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ABSTRACT 

The writing and reading of 3 level run-length-limited (RLL) modulation signals on 
optical discs having active (recording) layers comprised of different phase change 
materials is discussed. These recordings represent a linear storage density enhancement 
of 50% Vs conventional (2-level) RLL modulation. Thermal simulations of the mark 
writing process provide a tool that can be used to optimize write strategies for ML-RLL 
recording. 
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CHAPTER 1 

INTRODUCTION 

1.1 MOTOVATION 

Optical recording has become one of the most popular forms of digital data 

storage and distribution. The optical disc (exemphfied by the CD and DVD), which has 

the advantages of compactness and low cost, is now part of our daily life. Today, CD and 

DVD are the main methods of music, movie, software and computer data distribution and 

storage. However, the desire for higher storage capacity in optical discs has not waned, 

since users always look for higher resolution in video applications (HDTV) and higher 

data storage capacity in their computer systems. 

In the past decade, optical disc technology has advanced rapidly. Increasing the 

capacity and data rate of optical disc has become the main goal of research and 

development in the optical recording industry. Optical recording companies are always 

looking for solutions that lead to higher capacity optical discs provided these solutions 

require minimal cost increases of the drive and disc. These seemingly mutually exclusive 

requirements usually can only be satisfied if the degree of complexity of the solution(s) 

that provide increased optical disc performance is not too great. 

Several of the current research directions that are aimed toward increasing the 

aerial density of optical recording are planar recording, near-field recording, volumetric 

recording, multilayer recording, and multilevel recording. Optical storage companies 

have made a considerable investment in these high density recording technologies. Each 
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of these technologies has its complications: for example, near-field recording requires a 

very small air gap (~ 1 to 5 nm) between optical head and disc. This close spacing is 

difficult to maintain in an interface that allows minimal mechanical contact and extreme 

cleanliness (as is required in the optical head/disc interface). Volumetric recording is 

considered to be three dimensional recording which brings the difficulties of accurate 

focusing and tracking within a three-dimensional volume, as well as rapid addressing of 

the recording medium. Volumetric recording also exhibits significant interference and 

crosstalk between each data layer that is recorded throughout the volume of storage 

medium. While all of above technologies have technical difficulties, multilevel recording 

seems to be a more feasible technology fi"om a complexity point of view. The main 

disadvantage of multilevel recording stems from the fact that it exhibits an increasingly 

diminished signal-to-noise ratio as recording levels are added. Despite this difficulty, 

multilevel recording can be a very effective way to increase the density of optical 

recording. 

Multilevel recording utilizes the different amplitude levels of a recording and its 

corresponding playback waveform to represent the stored information; increasing the 

number of distinct levels thus increases the capacity of recording. In basic multilevel 

recording (in which only the signal level is modulated), the digital information capacity 

increases as the logarithm (base 2) of the number of amplitude levels in the playback 

signal. For example, if eight distinct signal levels are differentiated in the playback 

signal, then corresponding digital information capacity of the recording is x log2 (8) = 

K X 3 bits per recorded mark, where ^ < 1 is a factor that depends on the recording 
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overhead (i.e., the number of extra recorded marks needed to ensure reliable writing and 

playback). Thus, to affect multilevel recording technology one principally needs to 

develop a method for recording marks on the optical disc that provides distinct (well-

separated) signal levels to occur when the disc is read. This recording means is called a 

"write strategy" and it must be optimized for each specific recording medium. During 

readout of recorded multilevel marks, an adaptive detection scheme that works in concert 

with proper signal conditioning (i.e., signal level normalization, filtering, data clock 

generation, etc.) can reveal the recorded data. Compared to other high density recording 

technologies, multilevel recording requires minimal system modifications from the 

conventional optical disc drive. Thus, multilevel recording technology can easily be 

adopted to enhance the performance of current commercial optical storage systems such 

as DVD. 

1.2 AN OVERVIEW OF MULTILEVEL RECORDING 

Among the methods of multilevel recording that have been investigated in the 

past, two types have been seriously considered for application to optical data storage. 

These are: Single Carrier Independent Pit-Edge Recording (SCIPER) and Synchronous 

Data Cell Recording using Multi-diameter Marks (aka., CALIMETRICS-ML).[3,4] A 

third multilevel recording technique. Multilevel Run-Length-Limited (ML-RLL) 

recording, has been previously investigated for application to magnetic recording.[6,7] 

SCIPER was first studied in the early 1990's for application to the CD system 

(i.e., the same optical head and disc used by the CD systems was used to record and 
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playback information that is physically represented on the disc via the SCEPER 

modulation scheme). The standard CD system represents information as a track of 

alternating recorded marks and intervening spaces having the nine distinct lengths: 0.833 

|j,m, 0.833 + 5 |im, 0.833 + 25 [j,m, , 0.833 + 86 |am, where 6 = 0.2777 |j,m. Thus, 

the shortest and longest marks and spaces have lengths 0.833 [j,m and 3.054 )j,m, 

respectively. And, because the data track is comprised of only two distinct recorded 

features (i.e., marks and spaces), which produce two distinct amplitude levels in the 

corresponding playback signal, this modulation technique comprises binary {2, 10} RLL 

signaling. Here the term "binary" refers to the two distinct playback signal levels and {2, 

10} RLL refers to the fact that nine distinct features having lengths ranging from (<i+l)S 

to (^+1)S , where {d, k) = {2, 10}, are employed. SCIPER recordings are based on a 

"carrier" that consists of fixed-length marks (herein we shall assume that the fixed length 

Lc = 0.8 [am) that are periodically recorded (with period Pc ^ 1.67 jam) along the data 

tracks. Information is then represented by independently extending the leading and 

trailing edges of these periodically recorded marks in increments of 5c = 0.04 [j,m. Using 

a total of seven extensions of the leading and trailing edge locations, a total of 8 x 8 = 64 

unique mark lengths is obtained. Thus, 6 bits of information can be represented by each 

recorded "data" mark (an data mark is one that has the independently located leading and 

trailing edge locations that are determined by the user data that is recorded). A portion of 

a data track recorded using SCIPER modulation is shown in the lower section of Fig. 

1.2.1. We note that the track is comprised of segments that have 43 data marks and 6 

"system information" marks (these latter type marks are used to obtain the amplitude 
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reference and timing reference information needed to enable reliable demodulation of the 

SCIPER playback signal). The net information storage density of the SCIPER modulated 

recording is therefore (6 bits per mark x 43 marks) / (49 marks x 1.67 |am per mark) = 

3.15 bits per pm. We note that the equivalent net information storage density of the 

binary {2, 10} RLL modulation employed in the CD system is ~ 1.62 bits per |am. Thus, 

when used with standard CD system components (i.e., optical head and disc), SCIPER 

modulation yields about twice the recording density as does binary {2, 10} RLL 

modulation. But at what cost is this achieved? 

reowffarftfjgggjf 

Data Area (43 pits) ^ 7 Wormafym Area (6 pits) / 
bias pit AGCpit Instructan pit 

-— ^.-2 Th»rt signal otth^inlormailon am and surrounding daapiu (O.Siisac^v. i' ••• 

Fig. 1.2.1, Illustration of Single Carrier Independent Pit-Edge Recording (SCIPER) 

The values of the parameters Lc, Pc and 5c that define a SCIPER recording are 

chosen to ensure that inter-symbol interference (ISI), which occurs when adjacent marks 

recorded along the data track are read, will produce playback signal amplitude levels that 

are exhibit an approximately linear variation with respect to the edge extension values of 
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adjacent recorded marks. That is, the amplitude of the playback signal that is produced 

when the inter-mark data track portions are read depends (in an approximately linear 

fashion) on the separation between the trailing and leading edges of the pair of recorded 

marks that bracket the inter-mark space. This phenomenon is illustrated in the left and 

right portions of the upper part of Fig. 1.2.1. 

In a noiseless SCIPER recording, the linear variations in the amplitude of the 

playback signal, which occur at specific locations before and after the centers of each 

carrier mark, can be associated with specific patterns of user data. Digital data is obtained 

by sampling and digitizing the analog playback signal's amplitude at clock edges that 

occur adjacent to the front and back edges of each carrier mark, where one of eight 

discrete signal levels will result (because the corresponding pit edge can have one of 8 

discrete locations). Thus, a multilevel signal is produced at each synchronous detection 

location of the playback signal by independently varying the length of the leading and 

trailing portions of recorded marks. We shall now answer the earlier question about the 

SCIPER's cost. From Fig. 1.2.1, it is clear that the eight distinct playback signal 

amplitude levels that must be discriminated in order to demodulate a SCIPER recording 

are closely spaced. This yields a low signal-to-noise ratio. In addition, since any of the 64 

possible lengths of the inter-mark space may occur with equal probability (since these 

depend only on the user data that is being recorded), any of the eight possible amplitude 

values can occur at each playback signal detection (sampling) point. This means ISI must 

be tightly controlled. It also means that the possible sequences of sampled amplitudes 

have a distance of one; so maximum-likelihood sequence estimation detection cannot be 



22 

used. Thus, the cost of the 2x increase in recording density that SCIPER offers is 

recovered data rehabihty. The SCIPER modulation system has not been used in any 

commercially available optical recording system. 

Before we leave the discussion of SCIPER, we mention that partial response 

equalization / maximum-likelihood (PRML) modulation is similar to SCIPER. Unlike 

SCIPER, in which the smallest recorded features are resolved by the playback transducer 

(i.e., these small features produce a corresponding pulse in the playback signal), in 

PRML the ISI is so large that the smallest recorded features only perturb the amplitude of 

the playback signal that would have been produced if the smallest feature were not 

present. In addition, PRML employs coding (e.g., a convolutional code) to create distance 

among the legal sequences of amplitude values (i.e., those sequences that correspond to 

the arbitrary user data sequences) that result from synchronous sampling of the playback 

waveform. This enables the use of maximum-likelihood detection as a means of 

improving the recovered data reliability. A second generation of SCIPER that is intended 

for use with the Blu-Ray disc (BD) system's hardware components, and which 

incorporates PR equalization, has been discussed in the recent technical literature 

[12][22]. 

The other type of multilevel recording technique mentioned at the beginning of 

this Section that has been applied to optical recording is the CALIMETRICS-ML 

recording technique. Using Calimetrics-ML modulation, the recorded data track is 

realized by (i) segmenting the disc data tack onto cells that have length (along the track) 
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of 600mn; (ii) writing marks that occupy a fraction of the area of each cell (similar to 

half-tone recording). This writing process is illustrated in Fig. 1.2.2. 

Data Cells 

Recorded 
Marks 

Focused 
Read Spot 

Fig. 1.2.2, Synchronous Data Cell Recording using Multi-diameter Marks 

Ideally, the mark size that is written in each data track cell is such that the 

amplitude of the playback signal that is realized when the cell is read (i.e., when the 

focused playback light spot is centered on the cell) will unambiguously correspond to a 

numerical value in the range from 0 to N. Thus, if N = 8, then we are dealing with 8-ary 

(8 level) multilevel recording. The target numerical value for each cell is obtained via a 

2-stage trellis-coded-modulation (2-TCM) process. For 8-ary Calimetrics-ML, the 2-

TMC is implemented by; (iii) parsing the input (user) data into 5-bit blocks; (iv) encoding 

the MSb of each 5-bit block via a rate 0.5 convolutional code; (v) assigning the 4 

remaining bits in each 5-bit block to a pair of numerical values in the range 0 to 7. The 

two bits obtained from the convolutional coding step are used to enumerate four different 

signal sets. Since there are a total of 8 x 8 = 64 possible pairings of the integers from 0 to 

7, each combination of the remaining 4 bits of each 5-bit input block are assigned to 4 
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different pairs of the integers from 0 to 7 (e.g., 0000 is assigned to the pairs {0,0} {1,0} 

{1,1} and {0,1}). One possible modulation coding table that will result from this process 

is given below. 

Table 1.2.1 The 2-TCM modulation coding table 

Lower 4 data 
bits 

Signal Set 
00 

Signal Set 
01 

Signal Set 
10 

Signal Set 
11 

mo, m-i mo, mi mo, m-i mo, mi 

0000 0 ,0  1 .0  1 .1  0 ,1  

0001 0 ,  2  1 .2  1 .3  0 ,  3  

0010 0 ,4  1 .4  1 .5  0 ,5  

0011 0 ,6  1 .6  1 .7  0 ,7  

0100 2 ,0  3 .  0  3 .  1  2 ,  1  

0101 2 ,  2  3 .2  3 .  3  2 ,3  

0110 2 ,4  3 .4  3 .  5  2 ,  5  

0111 2 ,6  3 ,  6  3 .  7  2 ,  7  

1000 4 ,  0  5 .0  5 .  1  4 .  1  

1001 4 .2  5 ,  2  5 ,  3  4 .3  

1010 4 .4  5 ,4  5 ,  5  4 .  5  

1011 4 .  6  5 ,  6  5 ,  7  4 .  7  

1100 6 .  0  7 ,  0  7 ,  1  6 .  1  

1101 6 .2  7 ,2  7 ,3  6 ,  3  

1110 6 .4  7 ,4  7 ,  5  6 ,  5  

1111 6 ,  6  7 ,6  7 ,7  6 .  7  

Table 1.2.1 maps an arbitrary 5-bit input block into a pair of integers in the range 

0 to 7 (i.e., the pair of bits obtained by convolutional encoding of the MSb of the input 

block is used to select a column of Table 1.2.1 and the 4 remaining bits select one of the 

sixteen rows of Table 1.2.1). The 2-stage TCM process defined in Table 1.2.1 therefore 

associates 5 user data bits with a pair of recorded marks. Since each recorded mark 
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occupies a 600nm long segment of data track, the recording density realized by this 8-ary 

"half-tone 2-TCM" recording technique is if x (5 bits per mark pair) / (2 x 600nm per 

mark pair) = Kx A. \61 bits per |am, where ^ < 1 specifies the fraction of recorded marks 

that carry user information. For SCIPER we saw that K = 43/49; applying this same K 

value to the 2-TCM density calculation we find a recording density of 3.656 bits per jam, 

which about 1.8 times that achieved in the standard CD system. But, what is the cost of 

this density improvement? 

Similar to SCIPER recording, 8-ary 2-TCM recording suffers reduced signal-to-

noise (relative to the standard CD system) that is due to the fact that 8 discrete playback 

signal levels must be discriminated. Moreover, since the recorded marks can be quite 

small (relative to the smallest recorded feature of the standard CD system), ISI will be an 

issue. Calimetrics reduced the ISI by using an adaptive (i.e., data dependent) write 

strategy that varied the size of each recorded mark (dependent on the size of the marks 

recorded in neighbor data cells) so that only seven discrete signal amplitudes occurred at 

the sampling points of the noise-free playback signal. And, a virtual signal-to-noise 

improvement was obtained by using maximum-likelihood data detection (i.e., a Viterbi 

detector). This latter feature is possible since there is a metric distance among the 

possible legal sequences of sampled playback amplitudes that may occur (cf. Table 

1.2.1). In addition, the more powerful RSPC error-correction coding system (-36,000 

bytes per block) used by the DVD system was employed to correct the residual errors that 

occurred at the output of the 2-TCM demodulator (versus the much simpler CD CIRC 

error-correction-coding system which contains~3520 bytes per block). Thus, the cost of 
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the recording density improvement gained by 8-ary 2-TCM recording was the coding and 

data detection complexity required to realize adequate recovered data reliability. That is, 

following the information theoretic principles of Shannon, due to the reduced channel 

signal-to-noise, a lower signaling rate (i.e., longer code-information blocks) was required 

to maintain the same recovered data reliability exhibited by the standard CD system 

(which exhibits higher signal-to-noise). An optical storage system that utilized the 8-ary 

2-TCM recording technique described above, together with standard CD components 

(optical head and disc) was marketed by Calimetrics, but it was not commercially 

successful. 

In this dissertation, we concern our self with a novel application of the ML-RLL 

recording technique, which previously has only been applied to magnetic recording [6,7]. 

Namely, we study the application of ML-RLL modulation to optical recording on phase 

change optical discs. In this application, ML-RLL modulation produces recorded marks 

that (i) produce more that two distinct signal levels when read and (ii) have several 

distinct lengths along the direction of the data track. This is very similar to the 

conventional (i.e., binary) run-length-limited (RLL) recording technique that employs 

only two different types of marks (e.g., marks and intervening spaces in the case of 

rewritable discs; pits and lands in the case of replicated read-only discs). Binary RLL 

modulation represents information via the varying lengths of the successively recorded 

features; ML-RLL modulation represents information via the varying lengths and 

effective reflectance of the successively recorded features. Noiseless binary RLL 

playback signals (after equalization) are comprised of pulses having only two possible 
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amplitude levels. In the sequel, we will refer this technique as "2L-RLL". If the recorded 

variable-length marks produce a read signal comprised of distinct-length pulses that have 

3 (or 4) distinct amplitude levels, then the recording is a 3L-RLL (or 4L-RLL) recording. 

In Chapter 2 of this dissertation we shall show that ML-RLL modulation with only 3 

levels yields approximately the same linear storage density enhancement as obtained with 

the 8-ary 2-TCM recording scheme discussed in the previous paragraph, assuming that 

equivalent minimum recorded mark lengths are used. 

1.3 OVERVIEW OF THIS RESEARCH 

Our main objective in this research is to develop mark writing strategies that 

produced useful results, i.e., which yield 3L-RLL playback signals having excellent 

timing jitter and amplitude level discrimination. In order to systematically build 3L-RLL 

write strategies we developed a dynamic measurement system that allows us to measure 

the thermal parameters of a phase-change (PC) optical recording medium (i.e., the heat 

capacities and thermal diffusivities of the medium's constituent thin film layers) and 

experimentally characterize the recording of marks on the medium (e.g., measure the 

threshold recording power, variation of mark length and playback signal level versus 

recording power, etc.). We also employ a thermal model (simulation) to theoretically 

characterize the writing of marks on a PC recording medium. The thermal modeling 

software we have used is TEMPROFILE (a product of MM Research, Tucson, AZ). The 

thermal modeling simulation enables us to predict the shape of marks written under 

various conditions (i.e., disc linear velocity, focused laser spot size, laser beam profile. 
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laser power, disc optical/thermal parameters and write pulse shape). The results obtained 

via experimental writing and reading of 3L-RLL mark patterns on a PC medium must be 

in reasonable agreement with the predictions of the thermal modeling. We note that in 

order to perform the experimental recording and playback of 3L-RLL signals one must 

have access to a suitable optical disc tester. 

The experimental writing and reading of 3L-RLL modulation signals can be 

performed on a universal dynamic optical recording tester. The optical tester used by us 

was originally donated by Eastman Kodak and has been modified by us. The mechanical 

components (i.e., the disc rotational spindle and radial positioners for the optical heads) 

are controlled by a programmable-multi-axis-controller (PMAC). Proper programming of 

the PMAC (together with optimum tuning of the amplifiers that the PMAC controls) 

provides extremely precise (+/- 5nm displacement stepping) and complex motion of 

radial positioning slides and disc rotational spindle. Another part of the tester 

development task involved the understanding (and substantial debugging/modification) of 

the digital and analog circuitry that control the operation of the optical write/read heads 

(focusing servo, tracking servo, write gate control, read amplifier gain/equalization, etc). 

Since the optical tester is fully operated under computer control as a virtual instrument, 

the final part of the tester development task involved configuring the software 

(LABWINDOWS/CVI) that controls the functions of the optical tester (i.e., laser 

calibration, laser power control, focus/tracking gain control, etc). The reconstruction and 

modification of our dynamic tester - to bring it to the point where we could perform 3L-

RLL write/read experiments - took about two years. 
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Before performing experimental writing and reading of 3L-RLL modulation 

signals, it is important to understand the characteristics of our recording medium. The 

thermal modeling (i.e., simulation of mark writing) can only occur after we obtain the 

thermal and optical parameters of the specific recording medium being used. Thermal 

modeling allows us to theoretically predict the size and shape of temperature isotherms 

produced by a specific write process (i.e., focused laser spot size/shape and power, 

medium scan velocity, etc.) in a specific recording medium. The shape of written marks 

is predicted from the 3D temperature distribution that results within the recording 

medium when a specific write process is applied to it. Thermal simulation allows us to 

design a suitable write strategy for the recording of 3L-RLL signals in a specific PC disc. 

The best write strategy is obtained after several iterations of simulation and experimental 

recording. After an optimal write strategy has been reached, experimental recording 

provides quantitative 3L-RLL recording performance quality measurements such as eye 

pattems, mark edge jitter and amplitude level margins. 

1.4 ORGANIZATION OF THIS DISSERTATION 

A methodology that enables one to practice 3L-RLL recording is described in this 

dissertation. Chapter 1 begins with a general background and description of multilevel 

recording and discusses the motivation behind this research. In Chapter 2 we review the 

fundamentals of ML-RLL and introduce the theory of RLL modulation and RLL 

modulation coding. The performance benefit achieved via ML-RLL is quantified via the 

density increase achieved with 3L-RLL Vs 2L-RLL recording. Several possible recording 
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methods for binary and ternary data sequences are discussed in Section 2.2 and Section 

2.3, respectively. Chapter 3 briefly describes the architecture of our ML-RLL recording 

and performance measurement system. In Chapter 4, the thermal measurement system is 

described. This chapter starts with a description of the principles of thermal 

measurements and describes the modifications to our optical disc tester that were required 

to enable thermal parameter measurements to be performed. The thermal constant 

calculation procedure is also discussed in this chapter. Chapter 5 is devoted to the thermal 

modeling of ML-RLL recording in a PC medium. The thermal modeling procedure used 

to simulate the writing of ML-RLL marks is described in detail, hi Chapter 6, we discuss 

the experimental recording of ML-RLL modulation signals on a PC disc as performed on 

our dynamic optical tester. The RF readout signals and the eye patterns obtained during 

readout of recorded 3L-RLL modulation signals is presented for different write strategies. 

In addition, micrographs of recorded ML-RLL marks are shown. 
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CHAPTER 2 

THEORY OF ML-RLL 

2.1 FUNDAMENTALS OF ML-RLL MODULATION 

In general, information in their original form (i.e., logical form) is not suitable for 

physical recording or transmission. Modulation is a method that converts logical 

information into a suitable physical representation. Most of the time, the logical 

information is referred to as "user data". Most user data consists of a sequence of binary 

digits (called "bits"). The 'byte' consists of eight bits. In usual data storage practice, user 

data is partitioned into one or more multi-byte blocks called 'sectors' prior to recording 

the data on a storage medium. Before actually recording a sector on the storage medium, 

the logical sequence of bytes must be represented as a physical entity, e.g., a time varying 

electrical voltage or waveform. There are many different modulation schemes used in 

different applications. For example, the most common modulation scheme in 

communication applications is called frequency modulation. In frequency modulation 

individual bytes, or a group of bytes, of user data may be represented as different 

frequencies. Alternatively, the user information can be represented as different phases of 

a fixed-frequency carrier (quadrature phase modulation), as different pulse amplitudes in 

a pulse waveform (pulse amplitude modulation), etc. In some modulation techniques, the 

binary user data may be converted to a different sequence of binary bits that have certain 

unique properties, before creating the physical representation of the logical data. Such 
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conversion of the binary sequences is performed to facilitate the realization of the 

physical representation of the user data and is known as 'modulation coding'. 

In magnetic disc, tapes or in the optical discs system, the user information is 

recorded on the storage medium via a modulation technique, which causes only two types 

of marks to be formed on the storage medium. Except the PRML recording if the readout 

waveform of conventional storage system would only consist a bi-level signals (either 

high or low), we would refer to this type recording as bi-level recording. In a magnetic 

storage system, the storage medium consists of a substrate coated with a thin layer of 

magnetic material having small regions that are magnetized in one of two oppositely 

polarized orientations. The playback signal is comprised of positive or negative voltage 

pulses which determined by the boundaries of the magnetized regions of the storage 

medium. In a PC optical disc system, the disc consists of a substrate coated with a phase-

change layer and some dielectric layers. Recording produces marks in the PC layer that 

exhibit a higher or lower reflectance than unmarked regions of the PC layer. A sequence 

of bi-level pulses is generated as optical head scanning through a recorded track. The user 

information is carried in the sequence of bi-level pulses. 

Optical storage systems have a resolution limitation; there is a lower limit on the 

size of recorded marks that can be reliably read with high signal-to-noise ratio (SNR). 

Thus, there is a minimum length for smallest recorded marks in the direction of the 

information track on the storage medium. In addition, when the playback SNR of 

minimum length recorded marks is high enough, more than one single bit of user data can 

be reliably represented by any of the smallest marks. 
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2.1.1 Binary run-length-limited (RLL) modulation 

In magnetic and optical data storage systems, run-length-limited (RLL) 

modulation is widely used to represent binary user data via bi-level recording. RLL 

modulation converts the multi-bit sequences of binary user data into a bi-level temporal 

waveform that is comprised of discrete, contiguous constant-amplitude segments 

(pulses). In the bi-level temporal waveform, each of these pulses has one of two possible 

fixed amplitude levels (e.g., either 0 or V volts) and a fixed number of possible discrete 

lengths. In this chapter, we will refer to this bi-level waveform as the binary RLL 

waveform: the constituent pulses of this waveform each have one of k-d+1 discrete 

lengths: {d+l)T, (d+2)T, (d+3)T, (k+l)T seconds, where k and d (k> d) are positive 

integers. The time interval T is referred to as the channel bit; each RLL waveform 

segment or pulse therefore contains an integer number of channel bits. Binary RLL 

modulation coding systematically transforms the sequence of binary user data into 

another binary sequence that is d, k constrained: such a constrained binary sequence must 

have at least d 'zeros', but no more than k 'zeros', directly following each 'one' that 

occurs. RLL modulation provides the systematic assignment of a number of user bits to a 

larger number of constrained bits; this latter bit sequence is called the RLL channel 

sequence. It is easy to see that the binary RLL chaimel sequence is directly analogous to 

the binary RLL waveform that ultimately serves as the physical representation of the user 

data. 

A 'run' comprises a channel 'one' together with the contiguous string of 'zeros' 

that directly follow it. Each 'run' in the RLL channel sequence corresponds to a single 
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pulse segment in the binary RLL waveform. In the other words, the binary RLL 

waveform is directly obtained from the binary RLL channel sequence by toggling a flip-

flop (i.e., alternating between two discrete output amplitude levels) each time a 'one' 

occurs in the binary RLL channel sequence. A conventional binary RLL channel 

sequence and corresponding binary RLL waveform are shown in Fig 2.1. The binary 

RLL waveform can be represented by a sequence of variable-length marks on storage 

medium. The sequence of marks are created by using the high amplitude pulses in the 

RLL waveform to turn 'on' the recording laser that 'writes' marks on the storage 

medium. 

0 1 0 0 1 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0  

Fig 2.1 A constrained binary RLL channel sequence {d=2, k=10) comprises of five complete runs of length 
3, 4, 5, 3, and 11 channel bits respectively (top). The corresponding binary RLL waveform (middle) and 
recorded binary marks (bottom) 

Since the marked regions of a PC storage medium exhibits different reflectance than non-

marked regions, a binary amplitude playback signal is obtained when optical laser head is 

scanning along recorded data track during playback. Thus, binary RLL modulation 

produces a bi-level playback signal. 
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In the binary RLL modulation scheme, there is more than 1 bit of channel data 

represented in a smallest mark. In the other words, the shortest playback RLL waveform 

pulse can store d+1 channel bits. And, the total time period corresponding to the smallest 

mark is Tmin = {d+l)T seconds. If the optical head scans storage medium at velocity v (in 

meter/sec) in the direction of data track, these shortest pulses correspond to physical 

marks on the storage medium that have minimum possible length Lmin = Tmin x v meters. 

Each minimum length mark stores d+1 channel bits. Different modulation codes provides 

different code rate 'i?', where R is the number of user bits can be stored in a single 

channel bit. R must be less than 1, since there are fewer J,A:-constrained binary channel 

sequences of a given length than unconstrained binary user data sequences of the same 

length (the effective run-length constraints of unconstrained user data are J = 0 and k = 

oo). 

Table 2.1. Capacity and Maximum Efficiency of Several c?,^-constrained Binary Sequences 

d,k C(d,k) En.(d,k) = (d+1) X C(d,k) 

0,1  0.6942 0.6942 
0 ,2  0.8792 0.8792 
0 ,3  0.9468 0.9468 
0 ,7  0.9971 0.9971 
0 ,9  0.9993 0.9993 
1 ,3  0.5515 1.1030 
1 ,7  0.6793 1.3586 

1, 10 0.6909 1.3818 
2 ,7  0.5174 1.5522 

2, 10 0.5418 1.6254 
3 ,7  0.4057 1.62281 

3, 10 0.4460 1.7840 
4 ,7  0.3143 1.5715 
4, 10 0.3746 1.8730 
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The maximum (theoretically possible) rate oi did,k sequence is call the sequence capacity 

'C. Therefore, there is a maximum possible number of user bits in the shortest RLL 

channel run. This value, i.e., (d+l)C, is called the maximum RLL modulation efficiency 

'Em\ The capacity C(d,k) and maximum efficiency Em(d,k) of several ti,A:-constrained 

binary sequences is shown in Table 2.1. A complete exposition of how one calculates 

C(d,k) is given in Appendix A. [23] 

Practical RLL modulation codes have rate R=n/m (and n<m) which is the ratio of 

the integer number of user bits n mapped to m channel bits by the code. It is required that 

R(d,k) < C{d,k). In order to approach its capacity, a RLL sequence would have to encode 

very long user data sequences. For example, the rate of a (2,10) binary sequence might 

approach its capacity of C(2,10) = 0.5418 by encoding user strings of length 510 bits into 

channel strings of length 5200 bits, to realize a rate {R = 510/5200) that is very close to C. 

However, long code blocks are problematic from a data reliability standpoint; if one or 

more channel bits in one of the 5200 channel bit strings mentioned above is erroneous, 

then a large number (and perhaps even all) of the corresponding 510 user bits will be 

contaminated. Such data reliability considerations cause practical codes to utilize short 

code blocks, e.g., a 2,10 RLL code that maps 8 user bits to 16 channel bit blocks (such 

that R = 0.5) is both theoretically possible and practical. 

There are additional considerations which cause the rate R of J,A:-constrained 

binary sequences that result from a practical RLL modulation code to be a rational 

fraction that is less than C(d,k). For example, a d=2, k=10 binary RLL modulation code 

with R=8/l 7=0.47059 user bits/channel bit is used in the Compact Disc optical storage 
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systems. As mentioned above, this rate is substantially less than the capacity 

C(2,10)=0.5A\%. However, the modulation system specified for the Compact Disc system 

produces binary RLL sequences that satisfy further constraints in addition to the d,k run-

length-limits. That is, the RLL sequences employed in Compact Disc system generate a 

binary RLL waveform that has minimal energy in the low frequency portion of its power 

spectrum. These kind of sequences are said to be digital sum value (DSV) constrained. 

The rate R of DSV constrained RLL channel sequences is lower than non-DSV 

constrained sequences. The 2,10 binary RLL modulation scheme employed in the 

Compact Disc and DVD storage systems have rates R = 8/17 and R = 8/16 respectively. 

Since d = 2, the shortest recorded marks in these systems, which hold three channel bits, 

store 3 x (8/17) = 1.4118 user bits and 3 x (1/2) = 1.5 user bits respectively. The DSV 

constraints of the channel data sequence of the DVD is not as tight as that of the Compact 

Disc system, which is reasonable since the rate R of DVD system is slightly higher. Most 

of the time, the 'linear recording density' of the system refers to the effective number of 

user data bits stored in a length of the information storage track that is equal to the length 

of the shortest recorded mark. 

2.1.2 M-ary run-length-limited (RLL) modulation 

If the RLL waveform is permitted to have more than two amplitude levels, the 

recording efficiency of RLL modulation can be substantially increased. For example, if 

an RLL waveforms has three amplitude levels, recording efficiencies as high as 2.25 user 

bits per shortest recorded mark can be obtained just by using a three-level (3L) RLL 
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modulation scheme with small d values (i.e., d = 2). We shall see that the storage density 

can be increased more than 50% by employing multi-level RLL modulation. 

There are three distinct digits, 0, 1 and 2 in a three-level, or ternary, RLL channel 

sequence. However, in a ternary RLL sequence, there can be two separate and 

independent sets of d,k constraints {di, di, ki, and ki)-, there must at least di 'zeros' 

following every 'one'; at least di 'zeros' following every 2; and there are at most ki and 

ki 'zeros' following each 'one' and 'two, respectively. In a similar fashion, a four-level, 

or quaternary RLL sequences will be comprised of four distinct digits 0, 1, 2 and 3 and 

will have three sets of J,A:-constraints that specify the minimum and maximum number of 

'zeros' that may follow each '1', '2', and '3' respectively. A multi-level run-length-

limited (ML-RLL) code transforms a binary user sequence into a ternary or quaternary 

RLL channel sequence. In this research project, we will refer to ternary, or 3-level RLL 

codes as 3L-RLL codes and to quaternary, or 4-level RLL codes as 4L-RLL codes. 

Because the recording efficiency of ML-RLL modulation increases slowly versus the 

number of distinct signal levels when the number of levels exceed four (cf. Appendix A) 

it is appropriate to limit consideration of ML-RLL modulation to 3L-RLL and 4L-RLL 

systems. Furthermore, in ML-RLL recording, the signal-to-noise-ratio (SNR) in both the 

amplitude (number of signal levels) and timing (length of recorded marks) domains 

becomes very critical as more levels are added. Therefore, we will mainly focus only on 

3L-RLL sequence in this research project. 

Table 2.2 lists the theoretical capacities, C{di, di; k) and maximum efficiencies 

Em{di, di; k) of several ternary RLL sequences where, for simplification, we assume the 
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conditions di,< di;, and ki= k2 = k.Jn table 2.1, we find that the maximum efficiency of 

d = 2,k=l0 constrained binary sequences is 1.625 user bits per smallest mark. 

Table 2.2. Capacity and maximum Efficiency of Several c?,A:-constrained Ternary Sequences 

di, di; k C{di, di; k) Em{di, di; k )=(di+l) x 
C{di, di; k) 

0, 0;3 1.5726 1.5726 
0 ,  0 ;7  1.5848 1.5848 
0 ,1 ;  7  1.2707 1.2707 
1 ,1 ;  3  0.9255 1.8510 
i , i ; 7  0.9962 1.9924 
1 ,1 ;  8  0.9981 1.9962 
1 ,2 ;  7  0.8714 1.7428 
2, 2; 4 0.6719 2.0157 
2, 2; 7 0.7470 2.2410 
2, 2; 8 0.7533 2.2599 
2, 2; 10 0.7589 2.2767 
2, 3; 7 0.6719 2.0157 
3, 3; 5 0.5298 2.1192 
3, 3; 8 0.6058 2.4232 

Table 2.2 indicates that the maximum efficiency of a di= d2= 2 and ki= ki = 10 

constrained ternary sequence is increased to 12161 user bits per smallest mark. Thus, the 

linear density of storage can be significantly increased by employing 3L-RLL modulation 

which is the main motivation for this research. 

2.2 METHOD OF RECORDING BINARY RLL SEQUENCES 

There are several ways to record a channel sequence on the storage medium. Two 

of most common methods are PPM and PLM recording. The PPM recording method was 

used in some first generation optical storage systems that did not support the recording of 
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marks with well-controlled length. PPM recording is simply writing substantially 

uniform-sized marks that correspond to occurrence of each ' 1' in the charmel sequence. 

0 10 0 10 0 0 10 0 0 0 10 0 10 0 0 0 0 0 0 0 0 0 10 

PPM recording; 

PLM recording: 

I I I i i L 

Fig 2.2. PPM recording and PLM recording of a channel sequence. (In PPM recording each uniform-sized 
mark on storage medium is corresponding to a ' 1'. In PLM recording, the recorded marks have a number of 
fixed lengths.) 

In the upper part of Fig 2.2, which illustrates the PPM recording method, each mark 

represents a channel data '1'. On the other hand, in the pulse length modulation (PLM) 

recording method the recording laser is turned on whenever a charmel data ' 1' occurs and 

it remains on until the next' 1' and vice versa. PLM recording is illustrated at the bottom 

of Fig 2.2. In the binary PLM mode of recording, the individual marks must be written 

with well-controlled length, since the user information is carried only by the lengths of 

the marks and the spaces that separate them. Clearly, the lengths of the individual marks 

and spaces must be reliably discriminated during the read back process. In PPM 

recording, the center-to-center distance of adjacent recorded marks serves the same 

purpose as mark lengths in PLM recording. Thus, when the storage medium is read, pairs 
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of PPM recorded marks must be discriminated to accurately reconstruct the recorded 

channel sequence. For the same channel sequence, PPM recording requires more pulses 

(recorded marks) than does PLM recording. In addition, compared to PLM recording, 

PPM recording consists only of short written marks which must each be well 

discriminated when the recorded data track is read. Since these short marks must be 

similar in length to the shortest marks employed in PLM recording (in order to insure that 

they can be discriminated during playback), the linear recording density is reduced when 

PPM recording is used instead of PLM recording. 

2.3 METHOD OF RECORDING MULTI-LEVEL RLL SEQUENCES 

Multi-level channel data sequences can be record onto an optical storage medium 

by using either the PPM or PLM recording method. The PPM recording method for ML-

RLL sequences is very similar to that illustrated in Fig. 2.2, except that the uniform 

length pulses that comprise the PPM recording waveform have different amplitude 

depending on the value of the corresponding non 'zero' digits in the ML-RLL channel 

sequence. For example, in this method, the pulses corresponding to 'I's have amplitude 

V, those corresponding to '2's have amplitude 2V, etc. In one means of implementing 

such a method, we record imiform size marks having different reflectance levels. When 

the storage medium is read, the value of each 'non- zero' digit in the recovered ML-RLL 

channel run is determined by the reflectance value of the mark that corresponds to that 

digit. Of course, because the number of 'zeros' in each ML-RLL channel run corresponds 

to the center-to-center distance between adjacent marks along the data track of storage 
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medium, the PPM recording method for ML-RLL sequences is less efficient than the 

multi-level PLM recording technique, which will now be explained . 

The second method of recording ML-RLL sequences is very similar to the PLM 

recording method that is discussed in the previous section. In PLM recording of ML-RLL 

sequences, we first parse the ML-RLL channel sequence to be recorded into blocks that 

contain an integer number of channel digits. Next, we attach a synchronization pattern 

that is comprised of a fixed number of channel digits to the start of each block. The 

'channel synch' pattem(s) consist of a fixed number of ML-RLL channel digits and are 

unambiguous and unique, i.e., they are easily recognized (e.g., produce long recoded 

marks) and will occur when user data is modulated (several channel patterns usually not 

be assigned to user data via the modulation coding rules). These chaimel synch patterns 

are needed to establish reference values for both signal level and timing when the 

recorded data track is read. 

PLM recording of 3L-RLL; 

1 0 0 0 1 0 0 0 0 2 0 0 0 2 0 0 2 0 0 0 0 0 0 0 0 0 0 1 0  

2 
1 
0 L_ 

Fig. 2.3 A illustration of PLM recording of a 3L-RLL channel sequence. A ternary RLL channel sequence 
comprising five complete runs of length 4, 5, 4, 3, and 11 channel digits respectively {top). The 
corresponding PLM ternary RLL waveform {middle) and marks recorded when the levels '1' and '2' of the 
PLM ternary RLL waveform are used to turn the recording laser 'on' {bottom) 
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A signal level reference is established by incorporating a defined sequence of pulse 

amplitudes in the synch pattern; a timing reference is obtained because a fixed number of 

channel digits always occur between any pair of synch patterns. We note that the use of 

such channel synchronization information is not unique to ML-RLL modulation; such 

patterns are commonly employed in all practical data storage systems. 

Finally, this ML-RLL waveform is used to directly create PLM recorded marks 

having M distinct reflectance levels and discrete lengths that correspond to the lengths of 

the waveform's pulses on the multi-level storage medium. The PLM recording method is 

shown in Fig. 2.3. During the playback of a PLM recorded ML-RLL information track, 

the positions of the 'non-zero' digits in the recovered ML-RLL channel sequence are 

determined by the relative locations of the transitions (pulse edges) in the reconstructed 

ML-RLL waveform. Also, the values of the 'non-zero' channel digits are obtained by 

determining the magnitude of the />-ary cyclic shift in the amplitude of each pulse in the 

recovered ML-RLL waveform relative to the amplitude of the immediately preceding 

pulse. An important benefit of this is to limit the propagation of errors in recovered 

sequence of pulse amplitudes. In this scheme, the relative amplitude values of only two 

adjacent pulses are required to determine the amplitude of the most recently recovered 

pulse (i.e., self-referencing scheme). This scheme also will prevent some errors generated 

by large spatial scale reflectance variations (e.g., that could caused by finger prints on the 

storage medium's protective surface, birefringence in the medium's substrate and 

focus/tracking perturbations that may occur during recording or playback). 
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In PPM recording of a ML-RLL channel sequence on an optical storage medium, 

it is not practical to always have di=d2 due to the variation of reflectance in successively 

recorded marks. Perhaps it might be useful to impose a restriction such as di < di if at 

least one of the types of recorded marks, e.g., marks having a particular reflectance level, 

could not be resolved during playback as well as the other marks. On the other hand, 

write pre-compensation techniques, e.g., using different recording laser power levels 

and/or varying the number and duty cycle of short recording pulses that are used to write 

the different types of marks on an optical storage medium, likely can be used to produce 

multi-level recording marks that have similar length error and edge jitter characteristics. 

In figure 2.3, it is easy to see that this latter technique must be implemented to employ 

the PLM recording of ML-RLL channel sequences since the 'non-zero' digits in these 

sequences cannot be uniquely associated with a particular type of multi-level recorded 

mark. However, the PLM recording technique has the advantage of reducing the 

deleterious affect of large scale of amplitude variations in the readout waveform since the 

ML-RLL modulation level information is carried as relative amplitude differences 

between adjacent pulses in the recovered RLL waveform. 
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CHAPTER 3 

ML-RLL RECORDING SYSTEM 

The ML-RLL recording system used by us (also known as the Maestro Optical 

Tester) contains three main parts: the computer interface part, the motion controller part, 

and the read/write electronics part. The compatible operation of all three parts is needed 

to record and playback ML-RLL channel sequences. A high level of overview of the 

functionality and structure of each part is presented in the following three sections. A 

more detailed description of each part can be found in Maestro Technical Manual and 

Programmable-Multi-Axis-Controller (PMAC) User Manual. 

Maestro Optical Disc Tester 

Fig 3.1.1 Maestro Optical Disc Tester 

Fig. 3.1.1 shows the entire Maestro optical disc tester. This system was originally 

designed and built at Eastman Kodak. It was subsequently modified by the System 



46 

Measurement Laboratory of Optical Data Storage Center (ODSC) at the University of 

Arizona (ODSC is an Industry/Academic cooperative research unit within the 

University's Optical Sciences Center). In the far-left hand side of the photo we see the 

mechanical portion of the tester. It consists of an air spindle, two independently 

addressable air slides and air table. The control computer and commercial test & 

measurement instruments are located in the instrument rack (middle of photo). The 

electronics rack on the right side of the photo houses most of custom-build electronics 

that are used to control the optical recording/playback heads during the performance of 

read and write functions. A digital oscilloscope sits in the far right portion of the photo. 

The layout of optical disc tester is shown in Fig. 3.2.2. 

Optical Disc Tester Layout 

Signal Generator 
HP8647A(7") AlO 

ARB Waveform Gen 
TEK AWG 2041 (7") A12 

ARB Waveform Gen 
Lecroy LW420A (7") A16 

Spectrum Analyzer 
HP 8568E (10.5") A13 

HP Computer 
(Labwindow, GPIB...etc) 

Power Supply 
HP 6632A O.S") A15 

Vxl Mainframe 
HP El491A (12.5") 

- CRacal 6060A. A/IO. D/IO, Recal 7064 
HPF. 1740ATia HP F, 1406 A1 

Function Generator 
HP 8116A (3.5") ^ 

R^ead Channel 
EK DP84910 (5.25") A2 

HD Personality 
EK 2000 (5.25") A3 

H.I.E Board 
EK 3B2740 (3.5") A4 

HD/MODS Personality 
EK 2100 A7 

Power Supplies 
EK M3PWR (3.5") AS 

IVIotion Controller 
Dover DMM 2004(9") A16 

Fig. 3.1.2 Block Diagram of the Maestro II Optical Disc Tester 
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3.1 COMPUTER INTERFACE 

Since the optical disc tester functions as a virtual instrument, that is, the entire 

tester is operated under computer control (other than some manually activated interrupt 

and safety switches), the computer interface plays important roles. That interface allows 

the computer to communicate with and to control the electronics hardware. A block 

diagram of the computer interface is shown in Fig. 3.1.3. 

COMPUTER INTERFACE 

VXI Mainframe 

HP-IB Cable 

HP Computer 
(Lab windows) 

Fig. 3.1.3 Computer interface of Optical Disc Tester 

The control computer uses Labwindows/CVI software to communicate with and control 

the electronics hardware via a standard GPIB interface. The HP VXI high power 

mainframe shown in Figure 3.1.3 contains a HP E1406A command interface module, 

REGAL 6060 (digital-analog I/O module), REGAL 7064 (custom control module), and 

an HP Time Interval Analyzer. 
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The HP E1406A is the commend module (i.e., communication agent) which is 

responsible for sending/receiving commands to/from each device. Every device in VXI 

mainframe has its unique GPIB address that allow commend module to identify them. 

Whenever the Labwindows/CVI software is initially executed, the commend module not 

only check the present of each GPIB device also communicate (handshaking) with each 

device. The error status of each device is reported back to the computer. If an error occurs 

from a specific device, the user has the option of bypassing the usage of this device or 

debugging the failure device. The RECAL 6060 is a digital-analog (D/A) and analog-

digital (A/D) device that performs the signal conversions required to enable software 

(program) monitoring and control of the analog and digital hardware that comprise the 

tester. The RECAL 7064 is a custom development module (which is based on three field-

programmable gate array logic devices) that implements the specific procedures required 

to control the optical heads during data recording and readout. The 7064 also contains a 

clock driver daughter board that generates all of the necessary clock signals required to 

synchronize the tester with the channel data sequences being written and/or read by it. 

The HP time interval analyzer is used to measures the time histograms of the various 

pulses contained in a playback waveform. 

We shall now briefly describe how the user controls the recording laser power 

(during the data writing process) since this control is an important component (and 

limitation) of the write strategies we have developed to optimize the ML-RLL recording 

process. The process of writing a single circular data track on an optical disc 

encompasses three consecutive revolutions of the disc, i.e., the optical head scans a given 
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circular data track for three consecutive revs. The reader must also understand that an 

important limitation of the recording laser of our tester is that it can only emit one of two 

user-defined power levels while a data track is being written - the lower level is called 

the 'bias' level and the high output level is called the 'write' level. To write a data track 

the user first adjusts the level of write bias power that will be maintained throughout the 

three disc revs. Next, the write gate is synchronized to open exactly (and only) during the 

second of the three revs. The recording laser can emit the user defined write power level 

only when the write gate is open. The write waveform is a TTL signal that controls the 

write laser's power emission during the interval in which the write gate is open. The 

'write' power level is activated when the write waveform is 'high' and the 'bias' output 

power level is maintained when the write waveform is 'low'. Finally, the shortest pulse 

in the write waveform may be substantially less than the shortest RLL pulse (which has 

temporal length Tmm = {d+l)T seconds). That is, a portion of the write waveform that 

corresponds to the length Trll of a single RLL pulse (where {d+l)T < Tru < (k+l)T) 

may be comprised of several short pulses that toggle the writing laser's power between 

its 'bias' and 'write' power levels several times during the time interval Trll. 

3.2 MOTION CONTROLLER 

The mechanical part of the tester includes the air spindle, the air slides, and the 

DMM motion controller shown in Fig. 3.2.1. The DMM motion controller consists of 

power amplifiers, pmac microprocessor card, and pmac input/output panel. The power 

amplifiers are used to directly drive the motor of air spindle and air slide. 
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Motion Controller of Optical Disc Tester 

PMAC Computei 

Air Spindle & Air Slide 

DMM Motion Controller 

Fig. 3.2.1 Motion Controller of Optical Disc Tester 

The air spindle and air slides are viewed by the DMM as motors which it controls. Each 

such motor is equipped with an optical encoders to monitor the motion of motor and 

continuously feedback the motor position to the DMM controller for closed loop control. 

The PMAC microprocessor card allows the user to program a sequence of motion for 

each motor. 

3.3 READAVRITE ELECTRONICS 

A very brief description of main function of read/write electronics is provided in 

this section. A complete and detailed description of each electronics chassis can be found 

in Maestro Electrical Technical Manual. Fig 3.3.1 shows the layout and interconnection 

of read/write electronics of optical disc tester. 
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Fig. 3.3.1 The ReadAVrite Electronics of Optical Tester 

A computer controls the whole of the electronics through the VXl mainframe that serves 

as a control interface. The individual functions performed by the various blocks shown if 

the figure or discussed in Appendix B. 
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CHAPTER 4 

THERMAL MEASUREMENT SYSTEM 

The phase-change (PC) medium has been largely used in optical data storage. The 

various extant PC medium exhibit very different recording behavior. It is crucial to find a 

medium that is suitable for ML-RLL recording before performing lots of experiments. If 

one does not have knowledge of the characteristics of the recording medium, it would 

take an enormous time to achieve useful results. Progress can be significantly improved if 

one has access to a tool that enables computer simulation of the experimental recording 

process. However, such a simulation requires knowledge of both the optical and thermal 

parameters of the PC medium (since recording is essentially a thermal process). The 

optical parameters of most PC films, as well as the optical and thermal parameters of the 

other thin films that comprise a PC disc, are usually available in the technical literature. 

However, that is not the case for the thermal parameters of PC films. 

Thus, the analytical tool we require for this research is one kind of thermal 

measurement system. This thermal measurement system allows us to find the thermal 

parameters, namely, the heat capacity (C) and thermal conductivity (K) of the PC 

recording medium. Since the thermal parameters can vary with film thickness and 

composition of the film, the need for thermal parameter measurements is critical in order 

to understand the recording behavior of a specific PC medium. Full understanding of 

thermal behavior of the medium can help us increase the data rate, reduce mark 

amplitude-length jitter, and improve cycle-ability (erase/re-write) and suppress of thermal 



53 

cross talk during the writing of data. The details of the thermal measurement system are 

described in the following sections. Section 4.1 gives an overview of the principle of 

thermal measurement. Section 4.2 describes the thermal measurement method. The 

thermal measurement equipment is described in section 4.3 and Section 4.4 provides 

some details of the calibration and measurement verification procedures. The final 

Section of this Chapter illustrates the automated (computer simulations) calculations used 

to extract the thermal parameters fi-om the data obtained fi-om the thermal measurement 

system. 

4.1 THE PRINCIPLE OF THERMAL MEASUREMENTS 

Crystal-phase marks are permanently written in some write-once PC films using a 

focused laser beam as a heat source to change a local area of the PC thin film from the 

amorphous state to the crystalline state. On the other hand, in other PC films, a focused 

laser beam can be used to locally switch the medium fi-om a crystalline to an amorphous 

state. And, a rewritable optical medium is capable of being switched between the 

amorphous and the crystalline states and vice-versa. 

If the PC medium is deposited as crystalline film, we use a high-power focused 

laser spot to melt-quench a local pool of the medium; this causes an amorphous-phase 

mark to be formed within the area defined by the pool. Such an amorphous mark is 

created if there is a sudden reduction in the molten medium's temperature (which is 

enabled if the PC film has sufficiently slow crystallizing dynamics by rapidly turning on 

and off the high laser power). The amorphous phase results because the atoms and 



54 

molecule require some time to reorder into a crystalline structure. Via this process, a 

small amorphous-phase mark is written in a crystalline-phase PC film. 

If the PC layer is deposited in an amorphous state, a crystalline mark can be 

created by applying only the laser power required to raise a local area of the PC film to 

the crystallization temperature. In this case, we couple a small amount of energy (that is, 

small relative to the amount used to form an amorphous mark in a crystalline-phase film) 

into the PC layer for the time needed to allow the atoms and molecules to reorder 

themselves to a crystalline structure (we assume that the rate of cooling of the PC film is 

matched to the PC material's crystallization dynamics). 

The playback signal is obtained by scanning along a written sequence (track) of 

small marks. Since the optical properties of the amorphous and crystalline states are 

different, the written marks exhibit either a high reflectivity or a low reflectivity with 

respect to the background crystalline or amorphous PC film. 

A novel technique for measurement of the thermal coefficients of rewritable 

phase-change optical recording media has been developed. [11] This technique lends 

itself to implementation using an optical disc testing instrument since it doesn't require 

monitoring the temperature of the PC film. In general, it would require a more complex 

system to monitor an accurate temperature. With this technique, the thermal 

measurements are accomplished by monitoring the PC film's reflectivity change while its 

structural phase is changing. The measurement technique then employs a computer 

simulation of the time-varying temperature of the PC film to extract the thermal 

parameters C and K from the measured time-varying reflectance data. If the PC optical 
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disc used to experimentally obtain the reflectance data has a groove and land structure, a 

3D thermal simulation program is needed. The thermal measurement system we use here 

would is a simpler version of the technique describe in [11]; we simphfy by using planar 

(non-grooved) PC discs, which allows us to obtain results with a 2D thermal simulation 

program. On the other hand, we improved upon the basic technique by automating the 

estimation of the desired thermal via the 2D thermal simulation program. 

The PC medium that we used to study ML-RLL recording is a write-once medium 

that supports the recording on crystalline-phase marks in an amorphous film. The 

reflectivity of the crystalline state of this PC film is higher than that of the amorphous 

state. The phase-transition can 'seen' by observing the change of reflectivity during the 

mark-writing process. Since the PC film is deposited in an amorphous state, its 

reflectivity will rise when the film is crystallized. The phase-transition fi-om amorphous 

state to crystalline state is observed when the writing power exceeds the crystallization 

point (threshold) of the PC medium, which corresponds to the PC film reaching its 

crystallization temperature. We shall use our thermal measurement system to estimate the 

heat capacity (C) with units of Joule/cm^/degree-C and the thermal conductivity (K) with 

units of Joule/cm/sec/degree-C. 

The write-once disc used in our thermal measurements has the structure shown in 

Fig 4.1.1. The PC layer is deposited in the amorphous state and it is switched to the 

crystalline state under the illumination of a focused laser spot. The writing process is 

performed via a dynamic optical tester. Since the disc is written while it is spinning, the 

transition from amorphous state to crystalline state is governed by the write laser power. 
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the constant linear velocity (CLV) of the disc, i.e., the velocity at which the PC layer is 

scanned by the focused laser spot, and the duration of write pulse, i.e., the time period 

over which the write laser power is 'on'). 

Phase-change layer 

Glass/Polymer layer —• 

Reflective layer (Al) 

Figure 4.1.1 The structure of recording medium 

These three factors, which are inter-related, must each have appropriate values in order to 

switch the PC film from the amorphous state to the crystalline state. For example, a local 

region of active film can be crystallized with a combination of slow CLV, low write laser 

power and long write pulse, or by using a fast CLV, high write laser power and shorter 

write pulse, etc. 

The TEMPROFILE software package developed by MM Research, Inc calculates 

a the time-history of temperature at various spatial locations within a 3D stack of planar 

thin films that are illuminated with a scanning focused light spot, when the total optical 

power of the light that comprises the focused spot is modulated. The user describes the 

thin film stack by specifying the thickness, optical constants and thermal parameters (C 

and K) for the various layers. The user also defines the spatial distribution of irradiance 

(power/area) within the focused light spot, the scanning velocity and the profile of the 
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optical power versus time (temporal modulation) that is extant in the focused light spot. 

TEMPROFILE can then calculate a temperature profile (i.e., the temperature at various 

points specified by the coordinates x, y, z, where x is in the direction perpendicular to the 

scanning direction of the focused light spot, y is along the direction of scanning and z is 

along the normal to the layers of the multi-layer stack) versus time t. where t extends over 

the period during which the optical power is turned 'on'. The necessary user input 

parameters to calculate a temperature profile are therefore; the write velocity (CLV), the 

write power, the write pulse (write power modulation versus time), the thicknesses of the 

various films of the stack, the complex refractive indices of the various films of the stack 

and heat capacity and thermal conductivity of the various films of the stack. By looking 

at the time-temperature profiles (i.e., the one shown in Figure 4.5.2) produced by 

TEMPROFILE we can determine the time needed to raise the PC film to its 

crystallization temperature at various locations within the multi-layer stack. The 

crystallization temperature can be experimental measured. To do this the active film is 

placed on a hot-stage which is slowly annealing to crystallization temperature and the 

temperature is usually monitored. The transition of amorphous to crystalline state is 

verified when the reflectance of active film is increased. The crystallization temperature 

of our PC film is provided by Eastman Kodak Company [17]. The sensitivity of 

crystallization temperature to recorded marks is described in chapter 5. 

On the other hand, we also determine the time it takes to switch the PC film from 

its amorphous phase to its crystalline state fi-om actual experimental recording 

measurements (i.e., from the disc reflectance versus time data). In general, the heat 
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capacity (C) and thermal conductivity (K) of the PC film comprise the unknown 

parameters (we assume that the thermal parameters of all other films in the stack are 

known - if this is not the case then the thermal parameters of each unknown layer must 

be individually determined using the method we are describing). We estimate the actual 

unknown C and K values by determining which pair of these values cause 

TEMPROFILE to predict a phase-switching time that corresponds to that obtained during 

the recording experiment. For a particular multi-layer stack and focused light spot, a 

different (unique) set of C and K will correspond to a given set of experimental 

conditions, that is, a given set of write power, write speed, and temporal write pulse. 

phase-Change 

Q 
^ phase-change 

Figure 4.1.2 Plots of possible C and K values obtained from three different sets of experimental recording 
conditions (laser write power (Pi ), Constant Linear Velocity (CLVi), or Write Pulse Time (Ti ). The 
intersection of the three curves indicates the real solution for C and K 

However, for each value of C, a valid K solution can be found by matching the 

solution for time versus temperature of the PC layer that is produced by TEMPROFILE 

to the experimentally measured PC layer's crystallization time. Such a set of {C, K} 
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value pairs constitute a set of possible solutions for the real C and K of the PC film. By 

using different recording conditions, that is, different values of write power, write speed, 

and write pulse length (the length of a uniform amplitude laser power modulation pulse), 

several sets of {C, K} pairs for the PC film can be generated. In Fig 4.1.2 we depict three 

curves which are plots on the C,K-plane of three such sets of {C, K} values. The real C 

and K should be near or at to the intersection of all possible curves. 

The method used to experimentally determine the time it takes the active film to 

crystallize is described next. Fig 4.1.3 shows plots of the power (seen by a particular 

photodetector) of the light reflected fi^om the disc during the mark recording process. 

Figure 4.1.3 The amorphous signal indicates correspond to the PC film remaining in the amorphous state; 
the crystallized signal represents the film switching to the crystalline state. The crystallization time is the 
time, relative to the start of the write pulse, that is required to switch the PC film to its crystalline state. 

Here the write pulse consists of a uniform recording light power versus time, that is, the 

write light modulation is fully specified by a write power value and a write pulse time. 

For a particular write pulse time and a given write speed, we find two write powers as 

J Reference signal 
J (amorphous state) 
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follow: a low power (in mW) just below that required to switch the PC film to the 

crystalline state and a high power just above that needed to switch the PC film to the 

crystalline state. We call the reflectance versus time signal that is obtained (on a digital 

oscilloscope) during the recording that is carried out using the low write power the 

'amorphous signal', the other reflectance versus time signal is called the 'crystallized 

signal'. If we overlap the crystalhzed and amorphous signals after taking care to adjust 

their amplitudes, the point (time value) at which these two signals deviate corresponds to 

the occurrence of crystallization in the PC film.. This time is clearly seen in Fig 4.1.3. 

4.2 THERMAL MEASUREMENT METHODOLGY 

The actual thermal measurement method will be described in this Section. A 

block diagram that summaries the complete thermal measurement process is shown in 

Figure 4.2.1. We give a brief overview here; a more detail description is presented in next 

Section for those that are interested. The thermal measurement methodology begins with 

the modification of the optical tester (we modified our Maestro optical tester for this 

purpose). The next step is to modify/calibrate a photodetector to ensure that its response 

is linear over the range of optical power that will impinge upon it during the experimental 

recordings. 

The experimental recording includes first searching for write threshold conditions. 

The write threshold condition is the minimal write power needed for crystallization to 

occur with a given write speed and write pulse time. Once the threshold conditions is 

determined for at least three widely varying pairs of write speed and write power, two RF 



61 

signals (the amorphous signal and the crystallized signal) are measured for each threshold 

condition. 

Thermal Measurement Methodology 

Experimental Recording 

TEIVIPROFILE Simulation Crystallization time Extraction 

Figure 4.2.1 The block diagram of the thermal measurement method. 

The crystallization time of PC film is then extracted by comparing the amorphous and 

crystallized signals. Then, for each of the employed threshold conditions, the 

TEMPROFILE software simulates the experimental recording (using the write power, 

write speed, write time and crystallization time values) to determine a set of {C, K} value 

pairs which produce the measured experimental crystallization time. The {C, K} value 

set corresponding to each threshold condition is then graphed on the C,K-plane and the 

intersection of the different C versus K curves produces the estimate of the actual C and 

K values. Finally, experimental recordings can be performed using additional threshold 

conditions; TEMPROFILE simulations of these using only the estimated actual C and K 

values can be performed to verify the correctness of the C and K estimates. 
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4.1 THFRMAT. MEASUREMENT EQUIPMENT 

As we described in the last Section, our method of thermal measurement requires 

experimental data obtained via a dynamic tester. Most commercial disc testers can only 

work with discs that have a spiral of groove to enable the tracking system. Since a groove 

structure acts as a vertical wall, a disc with a spiral groove on it requires a 3D thermal 

simulation model [11] rather than a 2D simulation model. On the other hand, our thermal 

measurement system is based upon the Maestro Optical Tester. The Maestro tester has a 

very robust air slider and air spindle system which produced almost no radial run-out 

when a reasonably balanced disc is spun. This feature allows us to write and read a disc 

without any form of tracking system. Thus, we can use a planar disc substrate (no 

tracking grooves) that is coated with a phase-change medium. Since we can use a non-

grooved disc to experimentally determine the crystallization times, we only requires a 2D 

thermal simulation model (TEMPROFILE). 

A more detail description of Maestro tester can be found in Chapter 2 of this 

dissertation, as well as in Appendix A, but a brief overview of the modified optical head 

utilized for the thermal measurements is given here. Figure 4.3.1 shows the schematics of 

Kodak Optical Head (KOH) 2100. In this head, a 635nm or 675nm, linearly polarized 

laser light beam passes through a collimating lens. A beam expansion prism is used to 

shape the beam into a circular, rather than elliptical cross-section. 

A "Leaky" beamsplitter splits a very small amount of light into a front facet 

detector for laser power monitoring (and power control via a feedback loop). The circular 
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cross-section beam of light propagates through a turning prism and a quarter-wave phase 

plate before being brought to focus onto an optical disc by a objective lens. 

High Density Read/Write #8 head schematic 

Laser diode 
(635 nm) 

Collimating 
lens 

Beam 
expansion 

prism 

Front facet 
lens 

Front facet 
detector 

Turning prism 

Vi-wave plate 

Objective lens. 
Actuator 

Actuator cover 

Optical disk 

Focus detector 

Focus lens 

Focus wedges 

ND fi l ter  

RF/tracking 
dotector 

RF/tracking 
lens (cyl.) 

"L-eaky" beamsplitter; 
R, = 1 .O, R„ = 0.05 

Figure 4.3.1 Schematic of optical components in KOH 2100 with inserted ND filter 

The quarter-wave phase plate converts the linearly polarized incident light into a 

circularly polarized beam. Upon reflection from the optical disc, the circularly polarized 

beam exhibits opposite circular polarity. In the return optical path, the opposite circularly 

polarized beam is switched to linear polarization at 90 degrees relative to its original 

linear polarization direction. In the KOH 2100, the wavelength of the light is 675nm and 

the numerical aperture of the objective is 0.5. In the return path the "leaky" beamsplitter 

reflects most of the impingent light to a partial polarizing beam splitter (PBS) cube, 

which splits the incident beam between separate focus and RF/tracking photodetectors. 

The focus wedges located in front of the focus detector generate a focus error signal that 
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feeds into focus servo system to maintain disc focus. The RF signal and tracking error 

signal are generated from the a single quadrant (4-element) photodetector. The sum of the 

RF/tracking detectors' output is the RF signals. The RF/tracking detectors also generate a 

tracking error signal that guides the tracking system. Since the Maestro tester is equipped 

with high precision air slide and air spindle, the tracking system doesn't need to be 

engaged to record a concentric circle of marks. In our thermal measurement system, the 

RF readout is performed while marks are being written on the disc. The RF/tracking 

detector is designed to read the disc when the laser is operating at its read power output 

power level (~ 0.6 mW) which is substantially less that the laser's writing output power 

level ( > 10 mW). Thus, the power level returned to the RF/tracking detector during the 

time a mark is being written saturates the RF detector. To prevent the saturation of RF 

detector, it is necessary to reduce the amount of light that impinges on the RF/tracking 

detector during the period of time in which a mark is written, in order to ensure that the 

RF/tracking detectors is operated in the region of small signal response. But, if the light 

incident on RF/tracking detector is reduced by 1 Ox, the time tracking detector would not 

have enough light to generate the tracking error signal. However, due to mechanical 

stability of the Maestro tester, an essentially circular track of marks can be written 

without using a active tracking system. More importantly, since the Maestro tester has its 

focus error detector completely separate from its RF/tracking detector, attenuation of the 

light incident on the RF/tracking detector does not affect the operation of the focus servo, 

which is critical to successful recoding of marks in the PC film (especially when trying to 

record while with a laser power that is just slightly greater than the threshold recording 
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power level. Thus, we can place a ND filter in front of the Maestro's RF/tracking detector 

without affecting its recording operation. 

The output of RF/tracking detector is connected to a digital oscilloscope to 

produce the amorphous and crystallized signals needed to obtain the crystallization time. 

The RF electronics of Maestro tester a low pass filter to eliminate high frequency noise. 

The low pass filters has some capacitance which can be an issue when our write pulse is 

in the range of few ns. To avoid the above problems, we use a FET probe to directly 

connect the output terminals of the RF/tracking detector to the digital oscilloscope. This 

usage of the FET probe helps reduce noise and eliminate delay of the captures amorphous 

and crystallized signals. The digital oscilloscope is set to trigger and capture the 

RF/tracking detector output and store it in memory, so that we can later to rescale and 

compare the amorphous and crystallized signals. The bandwidth resolution of digital 

oscilloscope for this method is 2us/div with 500 M/s/s, which provides a reasonable 

accuracy. 

4.4 VERIFICATION AND CALIBRATION PROCEDURE 

Before beginning the experimental data collection portion of a thermal 

measurement the linear, high bandwidth response of RF/tracking detector needs to be 

verified. To verify that the linearity and frequency response of RF/tracking is suitable we 

insert a mirror-like disc. The mirror-like disc is comprised a polymer substrate with a 

high reflective layer (such as Al) that can not be damaged or switched to different state 

by a high write power. A very short, higher power write pulse is applied while the disc 
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spinning and the output produced by the RF/tracking photodetector during the write pulse 

is monitored. If the RF/tracking detector is operating linearly, the signal output by the RF 

detector should duplicate the write pulse. Figure 4.4.1 shows the readout of RF/tracking 

detector during the application of a 70ns write pulse. 

Clipping/Saturation 

as ns v^. 7Qrs wrUe pnlse 

fi ippte/Rmt I i n g 

Figure 4.4.1 The RF readout for a 70ns write pulse, the readout signal is clipped on the top, 
ringing on the side, and pulse is widened to 85ns 

Figure 4.4.1 indicates that the RF detector output signal pulse is saturated on the 

top of waveform and is longer than the actual write pulse. In addition, a strong side 

ripple/ringing effect occurs. This means that the RF detector response to the short, high 

power write pulse is non-linear. Initially, we were confused by this non-linear response. 

Eventually, we found that the RF/tracking photodetector (and its associated preamplifier) 

is designed to detect only the low optical powers that normally occur when a disc is being 

read, not the high optical powers extant during the time intervals that marks are written. 

In general, the optical power impingent on the RF/tracking photodetector during time 
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intervals when a mark is written is about almost ten times larger than the read optical 

power. During reading the detector is operated in small signal response regime. When 

marks are written the detector operates in the large signal response, or saturation mode. 

To force the detector to operate in small signal response region while a mark is written, a 

neutral density (ND) filter is inserted in front of RF/tracing detector as shown in Figure 

4.3.1. A ND filter with 10% transmission causes the RP detector to operate in the small 

signal regime while a mark is being written. Figure 4.4.2 shows that, after the insertion of 

10% ND filter, the RF detector exhibits linear response to a high power, 70n write pulse. 

Figure 4.4.2 The readout of RF detector for a 70ns write pulse, the readout shows no clipping on the top, no 
ringing on the side, and correct pulse width 

On the other hand, the 10% transmission reduction caused by the ND filter can 

cause tracking problems since the RF/tracking detector can not generate a correct 

tracking error signal for use by tracking servo. Fortunately, the high mechanical precision 

No Ripp e/Riiiginc 
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of the Maestro tester obviates the need for tracking (assuming the disc being used is 

reasonably well-balanced). A control lever is attached to ND filter that allows us to easily 

engage and disengage ND filter. During the experimental data collection portion of a 

thermal measurement, the disc is first written without using ND filter in order to 

determine its writing threshold. To verify the writing mark while using a write power that 

is very near the writing threshold power, the ND filter should not be there, since reading 

the disc (via the much lower read power) is required. After the threshold write powers for 

several disc scan speeds and write pulse times are found, the ND filter is inserted to to 

enable linear reading while mark's are being written. 

The first PC disc that we performed thermal measurements on is a first surface 

disc which has a single layer of PC SblnSn alloy that is vacuum coated on a relatively 

thick (~ 6 microns) polymer (actually a spin coated monomer glass) layer. The film 

composition is SbysSnisInij. The thickness of the PC layer is about 140nm. This alloy is 

self-passivating, meaning there is a very thin native oxide on its surface. The exact 

composition of this oxide layer is not known, but its thickness should be on the order of 

5nm, or less. The PC layer is deposited in amorphous state. To ensure that fully 

crystallized marks are recorded when a low write power level is used, the disc is spun at 

an rpm which produces a low constant linear velocity (1-3 m/s) and a longer write pulse 

is used. At the beginning, we applied a single tone square-wave write signal. We confirm 

that fully crystallized marks are written on the amorphous background film by observing 

the readout signal produced by the RF/tracking detector. If stable crystalline marks are 

written, the readout signal periodic and the pattern will remains even when the written 
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circle of marks is repeatedly read several thousands of times. Next, we slowly reduce the 

write power, or the write pulse time - independently - to determine the write threshold 

power level. 

4.5 THERMAL CONSTANT CALCULATION 

After the detector response verification and threshold write power calibration 

process is In the automated thermal calculation, the experimental parameters such as the 

write laser power, write pulse length and crystallization temperature are input to 

simulation program, complete, accurate experimental data (PC layer crystallization times) 

can be obtained from the amorphous signal and crystallized signal extracted fi"om the RF 

detector (as explained in Section 4.2). Then the TEMPROFILE software is used to 

produce an estimate of the thermal parameters of the PC film (as explained in Section 

4.1). To automate the series of simulations that must be performed, a series of batch files 

and MatLab script files were written to control the TEMPROFILE software. The process 

of automated calculation is depicted in Figure 4.5.1. 

At the beginning of calculation, the MatLab main program calls a series of batch 

files to automatically enter in TEMPROFILE the experimental parameters mentioned 

above, as well as other parameters which define the mechanical and optical properties of 

the multilayer film stack, e.g., thin film layer thicknesses and optical constants. A set of 

initial thermal parameters (C and K values) must also be supplied. The batch file then 

calls the TEMPROFILE software to calculate a temperature profile using the initial user 
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defined C and K values. The output of temperature versus time obtained using the initial 

pair of C and K are stored in a defined directory. 

Automated Thermal Measurement Calculation 

Figure 4.5.1. The automated calculation process used for thermal parameter measurement. 

The TEMPROFILE calculation will reiterate with a small increment of K and the 

output is stored. This reiteration continues until the maximum (user defined) K value is 

reached. This process is repeated for several different values of C. An example 

temperature profile is shown in Fig 4.5.2. 

Then, a MatLab m-file searches through the saved directory to find the particular K value 

which produced a crystallization time equal to the experimentally measured 

crystallization for each of the different C values that were entered. The set of C and K 

value pairs that caused the simulated crystallization time to match the experimental 

crystallization time is plotted to produce a curve of K versus C in a CK-plane graph. This 

User Inputs 
Crystallization 
Temperature 

and time 

Start User 
defined 

C:.K, 

Select correct C, K 

PlotC,K 
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entire process is reiterated to produce at least three K versus C curves (one for each 

different set of laser write power, laser write time and disc scan speed). 

Time vs Temperature (Crystalization time) 

350 

rystallization temperature 230 °C 300 

250 

3 
200 

150 

100 

100 200 300 
Time (ns) 

400 500 600 

Figure 4.5.2 The temperature profile of the PC film of the disc illustrated in Fig 4.1.1 versus time. The 
crystallization time is defined by the crystallization temperature of 230°C 

Eventually, a final C-K graph, such as the one shown in Figure 4.1.2 is produced. The 

estimated values of C and K are obtained from the intersection of all curves in the final 

C-K graph. The automated calculation program is included in appendix C. 

The mechanical structure, optical constants and measured (estimated) thermal 

properties are listed in Table 4.5.1 (these parameters are provided by Eastman Kodak 

Company) [17] for the disc shown in Figure 4.1.1. The crystaUization temperature is 

230°C in our medium [17]. The sensitivity of thermal parameters, crystallization 
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temperature, and write focus to actual recorded marks will be illustrated in chapter 5 in 

detail. 

Table 4.5.1 The optical and thermal parameters of Kodak's 14" disc 

Thickness Optical constants Optical constants Thermal 
(nm) 600nm 800nm constants 

(n,k) (n,k) (C,K) 
Oxide layer 5 (2.1,0) (2.1,0) 

PC layer 140 Amorphous: 
(3.8, 3.4) 

Crystalline: 
(2.2,4.6) 

Amorphous: 
(4.8, 2.85) 
Crystalline: 

(3.2, 5.4) 

(1.25, 
0.0059) 

Polymer 
layer 

Thick (1.5,0) (1.5,0) (2, 0.005) 

A1 substrate Thick 1.2+i6.5 2+i7.5 (2.7, 2.4) 
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CHAPTER 5 

THERMAL MODEL OF ML-RLL MEDIUM 

In order to understand the recording behavior of a PC recording medium, it is 

important to know medium's optical-thermal properties. If the thermal properties of the 

active film are well characterized, the optical recording can easily be optimized via 

computer simulations of the recording process. In general, a PC optical disc consists of a 

multilayer thin film structure which includes dielectric layers, a PC layer, a reflective 

layer and the substrate. Each thin film layer's thermal behavior is usually very different 

than the thermal behavior of the bulk form of the material. 

It would be very time consuming to experimentally determine the optimum 

recording conditions for a particular PC storage medium. Thermal modeling (i.e., 

computer simulation of the thermal recording process) enables one to predict the 

performance of a particular recording strategy to without having to perform physical 

recording. Designing a good write strategy is very time consuming. The thermal 

modeling simulation expedites recording strategy development. 

Section 5.1 describes how we used thermal modeling to design optimum recording 

strategies for ML-RLL recording. This Section helps to understand the affect that various 

system and storage medium parameters, which include the PC film's crystallization 

temperature, the size of recording spot, the heat capacity (C) and thermal conductivity 

(K) of the constituent layers of the storage medium, on the recording process. For 
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example, it is important to know the actual size and spatial irradiance distribution of 

focused laser light spot that is used to write marks on the storage medium. In section 5.2, 

we present a method to accurately measure the focused write laser spot. The thermal 

modeling of ML-RLL recording is discussed in Section 5.3. 

5.1 CALIBRATION AND MODIFICATION STRATEGY 

Before attempting any thermal modeling, we need to perform some calibrations to 

verify the correct optical-thermal parameters. The actual recording is used to verify the 

values of thermal parameters. In this calibration strategy, in order to experimentally 

verify the correct thermal parameters, we record a single write pulse on the Kodak PC 

storage medium using the Maestro optical disc tester. The RF readout signal (obtained via 

reading the recorded marks) shows the actual length of the recorded marks. In this 

calibration, the main focus is the length of recorded marks. This experimentally 

determined length should be equal to, very close to, the theoretical mark length that is 

predicted via the thermal modeling of the mark's recording process. If the discrepancy 

between the actual recorded marks' length and the length predicted by the thermal 

modeling is very small, we verify that reasonably correct values for the heat capacity (C) 

and thermal conductivity (K) are being used in the thermal model. 

The Kodak PC optical disc, which has the multilayer thin film stack structure 

shown in Figure 4.1.1 was used by us to develop a viable write strategy that enables ML-

RLL recording. Table 4.5.1 shows the layer thickness, optical parameters, and estimated 

thermal parameters of the Kodak PC disc. The PC thin film of this disc is deposited in the 
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amorphous state. CrystalUne-phase marks are created in this film when the write power 

(delivered by the laser light spot that is focused on the PC thin film) is above the 

threshold write power. 

We first record individual isolated marks (i.e., crystalline-phase marks that are 

surrounded by a large region of amorphous-phase PC film) by irradiating the PC film 

with a single pulse of uniform laser power (100ns pulse length) while the disc is scanned 

(by the focused write spot) with a write speed of 5 m/s. We slowly increase the write 

power from the minimum level of 2 mW to 9 mW. Since the reflectance of the 

amorphous state of the PC film is lower than that of the crystalline state, the readout 

signal produced by the RP detector (when the recorded track of isolated marks is 

subsequently read) is a pulse waveform. The length of the written marks is determined by 

the measuring the length of the pulses that comprise the playback waveform (by 

multiplying by the scanning speed). One concentric circular track of isolated marks is 

recorded for each of several recording powers in the range from 2 mW to 9mW. To get 

an accurate mark length measurement, the readout waveform is fed into a Time Interval 

Analyzer which measures the mean and standard deviation of the pulse lengths that 

comprise the readout signal. The experimentally measured length of isolated marks 

written with a 100 ns write pulse at a scan speed of 5 m/s versus write power is shown as 

the uppermost curve in Figure 5.1.2. Next, we change write speed to 10 m/s, raise the 

minimal write power is raise to 4 mW and repeat the process. The corresponding 

experimentally measured length of the isolated written marks versus write power is also 

shown in Figure 5.1.2. Then, the recording parameters used to record the aforementioned 
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isolated marks are input to the TEMPROFILE software. The written marks length 

predicted by the TEMPROFILE software is compared with the experimental results in 

Figure 5.1.2. The optical and thermal parameters used for thermal modeling are listed in 

Table 4.4.1. 

KOH 2100 optical head is used to record 3L-RLL waveform. KOH 2100 has a 

NA of 0.5 and wavelength of 675mn. The focused light spot used to simulate mark 

recording in the Kodak PC film (via the TEMPROFILE software) has a Gaussian profile 

with a full width at 1/e of maximum intensity diameter of ~ 972nm, as shown in Fig 

5.1.1. A diffraction limited spot is calculated using equations 5.1 and 5.2. [20] 

FWHM{along track) = + — (5.1) 
InNA a,, 

" 1  0  \ - e  ^  

X 2 1 --
FWHM {along radial direction) = 2.35( [1H 1 ^) (5.2) 

InNA a, 
^  l - e  2  

Where NA=0.5, X=675nm, a,, =12,a^ =2.4 

The FWHM(along track) and FWHM(along radia direction) are 754nm and 798nm, 

respectively. The half width {ro) of 1/e maximum intensity can be calculated from 

FWHM using equation 5.3. 

-(-) 

I { r )  =  I , e  (5.3) 
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The Gaussian beam profile 

Figure 5.1.1 The theoretical Gaussian beam profile used in thermal modeling where ro=486nm, where ro is 
the half width of 1/e of maximiun intensity of the focus beam for a diffraction limited spot. 

In the TEMPROFILE simulation, the size of written mark is defined by determining the 

region of the PC film that has reached, or exceeded, the crystallization temperature 

(230=C) of the PC film. 

It is clear from Fig 5.1.2 that the experimentally measured lengths of the written 

isolated marks are longer than the theoretical lengths. However, good agreement between 

the shapes of the experimental and theoretical Mark Length versus Power curves is very 

encouraging. In general, the computed marks are about 213nm too short at 5 m/s and 

about 700nm too short at 10 m/s. One of possible source of this discrepancy is the effect 

of the 5nm oxide layer that exists on the top of PC film. But, including this layer in the 
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TEMPROFILE simulation showed that the effect of this oxide is negligible (using a wide 

range of potential optical thermal parameters to describe the oxide layer). 

MarkLength Comparsion Figure 

5m/s MarkLength by Tempfile 

5m/s Mark Length by Angus 

lOm/s MarkLength by Tempfile . 

lOm/s MarkLength by Angus 

4 5 6 7 

Power (mW) 

Figure 5.1.2 The comparison of experimental mark length versus the mark length of TEMPROFILE 
simulation 

Another possible cause of the recorded mark length discrepancy would be the size of the 

focused laser spot that was used in the TEMPROFILE simulation. 

Prior to performing the isolated mark recording experiment that was just 

described, we optimized writing focus by changing the focus servo bias while trying to 

write marks with very low laser write power (i.e., trying to write using vary low write 

laser power and several different write spot focus conditions). Optimum write focus 

occurs at the focus bias setting that allows the PC layer to be marked with minimum write 

laser power. So, there actually may have been some focus bias (i.e., defocus of the 

writing spot) when the experimental data was taken. 
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By fine tuning the write focus bias, the Kodak PC disc can be marked using minimum 

write powers of 1.9mW for a write speed 5 m/s and 3.2mW for write speed 10 m/s with a 

100ns write pulse. However, from Fig 5.1.2 we see that the minimum write power at 

which we could experimentally write marks at 10 m/s disc scan speed was 4 mW. After 

we performed an additional optimization of write focus, the minimal write power was 

reduced to 3.2 mW for the write speed of 10 m/s. Apparently, there was not much write 

focus error for the case of mark writing at 5 m/s, since the marks could be recorded at this 

write speed with a minimum write power of 1.9 mW (cf, Fig 5.1.2). To make certain that 

write focus is not affecting our calibration, we repeated the experiments that produced the 

data of Fig 5.1.2. The results of the repeated experiment are shown in Figure 5.1.3. It can 

be seen that, after the elimination of write focus bias, the average length of marks written 

at 10 m/s is in better agreement with the theoretical results. Fig 5.1.3 shows that the 

compute mark lengths are about 201nm shorter and 445 nm shorter than the 

experimentally written marks at 5 m/s and at 10 m/s respectively. 

Fig 5.1.3 shows that that the length of marks that were experimentally written 

using a write power of 9mW at 5 m/s exhibit saturation, whereas the simulated results 

show no sign of saturation. The 9mW write power is too large for 5 m/s and the mark 

length isn't linearly proportional to 9 mW write power. Furthermore, the experimental 

and theoretical curves exhibit optimum agreement with respect to their shapes for a write 

power range of from 3 mW to 5 mW for the 5 m/s write speed and from 5 mW to 8 mW 

write power for the 10 m/s write speed. 
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MarkLength Comparsion Figure without Write focus bias and R0=486nm 
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Figure 5.1.3. The comparison of experimental mark length versus the mark length of TEMPROFILE 
simulation without write focus bias using ro=486imi and crystallization temperature of 230 C 

Next, we checked whether the discrepancy among the experimental and 

theoretical curves in Fig 5.1.3 could be caused by the use of an incorrect PC film 

crystallization temperature in the TEMPROFILE simulation that was used performed to 

determine the written mark lengths. To understand the effect of an erroneous 

crystallization temperature value, the TEMPROFILE simulation was performed using a 

range of crystallization temperatures. Figure 5.1.4 shows the how the calculated mark 

lengths vary versus crystallization temperature. In figure 5.1.4 the calculated mark length 

varies inversely versus the crystallization temperature. 
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Figure 5.1.4. The affect of crystallization temperature on the length of marks 
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On average, this mark length is increased by about 3.05nm for a TC decrease in 

crystallization temperature, for the case of 3 mW write power at the write speed of 5 m/s. 

The average mark length increases by ~ 70nm for 10 % reduction of crystallization 

temperature. Table 5.1.1 summarizes the calculated mark length change versus 

crystallization temperature. 

Table 5.1.1 The variation of calcualted mark length versus crystallization temperature 

Write power and 3 mW at 7 mW at 5 mW at 8 mW at 
speed 5 m/s 5 m/s 10 m/s 10 m/s 

Mark length 3.05 nm/ °C 2.2 nm/ °C 3.33nm/°C 2.5 nm/ °C 
mcrease versus 
crystallization 
temperature 

decrease 
Mark length 70.15 nm 50.6 nm 76.59 nm 57.5 nm 

increase due to a 
10% reduction of 

crystallization 
temperature 

% Crystallization 34.7% 45.4% 42.6% 61.2% 
temperature 

decrease needed to 
or 

80 °C 
or 

104.5 °C 
or 

98.rc 
or 

140°C 
match theoretical 
and experimental 

results 

To make the theoretical mark lengths agree with the experimental mark lengths for the 

case of 5 m/s writing, the crystallization temperature needs to be reduced by 70 °C (a 

reduction of 30%). Therefore, discrepancy among the experimental and theoretical mark 

length cannot be reconciled by changing of crystallization temperature. 

Another possible cause of discrepancy among the experimental and theory based 

curves of Fig 5.1.3 is the effective writing radius of the spot being larger than that of the 
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theoretical focused write spot shown in Fig 5.1.1 (the write spot used in the 

TENPROFILE simulations is diffraction limited). This could occur if the objective lens 

in the KOH 2100 optical head is not optimally filled by the laser light beam, if the laser 

light beam itself has an elliptical (rather than a circular) cross-sectional shape, or if there 

are some residual aberrations in the KOH 2100 objective lens. 

To quantify the quality and the size of focused write spot produced by the KOH 

2100 optical head, we constructed a focused spot measurement system to measure the 

focus spot (this system will be described in Section 5.2). We used this system to 

determine that the focused spot has (essentially) circular symmetry, with a Gaussian 

intensity profile which indicates minimal aberration. However, the measured size of the 

focused spot is larger than the theoretical focused spot size used in our previous 

TEMPROFILE simulations. The 1/e (of maximum intensity) radius of the theoretical 

focused spot that we used is 486nm, but the 1/e (of maximum intensity) radius of the 

measured focused spot is 516nm. 

Using the experimental spot size (1/e radius = 516nm) instead of the theoretical 

spot size (1/e radius = 486nm) in the TEMPROFILE simulation, we find that the 

calculated length of marks for written with 3 mW write power at 5 m/s is increased by 

40nm; for marks vmtten with 9 mW write power at 5 m/s the calculated mark length 

increases by SOnm. This indicates that, on average, the calculated mark length increases 

by ~ 60nm for the case of 5 m/s recording. Similarly, we find that the calculated length of 

marks for 10 m/s recording is increased by 210nm to 240nm for write powers in the range 

from 4mW to 9 mW, respectively. This indicates an average length increment of ~ 
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230nm for the 10 m/s recording case. The recalculated TEMPROFILE output, based on 

the larger focused write spot (1/e radius = 516nm) is shown in Figure 5.1.5. 

MarkLength Comparsion Figure without Write focus bias and 
R0=516nm 
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Figure 5.1.5 The mark length comparison between experimental and theoretical results without write focus 
bias and R0=516nm 

In figure 5.1.5, the computed mark length is about too 138nm short for the 5 m/s case and 

about 221nm too short for the 10 m/s case. 

The discrepancy of these results in Fig 5.1.5 can be also cause by the differences 

in the actual values of heat capacity (C) and thermal conductivity (K) versus those used 

in the TEMPROFILE simulations. The heat capacity (C) and thermal conductivity (K) 

used in TEMPROFILE is 1.25 (Joule/cm^/degree-C) and 0.0059 (Joule/cm/sec/degree-C), 

respectively. This set of C and K value is referred irom Kodak company measurements. 



85 

To quantify how the values of C and K would influence the results of Fig 5.1.5, we 

applied small changes to the C and K values used in the simulations. We found that, in 

general, the mark length is increased inversely with increases in the value of C and K. In 

this particular PC film, the written mark length is less sensitive to a change of the C value 

than a change of K value (i.e., 10% reduction of C increase mark length by 84nm and 

10%.of K reduction cause mark length increased by 96nm). Since C and K can both be 

unknown, there are many possible sets of C and K combination that will increase the 

calculated mark lengths. After a few trial simulations, we choose to reduce the value of C 

by 10% and the value of K by 25%, which give C=1.125 (Joule/cmVdegree-C) and 

K=0.005(Joule/cm/sec/degree-C). The output of theoretical mark lengths that were 

calculated using these altered C and K values is shown in Figure 5.1.6. The average 

calculated mark length is now the only 32nm shorter than the experimental mark lengths 

for the 5 m/s case and 91nm shorter for the lOm/s case. And, the residual discrepancy 

between experimental and theoretical results can be eliminated by reducing the 

crystallization temperature by 10°C. This process of iterating the thermal parameters (C, 

K and crystallization temperature) in order to produce agreement among the calculated 

and experimental written mark lengths indicates why we need to have an accurate 

thermal measurement system, such as the system described in Chapter 4. Form the above 

simulation, we know there are many sets of C and K combination presented a closed 

match between the theoretical and experimental results for certain recording condition, 

but to find the true set of C and K, we will need a accurate thermal measurement system 

shown in chapter 4. The crystallization temperature can be measured by inserting a 
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thermometer to monitor the phase transition of material. In general, the crystallization 

temperature is much easier to measure than thermal parameter with higher accuracy. 

MarkLength Comparsion Figure without Write focus bias, R0=516nm, and C,K reduction 
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Figure 5.1.6 The mark length comparison between theoretical and experimental results with C,K reduction, 
andro=516nm 

5.2 OPTICAL WRITE SPOT MEASUREMENT 

To obtain accurate thermal modeling (i.e., perform a good simulation of a 

recording process), it is important to know the actual size and irradiance distribution of 

the focused spot that is used to write the marks on the PC film. The optical recording 

light spot usually has a Gaussian intensity profile. Because the focused writing spot is 

very small ( ~ of 1 micron FWHM diameter, or less) and has a large dynamic range of 

irradiance [20], it is very difficult to accurately measure it. In this section, we describe the 
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system and method we used to characterize the focused spot produced by the KOH 2100 

optical head. 

The system used by us to characterize the focused spot produced by the Maestro 

system's optical head, is comprised of an Olympus microscope equipped with a video 

system to display micrographs on a Sony monitor and a LeCroy digital oscilloscope. The 

KOH 2100 head is placed on the microscope stage and the optical axis of its objective 

lens is aligned to that of the microscope (via a set of tilt stages). The head and microscope 

are adjusted such that, when the focused spot is positioned at the focus of the microscope 

[21], a highly magnified image of it appears on the Sony monitor. By displaying the RGB 

video signals and the monitor line and fi*ame scan synch signals (which are available at 

the rear of the Sony monitor) on the oscilloscope, we are able to obtain a signal that 

corresponds to the optical irradiance versus spatial position in any plane that is parallel to 

the optical axis of the focused spot (a signal appears only on the R video output, since 

KOH 2100 has a wavelength of 675nm). The output voltage of the oscilloscope signal is 

proportional to the local irradiance of the focused spot. The LeCroy digital oscilloscope is 

used to store the scans (through various planes) of the focused spot. Using these stored 

scans, we are able to construct a 'map' of the local irradiance distribution within the 

focused spot and estimate the FWHM diameter and 1/e radius of the focused spot. 

If optical axis of the optical head is not exactly aligned with the axis of the 

objective lens of the microscope, the image of the laser spot exhibits a non-circular 

profile with some ringing in one of dimension, as shown in Figure 5.2.2 (a). 
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Fig 5.2.1. The optical-electronic system for laser focus spot measurement 

The graph of Figure 5.2.2 (b) shows an oscilloscope trace of the video signal scan 

line that 'slices' through (from left to right) the image shown in Fig 5.2.2 (a). 
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(a) (b) 
Figure 5.2.2. The image of laser focus spot, (a) The image of the optical head which is not perpendicular to 
microscope with no compensation plate, (b) The graph shows the horizontal scan of red color BNC signal 

There are two lubes on each side of the center of the signal; these indicate a 

misalignment of the optical axes of the two objective lenses along the horizontal direction 

of Fig 5.5.5 (a). The objective lens of KOH 2100 is designed to record optical discs 

through a 1.2mm polycarbonate substrate. The image of focused spot shown in Fig 5.5.5 
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(a) also exhibits spherical aberration since the light from the KOH 2100 objective is 

brought to focus in air. That is, Figure 5.2.2 shows the image of spherically aberrated 

focused spot that has its optical axis tilted with respect to the optical axis of the 

microscope objective. To eliminate the spherical aberration, a small piece of 1.2mm thick 

polycarbonate optical disc substrate is inserted between the optical head and objective 

lens of microscope. 

(a) (b) 
Figure 5.2.3 The image of laser focus spot, (a) The image of the focus spot where CCD detector is saturated 
(non-Gaussian intensity profile), (b) The graph shows the signal in vertical scan. The flat top profile 
indicates the detector (CCD camera) operated in nonlinear response 

The irradiance of focused spot is very high. Since the sensitivity of the CCD 

imaging array of the microscope camera is very high, it can be easily saturated. Figure 

5.2.3 (a) shows a saturated image of the focused spot. Figure 5.2.3 (b) shows the vertical 

dimension scan of focused (the sharp pulses that comprise this scan actually indicate the 

maximum amplitudes exhibited by approximately 50 horizontal video scan lines). The 

flat top of the scope trace indicates saturation of the CCD detector array. 
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It is necessary to reduce the peak irradiance of the focused spot to enable the CCD 

detector array to operate in a hnear response mode. A cross polarizer is inserted in 

microscope to reduce the irradiance that the focused spot image produces on the CCD 

array. It is also important to adjust the alignment of the piece of 1.2mm thick 

polycarbonate substrate so that it is perpendicular to the optical axes of the KOH 2100 

objective and the microscope objective (in order to minimize any astigmatism and coma 

that could be produced by a tilted substrate piece). 

t 
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n i l "  
; 
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(a) (b) 
Figure 5.2.4 (a) The image of laser spot with optical head perpendicular to the objective lens of 
microscope (circular shape, no ring), (b) The horizontal scan of monitor shows a Gaussian intensity profile 
(detector is not saturated) 

Figure 5.2.5 shows the vertical line scan of this image. Thus, the focused spot produced 

by the KOH 2100 optical head essentially exhibits a circular Gaussian shape. 

After adjustment of the tilt of both the KOH 2100 objective and the 1.2mm thick 

polycarbonate plate, a circular image of the focused spot is obtained. 

After careful adjustment of the attenuating cross-polarizer (to prevent the detector 

saturation), the focused spot image shown in Figure 5.2.4 (a) is obtained. This is an 
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image of a circular Gaussian intensity which exhibits negligible aberration, which is 

verified by the horizontal scan profile of the image shown in Figure 5.2.4 (b). 

iiLl 1. 

Figure 5.2.5 The vertical scan line of monitor shows a Gaussian a Gaussian intensity profile 
(detector is not saturated) 

In order to assign a value to the dimensions (e.g., the FWHM diameter) of the 

focused spot, we must dimensionally calibrate the microscope image. We used a stage 

micrometer and also imaged a Compact Disc to realize this calibration (we relied on the 

fact that the track spacing of a Compact Disc is fixed at 1.6 microns). The average 

separation of a large number of CD tracks (taken on several discs) was used for the latter 

calibration. FWHM of KOH 2100 optical head's focused spot in the horizontal and 

vertical directions is shown in Table 5.2.1. The KOH 2100 (with 1.2mm thick coverplate) 

exhibits a very circular shape and exhibits a 1/e (of maximum irradiance) radius of 

516nm. If the 1.2mm thick cover plate is removed, the KOH 2100 head's focused spot 

exhibits a small ellipticity (14nm for FWHM diameter) between radial dimension and in-
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track dimensions (this might be due to a shght misahgnment of the 1.2 mm thick 

compensation plate that is inserted between the objective and its focal plane) 

Table 5.2.1 The experimental measured focus spot size of KOH 2100 

KOH 2100 with KOH 2100 without 
coverplate coverplate 

FWHM of RO in 430nm 463nm 
Radial dimension 
FWHM of RO in 430nm 449nm 
track dimension 

1/e of RO in Radial 516nm 557nm 
dimension 

1/e of RO in track 516nm 538nm 
dimension 

5.3 ML-RLL WRITE STRATEGY DESIGN 

In binary RLL optical recording, the stored information is carried entirely in the 

length of recorded mark. The information can be correctly read from the storage medium 

if the recorded marks lengths are substantially correct. The jitter of recorded disc is 

governed by the accuracy of mark length. A low jitter value indicates a small variation in 

the lengths of the recorded marks. Assuming that the mean lengths of the recorded marks 

are correct, a low jitter value corresponds to a low recovered user data error rate. 

On the other hand, in multi-level run-length-limited (ML-RLL) recording, the 

user information is carried by both the length of mark and the effective reflectivity level 

of the mark. By effective reflectivity, we mean the fraction of light in the focused 

playback light spot that is returned to the rf photodetector when an individual recorded 
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mark is scanned by the focused playback spot. This fraction of returned light depends, not 

only on the reflectance of the recorded mark, but also on its width and length. To 

successfully read back the stored user information (i.e., to achieve a low recovered data 

error rate) when ML-RLL modulation is employed, both the length of mark and effective 

reflectance level of recorded marks must be accurate. An ML-RLL recording can be 

considered to be a two dimensional recording since the information is carried in both the 

mark length and the effective reflectivity level of the mark. A low jitter in both mark 

length and mark effective reflectance (which is inferred from the jitter in the lengths and 

amplitudes of the pulses that comprise the rf read signal that occurs when a ML-RLL 

recording is read) ensures successful recovery of data when ML-RLL modulation is 

employed. Thus, in ML-RLL recording, both mark length and the required reflective 

level of mark need to be precisely controlled. To obtain a lower jitter in ML-RLL 

recording, a good write strategy is needed (we note that the 'write strategy' is a set of 

rules that specifies the temporal modulation of the optical power that is applied when 

writing specific sequences of marks on a specific storage medium at a given disc scan 

speed). 

In this section, we use the TEMPROFILE thermal recording simulation software, 

with the calibrated thermal parameters (cf, the earlier Sections of this Chapter) and the 

correct recording focused spot irradiance distribution (cf.. Section 5.2) to design a 3L-

RLL write strategy. 3L-RLL has two distinct effective reflectivity levels for written 

marks (as well as a third distinct reflectivity for unwritten portions of the storage 

medium). Since 3L-RLL modulation is somewhat more complex than binary RLL 
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modulation, an accurate thermal recording model will facilitate the development of a 3L-

RLL write strategy. 

We now describe the development of a 3L-RLL write strategy for use with the 

Kodak PC storage medium illustrated in Fig 4.1.1. We shall employ the thermal 

parameters described in Section 5.1. The thickness, optical parameters, and thermal 

parameters of each layer of the relevant storage medium are listed in Table 4.5.1. The PC 

layer of this storage medium is deposited in the amorphous state; the written marks have 

the crystalline phase. A specific crystallization temperature of230 C is used to determine 

the size of the written crystallized marks. Since there are three effective reflectance levels 

required in 3L-RLL recording, both the length and width of written marks is 

independently modulated to obtain an rf read signal that is comprised of pulses that have 

one of three distinct amplitude levels and k - d +1 distinct lengths (where d and k are the 

run-length constraints of the 3L-RLL modulation). In the Maestro optical recording 

tester, the write power cannot be changed during the writing of an individual mark. In 

fact, only a single write power can be used to write all of the marks that are recorded on a 

single circular track on the storage medium. Thus, to produce a write strategy, we are 

limited to varying the number and duty cycle of the short pulses that comprise the binary 

waveform that is applied to write each individual mark on the storage medium. These 

individual sub-pulses can have width in the range of a few ns to tens of ns. By changing 

the number and duty cycle of the group of sub-pulses that are used to write an individual 

mark, it is possible to write marks that have arbitrary length and arbitrary width. 



95 

Since the Kodak PC storage medium exhibits fully crystallized marks (i.e., 

because partially crystallized marks cannot be written), the effective reflectance of the 

written marks is mainly related to their widths. That is, the width of each mark is 

modulated to get the desired effective reflectance level. A 3L-RLL recording on a PC 

storage medium that supports partially crystallized written marks (where the partial 

crystallization ratio indicates the percentage of crystalline grains in a recorded mark) is 

discussed in chapter 6. In this Section, we are concerned with the development of a write 

strategy for a PC storage medium that support only fully crystalline phase written marks. 

An example of a desired read signal that would be obtained by reading a sequence 

of 3L-RLL recorded marks is shown in Figure 5.3.1. This waveform is comprised of 

pulses that have lengths from 3T to IIT, which exhibit two (unambiguously) different 

amplitude levels identified in the figure as '1' and '2'. hi addition, the waveform has a 

baseline level that has amplitude '0'. These three distinct amplitude levels are associated 

with written marks that exhibit effective two distinct effective reflectivities (which 

correspond to the amplitudes '1' and '2') and with the unwritten amorphous portions of 

the medium that exhibits a third distinct effective reflectance (which corresponds to the 

amplitude '0'). Here, T is the temporal length of the channel bit, or equivalently, the 

reciprocal of the channel clock rate. The 3L-RLL waveform shown in Fig 5.3.1 begins 

with a 3T mark at effective reflectance level '1', followed by a 6T land with effective 

reflectance '0', followed by a 3T mark with effective reflectance level '2', followed by a 

6T land with effective reflectance level '0', followed by a 4T mark with effective 

reflective level '1', etc. 
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Desired 3L-RLL Waveform 

3T 4T 11T 

3T 4T "«—• 11T 

6T 6T 6T 6T 

Figure 5.3.1 Example of a desired 3L-RLL waveform comprised of pulses that have lengths from 
3 T t o  I I T  

To achieve the desired waveform in Fig 5.3.1, the written marks' width is varied 

to adjust its effective reflectivity. In the following graphs, we will show the write strategy 

used to record marks having lengths from 3T to IIT, which also exhibit two distinct 

effective reflectivity. The write strategy development usually begins by using a simple 

packet of sub-pulses to write each mark; this simple packet is comprised of short pulses 

that have a fixed repetition rate and duty cycle for different length mark. The number of 

sub-pulses is proportional to the desired marks. Since the mark should exhibit a well 

defined length and the reflectivity of the mark should be one of two possible reflective 

levels, a simple fixed rate multi-pulse packet is not the best write strategy. In fact, when 

this simple write strategy is used, the recorded marks have the desired mark length, but 

not the desired reflectivity, or vice versus. Several generations of 3L-RLL write strategies 

have been developed by us during the past two years. 

In our latest write strategy, we allow the pulse time and the duty cycle of the 

pulses in the multi-pulse packet to vary independently. By doing so, the 3L-RLL 

recording can be optimized, but the write strategy becomes much more complicated. Due 
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to the high level of complexity of this type of write strategy, the TEMPROFILE optical-

thermal modeling is needed to gain better understanding. In the rest of this Section, we 

present the write strategy design to achieve a read waveform that is similar to the desired 

waveform illustrated in Fig 5.3.1. Since the resolution limit of KOH the 2100 optical 

head (NA=0.5, X=675nm) is about 900nm, the 3T mark would correspond to the 

minimum mark that has length of 900nm and 1 IT is equal to a mark length of ~3.3um (T 

corresponds a channel bit which has length of ~300nm). 

Fig 5.3.2 shows the write strategy for recording both 3T and 4T mark at two 

different reflectivity levels. In Fig 5.3.2, to write a mark has the length of 3T (length = 

900nm) at effective reflectivity level 1, a single write pulse of 30ns duration is used. A 

3T mark at the higher effective reflectivity (level 2) can be recoded using three 15ns 

duration sub-pulses with 60ns period for each sub-pulse. The desired 4T mark length is 

about 1200nm. To record a 4T mark at effective reflectivity level 1, we use two 25ns sub-

pulses at 125ns period for each sub-pulse. The land region between each mark is always 

6T length (ISOOnm). Recording a 4T mark at effective reflectivity level 2 would require 

three sub-pulses of 20ns duration with 65ns period for each sub-pulse followed by a lOns 

sub-pulse. 

Next, TEMPROFILE is used to generate an optical-thermal simulation of the 

recording of 3T and 4T marks via the writing signal illustrated in Fig 5.3.2. The input 

parameters for TEMPROFILE that were used for this are Usted in Table 4.5.1. Also, the 

1/e (of maximum intensity) radius of the writing focused spot is 516nm, the write speed 

is 3 m/s and the write power is 3.6mW. 
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Figure 5.3.2 The write strategy pulse to record 3T and 4T mark at effective reflectance level 1 and effective 
reflectance level 2 

TEMPROFILE generates temperature profiles in the direction of the data track 

(i.e., parallel to the disc scan direction) and in the radial direction (i.e., perpendicular to 

the disc scan direction), as well as within the disc recording PC layer (i.e., perpendicular 

to PC film). Isothermal contours of the temperature distribution within the PC layer and 

on its surfaces can also be obtained. Since the recording medium's crystallization 

temperature is taken to be 230°C, the recorded marks' length, width and shape (in the PC 

film) is estimated fi-om the calculated 230°C isothermal contour. The 230°C isotherms that 

occur at several time instants after the start of the first pulse of each of the four sub-pulse 

packets in Fig 5.3.2 at the depth of 6nm below the top surface of the PC film, is shown in 

Figure 5.3.3. Each of isotherm contour in Figure 5.3.3 is separated by 20ns delay. Figure 

5.3.3 shows several all the temperature profile for various recording time and recording 

region on the disc. The temperature inside each contour in Fig 5.3.3 is higher than the 

Tram of pulses: Power vs distance on X at 3m/s 

J I L 
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crystallization temperature of 230°C. To get an accurate estimate of mark shape, it is 

important to plot each of isotherms very closely (i.e., 20ns time delay for each isotherm 

contour) in case a sudden change of temperature. 

ISOTHERMS at 230 degs and Z= 6 nm 
500 I 1 ^ 1 1 1 1 r 

X (nm) 

Figure 5.3.3 The isotherm of temperature profile of various time in radial of track and along the track 

Since the PC film will crystallize everywhere that its local temperature is raised 

above the crystallization temperature of 230°C, the isotherms shown in figure 5.3.3 can 

be used to estimate the sizes and shapes of the four written marks by using them to define 

the largest areas of the film in which the temperature exceeded 230°C. Furthermore, by 

finding the largest 230°C isotherm contour associated with every short pulse in the four 

pulse packets (this isotherm may occur at different times after the start of the respective 
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short pulse), we can visualize the net contribution of each of the sub-pulses to the written 

sequence of crystalline marks, see Figure 5.3.4. 

Mark shape 
500 I ^^^^ r 

.500' ^^^^^ ' ' 
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Figure 5.3.4 The write strategy overlap with the isotherm plot 

Each of the ten contours shown in Figure 5.3.4 is the 230°C isotherm related to a 

particular one of the ten short write pulses that were used to write the four marks (the 

location and durations of these pulses relative to the respective contours is also indicated 

in the Figure). The first of the four written marks is a 3T mark with effective reflectivity 

level 1; it has length of about 900nm along the scan direction of the storage medium (the 

x-direction in Fig 5.3.4). The second mark is a 3T mark with reflectivity level 2. Unlike 

the fist mark, which was written via a single write pulse, this mark is constructed by 

using three sub-pulses that are shorter than the pulse used to form the first mark. The duty 

cycle of this three pulse sequence is about 23% (three sub-pulse has 15 ns duration with a 
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65ns period between each sub-pulse). A 600ns delay is inserted to maintain a 6T land 

(ISOOnm) between the first 3T level 1 mark and 3T level 2 mark. The third mark is a 4T 

mark at effective reflectivity level 1. Two longer write sub-pulses and longer duty cycle 

(each sub-pulse has duration of 23ns and a period of 150ns) is applied to form this mark. 

To avoid any inter-symbol-interference from the neighboring mark a longer land 

(6T=1800nm) is needed to separate each mark. For this entire recording, we always insert 

a 600ns delay to produce a 6T land (ISOOimi) to separate each mark. The last mark is a 

4T mark with effective reflectivity level 2, which is constructed by using short write sub-

pulses with short duty cycle (each sub-pulse has 22ns duration and 100ns period for each 

sub-pulse). Note that in this group of sub-pulses, the forth write pulse (10ns) is shorter 

than the other three sub-pulses (20ns). This forth pulse is used to increase the length of 

mark, but not to increase its effective reflectivity. The actual shapes of the written marks 

can be readily visualized by plotting the four contours that outline (surround) contain the 

four sets of contours shown in Fig 5.3.4. These four outlining contours, which correspond 

to the shapes of the written marks, are shown in Figure 5.3.5. The lengths of four marks 

in Fig 5.3.5 are 900nm, 1200nm, 1200nm, and 1500nm, respectively. Since it would 

require longer horizontal axis (i.e., along the direction of data track) to represent both 

marks and lands in scale. All graphs in this section is only intended to present the marks 

rather lands. The lands between each mark are not draw to scale for all graphs. The actual 

length of land (6T=1800imi) between each recorded mark can be observed from the 

micrograph of 3L-RLL shown in Figure 6.1.13. The maximum mark width is 430rmi for 

mark 1 and mark 3. The maximum width is 460nm for mark 2 and mark 4. 
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5.3.5 The shape of 3T and 4T marks 

Figure 5.3.6 shows write pulse packets used to record two 5T marks which exhibit 

effective reflectivity level 1 (left mark) and level 2 (right mark) respectively. To produce 

the left mark, two 25ns sub-pulses with 200ns period for each sub-pulse are used. To 

produce the right mark, four 23ns sub-pulses with 150ns period for each sib-pulse are 

used (a duty cycle of 22%). The length of first mark is ISOOrmi and the length of second 

mark is 2000nm. The widths of both marks are about 420nm. 

The writing of two 6T marks that have effective reflectivity of level 1 (left mark) 

and level 2 (right mark) is illustrated in Fig 5.3.6. The lengths of both marks are about 

2000nm. The widths of left mark and right mark are 390nm and 460nm respectively. The 

500ns delay time is always inserted between each mark. Here three 23ns sub-pulse at 

200ns period for each sub-pulse and three 30ns sub-pulse at 200ns period for each sub-

pulse is used, respectively. 
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Figure 5.3,6 The 5T mark at reflectivity 1 (left) at reflectivity 2 (right) 
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Figure 5.3.7 The 6T mark at reflectivity level 1 (left) at reflectivity level 2 (right) 

Figure 5.3.8 illustrates the recording of two 7T marks that exhibit effective 

reflectivity of level 1 (left mark) and level 2 (right mark), respectively. This is 

accomplished using three 25ns sub-pulses at 250ns period for each sub-pulse followed by 
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three 33ns sub-pulse at 245 ns period for each sub-pulse. The length of both marks is 

about 2400nm. The widths of the first mark and the second mark are 400nm and 480nm, 

respectively. 
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Figure 5.3.8 The 7T mark at reflectivity level 1 (left) at reflectivity level 2 (right) 

Figure 5.3.9 illustrates the recording of two 8T marks with effective reflectivity of 

level 1 (left mark) and level 2 (right mark). A packet of four 23ns sub-pulses at 225ns 

period for each sub-pulse is used to obtain ST mark with effective reflectivity level 1; 

mark with effective reflectivity level 2 is written using three 35ns sub-pulses at 270ns 

period for each sub-pulse. The lengths of left mark and right mark are 2600nm and 

2400nm respectively. The widths of left mark and right mark are 400nm and 480nm 

respectively. Note that this write strategy is quite different from that used to write the 

previous pairs of marks, since four shorter sub-pulses which occur with lower duty cycle 

of 10% are used to produce the 8T mark at effective reflectivity level 1. On the other 

Mark Shape (ISOTHERMS at 230" and Z=6 /im) 
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hand, a lesser number of longer length, high duty cycle pulses of 12% are used to produce 

the mark that exhibits effective reflectivity level 2. 

Mark Shape (ISOTHERMS at 230° and Z-6 nm) 
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Figure 5.3.9 The 8T mark at reflectivity level 1 (left) at reflectivity level 2 (right) 

Similarly, as is shown in Fig 5.3.10, five relatively short (22ns) sub-pulses at 

lower (11%) duty cycle are used to write a 9T mark that exhibits effective reflectivity 

level 1 (left mark) and four relatively long (32ns) sub-pulse at larger (13.7%) duty cycle 

are used to produce a 9T mark that exhibits effective reflectivity level 2 (right mark). The 

lengths of both marks are about 2900nm. The widths of left mark and right mark are 

380nm and 460nm respectively. 

Fig 5.3.11 illustrates the 3L-RLL recording of lOT marks. Five relatively short 

(23ns) sub-pulses at low (10.5%) duty cycle are used to write a lOT mark that exhibits 

effective reflectivity level 1 (left mark) and four relatively long (33ns) sub-pulse at larger 
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(13.2%) duty cycle are used to produce a lOT mark that exhibits effective reflectivity 

level 2 (right mark). The lengths of left mark and right mark are 3300nm and 3100nm 

respectively. The widths of left mark and right mark are 400nm and 480nm respectively. 
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Figure 5.3.10 The 9T mark at reflectivity level 1 (left) at reflectivity level 2 (right) 
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Figure 5.3.11 The lOT mark at reflectivity level 1 (left) at reflectivity level 2 (right) 
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Lastly, Fig 5.3.12 illustrates the 3L-RLL recording of IIT marks. Five relatively 

short (23ns) sub-pulses at a lower (10%) duty cycle are used to write a lOT mark that 

exhibits effective reflectivity level 1 (left mark) and four relatively long (35ns) sub-pulse 

at larger (13.5%) duty cycle are used to produce a IIT mark that exhibits effective 

reflectivity level 2 (right mark). The lengths of left mark and right mark are 3400nm and 

3300nm respectively. The widths of left mark and right mark are 400nm and 490nm 

respectively. 
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Figure 5.3.12 The 1 IT mark at reflectivity level 1 (left) at reflectivity level 2 (right) 

Table 5.3.1 summarizes the write strategy and the corresponding mark lengths and 

widths. The ratio of mark width (in radial direction) of level 1 and level 2 marks is about 

0.94 for 3T and 4T mark. The ratio of mark width stays about 0.83 from 6T to 1 IT mark. 

The ratio of mark width for 5T mark is 1, but the level 2 mark has length of 2000nm 

(1500nm for level 1 mark) to rise the effective reflectivity level to the desired level. In 
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general, the length of land is about 6T (-ISOOnm). It only needed to insert a 500ns time 

delay to produce 6T land for smaller marks (3T~5T marks) and a 600ns time delay to 

produce 6T land for larger marks (6T~1 IT marks). 

Table 5.3.1 The summary of write strategy and corresponding mark length and width 

Number of 

sub-pulses 

Pulse time (ns), 

duty cycle (%) 

Mark length 

(nm) 

Mark width 

(nm) 

Mark Level 1 Level 2 Level 1 Level 2 Level 1 Level 2 Level 1 Level 2 

3T 1 2 30, 15% 15, 23% 900 1200 430 460 

4T 2 4 23, 16% 22, 22% 1200 1500 430 460 

5T 2 4 25, 13% 23, 16% 1500 2000 420 420 

6T 3 3 23, 12% 30, 15% 2000 2000 390 460 

7T 3 3 25, 10% 33, 14% 2400 2400 400 480 

8T 4 3 23, 10% 35, 12% 2600 2400 400 480 

9T 5 4 22, 12% 32, 14% 2900 2900 380 460 

lOT 5 4 23, 11% 33, 14% 3300 3100 400 480 

I I T  5 4 23, 10% 35, 14% 3400 3300 400 490 

Overall, the duration of each pulse (i.e., the single pulse in 5T sub-pulse) has 

maximum effect on the width of mark. This effect can be easily observed by comparing 

9T, lOT and IIT marks where the width of level 2 mark is increasing from 460nm to 

490nm while the duration of pulse is increasing from 32ns to 35ns. The length of marks 

is mainly governed by the duty cycle of sub-pulse. This effect can be seen by comparing 

6T and 7T marks or lOT and 1 IT marks. The pulse duration in the level 1 of lOT and 11T 

mark is 23ns, but the duties cycle of level 1 lOT and IIT marks are 11% and 10% 

respectively. As a result, the length of level 1 IIT mark is 100ns longer than lOT mark 
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while the width of lOT and IIT stays the same (400nm). The similar result is obtained 

when we compare 6T and 7T marks. 

The optical-thermal modeling of the entire train of waveforms is shown in Figure 

5 . 3 . 1 3 .  F i g u r e  5 . 3 . 1 3  s h o w  t h e  m a r k  s h a p e  o f  o p t i c a l - t h e r m a l  m o d e l i n g  o f  3 T  t o  I I T  

marks. 
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Figure 5.3.13 (a) The optical-thermal modeling of 8T to IIT marks 
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Figure 5.3.13 (b) The optical-thermal modeling of 3T to 7T marks 
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In chapter 6, we show the stability of the write strategy versus the change of 

recording speed in detail. In general, if the recording speed is increased, the pulse time of 

level 1 marks needed to be increased at a faster rate than level 2 marks. If the recording 

speed is reduced, the duration of pulses in level 1 marks needed to be decreased to 

maintain optimum effective reflectance level (i.e., half way of effective reflectance of 

level 2 marks). The stability of write strategy versus write power and write speed is tested 

in more details in chapter 6. 

The 3L-RLL write strategy that we have developed and reported in this Chapter is 

a first-order strategy in the sense that it is independent of the data that is being recorded. 

A more optimum strategy can be produced using data-dependent write pre-compensation. 

In pre-compensated recording, the sub-pulse packet used to write a current mark is 

adjusted based on the data, i.e., on the lengths of the immediately preceding land or mark, 

and even on the length of the next land or mark that will be recorded. And the reader is 

reminded that our 3L-RLL write strategy is applicable to the use of only two distinct laser 

powers during the writing process: a high write power level of several milli-watts and a 

low reading (or bias) power level of about 1 milli-watt. 3L-RLL recordings can be 

optimized even more via a write strategy that applies multiple write powers (> 2) within 

the multi-pulse packets used to write each mark (such that the individual pulses that 

comprise the multi-pulse packet may cause different write power levels to be generated). 

We have been developing an improved optical tester, which will be able to write marks 

on PC discs using multiple short pulses that exhibit different write power. It is hoped that 
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this enhanced experimental capability will enable future work in the area of ML-RLL 

recording. 

Experimental recording and readout of 3L-RLL marlc/land patterns, using the 

write strategy discussed above, is described in Chapter 6. RF readout signals and the 

corresponding eye diagrams are presented, together with photo-micrographs of the actual 

written marks. 
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CHAPTER 6 

RECORDING OF ML-RLL MODULATED SIGNALS ON PHASE CHANGE 
OPTICAL DISCS 

In this chapter, we present 3L-RLL recording on two different tj^es of write-once 

read many-times (WORM) PC medium. One of these mediums supports the writing of 

fully crystalline phase marks on a amorphous phase PC thin film. The other PC medium 

supports the writing of marks that exhibit a partially crystalline structure in a fully 

amorphous film. In such partially crystalline marks, the percentage of crystalline grains 

can be varied by adjusting the write laser power. The radio frequency (RF) readout 

signals obtained by reading both fully and partially crystalline marks, as well as eye-

patterns obtained from these RF signals, will be shown and discussed in this Chapter. 

Photo-micrographs of the recorded sequences of marks that correspond to these RF 

signals will also be shown and described. Our main objective in this research is to 

develop mark writing strategies that produced useful results, i.e., which yield 3L-RLL 

playback signals having excellent timing jitter and amplitude level discrimination. The 

optical head used in this experiment has a 675 nm laser and a NA = 0.5 write/read 

objective. We only use a single write laser power, i.e., the write laser is switched between 

a low bias power (read power) and high power (write power) to effect the recording. The 

effective reflectance level and length of the written marks are varied by changing the 

width, duty cycle and number of short sub-pulses used to write each individual mark 

versus the mark pattern. Different write strategies were found to optimize the writing of 

3L-RLL signals on each of the PC mediums mentioned above. We shall discuss recording 
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and playback of two different 3L-RLL waveform patterns on each type of PC medium in 

the sequel. 

6.1 3L-RLL RECORDING OF FULLY CRYSTALLINE MARKS 

6.L1 RF readout of 3L-RLL marks 

The write strategy used by us to write 3L-RLL sequences of fully crystalline 3L-

RLL marks on the Kodak WORM PC medium was described Chapter 5. Figure 5.3.1 

shows an example of a desired 3L-RLL playback waveform. This signal is a train of 

pulses that have temporal widths of 3T to 1 IT (such that T is the minimum difference in 

width among the various pulses) and one of three distinct amplitude levels. Some resuhs 

obtained via optical-thermal modeling of 3L-RLL recording are shown in Figure 5.3.13. 

Figure 5.3.13 presents the written mark shapes predicted by optical-thermal modeling for 

the entire range of marks widths, i.e., for 3T to IIT marks. Several of the experimental 

results discussed in this Chapter were presented at the 2004 Optical Data Storage 

conference [14]. 

The 3L-RLL RF read signal that we discuss in the sequel has been passed through 

a low pass filter to eliminate noise. The actual recorded data is in the rate of mega hertz. 

The tracking servo signal is operated at about 20 kilo hertz. The low pass filter of 

operational amplifier usually has a bandwidth from lOOkhz to 50Mhz eliminated the 

servo signals and high frequency noise. This RF signal is generated by a split-cell 

photodetector, i.e., the detector is comprised of two Si photodiodes that are sequentially 

located (in the image plane of the optical head's objective lens) parallel to the direction 
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defined by the image of the sequence of marks that are recorded on the storage medium. 

We shall refer to the two halves of the RP photodiode as 'cell A' and 'cell B'. 

The RF readout of the recorded 3L-RLL waveform described in Fig 5.3.13 is 

shown in Figure 6.1.1. The top and bottom waveforms in Fig. 6.1.1 are the readout of RF 

detector cell A and cell B, respectively. The middle waveform is the sum of RF cell-A 

and cell-B. The middle waveform is the real RF signal which has a better signal-to-noise 

ratio (SNR). The middle waveform contains the entire range of 3L-RLL pulses, i.e., 

pulses with shortest length 3T at amplitude level 1, all the way to the longest pulses of 

length IIT at amplitude level 2. The 3L-RLL pattern of marks that produced this 

waveform is repeatedly recorded as a closed circular data track [14]. A photo-micrograph 

of a portion these 3L-RLL recorded marks is shown in Section 6.1.2. 

I 0 STOPPED 

Figure 6.1.1 The RF readout of recorded 3L-RLL waveform (3T~1 IT waveform) 

A 3L-RLL signal is different than a binary run-length-limited signal. The inter-symbol 
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interference (ISI) among 3L-RLL marks is different than the ISI encountered in binary 

RLL recording. The traditional data detection method used to separate binary channel 

data from the binary RF read signal is not suitable for separating ternary channel data 

from the 3L-RLL RF read signal. Two data slicing levels, as well as an RF signal 

equalizer that is similar to equalizers employed in a partial response signaling channel 

can be used to separate ternary channel data from a 3L-RLL RF signal [12]. 

The RF readout shown in figure 6.1.1 is recorded with a write power of 4.4mW 

which is optimum for a recording speed 3 m/s. It is important to understand how the write 

strategy used for 3L-RLL is affected by recording speed and write power. To determine 

this, the recording speed is slowly changed until the recorded pattern is unrecognizable in 

the recovered RF signal. Each time the write speed is changed, an optimized write power 

is determined and used, but the write power and write strategy remains unchanged. 

Figure 6.1.2 shows the RF readout obtained for recording and playback of 3L-RLL 

patterns when the recording/playback speed is increased by 0.2% relative to optimum 

recording speed of 3 m/s. The RF readout is identical to the optimized one shown in 

figure 6.1.1. The 0.2% increase in write speed has no effect on the recording/playback of 

3L-RLL patterns. Figure 6.1.3 shows the RF readout when the write speed is increased by 

2% relative to the optimum write speed of 3 m/s. The 3L-RLL pattern shown in figure 

6.1.3 indicates the optimum write strategy is very stable with even a 2% increase in write 

speed. Thus, the write strategy employed exhibits acceptable tolerance of a kind of 

perturbation that may affect a real system. 
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Figure 6.1.2 The recorded RPM is increased by 0.2% from optimum recording RPM 

Recorded RPM Increased by 2% from Optimum Recording RPM 

STOPPED 

Figure 6.1.3 The recorded RPM is increased by 2% from optimum recording RPM 
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Next, the write speed is increased by 20% relative to the optimum write speed. 

The resulting 3L-RLL RF readout signal is shown in Figure 6.1.4. We can see that the 

shorter pulses in the middle graph (i.e., the 3T to 5T marks) begin to degrade (lose 

amplitude and length definition). This is because the write strategy does not produce 

enough energy to record well resolved short marks. In the other words, the 20% increase 

of write speed causes the available energy to be spread over too large an area of the PC 

film, which in turn causes a reduction in the size of written marks. Since the nominal 

length smallest recorded marks are already near the resolution limit of the optical head, 

the affect of this reduction in mark size that is most readily seen in the RF signal portions 

that correspond to the smaller marks. 

Recorded RPMIncreased by 20% from Optimum Recording RPM 

LeCrog • 

ill 

iliiii 
I f  

to l l i / i  
i  1  

ji 'lA \ ij 
A1 11 

m \  w  

Figure 6.1.4 The recorded RPM is increased by 20% from optimum recording RPM 

The RF readout signal presented in Fig. 6.1.5 is obtained when the write speed is 

increased by 30%. The write speed is now so large that all level 1 amplitude marks are no 
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longer recorded; only the level 2 amplitude marks are written on the PC medium. The 

sub-pulses used by the write strategy for the writing of level 1 amplitude marks are too 

short to record these marks. Thus, a sensible 3L-RLL recording pattern cannot be 

recognized from the RF signal shown in Fig. 6.1.5. 

Recorded RPMIncreased by 30% from Optimum Recording RPM 
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Figure 6.1.5 The recorded RPM is increased by 30% from optimum recording RPM 

We now discuss the affect of reducing the write speed. Figure 6.1.6 shows the RF 

readout signal that was obtained when the write speed was decreased by 0.2% relative to 

optimum write speed of 3 m/s. Figure 6.1.6 shows the result of a 2% write speed 

reduction. Overall, the 3L-RLL write strategy is reasonably robust, that is, the full range 

of 3L-RLL pulses is reproduced in the RF read signal, even when the write speed is 

reduced by 2%. 
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Recorded RPMDecreased by 0.2% from Optimum Recording RPM 

a STOPPED 

Figure 6.1.6 The recorded RPM is decreased by 0.2% from optimum recording RPM 

Recorded RPM Decreased by 2% from Optimum Recording RPM 

I STOPPED 

Figure 6.1.7 The recorded RPM is decreased by 2% from optimum recording RPM 

The result of reducing the write speed by 20% of the optimum write speed can be 

seen in Fig 6.1.8, where the corresponding RP readout signal is shown. The sub-pulses 
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used to write the level 1 amplitude marks now produce a much increased energy density 

in the PC film (relative to the energy density that is produced at the optimum write 

speed). As a result, the effective reflectance of level 1 marks is increased, which causes 

the amplitude of the corresponding pulses in the RF signal marks to increase to a to non-

optimum level (the optimum amplitude for the level 1 amplitude pulses is approximately 

one-half that of the level 2 amplitude pulses). This will cause an increase in errors 

resulting from inaccurate discrimination of the pulse heights in the 3L-RLL signal, which 

in turn, will produce an increase in errors in the ternary data that is separated from the RP 

signal. 

Recorded RPM Decreased by 20% from Optimum Recording RPM 
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Figure 6.1.8 The recorded RPM is decreased by 20% from optimum recording RPM 

The write strategy we used to record 3L-RLL mark patterns is designed to for use 

with an optimum write power of 4.4 mW when the write speed is 3 m/s (± 1%). 
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Therefore, it is also important to understand the effect of write power variation. In this 

test, the write speed and the strategy are fixed, but the write power is varied to produce 

each instance of recording/playback. The view RF readout signal to asses the stability of 

write strategy versus the variation of write power. 

First, the write power is varied by ±0.2 mW. The resulting RF readout signal is 

essentially the same as when recording is performed using optimum write power. This is 

illustrated in Fig 6.1.9, which shows the RF read signal obtained when recording was 

performed using the increased write power of 4.6 mW instead of the optimum write 

power of 4.4 mW. 

Optimum Write Stratesv with Non-Optimum Write Power: 4.6 mW 
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Figure 6.1.9 The write power is increased to 4.6 mW and optimum write power is 4.4mW 

Thus, the write strategy performs satisfactorily when write power is varied by ± 0.2 mW 

relative to the optimum write power of 4.4 mW. 
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Next, the write power is varied by ±1 mW from the optimum level. Figure 6.1.10 

shows the RF readout signal obtained when the write power is reduced to 3.6mW. It is 

obvious that when the write power is decreased by this amount, the recorded mark pattern 

is severely degraded. This occurs because the energy density deposited in the PC film 

during the mark writing process is so low that the size the written marks is reduced. This 

condition causes the written marks, especially those with an effective reflectivity of level 

1, to be so small that they carmot be resolved by the optical head. As a result, those level 

1 amplitude pulses of the RP signal shown in Fig. 6.1.10 are degraded, or missing. 
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Figure 6.1.10 The RP readout where the write power is reduced to 3.6 mW and the optimum write power is 
4.4 mW 

On the other hand, when write power is increased to 5.6 mW, the effective reflectance of 

written level 1 marks is increased relative to that of the written level 2 marks. This causes 

the amplitude of the corresponding level one pulses in the RF signal to be increased 

relative to the amplitude of the level 2 pulses, as is shown in Fig. 6.1.11. This, in turn. 
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will cause an increase in errors resulting from inaccurate discrimination of the pulse 

heights in the 3L-RLL signal, which in turn, will produce an increase in errors in the 

ternary data that is separated from the RF signal. 

Optimum Write Strategy with Non-optimum Write Power: 5.6 mW 

STOPPED 

Figure 6.1.11 The write power is increased to 5.6 mW and optimum write power is 4.4mW 

Finally, when the write power is increased to 6.6 mW, the recorded 3L-RLL mark 

pattern can not be recovered from the RF read signal, which is shown in Fig 6.1.12. From 

this figure, it is easy to see that the amplitude of the level 2 pulses is saturated, while the 

lengths of the level 1 amplitude pulses are severely distorted. 

A more quantitative analysis could be obtained if one could design and implement 

a time interval analyzer (TIA) that could be applied to 3L-RLL RF signals. The 

conventional TIA is not suitable for real time detection of the statistical variations in the 

lengths of the pulses in a 3L-RLL RF signal. An alternative method is to store the entire 
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3L-RLL readout into a digital oscilloscope. Then, the stored waveforms can be imported 

to a software application such as MatLab for the purpose of analytically generating pulse-

length jitter distributions and pulse amplitude histogram distributions after a simulated 

RF signal equalization algorithm and pulse length/amplitude detection scheme are 

applied to the RF signal. [12] 

Optimum Write Strategy with Non-Optimum Write Power: 6.6 mW 
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Figure 6.1.12 The write power is increased to 6.6 mW and optimum write power is 4.4mW 

6.1.2 Micrograph of recorded marks and eye pattern of the RF playback signal 

The micrograph of a portion of the sequence of written marks that produced the 

RF readout signal shown in Fig. 6.1.1 is shown in Fig. 6.1.13. The third row (counting 

from the top) of marks shows a sequence of 3T to 6T marks and the bottom row shows 

marks with length from 7T to 9T. The number (1 or 2) following the back-slash character 

('/') indicates the effective reflectance level of the written mark. In general, the level 1 
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marks exhibit a lower intensity than level 2 marks, when viewed under microscope. This 

is more noticeable by observing the last row of of mares in Fig 6.1.13. It is clear that we 

have created marks that exhibit two distinct effective reflectance levels were partly 

achieved by changing the ratio of fully crystalline film area to fully amorphous film area 

that occurs within the full length (irom 3T to 1 IT) of the written mark. The widths of the 

written marks (i.e., the mark's dimension in the direction perpendicular to its length) 

were also modulated to achieve the desired effective reflectance. 

The un-equalized analog eye-pattern of the RF read signal shown in Fig 6.1.1, 

which was obtained fi-om a 3L-RLL mark pattern that was written with optimum write 

Micrographs: ML-RLL Marks on Phase Change Material 
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7T/2 8T/1 8T/2 9171 9T/2 

Figure 6.1.13 The micrograph of 3L-RLL recording on fully crystalline material 
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power and speed is shown in Fig. 6.1.14. The eye-pattem exhibits two distinct reflectance 

levels as we expected. 

Un-equalized Eye Pattern of 3L-RLL Modulated Signal (3T~11T) 

Figure 6.1.14 The Un-equalized Eye Pattern of 3L-RLL recording (3T~1 IT) 

6.2 3L-RLL RECORDING OF PARTIALLY CRYSTALLINE MARKS 

6.2.1 PARTIALLY CRYSTALLIZING PHASE CHANGE FILMS 

The second medium that we used for recording/playback of 3L-RLL patterns is a 

WORM PC medium that supports partially crystalline marks. From the perspective of 

ML-RLL recording, the main advantage of partially crystallizing PC films is that their 

reflectance can be directly varied by changing the volume fraction of crystalline grains 

within the film. Of particular interest, is the fact that this fraction can be adjusted by 

changing the heating/cooling profile that is applied to the film during the mark writing 

process. For example, the percentage of crystalline grains can be varied by illuminating 

with different laser write powers. If the percentage of crystalline grain is different in 



129 

various written marks, the actual reflectance exhibited by the various marks can be 

modulated to achieve ML-RLL recording. In the previous Section, we mentioned that the 

different effective reflectivity levels exhibited by 3L-RLL marks written in fully 

crystallizing PC films is solely due to the micro-geometry of the marks, i.e., the width, 

length and number of small (sub-resolved) regions that comprise the written mark. The 

potential advantage of using partially crystallizing PC films for ML-RLL recording stems 

from the fact that marks written in this type of PC film may be able to exhibit high levels 

of effective reflectance modulation with minimal variations in mark width. By doing this, 

the track density is reduced and the density of recording can be increased. 

A partially crystallized written mark is neither in a fully crystalline state, nor a 

fully amorphous state. The partial crystallizing PC (PC'^2) thin films that we employed in 

this research were developed at the Material Research Laboratory (MRL) of the Industry 

Technology Research Institution (ITRI) located in Hsinchu, Taiwan [18]. We will briefly 

describe the characteristic of the partially crystallizing PC film that were supplied to us. 

Figure 6.2.1 shows the x-ray diffraction patterns (top and bottom pictures in the 

figure) of both amorphous and non-fully crystalline portions of a thin film of the PC^2 

film. The middle picture in this figure shows a transmission electron microscope (TEM) 

micrograph of a partially crystalline portion of the film. 

To better illustrate the behavior of the PC^2 film, TEM micrographs of a portion of the 

film that is switched from amorphous, to partially crystallized and to fully crystallized by 

thermal annealing are shown in Fig 6.2.2. 
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Non-fully Crystallization Analysis 

Amorphous 

Non-fully 

Crystalline 

Figure 6.2.1 The TEM micrograph of non-fully crystalline and amorphous materials 

The reflectance variation of the PC^2 film area varies versus that film's structural 

phase is also shown in the figure. The graph in the bottom right comer in Fig. 6.2.2 

shows the PC^2 film's actual experimentally observed reflectance versus temperature. 

Since the phase structure of material changes in a staircase fashion versus the laser 

annealing temperature, it should be possible to get two preferred phases (i.e., partial and 

full crystallization), which will produce two desired distinct reflectance levels by careful 

adjustment of the write strategy used to record marks on the PC'^2 film. The PC^2 films 

that we used are constructed by co-sputtering the two metal alloys InjoSbso and SbyoTeao 

from two separate targets. The desired product alloy (InxSbyTez) is obtained by 

controlling the mixture of materials released from the two targets. A list of PC'^2 film 
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compositions that have been produced by this method (in ITRI MRL) is shown in Table 

6.2.1. 

Partial Crystallization 

Crystalline phase 

Partial crystalline 
phase 

Amorphous phase 

Laser annealing temperature 

T«TipefHture(^i 

Figure 6.2.2 The TEM micrograph of amorphous, partial crystalline and fully crystalHne materials 

Table 6.2.1 A list of realized PC'^2 films. 

assuming 

Composition 

InSb 

DC 
Sb7oTe3o 

SF 
Sample Exact (TCP) 

Composition 

(InSb)ioo 20 OW ISST-Al In506Sb494 

(InSb)75(Sb-joTe3o)25 30 OW IGOW ISST-A2 In35Sb57,5Te75 

(InSb)5o(Sb'joTe3o)5o 20 OW 20 OW ISST-A3 In23,2Sb62.8^614 

(InSb)25(Sb-jDTe3o)75 lOOW 30 OW ISST-A4 Inilj6Sb67,5Te2D.9 

(Sb7oTe3o)ioo 20 OW ISST-A5 Sbg9 2Te3o.8 

InSb 

RF 
Sb7oTe3o 

DC 
30 OW lOOW ISST-B2 I^i27.iSba3Tei2.9 

20 OW 20 OW ISST-B3 I>^12.8Sb67,5Tei9 7 

IGOW 30 OW ISST-B4 ^5.lSb7i .7X^2 
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For application to ML-RLL recording, the PC^2 film the relative reflectivity 

(AReflectivity) between the amorphous and fully crystalline phase of the film should be 

as large as possible. And, the reflectance of written marks should slowly increase with 

increments of write laser power. Furthermore, a larger value of AReflectivity would 

translate to ML-RLL RF read signals that exhibit high SNR. 
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Figure 6.2.3 The change of reflectance (amorphous^ crystalline) versus the temperature change 

To measure the AReflectivity of various PC'^2 films, the sample film is 

placed on hot-stage and its temperature is raise fi-om room temperature to 250°C. 

Figure 6.2.3 shows the results of such testing for the PC'^2 films identified as ISST-

Al to A5 and ISST-B2 to B4 in Table 6.2.1. Fig 6.2.3 shows that the B4 and A4 

Phase Change Temperature measurement 
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samples have the largest AReflectivity. On the other hand, the reflectance of the Al, 

B2 and A3 samples changes slowly with the increment of temperature, which 

indicates that it may be easier to design a viable write strategy that would enable 

robust 3L-RLL recording with these PC'^2 film. In general, the PC^2 films that are 

best suited for ML-RLL recording will exhibit a large (AReflectivity) which is 

achieved over a wide range of temperature. 
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Figure 6.2.4 The change of crystallization temperature and AReflectivity versus Sb/Te ratio 

Figure 6.2.4 shows the relationship of crystallization temperature and 

AReflectivity as a function of the ratio of Sb/Te. As the ratio of Sb/Te increases, the 

crystallization temperature of the PC'^2 film initially increases first and then decreases. 
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The AReflectivity decreases linearly decrease as the ratio of Sb/Te increases. 

Figure 6.2.5 shows the x-ray diffraction pattern and microstructure of partial 

crystalline materials relative to the ratio of Sb/Te. The material is more amorphous-like 

when the ratio of Sb/Te is high and the material is more crystalline-like when the ratio of 

Sb/Te is low. 

Pattern vs. microstructure 

(InxSby) (SbxT 6y) 

Sb/Te ratio High 
Sb/Te=A 

f 

Sb/Te=B Sb/Te=C 
Low 

Figure 6.2.5 The dififraction pattern and microstructure of partial crystalline materials relative to the 
ratio of Sb/Te 

Before designing a complex 3L-RLL write strategy to apply to a PC^2 storage 

medium, the sample is tested with a simple write strategy in order to pre-select (screen) 

the candidate mediums. Optical discs were prepared bi ITRI MRL which contained 

several candidate PC'^2 recording film, all of which were coated within the following 
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multilayer stack (polycarbonate disc substrate (0.6mm) / ZnS-Si02 (90nm) / PC^2 films 

#ISST A4, B3....B4 (20nm) / ZnS-SiOi (20nm) / AlCr reflector layer (lOOnm)). For this 

test we recorded circular tracks of 3T to 14T pulses using different write powers. The 

effective reflectance of each written mark length was then estimated from the RP read 

signal obtained by playback of the recorded tracks of marks. The reflectance versus write 

power (for several different pulse lengths) is shown in Figure 6.2.6. The results for two 

different PC'^2 films are shown in Fig 6.2.6 (a) and Fig 6.2.6 (b). The effective 

reflectance estimates measured here are due to both mark width variations and mark 

reflectivity variations (the latter produced via changes of the partial crystal fi-action 

within the geometric confines of each recorded marks) versus write power. 

MB ISST A4 
Pr = ImW amorphous =0.60V 
Pbottom=Perase=0.5mW 
Imp =0.5 

Tsfp^ Tefp=1.5 TsmpaO Tslp=0 Telp=0 Tle=0 

> 

S. 1.4 

2.5 3 3.5 4 4.5 5 5.5 6.5 2 6 

Power (mW) 

Figure 6.2.6 (a) The single tone write pulse versus the write power for ISST A4 

The sample shown in figure 6.2.6 (a) exhibits a very linear relationship with write 
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power, which indicates that the effective reflectance can be controlled by varying 

write power from mark to mark. In general, these types of films (i.e., PC^2 films) 

are more suitable for ML-RLL recoding than frilly crystallizing PC film since they 

allow easier control of the ML-RLL mark writing process. 

On the other hand, the reflectance of samples in figure 6.2.6 (b) exhibits a non

linear response to write power for some of the written mark lengths. This kind of 

recording behavior is less suitable for ML-RLL recording. We shall describe a write 

strategy for use in recording 3L-RLL marks on the # ISST-A4 film in the next 

Section. 

MB ISST B3 
Pr = ImW amorphous=0.73V 
Pbottom=Perase^.5mW 
Tmp^.5 
Tsfp=0 Tefp=1.5 Tsmp=0 Tslp=0 Telp=0 Tle=0 

2 3 3.5 4 4.5 5 5.3 6 6.5 

Power (mW) 

Figure 6.2.6 (b) The single tone write pulse versus the write power for ISST B3 
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6.2.2 RF signals and micrographs of recorded 3L-RLL marks 

In this section we report the experimental recording and playback of 3L-RLL 

signals on discs that employ two different types of WORM PC thin films, namely films 

that support partially crystalline written marks and films that support fully only fully 

crystalline written marks. These two types of films were discussed in previous Sections 

of this dissertation. Since we didn't have the thermal parameters for the PC^2 film that 

was used for our recording experiments, two simple 3L-RLL patterns were used during 

our recording experiments (since we could not use thermo-optical recording simulations 

to design the complex write strategy that would be required to produce good 3L-RLL 

recordings of complex sequences of 3L-RLL marks). We recorded these simple 

sequences of 3L-RLL marks on both types of PC films and compared the 'best' RF read 

signals that were obtained fi*om reading these recordings. These experimental results for 

3L-RLL recording were presented at the 2003 Optical Data Storage conference [13], 

The mark sequences that were used for comparing the 3L-RLL recording 

performance of the two types of WORM PC films were designed to optimally produce 

RF playback signals which exhibit three amplitude levels that will be referred to as levels 

0, 1, and 2. A Nomarski differential interference photo-micrograph of the first 3L-RLL 

pattern, as recorded on the PC'^2 medium is shown as Fig. 6.2.7. Of the 7 recorded tracks 

in this photomicrograph, the 3'^'' to 5'*^ tracks (counting from left to right) represent a 

repetition of the following three pulses: a 3T pulse at level 0; followed by 7T pulse at 

level 1; followed by 4T pulse at level 2 (where T is the length of a single channel bit, i.e., 

it represents the minimum temporal interval that distinguishes the 3L-RLL marks). The 
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other tracks are recordings of a 50% duty cycle binary pulse signal which serve as a 

reference markers. The inter-track separation is 5 microns. Fig. 6.2.8 shows the RF read 

signal obtained from one of the 3L-RLL tracks depicted in Fig. 6.2.7. 

Fig.6.2.7. Photomicrograph showing data tracks that the first 3L-RLL waveform pattern; recorded on the PC-A 
medium 

GO TO 
LOCAL 

Fig 6.2.8. Playback signal obtained when reading one of the store three central tracks shown in Fig. 6.2.7. 

Optimum 3L-RLL recording is obtained when the pulses that comprise this signal have 

correct length, when the amplitude level 1 is midway between amplitude levels 0 and 2, 
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and when the SNR of the RP signal is maximized. 

The 3'^'^ to 5'^ tracks in the photomicrograph shown in Fig. 6.2.9 are recordings of 

the second 3L-RLL pattern which consists of a repetition of the following: a 3T pulse at 

level 0; followed by a 7T pulse at level 1; followed by a 4T pulse at level 2; followed by 

a 7T pulse at level 1. The corresponding playback signal is shown in Fig. 6.2.10. The 

playback signals shown in Figures 6.2.8 and 6.2.10 are not equalized, but a low pass filter 

(100khz~50Mhz) was employed to reduce noise. 

I 
3 

> I 

^ i 

Fig 6.2.9. Photomicrograph showing data tracks that store the second 3L-RLL waveform pattern; recorded 
on partial crystaUization medium. 

MERSURE 

500 fIS/s 

Fig 6.2.10. Playback signal obtained when reading one of the three central tracks shown in Fig. 6.2.9. 



140 

Fig. 6.2.11 shows the results of using a different write strategy to control the playback 

amplitude of level 1 marks (relative to the other playback amplitudes) while maintaining 

correct mark lengths. 

1 
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4 DC 0.8 mV 
500 MS/s 

STOPPED 

Fig. 6.2.11. Playback signal obtained when reading the second 3L-RLL waveform pattern when a non-
optimum write strategy used to record the pattern. 

Now, in order to compare the two types of PC medium, we recorded these same 

3L-RLL mark patterns on PC medium that supports only fully crystalline marks. 

Fig 6.2.12. Photomicrograph showing data tracks that store the second 3L-RLL waveform pattern: recorded 
on fully crystalline medium. 

A photomicrograph of the resulting 3L-RLL recordings in this medium is shown in Fig 

6.2.12. relative pulse amplitudes in the playback signal when recording on this medium, 

relative to the PC^2 medium. The first waveform pattern is on the tracks at the bottom of 
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the photo; the second waveform pattern is on uppermost two tracks. The recorded marks 

are fully crystallized and the level 1 marks are not uniformly shaped ( a widening of the 

level 1 marks occurs when they transition to the level 0 marks (unrecorded PC film 

portions) on the medium. Figs. 6.2.13 and 6.2.14 respectively show the playback signals 

obtained from an optimum recording of the first and second 3L-RLL patterns on fully 

crystalline marking medium. The level 1 and level 2 pulses are noisy (distorted). It is 

quite difficult to control the three 
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Fig. 6.2.13. Playback signal obtained when reading the first 3L-RLL waveform pattern from fully 
crystalline medium. 
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Fig. 6.2.14. Playback signal obtained when reading the second 3L-RLL waveform pattern from fully 
crystalline medium 
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6.3 SUMMARY OF 3L-RLL RECORDING EXPERIMENTS 

Viable recording of 3L-RLL modulated signals was demonstrated on a write-once 

PC medium that supports partially crystallized written marks. In partially crystallized 

written marks recording, we use a simple write strategy (i.e., a simple write strategy 

means that the pulse duration and duty cycle is fixed for the same effective reflectance 

marks regardless the length of mark) to record two 3L-RLL patterns. Good playback 

signals were not obtained when the same write strategy was recorded on a write-once PC 

medium that produces fully crystalline marks. In fact to produce robust 3L-RLL 

recording on the write-once PC medium, a much more complex write strategy (i.e., the 

write strategy shown in chapter 5 where the pulse time and duty cycle are varying for 

different marks) needed to be used. These results were obtained using only a single write 

power level, i.e., the write laser was toggled between its write and read levels. The good 

3L-RLL playback signals obtained from the recordings on the PC^2 medium appear to 

result from a combination of recorded mark width and mark reflectance variations, the 

latter resulting from partially crystallized recorded marks. It is possible to further reduce 

the modulation of mark width by using PC'^2 films such as #ISST-A1, B2, A3, where the 

written mark's reflectance is linearly increased versus a wide temperature range, unlike 

the discontinuous reflectance versus temperature behavior exhibited by the PC^2 film # 

ISST-A4. [18] 

6.4 FURTHER RESEARCH 
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The ML-RLL recording can be enhanced more by introducing a multi-active PC 

layer design. In multi-active PC layer medium, the reflectance of marks is modulated by 

different laser write power. The write laser can switch each individual phase-change 

layer. By switch the phase structure of each PC layer in medium, the different effective 

reflectance level is obtained [19]. The effective reflective level is decided by the 

combination of PC layer is switched. This tj'pe of medium design combine with partial 

crystalline material [18] can created more effective reflectance levels which enhance 

higher reflectance level recording (i.e., 4L-RLL or 5L-RLL). 
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APPENDIX 

A CAPACITY Crd, k) CALCULATION ON ML-RLL 

The binary user data can be represented by a M-ary codes where M symbols, 

0,1,2 M-1. In an M-ary (D,K) sequence, D and K are (M-l)x(M-l) matrices with 

entries dij and ky respectively. Here dij= the minimum number of "O's" after a symbol "i" 

and before a symbol "j" and kij=the maximum number of "O's" after a symbol "i" and 

before a symbol "j", where i,j=l, 2, 3 M-1. The capacity of such M-ary (D,K) codes 

can be calculated from the following equations. [23] 

M-\  

Xj{n) = Y^ J^x^in-m) (A.l) 
/=1 m=djj+\ 

where we define Xj(n) to be the number of (D,K) sequences of length n that end in a "j". 

If j=l,2....M-l, A1 has M-1 difference equations. We can use z-transform to solve A1 

equation. Let Xj(z) to be the z-transform of Xj(n). If we take z-transform of both side of 

equation Al, we get the following equation A2. 

M-\ ^,>+1 M-\ ^,7+1 

•V,W = Z (A2) 

M m=dij+\ /=1 m=dij^\ 

For j=l,2,....M-l. Let A be the matrix of coefficients in the homogeneous system of 

equations derived from equation (A2). The entries of A are 

a y =  i f i ; ^  ( A 3 )  
m = d j j + \  
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i f H  ( A 4 )  
m=djj+\ 

Thus, the capacity of an M-ary (D,K) constrained code is given by the base two logarithm 

of the largest real root of the equation 

det[A]=0 (A5) 

If M >2, the capacity can be greater than unity. It is clear that a 3-ary (D,K) constrained 

codes can be used to increase the capacity. Since the rate of capacity increase is 

proportional to the base two logarithm, the rate slowly increase after 4-ary (D,K). This is 

why we focus most our effort on 3-ary or 4-ary (D,K) codes only. 

To simplify the equation A3 and A4, let us assume a sequence of codes where 

dij=d, and kij=k for all i and j. This kind of codes is called M-ary (d,k) codes where d and 

k are now integers rather than matrices. The matrix A is simplify to A6 

a - I  a  

a  a - \  

A =  .  .  a - \  

a  

a  

(A6) 

a - \  

a - \  

k+\ 

where a =  (A7) 
m=d+l 

The determinant of A becomes (-l)'^"^[(M-l)a-l], so equation A5 becomes 

i+l 

(M-1) -1 = 0 (A8) 
m=d+\ 
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can be simplify to 

2^+2 - z'"' - (M -+ (M -1) - 0 (A9) 

By setting M=2, equation A9 can be used to calculate the capacity of a binary (d,k) 

constrained sequence in Table 2.1. 

In 3L-RLL sequence, one practical interesting codes M-ary (di, d2, k) is that 

di=minimum number of "O's" allowed before a "1", d2=minimum number of "O's" 

allowed before a "2", and k=maximum number of "O's" allowed before a non-zero 

symbol. The equation A5 is reduced to AlO where now dii=d2i=di, di2=d22=d2, and 

kii=ki2==k2i=k22=k. 

2^+2 + 2 = 0 (AlO) 

The capacity of a 3-ary(di, d2, k) can be calculated from equation AlO shown in Table 

2.2. 

B.l MOTION CONTROLLER SETUP 

Pmac card can support up to 31 PLC (programmable-logical-control) programs. 

PLC programs are written to perform more sophisticated operation (i.e., check air 

pressure, check and enable power amplifier, activate motor, and check limited switch and 

home position...etc). After DMM controller powers on, Pmac microprocessor is 

repeatedly executed the l"' PLC to 3l"^ PLC sequentially in real time. The execution 

time for each PLC depends on the actual codes of that PLC program. Each PLC program 

needs to be individually tested under PMAC software to avoid conflicts that rises from 

other PLC programs. After PLC programs successfully tested under PMAC software. 
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Labwindows/CVI can control PLC programs through PMAC registers (i.e., use register to 

turn specific PLC program on/off). PMAC has various types of registers/variable; I-

variable, M-variable, P-variable, and Q-variable. There are different uses for each type of 

variable. I-variable represents the status of motors (i.e., motor activation, motor enable, 

encoder/decoder count, motor speed, motor acceleration,...etc). M-variable represents the 

PMAC system status (i.e., limited switches, air pressure, safety switches, amplifier 

enable,...etc). P-variable and Q-variable can be assigned to use as a register (system 

monitor software control switches, parameter storage, math calculation... etc). Pmac 

microprocessor is capable of controls up to 8 axes. User computer uses standard RS232 

communication specification to control Pmac card (the jumper on pmac card allows user 

to set ports, braud rate,...). A comprehensive manual is written by Delta Tau INC. 

B.2 READ AND WRITE CONTROL OF MAESTRO SYSTEM 

The write power is usually much higher than average read power. A strong laser 

power can saturate focus-cells that results the failure of focus servo. To prevent the 

saturation of focus servo, prior to actual activation of write strobe, the coarse-automatic-

gain-control (AGC) circuit is enable. The AGC reduces the output amplitude of focus 

cells. There are three types of writing function, namely: one concentric data track writing, 

sample tracking writing, and track jump writing. 

The interface chassis acts as electronics interface for all chassis (all chassis connect to 

here: i.e., RF/Tracking output, AWG input, front facet monitor, write gate monitor, write 

gated data, sampling tracking input, and many more). The raw-RF output is the sum of 
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both RF-A detector and RF-B detector after hard-limit without equalization process. The 

focus cell-A substrate focus cell-B is the focus error signal that drives the focus actuator 

to auto-focus disc. The RF signal and Tracking signal are generated fi-om the same 

detectors. The Tracking error signal is the result of RF-A detector minus RF-B detector. 

The output of tracking error signal is used to control the tracking actuator to maintain 

auto-tracking for recorded disc. HIE chassis is the heart of the entire electronics. HIE 

chassis contain a HIE board that has a custom program Altera chip and circuitry to 

perform read/write function. HIE board is responsible for auto focusing, auto tracking, 

auto laser power control, actuator position offset control, auto gain control (AGC), 

read/write offset, laser power servo, read power loop control, and gain normalizations. 

The 2000 head board consists pre-electronics for Kodak Optical Head (KOH) 2000. The 

pre-electronics board process most optical signal into electrical signal and versus vice 

(i.e., the laser driver, the focus cells, the RF detectors). The KOH 2000 equips with 

numerical aperture of 0.5 and wavelength of 675nm. The 2100 HD/MODS personality 

chassis is used to interface Kodak Optical Head (KOH) 2100 with 2000 head board. 

Since KOH 2100 has different layouts and specifications than KOH 2000. The main 

function of the 2100 personality chassis is to convert/interface (i.e., RF/Tracking output 

summing, sample tracking..etc) the signal levels of KOH 2100 to KOH 2000's levels. 

The read channel chassis comprises most of output signals: once around, EFM_Q, Raw 

RF output, un-equalized RF output, and equalized RF output. In ML-RLL recording, we 

did not implement Track Jump/ECCEN chassis into the tester, however this chassis can 
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be added later. Power supplies chassis output +/- 5V and +/- 15V voltage source to test 

electronics. 

C AUTOMATED THERMAL MEASUREMENT SOFTWARE 

The following program automatically computes C and K using the input 

parameters: crystallization temperature, complex refractive index, crystallization time, 

and user defined initial C and K. 

function tht = compute(temp) 
% calls temprofile computes threshold times 

% ex: 
% COMPUTE(180) 
C1=1;,C2=4;,K1=1;,K2=8; 
cnt=l; 
forj=Cl:C2, 

forjj=Kl:K2, 
nl=int2str(j); 
n2=int2str(jj); 
CK=strcat(n 1 ,n2); 
newdir('IMPULSE',CK); 
pause(l) 
newck('IMPULSE',j,jj); 
pause(l) 
lIMPULSE.aut 
pth=checkfid('IMPULSE',610); 

% disp(pth); 
dirs(cnt,l:6)=pth; 
tht(cnt, :)=PLT (temp,pth); 
A(cnt)=j; 
B(cnt)=jj; 
cnt=cnt+l; 
close 

end 
end 

ax=tht; 

C=[A;B]; 
C=C'; 
ax( 1 :(cnt-1), 1 )=ax( 1 :(cnt-1), 1)-10; 
ax( 1 :(cnt-1 ),3)=ax( 1 :(cnt-1 ),3)-10; 
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ax(l:(cnt-l),5)=ax(l:(cnt-l),5)-10; 
ax( 1: (cnt-1 ),2)=ax( 1: (cnt-1),2)-1000; 
ax( 1 :(cnt-1 ),4)=ax( 1 :(cnt-1000; 
ax( 1 :(cnt-1 ),6)=ax( 1 :(cnt-1 ),6)-1000; 
T=[C ax]; 

plot3(T(l:(cnt-l),2),T(l:(cnt-l),3),T(l:(cnt-l),4),¥); 
hold 
plot3 (T( 1 :(cnt-1 ),2),T( 1 :(cnt-1 ),3),T( 1 :(cnt-1 ),6),'b'); 
plot3(T(l:(cnt-l),2),T(l:(cnt-l),3),T(l:(cnt-l),8);g'); 
save plotdata T; 
%cleaning 

%cc=l 
%forj=Cl:C2, 
% forjj=Kl:K2, 

%nl=int2str(j); 
%n2=int2str(jj); 
%CK=strcat(nl ,n2); 

%dirs(cc, 1:6)=strcat('TEST',CK) 

%cc=cc+6; 

% end 
%end 

filename='B AT C. aut'; 
fid = fopen( filename,'w'); 
entercmd='Send, {ENTER}'; 
as='Run, cmd.exe'; 
fprintf(fid,'%s \n',as); 
as='Sleep, 500'; 
iprintf(fid,'%s \n',as); 
for i=l:(cnt-l), 
dname=dirs(i, 1:6); 
ers=strcat (['Send,erase ',dname,'/q']); 
res=strcat (['Send,rmdir ',dname,'/q']); 
^rintf(fid,'%s \n',ers); 
^rintf(fid,'%s \n',entercmd); 
fprintf(fid,'%s \n',res); 
^rintf(fid,'%s \n',entercmd); 
end 
as='Send, exit'; 
fprintf(fid,'%s \n',as); 
as='Send, {ENTER}'; 
fprintf(fid,'%s \n\n',as); 
as='exit'; 
fprintf(fid,'%s \n',as); 
fclose(fid); 
pause(l); 
IBATC.aut 
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!del BATC.aut 

The following batch file automatically fill the necessary parameters to TEMPROFILE 

software. 

TEMPROFILE SCRIPT 

; OS: Windows XP 
; Author: Erick Ruiz (eruiz@optics.arizona.edu) 

; Will eventually run temprofile ineractively for different set of parameters 
; to determine temperature coefficients of a thin 
; film based on different threshhold power measurements 

;MsgBox, 4, Autolt Example (English Only), This will start Temprofile set ;working directory\, and then 
quit. Run? 
;IfMsgBox, NO, Goto, denied 

Run, Temprofile.exe 
; start program 
Sleep, 1000 
Send, {ENTER} 
Sleep, 500 

Send, {ENTER} 
Sleep, 500 
Send, {ENTER} 
Sleep, 500 

Send,TESTll 
;working directory 
Send, {ENTER} 
Sleep, 400 

Send, {ENTER} 
;create directory 
Sleep, 400 

Send, {ENTER} 
;accept dialogue window 
Sleep, 400 

Send, comp 
;compute impulse response 
Send, {ENTER} 

mailto:eruiz@optics.arizona.edu
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Sleep, 200 

Send, {ENTER} 
;create new parameter profile 
Sleep, 200 

Send, parO 
;name parameter file 
Send, {ENTER} 
Sleep, 200 

Send, T 
;top/bottom laser 
Send, {ENTER} 
Sleep, 200 

Send, 1.5,0 
;substrate's (n,k) 
Send, {ENTER} 
Sleep, 200 

Send, 1.25000,5.900000E-3 
;C,K (specific heat and thermal conductivity) polymer 
Send, {ENTER} 
Sleep, 200 

Send, 1 
;number of layers 
Send, {ENTER} 
Sleep, 200 

Send, 140,4.175,3.06875 
;film's thickness and n,k 
Send, {ENTER} 
Sleep, 200 

Send,l,lE-3 
;film's C,K 
Send, {ENTER} 
Sleep, 200 

Send, 0 
;heat loss fi:om surface 
Send, {ENTER} 
Sleep, 200 

Send, G 
;beam profile (Gaussian) 
Send, {ENTER} 
Sleep, 200 

Send, 675,516 
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;lambda, 1/e radius 
Send, {ENTER} 
Sleep, 200 

Send, 1,1 
;incident impulse power and duration 
Send, {ENTER} 
Sleep, 200 

Send, 5 
; computations per tau 
Send, {ENTER} 
Sleep, 200 

Send, 2000,25 
;rmax,dltar 
Send, {ENTER} 
Sleep, 200 

Send, Y 
;accept imax=rmax/dltar 
Send, {ENTER} 
Sleep, 200 

Send, 400,3 
;zmax,dltaz 
Send, {ENTER} 
Sleep, 200 

Send, Y 
;j max=zmax/ dltaz 
Send, {ENTER} 
Sleep, 200 

Send, 1500 
;time interval 0>TMAX 
Send, {ENTER} 
Sleep, 200 

Send, Y 
;accept TMAX/TAU 
Send, {ENTER} 
Sleep, 200 

Send, parO 
;enter name for impulse response file 
Send, {ENTER} 
Sleep, 35000 
Send, {ENTER} 
Sleep, 500 

#include PULSE.aut 
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;Send, QUIT 
;Send, {ENTER} 
;Sleep, 300 
;Send, {ENTER} 

Exit 

QUIT 
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