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Introduction 

Optical data storage and optical information processing are key technologies in the 
new information age. With the introduction of the digital versatile disk (DVD) and soon 
the digital video recorder (DVR), the capacity and speed of consumer-level optical data 
storage products are dramatically increasing. However, the need for increased capacity 
and data rate is never satisfied. This fact is especially true when one considers the 
tremendous bandwidths that are now being implemented in business-class and 
consumer-class communication technologies. New storage and information processing 
equipment must be designed to meet these demands. A variety of ideas and technology 
is available, but there is no single technology that will clearly meet all future 
requirements. Therefore, regular meetings, conferences, and symposia are necessary 
to communicate the latest findings in this exciting field. 

This volume presents the collected works from a majority of the authors in the 
conference on Optical Storage and Optical Information Processing, which is part of 
SPIE's International Optoelectronics Symposium, Photonics Taiwan. The objective of 
this conference is to provide a forum for presenting and discussing the latest technical 
issues, results, and applications in the fields of optical data storage and optical 
information processing. For data storage, a variety of topics is included in the 
presentations, such as devices to improve the performance of optical heads, 
measurement of optical media parameters, new superresolution techniques, 
three-dimensional memory, and near-field devices. Foroptical signal processing, some 
of the topics are: Chinese seal recognition, optical infinite impulse response filters, 
all-optical logic devices, and a fast fingerprint identification method. 

Han-Ping D. Shieh 
Tom D. Milster 
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Photonic Technologies in the 21st Century : 
Creation of New Industries* 

Teruo Hiruma 
Hamamatsu Photonics KK 

Hamamatsu, Japan 

ABSTRACT 

As we approach the new millennium, the ongoing aim of human society is not only for promoting scientific technology but 
also creating new industries. To achieve this goal, each person in industry must recognize anew that the real meaning of 
science is to explore the absolute truth. It is also important that people recognize that there are unlimited matters which we 

humans do now yet know. 

1. INTRODUCTION 

The 20th century was one that witnessed many great discoveries and our knowledge increased many times during the last one 
hundred years Yet even with such an explosion of knowledge and information there is much more that we do not yet 
understand Our present knowledge represents only a fraction of what there is to know. For example, there have been major 
breakthroughs in understanding cell structure by studying individual components or systems such as the role of calcium ions 
in signal transduction. However very little is known about how all of these components work in concert. It is very much like 
trying to understand an orchestra by studying the individual instruments. In the future we will develop methods to study the 
function of the entire cell not just individual systems. On the molecular level we are just beginning to study the details of 
molecular dynamics during a chemical reaction. The work of this year's Nobel Prize winner in chemistry, Dr Zewail shows 
how it is possible to use photonics to study the intimate detail of a chemical reaction. Once we gain such detailed information 
about more complex systems it will be possible to more efficiently produce the chemicals we need and to destroy those that we 
no longer require. 

At Hamamatsu Photonics it is our corporate mission to provide photonics technology that will help us to gain new knowledge 
of the world we live in. Photonic technologies are very unique in that they let us observe the parts of the world that are very 
far away (thousands of light years), very small (nanometers) or happen very quickly (in femtoseconds). The roots of our 
company can be found in the pioneering spirit of Professor Kenjiro Takayanagi who independently developed the technology 
of television despite the fact those around believed it could not be done because it had never been done. Professor Takayanagi 
hoped to develop a new way for people to experience the world. We inherited his spirit and continue this idea by using 
photonics to gain knowledge as well as improve the quality of life for all people. 

In the twenty first century it will be possible that we could make all of mankind healthy. Not just in a physical sense but in the 
definition of the World Health Organization where "Health is a state of complete physical, mental and social well-being and 
not merely the absence of disease or infirmity" Photonics has the potential for creating the knowledge and industry that could 
make this possible. It is our hope that this new century sees the beginning of a new economic cycle shown in Figure 1. While 
industry is designed to generate profit, the purpose of industrialization is for all of mankind to share a common understanding 
of the New Life Style and to benefit from the New Standard of value, namely Health as defined above. 

Figure 1: 
New Science -> New Scientific Knowledge -» New Technology 

T 1 
New Standard of Value New Application 

T 1 
New Style of Life     *-     New Industry     <-     New Market 

*Also published in Proceedings of SPIE Volumes 4078,4079, 4080, and 4082 

In Optical Storage and Optical Information Processing, Han-Ping D. Shieh, Tom D. Milster, 
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Through the application of photonics we are now beginning to develop the New Science that will lead to the cycle illustrated 
in Figure 1. In this cycle, mankind is constantly improving its status by using new technologies to discover new knowledge. 
The application of this new knowledge leads first to new industries and then to a change in the social fabric of society. We 
understand that this is a very long-term goal. But mankind needs to dream in order to progress. Only by trying to see over the 
horizon can we discover something that will radically improve all of our lives. Thus while Hamamatsu Photonics' short-term 
goal is to generate profits, these profits are to be used in the quest for new knowledge which is our long-term target. 

2. TECHNOLOGIES 

This paper will discuss several technologies that are key to the development of new knowledge which will eventually produce 
new industries. Application of these technologies will be also discussed. 

A. The Ultimate Laser Photon (Photon Factory) 

The light emitted by a laser is unique in that it is monochromatic, coherent and directional. These properties have made 
laser-generated photons vital to all types of research ranging from biology to high-energy physics. We need to obtain a better 
understanding of exactly what is a photon and how it interacts with the world. By better understanding the photon on a 
fundamental level we will be able to use it more effectively. Phenomena such as the particle wave duality and teleportation 
must be better understood through a study of the photon. 

The development of very small terawatt and pedawatt laser systems give many researchers access to inexpensive ultra high 
power. New physical phenomena are being discovered when such intense laser beams interact with matter because these 
lasers create electric fields much greater than those seen in any other experiment do. 

B. Ultra Fast Measurement Technolog}' 

By continuing to push the speed at which we make measurements we will discover greater detail of how our world operates. 
We now have lasers that are capable of measuring the individual motion of atoms in molecules. Newer and faster methods 
will help get even greater detail of how molecules react. Even faster methods will allow us to follow the motion of electrons 
during important chemical reactions such as photosynthesis or vision. 

C. Optical Correlation Technology 

Even though we have discovered only a small fraction of our knowledge, we are severely limited in using it because even this 
limited amount of knowledge is to great to process with conventional computer systems. We must learn how to process 
information in parallel with optical processors such as spatial light modulators. Ultimately our goal is to process information 
in 3 or more dimensions using technology that must still be invented. 

D. Forecast Simulators 

With time not only has our information become too complex, but also the questions we need to answer become more difficult. 
As our planet' s population increases and our technology becomes more complex, the risk of answering a question incorrectly 
grows exponentially. For example, the consequences of incorrectly predicting the outcome of global warming will be severe 
if we either under estimate or over estimate the significance of burning fossil fuels. Premature curtailing of fossil fuels will 
severely curtail the growth of developing countries leading to unnecessary pain and suffering. Failure to prevent global 



warming will have even worse consequences. We need better methods to simulate events or conditions so we can better guide 
environmental economic, technical, political, and military decisions. 

Ultimately nations will never again fight a war on the battlefield but instead will use simulations to replace them. The 
simulations will simultaneously decide the output as well as convince the parties that physical conflict is too costly. 

E. High Power Lasers 

Photons are capable of doing many important things such as curing cancer, printing this manuscript or repairing an 
integrated circuit. At very high photon densities there are many new things that photons can do. At present, it is expensive to 
generate a lot of photons because the photon sources are expensive. Semiconductor laser diodes hold the promise of being 
able to reliably and inexpensively generate photons for many new and exciting applications. Just like the replacement of the 
vacuum tube with the transistor and then to the integrated circuit, so too will the semiconductor laser evolve and result in 
important technologies and new industries that we cannot even imagine today. 

F. New Photochemistry 

Much of our planet's energy is wasted in creating chemicals that we need to live or to improve our lives. Lasers are capable 
of creating specific excited states. Finding ways to selectively excite molecules so that they can be moved along specific 
reaction pathways will lead to huge savings in cost, energy and pollution. New knowledge on how to perform pathway specific 
photochemistry is vital to the goal of making everyone healthy according to the World Health Organization' s definition of 

health. 

3. APPLICATIONS 

We can only speculate on what the full effect of such new photonic technologies will have in the long term. However over a 
short period of time we can easily imagine some of the benefits we might enjoy from these as well as other photonic 
technologies. Some of these benefits are discussed below. 

A. Measurement of Physiological Functions 

The pulse oximeter has already found an important role in guaranteeing that the oxygen concentration of the blood is 
maintained at as close to optimum as possible. Countless lives have been saved and others have had severe injury prevented 
by this simple optical device. Not very far away are devices that will permit rapid and painless screening for diabetes. 
Noninvasive cancer diagnosis is already being tested in clinical trials. 

Ultimately a device will be available that checks your body's functions on a daily basis. It screens for potential problems before 
they cause disease. Adjustments to exercise, diet or even administration of drugs can be performed before the individual is 
aware of a problem. Such an advanced detection system would save costs, pain and anxiety. It would go as long way to 
attaining the goal of making people truly healthy. 

B. Optical Medicine 

In the past few years, photodynamic therapy has been shown to be a valuable treatment for some forms of cancer. In some 
cases it is far more useful than other techniques such as surgery because it leaves the effected organ in tact. Therefore for 
young women, cancer of the cervix no longer means that it is the end of their dream to have a family. For older people 
suffering from the wet form of macula degeneration, photodynamic therapy will soon be used to prevent the blindness caused 
by this disease. 



New chemicals are being developed that are absorbed faster by the cancer cells and discharged more rapidly by the body. This 
will make treatment simpler and more effective. Patients may not even need to stay overnight in a hospital. Presently PDT 
can only be used on cancers that are found on a surface. Techniques are being developed that will be used in the treatment of 
cancers that are deep inside an organ. 

Cosmetic uses of photons for hair removal, port wine stain removal or tattoo removal make it easier for a person to be accepted 
by society. These applications are far from superficial since they greatly improve the quality of life for those that need them. 

Other applications of photonics to medical practice will certainly emerge in the near future for things such as the treatment 
of stroke, heart disease, healing of wounds and reducing or relieving pain. 

C. Early Detection of Disease 

Cancer screening using Positron Emission Tomography (PET) holds the promise of early detection and cure of this terrible 
affliction. Injection of fluorodeoxyglucose into the blood stream is current used to uncover cells that are metabolizing at rates 
faster than those of their neighbors. These cells are then analyzed to determine if they are malignant. Such a screening method 
could in the near future make an entire city cancer death free. 

Light CT uses nonionizing infrared photons to take a three dimensional image of the body. Work is under way in many places 
around the world to use light CT as a method for detecting breast cancer. This technique could be less expensive than x-ray 
methods and used safely on all individuals including pregnant women. Other uses of the light CT would be to quickly 
determine if a stroke is caused by ischemia or a hematoma. Such information is vital in determining the correct treatment. 
Rapid treatment of stroke can greatly reduce the damage to the brain resulting in a patient that can lead a normal life even 
after such a severe trauma. 

In the future we hope to quantify the health of a person, not just the presence of disease. 

D. Fiberless Optical Communication 

Information is the most important commodity in our society. We are constructing very large and expensive infrastructures to 
move information from one location to the other. Fiber optics is one of the key technologies for information transport because 
of the very high capacity available due to wavelength division multiplexing. This technique suffers from the fact that fibers 
must be placed between locations. At Hamamatsu Photonics we have developed a series of fiberless optical communications 
systems. These operate by transmitting the optical signals through air. They have the capability to send data, or video without 
the need for government licenses or owning a right of way. One such a fiberless system is used at sporting events such as golf 

tournaments to transmit the video camera output to the broadcaster's trailer or even back to a studio. Such a system was used 
at the Atlanta Olympics and is now being tested in Hamamatsu City. In our hometown it is being used to connect elementary 
schools with the city hall. It could also be used to connect remote clinics with the medical school for telemedicine. 

E.   Health Industry for Successful Aging 

Many countries will soon suffer from an increase in their average age. In the past such an increase in age would greatly burden 
society in terms of medical expenses and the cost of financially supporting an aging population. We believe that it is possible 
to completely eliminate the impact of a graying population by finding ways to reduce the pace and effect of the aging process. 
At Hamamatsu Photonics we are using photonic technology to understand how locomotion is effected as a person ages. We 
hope to develop exercises that will prevent the loss of mobility and greatly reduce the probability of an older person falling. 
While just a small step, it will have a big impact on the quality of life of our seniors. 



F. Disposal of Industrial Waste 

High power lasers and controlled photochemistry hold the promise of being able to safely dispose of dangerous waste 
products. It will do this by selective destruction of the dangerous ingredients into less danger or even harmless smaller 
molecules. These smaller molecules can then be recycled into new products. 

G. Search for New Energy Sources 

Perhaps the biggest impact that photonics can have on mankind is the development of clean and inexpensive energy. For once 
this is available; the quality of life of the entire world can be improved without damaging the plant. We must continue our 
search for a way to harness laser fusion and solar energy for they are needed to make the world a better place to live for all of 

us. 

Photonics holds the promise of creating New Science and New Technology which will lead to New Industrial and of course to 
a world population that is truly healthy. 
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ABSTRACT 

Optical data storage is now well into the second decade of continuing market and technology expansion. Media 
removability, whish is the main attribute of this technology, presented the optical recording industry with unmatched 
opportunities and also new challenges. On the one hand, data interchange between the media and drives from different 
sources becomes a major concern, which can only be solved if international standards for all optical recording 
disk/cartridge are available. Many standards organizations, with the help of world wide industrial support, took up the 
challenge, and numerous international standards were established which are now being adapted. One the other hand, copy 
protection technology must be developed to prevent illegal copying and distribution of contents using this removable media. 
This need is accentuated by the proliferation of low cost CD and now DVD disks replication means and the availability of 
recordable and rewritable CD and DVD devices. This paper provides an update of the brief summary of the current status 
of the international optical disk standards published ealier1 and a breif review of the copy protection technology. 

Keyword: Optical recording, international standards, copyprotection 

I. INTRODUCTION 

Research and development in optical data storage started more than three decades ago. Product introduction however was 
not realized until early 1980's. Initial devices were mainly read only or write-once-read mostly (WORM) types. The very 
first attempt to offer a guideline of a WORM disk standard was presented by T. A. Olson2 at the Optical Data Storage 
Topical Meeting in 1983. Subsequently, the National Bureau of Standards (now NIST) took on the task to promote optical 
disks international standards and held numerous meetings on the standards development. Participation of ANSI in 
developing the optical disk standards started in 1984 and the X3 B11 committee was created. The first Bl 1 Chairman was 
Mike Deese, who held the first International Standardization Organization (ISO) SC23 meeting in Japan. In the ensuring 
years, Bl 1 committee was chaired by Joe Zajaeczkowski, Ken Hallam, Pat Sandell and now John Neumann. The Bl 1 
committee is now organized under National Committee for Information Technology Standards (NCITS). Concurrently, the 
European Computer Manufacturers Association (ECMA) added the optical disk standards to their standards activities and 
formed a Technical Committee TC31 in 1984. These activities are now coordinated by the joint technical committee (JTC1) 
under joint effort of ISO and the International Electrotechnical Commission (IEC). All industrial nations, with US, Japan 
and some European countries as the major contributors, joined this effort and resulted in numerous international standards, 
including read only, WORM, recordable (Dye polymer or ablative media) and rewritable disks, (magneto optic or phase 
change media) with disk diameters ranging from 80 mm to 356 mm. The most popular read only Compact Disc (CD- 
ROM), started with a de-facto standard by Philips and Sony, are now also embraced by the international standards. More 
recently, Digital Versatile Disc (DVD) technology was introduced. The standards work on this type of disks is on Fast 
Track and the first group of DVD disc standards have been completed. 

The ease of copying information to a recordable or rewritable CD or DVD optical disc brought about the need for copy 
protection. The work was started over four years ago. The three industrial concerns, namely the Information Technology 
(IT), the Consumer Electronics (CE) and the Content Providers such as the Motion Picture Association (MPA) and Secure 
Digital Music Initiative (SDMI), realizing the importance of copy protection, agreed to join force to develop the required 
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technology. The work is coordinated under the Copy Protection Technology Working Group (CPT-WG), with Allen Bell of 
IBM as the Chairman. CPT-WG meets monthly, participated by all industrial concerns, with the support of the DVD Forum 
WG-9, Mt. Fuji, DVD-CCA, MPA, SDMI, and many other organizations. The technologies developed to date includes the 
proprietary Content Scrambling System administrated by DVD-CCA, the use of Watermark in the content. More recently, 
the proprietary Copy Protection techniques for Recordable Media and Prerecorded Media (CPRM and CPPM) were 
developed which will be available for licensing. 

In this paper, we will review the activities of of ISO/IEC JTC1, ANSI, ECMA and other organizations including OST A, 
and DVD-Forum. The status of copy protection technologies developed to date will then be discussed. 

n. ANSI Ncrrs BH STANDARDS ACTIVITIES 

The American National Standards Institute started the pioneering effort in optical disk standards and established the X3 
B11 (now NCITS B11) committee in 1984. Much of the early work was in the WORM disks using ablative recording media 
with 300 mm and 130 mm disk diameters. By late 1980 and early 1990. recordable and rewritable disks was introduced. 90 
mm, 120 mm (CD) and 130 mm disk sizes standards were advancing rapidly. Test and measurement standards were also 
introduced. In the mid 1990, DVD discs were developed. DVD-ROM, DVD-recordable and DVD-rewritable disc standards 
are currently under intense development. The ANSI NCITS Bl 1 activities and accomplishments over the past fifteen years 
are monumental indeed. This is a tribute to the world wide contributions and cooperation from all national bodies, 
companies, and individuals in this field. 

Over the years, developers of optical recording media and drive have generated a set of important parameters which 
collectively defines a disk standard. Nearly all disk and cartridge standards, irrespective to the size and usage, have 
included detailed values and margins of these parameters to insure data interchange. These essential disk parameters are: 

(1) Environmental: Operating, transportation and storage 
(2) Mechanical and Physical: 
(3) Optical: 
(4) Reference Drive: 
(5) Track Format: 
(6) Data Format: 
(7) Read /Write/Erase Laser Power and power control 
(8) Data Coding: Modulation Code, Error Correction Code 
(9) Defect management 
(10) Test and measurement: 
(11) Annexes: Optional features as permitted 

Besides these, there are many variations and additions which may be required for a specific case. 

With this many parameters which must be denned in detail for each disk standard, and be agreed by all concerns, the task 
to establish a standard is indeed overwhelming. From the start of the acceptance of project proposal, going through a 
number of versions of draft standards for review and comments with letter ballots, and eventually resolving all objections 
and reach the final publication of an international standard, typically takes years of work. The projects developed under Bl 1 
committee and the resulting standards published are summarized in Table I. 

As the optical disk standards activities gravitated into the international arena in the past two years, the work under NCITS 
Bl 1 has now dropped from an active to a maintenance mode. 

m. ISO/EEC JTC1 STANDARDS ACTIVITIES 



The members of the International Organization of Standardization and International Electrotechnical Commission 
participate in the development of International Standards through the joint technical committees established by the 
respective organization to deal with particular fields of technical activity. ISO and IEC technical committees collaborate in 
fields of mutual interest. Other international organizations in liaison with ISO and IEC, also take part m the work. ISO/IEC 
information technology technical committee JTC1 was established to work on the standards m the information industry 
including the optical disks. Within JTC1, there are a number of subcommittees (SC) each addressing a specific area of 
work Working groups (WG) within the SC are where the most significant work being conducted to address the technical 
issues, and to resolve differences. All National Bodies (country members of ISO and IEC) can participate m this standards 
work Under the standard 5-stage development procedure, any standards project must first be approved, and editor(s) 
assigned to prepare the working draft international standard (WD). The draft is then reviewed and modified by all National 
Bodies The working group is the venue where the National Bodies participate in resolving technical issues. The standards 
so prepared then go through several letter ballots: Committee Draft (CD) and Fmal Committee Draft (FCD) at the SC level, 
and Final Draft International Standard (FDIS) at the JTC1 level. This balloting procedure can be as short as 6 months, or as 
long as 18 months, depending on the technical maturity of the WD when it is first balloted. At long last, an international 
standard will be published.. JTC1 has also offered an additional method of producing an International Standard known as 
the Fast Track procedure. In this case, after the approval of the standards project, and assignment of the editor(s), a draft 
international standard (DIS)wül be prepared. The draft is reviewed and modified by all national bodies and the working 
groups will participate in resolving technical issues. The standards so prepared will go through one of more letter ballot 

procedure.. 

IV. ECMA STANDARDS ACTIVITIES 

The European Computer Manufacturers Association (ECMA) was formed in 1961. In 1987, a technical cormnittee TC 97 
became part of ISO/IEC JTC1, ECMA became A-liaison member of JTC 1, thereby accelerating the process by which 
ECMA standards can be adapted as an International Standard. Mr. Dora Hekimi held the position of Secretary General 
from 1961 to 1991. This position is now taken over by Mr. J. van den Beld. The ECMA optical isk/carmdge standards 
activities are organized under TC 31. From 1987 to 1991, the work has been in the development of 130 mm WORM and 
R/W disk standards, 90 mm R/W and CD-ROM. From 1992-1996, 90 mm and 130 mm disks of different apphcations were 
included, together with SSF and CCS servo methods, and CD and PD format disks. Smce 1997 120mm and 80min DVD 
disk standards have been the center of action. The classification of Optical Disk Case/cartridge Standards defined by ECMA 

and ISO/IEC is summarized in Table II4. 

V. OTHER STANDARDS ACTIVITIES 

Much of the ANSI and ECMA standards work are in coordination with the Japanese standards organization^ In fact, much 
of the recent technical work on optical disk/cartridge was developed in Japan. DVD-Forum, chaired by Koh Hase oi 
Toshiba was founded in 1995 by 10 companies (Hitachi, Matsushita, Mitsubishi, Philips, Pioneer, Sony, Thomson 
Multimedia, Time Warner, Toshiba and Victor Company of Japan), with purpose of maintanence and development ol DVD 
specifications.. Currently there are 100 members who take part in the Forum activities, promoting and developing products 
based on DVD Specifications, and receive information., to One of the mam contribution of DVD Forum to DVD disc 
standards is through the publication of DVD books. The DVD books published to date is listed in Table III. There are 
many verification laboratories established world wide, mlcuding Philips in Europe; Hitachi, JVC, MEI, Pioneer, Sony, and 
Toshiba in Japan; ITRI in Taiwan, and Warner in US, to serve as the clearing house for disc or drive conformation to the 

standards set by the books. 

With respect to rewritable DVD discs, there is the Mount Fuji working group which deals with all aspects of the issues 
related to Content Protection, Real Time recording, and Access Control. On audio recording, Secure Digital Music 

Initiative (SDMI) is leading the effort. 
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Besides these organizations, a world wide trade association named OSTA (Optical Storage Technology Association) was 
organized by Ray Freeman in 1992, consisting of members from optical product manufacturers from three continents. The 
purpose is to promote the use of writeable optical technologies and products for storage of computer data and images. In the 
past, OSTA has been working on the migration path for the 130 mm and 90 mm writeable drives, to insure that technology 
advances will not cause premature obsolicence. More recently, OSTA has been working on the Universal Data Format 
(UDF), and compatibility issues for CD and DVD discs. A MutiRead technology was advanced which defined the 
requirements for the readability of CD-ROM, CD-R and CD-RW discs by all CD devices. This technology is being 
extended for DVD drives. 

There are many other standards activities world wide which will have an direct impact to Optical Disk standards. The data 
format such as UDF as mentioned above, and the Multi Media Command Set Standards proposal under NCITS Tl 0 for 
example, can directly affect the ability for data interchange of optical disks. These activities should be taken into 
consideration carefully in the development of disk/drives comforming to the specified International Standards. 

VI. COPY PROTECTION TECHNOLOGY 

In the US, there is a concerted effort to address the Content Protection Technology. The future market development in DVD 
recordable technology depends on the availability of acceptable Content Protection standards. Development of the 
technologies for the protection of intellectual properties has been in progress since the mid 1990's. This effort involves 
many complex issues such as the technology development, the legal reminification, the business interests, and the consumer 
acceptance. To be acceptable to all concerns, this work has a goal to prevent illegal copying of contents, to be invisible to 
users, to be compatible to existing architecture, to require minimum management, to be low cost, to encourage voluntary 
compliant, to be robust and to allow technology growth. 

There are many organizations currently involved in the development and a(hninistration of the copy protection 
technologies. The Copy Protection Technology Working Group (CPT-WG) is the coordinating organization which ia 
working with the Information Technology Inductry Association (ITI), the Content Providers such as the Motion Picture 
Association of America (MPAA) and the Recording Industry Association of America (RIAA), and the Consumer Electronic 
Manufacturers Association (CEMA) together to develop the required technology.. There is a monthly meeting to review 
progresses and resolve issues. The DVD Forum has the WG-9 working group to addresses the DVD copyprotection in total 
systems. The Technical Working Groups such as the ad hoc group AhO-3 within TC-31 which deals with the DVD-R 
devices. To address the copy protection as data is transmitted, there is the Data Transmission Group which deals with 
protection in the data interface. For the read only media such as DVD-ROM, a proprietory Content Scrambling System 
(CSS) has been developed. This system is now implemented and available for licensing through DVD-CCA. An earlier 
version of CSS unfortunately was broken by a hacker late last year, resulting in much legal and technological debate. The 
other technique is the use of Water Mark which is embedded in the content and provides a way for tracking and control of 
the stored information. This system is however still under development and not yet implemented for a number of reasons. 
One is related the selection of the two proposed Water Mark techniques namely the Millennium system and the Galaxy 
system. Decision has yet to be made as to which one to use. Also there has been much debates on the location where the 
Water Mark detection should take place. It could reside in the drive or in the data processing system. 

IBM, Intel, Toshiba and Matsushita (4C) have advance a general guide fine of the architectural aspects of copy protection, 
(copyprotection systems achitectural CPSA). 4C also introduced copyprotection techniques in two proposals, one for 
recordable media (CPRM) and one for prerecorded media (CPPM). The system is based on three technical elements: 
(1) Key management for interchangable media, (2) Content encryption and (3) Media Based renewability. Deteail of these 
proposal can be accessed through 4C web site5. These proposals are currently under discussion and the technologies are 
expected to be available for licensing in the near future. 

The above mentioned technologies are media and drive related. There is also some interest to develop copy protection in the 
data transmission between PC (video traqnsmission) and the display device (video receiver). A Digital Visual Interface 
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(DVI) specification has been proposed by Intel, in corporation with Silicon Image. Information may be obtained from DVT 
web site6. 

Copy Protection technology is still at the stage of rapid development. It appears that all currently available techniques are 
privately developed and details are not in the public domain. However, for the protection of content providers, disc and 
drive manufacturers are urged to participate and endorse the copy protection technologies, for the benefit and health of the 
entire industry. 

vn. CONCLUSION 

The creation of the international standards of optical data storage disks and cartridges is a major endeavor of this industry.. 
Earlier effort, with the exception of CD, was initiated in the US. Earlier US participants includes major companies such as 
3M, DEC, IBM, Kodak, HP, Verbatim, and start-up companies such as ISI, MaxQptix, and Optotech. The critical 
parameters and other pioneering work for optical disk standards were developed during this period. By 1990's, the effort in 
the development of optical data storage devices and media in US decreases drastically. Associated with the reduced US 
drive and media industrial participation, the standards work started to migrated from US to Europe and Japan. At present, 
ANSI NCITS Bl 1 committee has reduced its work from the active to a maintenance mode. ECMA is now leading the 
optical disk standards activities, and many of the hard technology and engineering work in standards are being carried out 
in Japan. For the DVD disc standards work, major companies in Japan, such as Hitachi, MCC, Matsushita, Pioneer, Ricoh, 
Sony, Toshiba, Yamaha, together with Philips in Europe, and HP in US, are now the main driving forces. 

As the optical recording technology advances, the optical standards activities will continue to expand. Although it is 
important to encourage new development, we must not loss sight in the ability to recover information stored in optical 
disks. Studies have shown that most optical disks will have a data retention life of over 50 years. The main concern is 
whether there will be a drive which can recover the data stored on the disk at that time. This may be the ultimate test of 
Data Interchange that we should be addressing. 

The ease of record data on optical disks brought about a concern for copy protection. The Information Industry, the Content 
Provider and the Consumer Electronics Industry are joining force to develop user friendly, low cost solution to the copy 
protection technology. Many approaches advanced to date are either being implemented or will be implemented in the near 
future. It is however important to realize that any protection technology are susceptible to tempering, and in time could be 
broken. Any copy protection technology must establish a clear path for migration to higher level of protection as the need 
arises. This may be the best strategy to insure a long term solution for this complex problem 
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Table I. Summary of the Status of Projects Under NCITS Bll Committee: 

Project Disk 
Dia. 
(mm) 

Read 
only 

Worm MO PC Servo Cap. 
(MB) 

Publication Yr 
Pub 

Note 

408-L 300 X SSF ISO 13614 95 

483-L 300 X CCS ISO 13403 95 

480-L 120 X 650 ISO 10149 89 CD-ROM 

456-M 356 X ISO 10885 93 

457-M 130 X CCS 325/s X3 211 92 Unrecorded 

481-M 130 X CCS 325/s X3 211 92 Recordable 

659-M 130 X SSF 325/s X3 214 92 4/15 mod. 

655-M 130 X Di-bit 650/s X3 191 91 RZ modulation 

607-M 130 X CCS 325/s X3 212 92 

736-L 86 X CCS 128 ISO 10090 

760-M 86 X DBF 113 X3 214 94 

679-M 356 X X3 191 91 Test method 

879-M 130 X X CCS ISO 10089 CCW Tech. 

883-D 90 CCS Test method 

884-M 130 CCS X3 234 93 Test Method 

893-M 130 X CSS 2000 ISO 13842 95 MCAV 

915-M 90 X ISO 15041 Extended Cap 

950-M 90 CCS X3 244 95 Test Method 

953-M 90 DBF X3 246 94 Test Method 

985-D 130 X 2000 Bll 94/154 94 

1000-L 130 X 1000 ISO 13481 93 

1001-L 130 X 1300 ISO 13549 93 

1004-M 130 X 2600 ISO 14517 

1029-D 356 X DIS 15882 
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Project Disk 
Dia. 
(mm) 

Read 
only 

Worm MO PC Servo Cap. 
(MB) 

Publication Yr 
Pub 

Note 

763/4-L ISO 13364 95 Rewritable VF 

1055-L ISO 13800 95 Vol. File Stru. 

1066-L 130 X TR 10091 95 Tech. Aspects 

1068-L 90 Measurement 

1158-M 90 X 1300 ISO 14760 

1159-1 130 X X 5200 DIS 15286 99 

1184-M 90 X 230 ISO 13963 95 

1188-L 120 X X Vol. File Stru. 

1189-L 86 X CCS 128 TR-13561 94 Tech. Guide 

1322-L 120 X TR 18002 99 DVD File TR3 

1323-L 120 X 650 ISO 15485 97 PD format 

1324-L 120 X 4700 DIS 16448 99 DVD-ROM 

1325-L 120 X 2600- 
5200 

DIS 16824 99 DVD-RAM 
disk 

1326-L 120 DIS-16825 99 DVD-RAM 
case 

1327-L 120 X 3000- 
6000 

DIS 16969 99 
+RW format 

1328-L 80 X DIS 16448 99 DVD-ROM 

1329-L 90 650 IS 15498 97 HS-1 format 

1330-L 130 X X 2600 IS 15486 99 CCW Tech. 
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Table II. Classification of Optical Disk and Case/Cartridge Standards (After ECMA)3 

iize 
in mm 

Maximum 
Capacity 

ECMA 
Standard 

[SO/IEC 
Standard 

Recording 
Technology 

Media Types 

VIO PC R/W WORM wo p- 
ROM 

O-ROM 

80 5,3 Gbytes ** ECMA-268 ISO/EC 16449 
3VD- 
*OM 

90 128 Mbytes ECMA-154 ISO/EC 10090 
X X X X X 

90 230 Mbytes ECMA-201 ISO/EC 13963 
X X X X 

90 385 Mbytes ECMA-223 none 
X X 

90 640 Mbytes none ISO/IEC 15041 X X X X 

90 650 Mbytes ECMA-239 ISO/IEC 15498 X 
X X X 

90 1,3 Gbytes none ISO/EC 14760 X X X 

120 660 Mbytes ECMA-130 ISO/EC 10149 :D- 
*OM 

120 650 Mbytes ECMA-240 ISO/EC 15485 
X X 

120 17.0 Gbvtes ** ECMA-267 ISO/EC 16448 

120 5,2 Gbytes ECMA-272 ISO/EC 16824 
3VD- 
*OM 

120 Case ECMA-273 ISO/EC 16825 
Dase 

120 6.0 Gbvtes ECMA-274 ISO/EC 16969 
(-RW 

130 650 Mbytes none 9171 
X 

130 650 Mbytes none ISO/EC 10089 X X 

130 650 Mbytes ECMA-153 ISO/EC 11560 X X 

130 1 Gbvte ECMA-183 ISO/EC 13481 
X X X 

130 1.3 Gbvtes ECMA-184 ISO/EC 13549 
X X X X X 

130 2 Gbvtes ECMA-195 ISO/EC 13842 
X X X X X 

130 2.6 Gbvtes none ISO/EC 14517 
X X X X 

130 2.6 Gbvtes ECMA-238 ISO/EC 15486 
X X 

130 5.2 Gbvtes* none CD 15286 X X X X X 

300 12 Gbvtes ECMA-189 ISO/EC 13614 
X 

300 12 Gbvtes ECMA-190 ISO/EC 13403 
X 

356 6.8 Gbvtes none ISO/EC 10885 
X 

356 14,8fr? 5 Ghvtfis F,rMA-?6n TSO/TFr 15S9R X 
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Legend 

X      specified in the standard, *   Double sided,        ** Double sided, double layered 

none     no ECMA or ISO/IEC standard in existence for this ODC 

Table DI. DVD Book Construction (after DVD-Forum)4 

Book Name DVD Specification Version 

DVD-ROM Part 1 Physical Specifications 1.02 

DVD-ROM Part 2 File System Specifications 1.02 

DVD-Video Part 3 Video Specifications 1-1, 

DVD-Video Part 3 Reference Information-JacketPicture Format 1.0, 

DVD-Video Part 3 Reference Information-IEC958 to convey non-PCM encoded 
Audio bitstream 

1.0, 

DVD-Audio Part 4 Audio Specifications 1.1 

DVD-Audio Part 4 Reference Information-Packed PCM: MLP Reference 
Information 

1.0 

DVD-R (3.9 G) Part 1 Physical Specifications 1.0 

DVD-R (3.9 G) Part 2 File System Specifications 1.0 

DVD-R for General (4.7 G) 
Parti 

Physical Specifications 1.95 

DVD-R for General (4.7 G) 
Part 2 

File System Specifications tobe 
issued 

DVD-R for Authoring Part 1 Physical Specifications 2.0 

DVD-R for Authoring Part 2 File System Specifications 1.9 

DVD-RAM (2.6G) Part 1 Physical Specifications 1.0 

DVD-RAM (2.6G) Part 2 File System Specifications 1.0 

DVD-RAM (4.7G) Part 1 Physical Specifications 2.1 

DVD-RAM (4.7G) Part 2 File System Specifications 2.0 

DVD-RW Part 1 Physical Specifications 1.0 

DVD-RW Part 2 File System Specifications 1.0 

DVD-Video Recording Part 3 Video Recording 1.1 
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ABSTRACT 
Several kinds of disks, such as DVD, MO and/or CD-R, for the next generation require high quality of plastic surface. 
Especially their flatness is very important. Here a disk inspection system is proposed using two dimensional birefringence 
distribution measurement. Small birefringence is a serious problem that is caused by internal strain, and/or residual stress. 
Moreover it is possible to observe its molecular orientation. The birefringence measurement is necessary to determine the 
relative retardation and the azimuthal angle of the fast axis in an optical disk. Several images captured by a CCD camera are 
enough for one birefringence distribution analysis. Experimental procedure and their results of some famous optical disks 
are discussed. 

Keywords:   disk inspection,    birefringence measurement, phase shifting technique 

1.   INTRODUCTION 
Recently, a birefringence measurement, especially for optical discs, plastic lenses or glass substrates is important for 
manufacturing inspection process. Many plastic disks, such as several kinds of CDs, DVDs and next generation hard disks, 
are used for the data storage system. An injection process is used for manufacturing their plastic disks. A flatness is the 
most important for a disk manufacturing process. Many researchers suggested the main reason for the defects of flatness is 
residual stress but there are few reports of its experimental results. 

In this report, we propose a disk inspection system by two-dimensional (2-D) birefringence measurement. It is 
necessary for the birefringence measurement to determine both the relative retardation and the azimuthal angle of the fast 

axis in a sample. Until now, modulation techniques utilizing a photoelastic modulator or an optical heterodyne method1'2 

have been reported and also commercialized on the market. However, since these 2-D birefringence distribution 
measurements are single point measurement methods, the sample needs to be moved mechanically. These methods are time 
cosuming and such systems are apt to be large. Nowadays, there are many papers related to two dimensional birefringence 

distribution measurement. -'"-' 
In this paper we propose an improved method and device for measurement of 2-D retardance and principal plane 

azimuth distributions from intensity of the polarimeter using a phase shifting technique. In our trial both the phase 
retardation and the principal axis distribution can be determined without moving or rotating the sample. The basic 
expressions that describe the operation of the systems are presented. A microscopic birefringence measurement is also 
proposed to analyze an inside of the disk. Finally, we show some experimental results of disks. 

2.   PRINCIPLE OF DISK INSPECTION SYSTEM 

An optical configuration of a disk inspection system by 2-D birefringence measurement is shown in Fig.l. The system 
based on a polarimeter using a phase shifting method. A liner polarized beam from He-Ne laser at 632.8nm passed through 
a Babinet-Soleil compensator (BSC) as a retarder and its phase is changed by the birefringence of the sample. An intensity I 

at a CCD camera after the polarizer can be easily expressed using Stokes parameters and Mueller matrix, as follows °'°. 
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polarization 
disk substrate 

(retardance A,direction (j>) 

Fig. 1   Principle set up for disk inspection by two dimensional 
birefringence measurement. 

1=    V2 -Io   [ 1 

- cos { tan"1 ( A cos ( 29 - 2<j>)) + 5 } ] 
(1) 

We   use   twice   the   phase   shifting   technique   to 
determine the birefringence parameters A and <)>. 

First, the azimuthal angle 9 of the BSC is adjusted 
as 0 deg and a vector $ can be calculated the intensity 
I0~I3 of the polarimeter to change the retardation of 
BSC 8 as 90deg of each time using the phase shifting 
technique. 

A • cos ( 29 - 2$ ) Ii -h 

In - h 
= o 

(2) 

Next, the phase <J> changes sinusoidal as two periods concerning one rotation of the retarder 9. We can easily get the 
retardance A and the azimuthal angle <)> using 4-step method in case of the rotation angle of 9. As there are two unknown 
parameters in Eq.(2), six or eight images are enough to analyze birefringence distribution. We analyze birefringence 
parameters, such as retardance A and azimuthal direction 0, using 16 images for improving resolution as follows. 

$ = tan -1   Oi -<fr? 
Oft - <I>2 

(3). 

-1 V(*2 
2 

*o)2 + («'3-^i r 
(4) 

For this analysis, we have checked both retardance and azimuthal direction errors as ±ldeg. Its measurement time is 
expected less than 1 min. using a liquid crystal retardaer and electrical control stage to rotate a polarizer. 

The local-sampling phase shifting technique is more powerful method to improve a resolution of the retardance9. 
Figure 2 shows its result compared with a calibrated phase 
difference known birefringence distribution, a Babinet-Soleil 
compensator as a specimen, was examined to check 
sensitivity and accuracy of this system shown in Fig.(3). At 
first the principal axis direction of a Babinet-Soleil 
compensator is set to 0 degrees and the variation of the 
birefringence phase difference is tested. Figure 3(a) shows 
the result of the measured birefringence phase difference that 
is given by changing the thickness of the wedge using a 
micrometer of Babinet-Soleil compensator. The symbols 
circles indicate the measured results by this method and the 
straight-line means the calibration line. We archived a 
retardance as ±0.02deg. 

0.2        0.4        0.6        0.8 
calibrated retardance [ deg] 

1.0 

Fig.2 Calibrated result in small birefringence range 
using a local sampling method 

3.    EXPERIMENT RESULTS OF OPTICAL DISKS 

Figure 3 shows the 2-D birefringence distribution of a DVD-R optical disk both inside and outside. The measurement area 
is limited to 13x15mm by the optics used in this experimental setup. The retardation is shown in gray scale in the image in 
Fig.3(a). Fig.3(b) means the vector plot which indicate the azimuthal direction. 
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Fig.3   Birefringence distribution of DVD-R 

Figure 4 is the results of the optical disks, such as CD-R, 
CD-ROM, DVD-ROM, and DVD-R. There is an interesting 
result that the retardance is double even if the thickness of the 
CD is twice comparing the DVD. 

Moreover,    we   built   up   a   microscopic   type   of   a 
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Fig.4 Measured results of optical disks 
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Fig.5 Microscopic measurement system of birefringence 
distribution inside disk substrate 
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birefringence measurement system in Fig.5. This is a transmission type of a microscope. It is possible to detect in a very 
small area We tried to make a small sample cut as a sliced piece of the disks to analyze a birefringence distribution of its 
cross section Figure 6 shows its result of the cross section of the plastic disk. Its viewing area might be as small as lxlmm. 
In the present measurement it is 2.5x2.5mm. We can check an injection process of disks from its birefringence distribution. 
Although this result seems a little bit noisy, because the light source used is a coherent light (a He-Ne laser), it might be 
reduce by using a incoherent light source. 

4.    CONCLUSION 
A disk inspection system was proposed using two dimensional birefringence distribution measurement. This system is very 
powerful that several kinds of disks, such as DVD, MO and/or CD-R, for the next generations require high quality of plastic 
surface can be applicable. The birefringence measurement is necessary to determine the relative retardation and the 
azimuthal angle of the fast axis in an optical disk. Several images captured by a CCD camera are enough for one 
birefringence distribution analysis. We have shown an experimental procedure and the results of some famous optical disks 
are discussed. This information is useful not only to analyze its flatness, but also to observe its molecular orientation . 
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ABSTRACT 
We present an experimental set-up for systematical studies of optical near-field coupling phenomena using a solid 
immersion lens (SIL) to surpass the conventional far field diffraction limit. The set-up incorporates a microscope objective 
lens with NA=0.80 in combination with a hemispherical SIL manufactured from glass with refractive index «=1.887 and a 
laser with a wavelength of 430 nm. Test samples are positioned within the evanescent decay distance from the bottom 
surface of the SIL using a closed-loop-controlled piezo actuator. The laser spot can be scanned over the sample enabling a 
study of the push-pull signal of pregrooved samples on a split photodiode. The intensity distribution and polarisation state of 
the light reflected from the sample in the exit pupil of the microscope objective lens is studied on a CCD camera. The 
reflected light can be combined with a reference beam into an interferogram used for alignment purposes. We present 
measurements of evanescent coupling of light to a glass sample and the push-pull signal of a reflective phase grating with a 
groove pitch of 300 nm as a function of thickness of the air gap between de SIL and the sample. The evanescent coupling to 
a glass sample can accurately be described by thin-film optics theory. Experiments show that the push-pull signal amplitude 
depends on the polarisation state of the irradiating beam. 

Keywords: near-field, evanescent field, solid immersion lens 

1.   INTRODUCTION 

Near-field optical recording is a promising new data storage technology. An important part of a near-field optical recording 
system is a solid immersion lens (SIL) that is used to increase the numerical aperture of the irradiating objective lens by a 
maximum factor of the refractive index n of the SIL. Such a combination of objective lens and SIL can result in an effective 
numerical aperture larger than 1. For read-out using the full effective numerical aperture, the medium must be close to the 
bottom surface of the SIL within the evanescent decay distance of the light (the near-field) that is focussed at an angle larger 
than the critical angle. This evanescent decay distance is a fraction of the wavelength of the irradiating laser beam. Practical 
near-field recording systems rely therefore on an air-bearing slider to maintain this distance. Slider technology, however, 
does not provide sufficient freedom in changing the air gap and the speed of the lateral movement of the medium to allow 
for a systematic experimental study of the phenomena that are related to near-field coupling and diffraction by grooves and 
recording layers. Besides the technological challenges of building a fully functional near-field optical recorder system, the 
system requires thorough theoretical investigation. Whereas conventional far-field optical recording systems such as CD 
and DVD can quite accurately be described by scalar or quasi-vectorplane wave theory, near-field optics requires a full 
vector approach. 

To improve the understanding of the above phenomena we have built a near-field static tester. In this experimental set up 
we use a piezo actuator rather than a slider to position a test sample with respect to the bottom surface of the SIL in a 
reproducible way with nanometer precision. 
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Figure 1. Diagram of the near-field static tester. 

2.   NEAR-FIELD STATIC TESTER 

2.1 Experimental set-up 

The experimental set-up is depicted in Figure 1. As a light source we used a continuous-wave frequency-doubled diode laser 
(1) with a wavelength of 430 nm. The laser beam is expanded by a telescope (2) with spatial filter to reduce aberrations and 
create a parallel beam with a homogeneous intensity distribution. A half-wave plate (3) is used to select a polarisation state 
and an additional polariser (4) eliminates any residual ellipticity. A beam splitter plate (5) reflects a portion of the beam 
towards a reference mirror while the rest of the beam is directed into the optical head. A galvano mirror (6) is used to scan 
the optical spot over a test sample. Light reflected from the sample is analysed by two detection branches (7) and (8). In the 
first branch (7) the exit pupil of the microscope objective lens is imaged onto a CCD camera in order to study the intensity 
distribution and the polarisation state of the reflected light. In the second branch (8) light is detected with a split photo 
diode generating push-pull signal. In order to suppress parasite signals the lens in this branch is positioned in such a way 
that the scanning galvano mirror and the photodetector are in its conjugate planes 
The set-up incorporates a large-working-distance microscope objective lens with NA=0.80 in combination with a 
hemispherical SIL manufactured from the LASFN-9 glass sort that has refractive index n=1.887 at 430 nm. The first surface 
of the SIL was antireflection coated while its bottom is bare. The sample is mounted on top of a piezo actuator. The actuator 
contains 3 piezo elements that can be controlled in closed loop using built-in strain gauge displacement sensors. The 
actuator allows adjustment of tip-tilt and translation along the optical axis with accuracy better than 1 nm. The SIL is fixed 
in a holder in a form of a cap covering the actuator and can be aligned using three micro spindles. The SIL holder is made 
from the same material as the actuator body (stainless steel) in order to minimise displacements due to thermal expansion. 
The current set-up does not include a direct measurement of the distance between SIL and the sample. Therefore, we 
measure the sample displacement relative to the position of mechanical contact which can be determined with an accuracy 
of approximately 5 nm by observing changes in the CCD image while the sample is moving continuously towards SIL. 



2.2 Alignment of the SIL head 

We chose a hemispherical SIL instead of the super-spherical SIL because of its more relaxed tolerance on the thickness. 
The choice of the shape of bottom surface of the SIL was determined by the alignment problem. For a flat bottom the 
tolerance on angular alignment of the SIL and a flat sample for very small air gaps becomes prohibitively tight. To 
overcome this problem several solutions have been proposed ranging from conical bottoms with a sharp tip [1], a very small 
'nose' [2] to a spherical bottom surface [3]. We have chosen to grind and polish the bottom surface spherically because 
such a geometry has a contact point at any tilt angle between SIL and test sample. In such a geometry alignment is only 
necessary to reduce aberrations by making sure that this contact point lies within the field of view of the objective-SIL 
combination. In order to be able to determine the angle between the SIL and the sample, the SIL was mounted in a small 
glass disk with its optical axis perpendicular to the disk surface. By irradiating the sample with a parallel laser beam through 
this disk we could obtain an interference pattern between the light reflected from the test sample and the surface of this 
small disk facing the test sample (the surface of the disk facing the irradiating laser beam is antireflection coated). By 
minimising the number of tilt-fringes of the interference pattern the SIL can be aligned with respect to the sample within 0.1 
mrad. After aligning the SIL to the sample, the microscope objective lens is put into place. By moving the objective lens in 
two lateral directions and monitoring the image on the camera the contact point between SIL and the sample can be found. 
Another way of aligning the optical axis of the objective lens with the optical axis of the SIL is by minimising the 
astigmatism that is induced by misalignment. 

3.   EXPERIMENTAL RESULTS 

3.1 Evanescent coupling to a glass sample 

With the static tester set-up we studied evanescent coupling of light to a bare glass sample with refractive index «=1.48 by 
measuring the amount of reflected light with a single photodiode at the position of the push-pull detector and by analysing 
the intensity distribution and polarisation state in the image of the exit pupil of the objective lens on the CCD camera. The 
experimental results were compared with simulations using the classical thin-film matrix formalism. This specific 
configuration with evanescent coupling to bare dielectric is relevant for the case of lithographic production of optical disk 
masters using a SIL. Near-field mastering systems have been proposed that control the SIL-to-master-disk distance with an 
actuator. The total amount of reflected light might serve as the error signal for the air gap servo in such a system [4]. 

In Figure 2 we show images of the reflected light intensity distribution recorded with the CCD camera for an air gap of 1000 
nm and the axis of the analyser parallel (a) and perpendicular (b) to the polarisation direction of the irradiating beam. In 
Figures 2 (c) and (d) the simulated intensity distributions for the same polarisation states are shown. As can be seen from 
these images the rays that are focussed at angles larger than the critical angle are totally internal reflected at the bottom of 
the SIL, hence the bright ring outside NA=1. There is no evanescent coupling to the glass sample for this large air gap, only 
the rays within NA=1 propagate to the glass sample. The multiple reflections between the glass sample and the bottom of 
the SIL cause the interference pattern in the reflected light within NA=1. These concentric fringes may be used to align the 
optical axes of the objective lens and SIL. We also observe that, in agreement with theory, part of the reflected light has 
changed polarisation state from horizontal to vertical, most notably the parts of the pupil that are focussed at large angles to 
the bottom of the SIL since for the larger angles the difference between the Fresnel reflection coefficients for s and p 
polarisation is largest. 

In Figure 3 we show images of the reflected light intensity distribution recorded with the CCD for an air gap of 100 nm and 
the axis of the analyser parallel (a) and perpendicular (b) to the polarisation direction of the irradiating beam. Figures 3 (c) 
and (d) depict simulated intensity distributions for the same polarisation states. In these images the bright ring at NA>1 has 
disappeared since the larger part of the light is transmitted into the glass sample by evanescent coupling. 
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Figure 2. Images of the reflected light intensity 
distribution for an air gap of 1000 ran and the axis 
of the analyser parallel (a) and perpendicular (b) to 
the polarisation of the irradiating beam. In (c) and 
(d) the simulated intensity distributions are shown 
for the same polarisation states. 

Figure 3. Images of the reflected light intensity 
distribution for an air gap of 100 nm and the axis of 
the analyser parallel (a) and perpendicular (b) to the 
polarisation of the irradiating beam. In (c) and (d) 
the simulated intensity distributions are shown for 
the same polarisation states. 

1000 

Figure 4. Simulation of the total amounts of the 
reflected light for the polarisation states parallel (—) 
and perpendicular (--) to the polarisation state of the 
irradiating beam, and the sum of both (--). 

400 600 
Air gap (nm) 

1000 

Figure 5. Measurement of the total amounts of the 
reflected light for the polarisation states parallel (—) 
and perpendicular (—) to the polarisation state of the 
irradiating beam, and the sum of both (--)■ 
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In Figures 4 and 5 we show the simulation and measurement of the total amounts of the reflected light for both polarisation 
states and the sum of both. These measurements were corrected for the reflection coefficients of the beam splitter for s and p 
polarisation. The measurements are in good agreement with theory, the evanescent coupling becomes perceptible below 200 
nm and the total reflection drops almost linearly to a minimum at contact. This linear signal may be used as an error signal 
for a closed loop servo system of the air gap. The oscillations in the horizontal polarisation are caused by the reduction of 
the number of fringes within NA=1 (see Figure 2) with decreasing of the gap thickness. 

3.2 Near-field coupling to a pregrooved disk 

In the same setup we also studied reflective phase grating samples resembling portions of a pregrooved disc. The grating 
was written in a photoresist layer using an UV optical disc mastering machine. A 30 nm layer of aluminium was deposited 
on top of the grating after development. The resulting sample had a groove pitch of 300 nm, 50% duty cycle and a groove 
depth of 80 nm. The samples were mounted with the aluminium layer facing SIL. 

In Figure 6 the CCD images are shown at air gaps of 750 nm, 250 nm and 40 nm for irradiation with the polarisation 
perpendicular to the grooves. At the large gap of 750 nm the + 1st en -1st diffracted order can bee seen clearly within NA=1. 
The ring outside NA=1 is due to the total internal reflection at the bottom of the SIL. At an air gap of 250 nm the edges of 
the diffracted orders appear less sharp because of partial evanescent coupling of light atNA>l. At even smaller air gaps the 
edges become sharp again since most of the light at NA>1 is coupled to the grooves and, upon diffraction, is returned back 
into SIL. At a distance of 40 nm the diffracted orders fill the entire pupil, at this distance almost the full effective numerical 
aperture of 1.51 is reached. 

a) b) c) 

Figure 6. CCD images at an air gap of 750 nm (a), 250 nm (b)   and 40 nm (c) for irradiation with the polarisation 
perpendicular to the grooves. 
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3.3 Push-pull signals 

We measured the amplitude of the push-pull signal from the split photodiode with the focussed spot scanning perpendicular 
to the grooves of the above described pregrooved sample by driving the galvano mirror with an AC current. The push-pull 
signal we measured was the difference signal from the two split photodiode signals. The push-pull signal was not 
normalised to the sum of the signals as is usually done in practical optical storage systems. A sample of the push-pull signal 
for an air gap thickness equal to 20 nm is shown in Figure 7. In Figure 8 the push-pull signal is plotted versus the air gap 
with the polarisation of the irradiating beam perpendicular to the grooves and in Figure 9 parallel to the grooves. The 
procedure we used to determine the maximum push-pull signal was to move the test sample to a defined distance from the 
SIL and then determine the focus position at which maximum push-pull signal occurs. At larger air gaps we often found a 
strong push-pull at more than one focus position. A plausible explanation for this phenomenon is that aberrations caused by 
the objective lens, the SIL and also the air gap can be balanced with some defocus. Apart from the amount of defocus that 
yields a maximum push-pull signal, there may be other focus positions that result in a local maximum of the push-pull 
signal. Since the aberrations caused by the objective lens and the SIL and the air gap scale with the effective numerical 
aperture, and the amount of defocus at a certain focus position scales with the effective numerical aperture, the optimal 
focus position is not a constant but also varies as the air gap changes. The push-pull amplitude plotted in Figures 7 and 8 is 
the largest amplitude we found by choosing the optimal focus position at a given air gap. At air gaps larger than 300 nm the 
push-pull signal became very small so we limited the range of air gaps between 0 and 300 nm. 

Both plots show that the push-pull amplitude decreases with increasing air gap size. This is readily understood since the 
modulation transfer function of the system deteriorates as the air gap thickness increases. There is, however, a difference 
between both plots. The push-pull signal does not appear to decrease between 100 and 200 nm air gap size when the 
polarisation of the irradiating beam is perpendicular to the grooves. So far, we do not have an explanation for this 
behaviour, it may be caused by the polarisation state alone, it might also be caused by aberrations from the objective lens, 
the SIL and the air gap. More detailed experiments are needed to gain a clearer picture of the influence of polarisation on 
the push-pull signal in the near-field regime. 

50 100 150 200 250 300 350 400 <50 500 
Analogue to Digital sample # 

Figure 7. Push-pull signal at an air gap of 20 nm for polarisation of 
the irradiating beam perpendicular to the grooves. The push-pull 
signal (middle) is generated from the sum of one part of the split 
photodiode (upper signal) and the inverted signal of the other part 
(lower signal). 
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Figure 8. Measured push-pull signal versus the air gap 
with the polarisation of the irradiating beam 
perpendicular to the grooves. 
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Figure 9. Measured push-pull signal versus the air gap 
with the polarisation of the irradiating beam parallel to 
the grooves. 

4.   CONCLUSION 

We have built a near-field static tester set up equipped with a blue, 430 nm wavelength laser, a hemispherical solid 
immersion lens for systematic analysis of near-field related optical phenomena. In the system an effective numerical 
aperture of 1.51 can be achieved within a fraction of the evanescent decay length. Experiments show evanescent coupling to 
a glass sample that can well be described with classical thin-film theory. The push-pull signal from a reflective sample with 
300 nm grooves has been measured as a function of air gap thickness. The Push-pull amplitude decreases as the air gap 
increases due to deterioration of modulation transfer function of the system. The Push-pull amplitude is also a function of 
the direction of polarisation of incident light. 
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ABSTRACT 

SiNx films were prepared by rf «actively sputtering. The refractive index of SiNx films was affected by total pressure and 
sputtering power. When the total pressure increased, the refractive index decreased. The reduction of sputtering power 
showed similar effect to raise the total gas pressure. The residual stress and roughness of SiNx films depended on the total 
pressure, sputtering power, and the thickness. The thermal cycles may result in irreversible change of residual stress of SiNx 

film. The magnetic properties of TbFeCo depended on the residual stress and roughness of SiNx in the trilayer 
SiNx/TbFeCo/SiNx samples. The coercivity of TbFeCo was enhanced in the samples with SiNx films having low stress and 
large roughness. 

Keywords:  SiNx films, TbFeCo films, refractive index, magnetic properties, residual stress, roughness, MO. 

1. INTRODUCTION 

Amorphous rare earth-transition metal (RE-TM) films are commercially used for the magneto-optical (MO) recording 
medium'3. However, the rare earth elements can be easily oxidized. Protecting dielectric films are needed to inhibit the 
corrosion. Amorphous SiN, films were commonly used in MO disks1' and their optical properties were studied. Other 
dielectric films, such as AlSiN. AlSiON and SiO, were studied for altering the optical properties and for improving the 
protection capability'. Amorphous SiNv films may have large residual stress under certain deposition conditions'4'which 
may accompany with the change of the optical properties. RE-TM films were known to have large magnetostriction 
coefficients"''", so the stress state may affect their magnetic properties. As the result, the stress state in dielectric films may 
affect the magnetic properties of MO films. In this paper, SiN„ dielectric films were deposited by rf reactively sputtering, 
and the effecfof deposition conditions on the index of refraction was studied. In addition, the dependence of stress state and 
roughness of SiNv films on the deposition conditions was investigated. The correlation of magnetic properties of MO 
(TbFeCo) films with the SiNv properties is reported. Since the writing process of MO recording is of a thermal writing 
process, the thermal cycles are imposed to MO disks. Due to the difference of thermal expansion coefficient between films 
and substrates, the thermal stress may be developed during the thermal cycles. The thermal stress and its effect on the 
magnetic properties of MO films are discussed . 

2. EXPERIMENTAL PROCEDURE 

SiNx films, deposited in a planetary sputtering system, were reactively sputtered on Si (100) substrates by using a Si target 
and'a rf power supply. The total workins pressure, the sputtering power and the thickness were varied during the deposition 
to manipulate the optical properties of SiNx. The trilayer of SiNx/TbCoFe/SiNx was sequentially deposited on Si (100) 
substrates without breaking vacuum. An alloy target with composition TbFeCo(Tb:20 atomic%,Fe:72 atomic%,Co: 8 
atomic%) was used for TbFeCo film. The base pressure before depositions was 3*10"7 torr. The deposition conditions for 
the TbFeCo film were the following:dc power=200W and total pressure=5mTorr. After depositions, x-ray diffraction was 
used for structural characterization, and atomic force microscope (AFM) was used for surface roughness measurement. The 
composition of films was determined by using Ruthoford backscattering (RBS). The index of refraction n of SuNx and the 
film thickness were measured by n & k analyzer with the light wavelength of 680 nm. The bending beam method' was 
carried out to measure thermal stress of S'(NX.   The temperature was increased from 25 °C to 400 °C, and the thermal stress 
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was in-situ determined by the curvature of the samples. The residual stress in SiNx after depositions was measured by using 
wafer curvature The hysteresis loops of the trilayers were measured by perpendicular magneto-optical Kerr effect (PMOKE) 
at room temperature. 

3. RESULTS AND DISCUSSIONS 

In order to reduce noise, SiNx and TbFeCo need to be amorphous. From x-ray 0-26 scans and grazing angle scans, SiNx and 
TbFeCo were verified as amorphous phases, as shown in Fig. 1. After thermal cycles up to 400 °C, both films still maintained 
their amorphous phases. 
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Fig. 1 X-ray scans of 90nm SiNx/ 30nm TbFeCo/90nm biNx trilayers. (a) H-2H scan (b) grazing angle scan. 

The dependence of refractive index n on the total gas pressure is shown in Fig. 2. The n value decreased from 2.6 to 1.6 with 
increasing total pressure from 3 m torr to 15m torr. When the total gas pressure increased during depositions, the kinetic 
energy of sputtered atoms arriving substrate surface decreased due to the scattering with ionized plasma. Consequently, the 
stacking density of SiNx films decreased with increasing total pressure. Refractive index is equal to the ratio of the light 
speed in vacuum to the speed in the medium (n=c/v). The light speed is faster in the less dense medium, and therefore the n 
value is smaller. In order to confirm the film density, SiNx was put into H3P04 (85%, 180°C ) solution, and the rate of wet 
etching is shown in Fig. 3. When the total pressure increased, the etching rate increased, consistent with the decrease in the 
film density. 
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Fig. 2     Dependence of refractive index n of SiNx films on the total gas pressure. 
The deposition parameters of SiN„ films are shown in the inset. 
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Fig. 3 Dependence of wet etching rate oi'SiNx films on the total gas pressure. The etching solution is H3PO„ ( 85%,l75°C ) . 

The dependence of the residual stress on the total pressure is shown in Fig. 4. At low pressure (2 m torr), the atomic pinning 
effect may be dominated, so the SiN, film exhibited compressive stress5. When the total pressure increase, the atomic pinning 
effect is suppressed and hence the compressive stress was reduced. When the total pressure was further increased, the film 
mi°ht become porous and the model of grain boundary relaxation can be applied5'0'". The films deposited at high total 
pressure showed tensile stress. The surface roughness (root-mean-squre, r.m.s. roughness) was significantly increased with 
increasing total pressure, shown in Fia. 5. This relationship was commonly observed in other dielectric films. When the total 
pressure increased, the kinetic energyof sputtered atoms arriving substrates reduced so they could not land on the proper sites 
to reduce the roughness. 
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Fia. 4 Variation of residual stress of SiNx films with the total gas pressure. 
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Fig. 5 Variation of root-mean-square (r.m.s.) roughness of SiNx films on the total gas pressure. 

The variation of n with the sputtering power is shown in Fig. 6. The n value was reduced in the films deposited at lower rf 
power. When sputtering power reduced, the kinetic energy of sputtered atoms arriving the substrate surface was reduced. 
The effect is similar to the increase in the total pressure, resulting in less dense film, and therefore a lower refractive index. 
The roughness decreased with increasing sputtering power, shown in Fig.7., which resulted from the increase of kinetic 
energy of sputtered atoms; therefore, the film was smoother and denser for high sputtering power. 
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Fig. 6 Variation of refractive index n of SiNx films with the sputtering power.The deposition conditions are shown in inset. 
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Fig. 7. Dependence of r.m.s. roughness of SiNx films on the sputtering power. 

The refractive index of SiNx is insensitive to the film thick ranging from 50 nm to 400 nm, as shown in Fig. 8. In contrast, the 
residual stress and the surface roughness were strong functions of the film thickness. The residual stress and roughness 
increased significantly with increasina thickness, as shown in Fig. 8. and Fig. 9., consistent with other sputtered dielectric 
films. The SiNx developed the columnar structure during the sputtering process, so the stress and roughness can be added up 
within each column. Consequently, both the stress and roughness increased when the films became thicker. 
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Fig. 8. Dependence of the refractive index and the residual stress and on the SiNx film thickness. 
The deposition conditions are shown in inset. 
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Fig. 9. Dependence of the r.m.s. roughness on the SiNx film thickness. 

The measurement of thermal stress of SiNx films was carried out at the temperature ranging from 25 °C to 400 °C. During the 
cooling process, the residual stress became toward tensile stress ,as shown in Fig. 10. During the heating process, the stress 
almost unchanged. After thermal cycles, residual stress exhibited irreversible change. For the specific sample shown in Fig. 
10., after two thermal cycles, the stress changed the sign, from compressive stress to tensile stress. The irreversible change of 
the stress may result from two reasons: difference of thermal expansion coefficient between the film and subtrate and (or) 
change of local atomic arrangement. The detailed study of the stress change due to the thermal cycles is currently under 
investigation. 
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Fig. 10. Relationship between the residual stress of SiNx films and temperature. Residual stress decreased during the cooling 
process and almost unchanged in the heating process. After two thermal cycles, the residual stress changed from compressive 
to tensile. 
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The hysteresis loop of the trilayer sample 90 nm SiNx/40 nm TbFeCo/90 nm SiNx is shown in Fig. 11. The perpendicular 
anisotropy was observed with the coercivity of 11000 Oe. Several deposition parameters were varied to manipulate the 
stress state and roughness of SiNx films, but meanwhile the deposition conditions for TeFeCo films were maintained to 
investigate the effect of SiNx properties on the magnetic properties of TbFeCo films. The summary of the r.m.s. roughness, 
residual stress and coercivity of different samples, is shown in Table. 1. The sample A has almost zero residual stress and the 
highest roughness, showing the highest perpendicular coercivity (~11000 Oe). The hysteresis loop of sample A is shown in 
Fig. 11. Comparing sample B and C, the magnitude of r.m.s. roughness of SiNx films is about the same, but the tensile stress 
in sample B is almost 100 times larger than in sample C. The coercivity of sample B is much less than that of sample C. 
Sample D and E have similar compressive stress in SiNx films, but have different r.m.s. roughness. Large roughness in 
sample D seemed to enhance the coercivity. Based on these results, the roughness and stress in Si"Nx may play important 
roles to determine the magnetic properties of TbFeCo films. It is plausible that the residual stress in SiNx may affect the 
stress state in TbFeCo films. Because of high magnetostriction coefficient in TbFeCo films, the stress state can significantly 
affect the anisotropy of TbFeCo, and hence the coercivity. Roughness in SiNx films may provide extra pinning sites in 
TbFeCo films. Consequently, the coercivity is enhanced in the samples with large roughness. 
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Fin. 11 Hysteresis loop of SiN/TbFeCo/SiNx measured by PMOKE at room temperature. The residual stress of SiNx in the smaple is 
almost zero and the r.m.s. roughness of SiNx is 10 A. 

Table 1 Summary of r.m.s. roughness, residual stress, and coercivity   of trilayer SiNx/TbFeCo/SiNx samples.   The r.m.s. roughness and 
residual stress are the values in SiNx films. 

Rms 
Residual stress 

dyne/cm2 Hc(kOe) 

Sample A 10.093Ä ~0 11.0705 

Sample B 8.03Ä 9.48E+09 6.63148 

Sample C 8.42Ä 1.52E+08 10.8095 

Sample D 7.508Ä -7.58E+09 10.05418 

Sample E 1.5Ä -1.98E+10 3.4227 
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4. CONCLUSIONS 

SiNx films were prepared by if reactively sputtering. The refractive indexof SiNx films were affected by total pressure and 
sputtering power. When the total pressure increased, the kinetic energy of sputtered atoms arriving substrates decreased. 
Consequently, the films became less dense, so the refractive index decreased. The reduction of sputtering power showed 
similar effect to raise the total gas pressure. The residual stress and roughness of SiNx films depended on the total pressure, 
sputtering power, and the thickness. By adjusting the deposition parameters,'the residual stress and roughness of SiNx films 
can be manipulated. The thermal cycles may result in irreversible change of residual stress. The magnetic properties of 
TbFeCo depended on the residual stress and roughness of SiNx in the trilayer SiNx/TbFeCo/SiNx samples. The coercivity of 
TbFeCo was enhanced in the samples with SiNx films having low stress and large roughness. 

REFERENCES 

1. Terry W. McDaniel and Randall H. Victora, Hand Book of Magneto-Optical Data Recording, Noyes publications, U.S.A., 
1997. 

2. M. Asano, M. Kobayashi. Y. Maeno, K. Oishi, and K. Kawamura, "Magneto-optical recording media with new protective 
films ," IEEE Transactions on Magnetic Vol. MAG-23, No.5, pp. 2620-2622, September 1987. 

3. R. W. Knoll, C. H. Henager, Jr. "Optical and physical properties of sputtered Si:Al:0:N films," J. Mater. Res. Vol. 7, No. 
5, pp. 1247-1252, May 1992. 

4. Joo Han Kim and Ki Woong Chung. "Microstructure and properties of silicon nitride thin films deposited by reactive bias 
magnetron sputtering ."J.Appl. Phys. vol.83, No.l 1. pp. 5831-5839,1 June 1998. 

5. Henry Windischmann. "Intrinsic stress in sputter-deposited thin i\\m"Critical Reviews in Solid State and Materials 
Sciences,\l(6), pp. 547-596.1992. 

6. Clark. A. E., "Magnetostriction and magnetoelastic properties of highly magnetostrictive Rare Earth-Iron laves phase 
compounds, "Polymer Preprints. Division of Polymer Chemistry, American Chemical Society Magn and Magn Mater, 
Conf, 19th, Annu. Proc, Nov 13-16 1972 Nov 13-16 197 2 1974 AIP {ConfProc n 18 New York pp. 1015-1029.) 

7. Clark, Arthur E.; Belson, Henry S., "Magnetostriction of Terbium-Iron and.Erbium-Iron alloys," IEEE Transactions on 
Magnetics v MAG-8 n 3 pp. 477-479 ,Sep 1972. 

8. Arai, K. I.; Tsuya, N.; Sato. K.; Adachi, K., "Magnetostriction measurements of COS//2 single cvyst&\\,"Journal of 
Magnetism and Magnetic Materials v 1 n 1 pp. 55-57, Oct 1975. 

9. Min-Yung Han, Jwo-Huei Jou, "Determination of the mechanical properties of r.f.-magnetron-sputtered zinc oxide thin 
films on substrates, "Thin Solid Film 260, pp. 58-64,1995. 

10.Jwo-Huei Jou and Min-Yung Han, "Substrate dependent internal stress in sputtered zinc oxide thin films, "J.Appl. Phys. 
71(9), pp.4333-4336. 1 May 1992. 

11. Y. G. Shen, Y. W. Mai, Q. C. Zhang, D. R. McKenzie, W. D. McFall and W. E. McBride, "Residual stress, 
microstructure, and structure of tungsten thin films deposited by magnetron sputtering,"/ Appl. Phys. vol.87, No.l. 
pp. 177-187,1 January 2000. 

35 



36 



SESSION 2 

DVD and Drive 

37 



Invited Paper 

Perspective and future of DVD-RAM 
Takeshi Maeda 

Central Research Laboratory, Hitachi Ltd., 
1-280 Higashi-Koigakubo, Kokubunji-shi, Tokyo 185-8601 Japan 

ABSTRACT 
This paper reports the perspective and future of DVD-RAM. The standardization of DVD-RAM and future technologies are 
described. 

Keywords: DVD-RAM, Phase change media, Standardization, Land and Groove format 

1. INTRODUCTION 

To describe the perspective and future of DVD-RAM, firstly, the standardization of DVD-RAM is reported and secondly, 
the future technologies is reported. 

2. INTERNATIONAL STANDARDIZATION 

2.1 Standardization of DVD-RAM in 1999 

DVD-RAM disk standard and case standard were proposed as DIS (Draft International Standard) with FTP (Fast Track 
Procedure) by Japan, and approved as an international 
Standard (IS) through a post voting. After that, Annex L (Informative) was eliminated from ECMA standard of DVD-RAM. 
Then the organization SC23 heard an opinion of each country about a proposal of Annex L elimination, so that the 
elimination of Annex L was recognized.  Based on this, the standardization document was  sent ITTF(Information 
Technology Task Force) by SC23, and it was published as an international standard of ISO/IEC in May, 1999. 
The number of international standard is as follows. 
ISO/IEC 16824 Information technology - 120 mm DVD rewritable disk (DVD-RAM) 
ISO/IEC 16825 Information technology - Case for 120 mm DVD-RAM disks 

2.2 Specification and technology of next generation DVD-RAM 

The physics specification of DVD-RAM ver.2.0 (4.7 GB / 4.7 GB / side), which is the next generation of DVD-RAM 
ver.1.0 (2.6 GB / 2.6 GB / side) was published in September, 1999. DVD-RAM ver.1.0, and ver.2.0 prescribe about a disk 
of 120 mm diameter, but 80 mm diameter disk will adopt the specification of physical format same as ver.2.0. 
The specification which includes the specification ver.2.0 of 120 mm diameter and 80 mm diameter disk, is expected to be 
published in spring, 2000 as standard ver.2.1. The specification / technology outline is reported as follows based on DVD- 
RAM ver.2.0 specification published already. 

(l)Basic specification of DVD-RAM ver.2.0 
The most important characteristic of DVD-RAM ver.2.0 is to keep a downward compatibility. Even though recording bit 
length and track pitch were made narrow so that the recording capacity could increase with approximately 1.8 times from 
2 6°GB per one side of ver.1.0 to 4.7 GB per one side, other physical specifications are not changed at all. Furthermore, a 
important characteristic is to make a data transfer-rate speed up to 22.16 Mbit / sec (Mbps), which is 2 times as fast as 
DVD-RAM ver.l. Main specifications of DVD-RAM ver.2.0, DVD-RAM ver.1.0 and DVD-ROM ver.1.0 are shown in 
table 2.2.1. 

(2)Technology outline of DVD-RAM ver.2.0 
In DVD-RAM ver.2.0, an interchangeability with DVD-ROM is attached importance like DVD-RAM ver.1.0 
Thickness of disk substrate, laser wavelength, numerical aperture of object lens, are selected a value same as one of DVD- 
ROM. As for recording media a phase change media, which has the same read-out principle as DVD-ROM is adopted. 
Therefore, it is possible to read DVD-RAM by a head of DVD-ROM. 
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In addition, modulation code and ECC (Error correction code) is adopted same system as DVD-ROM, so that the same 
signal processing circuit as DVD-ROM is utilized. Recording surface on a disk is divided into 35 zones with the shape such 
as a doughnut. ZCLV (Zoned Constant Linear Velocity) record system, which changes a rotation between zones and keeps 
it constant in each zone, is adopted in order to make a recording density and transfer-rate fixed from the inside to the 
outside of a disk. Here, sector number per a track at the most inner zone is 25. 

As for recording format, Land and Groove format, which is able to be superior to cross-talk cancel same as ver. 1.0 and 
make a track pitch narrow, is used. A overview of recording format is shown in figure 2.2.1 (a). Recording track consists of 
a spiral land and a groove. A land and a groove are connected with each other at one point in turn and the groove replaces 
automatically to the land (the reverse is also true), so that a single spiral track is formed. This track is wobbled with a single 
frequency and same phase. 

Furthermore, a header part of each sector is arranged as a staggered shape at a boundary part between a groove track and a 
land track like ver. 1.0, as shown in figure 2.2.1 (b). Identification information of each sector (ID, sector number) is formed 
in 4 folds (ID1, 2 show a sector number of a next land track and ID3, 4 show a sector number of current groove track) so as 
to decrease the possibility that an address information can't be detected by defects. 

The address error rate is restrained even enough to be able to bear computer use by combination of this header construction 
with above mentioned wobbling of a track. Furthermore, in ver. 2.0, the following new functions are added to ver. 1.0. 

(1)A flexible defect management method, to utilize the data volume effectively, was equipped with in Ver2.0, so that DVD- 
RAM can be applied for real-time AV recording. 
(2) the adaptive recording control that recording pulse wave shape is changed according to recording pattern was adopted as 
shown in Fig.2.2.3. The control information for a adaptive recording control is pre-recorded as a table in a control 
information part on a disk. A drive system reads the table and uses it at recording, so that a most suitable recording is 
utilized. 
(3)The same BCA as DVD-ROM is equipped with, and all disks are able to identify each other, so that data security is 
guarded perfectly in DVD-RAM. 

As described above, in DVD-RAM ver.2.0, transfer rate of 22.16 Mbps, which is 2 times as fast as ver.1.0 are realized. It 
is expected that application for DVD-RAM spreads by a higher transfer-rate. For example, when recording a picture of 
MPEG2, many channel of normal TV quality is able to record simultaneously, and record the most high quality picture of 
MPEG2 needed transfer-rate of 15 Mbps. About the details of specification of DVD-RAM ver.2.0, refer to DVD forum 
publication. 

3. FUTURE TECHNOLOGY 

3.1 Introduction 

2.6 GB per one side of DVD-RAM really went to a market last year, and a technology announcement for DVD-RAM of 4.7 
GB per one side and DVD-R/W was done as the next product. Furthermore, the technology development that realize a phase 
change disk of larger capacity is proceeded. So, a trend of a future technology of phase change optical disk was investigated. 
A high density read/write technology is described in 3.2, media technology is done in 3.3, and other technical is mentioned 
in 3.4. 

3.2 High density read/write technology 

In DVD-RAM, a road map to achieve a recording capacity 15 GB / one side as a next generation is announced clearly as 
shown in Fig.3.2.1, but possibility of the more large capacity is examined because the capacity of more than 20 GB is 
required in order to record a signal of HD broadcast (HDTV) (TS stream of MPEG2) for more than 2 hours. 

As for blue violet semiconductor laser, which is a key component for higher density, a laser of low output power of GaN 
which is available for a read-only type optical disk went on a market in October, 1999. 
The rated output power is 5mW, and maximum power is 10mW. The life time is 10000 hours at room temperature, and 
1000 hours at 50 °C. Other 4 companies reported continuous emission of GaN blue violet laser at room temperature. On the 
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other hand, a high power laser of the order of 30 m W is needed for recording, but the emission for 400-500 hours with light 
output 30mW at 60 °C has been already reported Jand the continuous emission with 30 mW at room temperature is 
reported by some organizations. 2- The development of high output power laser of blue violet GaN is accelerated. 

However, reports about read/write technology using GaN laser are still limited 3)'4)'5,'6) because it is difficult to get a high 
output power laser of blue violet GaN. Many reports is related to read only optical disk system. As for a rewritable optical 
disk system, there are very many reports using Kr ion gas laser instead of blue violet semiconductor laser at present. 
However, it is thought that reports using a blue violet GaN laser increase. 

As for cutting technology of master disk, which is fundamental for higher density, there were two remarkable reports. 7) 

(l)The technology of Deep-UV cutting using 
266nm solid laser has been already reported. In addition, record wave shape is controlled and jitter value is improved. Kr 
ion laser is used for read-out evaluation, and factors of jitter ingredient is analyzed. This technology needs a special 
developing process for chemically amplified resist. (2)Near field technology, which uses SIL(NA=1.4), was combined with 
blue ion gas laser and applied for cutting machine. The method that uses piezo device or air suspension in order to control a 
narrow pp between SIL and surface on disk is proposed.8' This technology doesn't need a special process such as a 
mastering using 266nm laser. So, a current developing process is continued to use even at next generation. 

As for increasing a capacity and transfer-rate for the next generation of DVD, there are two flows. One is to attach 
importance to interchangeability with current DVD, the other is to make NA higher than current optics combined with thin 
cover layer. The former technology is based on shortening laser wavelength and so on, can reach a capacity of the order of 
15 GB The latter technology doesn't succeed in a current read-out principle that a substrate doubles with a cover layer and 
separates each other. The aberration caused by high NA is eliminated because light goes through thin cover layer. This 
technology demonstrated a experimental result of 8 GB using red laser and possibility of 22 GB using blue violet laser. 

These are described in detail as follows. 
When reaching the capacity of 15 GB combining same substrate and NA as DVD with blue laser, all kinds of margin get 
narrow. The many means are proposed to solve this problem.9-10"1 a-12" There are cross-talk chancellor for track offset 
reduction and tilt compensation technology. Four axis lens actuator that has tilt compensation and mechanism for tilt 
compensation that mirror changes in two axis are proposed.13' 

As for a system using a high NA lens and thin cover layer, a joint research is announced as HD picture recorder system of 
next generation.3-5-6' Element technologies have already reported, but an announcement compromised these as a concept 
of recorder has never been. A recording layer is formed on substrate of 1.1 mm thickness, and the cover layer of 0.1 mm is 
formed on it by spin overcoat and laminate sheet, so that the disk is formed. Thickness allowance of a cover layer is ± less 
than 3 micron meter. New ECC which reinforces error correction ability against a dust, a fingerprint, and wound because the 
cover layer is thin is proposed. Modified (1,7) modulation code to improve DC suppression capability is adopted. As for 
track format land and groove construction wobbled is adopted same as DVD-RAM and zone CAV to shorten access 
time is adopted. The format efficiency becomes 79 % between 75 % of DVD-RAM and 84 % of DVD-ROM. The 
experiment result that uses red laser demonstrated capacity of 9.2 GB, data transfer rate of 33 Mbps were provided, and 
real-time recording of compressed HD picture. If blue violet laser is used for this system, large capacity of 22 GB is 
expected. 

As another approach for higher density of phase change medium, a experimental result of multi-level recording is reported4' 
By using four level, it is mentioned that CNR reached more than 50dB. Furthermore, as means of other promising approach, 
there was a great progress in super solution technique. The organic dye which can be made by spattering has a reversible 
characteristic of transmission and high sensitivity at blue wavelength is provided. The read-out principle are known RAD 
(Rear-aperture detection) types in magneto-optical disk. The effect of super resolution is proven since this method can read 
out a signal of 0.2 ß m mark from RW phase change media recorded crescent marks with variable length to 0.15 (ira. It is 
demonstrated that this method can reach approximately two times as large capacity as RW disk.5' 

3.3 Media technology 

(1) medium construction 
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To record HD picture, not only large capacity but high data transfer-rate are required. Therefore, the media with 
construction suitable to high speed recording has been developed. The medium construction that Si layer was added to 
GeSbTe recording layer, its recording layer was put with SiC layers is developed in order to establish heat balance of 
horizontal and vertical directions and make crystallization velocity fast, so that transfer rate improved to 36 Mbps.16- 
Double layer per one side disk added Al layer to this construction is developed, so that capacity of online access increases to 
16.8 GB and data transfer rate becomes 27 Mbps.15' Problems of double layer per one side such as leak to signal from 
embossed header of under layer and deference of recording power between double layers are pointed out.T 7- 

Furthermore, in the case of recording method combining high NA and the thin cover layer with blue laser, it is investigated 
to improve media construction for high date transfer rate, too. 
Using SiN instead of SiC raises up crystallization velocity and obtains data transfer rate of 35 Mbps. Jitter of 8 % is 
provided under the condition of capacity of 22 GB.'7 

(2) recording materials 
As for recording materials, GeSbTe have been mainly examined to satisfy the demand of higher data transfer rate and many 
cycle times such as DVD-RAM. However it has been reported recently that even AglnSbTe are possible.18' It is assumed 
that transfer rate becomes fast when mark becomes small by small recording spot depended on difference of erase process in 
the case of AglnSbTe. It is assumed that a combination of 685nm and NA0.6 makes transfer-rate of more than 41Mbps 
possible and combination of 400nm and NA0.85 makes transfer-rate of 50 Mbps possible. It is hoped to investigate more in 
detail from point-view of selecting material. 

To eliminate initialization of DVD-RAM, new construction that Sb2Te3 was added to recording layer makes crystallization 
easy at lower temperature and crystallization velocity fast is reported.19' 

3.4 Simulation of phase change mechanism 

There are many reports about simulation related to read/write mechanism of phase change media.20'21 22' One uses a 
molecule orbitacle model and tries to explain a transition between crystallization and amorphous of phase change media.20- 
It is possible to succeed in macro model mentioned next. 

The through simulation from recording process to reading process using the macro model has been already reported. This 
simulation is applied for 4.7GB DVD-RAM. It is proven by comparing a experimental data with a simulation result that an 
adaptive control method that is introduced for interchangeability is effective.2 a - 

3.5 other technology 

As for near field recording, it is remarkable report that a smaller aperture than wavelength was arranged in an surface of 
semiconductor laser and marks are directly recorded on a phase change media of GeSbTe without an optics.23' The 
aperture is 250nmnm , CNR is obtained 45dB under the condition of line and space of 150 nm, and track pitch of 500nm, 
recording rate becomes 24 Mbps. It is hoped to make more speed up when narrowing the aperture. 

As for super resolution technology, super-RENS has a big progress. Reflection construction is adopted, and SNR can be 
improved largely using AgOx as 
materials.24' Furthermore, novel super resolution technology that use the beat effect in a spacial frequency with a grating 
is proposed. 

3.6 Summary of future technology 

(1) The recording method combining high NA and thin cover has realized higher transfer-rate and larger capacity. 
Furthermore, transfer-rate of 35 Mbps is necessary for HD picture but this rate has been limited to 18 Mbps. However, 
combination of blue violet laser and improvement of media construction rises up transfer rate to 35 Mbps. 
(2) The output power of 5mW of blue violet GaN laser has gone on market. As for the high output power laser of 30mW, 
continuous emission at room temperature for 400-500 hours was reported. The blue violet GaN laser has progressed greatly 
toward practical use. 
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Tab I e 2. 2.1     Main specifications of DVD-RAM 

Items DVD-RAM ver. 2. 0 DVD-RAM ver. 1. 0 DVD-ROM ver. 1. 0 

Capacity 4.7 GB/side 2. 6 GB/side 4. 7 GB/side 

Transfer-rate 22. 16 Mbps 11.08 Mbps 11.08 Mbps 

Diameter 120 mm 120 mm 120 mm 

Thickness substrate 0.6 mmX 2 0.6 mmX 2 0.6 mmX 2 

Recording method Phase change Phase change Embossed pits 

Wavelength 650 nm 650 nm 650 nm 

NA 0.6 0.6 0.6 

Bit length 0. 28/im 0. 42 ß m 0. 267 ^m 

Track pitch 0. 615/i m 0. 74 ^m 0. 74 A? m 

Track format Wobbled L&G Wobbled L&G Pits line 

Physical address Embossed pits Embossed pit Embossed pits 

Modulation code RLL(2, 10)8-16 RLL (2, 10)8-16 RLL (2, 10)8-16 

Sector size 2048 B 2048 B 2048 B 

ECC RS Product code RS product code RS product code 

Block of ECC 16 sector 16 sector 16 sector 

Recording (zone) Z CL V (35 zones) ZCLV (24 zones) CLV 

Defect management resent present none 

DVD-RAM  Disc Outline 

Recording M arks 
(Low Reflectivity) 

Figure 2.2.1 (a) Outline of DVD RAM format 
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Land/Groove switching 

User sector 

1   Outer 

Groove 

Laser spot 

Land track     : ID1,2 = ID3,4- S = sector number 

Groove track : ID3,4 = ID1,2 - S = sector number 

Figure 2.2.1(b) Outline of track format of DVD-RAM 
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Removal of Hall Sensor Offset To Achieve Stable 
Spindle-Motor Loop In A CD System 

Chi-Cheng S. Lin, Wai W. Wang, Shun-Yi Tung, Chin-Hong Lin 
Storage Devices Division, Acer Peripherals, Inc. 

157, San-Ying Road, Kwei-Shan, Taoyuan, Taiwan 

I. Introduction 

Brushless spindle motor is one of the most important key components used in a CD system. A stable 
spindle motor control loop is essential to assure reliable data integrity for a high-speed CD drive. 
However, DC offset is frequently observed on Hall sensors of the spindle motor used in a CD system. 
This spindle-motor Hall sensor offset also shows large range variation among batches from different 
motor suppliers. This undesired Hall sensor DC offset can induce unstable spindle-motor control loop 
and cause malfunction of a CD drive. Being a drive manufacturer to mass produce CD drives over one 
million unit per month, the problem of Hall sensor offset variation must be overcome to assure smooth 
operation of the mass production. 

As the demand on CD technology continues toward higher data transfer rate, the demand on spin rate 
stability of a spindle motor continues its advance. The increase of spin rate requires higher power 
consumption of a spindle motor and excessive heat is generated. This excessive heat aggravates the 
offset drifting in the Hall sensor and also induces amplitude shrinkage of Hall sensor signals. This 
undesired offset variation results in timing jitter of spindle-motor timing driving sequence to induce 
unstable spindle-motor loop in a CD system. In this paper, a practical solution is proposed to remove the 
offset completely, and thus, to achieve a very stable spindle loop. 

II. Experiment result and discussion 

The equipment used in this experiment are ACER CD640A CD-ROM drive and ACER CDRW 8432A 
rewritable drives which writes CD-R disc at 8X, writes CD-RW disc at 4X, and playback at 32X. 

Stable spindle-motor control loop is essential to assure a properly functional CD system. To achieve this 
goal, Hall sensor output free of DC offset and close to 50-50% duty cycle timing sequence of motor 
driving signal is essential to achieve a stable spindle-motor loop. In reality, most of the spindle motors 
cannot be free of Hall sensor DC offset due to design and manufacturing process. As shown in Fig. 1, a 
typical Hall sensor output of a spindle motor shows DC offset. This DC offset results in the timing 
sequence of the motor driving signal deviated from 50-50% duty cycle. Larger jitter (Fig. 2) on timing 
sequence of motor drive is also observed. When the DC offset severely deviates out of the design margin 
of the spindle motor loop, malfunction would occur to knock down the CD system. Fig. 3 shows the 
Hall sensor DC offset is removed and the duty cycle of motor driving sequence is close to be 50-50%. 
This is accomplished through the implementation of the technique proposed in this paper. Jitter 
performance is also improved after the Hall sensor DC offset is removed, as shown in Fig. 4. 
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and 50-50% duty cycle is achieved. Hall offset is removed. 

As spindle motor is driven toward higher speed to cause higher power consumption, excessive heat is 
thus generated to induce higher temperature imposed onto the spindle-motor. Higher temperature not 
only aggravates the DC offset variation but also causes the shrinkage of Hall sensor output signal. This 
leads to degradation of signal-to-noise signal of Hall sensor output and worsen the duty cycle balance of 
motor driving sequence. The technique to overcome the Hall signal shrinkage by using differential 
comparator is reported before1. In this paper, the focus is more on Hall sensor offset removal. 
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Figure 4 shows the Hall sensor DC offset is removed after the implementation of the technique proposed 
in this paper and 50-50% duty cycle of motor driving sequence is also achieved. Further, improvement 
on jitter performance is also observed as shown in Fig. 4. The functional block diagram of the motor 
control loop with the proposed AC-coupled technique is installed, as shown in Fig. 6. To remove the DC 
offset of Hall sensor, AC-coupled method is used to filter out the DC portion of Hall sensor signals. This 
AC-coupled Hall sensor can only be enabled after the spindle-motor is initialized reaching to a desired 
speed level. At that moment, AC-coupled of Hall sensor can thus be enabled to assure smooth operation 
of spindle motor (Fig. 6). A timing delay to enable the switch is essential to assure the AC-coupled 
circuit to function properly. 
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Figure 5 shows the functional block diagram of the motor control loop with 
AC-coupled Hall sensor. 
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III. Conclusion 

A practical solution of AC-couple Hall sensor in a spindle motor control loop to effectively eliminate the 
DC offset is proposed. This solution effectively removes the DC offset of Hall sensor and improved the 
stability of spindle-motor loop in a CD system. 

Reference 

[1] C.-C. Steve Lin, Cai-Gang Xu, W.-L. Tang, Wai. W. Wang, Y.-D. Hu, and K.-C. Cheng, "Thermal 
interference on a spindle motor and a method of correction in a CD-ROM system" Proceeding of the 
13th Conference on Magnetism & Magnetic Technologies, pp. 213-215, July 1998. 

49 



Invited Paper 

Liquid crystal aberration compensation devices 
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ABSTRACT 

The application of aberration compensation devices can support the trend to higher information densities in optical 
data storage. The information content of a disc may be increased while maintaining acceptable tolerance levels. 
For example, disc tilt dependence may require coma compensation, whereas double layer formats require spherical 
aberration compensation. Liquid crystals (LCs) can be successfully applied in such devices. The design of two 
practical implementations is discussed; a coma compensating LC-cell with special electrode-design for optimized 
tolerances w.r.t. decentering, and a lens made of photopolymerizable LC, which can be used to compensate for 
spherical aberration. 

Keywords: aberration compensation, coma, spherical aberration, disc tilt, cover layer thickness, dual layer, 
liquid crystal, birefringent lens 

1. INTRODUCTION 

In the field of optical disc storage there is a continuous push to higher information densities. This is achieved by 
using a small wavelength A and a high numerical aperture NA, as the spot size is roughly A/NA. Table 1 shows 
that the NA increases from 0.45 for CD (Compact Disc) to 0.60 for DVD (Digital Versatile Disc), and even 0.85 
for DVR (Digital Video Recorder),1 while the wavelength decreases. The increase in NA and the decrease in A 
lead to an increased sensitivity to aberrations. A measure for this sensitivity is the number (d/A)NA , with d the 
cover layer thickness and k = 2 for defocus and astigmatism, k = 3 for coma, and k = 4 for spherical aberration. 
Clearly, a large NA and a small A are disavantageous from the point of view of aberrations. Important causes of 
aberrations are disc tilt, which gives rise to coma, and cover layer thickness variations, which give rise to spherical 
aberration. Table 1 shows the numbers (d/A)NA* for CD, DVD, and DVR. As indicated by these numbers DVD 
has a coma problem, and DVD and DVR a spherical aberration problem. It turns out that the problem is slightly 
worse for DVR, because of higher order aberrations (with larger powers k). 

Table 1. Aberration sensitivity of CD, DVD, and DVR, 

format NA A d (d/A)NA2 (d/A)NAs (d/A)NA4 

CD 0.45 780 nm 1.2 mm 0.31 xlO3 0.14x10s 0.06x10s 

DVD 0.60 650 nm 0.6 mm 0.33xl03 0.20x10s 0.12x10s 

DVR 0.85 400 nm 0.1 mm 0.18x10s 0.15x10s 0.13x10s 

Adaptive compensation of aberrations solves the increased aberration sensitivity in high NA optical storage 
formats. The widened design margins may be quite advantageous. An important type of aberration compensator 
uses liquid crystals (LCs). These birefingent liquids can be used to make an electrically controlable phase plate. 
This phase plate consists of an LC-cell with segmented (and transparent) electrodes. The voltage on each electrode 
translates into an angle V between the substrate normal and the director (the uniaxial symmetry axis of the liquid 
crystal). The extraordinary polarization mode has a refractive index depending on ip: 

"eff  = 
n0ne 

Jnl sin2 iß + nl cos2 ip 

Correspondence to Sjoerd Stallinga, E-mail: sjoerd.stallinga@philips.com 
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with n0 and ne the ordinary and extraordinary refractive index, respectively. It follows that the refractive index 
for each electrode segment (and thereby the optical path length) can be varied between n0 and ne by an electric 
signal. A suitable aberration compensator can be made by a proper choice of the shape and number of segments. 
An alternative method of making an LC aberration compensator uses a single non-segmented electrode and a 
non-flat substrate, leading to a non-constant LC layer thickness. The tilt angle tp does not depend on the layer 
thickness, meaning that the single voltage gives rise to a uniform tilt angle ip and thus to a uniform refractive 
index. The surface profile then reflects the aberration that is compensated, and the applied voltage is a measure 
for the amount of the compensation. For instance, when the thickness is d0 + dip4, with p the polar pupil 
coordinate, the cell can be used to compensate for spherical aberration. 

Two examples of LC aberration compensators are discussed in this paper, a disc tilt compensator of the 
segmented electrode type for DVD, and a cover layer variation compensator of the surface profile type for DVR. 

2.  DISC TILT COMPENSATION 

2.1.  The Zernike Cell 

Disc tilt causes a spot that is aberrated by coma. The compensating LC-cell must therefore add coma of the 
opposite sign. Coma has a phase profile in the pupil plane proportional to the Zernike polynomial: 

Z3i(x,y) = [3(z2 + y2) - 2] x = (3p3 - 2p) cos8 , (2) 

where x and y are the Cartesian pupil coordinates, and p and 6 the polar pupil coordinates. Appropriate and 
simple electrode segments for the compensating LC-cell are given by the recipe: 

• The pupil region for which Z3i(x,y) > a is a segment, with voltage V+. 

• The pupil region for which a > Z3i(x,y) > -a is a segment, with voltage V0. 

• The pupil region for which -a > Z3i(x,y) is a segment, with voltage V_. 

The voltages satisfy V± = V0 ± A. If the voltage modulation A is sufficiently small, the phase modulation is linear 
in A. Note that the applied voltages are in fact AC-voltages, so V0,V+, and V_ are really the amplitudes of the 
voltage signals. Fig. 1, left figure, shows such a Zernike cell for a = 0.21. LC-cells of this type have already been 
proposed in the literature.2 

The improvement that can be obtained can be estimated as follows. Suppose that the original comatic 
aberration due to disc tilt is A31Z3i(x,y,), where A3i is a constant proportional to the disc tilt a. The RMS 
wavefront aberration is then given by: 

RMS2, = Al  I dxdy Z3l(x,yf , (3) 3Q = A\x     dxdy Z3l(x,y)2 , 

where the integration range extends over the pupil (the unit circle), and where a multiplicative constant is ignored. 
The phase profile added by the LC-cell is $Lc(z,y) = BTLC{x,y), where TLC(x,y) is the phase profile with unit 
modulation and B is a constant proportional to the voltage modulation A. The RMS wavefront aberration is 
now: 

RMS2 =   /dxdy [A31Z31(x,y) + BThC(x,y)}2 , (4) 

and has a minimum when the constant B satisfies: 

B = -A   Jdxdy Z3i(x>y)TLc(x,y) ,5j 
_        31       /da;d2/rLc(:r,2/)2 

It follows that B is linear in A31. As a consequence, the voltage modulation A is linear in the disc tilt a. 
This minimum RMS wavefront aberration can be obtained from the relative decrease in the square of the RMS 
wavefront aberration: 2 

RMS2, - RMS2  _ [Jdxdy Z3i{x,y)Thc(x,y)] _ 
RMSQ J dxdy Z31{x,y)2    JdxdyThc(x,y)2' 
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This quantity is a measure for the match between the Zernike coma and the LC phase profile. The parameter 
a is determined from the requirement that this measure is maximum. It turns out that the maximum is 0.85 
and is obtained for a = 0.21. The remaining RMS is then y/l - 0.85 = 0.39 of the original RMS0 due to disc 
tilt. This remaining RMS consists of higher order aberrations. Maximum improvement of the disc tilt margin is 
obtained when disc tilt is the only error. In that case the RMS is proportional to the tilt angle a. The spot on the 
disc is then still diffraction limited for a tilt angle that is 1/0.39=2.58 higher than without the LC-compensator. 
The improvement in tilt margin is 158%. In practice, there are other errors in the readout of the disc, and the 
improvement in tilt margin is not so large. 
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Figure 1. Left: Shape of the segmented electrode structure of the Zernike cell. Leads to the two inner segments 
pass through the central segment, but are not drawn in this figure. The pupil rim (for zero decentering) is 
indicated with a dotted line. Right: Ratio of the RMS wavefront aberration to the original comatic RMS 
wavefront aberration as a function of the decenter e (full line), and the astigmatic approximation to this ratio 
(dashed line). 

2.2. Decentering of the Objective Lens 
The Zernike cell no longer works properly when the objective lens is decentered w.r.t. the fixed light path. The 
LC cell now generates a phase profile BTLG(x - e,y) instead of the original BrLC(x,y)- Here, e is the objective 
lens displacement in units of the pupil radius. The RMS wavefront aberration as a function of e can be obtained 
from: 

RMS5 - RMS(e)2  _  RMS2, - RMS(O)2  \n Jdxdy Z31(x,y)TLC(x - e,y) _ f dxdy Thc{x - e,y)2 

RMS2, RMS^ Jdxdy Z31{x,y)rLC(.x,y) JdxdyTtcix^y 
(7) 

where RMS(0) follows from (6). Fig. 1, right figure, shows the ratio of RMS(e) to the original comatic RMS0 as a 
function of e (full line). There is no net improvement when e is larger than 0.20. For the fast seek feature in disc 
readout (a quick scan of the content of the tracks that are a few tracks ahead) it is necessary to have a margin of 
approximately 0.20. Consequently, the decentering margin and the tilt margin are incompatible. 

The largest fraction of the aberrations generated by the decentering consists of astigmatism, as the phase 
profile of the LC-cell closely resembles a comatic phase profile. This can be seen using: 

Z31 (x - e, y) = [S(x2 + y2) - 2] x - 3e [x2 - y2} - 3e [2x2 + 2y2 - l] + 9e2x - 3e(l + e2). (8) 

This equation implies that a decentered coma profile contains an additional amount of astigmatism (second term) 
proportional to the decentering e.  The remaining terms are defocus, wavefront tilt, and piston, which are not 
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important.  The amount of astigmatism that is generated is A22 = 3eA3i, leading to a relative increase in the 
square of the RMS wavefront aberration: 

ARMS2       \A22\2/6 
RMS2, \A 31 178 

Vie* (9) 

The astigmatic approximation of the numerically calculated curve in Fig. 1, right figure, is the line V12 e (dashed 
line). Clearly, the slope of the curve agrees well with the numerical result. The difference between the two curves 
is nearly constant and is due to the higher order aberrations. 

2.3.  Solutions of the Decentering Problem 

We have identified a number of different solutions to the decentering problem. The easiest one is fixing the 
LC-cell to the actuator. In that case there is simply no decentering of the objective lens w.r.t. the LC-cell. The 
disadvantage of this solution is that the weight of the actuator is increased substantially, and has therefore an 
adverse effect on the mechanical bandwidth. 

A second solution is balancing of the coma that is compensated and the additional aberrations generated by 
decentering by making the coefficient B dependent on e, instead of the fixed value given by (5). Minimum RMS 
is obtained when: 

j dxdy Z3i(z,y)rLc(z - e,y) 
J dxdy TLC(x - e,y)2 

The remaining RMS is now given by a formula similar to (6): 

B(e) = -A31: (10) 

RMS2, - RMS(e) 
RMS2, 

[Jdxdy Z3l(x,y)TLC(x-£,y)] 

Jdxdy Z31{x,y)2    Jdxdy TLC(x - e,y)2 (11) 

Fig. 2 (left picture) shows the balanced ratio RMS(e)/RMSo (full line), which clearly improves the unbalanced 
ratio (dotted line). The LC phase modulation B(e) relative to the original coefficient 5(0) is shown in the right 
picture of Fig. 2 (full line). 
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Figure 2. Left: Ratio of the balanced RMS wavefront aberration to the original comatic RMS wavefront 
aberration as a function of the decenter e (full line), the astigmatic approximation to this ratio (dashed line), and 
the unbalanced ratio of the RMS wavefront aberration to the original comatic RMS wavefront aberration (dotted 
line). Right: Ratio of the LC phase modulation with balancing to the original Lc phase modulation (full line), 
and the astigmatic approximation (dashed line). 
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The balancing procedure can also be treated analytically with an approximation similar to the one described 
in the previous subsection. In this approximation the coma is balanced by the astigmatism that is generated. This 
means that only a fraction 77 of the coma caused by disc tilt is compensated, where rj varies with the decentering 
e. The remaining non-compensated coma is now (1 - 77)^31, whereas the generated astigmatism is A22 = 3er]A3i. 
This gives rise to an RMS2 value: 

V = (1 - V)2 + UeW ■ (12) 
RMS2 

RMS2, 

The minimum value is obtained when: 
n =  (13) n       1 + 12e2 ' V    ; 

and is equal to: 
RMS2  _      12e2 ,u) 

RMS2,  " 1 + 12e2 ' 

Fig. 2 shows this minimum value (dashed line, left figure). Again, the slope of the curve agrees well with the 
numerical result, the nearly constant difference between the two curves being due to higher order aberrations. 
The LC phase modulation B is also shown in Fig. 2 (dashed line, right figure). Here, the agreement is only 
qualitative. 

A third solution is having a second electrode structure on the opposite side of the LC-layer.  On side 1 the 
segments are defined as: 

• The pupil region for which Z3i(x + e0,y) > a is one segment, with voltage Vi - Ax. 

• The pupil region for which a > Z31(x + e0,y) > -a is one segment, with voltage Vi. 

• The pupil region for which -a > £31(2 + £o>y) is one segment, with voltage Vi + Ax, 

and on side 2: 

• The pupil region for which Z3X{x - £0, y) > a is one segment, with voltage V2 - A2. 

• The pupil region for which a > Z31(x - e0,y) > -a is one segment, with voltage V2. 

• The pupil region for which -a > Z3x{x - e0,y) is one segment, with voltage V2 + A2. 

It follows that the electrodes on side 1 are displaced over a distance -e0 in the x direction, whereas the electrodes 
on side 2 are displaced over a distance +e0- This structure is schematically drawn in Fig. 3 (left figure). The 
voltages Vi, V2, Ai and A2 are chosen such that: 

Vi - V2     =     V0, (15) 

Al     =     ^A, (16) 
Z£o 

A2     =     ^A, (17) 

When all the electric signals are in phase the amplitude at position (x, y) is the difference in the amplitude of 
the signals on the two sides of the LC. Consequently, the phase profile that is generated is a weighted sum of 
the two displaced coma profiles. For instance, if the decentering e = e0, then Ai = 0 and all electrodes on side 
1 have voltage Vi. On side 2, the modulation A2 = A. This means that the original Zernike phase profile is 
recovered, but displaced over a distance e, exactly what is required to compensate for the decentering of the 
objective lens. If e - -e0 the roles of sides 1 and 2 are interchanged, and for other values of e the phase profile is 
an interpolation between these two cases. By choosing e0 between 0 and the maximum objective displacement a 
good compensation for disc tilt can be achieved for all values of the decentering of the objective lens. Fig. 3, right 
figure, shows the ratio RMS(e)/RMS0 for e0 = 0.15. This ratio is in the range 0.40-0.45 for virtually the whole 
range of e values. Finally, it is mentioned that it is also possible to have both electrode structures on the same 
side of the LC-cell. However, the increased number of electrodes requires additional leads to the inner segments. 
These additional leads pass through the other segments, thereby disturbing the phase profile. 
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Figure 3. Left: Mutually displaced electrode segments on both sides of the doubled Zernike cell. The full lines 
refer to the segments on one side, the dashed lines to the segments on the other side. The pupil rim (for zero 
decentering) is indicated by the dotted line. Right: The ratio RMS(£)/RMS0 for the doubled Zernike cell with 
s0 = 0.15 (full line), the balanced single Zernike cell (dashed line) and the unbalanced single Zernike cell (dotted 
line). 

2.4.  The Seidel Cell 

The disc tilt compensation with Zernike cells only reduces the RMS to around 40% of the original RMS because 
of the higher order aberrations. These aberrations are introduced by the large discontinuities in the phase profile 
at the edges of the electrode segments. This problem can be eliminated by increasing the number of electrode 
segments. However, not all segments are connected to the pupil rim. meaning that a large number of leads passing 
through other segments must be introduced in the design. In addition, a large number of leads from the driver 
IC to the LC-cell is required, which is highly unfavourable. These problems may be overcome with two changes 
in the design. First, we may take the Seidel coma W3i — (x2 + y2)x as the basis of our compensator instead of 
the Zernike coma Z31 = [3{x2 + y2) - 2] x. The difference is a tilt term, meaning that the field of the objective 
lens is used. However, this effect can be neglected. For a Seidel cell the electrode segments are bent strips with 
varying width that are all connected to the pupil rim. Suppose the strips are numbered by an index taking values 
-TV, -TV + 1,..., 0,1,..., TV. Then there are 2TV + 1 strips. The strip with index j occupies the pupil region 
consisting of points (x, y) that satisfy: 

< W3i{x,y) < 
27V+ 1 27V+ 1 

(18) 

Fig. 4 shows an example of such a cell with TV = 8. The second problem is solved by making a resistor bench 
in the transparant conductor. The individual resistors are U-turns connecting strip j with strip j + 1. If a 
voltage is applied to only a limited number of strips than the voltage on the intermediate strips is found by linear 
interpolation between the voltages on the nearest strips with outside leads. For instance, if strips -TV, 0, and TV 
have these outside leads, with voltages V+ - V0 + A, V0, and V- - V0 - A, respectively, then the voltage on strip 
j is: 

Vj-Vo-jj* (19) 

The match between the LC phase profile and the Seidel coma can be calculated using an expression similar to (6). 
It turns out that the residual RMS wavefront aberration is smaller than 10% of the original Seidel coma if TV > 8. 
Fig. 4 (right figure) shows the decentering performance of such a Seidel cell (dotted line). The decentering problem 
is reduced compared to the Zernike case, but is not eliminated altogether. A further reduction can be obtained 
by balancing (dashed line) or by breaking the symmetry of the applied voltages, i.e.   by choosing V+ and V_ 
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Figure 4. Left: Electrode segments for a Seidel coma cell with strip electrodes and resistor bench. The pupil 
rim is indicated with a dotted line. Right: The ratio of the RMS wavefront aberration to the original RMS0 for 
the unbalanced case (dotted line), the balanced case (dashed line), and the asymmetric case (full line). 

asymmetrically, so that (V+ + V_)/2 ^ V0 (full line). Averaged over the e range the performance is similar to 
that of the double Zernike cell, for small e it is better, for large e worse. 

3.  COVER LAYER THICKNESS COMPENSATION 

3.1.  Liquid Crystal Lens and Spherical Aberration 
There are two ways to compensate for spherical aberration. The first one is to introduce spherical aberration into 
the light path with an LC-cell with segmented electrodes similar to the coma LC-cell discussed in the previous 
section or with an LC-cell with a non-segmented electrode and a p4 thickness profile. The second way is to 
introduce defocus into the light path. The objective lens is designed to compensate for the spherical aberration 
arising from focusing through a cover layer. The compensation is ideal when the illuminating beam is collimated. 
In case the incident beam is slightly convergent or divergent the compensation is non-ideal and a net amount of 
spherical aberration is generated. It follows that cover layer thickness variations can be compensated by varying 
the vergence of the illuminating beam. This can be done with an LC-cell with a single non-segmented electrode 
and a spherical pit in one of the substrates. Fortunately, the tilt angle ip of the LC director only depends on 
the applied voltage, and not on the varying cell-gap. This means that the voltage controls the refractive index 
independent of the surface profile, whereas the surface profile determines the type of aberrration. A spherical pit 
gives rise to a p2 thickness profile, implying that defocus is generated by the LC-cell. When the curvature radius 
of the spherical pit R is large compared to the LC layer thickness in the middle of the pit d and to the thickness 
of the substrate glass plates the focal length of the LC-lens is: 

/lc   = 
R 

nie — ns 

(20) 

with nic the refractive index of the LC, which is a function of the applied voltage, and with ng the refractive 
index of the substrate glass. 

3.2.  Liquid Crystal Polymer Lens 
An alternative type of LC-lens is made of photopolymerizable LC. Such a lens can be manufactured using more 
or less conventional LC-cell making, but without the transparant electrode layers. Instead of a conventional LC, 
a polymerizable LC in its monomer state is used. Alignment of the liquid crystal is possible because the monomer 
is a liquid.  After cell making the LC is irradiated with UV-light, which initiates the formation of radicals that 
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Start the polymerization reaction. The advantage of polymer LCs is the superfluousness of cell gap control. Also, 
it may be a birefringent lens that is easier and more cost-effective to manufacture than birefingent lenses made of 
conventional materials such as calcite. 

Although such a type of lens is not continuously switchable it can be used for spherical aberration compensation 
by also using the ordinary polarization mode. For the extraordinary and ordinary modes we find focal lengths: 

R 
U     = 

/o 
R 

(21) 

(22) 

When the linear polarization can be rotated, for instance by a simple Twisted Nematic liquid crystal cell, the 
bifocal nature of the LC-lens can be used to compensate spherical aberration for two cover layer thickness values. 
This would be ideally suited for dual layer discs, i.e. discs that have two information layers at different depths.3 

3.3.  Aberrations of a Liquid Crystal Lens 
It appears that LC-lenses suffer from astigmatism. This is due to the curvature of the pit region on one of the 
substrates, which causes a deformation of the liquid crystal director field, as drawn in Fig. 5. Due to the director 
tilt the refractive index of the extraordinary mode changes with x2, whereas the spherical pit causes a thickness 
variation with x2 + y2. It follows that the lens must have astigmatism. A simple model can be used to estimate 
the amount of astigmatism. Consider a ray intersecting the lens at position {x,y). In the paraxial regime the 
ray is substantially parallel to the optical axis. Moreover, the lens thickness d is small compared to the curvature 
radius R. The optical path length for the ray traversing the pit is then given by: 

OPL = n. 
x2 +y2 

■   m 
+ nie d- 

x2+y2 

2R 
(23) 

The liquid crystal director makes an angle x/R <C 1 with the x-axis on the curved substrate side and is parallel 
to the x-axis on the non-curved side, giving an average director tilt angle ip = w/2 - x/2R. The refractive index 
of the extraordinary mode is then approximately: 

n,e = ne-An(^-)2 , (24) 

with the birefringence An = ne-n0- This expression follows from the general expression (1) when An is sufficiently 
small. This small birefringence approximation is usually quite justified in practice. It leads to an OPL: 

«^ = *<-£-&• (25) 

glass 

*'    pit with curvature radius R 

Figure 5. Deformation of the LC director field in the spherical pit, causing astigmatism. The drawing is not on 
scale. 
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where the x and y focal lengths are given by: 

1 ne — ns      dAn /„«"i 

fy R 

The lens is clearly astigmatic. The ratio of astigmatism to defocus is constant, and given by: 

A22  _ fy - fx  _ dAn/R ^ 
A20       fy + fx       4(ne - ng) + dAn/R ' 

When the refractive index of the glass is matched to the ordinary refractive index of the LC (ng = n0), and using 
that d < R, we find the simple expression: 

^1 = A (29) 
A20       4R' 

The defocus coefficient is A20 = Ana2/4R with a the pupil radius. It then follows that the astigmatism coefficient 
is below the 1 mA level if dAn(a/R)2/W\ is smaller than lxlCT3. In practice An is approximately 0.10 leading 
to the criterion for sub-mA astigmatism: 

I < 0.4i/|. (30) R -      \ld 
Clearly, a large radius of curvature (small NA) and/or a small thickness are advantageous from the point of view 
of aberrations. 

The results may be generalized to the case with a director tilt due to the rubbing treatment or to an applied 
voltage. Defining V> as the effective director tilt angle the LC refractive index is: 

n,c = ne- Ansin2(7r/2-^ + ^)  = ne - An cos2 %[> - Arising) — + Ancos(2</>) \~^   +••••       (31) 

Clearly, the effective birefringence is reduced to -Ancos(2^) and a wavefront tilt proportional to Arising) is 
introduced. The resulting astigmatism is: 

A22 —dAncos(2ip) 
A20       AR(ne - An cos2 tp - ns) 

(32) 

Finally, it is mentioned that the case with two curved surfaces (with radii Ri and R2) can be described by 
replacing 1/R by 1/Ri - 1/R2 in all previously derived formulas. 

Astigmatism of birefringent lenses is first considered by Kikuta et. al..4 They considered the case of a lens 
with a uniform uniaxial symmetry axis and found that there is astigmatism provided that both surfaces of the 
lens are curved. In the present case, the astigmatism is rooted in the liquid crystalline nature of the birefringent 
lens, causing a deformation of the uniaxial symmetry axis that is ultimateley responsible for the aberration. As 
opposed to the Kikuta type of astigmatism lenses with possibly one flat surface also suffer from astigmatism. 

3.4.  Experiment 
Laboratory samples of polymer LC-lenses have been made by making a spherical pit with curvature radius of 
100 mm in a flat 3 mm thick plate of glass. With a pit diameter of 3.5 mm, the depth of the pit in the centre is 
15 ß. The overall thickness of the LC-layer was approximately 50 ß. For 632.8 nm light the resulting astigmatism 
is approximately 0.4 mA, i.e. negligible. The other substrate was a flat, 1 mm thick plate of glass. Polyimide 
alignment layers were applied on both substrates by spincoating, and subsequently cured and rubbed in order to 
induce alignment of the LC molecules. Both substrates were squeezed together with a droplet of LC in between 
them. The LC-mixture was composed of 50% E7-diacrylate, 49% E7, and 1% photo-initiator. Domains in the LC 
alignment were eliminated by heating the LC above the clearing point and subsequently cooling down to room 
temperature. Finally, the mixture was polymerized using UV-light. The uniformity of the LC alignment was 
checked by polarization microscopy. The quality of the polymer LC lenses were measured for 632.8 nm laser light 
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polarized by a sheet polarizer with a shearing interferometer.5 Focal lengths fe = 0.54 m and f0 = 12.4 m (n0 

and ng are nearly matched) were obtained. The measured pupil was reduced to 90% of the pit diameter, i.e. the 
pupil diameter was 3.15 mm, leading to numerical apertures NAe = 2.9 x 10-3 and NA0 = 1.3 x 10~4. Despite 
the small NA values aberration levels of RMSe=37 mA, and RMS0 = 13 mA (relative to the region surrounding 
the pit) were measured, mainly consisting of astigmatism. This is probably due to the assembly of the two glass 
plates, which turned out to be not sufficiently parallel for the measured sample. Improvement of the assembly 
may reduce the aberrations to a negligible level. 

4.  SUMMARY AND CONCLUSION 

Liquid crystals can be applied in aberration compensation devices. Such devices can be quite beneficial for high 
NA optical recording formats. 

The sensitivity to disc tilt can be decreased by a coma generating LC-cell. However, astigmatism is gener- 
ated when the objective lens is decentered w.r.t this compensating LC-cell. Several solutions for this problem 
are discussed; attaching the compensator to the actuator, balancing the compensated coma and the generated 
astigmatism, using mutually displaced segmented electrodes on both sides of the cell, and correcting for Seidel 
coma instead of Zernike coma. 

Liquid crystal lenses can be used to illuminate the objective lens with variable vergence thereby generating 
spherical aberration. This can be used to correct for cover layer thickness variations. A birefringent lens made of 
polymer LC is a viable alternative for lenses made of conventional birefringent materials such as calcite. The LC 
is aligned in its monomer state and subsequently cured by UV-irradiation. It appears that LC polymer lenses are 
always astigmatic. However, when the thickness and/or the NA of the lens is sufficiently small this aberration is 
negligible. 
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ABSTRACT 
Multi-level recording has advantage of increasing the recording density without extensively altering the current optic 

configuration. In this paper, a new four-level recording phase-change disk using three-recording layers was demonstrated. 
By modulating the intensity of the laser pulse, marks were chosen to record in any of recording layers, to form four 
recording regions. Utilizing the property of the phase change media whose amorphous and crystalline states differ largely m 
refractive indices, each recording region corresponds to different reflectance. For the four-level recording disk, each 
recording region represents two-bit data, then the recording density of the four-level disk is a factor of two higher than that 
of a conventional disk recorded by adopting the pulse position modulation (PPM). 

Keywords: light intensity modulation, multi-level recording optical disk, pulse position modulation, multi-layer 

1. INTRODUCTION 

Recording density of optical disks is limited by the optical diffraction limit. For a conventional disk whose marks are 
recorded by the pulse position modulation (PPM) method, each mark length corresponds to one bit. With the multi-level 
recording method, each recording region of the four-level disk corresponds to two-bit data. Therefore, the effective mark 
length for one bit is half of the actual mark length, and the recording density can be doubled without using the short 
wavelength diode laser or high numerical aperture (N.A) lens. Several multi-level recording methods have been reported. 
For example, the magnetic multi-valued (MMV) recording was realized in MO media, applying an exchange coupled bi- 
layer[1). Using partial crystallization properties of phase-change optical disks to achieve multi-level recording was also 
reported'31. In this paper, a new four-level recording technique on the three-recording layers disk was demonstrated. 

2. PRINCIPLE AND DISK DESIGN 

The four-level optical disk structure (Substrate /ZnS-Si02 /1st recording layer /ZnS-Si02 /2nd recording layer /ZnS- 
Si02/3rd recording layer /ZnS-Si02 /Al) is composed of three recording layers. All of the recording layers are composed of 
phase-change material GeTeSb of the same composition, as shown in Fig. 1. Marks can be recorded in any of recordmg 
layers. The dielectric layers of ZnS-Si02 are used to control the reflectance and the thermal diffusion of the four-level disk. 
The Al reflective layer increases the cooling rate of the recordmg layers, and is as a reflector to optimize write/read 
properties. 

The amorphous and crystalline states of the recording layer correspond to different refractive indices. The total 
reflectance of the disk is different when the recording layers are in the different phase. Four different reflectance, Rccc, 
Race, Raac, Raaa of the four-level disk are produced, as shown in Fig. 2. For example, Race denotes the reflectance when 
the upper recording layer is in the crystalline state, and the middle recording layer and lower recording layer are in the 
amorphous state, respectively. 

Four recording regions, ccc, ace, aac, aaa are formed by using the different laser power to write marks in different 
recording layers. Each recording region represents two bits, as shown in Fig. 3(a). All recording layers should be initialized 
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to the crystalline state, as phase change disks, before to record amorphous marks. In the recording process, the laser beam is 
incident from the substrate. Most energy is absorbed by the 1st recording layer so that the temperature of the irradiated 
region of the 1st recording layer is higher than that of the 2nd and 3rd recording layers. The temperature of the 2nd 
recording layer is also higher than that of the 3rd recording layer. The amorphous state can be formed when the irradiated 
regions of the recording layer are heated over the melting point, then cool down rapidly. By controlling the laser power, the 
highest temperature of each recording layer is different, and the marks can be chosen to record in the different recording 
layers, as shown in Fig. 3(b). For example, in order to record marks only in the 1st recording layer, the irradiated region of 
the 1st recording layer is over melting point; meanwhile, the temperature of other two recording layers are lower than 
melting point. Thus, the amorphous marks are only recorded in the 1st recording layer. 

The temperature difference between any two recording layers, which is controlled by the disk structure, should be 
high enough to avoid recording marks on the unexpected recording layers. By increasing the thickness of the dielectric 
layers between any two recording layers, the power margin of recording marks in different recording layers will be 
increased because of higher temperature difference. However, the mark size difference between any two recording layers 
will also be enlarged due to the effect of extensive heat diffusion. It will affect the quality of the readout signal. Therefore, 
there is a tradeoff between the power margin and the mark size. 

The temperature profile of the recording layers need to be carefully controlled. By adopting single pulse writing, the 
highest temperature of the rear part of the recorded mark is higher than that of the front part of the same recorded mark due 
to the heat diffusion along the direction of the laser spot scanning. It may cause those marks be recorded in the unexpected 
recording layers. To decrease the effect of the thermal diffusion, a multi-pulse recording method'31 was utilized, as shown in 
Fig. 4. 

When the focussed laser spot scans along the track, different recording regions produce different reflectance levels, as 
shown in Fig. 5. The C/N of the four-level disk is defined at the nearest interval of reflectance levels. The contrast of any 
two reflectance levels of the readout signal is determined by the reflectance of the disk and the recorded mark size. When 
the recording density increases, the reduced recorded mark size decreases, so does the readout signal. In order to achieve 
high signal quality, the reflectance contrast between each level needs as high as possible. With the optical simulation using 
the Jones matrix method[4], the reflectance was defined by controlling the thickness of each layer of the disk. 

According to the optical and thermal simulations, the disk structure of (Substrate / 150nm ZnS-Si02 / 8nm 1st 
recording layer / 40nm ZnS-Si02 / 8nm 2nd recording layer / 12nm ZnS-SiO,/ 7nm 3rd recording layer / 50nm ZnS-SiO, / 
40nm Al) is designed for the experiments. The simulated reflectances of the four-level disk, Rccc, Race, Raac, Raaa are 
0.24, 0.03, 0.09, 0.18, respectively. 

3. EXPERIMENT AND DISCUSSION 

The optical and thermal designed four-level disk was measured by a dynamic tester. The wavelength is 660nm and 
N.A is 0.6. The linear velocity of the disk is about 4.8m/s. 

When the recorded mark size of the four-level disk was about 0.8um, four recording regions were produced by 
different multi-pulse waveform, as shown in Fig. 6. The readout signal with the DC-read detection method was observed, as 
shown in Fig. 7. When the recording pattern was arranged as Fig. 7(b), the readout signal of four reflectance levels was no 
longer detectable. 

The pulse-read detection method'51 to distinguish the four reflectance levels was adopted. The readout signal of the 
same recording pattern as shown in Fig. 7(b) was tested by the pulse-read method, as shown in Fig. 8. The four-level 
readout signal can be clearly differential. When the recorded marks became smaller than 0.6um, the readout signal was 
distorted and the reflectance level corresponding to each region no longer kept the original level, as shown in Fig. 9. Thus, 
the smallest recording region which was detectable in this four-level disk was about 0.6um using the above mentioned 
optical system, laser, and light intensity modulation writing method. 

The C/N of the four-level disk is defined at the nearest interval of reflectance levels which is between the ace and aac 
regions in the experiment, as shown in Fig. 10. The C/N of the four-level disk for different effective mark size, half of the 
actual mark length, is compared to a conventional disk, as shown in Fig. 11. The C/N of the four-level disk for the actual 
mark size of 0.6um which corresponds to the effective mark size of 0.3um was about 36dB. It shows that the C/N of the 
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four-level disk for the small effective mark size was higher than that of the conventional disks. The C/N was not high 
enough for the large mark size because the contrast between the reflectance levels of ace and aac regions was small, and 
adjacent marks interfered with each other. 

4. CONCLSION 
Multi-level recording using the light intensity modulation method on the four-level disk of three erasable phase 

chanse recording layers was studied. Multi-level recording has advantage of increasing the recording density without 
aftermg the current Jtic configuration. At the laser wavelength of 660nm and N.A of 0.6 the ON ^ ^ «ffiattj^ 
size of 0.3um on the four-level disk is above 36dB by light intensity modulation recording. The C/N can be increased 
further by optimizing the structure of the disk and the writing schemes. 
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Fig. 1 The structure of the four-level recording using erasable phase change media 

-^ccc -^acc 

Dielectnc layer -\ 
L^ 

Raac R*»a 

t 
O 1st recording layer 

> 2nd recording layer 

> 3rd recording layer 

(nc)  Crystalline state 

H  (na)  Amorphous state 
r nck na 

Fig. 2 Four different reflectances of the disk when both recording layers are in the different phase states. 
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Fig. 3 (a) Four different recording regions, ace, aac, aaa, ccc. (b) Temperature profiles on the recording layers at different recording power 

to produce different recording regions. Tx and Tm are the melting and crystallize temperature, respectively. 
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Fig. 5 The readout signal of the disk of four reflectance levels. 
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Fig. 6 When the recorded mark size is about 0.8um, the different recording regions are produced by pulse readout method. 

65 



1st recording layer ^_ 

2nd    «4- 

3rd    4- 

14-Mar-0a 
20:15:33 

* '.1 \ r\ g     F 1 rj pipy    Di '.* l* 

■H.3- 

/v /■l ; / V 

VrO/ 

. E   p 6 BWL 
1 2       V DC 
2 2 V DC 
g SQ rW 50C1 
4-5       V 600 

'S 2 5730   JJS 

'\" l 
M\ :.v. 

Vr: A/: 

ExtlQ       DC    B.8B    V   50O 

VV 

,.V/? 

SOB MS/B 

D   STOPPED 

H:S 

-2    PJB 
1        2 

Re^.r) i ncj     F 1 =PI"J :) i si-. :)r-i-.-ra 

,\ 
:„•:;*•<>■■ 

r"^' "" ,- ■'' 

^- r   \ 
t.. ,.„.|....,.V, 

L      ...A .y..  
1 
i 
1 ... 

r i A 
«     1 . ää'82 G   ms 

DC 
DC 

SO    mV       500 
.s     v     5on 

Extie       DC    E-SO    V   5BO 

Fig. 7 (a) The readout signal of the repetitive recording regions with the DC-read detection when the mark size is about 0.8um. (b) The 

readout signal of the different recording pattern. 

66 



(a) 

.PrH - 2.5mW 

L~1l 
= lmW 

(b) 

ll-Mar-00 Reading    Floppy   Disk    Dr-ive 
21:16:25 

0:3- 

: 
: -. 

\ (i ft I 
■- 7,1 C,7 717 

[k li; " J ,-j 7 V 
_   ..__ AH 

iN^.,^ (,,,, ' 'TV- 

 W fP- ; v  A. I 
L'L r4 

\IU I    ' \h 1- 
y   : \ u 

: 

B 

.5   MS BU. 
1 2        V DC 
2 2 V DC 
Ej BQ mV 50H 
J[     .5        V 50t! 

1.39330    ms 

(c) 

ExtiB     DC 0.8O v sen 
D STOPPED 

Fig. 8 (c) The readout signalof the repetitive recording regions with (b) the pulse-read detection (a) when the mark size is about 0.8um. 

16-Mar-00 
11:41:23 

0:3- 

Resding Floppy Disk Drive 

2S.0mV 
-23.9mV 

 a 

i\ \1 

t ü 

V\ I n^- 

.2 |JS 

1 2     V DC 
2 1     V DC 
f50  mV 5QD 

.5     V 5GÜ 

BWL 1.70776 ms 

Ext     DC  240mV 50f! 
250 MS/s 

Ü  STOPPED 

Fig. 9 The readout signal with the PULSE-read detection when the mark size is about 0.6um. 

67 



!OC3 

o 
;OCZ> 

O 

CD 

o 

21:43:57 

i 
i 

1   • ■■! ■ 
.i .    .   . 

5J.3  
I ;                      j 

:i,,v 

& \,;A ■A,-/ A      !■ 
i 1 

Wi/ vv* <m 
:                           1 

1 

i     i           in 
ips Bu_ i—'L9982B Ä 

I Extie   DC B.88 v set) 

1 !    I IC 
2 2 V DC 
| 56 mV SO 
4  .5    V SOD 

18B ns/s 

L'i      STEPPED 

Fig. 10 The C/N of the four-level disk is measured with this repetitive recording pattern. 

OS 

0.2  0.3   0.4  0.5  0.6  0.7  0.8  0.9    1    1.1   1.2   1.3 

effective mark size (urn) 
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Adaptive-Speed Quasi-CAV Algorithm In A CD-RW Drive 

M.S. Mason Yen, Wai William Wang, C.H. Lester Chen, T.T. Chen 

Storage Devices Division, Acer Peripherals, Inc. 
157, San-Ying Road, Kwei-Shan, Taoyuan, Taiwan 

I. Introduction 

The performance of a CD-RW drive is evaluated mainly in terms of recording data rate, access time, and 
power consumption. Constant linear velocity (CLV) recording technology is broadly employed in almost 
all the commercially available CD-RW drives today. In the CLV mode, the spindle motor which is driven 
by the real-time linear velocity of the disc will always be braked while seeking outwards or accelerated 
for inward-oriented seeks. Since the motor driver is driven in saturation, additional power dissipation 
will occur. This is undesirable in a CD-RW drive especially during data recording and accessing and 
huge power consumption will thus take place. 

When a long sequence of recording and seek actions are taking place, the spindle motor keeps braking 
and accelerating to result in excessive heat generated. Further, with even higher than 16X CD-RW drives 
on the horizon, the CLV would not only cause over heating but also induce larger vibration to distort the 
system. A feasible approach to avoid the excessive heat and vibration is to employ constant angular 
velocity (CAV) to record the data in a CD-RW drive. Since CAV recording would require the on-the-fly 
optical power calibration (OPC), this imposes a totally new generation of technology requirement on the 
chipset and system design which are not currently available yet to the mass market. A quasi-CAV 
recording technique is thus proposed in this paper. This quasi-CAV recording algorithm can not only 
effectively reduce the heat dissipation in a CD-RW drive during recording but also avoids the 
complicated interaction of on-the-fly write strategy adjustment. 

In this paper, both experimental results and software implementation technique are presented. 

In Optical Storage and Optical Information Processing, Han-Ping D. Shieh, Tom D. Milster, ,„ 
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II. Quasi-CÄV recording algorithm and implementation 

In order to realize the quasi-CAV recording in a CD-RW drive, a software technique is employed to 
arrange the data recording area into zones and stored in the drive firmware while the physical disc is no 
difference as compared to the regular CD-R disc. Within each speed zone, a corresponding recording 
speed is mapped. 

no ►  

Recording speed 

no 

Recording speed 
= V„ u 

Set disc speed 

Determine Power, 
Absorption, Strategy 

Seek to the desired 
LBA 

Disc speed 
(Hz) 

Recording 
speed 

VI V2 

Vn-1 Vn 

Start writing 
Subcode time    T0     T, T 

Figure 1. This figure shows the quasi-CAV firmware algorithm and conceptual zoning of the recording 
areas. Vn is the disc recording speed for zone n. 

The each speed zone subcode address can be determined by 

Ti = (R2
1-R

2o)/(Vaq) + T0   i=l,2,...,n    Eq. (1) 
where Ro = (N{Vi)/ co0 Eq. (2) 

Ri=(Ni+iViy©o Eq.(3) 
where TQ is the subcode location of the logic block address (LBA) where the data recording area starts 

on a disc, Ro is the physical radius of To, T is the subcode location where the recording speed switches 

from Vj to Vj+i, n is the number of speed zones, R; is the physical radius of T|, V; is the recording 

velocity of speed zone i where the subcode time starts at Tj_i and ends at T{, Nj is the overspeed factor 

corresponding to the ith speed zone, Va is the linear velocity of 1.3 m/s, co0 is the starting disc angular 
velocity of each speed zone, and q is the track pitch of 1.6 [Jm in a CD disc. To obtain the optimized 
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writing quality, the optical laser power calibration procedure is stored in EEPROM of a CD-RW drive to 
map the optimal laser power for each corresponding speed zone. The procedure of optimal power 
calibration (OPC) is executed through firmware implementation. 

OPC for recording speed Vj, i = 1,2,... n 

Optimal write power for speed zone i = Pj 

Write strategy for speed Vj = WRj 

Absorption of write speed Vj = ABj 

EFM clock of write speed Vj = ECKj 

Figure 2 The procedure of optimal power calibration of each speed zone. 

To execute a sequential writing with starting address at Ts and ending address at Te on a disc, the 
function block of writing through firmware execution is shown in Figure 3. Packet writing methodology 
is implemented in this writing algorithm. For continuous random writing, this functional block can be 
recalled and executed repeatedly to complete the writing process. The starting and ending address for 
each writing cycle is not necessarily to be coincided with the starting and ending address of each speed 
zone but can be anywhere in the data recording area on a disc. 
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Procedure of writing from address Ts to Te 
(Packet writing) 

Find appropriate speed zone i, Ti-l<Tr < Ti 

Set write power = Pi 
Set writing strategy = WRi 

Set absorption = ABi 
Set EFM clock = ECKi 

Set appropriate disc rotation speed = Wi 

Set write power = Pi+1 
Set writing strategy = WRi+1 

Set absorption = ABi+1 
Set EFM clock = EiCK+1 

Set appropriate disc disc rotation speed = Wi+1 

Start writing process from address Ti 

1 

Figure 3 The functional flowchart of execution a sequential writing with a starting address at Ts and 

ending address at Te 

III. Experiment and result 
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The CD-RW drive used in this experiment is a prototype of Acer CDRW1232A which employs this 
quasi-CAV recording algorithm. The speed zone of this CD-RW drive reported in this paper is defined as 
shown in figure 4. The power consumption of the spindle motor loop is significantly reduced when 
quasi-CAV recording is activated during continuous recording, as shown in figure 5. 
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Figure 4 Speed zone definition in prototype of Acer 1232 CD-RW drive. 

CLV recording at 8X   Quasi_CAV recording at 12X 

Spindle motor        60° C 
Temperature 

Power consumption   4.3W 
of motor driver 

41° C 

1.8W 

Figure 5 The power consumption comparison of CLV and quasi-CAV recording. 

IV. Conclusion 

A quasi-CAV recording algorithm in a CD-RW drive is proposed. This algorithm can greatly improve 
the power consumption in a CD-RW drive as compared to the commonly employed CLV recording 
algorithm. This quasi-CAV algorithm also relaxes the system design requirement as compared to the true 
CAV recording system. 

Reference: 
[1] S. G Stan, H van Kempen, C.C. Steve Lin, M.S. Mason Yen, and Wai William Wang, "High 
Performance Adaptive-Speed/CAV CD-ROM Drive", Vol. 43, number 4, PP. 1034-1044, Consumer 
Electronics, Nov. 1997. 
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ABSTRACT 

Three-dimensional optical memory with photorefractive materials is discussed for ultra-high density/capacity memory 

exceeding the classical limit of a conventional optical recording system. Bit data are recorded as highly localized 

refractive index variations in three-dimensional volume using a focused laser beam. We show recording and reading 

results using various recording materials and optical configurations. A multi-structured optical recording medium 

using a photoisomerization polymer and a transparent films has been developed for reflection confocal reading. 

Two-photon recording is also demonstrated. 

Keywords: optical memory, confocal microscopy, two-photon absorption, photopolymer, hologram memory 

1. INTRODUCTION 

Optical memories such as compact disks (CD) and magneto-optical disks (MO) are becoming essential in high 

technology products such as audio and visual disks, and the external computer memory disk. In these memory 

devices a laser beam is used to record and read information. Since the laser spot can be focused to within 1 /xm 

scale, optical memory can attain higher density and capacity than those of magnetic memory. 

Optical memory is ultimately limited by the diffraction of electro-magnetic waves. Present techniques have almost 

reached this limit in optical memories that are commercially sold as compact disks or magneto-optic disks. Even 

with an infinitely large objective lens, the best achievable bit-data resolution distance for recording and reading is 

never smaller than half the beam wavelength. 

To overcome the density limitation, multilayered optical memories have been investigated by many researchers. ~ 

In the memories the z or longitudinal axis is utilized in addition to the surface dimension (x-y space) of conventional 

optical memory. The data are thus written not on the material surface but within the three-dimensional (3D) thick 

volume. 

This approach requires an optical reading system that is able to read the data from a particular layer without 

cross talk between adjacent layers. It is also required to a recording technique on which it is possible to write 

information at a particular layer without erasing or corrupting the data already written at neighboring layers. 

In this paper we describe the 3D optics as recording and readout systems of the multilayered optical memories 

using photorefractive materials. Some configurations of readout system are discussed and the use of two-photon 

absorption to reduce the cross talk between adjacent layers is also demonstrated. 

E-mail: kawata@eng.shizuoka.ac.jp 
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2. BIT-ORIENTED THREE-DIMENSIONAL MEMORY 

Figure 1 shows a principle of bit-oriented three-dimensional (3D) optical memory. A laser beam is focused into a 

point in a recording medium. Chemical reactions of the medium should be induced at the spot because extremely 

high intensity is produced at the focus point. By 3D scanning of the focus spot in the medium we can record bit 

data in the medium in three dimensions. 

Various materials such as photopolymers, photorefractive crystals, photochromic materials, polarization sensitive 

materials can store data. Among them, photorefractive recording mediums in which data are stored as refractive- 

index change are most promising materials in 3D memory because they have little absorption so the light penetrates 

in deep layer in the mediums. 

Figure 2 shows a typical readout system of 3D memory. This is basically reflection confocal microscope configura- 

tion. Since the pinhole before a detector eliminated scattered light from out of focus region, so the system gives very 

good axial resolution and high contrast. The optical setup is very simple. We can also use other configurations, which 

are sensitive refractive-index variations, such as phase contrast microscope, differential phase contrast microscope, 

differential interference microscope, as readout system.7,8 

Laser beam 

Detector 

Objective 
lens 

• i tit t i  Recording 
 Medium Multilayered optical memory 

Figure 1. Principle of 3D memory Figure 2. Reflection confocal readout system 

3.  PHASE-CONTRAST READOUT USING PHOTOPOLYMER MATERIALS 

Figure 3 shows an example of 3D optical memory recording and reading using a photopolymer material. Bit data 

were written every 2 /umx2 /xm in a plane, and the longitudinal separation between the data planes was 10 pm. 

The total number of layers recorded for the optical memory shown in Fig. 3 was 30, which cover a total longitudinal 

length of 300 /jm. The images were obtained using an ordinary phase-contrast microscope. 

The photopolymer memory medium we used was monomer mixture composed of a methacryl compound and 

an allyl compound with benzil as an initiator and michler's ketone as a dye sensitizer.9 The metacryl compound 

polymerizes faster than the allyl compound when illuminated with light. This causes the refractive index to increase 

from n ~ 1.5 to n ~ 1.6. 

The photopolymerizable solution was sandwiched between a microscope slide and a microscope cover glass (thick- 

ness 170 /zm) to prevent oxygenation of the photopolymer. The spacers between the slide and the cover glass was 

also made with cover slips of about 1 mm thickness. 
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Figure 3. 30 layers recording and reading using photopolymer material 

In order to write the data, the photopolymer is placed on a computer-controlled x - y - z microscope stage. A 

5 mW argon-ion laser, 488 nm wavelength, was used as the light source, which was focused onto the photopoly- 

mer by an objective lens (Carl Zeiss Axiophoto, NA=1.0, oil immersion, 40x magnification). An exposure time 

of 60 ms per point was used. At the focused spot, methacryl compounds photopolymerize because of their fast 

photopolymerization property. Allyl compounds, on the other hand, do not photopolymerize because the speed of 

photopolymerization of allyl compounds is slower than that of methacryle compounds. 

As a result, only methacryl compounds are polymerized at the focused spot and the allyl compounds are pushed 

away, leaving a high-refractive-index region. We then record the data in the medium by scanning a focused spot in 

three dimensions with an exposure time of 60 ms at each data point. 

We also developed a confocal type phase-contrast readout system. Figure 4 shows an optical setup of confocal 

configurations. This system is a laser-scanning confocal microscope appropriate for phase-contrast imaging. Point 

light source illumination reduces unnecessary scattered light because the point detector of a confocal microscope only 

detects the light intensity from a specific point of interest in the thick sample and rejects the scattered light produced 

from other non-focused points. High contrast images are therefore observed, and unwanted cross talk between planes is 

low. Better performance is obtained in comparison with the images produced using a conventional optical microscope. 

Spatial resolution is also improved because of the nonlinear frequency-response of the photorefractive materials. 

Figure 5(a) presents an example of bit data which were read out using a confocal microscope, together with Carl- 

Zeiss Axiophoto. A He-Ne laser (632.8 nm) was used together with a phase-contrast objective and an annular pupil 

for phase-contrast (dark field) imaging. For comparison the same segment of the data was read using a conventional 

microscope with the same objective lens, and is shown in Fig. 5(b). The results demonstrate the advantages of 

confocal microscopy for high-contrast and high-resolution imaging of 3D structures. Since only the light intensity 

in the conjugate pair of the point of interest in the thick sample volume (or the focused point of the laser beam 

in the volume) is detected in a confocal microscope, scattered light produced by other non-focused points does not 
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Figure 4. Optical setup of confocal type phase-contrast readout system. 

contribute to the detected signal. Hence, the signal contrast of the images is excellent and the cross-talk between 

planes is negligible compared with images obtained using a non confocal microscope. Spatial resolution is also better 

because of the nonlinear spatial response (product of illumination point-spread functions and the detection amplitude 

point-spread function). 
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Figure 5. Readout result by using confocal phase-contrast microscope. 

4. MULTI-STRUCTURED RECORDING MEDIUM 
FOR READING WITH REFLECTION CONFOCAL MICROSCOPE 

Reflection-type confocal microscope has very high axial resolution, so it is a very attractive configuration as the 

readout system of multilayered optical memories. However, it is difficult to use the reflection-type confocal configu- 

ration as the readout system, because an extremely high numerical aperture (NA) lens is required for recording and 

reading.10 

Some techniques have been proposed in order to read out data in multilayered memories with the reflection 

confocal configuration. Wilson et al. proposed the recording with 4Pi confocal configuration,10 while Toriumi et al. 

proposed the use of two-photon recording and reading with longer wavelength light.11 

We achieved the reflection confocal readout by using a recording medium in which photosensitive thin films 
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and non-photosensitive films are piled up alternately.12 We used urethane-urea copolymer film as the photosensitive 

material. 

Figure 6 shows the spatial frequency distributions of bit-datum recorded with focused laser beam and coherent 

optical transfer function (CTF) of reflection type confocal microscope.13'14 Figure 6(a) shows a spatial frequency 

distribution of bit datum recorded in very thick medium. This distribution coincides with the spatial frequency 

distribution of the focused light to record the bit data, because the bit is recorded with the focused beam. It is 

assumed that the NA of the objective lens is given by nsina and k = 27r/A, where A denotes the wavelength. 

Figure 6(b) shows the spatial frequency distribution of bit-datum recorded in the thin layer of which thickness 

is same as the wavelength of recording light. Since the extension of the recorded bit in the axial direction is limited 

by the thickness of the photosensitive film, the spatial frequency distribution of the bit datum is much extended in 

the axial direction. The distribution is calculated by the convolution between the spatial frequency distribution of 

focused spot and the distribution of thin photosensitive film. 

Figure 6(c) shows the CTF of reflection confocal microscope. As Wilson et al. pointed out,10 the spatial 

distribution shown in Fig. 6(a) has no overlap with CTF of reflection confocal microscope unless we use extremely 

high NA lens. 

The spatial distribution shown in Fig. 6(b) easily has overlapping area with the CTF, if we carefully select the 

thickness of the recording layer. As a conclusion, we can read the data with the reflection confocal configuration by 

using the medium piled up the thin recording layers and non-photosensitive transparent layers alternately. 

 2nk sin a. 
A:-i, c:i 

Figure 6. Spatial frequency distribution of the recorded bit datum recorded (a) in a thick medium and (b) in a 

thin layer. The thickness of the recording layer is the same as the wavelength of the recording light, (a) and (b) are 

truncated at an arbitrary value to show the structure in the high spatial frequency region. (c)CTF of the reflection 

confocal microscope. 

We developed a recording medium in which photosensitive films and non-photosensitive films were coated on a 

80 



glass substrate alternately.  Urethane-urea copolymer was selected for photosensitive layers and poly vinyl alcohol 

(PVA) was used for transparent layers. 

Figure 7(a) shows the chemical structure of urethane-urea copolymer.15,16 The urethane-urea copolymer was 

originally developed for nonlinear optical waveguide. The copolymer has comparatively high optical nonlinearity 

and its stability at the room temperature. The copolymer has a side chain structure to semi-fix chromophores as a 

photosensitizer for optical memory use. 

The absorption spectrum of the copolymer shows a maximum at 476.3 nm and little absorption in the region longer 

than 600 nm. By illumination of blue light, the azo-dye induces cis-trans isomerization producing refractive-index 

change. The recording process is photon-mode, so the recording time is expected as very fast response. 

In generally, it is difficult to pile up two organic films alternately without influence each other. We select PVA 

as non-photosensitive transparent film, because water and pyridine as solvents for PVA and the urethane-urea do 

not dissolve the urethane-urea film and the PVA film, respectively. Figure 7(b) shows the multilayered recording 

medium we developed. The process of making the medium is explained as follows. The urethane-urea copolymer 

was solved in pyridine and spin-coated on a glass substrate. The thickness was less than 1 ßm. After evaporation of 

pyridine solvent in an oven the PVA film was also spin-coated on the urethane-urea copolymer film. The thickness 

of the PVA film was about 8 pm. The urethane-urea copolymer was spin-coated again on the PVA film. 

/ H H  \ / H H     \ Urethane-urea copolymer 
(photosensitive layer) 

8(j.m    I I tV~PVA (transparent layer) 

1um >      Gini333S22a^'7 (photosensitive layer) 

Q2 
Glass 

(a) (b) 

Figure 7. (a)Chemical structure of the urethane-urea copolymers and (b) the recording medium that we developed. 

Figure 8 shows the optical configuration of recording and reading data system. An argon-ion laser (Ar+) is used 

as a light source for recording. The wavelength of the laser is 488 nm and the output power is about 30 mW. The 

light is focused with an objective lens (NA: 0.65, 40x) into the recording medium. The medium is scanned with a 

computer-controlled three-axes stage. A shutter is also computer controlled in order to record the bit sequence in the 

medium. The power of laser light is adjusted with a neutral density filter. A white light source and a CCD camera 

is used to observe the recording process. 

The readout system is a reflection-type confocal microscope. For reading a helium-neon (He-Ne) laser is used 

as a light source, because the urethane-urea copolymer has no absorption for red light. The scattered light at the 

recorded bit data is detected with a photo-multiplier tube (PMT). A pinhole of 30 ^m diameter before the PMT 

eliminates the scattered light from the out of focus of the objective lens. 

Figure 9 shows the axial distribution of the recorded data. The figure is reconstructed form a set of many images 

captured when the focus plane was changed. The three cross sections along the optical axis and along the first and 

second layers, respectively, are also shown in Fig. 9. The two recording layers are clearly detected.  The bit data 
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Figure 8. Optical system for recording and reading data of multilayered optical memory. 

are also clearly recognized. The side-lobes in the cross-section along the optical axis is due to the aberrations of the 

objective. We may say that the reflection type confocal microscope configuration can be used as readout system of 

multilayered optical memory by using the recording medium in which the photosensitive thin films and transparent 

films are piled up alternately. 

Second layer 

Figure 9. Axial distribution of the two-layer recorded data. 

5.  TWO-PHOTON RECORDING IN MULTI-STRUCTURED MEDIUM 

Two-photon excitation is preferable in 3D optical memory because the crosstalk between adjacent layers is much 

reduced. Another advantage of two-photon excitation is reduction in multiple scattering. This reduction occurs 

because of the utilization of an illumination beam at infrared wavelength. A Ti:sapphire laser at 760 nm in mode- 

locked pulsed laser operation was employed as the recording light source. Since the probability of two-photon 

absorption is proportional to the squared intensity of the incident light,17'18 photoisomerization can be induced only 

at the focal spot, where the intensity is very high. This technique is attractive for recording data in an erasable 

medium, because it is possible to write information onto a particular layer without erasing the data already written 

on neighboring layers. 



Figure 10 shows a new type multi-structured recording medium. We have succeeded in developing four recording 

layers. This is very similar with the medium shown in Fig. 7(b) except for transparent layers. We used poly(methyl 

methacrylate) (PMMA) material with PVA as transparent layers, because it is difficult to coat thick (about 8 /xm as 

shown in Fig. ??(b)) layer of PVA. PMMA is much easier to produce thick layer but it interferes with urethane-urea 

copolymer layer when it is spin-coated on the layer directly. To avoid such interfere we coated PVA thin film on 

urethane-urea copolymer layer in order to protect from PMMA. 

1um A. 
1um ^ PMMA 

PVA 
Urethane-urea 
Copolymer 

PVA 

Glass substrate 

Figure 10. Multi-structured recording medium. 

A Ti:sapphire laser was used for a light source of two-photon recording. The wavelength of laser light was 800 nm. 

Since urethane-urea copolymer has little absorption at the wavelength region longer than 600 nm, bit data should 

be recorded with two-photon process. 

Figure 11 shows readout results of first, third, and fourth layers. Each layer were clearly read out with little 

crosstalk. In second layer, we failed to record data. We believe that the layer was damaged in the process of pile up 

other layers. 
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Figure 11. Recording results using two-photon absorption. 

6. DISCUSSION AND CONCLUSION 

We demonstrated multilayered optical memories in which three-dimensional optics was introduced into the readout 

system and writing system.   The multilayered optical memories have clear advantages over holographic memory 
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recording.19 In terms of the signal-to-noise ratio, holographic memory is not robust to speckle noise unlike mul- 

tilayered memory recording by the focused-beam scanning which is essentially imaging using spatially-incoherent 

illumination. Moreover, signal contrast in images using confocal imaging is better than that obtained by the holo- 

gram read-out because pinhole detection eliminates the scattered light that causes background noise. Moreover, 

random access bit recording and reading is possible only when using scanning optics. 

The high density memory using three-dimensional optics does not conflict with other techniques for achieve 

high density: they are combined with each other. The multilayered memory is a just extension of ^-direction of 

conventional optical memories, so scanning, tracking, and auto-focusing techniques in the conventional memory 

systems can be useful with some modifications. 

We also presented the confocal readout of multilayered optical memory. For this purpose, the recording medium 

piled up the thin urethane-urea copolymer films and non-photosensitive transparent films was developed. We need 

more discussion on the optimization of the thickness of the recording layers and the transparent layers. The thinner 

film of recording layer much extends the spatial frequency distribution of bit in the axial direction, but it reduces 

contrast of bit data. 
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ABSTRACT 

Readout characteristics of light-scattering-mode super-resolution near-field structure (super-RENS) disks are described in 
detail Readout intensities in reflected and transmitted signals are compared. Both signals showed mostly the same camer- 
to-noise ratios (CNRs) using objective lenses with NA of 0.6. The formation mechanism of light scattering centers in the 
super-RENS disks is also described in comparison with several different disks. As increasing oxygen ratio during the 
deposition of silver oxide (AgOx) layers, two different chemical reactions were identified. It was found that the super-RENS 
disks with oxygen-rich AgOx films have both characteristics of transparent and light-scattering apertures in one disk. Further 
study also revealed that the AgOx dynamic nonlinearity is not so high and less than 6% by the film itself; however, it is 
enhanced to 12% in super-RENS. It is supposed that the imaginary refractive index k of the films is less than 0.1; therefore, it 
is hard to heat itself to the decomposition temperature without a heat source (GeSbTe film) underneath. This result would be 
a hint to further increase CNRs in a light-scattering-mode super-RENS disks 

Keywords: optical memory, super-RENS, silver oxide, optical nonlinearity 

1. INTRODUCTION 

A gate of optical data storage with terabyte (TB) capacity has long been closed by the diffraction limit. However, 
Re-discovery of the importance of optical near-field and the development of scanning probe microscopes (SPMs) may make it 
realize such systems.1'2 Since optical near-field recording (ONFR) was first carried out, a variety of ideas have been proposed 
and demonstrated theoretically and experimentally.1"4 One of the difficulties to overcome is to control a space between a 
recording head and a medium surface carefully and precisely with few 10's nm at very high speeds. Up to date, specially 
designed optical fiber heads, planner flying heads with the same design as current hard disk heads, solid immersion lens 
(SILs) and mirrors (SIMs) have been developed.5"8 One the other hand, our group proposed another idea to fabricate a near- 
field aperture into an optical disk, in order to avoid a contact or a head crash to the medium surface. We named the disk 
structure " super-resolution near-field structure (super-RENS)." The principle and characteristics of super-RENS were refereed 
elsewhere.9"'' We have developed two different types of super-RENS disks: generating a transparent aperture (TA-super- 
RENS) with an Sb film and a light scattering center (LSC-super-RENS) with a silver oxide (AgOx) film.   '   The resolution 
of TA-super-RENS disks is superior to that of LSC-super-RENS disks; however, LSC-super-RENS is more attractive and 
more promising on the point of view of utilizing surface plasmon that further enhances signal intensity.    The mechanism of 
LSC-super-RENS, unfortunately, has not been well identified. The objectives of this paper are to reveal the reaction 
mechanism of AgOx films in LSC-super-RENS disks statically and dynamically. Especially, we carefully re-estimate the 
dynamic optical nonlinearities of the films, applying one-dc laser beams to LSC-super-RENS disks and estimating the output 
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reflections by a storage oscilloscope. We also describe the reflected and transmitted signal characteristics of LSC-super-RENS 
disks in detail. 

2. EXPERIMENTAL 

All AgOx films in this work were produced by r.f. reactive magnetron sputtering with a high purity Ag target and gas 
mixture of Ar and oxygen. The composition of the films can be controlled by changing the gas ratio, and the refractive index 
is also changed. " We used two different substrates: glass plates and polycarbonate disks. In some cases, ZnS-Si02 dielectric 
films were covered on the AgOx films. A Ge2Sb2Te5 target was used as a recording film for LSC-super-RENS disks. The disk 
structures were refered in other papers. 

Optical transmission of the films was measured by LIMKAM LK-600PM micro-heating stage at a ramp rate of 
30°C/min under an optical microscope, which is connected to a multichannel-photodetector (Hamamatsu Photonics, PMA- 
11) through an optical fiber. 

The dynamic optical nonlinearities were estimate by DDU-1000 disk drive tester (Pulstech Indust. Co. Ltd.) with a 
laser wavelength of 635 ran, and an objective lens numerical aperture of 0.6. Dynamic optical nonlinearities of Sb and AgOx 
films have already been observed by our group. " However, the evaluation of the nonlinearities includes quite large errors 
because the nonlinearities are gradually increasing or decreasing during measurement in many cases. In order to avoid and 
evaluate more precisely, we applied one dc laser power on a disk during only one rotation. The reflection change was 
monitored with a storage oscilloscope synchronizing it to a tracking jump signal. The system configuration was depicted in 
Figs.l and 2. 

_n__A 

s-nJ 
rrr 

Fig.   1     Schematic   diagram of   synchronized  dynamic  disk   tester. 

A:   Spindle motor,   B:   Test  disk,   C:   voice   control   optical  head, 
D:   focus   lens   (NA:0.6),   E:   beam  spritter,    F:   semiconductor 
laser   (635  run) ,   G:   photodetect or,   H:   focusing  unit,    I: 
tracking   unit,   J:   frequency&laser power  modulator  and K: 
storage  oscilloscope. 
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Fig. 2 Evaluation method of dynamic optical nonlinearity. 

A: Tracking-jump signals, Rtop: reflection output by  a high 
readout power during one rotation of the disk, Rinit ial: reflection 
of the initial readout power and G: ground level. 

3. RESULTS AND DISCUSSION 

3.1. Formation Mechanism and Dynamic Optical Nonlinearity of LSC-super-RENS Disks 

It is well known that AgOx is easily decomposed into Ag and oxygen at temperatures of less than 200°C. Fig.3 shows 
optical transmission changes in three different AgOx films (thickness: 100 nm) deposited on glass plates under different 
mixture gas ratios. The film produced at a ratio of 0.35 shows that the transmittance gradually decreases as the temperature 
increases. The curve becomes steeper at temperatures of more than 150°C.The films produced with further high gas ratios: 0.5 
and 0.6, on the other hand, show maximums at around the same temperature. Interestingly, the transmittance once increases, 
until the temperature reaches the maximum.    As a reference, the refractive indices depending on the gas mixture ratio are 
shown in Fig.4. In comparison with two figures, it is noticed that the high-transmitted region exists in the vicinity of the gas 
ratio of 0.4. The composition of the film was already determined as Ag20. n In higher temperature region in both cases, the 
transmission monotonically decreases. Therefore, it is supposed that as-deposited AgOx films usually do not exist as a single 
phase, but mixture phases with Ag20, AgO and Ag203. 

The optical change or phase change from the as-deposited state to the stable state or phase was also confirmed under 
dynamical conditions. Fig.5 shows reflection outputs from the disk drive tester with the disk samples, whose structure is 
composed of /ZnS-SiO2(170 nm)/AgOx (15 nm)/ZnS-SiO2(20 nm). At the initial laser power (1.0 mW) to obtain a focus for 
readout, the reflection was 1.17 V. Applying dc laser powers to the disk, the reflection once drops and then is gradually 
recovered toward the initial. As increasing the dc power, the recovery speed becomes faster. This first reflection drops 
correspond to those observed in the static measurements. The initial reflection drop seems to appear even with powers of less 
than 1.5 mW, and at lower disk rotation speeds of less than 6 m/s. It is, therefore, supposed that the initial transition of AgOx 
films deposited by r.f. sputtering occurs by both thermal and photochemical mechanisms, and Ag20 rich composition is 

produced. 
It is interesting to confirm if the two different chemical states are actually identified in usual LSC-super-RENS disks. 

Fig.6 shows carrier to noise ratio (CNR) of300-nm-sized marks against the increase of readout power. As increasing the power 
from 1.0 to 2.0 mW, the CNR once gradually increases. As further increasing the power, however, it suddenly drops to a 



minimum (12.0 dB) and then it is rapidly improved at powers of more than 2.6 mW. The results are good in agreement with 
the static and the dynamic nonlinear characteristics. 
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Fig. 3 Optical transmission changes of AgOx films by temperature 
increasing. Each value marked on the lines shows a deposition gas 
mixture ratio (02/(Ar+02)). The AgOx films with a 100-nm thickness 

were all deposited on glass plate by r.f. magnetron sputtering. 
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Fig.4  Refractive indices of AgOx sputtered films with 
different gas mixture ratios, 
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Fig.5 Dynamic reflection change by applying dc laser radiation. 
The disk structure was composed of polycarbonate disk/ZnS- 
SiO2(170 nm)/AgOx (15 nm)/ZnS-Si02(20 ran). The disk was rotated 

at a constant linear velocity of 6.0 m/s. 
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Fig.6 CNR change of 300-nm sized marks of a LSC-super-RENS 
disk against readout power. 
The AgOx film was produced at 02 gas ratio of 0.5. 

Optical dynamic nonlinearity is one of the most important properties of super-RENS disks. However, the precise 
evaluation is a very hard work because the nonlinearity gradually changes for the time being. In order to avoid the time-shift, 
we synchronized one pulse dc laser radiation with a tracking jump signal during one disk rotation. The reflection output was 
monitored by a storage oscilloscope. Fig. 7 shows a display of the monitor, when one pulse dc laser is irradiated on a sample 
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disk. The reflection output was measured against the ground level (G). As shown in Fig.7, the reflection after the laser 
radiation (C) slightly drops in comparison with that of the initial (A) in case of LSC-super-RENS disks. This is due to the 
thermally and photochemically produced Ag20 rich phase, which was above mentioned. As increasing the dc laser power on 
the same track, One can draw a nonlinear curve at each disk rotation speed (here, we use a constant linear velocity (CLV)). 

Input pulse length 

-    ICOaS CH2 *ftC       5-62 V?       .id:    -A 

Output voltage (reflection) f,VnT j 

T —fcj L-TT rotation j | 

I fBHr~^«ecTfc>n ! 

Fig.7   Synchronized one-rotation reflection measurement of 
dynamic  optical nonlinearity. 

Fig.8-(a) show the results. As it was already mentioned, the dynamic optical nonlinearity is gradually saturated to a linear 
relationship by increasing CLV.14 This is because a special region generating a strong optical nonlinearity gradually shifts to 
the backward of the laser spot center by the time dulation. The nonlinear shifts in this work against reference values obtained 
at the highest CLV (9.0 m/s) were smaller than those observed previously by our group. " It is important to estimate 
nonlinear ratios against the reference observed at the highest speed because the magnitude of the nonlinearities may become 
big or small in aid of the optical interference in the multilayers. The nonlinear ratios at CLVs of 2.0 and 6.0 m/s was evaluated 
to the reference at 9.0 m/s. The results are shown in Fig.8-(b). The nonlinearity is only about 6% at a maximum of 2.5 mW. 
As further increasing the power, the nonlinearity gradually dorps. It is interesting to compare the results with the 
nonlinearities obtained from an actual LSC-super-RENS disk. The results are very intrigued and the nonlinear ratio is 
improved up to 12%. This is shown in Fig.9.    The LSC-super-RENS disk has large nonlinearities at CLV = 6.0 m/s, on 
the other hand, a maximum appears at 2.0 m/s in the disk without the recording layer. The nonlinearity of the LSC-super- 
RENS disk at a slow speed (2.0 m/s) once increases: thus reflection increases, then rapidly drops, as increasing the dc power. 
The irreversible power corresponds to a dc power of 2.5 mW at the speed. As further increasing the power, therefore, AgOx 
cannot return to the stable phase. As increasing the disk rotation speed (6.0 m/s), on the other hand, such a property is 
improved up to powers around 3.5 mW. The initial drop that appears in the curve of 6.0 m/s is due to the generation of the 
stable phase mentioned previously. 

In comparison with Figs. 8 and 9, we can reach a conclusion of the mechanism of LSC-super-RENS disks. The large 
nonlinear characteristics strongly depend on the recording layer deposited on the AgOx layer. As shown in Fig.4, the 
imaginary part of the refractive index k in normal LSC-super-RENS disks using a AgOx layer, which is deposited at the 
mixture gas ratio of 0.4 to 0.5, is very small and 0.08. Therefore, the 15-nm thick film does not sufficiently absorb an incident 
laser beam itself, and it can decompose into Ag and 02 in aid of a light absorbing layer: that is the recording layer. As a result, 
it is thought that the mechanism generating a light scattering center in LSC-super-RENS disks is little due to a light-mode, 
but mostly heat-mode. Additionally, the chemical reaction in LSC-super-RENS disks is more complicate than what we 
thought previously. However, some important questions have not been revealed yet in this work. The condition of 
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decomposed oxygen atoms and how the oxygen and Ag return to AgOx again are our further studies. We are now engaging in 

the research and we will be able to make them clear in the near future. 
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Fig.8 The dynamic optical nonlinearity and the ratios of a AgOx film. 
(a):the actually observed nonlinearities. A: CLV=9.0 m/s, 
B: 6.0 m/s and C: 2.0 m/s, and (b): the ratios against the data 
obtained at CLV =9.0 m/s. 
The disk structure is PC.-sub/ZnS-Si02(170 nm)/AgOx(15 nm) 
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Fig.9   The  dynamic   optical   nonlinearities   of   a  LSC-super-RENS  disk, 
(a):   observed  nonlinearities,   and   (b):   the   ratios   against 
the  data   obtained   at  CLV  =9.0  m/s. 
The  disk   structure   is   PC.-sub/ZnS-Si02(130   nm)/AgOx(15   nm)/ 
ZnS-SiO2(40  nm)/Ge2Sb2Te5(20   nm)/ZnS-Si02(20   nm). 

3.2 Readout Characteristics ofLSC-Super-RENS Disks 

LSC-super-RENS disks are usually more transparent that TA-super-RENS disks. The transmitted near-field signals of a 
TA-super-RENS disk were already obtained. '4 It is also important to estimate transmitted signals from LSC-super-RENS 
disks. A sample disk was produced on a polycarbonate disk with the structure ofZnS-Si02(147 nm)/AgOx(15 nm)/ ZnS-Si02 
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(40 nm)/Ge2Sb2Te5 (20 nm)/ ZnS-Si02 (20 nm). Fig. 10-(a) shows the readout intensities of both reflected and transmitted 
signals of 200-nm-sized marks. The recording was carried out on a land at a CLV of 6.0 m/s with the power of 10.0 mW. 
The system configuration for transmitted signal detection was the same as the previous work. '4 At a readout power of less than 
2.0 mW, both signals are little detectable. As further increasing the power, the CNRs gradually increase and are saturated at 
around 2.4 mW. As shown in Fig. 10, the transmitted intensity is 5 dB higher than the reflected intensity. The tendency did 
not change in several different disks with different thicknesses. The resolutions are also compared in Fig. 10-(b). 
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Fig. 10 Comparison of transmitted and reflected signals of 200-nm 
sized marks of a LSC-super-RENS disk, 
(a):readout power dependence of CNR, and (b):mark resolution. 
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Fig. 11 CNR and optimum readout power dependence of disk rotation 
speed, (a): CNR, and (b):readout power. 
Recorded mark size is 200 nm. 

As decreasing mark size, the transmitted signal is higher than the reflected one until 120 nm. The limit was mostly the same 
and around 100 nm. 
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CNR dependence of disk rotation speed is also important characteristics in future data storage to increase data transfer 
rate. Fig. 11 shows the CNR change and the optimum readout power against disk rotation speed in comparison with a TA- 
super-RENS disk with a structure described in the reference.' As shown in Fig. 11, CNR of200-nm marks does not decrease 
in the LSC-super-RENS disk until CLV of 14.0 m/s, which is the limit of our disk drive tester. Additionally, the optimum 
readout power is less than 4 mW, even at 12.0 m/s. These characteristics are very important to further increase data transfer 
rate in future optical storage. 

4. CONCLUSIONS 

We described the formation mechanism of a light scattering center in LSC-super-RENS disks and some specific 
characteristics of the disks in detail. It is found that chemical reaction generated in the AgOx films are more complicated than 
what we have already described. By one-dc laser radiation method synchronized with the tracking jump signal, it was also 
revealed that the recording layer once absorbs the incident laser beam and produce heat; then it propagates to the AgOx film. 
The reaction is heat-mode process, rather than light-mode. Additionally, the transmitted signal is stronger than the reflected 
signal in LSC-super-RENS disks, and the disk can be readable even at a very high speed of more than 10 m/s. This will be 

very much important in the future optical data storage. 
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Optical Disk Mastering Using Optical Super Resolution Effect 
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ABSTRACT 

We propose a new laser lithography technique using the effect of thermal-induced super resolution and demonstrate that 
the technique can effectively reduce the exposed spot size on the photoresist layer, thus allowing disk mastering toward 
higher density by using exiting light source and optics. A mask layer, whose nonlinear optical properties result in formation 
an aperture in high temperature area near to the center of the laser spot, is deposited on the top of the photoresist layer. 
Usually, the aperture size is much smaller than the laser spot, thus, achieving thermal-induced super resolution. The 
simulation and experimental results reveal that the line width on the photoresist layer could be shrunk by more than 40% . 
KEYWORD: disk mastering, thermal-induced super resolution, lithography 

1. INTORDUCTION 

In the conventional laser lithography which is used to make optical master disks, the laser beam is directly illuminated 
on the surface of photoresist layer, so the resulted exposed area or spot size is limited by the optical diffraction limit. The 
spot size is approximated to 0.82x k/NA, where k is the free space wavelength of light source and NA is the numerical 
aperture of the object lens. There are two main approaches to reduce the spot size: reducing k and increasing NA. However, 
the sensitivity of photoresist material depends on the wavelength of light source. NA of the commercial used object lens is 
0.9, and the maximum value of NA is 1 in air. Thus, the two schemes in reducing focused spot size are either with some 
complication or limited performance. The aim of this paper is to demonstrate that using the effect of thermal induced super 
resolution1'2' can effectively reduce the spot size on the photoresist layer, thus, allowing disk mastering toward higher 
density using existing light source and optics. 

2. PRINCIPLE 

Thermal-induced super resolution is caused by the nonlinear optical property of a metal film. u) By illuminating a metal 
film with a laser beam, the metal film will melt and the index of refraction of the melting region will yield nonlinear 
variation locally. Thus, the transmittance of the melting area may be higher than that of other region. Because the Gaussian 
intensity distribution of the laser beam, so dose the temperature profile of the melting region on the metal film, thus melting 
region can be well controlled whose size can be much smaller than the focused laser spot size. The intensity distribution of 
the transmission light should become narrower than that of the incident light. A metal film of Indium is deposited on the 
photoresist layer, as shown in Fig. 1, the exposed area on the photoresist layer is reduced, thus, forming the finer definition 
of a line. 

3. SIMULATION AND EXPERIMENT 

Using Dill's exposure model3' and Mack's development model4', the thermal-induced super resolution effect caused 
by the metal layer on a photoresist layer was modeled. In the simulation, k is 442 nm and NA is 0.5, and metal layer used in 
this work is GeTeSb, a DVD-RAM recording layer. Experimentally, a line is laterally exposed by a laser-exposing 
machine on a specimen with the structure shown in Fig. 1. Before development, the metal layer must be removed by some 
etching solution. After development, the exposed region was removed and formed a linear groove. The experimental 
parameters are listed in Table 1. 

4. SIMULATION RESULTS 

The simulated results of exposure and development of mastering process without and with the metal layer are shown in 
Figs. 2 and 3, respectively. After exposure, the distributions of the PAC (photoactive compound) concentration are shown in 
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Fig. 2. The PAC concentration is normalized so that 1 and 0 represents unexposed and completely exposed, respectively. 
Figs. 2(a) and 2(b) are the 2D and 3D distributions of the PAC concentration without the metal layer. Owing to the Gaussian 
intensity distribution of the laser beam and the standing wave effect, the distributions of the PAC concentration in the r and z 
direction are a Guassian distribution and sinusoidal profile, respectively. With the metal layer, the 2D and 3D distributions 
shown in Figs. 2(c) and 2(d) reveal that the standing wave effect still exits in the z direction, but the Guassian distribution m 
the r direction is distorted by the thermal-induced super resolution. After development, the cross-sectional views of the 
photoresist layer are shown in Fig. 3(a) without, Fig. 3(b) with 5 nm, and Fig. 3(c) with 10 nm metal layer, respectively. The 
black regions denote the residue photoresists. To simplify the description, we define the space at the bottom and the half 
depth of the groove as Wimcrfacc and linewidth, respectively, as shown in Fig. 4. As shown in Fig. 3(a), Wjmerface is about 2.1 
nm without the metal layer, and the angle of the slope at the edge of the groove is about 30°. According to the simulation, 5 
and 10 nm metal layers can form an aperture of the diameter of 0.7><spotsize and 0.5xSpotsize respectively. The results 
imply that the metal layer yields optical super resolution effect. Consequently, as the thickness of mask layer increases from 
0 to 10 nm, Winlcrface shrinks from 2.1 to 1.3 urn with the same angle at the edge of the groove, as shown in Figs. 4(b) and (c). 
As the angle does' not vary with the shrinkage of Winterf3CC, the linewith will decrease with Wimcrfacc. The experiment results 
demonstrate that thermal-induced super resolution effect can effectively shrink the linewidth of the groove. 

However, it is very difficult to measure the size of aperture in real-time, so we examined influences of metal layer 
thickness and aperture size on the profile of photoresist layer in order to compare with the experimental results. The 
relations among the metal layer thickness, aperture size, Winlerfacc, and the angle of the edge are depicted in Fig. 5. The three 
dashed lines represent the results of completely super resolution effect to result in the shrinkage of the W,nlCTfacc with same 
angle. The solid lines (a) and (b) represent the influences of the metal layer thickness and aperture size on the profile of the 
photoresist layer, respectively. From solid line (a), it is found that the decreasing of Winlerface mainly arises from the 
increasing of metal layer thickness. On the contrary, when the thickness of the metal layer is fixed, the variation of the 
aperture size can only result in altering the angle of the edge, as shown in solid line (b), implying that the optical super 
resolution is the combination of absorption effect, and shading effect. 

5.EXPERIMENTAL RESULTS 

Using the structure shown in Fig. 2, the shrinkage of the linewidth can be observed easily. In Fig. 6, the linewidth 
shrinks from 2.5 um, which is the limit of exposure machine, to 1.4 urn as the thickness of Indium film increases form 0 to 
about 40 nm. To make sure the effect is caused by the super resolution, we further increase the thickness of Indium film. 
When the thickness is more than 40 nm, the linewidth does not shrink, but broaden, which may be caused mainly by 
absorption effect, as shown in Fig. 7 as the Indium film is too thick to be melted by laser beam. When laser beam passes 
through Indium film, the absorption effect no longer shrinks the spot size as optical super resolution. Experimental results 
demonstrate that the linewidth can only be reduced by the optical super resolution effect. 

We then used SEM to make more detail observations on the microstrucrures of the groove. The top view is shown in 
Fig 8, where (a) without, (b) with 10 nm, and (c) with 30 nm Indium film, respectively. Most notably, the fluctuation of line 
edges' gradually increase from 100 to 300 nm with the shrinkage of linewidth. Because the linewidth depends on the 
thickness of Indium film, the fluctuation must be influenced by the thickness of Indium film. As the thickness of Indium 
film increases from 15 to 36 nm, the grain size of the film will rapidly grow from 20 to about 100 nm, as shown in Fig. 9. In 
melting state, the larger the grain of film is, the rougher the edge of melting region is, as shown in Fig. 10. The sharpness of 
line is mainly determined by the grain size of Indium film. 

In the previous simulation results, we used the cross-sectional profile of phototresist layer to observe the effect of super 
resolution. To compare with the results, we also used SEM to observe the cross-sectional profile of phototresist layer, as 
shown in Fig. 11. When Wintcrface decreases from 2.1 to 1.7 urn caused by the increase of the Indium film, the angle of the 
groove edge is almost the same. However, as WiMerflce decreases from 1.7 to 1.368 urn, the angle of the groove edge changes 
from 33° to 25°. From the simulation results shown in the curve c of Fig 3, we can extrapolate that the shrinkage of the 
linewidth is due to the absorption effect caused by the increase of Indium film and the change of the angle is the 
consequence of failing to form an aperture in the thick Indium film. 

6. Conclusion 

The effect of thermal-induced super resolution was applied the disk mastering process to greatly decrease the 
exposed area of photoresist using the existing optics. From simulation and experiment, the linewidth more than 40% less 
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than the diffraction limits defined by the laser-exposing machine limit was demonstrated. Further reductions of linewidths 
are feasible when shorter wavelength light source and higher NA optics are used in mastering system. 
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Fig. 1. A metal layer (Indium) is deposited on the photoreisit layer 

Table 1. The experimental parameters 

Materiel of the mask layer Indium 
Thickness of the mask layer (nm) 0-30 
Photoresist AZ6112 
thickness of the photoresist layer (nm) 150-350 
development solution AZ300 
etching solution HF:H,0,:H,O =4:1:1 
Evaporation Condition 
Pressure (torr) io-5 

Current (A) 125 
Exposure Condition 
Wavelength (nm) 442 
NA 0.5 
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Fig. 2 After exposure, the distribution of PAC concentration on the photoresist layer, (a) - (b) without the mask layer, 

(c) N (d) with the mask layer 
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(a) 
without mask layer 

2.0 um 

(b) mask layer : 5 nm 
aperture : 0.7 spot size 

1.7 um 30c 

(c) mask layer : 10 nm 
aperture : 0.5 spot size 

1.3 urn 

Fig. 3 After development, the profile of photoresist layer, (a) without, (b) with 5 nm, and (c) with 10 nm mask layer 

Fig. 4 Definition of Wimerface, linewidth, and angle 
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Fig. 5 Relationship among the metal layer thickness, aperture size, Wimcrface and the angle of the edge 
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The melting region formed on the inhomogeneous film 
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The ideal melting region formed on the homogenous film which the grain size approaches to Onm 

Fig. 10 The influence of grain size on the area of melting region 
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Interferometers for Light Modulation 
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ABSTRACT 
A thin ferroelectric interferometer (TFI) structure for light modulating devices is presented. It was fabricated entirely with 
thin film techniques on sapphire and silicon substrates. The ferroelectric layer in this structure was the lanthanum-modified 
lead zirconate titanate (PLZT) electrooptic material, deposited from a chemical precursor solution onto an ITO-coated 
dielectric mirror stack. Light intensity modulation in both transmission and reflection modes, and phase modulation in the 
reflection mode were demonstrated. Experimental and simulation data show that TFI devices can be fast switching with a 
low driving voltage. Variations of the basic TFI structure can be used for phase tunable spatial light modulators (SLM's) and 
laser beam steering devices. Design principles, fabrication procedure and the preliminary performance of the devices are 
described. 

Keywords: Spatial light modulator, interferometer, thin film, PLZT 

1.  INTRODUCTION 

High-speed optical modulators that can be integrated with microeletronic components are desirable for applications in optical 
signal processing and optical interconnects. The majority of the presently existing devices are based on liquid crystal 
technologies.1,2 In spite of the technological maturity, liquid crystal materials suffer from slow responding speed, and 
therefore are unsuitable for systems where fast modulating speeds or large data rates are required. Among the high-speed 
devices, the best-known kind is the multiple quantum-well (MQW) devices.3 So far, the MQW-based modulators are limited 
in usable wavelengths and are incompatible with silicon devices. Some success has been achieved in the integration of 
complex-oxide ferroelectric materials with silicon for applications in spatial light modulation, which was potentially high- 
speed.4,5 Recently, a range of new devices based on the structure of the thin ferroelectric interferometer (TFI) have emerged 
as promising alternatives that can provide high modulating speed, wide usable wavelength range and ease of monolithic 
integration with silicon. The TFI structure is comprised of an oxide ferroelectric thin film material sandwiched between two 
conducting mirrors. A low finesse TFI intensity modulator was first demonstrated on silicon substrate.6,7 Subsequently, TFI 
devices with higher finesse were fabricated on both sapphire and silicon substrates.8"10 In terms of mirror configuration, two 
mirrors with equal reflectivity have been used to form Febry-Perot structure for optical intensity modulation. In order to 
apply the TFI device to optical phase modulation, two mirrors with substantially unequal reflectivities can be used. Optical 
cavities with unequal mirrors are known as Gires-Tournois etalon, from which nearly pure optical phase modulation can be 
achieved. In this paper, we describe the recent progress in the fabrication of the optical phase modulators based on the TFI 
structure. 

2. FUNDAMENTALS OF TFI PHASE MODULATOR 

Both the optical phase modulator array and the beam steering device share the same optical cavity structure shown in Fig. 1. 
In this structure, the bottom mirror is nearly a total reflection mirror and the top mirror is substantially less reflective, forming 
a Gires-Tournois etalon. To be used as an optical phase modulator, a light beam is incident on the device from the side of 
lower reflection mirror. If the wavelength of the light is near a resonance condition with the resonator, the reflected light 

" Further author information: (Send correspondence to F.W.) 
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F.W.: E-mail: fwang@nzat.com 
J.Z.: E-mail: jzheng01@emerald.tufts.edu 
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conserves its intensity while experiencing an optical phase shift sensitive to the change of cavity length. Explicitly, the 
optical phase of the reflected light can be expressed by the following equation:11 

d> = -2 tan"'I 1 + >^.tan(A^) 
1-VÄ 

(1) 

where R is the reflectivity of the top mirror; zj^ is the deviation of optical length of the spacer (in unit of radian) from a 
resonance condition, i.e., an integer multiple of 7J2. In the TFI devices with the Gires-Tournois configuration the deviation 
A/pis tunable for a monochromatic incident light. For some complex-oxide ferroelectric materials, a combination of the field- 
induced index change and the field-induced strain can provide up to 1- percent variation in their total optical path length. 

According to the above equation, a small field-induced A<f> is amplified by a factor of (1 + -JR.)/(I-4R)due to the light 
interference in the etalon, and therefore a large phase shift is obtained in the reflected beam. 

Incident light phase modulated light 

Conductive, partial 
reflection mirror 

Ferroelectric 

Conductive, total 
reflection mirror 

Substrate 

Figure 1. Structure of the TFI optical phase modulator. The two mirrors of unequal reflectivities and the electrooptic ferroelectric thin film 
form a Gires-Toumois etalon. 

One can obtain continuous optical phase modulation in the range of -n and n by tuning the Gires-Tournois etalon. With an 
appropriate reflectivity R for the top mirror, nearly the full 2% phase shift can be generated in the reflected light through the 
field-induced change in A<j>. For example, a 1-um thick ferroelectric film can create field-induced changes of Aij> in the range 
of -0.1 and 0.1 radian, which corresponds to an achievable field-induced index change of 0.02 for a visible wavelength. The 
optical phase modulation one can obtain is plotted in Fig. 2 for different reflectivities of the top mirror. 

As shown in Fig. 2, within the attainable A<f>, close to a 27t phase shift can be achieved using the ferroelectric thin film 
material in a Gires-Tournois etalon with top mirror reflectivity #=0.95. For a fixed Atj>, the lower the 7? is the smaller the 
phase shift becomes. In practice, because of the imperfect bottom mirror (reflectivity close to but less than 100%), the higher 
the R the more energy loss the reflected light may suffer. Using a multilayer dielectric mirror as the bottom mirror, 
reflectivity above 99% can be easily obtained. With this bottom mirror, the intensity loss in the reflected light is insignificant 
even for R=0.95. 

Several kinds of high-e ferroelectric thin film materials have been studied for their use in the TFI devices. These materials 
include BaTi03, (Pb,La)(Zr,Ti)03 (PLZT) and Pb(Mg,Nb)03-PbTi03 (PMN-PT) solid solutions.12"14 All these thin film 
materials can be formed by means of the metal-organic chemical liquid deposition (MOCLD) technique or other methods. 
These thin film materials are usually polycrystalline although quasi-single-crystal films can be formed on lattice-matched 
substrates. When properly produced, these materials possess high dielectric constant and broad phase transition temperature 
range, ideal for obtaining large electrooptic coefficients in wide usable temperature ranges. In Fig. 3 the quadratic 
electrooptic coefficients for most known ferroelectrics, bulk and thin films, are plotted against their dielectric constants in 
logarithm scales. As one can see, the quadratic electrooptic coefficients appear to be proportional to the dielectric constant 
squared, e2, which can be explained by a theory regarding the electrooptic effects in ferroelectrics.1 The thin film 
ferroelectric materials produced in our laboratory typically possess dielectric constant in the range of 1000-3000 and the 
quadratic electrooptic coefficient in the range of 0.2-2xl0"16 (m/V)2. Although lower than some bulk materials, these 
electrooptical coefficients are remarkable for polycrystalline thin film materials. 
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Figure 2. Optical phase of the light beam reflected from a Gires-Tournois etalon with different top mirror reflectivities, R's. 
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Figure 3. Correlation between the quadratic electrooptic coefficient and the dielectric constant of various ferroelectric materials. 
The symbol "x" indicates thin film materials produced in our laboratory. 

Most of the above mentioned thin film ferroelectric materials are transparent for the entire visible and a range of infrared 
wavelengths; an example is the PLZT material system with usable wavelength ranging from 400 nm to 6^m. TTI phase 
modulators using the PLZT materials can be made to modulate laser lights in the wavelength range. The TFI phase 
modulators are polarization independent as long as the incident angle of the laser beam is small, which can be realized with 
an appropriate design. 
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3. FABRICATION OF PHASE MODULATOR 

The TFI phase modulators have been successfully fabricated on sapphire substrates. Single-crystal, r-oriented sapphire wafers 
were used as substrates. The bottom conductive mirror consisted of a quarter-wave dielectric stack with an additional indium- 
tin oxide (ITO) layer. The top conductive mirror had a similar structure as the bottom mirror except that the ITO layer was 
deposited prior to the dielectric stack. Both dielectric mirrors were fabricated with the electron beam evaporation technique 
and the ITO layers were deposited by means of magnetron sputtering. 

The ferroelectric in the TFI resonator was a lead lanthanum zirconate titanate (PLZT) thin film material deposited by 
means of the metal-organic chemical liquid deposition (MOCLD) technique. The photograph shown in Fig. 4 is a scanning 
electron microscopic (SEM) cross-sectional view of a TFI device fabricated with the described method. As shown in the 
picture, all the layers are well joined to form the optical resonator. 

Figure 4. Scanning-electron-microscopic (SEM) photograph of the cross section of a TFI device fabricated on sapphire substrate. 

Passive arrays of TFI phase modulators have been fabricated with the described technique. The sizes of the modulator 
pixels ranged from 10 um x 10 um to 200 um x 200 urn. A 2x8 passive array on a sapphire substrate is shown in Fig. 5. The 
size of each pixel is 25 um x 25 um. The square pixels (at the center of the photograph) are connected to the fan-out metallic 
contacts shown in dark color. These arrays were packaged and wire bonded. Fig. 6 shows a packaged 2x8 modulator array 
sitting on its electronic controller box. Each individual pixel can be controlled by a modulating voltage independent of other 
pixels. 
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Figure 5. TFI phase modulator array fabricated on sapphire substrate. An array of 2x8 pixels is shown. 
The active area of each pixel is 25 um x25 urn. The metallic contacts are shown in dark color. 

Figure 6. Packaged TFI phase modulator array with controller. Each individual pixel can be controlled 
by a modulating voltage independent of other pixels. 

4. PERFORMANCE OF THE TFI PHASE MODULATOR 

As the TFI modulators are fabricated on transparent substrates such as sapphire, some device characteristics can be measured 
easily from the transmitted light before packaging. As was discussed earlier, an ideal TFI phase modulator reflects all the 
light energy. Because of the imperfection of the bottom mirror, practical devices often pass a measurable amount of light, 
which can be used to characterize the device in terms of its optical quality, the finesse of the resonator and its tunability. 
Shown in Fig. 7 is the spectral transmission of a TFI phase modulator. For the measurement, a beam of while light was 
focused onto the device and the transmitted light was analyzed with a monochrometer. As shown by the data, the full width at 
half maximum (FWHM) of the transmitted peak is approximately 2.3 nm, which corresponds to a resonator finesse of 18. 
The peak transmission at the resonant wavelength is shown to be less than 5%, indicating that the reflected light may suffer 
approximately 5% light energy loss. The tunability of the device is clear demonstrated by the shift of the peak transmission 
wavelength under voltage. As shown, with 40 volts a shift of 0.7 nm was measured. A phase shift of approximately 0.57t is 
estimated in the reflected light under the voltage. 
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Figure 7. Characteristics of a TFI phase modulator, measured via its spectral transmission. 

Direct characterization of the phase modulation from the fabricated TFI arrays was carried out with the Mach-Zehnder 
interferometer shown in Fig. 8. A He-Ne laser with 632.8-nm emission was used as the light source and focused onto one of 
the modulator pixels. The light reflected from the modulator was collimated and let interfere with the reference beam. With 

this arrangement the light intensity detected is proportional to Ix+I2+ 2-JTJl cos<f>, where I, and I2 is the intensity of the 

reference beam and the modulated beam (reflected from the device), respectively; <j> is the phase difference between the two 
light beams. For the convenience of measurements, the constant relative phase between the two beams was adjusted so that 
the modulation signal was proportional to sin#. The system was calibrated by recording the intensity modulation 
corresponding to a full it phase shift introduced manually. 

photodetector 

modulato 

Figure 8. Experimental setup for characterizing the TFI reflective phase modulators. 

The phase modulation from a TFI pixel was recorded when a sinusoidal voltage signal was applied to the modulator. 
Shown in Fig. 9 is the measured phase shift as a function of the applied voltage and phase modulation with time. The phase 
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shift as a function of the voltage, Fig. 8(a), shows an asymmetric hysteresis loop which is a manifestation of the asymmetric 
ferroelectric hysteresis loop, commonly observed from thin film ferroelectrics. As shown by the data, the modulator under an 
applied voltage of -45 volts produced a phase shift of 0.24 radians (or 13.7 degrees). This phase shift is small compared to a 
calculated value of 1.37t for a device with a ferroelectric layer that possesses a quadratic electrooptic coefficient of 0.5x10" 
(m/V):. We attribute the discrepancy to the imperfection of the fabricated Gires-Tournois resonator and the fact that the 
electrooptic coefficient for ferroelectric films in the cavity is often lower than that of materials grown on bare sapphire 
substrates. 

Figure 9. Phase modulation measured from a single pixel TFI phase modulator, (a): phase change as a function of the applied voltage; the 
x^axis is 10 volts per division and the y-axis is 0.045 per division, (b): phase modulation with time responding to the sinusoidal voltage 
signal; the x-axis is 250 us per division and the y-axis is 0.045 per division for the phase shift and 50 volts per division for the voltage. 

5. TFI LASER BEAM STEERING DEVICE 

An application of the TFI optical phase modulator is laser beam steering. Two types of laser beam steering devices can be 
fabricated. The first type is based on modulator arrays similar to what is shown in Fig. 5. For laser beam steering modulator 
elements in the shape of long and narrow strips should be densely arranged. Since each individual element can provide a 
phase shift in the range of -n and n, one can program the voltages applied to each individual element so that a quasi-linear 
phase variation is obtained across the diameter of a laser beam, thus the reflected beam is steered. As the TFI phase 
modulators are comprised of thin film structure, pitch length as small as 2 urn between pixels is possible. With small pitch 
length the device creates few diffraction side lobes. 

Another type of laser beam steering device with TFI uses a single deflection element. The structure of the device is shown 
in Fig. 10. In the device, a sheet resistor is used in place of the top conductive layer for devices described in the preceding 
sections. This sheet resistor serves to create an electric field gradient inside the ferroelectric thin film material. The field 
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gradient in turn causes a variation of the phase deviation A<f> across the diameter of the laser beam. According to Eq. (1), a 
small spatial distribution of At/) creates a optical phase distribution approximated by: 

0>: „1+v^ -2 ?=Afl). 
\-4R 

(2) 

If the sheet resistor generates a linear spatial distribution of A<j>, the reflected laser beam will also possess a linear phase 
distribution governed by the above equation, the reflected beam is then deflected. Because the continuous phase variation in 
the device is limited to the range of -n and n, substantial beam deflection angle can only be achieved for focused laser beam 
with the single element device, while the arrayed deflector is capable of steering unfocused laser beams with larger beam 

sizes. 
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Figure 10. Structure of single-element TFI laser beam deflecting device. A sheet resistor is used in place of the conducting layer in the 
phase modulator. As differential voltages are applied to the two terminals of the sheet resister an electric field gradient is created inside the 

ferroelectric thin film material so that a wavefront rotation is achieved. 

The single-element TFI beam steering devices have been fabricated using the techniques similar to what were used for the 
phase modulator arrays described previously. The sheet resistor was formed using a modified ITO thin film material with 
resistance of approximately 100 kQ/D. Shown in Fig. 11 is a microscopic photograph of a single-element TFI beam steering 
device on a sapphire substrate. The device has an active area of 50 urn x 50 ym. The triangle-shaped electrodes connect the 
sheet resistor to the two metallic contacts (one contact area is shown). The thickness of the PLZT thin film is approximately 
1.2 \xm, designed for deflecting He-Ne laser beam of 632.8-nm wavelength at an incident angle of 10 degrees. 

In order to record the beam deflection, a charge-couple device (CCD) camera was set to intercept the laser beam reflected 
from the device. As a differential voltage was applied to the sheet resistor the position where the light impinged on the CCD 
camera was recorded. As shown in the lower portion of Fig. 11, the laser beam profile shifted for 4 mm as a differential 
voltage of 30 volts was applied to the device. The distance between the beam steering device and the CCD camera was 180 
mm. The measured spatial shift corresponds to a deflection angle of 1.3 degrees. 
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Figure 11. Single-element TFI laser beam steering device. The upper portion is a microscopic photograph of a device with 50 um x 50 urn 
active area. The lower portion shows the deflection of the reflected light beam, recorded with a CCD camera intercepting the beam path. 

6. CONCLUSION 

The preliminary device types described in this paper show that the TFI devices represent a viable technology for laser light 
modulation and laser beam steering. The complex-oxide ferroelectric thin film materials, such as the PLZT materials, in the 
TFI resonator can produce large voltage-controlled refractive index change, second only to liquid crystal materials. The 
response speed of the complex-oxide ferroelectric materials is much faster than that of liquid crystals. The second attractive 
aspect of the TFI devices is that they can be integrated with silicon-based or wide band gap GaN-based microelectronic 
devices monolithically. It is therefore possible to fabricate high-density, high-speed, active-matrix-controlled SLMs on 
semiconductor substrates for various applications. 

In this paper we demonstrated two applications of the TFI devices, i.e. the phase modulator and the single-element laser 
beam steering device, both fabricated on sapphire substrates with the thin film processing techniques. Both devices were 
based on the concept of tunable Gires-Tournois etalon, in which a thin film PLZT material was used as the tunable medium. 
Passive arrays of TFI phase modulators were fabricated and packaged. The phase modulators were characterized by means of 
their spectral transmission, and by the use of a Mach-Zehnder interferometer. Deflection of a He-Ne laser beam was 
demonstrated with the single-element TFI beam steering device. Substantial improvements in these devices are expected as 
the material and device processing techniques become more mature. 
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ABSTRACT 

We propose a new stream cipher technique for 2-D image data which can be implemented by iterative optical 
transformation. The stream cipher uses a pseudo-random number generator (PRNG) to generate pseudo-random 
bit sequence. The proposed method for the PRNG is composed of iterative operation of 2-D affine transformation 
achieved by optical components, and modulo-n. addition of the transformed images. The method is expected to be 
executed efficiently by optical parallel processing. We verify performance of the proposed method in terms of security 
strength and clarify problems on optical implementation by the optical fractal synthesizer. 

Keywords: pseudo-random number, stream cipher, fractal, parallel processing 

1. INTRODUCTION 

In recent years, various types of information from a simple message in an e-mail system to a personal identification 
code in electronic commerce are running over communication networks. Information leakage is a serious problem 
in such networks, and data encryption is considered as a key technique against the problem. As characteristics of 
current web technology, massive image data are frequently dealt with on the Internet. For such large amount of 
contents, large keys are required to guarantee a high level of security, which requires us long computational time for 
encryption and decryption. 

Optical computing techniques are expected to be useful for encryption of massive information because of parallel 
optical processing.1^10 Encryption using encoding masks with random phase distributions has been proposed.2 This 
method utilizes two statistically independent phase masks at the input and the Fourier planes and the target message 
is encrypted into stationary white noise. By experimental demonstration, performance of the method has been 
studied.3'4 As the application of the technique, an encrypted memory has been studied.5"7 A method using a stream 
cipher technique has been also proposed.8"10 In this method, XOR operations between a random bit sequence and 
the message are executed in parallel by optical techniques. The random bit sequence, which is used as a key for 
encryption, is generated by a pseudo-random number generator (PRNG). To generate a random bit sequence, optical 
parallel processing can be applied effectively. 

In this paper, we propose a new method of pseudo-random number generation, which is based on an optical 
feedback operation with 2-D affine transformations. Affine transformation is a kind of linear transformation composed 
of rotation, scaling, and translation. This transformation can be implemented in parallel by optical components. 
For example, a series of imaging lens, dove prism, and deflection mirror achieve it efficiently. Although the proposed 
method also requires modulo-n addition of images, this operation is expected to be achieved in parallel by a spatial 
light modulator. With small number of parameters, such as the rotation angle and the scaling factor, we can generate 
pseudo-random intensity distribution on a 2-D image. We verify the performance of the proposed method in terms 
of security strength by computer simulations and evaluate randomness of the patterns generated by the proposed 
PRNG. Finally, the proposed PRNG is implemented by the optical fractal synthesizer11 to clarify problems in optical 
implementation of this method. 
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Figure 1. Schematic diagram of the proposed method: (a) encoding and (b) decoding methods, and (c) PRNG. 

2.  STREAM CIPHER USING 2-D AFFINE TRANSFORMATION 

Figures 1 (a) and (b) show the schematic diagrams of encryption and decryption based on the stream cipher. In 
these diagrams, messages and patterns are 2-D images whose intensity is represented by 256 levels. Although 1-D 
bit sequences are often employed in the stream cipher, we use 2-D bit sequences on an image due to suitability for 
optical implementation. In the encryption, a message and a key pattern generated by the PRNG for a set of key 
codes are added in modulo-n. The encrypted message has random intensity distribution, which does not show any 
structure of the original message. In the decryption, the message is retrieved by subtracting the key pattern from 
the encrypted message in modulo-n. The key pattern is generated by the PRNG using the same key codes as the 
encoding ones. 
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Figure 1 (c) shows the schematic diagram of the proposed PRNG. This method is composed of affine transforma- 
tions and feedback operations. Affine transformation is expressed by a set of a deformation matrix and a translation 
vector as follows: 

a    b 
c    d 

e 
x+l   f   |, (1) 

where x and x' are 2-D vectors representing the points on the input and the output planes. Several number of affine 
transformations are used for the PRNG. The initial image is multiplicated, and each image is transformed by any 
one of the affine transformations. The transformed images are summed up by addition in modulo-n. The resultant 
image is used as the input of the next step to generate another 2-D bit sequence. 

The matrix in Eq. (1) can be rewritten for optical implementation. 2-D rotation and scaling implemented by a 
dove prism and a lens system are written by the following equations. 

R(6) = 
cos 8    — sin t 
sin 6     cos 6 

S(s) = 
s    0 

0    s 

(2) 

(3) 

where 6 is the rotation angle and s is the scaling factor. In this paper, we use a specific affine transformation for the 
proposed PRNG represented by Eq. (4). 

x' = 5(s)Ä(Ö)x + t, (4) 

where t is the translation vector representing image shift. 

In this method, the key codes are assigned by the parameters of the affine transformations and the number of 
iterations. Space of the decoding key codes, which is expected to be large for high security strength, is determined 
by the possible combinatorial number of the parameters and the iteration. Although the space seems to be smaller 
than other implementations of the PRNG, high sensitivity on the parameter of the affine transformations enables us 
to increase available values for the parameter. Even if the number is insufficient, switching of several sets of affine 
transforms during iterations can be utilized to enlarge the key code space. 

Figure 2 shows a sequence of 256 x 256 images generated by the PRNG with modulo 256 addition. At indicates the 
pattern generated by i times iteration. After 14 iterations, images with random intensity distribution are obtained. 

Figures 3 (a) - (c) show the patterns generated by different parameter sets of the affine transformations and 
iterations. The parameter sets are shown in Table 1, where i is the identifier of affine transformation. Figures 
3 (d) and (e) show the absolute value of intensity difference between Figs. 3 (a) and (b), and between (a) and 
(c), respectively. As seen from Figs. 3 (d) and (e), it is clear that these three patterns have different intensity 
distribution. Figure 3 (f) shows a specific case that random intensity distribution is localized into a fractal area. To 
use the proposed method for the stream cipher, the affine transformations and the iteration number must be selected 
to obtain a pattern where intensity is distributed randomly on the whole image. In this paper, to select the iteration 
number and the affine transformations, we calculate the autocorrelation function of the pattern, and verify if the 
autocorrelation function has only one peak on center of a plane like a delta function as described in the following 
section. 

3.  COMPUTER SIMULATION 

To verify the effectiveness of the proposed method, we executed a computer simulation of data encryption and 
decryption. The message (the target image of cipher) is a 256 x 256 pixel image whose intensity is represented by 
256 levels. Modulus for the image addition is 256. Figure 4 indicates (a) the message, (b) the key pattern, (c) the 
ciphered message, and (d) the decoded image. The key pattern is the same as the pattern in Fig. 3 (a). The ciphered 
message in Fig. 4 (c) has a pseudo-random intensity distribution in which the message content is not visible. 

To verify security strength of the proposed method, we try to retrieve the message by slightly different key 
patterns. The key pattern is generated by the affine transformations whose parameters are modified from that of 
the encoding key. The encoding key pattern is the pattern in Fig. 4 (b). Table 2 indicates the modified parameters. 
Figures 4 (e), (f), and (g) show the decoded images by the key patterns with different scaling factor, rotation angle, 
and translation vector. The correct image can not be retrieved by these keys. Figure 4 (h) shows the decoded image 
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Figure 3. Patterns generated by different parameter sets of affine transformations. 
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Table 1. Coefficients of affine transformations for patterns of Figs. 3 (a), (b), (c), and (f). 
Pattern i Si 0i t, iteration 
(a) 1 

2 
1.2 
1.2 

60 
120 

(50,0) 
(-50,0) 

19 
19 

(b) 1 
2 

1.2 
1.2 

60 
120 

(50,0) 
(-50,0) 

18 
18 

(c) 1 
2 

1.201 
1.201 

60 
120 

(50,0) 
(-50,0) 

19 
19 

(f) 1 
2 

0.7 
0.7 

60 
120 

(50, 0) 
(-50,0) 

19 
19 

(b) (c) 
v*£jS<*£ *7V>'**-."^ >.'/•->       %*i 

(e) (f) (g) (h) 

Figure 4. Verification of the proposed method: (a) message, (b) key pattern, (c) crypted message, and (d) encoded 
message, (e) - (h) are decoded image by slightly different key pattern, which are corresponding to Table 2. 

Table 2. Modified parameters and variations. 
Example parameter variation 
(e) Sl +0.01 

(f) 0i +0.1 

(g) ti +(1,0) 
(h) iteration + 1 
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Figure 5. Autocorrelation function of the generated patterns. 

by the key pattern with the iteration number one time larger than that of the encoding key. Even in this case, the 
correct message can not be obtained. As seen from these results, it is very difficult to decrypt the message by the 
keys similar to the encoding ones. 

Randomness of the intensity distribution is evaluated by statistical methods. In the case of a pattern with random 
intensity distribution, its autocorrelation function should be a delta function. Figure 5 (a) shows the autocorrelation 
function of the key pattern in Fig. 4 (b). It can be found that the autocorrelation function has only one peak on the 
center of pattern. As a consequence, the pattern is considered to have random intensity distribution. 

It is expected that the patterns generated by different numbers of iterations has no correlation peak because they 
have different random distribution. Figure 5 (b) shows the correlation function between the patterns obtained by 
18 and 19 iterations whose affine transformations are the same as in Fig. 4 (b). There is no peak on the correlation 
function. Therefore, we can verify that the patterns generated by the different number of iteration, even if the 
difference is just one, have different random distribution. 

4.  OPTICAL IMPLEMENTATION 

To clarify problems on optical implementation of the proposed method, we constructed the PRNG on the optical 
fractal synthesizer.11 Optical setup of the optical fractal synthesizer is shown in Fig. 6. This system can generate 
a fractal pattern for given system parameters by optical feedback processing. The input image of the optical fractal 
synthesizer is displayed on the CRT, and duplicated by the beam splitter BS1. Each image is rotated and reflected 
by the dove prism and translated by the tilted mirror in each optical path. The images passing through the different 
paths are combined by the second beam splitter BS2. After scaling by the zoom lens, the images are captured by 
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Figure 6. Optical setup of optical fractal synthesizer. 

Table 3. Parameters of affine transformations used in optical implementation. 
i     Sj       6j       t,  

1 1.0     150     (60,0) 
2 1.0     30       (-60,0) 

the CCD camera. The captured image is displayed on the CRT again, and the same procedure is repeated. After 
a large number of iterations, the initial pattern is transformed into a complicated shape specified according to the 
system parameters. 

To generate images with pseudo-random intensity distribution, the captured images through the different optical 
paths are added in modulo 2. XOR operation is used as modulo-2 addition, which is suitable for binary images. Figure 
7 shows an example of pattern sequence generated by the optical system. Parameters of the affine transformation are 
shown in Table 3. The resolutional points of the image is 200 x 200 pixel. The overlapped area of two transformed 
patterns becomes dark by XOR operation executed by the computer. After 12 iterations, bright and dark pixels are 
spread over the image area. 

Figures 8 (a)-(c) show results of message encryption and decryption using the optical PRNG, where the key 
pattern is the one obtained by 14 iterations shown in Fig. 7. In this case, the message is a binarized image to avoid 
effect of nonlinearity of the TV feedback system. As seen from Fig. 8 (c), the original message (Fig. 8 (a)) can not 
be retrieved. In addition, abstract structure of the message remains in the encrypted image of Fig. 8 (b). Difference 
between the key patterns independently generated by the same parameters is shown in Fig. 8 (d). As shown in this 
figure, the difference is relatively large. If we use the same key pattern as the encryption, the correct message is 
obtained as shown in Fig. 8 (e). It is clear that the obtained message is the same as the original. 

We investigated the reason why the pattern can not be reproduced correctly. A histogram of an image captured 
by the CCD camera is shown in Fig. 9 (a), where the captured image is illustrated in Fig. 9 (b). The histogram 
has three peaks corresponding to the three areas (the black, dark, and white areas in Fig. 9 (b)). Note that there 
are many pixels whose intensity is between the peaks. To execute the XOR operation to the captured image, two 
threshold intensity values are set between the low and middle peaks, and between the middle and high peaks. We 
used 23 and 37 as the threshold values in this optical experiment. In the XOR operation, intensity values between 
the two threshold values are transformed to 255, the others are transformed to 0. In the case that intensity of the 
pixels on the CRT display fluctuates temporally, the pixels whose value is close to one of the threshold values become 
error sources. 

Then we observed temporal transition of a pixel intensity in the captured image. In this experiment, a square 
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Figure 7. Random pattern sequence generated by the optical system. 

""(b)    * 

Figure 8. Result of optical implementation: (a) message, (b) data encrypted by a key generated optically, (c) 
message decoded by a key pattern generated independently, (d) intensity difference between the keys used for (b) 
and (c), and (e) message decoded by the key pattern used for (b). 

pattern is displayed on the CRT at first step. Then the square pattern is transformed by the optical affine transfor- 
mations shown in Table 3, and captured by the CCD camera. These processes are repeated 60 times. Finally, 60 
images are obtained sequentially, and intensity transition of one pixel is measured from the images. Figure 10 shows 
the transition of the pixel whose location is (30,200), where the coordinate system (x, y) is indicated in Fig. 9 (b). 
During the 60 iterations, intensity of the pixel fluctuates between 36 and 38 frequently. As seen from these results, 
reproduction of the same patterns is very difficult in this experimental system. To solve the problem, we should 
reduce the fluctuation of the pixel values, or reproduce the same fluctuation. 

Slow speed of the optical feedback operation is also an important problem. In the experimental system, speed of 
feedback operation is limited by the transfer frame rate from the CCD camera to the CRT, which is about 30 frames 
per second. A high speed optical feedback system based on the smart pixels with parallel optical input/output ports 
and free-space optics is expected to overcome the problem. 
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5. CONCLUSION 

We have proposed a method of stream cipher based on the PRNG using geometrical transformation, such as image 
rotation, scaling, and translations. The proposed method is suitable for optical implementation, and can generate 
2-D pseudo-random intensity distribution by optical parallel affine transformations and optical feedback processing. 
Security strength of the method has been evaluated by computer simulations. It has been shown that different key 
pattern can not retrieve the ciphered image if sufficient number of iterations were done for random pattern generation. 
The proposed method was implemented on the optical fractal synthesizer, which suggests that uniformity of intensity 
distribution on the image plane is important for correct decoding. 
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Abstract 

Because they produce small spot size, near-field techniques are applied to optical data storage 
systems in order to increase recording density. For data storage, the optical near field is defined in terms of 
evanescent coupling between the system used to read data and the recording layer. Two practical 
implementations that use evanescent energy are aperture probes and solid immersion lenses (SILs). In this 
paper, the basic characteristics of these systems are reviewed, and some considerations for improving 
performance are discussed. Combinations of SELs and apertures could produce data storage systems with 
ultra-fine resolution and good detection characteristics. 

KEY WORDS: optical data storage, near-field optics, solid immersion lens, aperture probes, evanescent 
energy 

1. Introduction 

Both solid immersion lens (SIL)1 systems and aperture2 systems have been used to record on and 
retrieve data from optical media. SIL systems are attractive because they produce spots smaller than 
conventional optical systems and they have high throughput. Aperture systems are attractive because they 
offer the smallest spot size. In this paper, both systems are reviewed in terms of basic detection properties, 
and considerations for improving system performance are listed. 

A typical arrangement for near-field optical recording using a SIL is shown in Figure 1. Light from 
a laser passes through a beam splitter and is focused onto a recording layer by an objective lens. The 
recording layer is on a disk that spins under the objective lens. The recording layer contains spiral tracks of 
mark patterns that differ in reflectivity from the area between marks. As the focused laser beam passes over 
a mark, the reflected light level changes. Changes in the reflected light level are sensed by using the beam 
splitter to direct a portion of the reflected light onto a silicon detector. The detector current, which is a 
representation of the mark pattern, is decoded to produce digital information. The fidelity of the detector 
signal determines the amount of data per unit length of track that can be decoded with high reliability. 

There are several factors that influence the fidelity of the detector signal. The most important factor 
for closely-spaced marks is the focused spot size s. Large s blurs the reflected light signal, resulting in a loss 
of contrast V in the detector signal. Contrast is defined as V= (I^x - /MINVCW 

+ 4IINX where 7,^ and 7^ 
are shown in Fig. 1. Conversely, if s is small, changes in the reflected signal are sharp as the marks traverse 
under the spot. Therefore, as s decreases, the contrast and fidelity increase. Increased fidelity and contrast 
lead to smaller detectable changes in the mark pattern, so smaller marks can be used and more data can be 
packed into each track. In systems that are limited by media noise, the signal-to-noise ratio is maximized 
by maximizing contrast. 

Unfortunately, s cannot be made arbitrarily small. Due to the physics of diffraction, the minimum 
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Figure 1. System for near-field recording using a 
SIL. 

Figure 2. System for near-field recoding 
using an aperture. 

spot size s for SIL systems is a function of the wavelength of the laser X, the focusing properties of the 
objective lens, system aberrations, and the thin-film structure used as the recording layer.3 A simple 
relationship that is used to estimate the full-width-at-1/e2 spot size for conventional gaussian illumination4 

at the stop is 5 = Xl (« sin0m), where X is the wavelength in air, 0m is the marginal ray angle, and n is the 
refractive index of the SIL. The marginal ray passes just at the edge of the stop, which is the limiting 
aperture of the system. The value of (n sin0m) is the effective numerical aperture NA^ of the system. As 
NAEFF increases or X decreases, the spot size s gets smaller, and mark density can increase. Given that new 
laser systems will be developed to reduce X,5 this paper describes how to increase NAEFF. 

A near-field aperture system is shown in Figure 2. An aperture of diameter d < X is placed in 
proximity to the recording layer, and the mark pattern is scanned. The illumination for the aperture can be 
from a fiber waveguide or a lens. The size of the light spot interacting with the marks is mainly determined 
by d. The reflected light collected by the objective lens is passed to the detectors, where the current signal 
is decoded to produce digital information. Like with the SIL system, smaller spots yield higher contrast and 
greater data density. This simplistic model can also be applied to superresolving systems, like SuperRENS 
media,6 as a basic description of the device. 

In the following sections, the basic detection principle of both systems is reviewed, and 
considerations for improved performance are listed. Section 2 briefly reviews how light scatters from near- 
field interfaces and how light is collected. Section 3 described the evanescent nature of near-field coupling. 
Section 4 describes how the scattered light produces modulation in the detector signal. Section 5 suggests 
avenues that may be useful for improving performance of near- 
field systems, and Section 7 presents conclusions form this 
work. 

2. Scattering and collection of light energy 

Light focused into the recording layers and scattered 
from them may be described in two ways. One way is in the 
spatial domain, where the physical distribution of light energy 
is determined as a function of the transverse dimensions at an 
observation plane inside the recording layers, as shown in Fig. 
3. The spatial domain is easily understood and is useful to 
estimate spot size and other parameters. The second way is to 
describe the energy in the frequency (or angular) domainP    Figure 3. 

Domains 
Spatial and Frequency 

127 



U) 

2 u5 
I™- 

D. 
CO 

2nS-SiO? (90nm) 
PdGeSbTe(19nm) 
2nS-SiOz (16rtm) 
Al-alloy    (150nm) 

50 100  150 200 
Air gap (nm) 

250 300 
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The angular distribution of the focused spot is 
found by taking the Fourier transform of the 
spot amplitude distribution.     The angular 
distribution   of   the   focused   spot   inside 
homogeneous recording layers (no marks) is 
called the illumination system transfer function 
(ISTF), and is useful for understanding the 
roles    of   evanescent    and    propagating 
energy.(refs: musters) The angular distribution 
of the reflected light is important, because it 
represents the distribution of reflected light 
collected   by the objective lens and incident 
onto   the   detector.      The   reflected   light 
distribution is often nonuniform, and it depends 
on the mark structure and medium parameters. 
Angular distributions are functions of direction cosines a and ß, which correspond to the x and y axes, 
respectively, in the spatial domain. The ISTF is denoted by H(a$; Az), where Az is the distance from the 
bottom of the near-field coupling surface to the observation plane. <xm is the direction cosine corresponding 
to the marginal ray angle, am = sin 6m. 

The ISTF has also been shown to be a fundamental design tool for analyzing and optimizing SIL 
systems that use phase-change media.8 For example, a plot of the peak energy, spot size, and contrast of a 
particular phase-change media geometry is shown in Fig. 4. For this system, the contrast is a more sensitive 
function of the gap between the bottom of a SBL and the recording surface than either the spot size or the 
peak irradiance in the recording layer. Shimura et al. in Reference 8 has shown a masking technique based 
on information obtained from ISTF calculations that improve contrast significantly for this system. 

3.   Evanescent characteristics of near-field devices 

In aperture systems, a hole smaller than s is placed in an otherwise opaque mask near the recording 
layer. Hole-type apertures can be made with diameters much less than 0.5 |Xm. The angular specturm 
contains components that are well outside the range possible with a far field system, that is, without near- 
field apertures or SILs. For example, consider a 0.25|im diameter aperture illuminated by a X= 0.5 [im laser 
beam with a uniform beam profile. The resulting angular spectrum \H(a,0; Az =0)| in air is shown in Fig.5. 
A dashed line is included to indicate the boundary line where 0Cm = 1. The energy outside the boundary line 
in Fig. 4 has special properties. It is called evanescent energy and does not propagate like the light inside 
the boundary line, which can be focused and imaged with a far-field system. Evanescent energy decays 
exponentially as the distance Az between the aperture and the observation plane increases. The rate of 
evanescent decay depends on the radius p     ' -----    _ . ...,_. . 
evanescent decay is 

= (a2 +  ß2 )'/j for p > 1.    A relationship that describes the 

//(a,ß; Ar)H #(a,ß;0)|expj-^ Vf^^j (1) 

where |//(Ct,ß;Az)| is the amplitude of the ISTF for a given Az. For example, Fig. 6 shows \H(a,0; 50nm)|. 
It is apparent that energy in the range p > 1 is significantly reduced, even at a distance of only 0.1 A. from the 
aperture. The resulting spot profile \h(x,0; 50 nm)| is much smoother than the spot profile \h(x,0; 0)| shown 
in Fig.5, so the detected signal is not as sharp when the hole is away from the data. Therefore, apertures that 
pass a significant amount of evanescent energy must be used very close to the data layer to gain full 
advantage of the smaller spot size. The effective numerical aperture for aperture systems is NAEFF = X/d, 
which is the approximate limit to the angular spectrum of the ISTF. 
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nm; B) The angular spectrum corresponding to (A). 

The SIL system also exhibits evanescent 
energy as light propagates into the gap. With respect to Eq. (1), the SIL evanescent decay is characterized 
by replacing p by p' = «p. If the SIL is used in air, focused light with direction cosines greater than the 
critical angle pc = 1 In (p' = 1) undergo total internal reflection (TIR) back to the objective lens.3 However, 
TIR light passes a short distance past the SIL interface where the light is evanescent, that is, exponentially 
decaying away from the interface. In fact, the evanescent decay is similar to decay of light from a hole-type 
aperture. 

For both hole-type apertures and SIL systems, the recording layer must be in proximity to the 
coupling surface. For hole-type apertures, the coupling surface is the aperture. For SILs, the coupling 
surface is the flat surface of the SIL. Without close proximity, the spot size increases and the total energy 
available for coupling into the recording layer decreases due to evanescent decay. What differentiates near- 
field systems from far-field systems is the use of evanescent energy to project small spot sizes into the 
recording layers. The small spot sizes of near-field systems are otherwise impossible to obtain with far-field 
systems using the same laser wavelength. 

Since a small air gap is present in both aperture systems and SELs, some decay of evanescent energy 
is always observed. If the energy in the gap has significant components beyond the p =1 boundary, even very 
tiny gap changes can produce significant changes in the light spot. An important observation is that not all 
of the energy is evanescent. However, as performance is pushed to smaller spot sizes, the amount of 
evanescent energy increases, and the sensitivity to gap variations is increased. 
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Figure 7. The basic process of detection for a DVD-type system with NA = 0.6. 

4. Detection and Modulation 

The basic process of detection is illustrated in 
Fig. 7 for a DVD-type far-field system. The focused 
spot h(x,y) with size s scans the data pattern m(x,y). 
The period of the mark pattern is T = 2Ä. The reflected 
light is modulated according to h(x,y)m(x-xs,y), where 
xs represents the scan coordinate of the disk. In 
frequency space, the Fourier transform of the mark 
pattern produces diffracted orders that, when convolved 
with H overlap within the collection area of the 
objective lens. Each diffracted order spans a range |cc| 
< 0.6. As xs increases, the phases of the diffracted 
orders change, and the resulting interference with the 
zero order creates light modulation in the overlap areas. 
The light modulation produces current modulation in 
the detectors, which is decoded to provide digital 
information. The larger the amount of overlap area, the 
larger the modulation. Large modulation produces high 
contrast in the detector current. 

The modulation behavior of an aperture system 
and a SIL system scanning a mark pattern. Figure 8(a) 
displays the angular (frequency) spectrum of a near- 
field aperture system for d = X/2 and T = X. The 
collection area corresponds to a lens with NA = 0.6. 

A) 

B) 

Angular Spectrum 

3 a 

Angular Spectrum 

na 
Figure 8. A) Angular spectrum for an aperture 
system; B) Angular spectrum for a SIL system. 
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Figure 10. 1/e2 decay distance of the marginal- 
ray evanescent field for two SIL materials and 
two wavelengths. Triangles refer to 
experiements as described in Figure 9. 

Notice that NAEFF -2.0. The overlap area is substantial, so a high contrast current signal should be expected. 
However, unlike the DVD system, substantial modulation exists outside the collection area. Figure 8(b) 
displays the angular spectrum of a SIL system for 0Cm = 0.6, n = 2.0, NAEFF = 1.2, and T = X. Like the 
aperture system, the overlap area is large, and high contrast is expected. The collection area is larger than 
the aperture system due to the SIL's high index of refraction. 

5. Avenues for Improving Performance 

A simple calculation based on 5 = A/nam yields the spot-size curves shown in Fig. 9 for SIL systems 
using LaSFN9 glass or GaP material. The curves are drawn as a function of CCm for three laser wavelengths, 
650 nm, 532 nm, and 420 nm. No curve is drawn for GaP material at 420 nm because the material is highly 
absorbing at that wavelength. The triangles (A) represent experimental data points or demonstrations. 
Dramatic improvement in spot size is obtained for all SIL systems. Beyond CCm = 0.6, the spot-size reduction 
is not significantly improved by increasing am. The GaP system at a laser wavelength of 650nm exhibits 
smaller s than the LaSFN9 system at a wavelength of 420 nm for a given value of CCm. 

Extending the performance of SIL systems beyond what has been demonstrated may be difficult due 
to the sensitivity of the gap height due to decay of the evanescent energy. Figure 10 shows the 1/e2 decay 
distance of the marginal ray versus the direction cosine of the marginal ray ocm. For low am and long 
wavelength, the decay length is large, and good tolerances are observed. However, this combination of 
parameters does not yield good spot size, as shown in Fig. 9. To achieve fine spot size, the wavelength must 
be short and n must be as high as possible. Figure 10 shows that with a laser wavelength of 420 nm and n 
= 2.0, the 1 /e2 decay length for the Sony system described in Reference 10 (system (d) in Figure 10) was less 
than 100 nm, which was the upper limit of the gap height used in the experiment. The system used in 
Reference 9 (system (c) in Figure 10), which uses a GaP lens and a laser wavelength of 650 nm, has similar 
tolerances. The optimum operating conditions for these experiments includes operating the SIL at a much 
lower gap height, say 50 nm or less. Even with today's state-of-the-art equipment, it is difficult to maintain 
this gap tolerance. With more experience and development, the practical gap height and associated 
tolerances may be reduced, but, at this time, it does not appear that much improvement is practical. This 
consideration of the evanescent day is a first-order consideration in the design of SIL systems. However, 
other considerations, like the signal contrast shown in Fig. 4, may limit the gap height before spot size or 
evanescent decay is problematic. 
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Figure 11. When using apertures to obtain small spot size, the 
distance to the observation plane is important due to the rapid 
increase in spot size away from the aperture. 

Aperture systems are not 
fundamentally limited by spot-size 
constraints. Focused-ion beam 
techniques have proven that apertures 
can be fabricated in Al and Cr metallic 
layers down to 50 nm diameter. 
However, the practical consideration 
of gap height and power throughput 
are limiting factors. For example, 
Figure 11 illustrates the tradeoff 
between gap height and aperture size 
with respect to spot size. Small holes 
with diameters ~ Xl 10 have low 
throughput and diverge rapidly in the 
gap. Larger holes with diameter ~ A/3 
have higher throughput and do not 
diverge as rapidly. Therefore, the spot size 5 in an observation plane a reasonable distance (-30 nm) from 
the aperture will be smaller for the large hole than for the small hole. 

An additional practical consideration is the concentration of thermal energy near the coupling 
surface. SIL systems that focus light within a few hundred nanometers of the bottom surface of the SIL. The 
focused light spot creates an intense heat source that can damage material in the gap, like lubricants. The 
damaged material can produce obstructions to the beam path. One solution to this problem is to provide a 
high-index cover layer on top of the recording surface 
a few microns thick. With the coupling layer, the light 
is slightly defocused in the gap, and the energy density 
is dramatically reduced. Therefore, the heat is largely 
removed from the gap region. However, practical 
difficulties remain with respect to the manufacturing of 
the protective layers. 

Combination of an aperture with a SIL can lead 
to improved detection. For example, Fig. 12 displays 
the angular spectra of two aperture systems scanning a 
mark pattern with T = 0.5A. Fig 12(a) displays the 
result for an aperture system, where only a small 
fraction of the modulation is passed to the collection 
area. Fig. 12(b) displays the result when a SIL is used 
in conjunction with the aperture. The amount of 
overlap area is significantly improved, and a higher 
contrast signal will result. However, combinations of 
apertures with SILs presents a significant challenge 
with respect to the practical aspects of such a device. 
For example, the focused beam must remain centered 
over the aperture during recording and playback. On 
the other hand, the aperture could be used to 
compensate for some systematic errors, like mild 
aberrations, caused by component misalignments. 

The very small aperture laser (VSAL)11 uses a 
metallic aperture to form the light spot that interacts 
with the recording layer, so it suffers the same 
considerations as other near-field systems with respect 
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Figure 12. A) Angular spectrum of an aperture 
system with closely spaced marks; B) Angular 
spectrum of an aperture + SIL system with 
closely spaced marks. 
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to the decay of evanescent energy and contamination of the near-field interface. Therefore, the size of the 
VSAL aperture is limited as shown in Fig. 11. Too small of an aperture is not practical due to the rapidly 
increasing spot size. However, the detection process for the VSAL is different than other techniques because 
detection occurs inside the laser cavity, which is very close to the aperture. In order to get the maximum 
benefit, the VSAL cavity should be designed to propagate the high spatial frequency components during 
readout, as shown in Fig. 8(a). 

6. Conclusions 

The basic detection process of both SILs and apertures is well described using a frequency-space 
description. Modulation of the detector current is shown to be due to overlap of diffracted orders in 
frequency space. As the marks become more closely spaced, the diffracted orders move farther apart, and 
the overlap area decreases. Near-field systems make use of evanescent energy in the gap that is represented 
in frequency space where p > 1 . Frequency components in the evanescent region decay exponentially as 
the gap increases. The contrast of the readout signal is shown to be more sensitive to gap variations than the 
spot size or peak irradiance when SELs are used with a phase-change media structure. 

The performance of near-field systems can be improved to give smaller spot sizes. For SILs, the 
implementation of both high index SILs with red wavelength and lower index SILs with blue wavelengths 
have been shown. However, these systems use a very small gap (~ 50 nm) that may be near the practical 
limit. Aperture systems with very small holes can only be used with the medium unpractically close to the 
aperture. Instead, slightly wider holes can be used to give small spot sizes with reasonable gap heights. The 
combination of a SIL lens and an aperture probe during readout can greatly improve the detectability. and 
contrast of the data signal. 
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Amplitude and phase apodization caused by focusing light through an 
evanescent gap in SIL recorders 

Joshua S. Jo*, Tom D. Milster, and J. Kevin Erwin 
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ABSTRACT 

High numerical aperture(NA) vector diffraction theory is used to analyze a near field optical system using a 
solid immersion lens (SIL). The amplitude and phase of the transmitted light through the system changes as a 

function of the air gap height as well as indices of refraction, incident angle, etc. We call these "amplitude 
apodization" and "phase apodization". The characteristics of those are done using supergaussian form. The 
effects of amplitude and phase apodization on irradiance are investigated for various index of refraction and air 
gap height. 

Keywords: apodization. gap-induced aberration, evanescent coupling, characteristics, etc 

1. Introduction 

In optical systems the apodization of amplitude and phase degrades system performance. Phase apodization is called 
aberration. The focused spot-size in the recording media increases when aberrations are introduced. The peak intensity 
of the focused spot is also decreased by the aberrations. Amplitude apodization also decreases the peak intensity of the 
focused spot. Previously, we have shown the characteristics of phase apodization in solid immersion lens(SIL) systems 
and their effects on system performance.111 

In this paper, we investigate the characteristics of amplitude apodization in SIL-systems. The origin and effect of the 
phase apodization is also studied in conjunction with amplitude apodization. 

2. Theory 

In SIL-systems, there is an air gap (n2 = 1) between the SIL and the recording media, as shown in Fig. 1. The focused 
light wave is transmitted from the high index SBL to the low index air by evanescent coupling. The spot size is 
governed by A/NA«,ff, where NA^ is, 

NAeJT=nSILsmOm <i), 
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where nSIL is the index of the SIL and 0m is the marginal ray angle emitted from the exit pupil. From Eq. (1) it can be 
seen that the spot size decreases with increasing SIL index as well as increasing marginal ray angle. 

According to diffraction theory, the focused electro-magnetic field can be represented as a linear summation of electro- 
magnetic plane waves emitted from the exit pupil. By definition, the focused electro-magnetic field is the amplitude 
point spread function (APSF) of the system. Therefore the APSF can be represented as a linear sum of plane waves. In 
this model the plane waves making up the APSF do not just interact with the air. The plane waves interact with the air, 
the SIL, the disk substrate and the thin film stack on the substrate, which are together considered as thin film structure. 
This thin film structure is called "the system". Therefore the plane waves reflect and transmit through the system 
according to Fresnel's equations in p- and s- directions. Thus the effects of polarization and thin films are considered. 

The direction cosine Fourier transform of the APSF, including the effects of the system, is the "illumination system 
transfer function" (ISTF). Therefore the ISTF at the exit pupil includes characteristics of the thin film.'21 The phase of 
ISTF is affected by the air gap height. This is called the phase apodization, or gap-induced aberration, due to the 
change of the phase by the air gap height. It is one kind of the instrumental aberration discussed by Chipman.131 Here 
we extensively include the effects of gap induced aberration, even into the total internal reflection(TIR) region. The 
amplitude of the ISTF is also affected by the thin film character. This effect is called amplitude apodization. 

The gap-induced aberration is also explained by the plane waves interacting with thin film structure as shown in Fig. 2. 
The initial phase of plane wave, <}>, changes phase 4>3. The phase difference A(}> = <f>3 - <j>i is the aberration 
introduced by gap height. It is dependent upon the polarization state, index of refraction of materials («), and the gap 
hcight(/z). Mathematically, the complex phase of the transmission coefficient explains the phase apodization as shown 

in Eq. (2). 

E        E   e'*3 

where E, is the transmitted field and E; is the input field. The transmitted field coefficient, t is dependent upon 
polarization state and the index of refraction of each layer, gap height, wavelength, etc. 

The gap-induced aberration exits in the angular spectrum of the ISTF, not on the image plane. Figure 3 (a) 
explains that the electric field at the image plane is expressed as the form of A(x, y, z) exp [i * <P(x, y, z)]. Here, the 
phase distribution. <E>(x, y, z) is not a gap-induced aberration. In Fig. 3 (b), the electric field of the ISTF is expressed as 
A'(a, ß, Y) exP [i x $'(«= ß> Y )L where *£'( a> ß? Y)is ^ gap-induced aberration, because of its dependency on 
angular space variables. The image distribution is found by convolution of Fourier transform of A'(a, ß, y) and the 
Fourier transform of exp [i * <&'( a, ß, y )]. 

3. Characteristics of apodization 

3.1. Characteristics of amplitude apodization 

Changes in the amplitude of the ISTF due to system variables are called amplitude apodization. Each profile of 
amplitude apodization in p- and s- direction is shown for h = lOOnm and n = 2.38 in Fig. 4. P-(solid line) and s- 
profile(dashed line) is shown. Profiles of the amplitude apodization in s-direction are investigated versus index of 
refraction and air gap width. S-profiles are fitted into a convenient mathematical form, called the "supergaussian ", to 
within maximum rms error of 1.6 %. The rms is the difference value between the original amplitude apodization and 

136 



the fitted one. The supergaussian is explicitly, 

f(a,ß)=Acxp[-(a,ß)/RfN (3) 

where A is the amplitude, R is the width. A' is the shape factor. For example N = 1 results in f(a, ß) having a gaussian 
shape in the pupil,   a and ß, represent the direction cosines in p-direction and s-direction of the pupil, respectively. In 
our example, NA^ is 0.7. Figure 5 displays the relevant relationship between R and A. The index of refraction varies 
from 1.5 (glass) to 3.1(GaP). The gap height varies from 0 to 300nm. The value of A ranges from 0.1 to 0.6 as shown 
in Fig. 6(a). The value of A increases as h increases for a given n. For values of n equal to or greater than 2.4 A 
increases linearly as h increases. The value of R ranges from 0.55 to 0.4, as shown in Fig. 6(b). The value of R 
decreases as h increases for a given n. For values of n equal to or greater than 2.4 R decreases linearly as h increases. 
The value of N ranges from 1.4 to 2.3 , as shown in Fig. 6(c). The value of N increases non-linearly for n less than 2.4. 
For values of n equal to or greater than 2.4, N decreases. The rms values for fitting errors are displayed in Fig.6(d). 
The rms value of the amplitude apodization fitting is less than 1.6%. 
However, supergaussian is not good function for p-profile of amplitude apodization, as shown in Fig. 4, It behaves 
differently from supergaussian form. 

3.2. Characteristics of phase apodization 

Two dimensional distribution of the gap-induced aberration is also investigated versus n and h. Like the amplitude 
data, each phase profile is also fitted to the supergaussian form within maximum rms error of 2 % of A. Therefore, the 
shape of the gap-induced aberration is well characterized by a supergaussian over a wide range of« and h. The A value 
has range of 0.1 to 0.6A in p-profile and 0.1 to 0.4A in s-profile, as shown in Fig 7. The A value increases as n or h 
increases. The A value is larger in p-direction than in s-direction. R and N values are well characterized1'1 

4. Spot widthCFWl/e2) and peak irradiance 

Figure 8 shows spot width(FWl/e2) in p- and s-direction. Amplitude-only apodization effects are displayed by dashed 
line. Amplitude and phase apodization are showed by solid line. The phase apodization affects significantly spot size in 
p-direction as shown in Fig. 8(a). Phase apodization does not affect the spot size in s-direction seriously. Maximum 
spot width is 0.6p,m in p-direction for amplitude-only apodization case. Maximum spot width is l.lp.m in p-direction 
for amplitude and phase apodization. 

Figure 9 shows comparison of peak irradiance for a range of 1.5 to 2.38 of«. Amplitude-only apodization gains larger 
peak irradiance than amplitude and phase apodization. Amplitude and phase apodization degrade peak irradiance of 
amplitude-only apodization. Therefore, the phase apodization reduces the peak irradiance of amplitude-only 
apodization. The difference between peak irradiances decreases as n increases. For n equal to 2.38, there is small 
difference between peak irradiances. 

5. Conclusion 

The air gap induces the amplitude and phase apodization in STL systems due to vector diffraction effect. Amplitude 
apodization in s-direction is well characterized in SIL systems in terms of magnitude, width, and shape factor. The 
phase apodization affect the spot width significantly in p-direction. It also reduces peak irradiance. 
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Figure 1. A diagram of the system configuration. Collimated 
electro-magnetic waves are focused by a lens placed in the exit 
pupil. The focusing electro-magnetic waves propagate to the SIL, 
which focuses the light to form a spot. The focused electro- 
magnetic wave can be described by a linear summation of plane 
waves. 
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Figure 2. Explanation for the phase change 
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Figure 3. Right understanding for the gap-induced aberration 
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Figure 4. P-and s-profile of amplitude 
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profile is represented by solid line. S-profile is 
represented by dashed line. 
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Figure 6. (a) The value of A of amplitude apodization in s-direction vs n and h (b) the 
value of R of amplitude apodization in s-direction vs n and h. (c) The value of N of 
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Figure 7. The A value of phase apodization vs n and h. Solid line represent p-direction, 
while dashed line does s-direction in the pupil 
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Figure 8. (a) Spot width in p-direction vs n and h. (b) Spot width in s-direction vs n and h. 
Solid line represent the both amplitude and phase apodization case. Dashed line represent 
amplitude-only apodization. 
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Figure 9. Comparison of peak irradiance for a range of 1.5 to 2.38 of n. Solid line 
represent peak irradiance for amplitude-only apodization. Dashed line represent peak 
irradiance for amplitude and phase apodization. 
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Exit Pupil Patterns from Optical Disks 

Robert S. Upton and Tom D. Milster 
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ABSTRACT 
The modulation of the irradiance in the exit pupil of an optical data storage scanning system is described by 
analyzing the behavior of scan-dependent interference fringes. These fringes are grouped into three independent 
irradiance components. The variation of the exit pupil irradiance pattern as a function of groove depth is discussed. 

Keywords: Diffraction, Interference, Pupil Irradiance Modulation, Scanning Optical Microscope 

1. INTRODUCTION 

Optical data storage scanning systems are a sub-class of optical microscopes that use a coherent laser source. The 
laser light is focused onto semi-periodic marks recorded on the data layer of a rotating optical disk. The semi-periodic 
property of the marks the marks to be well represented by a Fourier series. The laser light field scattered from the 
optical disk is collected by a high numerical aperture (high-NA) collection lens. The electronic readout signal is 
generated by a detector placed in the exit pupil. In this paper, the effects of the phase depth of the pre-grooves on 
the disk on the exit pupil irradiance modulation are discussed. The exit pupil irradiance modulation with varying 
groove depth is simulated using Optiscan,1   which is a Matlab2 based diffraction code. 

Section 2.1 presents a high-NA scalar diffraction model that is used to describe the propgation of the light fields 
from the optical disk to the exit pupil.3 Section 2.2 also presents a technique that describes the reflected light field 
from the optical disk as a linear summation of component disk fields by Babinet's principle.4 Section 3 presents the 
simulation parameters and optical disk model used in the computer simulations. Section 4 presents the simulated 
exit pupil irradiance modulations. 

2. DIFFRACTION MODEL 

In this section a high-NA scalar diffraction theory is outlined and the linear decomposition of the light field reflected 
from the optical disk is discussed. 

2.1. High NA Scalar Diffraction Theory 
Figure 1 shows a simplified layout of the optical data storage scanning system. Light from the laser source is 
collimated and then focused onto the optical disk where it interacts with the data marks. The data marks scatter 
the incident laser light, which is collected by the collection lens. The scanning system can be represented by the 
illumination pupil, disk and collection pupil, as shown in Fig. 1(b). 

The light field in the illumination pupil is denoted by Ö/x,i,(a,/?). a and ß are direction cosines, which are 
also the coordinates of the pupils. The focused light field on the optical disk is denoted by ODISK{X,V). X and 
y are wavelength-normalized spatial variables. The relationship between the direction cosines and the wavelength- 
normalized variables is described by a propagating plane wave, 

U(x, y) = A{x, y) exp[27ri(xa + yß)]. (1) 

a and ß are also Fourier transform conjugate5'6 variables with x and y, respectively. 

The relationship between Ö/i,i,(a,/?) and OoiSK{x,y) is, 

ODISK(X, y)=exp [-« (^±£) ] f°° f° ÖILL(a, ß)fexp[ ^ exp [2m{ax + ßy)]dc*dß, (2) 
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Figure 1. A schematic showing the geometry of an optical data storage scanning system, (a) The optical data 
storage scanning system is shown unfolded, (b) The scanning system can be represented as an illumination pupil, 
optical disk and collection pupil. The fields in the pupils reside on a surface called the reference sphere. The radius 
of the reference sphere in the illumination pupil equal to the radius of the focusing light field and the radius of the 
reference sphere in the collection pupil equal to the radius of the diffracted light field. 

where f is the wavelength-normalized radius of the illumination pupil illustrated in Fig 1(b). 

ODISK {X, y) is modified upon reflection by the data marks, which are represented by the mark reflectivity function 
Cji{x,y). The field reflected from the disk is, 

UDISK = CR(x, y)0DISK(x, y). (3) 

The form of the reflected field in the collection pupil, ÖcoLL(oc,ß) is, 

/»OO      /"OO 

ÖCOLL(a,ß)=        /    UDisK{x,y) 
J oo   J oo 

ij exp (i2irf) 
exp[iri m exp [-2wi(ax + ßy)}dadß. (4) 

Substitution of Eq. (4) into Eq. (2) and use of the convolution theorem for Fourier transforms7 results in a simple 
analytical expression for OcoLL{<x,ß)-> which is, 

/■OO      /-OO 

ÖcoLL(a,ß) = ÖiLL{a',ß')CR{a -a',ß- ß^da'dß'. 
Joo   Joo 

(5) 

ÖR{a,ß) is the Fourier transform of the mark reflectivity function. Therefore, the field in the collection pupil is 
the two-dimensional convolution between the Fourier transform of the disk reflectivity function and the field in the 
illumination pupil. 

The irradiance in the collection pupil, ECOLL(<*, ß) is 

EcoLL(a,ß) = ÖCOLL(a',ß'yÖcoLL(a,ß). (6) 
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2.2. Linear Decomposition of the Optical Disk Light Field 

This section is a mathematical description of the exit pupil irradiance modulation using the scalar diffraction model 
developed in section 2.1. 

(a) 
Mark geometry 

(b) 
Disk geometry 

Yo 

Focused spot 

• On-track {Uof/i 
-Off-track (IW) 

■ BackgrouncKUss) 

Collection 
Pupil 

(c) 

Field combination 
and interference 
(similar te 
interferometer) 

UON + Uua|* = IMSE 

UofT +   UBGU = I** 

UVrUoN + U*ONUOFF= U 

Figure 2. A schematic showing the disk model used in the formation of the exit pupil irradiance. (a) The mark 
geometry and shape simulated. & and rn are the length and width of the data mark on the i'th data track, (b) The 
disk geometry and disk component fields for on-track, UON, off-track, UOFF, and background, UBG, are shown, (c) 
The fields in the pupil combine and form the pupil irradiance. The total pupil irradiance is decomposed into three 
signal groups. The first group is BASE, which is the combination of UON and UBG- The second signal group is 
SMX, which is the combination of UOFF and UBG- The third group is IMX, which the interference between UON 

and UOFF- 

In this section the total field reflected from the disk, UoisK(x,y), is re-expressed as a linear combination of disk 
component fields by use of Babinet's principle.4'8 The disk component fields are also known as the Babinet fields. 
Figure 2 is a schematic of the disk model used in the description of the diffraction from the optical disk to the 
collection pupil. The total field reflected from the optical disk is rewritten as, 

UDisK(x,y) = [rLuBG(x,y) + (r\i -rL)u0N{x,y) + exp(i<j>G)(rM -rL)uoFF(x,y)]0DisK(x,y). (7) 

\ri\ is the scalar reflectivity of the disk without data marks, \TM\ is the scalar reflectivity of the data marks and </>G 

is the phase depth of the pre-grooves on the disk. <j>a is related to the physical groove depth d by, 

4>G = 
47rd 

(8) 

where A is the vacuum wavelength of the light source. The off-track data marks are located in a groove, therefore 
the phase of UOFF{X, y) is modified by <f>G- 

One of the properties of optical data storage scanning systems are semi-periodic data marks. The semi-periodic 
property of the data marks allows the Babinet fields, uoN(x,y), uoFF(x,y) and UBG(x,y), to be expressed as 
a Fourier series.5'9'7 Therefore, using the parameters defined in Fig. 2(a) and (b), uoN(x,y), UOFF(^,J?) and 
UBG(x,y) are 

M /»    _ -\ 
uoN(x,y)   =   fi[y)   J2   Rmexp[-2nim(-^=—)]*S(y), (9) 
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UOFF{X,V)    =   Mv)   J2   Smexp[-2nim(^^)]*S(y-Y0), (10) 
m=—M 

N /  ~ \ 
UBG(£,S)    -     £  AexppTrmf^-)]. («) 

n=-N 

In our analysis, the data marks are separable functions of x and y, which allows the pupil fields associated with the 
marks to be represented as separable functions of a and ß. The delta functions 6{y) and 8(y - y0) in Eqs. 9 and 10 
locate the y center of the data tracks. Therefore UON and UOFF have their y centers located at y = 0 and y - y0, 
respectively. The functions h {y) and /2(y) describe the variation of UON(X, y) and U0FF(X, y) along the y direction. 
The * describes a one dimensional convolution operation. Rm, Sm and An are the Fourier weighting coefficients. 
The coefficients are dependent upon the mark shape and size. 

The corresponding Babinet fields in the collection pupil are calculated by taking the Fourier transforms of Eqs. 
9, 10 and 11, and then applying Eq. 5. The result is, 

ÖoN(a,ß)    =      JT   Rmexp[-21rim{^J][F1iß)*ÖItL(a-ji,ß)], (12) 
m=—M 

ÖoFF{oc,ß)    =      X)   SmeM-^irn(^^)][F2(ß)^(-2irißyo)*ÖILL(a-^-,ß)}, (13) 

m= — M 
N 

ÖBG{<x,ß)    =    ÖILL(a,ß) + [exp(i<t>G)-l]  J2 AnÖILL{a,ß - ^-). (14) 
n=—N 

ÖOFF((X, ß) in Eq. 13 contains a linear phase in the beta direction of the pupil due to the off-set of UOFF(X, y) from 
the on-track. The functions Fi(ß) and F2(ß) are Fourier transforms of the functions My) and My), respectively. 
The one-dimensional convolution functions in Eqs. 12 and 13 can be represented as a single function, Km, 

mß)*ÖILL{a-^-,ß)}    =   nm(ß,0) (15) 
Ji 

[F2(ß)exp(-2mßyo)*ÖiLL{a-^;ß)}    =   nm{ß,y0)- (16) 
Ji 

Km{ß,yo) is a complex number and Km{ß,Q) corresponds to the case y0 = 0. Figure 3 shows the amplitude and 
phase variation of Km along the ß direction of the pupil for the on-track case and the off-track case. In big. 6(&) 
the amplitude of the off-track field in the pupil is smaller than the on-track amplitude as a consequence of the linear 
phase component of Km(ß,y0) in Eq. 16. In Fig. 3(b) the linear phase in Eq. 16 results in a linearly varying phase 
along the ß direction for the off-track scanning case. From Eqs. 12, 13 and 14 the Babinet fields in the pupil are 
distributed into a summation of diffraction orders. The diffraction orders in Eqs. 12 and 13 are distributed in the 
a direction, which is in the scan-direction of the pupil. This distribution occurs because UöJV («,/>) and U0FF (<*,£) 
are arranged in the scan direction of the disk. This distribution is illustrated in Fig. 4. 

The total field in the collection pupil, ÖCOLL is written as, 

ÖCOLL = rLÖBG + [rM - rL) exp(#G)Ö0jv + {rM - TL)ÖOFF- (17) 

The irradiance in the pupil is calculated by means of Eq. 6. The irradiance in the pupil is described by a summation 
of interference fringes, some of which modulate the irradiance pattern as the marks are scanned. The modulating 
fringes in the pupil are grouped into the three signal groups, EBASE{a,ß;x0), ESMx{ot,ß;x0) and £JMX(<*,/?;a:o), 
as described in Fig. 2. The explicit form of the BASE signal group is, 

EBASE{a,ß;x0)   =   2Ar2£l&l*(ß0)|2 [cos (2™^) +*in (2™f)] (18) 

m 

+    2rLAr £ B^Kmiß; 0)ÖILL{a, ß) cos \2nm^ J 
m 

+   2rL Ar £ £ Rm Annm (/?; 0) [cos ^Trrog + 4>G J - cos [2™^- J 
n 

ÖlLt{OL,ß--). 
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Figure 3. The variation of the (a) amplitude and (b) phase of the one-dimensional convolution along ß for on-track 
and off-track scanning that is represented by \Km\ and Arg{nm), respectively. 
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Figure 4. For periodic marks arranged along the x direction of the disk the diffraction orders are arranged along 
a in the pupiL The modulation of the irradiance in the pupil occurs in the overlap regions between the different 
scan-track higher diffraction orders {ÖON and ÖOFF), and the diffraction orders of OBG(<*,P)- 

EBASE(CX, ß; x0) consists of three distinct sets of interference fringes. The first set is the interference of the higher 
m on-track diffraction orders. The phase of the modulation of this fringe has cos and sin components, which are in 
quadrature with respect to each other. 

The explicit form of the SMX signal group is, 

ESMx(a,ß;xo)   =   2Ar2£^l|/c(/?;2/o)|: 

+ 

+ 

>s ( 2Trm~- + Arg(Km) J + sin (2^m^- + Arg{Km) j 

2rLAr]TSmKm{ß\y0)ÖlLL(a,ß)cos (2irm^- + Arg(izm) -<j>G) 

2rLArYiy2SmAnKm(ß;yo)cos (27rm^ +Arg(Km) }ÖILL{a,ß - £-) 

(19) 
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2rLAr J^ $] srnAnK>m{ß; 2/o) cos (2-KTTI^ + Arg(Km) - fc) 
n 

2/0 

Like EBASE(a,ß,&o), ESMx(a,ß,x0) has three distinct sets of interference fringes. The first set is a result of the 
interference between the off-track pupil fields. From Fig.3(b) Arg(Km) is a linearly varying phase function with 
respect to ß. Arg{n) < 0 for -NA < ß < 0 and Arg[n) >0foi0<ß <NA. The effect of Arg(Km) combined with 
the scan phase, 27rnix0/T2, is described with the aid of Fig. 5. The phases in the four quadrants are, 

<j>A    =   Arg(Km) - 27rm^-, 

Xo 
(j>B    =   -Arg(Km) - 27rm 

4>c -Arg(Km) + 2-nm 
Xo 

4>D    =   Arg(nm) + 2irm 
Xo 

?2 

(20) 

(21) 

(22) 

(23) 

Taking the cos and sin values of the phases describes the modulation between the four quadrants that is rotational. 
The modulation of the remaining sets of fringes is also rotational due to a similar phase variation between the four 
quadrants. The presence of </>G in the phases of these fringes results in a shift of these fringes along the ß direction 
of the pupil. The shift of these fringes affects the overall rotation modulation of ESMX (a, ß, £0) in the pupil. This is 
further described in sections 4.2 and 4.3. The rotational characteristic of the exit pupil irradiance as off-track marks 
are scanned is the basis of segmented pupil detection schemes for tracking10 and crosstalk cancellation11'12 in optical 
data storage. The rotation of the exit pupil irradiance for off-track scanning can be quantified by quadrant pupil 
detection,10-11 in which the detector in the exit pupil is divided into quadrants, as in Fig. 5. Taking the sums of 
the integrated irradiance along the two diagonals and then taking their difference results in the QPD signal iQPD(t). 
Mathematically this is 

iQPD = M +*C - iß -*£>■ (24) 

Figure 5. The modulation of ESMx (a, ß, x0) in the pupil can be described by considering the phase of the cos and 
sin modulation in four quadrants of the pupil. The phases of the modulations in the four quadrants is denoted by 
<t>A, <t>B, <t>c and (/.D, respectively. The rotational modulation of ESMx((x,ß,xo) is quantified by the quadrant pupil 
detection signal, which is IQPD — iA + ic — iß — iD- 

The form of the jBjMx(a,/5,£0) is, 

EIMx(a,ß;t) = 2Ar2]^ÄroSm|Kro(/?;0)Km0?;j/o)|cos 2-nm [ ^°- - ?°-) - Arg(Km) - <j>a (25) 
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EIMX (a, ß, xo) consists of a single set of fringes. As with ESMX («, ß, x0) in Eq. 19 the IMX interference fringe has 
rotational characteristics due to the linear property of Arg(Km) in the phase of the fringe modulation. The presence 
of <J>G in the interference fringe causes the IMX fringe to be shifted in the pupil for different groove depths. 

3. DISK MODEL AND SIMULATION PARAMETERS 

Table 1 lists the simulation parameters for the quantities described in Fig. 2. The simulation parameters also include 
the the disk reflectivities and the variation of groove depth. These parameters are programed in Optiscan and the 
signal groups are calculated according to the linear decomposition model developed in section 2.2. 

Table 1. The simulation parameters for the disk model. The quantities listed refer to the parameters given in Fig 
2. 

NA 

Groove Depths 

V 

TM 

Tb 

0.65/xm 

0.6 

0.5pm 
0, A/40, A/20 3A/40, A/10, A/8, 6A/40, 7A/40, A/5, 9A/40, A/4 

0.4pm  ____ 
1.08pm 

1.08pm 

0.006 

0.2 

4.  THE IRRADIANCE MODULATION IN THE COLLECTION PUPIL 

This section presents simulated exit pupil irradiance modulation results. The results are separated into three sections 
containing the BASE, SMX and IMX pupil irradiances, respectively. The pupil irradiances for each signal group are 
shown for the four scan locations, I, II, III, IV, which are shown in Fig. 6. 

Ill        IV 

1    1    1    i 

Figure 6. The scan locations, I, II, III, rV on the disk corresponding to the pupil irradiances shown in sections 4.1, 
4.2 and 4.3. 

4.1. The On-track Data Irradiance Modulation (BASE) 
Figure 7 shows the the on-track scanning pupil irradiances for for the scan positions and groove depths indicated. 
The diffraction orders introduced by the grooved background are clearly seen lying along the ß direction of the pupil 
for groove depths greater than zero. 

The modulation of the fringes is along the a direction of the pupil. The data marks being scanned he along the 
x direction of the disk, introducing the higher on-track diffraction orders in the a direction of the pupil, which is 
illustrated in Fig. 4. The modulation along a occurs from the overlap of the higher on-track diffraction orders with 
the on-track zero'th order and background fields. The symmetry of the fringe modulation along a is determined by 
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the groove depth. This can be seen from the variation of the pupil irradiance patterns for changing groove depths 
for scan position I. The effect of groove depth on the pupil irradiances leads to the conclusion that the modulating 
fringe that contains the phase of the groove in the cosine dominates the BASE signal group modulation for groove 
depths greater than zero. The fringe in question is described by the third term in Eq. 18, which is, 

2rLAr ]T ]T RmA„Km(ß; 0)  cos ('. 2irm— +<f>G ) 
Ti ) 

U cos   ZTrm— 0 ÖiLL{a,ß-r). 
yo 

(26) 

d = 0 

d = V10 

d = V8 

d = X/6 

d = A/4 

Figure 7. The pupil irradiance modulation for the BASE signal group. The pupil patterns are arranged for the 
groove depths indicated in rows and in columns for the scan positions I, II, III and IV. The bright portions of the 
pupil are positive contributions to the pupil irradiance and the dark portions are zero. 

The form of Eq. 26 can be used to predict the symmetry of the fringe movement along the a direction of the 
pupil. Fig. 8 is a cosine function describing the BASE irradiance modulation between the a > 0 and a < 0 portions 
of the pupil. For cj>G = 0, which corresponds to position A on the cosine function in Fig. 8, the modulation of the 
fringe in the pupil, described by Eq. 26, is the same for a > 0 and a < 0. For A/8 groove depth, which corresponds 
to position B on the cosine function, the modulation of the fringe in the pupil for a > 0 has opposite phase to the 
modulation of the fringe in the a < 0 portion of the pupil. Therefore, according to Eq. 26 the difference of the 
integrated irradiance between the a > 0 portion and the a < 0 portion is a maximum for groove depth of A/8. This 
is confirmed by the results of the computer simulation, as shown in Fig. 9. 

4.2. The Off-track Data Irradiance Modulation (SMX) 
Figure 10 shows the off-track scanning pupil irradiances for the groove depths and scan locations indicated. The 
scan locations, I, II, III and IV are shown in Fig. 6. The bright portions of the pupil are positive contributions to 
the irradiance and the dark portions are zero. The modulation of the irradiance in the pupil is highly dependent 
upon groove depth. This is seen from the plots in Fig. 11(a) and (b). 

All the modulating fringes in Eq. 19 rotate as the off-track data marks on the disk are scanned. For the groove 
depth of zero the modulation of the irradiance is determined by one set of fringes, which is highly rotational, as can 
be seen by the large QPD amplitude in Fig. 11(a). By introducing a grooved substrate, more interference fringes 
are introduced into the pupil. This effect is seen from Eq. 19. Each of the fringes has a rotational modulation in the 
pupil, but the groove dependent fringes are shifted in the pupil by an amount that is determined by the value of <j>G. 
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Figure 8. The modulation of the BASE signal group fringe can be described by considering the fringe modulation 
off-set values, which are dependent upon the groove depth. Positions A and B on the cosine function correspond to 
groove depths 0 and A/8, respectively. The arrows correspond to modulation of the fringe for the a > 0 and a < 0 
portions of the pupil. 

0.05 0.1 0.15 
Groove Depth (A.) 

0.2 0.25 

Figure 9. The amplitude of the integrated irradiance modulation for the BASE signal group between the a > 0 
and a < 0 portions of the pupil. 

This shift has the effect of reducing the overall rotation of the total irradiance, and increasing the modulation along 
the ß direction of the pupil. The amplitude of the modulation of the fringes along the ß direction of the pupil for 
different groove depths can be seen in Fig. 11(b). For the range of groove depths A/10 < d < A/6 the modulation 
of fringes is almost exclusively along the ß direction of the pupil, with very little rotation. 

4.3. The Irradiance Modulation of the Interference between On-track and Off-track (IMX) 
Figure 12 shows pupil irradiances for the interference between the on-track and off-track fields. The bright regions 
are positive contributions to the irradiance and the dark regions of are negative contributions to the irradiance. This 

151 



d = 0 

d=A/10 

d = M8 

d = X/6 

d = X/4 

Figure 10. The pupil irradiance modulation for the SMX signal group. The pupil patterns are arranged for the 
groove depths indicated in rows and in columns for the scan positions I, II, III and IV. The bright portions of the 
pupil are positive contributions to the irradiance and the dark portions of the pupil are zero. 

(a) (b) 

0.8 

?0.6 
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<0.4 
1 Littl 
•2*0.2 co 

"N 
i rotation    i \      i   / 

>        ■ i —.  

0.05   0.1    0.15   0.2 
Groove Depth (X) 

0.05   0.1    0.15   0.2 
Groove Depth (X) 

Figure 11. For the SMX signal group, (a) The amplitude of the QPD signal as a function of groove depth, (b) 
The amplitude of the integrated irradiance between the ß > 0 and ß < 0 portions of the pupil. 

is a result of the IMX signal group being a cross modulation between the on-track and off-track fields. Eq. 25 shows 
that the IMX pupil irradiance consists of a single set of fringes. The modulation of the IMX fringe in the pupil is 
highly rotational. IMX is more rotational for all groove depths compared with SMX because IMX consists of a single 
interference fringe. 

The IMX fringe shifts along the ß direction of the pupil for differing groove depths. The rotation of the fringe is 
unaffected by the groove depth. However, the shifting IMX fringe affects the integrated readout signal. This is due 
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Figure 12. The pupil irradiance modulation for the IMX signal group. The pupil patterns are arranged for the 
groove depths indicated in rows and in columns for the scan positions I, II, III and IV. The bright portions of the 
pupil are positive contributions to IMX irradiance and the dark portions of the pupil are negative contributions. 

to the distribution of the IMX fringe in the pupil. For groove depth A/8 there are equal amounts of positive and 
negative irradiance contributions in the pupil, which gives an integrated signal of zero. The same occurs for forming 
the QPD signal, as shown in Fig. 13. 

5. CONCLUSIONS 

The total field reflected from the optical disk is described as a linear summation of fields reflected from the on-track 
data marks, off-track data marks and the background, respectively. The fields are propagated to the exit pupil of 
the optical data storage scanning system where they combine and interfere to form the total exit pupil irradiance 
pattern. The total exit pupil irradiance is grouped into three meaningful terms, BASE, SMX and IMX. The BASE 
irradiance results from the combination of the on-track field with the background field. The SMX irradiance results 
from the combination of the off-track fields with the background fields. The IMX irradiance occurs as a result of the 
interference between the on-track fields and the off-track fields. The modulating components of BASE, SMX and 
IMX are termed the BASE, SMX and IMX signal groups. 

The modulation of the pupil irradiances for the signal groups is described by the modulation of interference 
fringes. The BASE and SMX signal groups consist of three groups of interference fringes. The IMX signal group 
consists of a single group of interference fringes. The BASE signal group modulates along the a direction of the 
pupil, which is also the scan-track direction. The symmetry of the movement along a is affected by the interference 
fringes whose modulation is explicitly dependent upon the groove depth. 

The modulation of the SMX and IMX signal groups is largely rotational. The rotation of the irradiance is a 
consequence of the linear dependence in phase along the ß direction of the pupil of the fields diffracted from the 
off-track marks combined with the phase of the higher diffraction orders along the a direction of the pupil changing 
linearly with scan location. However, for the SMX signal group, the groove depth explicit fringes are shifted in the ß 
direction of the pupil for increasing groove depth. This has the effect of masking the overall rotational modulation of 
the SMX signal group and increasing the net modulation along the ß direction of the pupil. The point of minimum 
rotation in the pupil is for groove depth of A/6 and the point of maximum modulation along the ß direction of the 
pupil is for groove depth of A/8. The modulation of the IMX signal group is rotational due to the single group of 
interference fringes. The IMX fringes shift in the pupil for changing groove depth, which determines the amplitude 
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Groove Depth (K) 

0.25 

Figure 13. For the IMX signal group. The amplitude of the QPD signal as a function of groove depth. The variation 
of the QPD signal amplitude with groove depth is due to the positive and negative contributions of irradiance in the 
pupil. 

of the integrated IMX signal. The rotational modulation in the pupil is unaffected by the variation of groove depth 
because IMX consists of a single set of interference fringes. 
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ABSTRACT 

Comprehensive analyses based on rigorous vector diffraction theory have been presented to simulate the readout 

signal contrast using SIL in reading phase change recording disk. De-polarized reflected light (y-polarized from x-polarized 

incident beam) results in the reduction of total signal contrast, and becomes more obvious for high numerical aperture (NA) 

systems. Due to the signal degradation from de-polarized reflected light, filtering de-polarized light is applied to signal 

detection. The x-polarized contrast is a factor 1.0 to 1.35 higher than the conventional detection contrast (x+y polarized) at 

different gap widths, at a cost of 0 to 25 percent total intensity reduction. 

Keywords: Solid Immersion Lens (SIL), near-field recording, NA (numerical aperture), polarization, vector diffraction. 

INTRODUCTION 

Areal density of optical recording is limited by the laws of diffraction to be about 0.6A/NA, where X is the 

wavelength of the laser and NA is the numerical aperture of the focusing lens. A solid immersion lens (SIL) attached to an 

objective with effective NA higher than 1 is a feasible scheme to produce an ultra-small focus laser spot to read/write in 

optical recording'1"4. The principle of the SIL-based near field optics is that by focusing light inside a high refraction index 

lens without another refraction, the wavelength of light is shrunk by a factor n, where n is the refraction index of the lens. 

Based on vector diffraction theory using plane-wave expansion, the spectrum within the critical angle of SIL-air interface 

will diffract like a focus wave with NA=1 (region 1), the other part will decay exponentially away from the bottom of SIL 

(region2). When the SIL was positioned closely enough to the disk, optical tunneling effect of region2 results in increasing 

the effective numerical aperture (NA) above theoretical upper limit of 1 in air". Through evanescent coupling into the 

recording medium, the reduced marks can be readout using SIL, promising substantial increase in the storage density. For 

SIL systems with NAefr > 1, the air gap spacing between SIL lens and recording medium dramatically affects the signal 

contrast. Moreover, in such high NA systems, the incident angle is so large that the readout signal will be affected by de- 
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polarization effect. Here we examine the effect of de-polarization on readout signal contrast in phase change disks using 

SIL. 

SYSTEM LAYOUT 

The SIL-based system and disk structures are shown in Fig. 1. We adopt the linearly x-polarized Gaussian beam with 

a 1/e radius of r0=RA (the objective radius), resulting in an effective NAefr=l.l and 1.48 for 0.6-NA and 0.8-NA objective 

lens with SIL (n=2.0), respectively. Reflected beam is collimated, separated into the x and y-polarized electric field by a 

PBS and then detected denoted by S, and S2, respectively. The full vectorial character of light is considered in this 

simulation. Here reflective crystalline and amorphous state in x-polarized is denoted as S1X and SIA, respectively, while S:>: 

and S2A for y-polarized, respectively. The readout signal contrast is defined as (S;X-S,,)' (SiX+SiA). 

SIMULATION METHODS 

Our approach to vector diffraction is based on Mansuripur's6'. Wavefront is decomposed into a set of plane waves 

that propagate independently through the SIL system. Then each plane wave propagation in 9 and § directions has 

associated with its two orthogonal electric fields in the input pupil plane, Ep° and Es°, which are aligned in the radial and 

azimuthal directions, respectively. After reflected from the layered media, the two independent electric fields become Epand 

Es. The reflection matrix of the phase-change disk can be written as follows: 

LEs 

R„„   R ~pp PS 

R, R„ 
E°P (1) 

e=tan->(:£! + Ev 
_1      CV 

0 = tan ' — 
Ex 

The reflection coefficient given by thin-film matrix techniques is adopted for reflected field at the medium. In 

phase change material, s and p-polarized waves are independent as the cross terms RpS and R^ are zero. After coordinate 

transformation, the polarization of a refracted beam can be expressed in terms of that of the incident beams in Cartesian 

coordinates: 

E. 
x X 

4/. 
xy 

yy 

4\.     V. zy 

(2) 

where 
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^n =\lK. + RPP 
cose)- (R*s -RPP cos9)cos2<|,-(Rsp + Rps cose)sin2^»} 

^=^f [(R,-Rp. cose)-(Rq, + Rpicose)cos2+ + (R„-Rpp cose )sin 2(|.]|- 

^=^{(Rfp-Rf>,cose)+(Rip + Rpicose)cos2^-(Rff-Rppcose)sm2+{ 

V„ = ^{(R„ + Rpp cose)+ (R„ -Rpp€056)00X2(1) + (R, + RpscosGlsin2<|>} 

*s=(Rppcos*-Rpism4.)sme 

^iy=(Rp,cos(|> + Rppsüi*)sine 

At a focal length from the SIL bottom along the z axis, the electric field distribution in exit pupil is obtained by 

superimposing each plane waves, taking into account their different propagation paths and polarization vectors. The integral 

of the overall electric field can be computed efficiently by fast-Fourier-transform (FFT) algorithm. Finally, the reflected 

electric field components of x and y polarized (z is too small to be included) separated by PBS are detected individually. 

SIMULATION RESULTS 

The difference and DC values of reflected wave in x and y-polarized forNAcfr=l.l are shown in Fig. 2(a). DC values of 

x-polarized S!}-S;, change extensively as the gap width increases, which mainly determine the signal contrast, as shown in 

Fig. 2(b). On the other hand, the y-polarized Slv
: S., is so weak that the signal contrast degradation due to y-polarized can 

be neglected. Moreover, the contrast of y-polarized is even reversed at gap width = 0 nm because of interference effects. 

Then we use an annular aperture, shown in Fig. 1, to block the rays below the critical total reflection angle (TIR) angle 

to concentrate on the readout contrast of evanescent wave, as shown in Figs. 3(a) and (b), respectively. The ratio of block 

radius to full aperture radius is 0.77. As shown in Fig. 3(a), the DC values of both x (Si:<+S;A) and y-polarized (S,,:~S:A) 

increase as air-gap increases because of the total reflection effect. As the air-gap exceeds about 400 nm, the incident beam is 

all reflected by TIR so that the signal contrast in both x and y-polarized approach to zero, as shown in Fig. 3(b). 

De-polarization resulted from large incident angle becomes more significant in higher NA systems. Then, we used a 

NA£fr=1.48 to examine the relationship between polarized readout contrast and gap width compared to NAeff=l.l. As Fig. 

4(a) shows, DC values of y-polarized (S^-S,,) increase compared to NAe[r=l.l, shown in Fig. 2(a), result in apparent 

degradation of total contrast due to y-polarized, as shown in Fig. 4(b). 

We also observed the annular aperture of NAcff=1.48, compared with NAefT=T.l, to observe whether more evanescent 

components have influence on readout signal contrast. The ratio of block radius to full aperture radius is 0.44. As Fig. 5(a) 

shows, the signal and DC values both increase compared to NAeff= 1.1. Consequently, the total readout contrast will not been 

157 



improved by more evanescent components, as shown in Fig. 5(b). Moreover, the faster decay of evanescent wave results in 

contrast margin shrunk when gap is below 400 nm for l.l-NAefTto approximate 150 nm for 1.48-NAeff, respectively. 

The calculated results above show that the conventional detection of phase change medium (total intensity of x+y 

polarized) is from individual contribution of x and y polarization, respectively. Moreover, readout contrast in x and y- 

polarized are different functions of gap width. Since readout signal contrast from x-polarized is always higher than the sum, 

the readout signal contrast can be improved by filtering y-polarized. Taking NAefr=1.48 full aperture objective for example, 

the intensity and contrast ratio of x-polarized/sum reveals a trade-off between signal improvement and detected intensity, as 

shown in Fig. 6. The x-polarized contrast is a factor 1.0 to 1.35 higher than the sum contrast at different air gap, at a cost of 

0 to 25 percent total intensity reduction. 

CONCLUSIONS 

Comprehensive analyses based on rigorous vector diffraction theory have been presented to simulate the readout 

signal contrast using SIL optics in reading phase change recording disks. The readout signals of SIL-based systems are 

affected not only by evanescent coupling but also de-polarization effect in such high NA system. We noticed that the de- 

polarized reflected light (y-polarized from x-polarized incident beam) resulted in the reduction of total contrast, and became 

more seriously for high NA system. Moreover, more evanescent coupling will not contribute to signal contrast. Due to the 

signal degradation from de-polarized reflected light, a filtering de-polarized light is applied to signal detection. The reflected 

x-polarized contrast is a factor 1.0 to 1.35 times higher than the sum contrast (x+y polarized) at different air-gap, at the cost 

of 0 to 25 percent total intensity reduction. 
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Fig. 1 Schematic of SIL-based system and disk structure. 

(>i=650nm, Focal length=6000A, 

dl=110 nm, d2=26 nm, d3=32 nm, d4=100 run) 

159 



\ 

it 
15  0.10 

T T- 

T^ 
n-a-a-q/Q-D_D_D_a_D s \0-D-D- 

/ 

\ / 

0.05 AV 
/ 

—•— s1x+s1a 
—A— s2x+s2a 

—c—s1x-s1a 
—■— s2x-s2a 

A-*' 
■:*■-•=**£ -A-A-A-A-A-A- 

■"-■-■-■-■-■- 

1.0 

0.9 

■v-O-O-D-Tf °-8 

,40.7 

0.6 

- 0.5 

- 0.4 

- 0.3 

0.2 

0.1 

0.0 

A-A-A-A-; . 

200 300 

Gap width (nm) 

500 

D 
O 

0.8 

0.7- 

0.6- 

0.5- 

_   0.4- 
m ro 

■£   0.3 
o 
° 0.2 

0.1 

0.0 

-0.1 

A —■— Contrast X 

/ ^ •—*— Contrast Y 

/ \ 
0    Contrast Sum 

?\ 

A7                                       ^V.^ 

/                                                            "^^A A 
/                                                                                               A-A-*-A-A-A-A-A 

1 
 , , 1 , r ■ 1 ' 1 ' 1 • 

200 300 

Gap Width(nm) 

Fig. 2(a) Difference and DC values of x and y- 

polarized for the system of NAcfI=l.l, respectively. 

DC value of x-polarized (Slx+S1A) changes 

extensively as the gap width increases, which 

mainly determines the sum signal contrast ((Slx- 

S1A)+ (S2,-S2A))/ ((S,X+S1A)+ (S2X+S2A)), as shown 

in Fig. 2(b). 

Fig. 2(b) The signal contrast in x, y, and sum (x+y 

polarized), respectively. The y-polarized reverses 

sign near gap width = 0 nm, which result in total 

signal contrast reduction. 
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Fig. 3(a) Difference and DC values for the system 

of NAcfr=1, with an annular aperture blocking the 

rays below the critical TIR angle (evanescent 

wave). Both DC values of x and y-polarized 

increase as gap width increases because of total 

reflection effect. 

Fig. 3(b) The signal contrast with annular aperture in 

x, y and sum (x+y polarized), respectively. The 

contrast in y-polarized will make the total signal 

contrast enhanced or deteriorated. The contrast margin 

in sum is below 400 nm. 
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Fig. 4(a) Difference and DC values of x and y- 

polarized for the system of NAe(f=1.48, 

respectively. DC values in y-polarized increase 

compared to NAe(f=l.l (Fig. 2(a)), result in 

apparent separation between sum signal contrast 

and x-polarized, as shown in Fig. 4(b). 

Fig. 4(b) The signal contrast in x, y, and sum (x+y 

polarized) for the system of NAc(f=1.48, respectively. 

The sum signal contrast is departed from x-polarized 

due to increased y-polarized. 
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Fig. 5(a) Difference and DC values for the system of 

NAcff=1.48 with an annular aperture blocking the ray 

below the critical TIR angle. Both DC and difference 

in x and y-polarized increase compare to NAcfI=l.l 

(Fig. 3(a)). 

Fig. 5(b) The signal contrast of annular aperture in x, 

y and sum (x+y polarized), respectively. Signal drops 

more sharply than that of NAefI=l.l (Fig. 3(b)). 

Moreover, the contrast margin shrunk as gap is less 

than400 nm inNAofl=l.l to approximate 150 nm. 
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A high Speed Finger-Print Optical Scanning Method 

Warren W. C. Liua, H. C. Lin, C. S. Linb, and H. L. Wangb 

aWELON TECH INC. 
bChunghwa Telecommunication Laboratories 

ABSTRACT 

An optical scanning technique of dactylogram (fingerprint) has been developed by using plural LED's with different 
wavelength as emitting elements and a color CCD or CMOS area image sensor as receiving element. Owing to the R/G/B 
filters built in that color area image sensor, if the above LED's have wave lengths corresponding to those peak sensing 
wavelengths of the R/G/B outputs ofthat color area image sensor, and if the above mentioned LED's are installed to emit 
light on the surface of finger from different directions, then it will be effective to get a 3D picture by using a single color 
area image sensor. Moreover, the time needed to obtain a 3D picture is only that for single exposure. 

Thanks to the inherent nature of 3D picture, the sharpness of border of the ridges of a fingerprint in the picture is 
greatly enhanced. This simplifies the data transmission. Besides, by a simple signal processing of those output waveforms of 
the color area image sensor, the security against counterfeiting in fingerprint identification can be easily ensured. These 
features are essential for fingerprint authentication in INTERNET environment and E-Commerce environments. 

Keywords: fingerprint, optical scanning, plural LED, identification, E-commerce 

1.    INTRODUCTION 

Recently the biometrics revolution is coming to life. For the past years, those biometric technologies which are used to 
identify people through fingerprints, facial, voice pattern and other physical characteristics has existed for years, in view of 
those requirements in INTERNET environment where many users are on line simultaneously, the demand of technological 
breakthroughs always exists for quicker response, greater convenience and higher security. 

Among those biometrics technologies for authentication, from the view point of convenience and higher security, 
dactyloscopy is by far the best, much better than the current system like keycard, passwords and personal identification 
numbers (PIN). 

And among those various methods for reading fingerprints, by using sensing technologies using static capacitance, 
thermal or optical detection, the optical detection is by far with the most potential to meet the requirements in INTERNET 
environment owing to the recently fast progress in E/O device such as LED and color CCD/CMOS image sensor. 

In the following we will propose a newly developed optical scanning method1 to take the full benefit of the recently 
plurality of high luminesce LED's with different wavelengths corresponding to those peak sensing wavelengths of the 
R/G/B outputs of the detecting device (the color area image sensor), a 3D-like image pattern can be obtained by using a 
single receiving element within a single exposure time period. These two or three output signals are stored in analog form in 
the color area image sensor; these output signals can be simultaneously processed to give a very clear fingerprint pattern by 
using very simple circuitry. Besides, these analog signals can also be used for the detection of counterfeiting of fingerprint. 

With the method no additional semiconductor memory is required during signal processing of these outputs, and 
prevention of counterfeiting can be manipulated by using only simple explains the high speed sensing nature of fingerprint 
pattern of this design. 
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2.    SOME WAYS FOR FINGERPRINT SENSING 

As the background for the evaluation ofthat high speed sensing method of fingerprint pattern, the currently used methods to 
get fingerprint pattern for subsequent matching and identification use will be briefly described below; these methods can be 
classified into four categories2"4: 

2.1 Ink-based fingerprint (paper based fingerprint) 

This is the conventional way commonly used by governments and public agencies for years. This conventional fingerprint 
matching method is quite time-consuming. And this kind of paper based fingerprint data is not easy to use. 

2.2 Heat based sensing 

This is not so widely accepted at the present time due to the low resolution of the inherent nature of thermal imaging 
technique. Besides, this method is easily influenced by environmental changes such as temperature changes. 

2.3 Static capacitance sensing 

In this method the static capacitance between the electrode plate and the surface of finger is detected. Since the surface of 
finger is structured with ridges and valleys over the whole region, thus the difference in height of the top of ridges and the 
bottom of valleys are used for the distinguish of fingerprint pattern. 

The advantage of static capacitance detection is easy to use and simple in hardware structure. However, it suffers the 
disadvantage that the static capacitance is very sensitive to moisture. Therefore, this method will encounter some difficulties 
in case of sweated hands or in high moisture conditions. Another disadvantage of the dactyloscopy by capacitance detection 
is its limited resolution and poor edge sharpness of the pattern due to the fact that the electric field in the vicinity of the 
micro pads of a capacitor may diverge. 

2.4 Optical scanning method 

This method senses difference of the intensity of reflected light from the ridges and valleys. The reflected light from the 
ridges of surface of finger is higher than that from the valleys. 

Three basic units are required to construct an optical scanning module, namely (1) light source, (2) lens system and (3) 
B/W area image sensor. Fig. 1 illustrates this method. 

Figure 1.    Schematic of an optical scanning method 

For the purpose of area image sensor to receive the reflected light from surface of a finger, light should be emitted from 
below (vertically or obliquely) upon the surface of the finger, as be seen in Fig. 1. Two signal processing methods are 
commonly used as explained as below: 

2.4.1 2D image scanning 
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Since the whole area of the surface of the finger is illuminated by lights from all directions, each side (for example the left 
side) of bottom of a "valley" which is scarcely illuminated by the light from the corresponding (i.e. left) side will be 
exposed to the light from another (i.e. right) side. Thus the darkness of the margin decreases. This means the contrast 
between the darkness/brightness is weakened. Thus the sharpness of the border lines of the ridges and valleys is poor, as 
depicted in Fig. 2. 

Figure 2.    Standard technique of 2D image scanning where the sharpness of the border lines of ridges and ridges is poor 

2.4.2 3D image scanning 

If the light sources at the left side and at the right side are turned on separately in sequence and the image pictures are taken 
two times respectively by the two sequences, then it is a way for obtaining the 3D image pattern, For example, one image 
pattern will show the pattern as lighted from left direction, and the other image pattern shows those as lighted from right 
direction. The darker area of these two image patterns are not alike, thus defining a 3D picture. 

However for the processing of these two image patterns, a memory with enough capacity is needed; one of the image 
patterns that is taken at first should be stored in the memory. Then this information will be retrieved out and be processed 
together with information ofthat second image pattern. This is illustrated in Fig. 3. 

Memory 1st 

■ Signal Processing A 

Area Image Sensor * 
2nd 

Figure 3.    The processing of 3D image scanning, where an additional memory is needed for the storage of the first image 
pattern 

3.    IMPROVED 3D OPTICAL SENSING METHOD 

Fig.4 shows an improved method for fingerprint pattern scanning, wherein a color area image sensor and LED's of different 
primary colors are used. This color area image sensor will has three outputs (here we call R/G/B outputs, with built-in 
R/G/B optical filters in their receiving pixels.) The LED's used to respectively light the surface of finger from different 
directions have different colors (and therefore wavelengths) corresponding to the peak sensing wavelength of the R/G/B 
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output of the above mentioned color area image sensor. This is shown in Fig. 4. 

By employing this hardware structure, if all these LED's light simultaneously, this means the color area sensor will 
receive the reflected light from all these LED's. For example, if only two kinds of LED's namely RED and GREEN are used, 
they emit RED and GREEN light respectively with peak wavelengths matching the peak sensing wavelength of the R output 
and G output ofthat color area image sensor, respectively. 

Then the R output and G output will show the separate image patterns which are produced only by RED LED's or 
GREEN LED's, respectively. Since the RED LED's and GREEN LED's are installed to emit light out from different 
directions, the 3D image pattern can be obtained with a single exposure. Moreover, no memory is needed in this hardware 
structure. This is shown in Fig.5. 

Red 

Figure 4.    An improve method for fingerprint pattern scanning by using color area image sensor and LED's of 
different primary color 

~L 
BEHANDLUNG, 

VERHCHTUN6.UND SEMJJN6 

(MIT VORÜBERGEHENDE 

SPEICHERUNG GERINGER 

DATEN'IENGEN) VCN SIGNALEN 

Figure 5.    Hardware structure of this improved 3D optical sensing method, where RED and GREEN LED's are 
lighted by monostable multivibrators 
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4.     3D ANALOG SIGNALS PROCESSING 

The output Signals from R/G/B output ports of the color area image sensor are further processed to obtain those valuable 
information we want. Since the output signals are stored in the form of analog signal in the color area image sensor, much 
flexibility will be attained in the subsequent data processing. 

For the simplicity in explanation, if only two kinds of LED's are used namely RED and GREEN are used, the same 
assumption as described in Sec.3, then we will find the R and G output will show s steep slope just corresponding to the 
both sides of ridges of the surface of finger, respectively. When these signals are converted into digital waveforms Vrd and 
Vgd by voltage compartors, respectively, it is found that the actual locations of both sides of ridges are not sensitive to the 
change of reference voltage used with voltage comparator. This unique feature will be further explained below. This can be 
seen in Fie. 6. 

Figure 6.    R and G output signals are converted into digital waveforms Vrd! and Vgdl, Vrd2 and Vgd2 means the 
waveform by using different reference voltage for compartor 

4.1 Binary-like fingerprint pattern 

The digital waveforms Vrd and Vgd related to R and G output signals can be used together with simple digital logic 
circuitry to obtain a signal binary-like fingerprint pattern as shown in Fig. 7. The locations in the change of digital signal 
waveforms Vrd and Vgd corresponds exactly to the both sides of the border of fingerprint. Moreover, these two locations are 
not sensitive to the changes of the reference voltage used in the voltage comparator as explained previously. 

Since the reference voltage used to convert analog output signal of area image sensor may be influenced by many factors 
such as changes in environmental conditions, tolerance in assembly procedure and etc., therefore we have found that the 
signal binary-like fingerprint scanning techniques. 

4.2 Prevention of counterfeiting 

In case of a copied fingerprint pattern is used to replace the real finger for fingerprint optical scanning, then the R and G 
output will be the same owing the fact that is the image of a planar pattern and not the image of a surface with ridges and 
valleys. Consequently, the digital waveforms Vrd and Vgd can be used together with simple digital circuitry such as XOR 
gate to obtain a digital waveform Vcd which directly indicates whether the signals Vrd and Vgd are the same. 

In this manner, the detection of counterfeiting is very easily to be achieved. Moreover, the counterfeiting by using a 
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chemical etched processed fingerprint pattern will also be detected owing to the fact that the etched pattern will be with a 
nearly vertical edge shape, and the borders of this kind of edge are clearly defined and digital signals Vrd and Vgd will be in 
a similar wave shape. As depicted in Fig. 8. 
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VG, orVG, ■ 
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Figure 7.    A binary-like fingerprint pattern can be obtained by AND of Vrd and Vgd 
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Figure 8.    Prevention of counterfeiting for this improve method 
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5.     TOTAL TIME FOR IDENTIFICATION PROCESS 

The evaluation standard for fingerprint verifying techniques are FAR (False Accept Rate) and FRR (False Reject Rate). For 
the optimum expectation, the value of FAR and FRR should be low. Besides, for efficiently consideration, the time needed 
for authentication should be kept as low as possible. Total is the time needed for a complete cycle of authentication process, 
it consists of all the following time factors: 

Tl: time needed for picture imaging 
T2: time needed for counterfeiting prevention 
T3: time needed for data compression 
T4: time needed for data encryption and transmission 
T5: time needed for data decompression 
T6: time needed for fingerprint verification 

In our improved optical scanning method, those time factors Tl, T2, T3, and T4 will be reduced. 

Regarding the time factor T6, because a binary-like image pattern can be obtained by using the above mentioned 
improved optical scanning method, thus the time T6 needed for fingerprint verification may be reduced to a great extend 
owing to high quality fingerprint pattern if identified by a host computer in remote location. 

6.    DATA COMPRESSION AND TRANSMISSION OF FINGERPRINT PATTERN 

The fingerprint pattern as obtained by using the above mentioned improved 3D optical scanning method will be much like a 
binary image pattern, this kind of image pattern is more suitable to the data compression than those image pattern as 
obtained by using other sensing method. Because a binary-like image pattern will have higher percentage of redundancies in 
its image pattern, and the aim of data compression is to reduce the number of bits required to represent the image pattern by 
removing these redundancies, thus a large portion of redundancies can be removed. In this manner, it is possible to develop 
a more efficient data compression scheme by using information theory concepts to process this binary-like image pattern. 

Moreover, although the data compression can be categorized into two fundamental groups as lossless and lossy5, where 
lossy compression scheme is more efficient for data transmission. Because the major purpose of the decompressed data of 
the above mentioned compressed data is for the characteristic extraction of minutia of the fingerprint to be used for 
identification in the remote host computer, in this case, a complete data recovery is not absolutely necessary. Besides, 
considering the total time required for identification is important in INTERNE environment, therefore the more efficient 
lossy compression scheme is more suitable to be used in this application. The general framework for a lossy compression 
scheme is shown in Fig.9. 

Original image data 

Decomposition or transformation 

Quantization 

Symbol encoding 

T 
Compressed image data 

Figure 9.    Lossy compression framework 
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7.    CONCLUSIONS 

The fingerprint optical scanning method as designed to take the full benefit of the recently developed E/O components, and 
characterized by using a plurality of high illuminance LED's with different wavelengths corresponding to the peak sensing 
wavelengths of the R/G/B output of the color CCD/CMOS area image sensor, a 3D-like image pattern can be easily 
obtained within a single exposure time period. 

Moreover, by simple signal processing of those R/G/B outputs together, a binary-like fingerprint pattern can be 
obtained, this binary-like pattern is not sensitive to environmental conditions changes, this means the reliability of this 
fingerprint optical scanning method is greatly improved. Moreover, by another simple processing of R/G/B outputs together, 
the prevention of counterfeiting can be achieved to a greater extent. 

Finally due to the high quality of the binary-like fingerprint pattern as mentioned above, the total time needed for 
authentication will be greatly reduced under the condition that the identification of fingerprint be processed by a host 
computer through communication links in remote location. 
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ABSTRACT 

We present a new technique for Chinese seal recognition using constrained energy minimization joint transform 

correlator (CEMJTC). Either optical or digital correlation is one of the most powerful operations for detecting the 

presence/absence of the seal image. The CEMJTC is proposed to improve the discrimination capability for shift-invariance 

and rotational-invariant seal recognition. By minimizing the average correlation energy with respect to all training seal 

images, while constraining the correlation peak value to a constant, a filter function is constructed. The main emphasis is to 

design a filter for good discriminate ability. Numerical results are presented to demonstrate the improvements. Furthermore, 

experimental results show the sharp correlation output profile when the seal image is correct, otherwise the correlation peak 

will be obviously reduced. The new technique for seal recognition shows a significant increase in high speed and detection 

ability. 

Key words:    CEMJTC; Pattern recognition; Optical correlation; Optical filter 

1. INTRODUCTION 

For the purpose of person identification, seal are used in Chinese society in stead of signatures on many types of 

articles such as paintings, documents, checks, receipts, money withdrawing lists, etc. A problem encountered in seal pattern 

recognition is the nearly infinite variation of seal imprints even if the imprints are all produced from the same seal, such as 

nonuniformly stained paints, different stroke widths, rotation, spot noises, a broken edge, blurred parts, double setting, etc. 

The variation results from many factors. For example, the force a person uses in setting a seal on paper is almost always 

different and often nonuniform or the seal may be stained on the seal head [1,2]. In contrast to other methods, seal imprint 

recognition can be achieved with the optical correlator, for which two widely used schemes have been the VanderLugt 

optical correlator [3,4] and the joint transform correlator (JTC) [5]. Since its introduction by Vanderlugt, optical correlation 

has been one of the most effective methods for optical pattern recognition [6,7]. Optical recognition methods based on the 

Fourier transform, such as the Vanderlugt correlator, or the joint transform correlator offer advantages such as parallel 
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processing and large-volume databases [8]. Since the optical information processing system works at the speed of light and 

is a parallel process, it is a good for image recognition system [9]. During the past decade, optical signal processing has 

been used in a wide variety of applications, e.g., optical pattern recognition, image subtraction for machine vision, and 

optical computing. Although optical processing relies on general holographic filtering techniques, the concept of 

programmability in signal processing will be introduced [10]. This is primarily due to the advance in sophisticated spatial 

light modulators and photorefractive crystals that allow us to construct various types of near real-time hybrid optical 

information system [11,12]. 

A 2D input signal (i.e., an image) is processing in correlator, the description for the correlator is representatively (but 

not always) given in the frequency domain. Correlation can be implemented optically by the frequency plane correlator. The 

specialized filter suggests a system that passes certain frequency components and attenuates others. Optical correlation has 

been one of the most powerful operations for detecting the presence of a target in noise and clutter [13]. The correlation 

operation is attractive because of its shift-invariance, i.e., the output correlation distribution shifts directly proportional to 

the moving distance of the input target. As a result, the output correlator can not only detect the presence or not of the target 

image, but it can also track these images as they shift in the input plane, e.g., targets in different position [14,15]. The 

optical correlator at the speed of light makes it more attractive than electronic version for the pattern recognition. But, 

obviously, a purely optical processor has some drawbacks, which make certain tasks difficult or impossible to implement. 

The first is that an optical system is difficult to program as general-purpose electronic computers. Although an optical 

system can be designed to perform specific tasks, it cannot be used where more adaptability is required. A second drawback 

is that optical systems by themselves can not be used to make decisions as some electronic counter parts can [16,17]. To 

overcome the problem, optical system and electronic system can cooperate together. For instance, controllability and 

programmability are the advantage of the digital computer. Therefore we introduce an optical pattern recognition technique 

with assisting of the electronic computer. The CEMJTC setup offers clear advantages in practical implementations with 

respect to a VanderLugt correlator using a frequency domain MACE filter, where position match between filter and 

transform is critical to obtain a good correlation signal. The proposed system has the ability to recognize seal imprints 

regardless of the orientation and blurring. 

2. Theoretical analysis 

The implementation of hybrid optical setup is to use a conventional optical configuration, as shown in Fig. 1. 
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SLM1 SLM2 

Laser SF 

CCD 

Fig. 1 VanderLugt optical configuration 

Spatial light modulators (SLM1) contains input image pattern in the input plane, and the Fourier transform of the 

reference pattern is generated with the SLM2, through which cross-correlation (convolution) between the input object and 

the reference pattern can be detected by a charge coupled device (CCD) array detector. The detected signal can be fed back 

to the computer for display and for decision-making. That is, we can appropriately control the hybrid signal optical 

processor by a computer. An analog system diagram of the optical architecture appears in Fig. 3. The corresponded optical 

signal processor, is depicted in Fig. 4. 

Input scene f —► FT 
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Fig. 3 Analog system diagram 
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Fig. 4 An optical signal processor 

Now we design the CEM filter. The basic idea of CEM filter is to constrain the central correlation amplitudes for 

training images and to minimize the average output correlation plane energy. Let us denote the training images byf/x, y). 

Let F/u, v) represent the Fourier transform off/x, y), and let H* (u, v) represent the filter function in the Fourier frequency 

domain. We first constrain the filter to satisfy the desired correlation response as below. 

jjF,(w,vy/*(w,v)<iw(iv -c, i- 1,2,..., N, 0) 

where c, is the pre specified constant, the subscript / refers to the ;-th training image, and N is the number of training images. 

The CEM filter is designed to minimize the average correlation plane energy (which is related to the sharpness of the 

correlation peak) given by 

^=^Ljfl^M1//(",vp^v, 
Ni 

(2) 

where Parsecal-Rayleigh's energy theory has been used to derive the above equation for the average correlation plane 

energy. To minimize E^ it is much convenient and powerful to use the vector/matrix notation. Then Eq. (1) can be 

rewritten as 

FTH'=C, (3) 

where C is a column vector of size ,/V with c{ as entries, H* is a column vector with discrete spatial variables obtained by 

scanning the filter from left to right and from top to the bottom, F is a matrix with each column vector corresponding to the 

sampled Fourier transform of each training image. For convenience, we define a matrix A (which is average power spectrum 
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over all training images), whose elements are 

1     N 2 
A(u,v) = —J]\Fi(u,v)\ . 

Using vector notation, the Eavc in Eq. (2) can be rewritten as 

(4) 

£     = H+AH, (5) 

where + denotes complex conjugate transpose and A is a diagonal matrix with its diagonal elements corresponding to the 

average power spectrum. 

By using the Lagrange functional method, minimizing Eave in Eq. (5) under the constraints in Eq. (3) leads to the 

following filter function in the frequency domain. 

H* = A-'F*[F
T
A-'F'XC (6) 

where * refers to complex conjugate. Since A is a diagonal matrix, its inverse is trivial. The only non-trivial matrix 

inversion needed is that of [FT A'XF* \, which is a TV by N matrix. 

Since the adjustment of Fourier plane correlator is hard to achieve. The joint transform correlator has been found to 

improve the drawback. The main advantages of JTC are that the reference image can be updated in real time, it does not 

require filter fabrication beforehand, and it avoids the precise the position of the filter otherwise required in Vanderlugt-type 

correlators. Fig. 5 shows the joint transform correlator. 

\x,y)®ti{x,y) 

Fig. 5 The joint transform correlator. 
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Nevertheless, the JTC suffers from poor detection efficiency, particularly for multi-target and high-background noise 

environments. This disadvantage is primarily due to the existence of the zero-order spectra. The power spectrum subtraction 

technique can be used to remove the zero-order diffraction [18,19] and the output of JTC can be shown as [6,17] 

g(a,ß)=h{x,y)®f{x,y)*ö{y-2a0)+h'(x,y)®f{x,y)*ö{y + 2a0), 

where 

h=7]{H} 

and 2a0 is the separation distance between the reference function h and the test image/ 

(7) 

(8) 

3. Numerical Results 

The numerical analysis of the proposed technique using CEM filter in JTC was investigated. For the reference and 

input objects, we used a 64 x 64-pixel image. The reference function has been designed on a Pentium III 450MHz 

computer. It took approximately 2 minutes of CPU time to run the computer program for the synthesis of the reference 

function. The JTC input is composed of two parts: the upper part is the input test scene, and the lower part is the synthesized 

reference image. Fig. 6 shows the input test scene of JTC. There are six input test images for correlation, 5 are for the 

legitimate user (each seal images has different rotation angle) and 1 is for similar but invalid user (the lower middle one). 

The magnitude of the reference image is depicted in Fig. 7. The joint transform correlation output is shown in Fig. 8(a). A 

three-dimensional profile of the output correlation is plotted in Fig. 8(b). Sharp correlation peaks corresponding to the 

authorized seal pattern are quite distinguishable and indicate the successful detection of the technique. The position 

measurement of the correlation can be computed as the location of the valid image. As anticipated, no strong correlation 

peak is observed for wrong image. Since the correlation output is symmetric, we can show only one cross correlation result. 

Fig. 9(a) illustrates the test for noise but valid patterns such as smeared and lined images. Fig. 9(b) reveals that the sharp 

correlation profile offers high detection efficiency. 

Fig. 6 An input test scene 
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Fig. 7 The magnitude of the reference image 

Fig. 8(a) The symmetric cross correlation output 

Fig. 8(b) The three-dimensional profile in the rectangular area 
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Fig. 9(a) An input test scene (smeared and lined images). 

<-Standard peak 

Fig. 9(b) The three-dimensional profile of cross correlation 

4. Experimental Results 

Now we are going to describe real tests. Satisfactory results have been obtained. An example of a Chinese money- 

withdrawing list, which includes a seal imprint, is shown in Fig. 10. A prototype Chinese seal recognition system is 

illustrated in Fig. 11. Fig. 12 shows the valid seal pattern. Recognition tests for rotational images are shown in Fig. 13(a) 

and Fig. 14(a), respectively. The corresponding output correlation profiles are shown in Fig. 13(b) and Fig. 14(b), 

respectively. Fig. 15(a) shows the invalid seal pattern, and the 3D profile is shown in Fig. 15(b). As anticipated, no strong 

and sharp correlation peak is observed for wrong image. Therefore, we can make a decision by giving a global threshold 

value of correlation peak, above which the image can be treated as a legitimate seal pattern and below which it is a 

illegitimate seal pattern. 
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Fig. 10 A binary image of a Chinese money withdrawing list 

Fig. 11 A prototype Chinese seal recognition system 

Fig. 12 The valid seal pattern 
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Fig. 13(a) A right-rotated correct image Fig. 13(b) The 3D Profile of cross correlation 

^tt+Ä^*s 

Fig. 14(a) A left-rotated correct image Fig. 14(b) The 3D Profile of cross correlation 

Fig. 15(a) An invalid seal pattern under test Fig. 15(b) The 3D Profile 
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5. Conclusion 

We have describe a new scheme for Chinese seal pattern verification that combines the advantage of electronics and 

optics. The CEM filter designed for optical correlator has the desirable property of the sharp peak with low sidelobes levels 

in the output correlation plane. The major advantages of the system are alignment simplicity, rotation invariant capability, 

high discrimination capability, and suitability for hybrid optical signal processing. The test result indicates that the correlator 

produces reasonably good and impressive sharp correlation peak intensity at the valid seal location. With the choice of 

proper threshold in the output correlation, the proposed technique is shown to result in highly robust and discriminating 

detection. 
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Abstract 

We present a study of the grating detuning effect on the volume holographic data storage using photopolymer recording 
material. By using the Bragg matching condition, the angle shift and the decay of the diffraction efficiency of the 
reconstructed beam is obtained. Then the distortion of the readout page is described. And a method for pre-compensation of 
the incident angles of the reading beam is presented. 

Keywords: Bragg Detuning; Holographic memory; Volume holograms 

I. Introduction: 

Holographic data storage has been considered as one of the next generation information storage technologies because 
of its distinct advantages of large storage capacity and fast data access rate [1-3]. The development of suitable recording 
material remains one of the central challenges in the area of holographic data storage. So far, the most popular materials for 
volume holographic storage are photorefractive crystals and photopolymers. Photorefractive crystals have been the traditional 
experimental choice because of its excellent dimensional stability and optical quality. However, it suffers from small dynamic 
range and low photosensitivity. Photopolymer materials are especially interested because these materials with different 
compositions are relatively easy to be synthesized. Also, they can be designed to have large index contrasts (An~0.01) and 
high photosensitivity (10~104J/m2)[4]. However, these materials have a disadvantage, which is called the shrinkage (or 
expansion) effect. These are the dimensional changes induced by the chemical reactions during the holographic recording 
procedure such that the recorded refractive index grating has different grating spacing from that of the light interference 
fringes. As a result, the Bragg condition for volume holograms is lost and the recorded information cannot be readout 
completely. 

In this paper, we present a study of the grating detuning effect on the volume holographic data storage using 
photopolymer recording material. By using the Bragg matching condition, the angle shift and the decay of the diffraction 
efficiency of the reconstructed beam is obtained. Then we discuss the distortion of the readout data page. Finally, a method 
for pre-compensation by deviating the incident angles of the reading beam from the original writing beam will be proposed. 

II. Theoretical Analysis : 

1. Angle shift of the reconstructed beam and the degrading of the diffraction efficiency: 

Firstly, we consider the shift of Bragg angle due to the changes in the refractive index and the shrinkage of the 
recording material for the reflection hologram. The schematic diagram of the geometry for the reflection holographic 
recording is shown in Figure 1. In the figure, the angles 0la and 62a are the angle between beam 1 and beam 2 measured 
outside the medium with respect to the surface of the sample, respectively. Hence, beam 1 is the reference beam and beam 2 
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is the object beam. Let the original thickness of the recording medium be d and the lateral dimensions be 1. X is the 
wavelength for recording and reading lights, and n is the refractive index of sample before recording. Two recording beams 
were incident into the medium and form an interference pattern. The interference pattern can be stored in the medium and the 
grating wave vector can be written as: 

K = —(sin 0ox + cos0oz) 
A 

where <90 = (<9, - 02 )/2, A is the grating spacing and is given by 

A 
A = 

2nsm\ — - 
\    2 

(1) 

(2) 

where 0t and 92 are the incident angles of the recording beam 1 and beam 2 inside the medium, respectively. According to the 

SnelPs law, they can be written as 9X = cos~'(cos(Ola)/n) and 02 = COS~'(COS(6>2J/H). 

Assume that after the holographic grating has been recorded, because of the shrinkage effect, the material dimensions 
have changed to (l + ad)-d and (l + a,)-/, and the refractive index of the material has changed to (l + aj-n, where ad, a, 
and a,, are the dimensional shrinkage and index change rate of the material, respectively. Then, the grating vector will be 
changed to 

K'= 
A l + a, 

-sin#„x + - 
1 + G, 

-cos#„£ (3) 

Thus, the Bragg matching condition has been changed. If we consider the reading beam being incident at the angle identical 
with that of the original reference beam 1, then there is a phase mismatch AK, which can be written as: 

AK 
2K 

- Vl(i+«. )»}2 -cos2 *,. - -r— tsin 0> +sinöJ- J[(1+«>]2 - l + a, \ 
cos#. 

l + a 
cos6>   -cos o (4) 

As a result, the diffracted angle will be shift from the Bragg matched case, and diffraction efficiency of the reconstructed 
beam will also be degraded. The shift of the diffracted angle and its diffraction efficiency can be derived as following: 

\K\ sinh2(y-r) .,. 
TJ = - 

s2cosh2(s-?) + [ I sinh2(y-?) 

Aß. =cos" 

where s =, 

cos 0U + (cos 6U - cos 6U) 
l + a, 

-0,. (6) 

AK 

2 
and \K\ 

TtAn 

2Ä sin 0, 

By Eq.(6), it is seen that the diffracted angle is only dependent on a,. Assume that the shrinkage parameters of the material 

are the following : a, = 0, ad = -1% and aa = 1% . Also, the thickness of the material is assumed to be lOOum. According to 
Eq.(6), the shift of the diffracted angle is equal to zero, which means that the diffracted angle remains not changed if there is 
no shrinkage along the transverse dimension of the recording material. However, the diffraction efficiency will be degraded 
and it depends on the recording angles 9la and 62a. The simulation results are shown in Figure 2. This figure shows that the 

diffraction efficiency is degraded significantly for the ranger of 6U = 0 ~ 90° and 02a = 0 ~ 90°. Hence, in order to obtain 

high and uniform diffraction efficiency, we should choose the appropriate recording angles for the hologram. 

On the other hand, if there is shrinkage along the transverse dimension of the recording material, i.e. a, * 0, then both 

the diffracted angle and diffraction efficiency are changed. Assume a, =-1%, then the computer simulation results are 

shown in Figure 3. Figure 3a shows the relationship between the diffraction efficiency and the incident angles of the 
recording beams. Figure 3b represents the diffracted angle as a function of the recording angles. It is seen that the diffracted 
angle shifts significantly and the value of angular shift is from -7.15° to 0.58°, especially when the writing angle of beam 2 is 
small. In this case, if the position of CCD did not shift with respect to the shift of the diffracted angle, then the diffracted 
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pattern can not be detected accurately. In other words, the error of output data from CCD detector can be produced by the 
shrinkage effect of the storage medium. Therefore, for the given parameters of the material, we should calculate the 
diffraction efficiency and the shift of the diffracted angle. Another way of improving the detuning effect is that we can select 
the appropriate incident angles of the recording beams to provide a pre-compensation for the reading condition. 

2. Shift of the Bragg angle: 

Due to the shrinkage effect during the recording procedure, there is a phase mismatch if we read the grating with the 
incident angle of the original recording beam 1. In order to reconstruct the volume grating with the Bragg matching 
condition, we should adjust the incident angle of the reading beam. The shift of the incident angle for the reading beam from 
the reference beam can be derived by using the conservation of grating momentum, and is given as 

A6>, =cos" an-cos + tan 1 + a, 
\ + a, 

\\ 
■tanft -e,. 

j) 
2(l + aJnA\ 

where A' is the new grating spacing after shrinkage and it can be given by 

A'=   , A 

(7) 

(8) 
1 

1 + a, 
-sin#„ 

1 

1 + a, 
-cos#„ 

Now the reading beam satisfies the Bragg condition, and thus the diffraction efficiency can be maintained. But the diffracted 
angle is changed due to the angle shift of the reading beam, and the shift of the diffracted angle can be derived as 

A0„ :COS ««■COS sin -tan" 1 + Q^ ■tanfl, 
JJ 

-9,. (9) 
2(1 + 0:,,)^ 

From Eq. (7), it is seen that changes in either the refractive index or the dimension of the recording material will lead to a 
shift in the Bragg angle. Assume that the parameters of the material are as same as that used for obtaining Fig. 3, the incident 
angle of the reading beam can be plotted as the function of the incident angles of the recording beams, which is shown in 
Figure 4a. It shows that the quantity of the Bragg shift is increased with the decreasing incident angle 82a of the object beam. 
Figure 4b represents the shift of the diffracted angle as the function of the incident angles of the recording beams. In Figure 
4b, it is seen that the shift of the diffracted angle is only dependent on the incident angle of the object beam. For the angular 
multiplexing technique, the incident angle of the object beam is fixed and we record multiple holograms with the different 
incident angle of the reference beams. Then, the shift of the diffracted angle for the different angle of writing beams all are 
same and it also can be predicted according to Eq.(9). Thus in advance we can arrange CCD on the accurate position to detect 
the diffracted pattern by using the different incident angle of reading beams. Incidentally, a method for pre-compensation by 
deviating the incident angles of the reading beam from the original recording beam is discussed. 

III. Optical Experiments : 

The optical setup for measuring the shift of the Bragg angle is shown in Figure 5. An Argon laser beam is expanded 
and split into two beams. One passes through 4f system as the reference beam and other one is directly incident into the 
recording material as the object beam. Two beams interfere in the medium and the hologram is record. After the recording 
procedure, the object beam is blocked and reference beam illuminated the material for reconstructing the hologram. By using 
the 4f system, we can adjust the incident angle of the reading beam to find the Bragg angle. A detector is arranged in the 
output plane and measures the diffraction efficiency of the reconstructed beam. When the incident angle of the reading beam 
is equal to the Bragg angle, then we can obtain the maximum diffraction efficiency from the linear detector. Here, we use 
DuPont HRF-800-71 photopolymer as the storage medium and we only consider the shrinkage effect of the material along 

the z-axis and the refractive index change. The parameters of the photopolymer are the following : n = 1.5285, an = 0.27%, 

d = 20um and ad =-1.5% . We recorded the reflection grating with the symmetric incident geometry to minimum the 

shrinkage effect of the material along the lateral dimension. After recording a grating in the photopolymer, we adjust the 
incident angle of the reading beam and measured the shift of the Bragg angle. 

The computer simulation and optical experimental results are shown in Figure 6. The solid line is the computer 
simulation result by using Eq.(9) and the circle points are the optical experimental results. It is seen that the result of the 
optical experiment matches with the computer simulation. In other words, we can predict the shift of Bragg angle according 
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to Eq.(9). Hence, we can pre-compensate the shift of the diffracted pattern by deviating the incident angle of the reading 
beam from the original recording beam. 

IV. Conclusions : 

In summary, we have derived the equations for the detuning effect on the Bragg angle and the diffraction efficiency of 
the reconstructed image for reflection holograms. A useful guide for selecting appropriate recording beam conditions for 
reducing the grating detuning effect has been obtained. And a method for compensation by detuning the reading beam from 
the original recording beam has been proposed. Also, optical experimental demonstration of the detuning effects have been 
performed using the photo-polymer materials as the recording medium. 
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Figure 1 The schematic diagram of the geometry for the reflection hologram. 
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Figure 2 The relationship of the diffraction efficiency and the incident angles of the recording beams. 
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Figure 3a The relationship of the diffraction efficiency and the incident angles of the recording beams. 
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Figure 3b The shift of the diffracted angle as the function of the incident angles of the recording beams. 
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Figure 5 The optical experimental setup of the reflection hologram. 
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ABSTRACT 

We propose an all-optical logic device made of a bent waveguide with a Kerr-like nonlinear interface. It 

could provide an OR gate, exclusive-OR (XOR) gate and AND gate. We could obtain different 

transmission results by modifying the bending angle. The numerical simulation results show that the 

device functions as OR XOR and AND gates. 

Keywords : All-optical logic device, bent nonlinear Y-junction waveguide, Kerr-like nonlinear interface, 

nonlinear medium, spatial soliton. 

l.INTRODUCTION 

The interest in nonlinear waveguide designs and their applications has been growing rapidly in recent 

years. It has been well displayed that all-optical switching and logic gates have potential applications in 

optical communication and ultrafast signal processing. '~3   For logic functions, many novel optical 
4-~8 9 

devices using nonlinear waveguide technologies have been discussed extensively.        In 1991, Ogusu 

and Chang et al.10   studied the evolution of the TE waves propagating along the nonlinear dielectric 

interfaces. The numerical results are related to the spatial structure of dielectric interface. Their structures 

are potentially useful for digital applications such as optical threshold devices. 

In this paper, we design an all-optical logic device using a bent nonlinear waveguide structure. The 
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proposed device is based on the propagating characteristics of the nonlinear waveguide. This device 

could implement three all-optical logic functions (AND, OR and XOR) by adjusting the structure 

parameters. The numerical results appeared in this paper are calculated by using the beam propagation 

method (BPM).11 

2.NUMERICAL METHOD 

The proposed structure is shown in Figure 1. The branching angle between the waveguide is 2 4> in the 

input section, and the bending angle is 6 in the output section. The two input ports A and B must be 

adequately separated so that the fields in each port do not overlap. Separation distance between input 

ports A and B is s and the film thickness is 2d. 

We consider the case of TE waves ass(x, z,t) = E (x, z) exp[ j(ßk0z - wt )] , where 

ß is the effective index of refraction , k0 is the wave number in the free space. We have taken the 

field to be homogeneous in the y direction. Taking into account the slowly varying envelope 

approximation, we obtain the following equation for E(x,z): 

2jßkoM-+^-+k0
2[n^x,z,\E\2)-ß']E = 0   , (D 

oz      ox 

The square of the refractive index for the Kerr-like nonlinear medium is expressed as 

n]
2(x,z,\E\2) =   «a

2  + a ,\E\2 I=s,c     , (2) 

where n1L is the linear refractive index of the nonlinear medium and« 7 is the nonlinear coefficient. 

The subscripts s and c in Eq.(2) are used to denote the substrate and cladding, respectively. For the linear 

medium in the film, the refractive index nf  is constant. 

3.RESULTS AND DISCUSSIONS 

All numerical results presented here were calculated with the values: refractive index nf =2.2888, 

nsL =nd = 2.2885 , d=3 jum, s=24 jum , </> =0.275°, a, = 1 x 10 "8 m2 IV2, free space 

wavelength A =0.6 /urn, waveguide length /, =2500/jm - l2=1500//m - /3=2000jum - , input 

power P. = 25mw I mm . P0 is defined as the normalized output power when only one input port is 

excited. Figure 2 shows the propagating condition of the wave along the nonlinear waveguide for the 

bending angle 0=0.3°. When only port A is excited, the result is shown in Fig.2(a). The waves 

propagating along the waveguide are almost well confind in the output port C. With only port B excited, 

the result is shown in Fig.2(b). It is similar to that of Fig.2(a). Figure 2(c) shows the propagation results 

when both ports A and B are excited. The optical waves propagating along the waveguide are also well 

enclosed in the output port C. 
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Figure 3 shows the propagating condition of the wave along the nonlinear waveguide for the bending 

angle 0=0.7°. With either port A or B excited, the results are shown in Figs.3(a) and 3(b), respectively. 

Those are resembling to that of Figs.2(a) and 2(b) for the bending angle 0 =0.3°. Figure 3(c) shows 

that the spatial soliton is producing in the nonlinear medium and propagates in the output port D when 

two input ports A and B are excited simultaneously. 

4.CONCLUSIONS 

We have designed an all-optical logic device using a bent nonlinear waveguide and the numerical results 

show that the device functions as AND, OR and XOR gates by simply modifying the bending angle. The 

proposed device has potential application in all-optical signal processing systems. 
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ABSTRACT 

Recently, the applications of diffractive dptical element (DOE) for commerce and research have become more and 
more popular. DOE itself has a lot of advantages like small volume, low weight, ease of reproduce and low cost. A 
DOE actually can be considered as a wavefront modulator, and its performance can also be described as a complex 
amplitude transmittance. In the past, we usually design a DOE by quantizing the phase of DOE from Gerchberg- 
Saxton algorithm or other methods with equal etching-depth and etching-width because of the ease of process. In 
this paper, we present a novel approach for design DOE. We change the element's etching-depth and etching-width 
nonuniformly. The reason why we strike out this approach is that one who can control the timing within the etching 
process can make any depth and width after all. Therefore, we have more components of etching-depth and etching- 
width that can be produced to reach the better diffractive efficiency on output diffraction plane than the conventional 
etching method. In terms of our proposed method, the conventional method of DOE design will become a special 
case of our new approach. According to the minimum etching-depth, we try all possible combinations to find a set 
of DOEs phases that have better diffractive efficiency than the conventional method can achieve. The DOE design 
with the proposed method has higher efficiency on output diffraction plane than those achieved by the conventional 
method 
Please correspond with Dr. Chung J. Kuo, Email: kuo@ee.ccu.edu.tw 

May 1, 2000 

1. INTRODUCTION 

In recent years, optical element for diffracting its input light to any desired output position, named as diffraction 
optical element (DOE), has a lot of advantages like small volume, low weight, ease of reproduce and low cost. The 
applications of Diffractive Optical Element (DOE) have become more and more popular in optical communications, 
optical interconnect, integrated optics and optical sensing. 

Various methods for DOE design consider only the problem of the DOE with arbitrary phase and use Fourier 
transform to calculate the approximate light distribution of the DOE. Because the optical system for the DOE design 
has enormous complexity, there exist a number of mathematical problem that do not yield to analytical solutions. 
In order to design DOE with high efficiency most methods for DOE design are based on the theory of projection 
onto convex set (POCS)1 and far field assumption. In addition, the amplitude transmittance of the designed DOE 
is set to be a constant. The most-known technique is the iterative Gerchberg-Saxton (G-S) algorithm.2 In G-S 
algorithm, the Fourier transform is used to calculate the light field distribution at the output plane of the DOE. The 
transmittance of a DOE and its output light distribution must satisfy both the input and output domain constraints. 

In order to fabricate the DOE with binary grating the constraints of input domain in the G-S algorithm are the 
corresponding phase of the DOE that procedure of the fabrication can provide. Conventional procedure of DOE 
fabrication are using uniform etching depth to match the phase function of designed DOE. By the advance technology 
etching depth of the DOE can be accurate fabricated and more corresponding phase of DOE can be implemented. 
For this advantage we proposed a new method for DOE design that quantized the phase of DOE nonuniformly. The 
reason why we strike out this approach is that one who can control the timing within the etching process can make 
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any depth and width after all. Therefore, we have more components of etching-depth and etching-width that can be 
produced to reach the better diffractive efficiency on output diffraction plane than the conventional etching method. 

The organization of this paper is as follows: Section 2 reviews the theory of G-S algorithm firstly and determines 
the phase using nonuniform quantization method. Section 3 shows the results (from simulation) of the proposed 
nonuniform method and compares the results with uniform case. Finally, a conclusion is given in Section 4. 

2. THEORY 

The schematic of a typical optical system being considered is shown in Figure 1. This optical system is composed of 
one DOE, an input plane Px, and an output plane P2 is placed behind the DOE at distance L. The wave functions 
at input plane Pi and output plane P2 are denoted by Ui and U2, respectively, and expressed as 

Ui(x,y)   =   A1{x,y)exp\j<pi(x,y)} (1) 

W*,/„)    =   Aa(/Sj/y)exp[7fc (/„/„)] (2) 

The z axis is chosen as the optical propagation axis of the system, and the coordinates of the input and output 
planes are (x,y) and {fx,fy), respectively. 

We consider the Fourier transformation as the mathematical model for the light propagation and the relation 
between U\ and U2 are 

U2(fx, /»)=// ^i (*> V) exp[^(x/x + yfy)}dxdy (3) 

Ü! (x, y) = JI U2(fx,fy) exp[-j^(xfx + yfy)]dfxdfy (4) 

where z is the propagation distance, and A is the wavelength. 

The synthesis problem arise when the Fourier transform3 of a DOE has certain desirable properties as its output 
diffraction pattern itself must satisfy certaion constraints. However, it is not easy to find a Fourier transform pair4 

(or the pair does not exist) that satisfies all the constraints in both input and output planes. The iteration method 
is shown to be very powerful in solving the problems above mentioned. There are many variations in the iterative 
method and not limited to single fixed algorithm. The most known algorithm is the G-S algorithm. The block 
diagram of the G-S algorithm is shown in Figure 2. The G-S algorithm is an effective method for recovering the 
phase. It involves iterative Fourier transformations back and forward between input and output domains and is 
performed as follows: 

1. Given the desired output diffraction pattern and found the phase function of DOE in input plane. 

2. Match the constraints of the input domain and get the new phase function of DOE in input plane. 

3. Fourier transform the phase function of DOE in step 2 and get the output diffraction pattern in output plane. 

4. Match the constraints of output domain. 

5. Repeat the Steps 1 to 4 until satisfies all constraints in the input and output domains. 

The quantized phase method for DOE design is a significant problem. It determines the performance of DOE. 
Figures 3 and 4 show the uniform and nonuniform quantization cases. We find that the nonuniform case that can 
provide the phase function that is similar to the phase function without quantization. 
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3. SIMULATION 

In this section, we first compare the results of our proposed method with those in the past. Then we show the 
far-field patterns of each methods and compare the difference. Summaries of the optical system parameter are shown 
below: 

1. Light beam : uniform beam 

2. Index of reflection : 1.5 

3. Incident wavelength : 0.85nm 

4. DOE size : 64 x 64 pixel 

The simulation result shows in Table 1. It's well known that G-S algorithm is very sensitive to the initial guess, so 
we experimented with ten different random phases in order to find the global optimum. We see that the improvements 
between proposed and conventional under 8 phase levels are relatively small and the average improvement is 0.77%. 
On the other hand, we can get much more improvements in 4 phase levels and the improvement is 10.30%. 

Figure 5 shows the far-field patterns, (a) far-field pattern after 4 uniform phase levels, (b) far-field pattern after 
8 uniform phase levels, (c) far-field pattern after 4 non-uniform phase levels, (d) far-field pattern after 8 non-uniform 
phase levels. We see that (b) and (d) are almost the same because their efficiency are close, while in (a) and (c), the 
differences are so obvious especially in the four corners and sidelobs. 

Figure 6 shows the difference of phase functions, (a) difference of phase function between uniform and non- 
uniform quantized phase in 4 level case, (b) difference of phase function between uniform and non-uniform quantized 
phase in 8 level case. The phases in many pixels are changed in (a), while in (b), there are just several pixel changes. 
It implies that the ranges we can improve the DOE efficiency under 4 phase levels using non-uniform quantization 
are larger than that under 8 phase levels using non-uniform quantization. 

4. CONCLUSION 

Based on the POCS technique and Fourier transformation, the G-S algorithm is proposed to design DOE. We use 
the nonuniform quantized method to quantize the phase of DOE and the design DOE that can better achieve the 
desired pattern compared to the uniform quantized method. For microlens design, 10.3% light energy increase is 
obtained at the desired output position by our method compared with the uniform quantized method. 
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G-S Algorithm 
without quantization 

Proposed 
4 Level 

Conventional 
4 Level 

Improved 
Efficiency 

Proposed 
8 Level 

Conventional 
8 Level 

Improved 
Efficiency 

Efficiency Efficiency Efficiency % Efficiency Efficiency % 
Phasel 0.8927 0.7016 0.6421 9.27 0.8383 0.8322 0.73 
Phase2 0.8929 0.7093 0.6514 8.89 0.8386 0.8309 0.93 
Phase3 0.8924 0.7016 0.6421 9.27 0.8383 0.8322 0.73 
Phase4 0.8863 0.7148 0.6355 12.48 0.8321 0.8281 0.48 
Phase5 0.8929 0.7093 0.6514 8.89 0.8368 0.8309 0.71 
Phase6 0.8929 0.7093 0.6514 8.89 0.8368 0.8309 0.71 
Phase7 0.8863 0.7148 0.6355 12.48 0.8321 0.8281 0.48 
Phase8 0.8861 0.7107 0.6347 11.97 0.8302 0.8275 0.33 
Phase9 0.8861 0.7107 0.6347 11.97 0.8302 0.8275 0.33 
PhaselO 0.8902 0.7011 0.6437 8.92 0.8418 0.8228 2.31 
Average 0.8899 0.7083 0.6423 10.30 0.8355 0.8291 0.77 

Maximum 0.8929 0.7148 0.6514 12.48 0.8418 0.8322 0.93 

Table 1. simulation results. 

DOE 

H- L -*H 

Figure 1. optical system 
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Input Domain 
Constraints 

Ouput Domain 
Constraints 

U,(x,y)   : wave function at input plane 
U'j(x,y) : wave function at input plane before adding constraints 
U2(fJ) : wave function at output plane 
U'2(fJ): wave function at output plane with constraints 

Figure 2. G-S algorithm 
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phase function 
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Figure 4. nonuniform quantization 

(a) (b) 

(c) (d) 

Figure 5.  (a) far-field pattern after 4 uniform phase levels, (b) far-field pattern after 8 uniform phase levels, (c) 
far-field pattern after 4 nonuniform phase levels, (d)far-field pattern after 8 nonuniform phase levels 
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(b) 

Figure 6.   (a) difference of phase function between uniform and nonuniform quantized phase in 4 levels case, (b) 
difference of phase function between uniform and nonuniform quantized phase in 8 levels case. 
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ABSTRACT 

Comparison of the frequency responses of two high-speed optical fiber processing elements is reported. 

The two filters we considered are a two-loops optical infinite impulse response (IIR) filter and a three-loops 

optical IIR filter. The theoretical models of these two kinds of optical IIR band pass filters are built up. 

Some suitable coupling coefficients are searched for simulating the narrow band-pass filters. The frequency 

responses under different conditions are analyzed. The theoretical models can provide parameter evaluation 

for experimental design. A higher design flexibility can be given by the three-loops optical IIR filter. These 

filters can be implemented with PIC (photonic IC) techniques and applied for optical data signal processing. 

Keywords : Optical Data Storage, Optical Signal Processing, Optical IIR filter, Optical Fiber 

Communication 

l.INTRODUCTION 

In the next generation memory system, high capacity optical data storage will be the future trend. Many methods, such 

as hologram, CD-R, DVD, are studied for high capacity data storage above Giga-byte '"3 . In recent years, some fast 

data access and optical signal processing methods are extensively reported4"8 . Especially reading optically storaged 

data by fiber, then using time-space-conversion optical signal processing attract a lot of attentions . 

Promising progress is shown in high speed optical communication systems developments recently " . The fiber optic 

recirculating delay line is one of the basic optical signal elements generally being studied. We also reported some 

various designs and applications for high speed signal processing19"21 . Ultra fast signal processing over 100 Gbps is 

difficult to do by traditional electric signal processing circuit. This optical digital signal processor (OPSP) may be 

applied in high-speed DVD data storage systems as shown in Fig. 1. In this paper, we design and analyze two ultra 

narrow-band optical infinite impulse response IIR filters for high-speed optical signal processing. Those two designed 

narrow-band optical IIR filters are operating at wavelength of 1550nm. The center of the narrowband filter is located 

at 100GHz. We use Z-transform to analyze the frequency responses of these two IIR filters: two-loops optical IIR filter 

and three-loops optical IIR filter. The two theoretical models for comparing their frequency responses are built up. 

Optimal coupling coefficients are sorted for simulating narrow bandwidth optical band pass filters. 

Correspondence : Email :jimmy@saturn.yzu.edu.tw ; Telephone : 886-3-4638800-424 ; Fax : 886-3-4638355 
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2. THEORETICAL MODELS 

We use Z-transform techniques to build up the theoretical model of a two-loops optical IIR filter and a three-loops 

optical IIR filter, respectively in this section. Assume these two kinds filters are linearly time-invariant systems and no 

temperature fluctuation effect, we derive the transfer functions as following. 

2.1 Two-Loops Optical IIR Filter 

The schematic diagram of two-loops optical IIR filter with two 3*3 optical couplers and four optical delay lines 

is shown in Fig.2. In Fig.3, we modeled the equivalent theoretical model by signal flow diagram. The signal can be 

represented as Eq. (1) to Eq. (6) 

X1(Z) = K3[I1(Z) + rX4Z-^X4(Z) + rX3Z-X3X3(Z)] (1) 

X2(Z) = K2[I1(Z) + rX4Z-XjX4(Z) + rX3Z-X3X3(Z)] (2) 

X3 (Z) = K6 [I2 (Z) + rX2 Z"x> X2 (Z) + rXi Z"x< X, (Z)] (3) 

X4(Z) = K5[I2(Z) + rX2Z-x^X2(Z) + rXiZ-x'X1(Z)] (4) 

01(Z) = K1[I1(Z) + rX4Z-XjX4(Z) + rX3Z-x'X3(Z)] (5) 

02(Z) = K4[I2(Z) + rX2Z-x>X2(Z) + rxZ-x'X,(Z)] (6) 

I, (Z) and I2(Z) are the input signals at the input ports. 0,(Z) and 02(Z) are the output signals at two ports. X,(Z), 

X2(Z), X3(Z), X4(Z)    represent the input signals of delays   Z"X',  ZX2,   Z"x', Z"x\ respectively. The coupling 

coefficients and path transmittive coefficients for each optical output are represented as Kj(j=1.6)and rxj(j=1_6)=l, 

respectively. 

The relationship of the above six equations can be simplified as 

X1(Z) = K3[I1(Z) + ^rX4Z-x^X3(Z) + rX3Z-x'X3(Z)] (7) 

X3(Z) = K3[I2(Z) + ^-rX2Z-X2X1(Z) + rXlZ-x'XI(Z)] (8) 
K3 

Substitute Eq. (8) into Eq. (7), we find 

X1(z)-K^Il(Z)+^K5rX4Z'X4+K6rX3Z"X3^(Z^ (9) 

and 

A = l-K3K6rXirX3Z-<x'+x3> -K^r^Z^'^ -KjK^r^Z«5™ -K^r^Z«3™ (10) 

Similarly, we can write X3 (z) as 
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K6[l2(z)+(K3rxiZ-x'+K2rX2Z-x'),(z)] 
x,(z)=— !—  (J1) 

A 

Then the output signals can be represented as 

K,[l1(z)+(K5rX4Z-^+K6rX3Z-x3)l2(z)] 

K4[l2(z)+(K3r   Z-X'+K2r   Z-X^,(Z)] 
o2(z)=- nzw  v    X! — ^-J (13> 

A 

In this paper, we assume no input signal launched to port I2. Therefore, the above two transfer funtions can be 

simplified as 

H   (7\    °i(Z) K' (14) 
Hl](Z)" I,(Z) "  A 

H  (zyOM^\Z^+^r^ (15) 
Hl2(ZJ_ I,(Z) " A 

2.2 Three-Loops Optical IIR Filter 

The schematic diagram of a three-loops optical IIR filter is shown in Fig.4. This filter includes two 4x4 optical 

couplers and six optical delay lines. The schematic diagram of theoretical model of this filter is illustrated in Fig.5. 

Similarly, we consider the nodal signals X,(Z), X2(Z), X3(Z), X4(Z), X5(Z), and X6(Z), represent the input signals of 

the phase delays Z"x', Z"*2, Z"X3,Z"X\ Z"Xs, Z"x°, respectively. The transmittive coefficient of each delay 

path rxj(j=1_8)is set to be 1. The coupling coefficient of each optical output is represented as Kj(j=1.g) which is a positive 

real number. Because of energy conservation, the signal in each coupler should satisfy K1+K2+K3+K4+K5+K6+K7+K8 

= (1-L), and L means the intrinsic loss of optical couplers. In this paper, we assume the intrinsic loss is small enough 

that can be neglected. According to Fig.5, the transfer functions can be derived according to the following equations as 

X1(Z) = K4[II(Z) + rX4Z^X4(Z) + rX5Z-X5X5(Z) + rX6Z-x'X6(Z)] (16) 

X2(Z) = K3[I1(Z) + rX4Z-x^X4(Z) + rXsZ-x»X5(Z) + rX6Z-x'X6(Z)] (17) 

X3(Z) = K2[I1(Z) + rX4Z^X4(Z) + rX5Z-X5X5(Z) + rX6Z-x'X6(Z)] (18) 

X4(Z) = K8[I2(Z) + rxZ-x'X1(Z) + rX2Z-X2X2(Z) + rX3Z-X3X3(Z)] (19) 

X5(Z) = K7[I2(Z) + rX|Z-x'XI(Z) + rX2Z-X2X2(Z) + rX3Z-x'X3(Z)] (20) 

X6(Z) = K6[I2(Z) + rX|Z-x'X1(Z) + rX2Z-X2X2(Z) + rX3Z-x'X3(Z)] (21) 

O, (Z) = K, [I, (Z) + rXj Z"X< X4 (Z) + rXs Z"x= X5 (Z) + rXe Z"x' X6 (Z)] (22) 
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02(Z) = K5[I2(Z) + rXiZ-x'X1(Z) + rX2Z-x^X2(Z) + rX3Z-X3X3(Z)] (23) 

Similarity, we deduce the above equations and find that 

X1(Z) = K4[I1(Z) + rX4Z-x*X4(Z) + rXj ^-Z^X5(Z) + rX6 ^Z"X'X6(Z)] (24) 

X4(Z) = K8[I,(Z) + rXlZ-x'X,(Z) + rX2 ^Z"x'X2(Z) + rX3 ^Z"X'X3(Z)] (25) 
K4 iv4 

From the above two equations, X,(Z) can be derived as 

K4[l,(z)+(K8rX4Z-x< +K7rX;Z-x' +K6rXtZ-x«)2(z)] 
X, (Z) = — ^°J 

and 

A =l-K4K8rx,rX4Z-(x'+x^ -K4K7rXlrX5Z^
+x'> -K4K6rXirX6Z-(x'+x^ -K3K8rX2rXjZ^

+x^ 

-K3K7rX2rX5Z"^+x^ -K3K6rX2rX6Z"^+x^ -K2K8rX3rX4Z^
+^ -K^r^Z"^^ (27) 

KV    r     ,      7-(Xj+X6) 
2ls-6rX3

rX6Z' 

The X4(Z) can also be derived as 

K8[l2(z)+(K4rXiZ-x'+K3rX2Z-x^+K2rX3Z-x41(z)] 
X 4 (Z) = — \Lb) 

After a lot of reductions, we can find the transfer functions of the three-loops IIR optical filter as 

HM(Z)=^ = ^- (29) 11 I,(Z)      A' 

__   ,_,    O^    K5(K4rXiZ-x-+K3rX;Z^+K2rX3Z-x3) 
H,2(Z)     I,(Z) "A 

3. SIMULATION RESULTS AND COMPARISONS 
Here we use the theoretical model derived in the above section, the frequency responses of these two optical IIR filters 

are simulated. The simulation results can be applied for practical realizing various filters. Taken narrow bandwidth 

optical band pass filters as example, the optimal parameters searching work is performed. 

Table 1 shows three set of searched parameters corresponding to the simulated three examples of frequency responses 

of the two-loops optical IIR filter. According to the theoretical model we derived in subsection 2.1, three examples of 

frequency responses of two-loops IIR filters are shown in Fig.6. Example I is the best result we found. If the parameter 

K4 increases, the sidelobe will arise as shown in the curveture of example II. The delay coefficients X„ X2, X3, X4 can 

be adjusted for designing higher order filters. The simulation result example III shown in Fig.6 give a general scope of 

view of higher order filter. 

The parameters we used for simulating three-loops IIR filters in Fig.7 are listed in Table 2. Similarily, the numerical 

results are shown as example I, II and III for comparing the results of Fig.6. The optimal result of narrowband filter is 
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shown in example I. When K4 increases, the sidelobe will grow up as shown in example II like the two loops IIR 

filters. Increasing the order of this filter, the ripple of this filter will increased as shown in example III. We found the 

ripple is larger then the two loops IIR filters if the parameter is not well choosen. 

Comparison of the optical two numerical results in Fig.6 and Fig.7, we zoom in the two cases of example I and show 

the spectra details in Fig.8. We can find that the three-loops IIR filter has a narrower optical frequency bandwidth than 

the two-loops IIR filter. The narrowest bandwidths of the two-loops IIR filter and the three-loops IIR filter we found 

are 0.00012 Hz and 0.00007 Hz, respectively. The narrow linewidth can provide pure filtering effect for extracting the 

phase lock loop carrier signal in DVD control systems. 

4. CONCLUSIONS 
The access data rate of optical storage systems increases rapidly in the last five years. Therefore, the signal processing 

will follow the trend, increasing the processing speed in the future. Accompany with the age of optical data storage 

above Tera byte, studying all-optical fiber high speed signal processing elements is important. The research results in 

this paper are very helpful for practical realizing various optical signal processing filters. The narrow band filter at 

100GHz can be applied for clock recovery in high speed data-accessed DVD systems accompany some fiber pick up 

heads. 
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Table 1 

K, K2 K3 K4 K5 K6 X, X2 x3 x4 

I 0.0001 0.49995 0.49995 0.001 0.4995 0.4995 1 2 1 2 

n 2 4 4 2 4 4 1 2 1 2 

m 0.0001 0.49995 0.49995 0.9 0.05 0.05 3 4 5 6 
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Table 2 

K, K, K, K, K, K, K7 K* x, X? x, x4 X, xfi 

T 0.0001 0.3333 0.3333 0.3333 0.001 0.25 0.499 0.25 1 2 3 1 2 3 

n 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 1 2 3 1 2 3 

m 0.0001 0.3333 0.3333 0.3333 0.91 0.03 0.03 0.03 4 7 1 7 4 1 

fiber 

Fig.l The schematic diagram of application of high speed optical digital signal processing (ODSP) elements 

l\® 
Optical 
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Fig.2 The schematic diagram of a two-loops optical IIR band-pass filter 
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Fig.3 Two-loops optical IIR band-pass filter signal flow chart 
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Fig.4 The schematic diagram of a three-loops optical IIR band-pass filter 
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Fig.5 Three-loops optical IIR band-pass filter signal flow chart 
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ABSTRACT 

This paper addresses the design and construction of an interesting polarization-switched diffractive optical element (DOE) 
that generates multiple beams incident on the disk and acts as a beamsplitter and servo-generating element for light 
returning from the disk. In this way, data speed is increased proportional to the number of beams on the disk, and, by 
combining three functions into a single optical element, allows a more compact and lightweight pickup to be realized. 
The polarization-switched DOE is constructed as a sandwich of two pieces of some birefringent material, with one 
rotated by 90 degrees relative to the other so that the ordinary and extraordinary axes are interchanged, and with a 
common index-match layer between them. A diffractive pattern is etched into each of the two birefringent pieces. 
Linearly polarized light travelling from the laser towards the disk is diffracted into multiple beams by one of the 
diffractive patterns while experiencing no diffraction from the other. Travelling the roundtrip from the DOE to the disk 
and back to the DOE, the light traverses a quarter-wave retarder two times thereby rotating its polarization direction by 
90 degrees. It now experiences no diffraction from the multiple beam diffraction layer, but is diffracted by the second 
diffraction layer, which steers it onto the photodetectors and alters the beam to create useful focus and tracking error 
signals. This design is important in that it provides a way for two diffractive surfaces, each acting independently with 
high efficiency on orthogonal polarizations of light, to be combined into a single element. Implementation and 
application to a multiple-beam holographic pickup head module are presented. 

Keywords: Diffractive Optical Element, Holographic Optical Element, Optical Pickup Head, Multiple-Beam Pickup 
Head 

1.   INTRODUCTION 

In these years, optical drive market has prosperously grown. CD-ROMs have become standard peripheral equipment for 
computer hardware. With each new generation of disk drives, optical storage system designers face tougher challenges to 
cut margin, reduce size and weight, and increase data speeds. The challenges, translated to the pickup-head level, lead the 
designer to multiplex several functions into a single optical element and devise techniques to increase data speed. 

CD-ROM drive data transfer rates increased phenomenally from IX in 1991 to 50X in 1999. The CD-ROM drive market 
today allows for a maximum speed of 50X under constant angular velocity (CAV) motor control, but only on the 
outermost tracks. Data read from the inner tracks of a disk is only read at a mere 20-25X. High speed CD-ROM drives 
make noisy vibration induced from high speed spindle motor operation and run the risk of ruining the disks. There has 
been a significant amount of negative performance for these high-speed drives. 

Most CD-ROM drives use an optical head with a single laser beam for sequential data access. The laser beam is directed 
at a single track of information that forms a continuous spiral on the disc. The disk drive rotates the tracks under the laser 
and the result is a stream of serial data that can be transferred to a processor for interpretation. 

ZEN proposed multibeam technology' to increase the performance of an optical drive. Multibeam technology provides 
for reading and processing multiple data tracks simultaneously. It multiplies the data transfer rate by the number of beams 
in use compared to single-beam technology under the same motor rotation speed. Combined with constant linear velocity 
(CLV) rotation system for constant rates across the whole disc, a multibeam drive is a so-called TrueX drive. 

j7r. In Optical Storage and Optical Information Processing, Han-Ping D. Shieh, Tom D. Milster, 
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Rather than directing a single laser beam at a single track of serial data on a disc, a multiple beam optical head creates 
multiple focus points that illuminate multiple tracks and reads their data in parallel. Other than the multiple beam optical 
head and controller electronics, there is no substantial change in a multibeam system. The mechanical elements and disc 
media are identical with standard drives. Fig. 1 shows the conceptual drawing of two kinds of optical heads. It is seen 
that the only differences between a conventional single-beam optical head (Fig. 1(a).) and a multiple-beam optical head 
(Fig. 1(b).), are that a multiple-beam grating2 is placed in front of the laser for splitting the laser light into multiple 
diffracted beams and a multiple-beam detector array is positioned in the returning optical path for generating servo and 
data signals. The diffracted multiple beams pass through a beam splitter to the objective lens and are focused into 
multiple spots on the disk. The spots are uniformly spaced and illuminate multiple tracks. Focus and tracking are 
accomplished with the central beam with the same techniques used for a single-beam optical head. The beams reflected 
from the data tracks via the same optical path are directed to the multiple detecting regions that are spaced to align with 
multiple reflected tracks. A conventional central detecting region, e.g. a quad detector, is also provided for focus and 
tracking. 

Holographic optical head modules combine the source, photodetectors, beamsplitter, and servo generating optical 
element(s) into a single package3. Many examples of holographic pickup-head modules have been developed. Besides the 
advantages of cost reduction in packaging the components and the compactness of the unit, one of the biggest advantages 
is modularity. Pickup heads can be flexibly designed to meet the mechanical and system needs of a variety of drive 
designs and the holographic module, which contains a significant portion of the optical system, can be plugged in almost 
as an afterthought. It's quite common in current commercialized single-beam optical head designs to plug in a 
holographic module to comprise the bulk of the optical system. Fig. 2 shows the basic construction of a holographic 
single-beam optical head. It can be easily extended to a holographic multiple-beam optical head. 

Despite the advantages stated above, there are some drawbacks to using a holographic module in existing pickup-heads. 
The biggest problem is the low light utilization. The returning power incident on the photodetectors of a holographic 
module is around 1/3 - 1/12 that of a conventional pickup-head. This increases the loading of the current-to-voltage 
preamplifiers and can reduce the signal-to-noise ratio. Moreover, using a holographic module for a multiple-beam 
pickup-head increases the severity of the efficiency problem since a multiple-beam grating and holographic optical 
element (HOE) split the laser power into an even greater number of diffraction orders, many of which go unused in either 
the forward or returning light paths. In this paper, we avoid the efficiency problem of the holographic pickup head by 
using a polarization-selective diffractive optical element (DOE)4'5. An interesting polarization-selective DOE design is 
proposed that both increases the round-trip light efficiency and, at the same time, combines three functions (beamsplitter, 
servo signal generating, and multiple-beam grating) into a single optical element. With this design, a more compact, 
lightweight and high performance holographic multiple-beam pickup can be realized. 

2.   DESIGN CONCEPT 

Fig. 3 shows the physical operation of a polarization diffractive element. The pattern is etched on a birefringent substrate 
with the indices n0 and ne corresponding to ordinary and extraordinary waves respectively. The etched surface of the 
birefringent substrate is refilled with an isotropic material having index equal to n0 (or ne). Consider the case of incident 
light with polarization aligned perpendicular to ordinary wave. The incident light will be phase modulated due to the 
difference between the extraordinary index of the birefringent material and the index of the isotropic backfill material and 
be diffracted by the etched pattern. In the other case, with the incident light polarization aligned along the ordinary index 
of the birefringent material, the light will experience no diffraction since the backfill material and is index-matched to the 
ordinary index and therefore the light doesn't see the grating. 

The key idea of our polarization-selective DOE design uses two pieces of polarization elements. One element is designed 
as a multiple beam grating and the other is designed to function as a beamsplitter and servo-generating element. These 
two pieces are designed to diffract light of orthogonal polarizations. This can be implemented by rotating one piece of the 
polarization element by 90 degrees relative to the other and therefore interchanging the ordinary and extraordinary axes 
of the birefringent material in both elements. As shown in Fig. 4, by proper orientation of the diffractive patterns on two 
polarization elements, linearly polarized light travelling from the laser towards the disc is diffracted into multiple beams 
by the first grating surface, while experiencing no diffraction from the second. Travelling the roundtrip from the DOE to 
the disc and back to the DOE, the light traverses a quarter-wave retarder two times so that the return-trip light incident on 
the DOE is now linearly polarized perpendicular to that of the light coming from the laser. This light is now polarized 
such that it will be diffracted by the beamsplitter/servo-generating diffractive surface and experiences no diffraction from 
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the multibeam grating surface. The light is steered onto the photodetectors and, at the same time, conditioned to create 
useful focus and tracking error signals. 

In a holographic multiple-beam pickup-head, the multiple-beam grating is used only on the forward light path, while the 
beamsplitter/servo-generating element is used only on the returning path. With this polarization-selective DOE design, 
the two polarization elements are orthogonally oriented. Whether on the forward or the returning path, the laser beam 
will be diffracted by only one of the two elements. In this way, this design avoids wasting laser power in unwanted 
diffraction orders thereby increasing the light utilization efficiency. This is necessary to make a holographic multiple- 
beam pickup head feasible. 

Fig. 5 compares various types of optical system designs with regards to the losses of grating and beamsplitter for 
multiple-beam optical heads. The efficiency calculation shown in Fig. 5(a) and Fig. 5(b) is for conventional type pickup- 
head design. Fig. 5(a) uses a common beamsplitter and has 50% of the light is lost in each direction. The multiple-beam 
grating is usually designed to evenly distribute 90% of incident light into the useful diffracted beams. This grating can be 
designed according to Dammann's method6. Fig. 5(b) uses a comparatively expensive polarization beamsplitter 
combined with a quarter wave plate and gains the highest roundtrip efficiency of 90%. It is four times the efficiency of 
Fig. 5(a). Fig. 5(c) and Fig. 5(d) are optical designs with holographic beamsplitters. Fig. 5(c) adapts the general structure 
common to holographic pickup heads to the multibeam case. It is seen to be the least efficient with only 2.2% roundtrip 
efficiency. This is why a standard holographic module for multibeam is impractical. Fig5d shows the design utilizing the 
proposed polarization-selective DOE element. The beamsplitter/servo-generating diffractive surface can be etched with 
either binary or blazed shape giving efficiencies of 40% or 96% respectively. The total roundtrip efficiency in Fig. 5(d) is 
estimated to be around 36-86%. It is better than Fig. 5(a) and Fig. 5(c). 

The polarization-switched DOE can be constructed as a sandwich of two pieces of some birefringent material, as shown 
in Fig. 6, with one rotated by 90 degrees relative to the other so that the ordinary and extraordinary axes are interchanged, 
and with a common index-match layer between them. The index-match layer is a kind of isotropic material with index 
equal to that of either ordinary wave or extraordinay wave in the two birefringent pieces. Multiple-beam grating and 
HOE patterns are etched into each of the two birefringent pieces. This sandwich structure provides the same functions as 
that described in Fig. 4, combines two diffractive elements into a single piece and furthermost reduces the size of 
holographic optical module. An alternative method is to attach the quarter-wave plate on the sandwich polarization- 
switched DOE and make the system even more simplified. These compound polarization selective DOEs should be 
manufacrurable at low cost with simultaneous fabrication of many pieces on a single substrate as is characteristic of 
DOEs. 

3.   CONCLUSION 

In conclusion, we have introduced a method for constructing a holographic multiple-beam optical head. A polarization- 
switched DOE is proposed for avoiding the severe power losses in a holographic pickup head. The efficiency analysis 
gives a promising result. A sandwich-like structure is implemented for this polarization-switched DOE. With these 
designs, a high performance, compact size and lightweight multiple-beam optical pickup head can be achieved. 
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ABSTRACT 

A diffractive phase element (DPE) reducing the diameter of main-lobe of a focal light spot has been developed. 
A light spot focused by an optical system spreads due to the light diffraction from a limited aperture of lens. The 
developed DPE reduces the main-lobe diameter by modulating the incident wave-front of the focusing lens. Although 
the DPE increases the side-lobe intensity of the focal spot, appropriate design can reduce its magnitude enough not 
to affect the photoresist in lithography process. An iterative method based on the Gerchberg-Saxton algorithm 
combined with new constraints was applied to design a DPE. A rotation symmetrical binary DPE was designed, 
which reduces the main-lobe diameter to 74% and makes the side-lobe intensity under 2.7% of the main-lobe. The 
designed DPE was fabricated with the laser beam lithography system developed by the authors, and its performance 
was measured by mounting it on this system. The minimum line width obtained with the DPE becomes 1.0/zm while 
it is 1.2/mi without the DPE. It is also shown by a computer simulation that the focal depth of the focusing system 
with the DPE becomes wider than that without the DPE when both systems produce the same focal spot size. 

Keywords: diffractive phase element, focusing system, focal depth, focal spot pattern, laser beam lithography 

1. INTRODUCTION 

Diffractive phase elements (DPEs) have considerably extended their applications according as the development of 
microfabrication technology, which enables us to realize various optical functions, an optical integration of numerous 
optical systems, or a easy replication for optical elements. Especially, DPEs have ability to create distinctive optical 
functions designed by a computer with high efficiency of light usage in a thin element. So DPEs have been applied 
as special optical elements such as optical interconnections,1   beam shaping,2   mode formers3 and so on. 

In order to obtain the desired functions of a DPE, it is important to design a proper surface relief of a element. 
The Simulated Annealing method (SA)4 and an iterative method based on the Gerchberg-Saxton algorithm (GSA)5 

are well-known methods for designing DPEs. The SA method can design DPEs with high accuracy, but needs heavy 
computational load than the GSA. On the other hand, the GSA leads a desirable answer in a short time but it needs 
a proper constraints to converge in many cases. For example, it was reported that the GSA produced the DPE in 
only 20 iterations, which converts a Gaussian beam profile to a uniform intensity distribution.6 

DPEs are usually fabricated by using lithography and etching processes. The functions of DPEs are often 
restricted by a fabrication limit, that is, finer structures than the spot size determined by diffraction limit of the 
focusing lens can not be achieved. We attempt to make finer structures than the spot size determined by diffraction 
limit by using a DPE. The DPE, we used, is designed by the GSA with special constraints. It modulates a wave-front 
of the incident light to the focusing lens of a photolithography system as illustrated in Fig. 1, and generates a smaller 
spot size than diffraction limit but it allows a little increase of side-lobe intensity. This technique looks similar to an 
apodization technique, that is well-known to obtain wider focal depth in an imaging system.7~9 But an apodization 
technique usually spreads a focal spot pattern for concentrating light energy of side-lobes to main-lobe. For our 
purpose, it is more important to make a light spot sharp than to concentrate light energy to main-lobe, even if a 
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Figure 1.    Scheme of a focusing system for reducing spot, size;  (a) with the DPE, and (b) without a DPE (a 
conventional system). 

side-lobe intensity might increase. In the lithography process, an effect of the side-lobe intensity to pattern drawing 
can be eliminated because of the nonlinear sensitivity of a photoresist material. 

In this paper, we describe the design method for the DPE, its implementation, and its evaluation by optical 
experiments. The DPE is designed by a modified GSA with new constraints. The designed DPE is fabricated by 
using the laser beam lithography system we developed, and it is mounted on the system for evaluation. The drawing 
resolution is evaluated from experimental results. We also discuss on the focal depth of the focusing system with or 
without the DPE, and performance of the DPE is evaluated. 

2. DESIGN OF THE DPE 

2.1. Design Method 
Design of a DPE is performed by two steps. The first step is to calculate the continuous phase distribution of a DPE, 
and the second step is to quantize the calculated phase distribution. In this paper, the GSA is basically applied in 
the first step and the stepwise quantization method (SQM) proposed by Wyronski10 is used in the second step. The 
design procedure for the GSA is described as the following six steps, in which I denotes the iteration number and an 
observation plane means a focal plane of a focusing lens: 

1. An initial phase distribution ip0 of a wave-front on the observation plane is chosen at random. 

2. The wave-front on the DPE plane is calculated by inverse Fourier transform of the wave-front v/ze** on the 
observation plane, where \/Ti denotes an ideal amplitude of wave-front on the observation plane. It is expressed 
as Aiei4"{= F~l[\/Tiei,J"}), where F_1 is an operator for the inverse Fourier transform. The details of the ideal 
amplitude \fli at Zth iteration are described in Sec. 2.2. 

3. The amplitude At of the wave-front on the DPE plane is replaced with the amplitude W0 of the illuminating 
light source. (This is the DPE plane constraint.) The phase <pi is maintained to be unchanged. 

4. The wave-front on the observation plane is calculated by Fourier transform of the wave-front W0e
#i on the 

DPE plane. It is expressed as v/7^e^'(= F[W0e
i<t"}), where F is an operator for the Fourier transform. 

5. The calculated amplitude y/h of the wave-front on the observation plane is replaced with the (I + l)th ideal 
amplitude \/li+i- (This is the observation plane constraint.) The phase ipi is maintained. 

6. If the iteration number reaches at the prescribed number or Ierr < 0.01 is satisfied, the iteration is stopped. 

Here, Ierr is determined as ,   ■'•' ^"fj'       which is the root mean square error of It and I0, where Ii and 70are 
y      JJ 7o ds 

an obtained intensity distribution and an ideal intensity distribution on the observation plane, individually. If 
the condition is not fulfilled, return to the step 2. 
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The phase distribution obtained by the above algorithm is quantized by the SQM in the second step. The 
procedure of SQM is same as that of GSA except for adding the quantization of the phase 4>i to the DPE plane 
constraint in step 3. The SQM leads a quantized phase distribution gradually by extending the quantization area 
as the iteration process proceeding.10 In the design procedure for DPEs, we used the same parameters for SQM as 
described in Ref. 10; that is, Q=5, P=10, and e'1' = 0.3, e^ = 0.5, e<3> = 0.6, e<4) = 0.7, e<5> = 0.75, £<6> = 0.8, 
e(

7) = 0.85, £(8) = 0.9, e(9) = 0.95, and e(10) = 1.0, where Q is the number of iteration in each subdivided cycle in 
which the quantization area is fixed, P is the total number of subdivided iteration cycles, and e(p) indicates ratio of 
a quantization area to the total area in the pth subdivided iteration cycle. 

In the case of design for DPEs to generate a rotation symmetrical focal spot pattern, it is convenient to use 
the one dimensional Hankel transform instead of the two dimensional Fourier transform. The complex-amplitude 
distribution Ts(p) of the focal spot pattern is expressed as the Hankel transform of the transmittance distribution 
ts(r) of the DPE as follows. 

Ts{p) = 0I°°ts(r)Jo (^7pr)rdr' (1) 

where A denotes a wavelength, / is a focal length of a focusing lens, r and p are radial coordinates in a DPE plane 
and a spot pattern plane, respectively, J0 is the first kind zeroth order Bessel function. The inverse Hankel transform 
is expressed with the same mathematical expression of Eq. (1). In actual design, the discrete Hankel transform can 
be calculated by using the quasifast Hankel transform algorithm in a computer.11 

2.2. Design of DPE for Generating a Small Light Spot 

As a preparation before designing a DPE based on the procedure described in Sec. 2.1, the profile of an incident 
beam on to the DPE has to be measured. The intensity distribution I\„c(r) for a laser beam can be expressed with 
a gaussian profile by introducing a parameter ws as follows, 

Jinc(r) oc exp ( j). (2) 

The beam profile in our system was measured experimentally by using the knife edge method, and we obtained 
ws = 1.47/mi. From this result, Wo in design process 3 is set to y/l;nc(r) with ws = 1-47. 

As the observation plane constraint in the design procedure, the rules of Eq. (3) which is based on an adaptive- 
additive algorithm12 is utilized. 

r     ,v      f al0(p) + {1 - a)Ii{p)    {p>\pi/e2), .. 

[MP) (P<  2^1/e2)' 

where h{p) is a target spot intensity pattern, Ij(p) is a spot intensity pattern calculated in Zth iteration, Ii+\{p) is a 
constrained pattern, p is a radial variable, and pi/e2 is the radius at which the intensity I(pi/e2) becomes l/e2/(0), 
where I(p) is the spot pattern obtained without the DPE. The parameter a in Eq. (3) controls the strength of 
constraints. 

For the design of the DPE to reduce a spot diameter, a target intensity distribution I0 was given by 

j  = fl (P< \pi/*), (4) 
[0.003    (p>ip1/e*), 

and the parameter a in Eq. (3) is selected as follows: 

(I < 50), 
(51 < I < 100), (5) 
(101 < I < 150). 

The total iteration number is set to 100 for the first step and to 50 for the second step, sampling number in each 
plane is 4096 on a radial axis by using the Hankel transform, and the number of the phase levels of the DPE is 2. 
The design results are shown in Fig. 2. Figure 2(a) is the amplitude profile of the incident beam, (b) is the phase 



Amplitude 
1.0 

2 

(a) 

i r 
3 4 Radius(mm) 

T 
2 

(b) 

4 Radius(mm) 

Intensity 
1.0 

(c) 

Radius( /u m) 

Figure 2.  Design of the DPE; (a) amplitude profile of the incident beam, (b) phase distribution of the DPE, and 
(c) calculated focal spot pattern. 
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distribution of the designed DPE, and (c) is the calculated focal spot pattern obtained by using the designed DPE. 
The designed DPE reduces the spot radius from 0.85/im to 0.63/um, that is about 74% reduction, where we define a 
spot radius as a radius at which the spot intensity decreases to 1/e2 of main-lobe. On the contrary, the maximum 
side-lobe intensity increases to 2.7% of the main-lobe intensity. For an application of the laser beam lithography, 
side-lobe intensity should become small and not affect to the exposure. Figure 3 shows the relationship between 
the thickness of the remained photoresist after exposure and an amount of exposure, which we measured for the 
photoresist AZ1500 (Hoechst Industry Limited). This relationship shows that the side-lobe intensity less than 10% 
of the central intensity does not act on the exposure to the photoresist. Therefore, the DPE designed here can be 
utilized to improve the resolution of patterns drawn by a laser beam lithography system. 
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Figure 4. Definition of spot diameter, (a) Maximum side-lobe intensity is less than 1/e2 of main-lobe intensity and 
(b) more than 1/e2. 

3. DISCUSSION ON FOCAL DEPTH OF FOCUSING SYSTEM WITH DPE 

In a laser beam lithography process, a focused laser beam is scanned and exposes the photoresist coated on the glass 
substrate. The coated photoresist usually has thickness of sub micron meter or a few micron meter. So it is important 
not only to make a laser spot small but also to make the focal depth deep enough to obtain high resolution. In this 
section, we discuss on the focal depth of a focusing system with the DPE by comparing to other systems without 
the DPE. 

3.1. Defocused Spot Pattern in a Focusing System 
Let us consider a focusing system shown in Fig. 1(a). The spot pattern defocused by the amount of Sd in the focusing 
system has the intensity distribution Is(p) of 

h{p) oc / ts(r)exp (ikw2or2) Jo ( jpr j rdr 

where k = 2TT/X, and 

W20 = yNA \ 

(6) 

(7) 

in which NA is the numerical aperture of the optical system.7'9 The other variables have same meanings as in Eq. (1). 

Now we evaluate the focal depth for the three focusing systems as follows; 

(i) Using a objective lens of NA=0.46 alone, 

(ii) Using a objective lens of NA=0.46 with the DPE designed in Sec. 2.2, 

(iii) Using a objective lens of NA=0.58 alone. 

The number of NA in case (iii) is selected to get a same focal spot diameter as in case (ii). Now we define a spot 
diameter and a defocus distance for the following discussion. A spot diameter is defined as the twice of maximum 
value of p satisfying the condition of Is(p) = 1/e2 x Jc, where Ic is the main-lobe intensity as shown in Fig. 4. We 
call Sd in Eq. (7) a defocus distance. 

3.2. Evaluation of the Focal Depth of Focusing Systems 
To evaluate the focal depth of three focusing systems (i), (ii), and (iii), we calculated the spot diameters and maximum 
side-lobe intensities at each defocus distance by using Eq. (6). The calculated results are shown in Fig. 5. Figure 5(a) 
denotes that the system of case(ii) generates the smallest spot diameter in the area of defocus distance less than 
±3//m. But the spot diameter of case(ii) enlarges discontinuously at the defocus distance of ±3p,m because the first 
side-lobe intensity becomes more than 1/e2 of main-lobe. 
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— (i) NA=0.46 without a DPE 
_(ii) NA=0.46 with the designed DPE 
— (iii) NA=0.58 without a DPE 
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Figure 5.   Changes of (a) spot diameters and (b) maximum side-lobe intensity versus defocus distance in three 
configurations of focusing systems. 
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Figure 6. The microscopic picture of the fabricated DPE. 

Now let us consider the case of the photoresist with 1.5/zm thickness, which is a maximum thickness we usually 
use. When the defocus distance is 1.5/rni, the spot diameter increases about 1.1 times of the focal spot size in case(ii), 
while 1.5 times in case(iii). On the other hand, the maximum side-lobe intensity is almost zero constantly in cases(i) 
and (iii), while it reaches to 4.6% of main-lobe intensity in case(ii) when the defocus distance is 1.5/zm. However this 
side-lobe is too weak to affect pattern drawing because of nonlinear sensitivity of the photoresist material. 

From above consideration, it is shown that the focusing system with the DPE has a wider focal depth with a 
small spot than the system without a DPE. So the focusing system with the designed DPE is useful to achieve higher 
resolution of pattern drawing, and more efficient than using a focusing lens with larger NA alone. 

4. EXPERIMENTAL RESULTS 

The designed DPE was fabricated by using a photolithography and reactive ion etching processes. In a lithography 
process, the laser beam lithography system developed in our laboratory and AZ1500 of photoresist (Hoechst Industry 
Limited) were utilized. And a compact ECR ion shower system (EIS-200ER; Elionix Inc.) was used in etching process. 
Figure 6 shows the microscopic picture of the fabricated DPE. The ring patterns were drawn as multiple concentric 
circles by changing their radii with 0.5pm pitch. The etching depth was 491nm corresponding to 7r phase modulation 
for wavelength 422nm of a He-Cd laser, which is the light source of the lithography system we use. 

The fabricated DPE was mounted on the laser beam lithography system to evaluate its effectiveness. In this 
section, the function of the DPE is verified by measuring the spot diameters obtained in the laser beam system and 
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Figure 7. The measured spot diameters of the focusing system with or without the DPE. 

its performance is evaluated by drawing some basic patterns. 

4.1. Measurement of the Spot Diameters by Knife Edge Method 
The diameters of focal and defocused spot patterns were measured by the scanning knife edge method. The scanning 
interval of knife edge is 0.1pm and a defocus interval was set as 0.5/mi in the direction of optical axis by the control 
of a piezo-actuator. The positional repeatability of a x-stage used for scanning the knife edge is about 0.2pm. To 
reduce noise, the measured data were filtered with Savitzky-Golay filter13 and fitted to two dimensional gaussian 
profile. The measured spot diameters by changing the defocus distance within ±5pm are shown in Fig. 7. Although 
it is difficult to specify the focal plane precisely in the measured data, the minimum diameters can be estimated as 
1.6pm for the system without a DPE and as 1.3pm for the system with the DPE. By this result, it is confirmed that 
the diameter is reduced by using the DPE. The spot diameter obtained with the DPE varies a little at the range of 
defocus distance from -4pm to 2pm and increases gradually at outside of this range. The case without a DPE also 
shows same characteristics. These results agree with the simulation results of Fig. 5(a). 

4.2. Evaluation of the Resolution by Pattern Drawing 
Firstly, in order to verify the effect of the side-lobes of a focal spot, the point spread patterns were drawn. Figure 8 
shows the microscopic pictures of these patterns drawn on the photoresist; (a) is obtained without a DPE, and (b) 
with the DPE. For the comparison, we tested another DPE generating strong side-lobes, whose intensity is over 20% 
of main-lobe intensity. Figure 9(a) shows the calculated spot pattern by using the DPE with strong side-lobes and 
(b) is the picture of the obtained point spread patterns on the photoresist. The ring patterns generated by side-lobes 
appear around each central spot in Fig. 9. On the other hand, the effect of side-lobes is not presented in Fig. 8(b). 
These results demonstrate that the side-lobes produced by the DPE designed adequately do not make adverse effects 
on the pattern drawing. This is because that the side-lobe intensity is small enough (about 2.7% in design) and the 
photoresist have weak sensitivity to such small intensity. 

In the next, line and space patterns were drawn on a photoresist and line width was measured. Straight lines 
with 3pm period were drawn by scanning laster beam. The photoresist images obtained by the scanning electronic 
microscopy (SEM) are shown in Fig. 10; (a) shows the pattern obtained without a DPE, and (b) shows the pattern 
with the DPE. It is verified from Fig. 10 that the width of drawn lines are reduced from 1.2pm in (a) to 1.0pm in 
(b). While the side-lobe area for each adjacent line is overlapped in Fig. 10(b), undesirable patterns do not appear. 
From these results, the drawing resolution is surely improved by the DPE developed by us. The reducing rate for a 
spot diameter was measured as about 83% in the experiment whereas the computer simulation predicted it as 74%. 
The reason of this difference mainly depends on the difference of threshold level for the focal spot. The line width 
obtained in the experiment depends on the sensitivity of the photoresist material, while the spot diameter is defined 
by the spot area with 1/e2 intensity of main-lobe in the computer simulation. The fabrication error in etching depth 
also affects the line width. 
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Figure 8.   The microscopic pictures of point spread patterns on the photoresist material obtained (a) without a 
DPE and (b) with the fabricated DPE. 
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Figure 9.   The experimental results for the DPE generating the strong side-lobes,   (a) The calculated focal spot 
pattern and (b) point spread patterns drawn on a photoresist material by using the DPE. 
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(a) without a DPE (b) with the DPE 

Figure 10. SEM images of line and space patterns. 

5.  CONCLUSION 

In this paper, we presented about the design, fabrication, and evaluation of the DPE to reduce the focal spot 
diameter, and to improve the resolution of the laser beam lithography system. By using iterative method with 
new constraints, we designed the rotation symmetrical DPE that can reduce the spot diameter to 74% in the cost 
of increase of side-lobe intensity to 2.7%. The DPE was fabricated by a lithography process and was mounted on 
the laser beam lithography system to evaluate the effectiveness of the DPE. We confirmed experimentally that the 
minimum line width of drawn pattern is reduced from 1.2/zm to l.Oyum by using the fabricated DPE. It was also 
verified that the focal depth of the system with the DPE is wider than that of the system without the DPE when 
both systems produce the same focal spot size. Thus, it can be shown that the developed DPE is useful for a laser 
beam lithography process to obtain finer structures than the conventional system with a focusing lens alone. For 
improving the resolution of the focusing system, it is well-known to use a focusing lens with large NA or a short 
wavelength of light. Utilization of the DPE described in this paper is another approach and it would be expected to 
improve the density of an optical memory system, the resolution of a laser beam printer, or other focusing systems. 
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ABSTRACT 
The volume holographic optical data storage has been an important and exciting area of research. Recently the more 
interested study for a high-density holographic memory is focused on the speckle wave used as the coded reference wave in 
various multiplexing techniques. In this paper, a novel speckle holographic storage scheme is proposed, which a random 
phase diffuser is added in the front of storage medium along the reference optical path of the original 90 degree storage 
geometry. In this scheme the incident angle of the reference beam and the place of the random phase diffuser illuminated by 
the reference beam can be changed simultaneously. The joint action of these changes generated a dynamic speckle wave for 
the reference beam in holographic storage. A theoretical model has been derived to describe the storage properties of this 
scheme based on the cross-correlation of dynamic speckle and the diffractive theory. The storage density influenced by the 
properties of the speckle patterns has been analyzed and experimentally confirmed. The results indicate that this scheme 
allows an increase in the data storage density with simple storage-retrieval architecture. 
Keywords: Holographic storage, dynamic speckle, high-density, angular-shift multiplexing. 

1.   INTRODUCTION 

Volume holographic data storage and processing offer the potential for high capacity inherent in bulk media, fast access 
owing to optical addressing, and fast transfer rates owing to their parallel nature'. Multiple holograms may be stored in the 
same volume by use of, i.e., wavelength2, angular3, shift4, and phase encoding5, typically in a volume Fourier holographic 
arrangement6. These multiplexing methods of volume holograms are based on the selective reconstruction of specific 
holograms out of an entire ensemble of holograms stored in the medium. Although all these methods permit high-density 
storage of the holograms, the longitudinal shift component of the volume-recording medium has not been considered for 
coding the individual pages of information. Recently V.Markov et al.78 used speckle encoded reference beam to 
demonstrate a single volume, multilayer holographic optical memory based on the features of three-dimensional spatial-shift 
selectivity in a volume hologram. Their recording method permits more efficient use of the recording medium and yields 
greater storage density than the spherical or plane-wave reference beams. 
According to V.Markov's method, a novel scheme is adopted to realize the same storage performance by using the dynamic 
speckle rather than the static speckle. It is convenient to use this scheme in the general system of holographic storage by use 
of aneular multiplexing. A random phase diffuser is placed in front of the storage medium and the reference beam 
transmitted through it with different incident angle into the storage medium. Along with the incident angle change, the 
illuminated part of diffuser shifted simultaneously. The joint action of these two kinds of variations will transform the 
original collimated reference beam into a dynamic speckle, as illustrated in Fig.l. 

Output Detector Holographic Medium Output Detector Holographic Medium 

Signal SLM 

Reference Angles 

Fig.l. (a) General schematic for holographic storage by angular multiplexing. A signal is generated by an 
illuminated amplitude spatial light modulator (SLM), and reference beams are incident at different angles, 
(b) The reference beams are generated by illuminating an random phase diffuser with different incident 
angles and positions simultaneously. 

236 
In Optical Storage and Optical Information Processing, Han-Ping D. Shieh, Tom D. Milster, 

Editors, Proceedings of SPIE Vol. 4081 (2000) • 0277-786X/00/S15.00 



In this paper, a theoretical model has been derived to describe the storage properties of this system based on the cross- 
correlation of dynamic speckle and the diffractive theory. The numerical calculation of the model indicates that the angular 
selectivity for angular multiplexing has been improved by adjusting the speckle size and so the storage density has been 
increased. The function of dynamic speckle reference beam is showed to be the same as the static speckle reported by 
V.Markov. The experiment results farther confirm that the model is competent for describing the holographic storage with 
dynamic speckle reference beam. 

2.   THEORY 

Let us consider a volume phase hologram recorded with reference speckle wave (writing wave) Rw (F) and plane wave 

(signal wave) S0 (F) = A exp[iks -f) of the amplitude A using a 90 degree storage geometry. We assume that after 

exposure the permittivity s(r) of the recording material will exhibit local changes s(r) = £0 + Ö£\r) and Ö£[r) is the 

modulated component of the permittivity. The value of Ssif) is supposed to be proportional to the square of the electric 

field of the interacting waves, i.e. 

öS{7)K\E\
2
 -\S0{r)+Rir{rf ^S0(F)R;{r) (1) 

Now we consider the reconstruction of the hologram influenced by the reading speckle wave RR{r). Propagation of 

transmitted RR(F) and diffracted S(f) waves in the volume of the hologram can be described through the system of 
Maxwell's equations9. For the monochromatic waves of identical polarization in an isotropic media, the system can be 
reduced to a scalar wave equation 

AE(r) + [e0 + ös{r )>0
2 E{r)=0 (2) 

In the first Born approximation, the total field E(r) in the hologram be presented as an incident reference wave RR(F) 

plus a result of diffracting, 5(F), i.e. 

E{r)=RR{f)+S(r) (?) 
Substituting the total field (3) into the Helmholtz equation (2) and considering that S(r) is of the first order with respect to 

the perturbation parameter Ss(f), then the diffracting field S(r) satisfies the equation 

&S(r) + k2
0£0S{r) = -5s{r)klRR (r) (4) 

the solution of (4) can be presented as 

S(f) = -kl )ss(r)RR{r)G{rJ')dV' 
-oc 

= -Akl expfe • V))R'W {r)RR{r')ß{r,r']dV (5) 
-co 

1   exp[z'*0|F-r'|] 
where 

G(f,r')- 
An 

is Green's function. 
In the novel scheme for speckle holographic storage, the variation of reference wave includes both changes of incidence 
angle and shift of illuminating part on the random phase diffuser simultaneously. For the sake of simplification, we assume 

that the central direction of propagation for the writing wave Rw (F) is normal to the hologram front surface and the 

reading wave RR (F) has a small angle 0 of deviation with respect to the writing wave, as shown in Fig.2. 
By using the Fresnel-Kirchhoff diffraction integral10, the writing and reading reference waves in this system can be 
expressed as 

Rw{r)= lP{r0)Aw{r0K(r,r0)dr0 (6) 
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Reference beam 

Fig.2. Geometry of the hologram recording by signal plane wave S0(r) and dynamical speckle reference wave 
Rw(r) and reading wave RR(r). Here T is the diameter of signal beam, dL is the distance from the hologram 
front surface to random-phase diffuser, A is the shift of the illuminated part of the diffuser and 9 is an angle 
between writing beam and reading beam. 

RR{r')- \P{r'MAK)hR{r'J^ (7) 

where  Fand  f'   denote the vector coordinate of the diffuse plane,   Aw(r0),   AR(f'0) are the complex amplitude 

transmittance of the diffuser with respect to writing and reading waves, respectively. The following relationship is satisfied 

{A;(r0)AÄrö)) = 4o-K-^) <8> 
in which  S( ) represents a Dirac delta function,  (• • •)   standing for an ensemble average and A is the shift of the 

illuminated part of the diffuser arising from the change of incidence angle of illuminating beam. 
The transfer functions of the optical system for writing and reading waves can be written 

V(>%r0) = —-exp 
IAZ v 
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(9) 

(10) 

When a Gaussian beam with a waist width CO0 is employed to illuminate the diffuser, the illumination function of diffuser 

can be written" 
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Ap{z0) 
(ID 

where 0)(z) and p{z) are the width and wave front curvature radius of the illuminating beam at the diffuser and are given 

by 

co(z) = co0(\ + z2/a2f2 (12) 

p{z)=z(l + a2/z2) 03) 
and 

a = KCO
2
 /A 

Substitution of Eqs (6)-(l 1) into Eq.(5) leads to 

S(?)=<exp(,VF)^]r(F,?yr 

where T(r,r') is the cross-correlation function of the speckle reference beams, given by 

(14) 

(15) 
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where <7 = 1 + 
/>(*<>)' 

A = dLte6>. 

As the experimentally measured value is the diffracted beam intensity ID = \S\ , it is convenient to introduce the 

parameter of relative diffracted beam intensity IDN{d)= ID{0)lID{0 = O), where ID{0 = O) is the diffracted beam 

intensity at zero angle deviation. Then we can express the IDN (6) as 

IDN{d) = cos20exp 
dltg2e) | HJ. H(F> F')exp[M(F, r')]exp[/N(r, r')\h'dy'dz^ 

co ;(-o)J 

where 

H(r,r')-. 

M(r,r'): 

1 \    7t2CO2(z0) 
-exp - 

2Xlz 2-2 

\\\[ß{f,r')dx'dy'dz 

>+(y-y)2]exp|i^[-x'J+(yJ-y2)] 

(17) 

7Z2CO 

2X'z 
2^[a2dltg20 + 2adLtge(y-y')] 

li(?,F') = ^-dLtg8{y + y') 
Az 

The equation (17) can be used to discuss the storage properties of our novel system, such as, the influence of speckle size on 

the data storage density. From this equation the speckle size is determined by the O)(z0) and d,, i.e. the correlation length 

of dynamic speckle 5 ■ 
Az 

TtCO M 
3.   EXPERIMENTAL RESULTS 

We have calculated numerically the dependence of diffracted beam intensity IDN(9) on incident angular deviation at 
reconstruction with different speckle sizes according to Eq.(17). The speckle size varied with the distance from the front 
surface of the hologram to random phase diffuser and the diameter of illuminated part on the diffuser. The sensitivity of the 
diffracted beam IDN(0) has a monotonic character and smoothly falls down with increase of the angular deviation around the 
hologram writing beam, as shown in Fig.3. 
Obviously, the bigger the speckle size 5 is, the more slowly the diffractive intensity attenuates along with the angular 
deviation increasing. The angular selectivity of the storage arrangement, as shown in Fig.lb, by using the joint action of the 
angular-shift variation of the illuminating beam that produce a dynamic speckle on the storage medium, can be more 
sensitive if an appropriate diffuser be used. The characteristics of selectivity become mainly dependent on the properties of 
the speckle pattern of the reference beam, that is, speckle size. In comparison with the selectivity determined by cross- 
correlation between recording and retrieving speckle structures the Bragg selectivity of the original angular multiplexing 
becomes subsidiary. 
A standard 90 degree storage geometry for angular multiplexing was used in the experiment to demonstrate the multiple 
holograms stored in a same volume with dynamic speckle reference beams with simply an addition of diffuser in the 
reference optical path. As the angle scanning, a collimated light beam will firstly illuminate the diffuser with different 
incident angle and position and then transmit through diffuser to form a speckle pattern on the surface of the lithium niobite 
crystal. The central locations of all speckle patterns are almost at the same point during scanning as in the original angular 
multiplexing system (Fig.la). A diode pumped YAG laser ( ?i=532nm, P~200mW) was used as a coherent light source to 
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record volume holograms with a block of LiNb03: Fe crystal. A ground glass is used as the diffuser in our experiment and 

the speckle sizes are changed through adjusting the distance from crystal surface to diffuser dL . 

As seen from Fig.4, the angular selectivity is monotonically increasing with the increasing of d, . The dependence of selectivity 
on speckle properties showed in Fig.4 corresponds to the theoretical analysis. This consistency shows that our theoretical model is 
suitable for describing the characteristic of dynamic speckle holographic storage. 
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Fig. 4. The incident angular selectivity 89 as a function of the 
distance dL from the hologram front surface to random phase 
diffuser. 
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Angular Deviation (a.u.)    6 

Fig. 3. Calculated dependence of the normalized diffracted beam 
intensity IDN(9) on incident angular deviation 6 at 
reconstruction with different speckle sizes 8. In this case, the 
parameters of co„=370um, dL=500mm, and T=8mm are chosen. 

4.   CONCLUSION 

We have proposed a novel scheme that introduces a dynamic speckle in the original angular multiplexing arrangement by 
means of an appending a random phase diffuser in the front of storage medium along the reference optical path. We have 
also derived an expression for new angular-shift multiplexing mechanism by applying the perturbation technique and cross- 
correlation of dynamic speckle as well as the diffractive theory. That calculated results coincide with experimental ones 
indicates our theoretical model being able to analyze this novel scheme rightly. 
The selectivity of holographic storage with dynamic speckle is mainly limited by the speckle size. Reducing the speckle size 
on the surface of storage medium can unceasingly increase the data storage density as long as the scan resolution meets the 
needs of retrieval. We can place the diffuser close to the storage medium or change illuminating condition to obtain high- 
density storage. In addition, the dynamic speckle has ability to achieve 3D holographic storage based on the features of 
three-dimensional spatial-shift selectivity that leads to get more high-density of holographic storage. 
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ABSTRACT 

In this paper, a new two-way measurement method of optical signal processing elements is presented. The proposed method 

can decrease testing time and reduce human errors induced by disconnection in conventional one-way testing method. We 

can measure the scattering parameters of optical devices with fast two-way measurement when applying the new probes in 

conventional network analyzers. We demonstrated using our designed opto-electronic probes can measure the frequency 

responses of S2i and S12 of optical information processing component simultaneously. No reverse connections are needed 

for transfer functions measurement. In the future, this system can be applied to measure the characteristics of broadband 

optical signal processing elements for system applications. The theoretical model we built is very match to the experimental 

results. 

Key words: Opto-electronic Probe , Optical signal processing , Measurement, Fiber optics, Optical filter 

1.   INTRODUCTION 
High speed optical signal transmission above Gbps in fiber communications show promising results recently1 ~8 . Using 

lightwave technology for measuring S parameters of optical signal processing components has becoming an important issue. 

The application of a microwave network analyzer tailored an opto-electronic probe for analyzing fiber-optic signal 

processing components has been reported 9. But, the human errors induced by disconnections are introduced with using full 

two ports S parameter measurement with changing direction of element. The purpose of "through" calibration is to correct 

errors in transmission coefficients in both the forward and reverse direction for the measurement of device with many ports 
10. But no equipment can achieve a two-way "through" calibration for optical signal processing elements until now. The use 

of lightwave technology for measuring S parameters of optical component is becoming important. Development of an 

optical component lOOGbps laser diode were reported recently11. The microwave photonic component characteristics 

measurement is obviously urgent now. Some calibrations of prototype true time delay optical signal processing applications, 

such as optical beam-forming circuit networks, array antennas and matched filters applications, are reported 12. 
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In this paper, we propose and demonstrate a new probe for applying in optical component network analyzer. A two-way fast 

measurement can be achieved by using the new method to reduce testing time and human errors. 

2.SYSTEM STRUCTURE AND RESULTS 

2.1 Description of the system 

The schematic diagram of the new method of testing two-port optical signal elements is shown in Fig.l. We designed a new 

two-way optoelectronic probe including an electrical circulator, an optical circulator, an optical transmitter and an optical 

receiver as the dashline block shown in Fig.l .The device under test (DUT) is inserted in the middle of the two probes. We 

use two designed probes to set up the optical component S parameters measurement testbed. In this paper, we use a fiber 

ring as a DUT. The parameters of the DUT are G (coupling coefficient) = 0.9 , L(length) =154 cm and p (intrinsic loss of 

coupler)= 0.85, as shown in Fig.2. 

When the system function of the network analyzer operates at the S2i mode and S)2 mode, the network analyzer can output 

electronic frequency sweeping signal to the optical transmitter, then through the optical circulator to the DUT. After the 

signal go through the DUT, the optical signal received by the second probe. The optical signal will be converted to the 

electrical signal by the optical receiver. Because of the electrical circulators and optical circulators in these two probes can 

provide two-way signal bypassing function, the measurement system we setup can provide a two-way fast S-parameter 

measurement. In the following section, we use this system to measure a single fiber resonator notch filter. 

2.2 Theory and Experimental Results 

The theorretical model of a single fiber ring resonator notch filter used as the DUT shown in Fig.2 is derived in this 

subsection. The signal flow chart of the DUT is shown in Fig.3. We define the transfer function of the first path as H,(z) 

and the second path as H2(z). 

Output 0F (z) of the feedback path can be written as 

0F(Z) = HF(Z)IF=     f3, 0) 
1-LGZ   p 

where G is the coupling coefficient, p is the intrinsic loss of coupler, L is the loop transmittance of the fiber loop line. 

The output Oi of   the first path can be described as 

0](Z) = Hl(z)I = GpI (2) 
The output 02 (z) at the second path output is 

02 (Z) = H2 (z)I2 =(\-Gp )2 HF (Z)I2 = ^ 
(l-Gp)2LZ~lI2 

LGZxp 
Combining the above three equations, we find the transfer function can be represented as 

(3) 
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I \-LGZ'xp H{Z)^ = Gp+y\   X"„T. (4) 

From the above derived theoretical model of the DUT, we simulate the frequency responses of S2i and S!2. The simulation 

results of S2, and Si2 are shown in Fig.4 and Fig.5, respectively. The measured results are shown in Fig.6 and Fig.7, 

respectively. Using the experimental setup shown in Fig.l, we can measure the frequency responses of S2, and S12. 

Comparing the numerical and experimental results, we find these two results have good coincidence. This results shows our 

designed two-way opto-electric probe is very helpful for measuring the optical fiber information components. 

3. CONCLUSION 

In this paper, we made and design a new two-way optoelectronic probe for application in S parameters measurement of 

optical information processing components. Measuring a fiber ring notch filter as a DUT, we find the numerical results and 

the experimental results matched very well. Therefore, this two-way optoelectronic probe can be studied in the future for 

microwave-photonic information processing devices measurement. 
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Abstract 

Dual-layer optical disks comprised of two data layers were developed to study readout/write/erase 
characteristics. This disk was composed of recording layer land 2, of high transmittance and high 
reflectivity, respectively. Layer 1 and 2 of 15 and 20 run increase transmittance and reduce writing power 
for recording. Only 1.5 mW laser power was sufficient for readout, 9 and 16 mW was required for 
recording on recording layer 1 and 2, respectively. Thse dual-layer disk can double data capacity on a disk 
substrate. 

1. Introduction 

Digital versatile disks (DVD) are now emerging in the market. Many advanced recording 
technologies, such as mark-edge recording and land/groove recording, have already been proposed for 
DVD-RAM disks in increasing their recording density and capacity. Volumetric optical disks can increase 
the storage capacity by using multiple data layers for storage where the data are recorded on each layer of a 
multi-layer stack1'2, respectively. In this paper, we present the study of write/erase/read performance of a 
dual-layer erasable optical disks using phase change recording media. 

2. Design of disk structure and thermal simulation 

The dual-layer optical disk was composed of two polycarbonate substrates3, which were coated with 
layer 1 and layer 2, as shown in Fig. 1, respectively. Layer 1 is the first data layer impinged by laser beam 
while layer 2 is the second layer. The data layers of the disk were spaced from each other by an TJV resin 
layer of 40 urn in thickness. 

The transmittance of the layer 1 must be sufficiently large in order to focus, track and record on the 
layer 2 through the layer 1. Thus, the disk structure with no metallic reflective for the layer 1, which is in a 
"High-to-Low" structure, where the reflectivity decreases in accordance with recording process (crystalline 
to amorphous state). Since metallic cooling layer accelerates phase change material in temperature 
descending during recording process, recording performance of layer 1 of no metallic cooling layer will be 
lower. 

For the layer 2, reflectivity must be high, because the incident laser beam is inevitably reduced by 
the light absorption and reflection from the layer 1. In order to increase the optical efficiency, the 
transmittance is set to zero. Thus, a "Low-to-High" structure is adopted. Besides, owing to write power of 
laser pulse is proportional to thickness of recording media, proper thickness of recording media is 
necessary. Therefore, schemes to meet the write power limit of commercial disk drive (less than 20 mW) by 
using thin active layer are necessary. 

By thin-film theorem and metric optics, the reflectivity, transitivity, and absorption coefficient of the 
two recording layers were calculated. A very simple 3 and 4 layers disk structure for recording layer 1 and 
2 that meets the condition mentioned above was selected. Optical design of reflection, absorption and 
transmittance of recording layer 1 and 2 is shown in Fig. 2. 

In Optical Storage and Optical Information Processing, Han-Ping D. Shieh, Tom D. Milster, 
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Fig. 2 Reflection, absorption and transmittance of layer 1 and 2 of a dual-layer optical disk 

A gaussian-distributed diffraction limited spot impinged perpendicular on a disk of a multi-layered 
thin film structure was then analyzed by thermal simulation. When the light penetrates the multi-layer 
structure, its energy is absorbed by the recording layer, and converted into heat. The heat diffuses to 
neighbor area and the other layers. The temperature distributions was calculated by a thermal simulation 
program "Temprofile"4 to ensure that quench rate was high enough for writing by simulation. The quench 
rate of layer 1 and 2 is 6 and 9 °C/ns, respectively, as shown in Figs. 3, which can meet the writing 
requirement5. 
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Fig. 3 Simulated quench rate of layer 1 and 2 of dual layer optical disk 
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3. Experiment 

Disks of recording layers 1 and 2, were deposited on a u-grooved 120-mm diameter polaycarbonate 
substrate separately, then glued together by an ultraviolet-light-cured resin. The parameters of the read and 

write measurement are listed in Table 1. Write pulse patterns shown in Fig. 4 were frequency-modulated 

between 3 and 9 MHz; peak laser power was modulated between 0 and 20 mW. 

CD 

O 
Q. 

3MHz 6MHz 9MHz 
peak level 

bias level 

->0 time 

Fig. 4 Write pulse waveform used in this experiment 

Table 1 Read/write parameters 

Linear velocity 7.33m/s 

Laser wave length 660 run 

Numerical Aperture (NA) 0.6 

Read power 1.5 mW 

Recording waveform as shown in Fig. 4 

4. Results and discussions 

CNR as a function of laser peak power for layer 1 and 2 was shown in Fig. 5. At writing frequency 
of 3 MHz, corresponding to 1.2 urn in mark length, the peak power giving a CNR of 45 dB was 9 mW for 
layer 1 and 13 mW for the layer 2. The eraseability better than 35 dB was obtained at erase laser power of 6 
and 9 mW for layer 1 and 2, respectively. 
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Fig. 5 CNR as a function of write power for layer 1 and 2 at recording frequency of 3 MHz 

CNR as a function of laser peak power for layer 1 and 2 is shown in Fig. 6. The peak CNR is at 
power of 9 mW for layer 1 and at 13 mW for the layer 2 at recording frequency of 7 MHz, corresponding to 
0.52 urn in mark length. Thin recording layers were adopted in dual-layer optical disk recording in, to 
increase write power sensitivity, i.e. too low a write power won't be adequate for phase change media and 
too high write power will destroy the phase change material or disk track. Therefore, optimized write 
power can achieve higher CNR on this dual-layer disk. 
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Fig. 6 CNR as a function of write power for layer 1 and 2 at recording frequency of 7 MHz 

CNR as a function of mark size of layers 1 and 2 and a commercial DVD-RAM disk is shown in Fig 
7. CNR at mark size of 0.6 urn higher than 43 dB is obtained on both layers. CNR of the dual-layer disks is 
very close to that of single layer DVD-RAM disks. 
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Fig. 7 CNR as a function of mark size of layers 1, layer 2, and a commercial DVD-RAM disk 

To examine the effect of layer 1 on the writing performance of layer 2, a single layer disk, "a 
comparison disk" with the same disk structure as layer 2, was prepared. CNR as a function of write power 
for comparison disk and layer 2 was shown in Fig. 8. The peak CNR is at power of 8 mW for comparison 
disk and at 15 mW for the layer 2 of dual-layer disk at recording frequency of 3 MHz, implying that writing 
power is about double to compensate the optical energy lose in transmitting through the layer. Dependence 
of the CNR on the mark size for comparison disk and layer 2 of dual-layer disk as shown in Fig. 9. where 
CNR write power of 10 and 16 mW are almost the same. According to the simulation, transmittance of 
layer 1 approximate 60%, which agrees with peak power requirement (10 and 16 mW) measured 
experimentally. 
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Fig. 8 CNR as a function of write power for comparison disk and layer 2 
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Fig. 9 CNR as a function of the mark size for comparison disk and the layer 2 of dual-layer disk 

5. Conclusion 

The thermal and optical simulations facilitate the design of dual-layer erasable optical disks using 
phase change recording media with high transmittance and high reflectivity recording layers, respectively. 
CNR of 0.6 urn mark size on both layers was better than 45 dB at read power of 1.5 mW. The results 
suggest that dual-layer disks can be promising for double data capacity on a disk substrate. 
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1.   ABSTRACT 
We describe the design of a single diffractive LCD element placed adjacent to the objective lens that can be addressed to 
provide the required spherical aberration (SA) compensation for a plurality of disk substrate thicknesses. It is now 
commonplace that optical disk drives must be able to handle disks of more than one substrate thickness. The major problem 
is compensating for the SA introduced when the highly corrected objective lens is used with a disk substrate thickness other 
than that which it was specifically designed for. An abundance of methods for solving this problem in the specific case of 
CD/DVD backward compatibility exist in the literature; we use an active device to extend this to include HD-DVD as well. 

The LCD element acts as a switchable diffractive optical element. A set of electrodes defines the circular grating 
features that can be switched on or off to create diffractive lenses of the desired set of focal lengths. The liquid crystal 
modulates the phase and amplitude of the transmitted light according to the electrode pattern. We examine various 
approaches for the electrode layout that can implement 2-level, multi-level and continuous phase gratings in the LCD element. 
Two designs for the LCD wavefront compensator are presented that provide backward compatibility with DVD and CD 
formats from an HD-DVD system. 

Keywords: multilayer disks, optical pickup head, CD/DVD, HD-DVD, LCD, diffractive optical element, optical disk storage 

1.   INTRODUCTION 

With each new generation of optical disk storage, the optical system parameters, laser wavelength, disk thickness and the 
numerical aperture of the objective lens in particular, change to accommodate the increased information density on the disk. 
Backward compatibility with earlier formats is necessary to produce a commercially acceptable product. A major problem to 
solve is the compensation of spherical aberration (SA) introduced when the highly corrected objective lens is used with a disk 
substrate thickness and/or wavelength other than that for which it was specifically designed. An abundance of methods for 
solving this problem in the specific case of CD/DVD backward compatibility exist in the literature. Although the format is 
not yet fixed, the next generation of HD-DVD will use a blue laser, and likely also increase the lens NA and decrease the 
thickness of the disk substrate. At the same time, there is widespread interest in using multiple information layers, beyond the 
current two layers included in the DVD standard, for future disk systems. These new systems further complicate the problem 
of full compatibility. 

Low voltage operation and low cost are two features that make liquid crystal devices (LCD) particularly attractive as optical 
modulators. Researchers have been investigating their application to amplitude and phase modulation in optical processing 
systems for more than a decade12. . LCDs have been used previously for wavefront correction and beamsteering3'4 and have 
also been applied to optical disk systems. An early DVD pickup design by researchers at Sanyo used an LCD amplitude 
modulator to stop down the beam aperture giving a lower NA for reading CD disks5. In a different application, researchers at 
Pioneer utilized an LC panel to correct for aberrations caused by disk tilt6. 

This paper investigates the feasibility of using a diffractive LCD element placed adjacent to the objective lens that can be 
addressed to provide the required SA compensation for compatibility with HD-DVD, DVD, and CD disks. In the next section, 
we examine various types of LC devices and electrode structures and discuss their application to the present problem. In Sec. 
3, we look at two specific design examples for LCD diffractive wavefront compensation devices that permit reading disks of 

9t-r In Optical Storage and Optical Information Processing, Han-Ping D. Shieh, Tom D. Milster, 
-5t> Editors, Proceedings of SPIE Vol. 4081 (2000) • 0277-786X/00/S15.00 



any of the three formats, the first using the same wavelength for all three formats and the second using a separate wavelength 
for each format. 

2.   BACKGROUND AND DEVICE LAYOUT OPTIONS 

The basic system layout being addressed is shown below in Fig. 1. An electrically addressable LCD modulator is placed in 
front of the objective lens. We assume that the objective lens has been optimized for an HD-DVD system using a 415nm 
laser source, 0.1mm disk substrate thickness and an NA of 0.8. The LCD modulator must provide amplitude modulation to 
stop down the NA of the lens and phase modulation to compensate for the spherical aberration induced by the DVD and CD 
disk thickness'. 

2.1     LC Selection 

Twisted nematic (TN) liquid crystals, such as those commonly used in display devices, produce amplitude modulation in a 
straightforward manner. The twist of the LC through the volume of the cell rotates the polarization of incident light by the 
amount of the twist. Placing the TN LC cell between crossed polarizers makes a simple amplitude modulator. The same 
device can also be used as a phase modulator, however Lu and Saleh1 show that the phase and amplitude are coupled. This 
makes the TN cell a poor choice for wavefront correction. 

Ferroelectric liquid crystals (FLC) can also be used for amplitude and phase modulation and have orders of magnitude faster 
switching times than nematic or twisted nematic cells.. Typically, an FLC cell is constructed as a half-wave retarder and an 
applied voltage rotates the birefringence axis. The specific FLC material determines the range of rotation. Amplitude 
modulation is accomplished by placing the cell between crossed polarizers. Phase modulation, on the other hand, uses 
circularly polarized light2. The amount of phase delay introduced is equal to twice the rotation angle of the FLC axis. 
Currently FLC materials are available that provide close to 90 degrees of rotation or a phase modulation range of roughly 180 
degrees. As discussed in more detail below, binary 0° , 180° modulation can be used for a diffractive wavefront modulation 
device but the efficiency is poor compared to devices where 360° or more phase modulation is available. This range can be 
increased by cascading multiple FLC cells or by making two or more passes through the same cell. However, creating a 
diffractive lens with phase modulation distributed between multiple cells physically separated on the order of a millimeter is 
a design problem beyond the scope of this paper. Unlike TN cells, the phase modulation is pure with no associated amplitude 
modulation. Independent control of amplitude and phase modulation is most easily accomplished by cascading two FLC cells, 
using one for amplitude control and one for phase. 

Homogeneously aligned nematic (HAN) liquid crystals also provide pure phase modulation. In the off state, the long 
(extraordinary) axis of the (uniaxial birefringent) LC molecules is typically parallel to the glass plates enclosing the cell, all 
molecules pointing in the same direction throughout the volume of the cell. When a voltage is applied between the two plates, 
the LC molecules tilt towards the direction of the applied electric field, the tilt amount being roughly proportional to the 
applied voltage. Phase modulation is accomplished using light polarized along the extraordinary axis. As the LC molecules 
tilt under applied voltage, the polarized light sees an index of refraction that varies continuously from ne to n0. The phase 
modulation is equal to liiTAn/X where X is the wavelength of the light, T is the LC cell thickness and An is the change in the 
index of refraction. Therefore the amount of phase modulation available from HAN LCDs can be set to multiple-7t radians by 
controlling the thickness of the device. However, HAN LCD's are not configurable to provide amplitude modulation. 

Therefore, for this application, a cascade of two LC layers is the most suitable arrangement, consisting of an amplitude 
modulator layer for stopping down the aperture, and a phase modulation layer to compensate for the SA due to differing 
substrate thickness. HAN LC is chosen for the phase modulation because it permits greater than 271 radians modulation range 
with a single LC layer. The amplitude modulator could be either TN or FLC, TN probably being the better choice since the 
same nematic LC material could be used for both phase and amplitude modulating layers by simply adding a 90° twist to the 
TN cell. The structure of the resulting LCD wavefront compensator is shown in Fig. 2. 

2.2     Electrode layout 

The electrodes determine the phase modulation profile. A significant range of modulation, many tens of n radians, is 
required to provide the necessary SA compensation. For this reason, direct refractive wavefront modification is not possible 
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with a single thin LC layer. Instead, the standard diffractive optics approach is used whereby the desired phase profile is 
'folded' by introducing discontinuities of 2n to keep the maximum phase range on the order of just a few n or less. Three 
candidate electrode styles are illustrated in Fig. 3. In the figure, the density of E-field lines in the LC indicates the relative 
strength of the E-field. The simplest type, a two-level phase grating, is shown in Fig. 3a. Transparent electrodes are deposited 
over the regions where an odd number of n modulation is desired. This is equivalent to a staircase approximation to the 
desired phase profile with each step having a phase height of n radians. While this gives a very simple form to the electrodes, 
it places a severe limitation on the light efficiency. It is well known from diffraction theory that a rectangular grating of this 
type can, at best, achieve 41% diffraction efficiency into the desired +1 order. Furthermore, since the light passes through this 
element twice, once on the way to the disk and a second time after reflection from the disk, this element utilizes only about 
16% of the light, the rest going into unused diffraction orders. 

A better option in terms of efficiency is shown in Fig. 3b. In this arrangement, each 2n phase range is divided into multiple 
steps, with a separate electrode for each step. Using four steps as shown in Fig. 3b, the efficiency is doubled compared to the 
2-level grating of Fig. 3a. This quadruples the efficiency of the element when the double pass through the element is taken 
into account giving an overall efficiency on the order of 64%. Further increasing the number of phase steps will increase the 
efficiency but at a diminishing rate. For example, increasing from four to eight phase steps will boost the single pass 
theoretical efficiency only by a factor of approximately 1.1. Therefore, four steps seems to an optimum compromise between 
efficiency gain and increased electrode complexity. The number of steps that are practical is limited by the minimum 
electrode width that can be implemented. Since two addressable gratings are to be multiplexed within the electrode pattern 
for this application, one for DVD compatibility and one for CD compatibility, this will further impact the required minimum 
electrode width. Klaus et. al.4 describe a wavefront modulator using a nematic LC supplied by Merck Japan Ltd. that has a 
birefringence of 0.29. With this LC, a phase modulation range of 2rc requires an LC thickness of >1.5 microns @X=415nm 
and an LC thickness of >2.7microns @A.=780nm. A minimum electrode zone width on the order of 5 microns should be 
sufficient to clearly define the distinct E-field regions within the LC. 

A third alternative is shown in Fig. 3c. Klaus et. al.4 introduced the concept of "superelectrodes" for an LC wavefront 
modulator where they applied it to beamsteering and adaptive microlenses for a Shack-Hartmann wavefront sensor. The 
superelectrode consists of a number of thin discrete transparent electrodes deposited at uniform positions across a region or 
zone of the LC device. The discrete electrodes are joined outside of the active optical area by a distributed resistive divider 
(e.g. opaque thin metal) into groups that form the superelectrodes. When a voltage is applied at each side of the 
superelectrode, a linear voltage gradient is created impressed across the corresponding LC region creating a continuous phase 
grating. This is equivalent to increasing the number of phase steps in the arrangement of Fig. 3b but, in some cases, results in 
a simpler driver. Since the discrete electrodes making up the superelectrode are intended to act together to create a phase 
gradient, the minimum electrode width can be reduced to whatever is lithographically feasible. Klaus et. al. used 2 micron 
electrode widths and reported that, if the separation between two discrete electrodes in a superelectrode bundle was id 5 or 
less in phase, then there was no significant difference with a continuous grating. In an actual device, they were able to 
achieve efficiencies greater than 90%. 

The final question to be addressed is that of multiplexing two or more application-specific sets of electrodes onto a single 
device. In general, the desired electrode patterns are unrelated. While there is some freedom to scale the phase response when 
the superelectrode approach is used (see the first example below), even for functionally related phase profiles, the diffractive 
element approach creates 2rc phase zones that overlap in an irregular manner. Therefore, the electrodes must be deposited in 
such a way that each application can be addressed independently. The basic approach is shown in Fig. 4. The electrode 
patterns for each application are computed separately. When electrodes from two applications overlap, a third set of 
electrodes is created in the overlap areas. In Fig. 4a, electrodes from application X and application Y are seen to overlap. 
Electrode "w" is created in the overlap area and shared by the two applications applying power to electrodes X' and w for 
application X (Fig. 4b), and applying power to electrodes Y' and w for application Y (Fig. 4c). 

3.   DESIGN EXAMPLES 

3.1     Example 1: HD-DVD, DVD, CD compatibility using same wavelength 

We first designed an NA 0.8 system at ^=415nm wavelength with a lens radius of 2.45mm, working distance of 1.51mm and 
disk substrate thickness of 0.1mm to represent the HD-DVD system. The lens design was performed with Zemax optical 
design software7. For this first example, we assume that the same laser source will be used for all disk formats and designed 
the LCD element to provide wavefront compensation to give the same spot size on the disk as in standard DVD and CD 
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systems. Since spot size is proportional to X/NA, the effective NA for the DVD and CD systems are small due to the use of 
the blue wavelength. Direct scaling by wavelength gives NA=0.38 for the DVD system and NA=0.24 for the CD system. As 
a result, the compensated lens radii were 1.1mm for DVD and 0.7 mm for CD. These apertures are straightforward to 
implement using either the TN or FLC amplitude modulator methods described in the previous section. Standard disk 
thickness of 0.6mm for DVD and 1.2mm for CD were assumed and the working distances of the two systems are 1.25mm for 
DVD and 1.0mm for CD. The calculated phase profiles to produce diffraction-limited spots on the disks are shown in Fig. 5a. 

The steeper phase profile of the CD system means that the mod 2n phase zones will be narrower for this system. The 
minimum zone width is calculated to be 30 microns. This is large enough that both the multi-level grating approach of Fig. 
3b and the superelectrode approach of Fig. 3c can be considered. It turns out that the phase profiles for the NA 0.38 DVD 
system and the NA 0.24 CD system are scaled versions of eachother to within X/15 peak variation using a scale factor of 
3.61226. (i.e., max[(3.61226 x phase (0.38 system) - phase (0.24 system)] < A/15.) This relationship makes the use of the 
superelectrode approach attractive. 

The superelectrodes are designed to fit the 2TI phase zones of the CD system. One side of the superelectrode is attached to 
ground and the other to the voltage that corresponds to 2% phase. The DVD system will use the same superelectrodes within 
the CD system aperture augmented by a set of superelectrodes to fill out the DVD system aperture that fit the 2n phase zones 
of the DVD system. Since the phase profiles are related by scale, one might at first be tempted to directly scale the CD 
voltages for the DVD system. This wouldn't work since the phase discontinuities would no longer be 2n multiples. Instead, 
the modulator must be made thick enough to support up to 4n phase range (in general) and the applied voltages take on 
analog values such that the phase discontinuities are multiples of 2n. The following table shows the positions and the 
necessary phase levels for this example. The diffractive 'folded' phase profile for the CD and DVD systems when the same 
set of superelctrodes are used is shown in Fig. 6. The phase curvatures of the individual zones, particularly the first 
superelectrode zone can be implemented with a slightly nonuniform spacing of the discrete electrodes making up the 
superelectrode. The DVD phase profile is no longer the customary uniform sawtooth associated with most diffractive optical 
elements. It becomes apparent that the simplification offered by directly using the same set of superelectrodes for both DVD 
and CD systems comes at the cost of a more complicated electronic driver requiring a rather large set of analog voltages. 

Table 1: positions and phase levels for the superelectrodes for example # 1 

Superelectrode # Superelectrode position (um) NA0.24   Amplitude/Phase NA0.38    Amplitude/Phase 

1 0-185 1.0/     0-271 1.0/    0-1.77338 

2 186-263 1.0/     0-271 1.0/    1.77338 -3.54799 

3 264 - 323 1.0/     0-271 1.0/    3.54799-5.30709 

4 324 - 374 1.0/     0-271 1.0/    5.30709-7.05990 

5 375 - 420 1.0/     0-27t 1.0/    0.776717-2.55161 

6 421-461 1.0/     0-271 1.0/    2.55161-4.28146 

7 462 - 500 1.0/     0-271 1.0/    4.28146-6.05007 

8 501-536 1.0/     0-271 1.0/    6.05007-7.78391 

9 537 - 570 1.0/     0-2n 1.0/     1.50072-3.22288 

10 571 - 603 1.0/     0-2n 1.0/    3.22288-4.96875 

11 604 - 634 1.0/     0-27t 1.0/    4.96875-6.67176 

12 635 - 664 1.0/     0-271 1.0/    0.388576 - 2.09123 

13 665 - 694 1.0/     0-271 1.0/    2.09123-3.78494 

14 695 - 735 0.0 / - 1.0/     3.78494-271 

15 736 - 834 0.0 / -- 1.0/     0-2n 

16 835 - 929 0.0 / - 1.0/     0-27t 

17 930 -1021 0.0 / ~ 1.0/     0-271 

18 1022-1114 0.0 / -- 1.0/     0-27t 
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3.2     Example 2: HD-DVD, DVD, CD compatibility using customary wavelengths for the 
media 

In this example, the same system parameters as the first example are used with the exception that we now assume the 
customary wavelengths for each medium, i.e., 415nm for HD-DVD, 650nm for DVD, and 780nm for CD. This may be 
required, for example, in a HD-DVD drive that supports backward compatibility with DVD-R and CD-R media. In this case, 
the system NA's also assume the customary values of 0.6 for the DVD system and 0.45 for the CD system. Again the 
aperture stops are implemented using either TN or FLC amplitude modulation as indicated in Fig. 2. The desired phase 
profiles are shown in Fig. 5b. In this case, the phase profiles are not proportional to each other, as can easily be seen. For 
contrast with the first example, we look at the feasibility of implementing the multiplexed LCD compensator using a four- 
level grating approach. The mod 2n diffractive phase profiles are shown in Fig. 7. The profile for the NA 0.6 system has been 
reflected across the origin in the figure to make viewing and comparison simpler. 

We wish to implement these two profiles with four-level step approximations. The minimum 2rt phase zone occurs in the CD 
system compensator and is equal to approximately 40 microns, easily sufficient to split into four levels. Table 2 shows the 
data for where the phase steps should be when the two systems are considered independently. ( The electrodes for the two 
systems multiplexed on one device must include a third set of shared electrodes for the overlap regions. From the table, it can 
be seen that these shared electrodes may need to be switched between any of the four phase levels. It can also be seen that 
some of the shared electrodes will be as narrow as 2 microns. This poses no challenge to modern lithography. The step 
widths, on the other hand, will be much wider - 10 microns minimum - since the shared electrodes are never used alone. 

Table 2: Positions of the phase steps for a four-level grating wavefront compensator for the NA 0.45 and NA 0.6 systems of 
example #2. A third set of shared electrodes must be fabricated in the areas where the two systems overlap. All units are in 
microns. (Blank rows in the NA 0.6 system are simply for convenience in comparing the positions with the NA 0.45 system.) 

NA 0.45 
level 0 

NA 0.45 
level 7t/2 

NA 0.45 
level 7i 

NA 0.45 
level 3TI/2 

NA 0.60 
level 0 

NA 0.60 
level n/2 

NA 0.60 
level 7i 

NA 0.60 
level 3TC/2 

0-119 119-168 168-206 206-238 0-165 165-234 234-287 287-333 

238-267 267-293 293-317 317-339 
339-360 360-380 380-399 399-417 333 -373 373-409 409-443 443-475 

417-435 435-452 452-468 468-484 

484-500 500-515 515-530 530-545 475-505 505-534 534-562 562-589 

545-559 559-573 573-586 586-600 
600-613 613-626 626-639 639-652 589-614 614-639 639-664 664-688 

652-664 664-676 676-689 689-701 
701-713 713-724 724-736 736-747 688-711 711-734 734-756 756-779 

747-759 759-770 770-781 781-793 
793-804 804-815 815-825 825-836 779-800 800-822 822-843 843-864 

836-847 847-858 858-868 868-879 
879-889 889-899 899-910 910-920 864-885 885-906 906-926 926-947 

920-930 930-941 941-951 951-961 
961-971 971-981 981-991 991-1001 947-967 967-987 987-1007 1007-1027 

1001-1011 1011-1021 1021-1031 1031-1040 
1040-1050 1050-1060 1060-1070 1070-1080 1027-1047 1047-1067 1067-1087 1087-1107 

1080-1089 1089-1099 1099-1109 1109-1118 
1118-1128 1128-1138 1138-1148 1148-1157 1107-1128 1128-1148 1148-1168 1168-1188 

1157-1167 1167-1177 1177-1186 1186-1196 
1196-1205 1205-1215 1215-1225 1225-1234 1188-1209 1209-1229 1229-1250 1250-1271 

1234-1244 1244-1254 1254-1264 1264-1273 
1273-1283 1283-1293 1293-1302 1302-1312 1271-1292 1292-1314 1314-1336 1336-1358 

1312-1322 1322-1332 1332-1342 1342-1352 

1352-1361 1361-1371 1371-1381 1381-1391 1358-1380 1380-1403 1403-1427 1427-1451 

1451-1476 1476-1501 1501-1528 1528-1555 

1555-1584 1584-1615 1615-1647 1647-1683 

1683-1722 1722-1767 1767-1823 1823-1840 
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4.   CONCLUSION 

We have demonstrated that it is feasible to design an active LCD wavefront compensation device that can enable a disk drive 
to handle many different disk formats with the same objective lens. The paper lays out the basic design concepts in terms of 
type of liquid crystal and options for laying out the electrodes. Two examples were presented of full designs for the LCD 
element that will compensate the wavefront of a system designed for HD-DVD so that it can also be used for DVD and CD 
disk formats. The first example assumed the same wavelength was used for all three systems. The wavefront compensator 
was designed using the superelctrode concept introduced in [Ref. 4] and shown in Fig. 3c. The second example used a 
different wavelength for each HD-DVD, DVD and CD. A 4-level grating design was described. Both appear to be viable 
design approaches, however testing needs to be done to verify that these systems can achieve the necessary wavefront 
accuracy for this application. Other applications can also be considered such as an active compensation device that greatly 
increases the number of disk layers that can be read. 
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Fig. 3: Three types of electrode layout to implement diffractive LCD element, (a) 2-level binary grating (b) multilevel 
binary grating, (c) continuous blazed grating using "superelectrodes" 
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Realization of Infrared Wireless Local Area Network 

Chen   xiaojuan,      Chen   haiqing* 
Dept. of   Optoelectronics    Eng. ,HUST, Wuhan    430074,China. 

ABSTRACT 

The technology of Infrared wireless local area network is one branch of the 1EEE802.11 protocol's access 

network technology. As a medium for short-range or indoor communication, infrared radiation offers severe! 

significant advantages over radio. Infrared emitters and detector capable of high-speed operation are available 

at low cost.    The Infrared   spectral region offers a virtually unlimited bandwidth that is unregulated world'vide. 

Keyword: Infrared NIC , IEEE802.il, DFE, PPM, IrDA 

1. INTRODUCTION 

As the increasing developments of the mobile communication, such as portable computer , PDA. The demands Icr 

wireless access technology is increasing rapidly. Today the medium for wireless digital communication include microwave, 

infrared and radio. As a medium for short-range, indoor communication infrared link offers several significant advantages 

over others. The infrared spectral region offers an unlimited bandwidth that is unregulated worldwide. And the infrared can 

not penetrate through walls or other opaque barriers, so that the signal is confined in the room which makes it easy to secure. 

The infrared has other several advantages as that Infrared emitters and detector capable of high-speed operation are 

available at low cost. 

1.1 PPM(pulse position modulation) technology 

In the infrared wireless communication system we employ encode and modulation technology, such as 

OOK,ASK,QPSK,PPM. The analysis shows that PPM has the best compromise of power and bandwidth efficiency. So the 

IEEE802.il recommends the PPM for Infrared wireless communication. PPM is the technology which use the pulse 

position to modulate data, different position stands for different data. Using the PPM technology, we can -educe the 

proportion of the high level pulse and decrease code streams duty ratio. And that we can increase the efficiency of 

transmitter. The PPM modulation decrease the power consumption. And this is important to the Infrared communication 

systems. PPM is been used like X-PPM, 2-PPM stand one pulse represent 1 bit message. In the 4-PPM one pulse: denotes 2 

bit message. And 16-PPM is 4 bit message. 

1.2 IrDA(Infrared Data Associate Protocol) and IEEE802.il Standard 

IrDA is an International Organization that creates and promotes interoperable, low cost infrared data interconnection 
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Standards that support a walk-up, point-to-point user model. The standards support a broad range of appliances, computing 

and communications devices. Today the IrDA is the widely accepted wireless transmission standard. It is a half duple>; 

technology. IrDA Data is recommended for high speed short range, line of sight, point-to-point cordless date, transfer - 

suitable for HPCs, digital cameras, handheld data collection devices, etc. If IrDA is supported, it must be targeted at the 4 

Mb/s components. IrDA Data Protocols consist of a mandatory set of protocols and a set of optional protDcols. The 

mandatory protocols are: PHY (Physical Signaling Layer) , IrLAP (Link Access Protocol) , IrLMP (Link Management 

Protocol and Information Access Service (IAS)). IEEE802.il standard specifies a single Medium Access Control (MAC) 

sub layer and three kinds of Physical Layer media. The standard provides 2 Physical layer specifications vor radio, operating 

in the 2 400 - 2 483.5 MHz band (depends on local regulations) and one for infrared. In our system, we will use infrared as 

the physical medium. 

1.3  ANTI-NOISE AND DFE (decision-feedback equalization) technology 

There are two configurations for indoor wireless infrared links. The transmitter and receiver may have a narrow field of 

view or a wide field of view, producing a directed or a non-directed systems. Systems may also be classified into 

line-of-sight (LOS) or non line-of-sight (non-LOS), depending on whether there is directed path between transmitter and 

receiver. We will choose non-directed, non-LOS, or diffuse links because they combine ease of use with robustness against 

shadowing. Infrared links are also impaired by noise due to background illumination. This comes in two forms. Sunlight 

and incandescent lights sources whose intensity varies slowly with time. It will produce shot noise at the receive;\ So it can 

be modeled as a stationary, Gaussian, white noise with a power spectral density proportional to the total detected optical 

power. On the other hand, fluorescent lights flicker in a nearly deterministic periodic fashion at the drive frequency. A 

low-pass filter is employed to limit shot noise and receiver thermal noise. In addition, to reduce the impact of near-dc 

fluorescent-light interference, we employ a high-pass filter. So when the ambient illumination is sufficiently weak, the 

signal-to-noise (SNR) of direct-detection links is limited by thermal noise of the receiver front-end preamplifier. In this 

system there are multi-path effects. It lead to distortion that produces significant inter-symbol interfere ice (ISIi wher the 

symbol rate is over IMbaud. A decision-feedback equalizer (DFE) is introduced to mitigate inter-symbo: interference (ISI). 

The DFE reduces the impact of ISI arising form multi-path distortion. The forward filter consists of four laps that are spaced 

one-half baud apart, and the reverse filter consists of four taps that are spaced one baud apart. There filters are constructed 

using analog tapped delay lines and manually controlled tap gains. 

2. PRINCIPLE OF INFRARED NETWORK INTERFACE CARD (NIC) 

Infrared communication is the technology which employ infrared ray as the signal carrier. It is made up of infrared 

transmitter, infrared receiver and network interface card. The infrared transceiver accomplish the signal's transfer. Ir the 

sending part the digital data is encoded. Through the electric-opto transfer circuit, it will drive the infrared LED and 

transmit infrared light pulse to the air. In the receiving part the receiver gets the infrared light pulse from the air and 

converts the light pulse into electric signal. Then the signal gate through equalization, judgement and decoding. The original 

data signal is be recovered. The infrared network interface card (NIC) accomplish function of connecting with the compiler. 

2.1 Infrared transmitter 
Infrared transmitter is the device that can convert the electric signal into optical signal. It transmits infrared pulse in the 

form of IrDA style. The key components of the infrared transmitter are infrared LED and corresponding drive circuit. The 
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wavelength is between 850nm and 910nm.The infrared LED's light power should be high enough. The analysis shows that' 

the system's signal-to-noise(SNR) is proportion to the square of the transmitter's light power. So increasing the power of 

the transmitter can reduce the bit-error rate(BER), and increase the communication quality. But the large pow;r infrared 

LED will is relatively expensive and the high infrared light is harmful to our eyes. So the IrDA has specified the light power 

of infrared data communication in a limited field. 

2.2 Infrared receiver 
Infrared receiver receives the infrared pulse from the space and convert the optical signal into electric signal. Then 

handle the signal in the following ways: demodulation, threshold judgement and decoding. In the infrared communication 

system the transmitter light power is low and the signal is transmitted through air. So it is easily affected by the environment. 

And the signal received is very weak. So the key part of the receiver is low noise preamplifier and self-adaDting code 

element judgement. We choose the large input resistance transconductance amplifier as the preamplifier which has large 

dynamic range and wide bandwidth. Self adapting code element judgement can automatically trace the input signal electric 

level and judge the threshold electric level according to the signal and change the signal into digital level. Because the 

inter-symbol interference(ISI) is the obvious when the data transfer rate is high, we will employ a block decision-feedback 

equalization(DFE) strategies to mitigate the effect of multipath-induced 1SI. We use the time domain equalizer because it is 

easily to realize. 

2.3 Infrared network interface card 
Infrared NIC include two parts. One part is the computer communication module. The other part is infrared --transceiver 

part. The IEEE has defined the IEEE802.il as the standard of infrared links. The 1EEE802.11 has specified that base-band 

range is 0~10Mbit/s and recommended the pulse position modulation (PPM) technology. The* IEEE802.il employed the 

Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) collision detection system. In our system, our 

infrared network interface card (NIC) is based on ethernet card. By adding a infrared transceiver and properly to the ethernet 

NIC, we can realize the infrared links. Using this kind of NIC we can utilize current network resource. The signal or'the 

ethernet NIC port rj45 is the difference TTL level. And the code element rate is 10Mbit/s. The infrared transceiver get this 

signal and change it to single-level signal. We employed is the same communication agreement as current ethernet, sich as 

TCP/IP, IEEE802.il. The infrared NIC can not work automatically with the computer, so we use some tool software, such 

as vtool for windows to drive the hardware to work compatibly with computer. 

3.DEVICE CONFIGUTION 

3.1 Infrared network interface card (NIC) 
The infrared transceiver is one important part of the device. It is made up of universal asynchronous receiver 

transmitter(UART), microcomputer and integrated IrDA element. In our device, we use MAX3100 as the LART. The 

MAX3100's IrDA mode can be used to communicate with other IrDA SIR-compatible devices. In IrDA mode, a bit period 

is shortened to 3/16 of a baud period (1.6us at 115,200 baud). A data zero is transmitted as a pulse of light (TX pin = logic 

low, RX pin = logic high). The integrated IrDA element we use the Rohm Electronics RPM-801CB. This module include a 

infrared LED, PIN opto-electronic diode and wave form shaping IC. It supports IrDA 1.0 SIR standard In the following I 

will draw the simplified schematic: 
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Infrared network interface card schematic 

3.2 Infrared wireless local area network 

Infrared local area network configuration 

The infrared wireless local area network (WLAN) is consists of three sets of PC and NIC. Tie WLAN is built 

according to 1EEE802.11. Its hierarchy structure is described as follow. 
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The infrared transceiver accomplish the physical layer function. We use 850nm infrared light to transfer data ir the room. 

And the access rate is 4Mbit/s. The Medium Access Control(MAC) includes Distributed Coordination Function(DCF) 

sub-layer and Point Coordination Function(PCF) sub-layer. These two sub-layers function is realized with software routine. 

Many software such as C, Visual C and visual Basic can do this work. In our system we use turbo c. Sub-layer DCF use 

CSMA/CA to let every PC complete the chance of sending. Sub-layer PCF provide a service of non-completion. It is 

suitable to time-sensitive service, such as packed voice service should choose PCF. The 802.11 has three kinds of 

inter-frame space (IFS). They are SIFS(short IFS), PIFS(PCF IFS) and DIFS(DCF IFS). The SIFS is the shortest and has the 

highest priority. Using these IFS, we can easily avoid collision. The layer LLC ensures accurate link. Using software we can 

programmed the user communication interface. Such as chat, ftp, http universal program. So it is easily to realize the 

resource sharing and form a local wireless infrared area network. 

4. CONCLUSION 

In our system we realize three PCs' communication and resource sharing. Its operation mode is diffuse links. The 

communication distance is 5 m in a room and code element rate is lOMbit/s. This paper gives the details about infrared 

wireless communication and the configurations of the infrared wireless local area network. The protocols of IrDA and 

their components have been introduced. A Infrared network interface card (NIC) has been designed which can 

realize the wireless connection. The wireless local area network is made up of three sets of PC and Infrared network 

interface card. PC is used to form the local area network and control data communication. The Infrared network interface 

card is responsible for establishing the infrared link, detecting transmission errors, compensating for speed changes and 

obtaining the required quality of service. The design of the Infrared link must take into account a number of factors to obtain 

the best compromise for the indoor environment. As for the average-power efficiency and bandwidth efficiency, we employ 

the pulse-position modulation(PPM) ,using block decision-feedback equalization(DFE) strategies to mitigate the effect of 

multi-path induced inter-symbol interference(ISI).The key technology in developing this system consists of designing a nigh 

performance Infrared network interface card which can work compatibly with the computer and an Infrared link channel 

with high anti-interference characters. 
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ABSTRACT 

The single-phase DC motor has the low-cost advantage over 3-phase DC motor owing to its easy-assembling and high yield- 
rate, however, it has larger torque ripple and cogging torque. Single-phase DC motor is currently applied to low profit margin 
products such as cooling fan. In order to utilize single-phase DC motor to high precision system, for instance, DVD (Digital 
Versatile Disk), the vibration caused by torque ripple and cogging torque needs to be solved. In this paper, focusing error, 
tracking error, seeking ability and some velocity control performances are studied when single-phase DC motor is used in 
DVD related products. 

Keywords: single-phase spindle motor, focusing servo, tracking servo, sled seeking 

1.   INTRODUCTION 
In terms of the widespread use of multi-media devices and the remarkably demanding in high-density memory storage 
devices, there is a tendency that CD-ROM is being replaced by DVD-ROM. Because the prices of computer peripheral 
products are tending downward, DVD is no exception. As the maker's prices are approaches the cost, the cost-down of 
component parts becomes an important issue for the makers. The single-phase DC motor has the low-cost advantage over 3- 
phase DC motor owing to its easy-assembling and high yield-rate. If the single-phase DC motor can be applied to the DVD- 
ROM, it will become more competitive in the market. 

Currently, a large portion of DVD-ROM is made in Taiwan. However, the key components like spindle motor, chip set and 
pick-up head rely on the supply from Japan. Taiwanese makers can only make little profit from assemble. In order to stop the 
long-term control from Japan, ITRI and SUNON developed the single-phase spindle motor to replace the traditional 3-phase 
9-slot 12 pole design. SUNON has already had its single-phase DC motor patent, with SUNON's experience in making 
single-phase motor, the low-cost single-phase spindle motor will step into the DVD market. Figure. 1 shows the mechanical 
structures of the 3-phase and single-phase motor. 

The DVD system was constituted with Toshiba's servo DSP TC9453F, pre-amplifier TA1293F, Sankyo's Mecha SF-HD2R 
disk loader, single-phase motor and servo circuit developed by OES. This paper discusses a traditional three-phase spindle 
motor that is replaced by a single-phase motor applied in DVD-ROM. In Section 2, we describe the servo systems of 
focusing, tracking, sled and spindle. In Section 3, we show the implementation results of these servo systems. In Section 4, 
the experimental results are discussed. 

2.   DVD SERVO SYSTEM DESCRIPTION 

Figure 2 shows the data are stored on the disk with uniform density so that the DVD-ROM system must rotate with constant 
linear velocity (CLV) for reading out the data. For reading out the data, the DVD servo system includes the focusing, 
tracking, sled and spindle servos [1], as shown in figure 2. The focusing and tracking servos adjust the vertical and radial 
positions of the pick-up head so that the data can be continuously and reliably read from the disc. The sled servo functions 
when the pick-up head is required to move with a significant distance radially. The spindle servo controls the disc angular 
velocity according to the position of the pick-up head so as to maintain CLV of the focusing spot on the disc. 

2-1 Focusing servo system 
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When the disc is rotating, it may exhibit wobble up to ±300 //m and the allowable focusing error is ±0.23 ßm. It is 
impossible to maintain focus point on the disc without proper servo control. Thus, the focusing system is a closed loop 
control system. It consists of the focusing actuator, the optical system, a photo detector, a focusing error signal amplifier and 
a dynamic compensator. Figure 3 shows the block diagram of the DVD-ROM focusing servo system. 

An astigmatism method [2] [3] is used to sense the focusing error signal from the reflected laser beam. The focusing error 
signal is amplified before it is fed to the focusing servo control. The servo controller contains control algorithms that can 
generate control signals to drive the actuator drive the lens up and down to adjust the focusing spot. In most system 
configurations, the actuator is a voice coil motor and can be modeled by a second order dynamic system within the frequency 
bandwidth of interest. The servo controller is a phase lead/lag type compensator to compensate the actuator's dynamics. The 
servo controller is designed so that the desired closed loop system performance can be obtained. 

2-2 Track following servo system 
In order to read data from the DVD disc, the DVD-ROM has to keep the pick up head following the spiral track on the disc. 
As specified in the DVD Book, the track pitch on a DVD disc is 0.74 urn. The tracking servo system has to perform track 
following within the precision requirement, while subjecting to disturbances and noises. Due to the disc run-out in rotation, 
the track of the disc will oscillate back and forth if viewed from a steady pick-up head. Without proper tracking error 
detection methods and servo designs, satisfactory track following can not be maintained. 

The tracking servo system is quite similar to the focusing servo system. The major difference is that the tracking servo 
system has two actuators[4][5]. As shown in Figure 4, Actuator 1 is the fine actuator and Actuator 2 is the coarse actuator. 
The coarse actuator is usually a sled motor on which the fine actuator is installed. 

The frequently used method for DVD tracking error sensing is Differential Phase Detection (DPD). The DPD method utilizes 
the fact that the tracks on the disc behave as a diffraction grating and generate multiple diffraction orders in the reflected light 
spot. Analyzing the laser light reflected from the disc, we can get a phase difference varies while the spot is at different place 
of the track. 

In general, the closed loop system with the fine actuator has bandwidth much larger than the one with the coarse actuator. 
This is because the fine actuator is designed mainly for high precision track following, while the coarse actuator is used to 
"zero" the reaction force from the suspension of the fine actuator and to perform long distance track seeking. However, in 
most system configurations, the fine actuator is suspended by springs and can only move the pick-up head within a small 
radial distance (about ± 0.6 mm). 

2-3 Track seeking servo system 
The access time is one of the most important DVD-ROM performance indices, and the seeking time represents the most 
significant part of the access time. For accessing data quickly from the disc, reliable and efficient seeking servo system is 
major concern. The seeking servo design is strongly related to software control and hardware function of the DVD_ROM 
chip set and pick-up head design. 

Figure 5 shows the block diagram of a seeking servo system. We see that the system shares the dual actuators with the 
tracking servo system. The seeking servo system is to drive the pick-up head to a desired track location specified by the host 
or system controller. When the DVD_ROM performs seeking control, the system CPU calculates the direction and number of 
tracks to be "jumped" to get to the target address. Based on the number of tracks to be crossed, the CPU determines a 
seeking mode to move the pick-up head. 

For short distance track jumps, the system might have to use only the fine actuator. For long distance track jumps, the sled 
motor will be used to swiftly move the pick-up head. Since the sled motor can only bring the pick-up head to a location near 
the target address, it provides only "rough seek". Usually, the CPU will provide a sled velocity profile for sled motor to 
follow. The velocity profile depends on the number of tracks to be crossed, and the acceleration/braking capability of the sled 
motor. This velocity profile can be converted into a voltage versus track number profile. For better sled control, some pick-up 
heads are equipped with photo sensor to provide sled velocity and position feedback. This allows the sled motor to better 
follow the desired velocity profile under the framework of feedback control. 

2.4 Spindle servo system 

274 



The DVD-ROM system needs to read data from the disc with constant bit rate regardless of the disc constant linear velocity 
(CLV) values. One robust approach to maintain constant data rate is to use the on-line sync pattern for spindle CLV control. 
In Figure 6, a crystal oscillator is used as the reference of channel bit rate (26.16 MHz/sec. at single speed). The rate of the 
RF signal from the optical system depends on the spindle angular velocity. After channeling and demodulation process, one 
can obtain the synchronized data pattern. The difference in frequency and phase between the reference clock and the 
synchronized data rate is used to drive the CLV controller, usually a phase-locked loop (PLL) circuit. From the system- 
control point of view, we have a closed loop system that follows the reference signal (frequency in our case). By properly 
designing the PLL circuit, CLV control can be achieved. For DVD-ROM players that can operate in multi-speed modes, one 
needs to adjust the reference clock rate to accommodate the desired data bit rates. 

3.   IMPLEMENTATION AND RESULTS 
DVD-ROM system needs to read out the data fast, stably and accurately from the disk, so the cross frequency of the tracking 
and focusing system is up to several KHz, the rotation speed of the spindle is also within this bandwidth. Due to the larger 
torque ripple of the single-phase spindle motor than the 3-phase one, the system bandwidth is required to increase in order to 
overcome the vibration. DVD servo systems are quite complicated, although the internal control loops can be designed 
separately, the integration of these systems for data read-out is required. The setting of parameters for focusing, tracking, sled 
and spindle and control strategy will influence the performance. It is hard to judge the whole servo system by individual 
servo system. 

Figure 7 shows the open-loop gain of focusing loop under the rotation of single-phase spindle motor. The cross frequency of 
focusing loop is 2.4 kHz which is larger than the standard cross frequency 2 kHz in the DVD-ROM specification book. Due 
to the higher cross frequency of focusing loop, the focusing error can be reduced to the 0.23 um. Similarly, Figure 8 shows 
the open-loop gain of tracking loop. The cross frequency of tracking loop is 4.5 kHz which is larger than the standard cross 
frequency 2.4 kHz in the specification book. The tracking error can reach the standard value in the DVD-ROM specification 
book. 

In general, there are 2 indices for DVD performance: (1) data read-out jitter. (2) time for pick-up head to read out data from 
target track. Figure 9 shows the jitter value of read-out data is 4.09 ns. It is larger than the standard jitter 3.8 ns in the 
specification book. Figure 10 shows the pick-up head crossing 25,000 tracks to the target track will takes 0.32 s and the 
maximum track-crossing velocity is 240 kHz. 

4. CONCLUSION 
In this paper, single-phase spindle motor is used to replace the traditional 3-phase spindle motor. Although the single-phase 
spindle motor will cause larger torque ripple than the 3-phase motor, we can increase the focusing and tracking bandwidth to 
overcome the vibration caused by torque ripple. From above experiments, jitter value of read-out data and pick-up head 
crossing 25,000 tracks show that the single-phase spindle motor has the same performance as the 3-phase motor. 
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Figure 1 Mechanical structures of the 3-Phase and 1-Phase motor. 
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Figure 3. Block diagram of DVD-ROM focusing servo system. 
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HP 5372A Frequency And Time Interval Analyzer 

MIS t..  HIS 1- : 1    r:0 
"in: 4.0 ns 
,"ax: 42.8 ns 

29 Aug 1999 11: 25: 46 
Mean: 22.3081 ns 
Std Uev: 4.0962 ns 

lr>00 
r'eas 

meas 

View 2: 1  0 s 

Figure 9. Data read-out jitter signal. 
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