, 
and the length of a channel bit [63,130]. Modulation methods, like 8-to-8 



94 Chapter 2 - The CD-ROM as a System 

or 8-to-24 were also analyzed, hut EFM turned out to represent an optimal 
choice for the compact disc system. 

Audio sampling frequency. Although not directly related to CD-ROM, 
this standardized parameter determines, in fact, the data throughput (see 
Sections 2.4.6, 2.5.4, and 2.6.2). For high-fidelity audio reproductions, a 20-
kHz bandwidth is generally accepted as being sufficient hut the sampling 
frequency of the original audio signal should be at least twice as high. The 
chosen value Fs = 44.1 kHz considers an additional reserve of 10 3 for uni
form reproduction of higher frequencies, including provision for post-DAC 
low-pass filtering. A second reason for choosing 44.1 kHz was the presence 
at that time on the market of digital audio recorders based on magnetic 
tape. These recorders were derived from the video equipment which used 
already 44.1 kHz for horizontal/vertical synchronization and it was thought 
that some compatibility towards newly-emerged CD system would be nec
essary (103]. 

Linear velocity of recorded data. The choice of this parameter was 
closely related to the frequency Fs = 44.1 kHz used to sample the analog 
audio signal as well as to the adopted modulation method (EFM). Based 
on the channel bit rate fch = 588 x 7350 bit/s (see Section 2.4.6), the linear 
velocity of the recorded data is then given by Va= fchLbit· 

Playing time of the disc. The total playback time of the disc is basically 
determined by the linear velocity Va of the recorded data and by the total 
quantity of information stored along the disc spiral. The latter parameter 
depends on the track pitch, starting and maximum diameter of the program 
area, and on the length of the channel bit. However, it was agreed by Philips 
and Sony that a compact disc should be large enough to hold most of the 
long classical pieces of music [103]. The playing time of a standard Philips 
compact cassette was 1 hour and of the standard long-play (LP) record of 
the American company CBS was 20 to 30 minutes on one side. A compact 
disc had to hold at least 60 minutes of music but, on the other hand, a too 
large playing time was not really desired because the recorded disc would 
have costed too much (the royalties paid to the artists are proportional to 
the playing time). 
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The essence of engineering is logica] thinking applied to problem solving. 
(Stephen E. Scrupski, Electronic Design Information Group) 

Quasi-CLV CD-ROM Drives 

3.1 lntroduction 

As already mentioned in Section 2.4.8, the CLV-based CD-ROM drives were 
originally derived from audio players. The latter were provided with addi
tional circuitry for third-layer error correction as well as for interfacing the 
host system (PC). 

The increasing PC performance demanded very soon an improved tech
nique for driving the turntable motor. The original CLV motor control could 
not satisfy the requirements for fast data access, although it represented 
(and still represents) the best choice in terms of data throughput. Philips 
was the first manufacturer of CD-ROM drives to implement the quasi-CLV 
motor control, as a first step towards better drive performance. The first 
4X quasi-CLV basic engines from Philips arrived on the market in 1994 and 
were quickly followed by similar models from Toshiba. The latter company 
denotes the same motor control technique by the term variable playback 
system. During the two years which followed the introduction of the quasi
CLV CD-ROM drives, almost every manufacturer adopted this motor con
trol technique as a standard solution. Quasi-CLV has also represented a 
transition step that interrupted more than 10 years of CLV dominance. 

This chapter presents first an overview of the CD-ROM drive specifica
tions. The performance indicators called access time and data transfer rate 
are analyzed and, in this respect, the CLV drawbacks are emphasized. The 
chapter discusses further, in detail, the quasi-CLV technique. A simulation 
model of the quasi-CLV motor control as well as theoretical and practical 
results are also discussed. 

95 
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3.2 Drive performance and benchmarking 
The performance of a CD-ROM drive relies on the three basic specifications 
enumerated and briefly explained below: 

A. The data transfer rate, also designated as bit rate or data throughput, 
is determined by the speed at which data is transferred towards the host 
system (PC) and is measured at the host interface level. This specification 
is often indicated by the so-called X-factor1 and it has been the driving force 
behind the development of CD-ROM drives? 

B. The access time gives an indication about the drive capability to find 
requested data and send it through the host interface as fast as possible. 
Usually, the access time is measured at the host interface level. 

C. The CPU utilization is a measure of the time requested by a CD-ROM 
drive from the microprocessor of its host system to perform the necessary 
data access and transfer functions. The CPU utilization is mostly deter
mined by the data path firmware (particularly by the buffer management) 
and by the CD-ROM driver3 installed on the host computer. 

Apart from the three main performance indicators listed above, the power 
consumption has also become an important issue. Higher disc rotational 
speeds combined with very low access times require more current drawn 
from the power supply. In this respect, portable systems are those setting 
an upper limit for this performance specification. 

Other drive specifications are more or less considered of secondary im
portance because they do not refiect directly the technica! performance. Ex
amples of such specifications are the mean time between failures (MTBF) 
or the weîght of the drive and, clearly, they are not perceived by the user 
in a straight forward manner. 

Nevertheless, the importance of some drive specifications may vary de
pending on a particular application. For instance, data throughput is rel-

1Recall from Section 2.2.l that the X-factor (or playback overspeed N) is defined as 
the ratio N = vd/va between the Iinear velocities Vd at which data is read out and Va at 
which data is recorded along the disc spiral, respectively. The term X-factor is mostly 
used by computer magazines (139] while N is a notation adopted throughout this thesis. 

2 Programs that buffer large amounts of CD-ROM data and deliver it at very high bit 
rates also exist, hut the X-factors achieved in this way (50-lOOX) are false and cannot be 
sustained continuously. The computer users have scarcely accepted this proposals. 

3 A device driver is a piece of software which gives the computer a handy set of control 
functions needed for various purposes [127]. Most device drivers are used to link the 
computer system (i.e., including software) toa given hardware device, e.g. a CD-ROM. 
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atively insignificant while playing back CD-ROMs with games or video in
formation. In computer data applications, on the other hand, the high bit 
rates are associated with increased efficiency because the required informa
tion is transferred rapidly to the host system. For this to be true, however, 
shorter access times are also needed. 

We shall mainly discuss throughout this thesis the data throughput, 
which has played an evolutionary role for the CD-ROM drive development. 
With the exception of Chapter 6, the access time will only be addressed in 
the context of data throughput performance where it represents, in many 
cases, a design constraint. The power consumption will not be specifically 
dealt with, although it will be taken into account in Section 5.2. 

3.2.1 Data transfer rate 
Usually, the data throughput of a disk drive is indicated separately for con
tinuous read-out ( also designated as sustained data rate) and as an absolute 
peak value [41,42,43,110]. 

The transfer rate of a CD-ROM drive is strongly related to the disc 
standards [70,74,114,115]. Because data is uniformly recorded along a con
tinuous disc spiral, data throughput will not change if the spiral is read out 
with a constant linear velocity (CLV). In turn, the disc rotational frequency 
will have to vary from the inner to the outer disc diameter according to 
Equation (2.27) at page 70. 

As already indicated at the end of Section 2.6.2, a CD-ROM disc rotating 
at lX CLV delivers 153.6 kbytes per second and, usually, the numerical value 
Ba 150 kB/sis adopted as reference. However, most current CD-ROM 
drives use either pure CAV turntable motor control or employ adaptive
speed techniques, like partial-CAV or zoned adaptive-speed (to be discussed 
throughout this thesis). In these cases, the average sustained bit rate should 
be calculated by integration. When continuously playing back the whole 
disc, the average bit rate of the drive is given by [145] 

1 1Stot Ba 1Stot -s B(Sx)dSx = -s N(Sx)dSx 
tot O tot O 

{3.1) 

where Stot is the total playback time of the disc (see Table 2.4) and B(Sx), 
N(Sx) are the user bit rate and overspeed factor measured at the sub
code timing Bx, respectively. The maximum numerical value resulting from 
Equation (3.1) should be considered as design criterion when optimizing a 
CD-ROM drive for data throughput. 
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A benchmarking computer program, however, does not determine the 
average transfer rate while playing back the whole disc. In this case, the 
integration limits from (3.1) must be replaced by two values of the subcode 
timing Sx and Sy, between which the benchmark program reads out data. 

3.2.2 Average access time 
The term average access time describes the combination of average head 
positioning time and average disk rotation delay [41,42,43]. However, some 
CD-ROM drive manufacturers have fallen into the habit of using this term 
to describe average positioning time, or seek time. This usage does not 
adequately describe the time required for a disk drive to start responding 
to a host system request. 

When particular information is needed at the host level, the CD-ROM 
drive is set to access that information and retrieve it from the disc. The 
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Figure 3.1 Variation of the disc radius during an outward-oriented 
seek and the corresponding overspeed profile, data 
availability, disc angular velocity, and components of 
the access time. 



3.2 Drive performance and benchmarking 99 

related access time [143] can be expressed as 

T access Tseek + T mot + Tiat + Tov + Tr (3.2) 

where the various contributions will be explained below. In general, the 
drive is characterized by an average access time which implies that all terms 
from Equation (3.2) should also be averaged. The significance of these terms 
can better be understood when plotting the overspeed profile during an 
outward-oriented seek, as schematically depicted in Fig. 3.1 (details about 
this profile will emerge throughout this chapter). A situation similar to the 
one from this figure occurs for an inward-oriented seek, hut the overspeed 
profile displays a negative peak at the end of the seek action. Notice that a 
seek action should be regarded as a sledge displacement followed by track 
acquisition performed with the radial actuator. 

Mechanica/ seek time Tseek 

The numerical value of Tseek is determined by the displacement of the optical 
pick-up unit4 (OPU) from one location to another along the disc radius. The 
time Tseek needed by the OPU to cross a given number of tracks .6.Ntr can 
be obtained by solving the servo equations in time domain. The number of 
tracks .6.Ntr is given by Equation (2.21) at page 49. 

The drive seek performance is usually represented by two indicators: 
the third-stroke and the full-stroke5 seek times, respectively. The length 
(D0 - Di)/6 = 11 mm of a third-stroke sledge displacement has already 
been introduced in Section 2.3.6. However, if we recall that a seek action at 
the basic engine level is directed to find a subcode timing rather than a par
ticular track, then a third-stroke length must be accordingly defined. The 
average seek performance is therefore determined by the average number of 
tracks .6.N tr which are crossed while randomly seeking data. For example, 
.6.Ntr = 6658 tracks when the disc parameters Di = 50 mm, D0 = 116 mm, 
q = 1.6 µm, and Va l.3 m/s are taken into account (see also Table 2.4 
at page 91). Notice that (D0 - Di)/6 = 6875 tracks for the same disc 
parameters, which can be considered as a good approximation for .6.Ntr· 

Also, because data is uniformly distributed along the disc spiral, the av
erage seek length .6.S expressed in time units between two randomly chosen 
values Sx and Sy of the subcode timing [142] is given by the equation 

4 See Sections 2.3.1 and 2.3.6. 
5The full-stroke is defined as the distance between the inner and outer radii of the 

program area and, hence, it is equal to (D0 - D;)/2 = 33 mm. 
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_ 1 1Sto1Stot Stot 
t::..S = 82 18:1' - S 11 1 dSxdSy = -

3 tot 0 0 
(3.3) 

where Stot is the total playback time at lX. This latter formula, which 
plays a very important role in CD-ROM systems, is analytically derived in 
Appendix Aat page 277. 

Some benchmark programs are really performing random data access6 

between two subcode values Sx and Sy. In this case, t::..Ntr becomes of 
importance when designing the radial seek controller and the time needed 
to cross t::..N tr tracks should be minimized. 

Other benchmark programs are, however, only performing seeks of Stot/3 

starting from different initial subcode values Sinit distributed over the whole 
disc. For the nomina} disc parameters previously considered, this type of 
benchmarking would lead to t::..N tr = 6029 tracks which does not differ sub
stantially from the correct one ( 6658 tracks). These so-called third-stroke 
benchmarks have the advantage of reducing the time needed to experimen-
tally determine the average access performance. 

Tumtable motor time Tmot 

The time Tmat is measured between the moment at which the target track 
is found through mechanica! displacement and the moment at which data 
read-out becomes possible (see Fig. 3.1). 

As a component of the access time, Tmat does not exist in other disk 
storage devices like hard-disk or floppy-disk drives. In CD-ROM systems, 
however, the turntable motor time is intrinsically related to the standard
ized CLV distribution of data along the disc spiral, which gives rise to an 
over- or underspeed while accessing data. For example, the overspeed Npeak 

measured at the end of an outward-oriented seek may exceed the maxi
mum overspeed Nmax which can be handled by the channel decoder and 
data path. The consequence is a delay T mot which is introduced until the 
turntable motor brakes to a safe angular frequency. 

This delay depends on the turntable motor itself and, very important, 
on the type of the motor control being used. The minimization of Tmot 

can be assured by properly choosing the speed profile and, if necessary, 
strongly accelerating/braking the turntable motor during (and shortly after) 
mechanica! displacement. 

6 The benchmark program generates random logical addresses (see Section 2.6.4) which 
are converted by the data path into physical addresses and further into subcode timing. 



3.2 Drive performance and benchmarking 101 

The calculation of the average turntable motor time for a given strategy 
of the motor control depends primarily on the overspeed profile which sets 
the values of Ni and respectively N2 before and after any (random) seek. 
However, while continuously accessing data, the average value of Tmot may 
become zero because the motor speed neither arrives at a steady state nor 
reaches its target velocity [148]. 

Latency time '.liat 
The latency Ttat is defined as the time needed for the desired information 
(situated along the disc spiral) to arrive under the laser spot while the 
disc is rotating. The latency is measured from the moment at which data 
read-out becomes possible after finding the target track through mechanica! 
displacement. 

On average, the target subcode is located 180° from the position of the 
laser spot. When compared to other disk-based storage devices [97], the 
latency in CD-ROM systems is not necessarily a constant value because the 
rotational frequency of the disc depends on the type of motor control being 
used. Fora given subcode-dependent overspeed profile N(Sx), the average 
latency becomes 

1 1Stot 1 
Ttat = ( dSx 

O frot Sx) 

1 1Stot 21f R( Sx) 
= -- dSx 

2Stot O VaN(Sx) 
(3.4) 

1f 1Stot 1 v~D~2--v-q_S_ 
--- _i +~dS 
- VaStot O N(Sx) 4 1f x 

which can be further analytically calculated. When the spiral is read out at 
constant linear velocity (CLV), i.e., at constant overspeed N, Equation (3.4) 
can be approximated within 5 % error by 

(3.5) 

which represents the mean value between the two latencies measured at the 
inner and outer program areas, respectively. For constant angular velocity 
(CAV) read-out, Equation {3.4) turns into 

Ttat 1 
cav 

1 1rDi 

2frot = 2Niva 
(3.6) 
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where the parameter .M designates the overspeed at the starting diameter 
of the program area. 

Overhead time Tov 

As the target subcode is found along the disc spiral, it will still take 
a time T ov until data is sent through the host interface. Part of this addi
tional time, amounting for about 1-5 ms, is due to firmware overhead and 
can be reduced, for example, by increasing the microcontroller doek and by 
correctly structuring the firmware code. Other delays are introduced by the 
hardware processing, which needs 98 demodulated frames (13.3 ms at lX) 
to obtain one value of the subcode timing and lll demodulated frames7 

(15.1 ms at lX) to deliver one CIRC-corrected user frame. Further, data 
path needs 98 user frames to deliver one 2048-byte sector. These delays, 
which are fixed at lX by the compact disc standards [70,74,ll4,ll5], de
crease in proportion with the overspeed factor when the disc is played back 
at higher scanning velocities. 

Retry time Tr 

Due to various factors, including tolerances of the disc parameters, disc 
unbalance, etc., the target track may not be reached at the end of a solely 
sledge-actuator displacement (seek). In such cases, a retry accounting for 
the time Tr is needed. Reducing the average retry time to a negligible value 
represents one of the most challenging design criteria in current high-speed 
CD-ROM drives. 

3.3 Speed limitations in CD-ROM drives 
There are two important speed limitations that should be considered in any 
CD-ROM drive. 

First, the servomechanics sets an upper boundary for the angular fre
quency wd of the disc. As discussed already throughout Section 2.3, the 
disc vertical and track deviations as well as the unbalance forces pose re
quirements on both focus and radial servo bandwidths. The maximum disc 
angular frequency wd_max which is allowed during playback depends on the 
whole electromechanical ensemble. 

Second, the entire channel electronics (photodetector, HF preamplifier, 
channel decoder, and data path) is setting an upper limit Nmax for the 

7The longest symbol delay during CIRC decoding. 
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highest data overspeed which can be safely handled. This limit is mainly 
imposed by the amplitude and phase distortions of the HF signa! (see also 
Fig. 2.28) and by the maximum processing speed of the digital electronics 
(CIRC decoding, third-layer error correction, etc.). 

Finally, a lower boundary Nmin is also set by the phase-locked loop (PLL) 
used to regenerate the transmitted doek. Usually, the loek range extends 
up to the maximum processing speed of the digital electronics and hence, a 
CD-ROM drive is able to handle the overspeeds 

(3.7) 

where 

N = Vd = WdR 

Va Va 
(3.8) 

is given by the disc linear velocity Vd at the read-out point and the linear 
velocity Va of the recorded data. The spiral radius at the read-out point is 
denoted by R. 

A schematic representation of both overspeed and disc angular frequency 
limitations is depicted in Fig. 3.2. 
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Figure 3.2 Schematic representation of the overspeed 
and disc angular frequency limits. 

3.4 CLV versus CAV 

Disc 
radius 

The CLV technique dominated the control of the turntable motor for more 
than 10 years. The overspeed factor N, which remains constant while play
ing back the whole disc, should fulfill both Equation (3.7) and the relation 

(3.9) 
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where Ri is the spiral radius at the inner diameter of the program area. 
The bit rate given by Equation (3.1) at page 97 becomes 

(3.10) 

and remains also constant throughout the whole disc. For data playback, 
the only performance advantage of a CLV-based CD-ROM drive is its very 
high data rate. 

On the other hand, a CLV drive has the disadvantage of a very large access 
time. Because of the FIFO buffer (see Fig. 2.34 at page 69), data can only 
be delivered at the end of an access procedure if the overspeed has reached 
again its nomina! value, i.e., Ni = N2 on Fig. 3.1. The total access time 
given by Equation (3.2) is strongly influenced by Tmot, and this contribution 
becomes dominant at higher constant linear velocities. For example, T mot 

accounted for about 50 % of Taccess in the first 4X CLV drives. 
A possible solution for improving the access time could be the use of CAV 

motor control [141], provided that 

(3.11) 

with Wcav being the disc constant angular velocity and ~ = Di/2, R0 = 
D 0 /2 being the inner and outer radii of the program area, respectively. In 
this case Tmot = 0, which represents a significant improvement. However, 
the average bit rate of a CAV system that attains Nmax at R0 [145] is given 
by the relation 

(3.12) 

and is about 25 % lower than the bit rate of a CLV system of overspeed 
Nmax· Practically, because many data discs are not completely recorded, 
the total playback time Stot does not correspond to R 0 and Bcav is much 
lower than indicated by Equation (3.12). 

The conclusion which emerges from the above discussions is that neither 
CLV nor CAV represents an optimal choice for both data throughput and 
access time performance. The necessity of another control technique to drive 
the turntable motor became clear during the development of the 4X CD
RO M engines. Named quasi-CLV, this control method replaced the obsolete 
CLV mode and accounted for a better trade-off between the two mentioned 
drive specifications. 
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3.5 The Quasi-CLV technique 

The drive performance can be improved if a combination between CLV and 
CAV motor control would be possible. It is important to remark that CAV 
requires channel and data path electronics able to cope with variable data 
rates. This condition was met by the manufacturers of CD-ROM ICs [40] 
already in the early years of high-speed CD-ROM drives. 

A proposal for variable-speed playback is given in [77]. This patent de
scribes a general method to read out a compact disc in any another mode 
than CLV (e.g" CAV playback). The patent protects all Philips ICs which 
are able to cope with variable data rates hut it does not deal with any 
specific situation which may arise in high-performance CD-ROM drives. In 
particular, the patent does not cover any dedicated technique which may 
be used to optimize the drive access time and data throughput. 

3.5.1 Quasi-CLV turntable motor control 
The quasi-CLV method represents a technique for controlling the turntable 
motor in a disk-based storage device and it has been described for the first 
time in [144] and [145]. It is very important to remark that only disk systems 
using constant linear velocity for data recording, in particular those based 
on compact disc, can benefit from the advantages of quasi-CLV control. 

A block diagram of the quasi-CLV turntable motor loop in a CD-ROM 
drive is depicted in Fig. 3.3. The data output is not regulated anymore by 
a FIFO memory and no phase information is used to control the turntable 
motor either. Instead, the motor is driven within a velocity loop, with 
the decoder PLL acting as velocity detector. The speed information can be 

Figure 3.3 Block diagram of quasi-CLV turntable motor control. 

Power 
driver 
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obtained, for example, from the voltage-controlled oscillator of the PLL. The 
loop controller normally has a proportional branch hut may also perform, in 
parallel, an integrating action. The final choice of the compensator (i.e., a 
P or a PI type) will become clear after discussing the various design criteria 
throughout Section 3.6. 

From a practical point of view, the quasi-CLV loop from Fig. 3.3 has 
been implemented in several ways within a CD-ROM basic engine. The 
only part which remained almost unchanged was the velocity detector, in 
its integrated form within the channel decoder. A signal of frequency pro
portional with the read-out overspeed N was derived from the VCO of the 
phase-locked loop. 

The very first implementation of the quasi-CLV motor control used dis
crete analog electronics and it was meant to prove the system feasibility. 
A second version employed a dedicated motor driver IC and was proposed 
for use in 4X drives. This version was also used in 6X and 8X systems. 
Subsequent quasi-CLV controllers were converted into digital domain and 
integrated within the decoder IC as a standard block. They powered the 
turntable motor in all lOX, 12X, 16X, 18X, and some 24X Philips CD-ROM 
basic engines. The quasi-CLV control was completely abandoned only in 
32X systems, where limitations of both servomechanical and decoder-based 
nature required the use of constant angular velocity mode [141]. 

3.5.2 Drive behavior and performance 
Before discussing the design details throughout the next subsection, an 
overview of the quasi-CLV features is presented. It has already been men
tioned that two performance indicators of a CD-ROM drive, namely the 
data throughput and the access time, are almost completely determined by 
the basic engine. 

A CD-ROM drive with quasi-CLV control behaves during continuous 
playback exactly as a CLV drive, i.e" the data throughput is kept constant. 
This feature can easily be checked by comparing the schematic diagram from 
Fig. 3.3 with the one of the CLV control depicted in Fig. 2.34 at page 69. 
Both operating modes use the disc linear velocity as controlled signal and 
therefore, both should regulate toward a prescribed setpoint N va. The data 
throughput of a quasi-CLV system is given by 

Bqclv = NBa (3.13) 

and equals the bit rate already determined with Equation (3.10). 
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Figure 3.4 Simulated behavior of a quasi-CLV system during 
an outward-oriented third-stroke seek starting from 
the inner radius of the disc. 
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The fundamental difference between quasi-CLV and CLV operating modes 
is, however, their distinct behavior during a data access procedure. While 
moving the optical pickup unit across the disc radius, the recorded data 
becomes available as soon as the target track and the desired position along 
the track have been found. This feature is depicted in Fig. 3.4 using a sim
ulation model. Apart from the very last signal, the other four display the 
same time variations as in a pure CLV system. The data validity fiag, on the 
other hand, looks differently in a CLV drive where it returns to high logical 
level only when the overspeed N reaches again its nominal value ( after 500 
milliseconds from the beginning of the seek action, as plotted in Fig. 3.4). 
Clearly, the quasi-CLV system can improve the total time needed to access 
the desired data. 

When compared to either CLV or CAV modes, the quasi-CLV technique 
combines their individual advantages into an dedicated solution for disk-
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based data storage. In other words, the quasi-CLV drive delivers a very high 
data throughput during continuous playback, while substantially reducing 
the access time. 

3.5.3 The turntable motor loop 

The control diagram of the quasi-CLV turntable motor loop is presented in 
Fig. 3.5. It is important to notice that we deal here with a nonlinear system 
which incorporates a variable gain, namely the disc radius. The following 
two situations can be distinguished: 

A. Continuous playback, when the radius R increases gradually as a 
function of the track pitch q and is disturbed, at the same time, by the 
total eccentricity~ It will be shown throughout Section 3.6.2 that a time
dependent variation R = R(t) can be considered and, hence, the quasi
CLV loop can be described analytically in a more general fashion. Such 
time-varying systems as the one depicted in Fig. 3.5 are also designated in 
literature [39,80,137,165] by the term non-autonomous. 

B. Seek behavior, when the disc radius is disturbed by the total eccen
tricity, hut it also depends explicitly on time. The latter variation results 
from the fast radial displacement of the optical pickup unit while perform
ing a seek between two locations on disc. It will be shown in Section 3.6.4 
that a general time-varying gain R = R(t) can also be considered during 
data access. In addition, a statie nonlinearity is introduced by the control 
signals which saturate rapidly for large variations of R(t). 

n(s) 

Velocity detector Cpmpensation 
G1(s) network 

e(s) 
K(s) 

Power 
driver 

G:i(s) 
Umo1(S) 

Varia bie 
disc radius 

DCmotor 

Figure 3.5 Quasi-CLV velocity loop. 

8 As already discussed in Section 2.3.3, the total eccentricity amounts for at most 
125 µm of radial run-out. 
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The analysis of the quasi-CLV system should carefully consider the dy
namic stability of the nonlinear loop under various conditions and should 
finally lead to the choice of the regulator. As a starting point, it will be 
assumed that R = const? represents a given read-out disc radius. This as
sumption allows us to introduce the basic equations of the linear part of the 
loop. In the case of a proportional-integral (PI) compensator, the open-loop 
transfer function of the control system depicted in Fig. 3.5 becomes 

(3.14) 

where G1(s), G2(s) and Hmot(s) are the transfer functions of the decoder 
front-end, motor driver, and turntable motor, respectively. As discussed 
already in Section 2.4.8, G1 ( s) may be replaced by a real gain because the 
channel electronics is much faster than the whole motor loop. The transfer 
function Hmot(s) is given by Equation (2.26). We shall only approach here 
the voltage-controlled turntable motor, as being the one used by the first 
quasi-CLV CD-ROM drives. The current-controlled motors were introduced 
later on the market [148] and they will be discussed throughout Section 5.2. 

As the mechanica! time constant T m = Jr0 tf D of a DO motor is much 
lower than its electrical time constant Tel =La/ Ra, the corresponding trans
fer function (2.26) can be approximated by 

H ( ) 
_ T motKt . 

mot S - ----
RaJrot TmotS + 1 

1 

with 

'Tmot = D + K[/Ra 

The transfer function (3.14) of the quasi-CLV loop becomes 

'TmotKt 

H(s) = G1(s)(Kp+ Ki)G2(s) Ralrot R 
S TmotS + 1 

(3.15) 

(3.16) 

{3.17) 

and it will be used throughout this chapter. In practical systems, the gains 
G1(s) and G2(s) are usually real. Notice also that a Laplace description of 
the quasi-CLV system is only valid for R const. and cease to exist for a 
nonlinear loop. The diagram depicted in Fig. 3.5 will, however, be further 
used in a less formal way. 

9 Under certain circumstances, a constant disc radius may also be assumed during 
playback. This approach is essentially equivalent with a loop linearization (see further 
Section 3.6.3). 



110 Chapter 3 - Quasi-CLV CD-ROM Drives 

3.6 Quasi-CLV design 
3.6.1 Genera/ issues 
The differences between various quasi-CLV implementations, including the 
all-digital controller, are less relevant for the purpose of this thesis. However, 
the simplified block diagrams from Figures 3.3 and 3.5 remain generally 
valid. As a numerical example used to support the forthcoming calculations, 
the following parameters of the Philips 4X basic engine are considered: 

G1 = 0.24 V /ms- 1 

G2 = 4.1 
Ra= 6.4 0 
La= 0.006 H 
Kt = 0.007 Nm/ A 
Jrot = 32 · 10-6 kgm2 

D = 2.5 · 10-6 Nm/s-1 

Nmin = 2 
Nmax = 8 
Wd_max = 210 rad/s 
Tmot = 3.15 S 

- real gain of the velocity detector 
- real gain of the motor power driver 
- armature resistance of the turntable motor 
- armature inductance of the turntable motor 
- torque constant of the turntable motor 
- moment of inertia at the motor shaft 
- dam ping constant ( viscous friction coefficient) 
- minimum decoding overspeed 
- maximum decoding overspeed 
- maximum allowed disc angular frequency 
- time constant of the turntable motor 

For the two real gains G1 and G2 defined above, Equation (3.17) becomes 

(3.18) 

Note that Wd_max = 210 rad/s corresponding to fmax = 33 Hz was imposed 
especially by the mechanica! construction depicted in Fig. 2.14-A at page 30. 

It will be interesting now to outline the technica] context within which 
the quasi-CLV technique appeared. At that time, the mechanics was basi
cally designed for audio (lX) and low-speed {2X) data applications and was 
not prepared to support the new and demanding CD-ROM functions. A 
similar remark holds for the turntable motors which were only improved at 
a later stage, when the need for high-speed CD-ROM drives became clear. 
Finally, the opties, channel decoder, as well as the data path were already 
offering an amended performance which was suitable for data applications 
at 4X and above. However, the market demands expressed in terms of drive 
performance, costs and design time frequently exceeded the possibilities 
offered by a straightforward implementation of the available components. 
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The redesign of these components represented no short-term alternative ei
ther. Under these circumstances (i.e., before new key components became 
available), the quasi-CLV turntable motor control installed itself as a viable 
solution towards better CD-ROM performance and turned out to be that 
alternative which the very dynamic CD-ROM market was looking for. 

Before establishing the control requirements, a brief analysis of the loop 
behavior is necessary. Two situations can be distinguished: (i) tracking of 
the overspeed setpoint during continuous playback of the disc and (ii) fast 
regulating the read-out overspeed towards the desired value, during a seek 
procedure. For the former situation, the six general control requirements 
already enumerated in Section 2.3.4 remain valid and they will be separately 
applied to the quasi-CLV control loop throughout Section 3.6.3. In the 
case of data access, when a particular track is rapidly sought in the radial 
direction, the loop should satisfy the following prerequisites: 

• the overspeed N;eak generated during an outward-oriented seek proce
dure (see Fig. 3.1) must remain below the maximum data overspeed 
Nmax which can be electronically handled; 

• in a similar manner, the underspeed N~ak generated during an inward
oriented seek procedure must remain above the minimum allowed data 
overspeed Nmin· 

From a control viewpoint, the latter two requirements can be translated 
into a set of performance criteria. Usually, these criteria regard the tran
sient output of the closed loop system while applying a step signa} at its 
input. In the case of quasi-CLV control, it is important to notice the par
ticular transient behavior of the loop: while the overspeed setpoint remains 
constant during a seek procedure, the disc radius changes from an initia! 
to a final value. The radius represents therefore a variable gain in the sys
tem and its time-dependent variation is given by the velocity profile of the 
moving sledge. However, the performance criteria concerning the above two 
prerequisites can still be formulated in terms of maximum overshoot and 
the fastest possible rise time which does not violate the overshoot condi
tion [46,87). 

The design of the quasi-CLV loop will be presented throughout this sec
tion. The goal is to choose and calculate a regulator able to fulfill a set of 
requirements and, very important, being relatively inexpensive. The veloc
ity loop frorn Fig. 3.3 can basically be controlled by either a proportional 
(P) or a proportional-integral (PI) regulator. With this first cost-effective 
choice, the following subjects will be analyzed and discussed: 
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• the stability of the nonlinear system during playback; 

• the tracking performance, stability, disturbance rejection, suppression 
of the measurement noise, robustness to system tolerances, and the 
signal saturation for the linearized system; 

• the stability and performance of the nonlinear system during a seek 
procedure. 

As a final conclusion, the choice between a P and a PI controller will 
be made. Definitive performance indicators (e.g., Bode plots) as well as 
simulation results will be presented at the end of this section. 

3.6.2 Loop stability during playback 
A block diagram of the nonlinear quasi-CLV system operating during con
tinuous playback is depicted in Fig. 3.6. As indicated, the disc radius does 
not remain constant but increases at a fixed rate (which is given by the 
track pitch q) and is also modulated by the spiral eccentricity (of amplitude 
Emax). Both variations are dependent on the angle iJ covered by the rotating 
disc. The dynamic radius can be expressed as 

R(iJ) = Rinit + 
2
: + Emax sin(iJ) (3.19) 

where Rinit is the initial disc radius at which the disc read-out is considered 
to start. Notice that R('!9) = Rinit for iJ = 0, which is equivalent to an 
integrator reset on Fig. 3.6. 

From a control point of view, R(fi) represents a variable gain of the loop 
transfer function. Before any other analysis can be made, the loop must be 
proven to remain stable during playback. 

Several analytica! tools are available to analyze the stability of a nonlin
ear system [80,137,165]. In the case of the quasi-CLV loop frorn Fig. 3.6, 
Equation (3.19) suggests that a sector condition might be satisfied at the 
output of the nonlinear element. This condition leads to the application of 
one of the following stability tools: 

• Popov's criterion, if the nonlinearity is time-invariant and has no mem
ory effect; 

• circle criterion (designated in [46] as Zames' circle criterion), for which 
the nonlinearity may depend on time hut should still not exhibit a 
memory10 effect. 

10Because the condition of memoryless nonlinearity is not consistently mentioned by 
all publications, it will be separately discussed in Section B.1 at page 278. 
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Figure 3.6 Quasi-CLV velocity loop with variable disc 
radius during continuous playback. 
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We remark first that both criteria require the nonlinearity to be memory
less [80]. Obviously, because Equation (3.19) can be rewritten as 

R(iJ) = Rinit + 
2

1l' [fot wd(t)dt + fio] + Emax sin[ fot Wd(t)dt + fio] (3.20) 

with '!90 representing an initial condition, the nonlinear radius does not fulfill 
this requirement. The memory function is represented by the integrator 1/ s 

in Fig. 3.6, which operates upon the disc angular velocity wd(t). We need 
thus to rearrange the loop and formally eliminate this integration. The 
following three possibilities are examined: 

Pl. The signals wd(s) and iJ(s) = wd(s)/s from Fig. 3.6 can both be 
used as inputs toa multivariable nonlinear gain consisting of the two terms 
q/(27r) and Emaxsin(·) followed by the multiplication element. The mem
ory function 1/ s remains thus outside the nonlinearity, which is also time
invariant in this configuration, and Popov's criterion can now be applied. 
However, the system is not single-input single-output (SISO) anymore and 
the stability analysis becomes rather complicated. 

P2. By using the same system rearrangement described by the possibility 
Pl, the circle criterion might also be a candidate for stability analysis. For 
multivariable systems, this criterion employs conic regions [91,174,175] hut, 
because the obtained nonlinearity has two inputs and only one output, the 
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diagonal matrices [80] bounding the multidimensional sector cannot be built. 
The use of this criterion under these circumstances becomes difficult. 

P3. As a third option, we observe that () does exhibit a well-defined 
variation, although time-dependent. This angle is bounded and satisfies the 
relation 

1t Ro -Ri 
0 ~ 'l?(t) = Wd(t)dt ~ Dmax = 2?r---

O q 
(3.21) 

leading to another rearrangement of the control loop from Fig. 3.6. In this 
respect, we can rewrite Equation (3.20) as 

R(t) Rinit + ~R[()(t)] 

= Rinit + 
2

11" ['l?(t) +(Jo]+ êmax sin[(J(t) + fio] 
(3.22) 

with fi(t) E [O, ()max] and the quasi-CLV system can practically be consid
ered as non-autonomous, with a nonlinearity still being of a SISO type. 
Because '!9(t) is bounded, the circle criterion for SISO systems can be ap
plied. Also, without loss of generality, the integration constant can be cho
sen '!90 = 0 in Equations (3.20), {3.21) and {3.22). This choice has also a 
physical interpretation because the gradually increase of the disc radius due 
to the track pitch q is practically initiated after a seek procedure, when the 
target track has been found and the read-out process begins. 

From the above discussion it follows that the circle criterion applied as at 
point P3 from above greatly simplifies the nonlinear system analysis. There 
are, however, some additional requirements [80] which will be labelled for 
convenience with A, B, C, and D, and separately discussed hereafter. 

Another aspect which needs to be clarified is the definition of stability. 
When applying the circle criterion, the nonlinear system is shown to be abso
lutely stable [80,91,137], a definition which characterizes the system from an 
input-output point of view. A survey of the most used stability definitions 
is presented in Appendix C. 

A. The feedback loop must be of the type depicted in Fig. 3. 7, 
with all inputs equal to zero. Many physical systems can be represented 
as a feedback connection of a linear dynamic subsystem and a nonlinear 
element [80,174,175]. By using Equation (3.22), the quasi-CLV control loop 
can be put in the form shown in Fig. 3.8 and the similarities with the system 
from Fig. 3. 7 are quite obvious~ 1 The condition of zero inputs is widely used 

11The exact meaning of ó.vd(t,wd_lin,Ó.Wd) will become dear later in this section. 
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in literature [22,46,80,137] because it simplifies the proof of stability. We 
shall start by considering this condition and show afterwards that, in the 
case of quasi-CLV control, not all inputs can be made zero. Under these 

G(s) 

Nonlinear 
element 

Figure 3.7 Nonlinear system 
suitable for circle 
criterion analysis. 

circumstances, it will be shown that other 
results from the nonlinear control theory 
can be applied to preserve the validity of 
the circle criterion. 

First of all, it is assumed for the time 
being that n(s) = 0 and also d(s) = 0, the 
eccentricity contribution being already in
cluded in Equation (3.20). These assump
tions are very close to the real situation 
as it will be shown later, throughout Sec-

tion 3.6.3, when disturbance rejection and influence of the measurement 
noise will be discussed. 

Next, the two systems from Figures 3. 7 and 3.8 are not yet equivalent 
because of the nonzero linear velocity setpoint. As a general approach used 
in literature, it would be possible to consider Vset ( s) = 0 and show the 
absolute stability of the unforced12 system [80,81]. Because the real (and 
constant) setpoint Vset -=/= 0 is bounded, the quasi-CLV loop can then be 

v..,(s) 

n(s) 

Velocity detector 
G1 

e(s) 

+ 

AR(t)_-

Compensation 
network 

K(s) 

d(s) 

DCmotor 

Hmo1(s) 

Linear subsystem 

S(t) e [0,Smax) 
----+---o 

Figure 3.8 Quasi-CLV loop with time-dependent nonlinearity 
during continuous playback. 

12 A system with all inputs deliberately set to zero is usually called unforced. 
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proven to remain bounded-input bounded-output stable. The inconvenience 
with such a system analysis is that, when a pure proportional controller is 
employed, the state variables are always zero if Vset(s) = 0. The behavior 
of the unforced system cannot, hence, be used to prove the stability of its 
forced counterpart. 

To avoid the aforesaid bounded-input bounded-output analysis, a linear 
transformation of the state variables may also be applied such that Vset 

becomes zero. We start from the state-space equations describing only the 
behavior of the linear subsystem depicted in Fig. 3.8. By designating the 
state variables as x1(t) and x2(t), these equations become 

[ ::+~:;] = [- Kdc~iR.nit _ KdcKp~nit +Il [:~~~~] + [~] Vset (3.23a) 
dt Tmot Tmot 

where 

KdcKp] [xi(t)] 
Tmot x2(t) 

K _ G G TmotKt 
de- 12RJ 

a rot 

(3.23b) 

(3.24) 

has been introduced for simplification. The state equations have been writ
ten for a PI compensator and the particular case of a P-controller can be 
obtained for Ki = 0. Notice also that wd_lin(t) represents the disc angular 
velocity at the read-out radius Rinit with the nonlinear feedback path from 
Fig. 3.8 not yet closed. 

By using any of the stability tools from the linear control theory [2, 78,87], 
the linear subsystem fro:m Fig. 3.8 can be proven to remain stable when 
starting from a given initial condition xo. Let now the vector x define 
the equilibrium point of the linear subsystem. It follows from the above 
state-space equations that 

0 = ~ = Ax + Bvset 

Wd_lin = Cx 

(3.25a) 

(3.25b) 

where the short notation [2, 78] has been used for all vectors and matrices 
previously involved in Equations (3.23a) and (3.23b). Note that Ais in its 
controllable canonical form. 

As a next step, the nonlinear feedback path from Fig. 3.8 can be closed 
and the disc angular velocity becomes wd(t) = Wd_lin(t)+.6.wd(t). Obviously, 
the additional term is obviously due to the time-varying radius .6.R(t). The 
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state-space equations of the whole nonlinear system can further be derived 
from (3.23a) and (3.23b) and are given by 

x' = Ax' + B(Vset - Wdll.R) 

Wd = Cx' 

(3.26a) 

(3.26b) 

with x' designating the corresponding vector of state variables. 
The goal of this state-space analysis is to try finding an analytical trans

formation of the entire nonlinear system such that Vset becomes zero while 
preserving the original input-output behavior. We introduce the linear 
transformation 

x' =x+ D..x (3.27) 

where D..x defines the deviation of the state variables from their equilibrium 
value x. The nonlinear system dynamics become 

:k + D..x = Ax + AD..x + B{ Vset wdll.R) 

wd= Cx+CD..x 

(3.28a) 

(3.28b) 

and, by taking Equations (3.25a) and (3.25b) into account and writing ex
plicitly the two terms of wd, the system can be reduced to 

D..x = Ailx - B(wd_lin + D..wd)LlR 

D..wd = CD..x 

(3.29a) 

(3.29b) 

Clearly, the new state variables D..x are now independent from the initial 
input Vset· The transformation (3.27) is equivalent with subtracting the 

state values as well as the correspond-
Linear subsystem ing inputs and outputs of the lin-

u1 = o G(s) drod earized loop at equilibrium from the 

Figure 3.9 

Nonlinear 
element 

Transformed non-
linear system. 

nonlinear equations. However, this 
transformation introduces another in-
put while removing Vset· The new sys
tem is depicted in Fig. 3.9. 

As a final step, the condition of 
having zero inputs as imposed by 
many publications will be neglected. 

It is shown in the seminal papers [174,175] that the circle criterion can still 
be applied if the system inputs belong to the class of truncated signals [91}. 
Several details on this subject are given in Section B.2 of the Appendix. No
tice that many practical nonlinear systems, including the quasi-CLV control 
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loop, fall into this Jatter category. This observation allows us to proceed 
further with the analysis of the other circle criterion requirements. It is 
also customary to prove the stability of a nonlinear system around the ori
gin, where the system states can be linearly shifted to. For this reason, 
Equations (3.29a) and (3.29b) are chosen to represent the quasi-CLV loop 
dynamics throughout the forthcoming calculations. 

B. The nonlinearity from the feedback path must satisfy a sector 
condition. This nonlinearity can be successively written as 

D.vd(t, Wd_lin• D.wd) = wd(t)D.R(t) 

= [wd_lin + D.wd(t)]D.R(t) 

= [wd_lin + D.wd(t)] { 2~['!9(t) + fio] + émaxsin[fi(t) + fio]} 

(3.30) 

where the time-varying radius D.R(t) can easily be determined by inspecting 
Equation (3.22). An intuitive representation of D.R(t) is graphically shown 
in Fig. 3.10 where the eccentricity amplitude êmax as well as the eccentricity 
period, normally 21f, are deliberately magnified for better visualization of 
the sector condition. This variation is also plotted for fio = 0, choice which 
does not restrict the generality of this analysis. 

A sector condition [80, 137] which is necessary to apply the circle criterion 
can be stated as 

(3.31) 

where k1 and k2 are two constant feedback gains which remain to be deter
mined. Equation (3.31) implies that D.vd(t,wd_lin, D.wd) lies between two 
straight lines kiD.wd and k2D.wd as depicted in Fig. 3.11. By examining 
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Figure 3.10 Schematic representation of the loop nonlinearity D.R(t) 
during continuous playback {both eccentricity amplitude 
and period are enlarged). 



3.6 Quasi-CLV design 119 

now both Equations (3.21) and (3.22), the variation range of ll.R(t) can be 
successively written as 

q 
-fio 
27r 

q 

2 

(3.32a) 

(3.32b) 

where the initia} condition 1Jo E [-1!', 7r] has been considered. Notice that 
fio = 0 would have introduced an error smaller than 1 % because q /2 « Emax 

and, obviously, Emax « R0 - Ri. How-

Figure 3.11 Sector condition. 

ever, from a mathematica! point of view, 
the absolute minimum and maximum of 
ll.R(t) can only be obtained if the whole 
range [-7r, 7r] of this integration constant 
is taken into account. 

To conclude the above discussion, it 
follows almost straightforward that 

{
k1 = -q/2 - Emax 

k2 = Ro - Ri + q/2 + Emax 
(3.33) 

One should also observe that {3.32b) remains valid irrespective of the 
time-dependent profile of 'l?(t). This remark is very important since other 
CD-ROM systems based on quasi-CLV control, hut without constant over
speed N, will be discussed throughout the next chapter. For all these sys
tems, ki and k2 remain given by the latter equation. It is also impor
tant to notice that k2 > 0 and ki < 0 for any combination of track pitch 
q = 1.6 ± 0.1 µmand Emax « R0 - Ri (practical eccentricity amplitudes are 
smaller than 125 µm, as already pointed out in Section 2.3.3). 

C. The nonlinearity Avd(t, Wd_lim Awd) must be memoryless, 
continuous in t and locally Lipschitz in Awd. It has been shown in 
this section that a time-varying entity 

ll.R(t) = 
2

7r ['!9(t) +Do]+ Emax sin['!?(t) + 1Jo] (3.34) 

can be considered in Equation (3.20), practically leading to a memoryless 
nonlinearity. The exact time-dependent fluctuation of iJ(t) is not crucial 
anymore as long as this function is bounded, i.e., 0 ~ 'i?(t) ~ {)max· This 
approach also guarantees a nonlinear feedback gain ll.R(t) whose variation 
is not directly coupled to the disc angular velocity wd(t) = wd_lin + ll.wd(t). 
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Further, the function .ó.vd(t, wd_lin, .ó.wd) = Wd(t).ó.R(t) is continuous13 

in t because is a combination of continuous functions. To support this 
assertion, take into account that wd varies continuously as function of time 
(the turntable motor acts as an integrator) and, as a result, the covered 
angle iJ(t) given by Equation (3.21) is also continuous. 

Finally, the Lipschitz condition for the single-input single-output nonlin
earity .ó.vd( t, Wd_lin, .ó.wd) can be written as 

l 

.Ó.vd( t, Wd_lini .Ó.Wd1) - .Ó.vd( t, Wd_lini .Ó.wd2) 1 :::;; L (3.35) 
.Ó.WdI - .Ó.Wd2 

where .ó.wd1 and .Ó.Wd2 are any two values of the variable .ó.wd and L is 
the Lipschitz constant which needs to be found~4 The inequality (3.35) can 
be translated graphically into a finite slope of the line that joins any two 
points belonging to .ó.vd(t, Wd_lini .ó.wd)· Intuitively, this condition should 
be fulfilled when the disc radius plotted in Fig. 3.11 is multiplied by .ó.wd. 

In order to find L, we recall that iJ(t), and thus .ó.R(t), have been assumed 
dependent only on time and not on the disc angular velocity wd(t) = Wd_lin + 
.ó.wd(t). Consider now the successive equalities 

8[.ó.vd( t, Wd_lin> .Ó.wd) J 
= 

8(.6.wd) 

= 8(:wd) { Wd(t) 2~ [iJ(t) + iJo] + Wd(t)E:max sin [iJ(t) + iJoJ} 

= 2~ [iJ(t) + iJo] + E:max sin [iJ(t) + iJo] = .ó.R(t) 

(3.36) 

and, as the above derivative exists and is finite at any given time, it is 
possible to apply the Lagrange (or mean value) theorem [128). This theorem 
states that at least one point .ó.Od exists such that 

.ó.vd(t,wd_lin1 .ó.wd1) - .ó.vd(t,wd_lin• .ó.wd2) = 
(3.37) 

13 A function /(t): A C R -t Ris continuous on A if limi-+to /(t) = f(to) exists at each 
point to E A [128]. 

14In this context, the Lipschitz condition indicates that the nonlinear element generates 
a finite-growth output. In a general case, however, the Lipschitz condition fulfilled by a 
time-dependent function f(t,x) ensures that the state equation x f(t,x) with x(to) = 
xo has a unique solution over (to, to+ ó], where ó is a positive real number (2,80]. In this 
genera! case, the Lipschitz inequality is 11/(t,xa) - f(t,xl'!)ll ~ Lllxa - XtJll where Il· Il 
defines the distance operator [128] and Xa, XfJ are any two vectors belonging to x. 
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By applying the modulus function to the above relation, we arrive at the 
Lipschitz constant 

L = sup{LlR(t)} = R0 - J4 + ~2 + Emax (3.38) 
t>O 

D. The matrices A, B, and C should satisfy the following re
quirements: A is Hurwitz, (A, B) is controllable and (A, C) is ob
servable. Basically, these conditions ensure that the linear subsystem is 
asymptotically stable while being described in the state-space form as a 
minimal realization [46,80). 

A matrix is said stable or Hurwitz [2,91] if all its eigenvalues have negative 
real parts. The eigenvalues >. of A can be determined from the equation 

-1 

j>.I - Al = KdcKil4nit KdcKpl4nit + 1 = 0 
>.+------

(3.39) 

Tmot Tmot 

where 1 is the unity matrix. It follows that 

where both roots exist for Ki #- 0, are complex for Kp « Ki (i.e., when 
using a strong integrating action) and, clearly, ?Re{>.1,2} < 0 for any choice 
of the P or PI controller. Notice that Equation (3.40) degenerates into 
>. = -(KdcKpRinit+ 1)/rmot in the case of a pure proportional compensator. 

Next, the pair (A, B) is controllable if the controllability matrix 

[B AB] = [~ K,,,Kp~nót + 1] (3.41) 

Tmot 

is of full rank (i.e., ofrank equal to the number of rows in B). This condition 
is evident since the determinant of [B AB] is nonzero irrespective of the 
type of regulator being used. 

And finally, the observability matrix 

KdcKi KdcKp 

[ccAJ 
Tmot Tmot 

= 
K~cKvKiRinit 

(3.42) 
Kd, ( K,,,KpR;n;t + 1) 

2 -- Ki-Kp 
7 mot Tmot Tmot 
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is also of full rank because 

det [ C ] = K~cKi (Ki - Kp ) # 0 
CA Tmot Tmot 

(3.43) 

if Ki =F Kp/Tmot· This Jatter combination of proportional and integral gains 
should be avoided if a PI regulator is used. 

It follows from the above discussion that we deal with a stable feedforward 
linear path described by the minimal realization {A, B, C}. The latter 
condition is needed as we shall further proceed to use the transfer function 

T(s) = H(s) = sKdcKp + KdcKi 
1 + H(s) s2Tmot + s(KdcKpRinit + 1) + KdcKiRïnit 

(3.44) 

of the linear feedforward system with H(s) given by Equation (3.18), and 
it is not desired to cancel out poles and zeros of T(s). 

The circle criterion. As the required conditions previously analyzed at 
points A, B, C, and D are fulfilled, the circle criterion can be applied for 
testing the stability of the quasi-CLV control loop. 

Because k1 < 0 < kz, the nonlinear closed loop is absolutely stable15 

if the Nyquist plot of T(jw) lies inside the disk determined by the points 
(-1/k1,j0) and (-l/k2,jO). This condition is derived in [22,80] using a 
Lyapunov function. 

For the general case of a PI regulator, the complementary sensitivity from 
Equation (3.44) can be successively rewritten as 

T(jw) = . jwKdcKp + KdcKi 
-w2Tmot + JW(KdcKpRïnit + 1) + KdcKiRinit 

= 
w2Kdc (KdcK'tRïnit KiTmot + Kp) + KJcKf Rïnit 

(KdcKiRïnit - w2rmot)2 + w2 (KdcKpRïnit + 1)
2 

(3.45a) 

. wKdc (w2 KpTmot +Ki) 

- J (KdcKiRinit - w2Tmot) 2 + w2 (KdcKpRïnit + 1)2 

= Tre(w) + i1im(w) 

15 A nonlinear system is said absolutely stable if the origin is globally uniformly asymp
totically stable for any nonlinearity satisfying a given sector condition [80]. This implies 
that the state vector x decays to the origin and remains there as time passes, in response 
to any initia! condition. Mathematically, it means that, for each pair of positive numbers 
€and c, there is T T(e,c) > 0 such that llx(t)ll < e, Vt;;::: to +T(e,c) and Vllx(to)ll < c. 
An alternative formulation based on the concept of spherical region llxll < R is given 
in [137]. Several definitions of stability are summarized in Appendix C. 
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where the real and imaginary parts have been separated, and becomes 

T( . ) - KdcKp (KdcKpRinit + 1) 
JW - 2 

w2r!ot + (KdcKpRinit + 1) 
. WTmotKdcKp ( ) . ( ) 

- J 2 2 2 = Tre W + JTim W 
W rmot + (KdcKpRinit + 1) 

(3.45b) 

if a pure proportional regulator is used (Ki = 0). The notations Tre ( w) and 
Tim(w) designate the real and imaginary parts of T(jw), respectively. 

Three examples of Nyquist plots are given in Fig. 3.12 where the circle 

y=± (3.46) 

determined by ki and k2 has also been drawn, separately, because of its large 
scale. Using now Equation (3.45a) or (3.45b), the circle stability criterion 
becomes 

(3.47) 

for any angular frequency w. This inequality can be solved numerically to 
find pairs (Kp, Ki) of proportional and integral gains for which the Nyquist 
plot touches the circle. Several such pairs are given in Table 3.1. The 
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Figure 3.12 Stability region (interior of the circle) and Nyquist plots for 
three pairs of proportional and integral gains, at Rinit = Ri. 
The stability circle is delimited along the abscissa by the real 
points -l/k2 = -30.2 and -l/k1 = 7949.1, respectively. 
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Table 3.1 (Kp, Ki) pairs for a 
Nyquist plot just inside 
the stability region. 

stability circle extends itself along the real axis between -l/k2 = -30.2 and 
-l/k1 = 7949.1, the sector slopes being determined with Equation (3.33). 

As already mentioned, the stability condition for k1 < 0 < k2 is to 
have the entire Nyquist plot of the linear feedforward path within the circle 
passing through (-l/k1,jO) and (-l/k2,jO), respectively. This criterion is, 
however, very conservative [22,46,137] and its failure does not necessarily 
lead to the instability of the whole nonlinear system. Several instability 
criteria have also been derived [22,174,175] but are restricted to some special 
cases which, for the quasi-CLV loop, have less practical importance. 

In the case of a P-controller, it follows from Table 3.1 that the quasi
CLV loop remains stable during playback for any gain Kp > 0, whereas 
the PI-controlled loop may become unstable for very large integrator gains 
Ki· However, in a practical system, both gains have reasonably low values 
and the nonlinear system will always remain stable. For the sake of com
pleteness, notice that computer simulations have confirmed the theoretica! 
results discussed throughout this section. 

3.6.3 Genera/ control requirements during playback 
When examined within one rotational period 1/ frot of the disc, the contri
butions of both track pitch and eccentricity in Equation (3.19) at page 112 
are negligible with respect to a given initia! radius Rinit E [Ri, R 0 ]. For 
example, when reading out the disc at the inner radius Ri = 25 mm of 
the program area, the track pitch q = 1.6 µm represents less than 0.007 % 
from Rin while the eccentricity amplitude Emax = 125 µm accounts for 0.5 % 
variation. From a practical point of view, it becomes possible to measure 
the frequency characteristics16 of the system, such as the Bode or Nyquist 

16Because the frequency characteristics, like Bode plots, are usually obtained by aver
aging several consecutive measurements, good results are prevailed even if the read-out 
radius exhibits variations as large as 5 %, corresponding to about 780 tracks at Rinit = R;. 
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plots, although the loop is non-autonomous. 
As the nonlinear quasi-CLV loop remains stable during playback, the as

sumption R ~ l4nit leads toa very good linearization17 of the whole control 
system. A constant disc radius Rinit E [F4, Ra] will thus be used to exam
ine the general control requirements already enumerated in Section 2.3.4. 
These requirements are enumerated throughout the forthcoming analysis 
with letters from A to F. 

A. The tracking error. A quasi-CLV CD-ROM drive which is designed 
fora certain overspeed N = vd/va must provide an average data throughput 
Bqclv = N Ba. Clearly, Bqclv is affected by the accuracy of the regulated disc 
linear velocity Vd with respect to Vset (see again Fig. 3.5 at page 108). Several 
factors contributing to this accuracy can be identified: (i) the choice of a 
proportional or proportional-integral regulator, directly affecting the steady
state error; (ii) the loop bandwidth, influencing the amount of disturbance 
propagated to the system output; and (iii) the loop tolerances. 

As the latter two items enumerated above will be separately dealt with 
in this section, we approach here only the steady-state error which is due 
to the choice of the loop compensator. 

For good performance, the tracking error et(t) = Vset(t) vd(t) should 
be minimized. Because the disc velocity at a given read-out point tends 
to reach the target value Vset = const. after start-up, it makes sense to 
determine the steady-state error for a step excitation at the system input. 
In addition, as it will be shown throughout Chapter 4, the set point might be 
changed step-wise during operation to achieve better bit rate performance. 
By using the Laplace final value theorem, the steady-state error becomes18 

e88 = lim et(t) = lim [~ · 
1 

~( )] 
t-+oo s-+0 S + S 

1
0 

1 
if Kp -:/: 0, Ki -:/: O 

if Kp -:/: 0, Ki = O 
TmatKt 

1 + G1 G2Kp RaJrat f4nit 

(3.48) 

and depends on the controller implementation. The step input has been 

17In fact, for small variations of the nonlinear gain R(t), it would also be possible to 
prove the stability of the system by examining the eigenvalues of its Jacobian matrix, i.e., 
by linearization. . 

18The measurement noise n(s) is assumed negligible for the time being and, hence, 
et(t) e(t). The correctness of this assumption will be established later in this section. 
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replaced above by its Laplace transform 1/ s and the open-loop transfer 
function H(s) is defined by Equation (3.18) at page 110. 

As the read-out radius changes during playback, the worst steady-state 
error is obtained at the inner program area, when no integrating action 
(Ki = 0) is performed. A maximum deviation of 5 3 of the data throughput 
from the desired value is acceptable (e.g., a 4X system may exhibit 570 kB/s 
instead of 600 kB/s) and Equation (3.48) leads to 

Kp ';?; (...!... - 1) 
1 

= 7.2 
ess TmotKt 

G1G2 R J Ri 
a rot 

(3.49) 

when a proportional controller is used. 
Finally, we notice that other transient response parameters (e.g., the 

rise and settling time, the maximum overshoot, etc.) are less significant 
for the quasi-CLV control loop during playback~9 There are two reasons 
bebind this affirmation: (i) even for very slow loops, the transient time is 
insignificantly small when compared with the playback time, leaving Bqclv 

practically unchanged; and (ii) a quasi-CLV drive is already designed to 
accommodate varying bit rates during transients. 

B. Loop stability - the frequency-domain approach. Although the 
loop has been shown to remain stable during playback, there are two reasons 
for looking at the linearized loop in frequency domain. First, this approach 
provides valuable information for choosing the gains Kp and Ki. Second, 
frequency-domain characteristics ( usually Bode plots) are effectively mea
sured for the real system, and one would wish to compare them with some 
expected theoretica! values~0 We emphasize again that a frequency-domain 
analytica! approach is only valid for linear systems or in the neighborhood 
of the linearization point for nonlinear systems. 

The open-loop transfer function (3.18) can thus be rewritten as 

) 
Kps+Ki 

H(s = Kdc ( l) Rinit 
S TmotS + 

(3.50) 

with Kdc already introduced by Equation (3.24). When a pure proportional 
controller (Ki= 0) is used, H(s) has only one pole 1/Tmot which is situated 

19The time response is very important during data access and this situation will be 
discussed in Section 3.6.5. 

200n the production line, for example, the drives may be rejected if the amplitude 
cross-over frequency exceeds a given value. The large tolerances of the turntable motor 
parameters represent quite frequently the cause of such failures. 
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at very low frequencies and the phase margin is approximately equal to 
90°. In the case of a PI compensator, however, the phase margin depends 
on the choice of both Kp and Ki. The equation jH(s)I = 1 can be solved 
analytically and leads to the amplitude cross-over frequency 

Ic= J2 1 
. / AK~ - 1 + J A2 Ki - 2AK~ + 4AK['T~ot + 1 (3.51) 

2 21r'Tmot V 
and the corresponding phase margin 

l.Pm = 7r + [arctan ( 27r~~P) - ~ -arctan(2nlcrmot)] (3.52) 

where 

( 
'TmotKt )

2 
2 2 

A = G1G2 RaJrot Rinit = KdcRinit (3.53) 

has been introduced in (3.51) for convenience. 
While playing back the whole disc, the lowest numerical value of Ic and, 

therefore, the lowest closed-loop bandwidth, are obtained at Rinit = Ri. 
For this particular disc radius, the gain cross-over frequency and the phase 
margin are graphically plotted in Fig. 3.13 at page 128 for different combi
nations of PI settings. Notice that l.Pm increases for larger values of Kp while 
keeping Ki unchanged. This behavior is owed to the combination between 
a pole at s = 0 and a zero at s = -Ki/ Kp in the transfer function (3.50). It 
can also be shown that the phase margin improves as the read-out gradu
ally takes place at a larger radius Rinit > Ri while preserving the controller 
settings Kp and Ki. The definitive choice for these two parameters will 
be made after examining all design criteria and the closed-loop transient 
performance. 

C. Disturbance rejection. It has already been mentioned in Sec
tion 2.4.8 that, apart from the radial run-out (eccentricity), the amount 
of disturbance having an impact on the CLV-controlled speed is insignifi
cant?1 However, the cumulated eccentricity of the track, turntable and disc 
positioning on the turntable (see Section 2.3.3) may represent a source of 
speed errors in CLV systems. 

A similar situation is encountered in quasi-CLV loops. Because the read
out process takes place without any physical contact with the disc itself, 
there is no external force or torque which has to be opposed. From this 

21 As discussed in Section 2.4.8, portable CD-ROM drives form a particular design case. 
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Figure 3.13 Cross-over frequency and phase margin for both P- and 
Pl-controlled quasi-CLV open loop, at the inner radius ~ 
of the program area, and with (1) Ki = 0, (2) Ki 100, 
(3) Ki= 200, (4) Ki= 300, and (5) Ki= 400. 

viewpoint, there is hardly any disturbance affecting the quasi-CLV control 
loop. On the other hand, several irregularities can still be identified, espe
cially in the turntable motor itself: (i) the friction inside the rotor hearings 
is strongly dependent on the operating temperature and on the axial and 
radial forces developed while an unbalanced disc is played back; (ii) the 
cogging torque, which tends to move the rotor towards preferred angular 
positions of minimum reluctance. Fortunately, these disturbances have very 
small amplitudes and, even if not reduced by the loop attenuation, they are 
overwhelmed by the much larger radial run-out. 

As for the eccentricity (see Section 3.6.2), it bas already been introduced 
in the nonlinear gain R = R(t) in order to comprehensively discuss the 
system stability. For the purpose of analyzing the disturbance rejection, 
however, the eccentricity may be regarded as a periodic signa} affecting the 
disc radius from outside the system. Equation (2.14) given at page 39 can 
now be rewritten for the quasi-CLV loop from Fig. 3.5 and takes the form 

II(s) 1 
vd(s) = 1 + II(s) [vset(s) - n(s)] + 1 + II(s) d(s) (3.54) 
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where d( s) is the Laplace transform of the angular velocity disturbance 

(3.55) 

The latter formulae can be derived by expanding the equation of the regu
lated linear velocity 

Vd = Wd [Rïnit + êmax sin(wdt)] = [wd + w~=:x sin(wdt)] Rinit (3.56) 

Obviously, the amplitude Oe is bounded because Rinit E [.llïni Rout] and 
Wd_out ~ Wd ~ Wd_in during nomina! playback. As a genera! design goal, nê 
should be reduced to acceptable values by properly tuning the magnitude 
of the sensitivity 1/(1 + H(s)] in Equation (3.54). 

Let us assume that no disturbance rejection at all takes place at the read
out rotational frequency, i.e., Il+ H(s)j-I = 1 at s = 211" froÓ· The relative 
variation of the desired overspeed factor N becomes 

oN 21f frotcmax sin(wt) 
N= Va 

(3.57) 

which does not depend on N and has a maximum numerical value of 0.5 3 
at Rinit = Rï. This variation is rather insignificant and we may want to 
provide very little eccentricity rejection. This implies a quasi-CLV open 
loop having a low cross-over frequency f c with respect to the rotational 
frequency frot of the disc. In turn, the proportional gain Kp does not have 
to be increased at higher overspeeds when compared to a classica! system 
featuring N = 1. 

Next, notice that frot does not remain constant in a quasi-CLV drive but 
varies during playback by a factor R0 / Rï = 2.32. As H(s) is usually fixed 
at a given overspeed, a peak overshoot of 1/[1 + H(s)] in the frequency 
domain might occur at one of the disc rotational frequencies. The relative 
error oN / N from Equation (3.57) is then amplified and this amplification 
should definitely be bounded. A relative error of maximum 1 3 can usually 
be accommodated in combination with other system tolerances and leads 
straightforward to the condition Il+ H(s)l-1 ~ 6 dB over the whole range 
of operating rotational frequencies. 

As a conclusion, a quasi-CLV motor control loop can be designed to 
provide very little suppression of the radial run-out and, in the worst case, 
even amplifications smaller than 6 dB can be tolerated. Such a relaxed 
requirement is very important since working with only one transfer function 
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H(s) in multispeed CD-ROM drives (i.e., preserving the same value for Kp 
at all overspeeds) represents an advantage, especially when the quasi-CLV 
loop relies upon discrete components. 

D. Influence of the measurement noise. Equation (2.15) at page 40 
can be rewritten for the quasi-CLV turntable motor loop and becomes 

1 
et(s) = 1 + H(s) [vd(s) 

H(s) 
d(s)] + 1 + H(s) n(s) {3.58) 

As a general control requirement, the magnitude of the closed-loop trans
fer function22 T(s) = H(s)/[l + H(s)] must be small in order to suppress 
the measurement noise n( s). However, the compromise discussed in Sec
tion 2.3.4 between noise suppression at high frequencies and disturbance 
rejection at the operating (low) frequencies still represents a design goal. 

It is necessary to analyze first the origin of the measurement noise. In this 
respect, notice that the speed measurement is performed by the phase-locked 
loop of the channel decoder. It is the PLL which locks onto the incoming 
HF signal (see Section 2.4.5) and regenerates the transmitted doek. The 
frequency of the PLL voltage-controlled oscillator (or VCO) represents the 
frequency of the transmitted doek and is therefore a measure of the disc 
linear velocity at the read-out point. 

The jitter of the VCO output signal can be considered as measurement 
noise affecting the quasi-CLV loop. However, as the whole bit recovery 
process is performed at very high speeds23 when compared to the disc rota
tional frequencies, the measurement noise will always be suppressed if the 
gain cross-over frequency, and thus the loop bandwidth, is sufficiently small. 
This condition appears from Fig. 3.13 at page 128 to be not only true, but 
the measurement noise will always be situated, at all overspeeds, very far 
away from the loop bandwidth. As a conclusion, the rejection of the mea
surement noise does not represent a practical requirement when designing 
the quasi-CLV turntable motor loop. 

E. Robustness to system tolerances. The quasi-CLV loop param
eters listed at the beginning of Section 3.6.1 exhibit variations which may 
affect the loop performance. An overview of these variations is given in 
Table 3.2. The goal of the forthcoming robustness analysis is to provide an 

22 Also denoted by complementary sensitivity, i.e" T( s) = 1 - S( s). 
23The recovery of the channel bit takes usually place at a frequency at least equal to 

the channel bit rate. For example, this process is performed at frequencies above 4.3 MHz 
when playing back a disc at N 1 (see also Table 2.3 at page 62). 
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Loop parameter Tolerance Remarks 

G1 ±5% Due to tolerances of the supply voltage 

G2 ±5% Determined by a resistor network 

Ra ±20% Nomina! motor tolerances and temperature 
dependency 

La - Not important 
Kt ±20% Nomina! motor tolerances 

Jrot ±40% Disc size and physical tolerances 1) 

D ±20% Motor tolerances and external friction 

Nmin, Nmax 0% No tolerance ( determined by the fixed crystal 
doek of the channel decoder) 

R; -0.8 ... 0 % Disc specifications 2> 

Ro 0% Disc specifications 2> 

ê ii::I ~ êmax Disc specifications 2> 

q ±6.25% Disc specifications 2> 

!) Jrot = (5 ... 12) · 10-6 kgm2 for 8-cm and 
Jrot = (20 ... 45) · 10-6 kgm2 for 12-cm discs, respectively. 

'-
2> See Table 2.4 at page 91. 

Table 3.2 Tolerances of the quasi-CLV loop parameters. 

indication for choosing the proportional and integral gains Kp and Ki such 
that the design criteria are met in the presence of loop tolerances. 

Because the control loop is relatively simple, the robustness of the system 
can be studied straightforward, by directly calculating the cumulative effect 
of all tolerances upon the tracking error, stability, etc. The approach used 
herein is to analyze the worst-case situation although, from a statistica! 
point of view [100], there is a reduced probability to practically encounter 
such situations. One remark, however, is of paramount importance for CD
ROM systems: the turntable motor loop should be calculated for 8- as well 
as 12-cm discs. These two design cases will be separately discussed. 

We start the analysis by testing again the system stability. The circle 
used for this test passes through both points (-1/ki,jO) and (-l/k2,jO), 
and may become tighter for certain combinations of tolerances. Taking into 
account that ki < 0 < k2, the smallest diameter of this circle is given by 

q+ 8q 
= - --

2
- - émax 

q +8q 
=Ra - (Ri - 8Ri) + -

2
- + émax 

(3.59) 

where the slopes ki and k2 from Equation (3.33) have been minimized and 
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maximized, respectively. The quantities óq and óRi designate the largest 
signed variations of the corresponding loop parameter, as already indicated 
in Table 3.2. To give a numerical example, the maximum track pitch error 
amounts for óq = 0.0625q. When comparing now the nominal values of 
ki and k2 obtained from (3.33) with the numerical values resulted from 
Equation (3.59), the stability circle will only shrink 0.64 3 from its most
left nominal point -l/k2, in the worst case. By examining the (Kp,Ki) 
pairs from Table 3.1 at page 124, it clearly follows that the sector condition 
remains fulfilled for almost any practical combination of proportional and 
integral gains. As a last remark, notice also that Jrot does not infiuence 
the sector condition and, consequently, the quasi-CLV motor loop remains 
stable irrespective of the size of the disc being played back. 

Next, the steady-state error which is due to the choice of the regulator 
will be examined. Equation (3.49) becomes 

K 2 (_!_ -1) l 
P ~ ess min{Kdc} · (Rï - 6Rï) 

Sqc1v 

( 
1 ) (D + óD)(Ra + óRa) + (Kt + óKt)2 

= ess -
1 

(G1 óG1)(G2 óG2)(Kt + óKt)(Rï - óRï) 

(3.60) 

= 10.6 

where the maximization has taken places within the set 

G1 6G1 G1+6G1 
G2 óG2 G2 + óG2 
Ra óRa Ra+ 6Ra 

§qclv : Kt óKt ~ Kqc1v ~ Kt + 6Kt (3.61) 

Jrot ÓJrot Jrot + 6Jrot 
D óD D+óD 
Rï óRï Ri +óRï 

of one-column vectors Kqc1v of loop parameters bounded by the system tol
erances. If a pure proportional compensator is chosen, the corresponding 
gain Kp should satisfy Equation (3.60) to obtain a steady-state error less 
than 5 %. A unity step signal at the system input has again been assumed 
for this requirernent. We emphasize again that (3.60) is only valid for the 
linearized quasi-CLV loop. Notice also that, if a proportional-integral con
troller is used, the steady-state error vanishes as indicated by (3.48) for any 
combination of system tolerances. 
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Another remark is that e88 does not depend on Jrot, as it can be easily 
seen from Equations (3.16) and (3.48). It follows that the steady-state 
error does not depend on the size of the disc being played back. This is 
to be expected because the steady-state angular velocity of a DC motor is 
independent of the rotational moment of inertia. 

Further, the cross-over frequency and phase margin of the linearized 
loop will be analyzed in the presence of tolerances. As Equations (3.51) 
and (3.52) are not suitable for straightforward calculation of minima nei
ther maxima, a quasi-Newton method for constrained minimization [57,96] 
will be used. The objective is to find a vector Kqclv of loop parameters for 
which the phase margin reaches an extreme value. It can be shown that 

G1 +óG1 G1 + óG1 
G2+óG2 G2 +óG2 
Ra -ÓRa Ra-ÓRa 

Kqc1v = Kt +óKt - Kt +oKt (3.62) 

Jrot - ÓJrot Jrot - ÓJrot 
D+óD D+óD 

Rï +óRï Ri 

fulfills the maximization requirement while the opposite signs used before 
tolerances lead to minima of i./)m. 

An example of tolerance-bounded cross-over frequency and phase margin 
is given in Fig. 3.14 at page 134, for various Kp values and for Ki = 400. 
The variations exhibited by the phase margin 1Pm are clearly not negligible. 
Taking now into account the plots from both Figures 3.13 and 3.14, two 
conclusions can be drawn: (i) the PI-regulated linearized quasi-CLV loop 
does not exhibit sufficient stability margin when low proportional gains are 
combined with high integral gains; (ii) if a pure P-type compensator is 
chosen, there is always enough stability margin in the system. Based on the 
assumptions already made for linearization, these conclusions can also be 
extended to the real nonlinear system. 

The last situation to be discussed herein is the playback of 12- and 8-
cm discs, respectively. As indicated already in the footnote of Table 3.2 at 
page 131, the nominal moment of inertia varies by a factor 4 as dependent 
on the disc diameter. The stability and tracking error have already been 
discussed. We shall only add here that, because the cross-over frequency 
Ic shifts to higher frequencies, an improvement of the phase margin takes 
place while playing back an 8-cm disc. The improvement is significant in 
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Figure 3.14 Maximum (1) nomina! (2) and minimum (3) cross-over frequency 
and phase margin in a Pl-controlled quasi-CLV open loop with 
Ki = 400 and at the inner radius of the program area Ri. 

the case of a PI-controlled quasi-CLV loop. Two numerical examples are 
plotted in Fig. 3.15 and 3.16 fora Panda PI regulator, respectively. In the 
former case, 'Pm ~ 7r /2 for all gains and it has not been plotted anymore. 

As a last remark, note that higher cross-over frequencies lead to larger 
magnitudes of the complementary sensitivity 1 - S(s) = H(s)/[1 + H(s)]. 
According to Equation (3.58), the rejection of the measurement noise might 
be affected when playing back 8-cm discs. If we recall that noise rejection 
does not represent a practical design criterion for the quasi-CLV turntable 
motor control, it means that 8- as well as 12-cm discs can be played back us
ing the same pair of Kp and Ki coefficients. However, for historical reasons, 
the proportional gain Kp is usually decreased while reading out 8-cm discs. 
In this way, the open loop exhibits almost the same cross-over frequency fc 
and phase margin </)m for both types of standardized discs. 

F. Signal saturation. The behavior of the quasi-CLV system during 
playback must not be distorted by signal saturation at any point along the 
control loop. This requirement should be regarded with respect to the 
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various levels of the supply voltage. 

135 

At this particular stage of the quasi-CLV analysis, specific implementa
tion aspects must be considered. For example, several quasi-CLV designs 
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used the supply voltages indicated in Table 3.3 and the corresponding signal 
ranges are explicitly given in Fig. 3.17. If a pure proportional controller is 
used, the gain Kp should satisfy the simultaneous inequalities 

{ 

(Uset - Ua)Kp ::;; \- Ure/ [VJ 

(Uset - Ud)Kp ::;; G2 [V] 

before motor driver 

after motor driver 
(3.63) 

where Uset stands for the setpoint voltage, Ud represents the voltage output 
by the decoder, and Ure/ = 2.5 V denotes the reference voltage24 used 
ahead of the motor driver (see Fig. 3.17). Notice that both inequalities 
above employ effective values of the loop voltages and, for this reason, the 
Laplace variable from Fig. 3.17 has been omitted. 

Supplied unit Supply [VJ Remarks 

Decoder IC +5 Saturation avoided inside the decoder IC by 
properly sealing the gain G1 

PI regulator +5 
Power driver +8 G2 is usually fixed for a given range of the 

input voltage 
DC motor +5 Maximum voltage supplied by the power 

driver (and tolerated by the turntable motor) 

Table 3.3 Supply voltages in the quasi-CLV turntable motor loop. 

+5VT +4vÎ +svJ 
Umo1(s) + e(s) 

K(s) Hmo1(s) 

+GNDl +1Vl -5Vl 
Uret= OV 

Figure 3.17 Signal ranges and reference voltages 
along the quasi-CLV loop. 

IDd(S) 

24The decoder IC normally uses half of its supply voltage as reference for the stand-by 
state. In this case, Ud = Ure/ and the turntable motor should not be driven (Umot 0), 
keeping the disc still. The direction of rotation is determined by the output voltage level 
with respect to Ure/· 
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At steady-state, the maximum voltage across the motor armature is 

u;:;g{ max{21rfrat (DKRa + Kt)} 
Sqclv t 

{
Nva (DRa K)} max -- --+ t 

Sqc1v ~ Kt (3.64) 

N(va + 8va) [(D + 8D)(Ra + 8Ra) + Kt + óKt] 
Ri - 8~ Kt + 8Kt 

= 2.52 [VJ 

where the tolerance Öva = 0.1 m/s of the reference (audio) velocity has 
been introduced and the maximization has taken place within the set §qclv 

defined by Equation (3.61). For the largest variations of the loop parameters 
indicated in Table 3.2, both inequalities (3.63) are clearly satisfied fora wide 
range of proportional gains. The error25 e = Uset - Ud = UmatG2 1 K;1, 

which depends on the quasi-CLV overspeed through the setpoint voltage26 

Uset, can further be determined. 
If proportional-integral control is used, Uset - Ud = 0 at steady state, 

which leads to (Uset - Ud)Kp = 0. It is only the integrator which outputs 
the voltage accumulated until the steady state is attained. This voltage 
is required by the DC motor to spin the disc at the overspeed N and, in 
this respect, the maximum value u;::gr given by Equation (3.64) remains 
unchanged. It follows, hence, that enough saturation margin is present 
in the P- or PI-controlled loop to safely drive the turntable motor at the 
required steady-state angular velocity. 

3.6.4 Loop stability during data access 
The behavior of the quasi-CLV tumtable motor loop during a seek procedure 
is influenced by two types of nonlinear elements. 

First, the time-varying disc radius is now determined by the velocity 
profile Vopu(t) of the optica} pickup unit (OPU) during radial seek displace
ment. This profile is to a great extent identical with the sledge velocity 

25The signal saturation analysis can also be performed, with similar results, starting 
from the error signa! e = l/ll + H(2n'froti)I at the disc rotational frequency. The mea
surement noise n( s) is considered equal to zero, as previously shown within this section. 

26For the decoder IC considered herein as a design case, Uset = 1.25 V is needed at 
N 4, while Uset = 2.5 V will result in operation at full overspeed Nmax == 8. These 
setpoints are idealized for a quasi-CLV control loop having an infinite bandwidth. In 
practice, however, Uset should be slightly increased to accommodate the finite loop gain 
and limit the tracking error. 



138 Chapter 3 - Quasi-CLV CD-ROM Drives 

profile. The radial run-out (i.e., eccentricity) will still be present and the 
dynamic radius becomes 

R(t) = llznit +fot Vopu(t)dt + êmax sin[ fot wd(t)dt + i>o] 

= llznit + LlR(t) 

(3.65) 

with 0 ~ t ~ Tseek, Tseek representing the mechanical seek time as de
fined in Section 3.2.2. Because the initial covered angle t?o does not affect 
the generality of this analysis, it may be considered again equal to zero. 
A similar assumption has already been made at page 114, in the case of 
Equation (3.22). Without insisting at this moment on a precise mathe
matical description27 of the velocity profile Vopu(t), the second term from 
Equation (3.65) is schematically plotted in Fig. 3.18-B. 

0 10 20 30 40 50 60 70 80 90 100 
Time[ms] 

45 

I40 
" " ~ 35 
0 

ä 30 

10 20 30 40 50 60 70 80 90 100 
Time[ms) 

Figure 3.18 Generic OPU velodty profile during seek (A) and the space 
covered by the laser spot in the radial direction (B). 

Second, all control voltages are subject to saturation as already indicated 
in Fig. 3.17. It can easily be seen from Equation (3.63) that saturation 
occurs first at the output of the motor (power) driver. Because the ef
fects of both saturation and time-varying disc radius might overrule each 
other during a seek action, it would be valuable to determine under which 
circumstances this happens and, if so, which of the two nonlinear eff ects 
dominates. This approach is useful because the circle criterion, which has 
already been used to prove the system stability during playback, represents 
again a potential analytica! tool for use during data access. 

The quasi-CLV loop can be arranged again in the generic configuration 
from Fig. 3.7 (page 115), with the linear subsystern given by the control 

27 An exact analytical treatment will be dealt with in Chapters 5 and 6. 
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loop closed via Rinit. The nonlinear element depicted in this figure is either 
D.R(t) from Equation (3.65) or the nonlinear gain 

{
G2 
usat mot 

if IUmotl ~ IU~;tl 
otherwise 

(3.66) 

exhibited by the power driver during a seek action. The saturation voltage 
across the motor armature (see Fig. 3.17) is denoted by u~;t. Depending 
on the seek length, the following two situations can be distinguished: 

A. Small variations Avd(t,wd_lim Awd) = wd(t)AR(t). For seeks 
of relatively small length, the variation D.vd(t, Wd_lin, D.wd) of the regulated 
linear velocity does not suffice to produce voltage saturation across the 
motor armature. The power driver operates within its linear region given 
by (3.66) and the nonlinear element D.R(t) dominates. The sector condition 
becomes 

-E:max ~ D.R(t) ~ Ro - (Ri - óR;,) + E:max 

and the stability region is given by 

{

_2_ = 
1 

= 8000 
ki E:max 
1 1 

-- = --------- = -29 30 
k2 Ro - (R;, - ÖR;,) + êmax . 

(3.67) 

(3.68) 

Obviously, there is an insignificant difference between the circle already 
determined with the relations (3.33) at page 119 and the circle passing 
through the points (-1/ki,jO) and (-l/k2,jO) from Equation (3.68). For 
small seeks, the quasi-CLV control loop remains stable for any practical 
combination of proportional and integral gains (see also Table 3.1). 

B. Large variations Avd(t,wd_lim Awd) = wd(t)AR(t). When rel
atively long seeks are performed, the voltage Ud generated by the varying 
disc radius leads very rapidly to voltage saturation across the motor arma
ture. This fast saturation is due to the large time constant of the turntable 
motor with respect to the average seek time?8 This subject will be separately 
addressed in Section 3.6.5. Notice here also that faster sledge displacements 
are translated into larger slopes of D.R, which consequently lead to even 
more shorter time intervals elapsed until the saturation occurs. 

28The 4X quasi-CLV CD-ROM drive featured Tseek ~ 210 ms and a full-stroke seek 
time of about 350 ms. Meanwhile, Tmot = 3.15 seconds as given by Equation (3.16). 
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It follows from the above discussion that, during large seeks, the variable 
disc radius is overruled by voltage saturation across the motor armature. 
According to Equation (3.66), the nonlinearity sector will be bounded by 
ki = 0 and k2 = G2. The disk stability region degenerates into a complex 
half-plane. The Nyquist plot of the linear subsystem from Fig. 3.7 should 
then be situated [46,80,137] to the right of the vertical line passing through 
the real point l/k2. It is important to remark that we deal here with 
another open loop than already considered in Section 3.6.2, because the 
saturating power driver breaks the control loop between the compensator 
output and the motor input (see also Fig. 3.5 at page 108). In addition, 
the integrator branch of the PI compensator introduces a pole at origin and 
the Nyquist plots may cross the stability border even for relatively small Ki 
values. The guaranteed stability region and three Nyquist plots are shown 
in Fig. 3.19. 
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Figure 3.19 Stability region during large seeks and Nyquist plots 
for three pairs of proportional and integral gains, at 
Rïnit = R 0 • The stability circle is delimited by the 
vertical line -l/k2 = .:....29.3. 

The numerical results show that the quasi-CLV loop is always stable 
during long seeks when pure proportional control is used. When PI com
pensators are employed, the loop remains certainly stable for integral gains 
small when compared to KP" Several (Kp, Ki) pairs for which the loop 
stability can be guaranteed are indicated in Table 3.4. We recall that a 
nonlinear system which fails to satisfy the circle criterion is not necessarily 
unstable. For this particular case of quasi-CLV control (i.e., during long 
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Kp 

(O,oo) 
5 

15 
50 

Ki 

0 
1.6 
4.7 

16.0 

Table 3.4 (Kp, Ki) pairs fora Nyquist plot 
just inside the stability region, dur
ing large seeks. 

seeks), the limitations which may occur for large Ki are determined by the 
integrator wind-up and will be discussed in detail throughout Section 3.6.5. 

3.6.5 Transient performance during data access 
As already pointed out in Section 3.6.4, the quasi-CLV loop behaves strongly 
nonlinear during data access. It is not only the disc radius given by Equa
tion (3.65) which varies very fast, but the turntable motor saturates prac
tically right after the seek action begins. 

Unfortunately, due to the combination between time-varying disc radius 
and signal saturation, it is difficult to carry out a complete analytical anal
ysis of the transient performance. Nevertheless, the control aspects lying 
behind a seek action are quite intuitive and not really complicated. A com
bination of results emerging from simulations as well as some analytica! 
calculations will suffice to eventually choose the controller type. 

There are several attention points and design requirements that must be 
considered during data access. They will be discussed next, divided in three 
separate groups and denoted by the capitals A, B, and C, respectively. 

A. The behavior of proportional and proportional-integral con
trollers in the presence of signal saturation. Practical control systems 
operate with bounded signals which cannot increase beyond some fixed lim
its. As already depicted in Fig. 3.17 at page 136, these limits are primarily 
determined by the supply voltages. The number of bits used in digital 
systems is also bounding the control signals. 

It is known from literature [46,91] that signal saturation gives rise to 
integral wind-up, which represents a disadvantage of using a PI compensator 
in its simplest form. In the case of quasi-CLV control, the turntable motor 
fails to follow the error signal during seeking because of the accumulated 
integrator output. Three examples are plotted in Fig. 3.20 (next page) for 
Ki 0, Ki = 25, and Ki = 100, respectively. The integrator wind-up 
introduces long time delays until the desired overspeed is reached and may 
destabilize the system in the case of large integral gains. 
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Figure 3.20 Simulated behavior of a 4X quasi-CLV system during a full
stroke outward-oriented seek, for various (Kp, Ki) pairs. 

An obvious question is how strong the integration should be with respect 
to the proportional gain Kp. Because the quasi-CLV CD-ROM drives are 
able to deliver data at variable bit rate, slight oscillatory responses (such 
as for Kp = 15 and Ki = 25 plotted above) can perfectly be tolerated. 
Although there is hardly any design requirement in this respect, small os
cillations should be completely avoided when operating at overspeeds close 
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to either Nmin or Nmax· By exceeding these boundaries, the turntable mo
tor time from Equation (3.2) does not vanish anymore (see also Fig. 3.1 at 
page 98) and leads to longer access times. On the other hand, a quasi-CLV 
system operates safely at N ~ (Nmin + Nmax)/2 with PI gains approxi
mately satisfying the relation Kif Kp ~ 2. 

When strong integrator actions are needed (in general), the prominent 
oscillations can be avoided by implementing anti wind-up solutions. No
tice, however, that none of the design requirements discussed for continuous 
playback (see Section 3.6.3) require very large Ki gains. 

Finally, it is obvious that pure proportional control is preferable during 
data access. It is the steady-state error from Equation (3.48) which would 
really dictate the choice of using nota pure proportional but a PI regulator. 
The concluding discussion will be presented in Section 3.6.6 after having 
analyzed all transient response issues. 

B. Estimation of the time needed to reach signal saturation. A 
clear distinction should be made between constant data throughput during 
continuous read-out and the capability of coping with variable bit rates. 
The Jatter quasi-CLV feature is strongly used right after the completion of 
a seek action, until the desired playback overspeed is regulated back to the 
preset value N. 

In order to reach the required sustained bit rate defined by Equation (3.13) 
at page 106, the preset overspeed N must be reached as soon as possible at 
the end of a seek. The turntable motor should, hence, be rapidly supplied 
with the maximum available voltage IU~aJtl· Intuitively, because the time 
constant of the turntable motor is very large compared with the seek time, 
voltage saturation will occur very fast. This remark has already been used 
in the second part of Section 3.6.4. 

The time needed for Umot to reach its saturation level can be determined 
analytically. Although the system is nonlinear, suffi.cient accuracy can be 
attained by using a two-step iterative procedure as described in Appendix D. 
The example dealt with in this appendix concerns only a full-stroke outward
oriented seek but the overall results can be concluded as follows: 

- the voltage supplied to the turntable motor reaches its saturation level 
within less than 50 ms during outward seeks and within less than 100 
ms during inward seeks, respectively (see also Fig. 3.21 at page 146); 

- the saturation time does not decrease substantially if the proportional 
gain Kp is made much larger than 10 ... 30, values which are reasonable 
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with respect to both playback requirements and the practical imple
mentation of the controller; 

for a given proportional constant Kp, the saturation time is unaffected 
by the numerical value of the integral gain, provided that the latter 
remains relatively small (Kif Kp ~ 2); 

These conclusions are important for making the controller choice (see 
further Section 3.6.6) and for estimating the peak overspeeds that occur 
during data access. 

C. Peak overspeeds during data access. As already discussed at the 
beginning of Section 3.6.1, the overspeed peaks N;eak and N/,eak generated 
during seek procedures should remain within the operating range of the 
decoder. This condition [145] can be written as 

(3.69) 

with N being the nomina! playback overspeed. The above relation repre
sents the requirement for shortening the access time when compared to pure 
CLV systems. 

Notice first that full-stroke access is translated into a variation of the 
disc radius by a factor R0 / ~ = 2.32. In time domain, the radius changes 
between the two limits of the program area during the time Tseek needed 
for sledge displacement. If the turntable motor would not accelerate at all 
during this time, then 

(3.70a) 

at the end of a full-stroke inward-oriented seek. Similarly, 

(3.70b) 

when no braking at all is exercised during an inward full-stroke seek. The 
above two relations stand for the playback overspeed N = 4 of the consid
ered quasi-CLV system. Higher nomina! overspeeds factors will relax the 
inequality (3.70a) while lower playback overspeeds N will result in lower 
values of N;:eak· A quasi-CLV system will practically not enlarge the total 
access time (see also Fig. 3.1 at page 98) if designed for nomina} playback 
around N = (N'min +Nmax)/2. However, CD-ROM drives based on quasi
CLV control and featuring playback overspeeds N much closer to Nmax also 
exist. Equation (3.70b) becomes true and these systems, which are not fully 
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optima! (see further Section 3.7-C), should be optimized taking into account 
other criteria than simply choosing N ~ (Nmin +Nmax)/2 and fulfilling the 
relation (3.69) for all seeks. A detailed analysis of such drives will be made 
throughout Chapter 4 and Section 5.2. 

A second remark concerns the seek time itself in relation with the inequal
ities (3.70a) and (3.70b). For slow sledge electromechanics, the turntable 
motor usually has enough time to accelerate/brake during a full-stroke seek 
such that both mentioned inequalities are not satisfied. In this respect, the 
system can be considered as being ideal, because Tmot = 0 in Equation (3.2) 
at page 99, and this happens irrespective of the seek length. The situation 
changes for fast 29 sledge displacements, and a motor voltage which increases 
rapidly towards its saturation level becomes then of paramount importance. 

For the particular design case discussed throughout this chapter, the con
sidered playback overspeed is N = 4. As the saturation of the motor voltage 
occurs very fast (see also the results from Appendix D), it will be assumed 
that a step excitation is applied to the turntable motor when a seek ac
tion begins. It can be shown that the overspeed reached at the end of a 
full-stroke outward-oriented sledge displacement is given by 

(3.71) 

where 

{3.72) 

is the steady-state disc angular frequency attained under the braking satu
ration voltage U:/:~t = -5 V. For a full-stroke outward-oriented seek with 
Tseek = 350 ms, Equation (3. 71) leads to N!:eak = 5. 78 while computer 
simulations provide N;eak = 5.84. These numerical results are obtained 
for Kp = 15 and Ki = 0. As previously mentioned in this section, a PI 
compensator with a small integrator gain will hardly affect the saturation 
time. A relatively large number of combinations (Kp, Ki) can be used to 
fulfill the inequality (3.69) in a 4X quasi-CLV drive. It can also be shown 
that N!:eak < 6 for proportional constants as small as Kp = 5. As a general 
remark, the choice of the Kp and Ki gains is not at a premium in quasi-CLV 
systems if the playback overspeed N ~ (Nmin + Nmax)/2. 

29The full-stroke seek time equals approximately 350 ms in early 4X drives and amounts 
for about 175 ms in 18X CD-ROM systems that are still based on quasi-CLV control. 
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During a full-stroke inward-oriented seek, the peak overspeed can be cal
culated with the relation 

N!, = Rî [VaN + (wsat _ VaN) (i _ e-Tseek/Tmot)] 
peak Va Ro d Ro (3.73) 

'under the same assumption that u:,.,_°'/jt = +5 V is reached very soon after the 
sledge has started its movement. This equation leads to N;eak = 2.63 while 
the peak overspeed determined from more accurate computer simulations is 
N;eak = 2.73. These numerical results are again obtained for Kp = 15 and 
Ki = 0. However, various PI constants can be chosen, starting with a pure 
proportional regulator with Kp = 5. At this low gain, the peak overspeeds 
still remain above 2.5 and the inequalities (3.69) are fulfilled. 

For the sake of completeness, the simulated signals during full-stroke 
access are plotted in Figure 3.21. These plots correspond toa system with 
N = 4, Nmin 2, and Nmax = 8. 

It is also significant to mention that only the voltage-controlled turntable 
motor has been approached in this section and, in fact, throughout the 
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Figure 3.21 Sîmulated behavior of a 4X P-controlled (Kp 15) quasi
CLV system during a full-stroke outward-oriented seek 
{left) and full-stroke inward seek {right), respectively. 
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whole on-going chapter. The reason for this choice was dictated by histor
ica! reasons, namely because the very first 4X drives based on quasi-CLV 
control <lid not use current-driven30 motors. This technology, which requires 
specialized power ICs, was introduced at low cost only later (see further Sec
tion 5.2) but the related overspeed calculations are very similar with those 
already presented. 

3.6.6 The controller choice 
The conclusions emerging from all previous sections and regarding the per
formance of a pure proportional or of a PI compensator, respectively, are 
summarized in Table 3.5 at page 148. 

For low integral gains, any of the two compensators provides a good con
trol performance. However, the PI regulator has the advantage of better 
tracking error while a pure proportional loop eliminates the need for inte
grator anti wind-up. 

Practically all CD-ROM systems developed at Philips and based on quasi
CLV control employed only a proportional compensator with Kp = 15. The 
very first quasi-CLV loops used analog discrete electronics and pure propor
tional controllers had the additional advantage of requiring less components. 
Later, when the complete loop was digitized and incorporated inside the de
coder IC, an integrator branch was also added. Many subsequent drives, 
however, kept using only the proportional section of the controller at the 
expense of a tracking error not equal to zero. 

As a last issue related to the controller choice, the setpoint voltage will 
be approached. The analytica! calculation of this voltage is presented in 
Appendix E. For the purpose of this discussion, only the accuracy of the 
desired playback overspeed has a significant importance. The setpoint volt
ages needed for N 4.0 are graphically plotted in Fig. 3.22 at page 149 for 
various proportional gains Kp. On the other hand, if proportional-integral 
control is used, the tracking error vanishes always during playback, irre
spective of the chosen gains Kp and Ki. In this latter case, the loop will 
precisely follow the given linear velocity setpoint and the voltage needed to 
achieve N = 4.0 is Uset = G1 vaN = 1.248 Volt. 

A question which arises here is whether the setpoint should be changed 
during playback to accommodate bath 8- and 12-cm discs. Because the 

current-driven turntable motor is supplied with electrical currents whose flow 
through the coils is controlled by the power driver. In such cases, it is this current 
and not the voltage armature whose operating range is kept within two saturation limits. 



148 Chapter 3 - Quasi-CLV CD-ROM Drives 

Performance Controller type 

criterion p PI 

Dynamic stability during playback 
Practically stable Practically stable 

for Kp > 0 for Kp > 0 and low K; 

Tracking error during playback 
Less than 5% 

Always zero 
if Kp > 10.6t 

Eccentricity rejection 
Good performance for all practical 

combinations (K1" Ki) 

Noise suppression 
Good performance for all practical 

combinations (Kp, Ki) 

Robustness to system tolerances 
Good performance 

for low values of K; 

Signal saturation during playback 
Sufficient margin for all practical 

combinations (Kp, Ki) 

Dynamic stability during seek 
Practically stable Practically stable 

for Kv > O for Kp > 0 and low Ki 

Seek oscillatory response (not required) Nonexistent 
Strong integrator 

wind-up if K;/ Kp > 2 

Voltage saturation during seek (required) Very fast 
Very fast 

if Kif Kv ~ 2 

Peak overspeeds after seek 
Good Good performance 

performance if K;/Kp ~ 2 

t Including system tolerances. 

Table 3.5 Performance comparison between proportional and 
proportional-integral control in a quasi-CLV loop. 

farmer have less inertia (see Table 3.2 at page 131), the total gain of the 
loop increases by a factor 4 ... 6. The P-controlled loop must consequently 
be designed to reach the required overspeed factor for the heaviest disc. 
Then, there is no need to change the setpoint voltage when lighter discs are 
played back. For PI-controlled loops, obviously, the disc size does not affect 
the choice of the setpoint voltage. 

Further, if a tolerance analysis is performed, it turns. out that important 
deviations from the programmed overspeed factor N can be measured in 
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Figure 3.22 Overspeed setpoint for N = 4.0 in a P-controlled quasi
CLV loop, under nomina! values of the system parameters. 

Loop Uset 
Minimum overspeed Maximum overspeed 

compensator [VJ at R; at Ro at R; at Ro 

Kp 15,Ki 0 1.279 3.7885 3.8535 4.2297 4.2779 

Kp = 30,K; = 0 1.264 3.8004 3.8332 4.2218 4.2460 

Kp =45,K; = 0 1.258 3.8014 3.8233 4.2159 4.2320 

Kv 15,K; # 0 1.248 4.0000 4.0000 4.0000 4.0000 

Table 3.6 Minimum and maximum playback overspeeds as affected by 
system tolerances, for various loop controllers and at the inner 
and outer disc radii, respectively. 
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1 

1 

1 

practice (for proportional control only). The analysis is carried out with a 
vector Kqc1v E §qclv as defined by Equation (3.61) at page 132. The results 
are presented in Table 3.6 for a nomina! setpoint voltage Uset = VsetGi, 

with Vset being the linear velocity reference depicted in Fig. 3.5 at page 108. 
Obviously, this voltage should be programmed such that N ;;?: 4.0 in all 
situations. Such a procedure guarantees the required playback overspeed 
and data throughput even under worst case conditions. The numerical 
results from Table 3.6 also show the strong dependency of the playback 
overspeed on the read-out radius when pure proportional control is used. 

3. 7 Some genera/ issues 
Before ending this chapter, several remaining issues must also be leastwise 
mentioned. These issues regard the quasi-CLV operation during open loop 
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and two special cases of quasi-CLV CD-ROM drives. 

A. Quasi-CLV open loop behavior. There are situations when the 
turntable motor loop is deliberately set open or becomes suddenly open 
during operation. 

The former case corresponds to the system start-up, when the disc is not 
rotating yet, and the PLL does not output any speed information. Usually, 
the disc is brought toa given angular velocity by applying a fixed open-loop 
voltage to the turn tab Ie motor. The loop is closed following the fulfillment 
of some either speed or timing conditions (or both). A similar operation 
mode is also carried out, but in reverse order, while stopping the disc. 

On the other hand, if the PLL fails to remain in loek during playback, the 
speed information is abruptly lost and the motor accelerates to very high 
angular frequencies. Such hazardous situations are prevented by stopping 
the motor when the PLL loek is not detected for a given period of time. 

B. Combined CLV /quasi-CLV drives. These types of CD-ROM 
systems persisted on the market until very recently, when audio playback 
has become possible through a data path buffer (see also Section 2.4.2 and 
the end of Section 2.6.3). Basically, two turntable motor loops coexist within 
the same drive architecture. The system starts always in CD-ROM mode 
(i.e., with quasi-CLV control) and switches to the CLV control described in 
Section 2.4.8 when an audio disc is detected. 

C. A limit case of the quasi-CLV drive. It has been shown in 
Section 3.6.5 that playback overspeeds around (Nmin + Nmax)/2 lead toa 
safe operation mode characterized by the fulfillment of all relations (3.69). 
However, there are quasi-CLV CD-ROM drives that feature a nominal over
speed just below Nmax, at alevel determined only by system tolerances and 
eccentricity variations. These drives do not behave optima! because the 
inequalities (3.69) are not all obeyed. Solitary seeks will not benefit at all 
from the quasi-CLV advantages and behave the same as in pure CLV drives. 
Continuous data access, on the other hand, will still lead to very short or 
even zero motor times (see Fig. 3.1 at page 98) because of the low band
width of the control loop. The turntable motor, which has to successively 
accelerate and brake during continuous access, does not have the necessary 
time to reach its nominal steady-state. Instead, the overspeed will stabilize 

itself roughly at N' (N;,,ak + N;ak)/2 with N;eak > Nmax· It turns out 
that N' is approximately equal to the playback overspeed N < Nmax and 
short access times are still measured, hut only during continuous access. 
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3.8 Conclusions 
This chapter has covered the quasi-CLV control as a new technique for 
driving the turntable motor in CD-ROM drives. The quasi-CLV motor loop, 
which replaced the ubiquitous CLV loop used in audio systems, is cheaper 
because it does not employ any data buffering (allowing therefore variable 
data rates), it hardly requires any microprocessor supervision during access, 
and it leads to better access performance. 

After a short introduction describing the performance indicators of CD
ROM drives and the associated notations, the quasi-CLV motor loop is 
introduced gradually, through comparisons with both CLV and CAV control 
modes. It has been shown that quasi-CLV systems have the advantage of 
shorter access times as promoted by other existent CAV-based disk devices 
(e.g., hard-disk drives), while preserving a high data throughput during 
playback (as originally intended in CD-ROM drives). 

From a control standpoint, the quasi-CLV loop has been shown to remain 
stable during playback as well as during seek procedures. All control aspects, 
like steady-state error, disturbance rejection, etc., have been treated and the 
choice of the loop compensator has finally been discussed. The infiuence 
of system tolerances upon various control parameters as well as upon the 
desired playback overspeed for a given setpoint have also been approached. 

By ending the 10-year supremacy of CLV drives, the quasi-CLV system 
has established itself as a powerful, fiexible and very competitive technique 
for turntable motor control. It opened the way towards other types of CD
ROM systems and its market presence for about 6 years definitely marked 
one of the most successful periods of CD-ROM drive developments. 
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4 
It seems to be a characteristic of the human mind that 
familiar concepts are abandoned only with the greatest reluc
tance, especially when a concrete picture of phenomena bas to 
be sacrificed. (Max Born and Emil Wolf, in Principle of Opties) 

Adaptive-Speed CD-ROM Drives 

4.1 lntroduction 
When the manufacturers of CD-ROM drives started to develop their first 
4X systems, there was a relatively befogged market for such optical storage 
solutions. Many of the lX and 2X drives were used in high-end computing 
environments, with SCSI interfaces\ and were quite expensive. At the 
same time, the IDE interface was about to set a de facto standard for 
low-cost and mass-produced CD-ROM peripherals. The 3X drives <lid not 
really capture the attention of the users and their presence on the market 
was very confined. As the personal computer was falling into its place, 
especially among professionals ( see also Figure 1.1 at page 2 for some time 
references), a limited number of CD-ROM drives were also attached to these 
small computing units. The 4X drives were initially intended to outperform 
and replace their lX and 2X predecessors hut at a more affordable price. 

Triggered by both price erosion of the PCs and the opportunity to seize 
market share in read-only optical storage technology, the manufacturers of 
CD-ROM drives hastened the development of their 4X models. In turn, the 
PC manufacturers acquired drives, at that time, mostly based on a first
come-first-served principle, because of the limited number of suppliers. The 
situation changed dramatically as more companies noticed the niche in the 
CD-ROM market and strengthened the competition. 

Shortly bef ore the 4X systems rolled out of the development laboratories 
to enter the production lines, the CD-ROM community was already talk-

1See Section 2.6 for several details on the host interface. 
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ing about 6X and even 8X drives. Two main reasons can be considered 
staying behind this evolution: (i) the already mentioned business oppor
tunities, identified with the rush to gain control over the newly emerging 
mass production of computer peripherals; and (ii) the legitimate increase 
in CD-ROM drive performance, initially identified only with higher data 
transfer rates, and later with shorter access times. 

This chapter deals with a special category of CD-ROM drives which has 
filled, for several years, the gap between pure CLV and pure CAV systems. 
For almost (if not) all manufacturers, the adaptive-speed CD-ROM drives 
represent a large spectrum of data overspeeds, roughly between 6X and 
20X. This chapter introduces the theoretica! aspects behind these adaptive
speed systems, discusses various speed profiles and their optimization, and 
presents the simulation results on which a long series of Philips CD-ROM 
drives relied. These adaptive-speed profiles have been described for the first 
time in literature in [144] and [145]. 

4.2 Towards higher data throughputs 
The development of 4X drives required a significant amount of work. Re
call that a system originally designed for high-fidelity audio playback was 
upgraded to rotational speeds at which answers had to be found for various 
channel electronics and servomechanical problems. 

As the market was already headed towards higher data transfer rates, 
short-term solutions for yet higher rotational speeds did not really become 
a fact. It was with predilection the mechanics which required a specific de
sign for dealing with unbalanced discs~ Essentially, the mechanica! design 
time is relatively large. The price competition between CD-ROM drive man
ufacturers played also an important role and, under these circumstances, a 
nonmechanical solution was more than welcome. 

The advantages of quasi-CLV turntable motor control were already well 
established3 when overspeeds higher than N 4 started to be considered. 
We recall that the X-factor, also designated as the playback overspeed, is 
defined as the ratio N = vd/va between the disc linear velocity Vd at which 
data is read out and the linear velocity Va at which data is recorded along 

2See Sections 2.3.1, 2.3.3, and 2.3.7. 
3 Patents requested by several companies show that work towards quasi-CLV drives was 

carried out simultaneously, by different development laboratories. Philips started to work 
on this concept in 1993, although a somewhat similar idea was previously patented [77]. 
Toshiba, Pioneer, Hitachi had patents pending from 1994 onwards. 
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the disc spiral. Given the basic playback equation 

.Af' Va = WdR = 211" frotR 
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(4.1) 

and the block diagram from Fig. 3.3 at page 105, one may choose a linear 
velocity setpoint Vset to build a quasi-CLV drive with N = const. Such a 
system has been extensively dealt with throughout Chapter 3. The choice 
of Nis limited by the minimum and maximum overspeeds Nmin and Nmax, 

respectively, that can be processed by the channel electronics. However, as 
already discussed in Section 3.3, a second limitation in the system is given 
by the focus and tracking electromechanics which confine the rotational 
frequencies frot below a given maximum value fmax· An intuitive drawing 
of these limitations has been depicted in Fig. 3.2 at page 103. 

Apparently, it follows from the above discussion that only two possibilities 
can be considered when higher X-factors are required. First, a quasi-CLV 
drive of overspeed N = 27r f max / ( vaRi) is perfectly feasible because the 
disc rotational frequency frot ~ fmax for any disc radius RE [Ri, R0 J. An 
additional condition for this system is N ~ Nmax· Due to practical reasons, 
however, such quasi-CLV drives will systematically not exploit the decoder 
capabilities: when compared with the electromechanical changes needed to 
increase fmax, the boundary set by Nmax is more rapidly extended by new IC 
developmenté The former limit will therefore overrule the decoder strength 
and consequently not lead to a substantial increase in data throughput. 

A second option emerging from the system limitations as well as from 
Equation ( 4.1) is to develop a constant angular velocity ( CAV) drive with 
frot = f max· The possibility has been briefly explored in Section 3.4. It has 
been shown there that CAV control leads toa suboptimal CD-ROM system 
with respect to the average data throughput. Or, starting already with 
4X drives, this performance specification represented the most sold feature 
on the market. Another disadvantage of a CAV drive is that a completely 
different control loop5 (not based on the existent PLL) is needed for the 
turntable motor. Such drive architectures were not yet available at low 
cost when system choices immediately following 4X had to be made. As a 

4 The mechanical improvements required to support high and very high disc rotational 
frequencies usually require more development effort than it is needed to boost the channel 
decoder performance. Very often, faster decoder ICs can be easily obtained by using an
other manufacturing process while still preserving most (if not all) of the old architect ure. 

5 Anticipating the discussions from Chapter 5, notice that CAV control needs angular 
velocity information from the turntable motor itself and the corresponding tacho control 
loop. 



156 Chapter 4 - Adaptive-Speed CD-ROM Drives 

CAV loop built only with discrete components did not represent a cheap 
implementation either, the quasi-CLV control remained still as favorite. 

At this stage, it seems rather obvious that Equation ( 4.1) can only lead 
to better data transfer rates if both limitations fmax and Nmax are pushed 
further away. As the quasi-CLV 4X mechanics and electronics took more 
than one year of development, an improved drive was hardly feasible within 
a shorter time. The market was, however, eagerly waiting for new prod
ucts. In this context, recall from Section 2.6.2 the practical fact that a user 
can only measure the drive data throughput through the host interface. A 
variable data rate will therefore be not directly perceived but, instead, an 
average value will always be measured. If N can be made to vary in Equa
tion (4.1) while the disc is played back, then (i) the rotational frequency 
can be constrained to remain within safe margins, and (ii) the average data 
throughput can be adjusted to a ( desired) high value. 

Now, let us assume that N follows an overspeed profile N(x) between M 
at the inner radius and N0 at the outer radius of the program area, respec
tively. At the first glance, the variable x would have to be a read-out radius 
Rand Ri ~ x = R ~ R0 • However, because N must be changed in real 
time during playback and Ris not directly available (it must be calculated), 
a dependence of N on the subcode timing becomes rather obvious. Con
sequently, x should represent not a read-out radius but a particular linear 
position measured along the disc spiral. The average bit rate becomes 

1 rL· B [Ls 
B = Ls Jo B(x) dx = L: Jo N(x) dx (4.2) 

where 

(4.3) 

is the total length of the disc spiral and N ( x) is the overspeed along the 
infinitesimal spiral length dx. Further, because Ls = vaStot and dx = vadSx, 
Equation ( 4.2) turns into 

1 1Stot 
B = -

8 
B(Sx) dSx 

tot O 

Ba 1Stot 
~5 N(Sx)<lSx 

tot O 
( 4.4) 

the Jatter being already introduced without proof in Section 3.2.1. This 
equation represents the ultimate form of the average bit rate in a CD
RO M drive and, in particular, in all adaptive-speed CD-ROM systems to 
be discussed throughout this chapter. 
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The· concept of adaptive-speed profile should therefore be understood as 
an overspeed curve N ( Bx) depending continuously, in real time, on the read
out subcode timing Sx and limited by Ni and N 0 at the inner and outer radii 
of the program area, respectively. These two bounds are chosen according 
to some criteria and, of course, Nmin ~ Ni ~No~ Nmax· 

4.3 An unexplored èontrol region 
Before the first adaptive-speed CD-ROM drives arrived on the market, two 
types of turntable motor control had already been used: pure constant 
linear velocity (CLV) and quasi-CLV. A comparison between them has been 
presented in Section 3.5.2. We shall only recall here that both employ a 
constant overspeed N during playback. 

Another control technique already used to spin the turntable motor in 
disk-based storage devices, like hard-disk or magneto-optical drives, was 
constant angular velocity (CAV). For CD-ROM systems only, a comparison 
of this method with pure CLV has been presented in Section 3.4. It has 
been explained that CAV control leads to poor bit rate performance when 
the disc is already recorded in pure CLV format. But, perhaps, the main 
reason for not using CAV in CD-ROM drives until recently was that tacho 
controllers were simply not thought belonging to such read-only optical 
disc systems. We also dare to say that adaptive-speed drives successfully 
delayed the introduction of a tacho controller into the system because of 
two reasons: (i) they improved the performance with standard and already 
available components; and (ii) if needed, a CAV-like functionality could 
always be simulated by adequately choosing the overspeed profile N(Sx). 

We start the analysis with Equation ( 4.1) which can be separately re
solved either for frot(R) at constant overspeed or for N(R) at constant 
rotation rate, respectively. For all numerical examples used throughout this 
chapter, use will be made of the following system parameters: 

Va= 1.3 m/s 
Ba= 150 kB/s 
Ri = 25 mm 
R0 58 mm 
q = 1.6 µm 

linear velocity of the recorded data 
user bit rate through the host interface, at N = 1 
inner radius of the program area 
outer radius of the program area 
track pitch 

Let us consider a link of channel decoder and data path that works prop
erly up to Nmax = 8, and a drive focus and radial electromechanics that do 
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Figure 4.1 Rotational frequencies and linear velocities in pure CLV 
and CAV CD-ROM drives. Both systems can handle 
overspeeds up to Nmax = 8. 

not pose any problem at this overspeed. It is therefore possible to build a 
CD-ROM system whose maximum linear velocity is Vmax = vaNmax• but it 
is also possible to build a CAV-based CD-ROM drive which attains Vmax at 
the outer diameter of the disc. The rotational frequencies and linear veloc
ities of these two CD-ROM systems are plotted in Fig. 4.1. The maximum 
achievable bit rate as discussed in Section 3.4 matches the horizontal CLV 
profile from Fig. 4.1. Cónversely, the CAV profile of frot= NmaxVa/(2rrR0 ) 

leads to a minimum average bit rate for a given channel electronics. Nu
merically, for the system parameters previously listed and Nmax = 8, the 
average bit rates become 

B rL· B rL· 
Bc1v = Bqclv = L: Jo N(x) dx = L: Jo Nmax dx 

Ba 1Stot Ba 1Stot 
= -

8 
N(Sx) dSx = -

8 
Nmax dSx 

tot O tot O 

(4.5a) 

= BaNmax = 1200 kB/s 



4.4 Adaptive-speed algorithms 159 

and 

B = BaNmax 1LsJR? + qx d cav RL i X 
0 s 0 ~ 

= BaNmax {Stot Rl + VaQSx dSx = 903.9 kB/s 
RoStot Jo ~ 

(4.5b) 

which are in agreement with the results briefly presented in Section 3.4 (i.e., 
Bcav is about 25 % lower than Bclv)· 

Several adaptive-speed algorithms will be further discussed throughout 
the forthcoming sections. Where necessary, issues related to the optimiza
tion of these algorithms towards maximizing the drive data throughput will 
also be dealt with. 

4.4 Adaptive-speed algorithms 
4.4.1 Design criteria 
The concept of trade-off between data throughput and access time has been 
introduced in Section 3.3. It has been indicated that neither CLV nor CAV 
represents an optimal choice between the two mentioned performance indi
cators. Further, the quasi-CLV motor control has been shown to represent 
a good compromise when low access times and high bit rates are simulta
neously desired. 

When developing a system for high and very high X-factors, the trade
off mentioned above becomes even more difficult to achieve. If needed, 
some optimization criteria can be used for tuning the adaptive-speed profiles 
defined at the end of Section 4.2. It is assumed henceforth that quasi-CLV 
is employed as a de facto turntable motor control technique in all adaptive
speed drives. Tacho control may also be used with similar results, but it will 
only be discussed briefly within this chapter. When introduced in CD-ROM 
drives, however, the tacho loop mainly served to spin the turntable motor 
in pure CAV mode, replacing thus completely the adaptive-speed profiles. 

An ideal drive can be qualitatively described by the relations 

{
Taccess-+ minimum 

B-t maximum 

where T access corresponds to the average value of 

Taccess = Tseek + T mot + Ttat + T ov + Tr 

(4.6) 

(4.7) 
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already defined at page 99. Ideally, none of the access time components 
should be sacrificed when trying to achieve a higher data throughput. The 
relations (4.6) should therefore be considered as design goals for a good 
drive performance. 

At this point, the turntable motor time Tmot starts to play a very im
portant role. For a certain range of overspeed factors roughly situated 
around (Nmin + Nmax)/2, Tmot can be made zero [143]. A similar situa
tion has already been discussed in Section 3.6.5 for N = 4, Nmin 2, and 
Nmax = 8. However, by increasing the playback overspeed N towards Nmax, 
the turntable motor time does not vanish anymore for all outward-oriented 
seeks (see Fig. 3.1 at page 98), namely Tmot =/= 0 for long sledge displace
ments. The same holds in the case of inward-oriented seeks, for playback 
overspeeds just above Nmin· 

When optimizing the adaptive-speed profile, a compromise between the 
overspeed speed value N(Sx) at the read-out point and the value of Tmot 
when seeking from that particular radius has to be made. Early adaptive
speed CD-ROM drives featured Tmot = 0 for any seek length while later 
generations were designed to satisfy the equation 

{
Tmot = 0 if t:..S:::; t:..S 

T mot =/= 0 otherwise 
(4.8) 

where t:..S denotes the seek length in seconds and t:..S is given by Equa
tion {3.3) at page 100. 

The other four components of the access time are not directly perceived 
as design criteria for an adaptive--speed drive when the increase in data 
throughput is specifically targeted. The time Tseek needed for mechanica! 
displacement of the OPU should be minimized within a particular servo 
architecture. The same holds for the retry time Tr. A proposal for reducing 
Tseek by at least a factor 2 will, however, be discussed throughout Chapter 6. 
The latency time Ttat and overhead time Tov are reduced implicitly while 
increasing the read-out overspeed N(Sx) E [M,No] C [Nmin,Nmax]· 

4.4.2 Zoned quasi-CLV systems 
A straightforward extension of the quasi-CLV turntable motor control from 
Fig. 3.3 at page 105 leads toa CD-ROM drive where the overspeed setpoint 
takes several discrete values. These values, say Nk with k = 1, 2, ... n, 
determine a staircase overspeed profile between N1 = M at the inner radius 
and Nn = N 0 at the outer radius, respectively. 



4.4 Adaptive-speed algorithms 161 

8 

7 -g 
§. 6 

~ 
0 5 

4 

25 30 35 40 45 50 55 60 

Disc radius [mm] 

25 30 35 40 45 50 55 60 

Disc radius [mm] 

Figure 4.2 Rotational frequencies and read-out overspeeds along 
the disc radius fora CD-ROM system with 4 quasi-CLV 
zones between M = 4 and N0 = 8. 
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Figure 4.3 Bit rates along the disc radius and the average bit rate 
in a CD-ROM system with 4 quasi-CLV zones between 
M 4 andN0 = 8. 

Because the disc spiral, and hence the disc radius, is divided into dis
crete quasi-CLV regions, we shall use henceforth the term zoned quasi-CLV 
system. The disc rotational frequencies and the corresponding overspeed 
profile of such a system are plotted in Fig. 4.2. Clearly, n = 4 in this figure. 
This choice, which does not restrict the algorithm generality, was originally 
dictated by the limited number of quasi-CLV setpoints available in the first 
adaptive-speed drives. 

As a first attempt to define the system~ the quasi-CLV zones will be 
equally spaced between the inner radius ~ and the outer radius R0 of the 
program area. The corresponding overspeeds Nk are chosen to satisfy the 

6 Further optimization will be carried out in Section 4.5. 
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relation 

[ 
R -~ ] VaNk = 2nfmax ~ + 0 

n (k -1) (4.9) 

with k 1, 2, ... n and n being the number of quasi-CLV zones. This 
equation implies that the maximum allowed disc rotational frequency is not 
exceeded during nominal playback. By examining the plots from Fig. 4.2 
it follows that the servomechanics are not stressed more than in a common 
Ni const. quasi-CLV system. The overspeed setpoints should be switched 
at the subcode values 

(4.10) 

with k = 1,2, .. . n. 
The average data throughput or bit rate of a zoned quasi-CLV system 

represents the discrete version of Equation ( 4.2) and takes the form 

- 1 ~ 1r(R~+l - R~) 1 ~ 
Bwned = L ~NkBa = S ~NkBa (Sk+l - Sk) (4.11) 

s k=I q tot k=I 

with R1 = ~' Rn+i = R 0 , and Sk+l = Stot· For the numerical example 
depicted in Fig. 4.2 we get Bzoned = 946 kB/s and a plot of all bit rates 
in the system accompanied by their average value is given in Fig. 4.3. The 
maximum attained rotational frequency for this example is fmax = 33 Hz 
which is the same as fora four-fold (N = 4) quasi-CLV drive. However, the 
average bit rate of the zoned quasi-CLV system increases by 

f:lB = lOO. Bzoned - 4Ba = lOO. 946 - 600 57.73 
4Ba 600 

(4.12) 

with respect to the quad-speed drive. Moreover, because the decoding elec
tronics still works up toNmax = 8, one will be able to recover data right after 
the mechanica! seek has been completed, with the exception of seeks from 
the third to the fourth zone and within the fourth zone itself. This excep
tion has been introduced deliberately and will be discussed in Section 4.5.4. 
The variations of disc radius, turntable motor voltage and overspeed during 
an outward-oriented third-stroke seek are plotted in Fig. 4.4, and the peak 
overspeeds during several outward/inward third-stroke seeks are given in 
Fig. 4.5. The exception mentioned above can be graphically seen in the 
upper right corner of this Jatter figure. 
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4.4.3 Continuous variation of the overspeed factor 

4.4 

4.4 

By generalizing the concept of zoned adaptive-speed system, the staircase 
overspeed profile becomes smoother if the number n of quasi-CLV zones is 
increased. A practical limitation of having a large number of zones is the 
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availability of so many discrete quasi-CLV setpoints. Early analog imple
mentations of the quasi-CLV motor control used discrete components and 
allowed only for a few setpoints. Several resistors in parallel could separately 
or in combination be switched to ground by open-drain microprocessor pins. 
The total cost of the drive and the availability of such pins also limited the 
number of quasi-CLV zones. 

At a later stage, a digital version of the quasi-CLV controller was also 
implemented and incorporated inside the whole decoder IC. The number of 
setpoints could consequently be easily increased to 32, 64, or even more (a 
power of two, in general). When compared to the data throughput varia
tion from Fig. 4.3, for example, a smoother staircase has the advantage of 
eliminating the sudden and relatively large acceleration/ deceleration pulses 
occurring at the switch radii during nominal playback. In addition, depend
ing on the overspeed profile itself, the average data throughput may also be 
boosted. 

As a first choice7 fora smoother overspeed profile, N can be let to vary 
linearly, depending on the disc radius, between Ni at the inner side and N0 

at the outer side of the program area, respectively. This continuous variation 
can be considered a straightforward approach of the staircase profile already 
depicted in Fig. 4.2. The average bit rate of this system is now given by 

- Ba {Ls [No -Ni ( r;;;-:QX ) Ar] 
BNlin_R = Ls Jo Ro J4 v Ri +-;- - Ri + JVi dx (4.13) 

where 

(4.14) 

is easily recognized as the disc radius at the current playback position, and 
x represents the spiral length measured linearly between the spiral origin at 
Ri and the current read-out point. Because the subcode timing Sx = x/va 
is used to set the overspeed in real time during playback, Equation ( 4.13) 
can be written conveniently as 

Bat~[~:=~ ( }R1+ Va!S, -R;) +N}s, (4.15) 

where AN1in_R (N0 - Ni)/(R0 - Ri) denotes the overspeed slope with 
respect to the disc radius. A legitimate question which arises here is whether 

7 A further discussion will take place in Section 4.5.3. 
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the linear variation of the overspeed should be considered relative to the disc 
radius, as in equations above, or relative to the subcode values being read 
out ( recall that radius information is not directly available). In the lat ter 
case, the overspeed slope becomes ANtin_ s = (Na - Ni) /Stat and 

B . - Ba 1Stot (No M s M) dS - Ba(Ni +Na) 
Nlin_ s - S S x + i x - 2 tot Q tot 

(4.16) 

The plots of these two choices, both between Ni = 4 and N0 = 8, are given in 
Fig. 4.6-A. Because of the square-root curvature from Equation (4.14), the 
average data throughput is clearly higher if N varies linearly as a function 
of R(x). Numerically, BNlin_R = 939 kB/s and BNtin_S = 900 kB/s. Of 
course, one may argue that there is no substantial difference between these 
two average bit rates. In this case, the choice for BNtin_R is purely dictated 
by every kB/s which can be won to position the drive ahead on the list 
made by world PC magazines. 

For newer generations of CD-ROM drives which employ a tacho loop to 
control the turntable motor, B Nlin_ R can be conveniently rewritten in terms 
of disc rotation rates. Equation (4.15) becomes 

_ 211" Ba [
8101 

[ (V 2 vaqSx ) ] BNlin_R = VaStot Jo ANlin_RRi + -11"- - Ri + fiRi dSx 

( 4.17) 

where ANlin_R = (R0 f 0 -Rdi)/(R0 -Ri) and /i, / 0 represent the maximum 
and minimum rotational frequencies in the system, corresponding to the 
inner and outer disc radii, respectively. Equation (4.16) and the coefficient 
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ANtin_S can also be rewritten in a similar way. The profiles frot(Sx) = 
vaN(Sx)/(27rR(Sx)) are plotted in Fig. 4.6-B for both types of overspeed 
dependency previously discussed. It is significant to notice the concave 
shape followed by the rotational frequency when N varies linearly relative 
to the subcode timing. 

4.4.4 Continuous varlation of the disc rotational frequency 
Another possible implementation of an adaptive-speed CD-ROM system is 
suggested by both Figures 4.2 and 4.6-B and requires the fine control of the 
disc angular velocity. Any speed profile (including CAV, if needed) can be 
emulated by properly adjusting the quasi-CLV setpoint. Two simple choices 
similar to those already discussed throughout the previous section can be 
considered: a linear variation with respect to the disc radius and defined by 
the coefficient AJlin_R = (!0 - fi)/(R0 -Ri) and a linear variation dependent 
on the subcode timing through the slope Aflin_S = (!0 - fi)/Stot· For the 
former case, the average bit rate of the system is given by 

- 27r Ba {Ls [ [ ] Jo - fi J 
Bjlin_R = VaLs Jo fi + R(x) Rï Ro _ Ri R(x) dx 

= Z1T
5
Ba {Stot [fi + [R(vaSx) - Rï] ~o = ~.] R(vaSx) dSx 

Va tot Jo o i 

Ba [
8101 

[Ni NoRi NiRo ] 
= Stot Jo Ri + [R(vaSx) - Rï] RïRo(Ro - Ri) R(vaSx) dSx 

( 4.18) 

with R(x) defined by Equation (4.14) and, for the latter case, 

- 27r Ba 1Ls ( Jo - fi X ) ( ) 
Bflin_s = L fï + S R x dx 

Va s O tot Va 

21!" Ba 1Stot ( Jo - fi ) = S fi + S Sx R(vaSx) dx 
Va tot O tot 

( 4.19) 

= Ba [Stot (Ni + NoRï - NiRo sx) R( VaSx) dx 
Stot Jo Ri RiRoStot 

For the numerical example already considered (Ni = 4, N0 = 8), the 
linear variation of the disc rotational frequency leads to Bttin_R = 958 kB/s 
and Bftin_S = 967 kB/s, respectively. The corresponding overspeed and 
rotational frequency profiles are plotted in Fig. 4. 7 for both choices discussed 
above. 
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Figure 4. 7 Adaptive-speed profiles with linear variation 
of the disc rotational frequency. 

4.4.5 Motor-limited variation of the disc rotational frequency 
The algorithms discussed until now do not consider at all the capabilities of 
the turntable motor to accelerate or brake within a certain amount of time. 
Even if this motor is powerful enough to follow a certain prescribed speed 
profile during playback, and therefore realizing the desired average bit rate, 
the situation during access procedures is totally different. 

A motor-dependent adaptive-speed algorithm was originally proposed by 
the second author of [145]. When the maximum angular acceleration of the 
turntable motor and the maximum linear velocity v;::x of the optical pickup 
unit are taken into account, an overspeed profile between CAV and CLV 
(see Fig. 4.1 for this control region) can be calculated. The disc rotational 
frequency should then be regulated to follow the curve 

fmoUim(R, · · ·) if 
VaNmax 

fmoUim(R, ... ) ~ 
2
1fRo and Re~ Ro 

or 
VaNmax 

fmoUim(R,".) ~ 
211

R and R ~Re~ Ro 

frot(R, ... ) = VaNmax if 
21rRo 

VaNmax 
f moUim(R, · · ·) < 271 Ro and Re ~ Ro 

VaNmax 
211R if 

VaNrnax 
fmoUim(R" ") ~ 211R and Re< R ~ Ro 

(4.20) 

" 
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where fmoLlim(R, ... ) denotes the motor-limited profile and the sequence 
of dots stands for all parameters (Ra, Kt, Jr0 t, D, v,;;;:;-x, u::;Jt) involved in 
calculations. The radius Re defines the abscissa of the intersection between 
fmoLlim(R, ... ) and the CLV profile of Nmax· An intuitive representation 
of this cross-over radius is depicted in Fig. 4.8. The position of Re inside or 
outside the program area indicates practically whether or not any desired 
rotational frequency can be reached exactly at the end of a seek action. 
The maximum velocity v,;;;:;-x of the optical pickup unit during seek as well 
as the transient response of the turntable motor loop are considered here 
indirectly for determining a playback overspeed profile. The validity of this 
approach under all circumstances will be further discussed in this section. 
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Figure 4.8 Schematic representation of the cross-over radius 
Re and the motor-limited speed profile. 

The details given in [145] and related to the exact determination of Equa
tion (4.20) will not be given herein. We shall only exemplify the motor
limited adaptive-speed algorithm by plotting fmoLlim(R, ... ) and the asso
ciated overspeed N(R, ... ) = 27r frot(R, ... )R/va for the two cases Re > R0 

and Re < R0 , respectively. The plots are shown in Fig. 4.9 for Nmax = 8, 
maximum velocity v,;;;:;-x = 0.24 m/s of the optical pickup unit, and arma
ture resistance of the turntable motor Ra= 2.0 n. 

For illustration purpose only, the latter parameter enumerated above has 
been chosen deliberately to have a lower numerical value than initially as
sumed in Section 3.6.1 (i.e., Ra= 2.0 n instead of 6.4 0). The reason for this 
choice is that, for IU:::Jtl = 5 V applied to the turntable motor, a large arma
ture resistance would produce a frequency curve frot(R, ... ) which overlaps 
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Figure 4.9 Overspeed profiles and rotational frequencies for 
two motor-limited adaptive-speed systems: (1) with 
fmoLlim(R, ... ) intersecting the CLV curve at 
Re E [Ri, Ro] and (2) at Re > Ro. respectively. 

completely the CAV profile fcm; = VaN0 /(27rR0 ) with N 0 = Nmax 8 at the 
outer diameter. In turn, this overlap indicates a bad combination between 
chosen tumtable motor and maximum available control voltage, the mo
tor being not powerful enough to follow the desired overspeed during data 
access. Equivalent conditions leading to the overlap of the two frequency 
profiles are a lower torque constant Kt, a higher OPU velocity v;;;:x, or 
very low saturation levels of the motor voltagé As a final conclusion, it 
would follow from this short analysis that CAV control represents the opti
ma! choice in CD-ROM systems with either (i) weak turntable motors, (ii) 
too limited control voltages, or (iii) very fast sledge displacements. 

Ata closer look, however, it can be shown that the motor-limited adaptive
speed algorithm described in [145] does not represent an optimal choice un
der all circumstances. There are several reasons behind this affirmation: 

A. The OPU linear velocity considered in calculations does not remain 
constant and equal to v0;:::x during a seek procedure (see the generic sledge 
profile from Fig. 3.18 at page 138). Moreover, the optical pickup unit does 
not even reach v;;,::x during relatively short seeks. This latter remark will 
become clear in Section 5.2 where a special type of motor-limited adaptive
speed profile will be calculated. 

B. The proposed algorithm should also take into account the maximum 

8 The plots from Fig. 4.9 are also generated for different motor voltages, namely 
1u::;11 = 12 V for the profile (1) intersecting the CLV curve and 1u;.a;tl = 2 V for 
the profile (2). 
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disc rotational frequency f max at which the playback can still safely take 
place. As already mentioned in Section 4.2, fmax usually overrules the more 
relaxed specifications of the channel decoder. It follows, hence, that N max 
from Equation (4.20) must be replaced by N/nax = 21rfmaxRo/va < Nmax· 
The rotational frequency curve denoted by (1) in Fig. 4.9 will then be sit
uated much below its actual position9 and CAV control would definitely 
be required. A higher resistance Ra than 2.0 0 assumed for this academie 
example will worsen the situation. In order to still use a part of the CLV 
profile, very high saturation levels of the motor voltage would be needed. 
Notice, however, that the motor-limited profile degenerates already into a 
CAV curve for IU~aJtl = 5 V. This represents a contradiction with the re
sults already established throughout the previous sections for the armature 
resistance Ra = 6.4 0. The zoned variation as well as profiles with linear 
variation of N achieved better bit rate performance than CAV and, hence, 
CAV does not represent the ultimate solution. 

C. The turntable motor does not necessarily have to follow during data 
access, in real time, the desired overspeed profile (the channel electronics 
may temporarily allow exceeding its own overspeed margin). This obser
vation regards the various lengths of the sledge displacement. One may 
pose the condition that only seeks that are shorter than a given length 
should not lead to peak overspeeds N;eak and N;ak situated outside the 
decoder range (see also Fig. 3.1 at page 98). Such a condition is equivalent 
to Equation (3.69) already discussed in Section 3.6.5-C, but then only for 
seeks shorter than, say, third stroke. A motor-limited algorithm using this 
concept will be described later, throughout Section 5.2. 

As a conclusion, it should be understood that a motor-limited adaptive
speed algorithm as defined by Equation ( 4.20) will generally lead to a very 
safe CD-ROM system with respect to any seek length. Recall from Sec
tion 3.2.2 that the average seek accounts for !::..S = Stot/3, which is roughly 
equal to (R0 - Ri)/3. Under certain circumstances, a motor-limited CD
ROM system as presented in [145] does not represent an optima! choice with 
respect to maximizing the average data throughput. Significantly, when the 
disc rotational frequency is strongly bounded upwards while the channel 
electronics allows for sufficient margin, Equation (4.20) leads to a CAV 
drive of low average bit rate. On the other hand, the algorithms discussed 
in Sections 4.4.2, 4.4.3 and 4.4.4 feature good average data throughput and 

9 It is assumed that fmax = 33 Hz as already used throughout all previous sections. 
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are not based on CAV. They allow, however, for peak overspeeds as exem
plified in Fig. 4.5 and the desired playback speed is not reached at the end of 
the seek hut somewhat later. As long as Equation (3.69) given at page 144 
remains fulfilled, a motor-limited adaptive-speed algorithm is hardly justi
fied. 

Finally, for the sake of completeness, the average data throughput of a 
motor-limited adaptive-speed algorithm is 

- 211"Ba 1Ls 
BmaLlim = -L R(x)frat(R(x), ... ) dx 

Va s 0 
(4.21) 

where R(x) and frat(R(x), ... ) are given by Equations (4.14) and (4.20), 
respectively. It has further no sense to compare the numerical value obtained 
from ( 4.21) with B zoned, B Nlin_fü and so on, as long as BmaLlim degenerates 
into CAV when starting from the initial conditions considered throughout 
the previous sections (namely, frot~ 33 Hz and the same quasi-CLV motor 
control loop). 

4.5 Optimization of the adaptive-speed profiles 
4.5.1 The need tor optimization 
The algorithms discussed in the previous sections have been exemplified by 
simple adaptive-speed profiles. The quasi-CLV zones, for instance, have 
been equidistantly distributed between the inner and outer radii of the pro
gram area. Similarly, the profiles with continuous variation of the overspeed 
or rotational frequency have also been kept simple and chosen to vary lin
early between Ri and Ra· 

For a given drive, however, it is desired to maximize the average data 
throughput while maintaining, if possible, a short access time. These de
sign goals are qualitatively described by the relations ( 4.6) at page 159. 
Depending on each particular application, a good trade-off between these 
two drive specifications can be found by simple methods, or it might need 
a more elaborate optimization procedure. 

4.5.2 Optimization criteria and genera/ constraints 
Because the X-factor represents the most sold feature on the market, an 
average data throughput as high as possible has always been considered as 
first optimization criterion. All subsequent discussions will address the issue 
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of maximizing this drive performance indicator. In this respect, the access 
time can be introduced into the optimization problem in two ways: 

- by taking into account the entire seek mechanism and minimize all 
components of Taccess from Equation (3.2) at page 99; 

- by minimizing only the term T mot from the same equation, term which 
is closely related to the overspeed profile and its limitations. 

The former approach enumerated above does not form the subject of 
this thesis. The latter possibility, however, has already been mentioned in 
Section 4.4.1 and, where appropriate, it will also be used as optimization 
criterion henceforth. 

Further, several general constraints should always be considered. The disc 
rotational frequency and the overspeed profile must fulfill the inequalities 

{ frot~ fmax 

Nmin ~ N(Sx) ~ Nmax 
(4.22) 

where the notations have already been explained throughout the previous 
sections (see also Fig. 3.2 at page 103). Additional constraints are obviously 
emerging frorn the seek-related condition [145] 

( 4.23) 

which might need a trade-off in itself. These inequalities back up a perfect 
CD-ROM drive, where the peak overspeeds N;eak and N;eak resulted at the 
end of an inward- and outward-oriented seek, respectively, remain within 
safe boundaries. As large seeks (full stroke, for instance) are very seldom 
performed, the left- and right-most inequalities from ( 4.23) do not have to 
be always fulfilled. Consequently, for relatively long seeks, the host system 
will have to wait until the overspeed enters the range [Nmin,Nmax] and 
the decoding circuitry can deliver correct data. A good compromise for 
the inequalities ( 4.23) is given by Equation ( 4.8) at page 160, which turns 
therefore into an optimization constraint. As long and very long seeks are 
statistically less aften requested by the host system!0 the access performance 
remains practically unchanged. Notice also that most discs are not fully 
recorded and their corresponding average seek length !:::.S is lower than 

10The CD-ROM drive is not a true random access device because its data format 
employs a linear distribution along the disc spiral. The spiral is shorter on discs which are 
not fully recorded and, in addition, many applications have the most-used data arranged 
at the inner disc radius. 
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the similar value of a, say, 60-minute disc. If the drive is optimized for 
ll.S = Stot/3 with Stot equal to 60 or 70 minutes, its seek performance 
becomes nearly perfect. 

4.5.3 Adaptive-speed algorithms revisited 

Generally speaking, all overspeed profiles already discussed in the previous 
sections can be subject to optimization. On the other hand, because the 
adaptive-speed algorithms have been used in many different drives and un
der various constraints (4.22), the optimization was not always necessary. 
The correct interpretation of this latter remark should be that sufficiently 
high average data throughput was attained even with very simple overspeed 
pro files. 

An attempt to take into account the seek characteristics of the drive has 
been made in [145] where a motor-limited curve for the disc rotational fre
quency was proposed. The drawbacks characterizing this algorithm have 
already been discussed in Section 4.4.5. We shall only recall here that the 
inequalities (4.23) do not play any role in establishing the motor-limited 
curve fmoLlim(R, ... ) defined at page 167. A refined variation of this curve 
which does use the mentioned inequalities will be presented later, through
out Section 5.2. 

The algorithms which employ a continuous and linear variation of the 
overspeed or disc rotational frequency have been used in several adaptive
speed drives. Although very simple, these algorithms led to average data 
throughputs comparable to or better than those of similar drives on the 
market. Further optimization was not necessary and the bit rates given 
by equations like (4.13) or (4.18) sufficed the specifications required by 
lOX and up to 16X CD-ROM drives. However, the inner overspeed M 
was very often chosen11 to satisfy not only the constraints (4.22) but also 
all inequalities ( 4.23) for any seek length, including the full stroke. 

Finally, but still first from a historica! perspective, the CD-ROM system 
based on zoned quasi-CLV profile seems to represent an obvious target for 
constraint optimization [52,57,96,117]. Such optimized overspeed profiles 
have been used in 6X and 8X CD-ROM drives and the computations which 
have led to the farmer one will be presented, as an example, throughout the 
next section. 

11The inner overspeed can be calculated with equations derived from (3.71) and {3.73) 
at pages 145-146 or it can be obtained through system simulations. 
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4.5.4 Zoned quasl·CLV optlmization 
It has been mentioned already in Section 4.4.2 that a limited number of 
quasi-CLV setpoints were available in the first adaptive-speed drives. The 
choice of n = 4 represents therefore not an optimization constraint but it is 
given by practical implementation issues. 

A second observation concerns the peak overspeeds N;_ak and N;:dk 
which should remain within certain acceptable limits during seek. While 
searching for a maximum average bit rate, two possibilities can be consid
ered: (i) using equations similar to (3.71) and (3.73) from Section 3.6.5-C 
directly during the optimization procedure to fulfill the constraints ( 4.23) 
for every seek length 0 ~ !:::.S ~ Btot; (ii) using only a subset of the seek 
conditions (4.23), for instance, for !:::.S ~!:::.Sas already suggested by Equa
tion (4.8). Because the number of zones is very small (n = 4), the latter 
method can be easily approached. In addition, because the limited rota
tional frequency in the system must be taken into account, the resulted 
overspeeds will always satisfy the relation Nk ~ 211' f maxRk/va. This readily 
implies that, if the inequalities ( 4.23) are true for third-stroke seeks within 
the first and last zones, they will also be true for any other third-stroke 
seek. The total number of seek-related constraints and the amount of time 
needed to determine the optimized overspeed profile can then be substan
tially reduced. 

In terms used by the optimization theory [52,57,117], the problem can be 
formulated as 

minimize f (Nk, Rk) = 
RkE[R;,Ro] 

.NkE[.Nm;n,.Nmax] 

subject to: 

Vk,m = 1,2, ... n+ 1 with k < m 

Vk, m = 1, 2, ... n + 1 with k < m 

(a) Rk Rm ~ 0, 

(b) Nk Nm~ o, 
VaNk 

(c) 211' Rk - fmax ~ 0, Vk = 2,3, ... n 

(d) Nk_min -Nk ~ 0, '<Ik= 2,3, .. . n 

{e) Nk Nk_max ~ 0, Vk = 2,3" . . n 

{!) 9k(t:::.S) ~ 0, Vk = l, 2, ... n 

(4.24) 

where Çk(t:::.S) denotes a genera! subset of constraints already mentioned 
above and Nk_min, Nk_max represent the minimum and maximum over-
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speeds, respectively, allowed for each zone. For a given quasi-CLV zone, 
both Çk(AS) and the range [Nk_min,Nk_max] depend on the seek lengths 
AS which are traded off to fulfi.11 Equation ( 4.23). Obviously, AS = AS 
if the second of the two methods previously discussed is used. N otice also 
that Ni is fixed and equal to Nmin in all three constraints (c), (d), and (e). 

The function J(Nk, Rk) to be minimized originates in the average bit rate 
given by Equation (4.11). Because many programs for constrained optimiza
tion calculate the minimum of a given multivariable function, a minus sign 
has been used in the problem formulation from above (i.e., the maximum 
of B :wned = 7r Baf (Nk, Rk) / ( qL) will finally be determined). lt is signifi
cant to remark that, if the constraint (c) would not exist, the optimization 
routine should always choose Nk = Nk_max· Also, because the average 
data throughput is maximized, the constraint ( d) will most probably be 
redundant but it still may help the optimization procedure. 

And finally, the subset of constraints Yk(AS) must be determined. At 
this stage, several intuitive remarks can be made: (i) for maximum bit rate, 
the last zone should be made as large as possible; (ii) because most discs 
are not fully recorded, the next-to-last zone must be sufficiently enlarged; 
(iii) inner zones of lower overspeeds should not be reduced too much, again 
because of partially-recorded discs. In order to solve the problem, several 
runs of the optimization routine might be needed to determine a suitable 
set Çk(AS) of constraints. For whatever strategy is chosen as dependency 
on AS, these constraints are of the type ARk_min ~ Rk+l Rk ~ ARk_max 
and, again, they should be written in the form indicated by Equation (4.24). 

The following numerical example is based on data throughput optimiza
tion with the inequalities ( 4.23) constrained to be fulfilled only for AS ~ 
AS. The first run will only consider the length of the last zone as addi
tional condition Çk(AS). For the same numerical values already assumed in 
Section 4.4.2 (i.e., n = 4, Nmin = 4, Nmax = 8, and fmax = 33 Hz), a total 
subcode timing Stot = 69 minutes results from Equation ( 4.3) and leads to 
AS = Stot/3 = 23 minutes. For any outward-oriented seek which is shorter 
(in subcode timing) than AS, the resulting peak overspeed N;ak must def
initely not exceed Nmax· The worst case occurs when seeking within the 
fourth zone of highest quasi-CLV overspeed N4· At limit, this zone should 
start at least at 

~-min= ) = 49.52 [mm] (4.25) 
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and a corresponding seek length (in tracks) 

R -R4 
!:::..Ntr = 

0 
= 5310 [tracks] 

q 
(4.26) 

will be needed to simulate the system. It turns out from such simulations12 

that N4 :::;; 7.51 is a necessary condition when the motor parameters already 
listed in Section 3.6.1 are taken into account. The constraints ( d) and ( e) will 
now use the boundaries Nk_min = 4.0 and Nk_max 7.51 for k = 2, 3 ... n, 
and the constraint (f) will be reduced to R4_min R4 :::;; 0. The optimization 
routine ends with 

Ri 
R2 

R [mm]= R3 
R4 
Ro 

S= 

25.00 
34.03 
42.10 
49.52 
58.00 

0 

S2 
S3 
S4 

Stot 

M 4.00 

N2 5.44 
N' N3 = 6.74 

N4 7.50 

No 6.40 

Oh OOmin OOs 
( 4.27) 

Oh 13min 25s 
Oh 28min 53s 
Oh 45min 59s 
lh OS min 56s 

and a corresponding average data throughput Bzoned = 925.5 kB/s. The 
overspeed and rotational frequency profiles are plotted in Fig. 4.10 and can 
be graphically compared with the corresponding plots from Section 4.4.2 
(where N4 = Nmax has been deliberately chosen to have N;eak > Nmax)· 
The results from ( 4.27) can now be used in system simulations to search for 
the peak overspeeds at the end of a seek of any given length. For outward
oriented seeks of maximum length with respect to a particular zone, the 
simulation results are prêsented in Fig. 4.11. lt can easily be seen that the 
designed system fulfills the inequalities ( 4.23) for 0 :::;; !:::..S :::;; Stot, in spite 
of using a simple optimization constraint based on !:::..S. For this particular 
system with N(Sx) ~ Ni 4 and Nmin = 2, any inward-oriented seek, 
including the full stroke, leads to a peak overspeed N;r:ak higher than in a 
pure N = 4 quasi-CLV drive (see also Section 3.6.5-C). In genera!, the inner 
seeks do not pose problems because the entire overspeed profile is shifted 
towards Nmax during the search for maximum data throughput. 

12 Analytica} calculations can also be carried out using the formulae (3.71) and (3.73) 
given at pages 145-146. 
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Figure 4.10 Read-out overspeeds and rotational frequencies along the disc 
radius in a CD-ROM system optimized for third-stroke seeks 
and having 4 quasi-CLV zones between M = 4 and N0 = 8. 
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Figure 4.11 Peak overspeeds during seeks of maximum lengths in an 
optimized 4-zone CD-ROM system (simulation results}. 

Another intuitive example of zoned quasi-CLV optimization is given in 
Fig. 4.12 for an 8X CD-ROM system with fmax = 50 Hz and Nmax = 11.0. 
An empirica! profile is plotted with continuous line and is determined with 
the following iterations: 

the length of the last zone corresponds to a third-stroke seek with 
R4 given by Equation (4.25); 

- N4 is calculated such that N:eu;k ~ Nmax when using Equation (3. 71) 
at page 145 fora third-stroke seek; 

- N1 27rfmaxR..t/va and Nk = Ni + (k l)(N4 -N1)/3 for k = 2,3; 
the other two disc radii follow from Rk = vaNk/(27r fmax) with k 2, 3. 
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Figure 4.12 Zoned quasi-CLV optimization for an 8X CD-ROM 
drive with f max = 50 Hz, Ni 6 and N0 10.3. 

The optimization procedure considers all inequalities ( 4.23) as constraiiits 
for any seek length 0 ~ b..S ~ Stot· After optimization, the obtained profile, 
plotted with a dotted line, leads to a (slight) improvement of the average 
bit rate. Notice that the first zone becomes longer even if N1 is the lowest 
overspeed in the system. At the same time, the third zone becomes shorter 
while its corresponding overspeed N3 increases. The average data through
put of the optimized CD-ROM system from Fig. 4.12 equals 1335.4 kB/s, 
which is 11.33 higher than of a standard 8X (quasi-)CLV drive. 

As a last remark, it can be mentioned that multi-objective optimiza
tion [173] might also be employed as a method for improving the overall 
drive performance. Other functions describing, for example, the sledge 
velocity profile or the power consumption during seek, can be considered 
along with f(Nk, Rk) from Equation (4.24). The optimization results will 
then characterize a CD-ROM drive with maximum average data through
put attained under conditions like minimum seek time or minimum power 
consumption. 

4.6 Generation of the speed profile 

The generalized concept of adaptive-speed profile has been defined at the 
end of Section 4.2. If the quasi-CLV control from Fig. 3.3 at page 105 is 
employed, the curve N(Sx) can be implemented by adequately choosing a 
vector of linear velocity setpoints. Alternatively, in a tacho-based turntable 
motor control, the overspeed profile should result from the rotational fre
quency setpoints frot ( Sx) vaN ( Sx) / ( 27f R( Sx)). The advantage of using 
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a tacho controller is that its functionality is independent from the behavior 
of the decoder PLL while preserving all features of the quasi-CLV system. 
Notice, anyway, that tacho controllers were implemented in CD-ROM drives 
at a relatively late stage (24X and 32X systems) and they opened the way 
towards pure CAV control~3 

In practice, the generation of a given adaptive-speed profile during contin
uous playback would basically require real-time calculations. The setpoints 
needed to follow the curves from Figures 4.6 and 4. 7 would have to be 
computed at any desired subcode timing. However, because a CD-ROM 
microcontroller is quite loaded with various loops and supervisory tasks 
(see Section 2.5.5), any other implementation than real-time calculations is 
welcome. A look-up table consisting of setpoints for the motor controller 
versus read-out subcode values is simple, efficient, and can also be easily 
tuned for fineness of the overspeed profile. A zoned quasi-CLV (or tacho) 
drive would only rely on a short look-up table, while the systems discussed 
in Sections 4.4.3 and 4.4.4 would need somewhat more setpoints. Practical 
tables of 2 x 35 locations (i.e., a new setpoint at every 2 minutes of subcode 
timing) represent a quite good compromise and have been implemented in 
all CD-ROM drives between lOX and 18X. 

The second concern with respect to the generation of the overspeed profile 
is related to the absence of any read-out subcode timing during seeking. In 
order to keep the turntable motor under control, the dependency N ( S;i;) 
must be clearly bridged over while performing data access. Disregarding 
the type of motor controller (i.e., quasi-CLV or tacho), this speed might be 
set in three different ways: 

- the value N(Sx) corresponding to the target subcode timing - at the 
end of the seek procedure - can be computed or read from a look-up 
table and set accordingly before the access is executed; 

- the access procedure is carried out and, after reading the new subcode 
timing, the corresponding overspeed is set accordingly; 

the linear space covered by the optical pickup unit while accessing is 
measured (for instance, by counting number of crossed tracks) and the 
motor speed is continuously adjusted, in real-time. 

The first two methods are quite easy to implement. The target subcode 
is always known and, if needed, it can be used either for calculations or 

13The need for CAV drives and the related design issues wil! be discussed throughout 
Chapter 5. 
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for indexing in the look-up table. Intuitively, for an outward-oriented seek, 
the target overspeed setpoint should better be set after both the desired 
track and the needed position along the disc spiral (i.e., the needed subcode 
timing) have been found. This procedure limits the peak overspeed N;eak 
because the turntable motor will only have to brake while regulating the 
disc constant linear velocity. This situation is graphically illustrated by 
the lowest two plots of Fig. 4.13-A for an optimized 8X zoned CD-ROM 
drive (namely the system from Fig. 4.12). When getting the new setpoint 
before the seek action, the motor will first start to accelerate, attempting 
to reach the new programmed linear velocity reference~4 Braking towards 
the correct velocity will only commence afterwards, once the sledge has 
advanced sufficiently towards the outer radius. The result is a higher value 
of N;eak as it can also be seen from the middle two plots of Fig. 4.13-A. 
Notice that setting the setpoint after data access will also lead toa better 
system while seeking inwards, because higher peak overspeeds N;eak are 
generated (compare the middle and bottom sets of plots from Fig. 4.13-B). 
For very fast sledge displacements, however, the peak overspeeds generated 
by these two methods are almost equal, because the turntable motor has 
less time to accelerate/brake during data access. 

We also remark that the adaptive-speed systems employing tacho control 
to obtain the profile N(Sx) exhibita somewhat different behavior. Because 
the tacho loop does not use velocity information present in the HF signal, the 
acceleration/braking sequence is not present in the turntable motor control 
loop. For outward-oriented seeks, for example, the motor will always have to 
brake irrespective of using the first or second method previously mentioned 
for setpoint generation. However, it is desired to adjust the new setpoint 
before the seek action begins, providing hence the entire seek time for either 
braking (outward access) or acceleration (inward access). In this respect, 
plots similar to the ones from the lowest sets of Fig. 4.13 also characterize 
the tacho-controlled overspeed profile during a seek procedure. 

Finally, the latter method from the three previously listed would basi
cally employ feedback from the radial servo loop. Because, in genera!, the 
electronics are kept simple for reasons of cost-effectiveness, this method has 
hardly (if not at all) been used in CD-ROM drives. Of course, information 
about the number of crossed tracks is already present in the system during 

14Recall that N(Sx} increases from the inner to the outer disc radius along the im
plemented overspeed profile. Programming the new setpoint before an outward-oriented 
seek is equivalent to a short acceleration pulse towards a higher linear velocity. 
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Figure 4.13 Simulation of peak overspeeds during outward· and inward-oriented 
seeks (left· and right-side plots, respectively). The setp9ints are ad· 
justed before the seek is commenced (upper set of plots)' of after the 
seek has been completed (lower set of plots). 

data access (see Section 2.3.6), hut the other two methods already discussed 
are yet easier to implement. 

4.7 Data throughput comparison 

An attempt to compare the adaptive-speed CD-ROM drives based on their 
average bit rate has been made in [145]. However, as discussed throughout 
Section 4.4.5, the motor-limited algorithm does not take into account a 
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maximum allowed rotational frequency. Neither does this algorithm allow 
more flexibility for seek-length optimization. 

As startîng point for a bit rate comparison, all adaptive-speed algorithms 
should generate overspeeds within the same range [.Ni,Nmaxl· In [145], 
.M = 5.542, value which results from a motor-limited condition. We shall 
not use this value herein, but .M = 6.0 and f max = 50 Hz of the optimized 8X 
zoned CD-ROM drive from Fig. 4.12. This system had not been developed 
yet by the publication time of [145] and, hence, it gives now the opportunity 
to compare once more the algorithms discussed throughout this chapter. 

For the maximum overspeed Nmax = 11.0 which can still be handled by 
the channel electronics, all equivalent adaptive-speed profiles are plotted in 
Fig. 4.14. The numerical value of Nmax represents also a boundary in the 
aforementioned 8X CD-ROM drive. Notice that only the zoned quasi-CLV 
system does not feature N 0 = Nmax· The average bit rates corresponding to 
the adaptive-speed profiles from Fig. 4.14 are given in Table 4.1. The pure 
CLV and CAV systems listed in this table are delimited by the maximum 
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CD-ROM system 
Average data throughput 

[kB/s] 

Pure CLV with N = 6.0 900.0 
Pure CAV with frot= 39 Hz 1242.8 
Zoned quasi-CLV 1335.4 
Linear variation of overspeed depending 

1334.9 
on disc radius 

Linear variation of overspeed depending 
1284.8 

on subcode timing 
Linear variation of disc rotational 

1376.5 
frequency depending on disc radius 

Linear variation of disc rotational 
1398.0 

frequency depending on subcode timing 
Motor-limited variation of overspeed 1328.3 

Table 4.1 Average data throughputs in various 
adaptive-speed CD-ROM drives. 

rotational frequency (N 27r fmaxRdva = 6) and maximum overspeed 
Urot = vaNmax/(27rR0 ) 39 Hz), respectively. 

Clearly, all adaptive-speed drives discussed throughout this chapter im
prove the bit rate performance when compared to both true CLV and CAV 
counterparts. Another remark is that none of the systems from Fig. 4.14 
stresses the mechanics more than it normally happens in a CLV drive with 
fmax = 50 Hz. This means that, without redesigning the mechanics, the 
average data throughput can be improved with at least 42 %, which corre
sponds to the difference between 1284.8 and 900 kB/s (recall that only CLV 
represented a cost-effective option at that time). And last but not least, we 
shall remark that quite comparable average bit rates are generated by all 
adaptive-speed algorithms. 

4.8 lmplementation issues 
We have arrived at a point where the designer can choose between six 
adaptive-speed algorithms to fulfill a couple of specification points. It has 
emerged from the previous section that all discussed CD-ROM systems fea
ture almost equal bit rates when designed for both a maximum allowable 
disc rotational frequency and a maximum channel processing speed. One 
may conclude that some other criteria should also be taken into account in 
order to find the best suited choice for a given application. 
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Among these criteria, the historical development of the CD-ROM drives 
has quite an important contribution. Because a tacho-controlled turntable 
motor <lid not represent a cost-effective solution until recently~5 the quasi
CLV control remained the preferred solution for 6 ... 18X drives. As the 
number of setpoints was limited, certainly before the integration of the 
quasi-CLV controller within the decoder IC, the zoned adaptive-speed algo
rithm prevailed. All 6X, 8X and lOX systems employed 4 quasi-CLV zones 
which could be optimized with relatively little effort. From a practical 
point of view, two resistors connected to open-drain microprocessor ports 
represented a minimum requirement. In addition, when properly optimized, 
a zoned adaptive-speed drive performs very well in terms of average data 
throughput and average access time. 

Once the quasi-CLV controller became part of an integrated circuit, the 
number of setpoints needed to implement a fine adaptive-speed profile <lid 
not represent a problem anymore. A linear variation of the disc rotational 
frequency will then represent an optimal choice. As for the motor-limited 
algorithm, it fails the test of maximum data throughput in many cases, 
because the maximum motor voltage u:.;:;t must be limited to comply with 
fmax at the inner disc radius~6 In such situations, the motor-limited algo
rithm degenerates into suboptimal partial-CAV profiles of lower bit rates, 
as plotted already in Fig. 4.9. 

If the overspeed profile is calculated in real time, the microprocessor load 
represents another implementation criterion to be considered. The motor
limited algorithm is the most time consuming while zoned quasi-CLV should 
basically pose no problems. A fair choice is also given by the linear variation 
of overspeed or rotational frequency depending on the subcode timing. The 
same reasons apply while taking into account the setpoint generation during 
data access. 

Finally, to conclude this section, it follows from Table 4.1 that relatively 
modest bit rate differences exist between the discussed adaptive-speed al-

151n the beginning, the tacho control was simply not thought to fit within an optica! 
storage system where the disc was recorded in CLV mode (see also Chapter 5). Later, 
when the adaptive-speed algorithms were developed, the tacho control was considered 
expensive because it had to be implemented with discrete components. In 24X and 32X 
CD-ROM drives, the CAV mode became a de facto standard and tacho control was 
eventually integrated, by that time, within the decoder IC. 

16The motor-limited profile from Fig. 4.14 has been obtained for u:,,a;t = 3.5 V. For the 
nomina! saturation voltage u:,,a;t = 5 V considered in 8X CD-ROM drives, this algorithm 
would have led to M = 6.8, fmax = 56 Hz, and BmoLlim = 1417.2 kB/s, exceeding thus 
the allowed rotational frequency of 50 Hz. 
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gorithms. In this respect, the zoned quasi-CLV profile remains prominent 
and, again, a cost-effective solution. 

4.9 Other adaptive-speed profiles 
Combinations between the adaptive-speed algorithms discussed throughout 
previous sections are also possible. Moreover, if needed, partial CLV or 
CAV curves can also be employed. An example is given in Fig. 4.15. The 
overspeed and rotational frequency plots belong toa 12X drive with fmax = 
70 Hz and N'max = 16. The drive features a combination between CAV, 
zoned, and (quasi-)CLV overspeed profiles. The average bit rate of this 
system is 2000.7 kB/s, which is 11.5% more than in a pure 12X CLV drive. 
Many 12X, 16X and 18X CD-ROM drives used these so-called partial-CAV 
overspeed characteristics. 

14 
ij113 
~12 
!!? 
Q) 11 
è 10 

9 

Disc radius [mm] Disc radius [mm] 

Figure 4.15 The overspeed and disc rotational frequency in a 12X 
partial-CAV CD-ROM drive. 

4.10 Conclusions 
The adaptive-speed algorithms described throughout this chapter filled in 
the gap between constant linear velocity CD-ROM drives, already in use at 
a certain moment, and CAV systems. The latter were not developed yet by 
that time. In particular, these algorithms are useful when (i) the access time 
is still not small enough to force CAV motor control (as in hard-disks) and 
(ii) when electromechanical limitations, like the fmax-boundary, are present 
in the system while some limited overspeed reserve is still allowed by the 
channel electronics. 

It is important to emphasize once more that the adaptive-speed algo
rithms have led to optimal CD-ROM systems, characterized by good access 
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time and bit rate performance indicators. In addition, the drive performance 
was very often obtained while using suboptimal low-speed channel electron
ics as well as mechanica! constructions not yet suitable for straightforward 
increase of the disc rotational frequency. 

The adaptive-speed CD-ROM systems were marketed with overspeeds 
between 6X and 18X, or even 24X. For zoned quasi
CLV systems (6X, 8X and lOX), which represented not 
only a second milestone after quasi-CLV drives but also 
introduced a new and quite exotic concept of turntable 
motor control, a logo was also proposed to help their 
( eventually successful) market acceptance. 
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5 
It is impossible to travel [aster than light, and certainly not 
desirable, as one's bat keeps blowing off. (Woody Allen) 

High-Speed CAV Drives 

5. 1 lntroduction 
The real competition between CD-ROM drive manufacturers began with 
the introduction into the market of the 4X systems. This moment coincides 
approximately with the beginning of 1994 and, during this year, the read
only optica} drives rapidly moved from CLV turntable motor control to 
quasi-CLV. Shortly afterwards, the adaptive-speed drives took over towards 
better performance. 

As already mentioned throughout all previous chapters, two important 
system specifications have guided the CD-ROM drive development: the 
data throughput, also expressed as an X-factor, and the access time. While 
the latter has always been indicated statistically, as an average value cor
responding to random data access, the former only asked for a statistica! 
interpretation when the adaptive-speed drives were introduced. Also, it 
should be stressed again that data throughput (or average bit rate) has 
been the thrust pushing ahead the entire CD-ROM competition. As an in
centive, the average access time continuously dropped, but without being a 
driving force towards newer developments. 

At a later development stage, however, the limitations arising from the 
system definition could not be solved anymore by the adaptive-speed tech
niques. Further improvements required by the X-factor challenge could only 
be translated in higher costs and longer development cycles. At the risk of 
having large variations of the data throughput, the constant angular velocity 
( CAV) drives entered the market. 

Along with CAV control, an important improvement has also been in
troduced: the total power consumption dropped significantly, because the 

187 
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turntable motor keeps always spinning at a fixed rate. This feature was no
ticed by most manufacturers before the very first pure CAV drive was pro
duced. Philips, for example, developed a combined adaptive-speed/CAV 
18X CD-ROM drive [147,148,149] which basically represents an optima! 
choice aimed to improve the data throughput, the access time, and the 
power consumption at the same time. 

This chapter describes first the adaptive-speed/CAV drive. The CAV 
motor control is afterwards briefly introduced with the accent on choosing 
the right speed combinations. Finally, the improvement of the access per
formance by means of spiral compensation will be discussed. This latter 
subject became very important as the access time remained the primary 
means to compare different CAV CD-ROM drives, all using the same disc 
rotational speed. 

5.2 Adaptive-speed/CAV systems 
The first CD-ROM drive to benefit from CAV motor control, although not 
during nomina! playback, was an adaptive-speed model with overspeeds 
between 12X at the inner disc diameter and 18X at the outer disc diameter, 
respectively. By that time, servomechanical improvements made possible 
to spin the disc at 100 Hz. The initia! overspeed profile of this drive (i.e., 
before optimization) is plotted in Fig. 5.1 and was given by 

(5.1) 

with M = 12 and N0 18. We recall from Chapter 4 that Equation (5.1) 
leads to a quadratic variation of N(Sx) with respect to the subcode tim
ing. The corresponding average data throughput can be calculated with 
Equation (4.15). 

Driven by the tremendous competition (almost any CD-ROM manufac
turer could reach 100 Hz and implemented an overspeed profile similar to 
the one from Fig. 5.1), the newly developed 18X drive was optimized for 
data throughput, access time, and power consumption at the same time. 

5.2.1 Power dissipation in the turntable motor loop 
From the various seek plots presented throughout Chapter 3, it follows 
clearly that turntable motor acceleration and braking take place during 
data access. For good access performance, the quasi-CLV loop had the 
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Figure 5.1 Overspeed profile and related rotational frequency 
in a 12X-18X CD-ROM drive with linear variation 
of the X-factor with respect to the disc radius. 
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additional requirement to minimize the tumtable motor time T mot. This 
requirement was translated into a very fast transient response of the quasi
CLV control loop, consequently followed by the rapid saturation of the motor 
supply voltage during a seek action. The situation did not change either in 
adaptive-speed drives. On the contrary, because these drives are essentially 
based on the quasi-CLV technique, fast voltage saturation at the motor 
armature remains a design goal in order to minimize again Tmot· 

As a result of quasi-CLV control, the output of the motor driver repeat
edly hits the corresponding saturation levels ±U~a;t during a continuous 
sequence of seeks. Such a situation is depicted in Fig. 5.2 where the mea
sured overspeed and input voltage1 of the motor driver are plotted. Clearly, 
the turntable motor does not arrive at a steady-state speed nor reaches its 
final quasi-CLV velocity before the seek sequence is finished. 

Because the motor driver (motor IC) is continuously driven between two 
saturation levels, additional power dissipation will take place. After 40,000 
seeks performed with the CD-ROM drive from Fig. 5.1, the turntable motor 
reached 60 °C measured at a room temperature of 23 °C, while the power 
consumption of the motor driver stabilized at about 4.3 W [147,149]. The 

1 Because the voltages supplied to the turntable motor coils are switched electronically 
inside the power driver, the effective value of Umot cannot be easily measured. However, 
the saturation effect can also be seen at the motor driver input. 
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Figure 5.2 Measured overspeed and input voltage of the motor driver 
during a sequence of full-stroke seeks. 
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Figure 5.3 External temperature of the motor driver IC (passively cooled 
via a heat sink) during continuous full-stroke seeking. 

temperature developed inside the motor driver (see Fig. 5.3) could hardly 
be dissipated by a heat sink and jeopardized the functionality of the whole 
drive. Notice also that drive operation at higher ambient temperatures 
(55 °C represents a usual specification) leads to a tremendous decrease of 
the life time of both power driver and turntable motor. 

5.2.2 The need tor CAV control 

Due to the very high temperatures developed inside the turntable motor loop 
during continuous data access, repeated acceleration and braking should 
basically be avoided. It is only the pure CAV control which can diminish 
the power dissipation. However, three reasons prevented for a while the 
market introduction of pure CAV drives: (i) the tacho-based motor ICs 
were not available at low cost when 18X and 20X drives were developed; 
(ii) the average bit rate of a pure CAV 18X or 20X drive was not higher than 
of an adaptive-speed 16X system; and (iii) channel processing above 24X, 
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where CAV could have gained a slight advantage, was not yet implemented 
in decoder ICs. 

The remaining solution was a combination between an adaptive-speed 
profile based on quasi-CLV control and some electronics and firmware to 
switch the drive into a CAV-like mode during continuous access. 

At this stage, one remark concerning the highest peak overspeed becomes 
very important. It can be seen from Fig. 5.2 that an absolute maximum of 
the overspeed is reached only once, during the first seek, and all subsequent 
peaks N;eak' N;eak remain within the range [Nmin,Nmax] allowed by chan
nel signa! processing. The access performance remains, hence, unaffected 
during continuous seeking, even when starting from a nomina! playback 
overspeed close to N max: This observation leads to some optimization crite
ria, not discussed throughout Chapter 4, which can be used to better tune 
the overspeed profile for various operating conditions. 

5.2.3 Optimization criteria 

Before proceeding further, we emphasize again one of the most important 
strengths of the quasi-CLV technique: when compared to pure CAV control, 
it features the same average access performance while still providing a way 
to improve the data throughput. 

We are now in a position to define a novel CD-ROM system which is 
able to optimally function under all circumstances and which can guarantee 
high-end performance for the following situations: 

Continuous read-out of data. A quasi-CLV motor control governed by a 
carefully optimized adaptive-speed algorithm such that a very high bit rate 
is obtained, on average, for the whole disc. 

Solely performed seek. A quasi-CLV control which, in combination with 
the chosen adaptive-speed algorithm, does not lengthen at all or only with 
acceptable quantities the servomechanical seek time. Besides, from the mo
ment the right data has been found after a performed seek, the motor speed 
will be regulated back to a value corresponding to a high bit rate. 

Short sequence of seeks. Quasi-CLV control, which performs equally well 
when compared to a CAV system, but yet has the advantage of bringing 
back the motor speed to a value corresponding to a high bit rate. Power 
dissipation in the motor control loop does not represent an issue when only 
a few consecutive seeks are carried out. 
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Long sequence of seeks. CAV control, which has the advantage of less 
power dissipation in the motor loop. A high bit rate during continuous seek 
is not only impossible to achieve but is also hardly needed. 

In addition to the above system description, a firmware algorithm will be 
needed to detect the state of the system and choose the right motor control 
mode. 

5.2.4 A highly-optimized speed profile 
A very efficient adaptive-speed profile can be determined if the criteria previ
ously enumerated are taken into account. When compared to the quadratic 
shape from Fig. 5.1, this profile will obviously need more convexity to boost 
the bit rate during sustained read-out. In turn, this bending must be limited 
by the peak overspeeds resulted during outward-oriented seeks. As already 
pointed out in Chapter 4, the seek-based profile optimization should take 
into account an average seek length equal to one-third stroke. 

Peak over- and underspeeds 
Equations (3.71) and (3. 73) can be generalized for any seek having the length 
!::..S and starting from the initial subcode timing Sinit· The peak overspeed 
which occurs at the end of a singular outward-oriented seek becomes 

N;eak(Tseek, Sinit, !::..S) = 

211" Rfinal [!· . 
init 

Va 
(f~aJt + finit) ( 1 - exp (- ~::: )) ] 

where Tseek has been defined in Section 3.2.2 and 

Rfïnal = R
2 Vaq( Sinit + !::..S) ·+------
i 7r 

(5.2) 

(5.3) 

is the disc radius where the new target subcode is located. Obviously, 
this radius depends on the initial radial position Rinit at which the seek 
begins. Further, the rotational frequency of the turntable motor measured 
just before the beginning of a seek action is given by 

V A( ' v A( . ( v qS· . )-1/2 
f . . _ a.!Vimt _ a.!Vimt R2 a imt 

init - 2 p. - 2 i + 
1r -'~nit 7f 7f 

(5.4) 

where Mnit defines, in a similar way, the initia} overspeed. And finally, 
J:;:;t represents the saturation rotational frequency which is reached by the 
turntable motor at steady state. 
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It is now the right moment to distinguish between different types of power 
drivers. Early CD-ROM systems used voltage control as already mentioned 
in Section 3.6.5. Under these circumstances, 

(5.5) 

with Ksw being a coefficient less than one, determined by the lbsses inside 
the motor IC during voltage commutation. Similarly, if the turntable motor 
is driven by switched currents as in modern CD-ROM drives, then 

(5.6) 

and Ksw should be related to current losses. As a last remark, notice that 
Tmot in Equation (5.2) represents the time coµstant of a DC motor driven by 
a supply voltage and is given by the relation (3.16) at page 109. However, 
in the case of current control which is also of interest for this discussion, 
Tmot should be replaced by the mechanica! time constant Tmech = Jrot/ D. 

For the inward-oriented seeks, a relation similar to (5.2) can also be de
rived. It follows therefore that 

N;eak(Tseek, Sinit 1 ..ó.S) = 

2
7r ~:inal [1init + u:na;t - fi) ( 1 - exp ( - ~:::))] (5.7) 

and all previous remarks, including the one regarding Tmot, remain valid. 
The over- and underspeeds given by Equations (5.2) and (5.7) can now be 

used as optimization constraints to improve the average data throughput 
during continuous playback and, at the same time, not jeopardizing the 
third-stroke access performance. 

Adaptive-speed cubic profile 
From Equation (3.1) it follows that higher bit rates can be achieved if the 
curve N = N(Sx) displays more convexity with respect to its variable. 

A quadratic dependency N(Sx) for an 18X drive has already been plotted 
in Fig. 5.1. By shaping this profile further away from its abscissa we can 
increase the data throughput of the system. However, we do not want to 
exceed a maximum given overspeed, say NM, when seeking outwards. For 
this reason, the upper limit of the desired convexity will be determined 
by Equation (5.2) while the requirement imposed by Equation (5.7) will 
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become more relaxed as the profile is shaped away from its x-axis. The set 
of inequalities ( 4.23) given in Section 4.5 for an adaptive-speed profile should 
basically remain valid, but not necessarily for very large seeks. This latter 
observation leads to a new inequality based on NM and ( 4.23} becomes 

Nmin ~ Nfieak ~ N(Sx) ~ N%eak ~ Nmax ~NM (5.8) 

The overspeed profile from Fig. 5.1 can now be reshaped by solving the 
optimization problem 

(5.9} 

where the objective function results either from Equation (5.2) or from 
Equation (5. 7), after replacing Rtinal, finit, and J:;::/;t by their respective 
expressions. The choice of one of these equations will become clear later, 
when the various optimization constraints will be discussed. The seek time 
from (5.9) depends on the electromechanical ensemble and, for the developed 
drive, Tseek = 200 ms for a full-stroke and Tseek = 90 ms for a third-stroke 
seek, respectively. These numerical values represent, in the enumerated 
order, average times needed to perform 60- and 20-minute seeks. 

The constraints to be used during the optimization procedure arise either 
from practical system limitations (e.g., the maximum rotational frequency) 
or are enforced by the access behavior in a CD-ROM drive? The following 
five constraints are considered: 

(A) The absolute maximum overspeed in the system, which is due toa 
full-stroke outward-oriented seek, is considered equal to NM. This means 
that Sinit = 0 in Equation (5.2), !:iS Stat, Rjinal = Ra, and finit = 
Niva/(2rrRi). The seek time Tseek corresponds then toa full-stroke sledge 
displacement. 

(B) The maximum overspeed Nmax ~NM at which the channel elec
tronics can still process data should never be exceeded at the end of an 
outward-oriented third-stroke seek performed from any initial subcode tim
ing Sinit. In turn, larger seeks will lead to overspeeds bounded only by NM. 
This compromise is acceptable if we recall that many discs are not fully 
recorded and, in such cases, very large seeks do not exist. 

( C) A small part of the new profile, namely at higher subcode timings, 
can be allowed to remain flat and equal to the final quasi-CLV overspeed 

also the discussion which followed right after Equation (4.23) in Section 4.5. 
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N 0 < Nmax· This can only be done under the additional constraint that this 
region is shorter than a third-stroke length Stot/3 and, consequently, smaller 
seeks performed within this region will not lead to overspeeds greater than 

Nmax· 

(D) Because CAV control will be implemented during continuous data 
access, the minimum overspeed at which the channel electronics can still 
process data will satisfy the relation Nmin ·~ N0 Rin/ R 0 • It follows that, 
when seeking inwards from any point of the desired adaptive-speed profile, 
the resulted underspeed Nieak will always fulfill the inequality (5.8). At 
limit, this inequality is fulfilled for a full-stroke inward-oriented seek. 

(E) Due to servomechanical limitations in this particular drive, the over
speed at the inner disc radius is limited by fmax = 100 Hz. This upper 
boundary of the rotational frequency leads to M = 271" frot/ Ri = 12. The 
second limitation is enforced by the channel processing which sets the max
imum decoding speed to Nmax = 18.5. 

From (D) it follows immediately that Ninit(Tseek, Sinit. ~S), as the ob
jective function to be maximized, should be derived from Equation (5.2). 
When the constraint (B) is further taken into account, this equation turns 
into the inequality 

(5.10) 

which can be used to obtain the desired adaptive-speed profile. The max
imization problem has effectively been reduced to the above relation and 
the initial overspeed Ninit from (5.4) can now be determined as a function 
of Tseek, Sinit, and ~S = Stot/3. After several algebraic manipulations, the 
latter inequality leads to 

Ninit(Tseek. Sinit, Stot/3) ~ 

~ . KswKt · II~Jtl 
1-A VaD (5.11) 

where 

A 1 ( 
Tseek) = -exp ---
Tmech 

(5.12) 



196 Chapter 5 - High-Speed CAV Drives 

for the current-limited motor driving. 
The other constraints previously listed can also be formulated analyti

cally. The first among them takes the form 

Mnit(Tseek, Sinit, D.S)' ~ 
Stotf3:::;,tJ..S:::;,Stot 

~ . KswKt · II~Jt 1 

1 A VaD {5.13) 

while the constraint { C) becomes 

Afsat] mot {5.14) 

where Rjinal = R 0 and Mnit = N0 have already been substituted. The 
length along which the overspeed profile remains flat results from the latter 
equation and starts at the subcode timing 

(5.15) 

Obviously, because A depends on Tseek, the largest region of constant over
speed N0 is given by 

(5.16) 

Notice also that Equatim;i {5.15) does not directly depend on D.S hut through 
the mechanica! seek time Tseek. 

Finally, that part of the constraint (E) which sets the maximum rotational 
frequency in the system becomes 

VaMnit(Tseeki Sinit, Stot/3) ~ f 
'-" max (5.17) 

2 VaQSinit 
2n R.+---

i 1r 

The numerical values of the parameters involved in all previous equations 
belang to the 18X CD-ROM system: Ksw = 0.9, I~Jt = ±0. 75 A, Kt = 
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11.3 · 10-3 Nm/ A, and D = 3.9 · 10-6 Nms. The overspeed N0 = 18.0 
at the outer disc radius represents a design requirement and Tseek can be 
calculated from the equations of the sledge-actuator control loop~ Several 
sets of results obtained by sol ving Equation (5.11) as a function of the initial 
subcode timing are given in Table 5.1. The values of Tseek correspond to 
third-stroke seeks performed from the tabulated subcode values Sinit· 

Sinit Tseek M [min,sec,frames] [ms] 

05'00".00 100 13.884 
10'00".00 95 14.593 
15'00" .00 92 15.147 
2010011.00 89 15.586 
25'00".00 86 15.941 
30'00".00 84 16.243 
35'00" .00 82 16.497 
40'0011 .00 80 16.713 
4510011.00 78 16.898 

Table 5.1 lnitial values of the subcode timing and the corresponding 
initial overspeeds satisfying the constraint (B). 

The overspeed profile can now be obtained by connecting the points given 
by (5.11) and eventually interpolate through these points for any initial 
subcode timing Sinit· The inequality (5.11) can practically be solved only for 
a limited number of third-stroke seeks and, consequently, a polynomial can 
be found to approximate the desired overspeed profile. In order to provide 
sufficient accuracy, a high-order polynomial might be chosen. However, the 
quasi-CLV loop has large tolerances (see Section 3.6.3-E) and a third-order 
profile will suffice. If the points listed in Table 5.1 are considered, the 
polynomial becomes 

Mnit(Tseek1 Sinit, Stot/3) = 2.904. 10-10 
sfnit 

-1.923 · 10-6 sZiit + 4.766 -10-3
sinit + 12 

(5.18) 

3 Calculations related to the mechanica! seek time are not of significant importance 
for this discussion. For this reason, several calculations will only be introduced later on, 
throughout Section 5.4.1. For genera! details on the radial control loop during data access, 
Section 2.3.6 gives a brief presentation. 
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where the initia} and final overspeeds M = 12 and N0 18, respectively, 
have also been taken into account. The flat region resulted from Equa
tion (5.16) starts at the subcode timing Sinit = 61 minutes. The optimized 
cubic profile for the considered CD-ROM system will now be defined by 

{

Mnit(Tseek1 Sinit, Stot/3) 

N(Sx) = if Mnit(Tseek• Sinit, Stot/3) ~No 

No otherwise 

(5.19) 

and is plotted in Fig. 5.4. In practice, as already pointed out in Chapter 4, 
the curve N(Sx) is stored in a look-up table with a given resolution (usually 
1 or 2 minutes) of the subcode timing. 
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Figure 5.4 Cubic overspeed profile and related disc rotational frequency. 

When compared to the quadratic profile given by Equation (5.1) and 
plotted in Fig. 5.1, the new shape from Fig. 5.4 obviously increases the 
average bit rate of the system during continuous playback. At the same 
time, singular seeks smaller than 20 minutes remain safe to be performed 
from any point of the new curve (5.19) without exceeding the maximum 
channel processing speed. The third-stroke seek performance remains thus 
unaffected by implementing Equation (5.19). 

The increase in data throughput of the calculated cubic profile with re
spect to the quadratic one is plotted in Fig. 5.5. Notice that the total 
integration time Stot from Equation (3.1) is represented as variable along 
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Figure 5.5 The increase in average data throughput of the cubic 
overspeed profile with respect to the quadratic profile, 
as function of the total subcode timing. 
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the abscissa. It follows thus, straightforward, that a disc which is not fully 
recorded benefits to the highest degree from a cubic adaptive-speed profile. 

Pushing turther the average bit rate 
It will be also possible to give up some margin when using Equation (5.11) 
to calculate the desired overspeed profile. Practically, the optimization con
straints can be relaxed moderately by noting the following: (i) many discs 
are not fully recorded, which means that ó.S becomes statistically smaller 
than 20 minutes; and (ii) the overspeed N'max might be slightly exceeded 
during a singular third-stroke seek. The latter observation has already been 
dealt with at the end of Section 5.2.2. It has been shown that very little 
degradation of the seek performance is noticed during continuous seeking. 
In addition, for very long seek sequences, the new drive will also benefit 
from CAV turntable motor control (to be discussed in Section 5.2.5) and 
N'max does not limit the seek performance anymore. 

A practical case calculated also with Equation (5.11) for N'max = 19.5 
leads to an average increase in data throughput as shown in Fig. 5.6. It 
can be seen that a boost of more than 200 kB/scan be achieved, on aver
age, for half-recorded discs. A fully-recorded disc, however, will be played 
back about 150 kB/s faster than in the case of an overspeed profile linearly 
varying between .M and N0 • 

The polynomial used for this improved cubic profile is 

.Mnit(Tseek• Sinit, Stot/3) 2.923 · 10-10 STnit 

-2.182 · 10-6 STnit + 5.629 · 10-3 Sinit + 12 
(5.20) 

and has been obtained, again, by using the pairs of subcode values and seek 
times from Table 5.1. 



200 Chapter 5 - High-Speed CAV Drives 

200 E'":--:-:-:-::-:-:--:-:-:-:-:-::-:~:;;:-~-~--~-~--~-~-:::::-~~-:-:-:--:-:-::-:--:-:-:-:-".'1 

';i)150 
ài 
=.100 
m 
<I 50 

10 20 

. ' ' -------.--------.--------.-------· . . . . . . 
···----·--------·--------·-----··-. . . . . . 

30 40 50 60 70 
lntegraüon time [min) 

Figure 5.6 The increase in average data throughput of an improved 
cubic overspeed profile with respect to the quadratic pro
file, as function of the total subcode timing. 

5.2.5 The continuous-seek CAV contra/ 
It has been shown in Section 5.2.2 that spinning the turntable motor at 
constant angular velocity is basically desired during continuous seeking. 

As far as quasi-CLV control is concerned, a CAV-like profile can easily 
be implemented by properly choosing the setpoints of an adaptive-speed 
profile close enough to a CAV curve. However, because the motor is still 
being accelerated or braked during seeks, the quasi-CLV control does not 
represent the right choice to follow a CAV curve. Instead, the spindle mo
tor should be driven either by a tacho circuitry or merely by an open-loop 
current (voltage). Because of its simplicity, the lat ter possibility is always 
preferred if there is enough margin for overspeed tolerances in the system. 
Notice also that integrated tacho control for CD-ROM drives was not yet 
available during the development of the 18X drive. For cost reasons, discrete 
electronics must be extremely limited and open-loop CAV control remained 
the only suitable choice for the 18X drive. 

Adaptive-speed/CAV control electronlcs 

A block diagram of the combined adaptive-speed/CAV turntable motor con
trol is presented in Fig. 5. 7. 

The constant disc rotational frequency will be determined by the voltage 
difference between the filtered pulse-density modulated (PDM) output of the 
decoder (normally at Vcc/2 when the control loop is open) and the voltage 
reference of the motor IC (normally at Vcc/2 during adaptive-speed mode). 
The desired commands are issued by the drive microcontroller according to 
a dedicated algorithm which will be described in Section 5.2.6. 

The paramount advantage of using only CAV control while performing 
a long sequence of seeks is the decrease of the power dissipation in the 
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Figure 5.7 Black diagram and functionality of a combined 
adaptive-speed/CAV controller. 
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turntable motor loop. For example, while using the proposed switching 
technique, the maximum temperature attained by the motor IC as shown 
in Fig. 5.3 at page 190 does not exceed 55 °C anymore. The power consump
tion of the motor driver stabilizes at about 1.8 W, which means that a heat 
sink is not required at all and the application becomes cheaper [147,149]. 
At the same time, the temperature of the turntable motor hardly exceeds 
40 °C as compared with 60 °C without CAV control. 

Combined cublc/CAV overspeed profiles 
The cubic profile needed for continuous playback has already been calcu
lated in Section 5.2.4. The requirements for the CAV profile are much more 
relaxed and there is no peak overspeed N;eak or N;eak to be 'taken in to 
account. However, because of the combination cubic/CAV profile, the max
imum linear velocity in CAV mode, which is reached at the outer disc radius 
R0 , should be equal to the linear velocity of the cubic profile at the same 
outer radius. And then, of course, the decoder phase-locked loop (PLL) 
must remain in loek throughout the whole range of CAV X-factors. 
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For the chosen system with M = 12 and N0 = 18, the CAV overspeeds 
N(R) depending on the varying disc radius will satisfy the inequality 

(5.21) 

which leads to 

7.8 ~ N(R) ~ 18.0 

VaNo 
f cav = 21T Ro = 64.2 Hz 

(5.22) 

for Ri = 25 mm and R0 = 58 mm, respectively. The constant disc rotational 
frequency is designated above by f cav. 

The combined cubic/CAV profiles are plotted in Fig. 5.8. A dedicated 
firmware algorithm switches between the two profiles each time the condi
tions for continuous playback (or short sequence of seeks) and continuous 
seeking, respectively, are satisfied. 
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Figure 5.8 Combined cubic/CAV overspeed profiles. 

5.2.6 Firmware a/gorithms 
According to the optimization criteria discussed in Section 5.2.3, a distinc
tion between continuous read-out, solely performed seek, short sequence of 
seeks, and continuous seek mode should be made. For large number of 
seeks performed shortly after each other (i.e., the continuous seek mode), 
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the CAV turntable motor control previously described in Section 5.2.5 must 
be engaged. During any other operating mode, the drive will have to rely 
on quasi-CLV control with cubic adaptive-speed profile. 

Nevertheless, a detection mechanism should be provided in order to dis
tinguish between the four operating modes defined in Section 5.2.3. While 
implemented at the bit engine level, this firmware algorithm might look dif
ferent than its counterpart implemented at the data path level. Whatever 
the case would be, the detection mechanism should monitor some variables 
related to the seek length and number of seeks performed within a certain 
time. One should be aware that the information being present at the data 
path level may not look the same as the information monitored at the bit 
engine level. For example, the data path does not know if a requested seek 
will be performed only by the actuator or combined within a sledge-actuator 
displacement. But yet the data path has knowledge about the length of the 
seek between two physical addresses (see Section 2.6.4). 

Switchlng a/gorithm at bit englne firmware level 
At this level, it is possible to precisely determine if a requested seek action 
begins or not with a sledge displacement. The algorithm provides a counter 
to be incremented each time the sledge has to be moved. This operation is 
implicitly associated with a long seek, which cannot be performed by the 
actuator aloné The CAV mode will therefore be switched on if the counter 
reaches a maximum predefined value, namely 7 sledge displacements fol
lowing quite shortly after each other. The flowchart of this algorithm is 
depicted in Fig. 5.9. 

At the end of the sledge-based seek action, a timer has to be started 
in order to detect a possible next seek. This timer should be correlated 
with the maximum latency in the drive such that the target sector can be 
read immediately after seek in all circumstances. If there is no seek request 
within the allowed time window, it can be concluded that the host system 
has found the right data and keeps reading it. This is the right moment for 
switching back from CAV to the adaptive-speed profile, increasing therefore 
the throughput of the delivered data. Finally, the algorithm measures the 
number of seeks performed within a given time interval. This is achieved 
by decrementing the counter as soon as no seek has been requested within 
a second predefined time window. 

4 Typical actuator displacements range between 25 and 150 tracks, depending on the 
actuator construction (see also Section 2.3.2). 
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lt is already supposed that, before executing the very first requested seek 
after power-up, the drive is switched by default into adaptive-speed mode. 
A practical measurement of the voltage driving the motor IC is shown in 
Fig. 5.10. An additional signal on this plot indicates the off-track state5 
of the servo circuitry. It can be seen that, once the first 7 consecutive 
sledge-based seeks have been completed, the spindle motor will neither be 
accelerated nor braked anymore from this moment onwards. Nevertheless, 
at the end of the access sequence, the turntable motor is brought back 
to quasi-CLV control and the right adaptive-speed setpoint will be further 
followed. 

Switching algorithm at data path firmware level 
Apart from the algorithm previously described and depicted in Fig. 5.9, 
the switching between CAV and quasi-CLV control can also be achieved 
at the data path level. Although no distinction can be made at this level 
between a sledge and an actuator seek, the data path can still keep track of 
all seeks longer than a predefined length. Because the data path firmware 
is oriented towards the communication with the host system, the algorithm 
should monitor the read requests coming through the host interface. 

Detailed flowcharts of the implemented algorithm are given in [147,148]. 
As a very special feature of this implementation, the algorithm keeps either 
the CAV or the adaptive-speed mode turned on, depending on whether or 
not a read command has been issued by the host system. This decision 
depends on the size of the empty buffer6 which can still be used by the 
data path at that particular moment but also on the amount of data to be 
transferred towards the host system. This approach ensures an optimized 
flow of data through the host interface by monitoring the data flow coming 
from the bit engine. The disc speed can therefore be regulated and better 
correlated with a given strategy for the buffer management. 

5.3 CAV motor contra/ 
During the development of 18X and 20X CD-ROM systems, most drive man
ufacturers noticed the need for CAV turntable motor control at very high 

5 A signal called OTD (off-track detection) is usually associated with either a sledge or 
an actuator displacement in the radial direction. A seek action and its duration can be 
monitored by examining the OTD signal. During playback, however, this signa! indicates 
that no track is being followed. 

6 This buffer represents the OMA FIFO on Fig. 2.43 at page 87. 
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disc spinning rates. As already pointed out in Section 5.2.1, the tremen
dous power dissipated in both the motor itself and the motor driver during 
continuously seeking could only be avoided by using a fixed disc rotational 
frequency. 

Pure CAV mode during seeking as well as during playback was practi
cally pioneered on the market by the 24X CD-ROM drives. By that time, 
integrated solutions for tacho control were available at low cost and CAV 
replaced the quasi-CLV controller with its associated adaptive-speed profile 
at the expense of somewhat lower data throughputs. 

5.3.1 The control loop 
The control diagram of a CAV loop is depicted in Fig. 5.11. The speed detec
tor, the measurement process itself, and a low-pass filter (LPF) are denoted 
together by the transfer function G1(s). Notice that a low-pass character
istic is explicitly needed to suppress the high-frequency components of the 
measurement noise'. When compared to either CLV or quasi-CLV control 
loop, this noise is now playing a more important role because the speed in
formation is obtained at the disc rotational frequency, i.e., within the CAV 
loop bandwidth. 

Speed 
measurernent 

Measurement CAV 
noise setpoint 

Nonlinear control 
(power supply switch-off) 

K(s) 

PI 
compensator 

Power 
driver 

Figure 5.11 CAV turntable motor control loop. 

The angular velocity regulated by a CAV control loop is practically inde
pendent· from the doek recovered by the PLL and, hence, it is independent 
from the read-out overspeed N. However, an adaptive-speed drive can also 

7 Usually, the speed measurement relies on Hall sensors which are symmetrically 
mounted inside the turntable motor. If incorrectly positioned, components of high fre
quency as well as a DC offset are introduced in the feedback signa!. A Hall sensor is a 
device able to generate an electrical current when subjected toa magnetic field [45]. 
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rely on tacho control (see also Chapter 4). In this latter case, the CAV set
point must be varied according to a given algorithm to obtain the desired 
N(Sx) profile. 

The structure of the tacho control loop, as part of an integrated circuit, is 
already given fora CD-ROM application. Because most drive architectures 
incorporate this loop either inside the channel decoder IC or inside the servo 
IC, the design of this loop will not be discussed herein. Even so, the genera! 
control requirements which lead to a correct choice of the bandwidth will 
be reviewed. The tolerance analysis will be separately approached, as being 
one of the most important issues within a CAV-based CD-ROM drive. 

5.3.2 Genera/ control requirements 
As opposed to the CLV and quasi-CLV loops, no disc parameters, like ec
centricity, determine the steady-state rotational frequency of the motor. In 
addition, but now similarly to CLV and quasi-CLV, there is hardly any re
action needed against an external force or torque because of the contactless 
disc read-out. It has been indicated in Section 3.6.3-C that only the friction 
inside the motor hearings and the cogging torque can practically disturb the 
rotational frequency. As the turntable motor operates at very high angular 
velocities in CAV drives, these two disturbances are significantly smaller 
than the driving torque and can safely be neglected. 

It follows from the above remarks that a CAV control loop requires very 
little disturbance rejection (portable CD-ROM drives deserve a separate 
approach and they are not discussed herein). A small loop bandwidth is 
generally needed to suppress the measurement noise hut, if a proportional 
compensator is used, some trade-off might still be required to limit the 
steady-state error 

1
0 if Kv =/= 0, Ki =/= 0 

ess = lim 
1 

if Kp =/= 0, Ki = 0 
s-tO TmotKt 

1 + G1(s)G2(s)Kp RaJrot 

(5.23) 

In the above equation, e88 is calculated for a step excitation at the system 
input. It turns out that most of the tacho loops in CD-ROM drives can 
operate with bandwidths of 1 ... 5 Hz and still guarantee a steady-state 
error less than 5 %. 

Last hut not least, a CAV control loop can be shown to remain stable 
fora large range of proportional and integral gains Kp and Ki, respectively. 
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Figure 5.12 Typical Bode plots of the open-loop turntable motor 
control in a CAV CD-ROM drive. 

This property is determined by the first-order transfer function H mot ( s) 
given by Equation (3.15), in combination with the very small time constant 
of the turntable motor. However, the stability margin might be jeopardized 
if the pole of the low-pass filter is too close to the pole of Hmot(s). A typical 
amplitude-phase response of the CAV open loop is plotted in Fig. 5.12. 

5.3.3 Optimization of CAV overspeed profiles 
Because the tacho loop operates completely stand-alone, the disc rotational 
frequency fcav should be chosen such that the maximum overspeed Nmax 

which can be processed 'by the channel electronics is not exceeded. This 
condition can be written as 

(5.24) 

and, clearly, the full range of standardized linear velocities of the recorded 
data (va = 1.2 ... 1.4 m/s) must be taken into account. Notice that CLV 
as well as quasi-CLV systems regulate toward a setpoint N Va and the tol
erances of Va do not give rise to any design requirement. 

A second observation concerns the controlled variable f cav which is af
fected by various system tolerances. As suggested by Equation (5.23), the 
steady-state disc rotational frequency deviates from the desired value and 
errors of less than 5 % are usually required. 
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Facing the aggressive market competition, a CAV CD-ROM drive should 
always deliver data at the outer radius with a specified overspeed N0 • In 
most cases N 0 is situated just below Nmax, decreasing therefore the chance 
for Equation (5.24) to be fulfilled. Several combinations of parameters and 
the overspeed profiles in a 32X CD-ROM drive are shown in Fig. 5.13. 
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Figure 5.13 Overspeed profiles dependent on system 
tolerances in a 32X CAV drive. 

60 

One may decide to use a safe CAV setpoint (see Fig. 5.11) such that 
N 0 = 211' fcavR0 /va never exceeds Nmax· This strategy has the disadvantage 
of a lower average bit rate for many discs8 because Va= 1.4 m/s should be 
considered in Equation (5.24) to obtain a safe margin. A better approach is 
to determine the disc reference velocity Va from calibration procedures9 and 
calculate a new setpoint for any inserted disc. This latter method ensures 
always a fixed overspeed N0 at the outer disc radius as well as a maximum 
CAV-based data throughput irrespective of the disc parameters. 

5.4 Spiral compensation 
As CAV control became a de facto standard at very high disc rotational 
frequencies, the performance assessment by means of average data through
put lost its significance. Instead, the maximum X-factor as specification 

order to fit as much data as possible on their discs, the manufacturers tend to 
deliver them with reference velocities very close to Va == 1.2 m/s. 

9 A calibration procedure is initiated after power-up by the basic engine microcontroller 
(see also Section 2.5.5) in order to determine some system parameters, like track pitch, 
reference velocity of the recorded data, etc. 
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parameter replaced the average data throughput in the on-going compe
tition between CD-ROM drive manufacturers. The benchmarks used by 
that time10 have been adapted accordingly to only sample the bit rate at 
several points along the CAV profile. The race between X-factors turned 
consequently into a race for higher N0 • 

Under the circumstances discussed above, the access time minimization 
started to get increasing attention. This strategy was led by two practical 
reasons. First, a comparison means was needed to classify several CD-ROM 
drives featuring exactly the same CAV profile (i.e., a profile with N0 at 
the outer radius R 0 of the program area). A simple consumer would most 
probably pick up from the shelf a drive advertised to offer better access 
performance. Second, when the disc is spinning at very high rates, read
out data is transferred quickly to the host system and the drive will be 
mostly busy with access procedures. This undesired phenomenon has been 
emphasized several times in literature [142,146] and is due to the practical 
fact that computer files have average lengths of several hundreds of kilobytes. 
At N 0 = 32, for example, the transfer rate equals 4.8 MB/s and a 300-kB 
file will only need 61 ms for read-out. For comparison, a third-stroke sledge 
displacement also takes 50 ... 80 ms. It is obviously wanted to reduce the 
seek time but also to reach the target track at the end of only one combined 
sledge-actuator displacement. Additional retry procedures11 are therefore 
undesired and should be avoided by all means. 

One of the improvements that took place in high-speed CD-ROM systems 
was the so-called spiral compensation. As pointed out in Section 2.3.6, many 
drives count the number of tracks crossed by the laser spot during seeking 
and use this information to reach the target track. However, because the 
disc spiral is rotating, the number of crossed tracks does not agree with 
ANtr given by Equation (2.21) at page 49. This error can be compensated 
and an improvement of about 5 % of the average access performance can 
basically be obtained [146]. 

This section considers the elimination of the seek error that is due to the 
rotating spiral. The mathematics behind this correction technique will be 
derived and a suitable firmware-based algorithm will be discussed. 

10Before the introduction of CAV drives, the benchmarks were designed to measure 
B as theoretically obtained with Equation (3.1) at page 97. Most benchmarks used to 
qualify CLV, quasi-CLV and adaptive-speed drives measured Bat different disc radii and 
averaged further the results for the whole disc. 

11 A retry seek is usually carried out only with the actuator. However, because of a given 
acceleration/braking profile, the actuator still needs 5 ... 7 ms to cross several tracks. 
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5.4.1 Genera/ seek behavior 
When the host system asks for data, the access command is translated by 
the data path into a request for a seek of length t.l.S between an initia! and 
a target subcode timing. Equation (2.21) given at page 49 can be rewritten 
and the number of tracks to be crossed during the mechanical displacement 
of the laser spot becomes 

AN _ ! ( R2 Vaq(Sinit + flS) _ 
.u. tr - · + ------q i 1r 

(5.25) 

The parameters Ri, R0 , q and Va have already been defined throughout 
Chapter 2, and Sinit stands for the initia! subcode timing read before per
forming the requested seek action. 

For a sledge-actuator ensemble which accelerates and brakes during Ta 
and n, respectively, the velocity of the laser spot can be expressed as 

{(
1 - e-t/rm)v:max if t ~ T, opu "= a 

Vopu(t, Ta) = [1 - cTa/Tm - (1 + a) (1 e-(t-Ta)/Tm )] v;::x 
if Ta < t ~ Tseek 

(5.26) 

where the subscript of V opu(t, Ta) indicates the mechanica} carrier ( optical 
pickup unit) of the laser spot. The maximum linear speed which can be 
attained by the OPU is denoted by v;::x and Tm designates the time con
stant of the whole electromechanical ensemble. Notice that Tseek Ta +Tb 
and, usually, n = const. due to a fixed procedure for track acquisition. The 
coefficient a can therefore be determined from the control equations such 
that Vopu(Tseek, Ta) = 0. These conditions lead tó 

e-Ta/rm _ e-Tb/rm 
a= -----,----

-1 + e-T1>/Tm 
(5.27) 

when OPU velocity profiles as shown in Fig. 5.14 at page 212 are considered. 
Other velocity profiles can also be reduced to Equation (5.26). It will be 
shown later that a look-up table is generated starting from Vopu(t, Ta) and 
other velocity profiles would therefore generate similar tables. 

The total seek time Tseek, considered as being needed to mechanically 
displace the OPU across a given number of tracks t.l.Ntr, can be determined 
by solving the equation 

11Tseek 
t.l.Ntr = V opu(t, Ta) dt 

q 0 
(5.28) 
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Figure 5.14 Velocity profiles of the optical pickup unit 
during a short and long seek, respectively. 

When n remains constant due to a fixed procedure for track acquisition, 
the acceleration time Ta of the OPU should be determined first and then 

Ta+n. 

5.4.2 Seeking data along the disc spiral 
After receiving a request for data access, the CD-ROM drive will first con
vert physical addresses to subcode timing (see Section 2.6.4) and then use 
Equation (5.25} to calculate the total number of tracks to be crossed. Con
sequently, the optical pickup unit is displaced in the radial direction between 
the initial disc radius ~nit and the final radius Rjinal· These radii can be 
identified in (5.25} in the form of the two square roots. 

The effect of the rotating spiral 

Most of the CD-ROM drives count the number of tracks between Rinit and 
Rfinal in order to determine the exact position of the laser spot during its 
movement. However, it has been observed experimentally that a different 
number of tracks is counted than one would expect from Equation (5.25}. 
This difference leads to an erroneous positioning of the laser spot while 
seeking. 

Preceding the upcoming calculations, two examples of seeking outwards 
and inwards, respectively, are shown in Fig. 5.15. On both plots the disc 
spiral and the real trajectory of the laser spot are represented as perceived 
by an observer situated on the rotating disc. The track pitch has been in
creased 12 deliberately in order to better visualize the effect of the rotating 

12The plotted trajectories correspond to a CD-ROM system with the following param-
eters: V0';;:"' = 230 mm/s, Tm = 8 ms, Ta 80 ms, Tb 15 ms, and a fictive track pitch 
of q = 2.5 mm. 
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spiral. lt can be seen that, while a total radial distance of 7 tracks should 
be covered, the spot crosses only 3 tracks while seeking outwards and 12 
tracks while seeking inwards, respectively. None of these number of track 
crossings equals the real radial distance. The reason becomes obvious when 
looking at the plotted trajectories: the rotating spiral travels either along 
with or against the movement of the laser spot, giving therefore rise to a 
counting error as compared to a motionless disc. 

Equatlons of movement 
The relative motion betwéen the rotating spiral and the radial displace
ment of the optical pickup unit can better be analyzed in polar coordinates. 
However, this relative motion is independent on the choice of the reference 
system. The analysis will be greatly simplified if we choose the spiral itself 
as reference. The trajectories followed by the laser spot can consequently 
be calculated and they will resemble the ones plotted in Fig. 5.15 for an 
observer situated on the rotating disc. 

The linear space already covered by the laser spot at any particular time 
Ç is given by 

(5.29) 

but, under the above assumptions, this equation should further be converted 
into polar coordinates. At this stage, the angular distance 

O(Ç) = fo{ w(t) dt (5.30) 

covered by the rotating disc should also be considered. As most of the 
current high-speed CD-ROM drives are prepared to use CAV mode to spin 
the disc, the above equation becomes 

(5.31) 

withJcav = const. being the disc rotational frequency or, more generally, 

0( t) = 27r f cavt (5.32) 

When (5.31) and (5.32} are used to change the integration variable in 
Equation (5.29), the space covered by the laser spot while seeking outwards 
and starting from the disc radius ~nit becomes 

1 foe({) ( O ) Sopu_out(O(Ç), Ta) = ~nit + 2 J. Vopu . 2 f. 'Ta dO 
7r cav O 7r cav 

(5.33) 
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and, similarly, 

Sopu_in(O(Ç), Ta) = ~nit + Sopu(Tseek• Ta) 

1 19(Ç) ( () ) - Vopu --,Ta dB 
21T J cav O 27r fcav 

(5.34) 

when seeking inwards. Notice that Supu(Tseek, Ta) equals qèl.Ntr as already 
given by (5.28). The upper integration bound from the latter two equations 
denotes an angle satisfying the relation 

(5.35) 

where Omax = 21!' J cavTseek represents the total angular distance covered by 
the disc during the seek time. 

Further, the spiral trajectory when starting from the disc radius ~nit is 
independent on the seek direction and can be written as 

</> Rsp(</>) = ~nit + 
2

7r q (5.36) 

with q being the track pitch and the angle </> varying from 0 to a maximum 
value <l>max· This value can be determined from the condition that, at 
the end of the seek action, the radius Rfinal equals that particular radius 
Rsp( <l>max) of the spiral. This condition is · again independent on the seek 
direction and therefore 

,i.. _ 
2 

Rfinal - ~nit _ 
2

· Sqpu(Tseek, Ta) 
'l'max - 1r • - 7r • q q 

(5.37) 

hut an alternative could be to determine Rfinal from Equations (5.33) 
and (5.34), respectively. 

The real number of crossed tracks 
Based on the analytica! analysis previously presented, it will be fundamen
tally possible to correct the number of crossed tracks given by (5.25) with 
a pre-calculated value èl.N rorr accounting for the rotating disc spiral. The 
correction can be applied just before performing a seek action. It will be 
therefore necessary to determine the number of points at which the laser 
spot trajectory intersects the disc spiral. 

The desired intersection points form hence the solutions of two simulta
neous equations. For the outward-oriented seek, these equations are 

{
Rsp(</>) = Sopu_out(O(Ç), Ta) 

mod (</>, 27r) = mod (9{Ç), 27r) 
(5.38) 
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and provide a number of points (p, 1jJ), in polar coordinates, when solved 
for all combinations of 4> and Ç. Alternatively, for inward-oriented seeks the 
above system of equations becomes 

{
Rsp(</>) = SoptL-in(O(Ç), Ta) 

mod(</>,211") = mod(O(Ç),211") 
. {5.39) 

and it also leads to the number of intersection points between the disc spiral 
and the laser spot. 

The Jatter two systems of equations can be solved numerically and let us 
denote by 6.Ntr_out and !:::..Ntdn the number of solutions resulted from (5.38) 
and (5.39), respectively. By introducing a variable t::..Ncorr which will be 
determined later, it can be shown that 

(5.40a) 

when seeking outwards and 

!:::..Ntr-in = !:::..Ntr + f !:::..N corr l (5.40b) 

when seeking inwards, respectively. The functions L · J and f · l define the 
closest integer which is smaller and greater, respectively, than the function 
argument. The variable l:::..Ncorr can now be defined as the (calculated) 
number of correction tracks, not necessarily an integer, and is ultimately 
given by 

(5.41) 

in CAV CD-ROM systems. If the disc rotational frequency does not re
main constant, the correction l:::..Ncorr must obviously be substituted by the 
number of disc revolutions taking place during the seek time. 

5.4.3 Algorlthms tor seek correction 
Depending on the CD-ROM drive architecture, two algorithms for seek cor
rection might be implemented. These algorithms involve hardware and/or 
firmware and, consequently, the total cost of the implementation versus the 
achieved performance should also be taken into account. 

The high- and very high-speed CD-ROM drives use a tacho controller 
to regulate the disc rotational frequency (see Fig. 5.11). The Hall sensors 
incorporated in the turntable motor output pulsed signals of a frequency 
proportional to the disc angular speed. In this case, the seek correction 
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can be performed straightforward by monitoring the disc revolutions and 
updating in real time, based on the relations (5.40a), (5.40b) and (5.41), 
the counted number of crossed tracks. For systems where such Hall pulses 
are not available, the solution will be to generate them by mounting a 
dedicated sensor on the disc turntable. 

Another method which can be used to correct the erroneous number of 
crossed tracks is based on the prediction of this error. Mathematically, this 
error can be calculated fora given CD-ROM system and stored in a look-up 
table. This method will further be analyzed in detail throughout the next 
sections. 

The advantage of error prediction and correction is twofold: (i) the num
ber of disc revolutions does not have to be monitored during seeking, in 
real time, which unloads the drive microcontroller; and (ii) only firmware 
routines are employed, which may reduce the total cost of the drive. In addi
tion, notice that some servo architectures used to regulate the seek behavior 
cannot update their track counter in real time. This counter is preset at the 
beginning of each seek with l!J.Ntr tracks and decremented for each track 
crossing. For this CD-ROM systems, a firmware-only solution becomes of 
paramount importance. 

5.4.4 Look·ahead seek correction 
This algorithm involves only a firmware program and can be implemented 
in any type of CD-ROM system which uses constant angular velocity to 
spin the disc. Adaptive-speed drives featuring a CAV-like velocity profile 
but no tacho controller can also benefit from this type of seek correction. 
The firmware algorithm operates at the beginning and at the end of a seek, 
when the microcontroller resources are not at a premium. 

The fundamentals of look-.ahead seek correction have already been dis
cussed in Sections 5.4.1 and 5.4.2. The algorithm itself determines a correc
tion value from a look-up table and adjusts the total number of tracks to 
be crossed. The correction value depends both on the subcode timing read 
out just before seeking and on the total length of the seek. 

Genera/ consideratlans 
Usually, the seek procedure needs a variable indicating the direction of mov
ing the optica! pickup unit and the result of Equation (5.25). This equation 
suggest a look-up table dependent on Sinit and !!J.S but, from a firmware 
point of view, it will be more convenient to have a table based on l!J.Ntr and 
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Sinit· The reason for this latter choice is that D.Ntr is a variable already 
used by the microcontroller to carry out various other tasks. This variable 
is rather independent from the disc parameters, being only related to the 
physical OPU displacement through the track pitch q. 

Table 5.2 gathers several numerical results obtained with the equations 
previously presented. These results are calculated for a CD-ROM system 
which operates in full CAV mode at 6,600 rpm Ucav = 110 Hz). The 
involved disc parameters are Va = 1.2 m/s for the linear velocity of the 
recorded information, q = 1.6 µm for the track pitch and ~ = 25 mm for 
the start radius of the program area. 

Seek distance [tracks] 

2,500 5,000 7,500 10,000 12,500 15,000 17,500 20,000 
Sinit Number of disc revolutions 
[min] 

3.8 5.8 7.7 9.6 11.5 13.4 15.3 17.3 

Seek length [minutes] 

0 6 13 20 29 38 48 60 
10 7 15 25 34 45 57 
20 8 18 28 39 51 
30 9 20 31 43 
40 10 22 34 
50 11 23 
60 12 

Table 5.2 Number of disc revolutions and the seek length as 
function of both initia! subcode timing Sinit and 
number of tracks to be crossed. 

The number of disc revolutions needs being adjusted using the functions 
L·J and f·l for the ontward- and respectively inward-oriented seeks. The 
resulted corrèction will consequently be subtracted or added according to 
Equations (5.40a) and (5.40b), respectively. Any mismatch between the 
calculated table and the real situation ( due to, for instance, variation of the 
disc parameters) can further be translated into a secondary correction and 
will be performed using a learning algorithm. 

Tolerance analysls 

The firmware strategy to be used for error prediction and correction can 
only be de:fined if a complete analysis of the system tolerances is performed. 



5.4 Spiral compensation 219 

For the choice of the look-up table as already discussed in the previous 
subsection, the number of tracks to be crossed flNtr is not affected by any 
of the system tolerances. However, the track pitch q = 1.6 ± 0.1 µm will 
determine the largest value flNtr_max to be used in the look-up table. For 
any disc obeying the standards [70,74,114,115], this value becomes 

AN Ro - Ri_ min 22 133 k 
L.l. tr_ max = = , trac s 

qmin 
{5.42) 

where R 0 = 58 mm, Rï_min = 24.8 mm and qmin = 1:5 µm. Obviously, when 
the track pitch q varies, the time Tseek from Equation {5.28) will be affected 
and the number of correction tracks flNcorr given by (5.41) will also vary. 
In addition, the disc rotational frequency f cav brings its own contribution 
to the calculation of flNcorr· A graphical dependency of the number of 
correction tracks versus both track pitch and disc rotational frequency is 
given in Fig. 5.16. 

It should be noticed that lcav is usually not considered to have a real 
tolerance for this analysis hut it rather represents a choice for a particular 
CD-ROM drive. This choice has been discussed in Section 5.3.3 and should 
never lead to an overspeed N0 which exceeds the maximum decoding speed 
in the system. Equation (5.24) can be rewritten as 

(5.43) 

5000 10000 15000 20000 
Seek length [tracks) 

5000 10000 15000 20000 
Seek length (tracks] 

Figure 5~16 Unrounded number of correction tr<icks at two different 
disc rotational frequencies and for the minimum and max
imum standardized track pitch, respectively. 
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and, because f cav may be set after determining the velocity Va through 
calibration procedures, the look-ahead algorithm should take into account 
different disc rotational frequencies around the nomina! setting. 

The third parameter which can infl.uence the accuracy of the look-ahead 
seek correction is the velocity Vopu(t, Ta) of the optica! pickup unit. Nu
merous tolerances are usually present in the seek control loop. Moreover, 
this loop may also behave slightly different when the temperature of the 
electromechanical components changes during operation. The result will be 
translated into another seek time Tseek to be obtained from Equation (5.28). 

Finally, it follows from (5.41) that the starting radius of the program 
area R;, has no infiuence at all upon the number of correction tracks. More
over, even if the disc angular frequency varies during playback (i.e., no CAV 
system), the term Ri appears with the same sign in both sides of the first 
equalities from (5.38) and (5.39) and the conclusion that IJ.Ncorr is inde
pendent on R;, remains valid. 

In genera!, any combination of loop tolerances in the seek controller can 
be converted into a profile described by Equation (5.26) and plotted in 
Fig. 5.14 at page 212. A time T8 eek can be calculated for a given set of 
tolerances and this effectively leads to another look-up table. The infiuence 
of v;;::x upon the number of correction tracks IJ.Nc<n-r is given in Fig. 5.17. 

5000 10000 15000 20000 
Seek length [tracks) 

Figure 5.17 Dependency of the unrounded number of correction tracks 
on the tolerances of the seek electromechanics. 

The look-up table 

When compared to the brief example from Table 5.2, the real implementa
tion must consider a more accurate division of the seek distance. A reason
able choice is a table based on steps of 256 tracks. 

At this point, the tolerance analysis must be taken into account. Two 
conclusions can be deducted from the previous subsection. First, the look-up 
table should necessarily contain enough information such that any possible 
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Seek distance [tracks] 

768 1,024 21,248 21,504 21,760 22,016 

Outward-oriented seek correction [tracks] 

Table 5.3 lmplemented look-up table for coarse seek correc
tion in a 32X CAV-controUed CD-ROM system. 

Figure 5 • .18 Nominal va lues l ll.N corr J for look-ahead seek <or
rection during outward-oriented seeks. 

seek length, includîng those occurring under extreme tolerances, could be 
compensated for. This implies a table which is extended up to ll.Ntr_ maz 
given by Equation (5.42). 

A second conclusion can be dra.wn by analyzing the plots from Fig-
. ur.es 5.16 and 5.17. These plots suggest the implementation of a table con
taining corrections for only one convenient combination of the. parameter 
tolerances. This is equivalent with choosing an up-going line as being the 
nominal characteristic and determining its new slope once the involved pa
rameters have changed. The learning algorithm to be discussed later will 
accomplish this task. 

Finally, one additional remark is also needed. When applying the func
tions l·J and f·l to ll.Ncorr obtained from Equation (5.41), their results will 
only differ by one integer unit for any given argument. The relations (5.40a) 
and (5.40b) become 

ll.Ntr_out = ll.Ntr - Lll.Ncorr J 
ll.Ntr_in = ll.Ntr + L ll.N corr J + 1 

(5.44a) 

(5.44b) 

and it will be therefore enough to store into the look-up table only the values 
of ll.Ncorr truncated towards the nearest integer. 
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The nominal characteristic that we choose to tabulate is the one having 
the smoothest slope. Any other characteristic will be situated above the 
nominal one and, from a microprocessor point of view, this leads to an 
unsigned calculation of the slope difference. 

As a numerîcal (and practical) example, the chosen nominal characteristic 
fora pure 32X CD-ROM system relies on the parameters vc:;uaz = 300 mm/s, 
fcav = 100 Hz, and q = 1.5 µm. These parameters defi.ne together a margin 
for the tolerance region. The implemented look-ahead seek correction is 
given in Table 5.3. It should be noticed that only the values of l ANcorr J 
must be stored while the seek distance can be indexed when starting from 
the 256-track step. Thè look-up table will therefore consist of one row and 
Kma:i: = LANtr_ma.z/256J = 86 columns. 

The graphical representation of the tabulated seek correction is depicted 
in Fig. 5.18. For an inward-oriented seek, however, the tabulated values 
should be adjusted as indicated by Equation (5.44b). 

5.4.5 Leaming algorlthm tor look-ahead seek co«ection 
An additional firmware program based on a learning scheme will also be 
executed either continuously or only during the drive initialization and will 
tune the look:.:up table depending on the disc parameters. This learning al
gorithm takes into account the loop tolerances present in the seek controller 
(e.g., tolerances of the sledge motor, motor driver, supply voltage, etc.). 

Correction error due to tolerances 
When using Table 5.3 tó compensate for the rotating disc spiral, systematic 
errors are introduced due to the system tolerances. If these errórs fiNcorr 
can be predicted, the relations (5.44a) and (5.44b) become 

ANtr_ou.t = ANtr - LANcorrJ -ÖNcorr 

ANtr_in = ANtr + LANcorr J + &Ncorr + 1 

where LANcorr J may take any value from Table 5.3. 

(5.45a) 

(5.45b) 

A plot of &Ncorr calculated for different tolerances is presented in Fig. 5.19. 
For the time being, these errors are considered unrounded and given by 

(5.46) 

where ANcorr is the nomina! correction defined by Equation (5.41) and 
AN~ denotes the correction which is necessary with respect to ANtr when 
a given set of system tolerances is used. · 
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10000 15000 20000 25000 
Seek length [tracks) 

Figure 5.20 Enor characteristics ó Ncorr (/3, K) as defined with respect 
to the nomina! seek correction !:J.Ncorr. 

be tabulated (i.e., for /3 = 1) has values smaller than one, we introduce a 
new function 

óN1 (K) = round(256 · óNcorr(l, K)] (5.48) 

whoee several values are given in Table 5.4. Notice that all these values 
aJJe.· a.lready multiplied by 256, factor which scales the real number of tracks 
corresponding to the error correction for f3 = 1. All other characteristics 
e&11 subsequent1y be derived with 

8Ncorr(f3,K) = round[~6 · óN1(K)] (5.49) 

for any rank 2 ~ f3 ~ 12. The function round(·) approximates the given 
argument with its nearest integer. The Jatter equation can easily be im
pfemented in microprocessor code and the result will further be used to 
determine !:J.Ntr_ou.t and !:J.Ntr_in from (5.45a) and {5.45b), respectively. 

1. 

. 256'. 

.3 

Seek distance [tracks] 

t 512 1 768 1 1,024 1 . . . . . . 1 21,248 1 21,504 1 21l,760 1 22,016 

Nomina! error function [tracks} 

l 6 1 9 l 12 1 " ••.• 1 246 1 249 1 252 

· Table 5.4 lmplemented nomina! correction table (fJ = 1) 
for tolerance compensation. 

1 255 



5.5 Spiral compensation 225 

Firmware implementation 
In the proposed implementation, a dedicated firmware algorithm monitors 
each seek procedure and recalculate a new rank /3 depending on the accu
racy of the previously-performed seek. The flowchart of this algorithm is 
depicted in Fig. 5.21 at page 226. 

When entering the algorithm just before a seek action begins, the rank 
/3 is initialized to a given integer /3init E [O, 12}. One can choose either for 
/3init = 0, corresponding only to a coarse correction as given by Table 5.3, 
or for a value determined during a seek test on the production line. If the 
CD-ROM engine receives a seek command which must be carrièd out by 
sledge displacement, the algorithm calculates the seek length ll.Ntr or gets 
this value if it has already been calculated by another firmware routine. The 
index 

(
ll.Ntr) K = round 
256 

(5.50) 

will further be used to determine both the coarse correction L ll.Nrorr J from 
Table 5.3 and the rank /3 of the error characteristic. The latter value is 
given by the relation 

[ 
256 · ll.Nlr] 

/3 = round óN1(K) (5.51) 

with óN1(K) determined from Table 5.4 and ll.Nlr being the length of the 
retry seek. The division involved in Equation (5.51) can simply be carried 
out as successive additions of the nomina! tolerance correction óN1(K) until 
the round-off condition is met. 

Once the two necessary corrections have been determined, the real num
ber of tracks to be crossed will be calculated and the seek will be performed. 
If the target track is not reached, the newly calculated seek distance ll.Nlr 
will be used to determine a new rank /3 and retune the tolerance correction 
óNcorr(/3, K). A history of the last found /3-values might also be recorded 
in order to avoid any erroneous out-of-range calculation. 

5.5 Conclusions 
This chapter concentrated on the CAV-based CD-ROM drive and several 
related design issues. The presentation was very much organized from a 
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Use Eq. (5.45e) for 
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Celculate retry dislance 
accordlng to Eq. (5.25) 

Calculate new Il 
according to Eq. (S.S 1) 
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Use Eq. (5.4Sb) for 
seek correclion 

Figure 5.21 Flowchart of the learning algorithm. 

historica! perspective, starting with adaptive-speed/CAV systems and con
tinuing with their successors, the pure CAV drives. 

It bas been shown that, at very high disc rotational frequencies and under 
quasi-CLV control, the power dissipated in the turntable motor loop reaches 
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excessive values during continuous data access. For this reason only, a disc 
spinning at constant angular velocity would solve the power dissipation 
problem. lmproving the average access time <lid not represent a real reason 
for implementing pure CAV control, although it would ensure safe operation 
for any seek length. 

As tacho controllers for CD-ROM drives were not yet available during the 
development of adaptive-speed systems, a method has been found to com
bine an adaptive-speed profile during continuous playback with constant 
disc rotational frequency during continuous data access. A novel firmware 
algorithm can distinguish between these two operating modes and provide 
the necessary switching information to the motor controller. This feature 
has the additional advantage of lightening the trade-off required between 
high data throughput and fast access, leading to a very optimized adaptive
speed profile. When compared to other overspeed characteristics imple
mented by that time, the new CD-ROM drive featured boosts of more than 
150 kB/sin the average bit rate. During continuous seeking, however, the 
drive was switched into CAV mode to limit its power consumption. 

Along with pure CAV control, the whole optimization issue towards 
higher average data throughputs partially lost its significance. This chapter 
discussed this design aspect and emphasized a new optimization perspective 
which only targeted the overspeed at the outer radius of the program area. 

Finally, the chapter shows that optimization of the access time became 
more important in CAV drives than before. The reason was simply given 
by almost equal times needed for third-stroke seeks and data transfer of an 
average computer file. The effect of the rotating disc spiral is mathemat
ically described and it is shown that, due to track counting errors, retry 
seeks are usually associated with this effect. The errors are systematic and 
correlated with several disc and drive parameters. 

An overview of the methods which can be used to avoid the erroneous 
detection of the target track during seeking is presented. For systems based 
on pure CAV control, a firmware-only algorithm for spiral correction is de
scribed. This algorithm can (i) predict the spiral-based track crossing error 
and {ii) adjust the seek length accordingly, before the seek is performed. An 
additional learning scheme provides robustness to system tolerances. The 
look-ahead correction method has the advantage that it is independent of 
the drive hardware, the only requirement being to control the turntable 
motor in full CAV mode. 
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1 am an engineer. 1 don't see that changing. (Bill Gates) 

Twin-OPU CD-ROM Systems 

6.1 lntroduction 
Chapters 3, 4, and 5 have thoroughly dealt with the increase of the data 
throughput in a CD-ROM drive. The goals to be accomplished during the 
development of these systems have always been, in order, a higher X-factor 
and a lower access time. In the early days of the competition between drive 
manufacturers, they found easier, if not straightforward, to simply upgrade 
their products by increasing the read-out overspeed. The access time, on 
the other hand, mostly improved as a bonus for faster disc spinning rates 
but was hardly addressed as a strong design requirement. 

Ata certain moment, the race for higher X-factors entered the world of 
CAV-based drives. As already pointed out in Chapter 5, it became dillicult 
to compare two CAV drives featuring the very same maximum overspeed 
at the outer radius of the program area. In fact, because of similar CAV 
profiles, two such CD-ROM drives were basically equal from the viewpoint 
of their average data throughput. Also, due to the use of the same compo
nents~ the CAV drives could hardly be differentiated based on their dissi
pated power. Other performance indicators could not be promoted at all 
as a technology breakthrough nor could they set any market trend. An 
example of such indicators is the mean time between failures (MTBF). 

Once the competition on the market has strengthened, more develop
ment efforts started to be aimed at improving the access performance. For 

1 During their cost-driven development process, many manufacturers of CD-ROM 
drives purchased key components instead of producing them. The marketed drives ended 
by incorporating exactly the same parts (e.g., the turntable motor, power drivers, etc.) 
purchased from one reliable giant (and therefore cheap) supplier. 

229 
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all CD-ROM drive manufacturers these efforts accompanied the continu
ous endeavor to reach higher overspeeds for almost the same price and, if 
possible, with already available components. 

6.2 Towards improved access performance 
The quasi-CLV system discussed throughout Chapter 3 did target the min
imization of the access time as one of the design goals to be achieved. 
The adaptive-speed CD-ROM drives treated in Chapter 4 have addressed 
the access time issue, although not yet considered as a constraint during 
data throughput optimization. The adaptive-speed/CAV drive described 
throughout Section 5.2 maximized the average bit rate while taking into ac
count third-stroke access performance. Finally, the spiral correction in pure 
CAV systems was only aimed at reducing the retry time from Equation (3.2) 
at page 99. 

What seems, however, to raise some questions is the decrease of the av
erage access time below a 75-ms frontier while keeping a low price for the 
drive. This frontier was estimated without proof in [142] and has not been 
surpassed by the end of 1998. The main reason for this limitation is the CD 
diametèr which is rather large compared with the diameter of other com
puter storage media (the standard hard-disks or the magneto-optical disks, 
for example). However, one can still use very strong (linear) sledge motors 
but this choice will negatively affect the sale price~ Other options [143] 
to improve the access time are adequate gear ratios chosen for the sledge 
electromechanics and larger gains in the sledge control loop. Unfortunately, 
the former may lead to supplementary development efforts if the playback 
behavior becomes unstable~ . A larger loop gain, on the other hand, is obvi
ously limited by the available supply voltage and current, and, in the case 
of digital servo ICs, also by the number of bits used for signal processing. 

The second reason for the 75-ms boundary mentioned above is the rela
tively heavy mass of the optical pickup unit when compared to other read 
(and write) heads in disk-based storage devices. Lenses, the semiconduc~ 

2In the personal computer market, including data. storage devices, the manufacturers 
obey the following rule: new products must replace their immediate predecessors for the 
sa.me price but better performance. When compared with the rotary motors commonly 
used CD-ROM drives, the linear motors are quite expensive. 

3 Gear ra.tios designed to speed up the sledge displa.eement during seek decrea.se the 
smoothness of this displacement during playback. As a consequence, the laser spot might 
be brought out of track when the sledge steps forward to follow the actuator movement. 
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tor laser and the complicated focus/radial actuator construction account 
for this mass difference. The final result is translated in mechanical seek 
times which are much larger than, for example, in hard-disk drives (see also 
Tab Ie 1.1 at page 4). 

It is important to emphasize again the technica! and practical reason 
which should push ahead the access time minimization. At high and very 
high overspeed factors, the time needed to find the target track by me
chanical displacement equals the time needed to transfer an average-length 
computer file through the host interface [142]. For example, a third-stroke 
seek in 32X systems needs about 70 ms while transferring files of 100 ... 500 
kbytes takes 20 to 100 ms. Should the access time not be further decreased, 
then the CD-ROM drive will be mostly busy to search for the right data 
on disc rather than to transfer it. As a consequence, a CD application that 
intensively performs disc access will not benefit at all from a higher. data 
throughput. 

This chapter will show that. an average access time of about 30 ms can 
be reached by using current mechanica[, optical and electronic components 
but slightly modifying the mechanica! construction. It will be shown that 
using not only one optica! pickup unit (OPU) but two of the same type 
will substantially improve the average seek (and therefore the total access) 
performance of a CD-ROM system. Moreover, by fixing the two OPUs onto 
the same sledge4 the whole mechanics as well as electronics do not become 
substantially more complicated. 

6.3 Genera/ issues 
6.3.1 ·The average access time 
The performance comparison between single- and twin-OPU constructions 
will be finally discussed based on numerical values. As a reference,. the 
system parameters used throughout this chapter are the following: 

Va= 1.3 m/s 
Ri = 25 mm 
Ro=58 mm 
q = 1.6 µm 

linear velocity of the recorded data 
inner radius of the program area 
outer radius of the program area 
track pitch 

4In fact, the mechanica! characteristics are not really preserved in this case. The 
second OPU accounts for an increase of 10-15 3 of the mass needed to be displaced. 
Typical values for the sledge mass in CD-ROM drives are 18-25 g while the optica! pickup 
units weight 2.5-4 g. 
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A tolerance analysis is not relevant for the forthcoming discussions and it 
will consequently not be addressed herein. 

Before proceeding further, it is important to review the definition of the 
access time. This performance parameter can be decomposed in five terms 
accounting for various delays in the system. It has been shown in Sec
tion 3.2.2 that 

Taccess = Tseek + T mot + '.Iiat + T ov + Tr (6.1) 

with the exact description of each term being already given at pages 99-102. 
The mechanical seek time Tseek from the above equation dominates nu

merically the other four terms. To give an example, Table 6.1 summarizes 
the average contribution of each term from Equation (6.1) in a CAV system 
where the disc is spinning at frot = 120 Hz. While Tseek is determined only 
by the radial loop electromechanics, the average latency is dependent on 
the overspeed profile as indicated by the three equations at page 101. 

Access Average 
time value 

component [ms} 

Tseek 

Tmot 

Tzat 

Tov 

Tr 

To.ccess 

70 
0 
4 
5 

10 

89 

Table 6.1 Average numerical values of 
the access time components in 
a 32X CAV drive. 

When random data access is performed, the corresponding average seek 
length between the initia! and the target subcode values is given by 

- 1 1~1~ ~~ D.S = s2 ISx -Syl dSxdSy = -3 
t~ 0 0 

(6.2) 

which has also been explained already in Section 3.2.2. By changing the 
integration variables, this equation can be rewritten as [142] 
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which represents a convenient formula in terms of metric lengths. Notice 
that many benchmark programs do not perform random access to deter
mine an average value Tseek hut they only carry out seeks of length Stot/3. 
This Jatter method has the advantage of being fast and is considered to be 
accurate enough to qualify the drive performance. A total number N 8 of 
seeks is therefore executed between the subcodes Si and Si+ flS, where Si 
is usually incremented with a small quantity óS before each new outward
oriented seek (i.e., Si+l = Si+ óS). Similarly, inward seeks are executed 
between Si and Si -flS with Si+t =Si -óS. The corresponding measured 
values of the access time can consequently be averaged and 

&S)] 
(6.4) 

is usually considered as a good approximation of the random access perfor
mance. The error introduced by third-stroke measurements with respect to 
the random seek benchmark will be addressed in the next section, by means 
of a numerical example, and the results will further be given in Section 6.3.3. 

6.3.2 The average sledge displacement and seek time 
A parameter which has practically no importance in CD-ROM drives is 
the average displacement of the sledge considered while randomly accessing 
data [142]. This parameter will play, however, an important role in the 
twin-OPU systems to be further discussed. 

Based again on the linear distribution of data: along the disc spiral, the 
sledge will move during a seek between two subcode values Sx and Sy that 
are randomly distributed between 0 and Stat· The average sledge displace
ment measured along a radial direction is then given by 

JR
2 VaqSy · +-- dSxdSy 
i 1r 

(6.5) 

which, in case of the system parameters listed in Section 6.3.1, leads to 

flD seek = 10.65 mm 
- 1-
flNtr = - flD8 eek = 6658 tracks 

q 

(6.6a) 

(6.6b) 



234 Chapter 6 - Twin-OPU CD-ROM Systems 

The notation 11N tr is obviously identified as designating the average number 
of crossed tracks, while disregarding the spiral effect discussed throughout 
Section 5.4. 

Similar equations can also be derived for the case of benchmarking with 
a fixed seek length 118 = St0 tf3. If Si is incremented óS seconds at each 
newly performed seek in a sequence, the total number of seeks equals 

N = lStot - K:s ij = l27r(R~ - Rl) ij 
8 óS + 3vaq · óS + (6.7) 

where the quantity between vertical bars is rounded by truncation to the 
closest integer. The average sledge displacement can now be determined by 
averaging the displacements 

R2 Vaq[(i-l)·óS+l1S] . + ---=---------=-
i 7r 

(6.8a) 

JR2 Vaq(i - 1) • óS - . + --'---'---
i 7r 

and 

l1DS; . = J R2 + VaQ [Stot - (i - 1) · óS] 
seek_m i 7r 

(6.8b) 

for ontward- and inward-oriented seeks, respectively. The discrete third
stroke equivalent of Equation (6.5) becomes 

(6.9) 

and leads to 

--si 
11D seek = 10.61 mm (6.10) 

if óS = 30 seconds is considered as a numerical example. Provided that 
third-stroke benchmarking performs a complete test for a fully recorded 
disc, the relative error between (6.6a) and (6.10) equals 0.43 3. It can also 
be shown (see further Section 6.5.1) that this error is very insensitive to the 
increment óS but it is sensitive to Stot for fixed values of 118. The latter 
dependency will be separately addressed in Section 6.3.3. 
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Further, notice that !:l.D seek and !:l.D ~iek are determining the average 
seek time when benchmarking with random or third-stroke seeks, respec
tively. As the numerical values (6.6a) and (6.10) differ insignificantly from 
each other, it may be expected that Taccess obtained with Equation (6.4) 
also represents a good approximation of the random access performance. 
The final numerical results will be listed at the end of Section 6.3.3, after 
introducing next the analytica! method for calculating the seek time. 

Another concept which is important when discussing the access perfor
mance is the sledge velocity profile. This profile should be optimized to 
obtain the shortest seek time for a given sledge/ actuator control strategy. 
Obviously, it is desired to minimize Tseek for all seek lengths and to reach the 
target track precisely at the end of the combined sledge-actuator displace
ment. The optimization procedure does not represent the subject of this 
chapter but, in order to have a reference for the approaching calculations, 
a certain form of optimized sledge profile must be considered. 

During an access procedure, the sledge motor accelerates up to a certain 
speed and brakes rapidly towards the desired target track. There are several 
ways to control the seek performance in CD-ROM drives. The most relevant 
strategies take into account either a fixed procedure for track acquisition5 

generally leading to a constant brake time n or braking always with max
imum torque, in which case Tb is accordingly varied for best performance. 
The former strategy has already been formulated in and used throughout 
Section 5.4.1. The latter method, on the other hand, can be regarded in 
terms of maximum slope of the braking curve. The necessary mathematica} 
condition is 

{
K vmax~ [e-(t-Ta)/Tm]} = 0 

bTake opu dt2 
t=Ta 

(6.11) 

and it will become clear when the velocity of the optical pickup unit will be 
analytically defined. In the above relation, Ta represents the acceleration 
time, Tm is the time constant of the sledge electromechanics, and v::;x 
stands for the maximum velocity which can be attained by the optical pickup 
unit (OPU) during acceleration. The coeffi.cient K&ake determines together 
with v::;x the maximum velocity during braking. 

5The track acquisition is performed while the sledge is braking and usually consists 
of repladng the sledge control by actuator control, followed by locking the spot onto 
the target track. As pointed out at the end of Section 2.3.6, the actuator acts as a 
master during this final stage of the seek. However, before entering this track acquisition 
procedure, the actuator was set follow the sledge ample and fast displacement. 
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Usually, the sledge motor driver supplies an output voltage of given am
plitude and of polarity which can be inverted. This implies Kbrake = 2 and, 
when accelerating and braking with maximum torque, the OPU velocity 
profile becomes 

( acceleration) 

(braking) 

(6.12) 

where both Ta and n must be calculated such that Tseek = Ta + n. In 
this respect, (6.12) differs from the profile (5.26) at page 211 where Tb was 
fixed for optimal track acquisition. Notice that Vopu(t, Ta) represents also 
the velocity of the sledge on which the OPU is consolidated. 

Equation (6.11) characterizing the maximum slope of the braking curve 
can now be clearly derived from the profile (6.12). The brake time can 
further be calculated from the condition Vopu(Tseek, Ta) 0 and leads to 

n = r m ln [ ~ ( 1 + e-Ta/7 m)] (6.13) 

for Kbrake = 2. Obviously, the time needed for braking the sledge depends 
on the previous acceleration time. The sledge controller may use a look-up 
table to generate the optimal sledge velocity profile. Two such profiles are 
plotted in Figure 6.1 fora short and a long seek and for the maximum sledge 
speed v;;,::x 0.24 m/s. Notice that both Equations (6.12) and (6.13) can 
be generalized for acceleration and braking velocities vc:;:uax which are not 
equal to each other (that is, for Kbrake =1- 2) hut this approach is beyond the 

20 40 60 80 100 120 140 160 180 

Access time [ms) 

Figure 6.1 Velocity profiles of the optica! pickup unit (and sledge) 
during a short as well as a long seek. 
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purpose of the forthcoming analysis. In fact, any other OPU velocity profile 
might be reduced to the typical maximum-torque curve defined by (6.12). 

The time interval needed for acceleration must be further determined by 
employing Equation (6.12) such that 

l 1T"+T1> 
ANtr = - Vopu(t,Ta)dt 

q 0 
(6.14) 

with ÄNtr standing for the seek length expressed in number of tracks to be 
crossed. This latter relation can now be rewritten for Tseek corresponding 
to random access performance and becomes 

_ l 1Toeek 
ANtr = - Vopu(t,Ta)dt 

q 0 
(6.15) 

where ÄNtr given by (6.6b) has been considered. For the maximum OPU 
(and sledge) velocity v;;:x = 0.24 m/s used in a 32X CD-ROM drive, 

Ta = 57.91 ms 

Tb= 12.79 ms 

T seek = 70. 70 ms 

(6.16a) 

(6.16b) 

(6.16c) 

and the latter numerical value of the average seek time will be used as 
reference throughout this chapter. 

Before proceeding further, it is important to emphasize once more tha.t 
Equation (6.12) describes an ideal sledge velocity profile which leads always 
to the shortest seek time for a given seek length. The performance of vari
ous twin-OPU constructions can thus be consistently compared aga.inst the 
average seek time (6.16c) of an optimized standard CD-ROM drive. 

6.3.3 Benchmarking revlslted 
As many benchmark programs are alrea.dy tuned for measuring third-stroke 
access performance, the corresponding seek time can a.lso be determined 
with Equation (6.14). This equality becomes 

Ts, 
aD!iek = 1 soek Vopu(t, Ta) dt (6.17) 

and leads to a numerical result which differs insignificantly from (6.16c). 
However, this difference becomes larger if the disc is not fully recorded 
while the average seek length t;.S remains fix:ed for a gîven benchmark. For 
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example, if ÄS = 23 minutes and Stot = 50 minutes, the error introduced 
by third-stroke benchmarking equals 9.4 %. To avoid this error, this type of 
benchmark programs must either adjust their third-stroke length depending 
on the amount of information on disc or use only a given disc for measure
ment. The latter method is commonly encountered because the program 
itself is delivered on the same disc. 

For the purpose of twin-OPU analysis, it is important to have also a ref
erence of the average seek time as determined with third-stroke benchmark
ing. Many test programs rely on Stot = 60 minutes and the corresponding 
ÄS = Stotf3. It follows from Equations (6.9) and (6.17) that 

,-si 
ÄD seek = 9.65 mm 
--s, 
ÄNtr' = 6031 tracks 

Ta = 53.64 ms 

Tb= 12.54 ros 

T seek = 66.18 ms 

(6.18a) 

(6.18b) 

(6.18c) 

(6.18d) 

(6.18e) 

and the latter numerical value will be kept as reference. It can be seen 
already from (6.16c) and (6.18e) that benchmark programs commonly used 
on the market deliver different results and, for this reason, the twin-OPU 
performance will be separately compared against these two references. 

6.4 Twin-OPU constructions 
Some computer disk-based storage devices, like the hard-disk, use several 
read (and write) heads to access data [97,98,99]. These heads are all placed 
on the same actuator which, in most cases, bas a rotary-arm construction. 
Inherent to these constructions is also the fact that data can be simultane
ously read from both sides of the disk and even from more disks spinning 
togèther around the same axis. 

In optical disk drives, however, the read head has always been associated 
with high costs because it employs relatively expensive optical components. 
Other costs are associated with the two-stage control strategy, where the 
ensemble sledge-OPU must be displaced in the radial direction during access 
procedures. Using more than one optical pickup unit would basically require 
multiplying not only the actuator, hut also the sledge electromechanics as 
well as the channel decoding circuitry. The additional costs might be justi-
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fied by better drive specifications provided that the associated performance 
improvements are significant. 

This section will discuss the theoretica} characteristics of the twin-OPU 
CD-ROM systems. It will be shown that the average seek displacement can 
be substantially decreased if not one hut two optica} pickup units are used 
to access the information on disc. The mechanica! constructions assocîated 
with twin-OPU CD-ROM drives will be presented and, accordingly, the 
algorithms that govern the seek displacement will be defined. 

The section is divided in three parts describing the coupled twin-OPU 
systems, the adaptive coupled twin-OPU and the independent twin-OPU 
configurations, respectively. Among these constructions, the novelty is given 
by the one where both optical heads are fixed on the same common sledge 
and are mechanically coupled to each other. 

6.4.1 Coupled optica/ plclcup units 

Mechanica/ constructions and related restrlctions 
As a concept already mentioned before and used throughout the whole 
chapter we introduce here the following 

Definition: Two optical pickup units are said to be coupled if they are me
chanically fixed to a common body such that, when both are at rest, their 
positions measured along the disc radial direction only differ by a constant. 

Figure 6.2 Mechanica! constructions of coupled optica! pickup 
units positioned at the same side and at opposite 
sides of the disc diameter, respectively. 
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Two alternative constructions are presented in Figure 6.2. It is important 
to mention that both optical pickup units are identical, which contributes 
positively to the cost-performance compromise. 

The fixed constant separating the two OPUs is obviously equal to the 
distance D12 between them. When a seek is considered, the common sledge 
should be displaced such that one of these optical pickup units approaches 
the desired target track. A seek decision algorithm should be employed and, 
from this viewpoint, the two constructions from Figure 6.2 are completely 
equivalent. It is therefore sufficient to deri:ue all forthcoming equations only 
for the twin OPUs fixed at the same side of the disc diameter. It will be 
assumed, however, that Equation {6.12) remains valid6 and characterizes 
the velocity profiles of both sledges from Figure 6.2. 

Before proceeding further, a coherent naming convention is needed. The 
inner optical pickup unit, which is closer to the disc center hole, will be 
designated as 0 P U-1 and the related parameters will consequently bear 
the corresponding numerical index. Similarly, the outer OPU will be called 
OPU-2 and will also lend its index to all associated parameters. 

Depending on the distance D12 between the two optical units, there are 
some mechanical limitations which are depicted in Fig. 6.3. We define the 
following metric lengths: 

llm ::-
R 

Ro ::: 
Rmax -

012 - -
R1 ::- ~ OPl,;l.2 

~. 
/' 012 Ldz 

OPl,;l.1 

Geometrical shadow Operating region 

," otopU-2 ~1" forOPU-2 ~ 

Figure 6.3 Metric lengths of the coupled twin-OPU construction. 

6 As already mentioned in a footnote at the end of Section 6.2, an additional OPU 
accounts for 10-15 3 increase of the total mass to be displaced. This leads, in turn, to 
another mechanica! time constant Tm in Equation {6.12) and to somewhat higher power 
consumption during seek. In this respect, the construction from Figure 6.2-B is evidently 
inferior to the one from Figure 6.2-A. 
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Ldz length of the <lead zone in the middle of the program area where 
the information cannot be read by any of the OPUs, unless OPU-2 
exceeds the outer radius R0 of the program area 

Rum - maximum radius which should be reached by OPU-2 in order to 
allow reading of the <lead zone in all situations 

Rrnax maximum radius which can be reached by OPU-1 and behind 
which it can never read data 

The first two parameters enumerated above have a straightforward geomet
rical interpretation and are given by 

L 
_ {2D12 - (Ro - Ri) 

dz -
0 

and 

if D12 ~ (Ro - Ri)/2 

otherwise 
(6.19) 

(6.20) 

respectively. On the other hand, the maximum radius Rmax depends closely 
on the particular algorithm describing the displacement of each optical 
pickup unit. These algorithms will be discussed later in this section. The 
fixed distance D12 will be determined according to some optimization crite
ria and is always measured between the two centers of the radial actuators, 
as there is no force which acts upon them (actuators at rest). Notice also 
that, because the OPUs are fixed to each other, none of them can enter a 
given region of geometrical shadow. This region is illustrated in Fig. 6.3 for 
OPU-2 and is delimited by the radii Ri and Rmax, respectively. Ina similar 
way, the geometrical shadow for OPU-1 resides at the outer diameter and 
begins at the radius Rum - D12-

Functionality 
At first glance, the operation mode of the system depicted in Figure 6.2 
looks rather simple. The first assumption is that only one OPU performs 
data read-out at a given moment in time. Accordingly, based on the ob
tained subcode timing, the position of the other optical unit can be derived 
by subtracting or adding the constant D12. If data access is required, the 
drive microcontroller will have to decide which of the OPUs is the one to 
reach the target. This decision relies on a given algorithm and the sledge 
will consequently move along the distance 

(6.21) 



242 Chapter 6 - Twin-OPU CD-ROM Systems 

with 

D..D1seek = R?+ JR2 + VaQSy (6.22a) 
i 

1r i 1î' 

D..D2seek = R 2 VaQSy ·+--
i 1î' 

(6.22b) 

being the distance measured radially from each OPU center to the target 
track. The notation :F( · , ·) defines a displacement function associated with 
a given seek algorithm, S1x and S2x are the subcode values corresponding 
to the read-out positions of each OPU before seeking, and By represents 
the target subcode. As pointed out before, it is not necessary to read both 
subcode values S1x and S2x because they are related to each other through 
one of the relations 

D..D1seek D..D2seek ± D12 

D..D1seek + D..D2seek = D12 

(6.23a) 

(6.23b) 

depending on the position of the target track. Recall, however, that all 
equations are derived for the construction from Figure 6.2-A. From a me
chanical standpoint, the distance D12 should definitely obey some tolerances 
in order to minimize the errors introduced by the latter two calculations. 

Following the sledge displacement given by Equation (6.21), a correction 
seek will only be carried out with that optical pickup unit that comes closest 
to the target. We call this OPU the active one, also because it switches to 
data read-out as soon as the target track bas been found. As for the other 
OPU, designated as passive, the action to be taken depends on the control 
procedure. In an optimally designed system the actuator corresponding to 
the passive OPU will either have to be brought at rest or driven in parallel 
with the active actuator, by the same voltage. This choice also depends on 
the exact control rules used in the radial loop. 

The average sledge displacement for coupled twin-OPU systems can now 
be determined with an equation similar to (6.5) and becomes 

(6.24) 

where Sx and Sy are random subcodes values distributed along the disc 
spiral. Notice that :F(D..D1seek, D..D2seek) has already been replaced by 
:F'(Sx, Sy) because of the four previous relations (6.22a) through (6.23b) 
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defining the distances flD1seek and flD2seek· 

Displacement algorithms 
Before proceeding further to discuss the seek decision algorithms, it is nec
essary to define some displacement constraints for each of the optical heads. 
Keeping in mind that the OPUs are coupled, the following possible two de
gree of freedom are considered: 

..,.I> Algorithm A. Each OPU is only responsible for a half of the pro
gram area, measured in terms of metric lengths along the disc radius. When 
related to Fig. 6.3, this condition becomes 

Rmax = {
Hi + D12 if D12 ~ (Ro - Ri)/2 

Ri + (Ro - Hi)/2 otherwise 
(6.25) 

llli-1> Algorithm B. Each OPU can move anywhere along the disc radius, 
except within its own geometrical shadow. In terms of metric lengths, this 
condition can be written as 

if D12 ~ (Ro - Hi)/2 

otherwise 
(6.26) 

The need for a displacement algorithm associated with some constraints 
is necessary to further define the function :F'(Sx, Sy) and correctly split the 
double integral from (6.24) between several integration limits. Complemen
tary to the above two equations is also the fact that a given subcode Sx 
will never be read by the inner optical head if it leads to a target radius 
Rx(Sx) > Rmax· Consequently, before the seek is carried out, the inner 
OPU will find itself at the radius 

if Rx(Sx) > Rmax 

otherwise 
(6.27) 

which is dependent both on the initial subcode Sx and on the displacement 
algorithm given by ( 6.25) or ( 6.26). Notice in the latter relation the sub
script of the radius Rix(D12, Sx) indicating the correspondence with OPU-1. 
The outer optical pickup unit will then be situated at 

(6.28) 

before the seek action is performed. 
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Equations (6.25) through (6.28) are sufficient to describe the displace
ment algorithm for the sledge and, moreover, they uniquely determine two 
annular zones on the disc where each OPU may read data from. In addition, 
Equations (6.27) and (6.28) also define a reference, namely the optical head, 
for the integration formula (6.24). 

Seek decision algorithms 
It has been assumed until now that D12 represents a fixed distance, up to 
some given mechanica! tolerances. However, in an optima! CD-ROM system 
based on coupled twin OPUs, the distance D12 should be chosen in such a 
way that the average sledge displacement ó.Dtwin is reduced to a minimum. 

The length of the seek presumptively to be performed by each of the 
optica! heads towards the target track can be derived from Equations (6.22a) 
through (6.23b). These seek distances are given by 

d1(D12,Sx,Sy) = IRix(D12,Sx)-Ry(Sy)I 

d2(D12, Sx, Sy) = IR1x(D12, Sx) + D12 - Ry(Sy)I 

{6.29a) 

(6.29b) 

and are now not only dependent on the initial subcode timing Sx and the 
target subcode timing Sy, but also on D12- Notice also that di(D12, Sx, Sy) 
and d2(D12, Sx, S11 ) seems not to be determined by the choice of the algo
rithm A or B previously presented, their definition being purely derived 
from the geometrical construction depicted in Figure 6.2-A. However, the 
radius Rix(D12, Sx) at which OPU-1 resides before the sledge begins its 
movement is given by Equation (6.27) and is dependent on Rmax, therefore 
on either algorithm A or B. Further, 

R2 VaQSy .+--
i 1l' 

(6.30a) 

(6.30b) 

designate the radii corresponding to the initia! and target subcode values, 
respectively. 

We have arrived at a point where the seek decision algorithms can be 
defined. The displacement function :F'(Sx, Sy) from Equation(6.24) will 
now depend on one more variable, namely the distance D12 between OPUs. 
This distance must further be determined through optimization procedures. 
Depending on the algorithms constrained by (6.25) or (6.26), the new dis
placement function denoted by 1l(D12, Sx, S11 ) takes one the following forms: 
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..,.!> Algorithm A. Each OPU is only responsible fora half of the program 
area, measured in terms of metric lengths along the disc radius. 

d1(D12,Sx,S11 ) if 

d1(D12,Sx,Sy) ~ d2(D12,Sx,S11 ) and 

d2(D12, Sx, 811 ) ;:i: D12 and 

d1(D12,Sx,Sy) ;:i: Rix(D12,Sx)-Rmax 

di(D12, Sx, S11 ) if 

d1(D12,Sx,Sy) ~ d2(D12,Sx,Sy) ~ D12 

and 

d1(D12, Sx, Sy) ~ Rmaz - R1a:(D12. Sa:) 

d1(D12,S:i:,Sy) if 

d2(D12, S:i:, S11 ) ~ di(D12, S:i:, 811 ) and 

d1(D12,S:i:,S11 ) ~ Rmaz -R1x(D12,S:i:) 

d2(D12, S:i:, S11 ) elsewhere 

(6.31) 

..,.!> Algorithm B. Each OPU can move anywhere along the disc radius, 
except within its own geometrical shadow. 

d1(D12, S:i:; S11 ) if 

di(D12, S:i:, 811 ) ~ d2(D12, Sx, S11 ) and 

d2(D12, Sx,S11 ) ;:i: D12 

d1(D12,Sx,S11 ) if 

d1(D12,Sx,S11 ) ~ d2(D12,S:i:,S11 ) ~ D12 

and 

d1(D12,S:i:,S11 ) 

~ Rum(D12)Rix(D12, Bx) - D12 

d1(D12,Sx,S11 ) if 

d1(D12,Sx,S11 ) ~ D12 and 

d2(D12, Sx, Sy) < d1(D12, Sx, 811 ) and 

Ry(D12, 811 ) < Bi+ D12 

d2(D12, Sx, 811 ) elsewhere 

(6.32) 

The functions defined by Equations (6.31) and (6.32) are graphically 
displayed in Figures 6.4 and 6.5, respectively, for two values of· D12. It 
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F'1gure 6.4 Seek regions allocated to each optica! pickup unit and the 
corresponding seek lengths when starting from the initial 
disc radius Rînit (algorithm A). 

is assumed on both figures that OPU-2 is passive just before seek while 
OPU-1 reads a subcode timing S:e corresponding to R:e(S:e) = Rînit· The 
seek is performed by the sledge towards another subcode value Sy with 
Ry(S11 ) E [Bi, R0 ]. The seek lengths are given either by Equation (6.29a) 
or (6.29b), depending on which optica! head moves towards the target ra
dius. Clearly, the displacement functions previously de:fined divide the whole 
program area in two annular operating regions, each region beîng allocated 
to only one OPU. The exact influence that Di2 has upon the seek length 
can, hoW'ever, hardly be identified from Figures 6.4 and 6.5. An analytical 
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Figure 6.5 Seek regions allocated to each optica! pickup unit and the 
corresponding seek lengths when starting from the initial 
disc radius ~nit (algorithm B). 
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approach becomes therefore necessary to establish the best choice for the 
distance between the two optical pickup units. 

Optima/ dlstance between OPUs 
The decision algorithms can now be used to calculate the average seek dis
placement defined by Equation (6.24). This displacement becomes 

(6.33) 
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and is dependent on the distance D12 that should to be optimized. Re
mark that 1-l(D12, Bx, Sy) represents a general notation for a seek decision 
algorithm and, thus, it does not bear any subscript as originally defined in 
Equations (6.31) or (6.32). 

The function tl.Dtwin(D12) is graphically represented in Figure 6.6 for 
algorithms A and B, respectively. Both plots exhibit a minimum that is 
reached when 

d -
dD

12 
tl.Dtwin(D12) = 0 (6.34) 

and corresponds to only one fixed value of D12. Depending now on the 
algorithms previously defined, the optimal distance between OPUs and the 
associated average seek displacement can be calculated numerical1y and the 
results are as follows: 

•t> Algorithm A. Each OPU is only responsible fora half of the program 
area, measured in terms of metric lengths along the disc radius. 

D12=16.8 mm 

tl.Dtwin(D12) = 5.44 mm 

(6.35a) 

(6.35b) 

•t> Algorithm B. Each OPU can move anywhere along the disc radius, 
except within its own geometrical shadow. 

D12=14.3 mm 

tl.Dtwin(D12) = 5.-08 mm 

(6.36a) 

(6.36b) 

By recalling the numerical values from Equations {6.6a) or (6.18a), it 
can be seen immediately that two coupled optical pickup units lead to a 

~~~~10~-,~5--=':-"--=---=':--~~ 

Olstance _, OPU• [mmj Oillanoe-OPU..[mmj 

Figure 6.6 Average sledge displacement as function of the distance 
between OPUs for algorithms A and B. 
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far better average sledge displacement than achieved in standard CD-ROM 
drives. Roughly speaking, when random data access is carried out, the 
sledge moves a factor two less than in a system with only one OPU. Better 
results can be obtained by using the algorithm B, when the OPUs are not 
limited to corresponding halves of the program area. 

As a last remark, notice that a switch procedure between the two optica! 
heads should also be considered during playback. An adequate algorithm 
might be elaborated, for instance, by buffering the data situated at the bor
der between the two annular operating regions. Another possibility may 
consider an extensible length Ldz of the dead zone (see Fig. 6.3) such that 
continuous playback becomes generally possible. 

Average seek time in coup/ed twin·OPU systems 
For each of the seek displacements 6.Dtwin(D12) given by Equations (6.35b) 
and ( 6.36b), respectively, the corresponding average seek time can be deter
mined. The optima! sledge profile described in Section 6.3.2 will be again 
taken into account and the results are summarized below. 

•1> Algorithm A. Each OPU is only responsible for a half of the program 
area, measured in terms of metric lengths along the disc radius. 

6.Dtwin = 5.44 mm 

6.N tr = 3400 tracks 

Ta = 35.20 ms 

n = 10.69 ms 

Tseek = 45.89 ms 

(6.37a) 

(6.37b) 

(6.37c) 

(6.37d) 

(6.37e) 

..,.!> Algorithm B. Each OPU can move anywhere along the disc radius, 
except within its own geometrical shadow. 

6.Dtwin = 5.08 mm 

6.N tr = 3175 tracks 

Ta = 33.56 ms 

Tb= 10.44 ms 

T seek = 44.00 ms 

{6.38a) 

(6.38b) 

(6.38c) 

(6.38d) 

(6.38e) 

The average seek time given by Equation (6.16c) for standard CD-ROM 
drives is clearly reduced with 35 % by algorithm A and with 38 % by algo
rithm B, respectively. This improvement is achieved by using only a slightly 
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more powerful sledge motor which is needed to compensate for the mass of 
the second OPU (see Section 6.4.1). The rest of the servo electromechan
ics may remain unchanged and, as it will be seen later, the corresponding 
control electronics do not necessarily become more complicated and very 
expensive. 

Servo e/ectronics tor coupled twin-OPUs 
Because the optical heads are not mechanically independent but coupled to
gether on the same sledge, only knowledge about the position of one of them 
is needed before any seek. Equation (6.28) can then be used to determine 
the location of the other OPU. It is therefore not necessary to duplicate any 
servo function hut a master-slave concept can be used. 

A schematic diagram of the servo electronics is presented in Fig. 6. 7. The 
master servo circuitry supervises always that particular optical pickup unit 
which is at playback. Complete focus and tracking functionality should be 
provided, as well as integration of the tracking function together with the 
sledge control electronics. In this respect, there is no difference between a 
two-stage radial control electromechanics as described in Section 2.3.6 and 
the playback control from Fig. 6.7. 

The slave servo unit has the task of keeping the distance D12 constant 
during playback. This operation could be achieved by supplying the actua
tors of both active and passive OPUs with the very same voltage, although 
only the former reads out data. Another method could be to keep the pas
sive OPU at rest, while advancing the sledge sufficiently often7 to practically 
preserve the center position of the active optical head during playback. Yet 
another method is to measure, during playback, the deviation óD12 of the 
active OPU with respect to its center position and use the new distance 
Db = D12 + óD12 to calculate the seek lengths (6.23a) and (6.23b). 

When data access is required, the microcontroller knows already the exact 
radial position of the active optical pickup unit and calculates the location 
of the passive one. Depending on the implemented seek decision algorithm, 
it will be established which of the OPUs has to reach the target track. The 
master servo unit takes eventually control of this OPU and cooperates with 
the sledge to carry out the seek action. 

The high-frequency amplifier, as depicted in Fig. 6.7, is duplicated to 
avoid the switching of very low currents delivered by the photodiodes (see 

7In a standard two-stage radial control (see Section 2.3.6), the sledge is normally set 
to slowly follow the actuator movements. 
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Figure 6.7 

HF 
amp. 

HF 
amp. 

Data 
output 

···--+<> 

Block diagram of the servo electronics in 
a coupled twin-OPU CD-ROM drive. 
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Section 2.5.2). This amplifier contains circuits for generating the radial and 
focus as well as the read-out HF signals. However, it is still possible to use 
only one device for preprocessing of the photodetector currents provided 
that it is specifically designed for twin-OPU CD-ROM drives. Whatever 
the case is, switching between the OPU outputs takes always place under 
the drive microcontroller supervision. 

As a short conclusion, it can be seen that relatively simple master-slave 
control electronics might be employed to radially position the sledge and the 
twin-OPU ensemble during both playback and seek procedures. Consider
ing the significant improvement of the seek performance, additional costs 
especially related to the second actuator and HF amplifier could justified. 

6.4.2 Adaptive-length coupled optica/ heads 
Equations (6.33) and (6.34) suggest that an optima! distance D12 between 
the two optical heads can be found for any particular disc. The correction 
factor should be related to the last subcode value Stot recorded on disc or, 
in other words, to the length of the recorded spiral. 
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Algorithm A Algorithm B 
Stat 

6.Dtwin Tseek ADtwin Tseek 

30 5.85 47.98 4.95 43.31 
40 5.73 47.37 4.84 42.72 
50 5.19 44.58 4.59 41.37 
60 5.12 44.21 4.62 41.53 
69 5.44 45.89 5.08 44.00 
74 5.77 47.57 5.54 46.40 

Table 6.2 Average sledge displacement and seek time for various values 
of the total subcode timing, when the distance between OPUs 
is optimized for Stot = 69 minutes. 
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Figure 6.8 Average seek time error when the distance between 
OPUs is optimized for Stot = 69 minutes. 

On the contrary, if the distance between OPUs remains constant for any 
disc, deviations from the optimal average seek time will be measured. The 
results obtained by repeating the previous calculations for several values of 
the total subcode timing are presented in Table 6.2. The nomina] situation 
from this table corresponds to Stot 69 minutes and to Equations (6.37a) 
through (6.38e). A total subcode timing above 69 minutes is obtained for 
disc parameters that exhibit tolerances with respect to the nominal values 
listed at page 231 while Stot < 69 minutes corresponds to discs not fully 
recorded. The relative error that affects the average seek time when com
pared to the nominal situation is plotted in Fig. 6.8. 

The first conclusion to be drawn from the above plots is that algorithm B 
is more sensitive to the total amount of data along the spiral when the dis-
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tance D12 is optimized for a nominal fully-recorded disc. A second and very 
important conclusion is that, for partially-recorded discs, both algorithms 
lead to improved seek performance. Larger average seek times than nom
inal are obtained, however, when using algorithm A in combination with 
discs which are more than half empty. Third, the average seek performance 
becomes worse for very large amounts of data ( Stot, > 69 minutes), exactly 
as in standard one-OPU CD-ROM drives. 

If the errors of several percents from Fig. 6.8 must be avoided (recall 
that any improvement is welcome at high speeds), two solutions are al
most straightforward. Foremost, the distance D12 can be optimized for the 
maximum total subcode timing 

1r [R~ - (Rï - ó.Rï)2) • 
Stot_ maz = ( ~ ) ( ~ ) = 80 mmutes 

Va - oVa q - f.Jq 
(6.39) 

where 6.Rï, 6va, and 6q designate absolute tolerances of the system param
eters as given in Table 2.4 at page 91. This approach guarantees good 
average seek performance for Stot, < Stot_ maz. However,. it is also possible 
to have a mechanical construction which allows tuning the distance D12 

between OPUs depending on the total amount of information on disc. Such 
adaptive-length coupled twin-OPU systems have to perform a sort Qf cali
bration right after power up. Because the calculation of the optiinal distance 
D12 cannot be carried out in real time, an approximation of·Equation (6.34) 
should be implemented. The function 

(6.40} 

can be stored in a look-up table for several discrete values stot < Stot,_ma:i: 
and the microcontroller can further interpolate linearly through these given 
points. For the sake of completeness, Fig. 6:9 shows the continuous de
pendency D12(Stot) on which Equation (6.40) relies and the corresponding 
values of the average seek time. Notice on this figure the superior perfor
mance of algorithm B when the distance D12 between the optical · pickup 
units is adaptively adjusted as a function of the amount of data on disc. 

Before closing this section, it is important to remark that mechanical con
structions that allow tuning of the distance D12 may increase substantially 
the moving mass. In turn, more electrical power is needed to obtain the ref
erence sledge velocity profile considered at page 236. The system may also 
become more expensive and the overall price-performance trade-off might 
not be justified. 
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Figure · 6.9 Dependency of the optimal distance between OPUs on 
the total subcode timing and the corresponding average 
seek performance. 

6.4.3 Independent twln optica/ plclcup units 

llechanlcal constructlon and functlonallty 

A mechanica! concept that uses two completely independent optical heads 
can also be used to reduce the ávefäge seek time. This construction needs 
two independent carriages, which increases the overall cost of the drive, but 
the control of both sledge-OPU ensembles might be achieved by means of 
a single two-stage servo loop. This implies an electricai architecture similar 
to the one depicted in Figure 6.7. In addition, a memory element is needed 
to retain the radial position of the passive sledge-OPU èlement once it stops 
reading out data. 

The independent optica! heads can be positioned at the opposite sides 
of the center hole or, more genera!, such that their sledge radial directions 
close a geometrical angle less than 180°. The latter construction accommo
dates better the various mechanica! limitations which arise from the limited 
space inside the casing. For simplicity reasons, but without reducing the 
geneJ,"ality of the seek time improvement, the former construction will be 
used. throughout this section. 

Before a seek action is performed, the microcontroller decides which of 
the sledge-OPU ensemble is going to approach the target track. Two algo
ritbms will be defined later and the seek distance given by Equation ( 6.21) 
remains valid. Preserving the notation used for coupled twin-OPUs, the 
dependency :F(tl.Dlseek, tl.D2seek) will be ultimately replaced by a function 
1l of subcode values. This function will bear subscripts designating the cor
responding seek decision algorithm. Equation (6.24) remains also valid for 
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calculating the average sledge displacement. Notice, however, that f:l.Dtwin 

is now obtained from two independent sledge displacements hut only one 
sledge-OPU ensemble executes a seek. The rest position of the other sledge
OPU element should be explicitly defined by the displacement algorithm. 

D/splacement algorlthms 
If the optica! heads are independent from each other, it can assumed that 
any of them can freely move to any target track between Ri and R0 • Two 
situations çan basically be defined: (i) the passive OPU returns always to 
a given radial location and waits there until the active QPU finishes its 
seek/playback task; (ii) the passive pickup unit remains fixed at the radial 
location where it has stopped reading out data and the active one performs 
consequently the requested seek. Intuitively, in the former case, the pro
gram area should be divided in two operating regions to reduce the average 
seek displacement for each OPU. In the latter case, there is no restriction at 
all with respect to any operating region. The corresponding displacement 
algorithms are defined below: 

a.t> Algorithm C. Each optica} head is responsible for half of the pro
gram area measured in terms of metric lengths in the radial direction. The 
regions of action for each OPU are separated by 

Ro-Ri 
Rmax = 

2 

and, when not at read out, the OPUs reside at the wait radii 

and 

respectively. 

Riw = Ri + !(Ro - Ri) 
4 

3 
R2w = Ri + -(Ro - Ri) 

4 

(6.41) 

(6.42a) 

(6.42b) 

A variation of this algorithm can also be considered by moving the passive 
OPU to a wait radius that is not fixed, hut dynamically calculated before 
executing a seek procedure. For instance, this radius can be radially situated 
at half distance between the last subcode read with one OPU and the new 
target subcode to be approached with the other optical head. This variation 
of algorithm C will not be diScussed herein, although it could lead to better 
seek performance than obtained with equations (6.42a) and (6.42b). Other 
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algorithms which rely on rest radii optimized for seek performance can also 
be elaborated. Equations (6.42a) and (6.42b) are used, however, as reference 
henceforth . 

.-t> Algorithm D. Each optical head can freely move to any position along 
the disc radius. When a seek command is issued, the sledge transporting 
that OPU which is closest to the target track will carry out the necessary 
mechanica! displacement. The algorithm also requires that the pickup unit 
which has not moved to the new target will remain at rest, in pause mode, 
at the same location where it has finished its seek/playback task. 

The definition (6.3) must be reconsidered because the radius Rmax will 
now be dynamically determined by the current OPU positions just before 
every seek. It follows that 

Rmax = 1 R1x(S1x) ; R2x(S2x) 1 (6.43) 

where Rix(S1x) and R2x(S2x) are related to the corresponding subcode val
ues through a relation similar to (6.30a). 

Variations of algorithm D can also be elaborated. For instance, the optical 
head that is not going to approach the target track may be moved to a 
strategie position in order to favor the next seek. As mentioned already for 
algorithm C, this position can be radially situated at half distance between 
the last subcode read with one OPU and the new target subcode to be 
approached with the other optical head. This variation of algorithm D 
will not be discussed herein éither, although good seek performance can be 
intuitively expected. 

Seek decision algorlthms 
The distances from each OPU to the target subcode Sy are given by 

di(Six, Sy) = IR1x(S1x) - Ry(Sy)I 

d2(S2x, Sy) = IR2x(S2x) - Ry(Sy)I 

if the corresponding optical head is at read out, and become 

diw(Sy} = IRw1 - Ry(Sy)I 

d2w(Sy) = IRw2 - Ry(S11)I 

(6.44a) 

(6.44b) 

(6.45a) 

(6.45b) 

if that OPU is at rest, at the location calculated with Equations (6.42a) 
and {6.42b), respectively. The radius Ry(S11 ) is given by the equality (6.30b). 
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Notice that Six and S2z cannot be simultaneously read out unless two com
pletely separated servo and channel electronics are used for each actuator. 
If this is not the case (as depicted in Fig. 6.7 at page 251, for example), one 
of these two subcode values originates from a previous seek/playback action 
and should be held in memory by the microcontroller. 

~l> Algorithm C. Each optica! head is responsible for half of the program 
area measured in terms of metric lengths in the radial direction. The seek 
decision algorithm is defined by 

di(S1.x, Sy) if R1:1;(Siz) ~ Rmax and 

Ry(S11 ) ~ Rmaa: and 

R2z = R2w 

d2w(S11 ) if Rix(S1x) ~ Rma:e and 

Ry{Sy) > Rmax and 

'flc (Six, S2x, Sy) = R2z = R2w 
(6.46) 

d2(S2x,S11 ) if R2.x(S2x) > Rma.x and 

Ry(S11 ) > Rma:e and 

Rix = R1w 

-d1w(S11 ) if R2x ( S2x) > llmaz and 

Ry(Sy) ~ R.mo..r: and 

Rix = Riw 

and some representative seeks are plotted in Fig. 6.10 where the two oper
ating regions can a1so be clearly identified. The pickup head, which has 
just finished its seek/playback task, resides at the initia! radius ll?.nit while 
the other OPU is at rest at its corresponding wait radius. 

~l> Algorithm D. Each optica! head can freely move to any position along 
the disc radius and remains there after it has completed its seek/playback 
task. Obviously, because no displacement restriction at all is taken into 
account, the seek decision algorithm 

(6.47) 

becomes very simple at the expense of somewhat more complex servo and 
channel electronics. Several plots of the function :Fd (S1x, S2x, 811 ) for fixed 
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Rïnit (algorithm C). 
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Figure 6.11 Seek lengths and dynamically-allocated operating regions for 
two independent optical pickup units ( atgorithm D ). 
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positions of the pickup units are given in Fig. 6.11. These positions corre
spond to the last two subcode values which were read out at the end of a 
previous seek/playback action and before the very next seek is going to be 
performed, respectively. The dynamic maximum radius (6.43) up to which 
the inner optica! head (considered just before seek) is allowed to move can 
be clearly distinguished in all plots from Fig. 6.11. 

Average seek time tor independent twin-OPU systems 
The seek performance can be estimated starting again from the average 
sledge displacement defined by Equation (6.24). The seek time can then 
be determined with the relation (6.15) where the reference velocity profile 
Vopu(t, Ta) already used for coupled twin-OPU systems will also be em
ployed. It becomes therefore possible to compare later the performances of 
all four algorithms discussed until now. 

Before proceeding further, notice that both algorithms C and D are de
pendent on three variables, namely the subcode values S1x, S2x, and Sy. 
For this reason, Equation (6.24) turns into 

_ 1 1Sto1Sto1Stot 
A.Dtwin = S3 11.(Slx, S2x, Sy) dS1xdS2xdSy 

tot 0 0 0 
(6.48) 

where a third integral has been introduced to correctly average the overall 
displacement of the two independent OPUs. The subscript indicating the 
displacement algorithm has been deliberately omitted to obtain a genera! 
formula . 

._t> Algorithm C. Each optica! head is responsible for half of the program 
area measured in terms of metric lengths in the radial direction. 

This algorithm also specifies a wait location for that OPU which is not at 
playback. It follows from the definition of 1ic (Slx, S2x, Sy) that Slx and S2x 
become equivalent during integration and Equation (6.48) degenerates back 
into (6.24). This can easily be explained by observing that a subcode timing 
Sx used for integration will bear the subscript of OPU-1 within the region 
[~, RmaxJ and the subscript of OPU-2 within [Rmax, R0 ], respectively. 

The seek performance calculated as discussed above leads to the numer
ical results 

A.Dtwin = 4.82 mm 

A.N tr = 3012 tracks 

Ta = 32.37 ms 

(6.49a) 

(6.49b) 

(6.49c) 
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n = 10.25 ms 

T seek = 42.62 ms 

(6.49d) 

(6.49e) 

which represent an improvement of 40 % with respect to the average seek 
time (6.16c) of a standard single-OPU CD-ROM drive . 

..,.C> Algorithm D. Each optica! head can freely move to any position along 
the disc radius and remains there after it has completed its seek/playback 
task. As this algorithm does not limit the access of any of the two pickup 
units toa particular operating region, Equation (6.48) must be used to ob
tain the average sledge displacement. The corresponding numerical results 
are 

ADtwin = 6.65 mm 

ANtr = 4155 tracks 

Ta = 40.54 ms 

Tb= 11.39 ms 

Tseek = 51.93 ms 

(6.50a) 

(6.50b) 

(6.50c) 

(6.50d) 

(6.50e) 

and the improvement of about 26 % with respect to (6.16c) is not very 
prominent. 

6.5 Benchmarking of twin-OPU drives 
6.5.1 Genera/ calculations 
lt has already been shown in Sections 6.3.l and 6.3.2 that random data 
access leads to an average seek length AS = Stot/3 expressed in subcode 
timing and to an average seek displacement AD seek measured along the disc 
radius. The latter has been further generalized and shown to be given by 
Equation (6.24) at page 242 for twin-OPU drives. 

Another conclusion derived from the two sections mentioned above is that 
benchmarking with third-stroke seeks of length Stot/3 leads to seek time 
measurements which differ insignificantly from random seek benchmarking. 
This conclusion is numerically confirmed by Equations (6.6a) and (6.10). 
However, third-stroke benchmarking may lead to different performance re
sults when a given total subcode timing Stot. say 60 minutes, is assumed for 
all discs. This situation has been discussed in Section 6.3.3 and numerically 
concluded by Equation (6.18e). 
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The seek response of all twin-OPU systems presented by now has already 
been calculated for random data access. Nevertheless, third-stroke bench
marking remains very important because it is a fast test method and because 
it is used by some commercial test discs. It makes therefore sense to deter
mine the third-stroke seek performance of twin-OPU drives and compare it 
with a standard reference, like ( 6.18e). Moreover, the distance D12 between 
two coupled optical heads can also be optimized to spedfically improve the 
benchmarking results. 

The total subcode timing Stot = 60 minutes and the seek length A.S = 
20 minutes already adopted in Section 6.3.3 will also be used during the 
forthcoming calculations. Equation (6.9) at page 234 can be generalized for 
58 .....+ 0 and becomes 

- 1 
ö.Dbench = -------

2(Stot - ö.S) 

.[ {Stot -ïS:S {Stot l 
x Jo :F(Su:.) dSu:. + h~.s :F(Su:.) dSx 

3 [12Stot/S 1Stot l = 
48 

:F(Su:.) dS:ii + :F(Sa:) dSx 
tot 0 . Stot/3 

(6.51) 

where Sx is uniformly distributed along the disc spiral and the displace
ment function :F(Sx) will also bear subscripts designating one of the four 
algorithms already discussed. This function is now dependent only on Bx 
beca.use the radii (6.30a) and (6.30b) can be rewritten as 

(6.52a) 

R2 Vaq(Sx ± A.S) . + _....;_ __ ___ 
i 1r 

(6.52b) 

The plus/minus sign before A.S indicates an ontward- or an inward-oriented 
seek, respectively. Notice also that ö.Döench = A.Döench(D12) for the algo
rithms A and B, which allows the calculations of the optim.al distance D12. 

Before proceeding further with twin-OPU benchmarking, the generalized 
equation (6.51) will first be applied for a simple CD-ROM drive. The dis
placement function is obviously given by :F(Sx) = IRx(Sx) - Ry(Sx)I and 
the relations (6.18a) through (6.18e) become 

ADS"' ~ seek = 9.64 mm (6.53a) 
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!:l.N t~"' = 6026 tracks 

Ta = 53.60 ms 

n = 12.54 ms 

T seek = 66.13 ms 

(6.53b) 

(6.53c} 

(6.53d) 

(6.53e} 

where the discrete subcode values si have been substituted by the con
tinuous integration variable Sx. The affirmation made in Section 6.3.2 that 
Equation (6.9} is very insensitive to the increment óS can now be verified by 
comparing the latter five results with the relations (6.18a) through (6.18e). 
The average seek time Tseek = 66.13 ms recently obtained will now be used 
for further references. 

6.5.2 Benchmark results tor coupled twin-OPU systems 
It is assumed here that D12, as given by Equations (6.35a) and (6.36a), rep
resents the optimal distance between optical heads when seeking according 
to the algorithms A and B, respectively. The seek lengths correspond
ing to these va.lues of D12 as well as corresponding to other two distances 
considered not optimal are plotted in Fig. 6.12. By averaging now all third
stroke sledge displacements with (6.51) and using 

{Taeek 
!:l.Dbench =Jo Vopu(t, Ta) dt (6.54) 

to calculate the seek time, the following results are obtained: 

..,.I> Algorithm A. Each OPU is only responsible fora half of the program 
area, measured in terms of metric lengths along the disc radius. 

!:l.Dbench = 8.26 mm 

!:l.Ntr = 5162 tracks 

Ta = 47.65 ms 

n = 12.10 ms 

Tseek = 59.75 ms 

(6.55a) 

(6.55b) 

(6.55c) 

{6.55d) 

(6.55e) 

..,.I> Algorithm B. Each OPU can move anywhere along the disc radius, 
except within its own geometrical shadow. 

!:l.Dbench = 6.14 mm 

!:l.N tr = 3837 tracks 

Ta = 38.31 ms 

(6.56a) 

(6.56b) 

(6.56c) 
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F'1gUre 6.12 Seek lengths during 20-minute benchmarking of coupled 
twin-OPU systems (algorithms A and B). for various initia! 
disc radii. 

Tb= 11.12 ms 

Tseek = 49.43 ms 

(6.56d) 

(6.56e) 

It can be seen that algorithm A performs worse than algorithm B during 
benchmarking with 20-minute seeks. This can be easily explained by recall
ing that algorithm A forbids the outer OPU to reach target tracks within the 
inner half of the program area. These results are not in contradiction with 
Equations {6.37a) through {6.38e) but the difference between algorithms is 
more discernible. To summarize, (6.55e) · improves the benchmarked seek 
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performance with 10 3 while ( 6.56e) accounts for 25 3 improvement, both 
with respect toa single-OPU CD-ROM drive. 

6.5.3 Benchmark-optimized coupled optlcal heads 
The performance improvement of 10 3 and 25 3 discussed at the end of the 
previous section is worse than theoretically given by (6.37e) and (6.38e) for 
random seeks. The reason for these results is the criterion (6.34) which leads 
to an optimal distance between 0 PU s based on the total subcode timing 
on disc. However, it should be stressed again that this criterion is the only 
one which is correct from a mathematical point of view when random seeks 
are considered. A benchmark program which performs seeks of fixed and not 
random lengths will not be able to genuinely emphasize the advantage of a 
twin-OP U construction. 

From a practical perspective, the owner of a CD-ROM drive will be ex
tremely interested in test results. By rewriting Equation ( 6.34) at page 248 
for benchmarking optimization, the twin-OPU drives will be able to promote 
their strength through commercially available third-stroke test programs. 
The new criterion becomes 

d -
dD

12 
.6.Dbench(D12} = 0 (6.57) 

and the function Dbench(D12) is plotted in Fig. 6.1-3 for both algorithms A 
and B previously considered. 

The optimal distance between OPUs which leads to the best benchmark
ing results and the related seek times are as follows: 

I :: -····I PJ~m A f; ....... + ...... +." ..... L 

J ·: T i j j=J t 8 : : : 

f :1-·-··-···''········"··>-..· 

Figure 6.13 Average sledge displacement as function of the distance 
between coupled optica! pickup units, for benchmarking 
with 20..minute seeks. 
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•1> Algorithm A. Each OPU is only responsible fora half of the program 
area, measured in terms of metric lengths along the disc radius. 

D12 = 9.00 mm 

!::,.Dbench = 3.66 mm 

!::,.N tr = 2287 tracks 

Ta = 26.89 ms 

Tb= 9.23 ms 

Tseek = 36.12 ms 

(6.58a) 

{6.58b) 

(6.58c) 

(û.58d) 

(6.58e) 

(6.58f) 

•1> Algorithm B. Each OPU can move anywhere along the disc radius, 
except within its own geometrical shadow. 

D12 =8.35 mm 

!::,.Dbench = 1.64 mm 

!::,.N tr = 1025 tracks 

Ta = 16.23 ms 

Tb =6.51 ms 

Tseek = 22.74 ms 

(6.59a) 

(6.59b) 

(6.59c) 

(6.59d) 

(6.59e) 

(6.59f) 

These latter results are quite impressive. Equations {6.58f) and {6.59i) 
show now an improvement of 45 3 and 66 %, respectively, both with respect 
to the single-OPU CD-ROM drive benchmarked with 20-minute seeks. How
ever, the distances (6.58a) and {6.59a) between the coupled pickup units are 
far from being optimal when random seeks are performed. The correspond
ing random-access seek times are only given in Table 6.3 from Section 6.6. 

6.5.4 Benchmarking of adaptive coupled OPUs 
lt has been shown in Section 6.4.2 that better seek performance can be 
obtained by adjusting the distance between OPUs for each particular disc. 
The average seek time can then be improved with 9 ... 27 3 when compared 
to the case of using a fixed distance D12 optimized for Stot = 69 minutes. 
These results have been graphically presented in Fig. 6.9 at page 254. The 
adjustment of D12 can be part of the calibration procedures carried out 
when a new disc is inserted. 

Nevertheless, because Equation (6.40) relies on the total subcode timing 
Stot. the improvements from Fig. 6.9 are not really detected by third-stroke 
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benchmarking. A similar remark has already been made at the beginning 
of Section 6.5.3. Adaptively setting the distance between optical heads can 
then be implemented to exploit the commercial third-stroke benchmarking 
programs. Equation (6.40) becomes 

(6.60) 

where tl.S = 20 minutes and the pairs (Sfot, Df2) should be stored in a 
look-up table as already discussed in Section 6.4.2. The distance D12 will 
consequently be chosen from this table and adjusted by the drive microcon
troller for each particular disc. 

6.5.5 Benchmarking results for independent twin OPUS 
A third-stroke seek analysis can also be performed for CD-ROM drives with 
iwo independent optica! heads. Equation (6.51) given at page 261 remains 
valid for hoth algorithms C and D. In addition, beèause the latter algorithm 
does not limit the access of any of the two OPUs toa specific operating 
region, a new formula will be derived below . 

...,I> Algorithm C. Each optica! head is responsible for half of the program 
area measured in terms of metric lengths in the radial direction. Repeated 
seeks of length tl.S = 20 minutes towards the outside and inside of the disc 
will lead to 

tl.Dbench = 6.81 mm 

tl.N tr = 4256 tracks 

Ta = 41.25 nis 

n = 11.47 :ms 
Tseek = 52.72 ms 

(6.61a) 

(6.6lb) 

(6.61c} 

(6.6ld) 

(6.6le) 

The average seek time improves therefore with 20 % with respect to (6.53e) 
of the benchmarked single-OPU drive. By recalling the results from Sec
tion 6.5.2, it becomes clear that some performance improvement is achieved 
when compared to algorithm A but algorithm B should basically be pre
ferred. ·· 

...,I> Algorithm D. Each optica! head can freely move to any position 
along the disc radius. It has also been assumed that each OPU remains at 
wait, in idle mode, after it has finished its seek/playback task. The radial 
location corresponding to this mode is dêtermined by the very last subcode 
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timing read out by that particular pickup unit. These latter observations 
give rise toa very interesting phenomenon described below. 

In genera!, the benchmarking program performs repeated sequences of 
linked outside-inside seeks of length AS. The first seek starts at the sub
code timing Sa: = 0 and is directed outwards to reach the target subcode 
timing Sx = AS. The very next seek is inward oriented and performed 
towards Sx = AS - (AS - óS) where óS represents a small increment as 
already indicated by Equations (6.8a) and (6.8b) at page 234. The third 
seek should then be carried out between Sx = óS and Sx =AS+: óS and 
the benchmarking continues until reaching the target track corresponding 
to Sx= Stot· 

It follows that each 9ptical head will only have to seek along the distance 

"D (S ) _ JR2 Vaq(Sx + óS) _ JR2 VaqSx 
u. bench x - ·+ ·+ 

. i 1r i 1r 
(6.62) 

where the initia} OPU positions have already been assumed, for simplièity; 
at Sx = 0 and Sx =AS, respectively. Equation.(6.51) becomes 

-out -in 
· AD ADbench + ADbench 

u. bench = 
2 

(6.63) 

with 

-out 1 { Stot -óS 

ADbench =Stat_ AS_ óS h:.s ADbench(Sx)dSx {6.64a) 

. 1 1Stot-AS 
AD~~ch = . ADbench(Sx)dSx 

Stot -AS o . 
{6.64b) 

standing for the average displacements during outward- and inward-oriented 
seeks, respectively. Notice the two different fractions in front of the integrals 
from (6.64a) and (6.64b). This is a consequence of the fixed OPU locations 
chosen as mentioned above before the benchmarking begins. 

Practical values of the increment óS range between seconds and several 
minutes. For óS ~ 2 minutes, for example, Equation ( 6. 7) leads to a number 
of 20 ... 250 outward- as welt as inward-oriented seeks which are needed to 
complete the benchmarking. The seek performance wUl then be given by 

ADbench ~ 0.94 mm 

AN tr ~ 587 tracks 

(6.65a) 

(6.65b) 



268 Chapter 6 - T win-OPU CD-ROM Systems 

Ta ~ 11.72 ms 

Tb~ 5.01 ms 

Tseek ~ 16.73 ms 

(6.65c) 

(6.65d) 

(6.65e) 

which represents, indeed, a substantial achievement. Notice again that Tseek 

as indicated by Equation ( 6.o5e) will only be measured with incremental 
sequences of third-stroke seeks. 

6.6 Conclusions 
This chapter provides a theoretica! background to estimate the seek per
formance of twin-OPU CD-ROM drives. First, the seek performance of 
common drives is presented with respect to a reference sledge velocity pro
file. It has been shown that average seek times of about 70 ms can be 
achieved when randomly seeking data, and about 66 ms will be measured 
when benchmarking with third-stroke seeks of 20 minutes. 

Starting from the same reference sledge velocity profile, the average seek 
time in twin-OPU CD-ROM systems is calculated. As expected, using not 
one hut two optica! heads leads to reduced sledge displacements and gives 
rise to shorter seek times. The seek performance has been completely de
termined for two types of mechanica! constructions and four displacement 
algorithms. The analytica! approach used throughout this chapter has es
tablished both the random and the third-stroke seek performance. If the 
distance between optical pickup units is intended to remain fixed (i.e., the 
OPUs are mechanically coupled through a common carriage), its optima! 
value has also been determined for minimum seek time. 

An overview of all numerical results obtained in this chapter is presented 
in Table 6.3. Notice that all improvements are achieved by preserving the 
sledge velocity profile adopted as reference for single-OPU drives~ In other 
words, the sledge motor, supply voltage, gear ratio, etc. do not have to be 
changed in twin-OPU drives to improve the seek performance. Moreover, 
it has also been shown that relatively simple servo and channel electron
ics can be used, which may not necessarily increase the cost of the drive. 
Nevertheless, by changing also the servo electromechanics, seek times of 
10 ... 20 ms become perfectly feasible and hard-disk per/ ormance does not 
lie so far ahead anymore. Additional improvement of the average seek time 

8For coupled OPUs, it has been assumed that an increase of 10-15 % of the moving 
mass can be compensated by slightly increasing the torque of the sledge motor. 



6.6 Conclusions 269 

Random seeks for Benchmarking with 
fully reeorded discs 20-minute seek length 

Mechanical Seek 
construction a.lgorithm Avera.ge Performance Average Performance 

seek time improvement seek time improvement 
(ms] [%] [ms] [%] 

Single OPU 70.70 - 66.13 -

Coup led A 45.89 35 59.75 10 
twin OPUs 

optimized for 
random access B 44.00 38 49.43 25 

Coup led A 52.67 ""' 36.12 45 
twin OPUs 

optimized for 
benchmarking B 50.76 28 22.74 66 

A<iaptive A Performance tuned after the qua.ntity of data on disc. 
coupled Better seek performance than 

twin OPUs B for normal coupled twin OPUs. 

-c 42.62 40 52.72 20 
Independent 

twinOPUs 
D 51.93 26 < 16.73 >75 

Table 6.3 Seek performance in twin-OPU CD-ROM drives, 
calculated fora reference sledge velocity profile 
of maximum speed v;:;::x = 0.24 m/s. 

can be further achieved by optimizing the sledge velocity profile and the 
seek decision algorithms. 

Apart from the numerical results collected and presented in Table 6.3, a 
qualitative overview of each mechanica! construction and the corresponding 
displacement algorithms is summarized below: 

•t> Coupled twin-OPU systems optimized for random access 

Advantages: 

- decrease sensibly the average seek time with respect to single-OPU 
construction ( 35 ... 38 % improvement); 



270 Chapter 6 - T win-OPU CD-ROM Systems 

require only one sledge and the related control loop; 
- require a master-slave servo electronics hut not necessarily two inde

pendent servo circuits to drive the optical heads; 
- short computation time of the seek decision algorithm because the po

sit'ion of one optical pickup unit can be determined from the known 
position of the other one. 

Disadvantages: 
- do not perform optimal when 20-minute seeks are used for benchmark

ing with commercial programs ( only 10 ... 25 % improvement); 
- because the moving mass is increased with 10-15 %, slightly more en

ergy is needed when compared with single-OPU drives to achieve sim
ilar sledge velocity profiles. 

•H> Coupled twin-OPU systems optimized for third-stroke 
·.benchmarking 

Advantages: 
when third-stroke benchmarking is used, algorithm B leads to an aver
age seek .time shorter by a factor 9 when compared to the single-OPU 
construction; 

- require only one sledge and the related control loop; 
require a master-slave servo electronics hut not necessarily two inde
pendent servo circuits to drive the optica! heads; 

- short computatîon time of the seek decision algorithm because the po
sition of one OPU èan be determined from the known position of the 
other one. 

Disadvantages: 
although not optimized for random seeks, the performance remains 
fairly better (26 ... 28 % improvement) when compared to the common 
single-OPU construction; 

- hecause the moving mass is increased with 10-15 %, slightly more en
ergy is needed when compared with single-OPU drives to achieve sim
ilar sledge velocity profiles . 

..,.!> Adaptive coupled twin-OPU systems 

Advantages: 
- better seek performance when compared to systems with coupled opti

ca! heads fixed at a given distance. · 
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Disadvantages: 
- require somewhat more complex mechanics to adjust the distance be

tween OPUs when a new disc is detected; 
- requires additional electronics to control the distance between OPUs 

and keep it unchanged during operation; 
- may increase substantially the moving mass; 
- may increase the overall cost of the drive because of both additional 

mechanics and electronics . 

..,.r> Independent twin-OPU systems 

Advantages: 
algorithm C performs very well in practice, when random seeks are 
usually carried out ( 40 % improvement); 

- algorithm D performs reasonable well during random seeking and leads 
to excellent third-stroke benchmarking results (the average seek time 
improves by a factor 4 when tested with incremental third-stroke seeks). 

Disadvantages: 
- require a separate sledge for each optical head; 
- although a master-slave architecture might be used, separate servo elec-

tronics for each sledge-OPU ensemble are basically required. 

Before closing this chapter, two important observations deserve to be 
mentioned again. 

First, the decrease of the access time should be paid more attention in 
high- and very high-speed CD-ROM drives. As already explained in Sec
tion 6.2, average-length computer files are transferred very quickly through 
the host interface. In disk-intensive applications (i.e., not including backup 
solutions), the drive spends large amounts of time searching for the re
quested data, which decreases the overall CD-ROM performance. 

The second observation concerns the use of two optica! pickup units for 
data access, as discussed throughout this chapter. When supported by 
adequate seek decision algorithms, such mechanica! constructions offer an 
attractive and not necessarily more expensive solution towards shorter seek 
times. By preserving the sledge velocity profiles from single-OPU CD-ROM 
drives, the power consumption remains relatively unchanged in twin-OPU 
systems. This advantage is of paramount importance in portable drives 
where the energy which can be stored in (rechargeable) batteries is at a 
premium. 
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7 
We have all agreed. that yeur theory is crazy. The question which 
divides us is whether it is èrazy enough to have a chance of being 
correct. My own feeling is that is not crazy enough. (Niels Bohr) 

Genera/ Conclusions 

7.1 Historica/ perspective 
Increasing the data throughput in a CD-ROM system has represented a 
continuous challenge for all drive manufacturers. The market competition, 
which hardly existed during the early years of lX and 2X drives, began 
practically at 4X overspeed. Increasing the overspeed represented initially 
a natura! choice towards better performance. The X-factor became the most 
important design specification and tremendous efforts have heen made by 
all drive manufacturers to improve this factor. 

The recent yea.rs have witnessed a new CD-ROM drive almost every six 
months. As this development cycle was quite short to keep up with fresh 
electromechanical concepts and new ICs, a very specific situation arose: ex
isting mechanical and electrical components had to be reused in two or three 
successive drive models while still improving the performance specifications. 

Before approaching the various design aspects of high- and very high
speed CD-ROM drives, an overview of various computer storage devices is 
presented in Chapter 1. The advantages of CD-ROM storage are emphasized 
and a very short history of the CD-ROM drive is sketched. To complete the 
overview, Chapter 2 offers a brief and yet comprehensive description of the 
CD-ROM system. 

7.2 Review 
Building a new and better CD-ROM system with relatively old components 
represented a real company challenge and strength. Updated drive architec-

273 
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tures and innovative concepts had to substitute the new components being 
developed until their release date. In this respect, the quasi-CLV control 
used for driving the turntable motor pioneered a technique for simulta
neously improving the data throughput and the access time of the drive. 
The quasi-CLV mode discussed in detail throughout Chapter 3 dominated 
the control of the turntable motor in practically all high-speed CD-ROM 
drives. In particular, Philips introduced this technique very early, in its 4X 
systems, and did not replace it until several years later when 24X drives 
were developed. The quasi-CLV circuit is cheap, easy to implement and, 
when compared to full constant linear velocity (CLV) control, it achieves 
th~ following goals: 

- reduces the total access time of the drive by delivering data as soon as 
the target track (and correct data along this track) has been reached 
at the end of a seek action; 

- relaxes the need for very powerful turntable motors at the same over
speed because the acceleration and brake capabilities of the motor 
hardly affect the average seek performance; 

- during sustained read-out, features the same high data throughput as 
a standard CLV system of the same overspeed (X-factor). 

The quasi-CLV control has proven to remain stable for large system toler
ances and, because of its effectiveness, an entirely new concept of adaptive
speed drives relies upon. These types of CD-ROM systems are discussed 
throughout Chapter 4. It has been shown that good, if not noteworthy per
formance, can be achieved with existing components by modifying the read
out overspeed during playback. Any desired overspeed profile can therefore 
be implemented if the quasi-CLV setpoint is adjusted in real time depending 
on the radial position of the laser spot. In fact, it is the subcode information 
which dictates the value of the X-factor between the inner and outer disc 
radii. An adaptive-speed CD-ROM drive has the following features: 

- preserves all advantages introduced by quasi-CLV control with respect 
to its predecessor, the CLV system; 
uses optimally the control region between the maximum allowed con
stant angular velocity (CAV) and constant linear velocity (CLV) pro
files, respectively, to achieve high data transfer rates at low price; 

- boosts the average data throughput beyond the performance which can 
normally be achieved by employing either quasi-CLV or CAV control. 
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An evolved adaptive-speed CD-ROM drive is further presented and an
alyzed in Section 5.2. Apart from optimizing the overspeed profile during 
continuous playback, this drive is able to distinguish between various oper
ating modes based on seek/playback sequences. As a result, if a continuous 
state of data access is noticed, the turntable motor is switched to pure CAV 
control to limit the power consumption. An adaptive-speed/CAV drive is 
particularly interesting at very high speeds where both the turntable mo
tor and its power driver reach hazardous temperatures during continuous 
seeking. It has also been mentioned in Section 5.2 that switching between 
an adaptive-speed and a CAV profile represents a novel concept to be es
sentially used in high-performance drives. This concept separates the data 
throughput optimization, which is only effective during continuous read-out, 
from the access time performance during short, long, and continuous seek 
sequences. 

The adaptive-speed/CAV drive from Section 5.2 opens the treatment of 
full CAV CD-ROM systems. At equal overspeed profiles, the competition 
between X-factors slows down and the average access performance regains 
the deserved attention. Historically, before the 24X drives became avail
able (second half of 1997), most manufacturers had developed already the 
necessary and cheap ICs to support full CAV operation. As part of the 
continuous effort to improve the access performance, Section 5.4 deals with 
the effect of the rotating disc spiral. The negative contribution of this effect 
to the precision of finding a target track has been described theoretically 
and an elegant compensation method is proposed. This method for spiral 
correction is completely implemented in firmware and, by using a learning 
algorithm, it is. also able to cope with system tolerances. The described 
spiral compensation has been successfully tested in 32X CD-ROM drives. 
In genera!, the firmware method is particularly interesting in the following 
situations: (i) for systems which cannot adjust the so-called track counter in 
real time, during seeking; (ii) when another method, based on counting the 
disc revolutions, cannot be implemented due to lack of necessary hardware 
or because of cost effectiveness. 

Finally, Chapter 6 addressed a novel construction (seen from a CD-ROM 
drive viewpoint) which employs twin optica! pickup units (OPUs) and is 
meant to improve substantially the data access performance. It has been 
shown analytically that the average seek time can be shortened by a factor 
between 2 and 4 when not one hut two optica! heads are employed during 
seeking. The improvement depends on the particular algorithm used for 
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choosing that OPU which is going to approach the target track. Also, 
the numerical results from Chapter 6 are determined under two different 
circumstances, depending on the testing procedure: benchmarking based 
on random access or based on fixed third-stroke seeks. The main remarks 
concerning the twin-OPU CD-ROM drives can be summarized as follows: 

- during the practical situation of random access, the average seek time 
can be improved with 25-40 % as compared with common single-OPU 
systems; 

- when benchmarked with 20-minutecommercial test programs, improve
ments of 45-75 % of the measured average seek time are attained with 
respect to common single-OPU systems; 

- the control and signa! processing electronics do not necessarily become 
more complex and expensive in twin-OPU drives if adequate master
slave architectures are used. 

7.3 Concluding remarks 
The various techniques described throughout Chapters 3, 4, and 5 have 
been implemented in CD-ROM drives with speeds ranging from 4X to 32X. 
These techniques have contributed successfully to the ambitious CD-ROM 
program of the Philips company which spanned about 6 six years of ded
icated development between 1993 and 1998. The Philips adaptive-speed 
drives, especially, were always ranked by PC magazines as having the high
est data throughput in their corresponding X-factor category. 

The CD-ROM drives with two optical pickup units, on the other hand, 
have not surpassed by this very moment {1999) the stage of theoretical 
approach. Although an access performance close to that of hard-disk drives 
is achievable, the practical implementation is still awaiting. 

Last but not least, it is significant to notice that quasi-CLV control has 
also been implemented, in its original proposal, in the very first DVD Video 
drives developed at Philips (1998). In addition, the same DVD systems use 
an evolved form of adaptive-speed profile which is not based on the read
out subcode timing (not available on DVD media anyway) but on position 
information returned by the sledge controller. 
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Ylppend~ Yl 
Average seek length expressed in subcode timing 

The average seek length can be determined in practice by performing a 
very large number of seeks between two randomly chosen subcode values 
Sx and Sy. The results depend obviously on the statistica! distribution of 
data along the disc spiral. As this distribution is uniform, the ave rage seek 
length becomes 

!:J.S = s~ {Stot {Stot ISx - Syl dSx<lSy 
tot Jo Jo 

where Stot represents the total subcode timing on disc. Because 

Stat 
= 

3 

'

S _SI= {Sx -Sy 
x Y Sy - Sx 

if Sx ~ Sy 

otherwise 

(A.l) 

(A.2) 

(A.3) 

This result is of paramount importance for CD-ROM drives, as it plays a 
crucial role in determining the access time performance. The third-stroke 
length !:J.S = Stot/3 is independent from the number of actuators being used 
for read-out. For other disk-based storage media, on which the information 
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is not uniformly distributed along a continuous spiral, the corresponding 
average seek length can be obtained in a similar way [97,99] . 

.91..ppená~ 'B 
Several details on circle criterion 
B.1 The condition of memoryless nonlinearity 

The circle criterion is discussed in literature [39,46,80,91] under the assump
tion that a memoryless nonlinearity is present in the control loop. In some 
hooks, however, this condition is not mentioned explicitly [137]. 

A third category of publications, including the seminal articles [174,175] 
of Zames, address first the circle criterion for nonlinear systems incorpo
rating one memoryless nonlinearity. Under these circumstances, a proof of 
this criterion is elaborated. Next, it is stated that a nonlinearity which 
exhibits memory effects may also be considered without affecting the sys
tem stability. This statement does not emerge from rigorous mathematica} 
backgrounds but from the following observations: 

- apart fro~ fulfilling a sector condition, very little knowledge about the 
nonlinearity is assumed while establishing the circle criterion in the 
absence of any memory effect; 

- the absolute stability region determined with the circle criterion allows 
relatively large variations of the loop parameters, in many cases even 
beyond their practical values; 

- the criterion is very conservative and its failure does not necessarily 
lead to the loop instability. 

Notice that the second observation mentioned above is also true for the 
quasi-CLV control loop. This can be easily seen by inspecting the results 
from Tables 3.1 and 3.4, at pages 124 and 141, respectively. 

B.2 The condition of unforced nonlinear system 

Similarly to the discussion about memoryless nonlinearity, the circle crite
rion is also differently approached in literature with respect to the input 
u = 0 given in Fig. 3. 7 at page 115. The condition of having all inputs set 
to zero leads to a system usually called unf orced. 

Publications like [22,46,80,137] specifically address an unforced feedback 
loop with one nonlinearity satisfying a sector condition. It is assumed that 
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many systems can be arranged to have zero inputs. However, this assurnp
tion is not generally true. The quasi-CLV control loop, for example, will 
regulate towards Vd = 0 if the setpoint V8 et = 0. 

A step further is made by considering the absolute stability of nonlinear 
systerns with inputs from C2. A stability proof is given, for example, in [39). 
Because the C2 norm of a fixed reference input is not finite, such an approach 
cannot be applied straightforward to the quasi-CLV control loop. 

Amore complete discussion of the circle criterion can be found in [17 4,175] 
and a good surnmary of this discussion is presented in [91]. The system 
input(s) are not necessarily zero, but they do belong toa class of truncated 
signals. A truncated time-dependent signa! is generally defined as 

( ) _ {u(t) 
Ur t -

0 

and its associated p-norm is given by 

if t ~ T 

otherwise 

def ( roo p )1/p 
llurllpe = Jo lur(t)! dt 

(B.1) 

(B.2) 

These norms are called extended and denoted by Cpe· Most practical sys
tems can be considered to have truncated inputs because one is usually 
interested in measuring signals defined on finite time intervals [136]. The 
fixed reference Vset of the quasi-CLV control loop from Fig. 3.6 represents, 
hence, a truncated signa! and the circle criterion may be applied . 

.fllppentf~ C 
The definition of stability 

It is very important to have a clear interpretation of the stability concept. 
For linear systems only, the stability is associated with having negative real 
parts for all system poles [2,71,78]. It should be understood in such cases 
that a bounded input will produce a bounded output. 

Amore elaborate definition of stability [80,91,137] can be forrnulated for 
all types of systems (linear, time-varying, statie nonlinear, etc.), considering 
the state model x = f(x), where x = x(t) is a vector with n dimensions and 
f(x) are locally Lipschitz functions [85,128] defined for all x in a domain 
D c JR.n. A function is locally Lipschitz at a point xo if it satisfies the Lips
chitz condition il/(x) - f(y)ll ~ Lllx - Yll for all x, yin some neighborhood 
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of xo. The constant Lis positive and 11·11 denotes the Euclidean norm of an 
n-dimensional vector, that is, llxll = Jxy + x~ + ... x~. The Lipschitz con
dition guarantees that equation i: = f(x) has a unique solution satisfying 
the initial condition x(O) = xo. 

lt is assumed first that x E Vis an equilibrium point of equation x = f(x), 
i.e., f(x) = 0. Without loss of generality, this point can be linearly shifted 
to the origin and the system stability can further be studied at x = 0. 

The equilibrium point x = 0 is said to be stable if, for each E > 0, there 
is ó ó(E) > 0 such that llx(O)ll < ó implies that llx(t)ll < E for all t;;;: 0. 

The equilibrium point x = 0 is said to be asymptotically stable if it is 
stable and ó can be chosen such that llx(O) Il < ó implies that x(t) approaches 
the origin as t tends to infinity. 

Several additional definitions, like uniform asymptotic stability or global 
uniform asymptotic stability, are exhaustively discussed in [80] and well 
summarized in [91]. 

Another commonly used term is input-output stability which character
izes a system producing small output signals as response to small input 
signals [80,91]. From this viewpoint, it is considered that a system is stable 
with respect toa given (extended) norm ll·llpe if there is a gain 1 such that 
llYrllpe ~ î'llurll for all r. The signals Ur and Yr represent the truncated 
input and output of the system, respectively, and the extended norm is 
defined by Equation (B.1). 

Various criteria have been elaborated for finite-gain input-output stabil
ity and for absolute input-output stability. The latter can also be proven 
by using the circle theorem [174,175] which, for multi-input multi-output 
(MIMO) systems, is also designated as the conic sector theorem [91]. Fur
ther, it is proven in [80] and [137] that a nonlinear system which fulfills all 
requirements posed by the circle theorem is uniformly asymptotically stable . 

.!itppend~ 'lJ 
Signa/ saturation during data access in a quasi-CLV loop 

Due to the nonlinear character of the loop, information in time domain 
about quasi-CLV signals can be obtained through an iterative procedure. 
Only the saturation occurring during an outward-oriented seek will be an
alyzed herein, as an example. 
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Considering the system at playback with N = 4 at the inner disc radius 
Ri = 25 mm, the steady-state voltage across the armature of the turntable 
motor is 

f Ra ( K!) UmoLss = 211" rot Km D + Ra (D.1) 

with frot = VaN / Ri· As a first iteration step, it is assumed that u::ia;t = -5 
V is reached instantaneously, right after the seek procedure begins. The 
step voltage at the motor input equals b.Umot = UmaLss + IU:ria;tl and the 
disc rotational frequency follows the curve 

- _..!.._ Kmb.Umot ( -t/Tmot) 
froLout(t) - frot - 211" ( K!) 1 - e (D.2) 

Ra D+ Ra 

By expanding the exponential factor in Taylor series, it can be shown that 
froLout(t) exhibits practically a linear variation fort« Tmot· For the time 
variable of interest t E [O, 0.1] seconds, the lat ter equation becomes 

froLout(t) =frot [1 - Kfreq · t] (D.3) 

with 

t=0.1 

K _ 1 frot - froLout(t) 
freq- -f · t 

rot 
= 1.121 (D.4) 

Notice the very small variation (about 11 %) of froLout(t) even under the 
assumption that u::ia;t is reached instantaneously. 

On the other hand, the coarse variation (i.e., with no eccentricity) of the 
disc radius is independent from any signal along the quasi-CLV loop. To a 
high degree of accuracy (see also Fig. 3.18 at page 138) it can be assumed 
that 

Ra-Ri 
Rseek_out(t) = Ri + Krad · t = Ri + T. t (D.5) 

seek 
where the full-stroke seek has been considered and Tseek designates the time 
need for mechanica! displacement as pointed out in Section 3.2.2. A seek 
time of about 350 ms can be considered for quasi-CLV 4X drives. 

The signal fed back to the summing element from Fig. 3.5 at page 108 
becomes 

vd(t) = 211"/roLout(t) x Rseek_out(t) 

[ 
Ra-Ri 

= 27r frot Rî + T. t - K freqRit 
seek 

Ra - Ri 2] 
Kfreq T. t 

seek 

(D.6) 
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and the error voltage can be written as e(t) = Vset G1vd(t) where the 
measurement noise as well as all disturbances have been neglected. The 
transient component of the motor voltage can consequently be derived by 
using the Laplace transformation and the time-dependent terms from Equa
tion (D.6). It follows that 

U ( ) _ 2 f G (Krad _ KjreqRi _ 2KjreqKrad) 
moLtr S - 1f rot 1 2 2 3 s s s ( Kp+ ~i) G2 

(D.7) 

where the overall negative feedback sign has been neglected, and further 

UmoLtr(t) = 21rfrotG1G2Kp (Krad - KjreqRï) t 

+ 1rfrotG1G2 (KradKi - KjreqRïKi -2KjreqKradKp)t2 

21f 3 - 3 frotG1G2KjreqKradKit 

(D.8) 

This result can be used to solve the equation UmoLss - UmoLtr(t) = u:,,,a:,t 
and the numerical result is D,.tsat = 34 ms for Kp = 15 and Ki = 50. Also, 
the variation of Umat(t) can be approximated very well with a straight line 
of negative slope for t « Tmot· This observation can now be used for a 
second iteration, where the motor voltage does not reach instantaneously 
its saturation level hut follows the curve 

Umot(t) = UmoLss - Kvolt · t 
U Usat 

U moLss - mot t 
mot_ss - A 

utsat 
(D.9) 

with u:na;t = -5 v. 
The turntable motor will now be fed with a ramp signal and the disc 

rotational frequency (D.2) becomes 

froLout(i) = frot (D.10) 

which cannot be approximated anymore with a straight line for t E [O, 0.1] 
seconds. The signal vd(t) can be determined using both Equations (D.5) 
and (D.10} and the consequent calculations follow the same procedure based 
on the Laplace transformation. 

The final analytica! results are too large to be reproduced herein. How
ever, the second iteration leads to D,.tsat = 40 ms, which is closer to the value 
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f:l.tsat = 48 ms resulted from system simulations. Notice also that relatively 
small integral gains (Kif Kp ::;; 2} do not affect this saturation time when 
compared with pure proportional control. 

!21..ppendi~ 'E 
Quasi-CLV Setpoint Calculation 

After switching on the power supply and following a start-up procedure, the 
linear speed vd(t) of the disc used for playback is reached at the end of a 
transient process. For the genera! case of a PI compensator, this speed can 
be determined in Laplace domain and is given by 

Kdc (Kv + Ki) 
1 

R 
Vset S T'motS + 1 

vd(s) = 8 • ( K·) 1 (E.l) 
1 + Kdc Kv + _i l R 

S T'motS + 

with 

(E.2) 

as already defined by Equation (3.24) at page 116 and R denoting the 
playback radius. The step input Vset/ s corresponds to the linear speed 
reference (setpoint) from Fig. 3.5 at page 108, which is needed to reach the 
desired overspeed factor N. 

When proportional-integral control is used, the integration branch en
sures that a given setpoint is precisely followed, i.e., the tracking error 
et(t) -7 0 as t -7 oo. The reference voltage needed for playback at the 
required overspeed N can then be calculated straightforward and becomes 
Uset G1vaN. 

For pure proportional control, Equation (E. l) should be solved in time 
domain. The inverse Laplace transformation of the vd( s) leads to 

where the notations 

A 
Vd(t) = V8 et · -A [1 - B(t)] 

1+ 
(E.3) 

(E.4) 
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and 

( 
1 +A) B(t) = exp ---t 
Tmot 

(E.5) 

have been introduced for convenience. 
The playback overspeed can now be calculated as 

N = lim vd(t) 
t---+oo Va 

Vset . A [ ·] = - hm -- 1-B(t) 
Va t---+oo 1 + A 

(E.6) 

with Va designating the velocity of the recorded data. As already indicated 
by Equation (3.48) at page 125, the steady-state value of N depends on the 
playback radius R when using a pure proportional regulator. The setpoint 
voltage used as real reference by the control loop follows now from the latter 
equation as Uset = G1 Vset for a given overspeed N. 

As a last observation, notice that Va does not affect the reference voltage 
Uset because the loop regulates the linear velocity Vd and not the overspeed 
vd/va. The user, however, is only confronted with the X-factors resulted 
from Equation (E.6). 
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Acronyms and Abbreviations 

ADC 
AIGaAs 
BCLK 
BER 
BERL 
BLER 
CA 
CAV 
CDBD 
CD-DA 
CD-i 
CDM 
CD-R 
CD-ROM 
CD-ROM/XA 
CD-RW 
CIRC 
CLV 
CPU 
CRC 
cw 
D/A 
DAC 
DAT 
DC 
DDS 
DH 
DMA 
DSP 

Analog-to-Digital Conversion (or Converter) 
Aluminum-Gallium-Arsenide 
BitCLocK 
Bit Error Rate 
Burst ERror Length 
BLock Error Rate 
Central Aperture 
Constant Angular Velocity 
Compact Disc Block Decoder 
Compa'Ct Disc Digital Audio 
Compact Disc -interactive 
Compact Disc Mechanism 
Compact Disc Recordable 
Compact Disc Read-Only .Memory 
CD-ROM eXtended Architecture 
Compact Disc ReWritable 
Cross-Interleaved Reed-Solomon Code 
Constant Linear Velocity 
Central Processing Unit 
Cyclic Redundancy Check 
Continuous Wave 
Digital-to-Analog 
Digital-to-Analog Conversion (or Converter) 
Digital Audio Tape 
Direct Current 
Digital Data Storage 
Double-Heterostructure (laser) 
Direct Memory Access 
Digital Signal Processing (or Processor) 

285 



286 

DTO 
DVD 
ECC 
EDC 
EFM 
emf 
FE 
FIFO 
FWHM 
GaAs 
HF 
HOE 
r2s 
IC 
IDE 
ISI 
laser 
LDGU 
LPF 
LSB 
MB 
MO 
MSB 
MTBF 
MTF 
NA 
NCU 
NRZ 
OPU 
PC 
PCB 
PD 
PDM 
PID 
pin 
PLL 
pn 
QFT 
RE 

Digitally-Controlled Oscillator 
Digital Versatlle Disc 
Error Correction Code 
Error Detection Code 
Eight-t~Fourteen Modulation 
electromotive force 
Focus Error 
First-In-First-Out 
Full Width at Half Maximum 
Gallium-Arsenide 
High Frequency 
Holographic Optical Element 
Inter-IC Sound 
Integrated Circuit 
Intelligent Drive Electronics 
lnterSymbol Interference 
light amplification by stimulated emission of radiation 
Laser Diode Grating Unit 
Low-Pass Filter 
Least Significant Bit (or Byte) 
MegaByte 
Magnet~Optical 

Most Significant Bit (or Byte) 
Mean Time Between Failures 
Modulation Transfer Function 
Numerical Aperture 
Nonlinear Control Unit 
NonRetum-t~Zero 

Optical Pickup Unit 
Personal Computer 
Printed Circuit Board 
Phase-change Dual 
Pulse Density Modulation 
Proportional, Integral and Derivative 
p-type, intrinsic, n-type semiconductor device 
Phase-Locked Loop 
p-type, n-type junction (or semiconductor device) 
Quantitative Feedback Theory 
Radial Error 

Glossary 
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RLL 
RMS 
rpm 
RS 
SCSI 
SI 
SISO 
SNR 
SSD 
vco 
WCLK 
XOR 
Xtal 
WORM 
Ea 

Symbols1 

Aflin_S 

Bcav 

Bclv 

Bjlin-R 

Run-Length Limited 
Root Mean-Squared 
rotations per minute 
Reed-Solomon (code) 
Small Computer System Interface 
Système International d'Unités 
Single-Input Single-Output 
Signal-to-Noise Ratio 
Spot-Size Detection 
Voltage-Controlled Oscillator 
Word CLocK 
eXclusive OR 
Crystal doek 
Write-Once-Read-Many 
Sigma-Delta (Modulation or Conversion) 

system matrix in the state equations 
optical amplitude of the zeroth diffracted order 
optical amplitude of the first diffracted ördér 
detection level for the HF signal, in V 
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slope of the linear variation of the di5c rotational frequency 
dependent on disc radius, in Hz/mm· 
slope of the linear variation of the disc rotational frequency 
dependent on subcode timing, in s-2 

slope of the linear variation of the overspeed factor dependent on 
disc radius, in mm-1 

slope of the linear variation of the overspeed factor dependent on 
subcode timing, in s- 1 

input matrix in the state equations 
average bit rate (in general), in kB/s 
user bit rate of a CD-ROM disc rotating at IX CLV, 
equal to 153.6 kB/s 
average bit rate of a CAV CD-ROM drive, in kB/s 
(average) bit rate of a CLV CD-ROM drive, in kB/s 
average bit rate for linear variation of the disc rotational frequency 
dependent on disc radius, in kB/ s 

1 Where appropriate, either the SI unit or a commonly used SI derivative is given. 
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Bflin_s 

Bmot_lim 

Bqc1v 

Bzoned 

c 

f 
Ic 
f cav 

f ch 

f; 

hnit 

fkr 
fma.x 

/min 

f sa.t 
mot 

In 
f o 

frot 

Fs 
Funba.l 

Glossary 

average bit rate for linear variation of the disc rotational frequency 
dependent on subcode timing, in kB/s 
average bit rate for linear variation of the overspeed factor 
dependent on disc radius, in kB/s 
average bit rate for linear variation of the overspeed factor 
dependent on subcode timing, in kB/s 
average bit rate of a motor-limited CD-ROM drive, in kB/s 
(average) bit rate of a quasi-CLV CD-ROM drive, in kB/s 
average bit rate of a zoned quasi-CLV CD-ROM drive, in kB/s 
output matrix in the state equations 
CD-ROM storage capacity, in MB 
thickness of the active layer in a laser diode, in µm 

minimum distance of a giv~n code 
damping (viscous friction) constant, in Ns/m for linear 
displacement or Nm/s- 1 for rotational movement 
feedforward matrix in the state equations 
distance between optical pickup units, in mm 
optimal distance between optical pickup units dependent on 
discrete values of the total subcode timing on disc, in mm 
inner diameter of the program area, in mm 

outer diameter of the program area, in mm 
diffusion coefficient for holes in the n-region of a photodiode, 
in cm2/s ' 
,error signals in a closed control loop (in general) 
steady-state error 
frequency {in genera!), in Hz 
amplitude cross-over frequency, in Hz 
disc rotational frequency in CAV mode, in Hz 
channel bit rate, in Mbit/s 
disc rotational frequency at the inner radius, in Hz 
initia! disc rotational frequency before seek, in Hz 
frequency of a kT EFM pattern, in kHz 
maximum disc rotational frequency, in Hz 
minimum disc rotational frequency, in Hz 
saturation rotational frequency of the turntable motor, in Hz 
natural undamped frequency of a second-order system, in Hz 
disc rotational frequency at the outer radius, in Hz 
disc rotational frequency, in Hz 
sampling frequency of digital audio, equal to 44.1 kHz 
unbalance force generated by the rotating disc, in mN 



Glossary 

go 

lu 

1sat 
mot 

lpp 

ltop 

j 

Jo 

K1 
Ki 

Kma:z: 

Kp 

Kqclv 

Ksw 

Kt 
L 
La 
La1 

Lbit 

Ldz 

LkT 
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gain constant defining the optical gain per unit length of a laser 
diode, in cm-1 

real gains as derived from G1(s) and G2(s) 
nonlinear gain (during seek) of the motor power driver 
Plank constant, equal to 6.6256 · 10-34 Js 
unity matrix 
peak-peak amplitude of the HF component having the highest 
fundamental frequency, in A or V 
peak-peak amplitude of the HF component having the lowest 
fundamental frequency, in A or V 
saturation current through the turntable motor coils, in A 
maximum variation of photodetector current, in A 
peak value of the HF signal befor~ high-pass filtering, in A or V 

R 
nominal current density defining the optical gain of a semiconductor 
laser, in A/cm2 

rotational moment of inertia at the DC motor shaft, in kgm2 

threshold current density in a laser diode, fo A/cm2 

slopes of the sector boundaries ( for circle criterion) 
elastic constant (stiffness) of a spring, in N/m 
coefficient determining the maximum OPU velocity during braking 
derivative gain of a PID controller 
DC gain of the quasi-CLV open loop 
back-emf constant, in Vs/m for linear displacement or Vs for 
rotational movement 
force constant (of a voice-coil motor), in N/A 
integral gain of a PID controller 
maximum number of columns in the seek correction table 
proportional gain of a PID controller 
vector of quasi-CLV loop parameters bounded by system tolerances 
coefficient depending on the voltage/ current losses during 
commutation inside the motor driver 
torque constant (of a rotary motor), in Nm/A 
Lipschitz constant 
armature inductance (of a motor coil or actuator), in H 
length of the active layer of a semiconductor laser, in µm 

physical length of the channel bit, in nm 
length of the dead zone for twin-OPU constructions, in mm 
physical length of a pit/land, measured along the disc spiral and 
corresponding to a kT EFM pattern, in nm 
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.N' 
Nb 

.Ni 

.Me 
N1r:_max 

N1r:_min 

Nmax 

NA 
p 

l'ï 
q 

class of (temporal) p-norms 
class of extended (tempora!) p-norms 
total length of the disc spiral, in m 
order of the diffracted beam 
radial modulation index 
moving mass of the actuator, in kg 
total number of quasi-CLV zones 

Glossary 

refraction indices of the semiconductor layers (i = 1, 2, 3) of a 
double-heterostructure laser diode 
refractive index of the transparent substrate 
oversampling factors for F~ = 44.1 kHz of the digital audio 
overspeed (X-factor) of the disc scanning velocity with.respect to 
the audio reference velocity Va 

vector of overspeed factors 
number of data bits stored on an optical disk 
overspeed at the inner radius R; 
quasi-CLV overspeed within kth zone 
·maximum quasi-CLV overspeed within kth zone 
minimum quasi-CLV overspeed within kth zone 
maximum overspeed which can be handled by the channel 
electronics · 
minimum overspeed whîch can be handled by the channel 
electronics 
maximum overspeed which should not be exceeded during 
outward-oriented seeks 
overspeed at the outer radius R; 
peak overspeed during an inward-oriented seek 

peak overspeed during an outward·oriented seek 

number of seeks needed to complete an outward/inward 
third-stroke benchmark 
numerical aperture (see also the list of abbreviations) 
spatial period of the disc pit/land structure, in lines/ µm or µm- 1 

parity symbols for 0 1 decoder, i = 1, 2, 3, 4 
track pitch, in µm 

minimum track pitch, in µm 

quality factor of a second-order system 
parity symbols for 0 2 decoder, i = 1, 2, 3, 4 
disc radius at the current read-out point, in mm 
vector of disc radii, in mm 
the set of real numbers 
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R1w,R2w 
Ra 
RAiry 

Re 

Rcoat 

Rjinal 

Ri 

Rï_min 

Rïnit 

Rk 
Rlim 
Rmax 
Rmirr 

Ro 

Rx,Ry 
s 
s 
B1x,S2x 
sfinal 

si 

Sinit 

sk 
Sqclv 

Stot 

Btot-max 

Sx,Sy 

t 

tr 
Ta 

Taccess 

Taccen 

Tb 

Tctk 

Tzat 

T1at 

Tmot 

wait radius for an independent OPU, in mm 
armature resistance (of a motor coil or actuator), in n 
radius of the Airy disc, in µm 
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disc radius at the intersection between the motor-limited and CLV 
overspeed profiles, in mm 
refiectance of the coating surface of a photodiode 
final (target) disc radius at the end of a seek action, in mm 
inner radius of the program area, in mm 
minimum inner radius of the program area, in mm 
initia! disc radius at the beginning of a playback/seek action, 
inmm 
disc radius at which the kth zone begins, in mm 
maximum radius reached by the outer optica! head, in mm 
maximum radius reached by the inner optica! head, in mm 
reflectance of the mirrors of a laser diode 
outer radius of the program area, in mm 
randomly-chosen disc radii between Ri and R0 , in mm 
Laplace (complex) variable 
vector of subcode timing values, ins 
subcode timing read out by an independent OPU, ins 
final (target) subcode timing at the end of a seek action, ins 
initial subcode timing before seek (discrete values used for 
benchmarking), ins 
initial subcode timing before a seek action, in s 
subcode at which the kth zone begins, ins 

set of all vectors Kqclv 

total subcode timing on disc ( equal to the maximum playback 
time at lX CLV), ins 
maximum total subcode timing on disc (including tolerances), in s 
randomly-chosen subcodes between 0 and Stot, ins 
time, ins 
rise time of the photodiode impulse response, in s 
acceleration time of the OPU during a seek displacement, in s 
access time, in s 
average access time, ins 
braking time of the OPU during a seek displacement, in s 
clock period, in s 
latency time, in s 
average latency time, in s 
turntable motor time, in s 
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Tmot 

Tov 

Tov 

Tr 

Tr 
Tseek 

Tseek 
-S· 
Tse~k 
U1,U2 

ud 
Umot 

u:,.a;t 
Uset 

Vmax 

w 
x 

x 
x: 
x' 
Xo 

a 

/3 
r 
óD 

ÓNcorr 

óq 

average turntable motor time, in s 
overhead time, ins 
average overhead time, in s 
retry time, ins 
average retry time, in s 
seek time, in s 
average seek time, in s 

Glossary 

average seek time benchmarked with third-stroke seeks, in s 
input signals for a closed control loop, in genera! 
v-0ltage generated by the disc linear velocity Vd, in V 

voltage across the turntable motor armature, in V 

saturation voltage across the turntable motor armature, in V 

setpoint voltage, in V 
reference velocity of recorded (audio) data, equa1 to 1.3 ± 0.1 m/s 
linear scanning velocity during playback, in m/s 
maximum scanning velocity during playback, in m/s 
setpoint for the disc scanning velocity, in m/s 
velocity of the optica! pickup unit (OPU) during seek, in m/s 
maximum velocity of the optical pickup unit (OPU) during seek, 
in m/s 
width of the photodiode depletion layer, in µm 

linear displacement, in m 
vector of state variables of the linear subsystem 
vector of state variables of the linear subsystem at eqllilibrium 
vector of state variables of the nonlinear system 
matrix of initial conditions of the linear subsystem states 
loss in optical energy (absorption coeffident) per unit lengtb 
within a laser diode or photodiode, in m-1 

rank of the spiral correction error function 
confinement factor within a semiconductor laser 
maximum absolute tolerance of the viscuous friction in a DC 
motor, in Nm/s- 1 

maximum absolute tolerance of the G1 and G2 gains 
maximum absolute tolerance of rotational moment of inertia, in 
kgm2 

maximum absolute tolerance of torque constant, in Nm/ A 
small variation of the overspeed factor 
suplimentary number of tracks needed for spiral correction during 
seek (due to system tolerances) 
maximum absolute tolerance of the track pitch, in µm 



Glossary 

ADbench 

-in 
ADbench 

-out 
ADbench 

AD S; 
seek_in 

AE 
ANcorr 
AN tot corr 

ANtr 

AN:r 
ANtr 
AN

8
' tr 
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maximum absolute tolerance of the motor armature resistance, 
in n 
maximum absolute tolerance of the inner radius of the program 
area, in mm 

seek length increment during third-stroke benchmarking, in s 

variation of the average bit rate, in kB/s 

distance from the inner OPU to target track in twin-OPU drives, 
in mm 

distance from the outner OPU to target track in twin-OPU drives, 
in mm 
average sledge displacement when benchmarking with third-stroke 
seeks, in mm 
average sledge displacement when benchmarking with inward
oriented third-stroke seeks, in mm 

average sledge displacement when benchmarking with outward
oriented third-stroke seeks, in mm 

average sledge displacement in single-OPU CD-ROM drives, 
in mm 
average sledge displacement during benchmarking with discrete 
third-stroke seeks in single-OPU drives, in mm 

average sledge displacement during benchmarking with continuous 
third-stroke seeks in single-OPU drives, in mm 

average sledge displacement during benchmarking with third-stroke 
inward-oriented seeks in single-OPU drives, in mm 

average sledge displacement during benchmarking with third-stroke 
outward-oriented seeks in single-OPU drives, in mm 

sledge displacement in twin-OPU CD-ROM drives, in mm 
average sledge displacement in twin-OPU CD-ROM drives, 
in mm 

difference between energy levels in a photonic device, in e V 

number of tracks needed for spiral correction during seek 
number of tracks needed for spiral correction during seek, including 
the effect of system t-0lerances 

number of tracks (to be) crossed during a seek action 

number of tracks (to be) crossed during a retry seek 

average number of tracks crossed during a seek action 

average number of tracks crossed during benchmarking with 
discrete third-stroke seeks 

average number of tracks crossed during benchmarking with 
continuous third-stroke seeks 

number of tracks erroneously counted during an inward-oriented 
seek ( due to the spiral effect) 
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aR9r 

aRk_max 
aRk_min 
as 
?S:S 
asfoc 
aSrad 
ax 
ax 
az 
awd 
dwd1,dwd2 
and 

'T/ 

'T/ext 

T/in 

'T/rec 

Oo 

T 

Tel 

Glossary 

maximum number of tracks erroneously counted during an 
outward-oriented seek ( due to the spiral effect) 
number of tracks erroneously counted during an outward-oriented 
seek ( due to the spiral effect) 
distance between the disc center of gravity and the rotation a.xis, 
in mm 
maximum length of the kth zone, in mm 
minimum length of the kth zone, in mm 

seek length expressed in subcode timing, in s 
average seek length expressed in subcode timing, in s 
low-frequency sensitivity of the focus loop 
low-frequency sensitivity of the radial loop 
spatial frequency for the MTF, in lines/µm or µm- 1 

shift matrix of state variables 
focal depth, in µm 

variation of the disc angular velocity, in rad/s 
any two values of the disc angular velocity variation awd, in rad/s 
fixed value of the disc angular velocity variation as given by the 
Lagrange theorem, in rad/s 
amplitude of the total eccentricity, in µm 

quantum efficiency of a photonic emitting device 
external quantum efficiency of a photodetector 
internal quantum efficiencfy of a photodetector 
recording efficiency 
angle between the direction of the zeroth order and the direction 
normal to the incidence plane, in rad 
refiection angle inside the resonator of a laser diode, in rad 
angle between the direction of the mth order and the direction 
normal to the incidence plane, in rad 
maximum angular space covered by the rotating disc during a seek 
action, in rad 
angular space covered by the rotating disc during playback, in rad 
initia! angular space covered by the rotating disc during playback, 
in rad 
maximum angular space covered by the rotating disc during 
playback, in rad 
wavelength of the laser light, in nm 
eigenvalues 
damping ratio of a second-order system 
time constant, in s 
electrical time constant, ins 



Glossary 

</>max 

<fJm 

+spot 

't/J10 

w 

Wcav 

Wd 

w~at 

Wd1,Wd2 

Wd_in 

Wd_lin 

Wd_lîn 

mechanical time constant, ins 
time constant of a DC motor, in s 
lifetime of excess holes in the n-region of a photodiode, in s 
polar coordinates variable (angle), in rad 
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maximum value of the variable angle (polar coordinates), in rad 
phase margin of a control loop, in rad 
diameter of the laser spot, in µm 
phase shift between zeroth and first diffracted orders, in rad 
angular frequency (in general), in rad/s 
disc angular frequency in a CAV CD-ROM drive, in rad/s 
disc angular frequency, in rad/s 
saturation disc angular frequency, in rad/s 
any two values of the disc angular frequency Wd, in rad/s 
disc angular frequency at the inner radius, in rad/s 
disc angular frequency of the linear subsystem, in rad/s 
disc angular frequency of the linear subsystem at equilibrium, 
in rad/s 
maximum allowed disc angular frequency, in rad/s 
disc angular frequency at the outer radius, in rad/s 
amplitude of angular velocity disturnabce, in rad/s 

Notatlonal conventlons2 

(2, 10) 

3T 

B(Sx) 

B(x) 

C1 
C2 
d(s) 
di(D12,Sx,Sy) 
d2(D12, S,,,, Sy) 
di(Six,Sy) 

RLL binary sequence with at least 2 and at most 10 zeros between 
any two consecutive ones (EFM code) 
smallest EFM pattern (see also kT below) 
user bit rate measured at the read-out subcode timing Sx, in kB/s 
user bit rate measured at distance x from the beginning of the disc 
spiral, in kB/s 
first error detection and correction code ( CIRC) 
second error detection and cqrrection code (CIRC) 
internal/external disturbances affecting a control loop 
seek distance for the inner OPU, in mm 
seek distance for the outer OPU, in mm 
seek distance for an independent OPU while at read-out, in mm 

2Where appropriate, either the SI unit or a commonly used SI derivative is given. Also, 
a sequence of dots should be interpreted as a list of several function arguments while only 
one dot substitutes one argument. 
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diw(Sy) 
d2(S1x, Sy) 
d2w(Sy) 
det[·] 
e(s) 
€t(S) 
J( ... ) 
f(Nk,Rk) 

Glossary 

seek distance for an independent OPU while at wait, in mm 
seek distance for an independent OPU while at read-out, in mm 
seek distance for an independent OPU while at wait, in mm 
determinant of a matrix 
error compensated by a closed control loop, in Laplace domain 
tracking error in a closed control loop 
function of several arguments, in general 
function of overspeeds and disc radii to be optimized 

fmoUim(R, ... ) motor-limited rotational frequency profile, in Hz 
frot(R, ... ) rotational frequency in a motor-limited adaptive-speed CD-ROM 

F(t) 
.F( ... ) 
g(x) 

G(s) 

Q(St,t) 

drive, in Hz 
rotational frequency profile as function of the read-out subcode 
timing, in Hz 
force (as a function of time), in N 
displacement function for twin-OPU constructions, in mm 
generator polynomial of a CRC code 
closed-loop transfer function 
function dependent on discrete values of the total subcode timing 
on disc 

G 1 ( s) transfer function of the error detector in a control loop 
G2 ( s) transfer function ofthe power driver in a control loop 
{ibench(Sf0 t, as) function dependent on discrete values of the total subcode timing 

on disc and on the third-stroke seek during benchmarking 
Çk(llS) subset of constraints for zoned quasi-CLV optimization 
GF( q) Galois field with q elements 
H ( s) open-loop transfer function, in general 
1la(D12, Sx, Sy) seek decision function for coupled twin OPUs (algorithm A) 
1l1:>(D12, Sx, Sy) seek decision function for coupled twin OPUs (algorithm B) 
1lc(S1x, S2x, Sy) seek decision function for independent twin OPUs (algorithm C) 
1ld(S1,.,, S2x, Sy) seek decision function for independent twin OPUs (algorithm D) 
Hact(s) actuator transfer function 
Hmot(s) transfer function of the turntable motor 
i(t) electrical current (as a function of time), in A 
Idet(t) intensity of the light received by the CA photodetector (as a 

function of time) 
K(s) 
kT 

mod("-) 
MTF(ax) 

transfer function of the compensation network 
EFM pattern of k - 1 zeros between two ones 
modulus function 
modulation transfer function, as dependent on the spatial 
frequency 



Glossary 

n(s) 
(n,k) 
N(R, ... ) 
N(S,,;) 

N(x) 

.Ninit(· ··) 

R(S:c) 
R(t) 
R(x) 

R(t?) 

R1:c(D12, B:c) 

Rsv(<I>) 
R:c(S,,,) 
Ry(S,,,) 
Ry(S11) 
!Re{·} 
RE(x) 
round(·) 
S(s) 
Sinit(Tseek) 

Sopu(e,Ta) 
Sopu-in(· • •) 

SATk(x,xo) 
(t=2,e=4) 

T(s) 
Taccess_in ( · • · ) 

measurement noise affecting a control loop 
RS code of length n and dimension k 
motor-limited overspeed profile 
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overspeed factor dependent on the subcode timing S,,, 
overspeed (X-factor) of the disc scanning velocity measured at 
distanc~ x from the beginning of the disc spiral 
initial overspeed before seek ( depending on several parameters) to 
be optimized for high data throughput 
peak overspeed (depending on several parameters) to be optimized 
during an inward-oriented seek 

peak overspeed ( depending on several parameters) to be optimized 
during an outward-oriented seek 
disc radius as function of the read-out subcode timing S:x:, in mm 
time-dependent disc radius, in mm 

disc radius as function of the spiral length, in mm 

disc radius as function of the covered angular space, in mm 

radius at which the inner OPU resides before seek in twin-OPU 
CD-ROM drives, in mm 

radius at which the outer OPU resides before seek in twin-OPU 
CD-ROM drives, in mm 
spiral radius in polar coordinates, in mm 

initial radius before seek in twin-OPU drives, in mm 
final radius after third-stroke seek in twin-OPU drives, in mm 
final radius after seek in twin-OPU drives, in mm 
real part of the argument 
radial error signal, as function of the radial displacement x 
round function (closest integer to the argument) 
sensitivity of a closed control loop 
initial subcode timing at the beginning of a region of constant 
overspeed profile, in s 
space covered by the OPU during a seek displacement, in m 

space covered by the OPU during an inward-oriented _seek 
displacement (depending on several parameters), in m 
space covered by the OPU during an outward-oriented seek 
displacement (depending on several parameters), in m 
signal delivered by one of the lateral photo-detectors (k = 1, 2) 
CIRC error detection and correction system with at most 2 direct 
corrections at C 1 level and at most 4 erasure corrections at C2 
level 
complementary sensitivîty of a closed control loop 
access time measured with third-stroke inward-oriented seeks 
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Taccess-out(· • ·) 
1im(w) 
Tre(w) 
Ua(t) 
U1>(t) 
u.,.(t) 
Ua(s) 
Ub(s) 
Vset(s) 
Vopu(t,Ta} 
x(t) 

X1{t),:z:2(t) 
Xa(s) 
Xd(s) 
Xs(s) 
óN1(K) 
ÓNcorr(/3, K) 
AD1>ench(D12) . 

AR(t) 
AR[D(t)] 

Avd(t, .•. ) 
Ax1 (t), Ax2(t) 
Awd(t) 
D(t) 
D(s) 

o(e) 
Bcav(e) 
wd(t) 
Wd(s} 
Wd_lin(t) 

IHI 
IHlp. ll·llpe 
l ·J 
f·l 

Glossary 

access time measured with third-stroke ourward-oriented seeks 
imaginary part of the complementary sensitivity 
real part of the complementary sensitivity 
applied voltage (as function of time), in V 
back emf (as function of time), in V 
truncated signal, in genera! 
applied voltage (in Laplace domain), in V 
back emf (in Laplace domain}, in V 
linear velocity setpoint (in Laplace domain), in m/s 
OPU velodty profile depending on the acceleration time, in m/s 
linear displacement (as function of time), in m 
state variables of a second-order control system 
actuator position with respect to its carriage (sledge), in m 
position of a read-out point on the disc surface, in m 
spot position as controlled by a focus/radial servo loop, in m 
microprocessor-optimized error function for spiral correction 
error function for spiral correction 
benchmarked average sledge displacement as function of the the 
distance between coupled OPUs, in mm 
average sledge displacement as function of the the distance 
between. coupled OPUs, in mm 
seek distance during third-stroke benchmarking of independent 
OPUs, in mm 
time-dependent variarion of the disc radius, in mm 
variarion of the. disc radius as function of the time-dependent 
covered angular space, in mm 
variarion of the read-out di8c linear velocity, in m/s 
linear shift of state variables 
variation of the disc'angular velocity, in rad/s 
angular space (as function of time), in rad 
angular space (in Laplace domain), in rad 
angular sp3ce covered by the rotating disc, in rad 
angular space covered by the rotating disc in CAV mode, in rad 
disc angular frequency as function of time, in rad/s 
disc angular frequency (in Laplace domain), in rad/s 
angular velocity of the linear subsystem, in rad/s 
Euclidian norm 
tempora! and extended tempora! norms 
fioor ,function (closest integer which is smaller than the argument) 
ceil function ( closest integer which is greater than the argument) 
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Samenvatting 

Dit proefschrift houdt zich voornamelijk bezig met de verbetering van data
overdracht bij CD-ROM drives. Aangezien de informatie uniform verdeeld langs 
een continue spiraal op de plaat vastgelegd is, zijn er hoge uitleessnelheden 
nodig om de data-overdrachtssnelheid te verbeteren. Omgekeerd geredeneerd, 
zou de plaat sneller moeten ronddraaien teneinde de gewenste lineaire snelheid, 
gemeten langs de spiraal, te bereiken. 

Er zijn fundamenteel vier beperkende factoren van verschillende aard aan 
te duiden, die een simpele toename van de rotatiesnelheid van de plaat in de 
weg staan: (i) de bewerkingssnelheid voor de uitgelezen signalen wordt beperkt 
door de electronica in het decodeerkanaal; (ii) de rotatiesnelheid van de plaat 
wordt begrensd tot een bepaald, door de focus- en radile electromechanica 
gesteld maximum; (iii) de ontwikkeltijd, noodzakelijk om de voornoemde sys
teemgrenzen uit te breiden wordt beperkt door actuele eisen van de markt; en 
(iv) de verkoopprijs wordt begrensd door een zeer sterke concurrentie tussen 
de fabrikanten van de onderhavige apparatuur. 

Het proefschrift probeert het probleem van de toenemende overdrachts
snelheid van data op te lossen binnen de hiervóór opgesomde fundamentele, 
beperkende factoren. Een andere factor die in aanmerking genomen dient te 
worden bij het zoeken naar een optimale oplossing voor dit probleem, is de 
toegangstijd tot de gewenste data. Deze parameter wordt bepaald door de 
tijd, die nodig is om op de plaat naar de gewenste data te zoeken en deze 
vervolgens aan de gebruiker door te geven. Aangezien de toegangstijd binnen 
goed omschreven grenzen zou moeten liggen, moet deze beperkende factor ook 
in rekening gebracht worden. 

Na een korte inleiding tot de CD-ROM technologie en de daaraan gere
lateerde marktomgeving, wordt een systeemoverzicht gepresenteerd. Dit be
strijkt alle facetten van een CD-ROM apparaat, beginnend bij optiek en ser
vomechanica, en eindigend met de gebruikersinterface. Het proefschrift geeft 
vervolgens een methode aan om de rotatiesnelheid van de plaatmotor in hoge
snelheids CD-ROM apparaten te regelen. Verscheidene andere regelalgoritmes 
om de gemiddelde data-doorvoersnelheden te verbeteren worden hierbij tevens 
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besproken. Deze algoritmes kunnen geoptimaliseerd worden en teneinde dit 
te bereiken, worden het noodzakelijke gereedschap, alsmede de daarbij be
horende wiskundige benadering gedetailleerd gepresenteerd. Het proefschrift 
bespreekt voorts een methode om de intrinsieke fouten, die tengevolge van 
de roterende spiraalvormige plaatgroef optreden gedurende de data-toegang, 
te verminderen. Tenslotte wordt een speciaal type CD-ROM-systeem, dat ge
bruik maakt van twee optische units voor het leesdoeleinden en data-toegang, 
uitputtend beschreven. Laatstgenoemd systeem brengt de tijd, die nodig is 
om mechanisch de plaats te bereiken, waar de gewenste data zich bevindt, 
aanzienlijk terug. 

Afgezien van voornoemd concept, dat een tweevoudige optiek gebruikt, zijn 
alle andere uitvoeringen toegepast in CD-ROM apparatuur, die door Philips 
Optica! Storage in Eindhoven ontwikkeld werd. De inspanningen, die deze 
toepassingen vergden, bestrijken een tijdperk van circa zes jaar. Enkele ideëen, 
die aanvankelijk bedoeld waren om de data-overdracht in CD-ROM apparatuur 
te verbeteren, zijn recentelijk ook toegepast in één van zijn opvolgers, de DVD 
(Digital Versatile Disc) Videospeler. 
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1. When both data throughput and access time performance need to 
be optimized in a CD- or DVD-ROM system, neither CLV nor CAV 
represents an optima! choice (adapted from Section 3.4). 

2. lf the access time is not substantially reduced at high and very high 
overspeed factors, the CD- and DVD-ROM drives will be mostly 
busy searching for the right data on disc rather than transferring 
it through the host interface (adapted from Section 6.2). 

3. The secret of successfully selling CD-ROM drives is to label them 
with a magie "X" preceded by a nice number. 

4. The ambitions, successes, and failures of a global economy are 
easily scaled down to the competition between CD-ROM drive 
manufacturers. 

5. The richness and elegance of nonlinear system theory deserve a 
unification of all stability theorems. 

6. Deep-space manned vehicles can only be safe if feedback control 
laws remain valid in the neighborhood of a black hole. 

7. The Banach space represents for the robust control theory what 
the Minkowski space is for the general theory of relativity. 

8. Better computer accuracy is hardly justified since 64-bit floating 
point calculations can already generate one million decimals of 1f. 

9. Ultra-high-resolution electronic measurements require measurement 
systems embedded into the measured process itself. 

10. Mathematicians hardly use drawings in their hooks because of the 
risk of being identified with engineers. 

11. A Ph.D. work pursued in industrial environments must be rewarded 
by practical achievements before any academie examination takes 
place. 

12. A set of perfect assertions accompanying a Ph.D. thesis should 
basically be enough for graduating with distinction. 

13. lf both human beings and apes have a common ancestor, why are 
all apes so smart? 



1. Indien zowel data doorvoer- als toegangstijd geoptimaliseerd di
enen te worden in een CD- of DVD-ROM systeem, zijn CLV noch 
CAV als een optimale keuze te beschouwen (aangepast weergegeven 
uit paragraaf 3.4). 

2. Indien de toegangstijd voor data bij hoge en zeer hoge draaisnelhe
den niet aanmerkelijk verkort wordt, dan zullen CD- en DVD-ROM 
apparaten langere tijd bezig zijn met het zoeken naar de juiste data 
op de plaat dan met het doorvoeren daarvan naar de computer in
terface (aangepast weergegeven uit paragraaf 6.2). 

3. Het geheim van de succesvolle verkoop van CD-ROM apparaten 
is deze te voorzien van een opschrift, bestaande uit een magische 
"X ", voorafgegaan door een vraai getal. 

4. De ambities, successen en mislukkingen van een wereldeconomie 
kunnen gemakkelijk toepasbaar gemaakt worden op de concurren
tie tussen CD-ROM fabrikanten. 

5. De rijkdom en elegantie van de niet-lineaire systeemtheorie verdi
ent samenbundeling van alle stabiliteitstheorema's. 

6. Bemande lange-afstands ruimtevaartuigen zijn slechts als veilig 
te beschouwen, indien de wetten van de feedback-theorie blijven 
gelden in de nabijheid van een zwart gat. 

7. De Banach-ruimte in de robuuste regeltechniek verbeeldt hetzelfde 
als de Minkowski-ruimte in de algemene relativiteitstheorie. 

8. Een betere nauwkeurigheid van computers kan nauwelijks meer 
gerechtvaardigd worden, aangezien een 64-bits drijvende komma
berekening het getal 1r al op één miljoen decimalen nauwkeurig 
kan berekenen. 

9. Een electronische meting met zeer hoog oplossend vermogen vereist 
een meetsysteem, dat in het meetproces zelf opgenomen is. 

10. Wiskundigen gebruiken nauwelijks tekeningen in hun boeken van
wege het risico vereenzelvigd te worden met ingenieurs. 

ll. Het werk aan een proefschrift in een industriële omgeving moet 
eerst beloond zijn door practische resultaten voordat enig academisch 
onderzoek plaatsvindt. 

12. Een verzameling van volmaakte stellingen bij een proefschrift zou 
in feite genoeg moeten zijn om met lof te promoveren. 

13. Indien zowel de mens als de aap gemeenschappelijke voorouders 
hebben, waarom zijn dan apen zo slim? 




