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INTRODUCTION TO THE SPECIAL ISSUE ON
DIGITAL TELEVISION

Phi/ips J. Res. 50 (1996) 1-4

by T.J.B. SWANENBURG
Philips Research Laboratories, Prof Holstlaan 4. 5656 AA Eindhoven. The Netherlands

Up until recently, all through the history of mankind, the hearth has been the
source of heat and of prepared food and as such the centre around which a house
was built and the family gathered. In the last three decades television has changed
society to an extent that this is no longer true. In the civilized world the hearth has
been replaced by a distributed source ofheat, the position ofthe family is no longer
unique and heat and prepared food no longer determine the house centre. The
television set is more often than not in the dominant position now, it is the window
to the outside world and television watching consumes a substantial amount ofthe
time one is free to spend.

The invention of the art of printing was highly instrumental in the change of
society, around half a millennium ago, when the large-scale distribution of written
information undermined the authority of traditional institutions and people's attitu-
des to them. The worldwide introduetion oftelevision and its continuous expansion
generated a similar change, with larger impact because of the easier access of the
intellectual content due to the visual support. The weaker dependence on the written
language contributed to the interconnection of large sections of mankind, up to then
unknown to each other, and often therefore made enemies more easily. Whether all
of the effects of television are to be judged as positive and desirable, could be
subject to discussion and largely represents a personal attitude, but the facts are
undeniable.

Apart from the social impact the facility oftelevision is important for industrial
and economic reasons. The hardware content demands an elaborated infrastructure
for signal delivery and both at the transmitter and receiver ends technology is
available at a level of complexity of which the most daring forecaster could not have
dreamed. At the receiver end this is available for a price allowing it to be within
everybody's reach.

For a long time the television transmission chain has been considered as a
technically underused facility which, to begin with for economic reasons, is in need
of further applications. Like all technical products television shows a continuous
improvement in lifetime and performance, generally taking advantage of

Philip. Jouronl of Research Vol.50 No. III 1996 1
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developments elsewhere in science and technology. That television should take
advantage of developments in that other branch of electronics, computer technology,
is evident. For years it has been a source of deep embarassement to the electronics
industry that these two are still living apart. They have much in common but what
kept them apart is that television is based on analogue and computers on digital
technology. How these two have met and in the last few years have come closer
together and are now on the verge ofmerging is the subject ofthis special issue of
the Philips Journalof Research on Digital Television.

The driving force behind the introduetion of digital television is that once the
path has been paved for the distribution of digital signals for television, the same
channels and technology can be used for providing new services. These new servi-
ces are expected to give the new digital infrastructure a firm economic basis. In all
papers collected in this issue, aspects of these new services will be referred to in
detail as will the arguments for the technical solutions presented.

In Digital Television everything is digital apart from the TV set. For a long time
it has been thought impossible to digitize the video signal without demanding a
forbiddingly high bandwidth for transmission. This problem has been solved by
determining in the sequence of scenes what is redundant and what is irrelevant to
the viewer. Then the digitized signal can be compressed by leaving out what cannot
be seen and transmitting only once what a sequence of scenes have in common. The
high quality ofthe received pictures is achieved by the appropriate source coding
allowing error correction. The mathematical techniques applied are explained by
Challapali and Nocture and a more advanced technique, based upon a constant
instead of a variable bit-rate, by Keesman. Once this problem has been solved it is
of vital importance that for all aspects standards are developed and accepted
worldwide by the technical community. Due to the economic interests such stand-
ards have been or are being reached at a rate which could be an example for any
international co-operation. The MPEG-2 source coding standard forms the basis for
further digital system standards, specifications for interfaces and protocols. Stienstra
discusses two pre-standardization projects which alloweven faster development of
digital system standards for the new market opportunities created by MPEG-2: in
Europe the Digital Video Broadcasting project and on a global scale the Digital
Audio- Video Council. The transmission channels available are terrestrial broad-
casting, cable distribution and satellite transmission: the signal requirements and
solutions regarding coding and modulation are discussed in detail by de Bot and
Daffara, by Ghosh and by Rysdale, de Bot and Hulyalkar, respectively. In order to
stimulate the delivery of digital video services to the homes of consumers the
National Information Infrastructure has been conceived covering the USA as a net-
work of networks. This and the services supplied are described by Balakrishnan,

2 Philip. Jeumal of Research Vol.50 No. lil 1996
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Basile, Cugnini and Shen. For the next generation of North American broadcast
television and high-data rate transmission on cable TV systems several competing
solutions were available. The transmission system selected on the basis of laboratory
trials and fmally field-tested is described by Bryan, Ghosh and Hulyalkar. At the
transmitter end, the signal is compressed and a real-time encoder operating accor-
ding to the MPEG-2 standard and available on the market now is described by
Nocture and Brouste. At the receiver end the signal is decoded, to be accepted by
the conventional TV set, by what is now commonly known as a Set-top box. This
dedicated computer should be available at a price equal to or less than that of a TV
set. Akiwumi-Assani and Vlot present details of a multimedia computer hardware
and software architecture close to realization and representative of the current
offering of Philips Digital Video Communication Systems for application in
telephone cable and satellite networks that provide services to the home. Rath and
Wendorf enlarge upon further development of a modular designed Set-top box,
including a real-time operating system with extensive multimedia support and stress
the vital importance ofthe Set-top box advanced control software for flexibility. A
working system of a server for 100 streams of 2 Mbitls each for video-on-demand
based on a disk array technology, interacting with a Set-top box based on CD-i, is
described by Eggenhuisen and van Loo. A version supporting higher bit-rates per
stream is being developed for MPEG-2 encoded material. The Set-top box which
is connected to the digital TV plug, converts the digital signal into ordinary video:
it would be desirable to record the digital data stream directly and replay it later.
This and other applications like interactive games, teleshopping, telebanking, video-
on-demand, require a sophisticated interface. Bloks selects the IEEE-1394 high
speed digital serial bus as very well suited for this purpose. It is in the interest ofthe
broadcaster, but also of the subscriber that pay-TV programmes are made available.
Clear TV signal is scrambled and it can only be descrambled by a chip inside the
Set-top box, if authorized to do so. Nowadays various schemes for such conditional
access are on the market but they are fully incompatible. Van Schooneveld discusses
the various proposals for standardization and the difficulties in coming to a decisi-
on. Once the digital transmission systems have been made available, the new
multimedia applications demand huge volumes of information to be made accessi-
ble, for professional applications as well as for entertainment, by a retrieval system.
Text can be characterized by the semantic content, but images, video and audio each
demand different, new, partly still unsolved, representation models, discussed by
Abdel-Mottaleb, Wu and Dimitrova. Similarly customers are to be informed on the
programmes, preview data should be made available and programme changes are
to be communicated. Rosengren presents details of an on-screen Electronic
Programme Guide, indispensable for a few hundred channels, and describes how

Philip. Journal or Research Vol.50 No. In 1996 3
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this can be implemented in the Set-top box.
The transmission chain for multimedia transmission is available nowadays to a

sufficiently large extent. Secondly it is fully within the capabilities of the electronics
industry to upgrade the actual TV set in the short term to a multimedia terminal.
However, before doing so the characteristics ofthe transmission and ofthe facilities
have to be agreed upon and standardized over as large a part of the world as
possible. This stage has not yet been fully reached: the papers in this issue describe
the possibilities and options chosen. It is also within the capabilities ofthe electronic
community to solve this shortly.

A more serious problem is that all papers necessarily enlarge upon the technical
means to an end but that the extent and the precise shape of this end are still fairly
obscure. Roughly six areas of interest can be distinguished where multimedia can
be applied: entertainment, communication, shopping, learning, working and home-
management. Up to now, watching television has been an entertainment offered
virtually free of charge with extremely cheap, high-quality and long lasting equip-
ment. A daily newspaper is much more expensive. Compared to what is spent on
cars bought, maintained and run, or on active and passive sport, the multimedia
industry is working on the wrong side: the consumer is not used to spending money
on television. Multimedia will offer a more sophisticated form of television
entertainment at a higher price: the material offered and the facility of a personal
choice should induce the customer to pay for it. Philips is active in multimedia
software through Polygram and co-operation with large publishing houses is
unavoidable. Communication with video facilities probably presents a market, given
the direct success of the fax-telephone facility. Shopping could be an attractive
application if combined with sophisticated interactive ordering and display
techniques supported with credit facilities. Learning and working in general demand
low bandwidth, and it is hard to imagine what the large bandwidth available for
multimedia could add. For home management two trends in society could be
helpful: the increased criminal environment and the ageing population. Security
survey is an interesting application and applied on a larger scale demands the
bandwidth offered. For the aging population which is less mobile and more vulne-
rable, the wired facilities may be useful. Monitoring certainly is one ofthem.

Philips Research hopes that the readers of this Special Issue enjoy the papers
presented and share the confidence Philips has in applying electronics to the benefit
of society. The main difficulty, however, has been noted earlier:

"For the gods perceive things in the future, ordinary people things in the present, but
the wise perceive things about to happen."

Philostratos (A.D.200), Life of Apollonius of Tyana, viii, 7.

4 Phlflps Journal of'Researeh Vol.50 No. lil 1996
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VIDEO COMPRESSION FOR DIGITAL TELEVISION
APPLICATIONS

by KIRAN CHALLAPALI 1 and GILLES NOCTURE2

1Philips Research, Philips Electronics North America Corp., 345 Scarborough Road,
Briarc/iff Manor, NY 10510, USA

2Laboratoires d'Electronique Philips, 22 Avenue Descartes, B.P. 15,94453 Limei/- Brévannes, France

Abstract
Developments in video compression and VLSI technologies are producing
revolutionary changes in the television industry. Television signals
worldwide are beginning to be compressed, encoded and transmitted using
digital means. Using digital compression, encoding and transmission
techniques has the advantage of better bandwidth utilization, flexibility
and ease of integration with other digital data, and an overall higher
quality of video at the receiver. The purpose of this paper is two-fold.
Firstly, an introduetion to video compression in the context of emerging
digital television standards is provided. The important role played by
International Standards, specificallyMPEG, in the development of digital
television systems is discussed. Secondly, current trends in the use of
compression in the development of digital television for deployment in
the United States and Europe, and the participation of Philips in these
new applications, are discussed.

Keywords: digital television, video compression, MPEG-based applica-
tions, digital video coding, advanced television standards.

1. Introduetion

Ever since early humans painted images on the walls of caves, communica-
tion of ideas and experiences through images has been important. With the
widespread introduetion of television about four decades ago, our ability to
communicate with the help of both still and moving images took a giant
step forward. It is becoming clear that digital television will provide a spring-
board for a leap in this direction.
One of the key factors that has facilitated the development of digital

television systems is the evolution of image and video compression techniques
over the past several decades. As a result, in the past few years, International
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Standards in image and video compression have emerged - specifically those
developed by the Moving Picture Experts Group (MPEG) [1-3] - that
provide a unified coding standard for audio-visual data. Advances in VLSI
technology have also contributed to the development of digital television
systems by making it possible to implement MPEG (and other) standards
for real-time processing in a cost-effective manner.

Since the introduetion of black and white television in the late 1930s and
colour television in the early 1950s, television standards have been essentially
unchanged. Television standards do not change often, primarily due to the
high costs involved in establishing the infrastructure for both the broadcasters
and the consumer. However, advances in image and VLSI technologies are
enabling cost-effective delivery of digital television signals to the consumer.
Using digital compression, encoding and transmission techniques for
television systems has the advantage of better bandwidth utilization
(compared to analog transmission), flexibility and ease of integration with
other digital data and the services, and an overall higher quality of video at
the receiver [4].
Present television transmission standards worldwide use analog techniques

for the processing and transmission of video signals. Television signals that are
transmitted using analog methods are inherently noisy and artifact prone.
However, due to the nature of digital transmission, the quality of video and
audio signals received in homes for digital television systems will be
comparable to that at the transmitter. Of course, outside the coverage area,
the quality of the video and audio signals received drops off drastically,
more rapidly than analog signals do. Another advantage of digital
television is the flexibility with which these digital signals can be
integrated with digital data such as text, graphics, and other digitally
coded audio and video signals. This flexibility, along with the increased
available bandwidth due to compression, will allow the addition of new
services such as movies-on-demand, and interactive programs such as
movies or games where the 'plot' could evolve based upon viewer
response. Present-day television systems are optimized for the one-way
delivery of a common menu for information and entertainment to all
the homes. In the near future, cable and television-based communication
systems (and to a limited extent, broadcast and satellite systems) will be
able to supply individualized programming and support real-time two-way
communications.

Existing television video and audio signals are beginning to be digitally
encoded and transmitted. The Digital Satellite System (DSS) and Primestar
digital satellite service are examples of services which are already available

6 Phllips Journnl of Research Vol. SO No. 1/2 1996
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Fig. I.Digital video communication system.

in the United States, that utilize digital video compression technology to
deliver high-quality video to homes. New television standards are being
defined that are all-digital. The Digital Video Broadcast (DVB) standard in
Europe and the High Definition Television (HDTV) standard [5] in the
United States are prime examples.
As a leading manufacturer of television receivers and other television related

equipment, Philips has significant interests and capabilities in these emerging
digital television markets. Members of Philips Research worldwide have
contributed significantly to the development' and verification of MPEG
standards, the Digital Video Broadcasting (DVB) standards in Europe, and
the HDTV standard in the US. Several new products based on MPEG
standards for digital television related applications are being developed.
A typical digital video communication system is depicted in Fig. 1. This

paper deals with the video encoding and decoding issues. A separate area
for consideration of equal importance is channel coding. The purpose of
this paper is two-fold. Firstly, an introduetion to video compression (i.e.
video encoding and decoding) in the context of MPEG standards is
provided, in Sec. 2. Secondly, current trends in the use of compression in
the development of digital television in the US and Europe are discussed in
Sec.3.

Phllips Journalof Research Vol.50 No. IJ2 1996 7

2. Introduetion to video compression

An important aspect of digital video is the large number of bits required to
represent television signals digitally. For example, an uncompressed CCIR 601
resolution video sequence (at 480 lines per frame, 720 pixels per line, 30 frames
per second, 4: 2 : 0 chrominance resolution as explained in Sec. 2.2) amounts to
124million bits per second. However, typical broadcast-quality channels allow
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2.1. Compatibility with MPEG standards

In designing video compression systems, great emphasis has been placed on
compatibility with MPEG standards [1-3], namely the MPEG-l and MPEG-2
standards. Besides being a very efficient video compression approach, there are
several other reasons for the emphasis on MPEG compatibility. MPEG was

for only under 10 million bits per second. Similarly, an uncompressed HDTV
video sequence (at 1080 lines per frame, 1920 pixels per line, 30 frames per
second, 4: 2 : 0 chrominance resolution) would require 746 million bits per
second, yet only under 20 million bits per second are available in a typical
broadcast-quality channel.

Given the need for compression, clearly of the order of 40 : 1, the question
arises as to why and how images can be compressed at all. If each pixel
value is unique and represents a perceptually important piece of
information, one might surmise that it should be difficult to compress
images. Fortunately, the data that compose image sequences are often
redundant and/or irrelevant [6]. Redundancy relates to statistical properties
of the image, while irrelevancy relates to the observer viewing an image.

Redundancy can be of three types: (a) spatial, due to correlation between
neighbouring pixels, (b) spectral, due to the correlation between colour
planes or spectral bands, and (c) temporal, due to the correlation between
neighbouring frames in image sequences. Similarly, irrelevancy can be
categorized as spatial, spectral and/or temporal. Ideally, the function of an
image compression system is to reduce the correlation present in the sequence
so that the redundant information does not have to be coded repeatedly, and
to remove irrelevant information altogether. However, in practical systems it is
often necessary to throwaway, in addition, both nonredundant and relevant
information to achieve the necessary degree of compression. In this sense,
most television systems employ compression techniques that are necessarily
lossy.

In Sec. 2.1, a description of the importance of compatibility with
International Standards, specifically MPEG standards, is presented. In the
remaining sections are described, from Sec. 2.2 to Sec. 2.7: video pre-
processing (Fig. 2) that is used to reduce spectral redundancy, representation
of pixel data for compression, motion estimation and compensation
techniques used to reduce temporal redundancy, the Discrete Cosine
Transformation (DCT) that is used to reduce spatial redundancy, adaptive
quantization used to reduce irrelevancy, and finally entropy coding, the
method of reducing statistical redundancy.

8 Philips Journal of Research Vol. SO No. 1/2 1996



(b)

Video compression for digital television applications

Video Preprocessor &
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Fig. 2. Video compression systems: (a) video encoder and (b) video decoder.

established to define a single coding standard (or 'syntax') capable of
representing audio-visual information in such a way that the common
syntax could be the common platform enabling interoperability between a
variety of applications. One important reason for the worldwide acceptance
of the MPEG standards lies in the fact that the coding function is not tied
closely to any application. In MPEG, a video coding standard is defined as
a function operating on a three-dimensional array of pixels, where the first
and second dimension make the picture spatially and the third dimension is
time. This method is one of the reasons why MPEG standards are known as
generic. Only very general bounds to the parameters associated with the array
are given. This approach decouples the definition of the compression coding
from the application-dependent parameters (such as frame size, bit-rate,
etc). This is precisely why the same video coding standard can be used for
the development of digital television in the US and Europe, and elsewhere.
An additional element of the MPEG standards is the fact that they specify

the functions that a decoder has to perform on an incoming bitstream, thus
allowing the benefit of future improvements resulting from optimization of
encoders that generate the bitstreams. Also, since these standards define a
decoding process and not a decoder, they allow room for innovation in the
design and implementation of the decoders.
MPEG standards define a unified syntax for audio-visual data, thereby

facilitating not only the interoperability between different applications, but
also allowing the electronics industry to reap the benefits of economy of scale.

Philips Journalof Research Vol.50 No. 1/2 1996 9
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2.2. Video pre-processing

The input video source to the video compression system is in the form
of R (red), G (green) and B (blue) components. The RGB components are
statistically highly correlated with each other. Furthermore, "the human
visual system responds differently to the luminance and chrominance com-
ponents [6]. To reduce the spectral correlation and exploit the characteristics
of the human visual system, the RGB components are converted to YCIC2
colour-space through a linear transformation. The Y component corresponds
to luminance, while the Cl and C2 components correspond to the chrominance.
In the YCIC2 colour-space, most of the high-frequency components are
intentionally concentrated in the Y component because the human visual
system is less sensitive to the high-frequency elements of the chrominance
components than that of the luminance. To exploit these characteristics in
typical video compression systems, the chrominance components are
low-pass filtered and subsampled by a factor of two in both the horizontal
and vertical directions, producing chrominance components that are one-
fourth the spatial resolution of the luminance component. This is popularly
known as 4: 2 : 0 video.

Analog video is received in RGB-format and digitized, typically using lO-bit
Analog-to-Digital converters. Gamma correction is then applied to each colour
component in order to compensate for the non-linear response of the camera.

The digitized and gamma-corrected RGB samples are then converted to
YCIC2 colour-space using a linear matrix transformation. The two chromi-
nance components use half-band filters in order to prevent aliasing during
the subsequent subsampling process.

2.3. Representation of pixel data for compression

The 4: 2: 0 digital video data are bundled into Groups of Pictures (GOPs)
which can be decoded and reconstructed independently of other GOPs [1], if
so desired. Each GOP has three kinds of pictures (Fig. 3) depending upon
the coding methods used: the intra-coded (I) pictures, the predictive-coded
(P) pictures, and the bi-directionally predictive-coded (B) pictures. An
I-picture is coded using information only from itself and can be decoded
independently of other pictures. A P-picture is a picture which is coded
using motion-compensated prediction from a past I-picture or P-picture. A
B-picture is a picture which is coded using motion-compensated prediction
from a past and/or a future I-picture or P-picture.
The order of the coded pictures in the coded bitstream is the order in

which the decoder processes them, and not necessarily the order in

10 Pbllips Journal of Research Vol.50 No. 1/2 1996
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Fig. 3. An example of a coded video sequence (a) display and (b) bitstream order.

which the pictures are displayed. Specifically, this is true of sequences that
contain B-pictures.
The following is an example of pictures taken from the beginning of a video

sequence (Fig. 3). In this example the GOP has 12pictures. Also, there are two
coded B-pictures between successive coded P-pictures, and two coded
B-pictures between successively coded I and P pictures. Picture 11 is used to
form a prediction for picture P4. Pictures Iland P4 are both used to form
predictions for pictures B2 and B3. Therefore, the order of the coded pictures
in the coded bitstream shall be 11,P4, B2 and B3. However, the decoder shall
display them in the order 11, B2, B3 and P4. The number of consecutive
B-pictures is variable. Within each group of consecutive B-pictures, the
pictures occur in the bitstream in the order in which they occur at the
output of the decoder.
For the purpose of performing motion estimation/compensation and the

Discrete Cosine Transformation (DCT), the pictures are divided into
macroblocks and blocks. A macroblock contains a 16-pixel by 16-line section
of the luminance component and the spatially corresponding chrominance
components. For 4: 2: 0 video, a macroblock comprises four luminance
blocks and two chrominance blocks, where a block is an orthogonal 8-
pixel by 8-line section of a luminance or chrominance component. The
DCT is performed on these (8 x 8) blocks. The luminance component of a
macroblock is the unit for motion estimation in Pand B pictures. For inter-
laced video sequences, the two fields can be coded separately (field picture
coding) or together as a frame (frame picture coding). For interlaced pictures
with frame picture coding, motion can be predicted either as fields or frames

Philips Journal of Research Vol.50 No. lJ2 1996 11
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on a macroblock-by-macroblock basis. A slice is defined as a horizontal row of
macroblocks.

2.4. Motion estimation and compensation

In full-motion video systems, the impression of continuous motion is achieved
by displaying a sequence of still frames in quick succession. Although each
picture may be distinct from its neighbouring pictures, the content in these
pictures is likely to be similar. The fact that the content in typical video
sequences does not change drastically from picture to picture - in other
words, the presence of temporal redundancy - is exploited in the design of
video compression systems by means ofmotion estimation and compensation
procedures [7,8].

Since the encoder knows the pictures contained in the decoder, it transmits
to the decoder one or more displacement (or motion) vectors for each local
image area (namely, macroblock), in order to 'predict' the current picture
based on previously transmitted pictures. In addition to the motion vectors,
the difference between the current picture and the prediction of the current
picture - called the motion compensated residual - is encoded and
transmitted. The decoder combines the prediction of the current picture and
the residual to reconstruct the current picture. In P-pictures, a previously
displayed 1- or P-picture, known as an anchor picture, is used for predic-
tion. In B-pictures, two previously transmitted anchor pictures are used for
prediction. One of the two anchor pictures is displayed before the current
B-picture and the other after the current B-picture. A B-picture is thereby
constructed by prediction from anchor frames in the past and the future,
whereas a P-picture uses an anchor in the past alone.

Motion is estimated on a local (macroblock) basis. For each macroblock
(Fig. 4), a best match is determined in previously transmitted pictures. The
distance between the position of the current macroblock and the position of

(a) (b)

Fig. 4. Motion compensated prediction: (a) macroblocks from another frame used to predict next
frame and (b) previous frame after using motion vectors to adjust block positions.
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the best match in the anchor picture is the displacement of the current macro-
block that is transmitted as its motion vector. A popular way for determining
the best match is full-search block matching, where a predetermined area in
the previous picture is searched comprehensively to obtain the best-matched
block. Alternatively, other strategies for motion search, such as hierarchical
block matching, are also used.
When a macroblock is predicted based on other pictures, it is known as an

inter-frame coded macroblock. The benefit of coding in this fashion is that for
typical sequences where adjacent pictures are alike in content, the variance and
the entropy (or 'description length') ofthe residuals is low. However, within a
given picture, some regions may not be predicted as efficiently. Macroblocks
that constitute such image regions are coded independently of other
pictures, that is to say they are intra-frame coded. For some pictures, such
as those after a scene change, motion compensated prediction does not
perform effectively. Such pictures are coded independently of other pictures
and constitute the I-pictures. The intra-frame coding mode is also utilized
for receiver initialization and channel acquisition when the receiver is turned
on or the channel is changed, respectively. In the presence of uncorrectable
channel errors, I-pictures are used to provide refresh.
In summary, motion compensation exploits the temporal correlation

typically present in video sequences. There is still a significant amount of
spatial correlation among the image pixels for both inter-frame (i.e. motion
compensated) and intra-frame coding. When this spatial correlation is
reduced, redundant information does not have to be coded repeatedly. In
order to reduce correlation, the image pixels are represented by their Discrete
Cosine Transform (DCT) coefficients [9,10].

2.5. The discrete cosine transform of spatial blocks

For typical images, a large fraction of the signal energy is concentrated in a
few of the DCT coefficients. This allows the coding of only a few coefficients
without seriously affecting the picture quality. The DCT is chosen because it
has good energy compaction properties, and in addition the transform results
in real coefficients. Also, there exist numerous fast computational algorithms
for its implementation [l1].
The size of the DCT might be chosen as the entire frame, but much better

performance can be achieved by subdividing the picture into many smaller
regions, each of which is individually processed. The motivation for this
approach to segmentation can be understood by the following. If the DCT
of the entire frame is computed, the whole picture is treated equally.
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However, for a typical image, some regions contain a large amount of detail
and other regions contain very little detail. By exploiting the changing
characteristics of different images and of different portions of the same
image, significant improvements in performance can be realized. In order to
take advantage of the varying characteristics of the frame over its spatial
extent, the frame is partitioned into blocks of 8 x 8 pixels [10]. The blocks
are then independently transformed and adaptively processed based on their
local characteristics. The partitioning of the frame into small blocks before
taking the transform not only allows spatially adaptive processing, but also
reduces the computational and memory requirements. Partitioning the signal
into small blocks before computing the DCT is referred to as block DCT.
An additional advantage of using the DCT domain representation is that

DCT coefficients contain information about the spatial frequency content of
the block. By utilizing the spatial frequency characteristics of the human
visual system [12], the precision with which the DCT coefficients are
transmitted can be in accordance with their perceptual importance. This is
achieved through the quantization of these coefficients.

2.6. Adaptive quantization of transform coefficients

The goal of video compression is to maximize the video quality at a given bit
rate. This requires a wise distribution of the limited number of bits available.
By exploiting the perceptual irrelevancy and statistical redundancy (as
explained in the following section) within the DCT domain representation,
an appropriate allocation of bits can yield significant improvements in overall
picture quality. Quantization [6,13,14] is performed to discretize the DCT
coefficient values, and through quantization and entropy coding, the actual
bit-rate compression is achieved. The quantization process can be made to
be the only step in the compression algorithm that causes a loss of precision
in the reconstructed picture. Making quantization the only lossy step
simplifies the design process and facilitates fine-tuning of the system.
Each DCT coefficient may be quantized with a uniform (linear) or non-

uniform (non-linear) quantizer. The quantizer mayalso include a dead zone
(enlarged interval around zero) to quantize or core to zero small, noise-like
perturbations in the DCT coefficient values. When quantizing transform
coefficients, the differing perceptual importance of the various coefficients
can be exploited by 'allocating the bits' to shape the quantization noise into
the perceptually less important areas [15]. This can be accomplished by
varying the relative step-sizes of the quantizers for the different coefficients.
The perceptually important coefficients may be quantized with a finer
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step-size than the others. For example, low spatial frequency coefficients may
be quantized finely, while the less-important high-frequency coefficients may
be quantized more coarsely. A simple method to achieve different step-sizes
is to normalize or weight each coefficient based on its visual importance. All
of the normalized coefficients may then be quantized in the same manner,
such as rounding to the nearest integer (uniform quantization). Normaliza-
tion or weighting effectively scales the quantizer from one coefficient to
another. Well-optimized video compression systems utilize perceptual weight-
ing, where the different DCT coefficients are weighted according to a perceptual
criterion prior to uniform quantization. The perceptual weighting is determined
by quantization matrices that can be adapted to the image being coded.
In the compression of video, many ofthe transform coefficients are typically

quantized to zero. To exploit this phenomenon, the two-dimensional array of
transform coefficients is reformatted into a one-dimensional sequence through
a zigzag scanning. This results in most ofthe important (in terms of energy and
visual perception) non-zero coefficients being grouped together early in the
zigzag scanned one-dimensional sequence. They will be followed by long
runs of coefficients that are typically quantized to zero. These zero-valued
coefficients can be effectively represented through run-length encoding. In
run-length encoding, the number (run) of consecutive zero coefficients
before a non-zero coefficient is encoded, followed by the non-zero coefficient
value. The run-length and the coefficient value can be entropy coded. The
scanning separates most of the zero and the non-zero coefficients into
groups, thereby enhancing the efficiency of the run-length encoding process.
Also, a special end-of-block (EOB) marker is used to signify when all of the
remaining coefficients in the sequence are equal to zero.

2.7. Entropy coding of video data

The quantized DCT coefficients are an efficient representation for the data
to be transmitted. These quantized values are then assigned to 'codewords'
that are concatenated to produce a digital bitstream for transmission. The
quantized values can be simply represented using uniform or fixed-length
codewords. Using this approach, every quantized value is represented with
the same number of bits. Greater efficiency in terms of bit-rate can be
achieved by employing entropy coding. Entropy coding attempts to exploit
the statistical properties of the signal to be encoded. A signal, whether it is a
pixel value or a transform coefficient, has a certain amount of information,
or entropy, based on the probability of the different possible values or
events occurring. For example, an event that occurs infrequently conveys
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much more new information than one that occurs often. By realizing that some
events occur more frequently than others, the average bit rate may be reduced.

Huffman coding [16] is one ofthe most common entropy coding schemes. In
Huffman coding, a codebook is generated which minimizes the average
description length (in bits) of events, given the probability distribution of
all the events. Events which are more likely to occur will be assigned
shorter-length codewords, while those which are less likely to occur will be
assigned longer-length codewords, thus statistically reducing the data rate.
Whenever entropy coding is employed, the bit rate produced by the encoder

is variable and is a function of the video statistics. If the application requires a
constant bit-rate output, a rate buffer is necessary. The buffering must be
carefully designed, as random spikes in the bit rate can overflow the buffer,
while dips in the bit rate can produce an underflow. Some form of buffer
control is required that allows efficient allocation of bits to encode the
video, while ensuring that no overflow or underflow occurs. The buffer
control typically involves a feedback mechanism in the compression
algorithm, whereby the quantization may be varied in accordance with the
instantaneous bit-rate requirements. The goal is to keep the bit-rate constant
and equal to the available channel rate. Ifthe bit-rate decreases significantly, a
finer quantization can be performed to increase it, and vice versa. The buffer
control mechanism is an essential part of any high-performance system.
The compressed video bitstream that is thus produced is multiplexed with

audio and possibly other data, and then transmitted. The format (i.e. the
syntax) of the compressed bitstream is specified in the digital television
standards, along with rules for decoding and reconstruction of the video
(i.e. the semantics). The MPEG-2 standard [1] provides a precise and detailed
description of the decoding process.
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3. Compression aspects of digital TV systems in Europe and US

Because of its advantages over conventional analog television, digital
television is currently being deployed all over the world for digital broadcast
to the consumer or to intermediate locations such as cable head-ends.
As a major supplier of consumer electronics systems, Philips now offers

complete systems for such applications. Members of Philips Research world-
wide have contributed significantly to the development and verification of
MPEG standards, the Digital Video Broadcasting (DVB) Group standard
in Europe, and the HDTV standard in the US. Philips Research has also
developed multimedia terminals that provide primarily entertainment and
home shopping services to the home via the video dial tone service.
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The Digital Video Broadcasting Group came together in September 1993
when a totalof 85 manufacturers and broadcasters from 12 countries met
with the aim to create a European framework for the development of digital
television, for broadcast by satellite, cable or terrestrial transmitters. For
more details on work in the area of DVB, the reader is referred to articles
in this issue dealing with MPEG-2 encoders and satellite and cable
modulators. Ref. [17] presents an overview of the development of digital
television in Europe.
In May 1993, a 'Grand Alliance' (GA) of seven companies announced their

agreement to work co-operatively toward the development of a single
proposed standard for terrestrial broadcast of HDTV in the United States.
The alliance members consist of Philips Electronics, Thomson Consumer
Electronics, David Sarnoff Research Center, AT&T, Zenith Electronics,
General Instrument Corporation and MIT. The Federal Communications
Commission (FCC) is expected to finalize the US-HDTV standard in the
middle of 1996, and HDTV-based products can be on the market by 1997.

The GA (US-HDTV) video compression standard allows for multiple
scanning formats, namely: 1920 x 1080 at 60Hz (interlaced)/30 Hz
(progressive)/24 Hz (progressive), and 1280 x 720 at 60Hz (progressive).
The US-HDTV standard is compatible with the main profile, high level of
the MPEG-2 standard. Please refer to the following for more information:
an overview of the GA system [18], the compression system [5], the method-
ology adopted for arriving at the digital video compression specification
[19], prototype video encoder [20], and decoder [21] architectures.
Another program within Philips Research is to develop a class of multi-

media terminals (set-top boxes) that will allow not only decoding and
displaying video, but will also allow real-time interaction with services created
out of multi-media (i.e. video, audio, text and graphical) objects.
Apart from broadcast television programs, these terminals will facilitate

video dialtone, video-an-demand and home shopping services. The video
compression in these systems is based on MPEG-2. At the present time,
these multimedia terminals are designed primarily for operation in telephone
and cable-based communication environments. Please refer to articles on
multimedia terminal architecture and set-top control software in this issue
for more details.
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4. Conclusions

It is becoming increasingly clear that all television services, including
terrestrial broadcast HDTV, cable and satellite-based standard definition



television, are becoming fully digital. The maturity of video compression
techniques and the establishment of international standards, such as
MPEG-2, have greatly contributed to this transformation. As a leading
manufacturer of consumer electronics equipment, Philips offers complete
end-to-end systems for digital television applications. In this paper, we
have presented an introduetion to video compression in the context of
digital television, followed by an overview of programs within Philips in
this area.

K. Challapali and G. Nocture
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JOINT BIT-RATE CONTROL
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Abstract

Variable bit-rate compression (VBR) is known to be more efficient than
constant bit-rate (CBR) compression. However, since most transmission
media convey a constant bit rate, most applications use CBR compression.
In multi-program applications, such as satellite and cable television, a
technique called joint bit-rate control can be used. With joint bit-rate
control the bit rates of individual programs are allowed to vary, but the
sum of all bit rates is kept constant. Since a joint control is involved, the
encoders should be geographically close. Joint bit-rate control is different
from a technique called statistical multiplexing, which is proposed in
combination with ATM networks. In this paper, the benefits of joint bit-
rate control are studied. This study involves both a theoretical analysis
and a verification with experiments. In the experiments a software
simulation was used that included the two basic system aspects of joint
bit allocation and variable bit-rate buffer management. Both theory and
practice indicate that joint bit-rate control gives a significant gain even
for a small number of programs. For instance, extra programs can be
transmitted over the same channel, e.g. a satellite link, if joint bit-rate
control is used.

Keywords: video, compression, MPEG, signal processing, transmission,
statistical multiplexing.
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1. Introduction

Data compression for image sequences or video has been a research topic
since the early 1970s.Over the past two decades a wide variety of compression
systems has been described in the scientific literature. The state of the art in
compression technology has led to the standardization of data formats for
compressed video. The standardization activity within the ISO-MPEG group
has resulted in the standards ISO/IEC 11172, referred to as MPEG-1, and
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ISO/lEC 13818, referred to as MPEG-2 [1-4]. Basically, these two MPEG
standards define three things:

• the syntax of compliant bit streams,
• the semantics of bit streams,
• the functionality of decoders.

The MPEG standards do not prescribe the encoder. From the encoder's point
of view the standards offer a tool-box of coding features, and the designer
of an MPEG encoder has a certain freedom in using these tools [5]. It is
possible to use both variable bit-rate (VBR) compression and constant
bit-rate (CBR) compression within the MPEG standard [6]. CBR compres-
sion is known to be less efficient than VBR compression [7-9]. This can be
understood as follows.

In the case of CBR compression the performance is strongly influenced by
the percentage of time that the complexity of the input pictures is too high
and hence the picture quality after compression is too low. This percentage
will be called the failure probability. For CBR compression the bit rate has
to be tuned so that the failure probability is acceptably low. The bit rate
of a CBR compression system has to be tuned, so to speak, to the worst-
case pictures.

In the case of VBR compression the bit rate can be adapted to the picture
complexity so that the picture quality remains constant over time. The
required bit rate with VBR compression is a function of the average picture
complexity. In the literature, VBR compression is mentioned to be 30%
more efficient in bit rate than CBR compression with a comparable
performance [7-9].

Figure 1, which is taken from Theunis et al. [8], illustrates the difference
betwen CBR and VBR compression. The points in the plot have been obtained
in measurements with a TM5 MPEG-2 encoder [10]which has been applied to
two film excerpts, each of 1min length. The vertical axis of the figure depicts
the average control signal, which will be denoted D, used in an encoder.
Basically, the control signal corresponds to the quantization step size, but
since other control mechanisms mayalso be involved, e.g. thresholding of
coefficients, it is referred to as control signal. A large value of D corresponds
to a low picture quality. The horizontal axis depicts the average number of bits
per group of pictures (gop), with 12 pictures per group.

The figure clearly shows the constant picture quality, which is assumed to
correspond to a constant average control signal, obtained with VBR com-
pression and the variable picture quality obtained with CBR coding. A
consequence of CBR compression is that pictures can have a relatively large
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Fig. I.Average control parameter D per group ofpictures (gop) and the bit rate for both variable
bit-rate and constant bit-rate compression measured over two excerpts of Imin of film.

average control signal and therefore a low picture quality. These events oflow
quality can be avoided by using VBR compression.

Despite the fact that VBR compression is more. efficient than CBR com-
pression and therefore more desirable, most of the applications are forced to
use CBR compression, because most of the current transmission systems
essentially operate with a constant bit rate.

In this paper, applications where two or more video signals are transmitted
simultaneously are referred to as multi-program environments. For example,
satellite transmission of video and cable television are such multi-program
environments. In the case of a multi-program environment, it is possible to
use VBR compression on a constant bit-rate transmission medium using one
of the following two techniques:

(1) statistical multiplexing [9,11,12],
(2) joint bit-rate control [7,13-16].

Statistical multiplexing is usually considered in combination with ATM
networks. The ATM-network protocol accepts sources that produce a variable
bit rate. Inside the networks the switches have strategies (statistical
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multiplexing) to control the traffic. Since the traffic on the network is the sum
of many variable bit-rate sources the sum of all bit rates on the network is
fairly constant. In certain cases, however, the amount of traffic can be too
much. Then two things can happen: either the buffer in the switches overflows
and packages will be lost, or packages will be delayed too much in the switches,
so that they arrive too late at the decoder, and thus must be considered as lost.
The studies concerning statistical multiplexing are mostly aimed towards
predicting cell-loss probabilities, switching strategies, etc. A characteristic of
statistical multiplexing is that it will be effectivewhen there is a relatively large
number, say more than 100, of video streams or programs on the transmission
channel.
With joint bit-rate control, the bit rates of individual programs or video

signals are allowed to vary in such a way that the sum of all bit rates on the
channel is constant [14]. Essentially the bit rates of all programs have to be
controlled jointly and hence the encoders should be geographically close.
This will, for instance, be the case with satellite television or cable television.
This aspect of joint control makes joint bit-rate control different from
statistical multiplexing and will give a number of operational differences.
For instance, since there is a joint bit-rate control it is possible to use the
full capacity of the transmission medium, while in the case of statistical multi-
plexing the capacity can only be used up to a certain limit because otherwise
the cell loss probabilities will be too high.

In this paper the performance of compression systems with joint bit-rate
control is analysed. In fact, if the number of programs is small it is expected
that the behaviour of the system will be that of a constant bit-rate compression
system and if there is a large amount of programs the behaviour of the system
is expected to be that of a variable bit-rate compression system. The question
is: how will the behaviour of the system change from CBR to VBR if the
number of jointly encoded programs increases?
This paper is organized as follows. The transformation of the behaviour

from CBR to VBR with an increasing number of programs is studied in two
ways. The first approach is a theoretical approach based on a relatively
simple model that relates the basic parameters: picture quality, number of
bits for a picture and picture complexity, to one another. This model is
described in Section 2. In Section 3 this model is used to study the
behaviour of the system as a function of the number of programs. The second
approach is a practical one consisting of experiments with a basic compression
system with joint bit-rate control. The basis system and the outcome of the
experiments are presented in Section 4. Finally, in Section 5 some conclusions
are drawn.
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2. Model for encoder behaviour

In this section a model will be discussed that captures the main characteris-
tics of a video-compression system. This model will be used in Section 3 to
study the behaviour of a system with joint bit-rate control as a function of
the number of programs.

In order to check the validity of the model at some points in this paper,
simulation results are shown with an MPEG-2 compression system operating
at a constant bit rate of 4.5Mb/s. These results were obtained over a 'large'
computer simulation of over 16min of video, that is, over 24000 pictures.
The video material for this simulation is a documentary from the Albertville
Winter Olympics that contains a wide variety of scenes, such as sports
fragments, interviews, nature, etc. This documentary was recorded with a
CCD camera at HDTV resolution and then down-converted to CCIR-601
resolution. In this paper this sequence will be referred ,to as the 'Albertville
sequence'.

In the simulations, a group of pictures had a length of 12 pictures and
contained the picture types 'I-BB-P-BB-P-BB-P-BB'. The model described in
this section will not distinguish I, Band P pictures [3,4]. For this reason the
measurements are averaged over a group of pictures so that the contribution
from all picture types is taken into account.
It is assumed that the behaviour of a compression system can be described

using the three parameters: picture complexity X, number of bits R used for
coding a picture, and the picture quality Q of the decoded picture. These three
parameters are assumed to be related as follows:

(?max)PSNR = 10· loglO a; (2)

Q = 10. (1 - e-R/X) (1)

Evidently, the units of picture complexity are bits per picture. The picture
quality Q in the model will be a number in the range 0-10 which may be
interpreted as a mean opinion score (MOS), where a 10 identifies an excellent
quality and a 0 identifies an absolutely unacceptable quality. Usually PSNR1

values are used as a measure of picture quality since these values are easy to
measure and since there are many reference points in the literature using this

IPeak Signal to Noise Ratio: Let N denote the number of pixels in a picture, let ~ denote the var-
iance ofthe error introduced by the video coder, that is ~ = IINEf=1 er, and let Srnax denote
the maximum possible value ofthe video signals, which is set to SmOlt = 255. In the field of image
processing, the PSNR is usually defined as:
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TABLE I
Approximate mapping of PSNR onto Q

G. Keesman

Q PSNR

10 >42dB
9 38
8 35
7 32
6 29

measure. Table I shows how the PSNRs can be mapped on this lO-point scale.
This mapping is based on the author's experience in experimenting with com-
pression systems. For PSNR values above about 42 dB there is virtually no dif-
ference with the original in most cases and, consequently, all PSNR values map
on the same quality. For PSNR values at about 29 dB, that is, Q = 6, the block
structure in the picture is often clearly visible. Usually PSNR values of 35 dB,
that is, Q = 8, correspond to acceptable picture qualities.

Equation (1) reflects the property that the quality shows a diminishing
marginal return with increasing bit rate; in other words, saturation occurs.
This property is illustrated in Fig. 2 for two values of the complexity.
Figure 3 shows the measured relation between picture quality Q measured
in terms of PSNR and bit rate R for two common test sequences called

ow-complexity picture

high-complexity picture

.~ 6
'(ij
::J
o 4

8

2 4 6 8 10

Bit rate [Mb/sj

Fig. 2. Assumed relation between bit rate and picture quality for a high complexity picture and a
low complexity picture.
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25

20 20

low-complexity picture (Teeny)

high-complexity picture (Mobi)

4 126

Bit rate [Mb/sj

8 10

Fig. 3. Measured relation between bit rate and picture quality for the video sequences 'Mobi' and
'Teeny'.

"'Mobi' (lower lines) and 'Teeny'. For each of the two test sequences the
average PSNR is shown over a group of pictures (gop) for four segments
out of the test sequences. Both in Fig. 2 and in Fig. 3 the ratio between the
high and low-complexity pictures was close to 2. The assumed relation can
clearly be identified in the figures.
It will be assumed that the video signal is composed of scenes. Each scene

corresponds to a new picture content and consequently to' a new value for
the picture complexity. It will furthermore be assumed that the picture
complexity is produced by a random variable. The complexities of different
scenes are assumed to be statistically independent. Figure 4 shows a typical
sequence of values of the picture complexity as a function of time. Clearly
at each scene change the complexity assumes a new value. Note that most of

tI
Fig. 4. The video signal is assumed to be a sequence of scenes.

time
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ed over a GOP

the models used for analysing statistical multiplexing work on a more local
scale, such as for instance on the level of macro blocks.

In the process of standardizing MPEG-2 a test model was used to check certain
features. This test model was referred to as TM5 [10].The picture complexity in
TM5 was defined as the product of the average 'quantizer scale' (also called
MQUANT) over a picture and the number of bits used for encoding that picture.
Figure 5 shows the histogram of measured complexities from the 'Albertville
sequence'. The histogram is characterized by its slightly skewed shape.

In the model it will be assumed that the picture complexities have a Gamma
probability density function (pdf), that is [17, p. 47].

12

~......
III
U
Ce
5 6uo

bits

Fig. 5. Histogram of measured complexities.

I" () 1 v v-I -(kXJOI.,vx=r(v)·a.x ·e , (3)

where a> 0 and v > 0 are real-valued parameters ofthe density. The function
I'( . ) is defined by

This function interpolates the factorial in the sense that ren + 1) = n! for
n E N equals v/a and the variance equals v/ a2

•

u > o.

28 Philip. Journal of Research Vol. 50 No. 1/2 1996

(4)



fa,v(x) *fa,!-, (x) =fa,v+!-,(x) (5)

Multi-program video compression

An important reason to use the Gamma pdf is the following. In the compu-
tations of the performance of joint bit-rate control the random variable X
formed by averaging the individual complexities of all programs, that is
X = 1/ N ~ Xi, will play an important role. If the individual complexities Xi
have a Gamma pdf, then the pdf of the random variable X will also have a
Gamma pdf. The family of Gamma pdfs is hence closed under convolutions,
viz.

holds [17, p. 47].
The tuning of the density parameters a and IJ will be discussed below. The

parameter a will be set such that the VBR behaviour is correct and the para-
meter IJ will be set such that the shape of the pdf corresponds to that of the
histogram shown in Fig. 5.

In case of a variable bit rate the optimal setting maintains a constant quality,
which is achieved for a bit-allocation R = c- X, where c is a scaling constant.
Define for a constant quality situation the variable RVBR = E{R}, where E{ • }
indicates expectation. Substitution of RVBR in eq. (1) yields

IJ
RVBR = E{R} = -E{X}. ln(l - Q/IO) = - - . ln(l - Q/IO) (6)

a

In the literature VBR compression is claimed to be 30% more efficient than
CBR compression [7-9]. Thus, the value for RVBR is set to 3.1 Mbfs; that is
30% more efficient than the 4.5 Mbfs used for the 'Albertville sequence'.
Choose Q = 8 as a good quality and choose IJ = 5 in order to obtain a pdf
with a shape that corresponds well to Fig. 5. Using eq. (6) the value
a = 2.60 is found.

The model described in this section has a few shortcomings. For instance,
there is no distinction between I, Band P pictures, the complexity is assumed
to be constant over a scene and the model does not distinguish between over-
head and coefficient bits. However, the model is expected to be suitable for its
purpose, namely obtaining insight in the performance of joint bit-rate control.
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3. Joint bit-rate control and its performance

In this section the behaviour of compression systems with joint bit-rate
control is analysed. The analysis is based on the model described in
Section 2. First, this section describes the bit allocation in a system with joint
bit-rate control. This description includes the discussion of a performance
measure. Next, the performance of this system will be analysed using the



Maximize: min[Qn(Rn)]

Subject to: L:: s, s R

is a good measure to optimize. In eq. (7) the variable Qn refers to the quality of
program n and R; refers to the number of bits used for coding program n. The
optimum bit allocation in the sense of eq. (7) is where the quality Qn for each
program is equal, that is Qn = Q must hold. Let Xn denote the complexity of
the picture in program n. The bit rate for program n then equals

G. Keesman

probability of failure for a performance measure. A failure means that for a
period of time the picture quality is too low. In fact, the analysis is performed
for two situations:

(1) the failure probability is studied for an increasing number of programs,
(2) the change from CBR to VBR behaviour is studied.

With joint bit-rate control the bit rate of individual programs is allowed to
vary, but such that the sum of all bit rates is a constant. The question is: how
should the bit rate be varied?

Obviously as many viewers as possible must be satisfied. Since it is unknown
which program they watch, a robust measure is required. It will be assumed
that the minimax criterion

(7)

and, hence, the average available bit rate per program R and the average
complexity X = l/N"'£X" over all programs satisfy eq. (9)

R
X = -ln(l - Q/I0) (9)

RI! = -Xn . ln(1 - Q/I0) (8)

Hence, eq. (8) can be rewritten as
Xn -

RI!= X·R (10)

which presents the optimum bit allocation. Thus, according to eq. (10), the
available bits for each program should be allocated in proportion to the
relative complexity ofthe programs. Evidently, the bit rate on the transmission
channel will be equal to N· R. It may be clear that since the programs have
more than one picture the bit-allocation has to be re-computed at every new
picture.

In order to be able to study the performance of joint bit-rate control we have
to analyse the relation between Q, X and R. Using the optimum bit allocation
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(11)

of eq. (10) this relation can be written as

Q = 10· (1 - e-R/x)

The analysis of joint bit-rate control will be in terms of the failure prob-
ability Pt- The failure probability is defined as the probability that the quality
of all programs Q is below a certain threshold QT, that is,

This measure of performance is assumed to be a good measure in the case of
CBR compression systems. In the case of VBR compression systems the aver-
age quality is a good measure of performance.

The event of too Iowa quality can be translated into the event of too high a
complexity. The failure probability can be written as

Pr = P[X > XTl (12)

-R
XT = In(1 - QT/IO) (13)

with

Denote the pdf ofthe sum X = I/NE Xn by Pn(x). The assumption that the
individual complexities have a Gamma pdf,Ja,v(x), with the same Ct and v for all
programs, results in a Gamma pdf for the sum; that is, using eq. (5) results in

(14)

Basically, the failure probability Pr can be computed from

Pr = Joo PN(x)dx = Joo fa,N.v(x)dx
XT N·XT

(15)

Below, two situations will be analysed. In the first situation the average
available bit rate per program R will be kept constant and it will be studied
how the failure probability decreases with an increasing number of programs
N. It is also possible to keep the failure probability constant and to observe
how the required average bit rate per program decreases with an increasing
number of programs. A great disadvantage of this is that the average picture
quality slowly converges towards the value of the threshold which is undesir-
able. In order to assure that the picture quality converges to an acceptable
value a second probability will be introduced, which will be referred to as
the VBR probability PVBR. In the second situation the average available bit
rate per program R will be decreased in such a way that this PVBR remains
constant.
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The first situation that will be analysed concerns an average bit rate per
program that is equal for each value of N. In the next section experimental
results for this situation will be shown. In this situation the probability Pr is
expected to diminish for a large number of programs, so in this situation joint
bit-rate control is used to improve the performance.
The threshold XT is chosen such that for the 'Albertville sequence', which

was coded at RCBR = 4.5 Mb/s, the failure probability was Pr = 0.05. For
XT the value 3.53 was found, which corresponds to a threshold quality of
QT = 10(1 - eRcOR/XT)= 7.21.
As a reference, the standard scene known as 'Mobi' can be encoded at

4.5 Mbfs using an MPEG-2 compression system. to a PSNR of about 33dB.
Using Table I, this value corresponds approximately to the chosen threshold.
Therefore, the probability Pr corresponds to the percentage of time that the
picture quality is worse than 'Mobi' encoded using MPEG-2 at 4.5Mbfs. In
fact for the 'Albertville sequence' the choice of Pr = 0.05 holds for fairly criti-
cal viewers.

Table 11shows the computed failure probabilities for three different bit rates
for an increasing number of programs. The table shows that the failure
probability decreases by an almost constant factor for every extra program
that is encoded with joint bit-rate control.
The achievements of a system with joint bit-rate control can also be

identified from the pdf of the quality PQ(Q). This pdf has been computed,
see ref. [18, p. 95], and Fig. 6 shows the result for several values of N. The
figure illustrates that the picture quality becomes increasingly more constant

TABLE 11
Performance in terms of the failure probability of a system with joint bit-rate

control at several bit rates

Pr 3.5Mbfs 4.0Mbfs 4.5Mbfs 5.0Mbfs

N= 1 0.16 0.092 0.050 0.026
2 0.099 0.038 0.013 0.0041
3 0.062 0.016 0.0036 0.00069
4 0.040 0.0073 0.0010 0.00012
5 0.026 0.0033 0.00031 0.000022
6 0.017 0.0015 0.000092 4.0.10-6

7 0.011 0.00071 0.000028 7.3.10-7

8 0.0076 0.00034 8.5.10-6 1.4.10-7
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Fig. 6. Pdf of the quality for N = 1,2,4,8,16,32 at an average bit rate of 3.5Mb/s.

as the number of programs increases. Figure 8 shows the histogram of PSNR
values measured in the 'Albertville sequence'. The measured curve will map
approximately onto the curve for N = 1 if the saturation for high qualities
from Table I is applied.

The second situation concerns the transformation from a CBR compression
behaviour to a VBR compression behaviour. Suppose that the VBR behaviour
has an average quality of Q = 8. As a reference, this quality would correspond
to the quality of 'Mobi' encoded at 10Mb/s. Note that since 'Mobi' is a
relatively complex scene, the required average bit rate with VBR coding will
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Fig. 7. Pdf of the quality for N = 1,2,4,8, 16,32, using the average bit rates from Table Ill.
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TABLEIII
Change from CBR to VBR behaviour

N R (Mb/s) Pr

1 4.500 0.0500
2 4.103 0.0306
3 3.922 0.0204
4 3.814 0.0142
5 3.739 0.0102
6 3.684 0.00745
7 3.641 0.00552
8 3.606 0.00414

16 3.458 0.000531
32 3.353 0.0000153

be much lower. The bit rate R is tuned so that the probability

PVBR = Joo PN(x)dx (16)
X(Q=8)

remains constant. In the case of an infinite number of programs the quality pdf
would converge to a single peak at Q = 8. It is possible to compute the
required bit rates that will keep PVBR constant as N increases. Table III shows
the resulting bit rates when PVBR is kept constant. The table indicates that the
required bit rates slowly converge to the bit rate RVBR = 3.1 Mb/s, which indi-
cates that the VBR behaviour is slowly fading in. The table also shows that the
failure probability Pt diminishes and hence the CBR behaviour is gradually
fading out. Note that the failure probabilities in the table are computed using
the threshold QT = 7.21, which was found to give a Pt = 0.05 for 4.5 Mb/s
independent coding.

Figure 7 shows the pdfs of the quality for the situation of changing from
CBR to VBR behaviour. The transformation from a CBR behaviour to a
VBR behaviour is clearly illustrated by the figure. That is, with increasing N
the pdf becomes narrower, which means that the quality becomes more con-
stant. The figure also shows that the picture quality converges to the requested
picture quality of Q = 8.

From Table III it can be concluded that the actual transformation from CBR
to VBR behaviour is fairly slow. However, the benefits from using joint bit-
rate control are evident even for a low number of programs N. As an example,
suppose that 0.5 Mb/s would be required to transmit audio and data. Suppose
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a satellite transponder with a transmission bit rate of 30Mbfs carries six
programs, i.e. 6 x (4.5 + 0.5) = 30Mbfs. With joint bit-rate control it is
possible to carry one program more, i.e. 7 x (3.68+ 0.5) = 29.26Mbfs, with
a lower failure probability.

Figure 8 shows the PSNR values obtained in the 'Albertville simulation'.
After applying the PSNR to Q transformation of Table I it is possible to
recognize the pdfs for N = 1.

4. Experiments with compression systems

In this section simulation results are presented and discussed from experi-
ments with joint bit-rate control. Figure 9 shows the basic configuration of
a system withjoint bit-rate control that compresses two programs. The system
aspects of bit allocation and buffer management require specific attention in
the case of joint bit-rate control. Both aspects will be described briefly. The
main focus of this section is on the results of experiments with a system for
joint bit-rate control.

2.0

snr(dB)

Fig. 8. Histogram of PSNR values for MPEG-2 CBR compression at 4.5Mb/s.
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Program A
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Fig. 9. Outline of a system with joint bit-rate control for N = 2 programs.

4.1. Joint bit allocation

In the literature two ways of jointly allocating bits to the programs can be
distinguished. One approach is to allocate bits on the level of macro-blocks.
This approach is described by Paik and Krause [16], and by Haskell and
Reibman [19]. A general disadvantage with this approach is that all encoders
involved are required to have synchronous clocks, which complicates the
implementation. Another approach is to allocate bits on the level of pictures.
This approach is described by Guha and Reininger [13],by Keesman [14],and
by Lee et al. [15].The timing requirements for this approach are less strict than
the first one. This paper will follow this second approach.
The joint allocation of bits to pictures in several programs has strong

similarities with that of MPEG-2 Test Model 5 [10].This procedure is based
on the concept of picture complexity. Let Xij denote the complexity of picture
i in program j. The setting of the encoder can be controlled through a
parameter called the control parameter d. Inside the encoder this value of d
is converted to a quantizer step size. For instance, in TM5 the step size is
computed by multiplying d by some function of the local picture activity.
The average value of d over a picture will be denoted by D. Suppose picture
i in program j can be compressed with an average control signal Dij and
suppose that this compression requires Rij bits. The control signal has a strong
relation with the quantization step size and therefore a large value of Dij
corresponds to a low picture quality and vice versa. It will be assumed, as in
TM5 [10], that these variables relate as

(17)

In other words, it is assumed that the operational rate-distortion curve, by
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which we mean the relation between picture quality and bit rate for the
compression system under consideration with the current picture as input,
for picture i in programj can be approximated by a hyperbolic function.
The joint bit allocation is assumed to allocate bits to the pictures in a group

of pictures of length L in all N programs, and can be derived as follows. A
difference from the approach of Section 3 is that the procedure is now per-
formed on groups of pictures in order to obtain a picture quality that is also
constant over time. This extension is necessary because pictures of different
types, and hence different complexities, may occur, i.e. I, Band P pictures.
It is desired to obtain the same picture quality for all N· L pictures, as was

also the case in Section 3. It is assumed that the same picture quality is
obtained when the control signal Dij is the same for each picture [20], i.e.
Dij =D must hold. Furthermore, let R denote the number of bits that is on
average available per picture and let Rij denote the resulting target for picture
i in programj. Under the requirements that the sum of all targets must equal
the available number of bits, i.e. L Rij = N· L .R must hold, it can be derived
that the required number of bits, that is, the target for picture i in programj,
must equal eq. (18)

- Xij _
·N·R=-=-·R

X
(18)

It will be evident that this is exactly the same as eq. (10) which was derived
earlier in Section 3. In order to avoid a costly pre-analysis to obtain the picture
complexities Xij, it is assumed that the complexity of picture i in programj is
equal to that of the last encoded picture of the same picture type in the same
program. This assumption is also present in TM5.
This procedure for bit allocation has been used in experiments which will be

described next. The experiments were carried out with sequences of 352
frames, which corresponds to approximately 14s of video. Below these
sequences are referred to as Program A, Band C. In each program there
were about four to six scenes.
Figure 10 shows the average control signal D in the case of encoding three

programs as a function of time, which is presented as picture numbers, and
each tick on the axis represents 40ms. The solid lines in the figures correspond
to stand-alone compression at 3.5Mbfs and the dashed lines correspond to
compression with joint bit-rate control at 3.5 Mbfs on average per program.
Observe that there is a tendency towards a more constant picture quality
when joint bit-rate control is used. It can be seen in the graph for Program B
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Fig. 10. Control signal as a function of time for N = 3 (dashed lines: stand-alone encoding, solid
lines: joint bit-rate control).

that the peak occurring between 50and 100 has been removed when usingjoint
bit-rate control. The bit rate for Program B has temporarily been increased
and the bit rate in the other two programs has been temporarily decreased. In
fact, the improvement in Program Bwas clearly visiblewhile there was no visible
degradation in the other two programs. The reason for this is that the relation
between picture quality and bit rate shows a saturating character.

Figure 11 shows the histograms of the average control signal values for
N = 1,2,3,4. The histograms for independent coding, i.e. N = 1, are shown
on the left and the histograms obtained with joint bit-rate control are shown
on the right. Note that in the figure the same programs were used for each
pair of left and right histograms, that is, the histograms for independent
pictures are different because they were taken over N = 2,3 and N = 4
programs. From the figures it is evident that the average control signal
becomes more and more constant with an increasing number of programs.
Consequently the picture quality becomes more and more constant with an
increasing number of programs and the probability of exceeding a given
threshold of picture quality diminishes.
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(a) independent coding, (b) joint bit-rate control with N=2.

Av. control signal Av. control signal

(a) independent coding, (b) joint bit-rate control with N=3.
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(a) independent coding, (b) joint bit-rate control with N=4.
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Table IV shows the means and variances of the control signals D obtained
with independent coding and withjoint bit-rate control. The rightmost column
in the table shows the ratio between the variances of independent coding and
coding withjoint bit-rate control. From this column it can be observed that the
gains obtained with joint bit-rate control are already present for N == 2
programs and that the additional gain of coding to a greater number of
programs with a joint bit-rate control saturates.

Fig. !!. Histograms of the control signa! D for N = 2,3,4 programs at 4.0 Mb/s.

Philips Journal of Research Vol. 50 No. 1/2 1996 39



G. Keesman

TABLEIV
The mean value J-Land variances cl- over the average control signals for stand-

alone encoding and encoding with joint bit-rate control at 4.0Mb/s

4.2. Buffering of VBR compressed signals

The gains observed in the previous section can only be achieved if there are
no limiting factors elsewhere in the system. The buffering in the encoder and
decoder is a possible limiting factor. Since all the encoders have independent
buffers that are operated under VBR conditions, it is necessary to make sure
that the buffering will not form such a limitation. This analysis of buffering
of VBR-coded signals has been described [21,22]. Below, a similar analysis
will be shown which indicates that there will be no limitation from VBR
operation of the buffers as long as the buffering strategy is appropriately
designed.
It will be assumed that the encoder and decoder buffer are updated every

picture period, e.g. each 40ms. Let E[n] denote the encoder buffer contents
and D[n] the decoder buffer contents at time n. The encoder writes a com-
pressed picture with P[n] bits into the encoder buffer and the decoder reads
this picture d time periods later from the decoder buffer. It is important to
realize that the end-to-end delay d is constant. During each time period R[n]
bits are transmitted from the encoder to the decoder. It is assumed that the
buffering system can be described by the relations

E[n] = E[n - 1]- R[n] + P[n],

Stand-alone encoding Joint bit-rate control
Ratio

N J-L(N=l) ufN=l) J-LN ~ ufN=l)/C1~

2 13.112 22.662 12.912 12.087 1.87
3 11.671 20.576 11.572 8.044 2.56
4 11.198 18.421 11.014 6.316 2.92

D[n] = D[n - 1] + R[n]- P[n - d]
(19)

Note that this discrete-time model does not cover the VBV buffer as defined in
the MPEG standards, although it is easy to extend this model so that it does
cover the VBV model. Since covering the VBV model would require a
continuous-time model with a more complex notation, it will not be used here.

Adding the encoder buffer contents at time n - d and the decoder buffer
contents at time n, and assuming that the initial states of the buffers equal
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E[O] = D[O] = 0, yields the relation
n

E[n - dj +D[n] = :L R[i]
i=n-d+l

(20)

Let ho denote the size of the decoder buffer. Decoder buffer overflow and
underflow will be avoided if the decoder buffer contents fulfils at any time n
the condition

o s Dmin[n] s D[n] < Dmax[n] < ho (21)

The decoder buffer bounds Dmin[n] and Dmax[n] have been introduced to make
the analysis more flexible, and in the following it will be shown that this
flexibility can be used to have an extended controlover the design of the
buffering system.
A similar inequality can be identified for the encoder buffer content. The

encoder buffer bounds Emin[n] and Emax[n] can be related to the decoder buffer
contents using eq. (20), which will result in eq. (22)

n

Emin[n] = :L R[i]- Dmax[n],
i=n-d+l

(22)
n

Emax[n] = :L R[i]- Dmin[n]
i=n-d+l

The design of the buffer system has three free parameters, which are the
encoder buffer size be and two of the four buffer bounds occurring in
eq. (22). Note that the decoder buffer size ho is fixed by the MPEG standards.
One obvious choice is to select Emin = Dmin = O. This choice, however, leads

to a problem when variable bit rates are involved. Substituting this in eq. (22)
yields

n

Dmax[n] = L R[i]
i=n-d+l

and in the case of the pseudo-constant bit rate p, that is, a bit rate that is
constant for more than d time periods, we have the relation

Dmax[n] = d- p (23)

A problem with this 'obvious' setting is the following. Since the delay d is a
constant, the delay has to be chosen in such a way that it matches the
maximum bit rate and the decoder buffer size. When the bit rate is lower
than the maximum bit rate the available buffering space Dmax - Dmin will
decrease. This buffering space should, "however, be large enough to cope
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Fig. 12. Buffering system as may be used in combination with variable bit-rate compression.

with the difference in number of bits per picture between I, Band P pictures,
which may not be the case if the bit rate varies over too large a range.

This problem which occurs for the obvious setting can be remedied as
follows. In order to always have the maximum buffer space, i.e. Dmax-
Dmin = bD, available it is required that the delay of the buffering system be
variable. Because the end-ta-end delay has to remain constant this bit rate
dependent buffer delay must be compensated by an additional buffer which
corrects the delay. Figure 12 shows such a solution.

This solution can be found by setting Dmin[n] = 0 and Dmax = b» in eq. (22).
As a consequence Emin[n] will become bit rate dependent, that is, an additional
delay is introduced in the transmission path. In the case of a large bit rate this
additional delay will be large and vice versa.
This additional delay is controlled by means of switching the bit rate at the

right moment. It can be shown that the bit rate on the transmission channel
should change d pictures later than the average rate on the input of the buffers
changes. For instance, ifthe bit rate in the pictures increases, then the encoder
buffer content will increase until the bit rate on the channel is changed
accordingly d pictures later.
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Fig. 13.Bit rates for the three programs with an average available bit rate of 3.5 Mbfs per program.
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Fig. 14. Encoder (top) and decoder buffer (bottom) contents as a function of time for Program A.

This additional delay can also be recognized in the following figures. The bit
rates are chosen so that the decoder buffer contents are equal at the beginning
and end of a group of pictures. Figure 13shows the required bit rates when the
average available bit rate per program equals 3.5 Mb/s. The encoder and
decoder buffer contents for Program A are shown in Fig. 14. From the figures
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it is apparent that the decoder buffer remains within its bounds and that the
encoder buffer comprises an additional delay that is bit-rate dependent.

5. Conclusions

In this paper, the benefits of joint bit-rate control were described. It was
shown that the behaviour of the system changes slowly from a CBR compres-
sion behaviour to a VBR compression behaviour as the number of programs
increases. It was also shown that the performance of multi-program environ-
ments can be improved significantly if the technique of joint bit-rate control is
used. This holds even for a small number of programs. This claim was verified
by both a theoretical analysis and by.experimental evidence.

Furthermore, it was shown that there are no limitations imposed by the
buffering system. In order to reduce the effects of the buffering system an extra
additional delay that is bit-rate dependent has to be introduced. This extra
delay will of course increase the end-to-end delay; however, it makes it possible
to use joint bit-rate control, with all its specific benefits.
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Abstract
Standardization is essential for successful development of the market
for multimedia systems and applications. Due to the novelty of the
technologies involved and the fact that the market is as yet very small,
but growing fast, the general consensus in industry is that standardiza-
tion via the formal procedures employed by the existing standards orga-
nizations would take too long. The new market opportunities, created
by digital audio, video and multimedia systems and applications, have
made it possible to organize specification projects in a phase preceding
formal standardization. In these specification projects many industry
players are taking part with some of their best engineers and managers
as delegates. Two clearly visible examples of these projects are the
Digital Video Broadcasting project in Europe and the Digital Audio-
Visual Council with a global approach. In this article a short descrip-
tion of the projects, the goals and the methods is given.

Keywords: digital audio, digital video, digital multimedia, digital
television broadcasting, standardization, MPEG, DVB,
DAVIC.
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1. Introduetion

Both the Digital Video Broadcasting project (DVB) and the Digital Audio-
Visual Council (DA VIC) are non-profit organizations, aimed at rapid devel-
opment of digital system standards. DVB started before DAVIC, as a sequel
to the Eureka 95 HDTV project. It was driven commercially by the European
broadcasters on cable, satellite and terrestrial networks, to make use of the
opportunities created by the source coding standards developed by the Motion
Pictures Expert Group (MPEG) in ISO/lEC, especially those known as
MPEG-2 [1]. It was felt by industry that the formal path to standardization
of this brand new technology, using the procedures of the existing standards
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bodies, would take much longer than necessary. Within two years, a complete
digital broadcasting transmission system was specified. However, due to the
broadcasting origins of DVB, initially no attention was given to interactivity,
apart from offering the viewer a sophisticated system for programme selection.

A little more than one year after DVB, DAVIC started, mostly driven by
the telecommunications and computer industries. Similar to DVB, the
DA VIC members were of the opinion that the initial stages of
standardization - specification of the systems involved - would take
too long if done in the existing standardization organizations. A major
technology driver in DAVIC, next to MPEG, is packet switching, according
to what is known as Asynchronous Transfer Mode (ATM). From the
beginning, DAVIC has been focused on interactive digital multimedia
systems. At the end of 1994, when DVB had realized its core transmission
standards, DAVIC had become sufficiently big to be noticed. Many
companies participating in DVB were at the time also DAVIC members.
The stake in DVB, combined with the global standardization objectives of
DAVIC, created a strong urge in those companies to integrate the DVB
transmission systems for cable and satellite in the DAVIC specifications,
which they succeeded in doing. Some parts of the DVB transmission
standards had to be adapted to make them globally applicable, e.g. in the
American and Japanese 6MHz wide cable channels.

At the same time, DVB had become aware of the potentialof interactive
broadcast services. A new module, the Interactive Services Commercial
Module, was set up in March 1995, with the mandate to generate commercial
requirements. The DVB Technical Module supported this by installing ad-hoc
groups for specification of the physical and higher layers of the low speed
interaction channel - sometimes called the return channel - between the
end user and the broadcaster. However, DVB being very much aware of
DAVIC, these technical groups were instructed to follow carefully the
technical development in DAVIC and start no activities already taken care
of. In DAVIC, meanwhile, it was recognized that the first deployment of
interactive multimedia services would most likely take place in the form of
broadcast enhanced with interactivity, with high data rates from service
provider to user and much lower data rates vice versa.

As a result, DVB and DAVIC have now become very much aligned, with
DVB playing an important role in DAVIC as the organization of European
and Japanese broadcasters and consumer electronics industries, creating a
good balance with the American and European telecommunications and
computer industries. The DAVIC specifications will be very instrumental in
creating a global system for multimedia services, a large playing field for
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new applications in communication and entertainment. In the following two
sections DVB and DAVIC each will be explained in some more detail.

2. The Digital Video Broadcasting project

2.1. Aims and progress of the project

The DVB project is aimed at the development of a system specification
for digital video, audio and data broadcasting services. The basic concept
of the system is that it should operate as a container for the MPEG-2
Transport Stream multiplex. The services making use of the system should
be introducible within a short time, with maximum likelihood of
commercial success. Because of this, the project is driven by commercial
requirements, defined by European broadcasters operating satellite, cable
and terrestrial networks. The system specification is developed for final
standardization in the European Telecommunication Standards Institute
(ETSI).
The original DVB scope was formed by unidirectional digital television

broadcast services, ultimately to replace the present European analogue
services via satellite, cable and terrestrial broadcasting networks. Due to
emerging market interest and the activities of DAVIC this scope was widened
in 1995 to provide the means for interactive serviceswith low bandwidth inter-
action channels. Flexible implementation ofthe signal quality levels should be
possible. Video quality will range from VHS quality level (MPEG-1) to studio
quality (CCIR Rec. 601), conforming to MPEG-2 main profile/main layer.
The audio quality level can range from commentary-quality mono to CD-
quality 5-channel surround sound, conforming to MPEG Layer II (MUS 1-
CAM). Transmission system flexibility should allow implementation on exist-
ing and near future European satellite, cable and terrestrial networks, by
permitting a range of effective payload bit- and symbol-rates. In addition to
the audio and video signals, the DVB transmission system also provides
information on the programme being broadcast. To complete the whole,
DVB provides for a Common Scrambling system.
In 1995 more than 180 organizations were members of the project. The

organizations range from broadcasters, network operators and equipment
manufacturers to legislating and regulating authorities. Membership is open
to all, provided that the DVB Memorandum of Understanding (MoU) is
signed and a yearly membership fee is paid. Together the MoD signatories
constitute the DVB General Assembly, which elects a Steering Board for the
operational project management. The Technical Module and the three
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Commercial Modules (Cable and Satellite, Terrestrial, and Interactive
,Services Commercial Module) report to the Steering Board, where the decision
is made to communicate specification items to the formal standards bodies. In
addition to the modules, the Steering Board set up some ad-hoc groups for
specific administrative tasks and a special one for Conditional Access. The
Technical Module set up a score of sub-groups and ad-hoc groups, to deal
with the different technical aspects of DVB. All organizational entities are
populated by experts, supplied by the DVB signatories.

The DVB project formally started at the end of 1993, with the aim to
complete the system specification at the end of 1995.A number of preceding
organisations have contributed to the technical work of DVB, such as
RACE 2082 (dTTb) and the European Launching Group with its Working
Group Digital Television Broadcasting.

The main drivers of the project are the Commercial Requirements, which
are generated by the Commercial Modules to serve as guidelines for the
work in the Technical Module where the technical specifications are devel-
oped. The commercial modules are populated by commercial staff from the
DVB member companies.

2.2. Results of the DVB project

Four core standards specify digital framing, coding and modulation for the
different transmission media:

1. DVB-S: the satellite system for use in the 11/12 GHz band, for a wide
range of transponder bandwidths. This specification is standardized by
ETSI in ETS 300421 [2].

2. DVB-C: the cable transmission system for 8MHz channels, compatible
with the DVB-S satellite system. The ETSI standard is named ETS 300
429 [3].

3. DVB-SC: the satellite master antenna TV (SMATV) system, the combina-
tion of a satellite headend with a small cable system. The ETSI standard
for SMATV is called ETS 300473 [4].

4. DVB-T: the terrestrial TV transmission system specification, which is
currently under development and expected to be finalized at the end of
1995.

Additional standards are:

• DVB-Teletext: ITU-R System B Teletext in DVB bitstreams, standardized
by ETSI as ETS 300 472 [5].
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• DVB-SI: Service Information, for use in Electronic Programme Guides,
etc. This specification is standardized by ETSI as ETS 300 468 [6].

• DVB-Subtitling: coding of on-screen graphic objects, for subtitling and
similar applications. This specification has been transferred to ETSI for
standardization.

• DVB-IRD: physical interfaces, specification of the interfaces on the DVB
Integrated Receiver Decoder. This specification has been given to CENE-
LEC for formal standardization.

• DVB-PI: professional interfaces, specification of interfaces on equipment
for cable and satellite head ends and similar professional environments.
CENELEC is dealing with formal standardization.

• DVB-CI: the Common Interface for conditional access and other
applications. This specification has been offered to CENELEC for formal
standardization.

In addition to standards, DVB has produced other results such as the
Common Scrambling System, a number of guidelines for the implementation
and use of the DVB systems and a recommendation for antipiracy legislation
in Europe.

2.3. Satellite transmission physical and data link layers

The physical and data link layers of the satellite broadcasting system are
described in ETS 300421 in the form of framing structure, modulation and
channel coding.
This European Telecommunication Standard (ETS) is intended to provide

Direct-To-Home (DTH) delivery via satellite for reception by a consumer
Integrated Receiver Decoder (IRD). It uses Quaternary Phase Shift Keying
(QPSK) modulation and a concatenated error proteetion strategy. The
standard is designed to provide a Quasi-Error-Free (QEF) demodulated signal
quality at the user side, meaning less than one uncorrected error event per
transmission hour.
The inner code is of convolutional type and can be configured flexibly,

allowing optimization of the performance to specific system requirements.
The outer code is of Reed-Solomen type and has fixed parameters. The
standard is not restricted to any particular transponder bandwidth (i.e. the
symbol rate is not specified).
A framing structure is used which is synchronous to the MPEG-2 Transport

Multiplex structure (see Fig. I).
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2.4. Cable transmission physical and data link layers

The physical and data link layers of the cable broadcasting system are
described in ETS 300 429 in the form of framing structure, modulation and
channel coding.

This standard for cable transmission is, in a similar way as the satellite
standard, intended to provide delivery to a consumer Integrated Receiver
Decoder (IRD). It uses Quadrature Amplitude Modulation (QAM) and the
same forward error proteetion strategy as used in the satellite transmission sys-
tem. The cable transmission system is also designed to provide quasi-error-free
output signal quality at the receiver end.
The cable transmission system does not make use of an inner code. The

outer code is the same Reed-Solomon code with the same interleaver as
used in the satellite transmission system. The cable system is specified for
use with channels of 8MHz bandwidth and allows transparent transcoding
of DVB satellite transmission signals (the cable symbol rate is also not
specified).

The signal processing is specified in detail in ETS 300429, in the following
processes to be applied to the MPEG-2 transport multiplex data stream at the
cable modulator side (see Fig. 2):

• multiplex adaptation and data randomization for energy dispersal
(synchronous method);

• outer coding (shortened Reed-Solomon, of parameter (204, 188, 8));
• convolutional interleaving (I= 12);
• byte to symbol conversion with differential encoding (rotationally

invariant);
• baseband shaping for r.f. modulation (square root raised cosine, roll-off

factor of 15%);
• modulation (16 or 64QAM).

3. The Digital Audio-Visual Council

3.1. General aspects of the Council

Similar to DVB, but now on a world-wide scale, the purpose of the Digital
Audio-Visual Council (DAVIC) is the promotion of the success of emerging
digital audio-visual applications and services, in the first instance of the
interactive broadcast type. This is accomplished by providing for the rapid
availability of internationally agreed specifications of open interfaces and
protocols, maximizing interoperability across countries and applications
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or services. DAVIC will make any results available to all interested parties
on reasonable terms applied uniformly and openly and will contribute the
results of its activities to appropriate formal standards bodies.

Any individual, firm, partnership, corporation, association, governmental
body, or international organization supporting the purpose of DAVIC, may
apply for membership. 'Principal Members' are entitled to one vote at the
DAVIC meetings. Members are required to sign the constitution and to pay
a yearly, nominal fee.

DAVIC, like DVB, is a non-profit organization. Its purposes are
accomplished by: identifying, selecting, augmenting, developing, and
getting endorsed (by formal standards bodies) specifications of interfaces,
protoco1s and architectures of digital audio-visual applications and
services, in that order of importance. In June 1995, DAVIC counted 160
member organizations.

A.J. Stienstra

3.2. The DAVIC 1.0 specification

This specification [7]has been developed by participating DAVIC members
on the basis of submissions from both members and non-members, in response
to two calls for proposals issued in October 1994 and March 1995. Figure 3 is a
very general representation of the type of system targeted by the DAVIC speci-
fications. It consists of five elements: the content provider system, the service
provider systems and the service client, connected by two networks - delivery
systems - as shown in the diagram. The system also contains a number of
reference points Ai, which are basic targets of the DAVIC specification.
Although reference architectures are described, the sub-systems between
the interfaces are not specified but left for implementation by industry.
In addition to the interfaces the specification contains a tooibox of high-
and mid-layer protocols, modulation and coding techniques.
The specification has been developed based on the following guidelines.

• Openness of the specification process: although only DAVIC members are
allowed to take part in DAVIC meetings, the specification development
process is open when a request for technologies is issued and when
specifications have reached sufficient maturity.

• Not systems but tools: in general DAVIC does not specify systems,
because these tend to be application-specific. Although it is difficult
to give a precise definition of the DAVIC tool concept, in general a
tool is the chosen, single solution for a specific hardware or software
system component and should be usable in a number of system
implementations for different applications.
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• One functionality - one tool: tools should be unique, a principle
sometimes hard to enforce, but compliance to this principle offers
substantial benefits in terms of interoperability and availability of
technology.

• Specify only what is needed for interoperability.

The current DA VIC 1.0 specification defines a first set of tools, enabling the
deployment of systems that support basic applications such as TV
distribution, near video on demand, video on demand and some basic forms
of teleshopping. Each future version will specify different grades of previously
defined tools or additional tools, as needed for new applications. Applications
are the driving factor for all players in the audio-visual industry. The structure
of the specification document, which should be finished at the end of 1995, is
given in Table I.

Part Description Major sections

TABLE I
Summary of DA VIC 1.0 specification parts

Description of DA VIC
System functions

2 System reference models
and scenarios

3 Service Provider System
architecture and
interfaces (Server)

4 Delivery System
architecture and
interfaces

Philips Journalof Research Vol. 50 No. 1/2 1996

Functions required to support
DA VIC applications
Generic aspects of application and
service requirements
Descriptions of example applications
Abstract System Reference Model
DA VIC System Reference Model
DA VIC System transaction flow
scenarios
Supplementary definitions, acronyms
and abbreviations
Service Provider System architecture
Service Consumer System to Service
Provider System interfaces
Content Provider System to Service
Provider System interfaces
Core and Access Networks (including
satellite delivery systems)
Network and service related control
Delivery System management

(continued)
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TABLE I (continued)
Summary of DA VIC 1.0 specification parts

Part Major sectionsDescription

5

6
7

Service Consumer System
architecture and
interfaces
(Set Top Unit)
Reserved
High-layer and Mid-layer
protocols

8 Lower-layer protocols
and physical interfaces

9 Information
representation

58

Set Top Unit architecture
High Level application APIs
Peripheral User Interface

Service elements
Presentation Level and Session Level
Session control protocols
Connection control protocols
AO local session and initialization
protocols, and interface packets
Resource allocation protocols
Management protocols
Remote Procedure Call (RPC)
protocols
Session and Transport Layer and
Network Layer Protocols
Asynchronous Transfer Mode
(ATM) and ATM Adaptation Layer
(AAL)
Coordination structure protocols
Addressing
Management Information Base
(MIB)
Core Network Infrastructure
Physical Access Network interfaces
Hertzian Access Network interfaces
(satellite)
Network Interface Unit to Set Top
Unit interfaces
Content architecture
Overview of multimedia and
monomedia components
Monomedia components

(continued)
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TABLE I (continued)
Summary of DAVIC 1.0 specification parts

Part Description Major sections

10 Security

Descriptive information
Multimedia representation
Generic security services
Security tools
Security system architecture
Access control
Usage information
Functions supported
Architecture
Event Data Manager
Event Data Collection Element
Event Data object interface
External data transfer interface
Instance Development Tool
Defined DAVIC System instances
Physical Instance #1
Physical Instance #2
Physical Instance #3
Profiles
System dynamics
Context-specific system performance
and configuration requirements

11 Usage information
protocols

12 Dynamics, reference
points, and interfaces
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Abstract
In the coming years, the current analog television distribution will be
replaced by digital distribution. Standards for digital transmission via
satellite and cable have been developed for this purpose, and a standard
for digital terrestrial is on its way. In this paper, the technical details of digi-
tal terrestrial television broadcasting will be described.

Keywords: broadcasting, DVB, terrestrial transmission, television,
OFDM.

1. Introduction

Over the past few years, practical systems for video source coding have been
developed in the framework of the Moving Pictures Expert Group of the Inter-
national Standardization Organization (ISOjMPEG). This effort has led to a
growing interest for introduetion in Europe of digital broadcasting services in
the near future. We should distinguish three different means of distribution:
satellite direct-to-home distribution, cable network distribution and terrestrial
distribution. Since these distribution media each have different channel char-
acteristics and require different receiver equipment, different transmission
mechanisms have to be designed, each optimized for a specific medium. All
these mechanisms enable the transport of 24 to 40 Mbit/s in a single channel.
Since MPEG-2 source coding can provide good standard definition video
quality at bit rates of 4 to 8Mbit/s, such a transport stream is sufficiently large
to contain a number (4 to 8) of normal standard definition TV programs. In
Fig. 1, the migration from analog transmission to digital transmission is
depicted for the different television transmission media. A generic picture of
a digital television chain is given in Fig. 2.
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Fig. I. Migration from analog to digital for different television media.

A draft European standard describing a transmission mechanism for TV
broadcasting via satellite [1] was fixed at the beginning of 1994. Satellite trans-
mission is characterized by low available transmitter power, relatively high
channel bandwidth (33 to 40 MHz), highly nonlinear transmitter amplification
and a transmission medium which approaches the Additive White Gaussian
Noise (AWGN) channel. For these reasons, Quaternary Phase Shift Keying
(QPSK) modulation was chosen in combination with a powerful concatenated
error correction coding.
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For cable TV networks, another transmission standard was drafted in 1994
[2].The cable channel is characterized by a high signal-to-noise ratio, a severe
bandwidth limitation (8MHz), and short signal reflections due to impedance
mismatches in the network. These constraints have led to the choice of Quad-
rature Amplitude Modulation with 64 signal points (64-QAM) and interleav-
ing in combination with a single Reed-Solomon code. For compatibility
reasons, the interleaving and Reed-Solomon coding are the same as for the
satellite system.
The terrestrial channel is the worst and the most difficult of the three chan-

nels discussed. This is due to the fact that the Digital Terrestrial Television
Broadcasting (DTTB) system should allow large coverage for fixed receivers
(with a directional roof-top antenna), and also provide the largest possible
coverage for portable receivers (indoor reception with a non-directional
built-in antenna). For this reason, no final standard has yet been fixed in
Europe. Discussions in all three European DTTB projects 1 focus on the
use of Orthogonal Frequency Division Multiplexing (OFDM), in contrast
to the single carrier systems chosen for satellite and cable. Also in Japan,
OFDM-based systems are considered for DTTB, although in North America
a Single Carrier Vestigial Side Band (VSB) modulation solution seems to be
preferred.

In the rest ofthis paper, an OFDM-based DTTB system will be described in
more detail.

2. Channel characteristics for terrestrial broadcasting

As mentioned in the introduction, DTTB should allow two different recep-
tion conditions, which are related to two different transmission channels.
Fixed reception coverage will be mostly interference limited, where the inter-
ferer, in the DTTB introduetion period, probably would be a PALjSECAM
signal. The transmission channel for portable reception, however, will mainly
be characterized by multipath propagation, resulting in a frequency selective,
noise limited channel. Single Frequency Networks (SFNs), as will be described
in Section 9, produce an effect similar to multipath propagation, also for fixed
receivers.

The conventional network planning is based on fixed reception. In Ref. [6],
it is shown that transmitters should increase their power by about 30dB

I The RACE dTTb project [3], the German HDTV project [4] and the Nordic Divine
project [5].
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r = s + f3(f)n, (3)

to offer the same service area for portable receivers. Therefore, in their
introduetion phase, the DTTB services will focus on fixed reception.

On noisy multipath channels, the received signal r can be modelled as

r = aM(J)s +n, (1)
where aM(J) is' the complex attenuation factor of the channel, s is the trans-
mitted signal with E[ss*]= Es, and n is a complex AWGN component
with E[nn*] = No. Usually, aM(f) is complex Gaussian distributed, and
frequency-dependent. Now we can define the frequency-dependent signal-to-
noise ratio

(2)
A typical profile for "fN(f) is shown in Fig. 3.

If a channel suffers from co-channel interference (CCI) that has a complex
Gaussian amplitude distribution, the received signal can similarly be written as

where (3(J)n represents the combined CCI and AWGN. lfthe CCI is caused by
PALjSECAM signals, f3will be heavily frequency-dependent and show power
concentrations near the luminance, chrominance and sound carriers of the
PALjSECAM signal.

As well as for the case of multipath propagation, we can define the
frequency-dependent signal-to-noise ratio (where in this case the 'noise' is in
fact interference) as

(4)

where aI(J) = 1/(3(J). A typical "fI(J) profile, for a channel suffering from
CCI of PAL, is shown in Fig. 3.
Hence, we can deal with CCI from PALjSECAM in the same way as with

multipath propagation. Channels suffering from CCI from PALjSECAM as
well as channels with multipath propagation will be referred to as frequency
selective channels. In the following, we will use the term signal-to-noise

o 200 400 600 800 1000.
Subchannel number

,,~~~tz::y]
o 200 400 600 800 1000

Subchannel number

Fig. 3. 7N(f) profile of multipath reception in an urban area (left) and 7/(/) profile of PAL
co-channel interference (right). The wideband value of 7 equals 0 dB in both cases.
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ratio (SNR), although we mean the signal-to-noise-plus-interference ratio
S/(I +N).

3. Orthogonal frequency division multiplexing

In Section 2,multipath transmission has been discussed, which is a predomi-
nant factor limiting the service coverage for terrestrial broadcasting.
Let us assume to have a channel allowing the transmission of symbols with

duration Ts. If the channel introduces echoes, their effect is limited if the
maximum echo delay T is small compared to Ts. To improve the resistance
to echoes further, each symbol of duration T,can be extended with a so-called
guard interval of length Tg, containing a cyclic continuation of the symbol.
This leads to symbols of total duration T,+ Tg, but reduces the transmission
efficiency of the channel. If an echo occurs with delay T < Tg, the received
symbol overlaps with both the previous symbol and the next one. However,
a window of width Ts, which is not corrupted by intersymbol interference
(ISI), can be found in the centre of the period T,+ Tg. If a receiver is able
to properly position observation windows oflength Ts over the received signal,
the transmitted symbols can be recovered without suffering from IS!.
However, in SFNs (see Section 9), the echo delay can be as large as 200 us.

This means that the guard interval should have a duration of Tg = 200 us. To
ensure a sufficiently large transmission efficiency, the (Nyquist) symbol period
should be chosen not smaller than T, = 800 us, yielding an efficiency loss of
20% due to the guard interval insertion. Ifwe transmit the symbols with a rect-
angular pulse shape in the time domain, the Fourier transform of the signal
s(t) will be
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(5)

where r, is the frequency ofthe carrier. If T,= 1ms, the effective bandwidth F,
of the signal is 1kHz. Since channels of 8MHz are available for DTTB, we
could combine many such narrowband signals in the wideband transmission
channel. If we use signals Sk(t) with carrier frequencies /c,k, each exactly
F, = 1kHz apart, the signals are orthogonal. This means that at the receiver
side the different signals Sk(t) can be recovered without any mutual cross-
talk. This technique is known as Orthogonal Frequency Division Multiplexing
(OFDM). OFDM is proposed for DTTB transmission in Europe and Japan.
OFDM is also being used in the Digital Audio Broadcasting (DAB) system
[7,8].
To combine the large number of narrowband signals into a wideband

OFDM signal, an Inverse Discrete Fourier Transform (IDFT) can be used



TABLEI
Example of an OFDM scheme for nationwide SFNs

P.G.M. de Bot and F. Daffara

DFT size N 8192
Sampling frequency B 9.1429 MHz
Symbol period Ts=NIB 896J.Ls
Carrier spacing F, = IITs 1.17kHz
Guard interval Tg = Tsl4 224J.Ls
Effective number of subchannels Neer 6785
Effective signal bandwidth Beer= NeffFs 7.57 MHz
Gross symbol rate Rg = Neff/(Ts + Tg) 6.06Mbaud
Net symbol rate Rn = Rg(93/96)(7/8) 5.14Mbaud

at the transmitter side, combined with a Discrete Fourier Transform
(DFT) at the receiver side. By using a complex IDFT of N = 8192
points, we can multiplex N signals Sk(t) with k = 0, ... ,N - I onto an
8MHz channel. In Europe, this so-called 8K OFDM scheme is currently pro-
posed for DTTB.

Since guard bands in the frequency domain are needed for filtering, a num-
ber of carriers at the edges of the 8MHz channel are left unmodulated (virtual
carriers). Only about Ne!! = 7500 carriers are modulated, giving an effective
bandwidth of some 7.5MHz.

Hence, in each OFDM time slot (with a duration of T,+ Tg) we can trans-
mit Ne!! complex symbols. These symbols can be Phase Shift Keying (PSK) or
Quadrature Amplitude Modulation (QAM) symbols, as will be described in
Section 4. The total gross symbol rate over a channel equals Ne!! I tT, + Tg).
An example of an OFDM scheme is given in Table I.

By using OFDM with guard intervals, the problem of'Iê] in the time domain
is solved. However, the frequency selective nature of the channel (due to both
multipath and CCI) causes each of the OFDM carriers Sk to be subject to a
different signal-to-noise ratio Ik = I(Jc,k)' Error correction coding is needed
to recover the information transmitted on the carriers which are subject to
low I values. Error correction coding will be described further in Section 5.
In addition to error correction, the frequency selectivity can be reduced by
using antenna diversity with narrowband combining. This technique can
improve the performances on severe frequency selective channels by up to
10dB [9,10].
The output of the IDFT at the transmitter side is a signalof which the

amplitude has a very high dynamic range and the peak-to-average power
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ratio is very large (see Fig. 4). Therefore, clipping will inevitably occur at the
high-power transmitter amplifiers, due to their non-linear behaviour. The
percentage of signal which is clipped depends on the output back-off of the
power amplifier. The larger the percentage of signal which is clipped, the
more the performance at the receiver side is degraded. Since broadcasters
want to operate with cost-effective power amplifiers, a trade-off has to be
determined between the nominal amplifier power (and the used output
back-off) and the acceptable degradation due to clipping. Another way to
improve the performance at the receiver side is to use predistortion techniques
on the signal before transmission [11].

In Fig. 5, the DTTB transmission chain is shown.

4. Modulation

As explained in Section 3, we can modulate one complex symbol in each
timeslot on each useful carrier. These symbols are elements of a symbol set.
If we put all the symbols of a symbol set in a complex plane, we obtain
what is called the signal constellation. Typically, a signal constellation con-
tains M = 2m signal points, which means that each symbol carries In bits of
information. Hence, M should be large to obtain a large transmission rate.
On the other hand, if M is large, the required signal-to-noise ratio to obtain
a desired error rate is also large. The choice of a signal constellation is made
according to a trade-off between transmission rate and required signal-to-
noise ratio.

For DTTB, usually three modulation schemes are considered; 4-PSK (or

« 3116

o 2

Fig. 4. Amplitude distribution of OFDM (large N).
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Fig. 6. 4-QAM signal constellation with AWGN (E,/No = 6dB).

4-QAM), 16-QAM and 64-QAM, with M = 4, M = 16 and M = 64, respec-
tively. To obtain a sufficiently low error rate for these modulation schemes
we need signal-to-noise ratios in the order of Es/No = 6dB, Es/No = 12dB
and Es/No = 18dB, respectively. The signal constellations, with added noise
of the critical SNR values, are shown in Figs 6 to 8.
The m bits are usually mapped into the constellation points using Gray

mapping. In this case, an error event will cause a minimum number of bit
errors.

Some DTTB proposals foresee the option of hierarchical transmission. In
this case, the modulation and error proteetion are organized such that at the
receiver side, different bit streams can be extracted from the received signal,
each with a different a priori reliability. For example, we can use non-uniform
QAM signal constellations, transmitting mHP high priority (HP) bits and mLP

low priority (LP) bits per symbol. On bad channels, a receiver will only be able
to recover the HP bits reliably, while on a good transmission channel, also the
LP bits will be detected with a low error probability. Examples ofhierarchical
DTTB systems are described in [12,13].
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Fig. 7. 16-QAM signal constellation with AWGN (Es/No = 12dB).
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Fig. 8. 64-QAM signal constellation with AWGN (Es/No = l8dB).

5. Error correcting coding

Error correcting coding is used to guarantee at the input of the demulti-
plexer virtual error-free performances (i.e. a bit error rate (BER) less than
10-1°). To achieve this, the same concatenated error correcting code as in
the digital satellite television standard is used. This concatenated code consists
of a u = 6, 64-state (punctured) convolutional inner code with code rates
R = 1/2, 2/3, 3/4, 5/6 and 7/8, a Reed-Solomon code with length 204 and
dimension 188 over GF(28

), and appropriate interleaving.
The inner convolutional code has the advantage of being decodable with the

Viterbi algorithm, which is an implementable Maximum Likelihood (ML)
decoding algorithm. This makes the code a powerful tool to reduce a BER
from 10-1_10-2 at the output of the channel to 10-3_10-4. Since the Viterbi
decoder is only able to correct random bit errors, and has no burst error
correction capabilities, inner bit interleaving in the frequency domain is
applied, to scatter the frequency selective behaviour of the channel and pro-
vide random bit errors at the input of the Viterbi decoder. When the Viterbi
decoder fails to correct certain errors, it typically produces burst errors of
5v to 15v (equivalent to 30 to 90) bits, depending on the puncture rate of
the code and of the channel. Since the outer RS-decoder is able to correct
random byte errors (but not bursts of byte errors), the bits at the Viterbi
decoder output are organized in bytes, on which outer byte interleaving is
applied using a Forney interleaver of a depth of 12 bytes. Thanks to its large
Hamming distance d = 17, which makes correction possible ofup to 8 random
byte errors per codeword, the Reed-Solomon decoder is able to reduce the bit
error rate further, e.g. from 10-3_10-4 down to 10-10_10-11.

The Viterbi algorithm can be implemented for either hard-decision or
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soft-decision decoding. Soft-decision decoding, relative to hard-decision
decoding, of a v = 6, R = 1/2 convolutional code with BPSK modulation
can yield a gain of up to 4 dB in the region of BER = 10-4 on a Rayleigh
fading channel [14]. Because a soft-decision Viterbi decoder uses r = as+ n
at its input, the channel state a is implicitly being used by the decoder.
Explicit knowledge of a, by the availability of Channel State Information
(CSI), can yield some additional gain. In the case of frequency selectivity, the
optimal method for combining this CSI with the received signal is by
applying maximal ratio combining [15]. Using this method, a*r is supplied to
the input ofthe Viterbi decoder. Hence, strong signals are made stronger, while
weak signals are made even weaker. The use ofCSI in this way can yield an addi-
tional gain of 2 dB in the region of BER = 10-4 on a Rayleigh fading channel
[14]. It is furthermore interesting to see that if we use hard-decision Viterbi
decoding with I-bit CSI (comparable with an erasure flag), we closely
approach the performances of soft-decision Viterbi decoding without CSI [14].
If the channel is primarily subject to interference, rather' than to multipath,

it is essential that this interference be estimated in order to apply soft-decision
decoding.

Methods for estimating the CSI are given in Section 7.

6. Synchronization

Good reception of the transmitted signals is only possible if good frequency
and time synchronization is achieved. To enhance synchronization perfor-
mance, the DFT blocks, or OFDM symbols, are organized in frames. In the
European Digital Video Broadcasting (DVB) project, a frame containing a
total of 96 OFDM symbols is proposed, including a silent period
(null symbol). This null symbol is used for coarse time synchronization.
Immediately after the null symbol, a reference symbol having good auto-
correlation properties in the frequency domain is transmitted. This reference
symbol is used for coarse frequency synchronization. Since the transmitted
content of the reference symbols is known a priori at the receiver side, the
receiver is able to estimate the frequency domain transfer function H(f).
Hence, the receiver can calculate the time domain transfer function h(t), and
is consequently able to determine the optimal observation window position
(fine time synchronization). The reference symbol in its turn is followed by a
Transmission Parameter Signalling (TPS) symbol, which contains
transmission mode information, such as the used signal constellation and
convolutional code rate. The TPS symbol is modulated and protected such
that it can be received even under very bad channel conditions.
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Since oscillator stability of the receiver can be a limiting factor, the fre-
quency synchronization needs to be extremely accurate. A small frequency
error causes a :fixed rate of phase rotation in each QAM signal, or cell, as
well as cross-talk between the subcarriers. To support more accurate fre-
quency synchronization, the remaining 93 symbols in a frame contain a certain
amount of pilots, which do not contain data and from which the receiver can
estimate the actual frequency offset. In order to minimize the cross-talk, this
frequency error signal is being fed back and compensated for, prior to the
DFT. Since OFDM is very sensitive to frequency jitter and phase noise, the
local oscillator in the receiver front-end needs to have a very high frequency
accuracy.
In the frame structure described above, 93 of the 96 OFDM symbols in a

frame are used for data transmission. However, in these 93 symbols, about
12.5% ofthe carriers are used to transmit pilot symbols. Hence, the net symbol
rate equals about (93/96)(7/8) times the gross symbol rate. For the example of
Table I, this yields a symbol rate of 5.14Mbaud.

7. Channel estimation

Furthermore, channel amplitude and phase estimation are required for
enabling coherent detection of the QAM signals, and for providing reliability
information to the soft-decision Viterbi decoders. This channel estimation is
performed by using the reference symbol and pilot cells. To obtain
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information about the frequency domain characteristics of the CCI the null
symbol is analysed. More accurate estimation of the S/ (1+N) ratio in each
subcarrier can be obtained by examining the statistics of the received signal
[16].

8. System performances

In Figs 9 and 10, the BER curves are given for a few modulation/code
combinations on a Rayleigh channel. It can be seen that the required SNR
ranges from less than 5 to more than 25 dB, depending on the transmission
mode.

Furthermore, we should notice that in case of CCI from PAL (see Fig. 3),
the receiver will give sufficiently low error rates for signal-to-interference ratios
(SIR) as low as 0 dB (depending on modulation/coding). This remarkable
result can be explained by the fact that even with an SIR of 0 dB, most of
the OFDM carriers are subject to a narrow-band SIR of more than 20 dB,
since the interfering power is concentrated on only a limited number of
OFDM carriers. The error correcting codes are easily capable of correcting
the errors made in this limited number of interfered OFDM carriers. Its
ruggedness towards CCI from analog services is one of the major advantages
ofOFDM,
The net bit rate can be calculated from the net symbol rate, and depends on

the modulation and coding. It is given in Table 11.
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TABLE II
Net bit rate (in Mbitfs) of a typical DTTB system (see Table I), for different

modulation schemes and inner convolutional code rates R
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QPSK 16QAM 64QAM
' •. 'n. "i "'. ',.,

R= 1/2 4.70 9.40 14.10
R=2/3 6.27 12.53 18.80
R= 3/4 7.05 14.10 21.15
R= 5/6 7.83 15.67 23.50
R=7/8 8.23 16.45 24.68

9. Single frequency networks

A Single Frequency Network (SFN) is a broadcast transmitter network con-
sisting of transmitters with overlapping coverage areas that transmit the same
program in the same frequency channel at the same time instant. Conse-
quently, the same signal can arrive at a receiver antenna from different SFN
transmitters, each with its own delay, which is related to the distance between
receiver and transmitter. The receiver can deal with this effect in the same way
as it deals with multipath propagation: the signals arriving from distant trans-
mitters are considered as echoes from the signal arriving from the nearby
transmitter.

Since conventional analog transmission schemes (as PAL television) cannot
cope with extreme multipath, SFNs were traditionally not possible. However,
since OFDM systems with guard intervals are inherently capable of handling
multipath, SFNs become practical.

Since SFNs improve the efficiency of spectrum usage considerably, the SFN
feature is an important advantage of OFDM systems over analog and single
carrier digital systems?

We can distinguish between local SFNs, consisting of a single main trans-
mitter and a few gap-fillers to cover shielded areas, and nationwide SFNs,
which consist of a large number of main transmitters.

Distribution of the signal from the central studio to the main transmitters
can take place in various ways, using microwave or optical fibre links, satellite
feeding, or by mutual in-channel feeding of the transmitters throughout the

2 Digital single carrier systems would require an extremely long adaptive equalizer at the receiver
side, which is very complex compared to an OFDM receiver.
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network. Synchronization of the transmitters in an SFN is still an object of
intensive study.

In nationwide SFNs, the delay spread can be as large of Tm = 200 J.lS, causing
the need for a guard interval of at least Tg = 200 J.lS and an 8 K DFT, as
described in Sec. 3. As an alternative to the use of a large Tg and DFT size,
SFN echoes can be cancelled by mixed time/frequency-domain equalization
[17].

10. Service introduction

Many difficulties have to be overcome before DTTB can be introduced in
Europe. Receiver ICs still have to be designed, SFN network structures
have to be established, including the crucial issue of transmitter synchroniza-
tion, commercially viable introduetion scenarios have to be developed, and
channel frequencies have to be allocated.

According to an optimistic scenario, the first introduetion of DTTB is
planned around 1998. The United Kingdom has already made channel space
available for service introduction. It is the intention there to establish a nation-
wide SFN in UHF channel35, while throughout the country, in each region, at
least two taboo channels are assigned for regional and 10<2.al-SFNoperation. In
the London area, it is even expected that seven channels of 8 MHz each can be
made available. If on average four TV programmes can be accommodated in
each channel, the London area will have access to 28 DTTB programmes.

Other countries which could have some perspectives for service introduetion
are Denmark, Sweden and The Netherlands. In countries like Germany and
Italy, all parts of the broadcast spectrum are completely filled with analog
TV services. Due to this lack of available channels, introduetion of DTTB
in these countries seems to be very difficult.

11. Conclusions

The opportunities for the introduetion of DTTB are far from being clear.
However, in Europe a technical solution has been developed, albeit at the
cost of high receiver complexity. During a period of at least 10 to 15 years
after· service introduction, simulcast with analog PAL/SECAM will be
required, which increases the frequency allocation problem. After switching
off the analog services, DTTB with SFN s will improve the spectral efficiency
of television broadcasting significantly. This means that on the long term,
the actual broadcast spectrum could be made available for non-broadcast
applications.
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Abstract
In this paper, we describe the transmission standard selected for transmis-
sion of digitally compressed television signals over the cable network in
Europe. This standard specifies the error correction coding, modulation
and framing structures to be used in the transmitted signal. We review
the key features of this standard and describe the architecture of one par-
ticular receiver implementation that conforms to this standard.

Keywords: digital television, cable transmission, quadrature amplitude
modulation (QAM), digital video broadcasting (DVB).

1. Introduetion

The three major television standards in the world (pAL, SECAM and
NTSC) were designed for an analog transmission environment and are incap-
able of transmitting digital data efficiently. With the progress in image com-
pression and the formulation of the MPEG-2 worldwide standard, it
became possible to design a purely digital transmission system capable of
carrying video, audio and digital data over the same medium. Digital trans-
mission has the advantages oflower transmitted power and less required band-
width for the same received quality as an equivalent analog signal. Hence it is
possible to send multiple digital programs over the same channel that can be
used for only one analog program. The channels that will be used for digital
transmission are primarily the terrestrial broadcast channel, satellite and cable
networks. All of these channels are used currently and hence the infrastructure
is already in place.

With the move to digital transmission, it became apparent that a whole new
set of standards would be required for each of the channels under consideration.
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Under the auspices of the European Digital Television by Cable (DTVC)
group, Philips was a major player in the Digital Video Broadcasting (DVB)
project, which specified a telecommunication standard describing modulation,
channel coding and framing structure for digital multi-program television
transmission by cable. This standard is part of a full digital video, audio
and data system including baseband image coding, audio coding, data service
coding, multiplexing, channel modulation and coding for satellite transmis-
sion, cable networks and Satellite Master Antenna Television (SMATV),
and a common scrambling system. In the United States, no standardization
effort was carried out for cable transmission; instead two schemes emerged,
a Quadrature Amplitude Modulation (QAM) scheme proposed by General
Instrument and a Vestigial Sideband (VSB) scheme proposed by Zenith.
In this paper, we describe the details of the cable transmission standard as

specified by DVB. Section 2 first describes the environment in which the cable
modem will operate and some of the interferences that are present in cable net-
works. Section 3 describes the various elements of the transmission standard
such as modulation, filtering requirements and forward error correction
(FEC). Section 4 describes one possible receiver architecture which complies
with the DVB standard. Finally, conclusions are presented in Section 5.

2. Cable environment

In Europe, the frequency spectrum most commonly used for analog cable
transmission is the band from 45 MHz to 862 MHz with channel spacings
of 7 MHz, 8 MHz and 12 MHz. All channels are not currently used, in order
to minimize intermodulation effects and cochannel interference from terres-
trial broadcasts. Since digital signals can be transmitted at a significantly lower
level than analog signals for the same picture quality, it is envisioned that
digital channels can be accommodated in presently unused channels, e.g.
one digital channel can be inserted between two analog channels. In the
DVB cable standard, compatibility between satellite and cable systems is con-
sidered to be an essential component especially with regard to the bit-rate
used. Hence, it is proposed that the information contained within one satellite
transponder be carried over a single 8 MHz channel. In order toaccomplish
this, a Quadrature Amplitude Modulation (QAM) scheme with 4, 16,32,64
or 256 constellation points is proposed with receivers being able to support
at least 64 QAM.
Figure 1 shows the general scenario for digital television transmission. The

MPEG-2 transport multiplexer delivers 188-byte packets of data to the cable
headend. The input to the transport multiplexer is either directly from the

80 PhlIlps Journal of Research Vol.SO No. 1/2 1996



L. _

Satellite Demodulator At Heedend ,

Digital video broadcasting: cable specification

MPEG-2 Transport Multiplex

Fig_ L Digital TV distribution scenario.

MPEG-2 coder or from the satellite receiver after demultiplexing. If the satel-
lite and cable payload bit rates are compatible, the output ofthe satellite FEe
decoder can be fed directly to the cable transmitter.
In general, the cable channel has less distortion as compared to the

terrestrial broadcast channel and hence can support higher data rates. In addi-
tion to white noise, some of the main impairments in the cable network are
multipath, phase noise and frequency offset. Multipath is caused by reflections
of the main signal due to mistermination at taps in the network and active
devices along the cable transmission path. Phase noise and frequency offset
are introduced by tuners at the receiver and can be compensated by carrier
synchronization loops in the receiver. These aspects will be discussed further
in Section 4.

Since the digital signal is compressed before transmission, even a single bit
error due to impairments in the transmission channel can cause larger errors
out of the MPEG-2 decoder. The bit error rate (BER) requirements for
MPEG-2 to deliver an error free picture is of the order of 10-11• This is an
extremely low error rate to accomplish with a high-level modulation alone
and would require a very large signal-to-noise ratio (SNR). Instead, the

TABLE I
Required SNR for various modulations
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approach is to have a relatively high channel BER of 10-4 with a moderate
SNR and to achieve the required bit error rate of 10-11with an error correcting
code. Table I gives the theoretical SNR values for BER = 10-4 before FEe for
16, 64 and 256 QAM modulation formats.

For each modulation, the corresponding carrier-to-noise ratio (CNR) in an
8 MHz bandwidth depends on the transmitted bandwidth and is given by
CNR = SNR + 10 10g(DjW) where D is the bit rate including FEe and W
is the bandwidth (8 MHz). For 64 QAM, assuming 15% roll-off, the bit rate
including FEe is about 41.7 Mbps, giving a required eNR of 23.7 dB.

3. DVB cable specification

The baseline system for digital multi-program television distribution by
cable is defined in Ref. [1]. It is based on high-level QAM modulation and
uses maximum commonality with the corresponding baseline system designed
for satellite broadcasting. In particular, the same source coding (MPEG-2),
channel coding (RS (204,188», interleaving and framing structure are used
in both standards.

The system block diagram as specified by DTVe is shown in Fig. 2. The
input to the cable headend is I88-byte data packets according to the
MPEG-2 system layer specification. The first byte of each packet is a sync
byte. The major blocks in the transmitter are the scrambler, Reed-Solomon
(RS) encoder, convolutional interleaver, byte-to-M-tuple converter and differ-
ential encoder, square root raised cosine (SQRC) filter and upconverter. Each
of these blocks is described below along with some future modifications that
may be considered.

3.1. Scrambler

Energy dispersal of the incoming packets is performed by the scrambler,
which is a Linear Feedback Shift Register with the following polynomial:
1 + xl4 + XiS. Scrambling ensures that the transmitted spectrum is white
even if the input spectrum is not and avoids long strings of zeroes in the out-
put. The shift register is loaded with the sequence '100101010000000' at the
start of every eight transport packets. In order to provide synchronization
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information to the descrambler in the receiver, the sync byte ofthe first packet
in every group of eight packets is bitwise inverted. The sync bytes of the
remaining seven packets are left unscrambled. Hence, only data bytes (187
in each packet) are scrambled.

3.2. Reed-Solomon code

An error correcting code is now applied to the scrambled packets. This code
is a shortened RS (204,188) code, i.e. 16 bytes ofparity are added to each 188-
byte packet to form 204 bytes of transmitted data. This code is identical to that
used in the satellite standard in order to simplify receiver design. The 16 bytes
of parity allow the code to correct any combination of 8 byte errors out of 204
that may occur during transmission. This capability delivers an effective BER
of 10-11 at the output of the RS decoder in the receiver. The code generator
polynomial for the code is: g(x) = (x + aO) (x + al) (x + a2

) ••• (x + alS)
and the field generator polynomial is: p(x) = x8 + x4 + x3 + x2 + 1. The
shortened RS code is implemented by adding 51 all-zero bytes to the 188 infor-
mation bytes at the input of an RS (255,239) encoder with the above poly-
nomials and then dropping the 51 zero bytes after the encoding process is
completed to obtain 204 transmitted bytes.

3.3. Convolutional interleaving

The RS code can correct only up to 8 error bytes in each 204-byte packet.
Hence, in order to protect against longer error bursts caused by impulse noise,
it is necessary to distribute these error bytes across several packets so that they

2M=34

From RS Encoder
1 byte per line

ToM-tuple
converter

11
--lIl I

11M = 187
11

Ill-

Fig. 3: Conceptual diagram of 12 byte deep convolutional interleaver.
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Fig. 4. Conceptual diagram of 12 byte deep convolutional deinterleaver.

can be corrected by the RS code. This is accomplished by the convolutional
interleaver shown in Fig. 3. This scheme is based on Forney's approach [2].
Conceptually, the input to the interleaver is broken into 12 parallel byte
streams and the ith stream, i = 0, 1, 2, ... 11, is subject to the delay Di = l7i
as shown in Fig. 3. The 12 outputs of the interleaver are then recombined to
a serial form before the next stage. Synchronization is performed by routing
the sync byte in each packet to the branch '0'. At the deinterleaver in the
receiver, the first recognized sync byte is routed to the '0' branch. Figure 4 shows
the delays required in the deinterleaver in order to recover the original stream.

3.4. Byte-to-symbol mapping and differential encoding

The byte stream after interleaving is converted into a symbol stream as

Byte to
M·tuplc
Conversion I-----"=---i~

(M·2) bits IbM., br.. ho)

M=4forI6QAM
Sfor32QAM
6for64QAM

Fig. 5. Byte to M-tuple conversion and differential coding.

84 Pbillps Joumnl of Research Vol. SO No. 1/2 1996



Digital video broadcasting: cable specification

Q

101100 101110 100110 100100 001000 001001 001101 001100

101101 101111 100111 100101 001010 001011 00~1I1 001110

I.<lk= 10 I.<lk=oo

101001 101011 100011 100001 000010 000011 000111 000110

101000 101010 100010 100000 00000o 000001 000101 000100

110100 110101 110001 110000 010000 010010 011010 011000

110110 110111 110011 110010 010001 Olooll 011011 011001

It<lk= 11 I.<lk=OI

111110 111111 111011 111010 010101 010111 011111 011101

111100 111101 111001 111000 010100 010110 011110 011100

Fig. 6. Rotationally invariant 64 QAM constellation.

follows. For 2m QAM, k bytes are mapped into n symbols such that
8k = n x m for the smallest possible integers k and n. In the case of 64
QAM, m = 6, k = 3 and n = 4, i.e. three bytes are mapped into four 64
QAM symbols. The two most significant bits (MSBs) of the m-bit symbol
are differentially encoded, as shown in Fig. 5. Differential encoding ensures
that the transmitted constellation is invariant to 90 degree rotations. Figure 6
shows the bit-to-symbol mapping for a 64 QAM rotationally invariant
constellation.

3.5. SQRC filter and upconverter

The I and Q signals after differential encoding are input to an SQRC filter.
The roll-off factor for this filter is 15%. The theoretical transfer function is
defined by the following expressions:

H(f) = 1
1

If - fol < 2T (1 - a)
1

If - fol > 2T (1 +a)H(f) = 0

H(f) =
1 1 [_1 -If - fol]- + -sin 1rT ~2",-T _
2 2 a
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Fig. 7. Template for transmitter SQRC filter.

wherefo is the centre frequency ofthe digital spectrum, liTis the symbol fre-
quency and Cl! = 0.15 is the roll-off factor. A practical implementation can only
approximate the above transfer function. Hence, the template in Fig. 7 is used
for a hardware implementation on the transmitter side. In addition to meeting
the amplitude spectrum described in Fig. 7, the filter should be phase-linear
with the group delay ripple less than IOns. Finally, the signal is converted
to analog and upconverted to the channel over which it will be transmitted
over the cable network.

3.6. Cable bandwidth organization

The baseline system described above is considered for 8 MHz channel band-
width with 15% roll-off and can accommodate almost the whole range of bit
rates of the baseline satellite system. Table II gives the symbol rates and band-
width requirements for each of the satellite bit rates using 16, 32, 64 or 256
QAM constellations. The shaded values are of less practical significanee
over 8 MHz channels since a lower-order QAM would be more robust. The
values in the bold frames indicate the appropriate constellation for a given
satellite bit rate.

Variable symbol rates imply the need for receiver SQRC filters that can vary
over a range of symbol rates. These are typically more difficult to implement at
reasonable cost than fixed symbol rate filters. Hence one scenario under con-
sideration is to have a fixed number of symbol rates and different filters corres-
ponding to these rates.
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TABLE II
Possible bit rates over satellite and corresponding symbol rates and bandwidth

requirements over cable for different modulation schemes

SatelUte
Bit

3.7. Future modifications

An extension ofthe baseline system described above to accommodate higher
bit rates from wide-band satellite transponders may be required. This can be



provided by expanding the signal constellation to include 256 QAM which
requires a higher CNR as well as better tuners in the receivers, since higher
level modulations are more susceptible to phase noise. In addition, it is pos-
sible that a training signal may be required for equalizing 256 QAM. This
need can be met in the future by introducing a training sequence as an
MPEG-2 transport packet with a unique ID. Though a training sequence
adds a slight overhead ('" 0.5%) in terms of reducing the useful data rate, it
can be very beneficial in reducing acquisition times as well as acquiring
channels with a lot of distortion. If a lower CNR is required in order to accom-
modate 256 QAM, it may be necessary to insert a trellis code as the inner code
after the RS outer code. This would add complexity to the receiver but pro-
vide lower CNR thresholds.

M. Ghosh

4. Cable receiver architecture

The DVB standard described above does not specify receiver architectures
and hence various designs are possible. In this section we will briefly describe
one architecture which has been implemented by Philips [3].

The basic block diagram of the receiver is shown in Fig. 8. Most of the
blocks are inverses of corresponding blocks in the transmitter, for example
the differential decoder, symbol-to-byte mapper, convolutional deinterleaver,
Reed-Solomon decoder and descrambler. The additional blocks that are
required in the receiver are the carrier recovery and clock recovery circuits
and the equalizer. Different receiver designs vary in the algorithms used to
implement these synchronization and equalization functions.

+1.0.·1.0",.

Fig, 8. QAM receiver architecture.
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The input signal is first downconverted to a low IF which is at the symbol
frequency. A single analog-to-digital converter (AjD) converts this signal to
a digital signal at 4 times the symbol rate. Since the IF is the symbol frequency,
the final conversion to baseband is accomplished in the digital domain by
simple multiplications by + 1, -lor 0 as shown in Fig. 8. The I and Q portions
of the baseband signal are then input to the even and odd portions of the
SQRC filter respectively. The outputs of the filters are at twice the symbol
rate and are used as such by the clock recovery circuit. However, the signals
are downsampled by 2 to the symbol rate before being used by the equalizer,
which is a T-spaced complex equalizer.

The clock recovery algorithm is based on the principle of energy maximiza-
tion with respect to the sampling time [4]. However, other clock recovery algo-
rithms are also possible [5]. The output ofthis block is converted to an analog
value, loop filtered and then used to control the AjD VCXO.

The equalizer is a 'blind' equalizer since the DVB standard currently does
not specify a training signal. The number of taps in the equalizer is a receiver
design issue and is usually of the order of 20 taps for the cable channel. There
are many algorithms for adapting the equalizer taps in the absence of a train-
ing signal, like Godard's algorithm [6], Stop-and-Go [7], etc. These are all adap-
tive algorithms that compensate for slowly varying changes in the channel by
minimizing an error signal which is a function of the equalizer output signal.

Carrier recovery is performed at the output of the equalizer using a phase-
frequency detector. The output of this detector is converted to analog, loop
filtered and is then used to control the oscillator that down-converts the signal
to low IF. In this particular design, equalization is performed at baseband and
hence the carrier recovery loop controls the oscillator that converts the signal
to low IF. However, other designs are possible where the concept ofpassband
equalization is used and the carrier recovery is done completely in the digital
domain [8].

The rest of the data path is simply the reverse of the transmitted data path.
After equalization, the signal is sliced to the nearest constellation point, differ-
entially decoded, converted to bytes, deinterleaved and then decoded to give
the received bit stream that is input to the MPEG-2 decoder.
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5. Conclusion

The DVB cable standard has been designed to transmit quasi-error free
digital video over existing cable networks. It has much in common with the
satellite standard in order to reduce receiver complexity. Provisions have
been made in the standard to accommodate different bit rates by using 4,
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16, 32, 64 and, in the future, 256 QAM constellations. There are already
many ICs on the market conforming to this standard, thus ensuring its wide
acceptance in the cable industry worldwide. Most recently, the Digital Audio
Visual Council (DAVIC) has adopted DVB as the cable standard for its sys-
tem specification.
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Abstract

Digital video transmission over satellite channels is described. Many sys-
tems have so far been proposed for satellite transmission, and exist in
some form. Recently, the European Telecommunications Standard (ETS
300 421) has now been accepted by the Digital Audio-Video Interface
Council (DAVIC) as the world standard. In the following, we describe
the ETS 300 421 or the DVB-S (Digital Video Broadcasting-Satellite)
standard. Specifically, the rationale for the selection of different parameters
of the DVB-S standard is explained. Performance of the DVB-S system for
a representative case is submitted. Finally, receiver performance issues are
addressed.

Keywords: concatenated coding, convolutional codes, Reed-Solomon
. codes, punctured codes, transponder bandwidths, variable

bit-rates.

1. Introduction

1.1. History

At WARC'77, a part of Ku-band (10.75-12.75 GHz) was assigned for
television broadcasting via satellite. FM-modulated PAL, SECAM and
NTSC could be used with channels 0(, for instance, bandwidth 27MHz and
frequency deviation of 13.5MHz/V. A carrier-to-noise ratio of about 14dB
is needed to provide good reception of these analog TV signals.
Improvements in satellite and receiver technology have made it possible

to receive analog TV signals transmitted on medium-powered European
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Ku-band satellites (such as Astra and Eutelsat 11)with a dish antenna of 60cm
diameter. Under these conditions, the step towards Direct-To-Home (DTH)
satellite broadcasting was easily taken. Analog Ku-band DTH satellite broad-
casting has expanded significantly in Europe, with 12% and 15% household
penetration in Germany and the United Kingdom, respectively.

In other parts of the world, for example, North and South America and
the Far East, satellite TV broadcasting generally made use of the C-band
(3.4-4.8 GHz). The receiver antenna diameters range between 2 and 3m,
thus making DTH less viable in this frequency band. Since Ku-band satellites
have recently been launched in these regions, DTH is starting to expand
outside Europe.

L. Rysdale et al.

1.2. Why digital TV via satellite

Digital satellite transmission has some clear advantages, as compared with
analog satellite transmission. These are:

• significant improvement in digital source coding. New algorithms have
become available for compression of video signals with low decompres-
sion complexity which were standardized by the Motion Pictures Expert
Group (MPEG) in the MPEG-2 standard [1]. Video compression now
makes it possible to transmit a single video program in not more than
10-20% of the bandwidth needed for analog transmission;

• smaller required carrier-to-noise ratio (CjN) resulting in larger foot-prints.
Compared to analog video signals which typically require a CfN of the
order of 10-14 dB, digital video can work with CjN values of 4-8 dB;

• flexible multiplexing that allows for any combination of multiple video,
audio, text and data streams to be put together by a single multiplexer.
Since a transponder typically contains one single multiplexer, this leads
to multiprogramming.

The first advantage will especially trigger a fast introduetion of digital
satellite broadcasting. Although analog DTH is growing in most parts of
the world, yet the largest part of all analog satellite transmissions is for
primary distribution from a TV studio to other TV studios or to CATV
head-ends (Fig. I). All these links are characterized by a limited number of
receivers per channel. However, the usage fee for a satellite transponder
needed to transmit a single (analog) video program is significant. By digitizing
these distribution links, the program providers can save enormous amounts of
money, thus justifying the investments in digital uplink and receive equipment.

For digital DTH, two introduetion scenarios are possible. The :firstscenario
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DTH Reception

Fig. 1. Typical digital television satellite chain.

is based on clear programming, where the program providers have to get
their money from the advertisers. Since primary distribution links benefit enor-
mously by digital transmission, it is expected that eventually a significant num-
ber of digital programs may be transmitted via satellite. Then digital DTH will
become attractive. During the initial phase, digital DTH receivers will be at a
higher price-level, but their prices can be decreased rapidly by exploiting
economies of scale.
The second scenario assumes that Pay-TV operators start with scrambled

digital DTH transmission, simultaneously putting digital DTH receivers on
the market. Since the Pay-TV operator is interested in a rapid growth of the
number of receivers, agreements may be made with the receiver industry to
spread the initial costs over a longer period in time in return for some period
of exclusivity.

1.3. The European Satellite Standard

In Europe, the first projects in the field of digital television broadcasting
were directed towards terrestrial transmission. In different regions, many
separate projects existed mostly without any mutual links. To serve as an



umbrella for these projects, and to attract the attention of the European
politicians, the European Launching Group (ELG) was formed in 1992 with
participants from most European public broadcasters, network providers
and television industries. Very soon the awareness grew in the ELG, that digi-
tal satellite and cable broadcasting were poised for a faster take-off than digital
terrestrial broadcasting. Therefore, the ELG was extended with a number of
commercial broadcasters, and standardization efforts for digital satellite and
cable transmission were started.

In September 1993, the ELG framed a Memorandum of Understanding
(MoU), and transformed itself into the European Project on Digital Video
Broadcasting (EP-DVB). One ofthe main points in the MoU was the adoption
of the MPEG-2 standard for video coding, audio coding and multiplexing.
Within a fewmonths, the EP-DVB approved the draft specifications for digital
broadcasting via satellite, also called the DVB-S standard, and sent it to ETSI
for further evaluation. The result of this work is the European Telecommuni-
cation Standard (ETS 300421), which describes the framing structure, channel
coding and modulation for satellite transmission [2]. This standard has been
submitted to ITU for consideration as a world standard. Another European
Standard (ETS 300 473) provides guidelines for selection of either the satellite
or cable delivery systems for distribution in SMATV networks. Work con-
tinues within DVB on other aspects such as interfaces.
At its meeting in Melbourne in June 1995, the global pre-standardization

organization DAVIC (Digital Audio Video Interactive Council) accepted
the ETS 300 421 system as the unique mechanism for digital satellite
broadcasting in the Ku-band.

In Europe, digital DVBjMPEG-2 satellite broadcasting was introduced in
the summer of 1995. During the second half of 1995, many primary distribu-
tion links via satellite were installed, using MPEGjDVB technology. Digital
DTH is planned to start by the end of 1995.

L. Rysdale et al.

1.4. Situation in the US

The United States does not have a standardization activity similar to,
for example, the European DVB activity. Consequently, the market is con-
siderably fragmented [3]. Many different satellite delivery mechanisms
proliferate, although with the DAVIC acceptance of the DVB standard this
might change. These satellite delivery systems differ in all aspects: the channel
coding, the source coding and transport mechanisms. Some representative
systems currently being considered are described in the following.

For satellite delivery to head-ends, the Digicipher system by General
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Instruments (GI) has been proposed, although it is not clear as to the extent of
its success in actual commercial deployment. The Digicipher system uses
proprietary algorithms for source coding, channel coding and transport
mechanisms.

For DTH satellite transmission in the US, the Digital Satellite System (DSS)
was developed by GM/Hughes and Thomson with US Satellite Broadcasting
(USSB) as a partner. Two Ku-band satellites have already been launched using
32 transponders with more than 150 channels. The modulation scheme is
QPSK with concatenated convolutional and RS forward error correction.
The source coding and transport scheme uses a combination of algorithms
described within the MPEG-l and MPEG-2 standards, and can be suitably
termed as MPEGl+. The DSS system is available as a consumer product
with at least a million units sold in the first year of operation.
Another DTH provider is Primestar, which is a consortium of companies.

The Primestar system contains more than 70 channels on a Ku-band satellite
and uses QPSK with variable-rate concatenated convolutional and RS
forward error correction. The Primestar system is deployed by the service
provider and the customer is charged a fixed monthly rental fee. Several
hundred thousand such systems are expected to be deployed in its first year
oflaunch.
The third DTH service providers includes Echostar, scheduling a service

introduetion by the end of 1995. Echostar is going to use fully DVB/
MPEG-2 compliant technology. Philips is one of the companies involved in
the development of the Echostar system.

In the following, the ETS 300 421 or the DVB-S standard is described in
more detail, as it was accepted by DAVIe as a worldwide standard. In the
next section, the satellite transmission problem is described as a motivation
for some of the choices made in the ETS 300 421 system. In Section 3, the
ETS 300 421 transmission system is described. Then a receiver design based
on the ETS 300421 specification is described in Section 4. Section 5 describes
hardware demonstrations of this system and finally we conclude in Section 6.
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1.5. Rest ofthe world

Also in other parts of the world, digital video broadcasting via satellite is
starting off. Several DTH projects, sometimes even competing with each other,
are going to be launched by the end of 1995or the first half of 1996 in countries
like Brazil, Thailand, Malaysia and Australia. Although the DVB standards
were originally designed for the European situation, many of the projects in
other continents are applying DVB/MPEG technology.



2. The satellite transmission problem

A typical digital TV satellite transmission chain is shown in Fig. 1. The
elements described in this article are the satellite modulator and the satellite
demodulator.
A wide number of different reception scenarios is possible. In Fig. 1, DTH

reception is shown. Also a cable delivery scheme is shown, which converts the
digital signal at the cable head-end into either the cable digital TV transmis-
sion format (seeM. Ghosh in this journal) or the classical analog video format
(e.g. PAL).
The task of the satellite modulator/demodulator is to transmit reliably the

bitstream from the output of the MPEG2 multiplexer over the satellite channel
(comprising the satellite, the uplink equipment, the uplink and downlink
paths, and the downlink receiving antenna including the LNA (low noise
amplifier) mounted on the antenna).

L. Rysdale et al.

2.1. Low error ratefor MPEG2 with poor CfN

MPEG decompression and demultiplexing are highly sensitive to bit errors.
As a result, an extremely low bit error rate (BER) is required to give an
acceptable service to the end user. The maximum BER that can be tolerated
is 10-10 to 10-11• On the other hand, the satellite transmission system must
be capable of working with relatively low CfN at the receiver.

For example, to achieve a BER of 10-11 using uncoded QPSK (quaternary
phase shift keying - the reasons for this choice are outlined below) we would
require a CfN (assuming that the noise bandwidth is equal to the QPSK
symbol rate) of 16dB. Such a CfN would be impossible to guarantee with a
reasonable receiver dish size. If we take a more realistic target value of C/N
of7 dB the corresponding BER would be about 10-2. For this reason, power-
ful error correction coding associated with the modulation scheme must be
used.

2.2. Variety of signal and transponder bandwidths

From one application to another the bandwidth of the signal to be
transmitted over the satellite channel may vary widely as a function of the
satellite transponder bandwidth and of the transponder occupancy (total or
partial in frequency division multiplexing schemes). In practice, transponder
bandwidths will range from 26 to 72MHz.

In addition, depending on the application, one may wish to trade off receive
antenna size against useful data-rate and therefore vary the degree of error
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correction coding. The satellite transmission system must be flexible with
regard to different transponder bandwidths and must allow different receiver
antenna sizes.

3. The ETS 300 421 transmission system

Given a specific satellite, an important trade-off for the design of a satellite
transmission system is between the selection of a receiver antenna size (which
determines gain and figure of merit or G/T ratio) and the selection of a
modulation/coding scheme in order to achieve a cost-effective balance between
the transmission rate, earth-station cost and space segment needed for the
service. This situation is further complicated by the many satellites that are
in use in Europe. As discussed earlier, this has resulted in a large number of
possible data transmission rates.

The system block diagram as specified in the ETSI document [2] is shown in
Fig. 2. The input to the transmission scheme comprises packets of size 188
bytes each according to the MPEG-2 system layer specifications. The first
byte of each packet is a sync byte.

First, energy dispersal scrambling is performed, using a Linear Feedback
Shift Register (LFSR) of 15 bits. This scrambling ensures that the signal
spectrum is white even if all-zero packets are transmitted. To ensure syn-
chronization of this scrambler at the transmitter with the descrambler at the
receiver, a framing scheme is adopted as follows. For every transport packet
of 188 bytes, all bytes except for the sync byte are scrambled. However, every
eight packets, the sync byte is bitwise inverted. This inverted sync byte indi-
cates that the LFSR at the transmitter side, as well as the receiver side, has
to be reset.

Symbol

Interleaver

Fig. 2. Satellite transmitter architecture.
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Error correction encoding is now applied on the transport packets. To
obtain required performance with a limited decoding complexity, a con-
catenated code comprising an inner convolutional code and an outer Reed-
Solomon (RS) code is used. As described earlier, use of QPSK modulation
at CfN of about 7 dB results in an error rate of 10-2• In this rêgion,
convolutional codes using the Viterbi decoder at the receiver offer the best
performance on the Additive White Gaussian Noise (AWGN) channel
(which is a good model for the satellite channel). The Viterbi algorithm is
the optimal algorithm in the maximum-likelihood sense, which is further-
more able to make maximum use of soft-decision information (decision
reliability information and channel state information).
The transmission system is targeted to be used at CIN ratios in the range of

4-8 dB. To allow for a variable CfN range (and thus a choice in the receiver
antenna size), variable-rate convolutional codes can be used. These variable
rates are made possibly by use of punctured codes [4]. In the DVB-S specifi-
cation, a 64-state rate 1/2 convolutional code is used with constraint length
K = 7. From the mother code of rate 1/2, punctured codes can be derived
with rates 2/3, 3/4, 5/6 and 7/8.

The performance of these codes can be characterized as follows. Using
QPSK modulation with coherent detection, the channel Bit Error Rate
(BER) corresponds to 10-1 to 10-2. Depending on the code rate, the Viterbi
decoder typically converts an input BER of 10-1 to 10-2 into an output
BER of 10-3 to 10-4. The outer RS code will then convert this BER to desired
rates of 10-10 to 10-11 at CfN ranging from 4 to 8 dB.
Note that if the Viterbi decoder is unable to correct input bit errors, it will

typically generate burst errors of 50-100 bits. The outer code must be able to
combat effectivelywith these burst errors. This is done by use of an interleaver
between the inner convolutional code and the outer RS code. An interleaver
spreads the error burst in one codeword over a number of codewords. The
size of the interleaver can be specified as follows.
The RS outer code uses code symbols of 8 bits (one byte). Hence, error

bursts at the output of the Viterbi decoder can be as long as 12 bytes (96
bits). In the DVB-S specification, convolutional byte interleaving with a depth
of 12 bytes is used. This means an error burst at the output of the Viterbi
decoder affects at most one byte in each RS codeword. The convolutional
interleaving is used, since this mechanism requires minimum memory for inter-
leaving and deinterleaving (1122 bytes). The sync bytes in each transport
packet are used to synchronize the deinterleaver at the receiver.

In the DVB-S specification, a RS code with codewords of 204 bytes
(188 information bytes and 16 redundant bytes) is used, which is capable of
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correcting up to 8 random byte errors. This means that each transport packet
is encoded into one RS codeword. The different RS-decoding algorithms are
capable of efficiently reducing an input bit error rate of 10-3 to 10-4 into an
output BER of 10-10 to 10-11• For a normal compressed program (5Mbps),
this BER corresponds to one erroneous transport packet every 200 hours.
The output ofthe convolutional encoder is sent through a QPSK modulator

using a square-root raised-cosine (SQRC) filter with a roll-off factor of 0.35.
Specifications are provided on the filter design of the SQRC filter in ref [2].
The performance of the convolutional codes has been obtained by simula-

tion for the entire satellite chain for a 33MHz transponder, which includes
the input multiplexer, the travelling wave tube amplifier (TWTA), and the out-
put multiplexer and is listed in Table I. For the same symbol-rate of
27.5 Mbaud and the RS code of (204, 188, t = 8), C/N figures have been com-
puted for a BER of 2 .10-4 at the output of the Viterbi decoder, which also
includes the model implementation loss. These C/N ratios form part of the
specification on the performance of the receiver which is described in ref. [2].
It is clear from Table 1 that a range of bit rates can be transmitted to the

user reliably with the C/N in the range of 4-8 dB. This implies that a tradeoff
between receiver antenna size and useful data-rate is possible. The requirement
as set in Section 2 is then fulfilled by the ETS 300421 specification.

4. The receiver

4.1. Architecture and implementation

Figure 3 shows a block diagram oftypical receiver functions. Note that most
functions are the inverse functions of the signal processing blocks described
above for the transmit side. The convolutional decoder is the Viterbi decoder

TABLE I
Example of system performance over a 33 MHz transponder

Convolutional Payload Bit-rate after Symbol rate Practical C/N at
code rate (Mbps) RS (Mbps) (Mbaud) receiver (dB)

1/2 23.754 25.776 25.776 4.1
2/3 31.672 34.368 25.776 5.8
3/4 35.631 38.664 25.776 6.8
5/6 39.59 42.96 25.776 7.8
7/8 41.57 45.108 25.776 8.4
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Fig. 3. Satellite receiver architecture.
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block, which is of the 'soft-decision' type. These inverse functions have been
described earlier in Section 3. In this section, we describe the carrier recovery
and synchronization blocks which are unique to the receiver.

4.1.1. Carrier recovery

Carrier recovery is a very critical function in the receiver. Although the
presence of error correction coding in principle allows operation down to
very low CjN ratios, while maintaining quasi error free transmission, this
places very stringent requirements on the carrier recovery. This function
must be capable not only oflocking to the received carrier, but must also main-
tain lock with a negligible rate of cycle slipping despite a combination of low
CjN and the presence of phase noise (resulting mainly from receiver frequency
down-conversions between the satellite downlink frequency and baseband).
Cycle slipping causes the constellation to rotate by 7r/2 or a multiple thereof,
and results in temporary desynchronization of downstream functions. In addi-
tion, some form of automatic frequency control is required to compensate for
frequency drifts and uncertainties arising mainly in the LNA. Standard carrier
recovery techniques which can be used in the satellite receiver are described in
ref. [5].

4.1.2. Synchronization

The descrambler, RS decoder and the de-interleaver all need to be synchro-
nized to the MPEG-2 transport packet structure. This can be achieved by
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detecting the MPEG-2 synchronization words (and their inverse) at the Viterbi
decoder output.

The Viterbi decoder must be synchronized for two possible scenarios. First,
the depuncturing pattern needs to be correctly aligned with the data. The most
critical case is for the punctured code rate of 7/8, where only one position in
four is correct. Secondly, the constellation needs to be correctly aligned since
carrier recovery leaves a phase ambiguity of a multiple of 'Tr12. This means that
in addition to the correct I and Q datastreams (I, Q) one can find the following
permutations (Q, not.!), (not.!, not.Q) and (not.Q, I) depending on the phase
of the recovered carrier with respect to the signal carrier. The Viterbi decoder
can self-synchronize with respect to the puncturing pattern position and 'Tr/2
carrier phase errors, but to synchronize to a 'Tr carrier phase error, monitoring
of MPEG-2 synchronization words at its output is necessary. This last method
can even be used without any self-synchronization of the Viterbi decoder.

4.2. Receiver performance

Receiver performance is characterized principally in terms of an imple-
mentation margin or loss with respect to a perfect receiver model. This leads
to a C/N threshold for acceptable service which can be used in link budget
calculations. Acceptable service is defined as 'quasi-error-free' operation as
defined in Section 3.

Although implementation margin is strictly speaking a receiver issue, also
performance degradations arising outside the receiver must be considered,
i.e. before the receiver intermediate satellite band (ISB) interface. Below we
give some examples of sources contributing to the implementation margin.

(a) The satellite: The satellite is a non-linear amplifier [usually a travelling
wave tube (TWT)] with bandpass filters at its input (IMUX) and output
(OMUX) multiplexers. The TWT (assumed saturated) contributes a flat imple-
mentation margin loss which is roughly independent of the precise signal
bandwidth. The IMUX and OMUX filters contribute an implementation
margin loss which varies depending on the spectral occupancy - the wider
the signal spectrum the greater the degradation. This is due not only to the
bandwidth limitation, but also to the group delay irregularities at the band
edges. It is this consideration (coupled with co-channel interference levels)
which limits the maximum QPSK symbol rate which can be used over a given
transponder.

(b) The receive antenna and downfeeder: An important element is the Low
Noise Amplifier (performing amplification and downconversion from the
downlink frequency to the ISB) which, in addition to thermal noise taken
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into account in the link budget, is also a source of phase noise. Phase noise
not only contributes to the implementation margin, but mayalso be the cause
of receiver carrier recovery instability. An additional issue is standing waves
generated on the ISB downfeeder as a result of LNA output and ISB tuner
input mismatching. The passband irregularities thus created can also contri-
bute to the implementation margin.

(c) The receiver: Some major sources contributing to the implementation
margin can be listed as follows.

• The Viterbi decoder: The number of input quantization levelsused as well
as the traceback memory depth will influence Viterbi decoder perfor-
mance. Practical implementations will normally fall within 0.2 to 0.3 dB
of the performance of an ideal decoder.

• Receive channel filtering: The implementation and complexity of the
receive half-Nyquist filtering has to be chosen as a compromise between
receiver cost and performance.

• Passband irregularities arise in the analog front end parts.
• Residual clock jitter or carrier phase noise.

5. Hardware developments

5.1. Philips prototypes demonstrated at lBC

In September 1994, the International Broadcasting Convention (IBC94)
was held at Amsterdam. This exhibit gathered together a large number of
companies from around the world working in the field of broadcasting and
was an important showcase for digital television.
At this event, Philips demonstrated a complete DVB compliant digital TV

transmission chain. In particular, satellite transmission equipment consisting
of a satellite modulator and both consumer grade (DTH) and professional
(head-end) receivers was shown working over a satellite.

5.2. Variations on the system concept

The typical application for digital satellite television consists of multiple
programs per multiplex [MCPC: Multiple Channels Per Carrier (American
terminology)] for primary or DTH distribution.
The fact that multiple programs are combined in a single multiplex opens

the possibility to jointly optimize the compression of the different programs.
Using MPEG-2 video encoding with a :fixed output bit rate, the quality of
the decompressed video depends on the content. If we accept a variable bit
rate at the encoder output, the perceptual quality of the decompressed video
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can be kept stable. Ifwe combine several programs with uncorrelated content
in a single multiplex, we can, under certain constraints, stabilize the perceptual
quality of each of the programs by flexibly assigning bit rate to the different
MPEG encoders. This mechanism is called joint bitrate control or (with a
slightly different meaning) statistical multiplexing.
Considering the fact that FM-modulated analog television signals usually

occupy not more than some 20-27 MHz bandwidth, while transponders often
provide larger bandwidths, a narrow-band digital signal could sometimes be
fitted into the lower or upper part of a transponder. If such narrow-band
signals occupy some 3-6 MHz, they can be used for transmitting a digital
multiplex with a single program (SCPC: Single Channel Per Carrier). In this
way, a television program could be simulcast in both an analog and a digital
format on a single transponder.
Alternatively, such SCPC signals can be used for contribution purposes or

Satellite News Gathering (SNG). At outside broadcast locations, a single
digital program can be uplinked on satellite as an SCPC signal and received
at the studio side. For this purpose, several SCPC signals originated at
different sites could share a transponder.

6. Conclusions

Digital TV via satellite will play an ever increasing role in broadcasting and
in interactive services via satellite. In this article, we have shown that digital
TV via satellite has many advantages compared with existing analog systems
such as lower CfN threshold, lower transponder cost per TV channel and
greater flexibility.
The European Telecommunication Standard ETS 300 421 defining the

channel coding and modulation for satellite transmission delivers the promise
of lower C/N threshold, lower transponder cost per TV channel and greater
flexibility. We have explained the rationale behind the choice of various
subsystems comprising coding, modulation, interleaving, etc. Theoretical
and practical analysis has been done to predict the performance of a satellite
modulator/demodulator. Finally, receiver performance issues are addressed
which deliver this performance.
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Abstract
This paper gives an overview of the efforts in the United States to build
high-speed networks for the delivery of digital video services to the homes
of consumers. It details the obstacles that need to be overcome for digital
video service to commence and the various network architectures and tech-
nologies that have been, and presently are being considered. The applica-
tions are described that will be enabled by such an infrastructure, termed
the NIl, as are two digital video services oriented market trials - one being
conducted by a cable operator and the second by a telephone company.

Keywords: video, networks, telco, cable, services, trials, NIl, digital.

1. Introduetion

The National Information Infrastructure (NIl) is a VlSIOnof a future
'network of networks' covering the United States (US). At the root of the
NIl concept is the notion that diverse industries of today - telecommunica-
tions, telephone, consumer electronics and computers - are headed for
technological convergence. Coupling this trend with advanced services includ-
ing video-on-demand, home shopping, health care, education, games, tele-
work, videotelephony and home banking, most of which require extensive
use of video information, there is a proliferation of the need for high-band-
width networks. Philips is involved in this development in multiple ways.
Interactive multimedia receivers with full-motion video and application-
download capability are researched and designed in Philips Research
Briarcliff (PRB) and Digital Videocommunication Systems (DVS) for use in
the trials being conducted by Bell Atlantic. Digital video servers are built by
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Broadcast Television Systems (BTS) in Salt Lake City, Utah, while design of
interactive applications is ongoing in Philips Media.

The pace of the steady technological advances in communications which
have taken place over the past several decades has recently accelerated to a
great extent. These advances have resulted in a web of communication net-
works that hold the promise of delivering seemingly endless amounts of infor-
mation notjust to commercial users, but to all households throughout the US.
Although similar advances are taking place around the globe, the infrastruc-
ture in the US is more advanced in deployment.

The development of the networks and the necessary protocols is funded by
private industry. Currently holding a stake in this infrastructure are the telephone
companies (telcos), also known as the Regional Bell Operating Companies
(RBOCs), cable providers, broadcasting industries, consumer electronics com-
panies and the computer industry. This diversity of vested interests presents
the risk that differing industry objectives may destroy the goal of a seamless
interconnection across all networks, ultimately slowing growth and preventing
advanced functionality.

Recognizing the importance of the NIl, its potential impact on society, and
the strategic importance of its rapid development on the US economy, the
Clinton administration has embarked on a program, the goal of which is to
provide the necessary guidance to private industry as it develops this informa-
tion superhighway. Among the government bodies involved in this is the
National Institute of Standards and Technology (NIST).

The foundations of this information superhighway are the existing commu-
nication networks. These networks currently deliver a variety of voice and
data services, primarily at relatively low data rates. With the recent advances
in image compression technology and associated silicon processing, it is now
becoming cost effective to transport video through packetized data networks.
While advanced voice and data services are available because of continuous
development over several decades, high performance digital video communi-
cations are still in their infancy. This lack of maturity has resulted in the sig-
nificant challenges that are being faced in the successful design and
construction of high-bandwidth video delivery networks into residential
neighbourhoods. The economics of digital video services, the capital invest-
ment needed to build the infrastructure versus the expected revenues from
the services, the necessary changes in the regulatory environment, and consu-
mer preferences (that is, which applications consumers desire and how much
they will pay) are even less understood.

In an effort to answer these questions, the stakeholders of these telephone
and cable networks are conducting a number of trials, typically constructing
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high-bandwidth networks capable of delivering packetized video and other
services to a limited number of households. A trial is differentiated from a
business by realizing at the outset that the objective of a trial is to learn about
the business, and that it will most likely operate at a loss. Common to all of
these endeavours is the ability to provide either video-on-demand (VOD) or
near video-on-demand (NVOD).

Real time digital video will be a major component of many of the services
planned for the NIL The challenges that need to be met for the widespread
deployment of digital video, and the barriers to using existing networks,
are detailed in Sec. 2. Section 3 provides an overview of existing as well as
envisioned networks that will comprise the NIL Section 4 gives the views of
the authors on services that are likely to be available. We conclude with an
overview of two major digital video trials, one being conducted by a telephone
company and one by a cable operator.

2. Obstacles to digital video services

The obstacles to offering interactive digital video services over existing as
well as planned networks are a combination of regulatory, technical and eco-
nomic. As a consequence, new networks that will enable video applications are
under construction. It is envisioned that these attempts will result in a web of
networks termed the NIl that will span the US. The obstacles that these net-
works plan to overcome are detailed in this section.
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2.1. Regulatory obstacles

For many years, the RBOCs have been prohibited from offering video pro-
gramming to their customers. This stems from the Cable Communications
Policy Act of 1984which does not allow local telephone companies to compete
in their service areas with the cable television industry to provide video pro-
gramming. In recent years, the RBOCs have been successful in obtaining
licenses from the Federal Communications Commission (FCC) for deploying
video networks and services. However, the licenses are given on a case-by-case
basis and require the RBOCs to filewith the FCC a detailed description of the
underlying technology that will be used in the system.The RBOCs, in particular
Bell Atlantic, have been attempting to get these legal barriers removed.
The phone companies are confident that they will eventually be allowed to

freely offer commercial video services. They expect this to happen either
through regulation, legislation or in the judicial courts. Phone companies
have been challenging in the Federal courts the policies that prohibit them
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from offering video services [1]. Their primary argument has been based on the
First Amendment (right of free speech). Expecting eventual victory, the phone
companies have been investing heavily in the high-bandwidth networks that
they will need to carry their new video services known as Video Dial Tone
(VDT).

Current network infrastructures have to be upgraded or new ones con-
structed in order to handle the increased volume of information that makes
up digital video. The telcos have the necessary bandwidth in the core network
(the backbone of the high-speed digital network), but not in the access net-
work (the final delivery segment into the customer's home). Increasing this
capacity implies either laying new networks that provide high-bandwidth
access to every home, or using the existing telephone network in conjunction
with new data transmission technology to increase the bandwidth. The former
approach takes time and capital investment to put the new network infrastruc-
ture in place. The latter offers only limited increased bandwidth and the ser-
vices that can be offered with this limited increase in bandwidth are not
expected to result in an adequate payback of the required investment. As
such, the latter approach is less favoured. Later in this paper, we will discuss
network architectures for the delivery of all of the envisioned services that
enable a gradual build-up ofthe networks from where they are today to where
they need to be.
The Internet is the leader today as far as the availability of interactive appli-

cations is concerned. The Internet has very limited bandwidth and is today not
capable of supporting real-time digital video services. Internet applications
have circumvented the lack of sustained network throughput by downloading
the entire application to the user's computer, prior to making the application
available to the user. This approach is not amenable to consumer video appli-
cations since large download times, as well as high-speed and high-capacity
local storage devices, are required. The growth ofreal-time digital video services
will most likely not be on the Internet.

2.2. Technicalobstacles

2.2.1. Network bandwidth

2.2.2. Two-way channels

While the telcos lack a high-bandwidth pipe to the home, their networks are
fully capable of two-way communication. In contrast are the cable operators
whose current problem is the lack of a return channel which is required for the
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use of many interactive applications. However, many cable systems are being
upgraded to provide return channels that can support the data rates necessary
for interactivity. As an alternative, Direct Broadcast Satellite (DBS) services,
which are primarily one-way broadcast services, use one of two approaches to
provide a sense of interactivity to users. In the first approach, interactivity is
mimicked through repeated transmission of data. A user command is not
transmitted back up the network, but is acted upon locally in the user's site,
at the next instance of transmission of the requested information. Such appli-
cations have to be cleverly engineered. A second approach is to use a telephone
line as the return channel. However, this requires either a willingness by
customers to give up access to their phone lines during the duration of
the interactive service, or the provision of a second telephone line to their
homes. Moreover, both of these approaches put limits on the applications
that can be supported and the response time that can be achieved. Therefore,
DBS will not be the means by which consumers receive interactive applications
in the future. In all likelihood, the majority of that will be through a wired
network.
In order to provide a return channel that is capable of supporting interactive

services, all of the high-bandwidth interactive networks that are being planned
for the NIl need to be scalable in such a way that both the core network and
the access network are capable of providing the increased bandwidth that will
be required with growth in the number of subscribers. Future services will also
include videotelephony and videoconferencing, both of which require high-
bandwidth two-way channels. Networks need to be configurable in such a
way that high-bandwidth return channels can be provided to customers who
require them. How planned network architectures allow for interactivity as
well as high-bandwidth two-way communication is described here later.
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2.2.3. Development of digital video equipment

Video equipment that is prevalent in today's market is for use in analog
broadcast systems. Though interactive digital video receivers, commonly
referred to as set-top boxes (STBs), are in a fairly advanced state of develop-
ment and trials are underway, the development of a mass market will depend
on cost effective solutions. Video-servers that are the repositories of the massive
amounts of compressed video and will provide simultaneous access to multiple
users need to be designed. The development of studio equipment that willenable
broadcasters and digital video content creators to generate and manipulate
compressed video still requires research. Moreover, the systems comprising
the networks and attached equipment such as STBs and video-servers are



2.2.5. Data security and authentication

Program content, such as movies, must be securely protected to become
available over networks. Content providers need to be able to recoup their
investments and it is therefore important that services be secure and theft
avoided. Theft of services can result in lost revenue as well as pirated copies,
which again implies lost revenues. Fully switched networks offer security by
delivering the services only to the customer who is entitled to receive it. Broad-
cast networks, on the other hand, transmit data to all the users and therefore
rely on encryption to prevent service theft. This then requires decryption
capability in the devices in the consumer's home. Standards bodies, notably
the Digital Audio Visual Council (DAVIC), have attempted, but not
succeeded at specifying a common Conditional Access system to be used
worldwide.

For commercial transactions to be conducted over the public networks that
will make up the NIl, reliable and secure transmission of sensitive information
such as credit card and bank account numbers has to be possible. The Internet,
for example, is today not sufficiently secure for many financial transactions.
Numerous solutions have been proposed, but industry has not yet rallied
around any single solution. The US Government has developed an electronic
verification mechanism called the Digital Signature Standard (DSS). The Clin-
ton administration requires Government agencies to use DSS for secure elec-
tronie transactions. The private sector has developed alternatives including
Digital ID developed by Verisign Inc., a spin-off from RSA Data Security
Inc. This has been endorsed by prominent companies, but is not universally
accepted [2].
Authentication establishes the identity of an individual or an organization

over a network. Authentication of information providers as well as end-users
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migrating towards a client-server architecture. These concepts of distributed
systems have been prevalent primarily in the computer industry, and need to
be appropriately applied in the digital video and consumer electronics indus-
tries.

2.2.4. Applications and authoring tools

In order for network and service providers and equipment vendors to get
returns on their investments, consumers have to be attracted to the NIl
through the availability of useful, entertaining and interesting applications.
Development of authoring tools that can be used in application creation is
therefore extremely important.
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is important in order to ensure that the appropriate parties are billed and paid.
In client-server based systems, applications can be resident on servers and
downloaded on to the STB which is a client machine. Similarly, embedded
software in the STB can also be upgraded. In order to do this, it is crucial
that the identity of the server be established. In the absence of robust identifi-
cation, it will be possible for viruses to be loaded into client machines. DSS
and Digital ID are potential solutions. However, the industry needs to agree
on reducing the multitude of solutions that have been proposed to one, or
at the most, a few.

2.2.6. Interoperability

Interoperability is a key issue in the development of the NIl. Since diverse
companies are involved in building the equipment that will comprise the
NIl, ranging from STBs and video servers to the networks and the control
software, it is critical that standards be established that ensure the interwork-
ing of the different system components. In particular, if the expectation is that
the consumer purchases such customer premises equipment as the STB, then
the consumer should be able to continue to use it even if he were to move
from one geographical area served by a particular network operator to
another area served by a second operator. Since networks in different geogra-
phical areas might have different architectures, this would imply that STBs
need to operate across a variety of networks with minimal change. This minimal
change can be in the form of a Network Interface Unit that can be changed.
Application developers would prefer to develop applications that run on

any STB rather than develop one for each class of STB. Application servers
will also need a common platform on the basis of which they can communicate
with STBs.

Standardization plays an important role in enabling this level of interwork-
ing. Among the important standardization bodies working on this are
DAVIC, an inter-industry group aiming to develop specifications for an
end-to-end digital system for broadband applications; the Moving Picture
Experts Group (MPEG), an International Organization for Standardization
(ISO) working group that has developed protocols and algorithms for multi-
plexed and compressed video and audio; the ATM Forum, an inter-industry
forum that is working on issues related to Asynchronous Transfer Mode
(ATM); and the Grand Alliance (GA), an alliance of companies developing
Advanced Television (ATV) standards for the US. In particular, the MPEG-
2 specifications [3] that will be used in many of the digital video systems being
developed for the US were released in November 1994, while the DAVIC 1.0
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3. Networks and delivery technologies

There are essentially two types of media over which analog and digital infor-
mation can be exchanged between service providers and end-users, namely
wired (cable and telco networks) and wireless (radio frequency) networks.
Figure 1 shows the topology of the telco, cable and wireless networks as
they exist today. It should be noted that the once-distinct lines between the
various service providers have now blurred considerably. Consider that tele-
phone service was once carried predominantly over physical wires, and now
makes substantial use of RF transmission. Similarly, the cable television com-
panies are now branching out into microwave program delivery. The networks
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specifications [4] will be finalized in December 1995. Both of these standards
go a long way towards enabling the development of interoperabie system com-
ponents.

2.3. Economic obstacles

The choice of the technology to deploy for the networks that will make up
the NIl is heavily dependent on the expected revenues from the services that
can be offered. Certain networks cannot offer certain kinds of services. For
instance, the Internet cannot support entertainment-quality real-time video.
Technology for offering video services over existing telephone lines is not
yet economically viable. Cable networks oftoday do not have the return chan-
nel that will enable the offering of telephony. Many of the planned cable net-
works have difficulty providing for telecommunication services such as
videoconferencing and videotelephony. Many of these technical barriers imply
that with a certain choice of network architecture, only certain classes of ser-
vices can be supported. It then needs to be examined whether the expected rev-
enue from those services will be sufficient to mandate the financial investment
necessary to put the infrastructure in place. What makes the decision even
harder is that technological advances are being made at a pace that results
in these equations changing significantly over short periods of time.

Furthermore, there has to be a migratory path from the existing situation to
one where high-bandwidth networks are ubiquitous and services numerous.
For instance, cable operators cannot, on a widespread basis, tear down all
their existing networks and rebuild new ones with totally different archi-
tectures. The rebuilding will have to be regional and made in a way that
allows for expansion as more services become available and customer demand
grows.
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under consideration here are the so-called Wide-Area Networks (WAN),
intended for mass distribution of, and access to, information. This is in con-
trast with the smaller Local-Area Networks (LAN), which are typically used
within organizations for local interconnection. In this section, an overview
of the current status of these networks and the potential evolutionary paths
is given.

3.1. Telephone networks

The telephone companies have historically been the primary network service
providers, with the mainstay of their service being voice carried over twisted-
pair cables, coaxial cable and microwave. The traditional analog voice tele-
phone service is often referred to as 'Plain Old Telephone Service' (POTS).
The 'last mile' of this service is usually on Unshielded Twisted Pair (UTP)
cable. This connection carries the service from the CentralOffice (CO) to
the subscriber. The bandwidth of this service is typically 3kHz. The telephone
companies, eager to provide a profitable service interconnecting computer
users, developed modern protocols to enable digital connection over the ana-
log lines. These standards, such as Bell-212A, facilitated the start of remote
digital access services. The maximum data rate available today over UTP is
28.8 kbps using the V.34 standard, which is of course woefully inadequate
for most video applications.

Higher transmission rates can be attained through the use of Tl lines. At
1.544Mbps, this service enables network connections supporting live video,
voice and data. Multiple Tl channels can be grouped together to form higher
rate channels. However, Tl rate connections today are primarily leased by
commercial establishments.

The main technical obstacle preventing the telcos from offering digital video
services to consumers is their lack of a high-bandwidth conduit into the home.
It is the last mile of the telephone network to the home that cannot support the
required high data rates. Rewiring this last mile of UTP using either coax cable
or fibre is expensive. A potential solution that the telcos have developed is the
use of Asymmetrical Digital Subscriber Line (ADSL) technology. ADSL ser-
vice uses a sophisticated modem at each end of a twisted-pair subscriber loop
[5], enabling a subscriber to access high-speed data at rates over 2Mbps over
the existing twisted pair network. The major advantage of this technology is
that it allows a telco to offer digital video services without the need to upgrade
the network all the way to the subscriber's home. ADSL service provides an
option for immediate deployment of advanced services, as alternative high-
bandwidth networks to the home may not be fully functional for many years.
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However, ADSL is not a cost-effective solution today since it requires an
expensive modem pair for each subscriber connecting to the network.

Often priced close to POTS, Integrated ServicesDigital Network (ISDN) [6]
provides a more reliable, faster alternative to dial-up modems and expensive
leased lines. ISDN is essentially a standardized switched-circuit interface,
through which a subscriber can utilize simultaneous voice, data and other
services, operating at 64kbps each. Broadband ISDN over fibre-optic cable
can have a data rate in excess of 600 Mbps. Once touted as the technology
of the future, ISDN has fallen from grace, perhaps in part due to high equip-
ment costs. Recently, however, there has been a resurgence of interest in ISDN
[7],mainly for Internet access and LAN interconnection. Concurrently, equip-
ment prices have been falling, leading some to believe that the technology may
finally take off. Currently, about 300000 ISDN subscriber lines are in use in
the US, most of them used by business customers. Later on in this section,
the telco's plans for constructing networks capable of supporting video
services are examined.

3.2. Cable networks

The typical community antenna television (CATV) system operates a
300MHz coaxial cable network, with some of the larger operators using
550MHz systems. A few cable operators are examining the use of systems
that have bandwidth of 750MHz and higher. Simultaneously, with the desire
to offer services along the lines of video-on-demand which require higher
bandwidth than currently available, they are also pushing fibre deeper into
their networks. This architecture is termed Hybrid Fiber-Coax (HFC). There
are currently 60.5 million subscribers to cable television service in the US [8],
with a total of 91.3 million homes passed by cable.

3.2.1. Hybrid fibre-coax architecture

HFC represents the state-of-the-art in CATV networks, but has yet to be
deployed on a large scale. The core or backbone of the network consists of
fibre while the distribution within a local service area is via coax. Most cable
networks do not offer telephony or two-way communication services today.
Future plans for offering two-way telecommunication oriented services over
the developing HFC networks revolve around using the highest frequencies
of the spectrum. The coax part of the network is still a bottleneck as far as
the offering of these and other interactive services such as video-on-demand
is concerned, since it does not offer the bandwidth to support all the homes
in the local serving area.
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3.3. High-bandwidth te/co networks

In order to provide higher-bandwidth video services to the subscriber, with-
out the need for complicated modems such as those needed for ADSL, telcos
are now looking towards building upon the existing wired-network infrastruc-
ture and rewiring the last mile. The two network architectures that are under
consideration are Fiber-to-the-Curb (FTTC) and HFC.

Both FTTC and HFC networks can provide multiplexed service to a local
neighbourhood. Simple translator devices at each subscriber home then
provide a coaxial connection. The vast majority of the networks that have
been built for trials in the US fall in one of these two categories.

M. Ba/akrishnan et al.

CATV networks are also broadcast-oriented, in which every customer
receives all that is transmitted over the network. To move away from this, a
few cable operators are adding switching to their trial systems. With fibre
being driven deeper into the cable networks and switching being added, cable
systems are taking on an architecture that is very similar to that of the telco
networks. However, the addition of switching to cable networks is not yet a
widely accepted practice in the cable industry.

3.3 .1. Fiber-to-the-curb architecture

FTTC network architecture is based on deploying fibre all the way to the
subscriber's curb where the Optical Network Units (ONUs) are located. The
ONU converts the optical signals to electrical signals and inserts them into
a coax cable that then runs from the curb to the consumer's home. Unlike
traditional cable systems which are broadcast-oriented, these networks are
fully switched and the customer receives only the requested service. A fully
switched system also automatically adds an element of security to the signal,
since it is directed only to the customer who is entitled to receive it.

The FTTC architecture also allows for high-bandwidth return channels
from the customer premises, thus allowing the customer to be a source of
information or data as well. Although the FTTC architecture offers many
advantages, the disadvantages are that it requires either a large-scale rewiring
of the existing network or the deployment of a new one.

3.4. Internet

The ARPAnet was started by the. Advanced Research Projects Agency
(ARP A) [9] as a medium to allow managers to exchange text messages. This
network grew quickly and was merged with similar governm~nt and university
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projects then in use, such as NSFnet, MILnet and CREN, forming today's
Internet. With over one million nodes, the Internet is growing rapidly, and
plans are underway for a billion-node network. Many connections to the
Internet are by way of a router using leased 56kbps lines or T1lines.
The Internet has evolved into a channel for interconnecting personal compu-

ters. Electronic mail (e-mail), software, video and audio files are all regularly
exchanged by the most unsophisticated users. The Internet, however, does not
have the bandwidth to support real-time digital video services. Until 30 April
1995, the Internet was partly funded by the National Science Foundation
(NSF). On that day, the NSF shifted the bulk of its funding to a new experimen-
tal network called the vBNS (Very-High-Speed Backbone Network Service).
The vBNS, much like the initial Internet, will exist primarily for research pur-
poses rather than for commercial operations. The maintenance of the backbone
of the Internet now rests with commercial network-service providers.

3.5. RF networks

The television spectrum is not normally associated with the exchange of
broadband digital data. This is soon to change, when the FCC authorizes
the use of this spectrum for the broadcast of ATV Service, perhaps even before
the end of 1995. Currently, it is envisioned that ATV Service will comprise
digital television (standard definition and high-definition television - HDTV),
as well as ancillary data service. So far, this latter service has not been well
defined.
The UHF and VHF television bands comprise a spectrum of 67 6-MHz

channels, used for the terrestrial broadcast ofNTSC television (other channels
within the spectrum are assigned for radio astronomy or land mobile radio
use). There are currently 1527 commercial and non-commercial UHF and
VHF television stations licensed for operation in the US [8].The total number
of households in the US with at least one television is 95.4 million [10]. This
vast penetration should not be ignored, as it represents a ready audience for
a potential digital video product.
Broadcast television is not the only means for over-the-air television service.

Multichannel Multipoint Distribution Service (MMDS), also called 'wireless
cable', has provided CATV and other operators with the ability to serve homes
and areas which would otherwise be impractical or uneconomical to be
reached by cable. MMDS uses the 2 GHz microwave band for this purpose.
There are roughly 700000 subscribers today in the US [11], with another
2.8 million outside the US. The FCC currently licenses up to 33 microwave
channels to each operator.
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Long awaited by the industry, DBS is a commercial reality and success as
over one million users have access to digital data from three geostationary
satellites. No other consumer electronic device has ever sold in this quantity
in the first year. There are currently three DBS services in operation in the
US: Primestar, whose STBs are leased to the subscribers, DirecTV and United
States Satellite Broadcasting (USSB) for which subscribers purchase STBs.
Each system now has well over 250000 subscribers, and DirecTV expects to
have 10 million by the year 2000 [12]. Unfortunately, DBS is very asymmetrie
in data rates, where the return path for ordering is by POTS, thus limiting true
interactive applications from growing.

Currently, DirecTV and USSB use MPEG-I video and audio coding [13],
with the expectation to upgrade to MPEG-2 as the technology matures. Set-
top boxes are equipped with a data port that can be used to download applica-
tion software, e.g. on-line service access and games.

M. Balakrishnan et al.

4. Services and applications

The networks that span the US today are capable of providing a variety of
services. The rationale behind the NIl is that it will provide much more. In this
section, the services that are available today are briefly examined, followed by
a more detailed discussion of the vastly advanced services that will be enabled
by the NIL

4.1. Existing services

The overwhelming majority of interactive services that are available today
are either over the telephone network directly, or over the Internet (which in
many cases is also accessed over the telephone network). A very small number
of these services offer video. Video services are more readily accessible to con-
sumers today either through terrestrial broadcast, DBS, or the CATV net-
work, all of which are based on one-way transmission. Pay-per-view is
available on CATV systems and is implemented on the majority of systems
using the telephone line as the communication link from the customer to the
cable operator. Near-video-on-demand is available on a very few of the
more advanced cable systems, where the waiting time for a movie is many
hours and the selection is very limited. All video transmitted on these existing
networks is uncompressed and analog.

Companies such as CompuServe, Prodigy and America Online offer on-line
services that can be accessed using telephone lines. Recently, it has also become
possible to connect to the Internet through these on-line services. Electronic
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mail, electronic banking, financial information services, and travel and weather
information are among the many services available. The growth of the World
Wide Web and the availability of easy-to-use browsing software have contribu-
ted to the recent growth in the popularity of the Internet.
All of the existing networks suffer from one or more of the following limi-

tations: they either provide high-bandwidth one-way communication chan-
nels or low-bandwidth two-way channels. Many of them are not capable
ofhandling high-bandwidth real-time compressed video. Future applications,
as discussed here, need networks that do not suffer from any of these limita-
tions.

4.2. Services over the NIl

4.2.1. Video-on-demand

VOD will allow the user to choose the time to view a selectedmovie or video
program. The selection of movies available will be large and not restricted to
the ones that have been deemed popular based on viewing strategies. In a com-
pletely open system, there will be a multitude of Video Information Providers
(VIPs), and the user will be free to choose from anyone of them. Different
VIPs may cater for different categories of movies and thus to the interest of
differing clusters of viewers. The viewer is then 'charged by the VIP and the
network provider will be paid for providing a medium for the carriage of
data. Since the viewer has complete control of the program being viewed,
such services will typically be based on supplying a single channel to a single
user. The level of interactivity required by the user should be rather infre-
quent.

In more advanced VOD services, viewers will have access to all the functions
that they are used to in a VCR, such as pause, fast-forward, rewind and slow-
motion. Full-fledged deployment of such services will probably be the demise
of video rentals, although that may be tens of years from now.
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4.2.2. Near video-on-demand

NVOD is a service that is similar to VOD. Unlike VOD, where a single ser-
vice is usually for a single user, NVOD can be a broadcast service. The same
video program or movie is broadcast periodically and the viewermerely selects
the start time that is most acceptable. It is difficult to implement features such
as fast-forward and reverse in such a system, although it is possible to implement
the pause feature by allowing the user to jump to a different channel carrying the
same program (with a different start-time) when the pause is terminated.
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4.2.3. Delayed broadcast video

Delayed Broadcast Video is a service that allows a user to viewa video pro-
gram that was broadcast earlier, at a time that ismore convenient. Itis possible
that widespread deployment of VOD and Delayed Broadcast Video willlead
to a gradual decline in the VCR market. However, this is difficult to predict
since it is a function of the pricing strategies adopted by the serviceproviders,
and is unlikely to happen in the near future.

4.2.4. Home shopping

Home shopping allows the consumer to browse shopping catalogs, visit vir-
tual shops and virtual malls, and place orders through an interactive home sys-
tem. This is a more interactive application than VOD and requires much
shorter latency. The browsing catalogs will have full-motion video, and pro-
vide manufacturers and retailers a means of doing very targeted infomercial-
based advertising. Once the customer decides on a purchase, the financial
transaction between the buyer and the vendor can be completed in a variety
of ways, including exchange of credit-card information, smart debit-cards or
electronic cash.

4.2.5. Tele-education

Virtual classrooms are created through the use of interactive video and
shared white-boards. This is particularly useful in remote areas as well as
for adult education. Rudimentary forms oftele-education are available today,
but the access of high-bandwidth video networks will vastly increase the over-
all range, access and quality of the service.

4.2.6. Tele-medicine

Teams of medical professionals who are located in different geographical
sites can share information and make remote diagnosis using a tele-medicine
service. Medical images need to be represented with a high degree of fidelity,
and thus require high-bandwidth networks for speedy transmission. This
application allows the optimal use of medical experts since it reduces the
time spent on travel. It also allows complex medical procedures being con-
ducted by the leading experts in the field to be accessible to a larger number
of medical professionals and students.

4.2.7. Games

Networked games that can be downloaded on to a video game player allow
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users to access multiple games for a fee, without having to purchase them. It
also allows multiple users to play while connected through a network, thus
adding a further element of interest. Games with full-motion video capability
and in which the various users can see one another as being present need to be
intelligently designed and constructed. These applications require the most
interactivity and tolerate only a minimallatency. Therefore, although down-
loadable games will be supported by the networks being constructed, the
extent to which downloadable games with networked users will be supported
is not yet clear.

4.2.8. Videotelephony

Videotelephony is an application in which the consumer becomes a source
of high-speed voice and video data, and is the most challenging as far as the
data rate on the two-way communication channel is concerned. Videotele-
phony applications have been tried over low-speed telephone lines in the
past. The video quality has been poor and the video frame rate low. In the
past, this service has not been well received by the consumer and it remains
to be seen whether it will be more successful in the future.

4.2.9. Integrated home control

Homes that are on the NIl can take advantage of a variety of services. For
example, advanced home security systems can transmit pictures ofintruders to
centralized monitoring stations for identification to determine whether they
are authorized to be in the home. Automated temperature control mechanisms
can enable customers to control their heating and air-conditioning equipment
in a way that takes advantage of any demand-oriented pricing strategies that
utility companies may employ. Utility companies can also use the infrastruc-
ture to do peak-demand control of electricity.

5. Interactive video trials

Many of the major cable operators and telcos have announced trials which
allow consumers in various parts of the US to sample the new services and
allow the operators to obtain consumer feedback. Some trials are small efforts
covering a few tens of homes. Others have stalled and not made much progress
since the issue ofthe press releases announcing the trial. A fewhave progressed
and reached a reasonable level of maturity. Figure 2 shows the locations of
some of the trials that are either in progress or have ongoing developmental
work related to the build-up of the network infrastructure. Table I gives
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~ TABLEI
'lil Selected interactive video trials...e
äe. Service Location Start date Number of Equipment~
:.;, provider connections providers~
~cr Bell Atlantic Toms River, late 1995 38000 customers Philips, BBT, CLI,-<
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b
Q

Z Bell Atlantic Fairfax County, Phase 1: April 1993; Phase 1: 300 employees; Philips, Adaptive aq.
!' Virginia Phase 2: 1995 Phase 2: 1000 customers Microware, CLI, -.......~

I:lil
Divicom, IBM --.::i TimeWarner Orlando, Florida late 1994 4000 customers AT&T, HP, SA, SGI ~c

TCI Seattle, 1995 2000 customers Compaq, HP, I:l;::

Washington Microsoft I:l..
......;::--

1995 AT&T
(I)Viacom Castro Valley, 1000 customers
~California ......
15·US West Omaha, 1995 Phase 1: 50 employees; AT&T, DEC, SA ;::
I:lNebraska Phase 2: 45000 homes -S'passed ~

NYNEX Manhattan, 1994 50 expanding to DEC, Zenith ~
I:lNewYork 2500 customers ......
15·

Southwestern Bell Richardson, Texas AT&T, BBT, Microsoft
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El
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;::

NewYork - <">'""' i2'N ....W
(I)



details of a few of these efforts. In some cases, the operators (service providers)
of the trials have not announced the number of customers that will actually
receive the service, but have given the number of homes that will be passed
by the network and this is indicated in Table 1. The primary goals of most
of these trials are to test the technology in the marketplace, and to determine
market demands and needs.

The network architectures in the majority of these trials are either HFC or
FTTC. ADSL technology, which has been touted as a transition strategy, is
less talked about now as a consequence of the high cost that is entailed in
the modem and the limited additional bandwidth that it offers. In the past
years, the RBOCs have been faced with the prospect ofhaving to make a deci-
sion regarding the architecture of their future networks, the primary choices
being HFC and FTTC. The pace with which these technologies have been pro-
gressing in this arena has made the choice even more difficult.

Indicative of the difficulty in making a choice for the underlying network
architecture are the steps taken by Bell Atlantic (BA) in the last two years.
BA has had an ADSL trial in the Fairfax County area (suburban Washington,
DC) since 1994, offering video services that operate at Tl rates. BA has a sec-
ond trial (in which Philips plays a major role as the provider of the STBs)
scheduled to commence in the late summer of 1995 in Toms River, NJ. The
networks for the Toms River trial are based on FTTC technology and offer
rates up to about 15Mbps. In late 1994, expressing concerns about the cost
of FTTC technology, BA announced that a commercial service employing
HFC technology would commence in late 1995. That announcement seemed
to indicate that FTTC technology would not be deployed in large-scale. How-
ever, in April 1995, BA reverted to their original position, stating that tech-
nological developments in the preceding six months had made FTTC
architectures more attractive. Similar announcements have been made by
other telcos in the US, notably US West [14]. It now looks very likely that
the FTTC architecture will be the one adopted by many of the telcos.

M. Balakrishnan et al.

5.1. The Bell Atlantic trial in Toms River

Bell Atlantic has been the most aggressive among the RBOCs in attempting
to enter the digital video business, both through the deployment of new technol-
ogy and through advocating changes in the regulatory environment. Philips is
involved as a major player in BellAtlantic's rollout in Toms River, NJ. Philips'
role in this venture is the development of the set-top box, or Digital Entertain-
ment Terminal (DET) as referred to by BA, that resides in the customer's home.
Other equipment providers include Broadband Technologies Inc. (BBT), the
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provider of the switched network termed FLX, and Divicom, the provider of
MPEG-2 encoders.
The fully switched network is based on FTTC technology and delivers ATM

to the home. All programming that is delivered to the home is compressed.
There are no analog television channels in the system. Video and audio are
compressed and multiplexed according to the MPEG-2 standard. The
MPEG-2 transport packets are mapped on to ATM cells using the ATM
Adaptation Layer (AAL) prior to being sent over the network. The AAL chosen
for this system is AALS [15]. ATM termination is performed in the Network
Interface Module within the DET. Each home receives a dedicated stream,
enabling the simultaneous use of three distinct DETs. Since the system is fully
switched, the customer receives only the requested service. The DETs can be
individually upgraded in software by downloading a new version ofthe operating
system through the network. Initial video services will include both video-on-
demand from video servers and live broadcast" programming from real-time
encoders.

5.2. The Time Warner trial in Orlando

Time Warner's Full Service Network (FSN) has been the most ambitious of
the experiments undertaken by the cable industry. The service was officially
started in December 1994 with four homes connected. The goal of the trial
is to identify applications that interest customers. It is not a revenue-making
trial and does not use technology that would be cost-effective for full-scale
deployment. The underlying network architecture is HFC. Video and audio
compression are based on MPEG-l. Data are carried in ATM cells and modu-
lated using 64-Quadrature Amplitude Modulation (QAM) on to a 12MHz
band, after Reed Solomon Forward Error Correction coding. The set-top
box is built by Silicon Graphics Inc. (SGI) and Scientific Atlanta (SA). The
FSN uses the lower part of the cable spectrum to offer analog channels and
the upper part of the spectrum for digital video. The video servers are manu-
factured by SGI and have over 1.5 terabytes of storage. The system also uses
Hitachi multiplexers and AT&T's ATM switches.
The applications available on the FSN include movies on demand, video

games and home shopping, while future services will include networked video
games with other customers and educational services. Games developed by
Atari can also be downloaded through the set-top box to be played using
Atari's Jaguar game players.

As of today, Philips has been concentrating solely on the telco trials in the
US through its involvement in the Bell Atlantic trial in Toms River. That is
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likely to change in the future. For example, Philips will also be designing digi-
tal video receivers for Echostar, a DBS service that is scheduled to commence
operations in 1996.

6. Summary

The National Information Infrastructure is in its infancy. The players that
are involved in putting the infrastructure in place include companies from the
telecommunications-cable, consumer electronics and computer industries. As
these companies search for the appropriate technology to deploy, the lines that
separate them are being re-drawn. For all of them, and for Philips, this pre-
sents challenges, threats and, at the same' time, new opportunities and emerg-
ing markets. For Philips, these new markets are primarily in the consumer
premises equipment, communication networks and digital video components,
application development and content-creation areas.

In the past few years, there has been a continual search for the killer appli-
cation, the one application that will bring in the revenues that will pay for the
capital investment necessary for putting the NIl in place. This killer applica-
tion has not yet been found. However, it is our opinion that such an applica-
tion is not necessary for the success of the NIL The numerous services that will
be enabled by the NIl will each, in their own way, make life a little (or a lot)
different for each user that is connected to it. As more applications are devel-
oped, they will pay for the infrastructure, thus enabling the introduetion of
other services that do not have the broad appeal or the revenue potential to
mandate earlier development. In ways that cannot be imagined, the services
on the NIl will change the way that we live.
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ADSL
ARPA
ATM
ATV
CATV
CO

- Asymmetrie Digital Subscriber Line
- Advanced Research Projects Agency
- Asynchronous Transfer Mode
- Advanced Television
- Community Antenna Television
- CentralOffice

DAVIC - Digital Audio Visual Council
DBS - Direct Broadcast Satellite
DET - Digital Entertainment Terminal
DSS - Digital Signature Standard
FCC - Federal Communications Commission
FTTC - Fiber to the Curb
GA - Grand Alliance
HDTV - High Definition Television
HFC - Hybrid Fiber Coax
ISDN - Integrated Services Digital Network
ISO - International Organization for Standardization
LAN - Local Area Network
MMDS - Multichannel Multipoint Distribution Service
MPEG - Moving Picture Experts Group
NIl - National Information Infrastructure
NI ST - National Institute for Standards and Testing
NSF - National Science Foundation
NVOD - Near Video-on-Demand
ONU - Optical Network Unit
POTS - Plain Old Telephone Service
RBOC - Regional Bell Operating Company
STB - Set-Top Box
UHF - Ultra High Frequency
USSB - United States Satellite Broadcasting
UTP - Unshielded Twisted pair
vBNS - Very High Speed Backbone Network Service
VDT - Video Dial Tone
VHF - Very High Frequency
VIP - Video Information Provider
VOD - Video-on-Demand
WAN - Wide Area Network
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CHANNEL CODING, MODULATION, AND TRANSMISSION
FOR NORTH AMERICAN DIGITAL TELEVISION
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Abstract

We introduce the transmission system selected for the next generation of
North American broadcast television and for high data rate transmission on
cable TV systems. We describe key features ofthe digital vestigial sideband
(VSB) modulation and error proteetion employed in this system, and ofthe
quadrature amplitude modulation (QAM) systems that competed against it for
selection. We review the process used to select this system, in addition to the
criteria by which the selection was made. We further review the performance
ofthe system under actual field conditions. The 8-VSB terrestrial mode was
found to perform better than the existing NTSC broadcasting system. The
16-VSB high data rate cable mode was found to perform essentially error-free
at all receiving locations that met Federal Communications Commission
(FCC) specifications for carrier-to-noise ratio.

Keywords: high-definition television (HDTV), digital vestigial sideband
(VSB), quadrature amplitude modulation (QAM), digital
advanced television (ATV), digital terrestrial broadcasting,
digital cable TV.

1. Introduetion

The United States of America Federal Communications Commission (FCC),
through its Advisory Committee on Advanced Television Service (ACA TS) and the
cable television organization Cable Television Laboratories (Cablelabs), has been
evaluating digital television delivery systems in order to choose a new television
standard which will soon replace NTSC. These systems all involve digital coding
and data compression techniques, for example those utilizing the Moving Pictures
Expert Group (MPEG) algorithms or variations thereof.

The FCe plans to approve an advanced television (ATV) standard for terrestrial
broadcasting in early 1996 comprising high defmition television (HDTV) and
standard defmition television (SDTV) digital picture formats for terrestrial
broadcasting. A common transmission system will be used for both HDTV and
SDTV. The Fee has indicated that the transmission system will initially take the
form of a so-called 'simulcast' approach. The new ATV signals will have to fit into
television channels which are currently unused in a given geographic area (so-called
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'taboo' channels) and initially co-exist with conventional analog television signals
(NTSC) without causing unacceptable interference.

In 1995 ACATS will complete the testing ofthe 'Grand Alliance' (GA) HDTV
system, a system which is being developed cooperatively by the corporate sponsors
involved in the first round of individual digital proposals tested by ACATS in 1991
and 1992. The GA members comprise AT&T, the David SamoffResearch Center,
General Instrument (GI), the Massachusetts Institute ofTechnology (MIT), Philips
Consumer Electronics, Thomson Consumer Electronics, and Zenith Electronics. The
David Samoff Research Center, Philips Consumer Electronics Company, and
Thomson Consumer Electronics are former members ofthe Advanced Television
Research Consortium (ATRC). GI and MIT are former members of the American
Television Alliance. The GA has decided on a video coding algorithm which will
comply with the MPEG-2 source coding standard. An RF transmission approach
developed by GA member Zenith Electronics Corporation was selected by the
Grand Alliance and endorsed by ACATS. The GA transmission system [1] utilizes
a multi-level digital vestigial sideband (VSB) modulation approach.

We describe some of the more salient features of VSB in Sections 2 and 3,
below. Sections 4 and 5 describe the quadrature amplitude modulation (QAM)
based systems that competed against VSB for selection as the GA transmission
scheme. In Section 6 we discuss the criteria employed by the GA for making the
transmission system selection. Section 7 describes a 'paper analysis' that was used
to narrow the transmission system selection to two candidates, followed by a
discussion of the laboratory testing which culminated in the selection of VSB.
Section 8 gives a brief overview of the performance of VSB to date in field tests
sponsored by ACATS. We present some conclusions in Section 9.

2. VSB terrestrial mode

In this section we describe the 8-VSB modem [1] that has been implemented as
part of the GA system for terrestrial HDTV broadcasting. The system supports a
symbol rate of 10.76 MHz over an available channel bandwidth of6 MHz. The net
bit rate is 19.3 Mb/s and the carrier-to-noise (CfN) requirement at the threshold of
visibility (TOV) of errors is 15.0 dB. The TOY corresponds to a bit error ratio
(BER) of about 3 per million. Some of the notable features of the system are
pilot-aided carrier recovery, trained equalization, and a comb filter for co-channel
NTSC rejection. Top-level block diagrams ofthe transmitter and receiver are shown
in Figs l(a) and 1(b), respectively. Concatenated coding is employed to attain the
desired error threshold. The outer code is a Reed-Solomen (RS) code and the inner
code is a simple trellis code. The synchronization information (segment and field
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syncs) is added after interleaving and coding.

2. J. Pilot carrier, segment sync and field sync

The VSB system [1] uses a pilot carrier inserted at the - 3 dB point of the lower
band edge ofthe signal spectrum to aid in carrier recovery. Ifthe VSB signalling
levels are defmed as ±I, ±3, ±5, and ±7 in arbitrary units, the pilot can be inserted
very precisely in the digital domain by adding an offset of 1.25 to every transmitted
symbol [1]. This results in an increase of 0.3 dB in transmitted power. At the
receiver, carrier recovery is performed on the pilot carrier by an analog
frequency-and-phase-lock loop (FPLL) as shown in Fig. 2. The SAW filter in this
figure also performs the function ofmatched filtering. Although the quadrature (Q)
channel is needed in the front-end carrier recovery circuit shown in Fig. 2, only the
in-phase (I) channel is required for most ofthe digital signal processing and hence
only one AID converter is required. The Q channel is regenerated later for use by
the phase tracker shown in Fig. I(b). The 'segment sync' is a four-symbol binary
sequence (1001) with levels +5 and - 5 that repeats every 77.3 J-lS (828 symbols) and
is neither trellis coded nor interleaved. The 832 symbols thus formed are called a
'data segment'. The purpose ofthe segment sync is to provide a means for reliable
timing recovery at the receiver that can be easily implemented. At the receiver, a
correlator is used to detect the segment sync. Since the sync occurs so frequently,
this detection is very robust. The correlator output is then input to a PLL that
outputs a symbol clock at 10.76 MHz to the AID converter. This scheme achieves
lock down to an SNR of 0 dB.

The tap coefficients ofthe equalizer are updated using the bi-level 'field sync'
sequence according to the Least Mean Square (LMS) algorithm. The field sync is
inserted every 312 data segments and is composed of a 51I-symbol pseudo-noise
(PN) sequence followed by three 63-symbol PN sequences. The 5II-symbol PN
sequence can be used to train very long equalizers that may be needed in severely
impaired terrestrial reception conditions. The 63-symbol PN sequences can be used
to train shorter equalizers that may be used where reception conditions are less
hostile, such as for reception ofthe 16-level VSB high data rate cable mode (see
Section 3, below). At the receiver, the field sync is first detected using a correlator
and a confidence counter, and then used to train the equalizer.
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2.2. Interference rejection

One ofthe main system design issues facing a terrestrial transmission scheme is
the presence of co-channel NTSC interference. The co-channel NTSC signal impairs
the performance of the digital ATV receivers, and the co-channel ATV signal



impairs the performance of the analog NTSC receivers. In the latter case, the
interference is noise-like since the digital signal has a flat spectrum. The
ATV-into-NTSC interference will not be as harmful as the NTSC-into-ATV
interference since ATV will be broadcast at much lower power levels than NTSC.
However, the digital ATV signal is very severely affected by the presence ofNTSC,
which has two main carriers: the picture and sound carriers, as well as a lower
power color sub-carrier. Figure 3 shows the placement of these carriers relative to
the digital ATV spectrum. The GA system deals with NTSC-into-A TV interference
by placing a comb filter at the receiver before the equalizer and trellis decoder. The
comb filter places notches at the approximate positions of the NTSC picture and
sound carriers. However, it also places notches at other points in the spectrum. The
deleterious effect of these notches is countered in the trellis decoding by considering
the trellis code followed by the notch filter as a composite code and decoding
accordingly. This will be described further in Section 2.3. This approach works well
in the presence of co-channel interference only, but has a 3 dB loss in additive white
Gaussian noise (AWGN) performance due to the noise enhancement ofthe notch
filter. To avoid this 3 dB loss whenever possible, the notch filter and its associated
trellis decoder is switched in only when the receiver detects the presence of
co-channel interference. This detection is done by comparing mean squared errors
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Fig. 3. Spectra ofNTSC interference, VSB and comb filter.
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at the input and output of the comb filter using the field sync. The comb filter also
increases the number ofpossible levels ofthe 8-VSB signal to 15. Therefore, the
equalizer has to process a IS-level input signal when the comb is engaged.

2.3. Trellis coding and decoding

The trellis code shown in Fig. lis the standard rate 1/2 4-state Ungerboeck code.
Figure 4 shows the implementation ofthis code, and ofthe precoder that processes
one ofthe two user data input bits. The precoded bit is not trellis coded, while the
second input bit is coded with the above Ungerboeck code, for an overall rate 2/3
trellis code. The simple 4-state Ungerboeck code was chosen to keep the complexity
of the trellis decoder within acceptable limits, in the case where the comb is
switched in. This is because use of the comb filter in the receiver leads to an
increased number of states in the trellis decoder. Decoder hardware complexity is
exponentially related to the number of states.

A second technique, described below, is used to minimize trellis decoder
complexity. From a conceptual point of view, a 12 x 12 symbol interleaver is placed
before the trellis coder in the transmitter. Ifwe call any arbitrary symbol '0' and the
next symbol' 1" etc., the 12 x 12 symbol interleaving is accomplished byencoding
symbols {O,12,24,36, ...} as one group, symbols {1,13,2S, ...} as a second group and
so on for a total of 12 groups. The trellis coder outputs are then appropriately
multiplexed to form the transmitted data stream. At the receiver, the trellis decoder
operates in one of two modes. When the comb filter is not switched in, it is the
standard 4-state trellis decoder for the above-described rate 2/3 trellis code. When
the comb filter is present, a trellis decoder optimized for the concatenated rate 2/3
trellis code and comb filter is used. In the receiver, a conceptual 12 x 12 symbol
de-interleaving, followed by a comb filter with transfer function 1- D-12 (where D
represents a time delay of one symbol interval) in effect produces 12 separate trellis
coded streams each subject to a 1- D," transfer function (where Dl is equal to 12D).
Since the uncoded bit in the trellis encoder was precoded, it can be shown that the
optimal trellis decoder for this rate 2/3 trellis code followed by the 1- Dl-

l channel
has 8 states. The 12 x 12 interleaving, trellis coding, and comb filter chain can be
viewed as 12 separate trellis encoded data streams each subject to the same 1- Dl-

l

channel and each decoded by an optimal 8-state decoder. Thus trellis decoder
complexity, even for the case when the comb filter is present, has been limited to
8 states by the use of this interleaving technique and the precoding of one bit.
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Fig. 4. 8-VSB trellis encoder and precoder.

3. VSB high data rate cable mode

The GA high data rate cable mode uses 16-level digital VSB (16-VSB) with RS
forward error correction (FEC) [2]. Concatenated coding is not used for the high
data rate cable mode. The symbol rate is the same as for the 8-VSB terrestrial mode.
The high data rate cable mode supports twice the net bit rate of the terrestrial 8-VSB
mode since 16-VSB carries 4 bits/symbol instead ofthe 2 bits/symbol carried by
8-VSB. This allows 16-VSB to carry two digitally-compressed HDTV programs
within one 6 MHz cable TV channel. As shown in Fig. 1, 16-VSB omits the trellis
code and comb filter ofthe terrestrial mode. It is not necessary to use trellis coding
to provide a lower carrier-to-noise (C/N) threshold on cable TV channels that meet
FCC C/N specifications. Also, cable TV channels do not suffer from co-channel
interference.

4. QAM terrestrial modes

In this section we describe two separate QAM schemes which were evaluated
against VSB for selection as the GA terrestrial transmission scheme. The essential
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features that distinguished both of these schemes from VSB were blind equalization
[3] and pragmatic trellis-coding [4]. The two QAM schemes also differed from each
other and from VSB in the method used byeach scheme to combat co-channel
interference. The ATRC proposed a speetrally shaped (SS) QAM scheme [5], which
used QAM of two carriers. These carriers were frequency-division-multiplexed
(FDM) such that the co-channel interference energy (consisting primarily ofthe
video and the audio carriers) was placed in the space between the two QAM
carriers. A matched filter at the receiver was then able to reduce the co-channel
interference significantly without affecting the signal spectrum. GI proposed a
single-carrier QAM scheme (32-QAM) [6], which relied on equalization to combat
co-channel interference. The 32-QAM scheme is described in the following section,
with particular attention to the blind equalization and trellis coding strategies
employed in that system. In Section 4.2, SS-QAM is described, including some
details ofthe trellis coding used in that system. Blind equalization is not described
in detail for SS-QAM since its implementation in that system was essentially the
same as the implementation of blind equalization in the 32-QAM system.

4.1.32-QAM

Figure 5 shows the 32-QAM transmitter architecture. MPEG encoded data was
passed through an RS encoder and a byte interleaver before being sent to the trellis
encoder. The rationale behind the specific choice of the inner trellis code and the
outer RS code is described in Section 4.1.2. The trellis-coded output was sent
through a symbol interleaver to provide proteetion against burst noise. The output
of the symbol interleaver was passed through in-phase Cl) and quadrature CQ)
matched filters at the transmitter. The matched filters were square root raised cosine

MPEG
Coded I
Data Reed-Solomor Byte-by-Byte

~
Trellis-Coding ~ Symbol f--- Encoder - Interleaver for 32/16 QAM ~ Interleaver I--

Q

'-v

I I
Quadrature~ Square-Root I--- f--.+ RF

Raised-Cosinef---. Modulator Up-converter t---

Q Filters Q

Fig. 5. 32-QAM transmitter architecture.
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(SQRC) filters with 10% excess bandwidth. The symbol-rate for 32-QAM was
5.287 MHz with a net payload of 19.1 Mbit/s.

Figure 6 shows the 32-QAM receiver architecture [7]. The received signal from
the antenna was passed through a tuner and downconverted to a near-baseband
signal. A quadrature receiver was then used, where the I and Q components ofthe
signal were separately sampled and quantized using two analog-to-digital converters
(AID). Timing information for the AIDs was obtained by using a Quadrature Phase
Shift Keying (QPSK)-type symbol timing recovery algorithm using a transition
detector operating on the I signal. The I and Q components were then processed by
the SQRC filters, which were matched to the transmitter filters. The output of the
SQRC filters was passed through the blind equalizer (described in the following
section). The output ofthe equalizer was used to create a carrier-phase error signal
which was then used to implement carrier recovery. The output ofthe equalizer was
passed through the symbol deinterleaver, trellis decoder, byte deinterleaver, and RS
decoder.
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4.1.1. Blind equalization

The equalizer used for 32-QAM was a linear feed-forward (no feedback portion)
256-tap adaptive equalizer [6]. The desire to operate without the overhead of a
training sequence forced the equalizer to operate initially in a 'blind' equalization
mode, which was switched to decision-directed equalization when the error between
the received signal and the decoded constellation point was small. The blind
equalization technique used in the 32-QAM receiver was a constant-modulus
algorithm (CMA) [3]. In CMA, the error between the received signal and an
estimate of the expected power of the received signal is minimized. The
decision-directed equalization used the error between the received signal and the
decoded constellation point to adapt the equalizer.

The 32-QAM equalizer operated quite well on mildly distorted channels, but
failed to perform as well as the trained equalizer used in the VSB receiver on more
severely distorted channels (illustrated by the 'CIN loss @ TOV with static
multipath' entries of Tab les I and 11).The explanation for this result lies in the use
of a linear feed-forward equalizer, which cannot properly equalize highly distorted
channels without causing excessive 'noise enhancement.' This noise enhancement
limits the minimum achievable BER. Better performance on severely distorted
channels can be obtained through the use of an equalizer structure comprising both
feedforward and feedback sections [8]. In particular, noise enhancement is
minimized if previous decisions are fed back. Such an equalizer is called a
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TABLEI
Performance parameters for candidate systems considered for selection as the GA

transmission system during paper analysis

Performance parameters 32-QAM 4-VSB 6-VSB SS-QAM
parameter parameter parameter parameter
value value value value

Coverage analysis
Total population for ATV and 2912.03 2912.03 2912.03 2912.03
NTSC coverage areas (mill.)
NTSC population lost due to 301.30 301.30 301.30 301.30
existing NTSC transmissions
(mill.)
ATV population lost to NTSC 102.60 93.32 92.69 79.91
and ATV interference (mill.)
ATV population lost to ATV- 40.87 39.26 37.77 26.20
only interference (mill.)
NTSC population lost to ATV 109.52 98.66 92.93 110.83
interference (mill.)

Robustness
C/N @ TOV (dB) 14.6 15.1 14.6 14.7
C/N loss @ TOV with static 4.9 2.0 2.0 1.5
multipath (dB). Multipath
components:- 10dB @
-0.15Jls, -IOdB @+0.15Jls,
-13dB @+0.40 JlS, -IOdB @
+2.00 us, -18dB @+7.70 Jls
Phase noise requirement -75 -74 -75 -80
(dBclHz @ 20 kHz offset from
carrier)
Tolerance to residual FM (kHz) 5.8 13.2 13.2 -1.0
Pull-in range (kHz) ±50 ±IOO ±IOO ±20
Channel acquisition time (s) <0.5 <0.5 <0.5 1.0
Bi-level (B)/alternate mode (A) A BandA A BandA
System attributes
Net terrestrial data rate (Mbit/s) 19.1 18.4 18.8 18.6
Peak-to-average ratio (dB) (for 6.2 6.3 6.2 6.7
99.9% ofthe time)
Net cable data rate for high 38.3 37.5 37.5 36.7
data rate cable mode (Mbit/s) (256- (16-VSB) (16-VSB) (256-

QAM) QAM)
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TABLEII
Performance parameters for candidate systems considered for selection as the GA

transmission system during laboratory testing

Performance parameters 32-QAM 8-VSB
parameter parameter

value value

Coverage analysis

Total population for ATV and NTSC coverage 2912.03 2912.03
areas (mill.)

NTSC population lost due to existing NTSC 301.30 301.30
transmissions (mill.)

ATV population lost to NTSC and ATV 139.61 78.81
interference (mill.)

53.06 30.43
ATV population lost to ATV -only interference
(mill.)

NTSC population lost to ATV interference (mill.) 101.l2 91.51

Robustness

C/N @ TOV (dB) 15.00 14.91

C/N loss @ TOV with static multipath (dB) 5.46 2.25
(Average in the presence of 6 ensembles of 5
multipath components each)

Phase noise requirement (dBclHz@ 20 kHz offset -81 -77
from carrier)

Tolerance to residual FM (kHz) 8.4 8.8

Pull-in range (kHz) 154 292

Channel acquisition time (s) 1.14 0.53

Impulse noise immunity (I1S) (maximum burst 60 190
length tolerated at 10Hz repetition rate)

System attributes

Net terrestrial data rate (Mbit/s) 19.1 18.8

Peak-to-average ratio (dB) (for 99.9% ofthe time) 5.7 6.2

Net cable data rate for high data rate cable mode 38.2 37.6
(Mbit/s) (256-QAM) (16-VSB)
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decision-feedback equalizer (DFE). Good performance for blind equalization with
a decision-feedback structure is still a subject for research. Typically blind
equalization is not associated with decision-feedback equalization because on
severely distorted channels the symbol error rate can be very high during initial
attempts to converge the equalizer. This inhibits equalizer convergence since many
incorrect decisions are fed back by the DFE.

A concatenated RS-and-trellis-coding approach was used in the 32-QAM system.
A QPSK type of 'pragmatic' trellis code was used [9], which is a general rate n/n+1
trellis code used with a 2/1+I-QAMconstellation. The trellis code is shown in Fig.
7(a). For the general rate n/n+l trellis code, one bit is sent through a rate 1/2
convolutional code, which is chosen to be the code that maximizes the minimum
Hamming distance. The two coded bits then select one of four possible subsets of
a generic 2/1+I_QAM constellation. These subsets are labelled a, b, c, and d in Fig.
7(b).

(a)
Q

~a b -ra_-_b..+_~

64QAM lcd c
Constellati~ a b ~ä - -b-

I

Points lcd : c d
a b,a b

I I

lcd :_c__ ~
la
IcdcdcdcL .J

I 16QAM
Constellation
Points

(b)

Fig. 7. (a) rate n/n+l trellis code used for 32-QAM; (b) subsets 'a', 'b', 'c' and 'd' used in the rate
n/n+ 1 trellis code for 32-QAM.
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To achieve the net bit rate required for HDTV, a 32-QAM constellation with a
rate 4/5 trellis code was used. The convolutional code with constraint length equal
to seven was chosen. One reason for this choice was the easy availability of a
convolutional decoder IC for that convolutional code [10].

Surprisingly, the concatenated coding scheme using this pragmatic coding
approach yields results which are better than those which would be obtained by
using an optimal 16-state Ungerboeck trellis code [9] for error-rates of interest for
HDTV transmission. This result is observed even though the asymptotic coding gain
for the 16-state Ungerboeck code is 1.76 dB better than the pragmatic code.
Comparison of the 16-state Ungerboeck code with the 64-state pragmatic code
might appear unfair (since a greater number of states should lead to better
performance), but it is argued in [9] that the decoding complexity for the two codes
is the same, and it is shown that the pragmatic code performs better. The reason for
this superior performance is attributed to the low number of nearest neighbors for
the pragmatic trellis code [9].

4.2. SS-QAM

As discussed earlier, SS-QAM was proposed by the ATRC [5]. The novel idea
behind SS-QAM was the use of two QAM signals which were frequency-division
multiplexed such that the effects of eo-channel NTSC interference were minimized.
Figure 8 shows the SS-QAM spectrum along with the spectrum of the co-channel
NTSC, which is characterized by the picture, color and sound carriers. The main
energy of the co-channel NTSC signal lies at the picture and the sound carriers,
which have been shown not to affect the performance of either SS-QAM carrier
significantly. Hence, the system was quite robust to co-channel interference.

Note from Fig. 8 that one ofthe carriers, called high-priority (HP), had a greater
spectral density than the other carrier, called standard-priority (SP). Clearly the data
sent within the HP carrier was more robust. The ATRC proposed that the HP signal
consist ofMPEG header and audio information. Greater robustness is warranted for
the MPEG header information since it is more sensitive to transmission errors than
the rest ofthe MPEG information [11]. Greater robustness is warranted for audio
information since it is desirable that the delivery of audio faillater than failure in the
delivery of video, under the assumption that the viewer might still continue to listen
to the audio portion ofthe program. The audio failure point occurred after the video
failure point when audio data was carried as HP data. The reason that the HP carrier
could have higher power is because, as shown in Fig. 8, NTSC receivers filter out
that portion of the spectrum and hence do not degrade performance in
ATV -into-NTSC co-channel interference scenarios. For the ATRC system tested by
the Advanced Television Test Center (ATIC) (a facility maintained by ACATS and
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CableLabs in Alexandria, Virginia), the difference between HP and SP spectral
densities was 5 dB.

Figure 9 shows the SS-QAM transmitter architecture. The HP and SP carriers at
the outputs ofthe frequency translator blocks were added together with the correct
frequency offsets to form SS-QAM. Each of the two carriers used a concatenated
coding strategy similar to that used in 32~QAM. A rate 9/10 trellis code was used
and is shown in Fig. 10(a). The code operated on a 2-times-32 QAM constellation,
i.e. two 32-QAM symbols were coded for every set ofnine input bits. One of these
nine bits was passed through a rate 1/2 convolutional encoder producing two coded
bits, each ofwhich selected either the subset shown as 'x' or '0' in Fig. 10(b), for
the 32-QAM constellation. For simplicity, a repetition code was used for the rate 1/2
code. The eight remaining bits were then used to select a point within the two
16-point constellation subsets 'x' or '0'.

One drawback ofSS-QAM was that it essentially required the use oftwo QAM
receivers. To simplify the SS-QAM receiver, the symbol rates of the two QAM
carriers were forced to be related in a ratio of 1:4, which allowed a single
timing-recovery subsystem to provide timing synchronization for both QAM
carriers. However, in spite of this simplification, the complexity of the SS-QAM
receiver was still greater than a single-carrier QAM receiver.

Another drawback of SS-QAM was that the CIN for threshold performance was
higher than the threshold performance ofthe 32-QAM system. One reason was that
SS-QAM could not use certain portions of the 6 MHz spectrum, for example, the
gap (due to the enforced 1:4 ratio between SP and HP symbol rates) between the HP
and SP carriers and the portion near the band edge left unused as a 'guard band'
against a potentially-interfering co-channel NTSC sound carrier. To achieve the
same overall data rate, 32-QAM could operate at a lower number of bits/slHz.
Hence, for the same overall data-rate, and constellation, 32-QAM used a powerful
rate 4/5 code, while SS-QAM used a less powerful rate 9/10 code.

5. QAM high data rate cable modes

The high data rate cable modes offered by both Gl and the ATRC used
single-carrier 256-QAM with only RS FEC. Their symbol rates were the same as
those of their associated terrestrial modes. With the same symbol rates as their
associated terrestrial modes, they supported twice the net bit rates since they carried
8 bits/symbol instead of 4 bits/symbol. This would have allowed the 256-QAM
modes, like 16-VS.B, to carry two digitally-compressed HDTV programs within one
6 MHz cable TV channel. Like 16-VSB, the 256-QAM modes omitted trellis coding
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6. Grand Alliance selection criteria
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and co-channel interference mitigation techniques. The net bit rate of GI 256-QAM
was slightly higher than that of ATRC 256-QAM, as shown in Table I.

In June of 1993, the GA established criteria for the selection of a transmission
system for digital ATV. These criteria were divided into three major categories:
coverage, robustness, and system attributes. The first category, coverage, included
total ATV service area and NTSC service area lost to ATV interference, measured
in terms ofpopulation. The second category, robustness, included measures ofthe
degradation of the C/N threshold with multipath, and tolerance to phase noise,
residual FM, and impulse noise. It also included measures of receiver acquisition
time and pull-in range, and whether the system had the capability for bi-level data
(e.g. time-multiplexed 2- and 4-VSB, with 2-VSB used for 'more important' data
like MPEG header or audio information), or a more robust alternative mode (e.g. 16
instead of 32-QAM). The system attributes category included the net data rate ofthe
terrestrial broadcast mode, peak-to-average ratio ofthe modulation scheme, and net
data rate ofthe associated high data rate cable mode.

6.1. Coverage analysis

Coverage analysis of the new ATV service primarily considered two parameters:
NT SC population lost due to the introduetion of the new service, and the ATV
population served. ATV channels had to be assigned prior to the calculation of
coverage based on these parameters. However, for optimal coverage, the channel
assignment is a function of the coverage parameters as well. Thus an attempt to
perform coverage optimization and channel assignment together would have been
extraordinarily difficult. Hence, other parameters were used to generate an ATV
channel assignment [12].

Fig. 9. SS-QAM transmitter architecture.
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Fig. ID. (a) rate 9/10 trellis-code used for SS-QAM; (b) subsets 'x' and '0' used in the rate 9/10
trellis code for SS-QAM.

Four basic goals were established by ACATS for assigning ATV channels:

(a) every NTSC station must be paired with an ATV channel;
(b) the service area of each ATV channel should be nearly equal to the

service area ofthe paired NTSC channel;
(c) interference from the new ATV channels into existing NTSC should be

minimized;
(d) if possible, the ATV service area of the smaller stations (in terms of

current NTSC service area) should be increased to be comparable to the
largest ATV service area in the same market.

Because some of these goals appear to be in conflict, criteria for maximizing
satisfaction of these four goals were established. This was achieved by developing
a computer model that uses mathematical optimization techniques. Specifically, the
assignment model uses minimum separation distances to allocate ATV channels
under different co-channel, adjacent channel, and taboo channel distance criteria (a
taboo channel is defmed as an ATV channel which may cause interference to NTSC
receivers whose tuners have insufficient image rejection). Since every NTSC station
should be paired with an ATV station, the ATV charmel allocation was made by
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(a) a list ofNTSC and ATV 'planning factors' for the receiving antenna,
comprising such items as the noise figure, antenna gain, and antenna
frontlback ratio;

(b) the power and antenna height above surrounding terrain of the
transmitting station, where typically the station power was computed
such that the ATV noise-limited service contour matched that of its
paired NTSC station;

(c) population database and the RF propagation model;
(d) desired-to-undesired (DIU) signal ratios for the different modulation

schemes of interest.

D.A. Bryan et al.

first ordering the existing NTSC stations of a given area according to the apparent
difficulty of fmding an ATV channel to pair with them. Then a mathematical
optimization algorithm was used to find the largest number of stations that could be
accommodated within that area. Two algorithms which are described in Ref. [12]
were used. The output of the assignment model is an assignment table that pairs
existing NTSC stations with specific ATV channel assignments.

Given the channel assignments, the following parameters were also required to
determine the coverage parameters:

Other parameters were sometimes required depending on the sophistication of
the coverage analysis. These parameters are described in detail in Ref. [12]. A
computer program was used to determine the effect of all ofthe parameters (a)-(d),
plus those of Ref. [12], on coverage for small radial cross-sections ofthe coverage
area. Coverage was computed in terms ofthe ATV population served and the NTSC
population lost. The sum of appropriate cross-sections determined these coverage
measures.

6.2. Robustness

The robustness parameters consisted ofthe tolerance ofthe different candidate
ATV systems to static multipath, phase noise, residual FM and impulse noise. Six
different static multipath profiles were used for the final selection (based on
laboratory testing) of the transmission system. An average C/N degradation was
used as the static multipath selection criterion for each of the different ATV
systems.

Phase-noise is characteristic of the oscillators used in up-converters which
translate the digital ATV signals from baseband to VHF/UHF, and the
down-converters which translate the ATV signals from VHF/UHF to baseband. In
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practice, the major source of phase noise in the transmission path is the
down-converter, which is the frequency translation element in the tuner used in a
TV receiver. In laboratory testing of the ATV systems at the ATIC, increasing
amounts of phase noise were introduced by modulating the local oscillator of the
up-converter until the system threshold was reached. Then the phase noise level in
dBclHz (dB relative to the carrier per Hz ofbandwidth) at 20 kHz offset from the
carrier was reported as the phase noise selection criterion. The phase noise
generation was based on a lifmodel (where the phase noise roll-off rate is inversely
proportional to the frequency offset from the carrier) representative of standard TV
tuner phase noise.

Power supplies in synthesized oscillators used in heterodyne processors add some
residual FM to the ATV signal. The ATV receiver must track this residual FM to
operate properly. CableLabs tested the robustness of the ATV system to residual
FM, by frequency-modulating the up-converter local oscillator with a 120 Hz sine
wave signal. The modulation was increased until the system threshold was reached.
The peak deviation of the modulation in kHz was then reported as the residual FM
selection criterion.

Impulse noise immunity was generated by first determining the system threshold
in white noise. Then, with no continuous white noise, a burst of white noise 10 dB
higher than the system threshold was sent periodically. The duration ofthe burst and
the frequency of one cycle of burst-and-no-burst were test parameters that were
varied. For the laboratory testing at the ATIC, the frequency ofthe burst was held
fixed at 10 Hz, while the duration ofthe burst increased until the system threshold
was reached.
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6.3. System attributes

The system attributes category included the net data rate of the terrestrial
broadcast mode, peak-to-average ratio of the modulation scheme, and net data rate
ofthe associated high data rate cable mode. The net data rates ofthe terrestrial and
cable modes were simply noted. The peak-to-average ratio was the number of dB
by which the transmitted signal peaks exceeded the average transmitted signal level
for 99.9% of the time. It was normally measured using a vector signal analyzer
programmed for this function.

7. Paper analysis and laboratory test results

The GA had to select its transmission system from three different proposals,
namely: VSB, 32-QAM, and SS-QAM. As the firststep in this selection process, the
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three transmission system proponents submitted data for a 'paper analysis,' which
was then conducted by all GA members. On the basis of this paper analysis, the
former members of the ATRC withdrew their SS-QAM transmission system from
further consideration. This left the VSB system and the 32-QAM system in
contention. The results of the paper analysis were sufficiently close to warrant
laboratory testing to select the GA transmission system.

Measurements of both systems were made at the ATIC and CableLabs in
January and February of 1994. GI submitted a hybrid system consisting oftheir FEC
subsystem, and a demodulator made by Applied Signal Technology (AST) [13], as
their high data rate cable mode implementation. Based on the test results obtained
by the ATIC and CableLabs, the GA selected VSB as their transmission scheme for
both terrestrial and high data rate cable television modes. Eight- VSB was selected
for terrestrial transmission, and 16-VSB was selected for cable television
transmission. Using a separate evaluation scheme, CableLabs reported that 8-VSB
out-performed 32-QAM and that 16-VSB out-performed the GI/AST 256-QAM
system for cable transmission [14]. Results ofthe paper analysis and subsequent
laboratory testing are summarized below.

7.1. Paper analysis

Table I summarizes the selection criteria for the four candidate transmission
schemes which were analyzed by the GA. Note that at the time the information in
Table I was compiled (late 1993), Zenith had not yet proposed 8-VSB. At that time
they offered 4-VSB, which featured RS Forward Error Correction (FEC) only, and
6-VSB, which featured a concatenated coding scheme using an inner trellis code and
an outer RS code. Coverage/service related criteria shown in Table I represent the
output of a U.S. national coverage analysis program [15,16] created under the
auspices of the Association for Maximum Service Television (MSTV), an
organization of U.S. TV broadcasters. The GA supplied the input to this program
in the form of 'planning factors'. These planning factors included C/N threshold,
and desired-to-undesired (DIU) signal ratios for co-channel ATV into NTSC
interference, eo-channel NTSC into ATV interference, co-channel ATV into ATV
interference and analogous permutations of adjacent channel interference and
so-called 'taboo' channel interference. The taboo interference DIU ratios considered
interfering channels 2, 4,5,7,8, 14, and 15 channels away from the desired signal,
for both NTSC and ATV as the desired signal. The only selection criterion that did
not apply to the terrestrial mode of each proposed transmission system was cable
data rate. The high data rate cable mode for GI and ATRC was 256-QAM with RS
FEC. The Zenith cable mode was 16-VSB with RS FEC.
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7.2. Laboratory test results

The GA first determined to undertake the laboratory comparison of QAM and
VSB at their own facilities. However, after further consideration based on the need
for highly specialized facilities (especially for subjective testing of the effects of
ATV into NTSC interference) and the desire to open up the test process to public
view, the GA decided to contract with the ATIC to do the laboratory testing. While
preparations for this laboratory testing were underway, Zenith revised their proposal
to offer 8-VSB with concatenated coding. This revised proposal was accepted by the
GA and ACA TS. Many other tests besides those that yielded the GA selection
criteria were performed by both the ATTC [17] and CableLabs [14], and the full
results of these tests have been thoroughly documented. Table 11shows the test
results that comprised the GA selection criteria. On the basis of these test results, the
GA selected 8-VSB and its associated 16-VSB cable mode. This choice was
endorsed by ACA TS, on the basis of better coverage [18], as well as greater
robustness. CableLabs stated in a separate report that both 8-VSB and 16-VSB
performed better based on a suite oftests which included some ofthe GA selection
criteria as well as many other cable-specific tests [14]. On this basis, the GA,
ACA TS, and CableLabs decided to proceed with only VSB in the next suite of tests,
which included off-the-air reception and reception via cable television systems at
a large number of sites in the field.

8. Field test results

The following summary of field test results closely follows that given in Ref.
[19]. The findings of Ref. [19] are repeated here since they are not readily available
to the general technical community.

To provide a measure of the suitability of the 8-VSB system for ATV
transmission under real world propagation conditions, a prototype of the
transmission system was tested in the spring and summer of 1994 under the
sponsorship ofthe Field Testing Task Force of ACATS. An important objective of
the field testing was to determine whether the HDTV system would provide
equivalent or superior service where NTSC service is currently available. The
primary testing consisted of over-the-air reception measurements and observations
of 8-VSB performance at 199 sites, extending out approximately 55 miles from the
transmitter. CableLabs was responsible for conducting performance tests of the
16-VSB high data rate cable mode and analyzing the results thereof.

For comparison purposes, part ofthe testing involved the transmission ofNTSC
from the 'ATV transmitter.' To avoid interference to operating NTSC television
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stations, testing was done with NTSC peak power 10 dB below the maximum
permitted by law. To provide an appropriate comparison of NTSC and ATV
(HDTV) reception, average ATV effective radiated power (ERP) was restricted to
a 1evel12 dB below the peak visual ERP ofthe NTSC transmissions. The 12 dB
reduction was previously determined by ACATS to provide equivalent NTSC and
ATV service areas based on planning factors derived from laboratory test results.
Throughout the testing, the peak NTSC ERP was 10 kW on VHF channel 6 and 500
kW on UHF channel53. Average ERP during ATV transmission was 0.63 kW on
channel6 and 31.6 kW on channel53.

The limit of ATV reception is sharply defined by the TOV. The limit of
satisfactory reception for NTSC is not as easily defmed. For the purpose of the field
tests, a CCIR impairment rating of 3 (slightly annoying) or better was taken as the
criterion for satisfactory NTSC reception. Satisfactory VHF NTSC reception was
found at only 39.6% of the locations compared to 81.7% for ATV reception.
Satisfactory UHF NTSC reception was found at 76.3% ofthe locations compared
to 91.5% for ATV. The relatively poor VHF reception relative to UHF was
attributable to the prevalence of high-level impulse noise within the service area,
interference from distant co-channel NTSC stations, low-level interference
emanating from a cable TV system that uses channel 6, and/or interference to
channel 6 reception from nearby FM radio stations.

ATV performance was better than NTSC performance at all distances from the
transmitter. Even beyond 50 miles; satisfactory reception of ATV was obtained at
three of fifteen sites, whereas none of the fifteen sites had NTSC service with a
CCIR impairment grade of 3 or better. Beyond 50 miles from the transmitter,
satisfactory UHF ATV reception was obtained at nine of sixteen sites compared to
satisfactory NTSC reception at only four of sixteen sites.

The ATV system performed well under real world conditions of multipath and
other propagation impairments such as impulse noise and co-channel interference.
The multipath conditions at the test sites were well within the performance range of
the adaptive equalizer of the 8-VSB receiver. The ATV system performed
significantly better than NTSC in the presence of impulse noise. Limited testing at
indoor sites showed error-free reception of ATV.

ATV signal transmission capability was tested on eight cable TV systems. The
8-VSB ATV signal was received off-the-air on channel 53 and its constituent
pseudo-random bit stream was multiplexed with a second pseudo-random bit
sequence at each cable headend. This composite bit stream was then transmitted
over each cable system by a high data rate cable mode (16- VSB) transmitter. This
high data rate ATV RF signal was injected into each cable system at an average
power level 6 dB below NTSC peak-of-sync power either within the normal
transmission band, if a spare charmel was available, or above the band normally
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used for NTSe if no other channel was available.
The reception margin was determined at 41 sites at the greatest distances from

the cable headends. The transmission path included amplitude-modulated
microwave links (AML), and fiber links, as well as long trunk amplifier cascades,
terminated by either a direct connection to a receiver or a simulated multi-TV-set
home. In all instances where the direct feed met Fee specifications, there was at
least 5.9 dB margin above the noise threshold ofthe receiver. At test locations that
did not meet Fee specifications due to low signallevels and/or excessive tilt (linear
frequency response slope across the 6 MHz channel), the margin was reduced but
the receiver was able to operate above the TOV BER of 3 per million. In three
instances, all below Fee signallevel specifications, the BER was unacceptable for
the simulated multi-TV set home. The GA HDTV transmission system provided
satisfactory reception where NTSe service is currently available, and in many
instances where NTSe reception is unacceptable.

9. Conclusions

We introduced the transmission system selected by the GA and AeA TS for the
next generation of North American broadcast television and for high data rate
transmission on cable TV systems. Key features ofthe VSB modulation and error
proteetion employed in this system, such as a pilot carrier, special embedded
synchronization patterns, co-channel interference rejection filter and trellis coding,
were described. Key features ofthe QAM-based systems that competed with VSB
for selection such as blind equalization, trellis coding, and spectral shaping as a
co-channel interference mitigation factor, in the case of SS-QAM, were also
described. We reviewed the criteria used by the GA to select its transmission system
and described the process by which the selection was made, including the results of
a paper analysis and a round of laboratory testing. The performance of the selected
transmission system as recorded under actual field conditions was also reviewed.
The 8-VSB mode selected for terrestrial broadcasting was found to perform better
than the existing NTse system under typical impairments including significant
multipath, impulse noise (at VHF) and co-channel interference. The 16-VSB high
data rate cable mode performed essentially error-free at all receiving locations that
met Fee e/N specifications.
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Abstract

Philips Research has been very active in the field of digital video compression
for several years. It has recently participated in the specification of the MPEG-
2 Video Standard, and has designed a real time MPEG-2 video encoder now
available as a Philips product.

Keywords: TV broadcast, MPEG-2 standards, digital video compression,
video encoding, real time MPEG-2 processing, MPEG-2 encoder
performance, MPEG-2 flexibility.

1. Introduetion

Digital video compression is a key technology for the digital broadcasting
systems currently being deployed all over the world. In this article, we start from
considerations of complete television systems using digital technology, and then we
focus on one aspect of the emitter side: video compression and its embodiment in
real-time video encoders. Finally, a quick presentation ofthe current Philips MPEG-
2 Video encoder is given.

2. Digital TV transmission systems

2.1. Why digital television systems?

Today's efforts in research and development for complete digital television
systems are motivated in particular by the following four reasons:

• Digital provides a high level of guarantee for constant quality delivery. Similarly
to Compact Disc, for which quality is excellent even with a large amount ofdust
or scratches on the disc, reception of digital television provides optimum quality
to the user in any realistic transmission condition. Such performances are enabled
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by modulation and error proteetion technologies. For more details about those
issues, the reader is referred to the articles presenting cable and satellite
specifications for digital video broadcasting in this issue [1].

• Digital provides enhanced flexibility ofuse. One aspect ofthis relies directlyon
the real-time flexibility, that is the possibility of changing any parameter during
the operation of the equipment, for some real time video encoders such as the
one proposed by Philips Consumer Electronics. This aspect will be the subject of
this article. Real time flexibility of other elements of the up link system is also
very attractive; this can be, for instance, flexibility of conditional access systems
used for the complete transmission system.

• A very strong reason for digital TV systems to be attractive is the economy on
transmission costs made possible for broadcasters and program providers. For
instance, MPEG-2 compression technology allows one satellite transponder with
27 MHz bandwidth to broadcast up to 10 MPEG-2 compressed TV programs,
whereas over the same channel only one analog program could be broadcasted.
Consequently, such efficiency gains enable return on investments in digital
compression technology to be achieved quickly.

• The existence ofworldwide recognized standards, namely the MPEG-2 Standards
for Video, Audio and Systems, is a guarantee for interoperability, and from the
service provider viewpoint, for independenee with respect to systems suppliers.

InEurope, the DVB (Digital Video Broadcasting) recommendation has also met
unanimous acceptance from all European players. In addition to the MPEG-2
standards, it covers scrambling, satellite modulation and cable modulation aspects.
European players were program providers, operators, consumer electronics
industries and components industries. The setting of the recommendation was ~
achieved very rapidly thanks to the very active involvement of all actors during the
DVB process.

2.2. Role of video compression in a digital television system

The role ofthe video encoder is to represent the video content ofa TV program
by a few megabits per second, that is in practice in the range of2-10 Mbitls. Farther
along the emitting chain, the satellite or cable modulator (see reference [1]) will
make the transport of this bitstream possible, using only a fraction of the capacity
over a conventional analog channel. As a reference, it can be noted that digital video
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pictures use a rough bitrate of 166 Mbitls when entering the video compression unit.
This shows clearly how necessary video compression is for a practical use of digital
broadcasting.

As mentioned above, compression allows five to ten programs to be transmitted
over a conventional27 MHz satellite transponder, which is currently used to convey
only one program in its analog form. More specifically, maintaining excellent
picture quality (very close to quality at the studio) five programs can be transmitted,
each being compressed at 8 Mbit/s. Another alternative is to transmit ten programs
compressed at 4 Mbit/s for standard picture quality which is subjectively equivalent
to that of current PAL/SECAM programs, though presenting different kinds of
artifacts.

3. MPEG-2 Video standard for compression

3.1. What is the MPEG-2 Video standard?

The MPEG-2 Video standard specifies a bitstream structure (or syntax) and
bitstream semantics. In addition it also defines the decoding process to reconstruct
decoded pictures from the received bitstreams. It defines neither a decoder
implementation nor an encoder implementation. In fact, the MPEG-2 Video
Standard, like MPEG-2 Audio and Systems Standards, is meant to be a generic
standard: i.e. usable for virtually any application. This implies that bitrate values,
picture sizes, number of frames per second etc. are selectable from a large set of
values. In addition a large set of algorithmic techniques is defmed by the
specification and can be used as required by the application. This set of techniques
contains, for instance, means to defme compatible encoding to generate two
received qualities with the same picture resolution, or compatible encoding between
standard TV resolution and HDTV resolution.

To organize potential combinations enabled by possible use of different
algorithmic techniques and possible support of different coding parameter values
as defmed by the Video Standard, 'Profiles' and 'Levels' have been created as part
ofMPEG-2 Video. A Profile defines the set ofalgorithmic techniques that have to
be supported by a decoder to decode bitstreams corresponding to this Profile.
Similarly, a Level defines upper values for algorithmic parameters which must be
supported by a decoder corresponding to this Level for a given Profile.

For broadcast applications, the relevant combination of Profile and Level is the
so-called 'Main Profile at Main Level'. The 'Main Profile' defines compression
tools for excellent efficiency with no added specific feature, to be supported by a
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Main Profile compliant decoder. On the other hand, the 'Main Level' means
essentially that a compliant decoder shall be able to decode pictures with size up to
the one defined by the production format for standard TV (Recommendation 601
of CCIR format), with bitrates of up to 15 Mbit/s. At Main Profile, Main Level, it
is also required that a compliant bitstream shall use coded pictures with 4:2:0
sampling format and require a buffer size of less than a given value (in fact 1 835
008 bits). For details about those technical issues, the reader is referred to the
articles presenting video compression in this issue [2].

3.2. MPEG-2 has gained worldwide support

The MPEG-2 standard was built with the active participation ofworldwide major
actors in the fields of integrated circuits, consumer electronics, telecommunications,
broadcast services, television broadcast, cable and satellite operations and
computers.

The technical excellence of Video, Audio and Systems standards is now known
worldwide. On the other hand the generic nature ofthe three standards enables them
to be adapted to specific requirements, and is consequently known to be a very
strong advantage for the development and the interoperability of today's and
tomorrow's services based on digital audio-video technology.

4. MPEG-2 real time video encoders

4.1. What is an MPEG-2 compliant video encoder?

As mentioned before, the MPEG-2 Video Standard specifies a bitstream structure
(or syntax) and bitstream semantics, but certainly does not define the encoding
specifications. For digital television applications for which the Main Profile at Main
Level is selected, this means that any encoding specification or any encoder
implementation that fulfils the standard requirements for the Main Profile at the
Main Level in terms of syntax and semantics, and the parameter values constraints
for the Main Level, can be considered as compliant.

Consequently, a 'simple' compliant encoder can be built, which will provide poor
or medium performance in terms of compression efficiency. Conversely, a
'complex' compliant encoder can use optimally the flexibility ofthe standards, in
terms of coding modes for instance, to provide the best decoded picture quality for
a given video bitrate. An important example ofthe advantage ofthis situation is that
a simple encoder can be designed for consumer applications, and a complex encoder
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can be used for professional ones, both of them being usable with consumer and
professional decoders since these two kinds of decoders implement the same
decoding process.

4.2. The Philips-Dl/S MPEG-2 Video encoder for broadcast applications

As a supplier of complete systems for digital television broadcasting, Philips has
developed all the elements ofthe digital chain and in particular an MPEG-2 Video
encoder for broadcast applications.

The Philips MPEG-2 encoder is of course compliant to the MPEG-2 Video
standard at Main Profile, Main Level. It compresses picture materials following the
recommendation 601 ofCCIR (standard defmition pictures) with 50 Hz or 60 Hz
field rates. For 50 Hz materials the encoder follows the DVB recommendations. In
the following the coding performance and the flexibility of the encoder will be
discussed.

4.2.1. Performance

Since this product is meant for professional applications, stress was put during
the design phase on the encoding efficiency. As part of Philips Research,
Laboratoires d'Electronique Philips (LEP) has been significantly involved in the
MPEG-2 standardization process from its very beginning in 1991. Consequently,
algorithmic expertise exists there to take benefits from the subtleties of the standard
and to provide the best encoding performances. As already mentioned, excellent
behaviour in terms of compression efficiency is a matter of expert selection of
encoding specifications which is clearly not defined by the MPEG standard nor in
its scope.

On the other hand, the expertise to build real time MPEG based encoding devices
has existed internally at LEP for long, since a so-called 'MPEG 1.5' real time
encoder had been built as part of a complete Philips digital television chain in the
middle of 1993.

As a logical follow-up, LEP completed in early 1994 the prototyping of a real
time MPEG-2 Video encoder which is now known to have an excellent behavior in
terms of picture quality. In other words, for a given bitrate it essentially provides the
best picture quality, or conversely for a given picture quality, it uses the lowest
bitrate.

Some main technical items which explain the performance ofthe Philips encoder
can be summarized as follows.
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Very high quality coding is achieved in particular by:

• Very large range for motion estimation:
Motion estimation is able to track objects that cross the screen in half a second.
This insures that a proper prediction can be made even for very fast
displacements between pictures.

• Motion estimation adapted to the nature ofthe motion:
Prediction modes based on fields and prediction modes based on frames are
supported concurrently. In other words, whatever the nature ofthe local motion
is, interfield or interframe, the embedded motion estimator is able to detect it and
measure it accurately. As a consequence, it adapts automatically to the video or
the film nature ofthe picture.

• Accurate motion estimation:
Motion estimation is refmed to half pixel accuracy throughout the full search
area. Such an accuracy reduces the amount of bits spent to encode the prediction
error residue.

• DCT transformation adapted to the nature ofthe pictures:
Both DCT transforms in fields and in frames are supported concurrently. It means
that the best transform, within a field or within a frame, is automatically selected
by the encoder. As a consequence, it adapts automatically to the video or the film
nature ofthe picture.
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• Adaptive quantization with respect to eye sensitivity:
A proprietary adaptive quantization is implemented, to optimize the subjective
picture quality by taking into account the human eye sensitivity. For instance, it
is known that on nearly constant areas, the eye is very sensitive to quantization
errors. Consequently, for such areas the quantization parameters are decreased to
provide more accuracy locally.

• Bitrate control strategy:
A proprietary bitrate control strategy is implemented, enabling decoders to
decode video bitstreams seamlessly through bitrate switches at the transmitter
side.
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The Philips MPEG-2 Video encoder is intended to meet a large range of
broadcasting requirements. Consequently, relevant encoding parameters can be
selected (directly through an RS232 interface, or by the uplink control platform
through the Philips MPEG-2 multiplexor). For instance, the user can defme his
choice of bitrate, and the internal coding format. The main parameters that are
selectable are shown in Table I, with related comments for their use.

TABLEI
Main encoding parameter values on the Philips MPEG-2 Video encoder. For details
about those technical issues, the reader should refer to the articles presenting video

compression in this issue [2]

4.2.2. Flexibility of use

Encoder parameter and supported
values

Comments about choice of
parameter value in operation

Bitrate: 2 Mbit/s to 15Mbit/s.

Internal coding formats:
for 50 Hz or 60 Hz video input,
supported coding formats
correspond to subsampling ratios
of 1:1,3:4, i3,1:2.

Bidirectional (B) frames: M = 2 or 1,
M = 1 means only I and P frames;
M = 2 means one B frame every 2
frames.

Distance (in number of frames, 'N')
between two consecutive Intra (I)
supported values for Nare:
4,8, 12, or 16.

The internal coding format can be
selected to provide the desired
balance between the coding
artifacts and the decrease of the
picture resolution.

M = 2 is recommended in general.
M = 1 can be used for very fast
changing sequences.

A smaller value of N decreases the
access time in case of channel
hopping, but also decreases the
coding quality.
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The parameters shown in Table I plus others, such as the status from embedded
tests, are reported onto the front built-in LCD display of the encoder, and to the
up link supervising platform through the Philips multiplexor.

Figure 1 provides a synthetic block diagram ofthe encoder pointing out its strong
points.

5. Conclusions

Having been involved from the very beginning in the MPEG-2 standardization
process, LEP has specified and built first copies of MPEG-2 real time video
encoders for broadcast applications. These encoders have demonstrated very high
encoding performances. They have been reshaped into regular Philips products, and
are now key elements of a very attractive complete offer from Philips Consumer
Electronics for digital television applications.

Philips Research will certainly further exploit its know-how in the field of real
time MPEG-2 encoding for broadcast applications, and LEP is already working with
other Philips Research and Development Laboratories on new product generations
with further improved efficiency and functionalities.
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Abstract

This paper presents the basic hardware and software architecture of a class of
multi-media terminals that are connected to networks which deliver
entertainment and home shopping services to consumers. Some important
attributes of the multi-media terminal are: simple user input devices (e.g.
infrared remote control), real-time interactivity, adherence to international
standards for information representation and communication, and support for
downloaded applications from service providers. The terminal discussed in
this paper is representative of the current offering of the Digital Video
Communication Systems (DVS) business unit ofPhilips. These terminals are
the result of close cooperation between research and product divisions of
Philips world-wide in the race to compete in the rapidly growing multi-media
and communications markets. The current architecture of the terminal reflects
the urgency to get to market with a viable solution; therefore the paper gives
some indication of future trends for the hardware and software architecture for
this class of multi-media terminals.

Keywords: Set top box, multi-media terminal, media access terminal, digital
entertainment terminals, DET, interactive terminals, MPEG-2,
DAVID, OS-9, video-on-demand, video dial tone service, VDT,
home shopping network service.

1. Introduetion

Currently, consumers watch television via set-top boxes (STB) which are
connected to cable, or are connected to an antenna that receives direct-to-the-home
(DTH) satellite transmission. In the future, the STB (i.e. terminals) will incorporate
new capabilities that will make them behave like multi-média computers. Also, the
cable will become a communication network that will enable real-time interaction
between set-top-boxes. Ultimately, the act ofwatching television will become one
of real-time interaction with services created out of multi-media (i.e. video, audio,
text, and graphical) objects.

This paper presents the hardware and software architecture of a terminallocated
in a consumer's home. The terminal connects to a communication network that
primarily provides entertainment and shopping services to the home. These services
present information in the form of video, audio, text, and graphics. In this regard
these terminals are multi-media terminals.
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The terminal discussed in this paper is representative of the current product
offering by the Digital Video Communication Systems (DVS) business unit of
Philips. In order to compete in the rapidly growing multi-media and
communications markets, Research and Product divisions ofPhilips, world-wide,
have closely collaborated to create multi-media terminal products.

This paper is organized into five major sections. Section 2 provides an overview
of terminals and multi-media communication systems, and summarizes the state of
the multi-media terminal market. The hardware and software architectural aspects
of a representative Philips multi-media terminal are discussed in Sections 3 and 4,
respectively. Section 5 presents additional features of the terminal discussed in
Sections 3 and 4 that are specific to multi-media applications. Section 6 discusses
future development trends for the multi-media terminal. We conclude the paper in
Section 7.

2. Multi-media communication systems and markets

2.1. General characteristics of terminals

A terminal is a key component in any communication system. It provides the
means for accessing resources and services on the communication system. Basically,
there are two types of terminals on a communication system: consumers of data,
also known as 'client terminals', or simply 'terminals'; service providers, also
known as 'server terminals', or simply 'servers.' Figure 1 shows a typical
communication system with 'servers' and 'terminals.' Although servers and
terminals primarily produce and consume data, respectively, they need to have some
capacity to consume and produce, respectively, commands. This is necessary for
terminals to request services from servers and to regulate the flow of information
from the server to the terminal. To support this, a typical communication network
allocates more capacity for carrying data to the terminal than from the terminal.
Other types of terminals are capable of producing data that exceed the level
necessary for basic command and flow control. Such a terminal is capable of
maintaining an 'interactive' dialogue with a server. Interactive dialogue can also be
maintained between two terminals of similar capabilities. Figure 1 illustrates server-
to-terminal interaction between server A and terminal C, and terminal-to-terminal
interaction between terminals D and E.

A multi-media terminal presents commands and data to its user in the form of
video, audio, text and graphics. A multi-media terminal should provide several
means ofreceiving data and commands from the user. For the consumer electronics
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market the preferred input devices are infrared remote control units, magnetic card
readers, and keyboards with few keys.

B
A

Terminal
(server)

E

Fig. I. lIIustration of a communication system with two types of terminals- servers and consumers.
Terminals A and C depict pairwise interaction, while terminals B, 0 and E depict multiple terminal

interaction.

The multi-media terminal is similar in capabilities to a multi-media computer.
However, there are significant differences. Whereas a multi-media computer is an
expensive and versatile device, the multi-media terminal is an inexpensive limited-
functionality device primarily targeted at entertainment and home shopping
services. A computer might be equipped with a floppy or a hard disk drive, but the
multi-media terminal will likely not be so equipped. The computer can execute a
large variety of application programs such as word processing, number crunching,
desktop publishing, etc. However, there is a limited scope of applications that can
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be executed on a multi-media terminal because it is not intended to be the principal
computing device for the home environment.

The technology embodied in a multi-media terminal spans several engineering
disciplines, i.e. systems, software, digital and analog hardware. Although each
discipline is mature, their application in multi-media terminals has been plagued
with problems-because of factors such as standards that are still evolving (e.g.
MPEG-2 [1]), or standards that are not international (e.g. DAVlD [2]), uncertainty
regarding the size ofthe multi-media terminal market, and uncertainty as to the most
economical network configuration for the delivery of Video Dial Tone (VDT),
Video-On-Demand (VOD) and home shopping services. The fact that the multi-
media terminal, a complex computing system, targets the mass consumer market
makes its cost an important issue. The customers have in mind a price range of
$200-$350 for a terminal, i.e. roughly the price span for various sizes of TV sets.
This price range is achievable if production quantities are large, i.e. in the tens of
millions. So far, only trial deployments involving a few thousand homes are planned
by the telephone and cable industry proponents, so it may take a couple of years
before the market reaches 'mass market' levels. So the cost of the multi-media
terminal will continue to be an issue until large quantities are produced or more
cost-effective technology is developed by the manufacturers.

2.2. Types of communication systems and services

Multi-media implies that a system is capable of simultaneously handling
information in many formats, i.e. video, audio, text and graphics. On the basis of
this defmition there are many types of multi-media communication systems. For
example, the Internet and the Arpanet are networks that qualify as multi-media in
nature. However, they exist primarily to serve the computation and communication
needs ofthe engineering and scientific community. Telephone and cable networks
are being upgraded to provide multi-media services to consumers, primarily in the
form of entertainment and database access. These services will be interactive as well
as non-interactive [3-5]. Telephone and cable multi-media communication systems
are the environment applicable to the multi-media terminal discussed in this paper.

An example of a minimally interactive service in such a communication system
is that of VOD or a television program-typically the service session consists of a
brief interactive set-up phase followed by a long duration non-interactive phase in
which the terminal is a recipient of data and commands. Examples of interactive
services are home shopping, games, education, public information accessing, and
financial transactions. A characteristic of these services is that the entire session
consists of a significant volume of traffic flow, in both directions, between the
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server and the terminal. In the case of games, there could be interaction between
multiple terminals and a server.

In a typical system, the inputs to and outputs from the terminal are digitized,
packed into cells and transmitted across the network over a variety of media
consisting of combinations of twisted copper wires, coax cable, fiber optic cable, RF
or microwave links. The signalling and messaging protocols for establishing,
maintaining, and concluding communication between equipment are specific to a
given network. They conform to established international standards for digital
packet switched networks [6]. The formats for encoding, decoding and transporting
the video, audio and text information also conform to international standards.
Similarly, the applications that run on the terminal adhere to standards that define
the interfaces and behaviour of the constituent modules. Standardization of the
interfaces and modules makes it easy for different manufacturers to provide
terminals for the network and ensures that applications do not have to know the
specific details of a given terminal to produce a desired effect [2,7,8]. This is
essential for business success.

2.3. Philips in the multi-media communication market

Although Philips is creating end-to-end products for the multi-media market, the
immediate emphasis is on the multi-media terminal market. Philips' experience in
the consumer electronics market coupled with its vast manufacturing capability can
be leveraged to address new opportunities in the multi-media terminal market.

The terminal market comprises three product types normally called STB. The
first type is the traditional analog STB provided by cable operators. They use
standard analog television transmission standards and channels to deliver movies to
the home, and the telephone system as the return path. The big players in this market
segment are GeneralInstrument, Scientific Atlanta, Pioneer, and Zenith. The second
type is the digital STB, and comes in two flavours-the interactive and the non-
interactive. RCNThomson and Prime Star dominate the non-interactive digital
terminal market segment. RCNThomson is clearly the leader in this market with its
Digital Satellite System (DSS) terminal which uses a DTH satellite delivery network
and is based on MPEG compression technology. PrimeStar, the second in this
market segment, provides a DTH satellite delivery system based on General
Instrument's DigiCipher compression technology. The above terminals are all real
products that have been deployed.

The interactive digital terminal market is the segment that the telephone
companies, with their broadband fiber based network, are betting on. This is the
market segment at which the terminal discussed in this paper is targeted. The third
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STB terminates hybrid analog/digital networks. This type of network attempts to
capitalize on existing cable plants as the fmalleg ofthe distribution chain. This type
of STB is the most flexible, but also the most expensive. This last type of terminal
has yet to be deployed as a 'product'.

Although digital and hybrid markets are uncertain at this point, nonetheless
Philips intends to be a key player when they take off. The Bell Atlantic trial
deployment, the largest in the United States, is based on the Philips terminal
described in this paper. Philips is also actively pursuing opportunities with other US
telephone companies for both digital and hybrid terminals. In Europe and Asia,
Philips is aggressively going after opportunities for deployment of terminals for
both the cable and satellite forms of delivery defmed in the European Digital Video
Broadcast (DVB) standards. Philips is also active in trials involving telephone
companies in Europe.

3. Hardware architecture of the Philips multi-media terminal

Figure 2 shows the block diagram of one ofthe Philips multi-media terminals.
This terminal is similar in architecture and functionality to the terminals in the
Philips product family that are in use for anyone of the purely digital delivery
networks, such as the fiber-to-the-curb (FTTC) network architecture. This hardware
architecture is the basis for the multi-media terminal used in the Bell Atlantic (BA)
VDT network, comprising switched broadband networks, and public switched
telephone network/integrated services digital networks. For a hybrid digital/analog
delivery network the hardware architecture in Fig. 2 needs to be supplemented with
an analog. processing sub-unit similar to those already in existence in a normal
television set. In this section we describe the architecture of the BA terminal as a
specific example of a multi-media terminal.

The hardware for the multi-media terminal consists of a communication network
interface module, a host microprocessor subsystem, user input and output
subsystem, an MPEG-2 decoding subsystem, a graphics subsystem, and an NTSC
encoding subsystem. The important subsystems that are key to the multi-media
terminal will be discussed below.

3.1. Network Interface Module

The Network Interface Module (NIM) provides access to the network. It is a
network specific unit and therefore is designed to be easily replaceable. However,
the NIM's interface to the rest of the terminal, i.e. the Digital Entertainment
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Fig. 2. Hardware architecture ofthe Philips multi-media terminal for the Bell Atlantic fiber-to-the-curb
(FTTC) network architecture. Solid lines represent information, i.e. data, paths. The dashed lines
represent control paths from the hardware processors to the operating system, i.e. interrupt signals. The
IIC bus provides a means oflinking the host microprocessor to other devices such as the DACs and

NTSC encoder.

Terminal (DET), is standardized. The architecture shows two physical interfaces
connecting the DET to the NIM. A dedicated physical bit-serial interface delivers
MPEG-2 transport streams into the DET, i.e. into the MPEG-2 port, in bursts at a
rate of 45 Mbps. This interface maintains compatibility with the inherent bit-serial
data delivery ofthe network, and minimizes necessary IlO pins. A benefit ofthis
choice is that latency through the NIM is kept to a minimum, thereby preserving the
time of arrival ofthe MPEG-2 transport packets. The other physical interface is part
of the host microprocessor bus system, i.e. is memory-mapped. This interface
supports two logical ports. One logical port provides unidirectional delivery of data
through direct memory access (DMA) via the bus, the other is a bi-directional port
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for control messages between the DET and the network. Information crossing this
interface does not have stringent arrival time constraints; therefore, the byte-serial
format is acceptable. The byte-serial format improves the data throughput rate
across the interface compared to a bit-serial format.

On the network side of the NIM there are two physical channels frequency-
division multiplexed on the coax cable-a 180 Mbps downstream channel and alO
kbps upstream channel. The downstream channel is a digital baseband signal
containing four DS3 streams (45 Mbps). Each DS3 stream contains a multiplex of
several ATM streams [6]. To facilitate transport of ATM cells on DS3 a Physical
Layer Convergence Protocol (PLCP) helps to create a periodic 12-cell structure.
Specific ATM cell streams are transported over ATM networks according to the
ATM Adaptation Layer 5 (AAL5) protocol. The upstream channel is QPSK
modulated well above base band, and it carries messages according to the X.25
protocol. The NIM's principal functions include data framing, data packet
demultiplexing and channel error correction or detection and reporting.

3.2. Host microprocessor subsystem

The host microprocessor CPU is a Motorola MC68341 Integrated Processor with
a 32-bit address bus and a 16-bit data bus. The choice of processors is limited to
those supported by Microware Inc. for the Digital Audio Video Interactive Decoder
(DAVID) environment [2]. The MC68341 integrates the following on one chip: a
68020 based CPU, a two-channel DMA controller, two serial channels, a
timer/counter, and a queued serial peripheral interface. The 68341 also integrates
system-specific support functions such as a clock synthesizer, system lockup or
failure protection, external bus interface, real time clock, and programmable chip
select outputs. The MC68341 runs on a system clock of up to 16 or 25 MHz.

The host CPU is equipped with 1Mx16 DRAM, 512Kx16 FLASH memory, and
expansion via a PCMCIA (type II) slot. The FLASH memory contains read only
programs that define the software capabilities of the DET (e.g. diagnostics, boot,
OS-9 kernel, device drivers, and default DAVlD application). When required,
sections of the FLASH memory can be updated through the network or the
PCMCIA ports. DAVID application programs execute out of DRAM. Thus before
executing an application the server must first download the necessary program.
Consequently the DRAM contents change from one application to the next.

Also located on the host processor bus is a CD-i Graphics processor, and an
MPEG-2 transport stream demultiplexer device. The CD-i graphics processor
requires a private 512Kx 16 memory (DRAM) for CD-i graphics instructions and
objects. Even though this memory is local to the CD-i graphics processor it is
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mapped into the address space of the host processor and therefore augments the
main host DRAM. The MPEG-2 transport demultiplexer is a Philips ASIC design.
This ASIC also doubles as a gateway to an 'MPEG-2 application bus.' A 32Kx8
SRAM provides a rate buffer FIFa between the incoming 45 Mbps serial stream
and the slower rates at which the audio and video decoders consume bits. The
SRAM also provides temporary storage for data stripped from the MPEG-2 stream
for use by the host processor (e.g. program specific information, time stamps) or
events and status conditions queued during stream processing. The host CPU,
through the MPEG-2 transport demultiplexer device, has access to the audio and
video decoders and their local memories. Real time events occurring within the
NIM, MPEG-2 transport demultiplexer, CD-i graphics processor, the audio decoder,
and the video decoder are made known to the host CPU by interrupt request signals,
shown as dashed inputs in Fig. 2.

3.3. I/O subsystem

The IlO subsystem manages the human interface to the terminal through the IR,
DET front panel keyboard, and magnetic card. These interactions are slowand
asynchronous relative to the application that executes on the host processor. The
auxiliary processor, an 80C5l derivative, oversees these low-level tasks. The
auxiliary processor is connected to the MC68341 through one of the two serial
channels. The second serial channel provides an RS232-C port to the terminal.

3.4. MPEG-2 decoding subsystem

The MPEG-2 application bus provides the interface for the delivery of
compressed audio and video bit streams through the network as well as the flow of
command and status between processes executing on the host processor and the
hardwired audio and video decoding processes. Compressed bits can come from the
channel directly through the MPEG-2 port, or indirectly through the host DRAM.
This second mode sustains bit rates of up to 1.5 Mbps, i.e. MPEG-l program
streams. The bit rates are limited to 1.5 Mbps due to the host- bus transfer-rate limit
and expected activity on the bus.

In the Bell Atlantic version of the terminal the audio and video decoders are
independent devices, each with its own DRAM to support BA's specifications. The
audio decoder is equipped with 256Kx4 DRAM, while the video decoder is
equipped with 256Kx64 DRAM. Each of these DRAMs contains both the
compressed bits as well as decoded audio and video frames. The host processor has
access to the command and status registers of the decoders through the MPEG-2
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transport device. Host processor access to the DRAMs is through the decoders.
The video decoder output is combined with the graphics decoder output in the

video encoder device to create an NTSC color video baseband signal (CVBS)
output. By combining these two outputs the DET is able to display video with
graphics and/or text overlays. The audio decoder output is converted to analog to
create a baseband stereo audio output. The video and audio baseband signals
combine in an RF modulator to provide a signal that can be received by a normal
TV tuner.

4. Software architecture of the Philips multi-media terminal

It is evident from the"description in the previous section that the terminal is a
micro-computer with specialized hardware elements. In this section we present the
software perspective of the terminal.

4.1. Software hierarchy

In Fig. 3 we depict a software-centric view ofthe terminal. The important point
to note is that there is hierarchy in the terminal's software. At the top sit
applications, resident and downloaded, that conform to the DAVID application
programming interface (API) protocol [2]. Below the application layer is the
operating system software layer-composed of DAVID I/O managers, the device
drivers, and the OS-9 kernel. This completes the software hierarchy. Below the
operating system software layer is the hardware layer-the Philips' DET specific
devices. Below the hardware layer is the physical layer interface to the network.
Note that the MC68341 control environment encompasses everything except the
NIM and the auxiliary processor.

The auxiliary processor environment is shown here to comprise only two layers
-at the top is a system software-like entity (different from OS-9); below that is the
auxiliary hardware processor. There is no DAVID application. However, through
an IlO manager (i.e. the UCM-see Table I), its associated device drivers (in the
MC68341 environment), and companion device drivers located in the auxiliary
processor, the DAVlD application is able to receive commands from the IR detector,
card reader and the keyboard.

A stand-alone boot and monitor program exists within the MC68341
environment. This software has access to all the devices located on the host bus and
the I/O subsystem bus. It does not conform to DAVID or OS-9 conventions. This
software is the first to execute when the DET turns on. Itperforms diagnostic checks
and DET specific hardware initialization tasks before releasing the MC68341 to the
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control of the OS-9 kernel. Once OS-9 initialization is completed the default
DAVID application is executed.

4.2. Concurrently executing processes

Once OS-9 and a DAVID application are executing, the MC68341 environment
is made up of several concurrently executing processes. The set of processes defmes
the characteristic ofthe application. Some of these processes are hardware based
(e.g. audio decoding, video decoding), others are software based. The software
processes time-share the MC68341 processor. Figure 3 depicts explicitly the
communications (shown as broken lines) between the DAVID application and the
I/O managers (and device drivers), and between the hardware processors and their
associated device drivers. There are also communications between I/O manager
processes (not shown in this figure). The inputs and outputs of most ofthe processes
are the communication signals amongst themselves that provide the means to
control and monitor the state ofthe application. For some processes there are data

MC68341 ENVIRONMENT t

NETWOI'K

Fig.3. Organization ofthe software within the Philips multi-media terminal, showing how various
software modules map onto layers and processors.
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inputs and outputs (shown as solid lines in the figure). Data may be consumed by
a process or passed on to the next process with or without modification. For
example, the NIM feeds the MPEG-2 transport demultiplexer with channel data that
ends up in the audio and video decoders. Also, the NIM feeds data to a device driver
(and IlO manager) process that may end up as the downloaded application code, or
new code to upgrade the operating system, or as audio and video bit streams for the
decoders.

4.3. I/O managers

The DA VlD API provides a fixed set of IlO manager processes with defmed
functions, states, inputs and outputs. Thus a DAVlD application needs to invoke
combinations of these managers, as a function of time, with the appropriate control
and data signal configuration in order to provide the desired multi-media service to
the terminal user. Table I summarizes key DAVID IlO managers supported in this
terminal.

5. Capabilities ofthe multi-media components

In this section we describe in detail the characteristics of the multi-media
components in the terminal.

5.1. MPEG-2 transport, video and audio

The terminal's MPEG-2 demultiplexer decodes bit streams of up to 45 Mbps.
MPEG-2 video decoding includes the capability for Main Profile at Main Level with
B-frames and supports resolutions up to CCIR-601. The video decoder supports bit
rates of up to 15Mbps. Film mode support includes 3:2 pull down decoding for
frames transmitted at 24 Hz. The video decoder provides support for 16:9 as well
as 4:3 aspect ratio display. Error concealment is provided to combat errors in
transmission. Freeze frame feature is supported, and is controllable either by the
service provider or the user. The audio decoder supports MPEGIMUSICAM Levels
1 and 2. The terminal is also capable of decoding PCM coded audio.

5.2. Graphics

Two levels of graphics are possible. The MPEG-2 video decoding device
provides for simple bit-mapped on screen display (OSD) of text. The CD-i [9]
device provides the possibility to create and display complicated graphics with
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animation and special effects. This is used by applications to display menus, text
overlays, and channel captions. For home shopping, games, and demanding
graphical applications, the full capability of CD-i compatible graphics may be
required. The CD-i features include support for up to 720 x 480 pixel resolution
display, four colors per line from a palette of 4096, and two pages of display
storage. Other attributes include manipulation of four graphics planes (in addition
to two video planes) consisting of one hardware cursor plane, two graphics image
planes, and one solid backdrop plane. Special effects include mixes and dissolves,
vertical and horizontal wipes and scrolling, and control of visual effect transition
speed.

TABLE I
A partiallist of some of the key DAVlD VO managers used in the Philips multi-

media terminal

VO manager Function

SPF
(Sequential Packet File manager)

User 2-way command/control channel.
Handles many protocols (ATM, X.25,
TCP/IP, etc.). Network specific.

SCF
(Serial Character File manager)

RS-232 link.

UCM
(User Communication Manager)

RTNFM
(Real-Time Network File Manager)

MPFM
(Motion Picture File Manager)

Graphics display and IR control.
Displays images, draws shapes, writes
text and controls hot regions. Cursor
support.

High speed data channel of real-time
streams. Independent of network
characteristic.

MPEG-l and -2 real-time stream
support. Video and audio control (e.g.
play, pause, etc.).

PCFM
(PCMCIA File Manager)

Access to data files on PCMCIA card.
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5.3. Miscellaneous features

Closed captioned data is demultiplexed from the stream, decoded, and then
passed via the lIC bus to an NTSC DENC device. It is re-encoded onto line 21 of
the analog video. The terminal supports display of emergency broadcast service
(EBS) text messages. Copy proteetion is supported, via software switches, based on
the Macrovision™ anti-copy system. This system enables or disables a VCR's
ability to record and play back the protected program. Macrovision™ invocation is
under the control ofthe service provider.

6. Future developments

The present terminal architecture clearly is a synthesis of existing technologies
and some specific developments for transmission and digital audio/video
decompression. It is to be expected that in the future the terminal architecture will
rationalize: the system will probably get a more unified, flexible architecture,
allowing its resources to be used in an optimal way for different applications.

For the hardware there will be a strong trend towards very flexible decoders in
the form of signal processors and fast CPUs possibly even combined in one large
digital signal processing CPU, allowing for fast time-to-market for new formats and
signal processing applications. The different memory subsystems are likely to merge
for reasons of scale (many small memories are more expensive than one large one).
This will also make allocation ofmemory for different purposes easy. Similarly this
will hold for various busses present in the system now. Connections to external
equipment will allow digital transfer up to several 100 Mbits/s. It is not
unreasonable to assume that the arrangements for sending information from the
terminal into the network will improve both in latency and in throughput. The
graphics subsystem is likely to grow towards 3D applications (mainly for games)
in the very near future.

For software the most critical issue will be to standardize the interface between
applications and system software in a way that will allow applications to run on
different terminals (and PCs) of various brands and models, in order to leverage
application tool development and application development itself. Also a more
transparent division between data (objects) residing on the server and those residing
on the terminal will be an issue, as this will improve flexibility for application
developers dramatically. Future generations of platform terminal software
(operating systems) will allow execution of multiple applications simultaneously.
Security, encryption and decryption technology will require substantial attention in
the future.
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7. Conclusions

In this paper we have described a multi-media communication system and the
terminals used for gaining access to the services and products on such a system. The
specific terminal discussed here is an all-digital interactive terminal representative
ofa variety of terminals that Philips produces for applications in telephone, cable,
and satellite networks that provide multi-media services to a consumer's home. We
presented the hardware and software architecture of such a terminal. We stressed the
notion that the success of such a terminal is dependent on technologies that conform
to standards. In fact, this is necessary for business success. The realization ofthis
product is due to a unique collaboration between Philips Research and Product
divisions world-wide.
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Abstract
The emerging technologies of digital video and high-speed networks are
combined together in a set-top box to provide a wide variety ofvalue-added
services to consumers. The control software in set-top boxes includes a real-
time multi-tasking operating system with extensive multimedia support.
Along with digital TV functionality, the control software provides an
easy to use functional interface for set-top capabilities, such as MPEG
decoding, high-speed broadband network interface, 2-way communi-
cations and graphics. An application-level software called the navigator
performs basic TV functions and has the ability to download and execute
interactive multimedia applications from network servers.

Keywords: digital set-top box, interactive TV, multimedia operating
systems, video dial-tone networks, embedded software.
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SET-TOP BOX CONTROL SOFTWARE: A KEY
COMPONENT IN DIGITAL VIDEO

by KAMLESH RATH and JAMES W. WENDORF
Philips Research, Philips Electronics North America Corp., 345 Scarborough Rd,

Briarcliff Manor, NY 10510, USA

1. Introduction

In the fast changing world of home entertainment, the next revolution is
being heralded by digital television. Digital televisions provide improved video
and audio quality and open up opportunities for many interactive services.
These value-added services are particularly appealing to consumers who
want more than just additional channels of television programming. Inter-
active information service providers also seemany new business opportunities
with digital television.

The delivery of high-quality digital video to consumer homes requires con-
siderable network bandwidth. Many different network media such as fibre,
cable, satellite, broadcast and computer networks can be used to deliver digital
video. Broadband video dial-tone networks with a hybrid fibre and coaxial
medium are being planned across the world to offer high-bandwidth network
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connections to homes. These networks will have the capacity for a large
number of channels with television programming and many personalized
interactive multimedia services [1,2].The enabling technologies for interactive
digital television are broadband networks and a common digital transport
mechanism that can be used to simultaneously transport compressed video,
audio and digital data. Video compression technology and lower memory
prices have also played an important role in making interactive digital
television a reality.

Many interactive services are being planned by service providers to use the
broadband network for innovative multimedia applications, such as inter-
active games, home shopping, video telephony, movies on demand and inter-
active education. These applications require interactive digital set-top boxes
and televisions to integrate many functions traditionally performed by com-
puters. Interactive digital set-top boxes combine the video and audio
decoding capabilities of televisions with a multimedia application execution
environment.

The embedded software on interactive digital set-top boxes provides the
flexibility to adapt a generic set-top box platform to specific network environ-
ments. The software component of digital set-top boxes and televisions is
likely to increase in the future because of fewer but more programmable hard-
ware components. Such flexibility can bring down manufacturing costs for
digital set-top boxes and televisions and open up opportunities for value added
custom applications.

This paper describes the operating system and application software required
to manage the many different tasks that can be performed by an interactive
digital set-top box. The operating system hides many of the hardware specific
details of the set-top box and provides a clean functional interface to the set-
top box's capabilities [3]. The set-top box hardware needs to be managed
efficiently so that applications executing on the set-top can simultaneously
use many of its resources.

One of the main advantages of a digital set-top box is the capability to exe-
cute user-specific applications. Application development is greatly simplified
by having an operating system because of the programming interface and
library that is supported by the operating system. In a network with set-top
boxes from multiple vendors, a uniform operating system is also essential to
assure portability of applications across set-top boxes from different vendors.

Section 2 gives an overview of the video dial-tone network in which a digital
set-top box operates. The different components of a video dial-tone network,
the head-end equipment, level 1 & 2 gateways and the set-top box are
described. Section 3 discusses the hardware architecture of a set-top box.
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Section 4 describes the architecture ofthe digital set-top software in detail. The
application programming interface and the operating system, including the
kernel, device drivers, and file managers, are described in this section.
Section 5 describes the default application of the set-top box that performs
basic cable TV functions. This application also controls user access to the
network and is used to download applications from network servers and
execute them on the set-top box. The application programming interface
and other applications resident on the set-top box are also discussed in this
section.

2. Digital video networks

Delivering digital video requires a high-bandwidth channel from the content
provider to a consumer's home. Cable networks have provided this capability
with analogue systems for many years. These networks have traditionally
provided a .fixed programming content to the consumer using a primarily
uni-directional network with a very limited polled back-path capability.
Now, with the demand for individualized programming and interactive
services there is a need for bi-directional networks with the help of which a
user can communicate programming choices and interact with network server
based applications.
Some cable networks have recently switchêd to compressed digital tech-

nology on the coaxial networks. This provides some flexibility in video delivery
but is still inadequate for interactive services because of the limitations in the
upstream data transport mechanism.

Satellite and terrestrial broadcast networks are also uni-directional and
have the same problems with interactive services as analogue cable networks.
These networks need to be augmented with a separate network that can be
used to transport user requests to service providers.
The Internet [4] is a very wide area computer network that is well suited for

bursty computer data but is not a good choice for digital video transport [5].
Digital video networks need to deliver a high bandwidth data stream into con-
sumer homes and a low bandwidth communication layer for interaction
between the set-top box user and the service provider [6,7].

2.1. Video dial-tone networks

There are two different architectures being advocated for digital video
networks by two different industries. Analogue cable operators want to extend
their uni-directional coaxial networks with a communication path from



,,
I
I
I
I
I
I

Slgnallng I
Channel I

I
I
I
I
I

K. Rath and J.W. Wendorf

LevelO
Head-end

Fig. 1. Video dial-tone network architecture. STB is the set-top box.

subscriber homes to cable service gateways that can control the content being
sent to the subscriber. Current video compression technology can also
multiply the capacity of their analogue cable networks by a factor of 10 [8].
Cable networks were designed for broadcast services and will have to incor-
porate complex service gateways to provide point-to-point services such as
video-on-demand.

Telephone companies are approaching digital video networks from a different
direction. Current telephone networks already provide point-to-point communi-
cation and have the technology for the control and service gateways to manage
wide-area switched star networks. The main problem with telephone networks is
the bandwidth between the head-end equipment and the consumer's home.

Video dial-tone networks are being designed with a fibre-optic backbone
with coaxial cable or fibre-optic cable to the home. Such a network with a
packet-switched star topology can sustain high data rates required for digital
video transport. Let us now consider the video dial-tone network architecture
shown in Fig. 1. The video dial-tone network consists of two logical networks,
a uni-directional broadband network (shown with thicker lines in Fig. 1) and
a bi-directional signalling network (shown with thinner lines in Fig. I). The
broadband network is used to distribute video and audio programming
as MPEG-2 transport packets over ATM (Asynchronous Transfer Mode)
with AAL5 adaptation layer [9,10]. The signalling network is a low speed
bi-directional X.25 [11] or TCP/IP network [12,13].
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Bell Atlantic, a large telephone company in the United States, is currently
deploying a video dial-tone network using equipment from many different
vendors [14]. Philips is providing the set-top boxes for the network and
Broadband Technology is providing the switching equipment for it. This video
dial-tone network is capable of a 180 Mbps downstream channel and a
10Kbps upstream signalling channel to/from the set-top box. Part of the
downstream channel capacity (135 Mbps) is allocated to three video channels
and the remaining capacity (45 Mbps) is allocated to the downstream signal-
ling channel. The fibre-optic network is terminated on the curb-side by an
optical network unit that can support 8 such connections, or a total of 24
set-top boxes per optical network unit. The head-end equipment that is
stationed in a neighbourhood can support 32 optical network units.
The digital set-top box (labelled STB in Fig. 1) is connected to the head-end

equipment (Level 0 gateway). The broadcast cable programs are encoded
using real-time encoders and presented as inputs to the head-end equipment.
The Level 1 gateway serves as a network manager for the broadband and
signalling networks [15]. It allocates bandwidth for video and audio con-
nections between set-top boxes and video information providers based on
service requests from set-top users. Packets of data with signalling information
are also routed to their proper destinations by the Level I gateway. The Level!
gateway provides directory services for video information providers that are
clustered around Level 2 gateways. Video information providers are listed in
a Level 1 gateway menu, which is displayed when a user connects to it. A
user request to connect to a specific video information service is then validated
by the Level I gateway, which allocates the required network resources for the
service and then establishes virtual connections between the user's set-top box
and the video information service provider.

3. Hardware architecture

The digital set-top box is a customer premises equipment, which converts a
normal NTSC or PAL television into a digital cable TV. The digital cable TV
feed for the set-top box is provided through a coaxial cable connection from a
Level 0 gateway. Video dial-tone services are also provided through the same
physical connection.

The set-top box should be capable of decoding MPEG-2 video and audio
which requires an MPEG sub-system in the architecture. It should also enable
a user to download custom applications and execute them on the set-top box.
This requires a general purpose microprocessor in the set-top box with an
architecture that supports software control of the different devices.
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Fig. 2. Digital set-top box hardware architecture.

The hardware architecture of a set-top box is shown in Fig. 2. Similar archi-
tectures have been proposed by different researchers for use in cable networks
as well as video dial-tone networks [7,8,16,17].

The set-top described in this article is connected to the network through a
communication module (also called a network interface module). This module
is provided by Broadband Technologies for the Bell Atlantic video dial-tone
network [14]. The communication module terminates the ATM network at
the set-top end. It strips off the ATM/AAL5 headers [10] from the incoming
broadband stream and provides a serial MPEG-2 transport stream [9] to the
transport demultiplexer. It is also connected to the set-top system bus and
can be controlled by the main microprocessor.

The set-top uses a Motorola 68341 as its main microprocessor. An external
RS232 serial port and an auxiliary microprocessor are connected directly to
the internal UART in the main microprocessor. The microprocessor also
has 2MB of DRAM and 1MB of NVRAM on its system bus. Other devices
on the system bus include a CD-i graphics processor with 1MB of DRAM,
a transport demultiplexer with 32KB of SRAM and a PCMCIA port.

The auxiliary microprocessor (A UX) controls an infra-red remote control
unit, a keypad on the front panel of the set-top box and a magnetic card
reader. Using the AUX minimizes the numbers of I/O interrupts that need
to be serviced by the main microprocessor and keeps it free to perform other
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real-time tasks. The AUX also has 256 bytes ofEEPROM storage available to
store parameters across power cycles.
The transport demultiplexer ASIC (also known as the ANV AAL) demulti-

plexes the MPEG transport stream into audio, video, program-specific and
private data streams. The DRAM controller for the system is built into the
ANVAAL, which also provides a bridge to the MPEG sub-system.

The MPEG sub-system consists of MPEG audio and video decoders as well
as encoders to provide NTSC and audio outputs for a television. This sub-
system also has its own dedicated 'application bus' to feed MPEG elementary
data from the ANV AAL. The audio and video decoders have 128KB and 2MB
of DRAM, respectively, for their internal buffers. The NTSC encoder and the
DAC convert the outputs of the video and audio decoders, respectively, for
use by television sets. The NTSC encoder also serves as a mixer for video
and graphics before being displayed on the television.

4. Interactive TV software architecture

The control software on the set-top box ties together all the hardware
components into a functioning unit. An interactive digital set-top box is
required to provide a user friendly interface to a video dial-tone network
offering personalized multimedia services and regular cable TV service [8]. It
should be capable of decoding video and audio, and provide simple graphics
capability for on-screen displays.

For personalized interactive services, a set-top box should be addressable in
the video dial-tone network, thus providing point-to-point communications
between a video information provider and a user. It should also have the
ability to download client applications and execute them locally.
As shown in Fig. 3, the set-top software has two parts, the system software

that provides the DAVID application programming interface [18] and applica-
tion software that provides cable TV functionality or some other personalized
multimedia service. Section 5 describes the application software layer in detail.

The DAVID system software includes the operating system (OS-9) kernel,
device drivers and file managers. The operating system kernel is responsible
for scheduling different tasks for the microprocessor in the set-top box. The
OS-9 kernel also manages inter-process communication between the different
tasks and processes in the set-top box. It performs memory management for
the multi-tasking operating system and maintains the real-time clock for the
system.
The set-top box architecture consists of several components (Fig. 2), namely,

a video decoder, an audio decoder, a CD-i graphics processor, a transport
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demultiplexer, a network interface module, a serial port, a PCMCIA port and
an auxiliary processor. These hardware components have programmable
registers that can be used to control the behaviour of the component. Each
one of these devices has a device driver task associated with it that allows
the main microprocessor to manage the device. The device drivers also
perform interrupt servicing for the components and hide the details about
device addresses and actual register values. DAVID also includes a file
manager for each device driver that has a 'file like' interface for the device.
A file like interface provides a uniform layer of abstraction and is generic to
all the capabilities of the set-top box. For example, a device can be initialized
by an application by opening the file corresponding to the device, or an
application can start video decoding by using a system call such as mpeg_play.
Figure 4 shows the different processes at the application and system layers.

Let us consider the RTNFM (real-time network file manager) [18] task which
controls the transport demultiplexer device. This device is capable of demulti-
plexing an MPEG transport stream [9] into MPEG elementary streams for
audio, video and private data. RTNFM includes a file manager and a device
driver that provide access to data on a downstream broadband channel. Appli-
cations use system calls to capture data on the different streams using their
packet identification number (PID) and are far removed from the specifics
of the device.
The SPF (sequential packet file manager) task and its associated drivers

control the set-top end of the bi-directional signalling channel. It is used to
send user requests (e.g. channel changes) to the head-end equipment and
receive replies from it that are passed on to applications. The transport driver
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Fig. 4. Set-top software - system and application processes.

consists of send and receive engines that handle all transport protocol details
such as message sequence numbers and lost or repeated messages. A lower
level driver implements the network layer and sends (receives) data to
(from) the network interface device.
The audio and video decoders in the set-top box are controlled by the MPFM

(MPEG file manager) task. It uses RTNFM to set up the broadband audio and
video data streams between the transport demultiplexer and the decoder
devices. The SCF (sequential character file manager) task manages the
RS232 serial port on the set-top box that can be connected to a terminal. It
is also used to download data into the set-top through the serial port.

The CD-i graphics processor is managed by the UCM (user communication
manager) task. This task generates the on-screen displays that are overlaid
on the video. The AUXMAN (auxiliary processor file manager) controls the
interface with the auxiliary microprocessor which in turn controls the remote
control and the keypad. It also controls a small EEPROM bank that stores the
system parameters across power cycles. The PCMCIA port on the set-top box
is managed by its own driver called PCFM. This driver is dynamically con-
figurable and expects a device-specific module to be loaded into the set-top
box corresponding to the device connected to the PCMCIA port.
These tasks and the OS-9 kernel are together called the DAVID [18]appli-

cation programming interface. DAVlD specifies a set of functions and system
calls that are available to application programs to use different capabilities of
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the set-top box effectively. Application software developed for a DAVID
compliant set-top box can be ported easily to all platforms that support
DAVID or similar application programming interfaces.

5. Application software

From a user's perspective, the most important part of a set-top box is its
user interface. A user would like to use the set-top box for many different ser-
vices, e.g. cable TV, premium channels, video-on-demand and custom applica-
tions. The default application on the set-top, called the navigator, enables a
user to access these services. In this section, we describe the navigator and
other application software on the set-top box.

5.1. Interoperability

Interactive digital set-top boxes are being developed to operate in video dial-
tone networks wherein many different vendors are co-developing different
parts of the network. Interoperability between equipment and software is a
big issue in such multi-vendor efforts which fosters the need for standards
and well defined interfaces. ATM [10] and MPEG-2 [9] have been chosen as
the data-link and video transport standards in most video dial-tone networks.
Many standards bodies such as the ATM Forum and the Digital Audio-
Visual Council (DAVIC) are finalizing other interfaces, e.g. the session
signalling interface, the application programming interface. In the absence
of a standard application programming interface, the DAVID application
programming interface plays an important role in application software
development for the set-top box. It is a proprietary interface [18] that has
been widely adopted for many video dial-tone networks in the United States.
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The navigator is the main DAVID application resident in the set-top box.
Other custom DAVID applications can also be downloaded from video
information providers for use by individual set-top users.

5.2. Navigator

The navigator is the primary user interface software on the set-top box. It is
also called a 'player shell' because it encapsulates all the functionality of the
set-top box and provides an abstract interface to users. The navigator pro-
cesses the user commands to the set-top box and calls the appropriate file
manager to perform the functions requested by the user.

The primary function of the navigator is to provide basic cable TV function-
ality (labelled 'CATV' in Fig. 4). The navigator maintains a list of channels
available for viewing by the user and can service basic user requests for channel
changes and volume control. Cable TV service requires the navigator to 'tune'
to the requested channel. Depending on the type of network, this request can
be serviced in the set-top box or the Level 0 gateway. The set-top box can choose
one of the streams in a multiplexed data stream by assigning the correct virtual-
circuit/virtual-program indicator (VCIfVPI) [10]to the network interface module
or the correct packet identifier (PID) to the transport demultiplexer [9]. If the
requested channel is not available to the se.t-top box then the channel change
request needs to be passed on to the head-end equipment that can switch the
requested channel to the set-top box. Once the correct data stream is available,
the audio and video decoders are called to decode the data stream.

Another important function of the navigator is to display electronic pro-
gram guides and menus that allow a user to make informed choices about
which program to view. Itcan also be used to set viewing and recording alarms
through a menu system.

As we have seen above, the navigator is a distributed application that can
process some user commands locally and some commands have to be for-
warded to the appropriate network element. Figure 5 depicts the interactions
ofthe navigator with the Level 0 gateway. On boot-up, the navigator requests
the SPF task to 'establish a link between the set-top box and the Level 0
gateway. After the low-level link has been established, several virtual circuits
are created for the Level 0 gateway to communicate with the navigator and
other resident applications. These circuits are then used to send messages
between the applications and the Level 0 gateway.

5.3. Downloaded applications

The feature that distinguishes digital set-top boxes from analogue
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televisions is the ability to download custom applications from video informa-
tion providers and execute them locally. Such applications can turn a generic
television set into a specialized information and entertainment terminal.
Services like video-on-demand, home shopping and virtual travel agency are
all possible because of this capability of the set-top box.
A resident application, called LIGW, can be invoked by the navigator to

establish connections to a Level 1 gateway server. This application is respon-
sible for downloading and displaying a menu of services available through the
specified Level 1 gateway. The Level 1 gateway serves as an access node for
Level 2 gateways and provides a directory for services available from video
information providers.

Once a video information provider is chosen by a user, a Level2 application
is downloaded into the set-top box and a virtual circuit with the required
bandwidth is established between the downloaded application and the
Level2 gateway. This application is then invoked by the navigator to provide
the requested service.

5.4. Operating system upgrade

The operating system on the set-top box can be upgraded to a new
version by two mechanisms, using the PCMCIA port or through the net-
work. The PCMCIA port supports battery powered memory (SRAM) cards
that are directly addressable from the main microprocessor in the set-top
box. A new version of the operating system is loaded into such a card on
a development computer. The PCMCIA card is then plugged into the set-
top box and the set-top is rebooted. During boot-up, the PCMCIA card
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is checked for a new version of the operating system. If it is found to con-
tain a valid operating system then the new operating system is programmed
into the NVRAM on the set-top. The program that modifies the NVRAM
contents is located in memory outside the NVRAM. The set-top is rebooted
after the upgrade.
The operating system on the set-top box can also be upgraded through the

network on user request or automatically on a periodic basis. The UPGR
application downloads a new version of the operating system by tuning to a
diagnostic channel that carries the operating system as MPEG-2 private
data [9].Network operating system upgrade is performed in two stages. First,
all the packets corresponding to a complete operating system are captured by
the UPGR application and the operating system is extracted from the packets.
Then, the new operating system is programmed onto the NVRAM using the
same method as the PCMCIA operating system upgrade.

5.5. Other resident applications

There are a few other resident applications in the set-top box that perform
specific services. The user configurable addresses and parameters in the set-
top box are modified using the config application. This application allows a
user to set-up the network address of the set-top box and select preferred
service providers. The config application can also be used to request an
upgrade of the operating system on the set-top box and to set program
alarms like a VCR.
The display process is responsible for interpreting VT100 messages from

other applications and calling the UCM file manager to display them on the
TV screen. Emergency broadcast messages from a Level 0 gateway are handled
by an EBS application that overlays the emergency message on the TV.
The digital set-top box supports simple low-bandwidth text messaging

between an interactive text server and a user via overlay on specifiedbroadcast
channels. This user initiated service can be used to solicit user responses to
programmes such as game shows and advertisements. The lAT application
provides the user interface for this service.
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6. Conclusions

Digital video networks are poised to play a major role in shaping the future
of information and entertainment services. Interactive digital set-top boxes
bring the services provided by these networks to the user's home. The
embedded control software within the set-top box provides the flexibility to
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adapt a generic set-top box architecture to the requirements of a specific net-
work. The set-top software also has a modular design so that it can be used in a
new network environment by changing the protocol and interface modules
without having to design and manufacture a new set-top box. The control soft-
ware also hides the machine and network specific features of a set-top' box
under a layer of abstraction and provides a user-friendly interface to access
cable television and video information services.

In the future, the software component in set-top boxes is likely to increase
with more integration and more programmable components. These changes
will also increase the flexibility of set-top boxes because it will be possible to
move a set-top across networks and download a new version of the control
software for the programmable components for use in the new environment.
The finalization of standards for the various protocols and interfaces in digital
video networks will foster interoperability which is important for the success
of such products.

Value-added software and services for the set-top environment have a big
potential for growth in the future. Such services include video-on-demand,
video conferencing, home shopping, virtual travel agencies and remote
banking services. Today, users are willing to pay for such services over the
Internet [4] even though the Internet is not capable of providing real-time
multimedia services. The multimedia capabilities of a set-top box are far
superior to that of an average home computer and that will unleash a new
generation of value-added applications.
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Abstract

Philips is aiming to participate actively in the emerging market of video-on-
demand. To this effect system integration is instrumental. The PhiIips Busi-
ness Unit Digital Videocommunication Systems has positioned itself as sys-
tem supplier after its start in 1993. Philips Research Eindhoven has
supported this entry from the beginning with the definition and joint devel-
opment of an industrial prototype system and server for video-on-demand
trials. Systems are now being installed and sold to operators.

Keywords: multimedia, video-on-demand, system architecture.

1. Introduction

Video-on-demand, or more generally interactive multimedia on demand, is
a large potential growth market. The hype on large-scale introduetion in the
public network has been tempered lately but the expectations are significant.
Content, the elaboration of services, the creation of new services and their eco-
nomics pervade this upcoming area. This article will concentrate, however, on
the technical aspects, the range of applications and the construction of the first
prototoype system.

Speed was priority number one. Operators, both cable TV and telephony,
were announcing trials and requesting equipment and solutions. Manufac-
turers from the computer and telecommunications industries were announcing
solutions. Alliances were sought. Within Philips all ingredients appeared to be
present but a complete solution was not readily available. At this point the
Videon demonstrator project was initiated in Philips Research in 1993. Over
a period of about one year this evolved into an industrial prototype develop-
ment project with the results described below. This system, also known as the
INV (Interactive Networked Video) system, obviously has its limitations but it
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2. System outline

The idea behind video-on-demand is to get users into interactive contact
with content. A generic service chain is shown in Fig. 1.

Services may be NVOD (near video-on-demand), VOD (video-on-demand)
or generally SOD (service-on-demand). In NVOD a number of movies are
broadcast in a repetitive scheme, each title having a series of starting times
staggered by, for instance, 15 or 30 minutes. The users have to wait a short
time for their choice to start. In VOD a movie is started instantaneously at
the command of an individual user. Play-out is controlled byeach user
separately. This requires an individual video channel to each user and an indi-
vidual (return) control channel. SOD is a more generic form of VOD, that may
include games, home shopping and whatever other services are feasible and
(economically) attractive. Obviously there is a significant difference in eco-
nomics between NVOD and the latter two services. VOD is essentially a video
rentallook-alike. SOD is the most complex and open ended service group
considered. The remainder of this article concentrates on VOD.

Different manufacturers and operators will tend to concentrate on different
parts of the chain; computer manufacturers on servers, telecommunication
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is a working system. One of the repeated experiences in this project was that a
system is more than a collection of subsystems working in isolation.
Multimedia is here taken to be a variety of media including at least real-time

video (digital and compressed) and some of audio, speech, text, graphics,
animation, scripts. The use of multimedia for personal entertainment and
personal services in a networked environment is coming within reach due to
several enabling factors. Digital video compression provides acceptable to
excellent quality at '1.2 to 8 Mb/s (Mbit/s). Digital transmission technology
can deliver some Mb/s to individual homes.

Content Customer

Server Delivery
System

Customer
Equipment

Fig. 1. Service chain.
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r------------,

Fig. 2. Building blocks.

manufacturers on delivery systems and consumer electronics manufacturers
on customer equipment. Some computer manufacturers are also aiming at
customer equipment. Operators often have semi-monopolies on the delivery
system installations and have the need and the financial strength to enter trials.
Service creation and content acquisition are not covered very naturally in this
context; this is probably the major problem.
Within Philips all ingredients can be recognized in various business units

and product divisions. The technical description below will elaborate this.
A block diagram ofthe hardware components ofthe system and the server is

shown in Fig. 2. The numbers that indicate the capacity of this system were a
trade-off between technical feasibility and commercial requirements.
The server was designed to support 100 streams at 2 Mbit/s. If a maximum

simultaneous activity of 25% of all subscribers connected is assumed, then the
system can support up to 400 subscribers. The necessary switching is imple-
mented with a PHASE SDH cross-connect from Philips' PKI Nuremberg. If
the number of subscribers connected does not exceed 100, or if switching is
performed by tuning to a frequency in a cable TV environment, then no
cross-connect is needed.
Two transmission channels are required. The first one is a unidirectional

channel that can transport the video downstream to individual set-tops. This
can be implemented with ADSL technology via ordinary telephone wires -
an emerging technology at this time. An alternative is to multiplex several
streams into frequency bands of a coax cable TV network, using for instance
64QAM modulation schemes - emerging too, but probably in a better position
than ADSL. For future access networks hybrid optical fibre/coax networks car-
ryingATM are considered. The second transmission channel is the bi-directional
control channel of some 10 kb/s that is either integrated or provided separately.
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In the Videon project transmission was considered as an external activity.
Trial operators (telephony or cable TV) have their own preferences and the
system setup is to a high degree independent of the transmission scheme used.

Fifty titles were considered as a workable lower limit for the storage capa-
city ofthe server. An analysis of video rental for a particular rental chain over
a nine-month period confirms this. A two-hour movie encoded at 1.5Mb/s
takes a little over 1 GByte of storage. Hence a minimal storage of 50 GBytes
is required.

Solid-state memory would incur excessive cost (tens of thousands of
dollars per movie). Tape is not cheap as minimally 100 drives would be
needed, together with some robotic system to load the drives. Furthermore,
tape does not provide full access: if the number of copies for a particular
title is exhausted subsequent subscribers cannot obtain access. And how
many copies of one title wou1d be needed is a nearly impossible decision to
make.

A currently viable solution is disk array technology. The capacity of a single
disk goes up to 10GByte at a price level below $0.5/MByte. (When considering
this price one should of course keep in mind that an array consists of more
than just disks.) By using six disks the capacity requirement can be met. By
using the disks in parallel and striping the data for each title across all disks
each stream can access any title independently of the other streams. In the
'striping' process a sequential part of a stream, typically some seconds long,
is distributed evenly over the disks. This means that all streams may come
from (different parts of) the same title or each stream from a different title,
without restrictions. However, on-demand servers are not so much a storage
capacity problem: the bandwidth requirements for 100 streams at 2 Mb/s
are more of a challenge. By arranging 12disks in parallel the required number
of streams can be supported. This advanced scheme was implemented by Phi-
lips' BTS Salt Lake City and goes under the name of Media Pool array. Itwas
being developed for broadcast applications and was concurrently adapted for
the INV.

To convert the bursts of data read from the disks for the various streams
into the bit-continuous transmission formats a buffering scheme was imple-
mented. The hardware for these 10modules is visible in the right-hand cabinet
of the server as shown in the photograph of Fig. 3. These 10modules and the
server build-up as a whole have been designed and implemented by Philips
Industrial Automation Systems. The left-hand cabinet shows the Media
Pool array at the bottom and a lower-capacity alternative disk array just
above. Behind the cover for the middle cabinet there is room for the optional
cross-connect and some miscellaneous equipment.
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Fig. 3. Server cabinet.

The section at the top of the left-hand cabinet shows the control coneen-
trator. This serves to concentrate all control lines into a single link with the
control & supervision computer. The concentrator is built with standard
data transmission equipment from Philips' TRT France. This is rather
voluminous and only a fraction ofthe capabilities ofthe data (packet) switches
is used; it was, however, readily available.

The control & supervision computer is a Unix computer on which part of
the server software is implemented. The overall structure of the system soft-
ware, including both the server software and set-top software, is indicated in
Fig. 4. The figure shows the three layers of the system architecture that was
used to define, describe, design and implement the system, both in terms of
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X-Terminal Supervision

Unix System

VME Streams Streams

Server Set-top

Fig. 4. Software structure.

hardware and software. The streams layer is the hard real-time environment
were the streams are generated from the disk array, put out to the transmission
system and decoded in the set-top to audio and video. The control layer
accommodates the set-up of connections and sessions and the control of the
streams layer. This layer contains a peer protocol between the server and
the set-top. The supervision layer hosts functions such as monitoring, sub-
scriber management, repertoire management, configuration management,
and interfaces to (external) billing systems. A commercial database system
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was used to ensure integrity of information storage and communication
between the various functions in supervision and control.
The final building block of the system is the set-top, developed by the

Advanced Development Centre of Philips Consumer Electronics. The set-
top is currently based on CD-i. This implies that the system as a whole
implements a remote CD-i platform. With the choice for CD-i a platform
for interactive applications, authoring support and some content is
inherited.
A system without a (demonstration) application serves little purpose. This

was recognized early on and Philips Corporate Design has provided a navi-
gation application. This application serves to attract and guide users and to
support a choice from the services available. A sample screen is shown in
Fig.5.

3. Applications

A first version of the system has been operational since the middle of 1994.
Since then the software has been continuously upgraded. A first installation
has been delivered and several are underway. .
A larger capacity system is under development. A scaled-down version has

been derived and is now used for various application trials. A further reduced
economy version is also in development. Finally, a version supporting higher
bit rates per stream is in development for MPEG2 encoded material.
The description in the current article took VOD as a vehicle. The system

implements SOD with its remote CD-i paradigm.
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4. Outlook

In research issues concerning trade-offs between response and bandwidth,
support for multi-person interactivity (games) and technology evolution is
addressed. Applications outside the VODjSOD realm will be investigated
with respect to their impact on the server architecture.

In DVS development the INV and its offspring are furthered to improve
performance, reduce cost and to include a range of services with external
interfaces.
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THE IEEE-1394 HIGH SPEED SERIAL BUS

by R.H.J. BLOKS
Philips Research Laboratories, Prof Holstlaan 4, 5656 AA Eindhoven, The Netherlands

Abstract
The IEEE-1394 is a new standard for a digital high-speed serial intercon-
nect bus. It allows real-time data to be mixed with other data transfers at
transmission rates of lOO,200 and 400Mbit/s. This makes it flexible enough
for applications in multimedia environments where multiple video and
audio streams have to be transported between several devices simulta-
neously. One of the most important applications in the consumer electro-
nies world is MPEG-2 data transport between set-top box and digital
video recorder. The extremely time-critical nature of MPEG-2 requires
some additional processing before it can be sent on an IEEE-1394 bus.
This has led to the standardization of the audio/video layer described in
this article.
Keywords: multimedia, digital television, bus, MPEG, real-time, protocol.

1. Introduetion

One of the most important reasons for Philips Research to investigate
digital interfaces is digital television. Today most stations broadcast
analogue signals, but in the very near future this will start to change as
more and more broadcasters are going to provide digitally encoded data
streams containing multiple TV programmes. Perhaps even more interesting
is the possibility of including not just TV programmes but all kinds of data ser-
vices in the stream, such as interactive games, teleshopping, telebanking,
video-on-demand, various data services, etc. Broadcasters and cable networks
will make sure that these new services are delivered to many homes. Therefore
it is important that we can handle these services in consumer electronics (CE)
equipment/home systems.

The first device to connect to the digital TV in the wall is the set-top box
(STB) which contains a decoder (amongst others) that converts the received
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digital signal into analogue video to be viewed using an ordinary TV set. A
nice application of such a 'system would be to record the digital stream on
tape and replay it later. To do this it is necessary to transport the stream
from the STB to a digital video recorder and back, by means of a digital
interconnection.

2. Global requirements for a digital interface

Of course the digital interface (DIF) should be much more versatile thanjust
be able to handle MPEG transport streams. There are other formats being
standardized today, and we would also like to participate in the multimedia
world (connect disc players and computers to CE equipment, for example).
The digital interface must be able to handle all these formats, provide means
for transporting both real-time and non real-time data streams (data and com-
mands), and be inexpensive and fast.

Currently there is only one candidate for a digital interconnect network that
appears to meet these demands and that is also mature enough for immediate
application. This is IEEE-1394, also called FireWire™ by Apple, its inventor.

3. Properties of IEEE-1394

An IEEE-1394 high speed serial bus [1] can connect up to 63 devices in a
tree-shaped network using point-to-point cables. Signals on the cable always
travel from one device to one other device. The reason why 1394 is nevertheless
called a bus is that each device acts as an active repeater so that logically a
signal emitted by a transmitting device will propagate to all other devices on
the bus. The maximum number of 'hops' (repeaters) that a signal may pass
in a single bus is 16. The maximum cable length of a single hop is 4.5 metres.
Currently defined cable bit rates are 100, 200 and 400MBitfs, and a recently-
started workgroup is looking into 1GBitfs transmission rate. Figure 1shows a
possible configuration of a home system interconnected by 1394. Note that
IEEE-1394 is also being adopted by computer and peripheral manufacturers,
which means that 1394 will enable us to interface the consumer electronics
world to the (multimedia) computer world.

A distributed arbitration algorithm ensures that only one device has permis-
sion to transmit anything on the bus at any time, and also that all other devices
have their repeater function switched in the right direction, away from the
transmitting device.

IEEE-1394 supports two kinds of traffic: asynchronous and isochronous.
The former is used for non real-time data (data without strict bandwidth or
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Fig. 1. Possible future 1394 home cluster.

timing requirements). Examples are data services, device commands, or data
storage on a hard disk. Isochronous traffic is used for real-time data and
has a guaranteed maximum delay time and guaranteed bandwidth. Examples
are digital audio and video.
To support real-time traffic, IEEE-1394 nodes must maintain a local timer

which increments at every clock tick of the node's local clock. Once every
125 fJ,s the root node will arbitrate for and transmit an asynchronous packet
containing the value of its timer which all other nodes receive and use to
update (read: synchronize) their own timer value. In Fig. 2 this is indicated
by the CS (Cycle Start) packets. Given the clock tolerance and cycle time
this guarantees that all nodes have the same time value (there can be small dif-
ferences because of the signal propagation delays from the root to each node,
but these are constant for any node in a given topology).

The isochronous cycles can vary to some degree in duration and position,
but on average a new cycle will start every 125ps: Before a transmitter may
use isochronous transfers for data, it must first reserve a portion of this cycle

8 KHzcycle clock

125us nominal cycle

actual cycle

i->long gaps

Fig. 2. Isochronous cycle timing and traffic on the 1394 bus.
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at the isochronous resource manager node which keeps track of the number of
bit cells per isochronous cycle that is still available. To distinguish isochronous
data streams from one another, each one is labelled with a unique identifier,
called a channel number. A free channel number can also be obtained from
the isochronous resource manager. In Fig. 2 the packets labelled '1' are
isochronous packets. The bandwidth allocation procedure ensures that the
total time for all isochronous packets including overhead will never exceed a
safe maximum (currently 100 f.£s).
The basic procedure to transfer real-time data on IEEE-1394 therefore con-

sists of the following steps: First compute the required number of bit cells per
cycle, including all overhead (for arbitration, etc.), then allocate this amount
and a free channel number at the isochronous resource manager node. If
this is successful the transmitter is permitted to arbitrate for isochronous
access in each cycle and may hold the bus for not more than the allocated
amount of time per cycle. This will guarantee that all isochronous transmitters
will get access for all allocated transmissions during each cycle without over-
loading the bus. The only thing not guaranteed is the exact point in time within
a cyclewhere a node will get access. Hence the end-to-end transmission delay is
not constant but can vary between certain limits. The peak-to-peak amplitude
of thisjitter interval is approximately 310us for the worst case topology situa-
tion. Because a node does not have continuous or immediate access to the bus
when an application delivers data to be transmitted some buffering is required
in each node. The fact that the operation of the bus protocol guarantees that
the next access to the bus is always granted within a known time interval
allows an exact computation of the required buffer sizes at receiver and trans-
mitter nodes for any application. This is very important for CE applications.

The time that remains after the last isochronous transmitter has sent its data
in a cycle until the start of the next cycle is available for asynchronous traffic
(labelled 'A' in Fig. 2). An asynchronous packet that starts to appear on the
bus just before a new isochronous cycle should start can delay the transmission
of the cycle start packet and therefore the isochronous cycle. This is a major
contributing factor to the size of the previously mentioned jitter interval.
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4. MPEG-2 transport on an IEEE-1394 bus

An MPEG-2 transport stream consists of a continuous stream of transport
packets which are 188 bytes each. The specification states that these packets
may experience only a very small transport delay variation (jitter) between
encoder and decoder. Without some additional work such a stream cannot
be sent over IEEE-1394 without violating this constraint. Another problem
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is the fact that in each of the 8000 cyclesper second only one transmission may
take place on a given channel. If we could simply map an MPEG-2 stream
onto one channel and each transport packet onto one isochronous packet
this would limit the maximum bit rate of an MPEG stream on IEEE-1394
to about 12.2Mbit/s, What we want is the capability to transport at least
one entire transport stream (for example, 40 Mbit/s) plus a few other real-
time streams (for example, single video or audio channels). To overcome these
problems several companies, including Philips, participated in the definition of
a new protocollayer, called the AV layer (AudiofVideo) which is located on
top of the layers of the IEEE-1394 protocol. This AV layer is now being pre-
pared for standardization in IEC.

The AV layer consists of 3 parts:

• A function control protocol (FCP) which will enable CE devices to issue
commands, request status information, etc. This is necessary for new appli-
cations and because functionality will probably become more distributed
over devices (i.e. deviceswill have to cooperate more). FCP definition is fin-
ished. Command sets are being discussed.

• A connection management protocol (CMP) that allows real-time connec-
tions to be created, maintained and broken by any device. CMP contains
resources (control and status registers), access rules for these resources
and management algorithms. CMP definitions are complete.

• An isochronous data packing and processing mechanism, explained below.

The application delivers its real-time data in packetized form (packets with
fixed length). For MPEG these application packets are 188byte long transport
packets. For data that require a transportjitter less than what IEEE-1394 can
guarantee, a 32 bit header ('quadlet' in IEEE-1394 terminology) can be
inserted before the application packet. This header contains timing informa-
tion which can be used by the receiver to compensate the transport delay jitter.
In the case ofMPEG this header contains a time stamp indicating the intended
time of delivery of the packet to the application at the receiving node. The
value ofthe stamp refers to the timer register whose value is kept synchronized
between all nodes. The transmitter computes the stamp value by sampling its
own timer when the transmitting application writes a packet in the transmit
buffer, and adding a constant (large enough) value to it. When the packet
arrives at the receiver it will remain in a delivery buffer until its stamp value
matches the local timer value.

Another problem that is solved by the AV layer is that ofbandwidth efficiency.
Ifisochronous packets on IEEE-1394 cou1d only contain entire MPEG packets
(now 192 bytes, with the extra header) then it would be necessary to allocate
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the bandwidths in chunks of 192 x 8 x 8000 = 12.3Mbit/s. This is because
space for an entire packet is available in every isochronous cycle on the bus,
even if only one out of n cycles is actually used. Especially for lower bit rates
(which will be common) this is too inefficient. The AV layer solves this by
chopping the packets into 1, 2, 4 or 8 equal parts (called data blocks), and
then uses these data blocks to construct isochronous bus packets. For
MPEG the size of an application packet with time stamp is 48 quadlets which
divides perfectly by 1, 2, 4 and 8. For other data types this is not necessarily
true, so the AV packing protocol allows up to K -1 dummy quadlets (with
value 0) to be appended to an application packet before dividing it into K
data blocks of equal size (K = 1, 2, 4 or 8). This process is called quadlet
padding.

Isochronous bus packet construction proceeds by concatenating the first N
data blocks in the transmit buffer and inserting a special 2 quadlet header
before the first data block. The value of N is restricted to certain values
depending on the data type and bit rate ofthe data stream. The special header
is called CIP (Common Isochronous Protocol) header and contains informa-
tion about the method used by the transmitter to pack the data, as well as a
data type identifier and data type dependent flags. These values allowa generic
receiver to unpack the data without specific knowledge about the data type
itself and deliver it with proper timing to the receiver application, i.e. a receiver
can unpack a packed MPEG stream without knowing that the data make up
an MPEG stream. The CIP header information also allows packet loss

Adding stamps: I/JI TP1 11/;1 TP2 I/~I TP3
Div. in data blocks: db1 I db2 II db3 I db4 I I dbS I db6 I
Adding CIP headers: ~ Ih4 db21lh~ db311h3 db41 ~ Ih~dbSI ~
(h" = CIP header only-packet) • • :'. .: • • • ", ,.,'.

Isoeh. packets: '(r:tÜITlmm[Ö m
B!:::~e[orpaYload)~=1394Heade[I"""r~"';'\j"12,""rb::\~~ "rö

•cycles

Fig. 3. Bus packet construction for MPEG (example: 3 Mbit/s < bit rate < 6 Mbit/s, K=2).
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detection and identification of the transmitter node from which the stream
originates.
The case for MPEG is illustrated in Fig. 3 for a low bit rate situation. The

original MPEG transport packets generated by some application are first
stamped to record the precise packet arrival timing. The actual stamp values
represent the intended delivery time to the receiving application rather than
the arrival time in the transmitter, but these values differ only by a constant.
The resulting packets are divided into data blocks (2 in this example). Each
data block then gets a CIP header hi inserted, yielding an isochronous bus
packet payload. This payload is converted into a bus packet in the link layer
by adding a 1394 header and CRC error codes for both this header and the
entire payload. If not enough data are available to send a whole data block
in any particular cycle, then an isochronous packet is sent with a payload con-
sisting only of the 2 CIP header quadiets (shown as he in Fig. 3).

5. Conclusions

IEEE-1394 is a suitable digital interface for application in consumer elec-
tronies. It can carry both real-time data and commands. Applications in the
computer world are also being developed, for example, as a successor to
SCSI. Connections between CE equipment and multimedia PCs are a possibility.
IEEE-1394 is also a mature interface. Not only is it currently in the final

IEEE standardization phase, but implementations in silicon are already avail-
able for 100Mbit/s and soon there will be 200Mbit/s versions as well. Further-
more a new Audio/Video layer (not IEEE standard) is being defined by CE
manufacturers and submitted for standardization to IEC. This layer allows
time-critical data streams, such as MPEG-2, to be transported on IEEE-
1394 in an interchangeable way with efficient use of available bandwidth.
At this moment CE manufacturers are working on applications for digital

interfaces in the area of digital video recorders.
For a more detailed description of IEEE-1394 and the Audio/Video layer,

see Refs. [2,3].
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Abstract
Pay television (pay TV) systems are presented as they are envisaged in the
near future when broadcasters will switch over from analogue to digital
transmission formats. Special attention is given to the standardization of
pay TV systems by the DVB standardization organization. Philips firmly
believes in standardization and aims at a high levelof comrnonality at both
ends of the transmission channel. This will reduce the price of the equip-
ment, especially the decoders, and also facilitate interaction with studio
equipment supplied by other manufacturers. The standardization is all
the more important since we are on the verge of the new digital trans-
mission era in which the consumer will be confronted with a wide range
of new services.
Keywords: Digital Video Broadcasting, conditional access, standardization,

pay television, cryptography.

1. Introduetion

Today, the best known form of pay TV services is pay TV broadcasting
where virtually all communication is from the studio (transmitting side) to
the consumer (receiving side). A popular definition of pay TV broadcasting
is that it is a form of television broadcasting where the broadcaster is in direct
control of the consumer's access to the service (broadcasted programmes) at
any moment in time. This enables a very flexible payment scheme for the
consumer, which allows him to pay only for those programmes that he has
received or wishes to receive. Alternatively, the broadcaster can deny the
consumer access to those programmes that he has not paid for. I

There are more advantages to a pay TV system, both for the broadcaster
and the consumer. An extra advantage for the broadcaster is that copyright
negotiations with the content owners are simplified because the broadcaster
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Fig. 1. Simplified block diagram of the conditional access related elements in a decoder: the
descrambler chip and the smart card. Other elements, not shown, are the microprocessor and

an optional extra element for card verification.

is able to give a good estimate of the number of consumers watching his
service. Therefore, he has to pay less than a broadcaster who does not use a
pay TV system and potentially has a very large audience. A direct result is
that the quality of the broadcasted programmes will increase, which is in the
interest of the consumer.
It is worth noting here that in practice, most broadcasters have a pay TV

operator carry out the management ofthe pay TV system for them and the bills
for watching the broadcasted programmes are then paid to the operator and
not directly to the broadcaster. For the sake of simplicity, this distinction is
not made in the remainder of this article.

2. The mode of operation of a broadcast pay TV system

It is easiest to understand the system from the receiver side, where it consists
of a decoder box (also referred to as the set-top box) and some detachable
module inserted into it, usually a smart card, and the television set itself.
The television signal that leaves the decoder is directed to the television set.
Alternatively this signal can be remodulated and retransmitted, for instance
over a cable network, in which case the decoder is a professional decoder
located at the cable head-end.

Before transmission, the normal, or clear television signal is scrambled,
meaning that it is distorted in such a manner that normal viewing of the
programme has become impossible. The reverse operation, descrambling, is
only possible with a special secret key in the form of a secret electronic
message. The descrambler chip inside the decoder receives this special key
from the smart card, but the card will only issue the key if it is authorized
to do so.

Card authorization can be carried out in different ways depending on the
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Fig. 2. Simplified block diagram ofthe conditional access related elements at the uplink side ofthe
transmission channel.

flexibility of the system. A very simple system could be based, for instance, on
cheap cards whose chips contain fixed programme authorizations valid for a
certain period of time. Other, more advanced systems such as Eurocrypt are
able to update the authorizations by sending the card special, securely
encrypted authorization messages called Entitlement Management Messages
or EMMs. The EMMs are transmitted together with the scrambled television
signal and after reception and decryption the authorization is stored inside
the chip on the card. EMMs with purposes other than card authorization
are usually available as well, for instance for resetting PIN-codes or card
invalidation.

Due to reasons of security it is necessary to change the key which controls
the descrambler very frequently, typically in the order of once every 5 or
10 seconds. In order to avoid synchronization problems between the scrambler
and the descrambler, these keys then have to be transmitted along with the
television signal as well. In Eurocrypt, this gives rise to the so-calledEntitlement
Control Messages or ECMs, which besides the keys (again, encrypted) also con-
tain a description in parameter form of the programme that the keys apply
to. After having received an ECM, the smart card checks if it is authorized to
descramble the programme and if yes then the smart card activates the
descrambler by issuing the key.

On the transmission side, the system comprises several large sub-systems
which may be physically located in different buildings. A typical set-up con-
sists of the following equipment. First there is the equipment for playback
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and scheduling, usually located in the studio. There is also a computer-based
Subscriber Management System (SMS), needed to do all the administration
and billing. The SMS includes an order entry system that passes the orders
on to the Subscriber Authorization System (SAS). The SAS in its turn converts
the orders into EMMs, which are then multiplexed into the television signal.
Other equipment necessary includes a generator and an injector for the ECMs
and several control systems. All in all, the equipment on the transmission side
is quite extensive and it is usually highly tuned towards a specific conditional
access system.

Over the past decade, several conditional access systems for video broad-
casting have been in use. Among the best known are VideoCrypt, used by
BSkyB in the UK, Eurocrypt, used for instance by TVIOOOin Scandinavia
and Syster, and by Canal+ in France. These systems are very sophisticated;
they make use of various addressing schemes and allow different forms of
authorization such as normal subscription and (impulse-)pay-per-view for
(near- )video-on-demand applications. The companies that have pioneered
these systems have spent huge amounts of time and effort on research, develop-
ment and manufacturing ofthe decoders and studio equipment and not in the
least in setting up the subscriber base itself. These investments should clearly
not be underestimated.

D. van Schooneveld

3. Standardization

Television broadcasting is nowadays rapidly progressing towards the digital
era. Soon, transmission of television signals will be done in a fully digital for-
mat, using audio and video compression techniques (MPEG-2) that make use
of the frequency spectrum in a far more efficient manner than the analogue
techniques currently in use. As a direct result, the costs of programme trans-
mission will drop, new broadcasters are likely to emerge quickly and the
number of programmes offered to the consumer will explode. This leads to
one of the reasons for the existence of pay TV: it is expected that consumers
will choose higher quality channels that offer services better suited to their
needs and also that they are willing to pay for these services. The transition
from analogue to digital transmissions is seen as an excellent opportunity to
come to good standards. The MPEG-2 standard itself is an example of a
good standard developed in a joint effort by many companies throughout
the world in a relatively short period of time.

Nowadays, most CA systems on the market, if not all, are fully incompatible.
This means that if a customer wishes to receivemultiple services protected with
different CA systems, he will have to rent or buy multiple decoders and multiple
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smart cards. Especially in the case of an operator who is new on the market,
it is not likely that the customer is willing to do so. This incompatibility
problem is seen as the most important reason for standardization.

Furthermore, as a result, the new operator will achieve only little market
penetration, which is clearly not in line with the target of the EC to come to
an open market. This is another reason to try define a standard.

Finally, the incompatibility of the systems not only poses a problem to the
consumers but also to the network providers; especially where there has to be a
change-over from one CA system to another, for instance in a cable head-end,
many complex problems may occur. In view of the wish for interoperability,
boosted by the expected explosion of the number of services, these so-called
transcoding problems form yet another reason to standardize.

3.1. Digital Video Broadcasting

Standardization of pay TV systems for digital broadcasting has been for-
mally discussed in the European Digital Video Broadcasting (DVB) Project.
The DVB Project is an ensemble of committees formed by representatives
of network providers, satellite operators, broadcasting, telecommunications
and manufacturing companies from all over Europe.
The aim of the DVB Project is to arrive at European standards on trans-

mission of digital video data through the air (terrestrial), through cable and
by satellite. Issues that have been on the table are, for example, modulation
and channel coding, service information, multiplexing and also conditional
access. The ultimate goal is to create a business environment in which con-
sumers are reasonably well protected and where various providers of services
and equipment can compete on fair terms and where new actors can enter
without excessive thresholds.

3.2. DVB viewpoints

Although formal standardization may be problematic, it is generally agreed
within the DVB Project that standards are essential for digital television
broadcasting. Among the members of the committees concerned with con-
ditional access it appeared, however, that there were various points of view.
The established broadcasters on the one hand required a guarantee that their
investments would be worth every penny and accepted standardization only
up to a certain point. On the other hand, the newcomers, consisting mainly
of network operators and the smaller broadcasters, would like to cooperate,
since they know that not many consumers would buy a decoder box for the
reception of only one or two channels. They therefore aimed at a much higher
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level of commonality. Finally, there were the equipment manufacturers, such
as Philips, who wished to standardize in order to cheaply mass produce, and
also to facilitate interaction with studio equipment from other manufacturers.

3.3. The DVB Common Scrambling System
* • ~ •. t '.J '4 ~;.. , --_,...., ~ 'J:' .~ ~ .

Fortunately, it was quickly agreed by all parties that each decoder should
at least contain a standardized descrambler, because nobody wished the
consumer to be forced to buy multiple decoders. It appeared, however, that
due to export regulations, issues related to intellectual property rights and a
generallack of suitable candidates, it was very hard to define this standard.
After several months a small group of experts came up with a proposal which
is nowadays known as the DVB Common Scrambling System [1].

3.4. Transcoding

The transcoding rules laid down by DVB form a sub-set of all options that
are possible within MPEG-2, see MPEG document [2] in particular. These
rules concern:
• the location of ECMs and EMMs in the MPEG-2 bitstream and references
to these locations,

• identification of flags in the bitstream that relate to scrambling, and
• allocation of value to indicate the conditional access system used to protect
the bitstream.

For details on these rules the reader is referred to Ref. [3].

3.5. Simulcrypt versus Multicrypt (Common Interface)

Various scenarios for the descramblers and the conditional access systems
were then analysed and the result was that two proposals were presented to
the Steering Board of the DVB.
The first proposal is now commonly known under the name of Simulcrypt.

According to this proposal, a broadcaster A ('newcomer') who wishes to
access the ('established') broadcaster B's set of installed decoders, first has
to come to a business agreement with broadcaster B. Broadcaster B then
ensures that his CA system is able to provide broadcaster A's service, which
basically means that broadcaster A has to hand over his scrambling keys
and subscriber information to broadcaster B. Broadcaster B then returns
the corresponding ECMs and EMMs and makes sure that his smart cards
are capable of handling broadcaster A's service.
Itwas decided to draft a standard agreement to ensure that business takes
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place under fair and reasonable terms. This standard agreement is now known
as the Code of Conduct [4].

The second proposal is officially called Multicrypt but is better known as the
Common Interface. The Common Interface today consists of a detailed speci-
fication of a standard interface between the decoder box and a detachable
module. Since the interface would have to fit all incompatible CA systems in
use today, the interface was chosen at the MPEG-2 level. This means that
scrambled MPEG-2 data go across the interface into the module and
descrambled (thus clear) data are returned, both at a rate of up to 50Mbit/s.
According to this proposal, the descrambler chip that used to be located inside
the decoder is now located in the module, together with the smart card chip.'
Because of the increased functionality of the module, the consumer does not
have to buy or rent new decoders but only new modules.

Since there were no suitable cheaper alternatives, the detachable module
was chosen to be a PCMCIA card, currently in use for computer applications.
For the pay TV application, this card may contain more than the descrambler
chip and the CA system, for instance software for an electronic programme
guide. The cost ofthe card and that ofits impact on the decoder box software
is, however, not yet clear. See Ref. [5] for the full specification.

3.6. The DVB conditional access package and the EC Counc~

Since it appeared to be impossible to come to a compromise, the Steering
Board in the fall of 1994 accepted a package that contained both Simulcrypt
and Multicrypt. Other elements in the package are recommendations for
antipiracy legislation and transcoding issues. The use of neither Simulcrypt
nor Multicrypt was to be mandatory, meaning that a broadcaster who wished
to be DVB compliant still had both options. The Council of the EC has
adopted the DVB package in one of its directives, and therefore it is now
mandatory by law for any European broadcaster to apply (at least) one of
the two.

4. The near future

Now that neither ofthe two options are mandatory, it is expected that both
solutions will emerge and co-exist in the near future. Several broadcasters are
carrying out trials, all but one of them using the traditional decoder-smart

I As an alternative, the smart card could be piggybacked on top of the module or be inserted into a
separate slot. The Multicrypt proposal caters for all these options.
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card combination. This suggests that the market is choosing the Simulcrypt
solution, since it is a very costly operation to replace an installed decoder
base. A major advantage that Simulcrypt has over Multicrypt is that it is based
on conventional techniques that have been used for years, whereas Multicrypt
still has to gain acceptance, The choice of the detachable module (PCMCIA) is
not clear and several parties are arguing about its price or trying to come up
with cheaper alternatives.

At the same time, new discussions on standardization are taking place
in DAVIC, the Digital Audio-Video Interoperability Council. DAVIC is a
world-wide organization with a structure more or less similar to DVB and it
represents about as many companies.
The main difference between DAVIC and the DVB, besides the fact that

DAVIC is a world-wide organization and DVB a European one, is that DAVIC
focuses on interactive systems and not just on broadcasting. This adds another
dimension of complexity to the discussion on conditional access, because now
also the security of the return channel and authentication of the decoder have
to be taken into account. The fact that DAVIC has a world-wide scope
furthermore obstructs the use of a single scrambling system, as the proposed
solution may not be accepted by all governments.
The discussion is still in its infancy and is expected to continue for at least a

year before any decisions will be reached.

5. Conclusions

The DVB standardization of conditional access systems, however necessary,
has proved to be very hard. Security and politics play a major role besides
the technical issues, which are already complex enough in themselves. The
resulting standard defines a common scrambling mechanism, rules to enable
easy transcoding and two solutions for accessing the same decoder box popu-
lation with different conditional access systems. The standard is clearly a joint
effort, trying hard to compromise between proposals wherever possible and
adopting all of them where not.
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Abstract
In multimedia applications information is presented in different forms,
such as text, picture, audio and video. As the volume of data increases, it
is difficult to archive, access and retrieve information. This paper discusses
various issues related to retrieving information in different formats. An
overview of both existing and evolving approaches will be presented. A
general architecture of a multimedia retrieval system and our initial efforts
towards building that system will also be given.

Keywords: annotation, browsing, content-based retrieval, image indexing,
multimedia information systems,multimedia content description.

1. Introduetion

With the recent technological advancements in the computer industry, large
collections of pictures, audio and video are becoming available online in digi-
tal form. Therefore, new multimedia applications accessing huge volumes of
information are becoming feasible. For example, in the fashion industry, an
online shopping system can let a customer look for a dress with certain fea-
tures. In healthcare, an image archival system can help a radiologist retrieve
images with similar abnormalities, or a student obtain images with certain
diagnosis and images that have characteristics similar to an example image.
In entertainment, a TV program or movie browsing system can let a TV viewer
search for programs or movies with particular features. A studio system can be
used by a video editor or director to access certain video shots or scenes, based
on a rough description, sketch, reference to an audio track, or text in a video
frame. In these applications, the data may consist of text, images, speech,
music and video in digitized form. It is time-consuming for a user to browse
through the whole content.



Multimedia information retrieval addresses the needs to efficiently extract,
represent and retrieve relevant information from a database. Many users
will probably have vaguely defined information needs, and often will be able
to recognize rather. than describe what they are looking for. In this case, the
retrieval process should be interactive and iterative, where the system accepts
feedback to narrow or reformulate the search. Itwill be difficult to describe the
request in words ifthe needed information is visual or auditory. Therefore, it is
desirable that part of the search criteria be visual or auditory to allow the user
to sketch a shape, choose a set of colours or texture patterns, or music samples.
Retrieved information should be presented in a meaningful and compact way
to allow the user to browse and identify information of interest.

There are many issues in multimedia information retrieval still not fully
investigated. Many applications use text-based techniques for information
retrieval. Multimedia applications can benefit from textual retrieval methods,
but are not likely to depend solely on them in applications that involve images
and audio. Describing audio and images by textual annotations alone limits
the range of queries that can be handled. In addition, some features, such as
texture and shape, cannot be fully described by textual annotation. Many
research organizations, such as MIT (Massachusetts Institute ofTechnology),
UCSD (University ofCalifornia, San Diego), National Singapore University,
IBM, Siemens, have been working on issues related to content-based retrieval
technologies for image, video and audio [1-5]. In 1994NSF (National Science
Foundation) funded six proposals to work on a digitallibrary. Companies like
Bell Atlantic, Public Broadcast Station, Elsevier, University Microfilm Inter-
national (UMI) etc. are participating in these activities jointly with universities
such as Camegie Mellon and the University of Michigan. In addition to the goal
of developing testbeds for digitallibraries, another primary issue to be investi-
gated is information retrieval. Meanwhile, the Moving Pictures Experts Group
(MPEG) committee is in the process of developingMPEG4, the next video encod-
ing standard. One of the main goals of MPEG4 is content-based interactivity,
which will allow applications to access objects from encoded video bitstream.

This paper is organized as follows: we first identify the relevant issues and
survey current literature related to these issues in Section 2. We introduce
our multimedia archival and retrieval system in Section 3. Finally, the sum-
mary and our future plan are presented in Section 4.

M. Abdel-Mottaleb et al.

2. Issues and existing work in multimedia retrieval

This section gives an overview of current research in multimedia retrieval.
Important aspects of information retrieval systems are representation and
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content analysis, retrieval (or search) and browsing. Representation and con-
tent analysis deal with extracting information from raw data. The retrieval (or
search) is concerned with methods for locating information relevant to a given
request. The methods should perform well even when the volume of infor-
mation in the database is large. Information browsing addresses issues of pre-
senting the results of the search. Sections 2.1, 2.2 and 2.3 will cover the aspects
of representation, retrieval and browsing for text, image, video and audio
information.

2.1. Content analysis and representation

Information representation is the central issue for multimedia retrieval
because the design of information retrieval systems depends on it. At one
extreme, the information is represented using keywords. As mentioned in
the introduction, this limits the range of queries to the system and sometimes
it is difficult to fully describe particular features like texture and shape. At the
other extreme, the information is represented in its raw form and features are
extracted at query processing time. In this case, the user can specify features at
query time, which allows for more flexibility. In a system designed to operate
in between these two extremes information can be represented by extracting a
rich set of features and using it for indexing. This set of features can be a com-
bination ofkeywords, spatial and spatio-temporal features. Multimedia appli-
cations can make their choice of representation on the basis of the efficiency
requirements of the system and content preservation.
In the following sections we survey the representation and content extrac-

tion techniques for the specific media types: text, image, video and audio.
Each type has its own specific characteristics which can be used for content
extraction and representation. We should also note that multimedia informa-
tion usually contains a combination of text, image, audio and video. Indexing
multiple media objects based on content has not been fully investigated. Cross-
media access, for example, using an auditory request to retrieve visual infor-
mation, is an important problem which requires further study.

Data modelling in multimedia systems has offered a different approach to
multimedia information representation. A plethora of models has been pro-
posed for multimedia information systems [6-8]. These models do not facili-
tate extraction or analysis of the multimedia objects based on content.
Instead, they provide a basis for integrated representation and synchroniza-
tion of multimedia objects. There have been efforts to standardize multimedia
representation, such as ISO's Multimedia and Hypermedia Experts Group
(MHEG) [9] and Hypermedia/Time-based Document Structuring Language
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(HyTime) [10]. The MHEG standard is intended for coded representation of
final form multimedia and hypermedia objects that can be interchanged across
services and applications. The objects in MHEG are synchronized and com-
posed to form complex presentations. The HyTime standard provides a
mechanism for specifying hyperlinks and scheduling multimedia information
in time and space.

2.1.1. Text description

Full text description and retrieval is a well established area concerned with
effective techniques for accessing textual information [11]. Content modelling
has been done through keywords, word appearance statistics, knowledge
representation and naturallanguage processing.

Many researchers [12-14] have developed word-statistics-based approaches
to index documents for full-text information retrieval [15]. The content of a
document is analysed, all the words are stemmed; for example, the system
maps both 'engineering' and 'engineers' to 'engineer'. Then, frequently
appearing words such as 'be' and 'the' are ignored. The word appearance fre-
quency is then computed to capture the content of a text document. This
approach is also used by the Wide Area Information Servers (WAlS), the com-
monly used information retrieval engine ofWorld Wide Web [16].The under-
lying assumption in the statistical methods is that the more frequently a term
appears in a document, the higher the probability that this term reflects the
content of a document [17].No elaborate attempt at modelling document con-
tent or domain knowledge takes place.

Researchers have tried to apply knowledge about the semantic relations
between words to text document retrieval [18-21]. When queries do not match
literally, they use keyword expansion techniques to expand the description.

2.1.2. Image and video description

A natural extension of full text retrieval to image and video retrieval is
achieved by using textual annotation [22]. With textual annotations, images
and video clips can be treated as text documents. Chakravarthy [23] used
captions to describe the contents of images or video clips. This system, called
ImEngine, includes a caption processor which constructs structured case
representations of captions and queries. Each caption is first analysed syn-
tactically and the words are assigned roles, such as 'agent' and 'action', that
they play in the caption. Textual descriptions can also be assigned using a
structural knowledge representation approach. For example, Object-oriented
Video Information Database (OVID) is a database system that provides a
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mechanism to share common descriptional data among video objects [24].The
object attributes form a generalization hierarchy, and users can specify which
attributes are inheritable. The data model features schema-less description, i.e.
it does not have a predefined class hierarchy. In OVID, the meaning of video
objects is given by a set of attributes and their values, which are manually
assigned.
Although the textual description could be used for images or video, such

approaches face the problems mentioned previously: textual annotation
makes the search depend solely on annotation, hence if a query refers to
features that were not described, the search will fail. Another limitation is
that some visual properties such as texture or shape are difficult to describe
fully with text. To overcome these limitations, images could be represented
by extracted features. Efficient content classification schemes for images and
video clips need to be developed, based upon these extracted features.
Researchers have used colour [4,25], texture [26], shape [27,28] and sketch
[29] to represent image information. At this level of abstraction, we have a
richer representation and we can formulate queries that are far more useful
than with the textual annotation [4]. Gudivada [30] uses a representation of
objects in 3D image databases by assigning a Spatial Orientation Graph
(SOG) to each image. SOG contains the spatial relationships between objects
in a scene expressed through directional cosines: The scheme is translation-
and scale-invariant, but not rotation-invariant.
The VIMSYS project, as described in [31], supports content description in

terms of objects at four levels: image representation, image objects, domain
objects, and domain events. Image representation is an abstract data type
for each raw image. Image objects are descriptions of entities in the image
in terms of primitive features and relations between features. With domain
knowledge, image objects are translated into domain objects and temporal
relations between these objects are described byevents. The user first specifies
a domain of interest and then uses an interactive graphical interface to choose
and display the objects of interest and their attributes.

Kamel et al. [32] have developed a system for content-based retrieval of
facial images from an image database. The system extracts features based
on expert-assisted feature selection. They used attributed graphs for represent-
ing local facial features and their relationships. A hypothesis refinement
approach was used for retrieval. Turk et al. [33]have presented an approach
for face recognition. The general idea is to normalize images for position,
scale, brightness, contrast, and similar effects. Eigenveetors of the normalized
image covariance are then calculated for a randomly selected subset of these
images. These eigenimage representations are generated for faces and face
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features under a few standard viewing conditions. Over the past twenty years
extensive research has been conducted on various aspects of face recognition.
For a comprehensive survey, the reader is referred to [34].

In the case ofvideo representation, the video footage should be first segmen-
ted temporally into shots. Segmentation is an important step for the detection
of video cut points (scene changes) which can be used for further analysis.
Each video shot can be represented by one or more key frames. Features
such as colour, shape and texture could be extracted from the key frames.
An approach for automatic video indexing and full video search (analogous
to full text search) has been introduced by Nagasaka and Tanaka [35]. Their
video indexing method relies on automatic cut detection and selection of first
frames within a shot for content representation. Otsuji and Tonomura [36]
propose a video cut detection method. Their method is based on finding the
biggest difference in consecutive frame histogram differences over a period
of time. Hampapur et al. [2,37] present another approach to cut detection
which uses domain knowledge of professional editing to segment video by
detecting the editing operations, such as fade-in, fade-out, cut etc. Yeo et al.
[38]present an algorithm for detecting cut points directly from Motion JPEG1

and the MPEG compressed video. Zhang et al. [39]have developed algorithms
to segment video based on change in DCT (discrete cosine transform) coeffici-
ents as well as motion vectors in the MPEG stream.

The segmented video footage can be represented by key frames [5] as
described above. The video segments can also be processed for extraction of
synthetic images. Teodosio [40]provides an approach to extracting a represen-
tative image called 'salient video still' from a sequence of images where the
motion in the sequence is due to an object's motion rather than camera
motion. The methodology involves determining the optical flow between suc-
cessive frames, applying affine transformations calculated from the flow-warp-
ing transforms, like rotation and translation, and applying a weighted median
filter to the high-resolution image data resulting in the final image. Teodosio
[41]proposes a method for synthesizing panoramic overviews from a sequence
of frames where the motion in the sequence is mostly due to camera motion.
Bobick [42] presents two methods for extracting representational frames for
annotation of video. The first method uses multiple concurrent 3D representa-
tions of the motion. The second method transforms the video frames into
images which are natural for the domain and allows direct application of
domain knowledge. For example, in the case of a football video, the frames

I JPEG is an ISO standard for compressing stiJl images, developed by Joint Photographic Experts
Group.
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would be transformed using image warping so that the marking lines are verti-
cal with respect to the viewer. Using domain knowledge about the marking lines
in a football field will help in identification of the football players and events.

Swanberg et al. [43] present a framework for knowledge-guided parsing
algorithms for video with well defined structure. They propose to identify
objects of interest, shots, and episodes of shots prior to insertion into video
databases. During the insertion process the data is first analysed with image
processing routines to identify key features of the data. In this model, episodes
are represented using finite automata. Only video clips with inherently well
defined structure which can be recognized by an automaton can be repre-
sented. The model relies on the spatial structures of the video data without
analysing object motion. In [3], an implementation and a study of knowledge-
guided parsing algorithms is presented. The method has been implemented for
parsing of television news, since video content parsing is possible when one has
an a priori model of the video's structure.
Using key frames alone allows queries concerning the spatial content, but

users might also be interested in dynamic events. Some research projects there-
fore pursue the development of new techniques for elaborate spatio-temporal
representation.
Dimitrova et al. [44] have developed methods to recover motion infor-

mation from motion vectors of the blocks of MPEG video streams. Such
information could be used to describe the temporal characteristics of the
object motion in relation to video content. The model uses a spatio-temporal
representation for objects and their movements.
Modelling of video information can benefit from the studies in dynamic

computer vision that deal with sequences of images. In the last few decades
there has been much research in the areas of moving object tracking [45],
motion estimation [46,47], moving objects segmentation [48,49] and non-rigid
motion analysis [50,51]. An architecture for moving object analysis is pre-
sented by Kubota [52]. The process of motion analysis is divided into three
stages: moving object candidate detection, object tracking and motion charac-
terization. An approach to the classification of movements of articulated
bodies in image sequences is proposed by Rohr [53].The human body is repre-
sented by a three-dimensional model consisting of cylinders. An approach to
tracking vehicles in road traffic scenes is investigated by Koller [54]. The
motion of the vehicle contour is described using an affine motion model com-
prising a translation and a change in scale. Research in video content analysis
and representation can benefit from all these domain-specific motion analysis
projects. These studies can be helpful in object motion description, event
understanding and scene representation for video clips.
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2.1.3. Audio description

Audio streams are rich in semantic content, yet this information is difficult
to extract from the signal itself. Audio information contains speech or music,
or both. Speech can be characterized by its contents, speaker identity, and its
spatial relations. Music can be characterized by the pitch, duration, timbre,
instrument, gestural information, as well as spatial relations among instruments.

Existing description techniques focus on how to reproduce the sound elec-
tronically, such as wave files (WAV format defined in Microsoft Windows
multimedia extension), audio interchange file format (AlF), and others [55].
Music instrument digital interface (MIDI) differs from these techniques [55].
It provides a protocol for passing a detailed description of a music score,
such as notes, sequences of notes, and the instruments that play these notes.
A MIDI file is a list oftime-stamped commands that are recordings of musical
actions, which, when sent to a MIDI playback device, results in sound. How-
ever, the spatial relations between different instruments are missing and the
gestural information is not represented in the MIDI format.

Substantial progress has been made in speech analysis as a result of develop-
ments in speech recognition [56-58]. As opposed to speech, limited progress
has been made for the representation and analysis of music. The representa-
tions of music for the purpose of music synthesis are, however, more devel-
oped [59]. These representations have been influenced by the development of
languages for music composition and tools for analysis of written musical
scores for live performance. An interesting approach to music description
and performance based on Petri nets is introduced by Haus et al. [60]. Their
representation provides a natural way to describe the structure of music con-
taining multiple tracks in which musical objects may flow concurrently.

Casey [61] at the MIT Media Lab. has been working on music models. He
uses a direct inverse modelling method to learn how to map sound to a para-
metric representation. In addition, Casey proposes a neural network model to
approximate the physical environment for spatial relations among instruments.
Goto et al. [62]have developed a beat tracking system for acoustic signals of
music. The system could process acoustic signals from a single instrument and
recognize temporal positions of beats in real time. Extracting descriptions
from music generated by multiple instruments is difficult since the problem
of separating sound sources from an audio stream is still unsolved. These pro-
jects are just a starting point for future research in music analysis.

2.2. Multimedia search and retrieval

Multimedia search and retrieval is the. process of finding information
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relevant to a given query. In order to rank stored multimedia information
according to the request, it is necessary to define some kind of 'similarity'
between the stored information content and the query. This similarity measure
depends on the information representation scheme. To define the similarity
measure it is common to use the same representational scheme for the query
and for the stored multimedia objects. The choice ofsimilarity measure affects
directly the final outcome of the retrieval.

In the following sections, we will survey the advances in retrieval techniques
for text, images, video and audio.

2.2.1. Text search and retrieval

Text-based information retrieval has been used in many applications. For
textual content, retrieval based on keywords is commonly used. Retrieval tech-
niques based on the similarity between words used in the query and documents
are described in [63].These approaches map all words in each document and
each query to preselected terms by morphologically transforming words. This
process is called stemming, which, for example, maps both 'engineering' and
'engineers' to 'engineer'. A document or a query can be envisioned as a vector
in an N-dimensional space, where N is the total number of preselected terms
and each vector component is the frequency of appearance of the correspond-
ing term. Salton et al. [12] apply a vector-matching operation based on the
angle between the vectors representing the query and the document, to esti-
mate the similarity. Jones defines the 'inverted document frequency' (IDF)
to measure the discrimination power of each term. The idea is that a term
appearing in fewer documents should have a higher discrimination power
than terms appearing in more documents; hence, terms with high discrimina-
tion power should have higher weights than other terms. Later, Salton and
Yang [64] use a term-weighting scheme that combines the within-document
frequency weighting with IDF [13] to obtain better performance. Robertson
and Jones [65] define term weights based on relative distributions of terms
in the relevant and irrelevant documents. The premise is that terms in the pre-
viously retrieved relevant documents should have a higher weight than those
terms not in the relevant documents. Salton and Buckley [66] conducted
many experiments and concluded that the best document term-weighting is
defined by the product of the within-document term frequency and the IDF,
normalized by the cosine measure.

Researchers have used two performance measures, precision and recall [66],
to evaluate text retrieval systems. Precision reflects the number of retrieved
documents which are deemed relevant to the query. Recall measures how
many relevant documents in the database are actually retrieved.



Researchers have also investigated various techniques such as relevance
feedback to improve the quality of the term-weighting retrieval even further
[63,67]. Relevance feedback is a query reformulation process which is based
on changing the set of query terms as well as the weights associated with these
terms. Relevance feedback methods are dependent on the retrieval system used
for initial search and the type of information being used. In a retrieval system
using Boolean query expressions, relevance feedback can be performed by
reformulating the query expression [68] or offering ranked lists of terms for
user selection [69].However, the query reformulation is difficult to implement
in these types of system. In systems based on the vector space model [11], the
relevance feedback is easily achieved by combining components of the feed-
back and the query through term re-weighting and query expansion. Though
relevance feedback can be performed in various situations, some experiments
indicate that this step is not significantly useful in cases where high-recall
search is not important [70].
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2.2.2. Image and video retrieval

Many approaches for searching images and video clips depend on textual
annotation and use text information retrieval techniques [23]. Several
researchers extend the full-text retrieval for semantic-based information
retrieval; for example, Flank et al. [71] used natural language query and
semantic similarity of captions to retrieve images. Their system, PhotoFiles,
is now available on the market. However, these approaches have the limita-
tions mentioned previously.

Feature-based approaches use colour, texture, shape and sketch to retrieve
images. In [4],colour is used along with texture and shape for retrieval. In [72],
only colour is used as a basis for retrieval and the authors employ fuzzy set
theory to express the intrinsic uncertainty ofhumans in evaluating colour simi-
larity. The approaches in [4,72]use only global image features. To take advan-
tage of the local features, Nagasaka et al. [35] developed an image retrieval
technique that extracts a set of distinct colour pairs from each image. If two
images have similar colour pairs, the contents are likely to be similar. How-
ever, they do not define a similarity measure and assume exact colour match-
ing. Chua et al. [73]extended this approach by defining a rank function based
on the weighted sum of differences between the occurrences of colour pairs in
the query and in the image.

Methods based on retrieval by shape use the shape properties of a given
object to find images with similar objects. Moments, contour descriptors
and other shape properties are usually used. In [5], moments were used to
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describe shapes. In [27], an approach is presented to retrieve from a set of
images of objects the subset that contains objects most similar to a given tem-
plate. Rectangular covers were used to represent shapes of objects. Each shape
was represented by a sequence of rectangles. The same representation was used
for the template, and matching was applied by measuring the difference
between the two sets of rectangles. This approach does not allow for rotation.
Another similar approach is developed by Califano et al. [28].They use trian-
gular approximation of geometric shapes, and image retrieval is done by geo-
metric hashing using the triangles.

Smith et al. [26] have developed a texture-based image retrieval method.
They extract texture information from the JPEG image data directly, and
then use texture characteristics to compare the images in the database with
the query image. In [26], images are segmented into blocks using quad tree
decomposition. Texture features are then extracted from spatial blocks using
wavelet representation of the image. A measure of distance is used to identify
textures similar to that of the query. In [1], texture is described using Wold's
decomposition. This decomposition results in three components: harmonic,
evanescent and non-deterministic, which are believed to correspond to repeti-
tiveness, directionality and complexity. These are identified by psychophysical
studies to be used by humans for determining texture similarity. Similarity is
calculated on the basis of the distance between the three components in the
query image and the images in the database.

An algorithm for image retrieval by sketch was introduced in [29]. Each
image in a database is represented by its edge image. The retrieval is done
by applying correlation between the sketch image and the edge images block
by block. The problem with this approach is that the use of correlation
requires an accurate sketch. This assumption is not realistic since in most
applications the user would draw only a rough sketch containing the key fea-
tures of interest. Also, the correlation must be performed on all the images in
the database during the query time, which is computationally expensive. A lot
of work is still needed in the area of retrieval by sketch. For general-purpose
multimedia applications, the sketch does not contain full information about
the object. This means that the system has to further understand or guess
what the user really needs. It is most likely that the system has to interact
with the user to refine the query further.

Methods based on feature vectors include the work of Kelly et al. [74]. Their
system, CANDID (Computer Algorithm for Navigating Digital Image Data-
bases), enables query by example of image databases that have been prepro-
cessed to develop a global signature for each image. The signature uses
feature vectors, including features such as local texture, shape or colour.



2.2.3. Retrieval by sample audio or music

Text retrieval methods can be applied to audio or music retrieval via text
annotation. Research efforts in music and speech retrieval without text anno-
tation are fewer than efforts in image and video retrieval. This is due to the fact
that this problem involves complicated issues such as sound separation and
speaker (or instrument) identification.

A research team at Xerox PARC has been developing word spotter and
speaker identification systems in the past few years [56,77]. The word spotting
system, based on Hidden Markov Models (hereafter HMM), provides capabil-
ity to locate a user-specified keyword or phrase in the context offluent speech.
Their method is speaker dependent and requires about one minute of training
[56].The speaker identification and segmentation system partitions a recorded
audio stream according to the speaker. When a speaker is known a priori, the
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The distance between the probability density functions of feature vectors is
used to compare image signatures. Subtracting a 'background' signature
improves the results. The algorithm is computationally expensive and the
features must be chosen in a domain-dependent way for good results'. Appli-
cations include matching Landsat images and computed tomography lung
images.

An important issue in multimedia information retrieval is the management
and retrieval of video. Smoliar and Zhang [75]have developed techniques to
parse video streams into segments. The video is then characterized using a
frame-based approach. 'Frame' refers to a knowledge representation method
that associates features with nodes representing concepts or objects. The
frame-based representation mainly contains a topical hierarchy which cap-
tures the domain-specific knowledge. The video material is classified into
one of the categories. Each category is defined by a few slots that describe
visual features of the video, such as colour, texture and shape. The retrieval
of video is based on the similarity measure of corresponding slots of the query
and the key frames of the videos. Their approach ignores the temporal aspect
of video.
An algebraic approach to content-based access to video is presented in [76].

Video presentations are composed of video segments using a 'video algebraic
model'. Hierarchical relations between the video expressions allow for multi-
ple coexisting views and annotations. The algebra contains methods such as
union, concatenation and intersection for temporally and spatially combining
video segments. In addition, methods for querying using Boolean combina-
tions of attributes, and browsing, are introduced.
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system can extract portions of the conversation from that speaker. When
speakers are unknown, the system simply marks the times in the audio when
the speaker changes [57]. Each speaker is modelled by an HMM network,
referred to as a speaker sub-network. Their speech recognizer consists of a col-
lection of interconnected speaker sub-networks. The sub-networks are trained
by either a supervised method or an unsupervised training method. When
applied to speech segmentation, the system identifies those times when the
optimal state sequence changes between speaker sub-networks.

2.3. Browsing and navigation

Browsing and navigation are important, especially when the user does not
have a precise query. This frequently happens when a person is accessing a sys-
tem with a large collection ofitems such as a library system or multimedia-on-
demand system. In this situation, users have to explore the information system
and refine the query as the search progresses further. The idea of non-linear
information browsing has been introduced by hypertext (hypermedia) systems
[78]as an alternative to linear presentation. With a hypermedia system authors
can create a linked body of material that includes text, graphics, images, video
and audio. The explicit connections - links - allow readers to travel from
one information node to another.
It is important to give immediate feedback in browsing and navigation since

the users may not have a precise query. Allowing the users to browse part of
the contents will help them refine their queries. An iterative retrieval approach
has been used in [11,16].In this approach, a user can search for information by
a query and the system searches and retrieves a few items of information. The
user can browse them, select those which are deemed relevant, and refine the
query to search for more information.

Recent full-text retrieval techniques allow the query to be the content of a
document rather than just keywords. The refinement of the query is done
simply by submitting the content of a document. This approach has been
used successfully in many applications, such as Dow Jones News and World
Wide Web Surfing. A similar approach can be applied to multimedia informa-
tion browsing and navigation. The challenge is to find similar methods for
query refinement in image, audio and video retrieval.
A critical issue for browsing and navigation is how to present information to

the user. Many approaches present the content of images and video clips in
terms of spatial features as well as temporal features. Nagasaka introduced
the notion of micon, motion icon, showing the first frame of each video cut
[35].These mieons are then used for browsing and replay ofthe corresponding



video clips. Zhang et al. [3] have developed algorithms to automatically parse
television news and create 3D mieons which serve as visual indices. In this
work, mieons are iconic cubes of frames whose top and side faces are striped
in different colours representing the presence of cuts in the video. The depth of
the micon is proportional to the length of the video. The visual index is pro-
vided at the camera shot level. Each camera shot segmented during the video
parsing process is represented by a 3D micon. The user can select the icon and
activate the browsing tool provided by the system to view the contents of the
news item. Akutsu et al. [79-81] use a stack of images, called Video'Spacelcon,
to present the motion of the camera. They extract the camera zoom, pan and
tilt information on the basis of projection theory used in tomography and dis-
play the video frames according to motion. Davenport et al. [82] and Davis
[83] describe methods to manually annotate video with icons. Arman et al.
[5]have developed a similar methodology to present the video contents. Every
video segment is represented by an Rframe. An Rframe consists of a body and
four motion-tracking regions on the sides of the frame. The body is the first
frame in the segment, and the motion tracking regions trace the motion of
boundary pixels through time. The representative frames can then be laid
linearlyon the screen for browsing. The system is used for content-based
fast forward and fast backward.
Media Streams is a visuallanguage that enables users to create multi-layered

iconic annotations of video content [84]. The objects denoted by icons are
organized into hierarchies. The icons are used to annotate video streams in
what the author calls a 'media time line'. The iconic primitives constitute a
controlled vocabulary that can be extended by means of combination. The
media time line is the core browser and viewer of Media Streams. It enables
users to visualize video at multiple time scales simultaneously, to read and write
multi-layered iconic annotations, and it provides one consistent interface for
annotation, browsing, query, and editing of video and audio data. The Media
Streams interface helps to alleviate problems caused by divergence of description.
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3. Multimedia archival and retrieval system

We present a general architecture for our multimedia archival and retrieval
system in Section 3.1. In Sections 3.2 and 3.3 we present two approaches for
image retrieval that will be used by the system. The first approach represents
images by keys constructed by measurements from window pairs. It is suitable
for searching huge collections of images for a given image. The second
approach describes images using features of objects. It is suitable for searching
databases for images that have objects similar to those in the query image.
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3.1. System architecture

We are developing a content-based multimedia information retrieval sys-
tem. The system is designed to retrieve information based on keywords and
sample information provided in various forms. For each media type we plan
to have specific algorithms that exploit the inherent characteristics of that
media type. The proposed architecture, as presented in Fig. 1, consists of an
archival part and a retrieval part.
To archive an information item into the media server, its content is analysed

to generate appropriate representation. Then, an index is assigned to the infor-
mation item by the indexing module. For example, an image will be repre-
sented by properties of the image objects and their spatial relations. The
media storage server is a repository of the derived information as well as the
images, text documents, audio samples and video sequences in raw form. The
media storage server might contain disk-arrays for real-time video browsing.

a).,- ......

Indexing

ext,lmage
Ideo, audl Media

f------1-t storage
Content 1<-----' Index, server

'----- .....description content.......___.....
description

Content
Analysis

b)

Query Query Ranked list
refinement

Text, Image 1 Ivldeo,audl
query Query Search

analysis retrieval Browsing
Query Ranked
description

list~content

/
Media
storage
server

Fig. I.An architecture for multimedia archival and retrieval.
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The information retrieval process is performed iteratively. The query can be
described by a combined expression consisting of keywords, samples of text,
sketch, image, audio and video. When a query is submitted to the system,
the query analysis module first analyses the query and generates content
description. All stored contents are ranked according to the similarities
between their indices and the query description by the search/retrieval module.
A ranked content list is passed to the browsing module and the user can then
browse and explore contents in the list. If needed, the user can refine the query
and repeat the retrieval cycle.
The archiving and the retrieval rely on content extraction and analysis since

the information items need to be analysed and compared using the same con-
tent extraction scheme. If multimodal retrieval is provided, there is a need to
define an index scheme that is universally applicable to information repre-
sented in different media.

Generally, we need to distinguish between basic-content analysis and task-
dependent content analysis. The basic content analysis module consists of a set
of common operators that are universal across different tasks. Examples of
such operators include operators for video segmentation, motion detection
and extraction of motion trajectories, as well as operators for word spotting
in the case of audio, and full text processing. The task-dependent content
analysis module consists of operators for translating the extracted features
into meaningful descriptions for retrieval. Each task typically determines its
own set ofmeaningful descriptions and has its own interpretation ofthe same.
Our goal is a general architecture for multimedia information retrieval. We

have started by developing part of the system related to image retrieval by
example. At this stage we are building a testbed for development of new algo-
rithms for video/image segmentation and feature selection and classification.
The following sections present two approaches for image retrieval by example.
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3.2. Image retrieval using keys constructedfrom windowpairs

This method involves constructing a key or set of keys for each image to be
used for indexing the image. The keys can be precomputed for an image data-
base, or can be computed for each image at the retrieval time. Precomputing is
preferable for performance reasons, but sometimes is impossible because of
frequent updates. The method works both on uncompressed images and on
images compressed using JPEG [85].

3.2.1. Image indexing and retrieval

A key is constructed for each image in the database; this is done by choosing
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a set of windows in the image. Relations between selected pairs of these
windows are used to build a key. We construct a key for the query image using
the same window setting as in the case of constructing the image database
keys. We then compare the keys computed from the query image with the
keys of each image in the database.
We rank-order the matches according to their scores, and present the results

to the user, who can then browse through the matching images. The aim of our
method is to 'filter' the images in a large database, and to classify them accord-
ing to their similarities to the given image. We are not trying to recognize

A. The key is 0001000111111011

C. The key is 0000011111101011

B. The key is 1110011101111001

D. The key is 0000011011101011

E. The key is 0000011111101011

Fig. 2. Example images and their corresponding keys.
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3.2.2. Experiments

We constructed a database of 400 images, including a large number of
images of faces, cartoon images, and a number of greyscale images of docu-
ments. Keys were constructed for the images in the databases. Figure 2 shows
a subset of the images that has been used, and their corresponding keys. We
notice that the keys for images 2.A and 2.B differ in 8 bits. Also, image 2.C
has a key which is different from 2.A and 2.B in 5 and 6 bits. These three
images are totally different and a large difference between their keys is
expected. Images 2.C and 2.D have a single bit difference in the keys because
the position of the left piggy has changed, and a window happened to be in this
location. Images 2.C and 2.E have similar keys; the position ofthe left piggy in
image 2.E has changed from that in image 2.D. These experiments show the
power of the method to distinguish between different images.

We also experimented with the same images but with different scales. Simi-
lar images gave the same keys at different scales. This shows that the method is
independent of the image size. Currently we are investigating extending this
approach to deal with translation.
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objects in the images, but we expect that the query image containing a docu-
ment should retrieve other document images with low scores, and a query
image of a passport photograph should return other passport images. The
images that are returned can then be processed by a more sophisticated and
restricted set of algorithms with the expectation that most of the images to
which they are applied will have similar characteristics.

3.3. Image retrieval by example based on image objects

We are concurrently investigating another image retrieval method. Instead
of using properties of preselected windows, this method analyses the image to
extract image objects. The index is generated from the properties ofthe image
objects, such as shape, texture, colour and spatial relations. The following two
subsections describe the algorithms for indexing and retrieval. Some prelimin-
ary experiments are shown in Section 3.3.3.

3.3.1. Imagê indexing

The image indexing involves extracting image objects and generating
descriptions of image objects. An image object could be an image area with
common visual properties. Currently, we treat each image region with common
properties, such as texture, colour etc., as an image object to simplify the
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problem. Each image is first segmented into non-overlapping image regions.
The Fourier descriptors are then used to represent the shape, the scale and
the orientation of each segment [86,87]. Non-geometric properties, such as
average colour intensity, the dominant colour, the texture, the colour histo-
gram etc., are extracted for each segment and included in the descriptions.
In the experiment, the index of each image consists of the set of descriptions
of all image objects in each image.

3.3.2. Image search and retrieval

The image search algorithm consists of two stages. In the first stage, the user
composes a query by giving an image of a desired object. In the second stage,
the system compares the shape of the example object with all image objects
included in the index of the information system. The similarity between the
query object and another object is calculated by computing the weighted sum
of differences between their shape, orientation, and non-geometric properties.

I··. I1 _. I •
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b)

Fig. 3. Image retrieval experiments for a database containing 10 images of single contour:
(a) retrieval with an ellipse; (b) retrieval with an octagon.
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The highest similarity measure among all image objects in the given image is
used to rank the image if it contains multiple objects. A ranked list of images,
sorted by decreasing similarity measures, is then displayed for browsing. The
user can then compose another query by specifying another image object, and
repeat the same procedure until satisfied with the results.

3.3.3. Experiments

Figure 3 shows the experiment performed for retrieving images of a single
contour based on geometric properties only. Figure 3a shows the results
when the sample image is an ellipse. The top four images in the ranked list
are shown in the result window. The similarity values shown below each image
range from 0 to 1.Note that the octagon is ranked higher than the thin ellipse.
This happens because the similarity measure also incorporates the total area
size. Figure 3b shows the results when the sample image is an octagon. Notice
that the ellipses are ranked in a very 'reasonable' way even ifthe query image is
not an ellipse. In pattern recognition, these ellipses will be considered false
detections. In information retrieval, these ellipses might correspond to infor-
mation the user did not request but will enjoy seeing.

4. Conclusions

In this paper we have covered some ofthe recent research activities in multi-
media information retrieval. In our survey we covered issues of retrieval for all
possible forms ofinformation: text, image, video and audio. We also proposed
a general architecture for a multimedia retrieval system, and presented our
initial efforts towards building the system.

Although text retrieval has received a lot of attention in the past, more
research is needed for semantic text retrieval. There are still unsolved issues
in retrieval techniques for images, video and audio. First, the methodology
to choose suitable representation models is yet to be developed. Second, differ-
ent users might access the same information for various purposes. Access
methods should therefore be flexible enough to allow a variety of queries.
These access methods will need the development of sophisticated indexing
techniques. Third, browsing and navigating through a large volume of multi-
media objects is a challenging problem. Issues like presenting spatio-temporal
information, interacting with users and presenting feedback require more
studies.
As for future work, we plan to develop retrieval techniques for various

applications. These efforts could be built upon techniques that have been
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developed by researchers at Philips. Efforts will be made toward defining
representation models for multimedia retrieval. Our goal is to develop method-
ology for choosing representation models.
We have started to work on the video retrieval problem, especially the video

segmentation and representation of temporal information. Our goal is to
extend image retrieval work to video retrieval based on key-frames, and to
extend the retrieval method to use temporal information. The new develop-
ments in video coding standards, such as the MPEG4, also seem attractive
since content-based representation and retrieval will be addressed. In addition
to the video retrieval problem, we plan to investigate techniques for audio
retrieval according to the needs of applications.

We believe that personalized information services, such as personalized
news, TV guides etc., will become important as the volume of digital informa-
tion increases and linear browsing becomes time consuming. Results ofmulti-
media information retrieval should be useful to these applications.
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Abstract
Some basic concepts about electronic programme guides and what Philips
is doing in the area are explained, followed by a more detailed explanation
of some key components needed in such a system. By way of example, some
aspects of the Philips system are highlighted, both on the receiver and the
transmitter side. Special attention is given to the constraining character of
the digital video broadcast environment; some challenging problems for
the design of an electronic programme guide in such environments are
explained, and solutions are sketched.

Keywords: digital television, electronic programme guides, user interface,
service information.

Philips J. Res. 50 (1996) 253-265

ELECTRONIC PROGRAMME GUIDES AND SERVICE
INFORMATION

by JÖRGEN ROSENGREN
Philips Research Laboratories, Prof Holstlaan 4, 5656 AA Eindhoven, The Netherlands

1. Introduetion
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l.I. The Electronic Programme Guide

One of the terms that is heard most often in scenarios for future television
systems is 'Electronic Programme Guide' (EPG). An EPG, as perceived by
the user, is a tool for browsing through information about the television chan-
nels and programmes that are available. In its simplest form, it is merely a digi-
tal version of the programme listings one can find in daily newspapers; a more
advanced version might combine such textual information with audiovisual
information, and also provide a means to control different functions of the
TV set or related products, for instance by allowing for automatic VCR pro-
gramming.

When the research on EPGs started at Philips Research in Eindhoven, there
were some more or less sophisticated EPG applications already deployed in
analog television systems, with varying degrees of success. However, there is
more reason to look closely at EPG applications in digital video systems, since
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these systems provide both the necessity for and the feasibility of a mass
deployment.

The necessity is caused by

• the expected number of channels in these systems. It is possible to have sev-
eral times as many channels on the same cable if those channels are digitally
compressed. Ifthe user is to have any possibility to browse through the con-
.tent of a fewhundred channels, an on-screen programme guide will be more
or less necessary. The large number of channels also makes it more neces-
sary for the individual channels to advertise themselves to the user, for
instance through the EPG;

• the increased flexibility in a digital system. In a digital TV system, there is
not a one-to-one relationship between physical channels and television
channels. For example, one physical channel could contain six television
channels one day, and five the next. The EPG is expected to shield the
user from this complexity by providing an intuitive user interface for select-
ing channels;

• the need to make the new digital video systems more attractive than the
existing analog ones. In the end, the consumer will have to pay for the intro-
duetion ofthe new technology, and consumers will not want to pay more for
less functionality.

The feasibility relies on

• the fact that digital video systems are inherently well suited for the combi-
nation of the television signals with ancillary data, such as could be used
by the EPG;

• the fact that the deployment of digital video systems, at least in the near
future, will rely on set-top boxes to convert the digital signal back to analog.
Since these set-top boxes are a totally new product, no backwards compat-
ibility problems have to be dealt with; since they are necessary to anyone
who wants to decode the signal at all, they provide a convenient vehicle
for the introduetion of totally new services, such as EPGs;

• the large bandwidth provided by digital video systems.

Taken together, these points clearly indicate that the EPG has an important
role to play in digital video systems.

1.2. The service information

All the information that is provided by an EPG to the user has to be trans-
ported over some communication channel. Traditionally, the information is

254 Phllips JoumnJ of Research Vol.50 No.1/2 1996



Electronic programme guides and service information

given to the producer ofa (printed) programme guide weeks in advance ofthe
programmes themselves, and is then printed and distributed via mail or shops.
As was pointed out above, digital television systems provide an excellent
means for distributing this information in electronic form to the user: the pre-
sence of a high-bandwidth digitallink.
Typically, digital television systems will contain programming from more

than one programme provider. In order for the EPG to be able to present
the information on the different programmes in a consistent way, it is desirable
to standardize as far as possible the format of the information. This has been
done before in other television systems (D2MAC, teletext). The standardized
format is optimized for describing so-called services (typically, television chan-
nels), and is therefore referred to as service information. For digital television
systems world-wide, the Digital Video Broadcast project (see below) has been
the biggest contributor to a standardized format for service information.

1.3. A system viewpoint

One of the central issues of the deployment of an EPG system is that the
EPG itself is not located in anyone system component, such as the multiplexer
or the set-top box. It is a distributed entity, which relies as much on a graphics
chip in the receiver as on a database system at the transmitter site. In order to
be successful in the deployment of an EPG system, it is imperative that this be
taken into account from the start. This is very different from the situation in a
'traditional' Philips business such as the production of television sets.
As an example, take an EPG feature such as 'preview'. To be able to provide

the user with a preview of a movie that is scheduled for the next day, the entire
broadcast chain gets involved:

• encoders, stream pumps and multiplexers to inject the clip itself;
• data bases, service information compilation software and probably also
conditional access software at the head-end to link the clip in the correct
(pre-arranged) manner to an event definition, and

• the EPG software in the receiver which must recognize the presence of a clip
and set its demultiplexer parameters accordingly, based on actions from the
user, as perceived by the user interface software.

1.4. Philips and EPGs

Philips has a history of EPG research which reaches back more than five
years. In the last one and a half years, the development of the EPG has
gone from research to finished product. This product is part of the product
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2. Overview of system components

2.1. The MPEG-2 transport stream

Almost all digital video broadcast systems deployed or under deployment
today conform to the standards developed by the so-called Motion Pictures
Expert Group (MPEG1

) with respect to video source coding and multiplex
scheme. Of interest for this paper is mainly the multiplex scheme, or more pre-
cisely the MPEG-2 Transport Stream. The transport stream is a packet-based
time multiplex that allows for the combination of video, audio and data
streams into a single bitstream.è which can then be transmitted over a single
physical channel. This, together with the large bandwidth provided by most
systems for digital video, provides the technical background for the definition
of an EPG: along with the 'normal' television programmes, in compressed
digital form, it is now also possible to transmit large amounts of ancillary
information about the television programmes.

The transport stream is a continuous bitstream divided into fixed-length
packets. Each packet consists of a four-byte header, an optional so-called
adaptation field, and payload. One of the fields in the header is the Packet
IDentifier, or PID, which is a thirteen-bit field used to identify the bitstream
('elementary stream') a packet belongs to. The PID is thus a sort of logical
channel number. All packets that have the same value in their PID field carry
data of only one elementary stream, for instance one stream of bits from a digi-
tal video encoder.

J. Rosengren

line in digital television which has been developed and marketed by the new
business unit Digital Videocommunications Systems (DVS) and by Business
Group Television (BGTV). The development of the EPG product is a good
example of an activity where several different parts of the company have coop-
erated in a very fruitful manner. Corporate Design has designed the user inter-
face, drawing on results from early research in the field. Research has been
involved in prototyping activities, in the standardization of the service infor-
mation format, and has acted in a consulting role throughout the project.
DVS has acted as system integrator, and has developed the software and hard-
ware for the transmission and conditional access systems. Both BGTV and
DVS have developed set-top boxes that the EPG can run on.

1 MPEG's formal name is ISO/IEC JTCI SC29 WG 11, indicating that it is a working group which
is part of a joint undertaking by the International Standardization Organization and the Inter-
national Electrotechnical Commission.

2 The system allows for multiprogramming, i.e. the combination of several television programmes
(logical channels) into one bitstream (physical channel).
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Philips has played a very active role in MPEG, and currently holds the
chairmanship of the Systems sub-group.

2.2. The Digital Video Broadcasting environment

2.2.1. The Digital Video Broadcast project

The MPEG-2 standard has a very wide scope: it targets a large set of appli-
cation areas and consequently provides a large amount of flexibility. Each
application will have to choose the 'tools' it wants to use from the variety pro-
vided by the MPEG-2 standard. Different groups and organizations are doing
just that, among others the Digital Video Broadcast project. This project is a
Europe-based cooperation between some 150 companies and institutions, the
goal of which is to coordinate and facilitate the introduetion of digital video,
primarily in broadcast systems (satellite, cable and terrestrial). The project has
been very successful so far in coming to agreement on selecting a subset of the
MPEG-2 standard as well as filling in the parts that are outside the scope of
MPEG. Currently, the project's set of standards is being adopted by other
standardization and specification bodies, such as the Digital Audio-Video
Council (DAVIC).
However, the Digital Video Broadcast project has also deliberately refrained

from standardizing what is better left to the market, such as the specification of
an electronic programme guide. This has many reasons, for example:

• each broadcaster or service provider might want to provide a different EPG
in an attempt to communicate a specific 'look and feel' to his customer;

• manufacturers of decoders will want to be able to provide decoders with dif-
ferent capabilities, as a means of distancing themselves from the competi-
tion and in order to provide the end customer with a choice between low-
end and high-end products;

• specifying the behaviour of an EPG at an early stage in the development of
digital video broadcasting would freeze the technology at this stage and
hamper the introduetion of new ideas.

What has been done, though, is the specification of a number of data struc-
tures that can be used by the EPG, called Service Information. This is the sub-
ject of the next section.

2.2.2. The Digital Video Broadcasting service information

Within the Digital Video Broadcasting project, a sub-group with the quaint
name of 'DVBfV2 SI' has been working on the subject of service information,
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i.e. ancillary information about the radio and television services provided in a
digital video broadcast system. The work has resulted in a specification for
data structures used to transmit (mostly textual) information about the ser-
vices described, as well as physical parameters such as modulation schemes
and carrier frequencies." The work of the Service Information group was
founded on a set of 'commercial requirements', which state that the service
information should support the following:

• delivery system and marketing independence;
• transmission on different media; easy transitions between media (e.g. satel-
lite to cable);

• implementations with or without conditional access; multiple conditional
access systems;

• independenee ofpresentation system; possibility for both simple and sophis-
ticated presentation;

• multiple languages; signalling of countries where reception is intended; par-
ental rating features;

• easy implementation and use;
• automatic and dynamic receiver configuration;
• compatibility with the MPEG-2 standard;
• simple re-multiplexing;
• low mandatory processor load; low transmission overhead; fast acquisition.

These requirements have been largely fulfilled. The resulting specification
has been handed in to the European Telecommunications Standards Institute
(ETSI) and is currently on its way to becoming a European technical standard.

The service information is, roughly speaking, intended for two purposes in
the receiver. Firstly, it contains information to the user on such things as
names, content and schedules of services and events offered to the user. Sec-
ondly, itcontains information intended for the receiver software on such things
as carrier frequencies and modulation schemes, intended for use by various
automatic set-up mechanisms.

The following gives a brief overview of the service information tables and
their use:

J. Rosengren

• the Network Information Table is intended for the transmission of informa-
tion that can help the receiver setting up frequency tables for the different
channels available on a certain network;

3 Note that this represents a 'bootstrap' problem. Before the information about physical para-
meters can be decoded, at least one digital channel must be acquired.
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• the Bouquet Association Table is intended to provide information about a
group of services that are marketed as a single entity, a so-called bouquet.
The goal of describing the services in a separate table is to make it possible
for receivers to implement a bouquet-oriented user interface. In such a user
interface, services would be arranged in two levels, where the top level would
be a list of bouquets and the next level all services of each bouquet;

• the Service Description Table is intended to provide information about the
services that are transmitted in the current Transport Stream or in other
Transport Streams. A service, here, is often more or less equivalent to
today's television programmes, but could also be a data service, such as a
home shopping channel;

• the Event Information Table is intended to provide information about the
events ofthe various services. An event is a labelled time chunk of a service,
such as 'The 5 o'clock news';

• the Running Status Table is intended for providing a mechanism for quick
and overhead-efficient transmission of warning messages when an event
begins;

• The Time and Date Table is intended to provide the receiver with the cur-
rent date and time automatically.

Philips has been one of the most active partners in the standardization of
service information.
The service information working group has worked very well as a forum

where content providers can give input on their functional needs and have
them tested against technical feasibility by equipment manufacturers.

2.3. The typical Digital Video Broadcasting receiver

The DVB receiver, in the short term, willmost often take the form of a set-
top box that converts the digital signal back to an analog one. The latter can
then be fed to a normal TV set. Although there has been no standardization of
how to build a set-top box, it is to be expected that there will be considerable
similarities between boxes of different brands, for the simple reason that the
required functionality in combination with the high price pressure leaves little
freedom to experiment. Typically, a digital video broadcasting set-top box is
an extremely constrained platform. The most serious constraints are the
very limited

• memory, both RAM and ROM;
• processing power; and
• graphics capabilities.
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These constraints make the design of an attractive and powerful EPG on the
platform a very challenging undertaking. This is true especially with regard to
the graphical user interface, which has to provide convenient access to a very
large amount of (mostly textual) information using very limited resources.

3.1. Implementation on the transmitter side

The service information (SI) will typically have to be compiled from a variety
of different sources: databases (internal and external), material extracted from
other transmissions, and manual input. It is preferable to compile this infor-
mation into some intermediate database which is tuned to the requirements
of the service information. The reason for doing this is to let the subsequent
steps of the process be independent of the format in which the material is pro-
vided. The result of the compilation is a database containing information
about bouquets and services, as well as pre-scheduled events of those services,
in a common format. Let us call the mechanism that performs this first step in
the process the 'precompiler' .

The information output by the precompilation step is largely static and net-
work-independent. It now needs to be combined with

• information about conditional access, especially pay-per-view events;
• network parameters, such as grouping of services, frequencies, modulation

etc;
• identity numbers for services and events; and
• various pieces of private information, such as pointers to audiovisual
material for the EPG.

3. The Philips EPG

The second step, then, is the service information compiler. This unit takes
the precompiled service and event descriptions and combines them with the
information listed above. Besides this quasi-static information, the SI section
compiler also adds dynamic information such as the running status of events
and services. It also makes decisions based on dynamic information provided
to it. An example of the latter is when an event starts, and thus becomes the
'current' event. The result is a complete set of sections that describe the services
and events of some multiplex or set of multiplexes.

The last step for the generation of service information streams is something
we will call a service information stream injector. This unit takes the compiled
sections according to some transmission scheme and feeds them to the
multiplexer/transmitter. Having the injector as a (logically) separate entity
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Fig. 1. Simplified structure of a service information insertion system.

allows us to separate two asynchronous procedures: the compilation proce-
dure (which is performed on part or all of the sections when a configuration
change has occurred) and the insertion of the complete sections into the
stream. The latter process is driven by the need to repeat each section within
a prescribed interval. The service information injector makes sure this is
done while obeying bit-rate constraints that are imposed on it from the multi-
plexer control software.

Figure I gives an overview of the different steps of the SI compilation and
insertion. Note that the symbols that resemble computers do not necessarily
have to represent physically separate pieces of equipment.

3.2. Implementation on the receiver side

3.2.J. Overview

The implementation of the EPG III the receiver has the following main
aspects:

• the retrieval and storage of service information;
• relating that information to other information, particularly related to con-

ditional access;
• presenting the information to the user and letting the user interact with it.

Each of these aspects will be treated separately below.
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3.2.2. Service information retrieval

The retrieval and storage of service information in the EPG implementation
should be able to provide fast access to any part ofthe information and always
keep the information up to date, while making minimal use of memory and
processor power. In a system where the information is repeated in the broad-
cast stream in a cyclic manner (i.e., retransmitted at regular intervals), these
requirements are contradictory. As an example, consider a piece of informa-
tion which is repeated in the transmission every twenty seconds. If the infor-
mation is not stored, accessing that piece of information will take ten
seconds on the average, which may be unacceptable. Storing the information,
however, consumes much memory (since it is not clear which piece ofinforma-
tion the user will request next) and is also in conflict with the requirement to
keep the information up to date.

Another problem encountered in the design of the service information
retrieval process is that not all the information is available on each physical
channel. The user, not being aware of the existence of a division between phy-
sical and logical channels, should not be confronted with this constraint.

The solution for both these problems lies in a combination of

• caching techniques borrowed from the computer world;
• careful scheduling of information in the broadcast stream; and
• a design of the user interface which hides the problems from the user.

3.2.3. Interfacing with the conditional access system

Most digital television broadcast systems in the near future will rely heavily
on the use of conditional access features, since a considerable portion of the
programming will be pay-TV, i.e., only available to users who have paid to
watch in one form or another. Even programmes that are intended for free-
of-charge watching should be available only under certain conditions, because
of copyright and copy proteetion reasons, and will therefore often be
scrambled.

For the EPG designer, it is necessary to separate the different kinds ofpay-
ing schemes. Typically, the following schemes are used:

• subscription: the user pays to watch a certain service during some (long) per-
iod of time, such as a month;

• pay-per-view: the user pays for an entitlement to watch a certain event of a
certain service in advance;

• impulse pay-per-view: the user has not obtained entitlement to watch an
event in advance, but pays for all events that he or she watches.
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The first two schemes are very similar from the point of view ofthe EPG; the
user is either allowed to watch or not. In the latter case, the EPG must signal
the sad news to the user in some appropriate manner. For impulse pay-per-
view, the EPG has to let the user decide if he wants to watch the event or
not, and also provide an interface to mechanisms that prevent excessive spend-
ing, watching by unauthorized people, etc.
All these points are, in fact, just examples of a broader problem. Besides

providing the user interface to the channel selection process (which relies on
the service information) the EPG must also provide an interface to the con-
ditional access system (which relies on private data structures). It would be
unacceptable to have two different user interfaces in the same box. However,
there are several system design problems that are a direct result ofthis, mainly
related to keeping the two sets of information structures consistent.
The implementation of the Philips EPG provides a solution to these

problems, in particular for the Philips-owned conditional access system,
CryptoWorks TM.

3.2.4. User interface

The EPG user interface can be looked at from the different viewpoints of
functionality and representation. Here, we will outline these issues and discuss
the interaction with the user interface.
In determining which functionality the EPG should support, it is necessary

to understand that the EPG has two users. The programme provider uses the
EPG to market a range of products, the programmes. The consumer uses the
EPG to find information about the programmes. The two users have different
goals; the design must take both goals into account.

Concerning the consumer (or the end user), the first question is: 'Which
functions does the end user want?'. The answer to this question depends on
a number of parameters, such as the end user's age, sex, cultural and social
background, and so on. However, early research as well as studies of other
implementations yield a few basic functions, such as:

• schedules for each channel;
• an overview of all material being transmitted now (and soon);
• an overview of events sorted by category of content; and
• more detailed information about each event.

In addition to these basic functions, the following ones are very interesting:

• previews and appetizers;
• search operations;
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• on-line help;
• personalization:

• parental control of access to channels;
• favourite channel list: only interesting channels are included in the

'channel ring';
• reminders and automatic recording;
• selection of soundtracks in different languages;
• selection of subtitles in different languages;
• near video-on-demand."

J. Rosengren

In addition to the functions listed above (which; incidentally, are all sup-
ported to some degree by the Philips EPG), there are functions associated
with conditional access. Also, the functional needs ofthe programme provider
have been taken care of, for instance by providing a mechanism for advertising
within the framework of the EPG.

The representation ofthe functionality to the user has to take into account a
number of factors. Some of the most important ones are associated with:

• the limited possibilities of the user interface in a TV setting, caused by:
• the low screen resolution;
• limitations of the input device (remote control);
• the large viewing distance;
• the limited amount of (graphics) memory and processor power available

to the EPG;
• the fact that a user who wants to watch TV should not be bothered by a

tedious or complicated selection procedure; and
• the peculiarities of the system for service information, including the large

latencies in retrieving information.

Corporate Design has designed a user interface for the Philips EPG which
provides a simple and attractive search environment in spite of these
difficulties.

4. Conclusions

This paper describes the implementation of an electronic programme guide
in a digital video broadcast system, making use of the service information

4 Near video-on-demand is a broadcasting method where the same event (for instance a movie) is
broadcast on separate channels at short intervals. For instance, a two-hour movie could be
broadcast on eight separate channels, starting once every fifteen minutes. The EPG should pro-
vide an intuitive user interface for this type of broadcasting scheme.
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standardized in the Digital Video Broadcast project. For the most part,
deploying such an EPG service is straightforward and relies on concepts
that are well tested and understood. However, there are a few aspects that
are complicated and need careful design:

• the design of the user interface, including:
• a well-defined functionality,
• a logical way of interacting with the user interface in order to gain access
to the desired functions,

• an attractive and clear representation which must be realized within the
limitations of the set-top box hardware, and

• a clear understanding of the user interface requirements in different cul-
tures;

• a solution of how to deal with the broadcast distribution model without
introducing excessive delays or memory requirements; and

• the definition of the EPG system, including issues such as:
• defining clear interfaces over which information from external data bases
can be converted into the service information format,

• general software architecture at uplinks and cable head-ends,
• linking the service information to various private data structures, espe-
cially those of the conditional access system.

PhIIIps Journal of Research Vol. 50 No. 1/2 1996 265

Acknowledgements

The author wishes to thank all the people who participated in the EPG
project at Philips Research, especiallyWim van de Goor, Jan van Ee, Maurice
Cuijpers, and Miehiel van der Korst. Special thanks also to Hugo Strubbe for
his pioneering work in the area, and his help in starting up the project.

Author

J. Rosengren studied in modern languages at the Universities of Uppsala and Lund (Sweden) and
in Cincinnati, Ohio. MSc degree from the Technical University in Lund, Sweden, 1993.His MSc
thesis dealt with power amplifiers for mobile communications. He has been working at Philips
Research since 1993,mainly on application deployment in digital television networks.



~0165-5817 Vol. 50 No.3/4 1996

Special Issue on a

PHILlPS RESEARCH LABS
LIBRARY WY-11

PROF. HOLSTLAAN 4
5656 AA EINDHOVEN
THE NETHERLANDS

1 2 MEI 1997



Philips Journalof Research
Philips Journalof Research, published by Elsevier Science Ltd. on behalf of
Philips, is a quarterly journal containing papers on research carried out
in the various Philips Research Laboratories. Volumes 1-32 appeared under the
title Philips ResearchReports and Volumes 1-43 were published directly by Philips
Research Laboratories Eindhoven.

Subscriptions
The subscription price of Volume 50 (1996) is £115/US$183 including postage and
the sterling price is definitive for those paying in other currencies. Subscription
enquiries should be addressed to Elsevier ScienceLtd., The Boulevard, Langford
Lane, Kidlington, Oxford OX5 1GB, UK.
PERIODICALS POSTAGE PAID AT RAHWAY, NEW JERSEY AND
ADDITIONAL ENTRY POINTS. Philips Journalof Research (ISSN 0165
5817) is published four issues per year in March, June, September, December,
by Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington, Oxford
OX5 1GB, UK. The annual subscription is US$183. Philips Journalof Research
is distributed by Mercury Airfreight International Ltd., 10 Camptown Road,
Irvington, New Jersey 07111-1105.POSTMASTER: Please send address changes
to Philips Journalof Research, c/o Elsevier ScienceRegional SalesOffice,Customer
Support Department, 655 Avenue of the Americas, New York, NY 10010,USA.

Contributing Laboratories
Philips ResearchLaboratories,

Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands
(Tel. (+ 31)402742603; fax (+ 31) 402744947)

Philips GmbH Forschungslaboratorien,
Weisshausstrasse 2, Postf. 1980,D-52066 Aachen, Germany

Philips Research Laboratories, Cross Oak Lane, Redhill,
Surrey RHI 5HA, UK

Laboratoires d'Electronique Philips S.A., BP 15,22 Avenue Descartes,
94453 Limeil-Brévannes Cédex, France

Philips Research, North American Philips Corporation,
345 Scarborough Road, Briarcliff Manor, NY 10510, USA

Editor
M.H. Vincken,Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA

Eindhoven, The Netherlands.

Front cover: An experimental set-up for testing the flat and thin 'Zeus' prototype display.

© Philips International BV, Eindhoven, The Netherlands, 1997. Articles or illustrations
reproduced in whole or in part must be accompanied by a full acknowledgement of the source:
Philips Journalof Research.



Philip. Journal of Research Vol.50 No.3/4 1996 267

Philips J. Res. 50 (1996) 267-268

FOREWORD TO THE SPECIAL ISSUE ON THE ZEUS
DISPLAY TUBE

byG.E. THOMAS
Philips Research Laboratories, Prof Holstlaan 4, 5656 AA Eindhoven, The Netherlands

Television has now been around for so long that those who can imagine or even
remember life without a television set are a minority. Nevertheless, the concept and
its embodiment have not been modified for almost half a century; the transition
from black and white to colour TV and the addition ofa number of features (such
as, e.g. Teletext, 16:9) have been the major changes. They are, though impressive,
of a quantitative nature, simply because apparently a TV set is too good to leave
much room for essential improvements.

From the very beginning Philips has been a major manufacturer of television
tubes and sets, and research has made and is making a major contribution in all
aspects, starting with the concept and ranging from materials through rcs to trans-
mission protocols. The electron tube presenting a two-dimensional time-dependent
picture of a scene has proved to be a most robust concept and an almost unbeatable
solution. However, the desire to get rid ofthe bulky structure ofthe TV tube and to
use a flat, thin display has always been there.

This special issue ofPhilips Journal of Research describes a particular approach
to realizing a flat, thin display which, early on, was given the internal name of the
Zeus display. Some alternative solutions, based upon small discharges used as light-
sources or switches only, and liquid crystals, used as light valves, are mentioned in
the introductory paper. In the solution presented here, use is made of a newly-
discovered form of electron transport over insulating surfaces in vacuum, referred
to as hop transport. The transformation of the new discovery from an interesting
physical phenomenon to a practical flat, thin display device for TV applications
forms the backbone ofthe series of articles.

Progress and development in science and technology is a continuous process with
small discrete steps discernable in a continuing chain of individual publications.
With usually some overlap, each new publication adds a minute amount of new
materialor refinement to the body of scientific or technical knowledge. Philips
Research Laboratories has been actively participating in this process for three
quarters of a century now. The present issue is in some sense an exception in that
it presents, in some fifteen papers, the detailed results of a concerted and focused
effort to produce a totally new type of flat television tube, addressing not only the
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physics but also the required materials, technology, electronics and system aspects.
The first, introductory, paper presents the basic principle of the display and
describes in more detail the contents of each paper and the way in which it is linked
into the total development effort and result.

Although the display described has been developed in close cooperation with
many experts within the Philips Components, Sound & Vision and Semiconductor
Divisions and, at every step, the possibility of industrial implementation has been
kept in mind and has guided the choices made, it is still a research laboratory
product. It results from the commitment of the Research Laboratory to provide
options for future products. WIlether such an option really reaches the stage of an
industrial product on the market is determined by a complex mixture offactors in
which the elegance of the concept and the performance of the device play an
important, but not necessarily determining, role.

Whatever the future ofthe Zeus display, this collection of research papers gives
a good flavour of the breadth of work invested in this innovative approach to
realizing a flat, thin display based on the hop transport of electrons. Such a unique
project automatically generates a rapport and team spirit across the boundaries of
traditional scientific and technological disciplines. Such an atmosphere is
indispensable for generating innovative options for the future. Philips Research is
proud to be able to present the results ofthis effort.
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INTRODUCTION TO ZEUS DISPLA YS*

Philips Research Laboratories, Prof Holstlaan 4, 5656 AA Eindhoven, The Netherlands

Abstract
This article describes why and how a research program to realize the 'pic-
ture on the wall' was started in the Philips Research Laboratories some
seven years ago. The objective was to maintain the performance advantages
of the cathode ray tube (CRT) while realizing a small depth and a low
weight of the display. This is accomplished by using electrons in vacuum
impinging at high energy on cathodoluminescent phosphors. Insulating
internal supports to withstand the atmospheric pressure are required to
make the display thin and light. A radical solution was discovered which
led to a display with a thickness of about I cm for any display size and
which is capable of producing CRT quality TV pictures.

Keywords: Zeus panel, flat display, flat thin CRT, hopping electron trans-
port, electron fibre, matrix addressing.

For many years, much effort has been expended to try to realize the dream
of 'the picture on the wall' display, in order to replace the bulky picture tube
(cathode ray tube, or CR T). Many of the efforts to make fiat thin displays are
summarized by Tannas [1]. These include fiat thin CRTs, LCDs, Plasma
displays, Electro-luminescent displays, field emission displays and other,
often hybrid, forms. Although many of these display concepts have some
favourable characteristics, the CRT still has the best price/performance ratio.
It is, therefore, worthwhile seeking a solution which in particular keeps the
good performance of the CRT, while making it thin and light and not too
expensive.
Within the Philips organization, several fiat, thin CRT concepts have been

*) In this special issue of the Philips Journalof Research we will use the term 'panel' for the glass
parts and the connections to the outside world, the term 'display' or 'display module' for the
panel plus the electronics needed to put the panel into operation as a monitor, and the term
'set' or 'TV set' for a complete system capable of generating TV pictures, teletext, sound and
so on.
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worked out in the past, e.g. the 'Falcon tube' [2] and the 'Apollo tube' [3].
Although working displays have been made, showing rather good quality pic-
tures, these concepts have been abandoned. One of the main reasons why these
tubes were not developed further into products was the absence of internal
supports against the outside atmospheric pressure. As a consequence a strong
and therefore heavy envelope was needed. This is a serious problem, especially
for larger sizes (> 20" diagonal). Although fairly thin displays could be made,
the weight problem and the related cost problem turned out to be prohibitive.
A slim display based on electron beams in vacuum that did reach the market
was the 'Flat Vision' tube [4]produced and sold by Matsushita. Still, however,
the device had no solution for the internal support problem and was with-
drawn from the market.

In our view it is an absolute necessity for a flat thin CRT to have internal
supports inside the envelope. In 1989, a programme was started to find out
whether or not such internal supports would be possible in CRTs. The diffi-
culty associated with internal supports is immediately obvious: several, often
many, electron beams need to be transported between the cathode(s) and
the screen, and high voltages are present. The problem then is how to avoid
the electron beams hitting the supports. We could not find any practical solu-
tion to this problem, so the only remaining option was to make the system such
that electrons hitting supports do not lead to visible artefacts in the picture.
We have found that this is indeed possible, but we have gone a step further:
the internal supports are actively used to guide the electron beams towards
the phosphor screen. In fact, the breakthrough was the realization of well-
controlled electron transport in vacuum over insulating surfaces [5], making
it feasible to use insulators (especially glass) for the internal supports. The elec-
trons are transported by a 'hop' process based on the phenomenon of
secondary emission.
As is well known, all surfaces emit secondary electrons when hit by 'pri-

mary' electrons; the yield of this process is designated 8 which is a function
of the energy of the incoming electrons. Stationary transport over insulating
surfaces occurs if, on average, for each landing electron, exactly one secondary
electron is emitted, (8) = 1. We have found that the potential distribution
required to get the (8) = 1 state is reached in a self-adjusting way, provided
a sufficiently high voltage difference is applied between the entrance and the
exit of the insulating structure [5]. Details of this mechanism are discussed
in refs [6,7]. The magnitude of the required voltage difference depends on
the geometry and on the material properties of the insulators.

Several applications of this transport concept are possible [5], e.g. an
'electron fibre', a cathode with high brightness and a flat thin CRT. All these
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Phosphor dots

Screen spaeer plate

Extraction plate

Channels

Fig. I. Schematic drawing of a simple Zeus panel. The electron transport between cathodes and
screen is also depicted.
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Fig. 2. Matrix addressing scheme as used in Zeus panels with an amplitude modulation system for
modulating the luminance of the dots. This is not essential, in fact we mostly use a pulse width
modulation system, see refs [10,14]. A horizontal row is addressed using a pulse voltage ofabout

200 V; the column modulation voltage is about 15v.

applications have been tested in our laboratory with satisfactory results. It is
the purpose of the papers in this special issue of the Philips Journalof
Research to give a detailed description of the most important application: a
flat, thin CRT, to which we have given the name 'Zeus'.

The most simple Zeus panel consists of five parts (Fig. I):

(1) an electron current generating part,
(2) a section where the electrons are transported parallel to the screen inside

vertical channels,
(3) horizontal rows of holes and electrodes to extract the electrons out of the

channels,
(4) a spaeer plate with holes where the electrons are accelerated without hit-

ting walls, and
(5) a phosphor screen where the actual image is generated.

The insulating plates are made of glass, but as glass degrades under electron
bombardment, coatings are used to achieve sufficient lifetime with respect to
stable electron transport. These coatings serve other purposes as well, see
refs [8, 9]. At the bottom (or top, free choice) of the panel we have one or
more cathode wires which are covered with a BaSr-oxide layer to get electron
emission at temperatures of about 1000 K [10]. In front of the wires electrodes
(designated gl and g2, as in CRTs) are present to modulate the intensity of
the emitted beams. There is one common g2 electrode (not shown in Fig. 1)
and many individually addressable gl electrodes, one per channel. The beams
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Fig. 3. Cross-section of a Zeus display along a channel with a constriction plate and (in this case)
one selection plate as essential improvements over the original version.

enter vertical channels where the electrons are transported parallel to the phos-
phor screen by the 'hop' process. These channels have three completely insulat-
ing walls; the fourth insulating wall (the 'extraction plate') contains holes
through which the electrons are to be extracted, and horizontal rows of extrac-
tion electrodes at the rear side. The voltage difference over the channels needed
for electron transport is applied by putting the extraction electrodes at voltages
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linearly increasing along the length of the duct. The electrons are extracted out
of the channels by applying suitable pulses, superimposed on the local DC
potential, to the extraction electrodes and are subsequently accelerated in the
holes of a spaeer plate (the 'screen spacer') towards the screen by a voltage dif-
ference applied between the extraction electrodes and the screen. A picture is
created by using a matrix addressing scheme (Fig. 2). The video signals are
applied to the gl electrodes by parallel column drivers; a horizontal dot row
is selectedby applying a voltage pulse to the corresponding extraction electrode
(fine-at-a-time' addressing). In this system one (colour) dot is addressed at the
cross-over of one column connection and one row connection.

The panel as shown in Fig. 1 was made and did operate as expected, but it
became also clear that there are several drawbacks connected with this design.
The most important ones are:

• For a large display with good resolution the pitch of colour dots, and hence
also the channel pitch, should be wellbelow 1mm, while the length of the ducts
would be of the order of 40 cm. It turns out that the transport voltage (thevol-
tage differencebetween the bottom and top ofthe ducts) needed for stationary
transport is too high to be practical, e.g. of the order of 5 to 10 kV.

• The voltage drop over the length of the channels poses a problem for the
post-acceleration towards the screen: if the screen is at one fixed potential
(which is normally the case) then there will be a luminance difference
between the bottom and the top of the display. Although there are, in prin-
ciple, possibilities for correcting or compensating that luminance difference,
we considered another solution, to be presented shortly, more feasible.

The problems described above, connected with the design as shown in Fig.
1, have been solved completely by putting extra plates in the panel. Figure 3
shows a schematic cross-section ofthe improved version with two extra plates.
This type of Zeus panel is capable of producing CRT -quality TV pictures; see
Figs 4 and 5 for photographs of operating 17" displays and the paper describ-
ing the performance of Zeus displays [11]. The two insulating (glass) plates
(with holes and metal tracks) that have been added are a 'constriction plate'
and a 'selection plate':

(1) The constriction plate has as many holes as the extraction plate and has a
single electrode (thin metallayer) at the screen side ofthe plate. This elec-
trode is set at a potential which is about 200V higher than that of the top
extraction electrode, i.e. somewhat higher than the minimum voltage dif-
ference needed to sustain electron transport through the holes in the con-
striction plate. As this potential differenceat other positions in the panel is
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Fig. 4. Photograph of an experimental 17" Ze us display (improved design with six-fold multiplex-
ing) in operation, showing a rather good performance in 400 lux ambient light.

Fig. 5. Close-up photograph of a test picture displayed on the same Zeus panel as used for Fig. 4.
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Fig. 6. Schematic representation of the estimated relative cost of a Zeus display (total cost is arbi-
trarily set at I for displays with a single selection plate) as a function of the number of selection
plates (which determines the multiplexing factor). The purpose of this graph is to show that the

overall cost can be minimized by choosing the optimum number of selection plates.

higher than this minimum value, steady state transport is ensured every-
where. Note that the potential difference between the lowest extraction
electrode (closest to the cathode) and the constriction plate electrode can
be rather large, so care has to be taken to avoid high voltage reliability
problems [9].Obviously, the constriction plate functions as a kind of equal-
izer: the electron beams leaving the holes of the constriction plate at any
position do so at one unique potential and with approximately the same
energy distribution. This means that the acceleration towards the screen
is now independent of the position in the panel.

(2) The selectionplate has as manyentrance holes as the constriction plate, but
there are two or three exit holes with separate selection electrodes per
entrance hole [5].By applying suitable voltage pulses to these selection elec-
trodes, the electrons can be directed to each of these two or three exit holes.
If we take e.g. two exit holes in the horizontal direction, the channels can be
twice as wide, thereby reducing the required transport voltage by a factor of
two [12].Byadding another two-fold selectionplate this can be halved again
and so on. Another advantage ofusing selectionplates is that the number of
outside connections can be decreased considerably, because many of the
electrodes on the selection plates can be interconnected internally, see refs

276 Philips Journalof Research Vol.50 No.3/4 1996



Philips Journal of Research Vol.50 No.3/4 1996 277

Introduetion to Zeus displays

[11, 13, 14].This is also true if the holes in the selection plate(s) are oriented
vertically.However, adding (a) selection plate(s) also has disadvantages: the
panel structure becomes more complex and the modulation speed of the
cathode emission needs to be increased [14].

The result ofusing extra selection plates is that at the cross-over of one row
connection and one column connection, not one but several dots are
addressed; this is called 'multiplexing'. In this respect, the Zeus display is
rather unique compared to, e.g. LCDs and Plasma displays. Multiplexing
reduces the number of outside connections, and hence the required number
of electronic drivers. This reduces the cost of the electronic system, but
increases the panel cost. Hence, we have here an opportunity to minimize
the overall display cost by choosing the optimum number of selection plates,
as illustrated in Fig. 6.

To date, we have successfully tested panels with several multiplexing factors
(= the number of addressed dots at each cross-over):

(a) three-fold (colour selection), using one selection plate (as in Fig. 3); the
dot pitches are 0.5 x 0.6 mm (horizontal x vertical) in a quincunx
configuration;

(b) six-fold, using one horizontal two-fold selection plate and one three-fold
colour selection plate; same dot pitches and configuration as in (a);

(c) 24-fold, using five two-fold selection plates; actually, this design is meant
to realize complete 28" panels with PAL resolution; same dot pitches and
configuration as in (a);

(d) some experimental small (4") panels were made with 48-fold and even 96-
fold multiplexing factors containing two, respectively, four times as many
dots per unit surface area; dot pitches 0.3 x 0.5 mm, respectively,
0.25 x 0.3 mm in quincunx configuration.

The operation and the performance of panels according to the improved
design as sketched in Fig. 3 is described in detail in the following papers in
this issue. The aspects treated include the underlying physics, secondary
emission aspects, Monte Carlo computer simulations, panel construction,
technological aspects, phosphor screen performance and technology, and
the electronic circuitry needed to operate the panel together with a discussion
of system aspects.
It is unavoidable that several papers sometimes cover the same items, but

each article concentrates on a different aspect of such item. Besides, the reader
will notice that this cross-referencing is helpful in grasping the detailed mode
of operation of this display where virtually every part is unconventional.
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Contents of the issue

After this general introduetion all aspects of the display are discussed in the
following papers, the contents of which are briefly summarized here.

In 'Triades for Zeus displays' the cathodes, triode section and entrance
into the channels are described, as well as the procedures for correcting
non-uniformities in the emission. The video modulation ofthe emission cur-
rent is also explained in this paper. In 'Transport and extraction in Zeus dis-
plays' the transport of electrons through the insulating channels and the
extraction from the channels for row addressing are described. Important
items such as the undesired leakage of electrons out of the channels, and
the factors that determine the extraction efficiency are also covered. The
mechanism behind the hopping electron transport over insulating surfaces
gets an elaborate treatment in 'Basics of electron transport over insulators'.
The transport process, stability problems and the influence of space charge
are subjects of discussion. Because not all aspects of the hopping mechanism
are accessible to experiment, 'Monte Carlo calculations of the electron hop
transport in various parts of a Zeus display' are highly useful to investigate
and to optimize hopping under the different conditions in the Zeus panel. It
turns out that a good agreement is obtained between the experimental
results, where available, and the simulations. Glass deteriorates under elec-
tron bombardment and therefore 'Thin MgO layers for effective hopping
transport of electrons' are deposited to produce the secondary electrons
required for hopping transport. Such layers allowasmaller transport field,
thus improving the panel efficiency. The techniques to apply the coating and
its properties are described. 'Secondary electron emission properties' pre-
sents details of this process which forms the basis of the Zeus display: the
yield as a function of primary energy, the energy distribution of secondaries
and the properties of the materials used are among the subjects discussed.
Once the electrons are extracted at the addressed exit holes they can be sub-
jected to a further selection process, so that the structure of channels and
rows can be made coarser than the pitch ofthe colour dots. 'Selection system
of Zeus displays' explains the structure and switching process of this highly
efficient multiplexing mechanism. It should be recognized that because high
voltages are applied over thin glass plates, high-voltage reliability problems
can occur, e.g. in the form of flashovers. In 'High-voltage stability coatings
in the Zeus panel' the high-voltage problems are summarized and the
measures taken to assure reliable operation of Zeus displays are explained.
A number of metallization patterns are required on the glass plates. In
'Application of metallization patterns to glass' the technologies and
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processes used for depositing the thin layers and the lithographic techniques
applied to produce the metal patterns are reported. The last and decisive
stage is that the electrons reaching the right dot, as described above, produce
enough light in the three colours. Because a Zeus display operates at a rela-
tively low screen voltage, the screen current must be high to obtain sufficient
brightness. This high excitation density, concentrated close to the phosphor
surface, causes phosphor efficiency saturation and increased Coulomb
degradation. In 'Phosphor screens for flat cathode ray tubes' the mechanism
and performance of low-voltage phosphor excitation and the development
of novel anti-degradation coatings are discussed. The mechanical cons-
truction of a flat display and the connection to the outside world of a matrix
display are challenging problems. In 'Construction and physical processing
of Zeus panels' adequate, viable and relatively simple solutions are
described, as well as the measures taken to guarantee a low pressure for
the complete lifetime of the display. The Zeus panel contains several thin
glass plates with (many) holes. The properties of the glass required and
various options for making many small holes in such thin glass plates are
discussed in 'Glass and glass machining in Zeus panels', together with
details on powderblasting which now seems the most feasible technique to
make these holes. Options for the large-scale production of channel plates
are considered. The Zeus display has been developed together with the
system and circuit experts seeking the optimum: the present tube design is
supposed to be the best viable display solution with the simplest circuitry.
'The application and system aspects of the Zeus display' presents details
on the driving schemes used and the circuitry required, as well as discussions
regarding power dissipation and display efficacy. Finally, 'Performance of
Zeus displays' presents an overview of the results obtained with the present
version of the Zeus display. The various aspects of the performance include
luminance, contrast, colour purity, luminous efficacy, picture uniformity,
resolution, viewing angle and lifetime. It is shown that the overall per-
formance of Zeus displays is good, and that CR T quality TV pictures on
17" panels have been obtained.
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Abstract
Power considerations lead to the choice of wire cathodes for the supply of
current to the channels in a Zeus display panel. Each channel has its
own triode, modulated by a separate GI grid. Cathodes and other electro-
des are in common use. The design of the triode is guided by the need for
low modulation voltages, somewhat at the cost of mechanical tolerances
and emission stability. The result is an integrated triode section that can
supply 200 Jl-A per triode, which is sufficient for a 40" display, at 15V mod-
ulation voltage. A dynamic control system ensures emission uniformity
over all channels.
Keywords: Zeus displays, flat displays, thin displays, wire cathodes,

display history.

1. Introduction

Each channel in a Zeus display panel [1] has to be equipped with a current
source that can be modulated to achieve a range of image intensities. Fancy
electron sources like field emitters, diamond or other negative electron affinity
emitters, or ferro-electric emitters are not options because ofthe immaturity of
the technologies involved, and their specific drawbacks like vacuum require-
ments, high modulation voltage and insufficient stability. Conventional ther-
mionic cathodes are an obvious choice.
The use of standard CRT cathodes is not a viable option because of their

high power consumption. A single CRT cathode uses about O.SW, so in a
300 channel 40" Zeus display, the 300 cathodes would dissipate 150 W. This
is electronically undesirable, but on top of that the amount of heat generated
inside the display would cause serious problems in the construction.
Therefore, the logical choice is to use wire cathodes, as also used in

Matsushita's Flat Vision display [2].Thin wires can be heated at an affordable
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power consumption by running a current through them. A single wire can
serve several channels, but each channel can still have its own triode, modulated
bya separate G1 grid. The other grids and the cathode are common to several or
even all channels.
The triode design has to meet several requirements, apart from the power

conditions mentioned above. Primarily, it must guarantee sufficient current
at acceptable modulation voltages. In our present 40" display design a triode
supplies the current for a screen area 3mm wide and 50cm high, i.e. 15cm2•

Using the phosphor data given by van Gorkom et al. [3] and assuming a
70% duty cycle, we infer that the triode will have to supply peak currents
of up to 200 f.,tA. The corresponding on-off modulation voltage will have
to be as low as possible to save on the cost of column driver ICs. Less than
5V would be ideal, but that turns out to be unrealistic. Less than 20V is still
acceptable.
Apart from the electrical requirements there are more aspects to be

considered. We will see that a low modulation voltage triode has narrow
mechanical tolerances. This is in conflict with the need for a uniform image:
differences in emission currents as small as 2% between channels are visible
as vertical stripes. A 1% or better uniformity will have to be achieved one
way or another.
The sections below describe various aspects of the triode design and its per-

formance. Details of the mechanical construction are presented elsewhere [4].

2. Wire cathode segmentation

The wire cathode used in Zeus panels consists of a 30f.,tmtungsten wire core
coated to 55 f.,tmdiameter with a standard mixture of barium + strontium
oxides to reduce the work function. The wire diameter chosen is a compromise:
a thinner wire would require less heating power and would have shorter 'cold
ends' (see below), but the advantage of a wire of this thickness is that it has
less electrical resistance which is attractive because the voltage drop across the
wire caused by the heating current affects the emission current. The operating
temperature of these wire cathodes is around 800°C, i.e. similar to that of
conventional CRT oxide cathodes.

2.1. Temperature profile

The temperature profile established in the wire when heated is determined
primarily by electrical power dissipation, heat radiation from the cathode
surface and heat conduction through the wire (Fig. I). The thermal conductivity
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z z-dz

Fig. 1. Heat balance of a wire cathode, in which the dissipated power is lost by conduction and
radiation.

of the emitter coating at operating temperatures is sufficiently high to ensure a
radially uniform temperature profile; calculations show that differenceswill not
amount to more than 1°C. As the ends of the wire are somehow mechanically
fixed to cold parts of the panel, and are therefore at room temperature, or at
least well below operating temperature, a longitudinal temperature profile will
be established. Fortunately the heat balance depicted in Fig. 1 can be easily
solved numerically by adopting a finite difference approach. The details of the
relevant calculations are beyond the scope of this paper, but Fig. 2 gives results
for several lengths of heated cathode wire. The main conclusion is that the
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Fig. 2. Longitudinal temperature profile calculated for heated wire cathodes at five lengths (20 to
lOOmm,in 20mm increments).
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Fig. 3. Segmentation of the wire cathode; in reality each wire serves 16 triodes, but only six are
shown here.

low temperature at the ends of the wire induces 'cold ends' over a length of
15mm, which is below the required operating temperature. This length can be
reduced by choosing a thinner wire, but, as explained above, that will result
in an undesirably high wire resistance. This implies that the design ofthe cathode
section must allow for an additional 15mm wire at both ends.

2.2. Segmentation

The conclusions regarding the wire temperature profile are important with
respect to the design of the cathode section. A large display cannot be fitted
with a single wire cathode for all channels. Not only would the wire resistance
be too high, but the cathode would also vibrate unacceptably and any curvature
of the display would result in erroneous cathode-grid distances. Therefore, the
cathode has to be segmented, as shown in Fig. 3. For practical reasons segments
corresponding to 16 channels (48 mm) were chosen. The length of each wire
cathode is 80 mm, which means that 2 x 16mm is available for the two cold
ends.

3. An integrated triode

3.1. Design

At least two grids are required to create a triode for each channel: G}, sepa-
rate for each channel, used for current modulation, and G2, a common grid at
a positive potential. To achieve a low modulation voltage it is essential that the
Gl grid has a firm grip on the cathode, so it must be positioned close to the
wire and must be relatively thick to partly shield the G2's influence. It is of
course best to use metallized glass plates for the electrodes to enable integra-
tion with the display's selection plates. Figure 4 shows the basic design of our
triode. It comprises a third grid G3, which serves two purposes: it is used to
tune the electron energy at the channel entrance to obtain favourable entry
behaviour, and it effectively shields the cathode from any changes in surface
potentialof the channel walls that could otherwise influence the emission.

Electron-optical simulations were performed to support the design of a
suitable triode. Electric field calculations and electron trajectory tracing
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wire cathode

Fig. 4. Basic design of a triode, also showing the transport channel and selection plates.

were performed using standard methods. No models are available that can
accurately predict the current emitted from a wire cathode in a complex
geometry. Nevertheless, the emission current density can be estimated using
a simple Child approximation [5], i.e.

ë/2
J = 2.33 . 10-6 ~ (I)
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(in S.I. units) where J is the emitted current density, £Ioc is the local electric
field at the cathode surface in the absence of space charge and d is a 'charac-
teristic dimension', for which we used the cathode-to-G. distance. The current
density is integrated over the cathode surface to obtain the emitted current. In
addition to other shortcomings, this approximation ignores the effects of
the initial thermal velocity of the electrons. Comparison with Langmuir's
one-dimensional model [6], which does incorporate these effects, shows little
difference except for a shift in cathode potentialof approximately 1V, the
depth of the so-called Langmuir potential minimum caused by the accumulation
of space charge near the cathode surface.

Figure 5 shows the results of electron-optical simulations for a triode for three
different modulation voltages. Equipotentiallines and electron trajectories are
shown in two different cross-sections of the triode. The top figure shows the
situation near cut-off: the 0 Y equipotential line barely touches the cathode
wire and emission is almost pinched off. The bottom figure shows the
situation at full drive: the G1 potential is almost equal to the cathode potential
and the emitting area is close to its maximum. The G1 potential can be driven
slightly positive, but that will soon lead to current interception on the grids.
The middle figure shows an intermediate situation.

The results shown in Fig. 5 demonstrate how the emitting region grows
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Fig. 5. Simulation results showing two cross-sections of the triode, along (right) and perpendicular
to (left) the wire cathode, with equipotentiallines (green; 0 to 60 V in 10 V increments) and electron
trajectories (red) starting at the cathode and travelling to the right. The dimensions are in mm. The
wire cathode is at 0 V, G2 is at 70 V and the modulation grid G, is at -9V (near cut-off, top) -5V

(middle) and -0.5 V (bottom).
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Fig. 6. Simulation results for a triode showing the emission current density at the cathode surface
as a function ofthe position along the wire and the radial position 8. e = 00 corresponds to the GI

side of the wire, 8 = 1800 corresponds to the rear side.

along and around the wire as the modulation voltage increases. Figure 6 shows
the current density on the cathode surface at full drive, the situation shown at
the top of Fig. 5, calculated with the aid of the Child model mentioned above.
Note that most ofthe current is emitted from the front ofthe wire, and that the
peak density at this current is still well below the maximum continuous load
for oxide cathodes in CRTs (2A/cm2).
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Fig. 7. Current versus GI voltage for the triode of Fig. 5, experimental and simulated (see texp.
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3.2. Performance

Figure 7 shows experimentally determined and calculated I-V curves for the
triode geometry of Fig. 5. The agreement is hardly perfect, which is not surpris-
ing in view of the crudeness of our local Child approximation. It is not evident
that the 3/2 power law should hold in this geometry, and the geometry-depen-
dent factor is not precisely known. We used the cathode--G, distance (0.3 mm)
as the 'characteristic dimension' in eq. (1), which seems to be about right. The
predicted cut-off voltage is about 1V too low. This can be understood to be a
result of the neglect of the electrons' initial velocity, as mentioned earlier.
Indeed, if we apply a 1V shift to the curve, the simulation agrees much better
with the experimentally obtained curve (Fig. 7). A difference in curvature
('gamma') still remains, which is not surprising considering the rudimentary
way in which space charge, known to have an appreciable effect in the low-voltage
regime, has been incorporated in our model.

Figure 8 shows the peak current as a function of the G, cut-off voltage for
the triode geometry of Fig. 5. The cut-off voltage was varied by adjusting the
G2 potential. AIO V cut-off voltage is needed to attain the required 200/lA
peak current. With due allowance for the voltage drop across the cathode wires
and for uniformity corrections, a 15V modulation amplitude is sufficient.
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Fig. 8. Peak current versus GI cut-off voltage for the triode of Fig. 5 (experimental results). The
cut-off voltage is varied by adjusting the G2 potential.
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4. Emission stability

In view of the relatively low current densities mentioned above, one would
expect our triode to operate in the 'space charge limited emission' regime. This
is the normal regime for CRT electron guns: the emission is determined
entirely by potentials and geometry; small changes in cathode properties do
not affect it. Such changes are compensated for by small changes in the so-
called Langmuir potential minimum [5,6] (of say 0.1V), but these changes
are negligible when compared with the modulation voltages (typically
100V). In our low-voltage triode, however, a 0.1 V change in effective cathode
potential results in an appreciable change in emitted current, much more than
the 1% accuracy required for image uniformity.
This is illustrated in Fig. 9 which shows the results of one-dimensional

Langmuir model calculations performed for two different planar diodes.
The graph on the left shows I-V curves for a 1mm spacing diode at several
operating temperatures and corresponding saturation current densities. The
curves prove to be almost identical when the saturation current density is
not exceeded. The graph on the right shows the corresponding results for a
diode with 130pm electrode spacing. Much lower voltages are now needed
to achieve the same current density as in the former case, but at the price of
reduced stability: changes in saturation current density result in appreciably
different emission curves.
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Fig. 9. Current density versus voltage at several operating temperatures and the corresponding
saturation current densities, calculated using the Langmuir model for planar diodes with two elec-
trode distances d. The smaller distance (right) results in lower modulation voltages, but also in less

stable emission.
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For a Zeus display, in which low-voltage operation is desired, this would be
disastrous if no measures were taken. Small changes in cathode properties will
inevitably occur, owing to mechanisms such as cathode poisoning, slump or
the usual oxide reduction chemistry; usually these will be slow processes.
Those changes will not be the same for all triodes and will therefore result
in unacceptable image non-uniformity. This problem is inevitable if low
modulation voltages are required. Unless extremely stable cathode properties
can be achieved by optirnizing the chemistry, which seems unlikely, dynamic
uniformity control will be needed. This will be described in the next sections.

5. Triode modulation

Video information is used to modulate the triode current for each pixel on
the screen. There are two basic methods for obtaining a range of intensities in
the fixed time slot available for each pixel: pulse width modulation (PWM), in
which the current level is constant and the duration of the emission pulse is
modulated, and pulse amplitude modulation (PAM), in which the duration
is fixed but the current level is modulated. Both are illustrated in Fig. 10. Of
course, more possibilities exist, e.g. two-level PWM.
PWM is the easiest method to implement, but it offers fewer intensity levels.

In a large display panel with many lines and multiplexing [7] the maximum
pulse duration allowed for each pixel may be as short as 1 /-LS. In that case,
with a 10ns time resolution, only 100 linear intensity levels are available,
whereas 1000 or more levels are needed to equal the excellent image quality
of a CRT. Therefore, PWM is a good choice for the first generation of display
panels, but large high-definition panels will require PAM.
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6. Uniformity control

As mentioned above, the insufficient long-term stability of low-voltage
triodes is detrimental to the image uniformity of the display panel. In fact, the
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Fig. 10. A range of image intensities can be obtained through pulse width modulation (left) or
pulse amplitude modulation (right).
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transport channel

Fig. 11.A uniformity control systemmeasures either the current leaving the cathode or the current
reaching a collector after extraction.

mechanical tolerances of our triodes are so narrow (and our uniformity require-
ments so severe) that even the initial uniformity is usually not acceptable. An
electronic uniformity control system is therefore required, which measures the
current separately for each triode and continuously adjusts the drive voltages
to achieve uniform emission. A slight comfort is that such a system will also
compensate for differences between triode drivers, so they need not be designed
with high precision.

Figure 11 shows two positions at which the current for each channel can be
measured. One can either measure the current leaving the cathode or extract
the current from the transport channel to be collected on a dedicated electrode.
With the former method one must make sure that no current is intercepted on
any ofthe grids, because non-uniform interception will be visible.With the lat-
ter method the extraction efficiency must be very close to 100% for the same
reason. We have successfully implemented both systems. The resulting image
improvement is demonstrated in Fig. 12.
With pulse width modulation only one current level is used, and it will be clear

that the uniformity control system will have to adjust the drive voltage of each of
the triodes to achieve the samecurrent levelfor all of them. With pulse amplitude
modulation the situation ismore complicated. The entire I-V curve, as shown in
Fig. 7, is now used, so the I-V curves of all the trio des must be identical. We
have found that a two-point correction may be sufficient, i.e. if the curves are
matched at low and high currents, the curves will match entirely. Implementa-
tion is relatively easy as an offset and gain correction on the modulation voltage.
For even better results, the I-V curves may be matched at more points.

7. Vibration

Vibration ofthe wire cathodes is a serious threat to image quality. A vibrating
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cathode means an oscillating cathode-to-G. distance. Even a 10Mm amplitude
can induce a considerable intensity modulation, which will cause annoying
image distortion at a frequency of typically a few hundred Hz. To prevent
this, a vibration-damping element is incorporated in the cathode mounting,

Fig. 12. Zeus display image (of mediocre quality) with uniformity control turned off (top) and
turned on (bottom).
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Fig. 13. Vibration-damping pellet in the wire cathode mounting.

consisting of a small pellet that rests on the strung wire (Fig. 13).Any vibration
energy will be dissipated in the mechanical interaction between the pellet and the
wire. This principle, which was also used in Matsuhita's Flat Vision displays [2],
works very efficiently.

8. Conclusions

In summary, Zeus display panels depend on wire cathodes for electron
supply. These triades can be designed to operate at low modulation voltages:
the required 200 J-LA per channel can be 0btained at a 15Vmodulation amplitude.
The price paid for this Iowmodulation voltage is some current drift: the triode is
not only sensitive to small changes in G1 potential, but also to small changes in
Langmuir's potential minimum, i.e. to changes in cathode properties. This and
the relatively narrow mechanical tolerances are parried by a dynamic uniformity
control system that compensates for all variations in emission.
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Abstract

In a Zeus display hopping electrons are transported through channels with
extraction holes. If a sufficient transport field is applied, the electrons hop
low and leakage through the holes is negligible. The electrons can be
extracted from the channel by applying a positive voltage pulse to an extrac-
tion electrode. With sufficient pulse amplitude the extraction efficiency is
100 %, independent ofsmall variations in material properties, which enables
the creation of uniform images. Experiments on a model transport channel
confirm the mechanisms behind transport and extraction.

Keywords: Zeus displays, fiat displays, thin displays, electron transport.
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1. Introduction

As explained elsewhere [1], the backbone of a Zeus display panel is an array
of vertical transport channels, each typically a few mm in width, correspond-
ing to a few screen pixels. Each channel has an individually controlled electron
gun at the entrance, and a number of extraction holes along the length of the
channel. The extraction holes are controlled by horizontal electrodes that
interconnect the holes in rows over the channels. Hopping-electron transport
through the channels and extraction from the channels are the key mechan-
isms in a Zeus display. The basics behind secondary electron emission sus-
tained electron transport have been explained elsewhere [2,3]. This paper
will explain what goes on in an actual display, and shed some light on trans-
port and extraction related artefacts.

2. Transport through a channel

Figure 1 shows schematic cross-sections of a rectangular transport channel.
The channel consists of an insulating front wall with metallized extraction
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Fig. 1. Schematic cross-sections and perspective view of a basic transport channel with extraction
holes in the front wall. The bias potential ofthe extraction holes rises linearly over the length ofthe
channel. In normal operation the electrons are transported mostly over the insulating rear wall. An

extraction hole can be selected by switching its electrode to a higher potential.

2.1. Experimental verification

Qualitative information on the electron landing distribution in the channel
can be obtained from the blue light generated in the electron-wall interactions.
Figure 2 shows a photograph in which the blue glow reveals how the electrons
enter the channel with relatively high energy (bright spot!), then take a long
hop (dark patch) and commence regular hopping over the channel bottom
(uniform blue glow) until they are drawn into an addressed extraction hole.
These impressions agree well with the results of computer simulations [3],
which render more detailed information on electron trajectories and the poten-
tial distribution established in a transport channel.

holes, and insulating rear and side walls. The bias potentialof the extraction
holes rises linearly over the length of the channel. This imposes a fixed electric
field along the length of the channel, the so-called transport field. Electrons
injected into the channel at the low-potential end are transported along the
channel. In normal operation the insulating walls automatically charge to
establish the potential distribution for stable hopping-electron transport along
the rear wall [2,3]. So the transport field along the channel is imposed by the
electrodes, while the perpendicular field components are automatically adjus-
ted by the secondary electron emission process. An extraction hole can be
addressed by switching its electrode to a higher potential. If the potential is
sufficiently high, all electrons will leave the channel through the selected hole.
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Fig. 2. Photograph of the back of a Zeus display showing the red glow of wire cathodes and the
blue glow due to hopping electrons hitting the walls between channel entrance and extraction.

Unfortunately, direct experimental verification of the details of the trans-
port mechanism in a display is difficult. However, potential measurements
were performed in a scaled-up model system. The conclusions from these
experiments are valid for a display channel as well, when due allowance is
made for the change in dimensions, as is discussed further on.

A standard epoxy printed circuit board was stripped of its copper tracks on
both sides while the metallized vias filled with solder were preserved. After-
wards, one side was coated with a very high resistivity Sb203/Sn02 layer
(normally used as anti-static coating). The layer has mediocre secondary
electron emission properties, but its conductivity enables potential measure-
ments through the metallized vias without disturbing the potential distribu-
tion. From this material, a 220 mm long, 22 mm wide and 30 mm deep
transport channel was constructed, with fine mesh 'extraction electrodes'
over the full width and length at a pitch of 31 mm (Fig. 3). This structure
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Fig. 3. Schematic perspective view of a transport channel for experimental verification of the wall
potential. The potential was measured along the dotted lines (a) and (b).

was' fitted with an electron gun and was installed in a vacuum system. Using
a specially designed low-leakage «5 pA) high-voltage probe we were able
to measure the potential distribution on the channel walls.

Figure 4 shows the potentials measured with and without extraction. With-
out extraction, the potential along the bottom of the channel (Fig. 4(a))
follows the linear rise ofthe grid potentials. Figure 4(b) shows that the bottom
potential in this situation is some 50 V higher than the potentialof the grids.
This is according to expectations: the difference in potential keeps the electrons
near the bottom of the channel. The measured potential difference of 50 V
agrees well with the results of Monte Carlo simulations [3]. The small negative
potential dips at ± 11 mm correspond to the corners of the channel. These dips
are observed in Monte Carlo simulations as well, and are easily explained:
electrons that land in the very corners of the channel are more likely to hit
the walls prematurely, so they are geometrically 'trapped' and cause negative
charging until the corners repel any further electrons [3].

If one of the extraction electrode potentials is raised by 300 V, the channel
potential near this electrode rises too (Fig. 4(a)), but less than the electrode itself.
Figure 4(b) shows that the potential on the bottom of the channel is now 100 V
lower than the addressed electrode, causing the electrons to leave the channel,
being dragged into a potential funnel which has the extraction hole as exit.

These results agree well with the general results of simulations [3]. A detailed
analysis, however, is outside the scope of this paper. We will now turn our
attention to those aspects of hopping electron transport that are important
to the operation of the display. Extraction will be treated in the next section.
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Fig. 4. Surface potential measured along the dotted lines (a) and (b) in Fig. 3 with and without
extraction; position = 0 corresponds to the intersection. The dips at ±11 mm in the lower plot

correspond to the two lower corners of the channel.

2.2. Conditions for transport

The transport field corresponds to a transport voltage, VIr> over the length
of the channel. Note that the energy of the hopping electrons is dissipated in
electron-wall interactions, so the voltage used for transport represents a
power loss in the panel. In addition, a high VIr leads to unwanted insulation
problems (flash-overs) in the panel as well as in the electronics. On the other
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hand, there is a lower limit to the Vtr to be used in a Zeus panel. We found two
limiting factors: the loss of internal contrast by electron leakage from the chan-
nel and the occurrence of transport instabilities.

A reduction of Vtr also means a reduction of the electric field component in
the channel that drives the electrons towards the rear wall (the bottom of the
channel) [2]. The hopping electrons will then make proportionally longer and
higher hops. At low transport fields, a substantial fraction of the electrons will
reach the front wall (the extraction plate) and escape the channel through the
extraction holes even when these are not addressed. This is an undesirable
effect, because if these electrons are not intercepted, they can reach unad-
dressed pixels, resulting in a loss of contrast and colour purity in the displayed
image. Since this leakage is limited to individual channels it results in a low
intensity vertical tail for high intensity features of the image (electrons leave
the channel before reaching the intended extraction hole). Note that, fortu-
nately, this contrast loss can be suppressed by intercepting the escaped elec-
trons in the selection system as is discussed elsewhere [4].

Figure 5 shows the channelleakage as a function of the transport field in a
typical display channel. The peculiar shape of this curve reproduces for other
displays. Above a certain threshold the leakage decreases dramatically with
increasing transport field. In fact, the slope is too steep to be explained by
typical electron energies and the field angle on the rear wall only: the potential
distribution on the side walls and the insulating parts of the front wall affect
the leakage as well. For proper display operation, the leakage should be below

Fig. 5. Total channelleakage measured as a function of applied transport field for a 200mm long,
1.2mm wide and 2.4 mm deep display channel coated with MgO.
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roughly 1%, which imposes a lower limit on the transport field. In the case of
Fig. 5 this means that the transport field should be above 75Vfcm. In general,
the precise value of the minimum transport field depends on the geometry and
the secondary electron emission properties of the surfaces.
At low transport fields the transport in the channel is often found to be

unstable, electrons escape massively at irregular places, or the transport can
be cut off completely. It is clear that Virshould be higher by a sufficient safety
margin to avoid this situation. Fortunately, instability is normally encoun-
tered well below the 1% leakage transport field only.
Both channel leakage and instability depend on the secondary electron

emission properties of the channel walls. A channel coated with MgO (a
good secondary emitter) is found to operate satisfactorily at significantly
lower transport fields than bare glass. On the other hand, hydrocarbon con-
tamination results in a very poor performance, so clean display processing [5]
is essential.
Assuming that the width Weh and length Leh ofthe channels are determined

by the required pixel size of a display panel, the depth Deh of the channel can
still be adapted for optimum performance. We found that an aspect ratio
Deh/Weh oftwo is a good compromise: deeper channels cause more instability,
whereas more shallow channels result in contrast loss due to electron leakage.
Tests and simulations with non-rectangular channels, such as triangular, semi-
cylindrical and corrugated geometries, indicate that these require a higher
aspect ratio to obtain the performance of a rectangular channnel.

For design purposes, e.g. to estimate the results of a change in dimensions, it
is convenient to define a size-independent transport voltage parameter VD,
from which the transport condition for a specific channel length and width
can be derived:

Leh
Vtr,min= W. VD·

eh

The use of Weh as a characteristic dimension rather than Deh reflects the impor-
tance ofthe channel width (related to pixel pitch) over panel depth in the display
design, but is physically rather arbitrary. For rectangular Deh/ Weh = 2 channels,
coated with MgO, we found typical values of VD = 12V or lower. Note that this
VD is of the order of the Er point of the secondary electron emission curve of
MgO, owing to the nature of the hop mechanism [2].

2.3. Channel entrance

Electrons from the triode are injected into the channel at typical energies of
150eV. Hop transport operates at much lower average landing energies [2], so
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the potential distribution of the insulating walls locally adjusts itself, as has
been explained elsewhere [3]. We found it to be beneficial to use a few non-
extracting electrodes in the channel which force a higher transport field
immediately after the entrance to get the hopping-electron transport started.
This gives reliable and artefact-free operation even for a first normal extrac-
tion row at a distance of about 5Dch from the entrance.

2.4. End contacts

Electrons that inadvertently escape from either end of the channel are
usually able to find their way along insulating surfaces to some high-voltage
electrode, e.g. a selection plate or the screen connection. This may cause insu-
lation problems (flash-overs), and it can also affect the potential distribution in
the channel and thus influence the screen image near the ends of the channel.
A 'stop electrode' is readily added at the low-potential end of the channel to

prevent the escape of electrons at this end. The bias potentialof this electrode
is not critical: as long as it is below the cathode potential, the electrons cannot
pass.

Two electrodes have to be added at the high-potential end of the channels
in order to intercept all electrons while maintaining the desired potential
distribution in the channels, which is more critical here than at the low poten-
tial end. These electrodes are also useful for measuring transport currents
during panel tests.

3. Extraction from a channel

As shown in the previous section, electrons will hop through the channels
virtually without leakage at sufficiently high transport fields. When a positive
voltage pulse is applied to one ofthe extraction electrodes, part ofthe electrons
will be extracted from the channels through the corresponding row of extrac-
tion holes, to be directed into the selection system. This can be seen in the
photograph of Fig. 2. The efficiency of the extraction depends on the extrac-
tion pulse amplitude, as well as on the transport field: under a high transport
field the electrons hop close to the channel's rear wall, and a higher pulse
amplitude will be required to persuade them to leave it.

Figure 6 shows an extraction efficiencycurve, obtained from the same dis-
play panel as the leakage curve in Fig. 5. Two transport field values were
used, corresponding to a high and a low channel leakage level. In the latter
situation, corresponding to normal display operation, extraction begins at a
pulse amplitude of 75V, and over 200V is needed to extract all current
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Fig. 6. Channel extraction efficiencymeasured as a function of extraction pulse amplitude, in the
display of Fig. 5 at two transport field values.

from the channel. As mentioned above, with the lower transport field the elec-
trons hop higher and are more easily extracted, resulting in an extraction curve
shifted to lower voltages. Similar to the conditions for transport treated in the
previous section, the pulse amplitude required for extraction depends on the
geometry and on the secondary electron emission properties of the surfaces.
Of course, all electrons that are not extracted stay in the channel and are
transported to the end contacts,

For perfect display operation it is important that the extraction pulse ampli-
tude warrants an extraction efficiency very close to 100%, because in that case
the efficiency is automatically uniform over the panel, which will preserve the
uniformity of the displayed image. The precise shape of the extraction curve at
lower amplitudes depends critically on secondary electron emission properties,
so any patchiness in the MgO coating would result in non-uniform extraction
and therefore in patchiness in the image. In the fiat 100% part of the curve no
such problems occur. Of course, a low extraction pulse amplitude is more
attractive for reasons related to the electronics.

4. Charge transfer and scanning direction

Figure 4(a) clearly shows a positive potential bump on the channel walls
near an addressed extraction electrode. This bump corresponds to a positive
charge deposit created by the secondary electron emission mechanisms during
electron transport. When the first extraction hole in a display closest to the
cathode is addressed, this positive charge deposit will have to be created,
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resulting in the release of some extra electrons. This will cause the first extrac-
tion line to be slightly brighter than the others. If this should be a problem, a
dummyextraction row may be added which is not displayed on the screen.
When the next extraction electrode is addressed, the charge bump will not

have to be recreated, it just has to be shifted. First, some electrons are used
to remove the rear of the positive charge bump, then the same number of elec-
trons are released in the creation ofthe new front ofthe shifted bump. No net
charge is lost in the process, but at very low currents a situation may occur in
which the amount of charge related to one dim pixel is not enough to remove
the rear part ofthe bump. In that case at least part ofthe current is lost and the
pixel will be darker than intended. In particular this will occur when, after a
black part of an image, the charge bump has to be moved over a distance of
several extraction electrodes. Fortunately, the amount of charge required to
move the charge bump is rather low, so the related image artefacts are not dis-
turbing under normal panel conditions. This is discussed in more detail
elsewhere [6].
The situation described above corresponds to an addressing scheme in

which the extraction rows are addressed starting with the one closest to the
cathodes and then scanning away from it. After completion of a scan, a short
current pulse may be applied to flush the channel and restore the potential
distribution to a transport state. This addressing scheme is the best way to
operate the display, because in this case the charge transfer related to the
shifting of the extraction potential bump is (almost) negligible.

In the alternative situation, i.e. scanning towards the cathode, the potential
bump cannot be shifted, because electrons never reach the rear part ofit, being
extracted before they get there. This means that the net charge involved in
shifting the potential bump is now not zero, which williead to image artefacts.
Also, after one scan has been completed, the entire channel has been positively
charged and a huge flush pulse is required to restore the channel to its virgin
state, or else the electrons intended for the first pixels of the next scan will do so
and never reach the screen.

5. Conclusions

In summary, we have explained some of the mechanisms behind transport
through and extraction from a Zeus display channel. By adjusting the appro-
priate voltages and pulse amplitudes, a situation can be created in which the
spontaneous channel leakage is kept sufficiently low (typically below 1%)
and the extraction efficiency is very nearly 100%, in which case a uniform
image with excellent contrast can be obtained.
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Abstract
The basic mechanism of electron transport in vacuum through insulating
structures is discussed. The transport is based on a self-regulating second-
ary electron emission process. A general description of the transport
process is presented. Three methods to model steady-state transport
are briefly reviewed. The features are discussed in the light of application
in displays. Also, non-steady-state effects and the role of space charge
are addressed.

Keywords: Zeus display, electron transport, secondary emission, low-hop
approximation, long-duct model, Monte Carlo calculations,
modes, stability, space charge, propagation.

1. Introduetion

The Zeus display is based on electron transport in vacuum through insulat-
ing structures [1,2]. The interaction of electrons with the walls plays an essential
role in the transport process. In this respect the Zeus transport principle is very
distinct from conventional ballistic transport used in cathode ray tubes. The
principle of electron transport over insulators and its application in displays
have been discussed earlier [1]. In this paper a more detailed description of
the transport process will be given.

In Sec. 2 we discuss the basic principle of electron transport over insulators.
As an onset to a more quantitative description a simple example is discussed
in Sec. 3. In Sec. 4 a general description of the transport process is given,
resulting in a set of transport equations. In Sec. 5 three methods to model
steady-state transport are discussed and some dedicated examples are given.
In Sec. 6 we discuss some miscellaneous topics.

Philips Journal of Research Vol.50 No.3/4 1996 307



Î
----------~------1

S.T. de Zwart et al.

o

Fig. 1. Basic experiment showing the possibility of electron transport through insulating
structures. Electrons are injected into an insulating round tube. If the voltage Va at the anode is
sufficiently high, electron transport occurs through a self-regulating secondary emission process.

Sections 2 and 3 are meant as an introduction, whereas Secs 4 to 6 are more
elaborate. Since the field of electron transport over insulators is fairly compre-
hensive we cannot give a detailed treatment of all topics. This should be done
in separate publications. In this paper four topics are briefly outlined in
Appendices A to D.

2. Principle of electron transport

The basic experiment demonstrating the principle of electron transport over
insulators is shown in Fig. 1. Electrons from a cathode are injected into a glass
tube. A voltage difference Va is applied between the cathode and the anode.
The ratio of the anode current and the cathode current versus the anode
voltage is shown in the graph. At low anode voltages the anode current
is zero. Above a certain threshold voltage Vrhr the anode current equals the
cathode current. The transition region is rather narrow and often shows
hysteresis and instabilities.

For anode voltages above Vrhr the glass tube acts as an electron duct. The
transport mechanism is based on secondary emission. If an electron hits
the insulating wall, secondary electrons are generated. The average number
of secondaries per incoming electron depends on the energy and angle of inci-
dence of the primary electron, and is designated by the secondary emission
coefficient Ö. The secondary electrons travel downstream, gain energy from
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a

Fig. 2. a. The total number of secondary electrons li versus the landing energy of the primary
electrons. El and En are the first and second cross-over energies, respectively. b. The secondary
electron energy distribution. The contribution at low energies is due to true secondaries. The con-

tribution at higher energies is due to backscattered electrons.

the applied electric field, hit the wall and in turn generate secondary electrons.
Thus, a cascade ofsecondary emission events occurs. If, locally, the number of
electrons hitting the wall does not equal the number leaving the wall, i.e.
(0) =F 1, charge is deposited. As a consequence the potential distribution, the
electron trajectories and also the average secondary emission coefficient
change. In the case of regular transport this cycle is repeated until a (0) = 1
situation is reached at every point on the insulating wall. Then, the current
entering the duct is exactly equal to the current leaving the duct. Ifthe applied
transport voltage is too low the secondary emission process cannot be sus-
tained; negative charging occurs and the transport is blocked.
The material properties of the insulator play an important role in the trans-

port process. Figure 2 shows two characteristic parameters. In Fig. 2a the total
number of secondary electrons per incoming electron, 0, is plotted versus the
energy of the primary electrons, Ein; 0 equals one at El and En, respectively.
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Fig. 3. Hopping transport over an infinite plane. It is assumed that all secondary electrons leave
the surface perpendicularly with energy Eo. The uniform electric field points away from the surface

at a certain angle. The force on the electrons points towards the surface.

The first cross-over energy, Er, is typically a few tens of eV, and the second
cross-over energy, En, is typically hundreds or thousands of eV. Figure 2b
shows the energy distribution, N(Eout), of the secondary electrons. Roughly,
two contributions can be distinguished: the 'true secondaries' with energies
around Eo, and backscattered electrons with energies close to the primary
energy, Ein. Eo is typically a few eV. The number of backscattered electrons
depends on the primary energy and the angle of incidence. The typical starting
energy of the secondary electrons, Eo, and the energy of the first cross-over
point in the 0 curve, Er, are particularly important. In regular secondary
emission transport the (0) = 1 situation is accomplished by charge deposition
on the walls, such that the electrons land with energies around El (as opposed
to En, see later).

Electron transport by secondary emission is not limited to circular tubes,
but can be applied to a great variety of structures. Some examples have already
been described [1], including long (addressable) ducts, funnels and current
switches. All of these are applied in Zeus displays. Although the structures
are quite different and each structure serves a specific application, the basic
transport mechanism is the same. The current-voltage characteristic exhibits
the same behaviour as shown in Fig. 1: if a sufficiently high voltage is applied
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between the entrance and exit(s) of the structure, electron transport through
secondary emission occurs.

3. Transport over an insulating plane

In the previous section we have given a qualitative description of the trans-
port process. As a first step to a more quantitative description we discuss
the instructive example of transport over an 'infinite' insulating plane. This
case is known from the field of high-voltage surface flashovers. It was first
described by Boersch et al. [3]. An infinite plane is a rather poor representation
of the actual geometries encountered in displays, but it is very useful to model
and to estimate several transport effects. The geometry is schematically shown
in Fig. 3. A transport field is applied using electrodes far outside the region of
interest. The electrons enter from the left.

The aim is to find the potential distribution for which (8) = 1everywhere on
the plane. In this section we use the very simple 'nominal particle' approach: it
is assumed that the secondary electrons depart in the direction perpendicular
to the surface with one single energy equal to Eo. The energy distribution and
the angular distribution of the secondary electrons will be taken into account
in the next section. The (8) = Icondition implies that the electrons must land
with an energy of either El or En. For the moment it is taken to be El; we will
return to this later.

For the potential distribution we assume a uniform electric field, pointing
away from the surface at a certain angle. After departing, the secondary elec-
trons are forced back to the surface. This results in a 'hopping' motion. During
flight energy is gained from the transport field. All electrons follow the
same trajectories. The equations of motion are readily solved. The x and z
coordinates are given by:

with F; and Fz the components ofthe electric field; q is the electron charge (-e)
and m is the electron mass. The trajectories are tilted parabolas. It is straight-
forward to deduce that the landing energy is given by:

Eland = Eo + 4(iJEo· (2)

If we require that the landing energy equals El, then the following relation
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between the components of the electric field is obtained:

I
Fz 1_ (EI )-1/2- -2 --1r, Eo

(3)

Hence, for stationary transport over an infinite plane the ratio of the perpen-
dicular and the parallel (transport) field is determined by the ratio of the
first cross-over energy El and the nominal secondary electron energy Eo.
The smaller El or the larger Eo, the more the electric field is directed perpen-
dicular to the surface, and vice versa.

For the geometry of an infinite plane it can be made plausible that the trans-
port 'stabilizes' on El and not on En [3].For this purpose the transport field,
i.e. the field parallel to the surface, is assumed to be fixed. Now suppose that
the perpendicular field is somewhat too large, because the plane is (somehow)
positively charged. Consequently, the secondary electrons land too soon and
do not gain enough energy from the transport field to establish the (8) = 1
condition. If the rrominallanding energy is around El, a shift to lower energy
implies (8) < 1 (see Fig. 2a) and results in the deposition of negative charge
and a decrease of the perpendicular field. Hence the system 'stabilizes'. If
the nominal landing energy were around En a shift to lower energy would
imply (8) > 1, resulting in the deposition of positive charge. In this case the
charge on the surface and the perpendicular field would continuously increase.
Although it is evident that the transport on En is not stable, this reasoning is
not a proofthat transport on El is actually stable. We will return to this in Sec.
6.2.

4. General description

4.1. Transport equations

In the previous section we treated a simple example which served as a
qualitative introduction. For more complex geometries and secondary emis-
sion properties a more sophisticated description is required. The modelling
of electron transport through secondary emission is, however, complicated.
The basic equations are readily written down, but they are generally difficult
to solve. Still it is worthwhile to start with a fairly general description which
may become more condensed depending on the application and on the
assumptions made.
A distinction is made between the following three processes: secondary

emission, the deposition of charge on the wall, and the flight of the electrons
in the vacuum. The central quantity in the modelling is the phase space density
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of electrons Jtr,v,t), which is the number of electrons per unit volume in r,v
space at time t. The phase space density should obey the following equations:

Secondaryemission: fout(r, vout, t) = - JY(Vin'vout)jin(r, vin, t)V.Lindvin· (4)

. 1 dcr(r, t) J JWall charging: - q dt = fout(r, Vout,t)V.Loutdvout+ fin(r, vin, t)V.Lindvin·

(5)

~ V(r) = - P~:),
where V denotes the potential, p is the charge distribution in the vacuum and
EO is the dielectric constant. Usually the space charge of the electrons in the
vacuum is neglected. This means that p is set to zero. Equation (7) then
becomes the Laplace equation.

(7)

The positions r, rstart and rland are on the wall ofthe duct. The subscripts 'out'
and 'in', c.q. 'start' and 'land', refer to particles moving 'towards' and 'away
from' the surface, respectively. The outgoing and incoming velocity compo-
nents perpendicular to the wall, V.Lout and V.Lin, are positive and negative,
respectively; the integrations should be carried out accordingly. The quantity
a denotes the charge density on the walls.

Equation (4) describes the secondary emission process. The function Y
represents the secondary emission properties of the wall. Any time delay in
the secondary emission process itself is neglected. The ö curve and the N(E)
distribution are both contained in y.

The process of charge deposition on the wall is expressed in eq. (5). The tem-
poral change in the charge on the wall is proportional to the difference betw.een
the incoming and the outgoing particle ftuxes.

In eq. (6) the incoming particle density is related to the outgoing par-
ticle density through Liouville's theorem [4]. The starting coordinates
(rstart>vstart>tstart) are related to the landing coordinates (rland,Vland,tland)
through the electron trajectories, which are determined by the potential
distribution.

The potential distribution plays an important role. For many applications it
is of prime interest. It is implicitly contained in eq. (6) and it is determined by
the wall charge appearing in eq. (5). Taking into account the proper boundary
conditions (potential and/or charge on the wall) the potential must obey the
Poisson equation:
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4.2. Time-dependence

There are two typical time: scales in the electron transport process. The
shortest time scale is due to the travelling time of the electron in the vacuum,
which shows up in eq. (6). The travelling time can be estimated by considering
the fact that during flight the electron must gain an energy of approximately El
from the transport field. In a transport duct of the Zeus display the time
between start and impact is of the order of 1O-9s, and the distance travelled
is about 1O-3m. This short time scale plays a role in propagation phenomena.
The flight time must be accounted for if the electron density varies very rapidly
in space and/or time. An example is the propagation and broadening of a short
current pulse in a duct. However, for the majority of phenomena occurring
in displays the travelling time is of little importance and can be neglected.
This is done by setting tstart = tland in eq. (6).

A second time scale is related to the process of charge deposition as
described by eq. (5). If the system is not in the steady state, e.g. shortlyafter
the potentialof an electrode in or close to the duct has been changed, charge
is deposited. The time scale depends on the (local) current density and on the
typical capacitances involved. In normally operated Zeus panels a time scale of
typically 1O-7s is encountered. This is, however, a very crude figure. Through-
out a duct, the current density may vary by some orders of magnitude. Parti-
cularly if somehow negative charging has occurred, the local current density
can- be very low and the time to re-establish the proper charge distribution
may be orders of magnitude longer.

For the purpose of transporting electrons it is desirable to have a steady-
state situation in which no wall charging occurs, i.e. dcr/dt=O. In that case,
the current entering the duct exactly equals the current leaving the duct.
Many characteristics of the display can be described in terms of steady-state
effects. Hence most effort is focused on investigating the steady-state situation
where no dynamic charging occurs. However, for a number of phenomena
(dynamic) charge deposition is actually important. In a display the electron
current is continuously redirected using switching electrodes. At every switch-
ing event charge is deposited or removed causing 'charge transfer' effects
[5,6]. Moreover, the charge deposition process plays an important role in
the stability of the system. A steady state (if it exists) is not necessarily stable.
In a stable system perturbations from outside and intrinsic stochastic
variations are (continuously) counteracted by charge deposition. To investi-
gate stability, dynamic charging can be incorporated using perturbation
theory. A full dynamic description is very complicated and beyond the scope
of this paper.
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4.3. Material properties

As regards secondary emission, the material properties play an important
role in the transport process. A detailed discussion of the secondary emission
process can be found in the literature [e.g.7-9]. In eq. (4) the material proper-
ties are represented by the function "(.In its general form "(is of limited use.
In practice it is split up into the more familiar total yield curve, o(Ein) and
the secondary electron energy distribution, N(Eout). Roughly, this boils
down to a separation ofvariables: ideally ö(Ein) only depends on the incoming
velocity or energy and N(Eout) only depends on the outgoing velocity or
energy. In this case, the electrons have no 'memory' and modelling of the
transport process is significantly simplified. However, in the actual transport
process typically 20% of the electrons are backscattered [9].Hence, the incom-
ing and outgoing energy distributions are not fully independent.

Although much work has been done in the field of secondary emission,
detailed and 'complete' sets of data are scarce. Generalizing, the secondary
emission properties show the following features. The shapes of the ö curves
for various materials are similar. They can be well mapped onto a universal
reduced yield curve, describing o/ömax versus E/Emax [7-9]. At the energies
encountered in electron transport, the ö curve depends only weakly on the
angle of incidence [7,10]. The energy distribution of true secondaries can be
approximated by a Maxwell-Boltzmann flux distribution [9,11]. The angular
distribution is a cosine distribution [8,11].The fraction of elastically backscat-
tered electrons versus the primary energy follows a single curve for several
materials [9]. The fraction increases at low primary energies. The angular
distribution ofthe elastically backscattered electrons is generally more compli-
cated than cosine [7].

If backscattering is neglected and if it is assumed that ö(Ein) and N(Eout)

only depend on the incoming and outgoing energy respectively, the function
"(is given by:

m2

"((Vin, Vout) = ö(Ein) -2 E N(Eout)· (8)
1t out

The factor m2/21tEout accounts for normalization: JN(E)dE= 1. In accordance
with experimental data this representation implies that ö does not depend on
the angle of incidence and that the secondary electron flux has a cosine
distribution. It is readily verified that in this case the phase space density of
outgoing electrons is given by:

(9)
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Fig. 4. Hopping transport over an infinite plane. The secondary electrons are generated according
to a certain distribution. The uniform electric field points away from the surface at a certain angle.
The ratio of the perpendicular field and the transport field depends upon the material parameters.

with Jout the current density due to electrons leaving the surface in A/m2. In
the steady state it is counterbalanced by an equal current density due to elec-
trons coming towards the surface. The density fout is now the product of a posi-
tion-dependent function and a velocity-dependent function; this simplifies
calculations considerably.
There are several levels of sophistication in which the material properties

can be implemented. If the proper data are available a sophisticated model
for the detailed material properties can be implemented in e.g. Monte Carlo
simulations. In analytical modelling the detailed shape of the 8 curve
and backscattering are complicating factors. For this purpose we use a
Maxwell-Boltzmann energy distribution and a linear 8 curve according to:

with El the first cross-over point. Backscattering is neglected. For large
primary energies the linear ö curve is a poor representation. However, since
the energies of the impinging electrons are around Eh the linearization can
be justified. The advantage of this 'model-emitter' is that only two parameters
are involved: Eo and El, For the materials used in displays, even these two
parameters (or parameters that can be reduced to an apparent Eo or El) are
often difficult to determine experimentally.
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4.4. The insulating plane revisited

In Sec. 3 we discussed transport over an insulating plane. The energy distri-
bution and the angular distribution of the secondary electrons were neglected.
When these distributions are taken into account somewhat different results
are obtained. The geometry is schematically represented in Fig. 4. As with
the simple example of Sec. 3 a uniform electric field at a fixed angle with the
surface is applied. It is obvious that for quite general materials parameters a
field ratio Fz/Fx can always be found such that a steady-state solution of
eqs (4), (5) and (6) is obtained. The value of the field ratio is determined by
an implicit expression containing the material properties. For the model-
emitter it can be solved explicitly [12]. Inserting eqs (8), (9) and (10) into the
transport equations (eqs (4), (5), (6» yields:

1;:1= cr, (11)

with

(
EI )-1/2cr=2 --2
Eo

(12)

Since it is regularly encountered we introduce a as a material parameter. Note
the difference from eq. (3). The electron density is constant in the lateral direc-
tion. In the direction perpendicular to the surface the electron density drops
exponentially according to exp(qFzz/Eo) (seeSec. 5.3). The larger the transport
field, the more the electrons are forced back to the surface. This phenomenon
also occurs in the channels of displays, causing a sharp drop of the 'leakage'
from the ducts with increasing transport field [6,13].

For completeness we mention that the solution discussed above is the most
obvious one, but it is not unique. It is part of a broader class of solutions, in
which the lateral electron density depends exponentially on the position
according to exp(q(AxX+ Ayy)/Eo). This situation is slightly more compli-
cated. The electric field is still uniform, but now there are two field ratios to
be matched (see Appendix A). Moreover, the electron current and the electric
field parallel to the surface are not in line. The reason is that the current con-
sists of a field-driven component and a diffusion-driven component. The latter
is caused by the fact that the electron density is not uniform. As such, the
general solution is of limited practical importance: except for Ax = Ay = 0 it
'explodes' towards infinity. However, it can be used as a building block in
the 'low-hop approximation', which will be discussed later.

Due to its simplicity, the example of transport over a plane is illustrative. In
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Fig. 5. Schematic drawing, representing two regimes in the electron transport process. In the cross-
ing mode (a) the electrons cross the volume of the duct. This mode usually occurs with relatively
low transport fields. In the hopping mode (b) the electrons return to the wall bymaking small hops.

This mode is associated with high transport fields.

fact, for most other geometries analytic calculations of the exact solution are
prohibitively involved. A serious impediment is the calculation of trajectories.
In the example given above, the field is uniform and the trajectories are
simple tilted parabolas. The geometry of an infinite plane can be used to model
and estimate several transport effects. Examples are: space charge, stability,
propagation, etc. Furthermore, the concept of constant field ratio is encoun-
tered in many parts of the Zeus panel and forms the basis of the low-hop
approximation.

5. Steady-state transport

5.1. General

In this section we discuss steady-state transport. Space charge is neglected.
There are a few strategies for attacking the problem. The one to be followed
depends on the geometry and on the boundary conditions. An important
criterion is the applied transport field. Figure 5 shows an arbitrary geometry.
If the transport voltage is relatively low the electrons will cross 'from one wall
to the other'. Because they have to gain an energy of approximately El from
the transport field, they must be in free flight for a sufficiently long time. If
the transport voltage is high, the electrons readily gain energy and the average
flight time must be short. This can simply be achieved by hopping along the
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wall instead of crossing between the walls. For hopping transport the force due
to the electric field must point towards the surface, so the perpendicular field
itself must point away from the surface. The larger the transport voltage, the
larger the perpendicular field and the lower the hop height.
The distinction between the hopping mode and the crossing mode is

important. The former is much easier to describe than the latter. This is due
to the fact that in hopping transport the electrons travel in a relatively thin
sheet close to the wall. They only 'feel' the local field at the wall, and not
the field distribution in the volume of the duct. Hopping transport can often
be described by using the low-hop approximation, which amounts to solving
an electrostatic boundary value problem.
In the crossing mode the trajectories extend over the whole volume of the duct.

The equations of motion in combination with the Laplace equation hamper a
solution in closed form. For long ducts, however, a model is available which
simplifies the problem considerably. This long-duct model is instructive since it
relates the electron density to the potential in a simple and almost obvious
manner. In the end, however, the equations of motion still come into play.
A third - and for many geometries the only remaining - approach to

obtain an 'exact' solution is to perform Monte Carlo simulations [12,14].
The advantage of these simulations is that they offer great flexibility with
respect to the choice of the geometry and the material parameters. A drawback
is that the calculations are time-consuming.

In the following we briefly outline the different methods for describing the
transport process. Each method is illustrated with an example. For consistency
we have chosen one single geometry that can be modelled with all methods
described: two infinite parallel planes. This geometry is not actually encoun-
tered in displays, but it is an instructive example.

5.2. The low-hop approximation (LHA)

In the low-hop approximation it is assumed that the electrons travel in a thin
sheet close to the wall by hopping. The force due to the electric fieldmust point
towards the surface. Furthermore, the field must be sufficiently large, so that
the hop height is small compared to the typical dimensions of the system.
Then, locally, the electric field can be considered uniform and the wall can
be considered fiat. Hence, as with transport over an infinitely large plane,
the field ratio FzfFx must satisfy:

lil=~· (13)
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Constant field angle

a

Constant perp. field

Fig. 6. Example of transport between parallel plates. The potentials are calculated using the low-
hop approximation (LHA). In Fig. 6a the electrons travel from bottom to top and the electric field
forms a constant angle with the surface. In Fig. 6b the electrons travel perpendicularly to the plane
of the drawing and the perpendicular component of the electric field is constant. The scatter plots
indicate the electron density. In the region of the question mark the LHA is not valid because of

crossing electrons.

?

+

The subscripts x and z refer to a local coordinate system. F, is the field perpen-
dicular to the surface and F_" is the field in the direction of the current flow.

For simple systems, where the symmetry requires that the direction of the
field parallel to the surface coincides with the current flow, the definition of
F; is obvious; it is simply the local transport field. Examples are two-
dimensional systems or rotationally symmetric systems such as a funnel or a
screen spaeer [1].This '2D' LHA is frequently encountered in practice; it boils
down to solving the Laplace equation with oblique boundary conditions [15].
This concept has also been applied in the field of surface flashovers [16]. In
more complicated systems the current flow generally does not coincide with
the direction ofthe field. The electron density varies along the surface, creating
a diffusion current. Then a '3D' description must be used, based on the more
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general solution of hopping over a plane (see Sec. 4.4). The result is a set of
non-linear differential equations; these are briefly outlined in Appendix A.
In the general case eq. (13) still holds.

Simple boundary conditions are also obtained for the 3D (or quasi 2D)
problem of transport through a long translationally invariant duct. Disregard-
ing the transport field, the potential is two-dimensional (in the plane perpen-
dicular to the axis of the duct); the direction of current flow is parallel to
the axis of the duct. The externally applied uniform transport field also points
along the axis. Now, eq. (13) implies that the perpendicular field should be
constant on the wall of the duct.

Hence, the LHA appears in two simple forms: for problems which are effec-
tively 2D, it yields the concept of constant field angle, and for a long duct it
yields the concept of constant perpendicular field.

As an example, Fig. 6 shows electron transport between two infinite planes.
In Fig. 6a the transport occurs from bottom to top. There is no field or current
perpendicular to the plane of the drawing. The potential' is determined by
solving the Laplace equation (eq. (7), with p=O) with boundary conditions
according to eq. (13) (constant field angle). In the example the parameter ex.
equals one. The potential in the transport direction decays exponentially.
The scatter plot visualizes the electron density. Initially the electrons tra vel close
to the surface. Going downstream, the perpendicular field decreases and hop
height increases. Eventually the electrons will cross the space between the plates
and the LHA is no longer valid. The field at the entrance of the duct is enhanced
due to electron transport. This phenomenon is frequently encountered in Zeus
displays: if a high (transport) voltage is applied, current-induced field emission
and surface flashovers can occur at the entrance. Field enhancement is particu-
larly important in the screen spaeer [17] and in the constriction spacer.

As already mentioned, the concept of constant field angle is no longer valid
if the hop height is of the order of the distance between the planes. With long
ducts it is to be expected that the initial exponential decay of the transport field
will level off and reach a constant value. In this case the transport field is
evenly distributed over the length of the duct. If this transport field is suffi-
ciently large, the LHA with constant perpendicular field can be applied. The
potentiaf is determined by solving the Laplace equation with the boundary

I) The potential distribution is given by: V = a+ bcos(J.lX)exp(-~y), with ~ = (2jd) arctan(lja.);
x and y are the horizontal and vertical coordinates in the plane of the drawing, and a and bare
constants (which are determined by externally applied boundary conditions). The plates are at
x = dj2 and x = dj2, respectively.

2) The potential distribution in the plane of the drawing is given by: V = ax2 - ay2, with
a = a.Ftr j d. Ftr is the transport field.
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condition of constant perpendicular field (eq. (13), with F; equal to the trans-
port field Ftr). The result is shown in Fig. 6b. The transport occurs perpendi-
cular to the plane of the drawing. The potential varies parabolically in both
directions. The scatter plot visualizes the electron density. In this mode the
transport is more localized, whereas in the constant angle mode the transport
occurs over the whole (infinite) cross-section.
An intrinsic feature of the LHA is that the shape of the potential distribu-

tion is determined by the hopping process, but that the absolute scale is deter-
mined by externally applied boundary conditions. For instance, in the example
of Fig. 6a the scale is determined by the potential difference applied between
the bottom (the entrance) and the top (the exit) of the structure. If a twice
as large potential difference is applied, the shape of the potential distribution
remains unaltered, but the absolute values change by a factor oftwo. Sincewe
have not specified the applied potentials or the Eo of the secondary electrons,
the scatter plots are somewhat arbitrary; they serve for visualization only. In
the crossing mode the shape and the absolute scale of the potential distribution
cannot be uncoupled.

In the LHA the field should point away from the surface everywhere on the
insulating wall. This is not always possible. According to Gauss' law the total
flux emanating from a volume is proportional to the charge enclosed. For a
duct this means that flux out of the system is balanced by an equal amount
of flux into the system (if space charge is not taken into account). Hence, there
must be areas where the field points towards the surface. In most cases the
flux emanating from the insulating walls is carried off by conductors at
the entrance (or the exit) of the system. For an infinitely long duct a problem
arises. In the example of Fig. 6b the flux is carried off at infinity. For a closed
insulating geometry, however, this cannot pccur and the LHA does not
comply with Gauss' law. For the example of the long round tube this is an
issue. In displays the ducts usually contain sufficient metallization to carry
off the flux; the channels, for instance, contain many row extraction elec-
trodes [12].
In Zeus displays the typical hop height is different in the various parts of the

panel and also depends on the material properties. The glass walls are usually
coated with MgO, which has good secondary emission properties and is very
stable under electron bombardment. Eo and El are about 2eV and 17eV,
respectively [9]. The value of a is close to one.

In normal display conditions the typical hop height ofthe (true) secondaries
in the transport channels is about 25% of the channel width. Backscattered
electrons have higher energies ("'El). Hence, for the channels the LHA is at
the edge of validity. For the constriction spaeer and the screen spaeer the
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Fig. 7. Example of transport between parallel plates. The potentials are calculated using the long-
duct model. The electrons travel perpendicularly to the plane of the drawing. In this example four
modes can be distinguished: two symmetric modes (a and b) and two asymmetrie modes (c and d).
The scatter plots indicate the electron density. Only one of the symmetric modes is confined.

hop height is quite small with respect to the spaeer dimensions: ofthe order of
1% or less. In the spacers of the selection plates the hop height is estimated to
be of the order of 10% of the spaeer dimensions.

5.3. The long-duct model

The long-duct model applies to a long duct which is translationally invariant
in the transport direction. It is not restricted to large transport fields and
applies to both the hopping mode and the crossing mode. The secondary emis-
sion properties ofthe walls are taken according to eq. (10). The transport field
is assumed to be uniform and directed along the axis of the duct. The aim is to
find the potential distribution, Vcs(r), in the cross-section of the duct. As is
briefly outlined in Appendix B, the electron density in the duct is related to
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Vcs(r) by:

p(r) ocexp-(q;o(r)).

In fact, the electron density and the velocity distribution perpendicular to the
direction of current flow behave according to a free electron gas. If the poten-
tial is known, the charge density follows immediately. Knowing this in
advance, the next problem is to calculate the potential. The transport equa-
tions imply that the average square time of flight of the electrons, (..2), is
subject to certain conditions (see Appendix B). At this point trajectories
must be calculated. This can be done in closed form for a limited number of
geometries only.
As an example we again discuss the case oftwo infinite parallel plates.It can

be shown that solutions exist if the potential is parabolic in the coordinates
perpendicular to the transport direction.' The example exhibits a very interest-
ing feature of electron transport: several solutions or modes can exist. Figure 7
shows the potential distributions and scatter plots of four modes. In contrast
to the LHA the potential distribution does not simply scale with the transport
field; hence the plots represent the situation for one particular transport field.
There are two symmetrical modes (a,b) and two asymmetrical modes (c,d). In
one of the symmetrical modes (b) the electron density is not confined; it
explodes towards infinity and is therefore physically less relevant. The modes
change as the transport field is varied. At a low field only the two (symmetric)
modes exist. If the transport field is increased, the confined symmetric mode
branches into one symmetric and two asymmetrie confined modes. Beyond
a certain transport field the asymmetrie modes are no longer confined, so at
high fields the only remaining physically relevant mode is the symmetric
confined mode. This hopping mode is basically the same as that found using
the LHA. The other, exploding, solutions are crossing modes.
The mathematical existence of modes does not necessarily mean that they

occur in practice. This depends on the stability against perturbations. For
two parallel plates the stability is still an open question. In this context it is
worth noting that even at an arbitrary small ('zero') transport field two
steady-state modes are found. Hence, a transmission curve like that in Fig. 1

(14)

3) The general form of the solutions is: Vos = (Eo/q)(ax2 + bx - ay2). Since the potential is the
sum of a function of x and a function of y, the average square time of flight associated with
each starting point only depends on the starting position x and not on y. The parameters a
and bmust be chosen such as to match eq. B.3 at both plates. a and b are functions ofthe dimen-
sionless quantity qdrxFtr / Fo. In the example this quantity is set at 4, yielding four solutions with
(a,b) = (1.21,0), (-0.81,0), (0.61,1.28) and (0.61,-P8), respectively.
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a b c

Fig. 8. Example of a (2D) Monte Carlo simulation of transport between two parallel plates. Figure
8a shows the electron trajectories. Figure 8b shows the potential distribution. Figure 8c shows the
potential distribution according to the low-hop approximation, which ignores crossing electrons.

cannot be obtained on the basis of the existence of modes alone. Presumably
the system does actually exhibit a transmission curve behaviour, but then the
blocking at low transport field would be a matter of stability instead of the
mere existence of modes.
Although the example of two parallel plates is somewhat academic, the

geometry does show a resemblance to a channel in a Zeus display. The aspect
ratio of the channels is such that the side walls of the duct play an important
role. In experiments [13] and in Monte Carlo simulations the potential distri-
bution along the side wall shows a parabolic behaviour. For this reason
the potential difference between the selection electrodes and the bottom of
the duct is usually significantly larger than is to be expected without sidewalls.

5.4. Monte Carlo calculations

In Monte Carlo calculations the transport equations are solved numerically
by simulating the transport process. Briefly, starting with a certain potential
distribution electrons are injected into the duct. The landing position and
the velocity are determined by ray tracing. Secondary electrons are generated
according to the specified material properties. The generation occurs using
random numbers. After tracing (part of) the cascade, the potential is
adjusted according to the deposited charge. Then tracing is resumed and the cycle
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repeats until a steady state is reached [12].The Monte Carlo simulation method is
very flexiblewith respect to the geometries and the material properties. A number
of examples found in displays are presented in a separate paper [14].
In this section we briefly present a Monte Carlo simulation of transport

between two (semi-) infinite planes. The calculation is performed in two
dimensions. The material properties are described in ref. [14]. Figure 8a shows
the electron trajectories. The electrons travel from bottom to top. The corre-
sponding potential distribution is shown in Fig. 8b. For comparison the result
of the low-hop approximation is shown in Fig. 8c; the field ratio (the local
FzfFx) is 0.77.

In the entrance region close to the wall the secondary electrons make small
hops and the potential clearly shows the 'fixed angle' behaviour. This takes a
considerable part of the transport voltage and results in a high electric field. In .
this region the Monte Carlo results and the results of the low-hop approxi-
mation are in good agreement. Beyond the entrance region a crossing mode
sets in. This results in a more gradual distribution of the transport voltage.
The potential distribution differs markedly from the result obtained with the
low-hop approximation. One might expect that far downstream a situation
with a perfectly homogeneous transport field would be reached. However,
with the imposed invariance in the direction perpendicular to the plane of the
drawing this is not possible. In the Monte Carlo simulations a true steady-state
situation far downstream is not reached: details of the potential distribution con-
tinuously change. For parallel plates a steady-state mode which is invariant in the
transport direction is only found ifthe potential and particle density vary inboth
perpendicular directions (see the previous section).
The strength of the Monte Carlo simulations is that they can be used to

describe the transport in realistic three-dimensional geometries used in dis-
plays. The results, however, depend on the material properties used as input.
If these are not (accurately) available, only a qualitative description can be
obtained; by comparison with experimental data, material parameters may
be inferred. If data on the material parameters are available a fair agreement
with experiment is usually obtained.

6. Miscellaneous topics

6.1. General

So far we have dealt with 'regular' steady-state transport. In this section we
discuss some topics that do not fit into this description: stability, propagation
and space charge. The first two have in common that the time-dependence
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must be taken into account. In the last topic we address the role of the spatial
charge distribution in the hopping process at high current densities.

6.2. Stability

The stability of electron transport is an important issue. The transport is
stable if small perturbations in the potential distribution are corrected by
charge deposition, in such a way that the original ((8) = 1)potential distribu-
tion is re-established. In displays, the transport through the channels generally
becomes unstable below a certain critical transport field. This can be observed
through the 'leakage' current [13] which then varies in time and space. At
higher fields the transport is usually stable. Stability is one of the criteria deter-
mining the minimum transport field used in displays.

In the example of transport over an infinite plane we have already addressed
the question of stability. It has been argued that the transport 'stabilizes' on El
by considering the response to uniform charge deposition. This is not sufficient
to prove stability, however. For that purpose it is necessary to consider the
response to a localized excess amount of charge. Then, simple reasoning easily
leads to the wrong conclusion. It can be argued that an excess amount of posi-
tive charge on a certain spot causes secondary electrons to land on that spot
with higher than nominal energies. Since then (8) > 1, more positive charge
will be generated, leading to 'amplification' of the excess charge. On this basis
it might be concluded that transport over a plane is unstable. However, elec-
trons 'flying over' the spot and landing in the neighbourhood also feel the
attraction of the positive charge. As a consequence they land somewhat too
early and cause negative charging. The actual feedback process is a keen
balance between these two processes and requires careful description.
To judge the stability of a system one may depart from a steady-state situa-

tion and introduce a small (time-dependent) perturbation. If the system is
stable the perturbation 'decays' with time, if not it 'explodes'. A small surface
charge changes the potential distribution, which in turn alters the phase space
density. Through secondary emission this causes a change in surface charge.
The process can be captured in the somewhat abstract equation aa/at =Aa.
The operator A is generally very complicated. Thus far the only case which
has allowed a rigorous calculation is the transport over an infinite plane.
This calculation is fairly elaborate and an outline is outside the scope of this
paper. For the infinite plane the eigenfunctions of A are plane waves. For
the model-emitter it can be shown that the real part of the eigenvalues is
always negative. This means that every perturbation decays, which implies
that the transport is stable. With reference to the preceding paragraph, the
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stabilizing feedback due to electrons flying over a (localized) perturbation
apparently surpasses the amplifying feedback of the electrons landing on the
perturbation itself.

For the example of the infinite plane the stability does not depend on the
transport field. However, for a more realistic geometry a characteristic dis-
tance such as the width of the duct is involved. Then the transport changes
from the hopping mode to the crossing mode and the invariance with the
transport field is lost. Presumably, for the channels used in displays, the tran-
sition to the crossing regime causes instability. .

The geometry of the round tube, mentioned in Sec. 2, shows a different
behaviour. In experiments a stable mode is not observed, irrespective of the
transport field. It is not yet clear whether this is due to the fact that geometry
simply has no 'preferences' or that it is essentially unstable. In any case, the
round tube is not an outstanding example of'regular' transport. In an unstable
system the local average secondary emission coefficient is not one; charge is
continuously deposited and removed. Still, 'on average', a quasi-steady trans-
port can occur.

6.3. Propagation

A current pulse released at the entrance of a duct will appear at the exit
after a certain time delay. Furthermore, the stochastic nature ofthe secondary
emission process causes a broadening of the pulse. The propagation time
is related to the average velocity of the electrons in the duct. A characteristic
property of the transport process is that the propagation velocity only
weakly depends on the transport field because the impact energy of the elec-
trons must always be around El' For hopping transport over a plane (and
in the LHA), the propagation velocity is essentially independent of the trans-
port field.

To describe the propagation process, the time-dependence of the 'flight'
equation (eq. (6)) must be taken into account. The time-dependence of
eq. (5) can be neglected (at low currents). For transport over an infinite plane
expressions for the propagation velocity and the broadening can be derived;
this is briefly outlined in Appendix C. In a round tube a propagation velocity
of the order of 106m/s has been measured. This complies with an estimate
based on flat plane transport. For a realistic display size the resulting delay
is of the order of 10-7 s. The broadening is found to be proportional to the
square root of the propagation time. For displays the broadening (in time)
is of the order of 10-8s. Since the addressing time is typically a few micro se-
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conds, the delay and the broadening are no obstacle for proper operation. At
high field repetition rates the delay might be accounted for in the timing of the
addressing pulses.

6.4. Space charge

At large transport currents the spatial charge distribution significantly
affects the potential distribution and cannot be neglected. The question is at
which value of the current space charge becomes important. As with previous
topics, we consider transport over an infinite plane. For the infinite plane a
solution can be obtained using the long-duct model; this is briefly outlined
in Appendix D. Close to the surface the field lines bend due to space charge.
Far from the surface the current density is low and the field is uniform. An
interesting phenomenon is that the ratio of the perpendicular field (far from
the plane) and the transport field depends on the current. With increasing
current the field ratio decreases, meaning that the field is directed more parallel
to the surface. From a distance it seems as if the secondary emission properties
deteriorate with increasing current. The characteristic current at which space
charge starts to play a role is designated io; it is defined in Appendix D. io is
the amount of charge per unit of time that passes an imaginary plane normal
to the direction of current flow; it is expressed in A/m. Taking Eo and Ftr as
encountered in the channels of displays, io amounts to a few times 10-2 A/
m. The peak currents used in large displays are actually about this value.
Hence, in these circumstances the transport occurs at the edge of space charge
effects. In practice, the consequences are limited. It is only if the current is
raised well beyond io, that the leakage from the channels [13]increases rapidly.
This is consistent with a decreasing field ratio o. If it occurs, the space charge
effect can be (largely) compensated by increasing the transport voltage.

7. Summary and conclusions

The basic mechanism of electron transport through insulating structures
has been discussed. A general description of the transport process has
been presented. Three methods for modelling steady-state transport have
been reviewed: the low-hop approximation, the long-duct model and Monte
Carlo simulations. Non-steady-state effects and the role of space charge
have also been addressed.
The physics of electron transport through insulating structures is a novel

and exciting field. Although in this issue the main interest is in displays,
electron transport over insulators may have several other applications,
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e.g. as an electron fibre, a bright current source, etc. [1). Many different
aspects of electron transport meet in displays. A detailed knowledge of the
transport process is crucial for a proper design. In this respect modelling plays
an important role. Obviously, the modelling of electron transport over insula-
tors is only scarcely explored and deserves to be the subject of further investi-
gations.
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Appendix A. The 3D low-hop approximation

The 3D low-hop approximation applies to three-dimensional geometries.
The material properties are described by eq. (10). The force due to the electric
field must be directed towards the surface. The hop height must be small com-
pared to the dimensions of the system.

We first consider the general solution ofhopping over a plane in a uniform
field. The geometry is shown in Fig. 4. The density fout is written according to
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eq. (9). For Jout we assert a solution of the form:

Jout(r) =Joexp(io (LxX+Lyy)). (A.I)

The factor Jo (in A/m2) is a constant. The quantities L; and Ly (in V/m) are
constants that should be matched in order to satisfy eqs (4), (5) and (6). The
phase space density of incoming electrons fin can be expressed in fout using
eq. (6) and the equations of motion. The latter are readily solved
(e.g. eq. (1)). Inserting this into eqs (4) and (5) results in two expressions con-
tainingfout. Taking Jout according to eq. (A. I), a straightforward evaluation of
these expressions yields:

Hence, eq. (A. I) is actually a solution of the transport equations. In the gen-
eral solution the current is not uniformly distributed and it is not in line with
the electric field parallel to the surface. It can be shown that the current density
parallel to the surface (integrated over the z-direction and expressed in A/m) is
given by:

. 4Eo
ly = J(r) -2 (Fy - Ly).

qFz
(A.3)

In the low-hop approximation the surface is locally considered as a plane.
The local solutions behave according to eqs (A.I) and (A.2). The local solu-
tions can be 'connected' by setting:

Jout(r) = Jo exp (io L(r)).

A power series expansion of L can be made in terms of an order parameter
equal to the ratio of the typical hop height and the typical dimensions of the
duct. Taking the lowest order terms again yields eqs (A.2), but now L; and
Ly denote the derivatives of L with respect to the local coordinates x and Y;
hence eqs (A.2) become a set of non-linear partial differential equations
for the quantity L. With the same provisions to the meaning of L; and Ly,
eq. (A.3) can also be applied to calculate the 'surface' current. If the local
x-direction is chosen to coincide with the direction of current flow, eq. (13)
is obtained.

(A.4)

Appendix B. The long-duct model

The long-duct model applies to long translationally invariant ducts. The
materials properties are described by eq. (10). First, we consider a duct with
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no transport field applied along the axis. Hence, the potential Ver) only depends
on the coordinates in the plane of the cross-section of the duct. We now set:

(
qv(r))Jout (r)= Joexp -~ ,

with Jo a constant. The phase space density of electrons leaving the wall is:

f( ) - Jom
2 (E + qv(r)) (B.2)r,v --2 2exp - E .rcqEo 0

(B.I)

The phase space density only depends on the sum of the kinetic energy E and
the potential energy qV(r). This total energy is conserved along an electron
trajectory. According to Liouville's theorem [4] the phase space density at
an arbitrary point in phase space (in the volume of the duct) equals the phase
space density at the corresponding departure point on the wall. Hence, pro-
vided that the particle can be traced back to the wall, the density at every point
in phase space is given by eq. (B.2); r may be in the volume of the duct and v
may have any direction. For simplicity it is assumed that each point can be
traced back to the wall. (If not, this can easily be corrected for afterwards.)
With a phase space density according to eq. (B.2) the outgoing particle flux

balances the incoming particle flux at every point on the wall. The average
landing energy is 2Eo. To get a situation where the average landing energy is
El, such that (0) = 1, a transport field Ftr is applied. By applying the field,
only the velocities parallel to the axis are affected. Energy is gained as the
electrons move downstream. The 'add-on' energy equals 'force times the
average distance travelled downstream'. Hence, the following relation must
hold:

with ('t2) the average square time of flight. The averaging should occur over
the incoming particle flux while keeping the point of impact fixed (or over
the outgoing flux while keeping the starting point fixed)." In the steady state
the average square time of flight associated with each point should obey
eq. (B.3). By applying the transport field the spatial density in the vacuum

4) ('t2) should be calculated according to: ('t2) = J 't2(rin' Vin)!;n(rin, vin)V.Lindvin / f!;n (rin , Vin)
V.LindVin.The subscript 'in' may be replaced by the subscript 'out'. 't(r, v) is the time of flight
associated with each point of impact (or starting point) r, v: it only depends on the coordinates
and velocities in the plane of Vos.
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per) remains unchanged and, according to eq. (B.2), is given by:

( )
_ T (21tm)I/2 (qvcs(r))pr -JO -- exp ---- ,

Eo Eo
(B.4)

with Vcs the potential distribution in the cross-section ofthe duct (the transport
voltage is 'subtracted') and Po is a constant. For completeness wemention that
the total current through the duct, I, is related to Jo by:

4Eo J (qVcs)I=Jo--2 exp --E dl.
qJ7tr~ C 0

(B.5)

The integral extends over the contour ofthe wall in the plane determining Vcs.

Appendix C. Propagation

The propagation of a bunch of electrons over an infinite plane is described.
The material properties are taken according to eq. (10). The transport occurs
in the x-direction. The current density is invariant in the y-direction. A change
in the potential due to the non-stationary character of the transport is
neglected. Hence the potential remains fixed (with a field ratio a). It is assumed
that the spatial electron distribution varies slowlyon the scale of a hop length.
In contrast to ordinary steady-state transport the time of flight must be taken
into account (eq. (6)). By inserting eq. (6) into eq. (4), an expression containing
only fout remains. Using eq. (9) this is turned into an expression containing
Jout(rland,tland) at the left-hand side and Jout(rstart,tstart) at the right-hand side. By
a Taylor expansion of the latter around (rland,tland), sorting to order and integrat-
ing, the propagation equations are obtained. In first order one obtains:

(:t +u:x)Jout = 0

This equation describes pure propagation. The current density profile simply
propagates with velocity u. In second order, and in a frame moving with velo-
city u (which means replacing x - ut by x), a diffusion-type equation is
obtained:

(C.I)

(C.2)

This expression describes broadening due to 'diffusion'. It can be shown
that for large t the last two terms between brackets become negligible. The
remaining terms form a familiar diffusion equation containing only the
parameter D.
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Fig. C.l. The propagation quantities g and h versus the field angle parameter C1.

The propagation velocity u (in m/s) and the diffusion coefficient D (in m2/s)
can be expressed as follows:

(
E )1/2

u = ,: g(et), (C.3)

g and hare (untractable) functions of the field ratio et. They are shown'
in Fig. C.l. If a sharp current pulse is released at t = 0, it propagates with
velocity u. In the moving frame it broadens and becomes Gaussian-
shaped with a full l/e width of 4(Dt)I/2, corresponding to a spread in time
of 4(Dt)I/2/U•

Appendix D. Space charge

Electron transport over an infinite plane in the presence of space charge is
described. The geometry is shown in Fig. 4. The material properties are taken
according to eq. (10). The transport occurs in the x-direction. The transport
field F; is fixed. The lateral current density i (A/m) is uniform over the plane.
The potential is calculated using the long-duct model.

We take V(r) = Vcs(z)- qFxx. The charge density p depends on Vcs according
to eq. (B.4). Inserting this into the Poisson equation (eq. (7)) yields:

[)2Vcs = _ Jo (21tm)I/2 exp (_ qVcs) .
[)z2 EO Eo Eo

(D.l)

5) The explicit expressions for g and hare: g(C1) = {4y'2(8 + 5(12)}/ {C1y'n(12+ 5(12)} and h(C1)=
{8v'2(8192 - 2304n + (13312 - 3408n)C12 + (7040 - 1512n)C14 + (1200 - 85n)C16+ 5Ült(18)}/
{C13nv'n(12 + 5(12)3}.
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Fig. D.I. The relative field ratio, ex'[a, versus the relative current density, i/io. The quantity ex' is
the field ratio Fz/ Fx at a large distance from the surface and io is a characteristic current (see text).

Jo is related to i according to eq. (B.S). It is straightforward to show that
eq. (D.l) is satisfied by:

V~(z) = 2:0 ln{ :. C:)I/\inh [- q~~:.z + asinh (: (~)1/2)1} (D.2)

with

(
2E )1/2

io = EoFx 1[';: , • = IFz(oo) I
et F'x

(D.3)

io is expressed in terms of known quantities. The only 'free' parameter in
eq. (B.2) is et*, which is the ratio of the perpendicular field and the transport
field far above the surface. This field ratio determines the shape ofthe potential
and the particle density. The parameter et* is determined by eq. (B.3) (which
follows from the (B) = 1 condition). The flight time "C is given by:

Jzmax ( 2q )-1/2
"C(vzO)= 2 0 v~ - m V~(z) dz, (D.4)

where Vzo is the initial velocity in the a-direction and Zmax is the turning point.
By inserting eq. (D.4) into B.3 a relation between et* jet and i/io can be derived,
which must be evaluated numerically. The result is shown in Fig. D.I. The field
ratio at infinity decreases with increasing current. When compared to the case
without space charge, the charge density far from the surface increases,
whereas the density in the layer close to the surface decreases.
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Abstract

Electron transport over insulators sustained by secondary electron emission
is studied using Monte Carlo calculations. With the aid of these Monte Carlo
calculations, the steady-state potential distribution and the properties of the
electron trajectories in various insulating structures are determined. Each of
these structures represents a part of the Zeus display and together the results
show how electrons, generated by the cathode, enter the transport channels
and are transported through the Zeus display until they reach the phosphor
screen. In the various cases, the results according to the Monte Carlo cal-
culations agree well with the results of experiments.

Keywords: Monte Carlo calculations, secondary electron emission, Zeus
display, insulator charging, electron hop transport, display.

1. Introduetion

Recently, it has been found that electron transport through vacuum along
the inner surface of a hollow insulating structure is possible in a controlled
way [1]. During the transport process electrons frequently enter the insulator,
thereby generating secondary electrons that contribute to the vacuum current.
If the number of secondary electrons emitted per incoming electron is not
equal to one, the insulator acquires a net surface charge. The most fascinating
property of this type of electron transport is that under the appropriate
conditions, the charging of the insulator becomes such that at each wall
position the average number of generated secondary electrons per incoming
electron is equal to one. Hence net charging no longer occurs, and steady-
state electron transport along the insulator wall [1-4] is established. This
state is reached in a self-regulating way.
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An interesting application of this new type of well-controlled electron
transport is a flat thin TV display ('Zeus display') [1,5]. For a better
understanding of the physical properties of this Zeus display, the steady-
state charging of the insulator surface must be known. Although some physi-
cal properties of the Zeus display can be determined experimentally very well,
the charging of the insulator surface itself is in general very hard to assess
experimentally without influencing it. In this paper, we present numerical
calculations of the steady-state potential distribution and the electron
trajectories in the various parts of the Zeus display. The results are obtained
using Monte Carlo calculations [2]. We will first present the relation which
determines the steady-state potential distribution for this type of electron
transport. Then a brief discussion of the Monte Carlo method, together
with the material properties used in the calculation, will be given. Finally,
for each part of the Zeus display the steady-state potential distribution
will be presented together with the properties of the electrons travelling
through it.

2. Conditions for steady-state electron transport

In Refs [2,4] it is shown that in order for steady-state electron transport
along an insulator to occur, the condition must be met that at each wall
position the average number of secondary electrons emitted per incoming
electron is equal to one. Hence, the relation

(1)

must hold for all wall positions r, where the functions IJ? and 8 are defined by
IJ?(Eb Ob r): probability distribution for electrons landing at wall position r
with energy El> at an angle of incidence 0l.
8(Eb 0l): total electron yield when the material is hit by an electron with an
energy El at an angle of incidence 0l. This yield includes both secondary
electron emission and backscattered electrons [6].
Condition (1) corresponds to (8) = 1.

Condition (1) determines the charging of the insulator and thus the steady-
state potential distribution in the insulating structure. To solve this potential
analytically is rather complicated, even for simple geometries, due to a compli-
cated incoming landing distribution. This landing distribution is involved
since it depends on the trajectories, the starting distribution ofthe emitted elec-
trons and the potential distribution. To determine the steady-state potential
distribution in the various parts of the Zeus display from eq. (1) we have to
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resort to numerical methods. In the following, a Monte Carlo method is used
for this purpose [2].

Finally, we note here that the steady-state potential distribution, under cer-
tain circumstances (when the so-called low-hop approximation [2,4] is valid),
exhibits an interesting property: the ratio of the electric field FU along the wall
where the hop transport takes place and of the electric field F1. perpendicular
to this wall is a constant J.L = FU / F 1.. This constant J.L can be approximated by
[2,4]

_ JEI -2Eo
J.L - 4Eo

where El is the lowest energy at which the electron yield /5 equals one and 2Eo is
the average launching energy of the secondary electrons.

(2)

3. The Monte Carlo method

The complicating factor in eq. (1) is the landing distribution <l> which must
be known as a function of the charging of the insulator. This distribution
depends not only on the electron trajectories but also on the number of emitted
electrons at a wall position r and their velocity distribution. These last two
distributions are stochastic and are determined experimentally [7]. In the
Monte Carlo method the landing distribution is determined by means of a
statistical sampling procedure which is based on random numbers.We proceed
as follows. Consider a hollow insulating structure in which an initial potential
distribution is defined. For a single electron, emitted by a source into the
insulating structure, the trajectory is calculated until it reaches the insulator
wall. Then, using the (measured) material properties of the insulator and the
random number generator, the number of emitted electrons and their emission
velocities are determined by a statistical sampling procedure. If the number of
emitted electrons differs from one, the insulator surface becomes charged. The
amount of charging is stored for the moment. Then the trajectories of all newly
generated electrons are calculated until a wall is reached and the process
repeats. This continues until no new electrons are generated or when all
electrons have reached the exit of the insulating structure. As soon as the tem-
porarily stored charging of the insulator becomes significant, this charging is
taken into account and the potential distribution in the insulator is recalcu-
lated. When all the effects of the one single electron emitted by the source
are taken into account, another electron is emitted and treated in the same
way. This process is repeated until the potential distribution in the
insulating structure becomes stationary. The resulting potential distribution
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Fig. 1. The secondary electron yield curve ó as a function of incident electron energy E used in the
calculation for glass. The yield ti is equal to one at El = 25 eV and Eu = 2400 eV.

is then a solution of eq. (1). Note that in this way eq. (1) is solved without the
explicit knowledge ofthe complicated landing distribution <1>. Once the steady-
state potential distribution is known, the physical properties of the insulating
structure can easily be calculated. More details about the Monte Carlo
program can be found in Ref. [2].

To perform the Monte Carlo calculations we first have to specify the
material properties of the various walls. In particular the total electron
emission yield 8 for each material and the probability that an elastic or
inelastic backscatter process may occur must be known. Furthermore, for
each of these processes the launching energy distributions must also be
specified. To be able to determine the type of wall interaction it is sufficient
to know the total electron yield 8 and the probability Pel (Pin) that a single
electron emitted after a wall interaction is an elastically (inelastically)
backscattered electron [2].

Throughout this paper, the insulating walls are assumed to be made of glass
with a total electron yield as shown in Fig. 1 (El = 25 eV and En = 2400 eV).
The functions Pel and Pin can be determined experimentally from the energy
spectrum of the electrons leaving the material while it is irradiated by an
electron beam. Although not measured for glass, these distributions are
estimated from measurements on comparable materials [7] and are shown in
Fig. 2. For the energy distribution A(E) of the secondary electrons a
Maxwell-Boltzmann distribution is used [2], given by

E
A(E) =zexp[-E/Eol

Eo .
(3)
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Fig. 2. Probability distribution of an elastically (Pel)and an inelastically backscattered electron
(Pin) as a function of the energy E of the incident electron used in the calculations for glass.

with 2Eo the average launching kinetic energy, which is a fairly good
approximation according to the results of experiments [7,8]. For glass
Eo ~ 3eV [7]. The energies of the inelastically backscattered electrons are,
for landing energies smaller than 100eV, uniformly distributed across the
interval [0, Ell, where El is the landing energy of the incoming electron. In
all cases, the angular distribution is taken to be a cosine distribution with
respect to the angle ()[6,9].
In order to determine the properties ofthe screen spaeer (the spaeer with holes

in which the electrons are accelerated to the phosphor screen), the backscatter
properties of the phosphor screen have to be specified. The electrons land
approximately perpendicularly on the phosphor screen with kinetic energies
higher than 3 keY. Under these circumstances the inelastic backscattering is
the dominating process which has to be taken into account. The inelastic back-
scatter probability is approximately 30% for these energies.The energy distribu-
tion 3(E) of these backscattered electrons can, when using a Monte Carlo
program for the simulation of electron backscattering [10],be approximated by

3(E) = 3-;:2 (4)
Eland

where Eland is the kinetic energy of the landing electron. The angular
distribution is again taken to be a cosine distribution.

4. Electron hop transport in funnel structures

To illustrate the use of the Monte Carlo method, we first study electron
charge 'funnels' occurring in several places in the Zeus display.
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Fig. 3. Geometry used in the calculation to study the funnel transport mode.

4.1. Funnel mode transport

In Refs [2,4] the basic electron transport mode along an insulating wall
is discussed. Here we consider a completely different geometry which is
also capable of supporting electron transport and which is of vital importance
to the Zeus display: funnel mode transport [1,2]. This electron transport mode
occurs when electrons hit an insulating plane which contains a metallized hole.
The voltage applied to the exit electrode is higher than that of the surrounding
electrodes. In Fig. 3 an example of such a structure is shown. The structure is a
rectangular box. One side wall of the box is a metal mesh through which the
electrons enter the structure. The wall opposite this metal mesh is an insulator
containing a metallized hole at the centre, through which the electrons can
leave the structure. The other walls are insulators. Consequently, electrons
entering through the metal mesh are accelerated towards the insulating
plane containing the exit hole. Most electrons hit the insulating wall. The
resulting wall interactions lead to the generation of secondary electrons and
the wall becomes charged if 8 "# 1.

4.1.1. Stationary potential distribution

In Fig. 4 the calculated steady-state potential distribution and some of
the electron trajectories are given. Electrons entering the structure and
landing on the insulating wall are transported along the surface towards
the exit. The charging of the insulator helps to collect the electrons to
leave through the exit hole. Charging is such that in the steady-state,
the number of electrons leaving through the exit is equal to the number
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Fig. 4. Steady-state potential distribution along the centre of the insulating wall at y = -0.3 mm
(a) and some electron trajectories (b) in the funnel transport mode.

of electrons entering the structure. Hence, the operation of the structure is
that of a funnel. Consequently, this funnel transport is an efficient way of
redirecting the electrons from one structure into the other. Because
selection of the electrons is vital in the Zeus display, these potential
funnels will arise at several places, as will be explained in the next section.

4.1.2. Exit beam properties

The way the electrons leave the funnel exit is of importance for understand-
ing the full operation ofthe Zeus display. The electrons leaving the funnel have
a characteristic spatial distribution; see Fig. 5 where a typical example of such
a distribution is shown for a situation in which the hop length is small com-
pared to the diameter of the hole. The figure shows that this distribution is
peaked near the edge of the hole, while the intensity decreases rapidly towards
the centre ofthe hole. This is a result ofthe fact that electrons enter the hole by
hop transport, which means that the hop length distribution determines the
intensity distribution in the exit hole. The exit distribution decreases exponen-
tially towards the centre of the hole due to the exponential decrease of the
emission energy distribution of the secondary electrons and hence of the
hop length distribution. A straightforward analytical derivation shows that
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Fig. 5. Spatial electron entrance distribution across the exit hole radius r/ro.

the spatial exit distribution can, to a good approximation, be described by

l(r) = cosh(rjf)
e sinh(roj f) (5)

where f is the average hop length near the edge of the hole and ro is the radius
of the hole (Fig. 5).

The next distribution of relevance is the energy distribution of the electrons
emerging from the exit hole (Fig. 6). This energy distribution is more or less a
duplicate of the landing energy distribution after a hop. Since the electrons
start with a Maxwell-Boltzmann distribution, this distribution A(E) is also

0.008...
_';"glass Ej=25eV .

-:;,
8
'.:1
] 0.004 ...

°0~~~40~~870~~1~270~;1~~~~--~~~0

E[eV]

Fig. 6. Energy distribution of the electrons entering the exit hole.
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close to a Maxwell-Boltzmann distribution

but now peaked at the average landing energy approximately equal to Eh
hence EL = El' From the width of the distribution in Fig. 6, an
EL ~ 40 eV is found which is somewhat larger than EI' This deviation is
caused by the fact that backscattered electrons also contribute to this
distribution and because we consider the distribution inside the hole, which
deviates slightly from the distribution on a plane on which hop transport
takes place.
Another characteristic of the entrance distribution is the angle of incidence

distribution. A typical example is plotted in Fig. 7 showing that this
distribution is peaked around 68°. This followsdirectly from the hop transport
properties. Let FII be the electric field parallel to the hop plane and F j_ be the
electric field perpendicular to the plane. If Vj_ is the normal velocity of an
emitted secondary electron and vII is the velocity component parallel to the
hop plane (vII, in the direction of FII and vII, in the direction perpendicular to
FII), then the landing velocity after a hop is given by

0.03 --:-gl~s:~~2~e':'
~
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~ 0.02'"~
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Fig. 7. Distribution of the angle of incidence of the electrons entering the exit hole.

E
A(E) = -zexp(-EjEL)

EL
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The average landing angle (0) after a hop can then be approximated by

(8) '" arctan ( (8)

Using the fact that the secondary electrons are emitted following a cosine
distribution, when using eq. (7) we find that

(0) ~ arctan(2FII/Fj_) (9)

When El = 25eV and Eo = 3eVwe find in the low-hop approximation [eq. (2)]
[2,4] that FII/Fj_ = 1.3, yielding (0) ~ 69°. The appreciable width of the
distribution in Fig. 7 is a reflection of the stochastic nature of the hop process.

Finally, the electrons enter the hole (on average) in the direction of the
centre of the hole, resulting in an annular converging beam the properties of
which depend on the ratio of the average hop length to the diameter of the
exit hole.

5. Electron hop transport in various parts of the Zeus display

In this section, a brief overview of the electron transport through the various
parts of the display is given: (1) electron injection into the transport channels,
(2) the coarse selection, (3) the constriction spaeer and beam switch, and (4)
the screen spacer. In the other papers in this issue, these parts will be discussed
in detail.

5.1. Electron injection into the transport channels

Electrons generated by the cathode wire are accelerated in the cathode
section and land on a small area of the bottom insulating wall of the transport
channels. These landings lead to the generation of secondary electrons which
will initiate the electron transport through the channels. Although the elec-
trons enter the basic hop transport mode [2,4]some distance away from this
entrance area, right at the entrance the hop mode is rather complicated. To
understand what happens in this area and how the potential distribution sta-
bilizes, a Monte Carlo simulation was performed.

Consider a channel ofthe geometry shown in Fig. 8 and a height of 2.4 mm.
For simplicity, we ignore the presence of the side walls. The potential
distribution along the top wall at x = 2.4mm is kept fixed during the
calculation, while along x = 0mm the hop transport takes place. The electrons
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Fig. 8. Steady-state potential distribution and some of the electron trajectories in the transport
channel near the electron entrance. In (a) the potential distribution in the channel is given; (b)
shows the electron trajectories; in (c) a close-up of the electron trajectories near the entrance posi-
tion is shown; while in (d) the potential distribution along the wall at x = 0.0 mm and x = 2.4 mm

near the entrance is plotted. The position of the cathode can be inferred from Fig. lOCal·

originating from the cathode enter the channel at x = 2.4 mm and z = 5 mm.
The resulting steady-state potential distribution and some of the electron
trajectories are plotted in Fig. 8. The simulation shows that the potential
distribution at the position where the electrons originating from the cathode
land in the channel is only moderately affected (~ 20 V) and is certainly not
stabilized at the En value of the secondary electron yield curve ti, as might
have been expected. The potential distribution along the wall at x = 0 mm
(Fig. 8(d)) shows that on both sides of the landing area (of the electrons
coming from the cathode) a negative potential barrier arises, leading to the
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formation of a potential well corresponding to a negative surface charge. A
close-up ofthe trajectories (Fig. 8(c)) in this area reveals that not all secondary
electrons generated by the incoming beam (landing with Eland> El, hence
8> 1) can leave this area directly. Secondary electrons starting with low
kinetic energies cannot leave the potential well and are pulled back to this
area. These electrons land, in general, with energies smaller than El leading
to a secondary electron yield lower than one, compensating the surplus of
secondary electrons generated by the electrons originating from the cathode.
The stabilization mechanism of the potential distribution is thus a keen
balance between recapturing of secondary electrons which depends on the
potential distribution, and the surplus of generated secondary electrons
which depends on the impact energy of the electrons originating from the
cathode and the material properties of the insulating surface. A similar
stabilization mechanism is found in Ref. [11]. As a result, only electrons
starting with a sufficiently high velocity can enter the transport part of the
channel. The first hop is, therefore, on average longer than the average hop
length in the rest of the channel. Consequently, almost no electron landings
occur in the first few millimetres. This effect can also be seen in Fig. 9 where

Fig. 9. Photograph showing the blue light generated by the hop transport occurring in a Zeus-
display transport channel due to the electron impacts on the glass wall; the hot wire cathodes
are visible in red at the bottom side, while the eighth coarse selection electrode is addressed. Note
that the top wall ofthe channel initially consists of a number of electrodes containing no holes until

the hop transport has become uniform.
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a picture of the hop process in an actual Zeus display is shown. The display is
viewed from below. The hop process is visible due to the blue light generated
by the electron impacts on the bottom glass wall. The red lines visible in the
picture are the hot wire cathodes. Furthermore, note that the eighth coarse
selection electrode is addressed. When this picture is compared with the
trajectory plots in Fig. 8, calculated with the Monte Carlo program, a good
agreement is found. First of all, electrons entering the channel land on a
small area ofthe glass wall. This causes the bright spot on the left ofthe picture
just opposite the hot wire cathodes. In particular the absence of landings just
behind this bright spot can be inferred from the fact that the blue light is
almost absent there. After this part the electrons enter the hop mode and
the landings are distributed homogeneously, leading to the uniform blue
light generation.

5.2. Coarse selection

In the previous section the electron injection in the channels was discussed.
The electrons are extracted from the channels by the coarse selection. The
coarse selection occurs at the top wall of the channel, which consists of an
insulating plane in which a number of slot-shaped metallized holes are made
with constant pitch [12]. The DC bias potentialof the metallized holes
increases linearly as a function of the distance from the entrance. When a
coarse selection is addressed, an additional voltage pulse is applied to the
coarse selection electrode which attracts the hopping electrons towards this
hole.
The channel considered in the Monte Carlo calculation has a width

(x-direction) of 1.2mm, a height (y-direction) of 2.4 mm and a length of
30mm (z-direction). The coarse selection hole at the top wall has a width of
1.0mm in the x-direction and a length of 0.2 mm in the z-direction. The centres
of the subsequent coarse selection holes are separated by a distance of 0.6mm.
For simplicity the non-addressed coarse selection holes are sealed off, while
only the geometry of the addressed hole is fully taken into account. The
transport electric field along the channel is FII = 150Vjcm and the additional
potential applied to the addressed coarse selection is 300V. In an actual Zeus
display, these values are considerably lower due to the use ofMgO coating on
the channel walls.
In Fig. 10 the steady-state potential distribution and some of the electron

trajectories in the channel and near the addressed coarse selection electrode
at z = 21.3 mm are shown. These figures show that the electrons first enter
the hop transport mode in a duct as discussed in Ref. [2]. The potential
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distribution increases linearly along the channels as a function of the distance
from the entrance, while negative charging occurs in the corners at the bottom
wall, making these corners repulsive to electrons. Near the addressed coarse
selection, the electrons are pulled towards the coarse selection plate. Some
of the electrons enter the hole directly, others first have several interactions
with the insulating side walls or with the insulating parts of the top wall
surrounding the addressed hole before entering the hole. Due to the wall
interactions at the top wall, the insulating parts surrounding the metallized
hole become charged in such a way that a steep funnel potential distribution
is formed around this hole (Fig. 10(e)). Hence, the insulating wall parts help
to collect the electrons in the coarse selection hole. Another feature less visible
in Fig. 10 is that a potential funnel also arises along the side walls, helping to
guide the electrons towards the addressed hole. The presence of this funnel can
indirectly be inferred from the observation that part ofthe current reaches the
hole by first hopping along the side wall of the channel (Fig. 10(d)).
Consequently, due to the presence of the insulating walls the coarse selection
becomes considerably more effective than it would have been in the absence of
these walls.
The potential distribution along the middle of the top and bottom walls as a

function ofthe distance in the channel is given in Fig. 10(e). In this case too an
interesting feature is observed. As a reaction to the presence of the selection
voltage, the bottom wall potential distribution acquires a smooth bump in
order to fulfil the condition (8) = 1. This smooth bump is also found
experimentally [12]. Furthermore, this figure shows that the insulating wall
parts surrounding the non-addressed coarse selection hole in the neighbour-
hood of the addressed hole also become slightly charged. This indicates that
some of the electrons may end up in the wrong coarse selection hole. In an
actual Zeus display this fraction is negligibly small. Finally, Fig. 10(f) shows
a cross-section in the xy-plane at the z-position of the addressed coarse selec-
tion electrode of the electron density in the channel. This figure shows that in
this case the selection takes place along both side walls.
Several of the above characteristics can also be observed in Fig. 11 in which

Fig. 10. Steady-state potential distribution and some of the electron trajectories in the transport
channel. In (a) a schematic drawing of the geometry is given; in (b) the calculated potential
distribution in the channel is given; (c) shows some of the calculated electron trajectories in the
channel; in (d) a close-up of some of the electron trajectories near the addressed electrodes is
plotted; while in (e) the potential distribution along the middle, bottom and top walls as a function
of the distance in the channel is presented; and in (f) the electron density in the channel in the xy-
plane at z = 21.3 mm at the addressed coarse selection hole is plotted. This last figure is obtained

by plotting the calculated positions at which the trajectories interseet the cross-section.
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Fig. 11. Photograph showing the blue light generated by the hop transport due to the electron
impacts on the glass wall when the coarse selection row is addressed.

a photograph of the hop process during the selection in an actual Zeus display
is shown. The display is again viewed from below. The blue light generated at
the insulating surface of the top wall surrounding the addressed coarse
selection electrode shows that some of the electrons first land on these
insulating parts before entering the coarse selection hole. So the Monte
Carlo calculation agrees with the observations. Furthermore, the photograph
confirms that the side walls play an important role in the selection process.
Finally, it shows that the hop transport towards the selection hole mainly
takes place along one side wall, contradicting the results of the Monte Carlo
calculation. This difference is probably due to the fact that in the calculation
both side walls are identical, while in the actual Zeus display small deviations
in the material properties are likely to be present, leading to the observed
symmetry breaking.

In Ref. [12] a more detailed discussion of the coarse selection will be given,
including the selection efficiency properties.

5.3. Constriction spaeer and beam switch

Electrons which are addressed by the coarse selection enter the selection
system of the Zeus display. In general this selection system consists of a
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constriction spaeer followed by one or more switching spacers or selection
plates. Due to the presence of the switching spacers, it is possible to address
more than one dot byeach single channel extraction hole. It is important
for the multiplexing mechanism [13] that the switching electrode of each
selection plate operates at the same bias potential. Since the coarse selection
potential increases linearly as a function of the distance in the transport
channels, this increase has to be compensated for before the electrons enter
the switching spacers. This task is performed by the constriction spaeer
which consists of one entrance hole (the coarse selection hole) and one exit
hole, hence this is a funnel mode geometry.

The geometry of the constriction spaeer followed by a two-fold switching
spaeer is shown in Fig. 12. The electrons enter perpendicularly with a kinetic
energy of 50 eV, uniformly distributed over the entrance. Electrons landing on
the exit metallization ofthe constriction may be backscattered or may generate

electron entrance

z

metal mesh

\---- switching electrode

electron exit electron exit

Fig. 12. Geometry of the structure used to study the properties of the constriction spaeer and the
electron switch.
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Fig. 13. Steady-state potential distribution (a) and some of the electron trajectories (b) in the con-
striction spaeer and in the beam switch spacer.
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secondary electrons. The electron yield curve, 8(E), of this metallization is by
approximation characterized by Er ~ 35eV and Eo ~ 3 eV [7].
The steady-state potential distribution and some electron trajectories in the

constriction spaeer and in the switching spaeer, when one of the switching
electrodes is addressed, are shown in Fig. 13. It shows that funnel mode
electron transport occurs in the constriction spacer, as expected. The
electron trajectories reveal that the electrons reach the exit hole of the
constriction mostly by hop transport, although in some cases the electrons
reach the exit hole directly (hence without wall interactions). As discussed in
Sec. 4.1, the spatial distribution of the electrons entering the exit hole depends
on the electric field in the funnel spaeer while the energy distribution does not.
Due to the wide spatiallanding distribution on the switching plate, the influ-
ence ofthe electric field in the constriction spaeer on the steady-state potential
distribution in the subsequent switching spaeer is negligible. This makes the
constriction spaeer perfectly suitable for compensating the increase in bias
voltage of the coarse selection electrodes in the channels.

Electrons entering the beam switching spaeer first land on the selection
plate. The steady-state potential distribution of this plate is funnel shaped.
The electrons are transported to the addressed selection hole by hop transport.
Consequently, the electron entrance properties in the addressed hole are the
same as discussed in the funnel mode (Sec. 4.1) with the exception that the
azimuthal angle r.p distribution may be asymmetrie due to the preferential
direction of the hop transport. Another observation which can be made
from Fig. 13 is that part of the electrons entering the exit hole of the
constriction spaeer land on the metallization of this hole. This may lead to
an undesirable current gain or loss (depending on whether 8> 1 or 8 < 1).
These effects can be minimized by a proper design of the geometry of the
spaeer and the hole, and by a proper coating on the glass. Finally, Fig. 13
shows that for proper operation of the beam switch the distance between
the selection holes must be such that no (or a negligibly small fraction of)
electrons entering the switching spaeer can directly enter either selection
hole. Otherwise, electrons may enter an unaddressed selection hole, leading
to switching losses [13].
The switching characteristics have been simulated by Monte Carlo

calculation. The fraction of the current entering the switching spaeer which
does not reach the selection hole (hence the current lost at the constriction
electrode) has been calculated as a function of the voltage applied to this
electrode, with respect to the voltage of the switching electrodes in the
unaddressed state. In Fig. 14, a comparison between a measurement of this
constriction electrode loss and the result according to a Monte Carlo
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Fig. 14. Example of a measured and calculated loss fraction on the constriction electrode as a
function of the potential difference of this electrode, Vcon, and of the unaddressed switching

electrodes, V,w'

calculation for the same geometry is given. This figure shows that the Monte
Carlo results agree well with the results of experiments. Furthermore, the
figure shows that for Vcon - Vsw higher than 100V all electrons entering the
switching spaeer are captured by the constriction electrode. For Vcon - Vsw
lower than -50 V the opposite is true: all electrons now reach the exits of
the switching spacer. In this case the loss on the constriction electrode becomes
negative, indicating that wall interactions on the constriction electrode still
occur, but now result in current supply by this electrode due to a surplus of
generated secondary electrons. In Ref. [13]the other switching spaeer charac-
teristics will be discussed in detail.

5.4. Screen spaeer

The final spaeer for the electrons to enter is the screen spacer. The function
of the screen spaeer is to accelerate the electrons to high velocities before
reaching the phosphor screen, in order to obtain the desired light output.
The light output increases with increasing impact energy of the electrons
and, in the absence of phosphor saturation, it is proportional to the number
of electrons landing on the phosphor screen. In order to reduce the phosphor
degradation [14],which is proportional to the total amount of charge landing
on the phosphor per unit area, the acceleration voltage across the screen spaeer
must be as high as possible while the landing distribution over the phosphor
dot must be wide. Electrons accelerated in the screen spaeer should not hit
the screen spaeer side walls before landing on the phosphor screen. These
side-wall interactions lead to the thermalization of the kinetic energy of the
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Fig. IS. Geometry of the structure used to study the properties of the screen spacer.
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electrons such that they land on the phosphor with too low energy to produce
light. Consequently, this makes the electron beam shape in the screen spaeer
important. Another complication arises from the fact that electrons hitting
the phosphor screen have a certain probability of being backscattered.
These backscattered electrons can hit the insulating screen spaeer wall, causing
this wall to charge until a state with (8) = 1 is reached.
In order to understand the properties of the screen spacer, the stationary

potential distribution and the beam formation will be calculated. In this calcu-
lation we restrict ourselves to the basic properties of the screen spacer. Gaps
between the fine selection plate and the screen spaeer plate are ignored, as is
the small conductance ofthe insulating wall ofthe screen spacer. Furthermore,
the entrance diameter of the screen spaeer hole is assumed to be larger than the
exit diameter of the fine selection hole.

5.4.1. Stationary potential distribution

In Fig. 15 the geometry of the rotationally symmetric screen spaeer used in
the calculation is presented. The electrons enter the fine selection hole by hop
transport as discussed in the funnel transport mode. In the actual display, the
insulating screen spaeer wall is coated to improve the high-voltage properties
ofthe spacer. This is not taken into account in the calculations here, because it
does not alter the conclusions of this section. The backscatter properties of the
phosphor screen were discussed in Sec. 3. The initial potential distribution is
assumed to increase linearly in the z-direction. In Fig. 16 the steady-state
potential distribution and some trajectories in the screen spaeer are plotted.
Figure 16 shows that the insulating wall charges positively, leading to an
increase of the electric field near the fine selection electrodes. This is an
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Fig. 16. Steady-state potential distribution Ca) and some electron trajectories (b) in the screen
spacer.
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Fig. 17.Comparison of the potential distribution along the insulating wall of the screen spaeer as a
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undesirable effect, since a higher electric field near the electrodes makes the
occurrence of uncontrolled field emission likely, see further Ref. [15].
The potential distribution in Fig. 16 exhibits an interesting feature: the

electric field makes approximately a constant angle with the insulating wall.
Section 2 discussed the fact that this observation confirms that the potential
of the insulating wall stabilizes by hop transport. In fact, backscattered
electrons from the phosphor screen hitting the insulating wall result in the
generation of secondary electrons which in turn are transported back to the
phosphor screen by the hop mechanism discussed in Refs [2,4].This transport
along the insulating wall can be nicely observed in the trajectory plot of Fig. 16.
This hop mode is similar to the hop mode in a tube discussed in Ref. [2].The
symmetry breaking in the potential distribution discussed in Ref. [2] is not
present here since the hop height, even at the end of the screen spacer, is
still small due to the high voltages applied.

In Fig. 17 the potential distribution along the wall of the screen spaeer as a
function of the z-position is shown according to the low-hop approximation
[2,4] (eq. (2) yields FII/Fj_ = 1.3) and according to the Monte Carlo
calculation. In the Monte Carlo result, discretization effects are visible for
z < 0.35mm. Apart from these discretization effects, a good agreement
between both results is obtained.

5.4.2. Beamformation

From the discussion of funnel mode transport, it follows that the electrons
enter the next spaeer by hop transport, leading to an entrance distribution
characteristic for funnel transport. In the screen spacer, the entrance beam
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is projected on the phosphor screen by the electron opticallenses formed by
the electric field in the screen spacer. In Fig. 16 a typical example of the
beam formation in the screen spaeer is given. This figure shows that the
converging annular entrance beam (see exit beam properties of the funnel
transport mode) results in a cross-over in the fine selection hole. Due to the
aperture lens formed by the electric field at the fine selection hole exit and
entrance of the screen spacer, this cross-over results in a second cross-over
in the screen spacer. Beyond this point the electron beam diverges. Since the
fine selection hole geometry determines the position of the first cross-over
and the aperture lens, the beam formation depends strongly on the geometry
of this hole.

Finally, we mention here that due to the nature of the electron entrance in
the fine selection hole it is inevitable that some of the electrons hit the fine
selection electrode. Depending on the geometry of the fine selection hole,
and the material properties of the fine selection spaeer and metallization, the
result can be that the electrode supplies or draws current due to secondary
electron emission [13].

5.4.3. Mechanical tolerances of the screen spaeer

A final aspect to be addressed in this section is the effect of small deviations
in the position ofthe screen spaeer plate with respect to the switching plate on
the beam properties in the screen spacer. If a displacement of the fine selection
hole with respect to the screen spaeer occurs, a part of the insulating screen
spaeer wall is in direct view of the incoming electrons (Fig. 18). This directly
exposed insulating wall may become charged, affecting the beam properties
in the screen spacer. This case has been studied both by experiments and by

x

~z
y

-
-displacement

1
light
output-

entrance

exposed
insulating

wall

hollow
insulating
spacer

phosphor
screen

Fig. 18. Geometry of the structure used to study the properties of the displaced screen spacer.
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Monte Carlo calculations.

numerical Monte Carlo calculations. The potential difference between
phosphor screen and entrance electrode was taken to be 4kV.
In Fig. 19 the spot shift on the phosphor screen versus the selection hole

displacement is shown according to experiments and calculated numerically.
The corresponding loss fraction on the switching electrode, again according
to experiments and calculations, is also given. The coatings in the screen
spaeer are taken into account in the calculations. The figures show that
the calculated results agree well with the results of the experiments.
Figure 19(a) shows that the spot on the phosphor screen shifts in the
direction of the shift of the switching hole. For displacements smaller
than 50 us», in either direction, the spot shift is larger than the displace-
ment of the hole by a factor of about two. The spot shift saturates for
displacements larger than 50 f.1.m. Figure 19(b) shows that in the case of
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small displacements the selection electrode supplies electrons. With increasing
displacement, the loss fraction first tends to decrease slowly (for displacements
smaller than 100J.Lm), and then drops off rapidly (most electrons are then
intercepted by the electrode). The beam interception by the screen spaeer
insulating walls remains moderate compared to the losses on the selection
electrode.
These results show that the screen spaeer is sensitive to displacements, which

imposes restrictions on the manufacturing of the Zeus display. The other
spacers of the Zeus display are less sensitive to displacements, since in these
spacers, contrary to the screen spacer, the beam formation is of less
importance.

6. Conclusions

Electron transport through the various parts of the Zeus display has been
analysed. The electron transport is based on secondary electron emission
from the surface of the insulator. If, as is often the case initially, ti =1= 1 then
the insulator becomes charged. In most cases the charging of the walls stabi-
lizes, reaching a state in which, on average, the secondary electron yield per
incoming electron at each wall position is equal to one. Using Monte Carlo
calculations the potential distribution and the properties of the electron
transport in various structures, representing various parts of the Zeus
display, are calculated for this type of steady-state electron transport. In
particular the electron entrance in the transport channel, the coarse selection,
the constriction spaeer and beam switch, and the screen spaeer are studied.
The results show that in all cases the electrons are transported by making
subsequent 'hops', hence by hop transport. Even when an electron beam is
directed on to an insulator (hence in the case of electron entrance in the
transport channel) the insulator potential stabilizes mostlyon this hop
mechanism, resulting in a moderate charging of the insulator. The distribution
of the charge is complex, however. When the electrons are extracted from the
transport channel, the potential distribution around a selection hole is funnel-
shaped, leading to an electron entrance distribution which is typical for this
kind of electron transport. In the constriction spaeer and in the beam
switch, the funnel electron hop mode plays an important role. The last
spaeer the electrons enter in the Zeus display is the screen spacer. Here the
electrons entering the spaeer should not land on the insulating spaeer wall,
contrary to the other spacers, making the beam formation in this spaeer
important. The insulating spaeer wall still becomes charged due to
backscattered electrons from the phosphor screen. In the steady-state these
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backscattered electrons, landing on the insulating spaeer wall, are transported
back to the screen by hop transport. The fact that the beam formation in the
screen spaeer is important makes this spaeer more sensitive for tolerances than
the other spacers in the Zeus display.

In conclusion, we have shown that with the aid of Monte Carlo calculations
the steady-state electron transport in the Zeus display can be studied. The cal-
culated results show a good agreement with the results of the experiments.
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THIN MgO LAYERS FOR EFFECTIVE HOPPING
TRANSPORT OF ELECTRONS
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Abstract
Thin layers ofMgO are applied in the Zeus panelto lowerthe field strength
needed for electron transport. The layers can be applied by evaporation or
spray pyrolysis. To achieve proper performance the layers should be
smooth and at least 40 nm thick. MgO is easily degraded upon storage in
air by the formation of a surface layer of magnesium carbonate and mag-
nesium hydroxide. However, heating the contaminated layer briefly at a
temperature of 450°C in air is sufficient to regenerate the MgO surface.

Keywords: Zeus panel, display, hopping transport of electrons, secondary
electron emission, magnesium oxide, MgO, evaporation, spray
pyrolysis, contamination.
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1. Introduction

The efficiency of the transport of electrons over insulating surfaces is largely
determined by the secondary electron emission properties of that surface. In
the stationary transport mode, the electrons hop along the surface with a
mean kinetic energy equal to the first cross-over energy (EI. the lowest energy
at which the secondary-electron-emission coefficient is unity). For efficient
transport a small El is desirable [1].Unfortunately, El is difficult to measure
for insulators due to charging of the surface. We assume that a small value
of El corresponds to a high value of the maximum secondary-electron yield,
8max, which is readily accessible by measurement. Therefore, the coating
should exhibit a high 8max• In addition, the coating should also be stable
against electron bombardment to ensure sufficiently long life time. A material
that satisfies both requirements is MgO [2,3].



A.R. Balkenende et al.

To facilitate the hopping transport of electrons in a Zeus panel a MgO
coating is applied to the glass surface at those places where electrons are
hopping, i.e. the channel plate and the entrance holes of the selection plates.
For the deposition of MgO layers several techniques are available. The sur-
faces can be readily coated by means of physical vapour deposition (PVD).
However, this technique is relatively expensive, and spray pyrolysis of MgO
has been developed as an alternative. With this process, a solution of a decom-
posable magnesium salt is sprayed upon a hot surface, at which an oxide film is
formed immediately. An alternative wet-chemical method is dipping into a
solution of a magnesium salt. The wet film thus applied is subsequently dried
and calcined.
A disadvantage of MgO layers is their sensitivity to surface contamination.

Magnesium oxide reacts with water and carbon dioxide in the air to form mag-
nesium hydroxide and magnesium carbonate. This results in a large decrease
of c5max.

In this paper, we will discuss the properties and morphology of layers pre-
pared by either evaporation or spray pyrolysis, and the effect on the perfor-
mance of panels. For comparison, also some properties of MgO layers made
by a dipping process will be discussed. Furthermore, the rate of formation
of carbonate and hydroxide-like surface species has been studied, and methods
for storage and regeneration are suggested.

2. Application methods

2.1. Evaporation

An MgO target is evaporated by means of electron beam heating. The MgO
vapour is subsequently deposited on a rotating sample kept at a temperature
of 21oae. In the case of channel plates, which have walls perpendicular to the
surface, the sample is slightly inclined, in order to deposit about 40 om on the
walls while the bottom is covered with 200 om.

2.2. Spray pyrolysis

Small droplets of a magnesium precursor solution are sprayed on to a hot
surface, at which the precursor decomposes to yield magnesium oxide. The
process is schematically depicted in Fig. 1. Precursor solutions of magnesium
acetate in ethanol and in water have been used. The formation of droplets is
accomplished by means of pneumatic nebulization using an ordinary spray
gun. Disadvantages of this method are the broad distribution of droplet
sizes and velocities, and the inability to vary droplet size and velocity
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independently. The large amount of air that is used causes the surface to cool
down significantly during spraying. During the deposition process the tem-
perature of the surface should remain above the decomposition temperature
of the precursor (about 350°C for magnesium acetate). The large number of
mutually dependent parameters makes the process difficult to comprehend.
However, in spite of its complicated nature, the process is insensitive to
most parameter variations, at least with respect to the ultimate layer quality.

spray gun spray hot substrate

Fig. I. Schematic depiction of the spray pyrolysis process.

2.3. Dipping

Spray onto hot substrate,

result affected by:

precursor

solute

spray conditions

substrate temperature.

A substrate is immersed in a solution containing magnesium acetate. When
the substrate is removed from the solution, a wet film is left on the surface. The
thickness of this film depends on the viscosity and the speed of withdrawal.
After evaporation of the solvent, a film of salt and attached crystal water
remains. This film decomposes in several steps during heating. First the crystal
water is removed and subsequently the salt decomposes into the oxide. The
weight loss during the latter step is about 70 to 80%. In contrast to the spray
pyrolysis process, the demands on the shelf life of the precursor solution are
high. This gives rise to some problems in the case of magnesium precursors.

3. Layer properties

With all three preparation methods smooth layers can be obtained, as is evi-
dent from SEM photographs (Fig. 2). At higher magnifications some granular-
ity is observed. This granularity depends on the deposition conditions. In the
case of spray pyrolysis the substrate temperature should exceed the decomposi-
tion temperature of the precursor. When spraying at a substrate temperature
which is too low, large surface structures are observed in addition to the film
granularity. The structures that are formed depend on the composition of the
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Fig. 2. SEM photographs of MgO layers: (A) dipped layer; (B) spray pyrolysis layer;
(C) evaporated layer.

368 PhiUps Journalof Research Vol. 50 No. 3/4 1996



Thin MgD layers for effective hopping transport of electrons

Fig. 3. SEM photograph of spray pyrolysis layer made at a substrate temperature lower than the
decomposition temperature of the magnesium acetate precursor.

precursor solution and the spraying conditions. Figure 3 presents an example of
such a layer, showing dried-in droplets, pancake-like structures and needles.

From TEM micrographs of samples made on Si3N4 TEM windows, the
average crystallite size of the layers made by spray pyrolysis was estimated
to be 20 nm. In case of the evaporated and the dipped layers crystallite sizes
of about 7 nm were observed. These values are in good agreement with the
values estimated from peak broadening in XRD.

The density of the layers has been obtained from thickness measurements
using a profilometer and by determination of the amount of MgO deposited
on the surface. The latter has been measured using X-ray fluorescence, Ruther-
ford backscattering spectroscopy and wet-chemical analysis. The results of
these techniques were in good agreement. For layers with a thickness of about
100 nm the estimated densities are 80 to 90% of the maximum density in the
case of evaporation and spray pyrolysis, and about 50% in the case of dipping.
The latter is probably due to the large material loss during decomposition of
the deposited salt layer.

The measurement of the secondary-electron emission (8) of MgO deposited
on insulating glass substrates is hampered by local charging of the sample
caused by the primary electron current. However, differently prepared
samples, which are measured under similar conditions, can be compared.
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With the measuring conditions used, smooth MgO films applied by evapora-
tion or by spray pyrolysis exhibited a 8max ranging from 9 to 11. The 8max of
dipped layers varied from 5 to 7. Only after very slow drying and heating
and careful treatment of the dipped layers were higher values obtained. The
8max of spray pyrolysis layers with a rough appearance was between 7 and 9.
A relation between 8max and layer morphology seems apparent: denser layers
exhibit a higher 8max, a decrease of 8max is observed when the surface rough-
ness increases. However, it is at present not clear whether this effect is directly
due to the morphology differences or is caused by differences in morphology-
dependent surface charging.

4. Contamination

Upon storage of MgO in a humid environment, a large decrease of the
secondary-electron-emission coefficient is observed. X-ray photo-electron
spectroscopy and IR-spectroscopy have shown that this decrease is accom-
panied by a change of the surface composition from mainly MgO to
MgC03 and Mg(OH)2 like surface species [4]. The formation of these species
as a function of time has been monitored using IR-spectroscopy (Fig. 4). In the
case of layers made by evaporation or spray pyrolysis, bands due to such
species are only visible after hours of exposure to air. In the case of dipped
layers bands at 1300 to 1600cm-1 (carbonate) and at 3200 to 3500cm-1

(hydroxide) evolve already after a few minutes. Presumably, the low density
of the dipped films implies the layer to be porous and to exhibit a relatively
large accessible surface area, at which the degradation reactions proceed.

Annealing experiments on degraded MgO show that the original surface
composition is restored after annealing in air at temperatures exceeding
300°C; to obtain complete recovery heating should be at 450°C. Storage in
dry nitrogen prevents the formation of carbonate and hydroxide at the surface.

5. Panel performance

In panels the MgO layers serve to lower the transport voltage needed for the
hopping of electrons over the channel plate and to lower the addressing
voltage needed for the extraction of electrons through a selection hole. The
secondary-electron-emission characteristics of the surface, especially Eh are
of major importance to the hopping of electrons. Therefore, only smooth
layers exhibiting a high 8max have been used in panels.

Figure 5 shows the effect of the thickness of the MgO layers applied to the
channel plate. In the case of spray pyrolysis the thickness at the bottom and at
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the sides of the channels is about equal. When the layers are applied by eva-
poration the thickness is about 200 nm at the bottom and 40 nm at the sides.
A minimum layer thickness of about 40 nm is needed toobtain good transport
properties. This can also be anticipated from secondary electron emission
measurements, which show that the total yield of secondary electrons increases
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up to a layer thickness of 40nm [4]. Effects of morphological differences
between layers made by evaporation and spray pyrolysis, such as the crystallite
size, are not very evident.
The addressing voltage needed for the complete extraction of electrons

through a particular selection hole depends on parameters like the hole geo-
metry, the metallization of the walls of the holes and the coverage of the
entrance holes with MgO [5]. The effect of the latter is illustrated in Fig. 6.
The voltage needed for complete extraction when an MgO coated surface is
used is about one half of the voltage needed in case of a non-coated surface.

6. Conclusions

MgO has been applied successfully to channel plates and selection plates
using evaporation and spray pyrolysis. In the case of channel plates the layer
serves to lower the voltage needed to transport the electrons along the chan-
nels. The layer thickness should be at least 40 nm for an optimal result. Similar
layers deposited on selection plates lead to a considerable decrease of the
voltage needed for addressing a particular selection hole.
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SECONDARY ELECTRON EMISSION PROPERTIES
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Abstract
In this paper an introduetion is given to secondary electron emission
properties. It is shown that the reduced secondary emission yield o/om as
a function of the reduced primary energy Epi Em can be described by a
universal curve. It is found that it is easier to use the measurement of the
maximum secondary electron emission om and the energy Em at which
this maximum is reached to determine the suitability of a coating for use
in the display than direct measurement of the first crossover energy El'
The value of om and Em can be used to derive EI' Furthermore, it is
observed that in any material the elastic fraction of the secondary electrons
exhibits a universal behaviour as a function of Ep' Fits to O(E~) and the
energy distribution of the secondary electrons are proposed which can be
used in Monte Carlo simulations.

Keywords: secondary electron emission, fiat and slim display, energy
distribution, Zeus display, MgO.

1. Introduetion

For the Zeus display knowledge of the mechanism of the transport of elec-
trons along the surface of insulators by means of 'hopping' is very important
[1,2]. The hopping behaviour is mainly determined by the secondary emission
parameters of the insulator on which this hopping takes place. Knowledge of
these secondary emission parameters is necessary for determining its suit-
ability for use in the display.

Secondary emission takes place when a material is bombarded by electrons,
ions or photons. In our case we are only interested in the effect of bombard-
ment by electrons. The secondary electron emission yield 8 is defined as:

8=i. ,
lp
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where ip is the primary current of the impinging electrons and is is the current
of all electrons leaving the surface, so including both the elastically and
inelastically scattered electrons. This is different from definitions used in
literature, where is often is defined as the current of the 'true' secondaries.
'True' secondaries are frequently defined as the secondaries with an energy
lower than 50 eV. A typical 8-curve, i.e. 8 as a function of the primary energy
Ep, and a typical N(Es) curve, i.e. the distribution of the secondary electron
energy Es, are shown in Fig. 1.
As shown in Fig. 1, 8 increases as a function of Ep at very low primary

energy. This is a result of the fact that with increasing beam energy more
secondary electrons can be excited. However, secondary electrons have a
very small escape depth due to their low energy (0 to 50 eV). This escape depth
is in the order of 10nm [3]. At a certain beam energy the penetration depth of
the primary electrons becomes higher than the escape depth of the secondaries,
resulting in a decrease of 8. From Fig. la it is observed that 8 = 1for two pri-
mary energies. These energies are denoted as the first (low energy) and second
(high energy) crossover energies El and En.

For the Zeus display especially the first crossover point El and the average
kinetic energy of the secondary electrons Ea are of importance. These para-
meters are of major influence on the electric field (the 'transport field') needed
to transport electrons along the channels by means of the hopping mechanism
[1,2]. In general it is found that a small value for El results in a small value for
the minimal transport field. MgO is used in the display, because of its small
value for El [4] and its stability under electron bombardment [5].

In Sec. 2 of this paper we show how secondary electron emission can be
understood in a more quantitative way. In Sec. 3 we describe the experimental
set-up used for determining 8(Ep) and N(Es). In Sec. 4 we show and discuss
measurements of 8(Ep) for several materials, illustrating the universal beha-
viour of the reduced yield curve. Furthermore, we show measurements of
the first crossover energy El and finally we will discuss measurements on
N(Es)·

2. Semi-empirical theory

To obtain a better insight into the mechanisms responsible for the secondary
electron emission, we give a concise description of the semi-empirical theory
developed by Dionne [6]: In deriving 8(Ep) Dionne makes the following
assumptions:
(1) The number of secondaries produced per unit length at position x

(measured along the path of the primary electron) is equal to the energy
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Fig. I. (a) Typical example of the primary energy (Ep) dependence ofthe secondary electron emis-
sion yield 8. ForMgO one typically finds Ej = 20eV, En = IOkeV, öm = 12and Em = 950eV. For
metals typically El = 80eV, En = 1keY, Em = 400eV and 8m = 1.5 is obtained. (b) Typical

example of the energy distribution of the secondary electrons.

loss ofthe primary electron (-dE/dx) divided by the energy n required to
produce one excited electron.

(2) The migration probability for an excited electron produced at depth x to the
surface is given by exp(-o:x), with 0: an effective inverseextinction length.

(3) The effective escape probability for a secondary electron that reaches the
surface is B.
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(4) Angular scattering of the primaries is accounted for by the additional
assumption that the average loss of energy is independent of the depth
x: dEldx = -Ep IR, where R is the penetration depth. This assumption
is known as 'constant loss'.

(5) R is determined by primary electrons which do not undergo angular scat-
tering. In that case the energy loss of the primaries is governed by a power
law: dEldx = -AI En-I, where from experiments n is found to be 1.3 to
1.6.

The secondary electron yield 8(Ep) is now given by:

S(Ep) = B xg~x (1 - e-aR)/a, (1)

J.J. Scholtz et al.

i.e. the product of escape probability, density of excited electrons and an
absorption term. From the power law (assumption (5)) it follows that the
range R and primary energy Ep are related by:

En
R - ___E_
- An·

Experimentally it is found that n ~ 1.35 in the energy range 0.3 to 7keV [7,8].
The Inelastic Mean Free Path (IMFP) is a well-known empirical concept in

Auger and XPS analysis, which shows a 'universal' energy dependence. For
energies in the range 75 to 1000eV the IMFP is proportional to EO.s [9]. If
we assume that the energy loss -dEldxis inversely proportional to the
IMFP, then n = 1.5 follows. However, the IMFP goes through a minimum
at E ~ 30eV. This implies that n will decrease when the primary energy is
decreased below 75eV.
When also taking into account the scattering of secondary electrons after

their generation in the bulk, Dionne [10] derives the following expression for
El (valid for Sm > 1.5):

(2)

where Sm is the maximum secondary electron emission coefficient and Em the
primary energy at which this maximum is reached.

3. Experimental

Measurements of S(Ep) and N(Es) are done in a UHV system at a base
pressure of about 10-9 mbar. This UHV system is equipped with a Phi
Cylindrical Mirror Analyser (CMA) and an Omicron 4-grid Retarding Field
Analyser (RF A).
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Fig. 2. Schematic overviewof the experimental set-up.

To measure 8(Ep) we use a measurement technique analogous to that of
Henrich [11,12]. A schematic set-up is shown in Fig. 2. In this measurement
the electron gun of the Phi CMA is used. The primary electron beam is pulsed
to limit the amount of charge incident on the sample, in order to diminish the
influence of charging on the measurement of 8(Ep) of insulating samples. The
pulse width is 5/-Ls and each pulse contains typically 10-12 C. The value of 8can
be derived from the measured net current through the sample iN:

8 = 1 _ iN.
ip

The primary current ip is determined by applying a potentialof +100 V to the
sample. This pulls back most ofthe secondary electrons, so that ip ~ iN' Note
that we include in 8, measured in this way, both the 'true' secondary electrons
and the inelastically and elastically scattered electrons. The value of Ep is
varied by varying the negative potentialof the sample, while keeping the
cathode at a constant negative voltage. In the case of an insulating sample
such a negative sample potential has the advantage that the measurement of
8(Ep) is less influenced by charging [13].
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To measure N(Es) the sample is put in front ofthe 4-grids RFA. During the
measurement of N(Es) the two outermost grids are kept at earth potential,
while the two middle grids are set to a retarding potential Vg. When the kinetic
energy of the secondary electrons is larger than leVg Iwhen they arrive at the first
grid, they will be able to pass to the collector at +300 V. The current through
the collector is subsequently measured as a function of Vg. Numerical differen-
tiation of this signal yields N(Es). To increase the collection efficiency and to
ease the use of low primary beam energies, a constant sample bias of - 50V is
used. This is a compromise between efficiency and resolution (the resolution is
optimal when a field-free region exists between the sample and the first grid).

Samples which are used are a 100nm e-beam evaporated Au layer on a Si
substrate, Si, stainless steel (FeNiCr), leadglass (pbO + 1% RuOx) and a
100nm e-beam evaporated MgO layer on a Si substrate. All materials are mea-
sured 'as prepared', with the exception of the steel sample, which initially was
severely contaminated by carbon and therefore directly sputter-cleaned. For Si
this means that the data are representative for the native oxide, rather than for
the semiconductor itself.

380 Pbillps Journal of Research Vol. SO No. 3/4 1996

4. Results and discussion

4.1. Universal yield curve

In Fig. 3 we show for Au, stainless steel, Si, leadglass and MgO the reduced
value ticl tim as a function of Epi Em' in the following denoted as the 'reduced
ti-curve'. The energy scale is logarithmic, to emphasize the low-energy part.
These data have been corrected for the contribution of elastic reflection, as
will be discussed in Sec. 4.3. Figure 3 shows that the data for all materials fol-
low more or less a single, 'universal', curve. For EplEm < 1, however, the
spread in the reduced data is rather large, limiting the validity of the concept
of a single 'universal' curve. The existence of a universal curve has also been
mentioned by Baroody [14] and Dekker [3].
Also shown in this figure are curves representing the semi-empirical formula

eq. (1), with n = 1.5, 1.35 and 1.05, respectively. This formula describes the
reduced data satisfactorily only if the exponent in the power law is allowed
to vary from about 1.5 around Epi Em = 1 to unity at the low-energy limit.
This reduction of n, needed to fit the data properly at low primary energy,
was already anticipated in Sec. 2. At energies just above Epi Em = 1, the value
n = 1.35 gives the best fit to the data; at higher energies the data show a con-
vergence with the n = 1.5 curve, in agreement with results reported in the lit-
erature [6-8]. The full curve in Fig. 3 is a Gaussian in the logarithm of Epi Em'
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according to:

(3)

with u = 1.6.
This single parameter curve describes the data quite well over the entire

energy range, in fact much better than the semi-empirical formula for a fixed
value of n. We found that even when omitting the correction for the elastic
reflection, the fit of this equation to the data is still reasonable for
Ep > 100eV. Although eq. (3) has no physical basis, it can be used in e.g. simu-
lations of the measurement of the secondary electron emission of insulators
[13] or in Monte Carlo simulations of the display [15].

4.2. Estimate of thefirst crossover energy El

The value of El can be estimated from the values of 8m and Em. First of all
':Yehave eq. (2) for EP derived by Dionne [10], and secondly, from eq. (3), the
Gaussian fit to the reduced 8-curve, we find for El:

Efl =Emexp(-JSln8m). (4)
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For Au, Si, steel, leadglass and MgO we have determined El, óm and Em. In
Fig. 4 we show the calculated values EP(óm, Em) and EP(óm, Em) as a function
of the measured EI' Although we find from Fig. 3 that the reduced é-curve can
reasonably be approximated by a Gaussian expression (eq. (3)) and the expres-
sion by Dionne (eq. (1)), we find here that the theoretical estimates agree only
within 50% ofthe measured value for El' Probably this has to do with experi-
mental artifacts encountered when measuring the secondary emission
parameters. For insulators charging is the main cause for these artifacts,
especially in the case of the measurement of EI' An extensive study of
experimental artifacts resulting from charging has been published elsewhere
[13].
As the measurement of El is hampered more severely by charging than the

measurement of óm and Em' it is much easier to use the measurement of Em and
óm for determining the suitability of an insulating coating for the use in the dis-
play than direct measurement of El' The (apparent) El can then be determined
using eq. (2) or eq. (4). Note that a suitable coating should have a small value
for El' From eq. (2) or eq. (4) it follows that this coating should, therefore, pre-
ferably have a large value for óm combined with a small value for Em.
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Fig. 5. Measured secondary electron energy distribution of Au, for Ep = 100,40 and 20eV.

4.3. Energy distribution of secondary electrons

Figure 5 shows the secondary electron energy distribution N(Es) of Au, for
several primary energies. These curves are representative for all fivematerials.
Clearly, the elastic peak is more prominent at lower primary energies. The
instrumental resolution can be estimated from the falling edge of the elastic
peak to be about 1.8eV FWHM. It can be seen that the elastic peaks are
located 2.5 eV below the nominal value, which is consistent with the contact
potential difference between gun cathode (LaB6) and Au. We have shifted
the N(Es) distributions of the other materials, to make the onsets of the sec-
ondary peaks at Ep = 100eV coincide with that of Au. This corrects for con-
tact potential differences. The applied shifts were less than about 1eV in all
cases.

In Fig. 6 we show the elastic fractionf, i.e. the integral ofthe elastic peak as
a percentage ofthe total integral of N(Es) as a function ofprimary energy, for
all five materials. The data can be described by the following fit, as shown in
the figure:

with Ep in eV and valid for Ep values acros~ the interval 5 to 100eV. The rela-
tive increase of the elastic fraction towards lower primacy energy. was to be
expected, since excitation of secondaries becomes increasingly unlikely, or
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100 v fit: In(f) = 1.59 + 3.75In(Ep) - 1.37[ln(Ep)]2 + O.12[ln(Ep)]3
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Fig. 6. Elastic fraction! of the secondary electrons as a function of primary energy Ep for five
different materials. The full line is the empirical fit as explained in the text.

even impossible for primary energies below approximately three times the
bandgap energy [16].However, the 'universal' shape ofthis curve is somewhat
surprising and up to now we have not been able to find a satisfactory explanation.

We now define an elastic reflection coefficient R:

R=8x/,

which is the number of elastically reflected electrons per incoming electron.
The corrected secondary emission yield 8e is now determined as follows:

8-R 1-1
be = 1 _ R = 8 1 - êf"

which is the average number of secondary electrons which are inelastically
scattered, 8 - R, divided by the number of actually penetrating electrons,
1 - R. This is the correction which is applied to the data in Fig. 3, since this
is the quantity which is directly comparable with a theoretical yield curve.
This correction is negligible above approximately 100eV, but becomes increas-
ingly important towards lower primary energy.

In Fig. 7 the low-energy part of the N(Es) distribution is shown for Au,
MgO, lead-glass and stainless steel. It is found that with decreasing Ep the
maximum of the distribution shifts towards higher energy. This effect was
present in all data, but most significant for the insulators. This behaviour
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This distribution is a simplified version (containing less fit parameters) of the
one derived by Bouchard and Carette [18], and turned out to be sufficient for
use in Monte Carlo simulations [15]. A slightly more complicated formula,
giving better fit results, is a Gaussian with a logarithmic argument:

(5)

Secondary electron emission properties

was already predicted by Bindi et al. [17] by solving Boltzmann's equation.
This effect can be understood intuitively by assuming that at a certain depth
the primary electrons produce secondary electrons with an internal energy dis-
tribution which is independent of Ep, having a maximum Eo of a few eV.While
the secondaries travel towards the surface, their energy distribution changes.
When the distribution is produced at a large depth (high Ep), the probability
for inelastic scattering increases and therefore Eo is expected to shift to a lower
energy with increasing Ep. The fact that this is more pronounced in the case of
insulators is more difficult to explain. One would, on the contrary, expect that
for insulators this effect should be less pronounced, as secondary electrons are
expected to have a larger mean free path due to the absence of free-electron
scattering and because of the large band gap which makes it unlikely for sec-
ondary electrons with a kinetic energy of approximately three times the band
gap to interact with valence electrons [16]. Note that for insulators also char-
ging can play a role in determining the shape of the energy distribution. The
influence of charging is unknown, however.
The low-energy part of the distributions has been fitted to a Maxwell-

Boltzmann distribution:

(6)

In both formulas C, is the normalization constant and Eo is the position of the
maximum. The Gaussian curve has the standard deviation T as an additional
parameter. Note that the average secondary electron energy Ea is given by:

E~B = 2Eo, EaG= Eo exp (1.5T2),

for eq. (5) and (6), respectively. Fit results for the materials shown in Fig. 7 are
given in Table 1. Note that these fits actually represent convolutions of the
above formulas with a Gaussian resolution function with T = 0.8 eV. This
resolution function affects the rising edge and the position of the maximum
significantly. From Table I it can be concluded that the variations in Tare
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TABLE I
Overview of the fit parameters used in the fits of Fig. 7.

Materials Eo(eV) T(eV) EGa

Au (fit to Ep = 60eV) 2.7 1.1 6.1 Eo
MgO (fit to Ep = 100eV) 2.2 0.85 3.0 Eo
Leadglass (fit to Ep = 100eV) 3.0 0.7 2.1 Eo
Stainless steel (fit to Ep = 100eV) 2.7 1.05 5.2 Eo
Si (fit to Ep = 100eV) 2.0 1.1 6.1 Eo

significant which implies that a Gaussian fit, which decouples the width of the
distribution and the position of the maximum, is preferable.

5. Conclusions

It is experimentally shown that for the materials studied in this paper the
reduced yield 8/ 8m as a function of the reduced energy Ep/ Em shows a more
or less universal behaviour. When using the semi-empirical formula by
Dionne to fit the data for various values of n, we find that the best fit to
the high-energy part of the reduced é-curve is the fit using n = 1.5, while
the best fit to the low-energy part is the fit using a lower value for n. This
result can be understood from the energy dependence of the inelastic mean
free path. We found that a Gaussian with a logarithmic argument with
a = 1.6 describes the reduced 8-curve better than the semi-empirical formula
of Dionne. It is concluded that Em and 8m can be used qualitatively as a
measure for the suitability of a coating for use in the display.
We also found that the energy distribution of the secondary electrons

can accurately be described by a Gaussian with a logarithmic argument,
which can be used in Monte Carlo simulations. Furthermore, we found that
the elastic fraction of the secondary electrons exhibits a surprisingly
'universal' behaviour. At present no satisfactory explanation is available,
however.
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Abstract

Although in a Zeus display a straightforward matrix addressing system can
be constructed from just vertical electron-transport channels and horizon-
tal row extraction electrodes, there are many unique advantages in adding
extra selection plates. These are, e.g. cost reduction by a trade-off between
electronics complexity and panel complexity, enhancement of internal con-
trast and, by choosing wider channels, reduction of transport voltage and
improvement of triode performance. Several implications for the system
design are discussed. Some subtle effects in the physics of selection switches
are explained together with design rules for the selection plate geometry
that avoid the associated image artefacts.

Keywords: Zeus displays, flat displays, thin displays, electron switches,
multiplexing, charge transfer.

1. Introduetion

As discussed earlier [1,2], in a Zeus display a matrix addressed system can be
built using vertical transport channels and horizontal extraction electrodes
only. The extraction electrodes are used to select a row, and by simultaneously
modulating the transported current in each channel the intensities of the indi-
vidual dots are defined. However, we will show that the addition of one or
more extra selection plates gives several unique advantages. First the basic
operation is explained, then a number of system aspects and finally some
subtleties in the physics are discussed.

2. Switch principle

The basic switch principle used in the extra selection plates is shown in Fig. 1.
The switch consists of an entrance hole, a switch space and two or more exit
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Selection space Exite

Electrodes

Fig. 1. Schematic cross-section ofthe basic switch structure. Exit A is selected by switching its elec-
trode to a high potential. The trajectories of some hopping electrons are schematically indicated.

holes. The potentials of the entrance and exit holes are controlled by separate
electrodes. When the potentialof one of the exit holes is equal or lower, and
the potentialof the other is significantly higher than the potentialof the
entrance hole, the electrons are transported to the exit hole with the highest
potential. In this way it is possible to create a two-way switch. Thus, with
the addition of one or more extra selection plates it is possible to associate
several selection exit holes with each single channel extraction hole. This multi-
plexing mechanism is very powerful because the basic matrix structure can
now be much coarser than the actual dot structure ofthe display. This reduces
the total number of external connections, simplifies some parts of the panel
and improves the performance of the display, as will be explained below.

3. Interactions with the extraction plate

As explained earlier, the distributed bias potentialof the extraction plate
follows the transport voltage in the channels. In a typical panel, the bias poten-
tial ranges from a fewhundred volts close to the channel entrance to a fewkilo-
volts at the end of the channels. For several reasons, however, it is important
that a selection plate operates at a uniform bias potential. For uniform selec-
tion properties it is therefore necessary that the distribution in extraction
potentials is equalized. As explained in Ref. [3], this is easily achieved by
designing a constriction in the connection between extraction hole and selec-
tion space (Fig. 2). In this way, the potential difference between extraction
hole and selection space is 'absorbed' in the funnel: for a large potential differ-
ence the electrons simply make more hops along the insulating walls. The fun-
nel geometry has the additional advantage that the electrons are forced to
enter the selection space at a specific position, irrespective of the details of
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Constriction
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Fig. 2. Schematic cross-section of a funnel constriction between extraction and selection. The
funnel not only forces the electrons to the centre of the selection space, but also evens out the
potential difference between the extraction hole and the selection entrance. Some schematic elec-

tron trajectories show the wall interactions in the constriction.

the extraction. So by forcing the electrons to hop over the insulating walls, as
shown in Fig. 2, both position and kinetic energy of the electrons entering the
selection plate can be made uniform over the full display area.

In Fig. 2 the entrance hole into the selection space is surrounded by an elec-
trode. This electrode has a number of functions. Although not essential (the
funnel geometry is sufficient), it obviously helps to force the potential distribu-
tion in the selection space to be uniform over the display area. The electrode is
also useful in reducing dynamic switching artefacts, as will be explained later
on. In addition, it helps in initializing a suitable electrostatic potential distribu-
tion when the display is switched on: a less favourable distribution could cause
massive negative charging in the funnel when the emission is activated, block-
ing access for all subsequent electrons. Such a pinched-off state can persist for
unacceptably long periods. Finally, the electrode can be used to intercept elec-
trons that accidentally escaped the transport channel through an unaddressed
extraction hole. This is achieved when the potential ofthe entrance electrode is
higher than the potentialof the exit holes of the selection space: the exits are
blocked and any electrons entering the selection space are drained on
the entrance electrode. Thus, by applying a suitable addressing scheme it is
possible to eliminate the deterioration ofinternal contrast caused by an imper-
fect extraction system.

4. Multiplexing

The foremost advantage of multiplexing is the reduction of the total
number of connections to the panel by the addition of extra selection plates
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with relatively few connections. For a straightforward matrix addressed panel,
the number of dots Ndot is equal to the product of row extraction electrodes
Nex and channels Neh. By adding N, selection plates with number i
showing an Mi-way switching action it is possible to reduce the number of
row and column connections significantly:

394 PhIlip' Journal of Research Vol. 50 No. 3/4 1996

N,

Ndot = NexNeh ITMi
i=1

For example, by adding two selection plates with a two-way switching action
and only a few connections, we can halve both the number of row connections
and the number of column connections. So we can optimize the system by
trading electronics complexity for panel complexity. Note that the selection
plates differ in artwork only, and are otherwise very similar, so the manufac-
turing and assembly complexity of the panel depends only slightly on the total
number of selection plates. Of course the selection plates can be oriented in the
vertical as well as in the horizontal direction, but the implications for the
respective reduction of Nex and Neh are rather different, as will be discussed
below.

4.1. Reducing the number of extraction row connections

The row extraction electrodes need selection pulses of approximately 200V
and are operated at a bias potential that increases gradually along the channel.
This requires some extra complexity in the driving electronics, so a reduction
of the number of row connections is welcome. In addition it creates room for
choosing an external interconnection pitch that allows safe insulation without
additional measures. A more subtle point is that a larger extraction row pitch
gives more space to optimize the extraction geometry for a lower selection
pulse voltage.

4.2. Reducing the number of channels

Reduction of the number of channels has far more implications. Reduction
of the number of column drivers is a mixed blessing. Although the number of
electronic components is reduced, a larger number of dots must be accessed
per channel in the same refresh period Tref, so both the selection system and
the column drivers must operate at proportionally higher speeds. Ignoring
any vertical blanking overhead, we find

»:
Tdot = -N Tref

dot
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Cathode wire

a b

Fig. 3. A more efficient triode in wider channels. The channel in (b) is twice as wide as in Ca),but the
emitting cathode area has more than doubled.

for the dot address period Tdot' In this time both the selection system must be
switched and the cathode emissions must be modulated for the proper inten-
sity value. Obviously there is a limit to the minimum acceptable period, there-
fore there is a limit to the reduction of the number of channels.

On the other hand, a reduction of the number of channels also means wider
channels and this has some additional advantages. For instance, when the
channel is twice as wide, the triode gun has to supply twice as much current,
so at first sight this seems to be a disadvantage. However, in principle there
is now room for two triode guns in parallel, which eliminates the disadvantage.
In fact there is a significant advantage because the 'overhead' between the two
guns disappears, as illustrated in Fig. 3. In practice it means that the double-
width triode emits the double current at lower modulation voltages, has better
uniformity, has a longer life and is more easily constructed.

In Ref. [2] it is shown that for a given depth-width ratio ofthe channel, the
required transport voltage scales linearly with the length-width ratio. So using
wider and deeper channels means a lower transport voltage. This gives propor-
tionally lower transport power losses and reduces the internal voltage differ-
ences over the funnel between extraction and selection plates, which in turn
may reduce the associated insulation problems considerably.

Finally, having fewer, wider and deeper channels has some implications for
manufacturability. It results in a slight increase in panel weight and depth, but
also in a significantly more robust manufacturing process.

5. Segmentation

Thus far we have ignored the fact that the extra selection plates not only
reduce the number of row and column connections, but also introduce a few
extra connections for controlling each extra plate. In principle an M-way
switch can be controlled by M connections. In that case, however, a large
capacitance must be driven; roughly l/Mof the total capacitance of the plate.
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It means a large switching current is needed to achieve sufficient switching
speed and, depending on the required switching frequency, also a large switch-
ing power. The root of the problem and of the solution of the problem is of
course that we are switching the full image area, whereas only switching of
the selection spaces associated with the currently selected extraction row is
required.
Note that this causes no problem when the selection plates are switched at

low frequencies, which would be possible by scanning the extraction electrodes
repeatedly at high speed. In that case the display is scanned in multiple fields,
each addressing only part of the image dots. This has some similarities to stan-
dard interlacing, where the odd and even rows in the display are addressed
alternately in subsequent fields, and to the more recently proposed colour-
sequential addressing schemes in some display systems, where the display is
scanned once for each of the three colour components. But in our case, the
pattern and number of subfields are dictated by the selection plates, and can
be rather different from simply interlaced or colour-sequential addressing.
Disadvantages of this approach are temporal and movement artefacts which
remain visible even at fairly high refresh rates, and the need for a full frame
image memory with associated control circuitry.

5.1. Extra connections

A better approach is to divide the image area into several separate segments
and spread the total capacitance evenly over a larger number of connections.
In this way, we can switch the selection system at high speed without being
excessively wasteful: the switching current and total switching power are
inversely proportional to the number of connections, and hence the switching
power per connection is inversely proportional to the square ofthe number of
connections. In this case, the image is scanned in a way sufficiently similar to
the standard vertical mode to avoid any temporal artefacts in the image. It is
possible to minimize the switching power even further by choosing a suitable
dot selection order, e.g. such that only a single selection plate is switched at a
time.
Note that for this scheme to work it is essential that only one segment is active

at a time. So the orientation ofthe electrodes must be more or lessparallel to the
extraction electrodes. Should they be perpendicular, all segments must be acti-
vated in parallel, so there would be no advantage in the extra connections.

5.2. Contrast

For similar reasons, the segmentation has consequences for the internal
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a. Addressed state b. Blocking state

Fig. 4. Internal contrast enhancement by a blocking address state. The arrows indicate the general
path of the electrons; the wall interactions are not shown here. (a) The extracted electrons (solid
arrow) are directed to the addressed (+) exit hole. (b) At that time the other segments are
inactive (-): any electrons inadvertently escaping from the channel (dashed arrow) are blocked

and intercepted on the entrance electrode.

contrast enhancement mechanism mentioned at the end of Sec. 3. The idea
is to switch the selection spaces of the inactive segments into the electron
blocking state as illustrated in Fig 4. In this way, the contrast loss can be
reduced to the area of the currently active segment. Roughly speaking,
the internal contrast is enhanced proportionally to the number of segments.
In practice it is possible to eliminate the internal contrast loss almost com-
pletely: by designing only a partial overlap between segments of subsequent
selection plates, the active non-blocked area can be reduced even further. In
addition, the extraction mechanism causes a local positive charging on the
rear wall of the channels which in itself eliminates the escape of electrons
through inactive extraction holes close to the currently active extraction
row. In this way an almost perfect internal contrast has been achieved,
see Ref. [4].

For two-way switching selection plates, it is possible to design single-sided
interconnection patterns. Figure 5 shows some possibilities. However, for
three-way, or more, switching selection plates this is no longer possible.
Here insulated crossings or vias are unavoidable, which may have conse-
quences for the choice of the manufacturing process. Figure 6 shows a typical
example. On the other hand, multi-way switching plates can be cost-effective
because of the advantages of their larger multiplex factor.

5.3. Interconnect
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Fig. 5. For two-way switching selection plates, the interconnect on the plate can be single-sided.
Schematic possibilities are shown for segmented interconnect between vertically (a) and horizon-

tally (b) oriented switches.

6. Selection switch characteristics

Now it is time to have a more detailed look at the selection switch
behaviour. First we will discuss the steady-state behaviour. Figure 7 shows
measured transfer characteristics of some poorly designed and of an improved
selection switch. The fraction ofthe input current transmitted to a specific exit
hole is plotted as a function of the potential difference between the exit hole
and the entrance hole. The other exit holes are at a fixed low potential.
For an ideal switch, the transfer curve should be zero for low and 100% for

Fig. 6. For three-way, or more, switching selection plates, an interconnect with insulated crossings
or vias is necessary: the vertical electrodes are insulated from the horizontal electrodes except
where indicated by a dot. Note that the addition of a similar structure on the right creates a net-
work that is less susceptible to opens. The four connections as shown would be sufficient for a

th ree- or four-way switching selection plate.
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Fig. 7. Typical examples of measured switch characteristics: current transferred as a function of
voltage between exit and entrance electrode. The dashed lines represent poorly designed structures,

the solid line corresponds to an improved design.

high voltages, with a very steep transition in between. As is illustrated by
the example, a poorly designed switch can deviate significantly from this
behaviour: it pays to consider carefully the physics of the design.

6.1. Current leak

At low exit voltages the transfer curve can be slightly above zero (this effect
is not present in Fig. 7). This current leak through a switched-off hole is typi-
cally caused by electrons that enter the selection space at fairly high energies
and can reach the exit hole directly. We found that when the geometry of
the entrance hole and the selection space is designed so that electrons are
forced to hit the wall before reaching the exit hole, this leak is negligible.
This is confirmed by simulations, as discussed in Ref. [3].

6.2. Current gain

As shown in Fig. 7, at high exit voltages the transfer curve can be below or
above 100%. This is caused by electrons hitting the metallized wall of the
entrance or exit hole [3].When this happens, part ofthe current can be soureed
or drained on the electrode, depending on the effective secondary emission
yield of the metal. In itself such an attenuation or gain of the current causes
little problems, but since the effective yield depends on many details it may
easily show significant variations over the panel. This could cause
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disturbing image artefacts, such as dirty window effects, patchiness, etc. It is
better to design the selection spaces for very few landings on the metallization,
making any variations negligible. This optimization can be achieved by coat-
ing the selection space walls with a suitable secondary emitter material which
lowers the kinetic energies of the electrons and supports the hop transport to
the exit hole, and by choosing the aspect ratio and tapering ofthe holes appro-
priately. In some situations it is even possible to refrain from metallizing the
hole walls. However, for the final selection plate a substantial aspect ratio
and hole metallization are essential, because otherwise the strong acceleration
field towards the phosphor screen would penetrate the selection space and
destroy the selectivity.

6.3. Selection efficiency

The steepness of the transition curve determines the voltage swing that is
needed to operate a switch. A steeper curve lowers the required voltage swing,
which is advantageous for the drive electronics. For obvious reasons, we call
this a higher selection efficiency.Note that any 'tails' of the curve have to be
included since we want to switch over the full 0 to 100% transfer range. Again
we found that coating the selection space walls with a good secondary emitter
material improves the selection efficiency significantly. Itwas found to be only
weakly dependent on the geometry of the selection electrodes, provided they
are not too far apart.
We found that a selection space as shown in Fig. 8(a), covered with good

secondary emitter material (low El), typically needs 120V selection pulses.
The centre voltage of the transition depends mostlyon the distance between
entrance and exit hole divided by the depth of the selection space.
Figure 8(b) shows a geometry which needs only 50 to 60V selection pulses.
This is a benefit of the long path over which the hopping electrons can 'choose'
between both exit holes. In addition, this structure is almost independent of
the input voltage: even when the input hole is over 1kV below the exit holes,
the current can be forced to one exit hole by only 50 to 60V between the exit
holes. Unfortunately the dynamic behaviour has some serious deficiencies, as
will be explained below.

6.4. Asymmetries

When the geometry of the selection space is asymmetrie, the transfer curves
of the exit holes can shift to different voltages. However, even when the
distance between entrance and exits is uniform, there can be an asymmetry
associated with electrons entering asymmetrically into the entrance hole. In
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Fig. 8. Schematic front view of two different switch geometries. Switch behaviour depends on
where the entrance hole is located.

extreme cases, this can result in an above-zero transition curve for one of the
holes. This situation is easily remedied by choosing the design so that the elec-
trons entering the selection space hit the wall at the centre position. This can be
achieved by an off-centre entrance hole, a suitable entrance hole diameter, or
by a suitably oriented funnel or selection space in the preceding plate.

7. Dynamic behaviour

Thus far we have discussed steady-state switch behaviour in' terms of
measured transfer curves. However, the switching action itself can cause
some dynamic effects which we will discuss here. Typically, the selection
sequence is to stop emission, then switch the selection potentials and then acti-
vate the emission again. So the potential distribution is first determined by
electron hop transport to the selected exit hole. Then it is changed by capaci-
tive coupling ofthe switching ofthe selection electrode potentials. The result is
equal to the superposition of the original distribution plus the difference
between the new and old electrostatic field. Then the emission is switched on
again and the potential distribution is gradually changed into the required
hop distribution for the newly selected exit hole. When there is no net charge
deposited during this change, the dynamic behaviour of the switch is free of
artefacts. In practice, however, small net charge deposits are unavoidable,
and this corresponds to small deviations of the ideal behaviour of the switch.
Note that addressing other selection spaces in between makes no difference

for these considerations. For a structure consisting of conductors and insu-
lators no wall charge can leak away when there is no current directed into
the selection space under consideration.

7.1. Switching losses

At first sight, it seems attractive to have a very large electrostatic switch field
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Fig. 9. Schematic example of an asymmetrie electrode geometry which causes charge transfer when
switched. At low intensities, the larger metallized area (black) for exit C causes a noticeable inten-

sity loss for exit C and gain for exit D.

near the entrance hole in order to force the current in the right direction. This
can be achieved by relatively massive metallization close to the entrance and
large selection pulses. This should not be overdone, however, because in
that case some electrons flying in the wrong direction can be repelled to the
entrance metallization and be lost. It is better to avoid this situation.

7.2. Asymmetrie charge transfer

Let us look at a situation where the geometry of selection space and exit
holes is symmetric with respect to the entrance hole, but the metallization is
not. We take as an example the situation in Fig. 9 where the metallization
for exit C has a larger surface area than for exit D. Because the wall geometry

a. Asymmetric metallization
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Fig. 10.Charge transfer measured as light output from two sets of dots. (a) For asymmetrie metal-
lization the dots C with larger electrodes loose some intensity to the others, D, when both dots are
ON (solid curve). When only one set is ON (dashed curve), this does not occur. (b) This effect is

absent for symmetric metallization.

402 Phillps Journalof Research Vol. 50 No. 3/4 1996



Selection system of Zeus displays

is symmetric, the potential distributions for hop transport to exit C and to exit
D are symmetric. Due to the asymmetrie metallization, however, the electro-
static field for addressing exit C is overall on a higher potential than for exit
D. So after addressing exit C, a negative charge is deposited to compensate
for the initially higher potential. The net result is that part of the charge in
the current directed to exit C is lost in compensating the asymmetry.
Obviously, after selecting exit D this lost charge is added to the current direc-
ted to exit D. There is a net charge transfer between the exits: exit C loses some
intensity to exit D.

This is illustrated by the experimentally determined curves in Fig. 10, which
were measured for a test display with an asymmetry in the metallization (a)
and a display with a fully.symmetric metallization (b). The emission for the
set of image dots corresponding to selection exits C and to selection exits D
was controlled independently. In all cases one set of dots was optically
shielded, leaving the light output from the other set to be measured. When
only one set of dots is ON, as indicated by the dashed curves, there is no
problem. When both sets are on, however, as indicated by the solid curves
in Fig. 10(a), the set C with the larger metallization loses intensity to set D.
The brightness shift saturates for larger currents. In this case we see that the
maximum brightness shift corresponds to a difference of about 2 nA/dot. Since
the display was scanned at 500Hz in the experiment, this corresponds to 4 pC
charge transfer from dot C to dot D in the selection system. In the fully sym-
metric case of Fig. 10(b) this effect is absent within the experimental error.

What is the result ofthis effect?When the current is directed to only one exit
there is no problem because the distribution for hop transport has not
been changed. When the charge transfer is small compared to the charge
directed to the phosphor dot there is no problem either. Only at low image
intensities-when the charge transfer is significant compared to the nominal
dot charges-can an asymmetry between the exits show up in the image.
Even then the severity of the image artefact depends on several factors. For
instance, when the asymmetry corresponds to the colour mapping of the phos-
phor dots the pure colours and bright scenes are correct, and only in dark
scenes with mixed colours some discolouration is present which is hardly
noticeable. Nevertheless, it is better to eliminate the problem by avoiding
asymmetries as much as possible.

7.3. Three-way, or more, switching plates

There is a fundamental difference between two-way and three-way, or more,
switching plates in this respect. For an isolated three-way switch it is possible
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Fig. 11. Schematic front view of a three-way switch interconnect. Electrodes cross the selection
space, breaking the selection symmetry.

to have symmetric metallization. But in the interconnect of a full matrix of
switches, we can only conserve symmetry by applying vias or insulated cross-
ings locally in the matrix. If we restrict this use to the edges, as illustrated
earlier in Fig. 6, symmetry is broken by connections crossing over the selection
space. Figure 11 gives an example for a three-way switch. A certain amount of
asymmetrie charge transfer is unavoidable in this case.

7.4. Symmetric charge transfer

Even when both the exit geometry and the metal pattern are symmetric
around the entrance hole and no current is lost on the electrodes some, small
residual effects can be present. Figure 12(a) shows an example. The electro-
static switching field is symmetric around the entrance hole, but almost per-
pendicular to hop transport towards the exit hole. Initially the electrons are
attracted to the side of the most positive electrode. Since the potential is on
average too high compared to the hop distribution, a net negative charge is

a b c
Fig. 12. Schematic examples of symmetric electrode geometries with different charge transfer. In
(a), the electrostatic selection field in the selection space is almost perpendicular to the transport
from entrance to exit. In (b) and (c) this field is aligned to the transport which reduces charge trans-

fer effects.
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deposited. On a somewhat longer time scale the negative side is corrected,
corresponding to a net positive charge deposition. If we look at the charge
transferred to the exit hole as a function of the charge directed to that exit
hole after selection, we find that first some charge is lost which is regained
afterwards.
What is the result ofthis effect?For high intensity scenes there is no problem

at all: any initial charge loss is regained afterwards, the net result being perfect.
For low intensity, uniformly grey scenes nothing happens either, because, even
though the charge distribution for hop transport is not fully stabilized, the
situation is still symmetric and again there is no net charge transfer. Only
when one exit is operated at low intensity while the other is operated at high
intensity, does the dimmer dot lose some intensity to the brighter dot. The per-
ceived result is often a slight edge sharpening in the image which may not be
bad at all. But again it is better to avoid this effector at least reduce it to a very
low level. If the metallization is designed as shown in Fig. 12(b) and (c), such
that the electrostatic switch field is aligned to the hop transport to the exit hole,
the net charge transfer is reduced to a much lower level. This can be under-
stood by assuming a situation where all necessary potential changes are
directly lined-up on their way to the exit hole. In that case most changes
will directly cancel each other, leaving only a very small net effect. A further
reduction can be achieved by covering the selection space walls with a good
secondary emitter, and by extending the entrance metallization over most of
the selection space area.
The structure shown in Fig. 8(b) performs unfavourably in this respect. The

relatively large area corresponds to a large charge, and the same relative free-
dom of the hop transport that makes the selection efficiency very high, causes
the charge transfer effects to take place over an extremely long time scale: it
takes a large amount of charge transport to the exit hole before the potential
distribution stabilizes to its final solution.

7.5. Multiple-level charge transfer

When two or more selection plates are stacked on top of each other, some
other effects have to be taken into account. First of all the electrostatic
switching field can now extend into other plates. This generally has no
consequences for the operation of succeeding plates, because any selection
space in a succeeding plate is only active in a fixed selection state of the
preceding plates. However, electrostatic changes induced in the associated
selection space of preceding plates will cause charge transfer effects. This is
generally easily avoided by a proper design where such induced fields are
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not in the vicinity ofthe selection spaces or are shielded by the metallization of
preceding plates.

A second effect is that for stacked selection plates, the effectsmentioned can
accumulate over the plates and over several dots: instead of one switching
event there can be several switching events, and since switches of the early
plates are associated with several dots the first dot of a sequence will be
more affected than the others. If necessary, such effects can be avoided by
choosing a suitable selection order where multiple switchings are avoided
and the earliest plates switch at the highest rate.

8. Conclusions

Multiplexing by adding selection plates gives the unique opportunity ofcost
reduction by a trade-off between electronics complexity and panel complexity.
In addition internal contrast can be enhanced and, by choosing wider
channels, the transport voltage is reduced and the triode performance is
improved. The geometry and metallization of the selection system must be
carefully designed to avoid image artefacts.
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Abstract
A high voltage is applied to the screen spaeer of the Zeus panel to obtain
high brightness and long phosphor lifetime. To prevent field emission
due to high local field strength, the screen spaeer is coated with a resistivity
layer and a low secondary-electron-emission layer. Efficiently operating
panels have been made with sputtered substoichiometrie and stoichio-
metric silicon nitride films, and with sprayed chromium oxide and silicon
nitride particle layers. For the sputtered layers the effect of stoichiometry,
sheet resistance and layer thickness on the panel performance is discussed.
In the case of the sprayed layers the effect of suspension quality, spray con-
ditions, layer thickness and layer roughness is discussed.

Keywords: Zeus panel, display, screen spaeer, high-voltage stability, field
emission, silicon nitride, Si3N4, chromium oxide, Cr2û3,
sputtering, spraying.

1. Introduetion

In the Zeus panel electrons are transported to a phosphor screen through
vertical channels and a number of selection plates. After the last selection
step the electrons are accelerated to the screen [1]. Hence, the last selection
plate is separated from the screen by a spaeer over which a voltage of about
4.5 kV has to be applied in order to achieve high brightness, and good phos-
phor efficiency, saturation behaviour and lifetime.

The high voltage may give rise to field emission currents between the last
selection plate and the screen, as it is applied over a plate with a thickness
of only 0.4mm. If no measures are taken, and a simple glass plate with holes
is applied, the high-voltage stability may be as low as about IkV. Application
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of suitable coatings to the screen spaeer greatly improves the high-voltage
stability. In the present design a high-resistivity layer (R-Iayer) is applied to
the selection side of the spaeer and a layer with a low secondary-electron yield
(é-Iayer) is applied to the walls ofthe holes in the spacer. The way in which the
coatings affect the high-voltage stability will be dealt with in the next section.

Once the desired physical properties of the coatings are known, suitable
materials should be found which fulfil the physical demands. Two
possibilities will be elaborated in some detail, i.e. in Sec. 3 the sputtering of
substoichiometrie (R-Iayer) and stoichiometrie (é-layer) silicon nitride films
and in Sec. 4 the spraying of chromium(III)oxide (R-Iayer) and silicon nitride
(é-layer) particle coatings. For both sputtering and spraying the effect of the
application method on the layer properties and the panel performance will
be discussed. The results are summarized in Sec. 5.

2. High-voltage stability

A schematic representation of the acceleration stage in the Zeus panel is
shown in Fig. 1. It consists of a selection plate, the screen spaeer and the
screen. If an uncoated screen spaeer is applied, a poor high-voltage stability
is obtained. This is mainly due to the presence of gaps and field enhancement.

Gaps are due to surface roughness, causing the plates to make contact at a
limited number of points only. In the case of a gap between the last selection
plate and the screen spacer, the potential drop is predominantly over this gap
when the point of contact between the screen spaeer and the selection plate is
relatively far away from the edge ofthe hole (Fig. la). With a voltage drop of
about 5kV over a gap of e.g. 10 tut», the local field-strength is high enough to
cause flashovers.
A remedy against gaps is to apply a high-resistivity layer (R-Iayer) at the

selection side of the screen spaeer (Fig. lb). The resistance should be suffi-
ciently small to ensure that the selection plate and the selection side of the
screen spaeer are at about the same potential. Hence, the resistance ofthe layer
should be at least an order of magnitude smaller than the resistance ofthe glass
of which the plate is made. With a value of the sheet resistance of the coating
less than 1014 nfO this condition is fulfilled. On the other hand, power dissi-
pation due to interconnection of the metal tracks on the selection plate by the
resistivity layer sets a lower limit to the sheet resistance, which is about
1010 nfO.
Field enhancement is caused by the hopping process. If electrons from the

cathode hit the screen a certain fraction is backscattered, the secondary
electrons hit the walls of the holes in the screen spaeer and generate secondary
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Fig. I. Schematic depiction of (A) the presence of gaps between plates; (B) the effect of applying a
resistivity layer; (C) the effect of applying a resistivity layer and a low-ó layer.

electrons. The secondaries are transported by hopping over the walls of the
holes. Surface charge is deposited in such a way that (8) = I. Under normal
circumstances positive charge is deposited, leading to an enhanced electric field
at the selection side of the screen spaeer [2,3] (Fig. le). If sufficiently large, this
local field enhancement will stimulate field emission. When arising from the
selection electrodes the field-emission currents are hardly damped, giving
rise to unstable field emission, sometimes flashovers. If the field-emission cur-
rent arises from the high-resistivity layer, faint, but more stable, emission
results. This may cause a slowly decaying afterglow of the image displayed.
The afterglow, which can be homogeneous over the entire screen or may con-
sist of discrete spots, is referred to as the 'starry sky'. As a figure of merit for
the starry sky intensity, the screen voltage at which this intensity is 0.1 Cd/m 2

is used. When the starry sky is distributed uniformly, this intensity is acceptable.
A remedy against field enhancement is the application of a coating with a

low secondary-electron-emission coefficient (ó-Iayer) on the walls of the holes
in the screen spaeer to suppress the charging ofthe walls (Fig. le). As hopping
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transport of electrons over the surface is dominant, the ratio of the first cross-
over point (E" the lowest energy at which 0 is unity) to the typical energy of
the secondary electrons leaving the surface (Eo) should be high [2]. Unfortu-
nately, Eo and El are difficult to determine for insulating samples due to sur-
face charging during the measurement. It has been observed experimentally
that a high value of El usually corresponds to a small value of omax [4].There-
fore, the value of omax is considered to optimize this layer property.
An additional detrimental effect that might occur due to local positive char-

ging at the entrance of a hole is a current-dependent spot shift caused by the
deviation of electrons directed to the phosphor dots. At small electron current,
the electrons hitting the edge of the hole are carried off by conduction and do
not markedly affect the potential distribution. At medium current, charging of
the surface is no longer suppressed, leading to a disturbance of the axial sym-
metric distribution of the field by local positive charging. As the electrons are
attracted to this charge, there is a positive feedback, which causes the spots on
the screen to move to the side where the positive charging takes place. This is
accompanied by a partial interception of the beam, often leading to a reduced
light output. At higher currents, sufficient backscatters hit the edge of the hole
everywhere, the potential distribution becomes axially symmetrical again and
the primary electrons hit the phosphor at the proper position. A remedy
against this effect is the application of a coating with a sufficiently low O.

3. Sputtered coatings

The layers to be applied to the screen spaeer should not only exhibit a par-
ticular sheet resistance and a low secondary-electron-emission coefficient (0),
but should also withstand the high-temperature processing during panel
assembly and must be stable against electron bombardment. One of the
materials that fulfils these requirements is silicon nitride. The resistivity of
silicon nitride can be adjusted by varying the stoichiometry. Stoichiometrie
silicon nitride is an insulator (i.e. the sheet resistance of the applied layers
exceeds 1015nfO) and can be used as é-Iayer,whereas substoichiometrie silicon
nitride, which varies in sheet resistance from 106 to 1015nfo, depending on
the application conditions and the post-treatment, can be used as Rvlàyer.

3.1. Sputtering process

The resistivity layer is required at the selection side ofthe screen spacer, but
should not cover the walls of the holes completely as this would lead to
unwanted leakage currents from the screen to the selection plate. Due to the
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Fig. 2. Sheet resistance of 200nm SixNy layers as deposited and after annealing at 450°C as a
function of the silicon-to-nitrogen ratio.

desired selectivity of the surface coverage, a. line-of-sight technique like
sputtering is attractive for depositing the silicon nitride layers. The c5-layer
should cover the walls of the holes. This implies that with sputtering a
relatively thick layer is deposited on the screen side in order to obtain complete
surface coverage inside the holes. A Balzers BAK 600 sputter system with a
planar magnetron (AK517) of 5 x 17 inch in size was used to cover 5 inch
plates. The base pressure was less than 2.10-5 Pa. The samples were mounted
on a rotary cage which rotated at about Irpm. The samples were not heated
during deposition.

Rutherford backscattering (RBS) was used to measure the stoichiometry of
samples with varying sheet resistance. The variation of the sheet resistance
with the silicon-to-nitrogen ratio is shown in Fig. 2. An increase in the relative
amount of nitrogen leads to a higher resistance. In the case of high-resistance
samples (sheet resistance larger than 1015 n/D) this ratio is about 3/4 (i.e. stoi-
chiometric silicon nitride). The deposition conditions and the post-treatment
have a large effect on the sheet resistance. Upon heating of the samples for
1h at 450°C, the resistance increases by about three orders of magnitude.
This result is only slightly affected by the atmosphere (air or vacuum) during
heating. A subsequent heating period at a temperature less than 450°C does
not lead to further changes in the resistance. The composition of the samples
was not measurably affected by the heating treatment after deposition.
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Further, it was established that surface conductivity is of minor importance.
These observations can be accounted for by assuming that the resistivity
originates from dangling bonds [5]. After deposition at low temperature the
degree of ordering is relatively small, resulting in many dangling bonds and
a relatively low resistivity. Upon heating, the number of dangling bonds
decreases, resulting in an increase in the resistivity. The maximum second-
ary-electron-emission coefficient of the samples varied from about two for
the low-resistivity samples up to about three for stoichiometrie silicon nitride.

3.2. Panel performance with sputtered coatings

The effect of the application of the layers on the high-voltage stability of
panels has been tested for various situations. Ifno layer is applied to the screen
spacer, or only the Si3N4 10W-D coating, fiashovers already occur at a voltage
of about 1kV. On the other hand, applying only the resistivity layer already
leads to acceptable results with respect to the stability against fiashovers.
The effect of the resistance and thickness of the R-Iayer will be discussed
below. The best results are obtained when both the resistivity layer and the
low-é coating are present.

The optimum layer thickness and resistance ofthe R-Iayer were determined
by studying the performance of screen spacers covered with a resistivity coat-
ing at the selection side, but without application of the 10W-D coating at the
inside of the holes. Figure 3 shows the effect of applying a layer with a resist-
ivity of about 107n cm (sheet resistance about 1012n/D for a layer thickness
of 200 nm) and varying the layer thickness. Up to a layer thickness of 200 nm
the voltage at which fiashovers are observed increases (Fig. 3a), while the
intensity of the starry sky is attenuated (Fig. 3b). At smaller layer thickness
the coverage of the glass surface around the holes might be insufficient, due
to the roughness of the edge of the holes [6], resulting in a rather poor high-
voltage stability. When the layer thickness exceeds 200 nm, no significant
improvement in the high-voltage performance is observed when the layer
thickness is increased further.

The effect of the resistivity has been investigated for layers with a thickness
of 200 nm (Fig. 4). With increasing resistivity, the intensity of the starry sky
decreases and the risk of fiashovers increases at a fixed electron current
from the panel cathode. The occurrence of fiashovers not only depends on
the applied voltage, but is also affected by the electron current. At a particular
voltage, the maximum allowable electron current decreases when the resistiv-
ity increases, implying that the attainable brightness decreases. Furthermore,
when the sheet resistance is larger than 1012n/D, the previously described
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current-dependent moving spot phenomenon is observed. Both phenomena
are connected with positive charging of the entrance of the holes. In summary,
the measurements show an optimum for an R-layer with a sheet resistance of
about 1011n/D and a layer thickness of about 200 nm.

Application of the 10W-Dcoating (with a thickness at the screen side of about
300 nm or more and covering the walls of the holes), in addition to a resistivity
layer of 200nm or more, at the selection side discussed above, leads to a
further reduction of the starry sky intensity and to an improvement of the
high-voltage stability. The acceleration voltage at which the starry sky inten-
sity is 0.1Cd/m2 shifts from 3.5 to 6 kV, while the voltage at which fiashovers
are observed shifts from about 5kV to about 7 kV. Although the maximum
secondary-electron-emission coefficient is not much different from that of
glass, the usefulness of the D-Iayeris nevertheless significant, as shown in the
lower curve of Fig. 3b. Probably, the ratio Ell Eo of Si3N4, which actually
determines the extent of surface charging due to hopping electrons, is larger
for Si3N4 than for glass.

4. Sprayed particle coatings

The second option is to coat the screen spaeer by spraying a suspension of
small particles, which will form a layer at the surface after drying. Again, a
high-resistivity coating is applied to the selection side and a 10W-D coating to
the screen side of the spaeer and the walls of the holes. From experiments it
is known that the performance of a screen spaeer with particle coatings is
mainly governed by the properties of the resistivity layer.

Although the conduction mechanism of a particle coating is difficult to
understand, it turns out that a Cr203 particle coating fulfils the requirements
for the R-Iayer. From the performance of panels with a Cr203 particle layer it
was noticed that both the sensitivity to flashovers and the intensity of the
starry sky increase with increasing surface roughness, probably because large
aggregates act as a source for field emission. With sufficiently smooth layers,
panel performance is already very good when only the Cr203 R-layer is
applied. Applying also a 10W-D coating, consisting of Si3N4 particles, leads
to a minor further improvement.

The surface roughness of the particle coatings was found to be the most
important parameter with respect to panel performance. Due to the particle
character a certain degree of surface roughness will be introduced automati-
cally even for a perfectly ordered layer structure. In principle, the lowest
attainable surface roughness of a particle coating depends on the particle
size distribution of the primary particles present in the suspension. Whether
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a low surface roughness can be achieved in practice depends on the processing,
i.e. the suspension preparation (Sec. 4.1) and the coating technique used
(Sec. 4.2.).

4.1. Suspension preparation

In general, particle coatings are deposited by wet-chemical techniques. First,
the particles are dispersed in a liquid. In order to prevent aggregation of the
primary particles in the suspension, the attraction by van der Waals forces
between the particles should be compensated by repulsive interactions.
Because powders are often prepared by sintering processes, aggregates are pre-
sent in the dry powder, and mechanical work may be necessary to break up
these aggregates during suspension preparation. This can be done, for example,
by adding milling balls to the suspension or by ultrasonic agitation. Once a
stable suspension of well-dispersed primary particles is obtained, it should
be applied to the substrate without reintroducing aggregates.

For the layers described here, the particles were dispersed in butyl acetate
using nitrocellulose as a dispersing agent. The mean particle size of the dis-
persed particles was about 0.4 pm for both the Cr203 as well as the Si3N4 sus-
pensions. To improve the smoothness of the layers, two modifications in the
suspension preparation procedure were studied. In the first method, after mix-
ing the particles with butyl acetate and nitrocellulose and ultrasonic agitation,
the suspension was allowed to settle for a certain time (up to a week),
thus removing the larger particles and aggregates from the suspension by
sedimentation. Subsequently, the liquid fraction was used for further
processing. Although it is possible to remove large particles in this way, this
method is not very suitable for a production environment. In some
suspensions the fraction of large particles was therefore decreased by ball
milling.

4.2. Suspension spraying

The particle layers were deposited by suspension spraying. Spraying
was carried out using a pneumatic spray gun with air as the carrier gas. The
layer is built up from droplets which are applied in a number of successive
spraying cycles. Between the successive spraying cycles the sprayed droplets
are allowed to dry. In the case of the Cr203 R-Iayer the suspension is sprayed
from the selection side of the screen spacer, resulting in a coating covering
the selection side and the entrance of the holes. When desired, the Si3N4
8-layer is applied from the screen side, and covers this side and the walls of
the holes.
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Fig. 5. Effect of nozzle size and initial solid content of a butyl acetate-based suspension on the
resulting layer roughness.

The spreading of the droplets, which is crucial for the layer roughness,
depends on the surface tension of both the suspension and the substrate,
and on the viscosity of the droplets. The final layer morphology is affected
by many interdependent parameters, such as the particle volume fraction,
the initial droplet size and the extent of solute evaporation. Controlling the
layer formation is complicated by the increase of the surface roughness and
an initial decrease of the surface tension of the substrate while the layer builds
up. The effect of some parameters on the layer roughness is shown in Fig. 5. At
further identical conditions, the layer roughness increases when the initial solid
content of the suspension droplets increases or when a smaller nozzle size,
leading to smaller droplets, is used. In both cases the solid content of the
droplets impacting at the surface is increased, either due to the higher initial
solid content or to the relatively high extent of evaporation for small droplets.
Of course, the solid content of droplets close to the surface is also influenced
by the spray gun to substrate distance and by the spraying pressure. Figure 5
demonstrates that the solid content of droplets reaching the surface should not
be too high, because a rough layer then results. However, in the case of a low
solid content, drying of the droplets after spreading on the substrate may result
in rough layers as the particles show a tendency to flow to the edge of the droplet
during drying due to capillary forces. Optimal spray conditions should therefore
by determined, depending on the solvent and the particle volume fraction in the
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suspension. Complete surface coverage with sufficiently smooth coatings could
be achieved with relatively thin layers (2 J.Lm).

4.3. Panel performance with particle coatings

The stability against flashovers is excellent in the case of the Cr203 resistiv-
ity layers. Voltages larger than 8 kV could easily be applied over the screen
spaeer without the occurrence of flashovers. However, it turned out that it
was not possible to prepare Cr203 layers with a sufficiently low starry sky
intensity using a butyl acetate-based suspension prepared by only mixing the
Cr203 powder, butyl acetate and nitrocellulose in combination with ultrasonic
agitation. This suspension contained too many large particles or aggregates,
resulting in a rather rough layer and a starry sky intensity of 0.1 Cd/m2 at
about 4kV (Fig. 6a). However, removing the large particles by sedimentation
resulted in much smoother layers and a starry sky intensity of 0.1 Cd/m2 at
about 6kV (Fig. 6b). Current-dependent moving spots are not observed
with Cr203, due to the low 0 of the coating. Application of the Si3N4 low-é
coating in addition to the resistivity coating resulted in a slight decrease of
the starry sky intensity. The stability against flashovers was not affected by
the application of Si3N4 particles.

The minor effect of the application of a particle low-é coating as compared
to the sputtered low-é coating can be attributed to the relatively high first
cross-over point (E,) of the Cr203 particle layer. While for glass and silicon
nitride sputter-deposited films a value of about 20 to 30 eV is found, E, is
about 100 eV for the Cr203 particle coating and about 50 eV for the Si3N4
particle coating. The high value of E, leads to negative charging at the
entrance ofthe screen spaeer hole. In combination with the complete coverage
ofthe entrance side ofthe holes due to the spraying process, this already results
in a good panel performance when only the resistivity layer is applied.
Coverage of the holes with the low-é coating therefore only leads to a minor
improvement.
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5. Conclusions

High-voltage stability in the Zeus panel can be obtained by applying a
resistivity layer and a low secondary-electron-emission layer. The coverage
of the selection side and the entrance of the holes with the resistivity layer is
of particular importance for a good panel performance. The coatings were
prepared by sputtering silicon nitride films and by spraying chromium oxide
and silicon nitride particle layers.
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The resistance of the films applied by sputtering depends on sputtering
conditions such as the nitrogen flow, the deposition rate and the substrate
temperature. Post-annealing causes a large, but reproducible, increase in the
resistivity, due to a decrease in the number of dangling bonds. Panel perfor-
mance is optimal when a 200-nm-thick resistivity layer with a sheet resistance
of about 1011nfo is applied in combination with a low-é coating covering the
walls of the holes. An acceleration voltage of about 7 kV can be applied
without the occurrence of flashovers. The starry sky intensity is about
0.1Cdjm2 at 6 kV.
When spraying Cr203 resistivity layers, the roughness of the layers should

be low. This can be achieved by using a stable well-dispersed suspension
and applying the proper spraying conditions, such that the drying ofthe layers
is controlled. The panel performance of these layers is excellent. Application of
a low-é coating only gives a minor additional improvement. Flashovers are
suppressed for applied voltages larger than 8 kV and the starry sky intensity
is about 0.1 Cdjm2 at 6 kV.
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Abstract
Metallization patterns are applied to the selection plates of the Zeus panel
to be able to direct the electrons through the substructure to the proper col-
our pixel at the phosphor screen. The patterns, which also partially cover
the insides of the holes in the selection plates, are applied using a subtrac-
tive process with either vacuum-deposited aluminium or wet-chemically
applied silver. Different options for the lithographic resist are discussed,
i.e. a cataphoretic negative resist and a sprayed positive resist. Satisfactory
results have been obtained with both options. Adhesion of the metal to
glass has been accomplished by application of a chromium adhesion layer
in the case ofthe vacuum-deposited metal and by mechanical anchoring in
the case of the wet-chemically applied metallization.
Keywords: Zeus panel, display, selection plates, metallization, patterning,

aluminium, AI, silver, Ag, resist, adhesion.

1. Introduetion

The hopping transport of electrons through the holes of subsequent selection
plates to a phosphor dot at the screen is essential to the functioning of the Zeus
panel [1]. In order to address the proper phosphor dot, selection electrodes must
be present around and inside the holes [2]. To obtain these electrodes a three-
dimensional pattern of metal tracks is applied to the glass plates. The holes in
the selection plates consist of a relatively large 'entrance hole at one side, and
two or three smaller exit holes at the other side of the plate. To effectively
address one of the exit holes the electrodes should extend over the walls of
the exit holes. Figure 1 gives a schematic representation of a selection hole.

To obtain television pictures short switching times are needed. This leads to
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}.mm

Fig. 1. Schematic depiction of a selection hole, indicating the entrance hole, exit hole, typical
dimensions and the location of the metallization.

demands on the RC time of about 0.1 J.LS, which in turn leads to a maximum
allowable track resistance of about I njcm [3]. Typical track dimensions are
a width of about 100J.Lm and a thickness of about 2 to 5 J.Lm. The tracks should
be able to function properly during the entire lifetime ofthe display. The main
difficulties arise from the demands on the metal coverage of the exit holes in
the selection plates and from the adhesion of metal to glass.
To apply the metal to the glass plates a subtractive process is used. First, the

Metallisation process

M3/i'!W.71

.jl;~~ ~o/.~.•:!t... ;t'~!!

Cr/AVCr
evaporation

Fig. 2. Process sequence for the metallization of selection plates.
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entire glass plate is coated with metal. The metal patterns are subsequently
formed by local removal of the metal by means of etching. During etching
the metal pattern is protected by a resist. The process sequence is depicted
in Fig. 2. Different options exist for a number of the above process steps.
The metallization can be either evaporated, sputtered or wet-chemically
applied. Panels have been made with evaporated or sputtered aluminium
and with wet-chemically applied silver. The latter process will be dealt with
in some detail. The resist can be either a negative or a positive one: in the first
case the exposed area of the resist should coincide with the desired metal pat-
tern, in the second case the parts where the metal has to be removed should be
exposed, implying exposure of the holes. Also, the way in which the resist is
applied has been varied. One method is to use an electrophoretic resist, which
has the advantage of forming a homogeneous film both in the holes and at the
surface. An alternative is to spray the resist. Although the hole coverage in
particular is less easy to control, the process costs are considerably less.

Adhesion of metal to glass is not trivial. In the case of vacuum-deposited
aluminium, a thin intermediate layer is applied. The wet-chemically applied
metallization is mechanically anchored to the roughened glass surface. Except
for the interfacial strength, also the effect of glass strength and stress in the
metal film will be treated.

2. Metallization

2.1. Large area, low resistivity and through the hole

The metal used for Zeus selection plates must be a very good conductor.
Aluminium and silver have the desired properties and are sufficiently cheap.
Aluminium has been vacuum-deposited, whereas silver is applied wet-chemi-
cally.

Aluminium can be sputtered or evaporated. Although these vacuum deposi-
tion techniques are not especially suited for the required 'thick' thin film
deposition of 3 to 5pm and the required through-the-hole metallization (see
below) brings about some additional problems, both methods have been
applied with success and were found to be very useful in research and proto-
typing activities. However, fast, reliable and low-cost machines for large
(40 inch and more) panel metallization production are not readily available.
Therefore, a low-cost metallization method for large-size panels was devel-
oped. This process is based on wet-chemical deposition of silver.
The silver electroplating method starts with an electroless silver plating on

the glass and the inside of the holes. This silver layer thickness is subsequently
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increased by silver electroplating to yield the required low-resistivity metalliza-
tion (sheet resistance 10-3 n/D). This all-wet metallization process has been
applied on 36-inch glass plates and it can easily be scaled to larger sizes
when required.

2.2. Sensitization of glass

For the proper deposition of a silver layer by means of an electroless metal-
lization process the surface ofthe glass must be sensitized by the adsorption of
a catalyst. Here, we make use of small palladium particles (see Fig. 3) [4]. A
stable solution of these particles is obtained by mixing aqueous solutions of
palladium chloride in hydrochloric acid, polyvinylpyrrolidone and sodium
hypophosphite. The particles have a negative charge and therefore cannot
be adsorbed directly on the negative glass surface. In order to achieve adsorp-
tion, the surface of the glass is modified with an aqueous solution of 3-amino-
propyltriethoxysilane. The resulting surface is positively charged at the pH of
the palladium solution and has a high affinity for the palladium particles.

2.3. Electroless silver

The electroless silver layer was deposited from an aqueous solution contain-
ing [Ag(NH3h]+ and sodium tartrate [5]. The solution is thermodynamically
unstable, but kinetically stable. For initiation of the electroless deposition a
catalyst is necessary. As described above, our glass substrates are made cata-
lytically active to increase the reaction rate locally. Once deposition has
started, the silver layer serves as the catalyst. The deposition process can be
described by the summation of the following reactions:

8Ag(NH3)i + 8 e" --+ 8 Ag + 16NH3

e4H40~- + 12OH- --+ e20~- +2 eo~- + 8 H20 + 8 e-
2 eo~- + 10 NH3+ 12 H20--+2 HeO) + 10 NHt + 12 OH-

During deposition the composition ofthe electroless solution changes. The pH
is lowered, which results in a decrease of the reaction rate. Even more impor-
tant is the decrease of the Ag(NH3)i concentration which is accompanied by
an increase of the NHt concentration. Both concentration changes have a
negative impact on the reaction rate. The performance of the electroless silver
bath can be maintained by replenishing the solution with silver nitrate and
increasing the pH.

424 Philip. Journalof Research Vol. 50 No. 3/4 1996



Application of metallization patterns to glass

Fig. 3. TEM image of nano-sized palladium particles.

Fig. 4. Metallization pattern as used for three-fold selection. The metal tracks are represented in
white, the exit holes are surrounded by the metal track and are internally metallized, the three-leaf

shaped entrance holes (dark) are free of metal.
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Fig. 5. Cross-section of a hole in a selection plate, showing the entrance hole (at the bottom) and
one of the exit holes (at the top). The metallization is restricted to the exit holes.

The specific resistance of the deposited silver layer is 4 to 8 mfzcm, a few
times the bulk value of silver. It has been demonstrated that a layer of
ûl um, which corresponds to a sheet resistance of 0.4 to 0.8 nlo, is sufficient
for use as a plating base. A well tuned bath has a growth rate ofO.5l1m/hour at
25°C, a long lifetime and a high depletion efficiency.

2.4. Electroplating

Electroplating is performed in a KAg(CNh/KCN standard plating solution
with silver anodes using 1A/cm2 current density. The uniformity ofthe deposi-
tion was better than 30% when comparing the edges with the centre of the
selection plates. A 1.511m thick silver layer is deposited. The sheet resistance
of this layer is about 10-3 nlo which is sufficiently low to obtain a response
time of O.ll1s.

3. Patterning

The photolithographic process for the Zeus panel is a very intriguing semi-
3D litho process. There are of the order of one million holes in a panel which
require metallization of only a part of the side wall. It is definitely not a sub-
micron problem, however. Typical line-width and spacing distances are
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100J.Lm on rough glass. The patterning method is similar for both the alumi-
nium and the silver metallization.
Figure 4 shows a metallization pattern for one of the selection plates of the

Zeus panel. A typical example of the desired partial metal coverage of the
selection holes is shown in Fig. 5. An exit hole is typically 150pm deep and
200 J.Lm wide. The walls of these exit holes should be covered with metal, while
the entrance holes should not be covered. In a subtractive photolitho process
this means that the walls of the exit holes must be protected with resist. It is
essential that the entrance holes are free of metal after processing. Therefore,
no resist should be present at the walls of the entrance holes.

3.1. Resist

For partial coverage of metal by resist there are basically two photolitho-
graphic options: partly applying resist or partly exposing resist. The methods
used are based on the latter. One of the methods, that has been applied with
success, makes use of a cataphoretic negative working resist. The resist is
deposited by immersing the plates in a solution with charged resist 'particles'
and applying an electric field. The metal surface is then electrophoretically
coated with resist. There is no problem with side-wall proteetion therefore.
Exposure with highly collimated light leaves the entrance holes unexposed.
The resist pattern is obtained by washing-out the unexposed resist. Now, the

metal is patterned by etching. In case of silver, a ferri-nitrate solution is used.
After stripping of the resist, which is done by burning-off at 450°C in air, the
patterned silver tracks on glass become visible. Etched silver can be extracted
from the ferri-nitrate solution and re-used.
Unfortunately, cataphoretic resist options are relatively expensive. How-

ever, spraying of resist is also a feasible technology for the Zeus panel. This
was first demonstrated by using the cheaper, well known novolak-type positive
working resist. The spray technology was tuned to give sufficient coverage of
the metallization within the exit holes while keeping the entrance holes free
from deposits. Due to the semi-dry character of spray deposited resist, de-
wetting ofthe sharp edges ofthe holes is prevented. The metal surface is rather
rough, so a rather thick resist layer is required for proper lithography. A few
pm thick resist layer is needed on the hole side-walls. In cataphoretic resist
options, this does not pose too many additional problems. To a first approx-
imation, the layer thickness on the side-walls equals that of the flat top. Spray
coated layers, however, tend to be much thinner on side-walls than on the flat
top surface. A surface thickness of 15 J.Lm was required for proper coverage
and proteetion of the silver in the holes. For most common novolak type
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resists an excessive exposure dose would be required to expose the resist down
to the bottom and to be able to dissolve it. Therefore, a special UV transparent
and extra fast resist was selected, the OCG ASPR 5503.

Still cheaper options can also be considered, e.g. the spraying of a (negative
working) bichromate sensitized casein resist. Patterned glass plates have been
manufactured in this way.

3.2. Exposure

The use of a vacuum chuck is common practice to fix the position of sub-
strates. Unfortunately, a vacuum chuck is not suited for a substrate with as
many holes in it as a Zeus glass plate. However, the substrate can be made
'vacuum tight' by covering it with a transparent foil. This foil also acts as a
proteetion for the mask surface when contact exposure is applied. Exposure,
contact or proximity, is performed with a collimated light source.

Negative working resist is fast, but should be exposed on the exit hole side-
walls. Positive resist must be thoroughly exposed on the relatively thick flat
area. For both systems, an exposure dose of 1J/cm2 was sufficient. A good
line definition can be obtained with proximity gaps as large as 400 f.Lm in com-
bination with the required exposure dose. This is illustrated in Fig. 6, which
shows the line-width as a function of the exposure dose for ASPR 5503.

4. Adhesion

The metal patterns should adhere sufficiently well to the glass to ensure that
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Fig. 7. Cross-section of a metallized glass surface showing the anchorage of the metallization in
surface grooves.

no lifetime problems will occur due to loosening of the metal. As the metal
layer should have sufficient mechanical strength for contacting and delamina-
tion during processing must be avoided, some minimum requirements with
respect to the behaviour in pull-off and peel tests have to be met.

In the case of the aluminium metallization a thin chromium interlayer is
applied between the glass and the aluminium film. Although it has been found
that this film is not absolutely necessary to ensure good adhesion in the case of
impurity-free aluminium on a thoroughly cleaned glass substrate, the presence
of such a layer is beneficial when the conditions are less optimal.

The metal films are relatively thick. Therefore, care should be taken that
built-in stress in the layer does not become too large. If the metallization is
applied single-sided, too much stress will lead to bending of the plate, which
is unacceptable during the litho processing. A high stress level in the metal
layer might also result in failure in the glass substrate due to slow crack
growth.

The main source of stress in the end product will be due to the difference
between the thermal expansion coefficients of glass and aluminium, and to
the yield temperature of the deposited film, as the layers are heated above
the yield temperature during processing of aluminium. The presence of con-
taminants is known to have a pronounced effect on the stress in aluminium
films. Especially, it is of importance that the oxygen content in the aluminium
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layer is less than 0.1%, as a higher oxygen content leads to an unacceptable
increase of the built-in stress.

The wet-chemical metallization derives its adhesion from mechanical ancho-
rage to the substrate (Fig. 7). A similar method for adhering metal to glass has
recently been described [6].Prior to metallization the substrate is mildly sand-
blasted. The cracks which result from this process are subsequently etched in
order to obtain a surface with many grooves. The groove width and depth
depend on the sandblasting conditions and the etching reaction. In Fig. 8
the effect of etching time is illustrated. At short etching times the grooves
have very small widths and rupture of the thin metallayer inside the groove
is relatively easy. On the other hand, the grooves should not be broadened
too much, because that will lead to diminished anchorage, as is demonstrated
by the relatively small peel energies after prolonged etching. At the optimal
groove dimensions, resulting after intermediate etching times, the metallayer
can only be removed from its anchoring position at the cost of strong plastic
deformation, resulting in very high peel energies.

S. Conclusions

Metallization patterns, which act as addressing electrodes, are applied to the
Zeus panel selection plates. Typical pattern dimensions are a width of 100/-Lm
and a thickness of 2 iu». The metallization patterns should partially cover the
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selection holes. Although some difficulties arise from the latter requirement, a
number of process options leading to the desired patterns has been developed.
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Abstract
In the Zeus display panel, as in other flat-panel cathode ray tubes, the
anode voltage is limited to a few kV. The effects of the anode voltage on
phosphor screen performance are discussed which include energy conver-
sion loss processes at the phosphor surface and variation of the number
of luminescent centres available. Phosphor efficiency saturation has been
measured in the range of 1 to 10kV, using a pulse-width-modulation
scheme. The luminance performance at different excitation conditions is
predicted and confirmed experimentally.
Coulomb degradation of phosphor screens is shown to increase with

decreasing anode voltage. Novel ultra-thin and dense anti-degradation
coatings have been developed for zinc sulphide phosphors which effectively
prevent fast degradation due to chemical surface reactions. In this way a
satisfactory solution has been found to obtain in the Zeus display a lumi-
nance level about equal to the best conventional tubes.

Keywords: Zeus, low voltage phosphors, saturation, phosphor lifetime,
degradation, anti-degradation coatings.
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PHOSPHOR SCREENS FOR FLAT CATHODE
RAY TUBES
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1. Introduetion

In the Zeus panel, phosphor screens convert the energy offast electrons into
visible light. However, the electron energy is limited by the high-voltage stabi-
lity ofthe screen spaeer as discussed in ref. [1].As in cathode ray tubes for tele-
vision receivers the phosphor screen is coated with phosphor powder layers
with mean particle diameters of 3 to 7 J.1.m. The thickness of the powder layer
is about twice the mean particle diameter. In standard cathode ray tubes the
screen is covered with a thin aluminium film of about 0.2 J.1.m thickness. Due
to anode voltages of about 30kV, electrons penetrate the aluminium layer
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Fig. 1. Scheme of electron penetration depth (shaded area) at different anode voltages for a 5 Jlm
diameter phosphor particle.

without significant energy loss. The optical properties of the screen are
determined by scattering and absorption in the phosphor layer and the reflec-
tivity of the aluminium layer. At the optimum theoretical performance,
about 80% of the generated light leaves the screen in the forward direction
towards the viewer [2]. Phosphor materials to be used depend on type of
tube and display.

For colour television sets based on cathode ray tubes, two approaches exist.
With a direct view set employing a so-called shadow mask tube, the viewer
looks directly at the picture on the tube. The shadow mask is a metal plate
with holes, serving as a colour selector for the three electron guns, each gun
addressing one colour. The other approach is a projection set, where the
picture is created on small monochrome tubes (one for each primary colour)
and then projected on a large screen by an optical system [3].

Phosphor materials applied are inorganic solid-state materials, optimized
for energy conversion efficiency, with chromaticities close to the European
Broadcasting Union specification, with short decay times to ensure the
artefact-free reproduetion of television pictures and with stability under
prolonged electron excitation. The past sixty years of research effort in this
field pushed the luminescence properties of these materials to the physical
limits.

The luminescence spectra, and hence chromaticity of cathode ray phos-
phors, are independent of anode voltage. However, with decreasing anode
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voltage the electron penetration depth decreases proportional to the anode volt-
age to a power between 1.6 and 2. Figure 1 illustrates the relation of electron
penetration depth at different anode voltages, compared to phosphor particle
dimensions. Due to diffusion of excited charge carriers and non-radiative
recombination via surface electronic states, the conversion efficiency of elec-
tronie energy into visible light decreases. Additionally, the relative electron
energy loss at non-luminescent coatings like the aluminium layer or other
so-called dead layers like inorganic phosphor coatings, increases. Furthermore,
a decreasing number of bulk luminescence centres participate in luminescence
with sometimes severe consequences for phosphor efficiencyat peak luminance
and for lifetime.
Although the efficiency of low-voltage phosphor screens is always less than

that of conventional 30 kV screens, the luminescence efficiency of flat panel
phosphor screens can be superior to conventional screens or sets for anode
voltages above about 4kV ifthe shadow mask for direct view television tubes
and the losses of the optical system in projection sets are taken into account.
In conventional direct view cathode ray tubes about 80% of the electron
energy is lost at the shadow mask. The transmission of the optical system
in a projection television set is below 10%.

In Sec. 2 of this article we will describe the physical processes governing
low-voltage excitation of cathode ray phosphors in a Zeus display and com-
pare the attainable performance with 30 kV operation in a conventional
tube. Experimental methods for determining the phosphor performance
parameters, independent of the electron beam profile, will be described in
Sec. 3. In Sec. 4 the attainable white luminance of three colour phosphor
screens will be given for different excitation parameters, calculated from
experimental data of relevant cathode ray phosphors. In Sec. 5 a model for
the voltage dependence of phosphor lifetime will be presented to predict low
voltage phosphor degradation from 30kV data. A new development of anti-
degradation phosphor coatings for zinc sulphide phosphors, which is manda-
tory for flat panel display application of these materials, will be described in
Sec. 6. In the final section the conclusions will be summarized.

2. Phosphor efficiency

Phosphors for cathode ray excitation are inorganic crystals consisting of
a host lattice, which contains activators raised to excited states by electron
energy transfer. The excited state returns to the ground state byemission of
radiation. An introduetion into the field ofluminescent materials can be found
in the book of Blasse and Grabmaier [4].
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2.1. Voltage dependence of cathode ray efficiency

Absorption of electron energy in solids results in creation of electrons
and holes which finally thermalize to band gap energy. Processes leading to
the formation ofthermalized electrons and holes are the creation ofplasmons,
core hole ionization followed by Auger transitions, generation ofX-rays, and
optical phonon creation. For anode voltages below about 30kV, X-ray
generation is below one percent of the total deposited electron energy and
the energy lost to optical phonons is even less.

Excited carriers transfer their energy to the luminescence centres, or recom-
bine non-radiatively via electronic states within the band gap. According to
a treatment of Robbins the cathode ray efficiency TJ of phosphors is described
by [5]:

(1)

where rb is the fraction of electrons back-scattered, hVem is the mean energy
of emitted photons, TJt> TJa, and TJesc denote the efficiency of electron hole
pair transfer to the luminescence centres, radiative recombination at the
luminescence centre, and escape of visible light. The average energy to create
one electron-hole pair (with band gap energy Eg), ~Eg, has been shown to
depend on the dielectric constants EO and Eeo of the phosphor and the
frequency of longitudinal optical phonons [5]. The values of ~ range from
about three to seven. Phosphors developed for cathode ray excitation
operate at the physical limit with TJa and TJesc equal to one. Thus eq. (1)
simplifies to:

(2)

Both, ~Eg and hVem are independent of the incident energy of the exciting elec-
trons. At normal incidence, the back-scattering coefficient rb increases with
atomic number Z. For Z between 15 and 30, rb is approximately independent
ofthe energy ofthe incident electrons in the range of I to 100keV and amounts
to 20 to 30% [6].In conclusion, the voltage dependent number of eq. (2) is the
transfer efficiency of electron-hole pairs, TJt.
The accelerating voltage dependence of phosphor efficiency has been

successfully analysed by various authors considering non-radiative lumines-
cence at the phosphor surface in combination with ambipolar diffusion of
charge carriers [7,8]. Assuming the crystal dimensions to be large compared
to the electron range R and the diffusion length of the charge carriers, the

436 PhIIlps Journal of Research Vol. SO No. 3/4 1996



0.4 o lOORIUAg
• lilRIUAg
o ~RIUAg
D l<XXlRIUAg

Phosphor screens for flat cathode ray tubes

0.8

0.6

02

o.o~ __ ~ -+-+ ~

o 2 468 ID U M ffi ffi ~

~Vdtage[kV]

Fig. 2. Phosphor efficiency11/110of ZnS:Ag,AI phosphors with different Ag concentrations. The
aluminium concentration is about three times the silver concentration. Lines are least square fits

to eq. (6).

problem can be treated one-dimensionally. The electron range R is assumed to
depend on V as

(3)

where K and b are material constants. For a uniform energy distribution over
the total range, Gergeley solved the diffusion equation and obtained for the
voltage-dependent (transfer) efficiency, normalized to unity [8]:

_ .[1- exp( -~)]
11- 1- Q (~) ,

(4)

where Q is a surface recombination loss parameter and L is the ambipolar
diffusion length.
The penetration of fast electrons in solids has received much experimental

and theoretical attention (see e.g. ref. [9]). The material parameter primarily
determining the electron range R is the density p of the solid. Throughout
this work we will use the relation:

(5)

With this voltage range relation eq. (4) can be expressed in terms of
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TABLE I
Phosphor data. The surface recombination loss parameter Q and the charac-
teristic voltage Vo corresponding to the ambipolar diffusion length L have
been deduced from least square fits to eq. (6) to data of Figs 1 to 3. Phosphor
efficacy is given for large anode voltages. For ZnS:Ag the efficacy is given as

the relative energy conversion.

Phosphor Q Vo p[gjcm3] L[Jlm] Efficacy

ZnS:Ag (100ppm Ag) 0.72 2.59 3.98 0.057 20%
ZnS:Ag (250 ppm Ag) 0.74 2.41 3.98 0.050 20%
ZnS:Ag (500ppm Ag) 0.71 2.00 3.98 0.037 18%
ZnS:Ag (1000 ppm Ag) 0.71 2.04 3.98 0.038 14%
Y203:Eu9.8Jlm 0.53 1.93 5.05 0.027 251mfW
Y203:Eu2.6Jlm 0.85 1.29 5.05 0.014 241m/W
Y2SiOs:Tb 0.57 1.57 4.43 0.022 401mfW
LaOBr:Tb 0.67 1.97 6.13 0.025 601m/W

_ 1_ .[1- ex
p
( -for67

]

~ - Q (:'Y" .
Equations (4) and (6) are valid for anode voltages down to a few hundred

volts. Then electrical conductivity and charging phenomena become domi-
nant, reducing phosphor efficiency below the predictions from this model.
For high phosphor efficiency at low anode voltages both the surface recombi-
nation loss parameter Q and the electron diffusion length L have to be small.
A small electron diffusion length demands high activator concentrations.
Figure 2 depicts the voltage-dependent efficiency of blue emitting zinc sulphide
phosphors with different silver activator concentrations. For these phosphors
the surface recombination loss parameter Q is about 0.7, independent of the
silver concentration. The diffusion length decreases with increasing activator
concentration up to about 500 ppm silver. Higher silver concentrations do
not decrease the diffusion length further (see Table I). This effect can be demon-
strated for other phosphor and activator systems as well. However, with higher
activator concentrations the (high voltage) phosphor efficiency decreases
due to activator interactions, also leading to non-radiative recombination

(6)

accelerating voltage Vand a characteristic voltage Vo = (pL/0.046)1/1.67
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(concentration quenching). The surface recombination loss parameter Q
describes non-radiative recombination at localized states at the phosphor sur-
face. These states result from defects and deviations from the periodic crystal
potential. So a defect-free crystal surface is expected to result in low Q values.
On the other hand, the crystal surface as such is an abrupt breakdown of the
potential periodicity of the crystal. From basic quantum mechanics, this
directly leads to localized electronic states within the 'forbidden' zone. There-
fore, the efficiency at low anode voltages will always be inferior to the high
voltage phosphor efficiency. Figure 3 displays the voltage-dependent efficiency
of red Y203:Eu phosphors having different grain sizes, the europium concen-
tration being identical. For the phosphor with a median grain diameter of
9.8Ilm, the surface loss parameter Q is 0.53. For the phosphor with medium
grain diameter of2.6llm it is 0.85. Additionally, the diffusion length of excited
carriers in the smaller size phosphor is smaller than in the phosphor with larger
grain sizes, originating from a reduced transfer efficiency in the phosphor bulk
leading to reduced phosphor efficacy. Table I summarizes the phosphor para-
meters deduced from least square fits to eq. (6). The voltage Vo has been trans-
formed to the ambipolar diffusion length L for excited charge carriers, using
eq. (5).

Figure 4 displays voltage-dependent efficiency data of two green terbium
activated phosphors. Again, the surface recombination loss parameter is
above 0.5. In our experiments, the value of Q =0.5 appeared to be about
the minimum surface recombination loss parameter of phosphors under
cathode ray excitation. In addition to the non-radiative recombination at
surface electronic states, the low-voltage phosphor efficiency is reduced by



H. Bechtel et al.

Terbitm'
8nspIms

0.2

O.OI.j__--+:--:!-+:--:~":"",,,:,o:---:o:--:I
024 6 8 ID U M ffi lli W

Accelerating Voltage [kV]

Fig. 4. Phosphor efficiency 11/110 of two terbium activated phosphors. Circles: Y 2SiOs:Tb and
triangles: LaOBr:Tb.

non-luminescent phosphor coatings, which are essential in screen manufactur-
ing processes. Figure 5 displays the voltage-dependent efficiency of a red
y203:Eu phosphor without and with a 0.2 wt% silicate coating. The silicate
adheres as small grains to the phosphor, covering only part of the phosphor
surface. Again, the experimental data can also be described by eq. (6), though
strictly, the fitted parameters become meaningless. Also, other processes like
screen deposition, baking, etc. required for cathode ray tube manufacturing
further decrease the efficiencyat low anode voltages. In all cases, eq. (6) turns
out as a useful tool for the fitting of experimental data.
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Fig. 5. Phosphor efficiency 11/110 of Y 203:Eu phosphors. Circles: phosphor as prepared. Squares:
phosphor coated with 0.2 wt% Si02. Lines are least square fits to eq. (6).
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Here,jsO%is the energy density per pulse for which the phosphor efficiencyis
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3. Saturation

It is a well-known phenomenon that the efficiency of cathode-ray phosphors
decreases with high excitation densities, generally referred to as saturation.
The excitation density is high if the electrical energy in an excitation pulse
transfers a considerable fraction of the luminescence centres to their excited
state as described in the activator ground-state depletion model. With decreas-
ing anode voltage the number ofluminescence centres available decreases with
the penetration depth of the exciting electrons. Thus phosphors begin to satu-
rate at even lower energy input. It will be shown that the phosphor efficiency
can be described well by two parameters, the so-called efficiencyunder station-
ary excitation 11stat., and ÏsO%. In case of 11stat.=0, jSO% is the energy density
for which the excitation is halved. A method for measuring these parameters
by using a pulse-width-modulation scheme will be described.

3.1. Activator ground-state depletion

Already in 1949Bril developed an activator ground-state depletion model to
describe the efficiency saturation of phosphors [10,11]. The basic equation
derived for the phosphor efficiency 11/110 of phosphors is:

11
110

(7)

where N is the concentration of luminescence centres, t the decay time, 1::.t the
excitation time and g is proportional to the rate of centre excitation per unit
volume. Besides the rate of centre excitation, the duration of the excitation
pulse 1::.t relative to the phosphor decay time • plays the dominant role
for saturation behaviour. For 1::.t/.» 1, the efficiency value for the so-called
stationary excitation 11stat. is derived from eq. (7) as:

lim 2l=11 = N
~-+oo 110 stat N +g. (8)

For 1::.t/. « 1, efficiency saturation 11/110was shown by Klaassen et a!. [12]
to be a unique function of gL::..t,which is proportional to the so-called excita-
tion energy density per pulsej. In this case, eq. (7) in a linear approximation of
the exponential term reads:
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Fig. 6. Schematic experimental set-up for the pulse-width modulated efficiency saturation measure-
ment. The fast beam blanking facility is a modification to a VG LEG500 electron gun.

halved. Generalizing these considerations, eq. (7) can be written in a linear
approximation for all timing situations as:

11
110

1 - l1stat----=. c.:..__+ l1stat.
1 +. }

JsO% (1 - l1stat)

(10)

In case the energy density is varied by varying the duration ofthe excitation
pulse t:::..t, the efficiency under stationary excitation l1stat is a constant
parameter (cf. eq. (8)).

3.2. Saturation under pulse-width modulation

3.2.J. Experimental

Figure 6 displays the experimental configuration used for the measurement
of phosphor saturation under pulse-width-modulation. Measurements are
performed in an electron microscope, using an electron gun with a fast
beam blanking facility [13]. The electron beam rise time is about 10 ns. The
electron beam profile is determined from a current measurement during a
line scan over a Faraday cup with 100 urn aperture. The differentiated current
(for about a 20 um diameter spot) is perfectly described by a Gaussian function
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for the radial dependence of the electron beam current I(r):

(11)

The peak current density 10 is calculated from the total current Itotal by:

(12)

The peak energy density jo for the Gaussian profile is calculated from
jo = Ulo D.t, where U is the anode voltage. Under pulse-width modulation
of the electron spot, the measured efficiency is the average of the saturation
function of eq. (10) over the excitation profile, calculated by:

11 1 Joo ( 1 - 11stat ) (( r ) )-=-2 . +11stat exp - 2" dF.
110 7t r sOl + . J r s

Jso%(1 - 11stat)

(13)

This integral is solved to:

~ = ~~: + (1 ~s~:tatJ In (1 + ~ + l11stat ). (14)
jo (1 - 11stat)

Equation (14) has been applied successfully for the description of a large
number of pulse-width-saturation measurements.

Electron currents were measured with Keithley 617 electrometers operated



H. Beehtel et al.

0.0
Excitation tim: Ill. [j1sec]

1 100

0.01 100
Energy demity .io [rnJ/cnr]

Fig. 8. Efficiency1]/1]0 of a Y202S:Eu phosphor as a function of the energy density at 5kV anode
voltage. The duration of the excitation pulse 6.1 is also indicated in the figure. The line is a least

square fit to eq. (14). Fitted parameters are indicated in the figure.

in DC mode. Usually, the pulse width has been varied from 50ns to 100J.lS,
using a programmable pulse generator DG 535 from Stanford Research
Systems. Luminescence was detected with a photo-multiplier tube (PM)
having a photo-cathode of spectral T-type (S20). Neutral filters in front of
the PM were employed to ensure that the PM signal varied linearly with the
luminescence intensity. Although the DC current through the PM tube was
low, non-linearities in the photo-cathode of the PM still occurred due to
very high intensities in the excitation pulse.

Phosphor materials were fixed on metal sample stubs with an organic glue,
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Fig. 9. Energy density for which the efficiency is halved (for short excitation pulses) jSO% and
the corresponding efficiency of stationary excitation 1]stat. at 5 kV as a function of the peak
current density 10. As expected,jso% is constant over the current density varying about two orders

of magnitude.
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Fig. ID. Energy density for which the efficiency is halved (for short excitation pulses)jso% as a func-
tion ofthe anode voltage U. Fulllines are least square fits to equation (15), as indicated in the figure.

which was subsequently removed by firing the stubs at 440°C in air for 1h.
With this setup the saturation parameters have been measured, independent
of electron beam profiles. These served as input for luminance predictions of
colour phosphor screens. The low total beam current used for this measure-
ment completely excluded temperature effects during the excitation, which
can otherwise significantly influence the phosphor performance.

3.2.2. Results and discussion

Figures 7 and 8 show two representative results of measurements of phos-
phor saturation under pulse-width modulation. Efficiency data are plotted
as a function of the peak energy density jo = U 10 D.t of the Gaussian spot
profile of the electron beam. The excitation pulse length is indicated as a sec-
ond abscissa. The data have been fitted to eq. (14).Despite the simplicity ofthe
underlying model, our experimental data could be described pretty well for a
number of different phosphor materials.

Figure 9 shows the variation ofthe parametersjsO% and llstat as a function of
the beam current density 10. As predicted by the underlying activator ground-
state depletion model, the energy density for which the efficiency is halved,
jsO%, at excitation pulses which are small compared to the decay time of the
phosphor, is constant, independent of the current density.

Figures 10 and 11 display the j50% parameters for a number of relevant
phosphors as a function of the anode voltage. According to the activator
ground-state depletion model,jso% is proportional to the number of activator
centres available for excitation. Therefore, we expect ho% to vary with the
anode voltage according to eq. (3). Additionally, we assume that the minimum
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number of luminescence centres is defined by the migration of excited carriers
into the phosphor bulk. The data ofFigs 10 and 11 have been fitted to eq. (15),

j50% = D + UY, (15)
where U represents the anode voltage in kV and D is a constant proportional
to the migration depth of excited carriers at high excitation levels. For decreas-
ing anode voltage phosphor saturation is no longer governed by the activator
concentration only, but also by the depth of migration of excited carriers
under high excitation densities. The exponents y deduced from the data range
from 1.7 to about 2.5, with higher values for the zinc sulphide phosphors.

4. White luminance and efficacy of colour phosphor screens

The luminance L of a phosphor screen excited by fast electrons is a function
of the power density P deposited, multiplied by the efficacy of the phosphor
screen and divided by n. The efficacy is divided into a so-called screen efficiency
term T]screen, accounting for the number of photons leaving the screen towards
the viewer relative to the number of photons created, and the load dependent
phosphor efficacy llphosphor:

L[Cd/m2] = llsc~een x llphosphor ( U;j; ~t) x P[W 1m2]. (16)

Equation (16) is valid for each primary phosphor colour. In order to obtain
the white luminance, the required luminance of the primary colours has to be
calculated according to the rules of colour mixing which can be found in text-
books, e.g. [14].
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Fig. 12. White D65 luminance L as a function of the screen power density for various phosphor
combinations for 5kV lOOHz excitation. Active phosphor area is 40%, with an optical screen

efficiencyof 45%. Maximum duration of the excitation pulse is 51!s.

Although the screen efficiency varies with anode voltage for a given struc-
ture of the phosphor screen, it will be treated here as a constant. Thus, the
phosphor efficacycontains the dependence on anode voltage, i.e. the linear effi-
cacy and, very important, the efficacy at high excitation densities. From the
activator ground-state depletion model two parameters determine the phos-
phor efficiency saturation. Firstly, the energy density j which is determined
by the picture repetition rate RR and the power density Plocab

. P10cal
J= RR (17)

and, secondly, the maximum excitation time relative to the decay time of the
phosphor, tltf'r.. Particularly, phosphors with short decay times « 50 us) are
favourable for line-at-a-time addressing modes.

Equation (17) describes the relation between the local power density P10cab
the picture repetition rate RR and the energy density j. The subscript 'local'
points to the fact that usually only part ofthe screen area is active in a display,
due to pixel separation, vacuum support and black areas (black matrix) for
contrast improvement under ambient illumination.

Figures 12 and 13 display the white D65 (x=0.313, y=0.329) luminance of
three-colour phosphor screens as a function of the total power input at 5 kV
anode voltage excited at 100 and 25 Hz, respectively. The calculations are
performed assuming pulse-width modulation with maximum excitation times
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Fig. 13. White D6S luminance L as a function of the screen power density for various phosphor
combinations for 5kV 25Hz excitation. Active phosphor area is 40%, with an optical screen

efficiency of 45%. Maximum duration of the excitation pulse is 20J,lS.

of 5 and 20 us, respectively. The optical screen efficiency is set at 45% for a
phosphor screen without aluminium backing layer, but with some reflection
from the vacuum support. Furthermore, it is assumed that 40% of the total
display area is excited at constant power density. The electrical power density
is the sum of the power density on the red, green and blue phosphors. Due to
the different saturation behaviour of the phosphors, the power ratio between
red, green and blue phosphors changes as a function of the white luminance.

Repetition rate [Hz]

Fig. 14. The white D6S efficacy Tl for the phosphor combination Y 203:Eu, Y2SiOs:Tb, ZnS:Ag at
5 kV anode voltage as a function of the luminance L and the picture repetition rate at 40% excited

phosphor area.
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Fig. IS. The white D6S efficacy Tl for the phosphor combination Y 203:Eu, Y2SiOs:Tb, ZnS:Ag at
5 kV anode voltage as a function of the luminance L and the excited phosphor area at a picture

repetition rate of 100 Hz.

The phosphor combination used in conventional cathode-ray tubes,
y202S:Eu, ZnS:Cu and ZnS:Ag, is included. As can be seen from Fig. 12, at
100Hz the green ZnS:Cu phosphor is the limiting factor. After replacement
of ZnS:Cu by Y2SiOs:Tb phosphor, the luminance at constant power density
can be further improved by replacement ofY202S:Eu by Y203:Eu and then by
introduetion of CaS:Ce instead of Y2SiOs:Tb. The calcium sulphide phos-
phors activated with cerium and europium for green and red luminescence,
respectively, are particularly interesting for this application because their lumi-
nescence decay time is below l us. The advantage of the fast decay time
becomes obvious at 25Hz excitation with a longer excitation pulse duration
of 20 IlS, as depicted in Fig. 13.

Figures 14 and 15 display the screen efficacyat 5 kV anode voltage, i.e. the
product of screen efficiency and phosphor efficacy, as a function of white
luminance, picture repetition rate and excited phosphor area, respectively,
for the phosphor combination Y203:Eu for red, Y2SiOs:Tb for green and
ZnS:Ag for blue. From these figures it becomes obvious that both parameters
are able to decrease the efficacy severely and thus limit the attainable
luminance of a display. Figure 16 depicts the screen efficacy for the above
mentioned phosphor combination as a function of luminance and anode
voltage. Now the excited phosphor area is set to 40%, and the picture repeti-
tion rate to 100Hz. As it becomes obvious from this figure, the efficacy
decreases considerably for anode voltages below 3 kV.

The luminous efficacy of phosphor screens in colour CRT displays is about
61mjW for a white D6S image (assuming 100% glass transmission). The power
requirements for the addressing and electron transport in the Zeus display are
similar to those of a CRT display for electron beam deflection and generation
[15]. For anode voltages above about 3 to 5kV the efficacy of three-colour
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Fig. 16. The white D65 efficacy 1] for the phosphor combination Y 203:Eu, Y2Si05:Tb, ZnS:Ag as a
function of the luminance L and the anode voltage U.

phosphor screens with adequate phosphors is larger than 6Im/W, even at peak
luminance, so that the luminous efficacy ofthe Zeus display is similar to a CRT.

5. Phosphor degradation

A generally accepted theorem to characterize phosphor degradation states
that, at constant anode voltage U, degradation is a function of the accumu-
lated charge dose Q [Cfcm2

]. The Coulomb law of degradation describes the
decrease of luminous intensity I/Ia as:

I

1+ __g___
QsO%

QsO% is the charge dose for which the efficiency ofthe aged phosphor is halved.

(18)
10

1~'------------------------'

100

ZnS:Cu (green)

ZnS:Ag (blne)

1000

o 4 8 12
U[kV]

16

Fig. 17. Accumulated charge dose of a three-colour display after 10000 hours operation at an
average white D65 luminance of 200 Cd/rrr' as a function of the anode voltage U.
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Fig. 18. Screen efficacy of the three primary phosphors, ZnS:Ag (blue), ZnS:Cu (green), and
y202S:Eu (red) as a function of the anode voltage U. These data have been used for Fig. 17.

5.1. Charge deposition at different anode voltages

The charge dose Q accumulated on a phosphor screen is determined by
the time of operation t and the average current. The latter is determined
by the desired average luminance Lav, the efficacy of the phosphor screen
l1scr and the anode voltage U:

t.;Q =1[·t·_-.
U'l1scr

Figure 17 displays the charge dose deposited on the phosphor screen of a
colour display after 10000 hours of operation as a function of anode voltage
ifthe average white D6sluminance is kept at 200 Cd/m2 (equal to the phosphor
screen luminance of a modern black matrix CRT). The charge dose increases
with decreasing anode voltage for two reasons: firstly, current has to be
increased in order to keep the electrical power on the phosphor constant
and, secondly, phosphor efficiency decreases because of non-radiative losses
at the phosphor surface [8]. The phosphor screen efficacies used for this
calculation are shown in Fig. 18 as a function ofthe anode voltage. Phosphor
efficiency saturation phenomena [13] have not been taken into account.

(19)

5.2. Degradation mechanism at 30 kV

In a particle-particle interaction the maximum energy transferred from
30 kV electrons to atoms does not lead to atom displacements in the lattice
due to the large mass differenceof electrons and lattice atoms or ions. However,
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Fig. 19. Relative power fraction dissipated*~as a function of depth x at different anode voltages
calculated for a phosph~r of mass density p= 3.98 gfcm3•

the microscopie origin of phosphor degradation at 30 kV has stillbeen identified
as lattice defect generation. Possible mechanisms involve electronic excitation
of the system and subsequent conversion of excitation energy into kinetic energy
of lattice ions [16,17]. A phosphor degradation study has been performed in
cathode-ray tubes for projection television at 30 kV anode voltages. The phos-
phor degradation Ij 1o after deposition of 300 Cjm2 varies from 0.8 for Y203:Eu
and Y2SiOs:Tb phosphors to 0.65 for ZnS:Ag. The glass browning usually
occurring in these experiments has been carefully subtracted.

5.3. Calculation ofthe expected Coulomb degradation at different anode voltages

Since the phosphor degradation at 30 kV is caused by electronic excitation
processes, we assume that the bulk degradation of phosphors, as a function
of anode voltage V, scales with the volume energy density deposited in total
time of operation.

From experimental results on the transmission of electrons through thin
films Makhov [18] concluded that the electron beam power per unit area
P(x) at a depth x can be approximated by:

P(x) = Po exp( _X2 _ XO.9)

with
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Fig. 20. Calculated phosphor efficiencydegradation for different anode voltages, scaling to the
degradation at 32kV by the energy volume density as a function of the accumulated charge.
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where p is the mass density [mg/cnr'], x the depth [Jtm] and V the anode voltage
[kV]. Po is the power ofthe incident electron beam. Figure 19shows the power
dissipation for different anode voltages as a function of x.

The electron beam energy per unit area E(x) at a depth x, deposited during
display operation is related to the deposited charge per unit area Q as:

E(x) = Q[Cjcm2j. dPjodX .v. (21)

The luminous intensity Iof a degraded phosphor screen is then calculated
by integration over the penetration depth x according to

1= J Io(x) dx.
1+ E(x)

E50%

(22)

PhIIIps Journal of Research Vol. 50 No. 3/4 1996 453

The initial intensity per unit area Io(x) at a depth x is related to the integrated
initial intensity 10 of a not degraded phosphor screen:

T ( ) _ 1. dP/dx
10 x - o: ----p;;-' (23)

Figure 20 displays the drop in efficiency 1/10 according to eqs (22) and (23)
for different anode voltages as a function of the accumulated charge dose Q.
The increased volume power density at lower voltages (Fig. 19)is responsible
for the increased Coulomb degradation. The E50% parameter is chosen to
match the measured Coulomb degradation curve at high anode voltage of a
stable CRT phosphor.
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Fig. 21. Phosphor efficiency degradation of Y202S (••• ) and ZnS:Ag ( ••• ) as measured in
a CRT tube at 4kV anode voltage as a function of the accumulated charge. Charge deposition
rate is I C/cm2per day. Also shown are curves calculated for oxide (-) and zinc sulphide (---) host
lattices scaling to 30 kV phosphor degradation with 1/10 = 0.8 and 0.65 (deposition of 300 Cfcm2),

respectively.

5.4. Experimental results

Degradation experiments of various phosphors have been performed in cath-
ode ray tubes at 4 kV anode voltage on phosphor screens (without aluminium
backing layers), scanning an electron beam at PAL television standard condi-
tions. The charge deposition rate was approximately I C/cm2 per day.
Figure 21 displays the obtained phosphor efficiency as a function ofthe depos-
ited charge dose for Y202S:Eu3 + and ZnS:Ag together with curves calculated
according to eq. (22) for an anode voltage of 4 kV. The Ew/o value is chosen to
match the measured Coulomb degradation curve at 30 kV anode voltages (see
above). The degradation of doped oxidic host lattices agrees quite well with
calculated values, whereas doped ZnS phosphors at 4 kV show a dramatically
lower efficiency compared to the calculated degradation. Increase of the anode
voltage improves Coulomb degradation; however, even at 8 kV the efficiency
decrease is very fast and worse than the calculated performance.

5.5. Discussion

Generally, Coulomb degradation increases with decreasing anode voltage.
The agreement of calculated and measured degradation at 4 kV for doped
oxide host lattices shows the applicability of the Coulomb law developed for
high-voltage excitation. Efficiency of those phosphors after charge deposition
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of 100 Cjcm2 drops to about 85% which allows application in the screening
process without further treatment. In contrast, degradation of ZnS phosphors
at low voltages indicates additional irreversible chemical processes occurring
in this phosphor class upon electron beam excitation. The emission properties
of ZnS phosphors are well known to be critically dependent on sulphur defect
chemistry within the host lattice [19,20]. A main source of performance loss is
diffusion of elemental sulphur [21] generated by oxidation of sulphide anions
at elevated temperatures during the firing process or via photochemical
reactions upon electron beam excitation:

The latter becomes increasingly important at low-voltage excitation because
the high current necessary to maintain brightness increases the excitation
density. Simultaneously, the penetration depth decreases which leads to con-
siderable defect creation on the surface of the sulphide host lattice with subse-
quent loss of luminescence. However, details about the role of the sulphur
balance in the crystal and photochemical mechanisms causing the damage
are still not well understood.

6. Anti-degradation coatings on ZnS phosphors

An efficiency decrease as observed in Fig. 21 would exclude zinc sulphide
based phosphors for low-voltage applications. This would be rather unfortu-
nate since the blue ZnS:Ag phosphors are clearly superior in performance
compared to all other blue-emitting phosphors. For instance the blue-emitting
y2SiOs:Ce phosphor, which is rather stable at 4 kV excitation, is a factor of
five less efficient compared to ZnS:Ag and its emission colour is less saturated,
deviating from the chromaticity demanded by the European Broadcasting
Union (EBU) for colour television. Therefore, protective coatings have to
be developed to improve the long-term stability of ZnS under low-voltage
excitation. Three basic requirements can be identified for anti-degradation
coatings on ZnS:Ag:

• Since sulphur loss has been identified as the chemical pathway for degrada-
tion, a protective coating has to completely cover the phosphor crystal. As
sulphur located on the lattice surface is expected to sublimate after oxida-
tion, gas diffusion has to be blocked by the coating .

• The coating must be as thin as possible (in the order of a fewnm) because
it introduces additional shielding to the electron beam (dead layer), leading
to reduced efficiency.
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• The coating itself has to be stable against impinging electrons, firstly to
maintain the proteetion and secondly to avoid staining which would also
lead to an efficiency drop.

6.1. Selection and preparation

It has been shown in nano-particle technology that metal polyphosphate
(PP) coatings exhibit outstanding abilities to block sulphur sites on a cadmium
sulphide surface, thus improving luminescence of nano particles in solution.
With zinc being the lighter homologue to cadmium it seemed reasonable
that sulphur loss, and thus low-voltage degradation, could be considerably
reduced by applying a polyphosphate coating onto zinc sulphide. Further,
polyphosphates as inorganic polymers might be ideally suited to meet the
requirements for anti-degradation coatings (see above). Polymers can be
extremely dense even in very thin layers, depending on the amount of cross-
links. Moreover, inorganic polymers, in contrast to organic materials, survive
the baking steps usually required for the manufacture of colour phosphor
screens and cathode-ray displays.
Polyphosphates are highly charged molecules with a backbone of linearly

connected phosphate groups, typically built-up by up to 100 monomers. A
well-known representative is Graham's salt with the formula [NaP03]m the
structure of which is shown below:

Structure of sodium polyphosphate; n is 2 to 15

The OH end-groups can be determined titrimetrically and provide a mea-
sure of the polymer chain length. Addition of alkaline earth ions, e.g. Ca2+,
to' sodium polyphosphate initially yields stable, soluble complexes. The solu-
bility decreases with increasing nnmber of calcium ions until slow precipitation
of non-crystalline material occurs. The slow complex formation and the other-
wise good stability towards hydrolysis at neutral pH makes the sodium salt an
ideal precursor for coating particles in a suspension. Moreover, the high
negative charge of the poly-anion supports its ready adsorption on positively
charged surfaces such as zinc sulphide (ZnS) particles. Thus, it can act
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Fig. 22. ESCA spectra of ZnS:AgfWesol-p (bottom), coated with CaPP (middle), and coated with
CaPP and Si02 (top) with peak assignments of element signals. The Si and Al signals seen in the

bottom spectra belong to the Wesol-p coating (see also text).
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simultaneously as a dispersing agent limited only by its strong complexing
power. Prolonged treatment of ZnS with NaPP without precipitating the Ca
complex can lead to partial dissolution of the ZnS particles due to formation
of ZnPP complexes. The coating procedure developed in our laboratory
[22,23] takes this into account. Typically, the ZnS phosphor is suspended in
water by means ofultrasound or stirring with glass beads to break-up agglom-
erates. Sodium polyphosphate, the amount ofwhich has been optimized in the
course of experiments, is added. To this suspension an alkaline calcium nitrate
solution is added dropwise within minutes under stirring. The coated phos-
phor is then filtered, washed and dried. Instead of alkaline earth [23] heavy
metal ions (Mn+) such as Pb2+ or Cd2+ [22]can also be used for precipitation.
However, as a side reaction the formed MPP complex can react with ZnS and
generate some heavy-metal sulphide MS. Since most heavy-metal sulphides
such as PbS or CdS are highly coloured, undesired staining occurs which leads
to considerable performance loss of the coated phosphor.

6.2. Properties and performance ofCaPP coated ZnS:Ag

The quality of the phosphor coating has been investigated by Electron
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Fig. 23. Scanning Electron Microscopy (SEM) images (magnification 10000) of ZnS:Ag/Wesol-p
(left) and ZnS:Ag coated with CaPP (right).

Spectroscopy for Chemical Analysis (ESCA) and Scanning Electron Micro-
scopy (SEM) measurements. Figure 22 displays ESCA spectra of ZnS:Ag
phosphor coated with Si-AI oxide (Wesol-p) and coated with calcium polypho-
sphate (CaPP). As a surface analytical method, ESCA provides information
about the first two to three atomic layers. The Wesol-p coated phosphor shows
Zn and S signals in the stochiometric atomic ratio of the bulk crystal. The
surface coverage of the Wesol-p coating is negligible, since it is present in
the form of small particles. For the CaPP coated material the vanishing of
zinc and sulphur signals indicates a complete coverage of the phosphor.

TABLE II
Surface chemical composition (atomic %) of differently coated ZnS:Ag phos-
phors as determined by ESCA (see Fig. 22). Wesol-p is a standard Si-AI oxide
coating applied in conventional CRTs. Calcium polyphosphate (CaPP) and

CaPP:Si02 coatings are applied as described in the text.

ZnS:Ag ZnS:Ag ZnS:Ag
(Wesol-p) CaPP CaPP:Si02

Zn [At-%] 25.63 0.71 0.60° [At-%] 38.09 64.44 65.20
S [At-%] 17.11 0.34 0
Si [At-%] 11.77 0 28.57
AI [At-%] 5.26 0 0
Ca [At-%] 0 11.43 0.59
P [At-%] 0 20.98 0.96
C [At-%] 2.14 1.9 4.08
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Fig. 24. Phosphor efficiency degradation as measured at 4 kV anode voltage as a function of the
accumulated charge (experimental set-up: see text). (000): CaPP coated ZnS:Ag, (••• ):
ZnS:Ag coated with CaPP and Si02, (000): uncoated ZnS:Ag. All curves are divided by a reference

efficiencyof ZnS:Ag not under degradation.

Instead, signals for Ca, Pand 0 are found (Table II) which match the coating
formula [CaP206]o' This interpretation has been confirmed by SEM images
(Fig. 23). The Wesol-p coated ZnS:Ag has a rough surface caused by a partial
Si-AI oxide coating solely applied for technical reasons, i.e. enhancement ofits
flow behaviour and phosphor adhesion on the screen. The CaPP coated
phosphor on the other hand has a smooth surface (Fig. 23), which indicates
complete coverage, virtually indistinguishable from pure ZnS crystals.
Voltage-dependent electron beam excitation allows a rough estimation of
the coating thickness of about 8 nm. It is quite remarkable that closed CaPP
coatings can be obtained with less than 10nm thickness. This ultra-thin
coating should be ideally suited for low-voltage applications.

Degradation experiments have been performed in a vacuum chamber under
experimental conditions similar to those in a cathode-ray tube. Figure 24 shows
the efficiency drop with accumulated charge for Wesol-p coated ZnS:Ag and
CaPP coated phosphor. The anti-degradation effect is clearly demonstrated:
whereas the intensity of the Wesol-p coated material at 50Cjcm2 has dropped
to about 15% ofits initial value (see also Fig. 21), the CaPP coated phosphor still
maintains more than 75% of its efficiency.This intensity degradation with accu-
mulated charge dose is sufficient for ZnS:Ag as a blue phosphor in a colour
screen operated at about 5 kV anode voltage at CRT brightness.
The performance of the CaPP coating can be affected by over-coatings. In

an attempt to improve powder flow and application in the screening process,
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a Si02 over-coating has been applied on to ZnS:AgjCaPP. As seen in Fig. 23,
coating of ZnS:Ag with CaPP leads to quite smooth surfaces of the phosphor
grain, which cause the phosphor to agglomerate. A thin over-coating with
Si02 applied by the sol-gel method covers the CaPP coated phosphor com-
pletely, as investigated by ESCA (Fig. 22, Table 11). Practical tests show a
considerable improvement of the flow behaviour as well as the stability of
the coating; however, degradation is affected negatively compared to the
pure CaPP coating (Fig. 23). A likely explanation can be found in the chemical
composition of the Si02 coating. It still contains a high fraction of OH end
groups (i.e. non-hydrolysed Si-OH) which can react with ZnS in the baking
step, thus leading to sulphur loss':

ZnS + 2HO - [Si02]~[Si02] - 0 - Zn - 0 - [Si02] +H2S i
Further, the initiallight intensity is also decreased due to the 'dead layer'

effect of the additional coating.
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7. Conclusions

Various consequences for low-voltage excitation of colour phosphor
screens, as required in flat cathode-ray tubes, have been described. A decreas-
ing anode voltage results in a reduction ofthe number ofluminescence centres
available for excitation and in a non-radiative decay of excited charge carriers
at the phosphor surface. The latter effect is a consequence of the physical
nature of surfaces and is found to amount to less than about 50% phosphor
efficiency decrease for conventionally prepared phosphor materials. Addition-
ally, the phosphor efficiency at low anode voltages is reduced by inorganic
materials on the phosphor, usually technologically required for phosphor
screen production, or resulting from tube manufacturing processes.
The decreasing number of luminescent centres available for excitation at

decreasing anode voltages results in severe phosphor efficiency saturation at
energy densities required for high screen luminance comparable to conven-
tional cathode ray tubes. Efficiencysaturation under pulse-width modulation
has been measured and described by the activator ground-state depletion
model which has been employed for the deduction of material-related satura-
tion parameters. It is used to predict the luminance performance at different
anode voltages and excitation conditions. Phosphor saturation is one relevant
selection criterion for 'phosphor materials. Non-saturating phosphors are

I) It should be mentioned that a pure Si02 coating applied on to ZnS:Ag did not show any anti-
degradation effect.
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those with high numbers of luminescence centres and, particularly important
for flat cathode-ray tubes, fast decay times compared to the duration of the
excitation pulse, i.e. Ilt/'t « 1. In conclusion, we find 3 to 5kV anode voltage
necessary for efficient high-luminance colour phosphor screens.
The life performance of phosphor screens at high anode voltages is usually

presented as a function of the deposited charge dose, measured in coulombs
per square centimetre. The effect of a low-voltage excitation on this so-called
Coulomb degradation is twofold. Firstly, the charge dose at a given operation
time increases with decreasing anode voltage. Secondly, the efficiency at a
given charge dose decreases for bulk defect generation with decreasing anode
voltage, due to the non-linear relation of anode voltage and penetration depth
of fast electrons in solids.
Unexpectedly, for zinc sulphide phosphors we found a very fast Coulomb

degradation at 4kV anode voltage, caused by an additional chemical decom-
position occurring at the surface of the phosphor lattice. For the application
of zinc sulphide materials in low-voltage excited flat cathode-ray tubes we
developed novel ultra-thin and dense anti-degradation phosphor coatings.
The performance achieved at 4 kV is now close to that predicted from high
anode voltage degradation. This development is of particular importance
for the blue ZnS:Ag phosphor, unique among blue phosphor materials from
the viewpoint of chromaticity and energy efficiency. The anti-degradation
coating is a cornerstone in the Zeus display development to obtain the lumi-
nance performance of the best conventional cathode ray tubes.
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Abstract
The construction of a Zeus panel is discussed. This type of panel has a rela-
tively simple self-aligned construction with a limited number of different
components. Due to the low number of connections, rather robust connec-
tors can be used. The complete physical processing cycle, very important
for this type of panel, can be as short as 3 h which is shorter than the pro-
cessing of a standard CRT.
Keywords: Zeus panel, display, construction, getter, channel plate,

alignment.

1. Introduetion

In many respects, the fabrication of the Zeus panel resembles that of the
good old CRT, especially the fritting and processing procedures. However,
many of the drawbacks, such as a two-step processing sequence and critical
alignment of the electron gun parts of the CRT, have been eliminated in this
new panel concept. In other papers in this issue the physical principles and
technology aspects have been discussed extensively; in this paper the construc-
tion of the panel including alignment issues and the physical processing of the
panel will be discussed.

2. Overall mechanical description of the panel

Basically the panel is a set of structured and metallized glass plates, including a
channel structure, stacked together. This stack is fitted in an all-glass enclosure
which also contains a phosphor screen, getter and cathode construction. In
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Fig. 1a schematic outline of the panel is given. A few of the indicated parts will
be discussed in the following sections.

2.1. Enclosure

The enclosure is made of two borosilicate glass plates, of sufficient thickness
to prevent breakage (see Sec. 3), forming the front and the back of the panel.
On the inner side of the front plate the phosphor is deposited as described in
another paper [1].On the outer side of the back plate, a pump stem is attached
for evacuation of the panel. The actual position of the stem is not critical but is
chosen at the periphery ofthe panel. On the back plate a rim consisting offour
glass strips is fritted using a solder glass with a proper melting point and
expansion coefficient.

2.2. Channel plate

The channel plate, as depicted in Fig. 2, consists of a set of ducts through
which the electrons are transported from the cathode section to the desired
row in the panel. For a 28" panel with 24-fold multiplexing [2], the width of
the channels is about 3mm and the depth about 5mm. The ducts should be
as large as possible and therefore the walls as thin as possible to get a low
transport voltage [3]. There are several methods for making these channels,
e.g. sawing and grinding. However, due to the large amount of material to
be removed in this way and limited number of walls an alternative makes
sense: cut strips out of 0.4 mm glass and fix these at the appropriate distance
on a glass plate using solder glass. This method yields a channel plate with
smooth surfaces and straight walls, and therefore low minimum transport
fields.

2.3. Stack of plates and alignment

As described in other papers, the main part of the Zeus panel is a stack of
selection plates and a high-voltage spacer. These glass plates have to be aligned
carefully with respect to each other and to the phosphor screen. The required
tolerance is about 50JLm which ismuch less stringent than in other types offlat
panels. The demand on the alignment was deduced from Monte-Carlo simula-
tions and experiments. The alignment of the parts in matrix addressed panels is
always a major issue. In Zeus panels there are more than two glass plates
which have to be aligned which, in principle, makes the concept more critical.
Fortunately, the requirements on alignment are only present for subsequent
plates,without other absolute demands over the entire stack.Also, the technologies
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Fig. I. Schematic outline of the Zeus panel.
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Back plate Channel wall

.. .
3mm

.~ I'+-
O.4mm

Fig. 2. Channel plate made by fixing strips of glass at the appropriate distance as indicated for a
28" panel.

used enable a construction in which the different glass plates are self-aligned.
All glass plates are patterned by powder-blasting, as described in ref. [4], so we
used this process step for making alignment marks together with the holes. In
the masks used in the sandblasting process, alignment slits are etched during
etching of the holes, resulting in a nearly perfect alignment between the holes
and the slits. In the powder-blasting process these slits are converted into
grooves in the glass which are used for mechanical alignment of the glass
plates. In Fig. 3 the configuration oftwo aligned plates, using a small-diameter
metal tube, is shown. This type of alignment is not only used for the structured
glass plates but also for aligning of the set of plates with respect to the phos-
phor pattern and in the lithographic steps used for making the metal tracks
and the phosphor pattern. The cathode wire is aligned in the same manner
with respect to the g, and g2 holes.

We have found that it is possible to achieve a close to perfect alignment
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Flexible

Fig. 3. Alignment with powder-blasted grooves.

between the different patterns and parts without any additional alignment tool
by using the process steps which are used for making the parts. It has been
found that in this way an alignment within 10 iai: can easily be obtained,
which is much better than the specification found as a result of Monte-Carlo
simulations [5].

2.4. Connections

A major complication ofmost matrix displays is the number of connections.
As explained in ref. [6], the Zeus panel has a greatly reduced number of con-
nections. Due to this number which is small given the size of the panel, the
pitch of the connection is much larger than for other types of flat panels
such as LCD or POP. This opens the way to use other, more reliable, connec-
tion methods.

As shown in Fig. 4, the stack of glass plates is built up symmetrically. All the
plates have the same size but are alternately shifted in the vertical plane in the

Connectors Channel plate

Fig. 4. Symmetric stack of glass plates.
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Fig. 5. Spring-type connectors.

horizontal direction by a few millimetres. The connections to the individual
glass plates have to be made at the right or left side of the plates. This makes
it possible to contact all the plates before mounting and aligning.
It is preferable to have the critical connections inside the panel because of

lifetime demands. We have chosen spring-type connectors inside the vacuum
envelope which slide over the metal tracks on the glass plates as depicted in
Fig. 5. Feed-throughs of a suitable thin metal, directly through the frit seal,
are used to make the connections to the electronics. There are two conflicting
demands on the metal to be used for the connections. First, it must keep a
good spring constant after baking at 450°C and secondly, the expansion coef-
ficient has to be almost equal to that of the glass-frit used. This is the reason
for making the feedthroughs from two pieces of metal as drawn in Fig. 5.
One part has a good spring capability and the expansion coefficient of the
other part fits the expansion coefficient of the glass. The parts are joined
by laser-welding.

Due to the limited number of connections, the distance between the wires is
large enough to keep the maximum field strength, without additional precau-
tions, below 150 V/mm which is a safe value.

2.5. Triode construction

The main problem in the triode section of a Zeus display [7] is the proper
alignment of the wire cathode segments with respect to the grids. An accuracy
of about 10/-Lmin the cathode-to-g. distance of about 300/-Lm is required. As
discussed in ref. [7], the triode grids consist of glass plates with sandblasted
holes and metallization. The glass plates can be separate or part of the
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Fig. 6. The use of accurate slits to control wire-to-grid distance.

Fig. 7. Carrier with segmented wire cathodes and springs; two cathode sets are shown shifted.

selection plates closest to the channel plate. In the latter approach, as shown in
Fig. I, the correct positioning of the triades with respect to the channels is
automatically achieved.

The accurate positioning of the wire cathodes is achieved by leading the
wires through slits in a glass carrier (Fig. 6). The coarse geometry of the
body is defined by sandblasting; the fine slits, 50 J..Lm wide, 300 J..Lm deep, are
ground. During grinding the depth of the slits is very accurately controlled
with respect to the carrier surface. In the final assembly, this surface is pressed
against the g, grid, which guarantees the desired cathode-to-g. distance. The
alignment in the other two directions is less critical, and is realized with the
groove-and-tube method mentioned above and shown in Fig. 3.

The glass cathode carrier incorporates other functionalities as well. The wire
cathodes are attached to metal springs which can accommodate the change of
wire length between room temperature and operating temperature as shown in
Fig. 7. The springs in turn are attached to the glass carrier. The carrier itself
also serves to shield the cathodes from the electric fields originating from
the selection plates. To this end the carrier is coated with a conductor on
the inside (Fig. 8), of course preventing electrical short circuits. In addition,
the vibration damping elements (not shown, see ref. [7]) are incorporated in
the carrier.
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Conductive
Wire cathodes

Grids

Fig. 8. The conductive coating on the wall of the carrier shields the wire cathode from electric
fields; the cathode drawn in broken lines indicates the shifted cathode set.

3. Assembling method and internal vacuum support

The main advantage of this fiat-CRT concept, making it more promising
than other thin CRT panel design suggestions, is the internal vacuum support.
Due to this built-in strength, the enclosure can be made of thin glass. This
makes the panel relatively cheap and low in weight. The complete internal
vacuum support is achieved during the fritting procedure. In Fig. 9 the imple-
mentation ofthe vacuum support is sketched in three steps. Before processing,
the stack of glass plates is mounted on the screen which lies upside down on a
fiat hotplate (a). The back ofthe panel, including the rim and the frit, is put on
top of it (b). A second hotplate is mounted to heat the back of the panel. The
problem is that the frit shrinks about 30% during the frit cycle. This means
that the total package is not internally supported before heating up. Above
300°C, when the solder glass has melted, the back of the panel and the upper
hotplate sink upon the stack of glass plates; the weight of the hotplate presses
the panel together (c). Only when the panel is properly pressed together is it
possible to evacuate it without breaking the front or back plate of the panel,
provided of course the whole support structure is in place.

In any construction of this kind, there are areas lacking vacuum support. It
can easily be calculated that the maximum allowable unsupported span is
about 2 to 3 cm for 2 mm glass thickness. Surrounding the stack of glass plates
there is an unsupported area bridging about I cm for making connections
between the glass plates and the feedthroughs, which is within the allowable
margin.

4. Physical processing

Zeus panels work thanks to secondary emission electron processes, hence
special attention has to be paid to the surface properties of the inner side of
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a)

b)

c)

tif Unsupportedar: .

Fig. 9. The three process steps made to achieve a full support against outside pressure.

the panel after the physical processing. The walls of the channels and the
selection holes should have the pristine physical properties of the coatings
deposited on them. This means that all ubiquitous carbon compounds have
to be removed during fritting and pumping. This is achieved by burning the
hydrocarbons at high temperature in air and removing the CO, CO2 and
H20 by thermal desorption and pumping. Longer processing time results in
cleaner surfaces. But, on the other hand, this time should be kept as short
as possible to prevent damage to the cathode wires and to reduce the cost of
this production step. The processing cycle used is shown in Fig. 10 and is a
good compromise between the conflicting demands. During the first part of
the cycle the panel is heated up to 450°C in air, and in this stage all the carbon
compounds are burned away. At temperatures above 300°C the vitreous frit
melts and in this temperature range the panel is pressed together as discussed
in Sec. 3. After cooling down to 300°C the panel is evacuated. After cooling to
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Fig. 10. Optimized process cycle of Zeus panel: in the first step the frit melts and the panel is

pressed together; in the second step the panel is cooled and pumped.

room temperature the pressure is usually about 10-6 Pa. Then the cathode is
activated, the barium getter is evaporated and the panel is sealed off.
The complete physical processing cycle takes about 3 h.

5. The getter

The maximum allowable total pressure inside the panel has to be below
about 10-1 Pa, otherwise the electron transport is seriously hindered by colli-
sions with gas molecules. However, other aspects demand a lower pressure and
in practice 10-6 Pa is considered to be the pressure aimed at. Because of the
degassing of the glass and the coatings after sealing-off, as a result of thermal
desorption and electron-stimulated desorption (ESD) processes, continuous
pumping is necessary to keep the internal surfaces as clean as possible. For
this purpose a barium getter is incorporated in the panel. In Zeus panels the
ESD will be largest after switching on for the first time. To protect the
cathodes from an undesirable gas load, a high initial pumping speed is
preferred. Fortunately, the pumping speed of a fresh barium mirror is propor-
tional to the area of the mirror and is indeed rather high (of the order of 101/
s.crrr' for oxidizing gases, but much smaller for CH4 or even zero for the noble
gases), but decreases somewhat after absorption of a few monolayers. It is
obvious that it is always preferable to have a mirror with a large surface
area. The gas generated will eventually reach the channel exits at the top
and bottom of the panel. By using two wire-type barium getters at the top
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and bottom of the panel it is possible to produce about 2 cm2 barium mirror
per centimetre panel width, containing about 2mg barium. We estimated
the total amount of oxidizing gas generated during panel life, using known
ESD desorption rates of glass and the water desorption from glass [8], and
found that, for a 26" panel, at most 130mg Ba is needed for alO 000 h lifetime.
Lifetime measurements on 5" panels showed that we overestimated the
amount of gas generated and that even 50mg will be sufficient for a 26" panel.
This amount of Ba is smaller than that used in Ck'Is ofthe same size where it
is about 250mg. As mentioned above, gases that are not pumped by the Ba
getter are also often present in the panels. Methane in particular may occur,
but fortunately it is cracked at the heated cathode wires such that the CH4

pressure remains small enough to cause no problems. The noble gases are
only a problem ifthe partial pressure comes above 10-1 Pa, which is extremely
unlikely, and in practice no problems due to these gases have been
encountered.

6. Conclusion

In conclusion it may be stated that although the Zeus panel consists of more
parts than other flat panel types, the assembly of the panels is fairly straight-
forward and does not contain critical alignment steps. The physical processing
is critical to a proper functioning of the panels, but it was found that a satis-
factory baking and pumping process takes less than 3h. The small number of
connections to the panel makes the use of a very reliable connection method
possible.
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Abstract
Material aspects of the glass plates of the Zeus panel, a new type of flat
and slim display, are described as well as the studied glass machining
technologies and options for the individual glass parts. Especially the
fabrication of the holes in the very thin selection plates is described. The
technology used for this process, powder blasting, has proven to be essen-
tial for the Zeus display. Options to produce the channel plate through
which the electrons are transported parallel to the front screen will be
explained.
Keywords: flat and slim television, powder blasting, channel plate, grind-

ing, Zeus panel.

1. Introduetion

The Zeus panel, the principles of which are described in ref. [1],contains a
stack ofthin (O.4mm) and thick (2mm) insulating (glass) plates combined with
a channel structure as described in ref. [2]. In this way a fully supported struc-
ture is created that can withstand the atmospheric pressure. In total the panel
contains the following glass parts:

• envelope( for vacuum maintenance):
• frontscreen with ITO and phosphor layers
• backplate

• channel plate (for electron transport, parallel to the screen)
• selection and spaeer plates (to guide the electrons from the channel plate to

the front screen)
• pump stem
• sealing glass (for vacuum sealing and used in one of the channel plate
options).
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In Sec. 2 it is explained what the requirements are for the materials of these
plates and why a borosilicate glass type for the display has been chosen. In
Secs 3 and 4 a number of glass forming techniques are described which are
applied for the production of the glass parts of the Zeus panel. In Sec. 3 the
channel plate options are discussed while in Sec. 4 the powder blasting technol-
ogy which is used for the hole formation in the selection plates is described.
Theoretical and practical application aspects of the powder blasting technol-
ogy are discussed.

2. Glass

2.1. Material selection

The Zeus display development started with the discovery that electrons can
be transported over the surface of an insulator by using the 'hopping process'.
As explained in ref. [1], the Zeus display makes no use of electron multiplica-
tion but is operated in such a way that the amplification factor during electron
transport is exactly one ((8) = 1.000). One of the conditions for this mode of
operation and to guarantee an artefact-free picture and low power consump-
tion is that the material is an extremely good insulator. A more complete list of
material requirements is given below with some consequences and options to
fulfil these requirements.

• insulating material, hence glass and in principle plastics, wood, paper are
options.

• the vacuum sealing has to be feasible (Zeus is a vacuum display type like a
CRT), hence only glass and metals are realistic candidates.

• a low outgassing is required, also under electron bombardment.
• a hole formation process for the selection plates should be feasible: for this
process powder blasting has been chosen as will be explained in Sec. 4. This
process imposes some limitations on the thickness of the plates.

• material has to be cheap for in the end it has to be a consumer product.
• front screen has to be transparent of course (most ceramics do not fulfil this
requirement)

• compatible with high process temperatures (400 to 450°C for metallization,
phosphor deposition and sealing procedure)

• the material has to be mechanically and chemically stable at these
temperatures.

• all materials used in the display for the insulating plates should have
almost the same expansion coefficient due to alignment and mechanical
stress requirements.
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The conclusion from this list of requirements for the material selection is as
for the conventional CRT: use glass. Although electron hopping has been
shown to take place over all kind of surfaces of insulators like wood, paper
and plastic, and even real displays have been operated using selection plates
of plastics and ceramics, all these kinds of materials fail with respect to
high-temperature compatibility and/or degradation by electron bombardment
and outgassing.

2.2. Glass selection

The second selection that has to be made is the type of glass most suited for
the display. As a first choice for a flat and slim display one tends to use thin
floated sodalime glass: it is available in large dimensions (suitable for 40" diag-
onal) with good dimensional properties at relatively low cost. The first displays
actually were made using sodalime glass plates, but after a few hundred hours
these sodalime displays showed degradation [3]. Two effects are responsible
for these lifetime problems. The most important one is the electric field
enhanced diffusion of Na ions in the sodalime glass. The electric fields are
generated both by the applied voltages to the electrodes and by electrons
hopping over the glass surface. Especially the screen spaeer in front of the
phosphor screen experiences a high electric field strength (of the order of
5 kV over a glass thickness of O.4mm). Due to the out-diffusion of Na, the
secondary emission coefficient (6) and consequently the electron transport
characteristics of the glass surface in the display are changed. This may result
in pixels or groups of pixels dying out. Due to the formation of a very thin
conducting Na metallayer metallization lines will also be short-circuited after
a few hundred hours.
Tests of bi-alkali glass plates under high electric field conditions showed

a reduced degradation due to the effect of reduced Na migration caused by
the co-presence of K (mixed-alkali effect). Unfortunately even mixed-alkali
glasses show, though reduced, nevertheless unacceptable lifetime problems.

Lifetime tests of Na-free borosilicate glass, as used in active matrix LCD
displays, show no lifetime problem even with the high electric fields used in
the Zeus display, so this type of glass was the first good candidate to be applied
in Zeus panels.

Another important problem ofthe glass plates for the flat and slim displays
is the dimensional stability during the process steps like baking and sealing at
elevated temperatures (around 400 to 500°C). These temperatures have to be
well below the strain point of the glass used. This strain point temperature,
defined as the temperature where log 'f/ = 14.5, 'f/ being the viscosity expressed
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in poise, is about 600°C for the borosilicate glass used whereas it is about
520°C for sodalime glass.
Dimensional stability of glass plates during heating has two main aspects.

The first concerns the flatness and warpage of the plates. Heating up the plates
to around the strain point of the glass requires extremely flat supporting plates
to guarantee the final flatness quality and to prevent sagging. The second
parameter that requires a high strain point glass is the compaction ofthe glass,
i.e. the shrinkage of the glass due to a heat treatment. Especially for the thin
selection plates this requirement is essential. All thin selection plates with
hole-structures are produced individually and the absolute size of one plate
(i.e. the distance between the two outer holes over the diagonal) is not corre-
lated to the size of another plate as in a CRT, where a so-called 'married pro-
cess' is used to assure final registration ofthe phosphor screen and the shadow
mask: Zeus uses non-married processes. The precision in the alignment of the
hole-structures in two adjacent plates in the assembled panel has to be within
about 40 iui», i.e. 40 ppm for a one metre diagonal display (40"). For this
reason 20 ppm is specified as acceptable upper-limit for the compaction of
the glass plates after I h at 450°C. These low compaction values imply at least
the use of glass with a high strain point well above the applied temperatures
during the processes. Borosilicate glasses are available with a compaction
specification of less than 20 ppm at 450°C.
If the most important requirements for the glass are combined the list below

is obtained:

• alkali-free because of the high-voltage requirement
- to have no problems with electric fields up to 20 kv/rum

• compaction < 20 ppm (after I h at 450°C) and strain point ;::::600°C.
- to guarantee the dimensional stability for up to a 40" diagonal display

• available width> 600mm
- 40" diagonal (16 : 9) requires dimension: 1000 x 600mm

• available thicknesses:
- 400 tun, selection plates
- 2 to 3mm, front plate (screen)
- 6mm for a ground channel plate option (see Sec. 3).

To fulfil these requirements we have selected the borosilicate glasses which
are also used for other flat display types like AM-LCDs. Options are the AF45
glass (strain point 627°C) of Schott/Desag and the 7059 glass (strain point
593°C) of Coming. These glasses are Na-free, can be made with a sufficiently
low degree of compaction and are available nowadays at a width above
500mm. The AF45 glass is even produced in a thickness range of 50 j,Lm to
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2mm. As starting material for the ground channel plate option (see Sec. 3)
6mm thick floated borosilicate can be used.
The statement that glass is a very important item for the Zeus display is even

better illustrated by the fact that the Zeus display has the unique feature that
glass plates with metal coatings can replace electronics due to the possibility of
multiplexing in the panel [1,3,4]. By adding one extra selection plate the
number of row or column drivers may be reduced by a factor of two. In this
way an optimum in costs can be reached and the interconnection problem,
which is common for flat displays, is reduced significantly.

3. Channel plate

The Zeus panel contains a channel plate, see, e.g. ref. [1],which has vertical
channels with a pitch of 3mm in the most recent design. The channel depth is
then ofthe order of 4 to 5mm, the side-walls are about 0.3 to 0.5 mm thick and
the ground plate has a thickness of 1 to 2mm. In situations where less
multiplexing is applied other channel pitches and channel depths are possible
[1]. In this section the most recent channel pitch of 3mm for the 28" design is
discussed.
Three options to produce the channel plate glass structure for screen dimen-

sions of 28" and larger have been studied:
• separate side-walls of thin (0.5mm) glass strips, sealed to a glass plate of,
e.g. 2mm thickness

• grinding of channels in a 6mm thick glass plate
• hot-pressing of the channel plate out of a glass melt.
The functionality ofthe channel plate in a Zeus panel is described in ref. [1].

Figure 1 shows a cross-section of a channel plate suitable for 28" panels, with
its geometrical specifications.

Because of its function in the panel (the transport of electrons from the
cathode to the selected holes in the spaeer plates) the secondary emission

650

R=0.5±0.5

Fig. 1. Cross-section and specifications of a 28" channel plate.
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Fig. 2. The first manufacturing method: assembling the channel plate from a thick bottom plate
and thin glass strips.

properties of the channel surfaces also have to be specified. Checking of this
specification is done by measuring the so-called electron transport field of the
channel plate. To obtain the lowest transport voltage [1], the surfaces of the
channels are covered with an MgO coating. This issue is discussed in ref. [5].
In the following subsections the results are described from the three different

studies of channel plate manufacturing methods.

3.1. Assembled channel plate

The 'standard' manufacturing method of channel plates is the assembly
method: thin glass strips are 'glued' on a thick (MgO-coated) bottom plate
with the aid of a crystallizing frit. This manufacturing method is illustrated
in Fig. 2.
Using this method it is possible to produce the channel plate within mechan-

ical and electrical specifications (the measured electron transport fields vary
between 70 and 80V/cm for 5 and 17" panels with 1.5mm channel pitch).
Because of its flexibility this method is well suited for making prototype and
demo panels. Mechanical and electrical feasibility has been proven on 4, 5,
17 and 28" sizes. A disadvantage is the large number of parts which have to
be assembled.

3.2. Ground channelplate

An extensive study has been made of manufacturing the channel plate by
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SIDe VIEV

Fig. 3. The second manufacturing method: grinding the channels in a thick glass plate.

rmn VIEV

grinding the channels in a thick glass plate. A sketch of the grinding process is
shown in Fig. 3.
The workpiece is fixed on the grinding machine with a vacuum plate. The

use of a vacuum plate has several advantages. One advantage is the possibility
of fast changing the workpiece. The second is that the workpiece is not fixed
with glue or wax. Fixing workpieces with glue or wax means that the product
gets dirty and costs have to be added for an additional cleaning step. The use
of a vacuum plate simplifies the process, increases the production yield and
saves costs.

3.2.1. The grinding wheels

For the grinding of the glass plates metal-bonded diamond grinding wheels
are used. The wear of metal-bonded diamond wheels is much lower than syn-
thetic bonded wheels. Due to the wear, the friction between wheel and glass
plate increases and leads to temperature effects, resulting in local plastic distor-
tion of the glass. Too much plastic distortion leads to channel plate reject,
decreasing the production yield. Wheelwear also results in an increasing force
needed to press the wheel on the workpiece. Above a certain level this results in
fracture of the glass plate. The effects of wheel wear can be minimized by
periodically dressing the grinding wheel. This, however, will result in produc-
tion stops, a lower operating life of the grinding wheel and less reproducible
results.

Ideal would be a self-conditioning grinding wheel where the grinding force,
mainly the normal force Fn, is constant at a fixed level. A stable grinding
process without an increasing grinding force makes it possible to use multiple
grinding wheels more easily (a constant force results in stable grinding
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Fig. 4. Grinding force Fn of different grinding wheels as a function ofthe amount of ground glass in
m. Coolant: Sintilo 3% in water, wheel speed: 40 mIs, workpiece speed: 12.5mm/soGrinding wheel
notation: D64: thickness ofthe diamonds; KW: kind/form ofthe diamonds; 75/40/10: concentra-

tion ofthe diamonds in the binder; XBI/GS30: kind of binder.

machine and process). One aim ofthe investigations was to get more informa-
tion on the self-conditioning of grinding wheels and at least to get a stable
grinding process for production use. Self-conditioning of grinding wheels is
influenced by parameters such as the metal bonding and the kind of diamond.
If the force between wheel and glass plate reaches a certain level the diamond
can break and a new sharp point is formed. The other possibility is that the
diamond breaks out of the metal bonding and another diamond takes over
the grinding work. The influence of parameters like metal bonding and the
type of diamond on the behaviour of the wheel was studied by registration
ofthe normal force measured under the glass plate. For these experiments nor-
mal sodalime glass was used. Grinding wheels, different in metal bonding and
diamond size and form, were investigated.
In Fig. 4 the normal force Fn is plotted as a function of the amount of

ground glass, here expressed in metres. The force of the grinding wheel,
#D64KW-75-GS30, increases up to 400 N after 90m grinding. The best results
are shown by the #D64KW-IO-GS30 wheel which does not show any normal
force increase in the scanned range.
The cooling of the grinding wheels during grinding is an important aspect.

Coolants are not only important for the cooling ofthe grinding wheel, but they
can also influence the surface energy of the glass, the removed glass particles
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and the glass behaviour (chipping) during grinding. Also, the lubrication of
the grinding wheel due to oil in the coolant can have an effect on the efficiency
of the process.
Pure water as coolant showed bad results because it was not possible to even

grind 10m of glass. Therefore, four different coolants were investigated with
concentrations of 3 and 6%, in water using three different grinding wheels.
Sintilo, a Castrol product, gives the best results with a concentration of 6%
in water for grinding wheels with a diamond concentration of 40% and 75%.

Before grinding the wheels were balanced, trued and dressed. The wheels
were trued with a wheel speed of Vc = 10mis and a workpiece speed of
Vft = 5mm/s, and dressed with Vc = 40 mis and Vft = 12.5mm/so The condi-
tions for grinding are the same as for the dressing.
The channels in the glass plate were ground to the final depth in one pass.

The efficiency of the grinding can be improved by increasing the speed of
the wheel and the workpiece. The data are limited by the grinding machine
used. With these data and using multiple grinding wheels with 16 wheels it
is possible to produce one 28" channel plate in 20min, handling time not inclu-
ded.This time can be decreased significantly by using large equipment but for
small-scale production (< 50 k/yr) this technology is very well applicable.

3.2.2. Implementation of ground channel plates in panels

After showing the technological feasibility of grinding, some experiments
were done with a ground channel plate in 17" diagonal panels. During thermal
processing (sealing and evacuation) glass fracture in the front screen occurred.
After reducing the warpage of the basic glass plates (before grinding) and
adaptation ofthe thermal process (as suggested by results ofthermo-mechanical
simulations) this glass fracture problem has been solved. After this period of
trouble shooting the ground channel plates fully met the mechanical and elec-
trical specifications, and were applied successfully in 4, 5 and 17" panels.
The conclusions of the experiments with the grinding method can be sum-

marized as follows:

_ Manufacturing channel plates by grinding is technologically feasible up to
at least 40" diagonal displays. First experiments showed that 40" channel
plates can be ground on a Göckel grinding machine.
_ The dimensions of the ground channel plate, e.g. channel shape and surface
roughness, are within specifications.
- The functionality of a ground channel plate in aworking panel is satisfactory.
The measured transport field in 5 and 17" panels varied between 70 and 80V/
cm (within specification) and is comparable with that obtained with the

Philip. Journal of Research Vol. SO No. 3/4 1996 483



H.J. Ligthart et al.

Pressed channel plate

Forming of channel plate with hot-pressing proces:

Mixing of granulates Melllng and gob forming Pressing

~ltr;l'~
~

Fig. 5. The third manufacturing method: forming the channel plate by hot-pressing of the molten
glass.

assembled channel plates, which is the reference. The roughness and cleanli-
ness of the ground channel surface are sufficient to have no significant effect
on the electron transport voltages of the ground channel plate.
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3.3. Pressed channel plate

For large-volume channel plate production a hot-pressing technology
appears to be a cost effective method. The hot-pressing process is sketched
in Fig. 5.
The functionality of the panel requires a channel plate of borosilicate glass.

Due to its material properties (softening point about 900°C, a = 4.6 *10-6 IK)
the standard borosilicate glass is difficult to press. The first pressing experi-
ments were done by pressing 4" channel plates. Numerical simulations were
carried out to support the 4" experiments and to investigate the possibility
of pressing 28" channel plates. In the next subsection the main results of these
studies are reported.

3.3.1. Experiments and results

With a specially developed borosilicate glass with the same expansion coef-
ficient as AF45 some experiments to form channel plates by the hot-pressing
process were done on 4" format at a pitch of 3mm, which is identical to the
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first 28" products. As can be seen in Fig. 5, the channel shape of the pressed
channel plates differs from the channel shape of the assembled and ground
channel plates. The unloading of the product after pressing is only possible
with a draft angle of at least 7°.

The experiments were carried out on a pneumatic driven press and a manu-
ally formed gob at the process conditions given in Table I.

TABLEI
Experimental conditions of Sec. 3.3.1

Glass temperature
oven:
press:
product:

Pressing pressure
Pressing time
Pressing velocity

1430 to 1450
980 to 1035
780 to 870
12
2
0.3

°C
°C
°C
bar
s
mis

The pressing experiments showed that the pressing of 4" channel plates is
possible when operating in a narrow process bandwidth. The properties of
the glass-melt and mould during pressing are very important. Especially, the
form, weight, temperature (viscosity) and air bubble content of the gob and
the temperature of the mould are of importance.

3.3.2. Numerical simulations of the channel plate pressing

A numerical study was performed to support the 4" pressing experiments
and to study the pressing process of larger-size channel plates in advance.
The software packages used in these simulations are MARC and INJECT-
Glass. The results of this study yielded much theoretical insight into the prob-
lems to be expected and possible solutions.

The simulations on pressing 4" channel plates show that the shape of the
gob in the mould Gust before closing it) has a big influence on the complete
filling of the mould during pressing (this effect was also noticed during the
pressing experiments of the 4" channel plates). A higher pressure results in a
slightly faster filling of the channels. Too slow filling results in solidification
of the glass so the channel is not filled completely. The influence of the mould
temperature is much smaller than expected. The filling of the channels happens
very quickly (<<:0.1s). Using simulations, a first estimation of the process
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parameters needed for the pressing of a 28" channel plate can be given:

• Tmould should be about 5000e, Tglass should be about 14000e
• Bottom thickness depends on process conditions, minimum approx. 5mm
• Force needed to fill the plate is smaller than 1000 kN (100 ton)
• Idle time is at most 6 to 8 s
• Filling time should be less than 0.1 s

For the pressing of a large channel plate the filling of the plate itself is the
bottleneck. Large flow paths on the plate will result in slow filling ofthe plate;
this again will result in slow filling of channels from the front of the initial glass
gob to the edge of the channel plate. Bad channel filling in these areas will be
the result.
So, in order to fill the channels very fast the flow paths should be as small as

possible. This indicates that the forming ofthe gob is a very important param-
eter. A gob that completely fills the form would be ideal. This can be reached
by letting the glass flow under its own weight till the complete form is filled.
However, this probably takes such a long time that the glass has cooled
down so far that pressing will be difficult. Further optimization is required.

3.3.3. Implementation of pressed channelplates in panels

A few pressed channel plates were tested in 4" panels. The tests showed that
the pressed channel plates are within mechanical and electrical specifications
(transport voltage of 40Vlcm for 3mm pitch). The different geometry (in com-
parison with the fritted and ground channel plates) of the channel side walls
(angle of 7°) did not influence the operation of the panel significantly.
The conclusions of the experiments and simulations of the pressing method

can be summarized as follows:

• Experiments show that it is possible to produce 4" channel plates by press-
ing, starting with a borosilicate glass melt.

• The functionality of the pressed 4" channel plate was shown in working
panels (no influence of the angle of 7° in the channel side walls could be
detected during operation of the panel).

• The channel plate 'should be filled as fast as possible. A good channel filling
will depend on the fast filling of the mould with the gob. The filling of the
channels during pressing happens very quickly (<<0.1 s).

• The gob form is ofvital importance; a good (large) form ofthe gob is essen-
tial to produce large channel plates. For larger-size channel plates the form-
ing of a gob should be investigated further.
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4. Powder blasting technology

4.1. Introduetion

Several options have been studied to produce the required hole structures in
the thin glass plates. Finally only one technology was proven to be feasible:
powder blasting. Other technologies like ultrasonic drilling, photoforming
photosensitive glasses, laser drilling, screenprinting the structures and starting
with sol-gellayers have proven to be unfeasible because of either the techno-
logical requirements or the cost limitations.

Especially the requirement regarding the dimensional accuracy of the thin
plates, i.e. the absolute position of the outer holes in each plate relative to
the corresponding structures in the next plate, which has to be made indepen-
dently, is an extreme demand which cannot be fulfilled by most technologies.
For a 40" diagonal Zeus display this implies an accuracy required in absolute
size of 40 J.Lm over one metre, i.e. 40 ppm. Technologies that generate one hole
at a time will give throughput problems due to the fact that each colour dot
requires a hole structure: for instance the number of holes in the screen spaeer
is of the order of one million for a colour dot pitch of 0.5 mm in a 28" diagonal
panel.
Powder blasting is a very old technique that was already applied in the nine-

teenth century for generating patterned glass plates for housing applications.
We have upgraded this technique the last fiveyears within the Zeus project to a
high-performance technology that is able to make three-dimensional
structures in glass plates or other brittle materials like ceramics, silicon, ferrite,
etc.
The principle of the powder blasting process as it is used for producing the

selection plates in the Zeus display is illustrated in Fig. 6. A nozzle in which
abrasive particles are accelerated to velocities in the range of 100 to 200 mis
by applying pressurized air, moves relative to the glass substrate. The parts
of the substrate which should not be eroded are shielded by a powder blast-
resisting mask. Depth tolerances of powder blasted hole structures of 10 J.Lm
can be realized now in a standard process over 1m2 with hole diameters of
less than 100J.Lm as applied in the Zeus display. Recently powder blasting
has also been applied for other flat and slim displays like PDP and PALe,
not for making hole structures but for producing a channel structure on a thick
glass plate.

In the following subsections a number of aspects of the powder
blasting process are described: theoretical background of the powder
blasting process, powder selection, masking, cleaning, handling and
finally industrialization.
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Fig. 6. Principle of powder blasting as used for the Zeus display.

4.2. Model of the powder blasting process

In the powder blast process high speed particles hit a substrate. At impact
they generate local damage in the substrate which can lead to removing
small fragments of the surface. The basic event of the process is the single
particle impact. The process repeats this event very many times. In the
powder blast process applied here we use hard, angular particles impacting
on brittle substrates like glass. In that case the particles deform only slightly
and reversibly, and upon impact give rise to small cracks leading to glass
material removal. Since the cracks are of the order of several micro-
metres, powder blasting can be regarded as a true micro-machining
technique.

We have found that we can model this process with the fundamentals of
indentation theory. Although the particles hit the surface at speeds over 100
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Fig. 7. The model crack pattern from sharp angular particles (upper) and a real crack pattern
(lower) in borosilicate glass from a sharp Al203 particle.

mis, this is considered quasi-static since this speed is considerably lower than
the speed of sound in the glasses (about 2000 mis).

4.2.1. Modelling the erosion rate

The deformation caused by sharp indenters in brittle materials has been
widely studied [6-9]. Beneath the sharp inden ter tip the compression stresses
form a plastically deformed zone at any inden ter load. At higher loads the ten-
sion forces outside this zone generate two types of crack patterns: cracks par-
allel to the surface (lateral cracks) and cracks perpendicular to the surface (the
radial/median crack system). In erosion modelling we correlate the lateral
cracks with material removal and the radial/median cracks with surface
damage of the target.

Philip, Journalof Research Vol. 50 No. 3/4 1996 489



H.J. Ligthart et al.

The basic modelling theory of such crack patterns is given by Lawn and
eo-workers [6-9]. They assume 'well-developed plasticity' in which the plastic
zone is hemi-spherical and the size is only correlated with the indented volume
(~V, see Fig. 7). Then the precise shape of the indent is not important. They
derived correlations for the crack length Clat and depth d of the lateral crack

E3/8 H 1/8~ V 5/12
Clat ex: ----;-/-,;:;---

K~ 2

d ex: (!) 1/2 ~V 1/3 (1)

where E is the elastic modulus of the target, H its hardness and Kc its crack
resistance.
During the impact we suppose that all kinetic energy is dissipated by plastic

deformation. Because we consider only higher load conditions we neglect elas-
tic deformation and energy used for the generation of cracks since they are
much smaller than the plastic deformation «5%). Using the definition of
the indentation hardness H and assuming it to be constant over the indenta-
tion depth 8, we obtain, equating the kinetic energy of impact mv2/2 to the
energy required for plastic deformation:

!mv2 = J:P(8')d8' = H~V (2)

where P is the indentation force. To correlate particle impact with erosion rate
we suppose that each particle removes a particle of target material propor-
tional to the depth d of the lateral crack and the surface area of the lateral
crack itself. Combining eqs (1) and (2) we find a correlation for the erosion
rate (Q), which is defined as the weight of removed target material per weight
of powder used:

2 ptE5/4 1/6 1/2 7/3
Qex:7fClatdex: 17/12 Pp rp Vp

H Kc

where Pt and Pp are, respectively, the specific mass of target material and par-
ticle, rp is the mean particle diameter and vp is the particle velocity. Equation
(3) contains two groups of parameters: those correlated with target material
and those correlated with the erosion process.

(3)

4.2.2. Experimental results

The dependence on target material was tested by Buijs [10,11]for a wide
variety of glasses. The results are presented in Fig. 8.
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Fig. 8. The influence of target materialon the erosion rate for a series of glasses as a function ofthe
target material parameter M = ptë/4/H17/12 Kc, illustrating the validity of eq. (3). Erosion condi-
tions for Al203 with mean diameter 30 J.Lm and velocity 200 m/so The numbers refer to the materials

given in Table 11.

These results show a good agreement with theory. They also show that the
erosion rate is relatively insensitive to variations in material parameters. The
variation of a factor of five is caused by the difference in specific mass for a
significant part.

The dependence of erosion rate Q on process conditions is limited to the
kinetic energy ofimpacting particles, as shown in eq. (2). This implies that par-
ticle shape and size are not important. Therefore basically the same erosion
process can be created with different particle sizes by varying the particle
velocity. This is validated in Fig. 9, where the roughness ofthe target after ero-
sion is shown for a wide range of particle sizes and velocities. The scatter in this
figure is probably caused by variations in the measured surface roughness and
the kinetic energy being calculated from the mean particle size and mean
velocity, whereas really both parameters are distributed around the mean
values.

The dependence ofthe erosion rate Q on velocity vp is shown in Fig. 10. The
solid line shows the theoretical dependence of 7/3. At lower velocities the
measured erosion rate deviates from this dependence since there the induced
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TABLEII
Parameters of the materials shown in Fig. 8

Material p E H Kc
(gjcm3

) (GPa) (GPa) (MPa m1/2)

1 Herasil (fused silica) 2.19 71.8 7.1 0.70
2 BK7 (crown) 2.50 79.9 5.9 0.83
3 SLS (sodaIime) 2.46 72.0 5.4 0.85
4 ZKN7 (crown) 2.47 69.0 5.4 0.71
5 F 2 (crown) 3.60 56.4 4.6 0.55
6 LF 5 (flint) 3.20 58.3 4.3 0.61
7 SF 55 (flint) 4.68 56.1 4.1 0.49
8 SF 6 (flint) 5.14 54.7 3.7 0.54
9 SF 58 (flint) 5.91 49.3 3.1 0.38

stresses are below the crack threshold. There the higher load condition is not
valid and erosion is primarily caused by plastic deformation. Figure 10 shows
that the erosion rate basically does not depend on the powder flux used.

The results of theory and experiments can be summarized as follows. We
have shown that the target material has no large influence on dynamics of
the powder blasting process. We found that the main process parameter is
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Fig. 9. The surface roughness Ra of eroded surfaces as function of particle kinetic energy (on a log
scale) for a wide range ofpowder sizes.
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the kinetic energy of the impacting particles. The number of particles shot on a
surface is of course the second process parameter. We found these parameters
to be very controllable in an erosion process, which makes powder blasting a
process suitable for use on an industrial scale.

4.3. Practical application of powder blasting

4.3.1. Powder selection

A number of criteria are of importance for the selection of the powder used
in the powder blasting process. To get a sufficiently effective erosion process
the powder material should be harder than the glass plate. There are a lot of
materials with a hardness sufficiently high to be suitable for the powder blast-
ing of glass. The availability of the material in the large quantities as needed
for application on an industrial scale ofthe powder blast technology, however,
limits the number of candidates to a much smaller list of which the most
important ones are: Ah03, Si02, glass particles, WC and BC. When the life-
time of the grains, i.e. the number of times the powder can be used, and the
price per kg are taken into account the decision was made to use Ah03 parti-
cles. This material has a sufficiently high hardness, is available in large quan-
tities, in all grain-sizes for an acceptable price and the lifetime of the powder is
relatively good.
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The grain-size to be used is influenced by the following parameters. Due to
the intrinsic properties of the blasting process, the diameter of the grains limits
the minimal size ofthe details to be powder blasted. For holes with a diameter
of 100/-Lmonly particles smaller than about 30 f.Lm are applicable. Structure
depth and geometrical factors may influence this ratio of 3 between detail
size and particle size somewhat, but the applied grain size will always have
to be significantly smaller than the structures that have to be eroded in the
material. This would suggest the choice of small particle sizes. On the other
hand, as is shown in Sec. 4.2, the erosion efficiency is dependent on the kinetic
energy of the particles: higher energy yields higher erosion efficiency per par-
ticle. So a compromise has to be found between these two effects which is
further influenced by the limited velocity ofthe particles in industrialized blast-
ing equipment and the requirements regarding the depth of the damage layer.
For the blasting of the structures used in the Zeus display a compromise was
found by using Ah03 particles with a diameter in the range of20 to 40/-Lm. By
using powder-recycling equipment specially developed for this application, a
lifetime of the powder of more than 100 cycles could be obtained.
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4.3.2. Mask technology

In the fabrication of the thin (0.4mm) Zeus selection plates the hole
structures are made using the powder blasting process. To define the exact
positions on the glass plates where the hole structure has to be eroded by
the powder particles, the surface is partly covered by a mask structure. For
this powder blasting mask a number of alternatives have been evaluated.
The commercially available sandblast resisting coating and metal masks
turned out to be most suitable for this application. Due to the fact that for
some plates (e.g. the screen spacer) the depth of the hole structure is equal
to the complete thickness (0.4 mm) of the plate, an extremely high blasting
resistivity is required for the mask. For the selection plates even two masks
per plate are used because these plates require two different holes, extending
over different depths, which are obtained by powder blasting from two sides.
So a large number of different blasting masks are required for a Zeus display.
Therefore re-usability of the masks is an important item for cost reasons. To
fulfil all requirements a special metal mask technology has been developed for
the production of the holes in the Zeus plates.
The masks are made by etching the hole structure in a thin, iron-based alloy,

metal foil, covered on the blasting (i.e. non-glass) side by a blast-resisting coat-
ing. The masks can be fixed to the glass plate either by glueing the mask with a
special sugar layer of 10tui: thickness or by means of a specially developed
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Fig. 11. Size control of the powderblasted glass pattern at the start of the project compared to the
present situation.

magnetic clamping device. This magnetic clamping device is used as carrier for
the glass plate, has a thickness of 2 cm and can be activated and de-activated by
a pulse ofpressurized air. The magnetic force is about 4N/cm2 which is more
than sufficient to prevent powder particles hitting the glass under the mask
or entering the space between the mask and the glass plate. In situations where
sugar is used as glueing material the masks are removed from the glass by dis-
solving the sugar in warm water.

One of the main problems in powder blasting the structures for the Zeus
display was the absolute size control of the plates. As explained in Sec. 2.2,
all the holes in the glass have to be positioned with an absolute accuracy of
40 pm over a distance of 1m, i.e. 40 ppm. The absolute size of each individual
plate is influenced by the Gerber mask plotter, the etching of the mask, the
glueing procedure, the blasting process conditions, the mask-coating quality
and optional heat treatments following the powder blasting process during
metallization, coating or assembly. These heat treatments may change the
dimensional stability due to compaction of the glass. By using borosilicate
glass with a compaction < 20 pmm (at 450°C for 1 h) this last problem was
solved, as explained in Sec. 2.2.
When the changes in dimensional properties of the glass plates are known

for each process step the plot can be corrected according to these changes to
obtain the correct final product: a powderblasted plate with the right dimen-
sions. In Fig. 11 an indication is given concerning the progress during the
last years regarding the required corrections (in ppm =pm/m) for the mask
etching and the powder blasting process. By studying the relevant processes
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we were able to minimize the required corrections to less than 35 ppm by
adapting the process conditions significantly. Not only were the dimensional
changes during the process minimized in this way but also consequently the
variations around the mean values of these changes were strongly reduced.
For both processes mentioned, mask etching and powder blasting, anisotropic
effects occur, resulting in different correction factors for the x-direction
(,;" horizontal direction of the screen) and the y-direction (= vertical direc-
tion). Now we are able to reproduce and control the absolute dimensions of
the powderblasted plates within 40 ppm ( corresponding to 40 ILm for a 40"
diagonal plate).

4.3.3. Cleaning and handling

After the powder blasting process itself the plates have to be cleaned to
remove small glass particles and blast material. This cleaning has to be done
very carefully, otherwise adhesion problems may occur during metallization
or coating processes [5,12]. Powder particles present at the surface of a plate
which are not removed before assembly and evacuation mayalso damage
the thin O.4mm structured glass plates. To be sure that all particles are
removed during the cleaning procedure a special cleaning process and cleaning
equipment have been developed. By using the correct dispersing agent and by
applying sample motion in an ultrasonic bath all particles are removed from
the glass surface in the cleaning process. Equipment suitable for cleaning
thin perforated glass plates with diagonals up to 40" is available now.

Handling problems of those large fragile plates have been studied. Simula-
tions have been performed resulting in handling equipment capable of
accelerating 40" perforated glass plates of 0.4mm thickness with 2 g perpendi-
cular to the plate surface without glass breakage. For the cleaning process, as
well as for other wet chemical process steps like metallization, special carriers
have been developed.

4.3.4. Industrialization

Industrial powder blasting equipment is available on the market for many
applications. Most of these, however, use iron grit, glass spheres, plastic grains
or sand. Grain sizes used in these application are commonly> 100ILm. Equip-
ment suitable for operating with fine Ah03 powder is available on the market
only to a limited extent and standard equipment for these fine powders for sale
is made for laboratory-scale work only. No large-scale industrial equipment
for use of fine alumina was available a few years ago.
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For industrialization nowadays there are four blasting systems available.
Their properties are summarized below to make clear why the fourth one is
the best choice

(1) Wet blasting:
A fluid with abrasive particles is accelerated with high pressure. This tech-
nique is suitable for cutting glass or other materials. The drilling of hole-
structures at acceptable speed is not possible with this technique due to the
decelerating effects of the fluid on the abrasive particles in the created
structure. So this technique cannot be applied for the Zeus selection plates.

(2) Wheelblasting:
This technique, in which a rotor is used as a mechanical medium to accel-
erate the particles, is used for many applications where iron grit or plastic
balls are used as blast medium. Shotpeening and cleaning of metal surfaces
are the most common applications here. This technique is most suited for
accelerating large particles (> 100f.Lm). Due to the diverging beam and the
unacceptable wear of the wheel when Ah03 particles are used, this tech-
nique is also not applicable for the Zeus plates.

(3) Pressure-feed blasting:
Here a gas (air) is used as accelerating and transport medium for the abra-
sive particles. The powder is transported from a holding tank, which is
under high pressure to the nozzle which has only one central air/powder
input. This system is perfectly suited for the application in Zeus on a
laboratory scale. The disadvantages of the system are that it does not allow
continuous operation (an empty powder tank implies decompressing, fill-
ing and pressurizing the tank) and high wear rates due to the high veloci-
ties of the powder, not only in the nozzle but in the complete trajectory
from tank to nozzle.

(4) Suction-feed blasting:
Identical to the situation with pressure-feed systems, air is used here to
accelerate the powder in the nozzle. The powder, however, is introduced
in the nozzle not by air under pressure (in this system the nozzle has
two inputs: one for the powder and one for the pressurized air) but trans-
ported to the nozzle by underpressure generated by a venturi in the
nozzle. Here the powder tank is at atmospheric pressure and the powder
is continuously replenished in the tank after use in the blasting process.
By introducing powder classifying equipment, like cyclones, it is possible
to re-use the powder several times.

From the above mentioned aspects of the individual systems it is clear that
only the suction-feed system can be used for the production of the Zeus plates
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in an industrial environment with sufficient lifetime of the machine parts and
acceptable powder consumption. Machines have been developed and installed
now within Philips based on this principle where the products, the Zeus plates,
are transported through the machine using a belt, while the nozzles scan the
products in a linear oscillation perpendicular to the belt direction. To get a
homogeneous depth distribution over the plates of the eroded hole structures
it is necessary that the belt speed and the nozzle velocity above the samples are
extremely constant over the complete glass plate area: 1% change in velocity of
either belt or nozzle will cause 1% depth variation in the structure. Also, hole
diameters are rather sensitive to velocity variations.
A more complicated parameter that influences the homogeneity of the ero-

sion process over the plates is the powder flow, i.e. the stability of the number
of grams/min for each nozzle during operation and for each position of the
nozzle relative to the sample. In a standard suction-feed nozzle the powder
is transported to the nozzle by means of the underpressure created by the
venturi action in the nozzle. The disadvantage of this system is that powder
flow and air pressure are not two independent parameters: varying the air
pressure, for instance, will also change the powder flow. Another feature of
suction-feed nozzle operation with these fine particles (30/-Lm Ah03) is the
spontaneous powder flow fluctuations which may occur even at constant
air pressure. A complete nozzle redesign was needed and successfully imple-
mented to uncouple the powder flow and the air flow, to stabilize the powder
flow in time and at the same time to reduce the required amount of power
consumption by the air compressor station. Variation of structure depth
within 10/-Lm over a distance of 1m has been realized for a structure depth
of 500/-Lm.

5. Conclusion

In this project powder blasting technology has been developed for the Zeus
display to a mature technology which is applicable on an industrial scale. To
support this technology the theoretical understanding of the basic parameters
like erosion rates, damage depth and hole formation has been improved
significantly.
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Abstract
An overview is given of the system aspects of the Zeus display principle. To
begin with, the static and dynamic resolutions are discussed and this
includes aspects such as panel pitch and dot structure, grey-scale resolu-
tion, misconvergence and video processing, as well as motion portrayal.
After this, the Zeus display system is introduced where the system specifi-
cations, both the row and the dot selection systems and, finally, the optimi-
zation of the dot selection are considered. The application interface, the
system control function and the column modulation method are also exam-
ined. The special les used in all of these functions are described in the
course of this section in some detail. The unique power concept required
and implemented for this display is presented along with an analysis of
the resulting display luminous efficiency.Finally, a treatment ofthe special
on-screen display and teletext function used in the 17"Zeus display proto-
type is given.

Keywords: flat thin display, matrix display resolution, selection system,
column modulation, displayarchitecture, luminous efficiency,
teletext, system optimization.
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1. Introduction

In preceding papers [1-3], a picture has been presented ofthe panel used in a
display based on the Zeus display principle. However, the display is far from
complete with the panel alone. Firstly, an application must be defined in which
such a panel can be used, and then a display environment must be created
which is acceptable in physical form for the application and within which
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the panel can render a picture quality which is acceptable in the application.
This display environment is created by the display system electronics.

In our-case, the application is multi-standard television (TV) and it turns
out that a highly original set of display electronics, quite unlike those for
the cathode-ray tube (eRT) display, have to be realized, and for which new
and quite different issues have to be addressed from those for the eRT display.
So, for our application, the display system electronics must be able to take
incoming TV materialof a variety of standards and convert it to a form
that can be used to modulate the panel in real-time. Other sub-systems,
which make use of a closed-loop feedback technique, must ensure that a uni-
form picture is obtained. A selection system ensures that the video information
is guided to the correct phosphor dot. All of the systems and the panel itself
are powered from a new type of power architecture and, specially for the
application, a novel on-screen display (OSD) and teletext function have
been developed.

To begin with, in Sec. 2, the static and dynamic resolutions are discussed.
The first of these subsections includes aspects such as panel pitch and dot
structure, grey-scale resolution, misconvergence and the effect of video
processing (covered in Secs 2.1.1 to 2.1.4) and the last subsection contains
information regarding motion portrayal (Sec. 2.2). After this, the Zeus display
system is introduced in Sec. 3. in which the system specifications (Sec. 3.1),
both the row and the dot selection systems (Secs 3.2.1 and 3.2.2) and the opti-
mization ofthe dot selection (Sec. 3.2.3) are considered. The application inter-
face and system control function and the column modulation function (Secs
3.3.1 and 3.3.2) are also examined. The special les used in all of these func-
tions are described in the course of this section in some detail. The unique
power concept required and implemented for this display is presented in
Sec. 4, along with an analysis of the resulting display luminous efficiency
(Sec. 5). In Sec. 6, a treatment of the special on-screen display (OSD) and tele-
text function used in the 17" Zeus display prototype is given. Finally, the main
conclusions pertaining to this work are summarized in Sec. 7.

2. Resolution in matrix displays

Resolution is an important issue when considering matrix displays, on the
one hand because it is one of the determining factors for the image quality
and on the other because the electronics costs are proportional to the
number of pixels on the screen. The exact relationship between the number
of pixels and electronics is determined by the amount ofmultiplexing (connec-
tions) and the panel dot structure. Resolution at the overall system level is also
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an issue which is not well specified for matrix panels. For this reason, the Zeus-
related resolution issues are first discussed in relation to the cathode ray tube
(CRT) and other matrix displays before going into detail about the system
aspects in later sections. '
In this paper, it is assumed that the reader is acquainted with the perfor-

mance and display principle as explained in the preceding papers in this
issue [1-3].

2.1. Static resolution

Since static resolution is a difficult term to quantify, we limit ourselves to the
spatial resolution on the screen, i.e. the maximum horizontal and vertical
resolution which can be displayed on the screen, and the grey level resolution,
the amount of detail (levels) that can be displayed. There are of course
two other important issues which have to be taken into account before these
resolution aspects can be translated to 'image quality': on the one hand the
resolution of the input signal (transmission signal quality) and on the other,
the maximum resolution that the eye can resolve (perception). These issues
will not be treated in depth here, but the impact on overall image quality
should not be neglected.
In a CRT, the spatial resolution is primarily determined by the size of the

electron beam. Although the conventional tube technology makes use of a
shadow mask, this does not have a major effect on the spatial resolution-
the pitch is chosen so that it is small enough in relation to the spot size
(note that this holds irrespective of the mask type, slotted or hexagonal). On
the other hand, the mask pitch is a major cause of moiré [4, p.12.7]. The
size of the electron beam varies as a function of both the beam current (i.e.
video modulation) and position on the screen (deflection). In contrast to the
CRT, matrix displays do not suffer from these variations in spatial resolution.
As a result, both the geometry and the convergence [4, p.10.3?] ofthe displays
are almost perfect, almost because the convergence of a matrix display is ulti-
mately limited by the dot pitch.
For matrix displays, the limiting factor for spatial resolution is the panel

dot pitch. Depending on the pitch, a different geometric dot structure may
be used on the screen. In general, these can be split into two types: ortho-
gonal and quincunx (or offset) sampling (cf. Sec. 2.1.1). These terms are well
known from the digital signal processing of video signals and the effect on
resolution is considered briefly below, since it is of major importance to
know what the limits of spatial resolution are for different dot structures
and pitches.
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2.1.1. The impact ofpitch and dot structure

Before proceeding any further, some basic principles of two-dimensional
sampling lattices and the corresponding positions of the repeat spectra [5]
need to be considered. An orthogonal raster is defined as a raster where the
neighbouring samples are adjacent to one another, and in the same horizontal
position from row to row. This lattice can be described by a unit matrix, given
by

Uorth = [d; ;J
and the positions of the repeat spectra, from which the Nyquist frequencies
can be defined, are given by the matrix

VMh~U;~~ [~ IJ
as shown in Fig. l(a). Similarly, for a quincunx sampling lattice, where the
horizontal samples are offset by 1/2 sample distance from row to row, we get

Uquin = [2~X dX]
dy

and

[ 1 ~l2dx
V
quin

= ~~
dy

as shown in Fig. l(b). Clearly, the use of a quincunx sampling reduces the
diagonal resolution by a factor of two, as shown in Fig. 1. In this figure, the
darkest area defines the baseband frequencies which can be reproduced by
such a structure while the light grey area indicates the first repeat spectrum.
In general, when the pitch is 'large', this type of structure is preferred since
the horizontal pitch per row can be double that in the orthogonal case for
the same limiting horizontal resolution. This limiting resolution, defined by
1/2dx cycles/mm in Fig. 1, is called the Nyquist frequency. Normally, when
sampling a signal (in time or space), prefiltering is required to prevent visible
aliasing in the sampled signal and a postfilter is required to eliminate the repeat
spectra which can cause annoying beat patterns. The relationship between the
Nyquist frequency and the maximum frequency without the beat patterns is
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Fig. 1. The sampling lattices and the corresponding positions of the repeat spectra for an ortho-
gonal sampling lattice (a) and a quincunx sampling lattice (b).

called the Keil factor [6].Note that for a display with a discrete pixel structure
on the screen, there is no postfilter present. In this case the eye acts as the post-
filter so that the viewing distance becomes critical.

Simulations have indicated that for a 32" 16:9 display, a horizontal colour
dot pitch (CDP) ofO.5mm and a vertical row pitch ofO.7 mm give high quality
pictures for normal-definition TV, or even a PAL + input. This is not unrea-
sonable because it ties in with a one-to-one mapping for input lines to output
dot rows and it offers 960*RGB [each pixel comprises a red (R), green (G) and
blue (B) dot] horizontal dot phases. The same research has shown that for
smaller screen sizes the resolution using this pitch is insufficient and for
larger screen sizes, the panel has too much resolution in comparison to the
input signal (especially in the vertical direction). This means that for larger
screen sizes a coarser vertical structure is tolerable from a resolution point
of view although pitch visibility begins to play a role at typical viewing dis-
tances once the pitch exceeds about 0.9mm. While optical filtering can be
used to reduce the pitch visibility with large pitches, it is unlikely, however,
that this method can serve as a solution to the problem since in practice, it
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is very difficult to achieve a good balance between the pitch visibility and
degradation in sharpness. It is a major question for all matrix displays what
to do with the screen pitch when the size is varied. The consequences are
shown qualitatively in Fig. 2, the important parameters being input signal
quality and perception on the one hand, and system costs and component
diversity on the other. The trade-offbetween the display module costs and per-
formance will play a crucial role in the success of matrix displays in different
market segments.

2.1.2., Video processing

It is important to distinguish between the display capability on the one hand
and how the video information is mapped to a particular dot structure on the
other. These are not necessarily directly linked. Given the sampled nature of
a matrix display, the incoming signal has to be sampled before it can be
displayed. This sampling can be synchronous (the number of video samples
and sampling phase is exactly mapped to the number of display samples) or
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Fig. 3. The Nyquist frequency limits for different systems and a 32" 16:9panel with a CDP ofO.5
mm and an RP of 0.7 mm. A horizontal Kell factor of about 0.8 has been assumed.

asynchronous (the number of video samples and sampling phase need not be
exactly mapped to the number of display samples). For a given input signal
quality, the corresponding input sampling frequency need not result in a
number of pixels which matches the number of pixels on a given display. In
the vertical direction, a similar situation occurs where the mapping between
video and display standards is only one-to-one for one video standard. For
all other video standards, some form of digital processing is required to
map the video signal to the display.

Although in theory a Zeus display can use interlace scanning, sequential
scanning is preferred because of possible flicker, motion and scan artefacts.
Sequential scanning requires an interlace to sequential conversion, which is
difficult due to the movement in television images. For this conversion, how-
ever, similar techniques to those required for the temporal upconversion can
be used (e.g..motion estimation) and indeed are often combined. On top of
the sequential scan conversion, a 2-D conversion is required when the
number of input samples is not equal to the number of samples that can be
displayed, as discussed in the previous paragraph ..For example, given a 16:9
display with 960 * 576 samples, suitable for PAL resolution, the question
is how do we deal with VGA (640 * 480 pixels), NTSC (about the same
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resolution but interlaced) and teletext (almost 1:1, 480 * 260 and .being
increased rapidly). Indeed, for text images, a pixel aspect ratio of 1:1 is
required for correct geometry reproduetion and an orthogonal structure is pre-
ferred. For video images, a quincunx structure can be used more easily. There-
fore, a 3-D sample (x,y,t) rate converter is required for matrix displays-in'
contrast to CRT displays where the scanning can be adjusted so as to create
an image which fills the entire screen.

In order to get some idea of the resolution limits of the panel, a 32" 16:9
panel, based on a colour dot pitch (CDP) of 0.5 mm (480 channels) and a
row pitch of 0.7mm (576 rows) will be used as an example. Let us assume
further that we want to display a PAL+ signal. The 2-D spectrum ofthe dif-
ferent input signals and the possible reproduetion spectrum of the panel are
shown in Fig. 3. Here the word pixel is taken to mean a white pixel, i.e. an
RGB triplet. The figure is also valid when dealing with monochrome
images, of course. Clearly, for video images, the display will have sufficient
spatial resolution to reproduce the image with sufficient quality. Some diago-
nal resolution will, however, be lost.

For teletext and VGA, the situation is quite different. Teletext is only trans-
mitted during 40 us of the TV line and is based on 40 characters per line and 26
lines of information per field, where each character is 12*10 dots. Although it
is almost al: 1 signal, some character aspect ratio distortion can be tolerated.
There is also a trend towards 50 characters per line so that using the fullline
for resolution specification is a boundary condition. Teletext and VGA, there-
fore, have approximately the same horizontal resolution when the difference in
line time is accounted for. Vertically, however, VGA has twice the resolution
of teletext so that the video mapping is quite difficult, unless some image dis-
tortion is allowed.

Here the questions need to be asked 'how can orthogonal information be
mapped to a quincunx display?' and 'how can this be applied to a Zeus dis-
play?' In order to understand this, it is also important to realize that there
are a number of options when using a quincunx sampling lattice to display
a rectangular input spectrum (which we commonly deal with in television sys-
tems, e.g. PAL+, MPEG, Teletext and VGA). Ifwe assume that the horizontal
Nyquist frequency of the panel is equivalent to the Nyquist frequency of the
incoming signal (synchronous sampling), and if we further assume that this
also holds true for the vertical Nyquist frequency, as shown in Fig. 4, then
we can do two things to improve the diagonal resolution. We can increase
the horizontal Nyquist or the vertical Nyquist frequency of the panel. These
two situations are shown in Fig. 4, (a) where the horizontal Nyquist is
increased and (b) where the vertical Nyquist is increased. Clearly, the best
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(b) Increasing the vertical resolution of the panel

Fig. 4. Mapping an orthogonal spectrum to a quincunx sampling lattice: the effect of exchanging
vertical and horizontal resolution is shown.
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way to display the original orthogonal spectrum on a display with a quincunx
sampling grid is to double the vertical resolution in the panel and to use this to
increase the horizontal resolution by mapping one input video line to two
output display rows.
Although mapping text to a pixel-based display is difficult to implement due

to the binary (digital) nature of the signal, there are three possibilities, all of
which show varying quality:

• asynchronous sampling (requires more dots in the horizontal direction),
• synchronous sampling (requires difficult electronic (re)synchronization),
• font mapping (requires knowledge ofthe signal to be displayed and ofthe

display dot structure).

In the 17" prototype (256 pixels per row, 384 rows), the font mapping tech-
nique is used (see Sec. 6) for teletext reproduetion since the number of dots
available on the screen was well below the minimum.

Returning now to the 32" panel, with 480 pixels per row and 576 rows, we
obtain the situation as shown in Fig. 3. Firstly, a loss of diagonal resolution
occurs with all signals except for teletext, where one incoming line can be
mapped to two display rows, making use of the extra vertical resolution avail-
able, see Fig. 4(b). The question of 'how much quality is really lost?' is difficult
to answer in the case of the TV signals, as it depends on the amount of diagonal
resolution in the original transmission. Simulations of VGA computer images
and On Screen Display (OSD) have shown that, for some critical images, a
32" 16:9panel will not have sufficientdots to sample the signals asynchronously.
For OSD, this is only true for special characters and backgrounds. To this end,
the use of the graphical and digital signal processing offers a solution, especially
where the video graphics processing is placed in the display module. For the case
of standard definition TV and standard teletext, the resolution of the 32" 16:9
panel ·ismore than sufficient for displaying excellent quality images.

2.1.3. Grey scale reproduetion

An important parameter in grey scale generation is the gamma of the dis-
play. In the studio, television images are processed with a non-linear function
(typically a gamma of about 0.45) to improve the signal to noise ratio during
transmission. The gamma ofa CRT, typically 2.5 to 2.7, is approximately the
inverse of this function so that no extra processing is required at the display
side. This yields an overall gamma of about 1.2, generally accepted as being
required for a high-contrast image. In displays where there is no inherent
gamma in the display, a non-linear function has to be implemented so as
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to compensate for the gamma at the studio. The importance of the gamma
function lies in the fact that it is a crucial factor in determining image quality
(many contrast improvement algorithms vary the gamma depending on the
video content or the ambient lighting conditions) as well as the difficulty
in its implementation. This difficulty is related to the Weber-Fechner law
[4, p.1.10]

!:l.L=b
L

(1)

Application and system aspects of the Zeus display

where L is the luminance, b.L is the least distinguishable luminance difference
(at L) and b is a constant. This law holds for the range of luminance values
which are important for television viewing and reflects the logarithmic charac-
teristic of the eye; b is typically 2 to 3%. This basically means that the just
noticeable steps become smaller as the luminance level decreases, intrinsic in
the gamma function of the CRT. In digital processing, this is translated into
a demand for a large number of bits. Typically, 12 bits are required for
linear systems [7] for a good picture quality.

In Zeus displays, since we need to compensate for column-column non-
uniformity, pulse width modulation (PWM) is preferred: the uniformity cor-
rection is carried out in the amplitude of the pulse while the video information
(grey levels) is modulated in the time domain. This basically gives a linear rela-
tionship between the input signal (time) and the output signal (luminance),
necessitating some extra gamma processing. Although not Iconsidered in
detail, amplitude modulation (AM) is possible but requires a more compli-
cated uniformity correction since each column, having its own electron gun,
has a different non-linear (gamma) characteristic. Although the display
device itself is capable of generating grey scales through AM, it is a system
issue which dictates the choice of modulation technique. Hence, PWM (with
uniformity correction in the pulse amplitude) has been implemented and suc-
cessfully demonstrated. The use of AM both for video modulation and unifor-
mity correction remains to be examined in detail.

Unlike Zeus displays, liquid crystal display devices (LCD), based on either
active-matrix or plasma-addressed technology, use AM to change the trans-
mission depending on the video content. Due to the LC characteristics, the
transmission curve is different to that of the CRT -it is more like an '8'
shape, so some form of processing is required to make it suitable for displaying
television images. The processing is, however, not as critical as in the case of
PWM (linear) systems. Plasma (PDP) and digital micromirror device
(DMD) based displays are also linear display devices. The choice of PWM
is dictated both by system aspects (maximize the light output) and the
(binary) display device characteristic (the dot is either 'on' or 'off'). The grey
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scale reproduetion for these devices is far more difficult than in a Zeus display
due to the limited number of subfields and power constraints, but that is
beyond the scope of the present paper [8].

2.1.4. Misconvergence

A matrix display can show misconvergence. The visibility of this error is
a function of the pitch and viewing distance. The colour (RGB) dots are pos-
itioned side by side on the panel, while the RGB video information is sampled
at the same point in time. Displaying the information in this way results in a
static misconvergence error over the whole screen. This is in contrast to the
CRT in which the shadowmask effectively resamples the colour information
at the correct position. This positioning error can be compensated by either
using a three-phase sampling clock or by applying digital filter techniques
(and a single clock system) to shift the R, G and B data samples relative to
one another. For electromagnetic compatibility (EMC) reasons, the latter
technique is preferred, despite the fact that the filtering may cause colour
moiré in certain images.

In Fig. 5(a), the input signal is sampled at the panel Nyquist rate. In this case
two of the three colours have to be filtered per line since RGB are sampled at
the same moment in time. An alternative is to increase the sample frequency by
50%. Two options are shown in Fig. 5(b) and (c). In Fig. 5(b), every second
line has to be filtered, while in Fig. 5(c) every line is filtered, giving a more uni-
form sharpness impression. The mapper of Fig. 5(c) is implemented in the 17"
prototype (see Fig. 8).

2.2. Dynamic resolution: motion portrayal

Besides the static resolution of displays, the dynamic resolution is also an extre-
mely important parameter in the reproduetion of moving (television) images. In
the studio, the images are recorded at the rate of 50 (or 60) fields per second. The
fields are interlaced (i.e. even lines in the even field and odd lines in the odd field),
and each pair of even and odd fieldsconstitutes a frame. The display reproduces
these fields at the same rate and, in the case of the CRT, the phosphors are fast
enough to avoid blurring of the image. In other words, the fast dynamic response
of the CRT display is sufficient for a high-quality motion portrayal, while at the
same time being responsible for the flickering.

Some years ago, in order to reduce large area flicker, 100Hz CRT-TV was
introduced. Although the flicker is completely eliminated (the critical flicker
frequency of the eye is about 75Hz), a factor of two increase in bandwidth is
required. In addition, the motion rendering is more complicated sincemovement
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Fig 5. Some of the different mapping options in order to improve the resolution. The coefficients
indicate the filter weights. Option (c)was finally chosen for implementation in the 17" prototype.

Philips Journal of Research Vol. 50 No. 3/4 1996 513



T. Doyle et al.

vectors have to be calculated and interpolated. Although the refresh rate has
been increased by a factor of two, the dynamic response of the display (phos-
phors) is such that the motion portrayal is not limited by the display device.

Seeing that a Zeus display is based on the same cathode-luminescence
principle as the CRT, the same CRT issues apply. The display will flicker at
50Hz so 100Hz has been chosen as the field frequency. Since there is more
phosphor saturation at the lower acceleration voltage [9], the effect of
100Hz is also to increase the luminous efficiency.
For the LCD and plasma displays, the motion portrayal is certainly not as

good as the CRT or a Zeus display. Since LCDs are based on a shutter
principle, the image is held for a field time (typically 16 or 20 ms). Since the
eye tends to track motion, the edges of moving objects are blurred, the
amount of blurring depending on the speed. In plasma and DMD displays,
similar effects are visible due to the subfield addressing. On the one hand, if
the eye is tracking the motion, the information in the subfields will not be
integrated correctly by the eye and on the other, the emission (of some sub-
fields) is far longer than for both the CRT and Zeus displays, but not as
long as for an LCD. A full treatment of this subject is, however, beyond the
scope of this paper [8].
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2.3. Summary

In comparison with the CRT, matrix displays

• have perfect geometry determined by the rigid dot structure,
• have near-perfect convergence (limited by the dot pitch),
• have a spatial resolution independent of the position and light output, fixed
by the dot structure and pitch (the Zeus panel uses a quincunx structure),

• often use PWM for greyscale generation (Zeus, Plasma),
• use line-at-a-time addressing and require sequential scanning to avoid
flicker,

• often have problems with motion portrayal (LCD, Plasma),
• use fixed addressing, requiring a flexibility in the signal processing, and have
a rigid relationship between the addressing and resolution.

For these reasons, the system aspects of matrix displays are quite different to
those of CR l's. In addition, there are complications particular to the chosen
technology, for example, subfield addressing for plasma and cascaded ICs
for Zeus. .
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3. Zeus system overview

In this section, the Zeus system aspects will be explained. The relationship
with the panel design is briefly reviewed so that the system specifications are
clarified. A more detailed analysis of the different system aspects is then pre-
sented in the areas of the selection system (Sec. 3.2) and the video processing,
in particular the interfacing (Sec. 3.3.1) and column modulation (Sec. 3.3.2).

Although the systemwas originally designed for a 32" 16:9 prototype, it was
decided at a later stage in the project to design and implement a 2S" 16:9
prototype. For this reason, mention is made of both a 32" and a 2S" panel
at different stages in the rest of this paper.

3.1. System specifications

As indicated in Refs [1,3], the Zeus display principle is based on electron
transport along insulators. In order to minimize the depth of the panel, an
electric field is used to transport the electrons in the vertical direction (to the
rows) and in the z-direction (through the selections) to the screen. In the hori-
zontal direction, the panel is made up of numerous (identical) ducts or
channels, each duct having its own triode. Within each duct, a number of
colour dots are arranged in the horizontal direction so that the number of
ducts and the number of horizontal dots per duct determine the horizontal
resolution of the panel. The crossing point between each row selection and
duct will be called a cell. Within each cell, which dot is actually addressed is
determined by the other selection plates in the panel, called the dot selection.
Thus, we can identify a two-stage selection process: cell selection and dot selec-
tion. The cell selection is sometimes called the row selection, since initially,
there were as many cells as rows per duct. In the course of the development,
the number of (display) rows per cell changed. Two systems in particular
should be mentioned-the six-fold selection system and the 24-fold selection
system. The numbers refer to the number of dots per cell (Fig. 6).
As mentioned elsewhere [10], an electric field transports the electrons in the

vertical direction. This transport field is created by a voltage placed over the
ducts so that the voltage increases linearly from one end of the duct to the
other (at about SOY/cm for the six-fold system and at about 40V/cm for
the 24-fold system). Each row is selected by temporarily increasing the electric
field locally by applying a selection pulse of about 200V. This voltage has to be
superimposed on the local DC voltage. Coupling the selection pulse to the local
DC transport voltage in an economic way posed one ofthe major problems for
the row selection and resulted in the use of cascaded ICs. The coupling itself is
done using a resistor-capacitor network, referred to as the RC ladder. Note that
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Fig. 6. The cell in terms of dots and timing considerations for the six-fold Ca) and the 24-fold
(b) selection systems.

for the three-fold (i.e. three dots per cell) selection system, about 2500 compo-
nents are required for 576 display rows. Options for integration were considered
but not pursued, on the one hand due to the difficulty of integrating the flash
resistor and on the other due to the factor of four reduction in number of com-
ponents in the 24-fold system (see also Sec. 3.2.1).

The dot selection per cell [3] is carried out by other selection plates. In the
case of the three-fold selection system, a minimum of three external connec-
tions is required (one for each of the colours) since the selection tracks can
be interconnected internally. However, the plate capacitance that has to be
switched (with a voltage of typically about 150 V) is far too large and the
power becomes excessive. A compromise has to be reached between the
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power consumption and the number of external connections so that the costs
can be reduced: each external connection has to be switched by a driver. In the
six-fold system, an extra selection plate is inserted so that there are two pixels
per cell. The optimization of the number of external connections can be done
per plate. Note that for the row selection, this type of interconnection is
not possible: otherwise the electrons would always be extracted at the row
where the first pulse is encountered. For the row selection, therefore, one
driver per connection is required (see also Sec. 3.2.1). This puts severe
demands on the connection technology (between panel and electronics)
and the choice of the connection technology was a motivating factor in
developing the 24-fold system: the pitch has been increased and the number
of row connections has been reduced by a factor of four so that a flexfoil con-
nection is no longer required.
The column modulation is done one row at a time and PWM of the gl elec-

trode drive is used for the luminance modulation. The timing, however, is
critical. The display refresh rate is 100Hz and progressive scan is required
to avoid disturbing line flicker, so that for 576 rows, a row time of 16 JLS is
available. In the three- and six-fold systems, there is one pixel (RGB) per
row time slot, whereas for the 24-fold system, there are two pixels per row
time slot. This 16 JLS has to be divided between the RGB dots for selection
and modulation. For the 24-fold system, as an example, the selection edge
time has been fixed at 0.5 JLS and the video modulation time is then 2.17 JLs
per dot. Based on a PWM clock of 108MHz, this allows about 234 grey
levels, just under eight bits: lower than what we actually require for an artefact
free image in dark areas but more than sufficient for bright areas. The required
video modulation voltage depends on the triode construction and the (peak)
light output specification. A peak voltage of between 15 and 25 volts was
expected (see also Sec. 3.3.2).

Not only is the panel specification important, but also the application or
module specification is required before we can define the total system.
Since the primary application is television (TV), a distinction has to be
made between functions which are TV-only related and those which are
display-only related. Although some functions are quite obviously 'TV' or
'Display', with other functions this is not quite that clear. Given the fact
that we are dealing with an RGB interface, all signals need to be converted
to the correct display format (number of dots and dot structure). From
this point of view, a clear distinction has to be made between display-
dependent processing and display-independent processing. This point will
be handled in Sec. 3.3.1. The result of this analysis is the TV and display
module architecture shown in Fig. 7. The realized prototype is shown in
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Small Signal Panel Large Signal Panel

Fig. 7. The expected TV architecture using a Zeus display. Similar in complexity to a TV chassis
based on a CRT display, two separate printed circuit boards are envisaged: one for the large signal
electronics (power) and one for the small signal electronics (video processing). In addition, much
electronics is needed at the back of the panel for dot selection and to supply the video information

to the panel.

Fig. 8. In Table I, a summary of the more important system specification
parameters issues is given for a 32" display.

The architecture shown in Fig. 7 differs from the implementation shown
in Fig. 8. In the first place, the module is based on the 24-fold selection
system which uses five extra selection plates instead of two in the realized
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Fig. 8. The prototype as demonstrated for the first time on 12 October 1994. Since the uniformity
feedback loop was not implemented at that time, verticallines are visible in the image.

17" prototype. Secondly, although les are indicated for all the selection
drivers, it should be noted that for the 17", discrete drivers are used for the
dot selection drivers and that the controller and interfacing are also made
with discrete components. The interfacing is based on RGB (cf. Sec. 3.3.1)
instead of YUV (luminance and two chrominance signals), but is limited to
a digital interface in the prototype. The small signal processing required to
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Parameter Value / description

complete the TV functionality is quite similar to that of a television receiver
based on a CRT with two exceptions: the teletext processing and the RGB
dot mapping (see Secs 6 and 2.1.4, respectively).

The power concept, although different to the standard CRT power function-
ality (see Sec. 4), is certainly as complex. Although shown here as part ofthe large
signal panel, it is also possible to implement this in the display module. In fact,

TABLE I
Summary of the more important system specification parameters for a 32"

Zeus display

Horizontal pitch
Vertical pitch
Dot structure
Number of pixels per row per colour
Number of column connections
Number of rows
Number of row connections
Number of dot selection connections
Row selection voltage (at the electrode)
Dot selection voltage (at the electrode)
Column modulation voltage
Transport field
Transport voltage
Nett acceleration voltage
Switching time
Video dot time
Number of grey levels
Column modulation method
Uniformity

Scanning method

Display interface

Power

0.5mm
0.7mm
Quincunx
480
240
576
144
~ 200
200 V
150 V
15-25 V
40 V/cm
1600 V
4.5 kV
0.5 J.LS
2.17 J.Ls
234 (108 MHz)
PWM
< 1% in luminance
active con trol loop

100 Hz, sequential
line-at-a-time

RGB digital and analogue
960 pixels per row per colour
orthogonal, 32 MHz

See Sec. 4 and Table VI
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given the large number of high voltage connections, implementing this in the
module is the more logical place, especiallywhen EMC is taken into considera-
tion. Audio aspects ('flat sound'), although important for the complete function-
ality, have not been dealt with during the module development.

3.2. The selection system

In this section, the selection system is considered in more detail. The selec-
tion is a two-stage mechanism: firstly the cell is addressed and then the dot
within the cell is addressed. Since in the original Zeus panel design the
number of cells and rows was the same, the cell selection is referred to as
the more familiar row selection.

3.2.1. Row selection: addressing the cells

The row selection scans the display from top to bottom similarly to the
CRT. In order to avoid using extra field memories, the cathode unit, which
is always at the low-voltage end of the channel, is positioned at the top of
the display. The scanning, therefore, is towards the high voltage end of the
channel. The row selection can be compared to the raster or vertical deflection
in a CRT. One ofthe extra problems here is the transport voltage (see Sec. 3.1
[10])so that the selection pulses have to be coupled to a linearly increasing DC
voltage, the value ofwhich is a function ofthe position on the panel. Of course,
this can be easily achieved using capacitors, but due to the high voltage
(e.g. with 80Vlcm and a 40 inch panel), the capacitor has to have a breakdown
voltage higher than 4.5 kV. Even with the 24-fold system, where the transport
voltage is halved and the number of rows per cell is four, the costs for such an
implementation would be too high. This has resulted in the concept of
cascaded ICs where the power supply and signal pins of the ICs are cascaded
in series. In this way, each IC is biased at approximately the required DC
voltage. This reduces the voltage across the capacitor, which links the IC
output to the panel row connection (via the RC bias network), considerably.
This concept is vital for the economic feasibility of the row selection function
and thus of the display function itself. It has been successfully implemented in
the prototype (Fig. 8).

Given the cascaded nature of the ICs, the manner in which we deal with
various screen sizes is important, since then the transport voltage also varies
(and hence the voltage over the ICs) while the number of connections need
not (depending on the resolution strategy). The row selection has typically
N connections-in the case of the 24-fold system this is ~ the number
of rows on the panel-and the difference between the two outermost connec-
tions is b..VIr (V). This voltage, b..VIr, depends on the required transport field,
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Ftr 01lcm) and the height of the display, h (cm), so that

(2)

On the other hand, the required selection voltage, Vsel M is an independent
parameter, typically related to the required electrode voltage by the loss
factor in the RC network (:::;10%, determined, for example, by the ratio of
the coupling capacitor to the panelload capacitance), but due to the cascaded
nature of the ICs it is also related to the transport voltage via

MIC = INT [Il Vtr] = INT [Ftr * h]
Vsel Vse1

(3)

where MIC is the number of ICs used. There is, of course, another constraint:
the number of connections has to be divided over the ICs. Assuming we have P
outputs per IC, each requiring a pulse of Vseb then it can be seen that

P = INT [::C] (4)

and finally that

P~INT[rnT[~lj
This equation shows the dependence of the number of outputs per IC on

the transport field, panel size, required selection voltage and number of row
selection connections. It should be obvious that it is impossible to define
one IC with a fixed number of outputs which is capable of driving 20"
and 40" displays, not only because the drive specifications (e.g. load capa-
citance) are different, but also because of the cascaded nature of the ICs.
Equation 5 is fundamental to the use of the cascaded IC concept. Some
of the major differences between the 20" and 40" 16:9 displays are shown
in Table Il. In the case of a 20" display, four ICs, each with 36 outputs,
are required, whereas for the 40" display, eight ICs, each with 18 outputs,
are required.
Another major issue is the power consumption of the row selection. Since

the ICs are connected to a voltage somewhat higher than Il Vtr, care has to
be taken that the dissipated energy is supplied locally from the ICs and not
from this voltage. This, in addition to the flash protection, places severe
demands on the circuit design of the row selection and the manner in which

(5)
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TABLE 11
Example of dimensioning the number of outputs of row selection ICs for two
Zeus display types. In this case, the Vse1 is 250 V, Ftr is 40 Vlcm, the panel has

576 rows and the 24-fold system is assumed

Screen size h (cm) M p

20inch
40inch

25
50

1000
2000

4
8

36
18

the supply decoupling is achieved (e.g. decoupling the substrate supply of the
ICs is vital for a robust design). These circuit demands have been satisfactorily
met in the prototype design.

Given the Zeus technology, it is highly unlikely that a 'flash free' panel can
be designed. Since the nature of flashes is not well understood, the circuit
designer has to ensure that the design is robust where flashes are concerned.
Not only the circuit design, but also the IC has to be able to withstand flashes.
For this reason, a series flash resistor (specially designed to absorb the flash
energy) has to be included in the RC network. Destructive flash tests have
shown that the ICs, designed during the project, can survive up to 10A of a
flash current (using lateral devices with separate flash diode). This is more
than sufficient for the application. The choice of flash resistor is not only
dependent on the current constraints but also on the timing constraints: the
total selection time has to be smaller than I J.LS in the prototype (0.5 J.LS for
the 24-fold system) so that the flash resistor and the capacitive panel load
was a determining factor in achieving the timing specification. Note that the
total series resistance was made up of two components: a bulk (external)
flash resistor and a distributed (internal) track resistance. For the row selec-
tion, the internal resistance can be neglected, but this is generally not the
case for the dot selection (see Sec. 3.2.2).
The choice of the cascaded IC concept and the required robustness with

respect to flashes places severe demands on the row driver IC. Given the
required selection voltage (> 220V), lateral DMOS devices have to be used.
The panel load, although predominantly capacitive, has a relatively strong
coupling from row to row so that extra parasitic currents have to be allowed
for, although these are reduced with the 24-fold selection system. The timing
specification was complicated originally by the fact that the cascaded ICs
showed clock skew and extra clock-to-output (propagation) time delays-a
problem which has been solved in the meantime. Due to the (possible)
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variations in transport voltage (even at a fixed panel height), a high degree of
flexibility (programmable outputs) is required. The architecture ofthe IC that
was developed to test the feasibility of a Zeus display system (based on a
HDTV 40" panel) in the 17" prototype is shown in Fig. 9. The ICs are coupled
to each other via the power supply (V1ow from ICm+ I is Vhigh for lCm and lCm
generates the substrate bias for ICm+ I and ICm+ I the logic supply for lCm)
and the data and clock information. Because of the cascading, internal level
shifters are required for the clock and data. The IC includes all the necessary
logic to shift the data from row to row and the number of outputs is fully pro-
grammable. It can generate a pulse of 300 V and includes flash protection. The
surface area is 70mm2 (control ~ 15%, flash proteetion ~ 15%, wiring ~ 10%
and driver circuitry ~ 60% for 32 outputs) and it was processed using the L392
DMOS process (Fig. 10). This IC (like the cascade concept on which it was
based) has been sucessfully applied in the 17" prototype Zeus display system
over a long period of time and in this way the technical feasibility of both
the IC and circuit concept has been demonstrated. Some of the major para-
meters of the IC are summarized in Table Ill.

3.2.2. Dot selection

High
sKIe
Drive

Having addressed the cells (note that this is done in parallel for all ducts),
the relevant dots have to be addressed. In the original three-fold system,

524
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Fig. 9. The row driver architecture.

Pbllips Journal of Research VDt.50 No. 3/4 1996



Application and system aspects of the Zeus display

Fig. 10. The row driver IC.

TABLE III
Primary parameters of the first row selection IC

Parameter Value

Output voltage
Flash current
Number of outputs
Area
IC process
Dissipation
Risetime

300 V
::;10 A
32, programmable
70 mm '
DMOS, L392
::;0.2 W
::;0.5 f-LS (with 350 pF)
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there was a singleplate which carried out the dot selection. As mentioned earlier
[3],all the internal tracks can be connected together at the expenseof a high capa-
citive load (and possible contrast loss, see also Ref. [2]). For this reason, more
than the minimum of three connections are used. This optimization of the inter-
nal interconnection, expressed by the interconnect factor (this is the number of
internal panel selection tracks that are joined together to one dot selection IC
output), is one of the major advantages of the Zeus technology when compared
to other matrix display technologies. The different selection systems(six-fold and
24-fold) require more selectionplates (all ofwhich can be optimized in this way),
but have other distinct advantages (e.g. lower transport voltage, larger connec-
tion pitch or less total connections and thus lower electronics costs). This oppor-
tunity to optimize the costs of the electronics and panel-unique to the Zeus
concept-is covered in Sec. 3.2.3 and is referred to as multiplexing.

In many respects, the system aspects of the dot selection are similar to
those of the row selection, although the demands with respect to certain
parameters-both on the panel side and the electronics side-are more
severe. Given the (relatively) high interconnect factor (typically 8 or 16), the
capacitance is quite high so that achieving the required selection time
(0.5 lts) on the one hand and a robust design (against flashes) on the other is
rather difficult. In the case of the row selection, the intrinsic track resistance
was not important, whereas for the dot selection, it plays a vital role in
system specification. This has to do with the fact that the resistance is made
up oftwo components, as mentioned in Sec. 3.2.1, and the ratio ofthe internal
to the external resistance is far higher for the dot selection than for the row
selection. This, coupled to the (potentially) higher flash voltages, places
extra demands on the electronics which have to be taken into consideration
in the system design.
The power aspects are also very different when compared to the row selec-

tion. As mentioned, the load capacitance is quite high so that the voltage and
frequency are crucial parameters in determining the power. The voltage is
determined by the panel constraints (typically 150V), but the frequency is
determined by the dot scanning order. The dot scanning order is also deter-
mined in part by panel constraints (e.g. charge transfer), but the video proces-
sing also influences the choice. The overall strategy is to reduce the power to an
acceptable level since this has to be delivered by the extra-high tension (ERT)
unit (see Sec. 4). Despite the fact that the power per plate can be quite different,
the use of one IC type for all the plates is possible but probably not the most
economic solution. Given the high currents involved, typically 1-2 A depend-
ing on the plate and the interconnect factor, and the required selection voltage,
vertical devices are to be preferred in the IC design.
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An extra complication is the interfacing with the control function, since this
is at ground potential and the dot selection itself is biased at a few kVs.
Furthermore, each plate has its own bias potential which differs by anything
up to 300V from its neighbouring plates. This means that a high voltage
link must be made from the ground level to the selections and/or mutually
between the selections. This sort of link is quite expensive and can also be
quite bulky, hence this places a restrietion on the width ofthe selection control
bus (i.e. the number of address bits available to control the different plates),
the throughput of which has to equal the dot frequency, given that for each
video dot a new addressed panel dot is required. Several ways to solve this
interfacing problem have been developed but are outside the scope of this
paper.

3.2.3. System optimization

The basic three-fold selection system, applied to a 32" 16:9 panel with 576
rows and 480 channels, has 576 row connections, 480 connections for the
column modulation and a dot selection where the number of connections
depends on the interconnection factor. When the interconnection factor is 4,
the number of connections for the dot selection is 144. This gives a total of
1200 connections. This was the situation at the start of the Zeus project. In
order to ease the problems with the panel assembly, the six-fold selection
system was introduced which halved the number of row connections to the
panel, while introducing an extra binary 'dot' selection (with a considerably
lower number of connections to the electronics). This extra row multiplex
allowed the external row pitch to be increased (from 0.6 to 1.2mm), thereby
enabling a new connection method to be used: a simple wire comb mechani-
cally clamped to the glass plate instead of the flexfoil. This selection system
is the basis for the 17" prototype, first demonstrated in 1994.

The 24-fold system (using five selections) has been chosen to form the basic
concept for further development (28" prototype). The main reasons for this are:

• a lower transport voltage, requiring a wider channel and hence the need for
column multiplexing (M channels require M/2 connections),

• a larger pitch, allowing for larger voltage clearances which conform to the
legal requirements and hence the need for the extra row multiplexing
(N rows require N/4 connections),

• panel manufacturability, temporarily two plates were used to do a three-way
selection,

• cost reduction, so that the panel and electronics combination can be
optimized.
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TABLEIV
The effect of plate multiplexing on the number of connections

Ne=3M+N (6)

Option #Row #Column Transport 32"
connects connects voltage example

Three-fold N M V 1200
Six-fold N/2 M V 950
24-fold N/4 M/2 V/2 610

Although the number of row connections is again halved (with respect to the
six-fold option), the external row pitch is not doubled. This is due to the
mechanical construction of the panel, whereby some of the other connections
are also on the same side as the row selection. The pitch is only increased to 1.5
mm. The total number of connections for the different systems is shown in
Table IV.

In general, for a matrix display, with three dots/pixel (RGB), with M pixels/
row and N rows, the number of connections Ne is given by

A CRT has typically 20 connections. For the 32" display considered with 960
pixels and 576 rows, a Plasma or LCD panel requires 3456 connections (viz.
3*960 + 576). The Zeus display, in the 24-fold example considered, requires
Ne connections where

(7)

A nett factor offour for the columns comes from the quincunx structure (50%)
and plate multiplexing (one plate). Time multiplexing, used for the colours,
gives an additional factor of three. This time multiplexing is made possible
by two additional selection plates which together give the factor of three.
Additional plate multiplexing (two plates) accounts for the factor of four
for the rows. The number of external connections per selection plate, n.;
depends on the interconnection factor per plate. Being able to lower the
number of connections gives some matrix systems a distinct advantage over
the rest. The electronics costs (ICs, PCB and connectors) decrease and the
reliability will, in general, increase. Note that this should be balanced carefully
with the extra costs of the panel. In what follows, the parameters involved in
this optimization will be indicated.
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Clearly, the capacitance plays a crucial role in the determination ofthe opti-
mum interconnection factor. Capacitance measurements have been carried out
on different panels, for 5", 17" and 28" segments. The effectivecapacitance pre-
sented by a track (Ctrack) to the driver depends on the number of drivers that
switch at the same time. In general, this is given by

Ctrack(efl) = Ctrack(gnd) + (n + 2) * Ctrack(neighbour) (8)

where n is the number of simultaneously switching neighbours. When a neigh-
bour switches in anti-phase then one is added to n and when it switches in
phase one is subtracted from n. For the dot selections: the track capacitance
has to be multiplied by the interconnect factor Mint to obtain the total capa-
citance Ctotal> and the effective frequency leff with which this capacitance is
switched is given by the product of the relative frequency !reI> ffield and Mint
as follows

Ctotal = Ctrack(efl) * Mint

!err =!rei *lfield * Mint (9)

The relative frequency is determined by the interconnection factor and the dot
scanning (scrambling) order. As an example (Table V), quasi row-at-a-time
scanning is used as a compromise between panel artefacts and the video pro-
cessing. In quasi row-at-a-time scanning, the channel rows are scanned
sequentially, alternately from left-to-right and right-to-Ieft from one row to
the next. The relationship between the scanning dot order and the relative fre-
quencies is, however, beyond the scope of this paper.

For the 28" Zeus display the capacitance values are between 1 and 2 nF, with
Mint typically either 4 or 8. B~sed on the capacitance values (and the voltage
and timing specification), the required current can be calculated. The current
and voltage determine the area (and thus cost) ofthe ICs. The important fact is
that the number of drivers decreases linearly with the interconnect factor,
while the area of the ICs increases marginally (only the current contributes
to a larger area in this case). A separate issue is the selection timing speci-
fication ofO.5 /LS. The higher the interconnect, thus the higher the capacitance,
the lower the allowable resistance (the sum of the internal track resistance and
the external flash resistance). Since the electronics driving the Zeus panel have
to be able to withstand flashes, at least until it has been proven that flashes do
not occur during the normal operating lifetime of the display, a conflict can
arise between the flash and timing specification.
As far as flashes are concerned, the row drivers are primarily affected by the

transport voltage and the dot selection drivers by the anode (acceleration)
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voltage. Given the timing specification, it can be concluded that

Rflash = V~~Sh s s, s R,. = Tsw

Imax Cl( * Ctotal
(10)
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where Rflash is the flash resistance whose function is to limit the flash current
and protect the driver against overvoltage, Vflash is the maximum voltage of
any flash expected, I~~ is the maximum value of flash current through the
dot selection IC that can be tolerated given the driver type used, Tsw is the
switching time, R; is the sum of the flash resistance and the internal resistance
of the panel connection and Cl( is typically between 3 and 5. The situation is
more complicated in practice since the internal resistance is distributed
(i.e. the internal track behaves as a transmission line) and the square resistance
of the indium-tin oxide (ITO) anode connection to the phosphor dots deter-
mines the flash current from the anode. This demand (see eq. 10)is necessary in
order to satisfy the specification. The row selection has no problem satisfying
this constraint due to the low load capacitance, whereas for dot selection
drivers, it is difficult to satisfy these demands.

In a first-order approach, driver current is calculated as

llin = Ctotal * Vsel
r.; (11)

This is known as the linear driver current (Ilin)' However, in practice, this
simple relationship does not hold. Again, a detailed treatment is beyond the
scope of this paper. Given the 24-fold 32" system chosen, including the pre-
ferred interconnect factor and a Tsw of 0.5 Jl-S, then Idr , the practical driver cur-
rent, lies in the following range

1.5 < Idr < 3
llin

Knowing the capacitance and current, the power per plate and the power
per IC can both be calculated. The dynamic power dissipated in the selection
is given by the general equation

(12)

(13)

of which only some is dissipated in the IC itself, Pie, and some in the series
resistance. For the IC, this is defined by

(14)

Note that when Idr = VseI!Rs, ideally the dissipation in the IC is zero. How-
ever, in practice, there will be a lower bound due to the static dissipation

530 Pbllips Journalof Research Vol. 50 No. 3/4 1996



Application and system aspects of the Zeus display

levels. For the dot selection, the choice of R; (flash and internal) determines the
power balance between the resistor and the IC, and it can be chosen to satisfy
the specification and interconnection demands.
In order to do the optimization, the IC aspects also need to be considered.

The size ofthe ICs will be limited on the one hand by the yield (which decreases
approximately exponentially as the area increases) and on the other hand by
the dissipated power. Typical upper bounds for the economic values of the
area and power, for ICs in this process, Pie, are given by

Area ~ 30mm2

(15)

and these constraints are used to determine the number of outputs per IC.
Some of the major parameters are shown in Table V, where plate 2 is

nearest the screen and a 50 n flash resistor has been included in the total
series resistance R, for plate i. The switching power Pi (W), for the sum
of all the selections in a selection plate i, required for its selection function
is given by

Pi = Di * (Mint(i)frel(i)ffield)* Ctotal(i)* Vl,sel (16)

whereffield is the display field rate,frel(l) is the frequency that a track of selec-
tion iis switched relative to the fieldfrequency, Mint(z) is the interconnect factor
for tracks in selection i, Di is the number of external drivers required for selec-
tion i, Ctotal(z)is the total effective capacitance (including neighbour effects)
seen by a driver of selection i, and Vi,sel is the selection voltage required for
selection i.
As can be seen, for a 100Hz display field rate and even with all selection dri-

vers requiring 200V, the total switching power (calculated using eq. 16) is lim-
ited to less than 30 W, conforming to the specification of the power supply.

Because of the fact that the interconnect factor can be optimized per plate, it
is interesting to add more plates to reduce the electronics costs, of course at the
expense of the panel costs. The success of this strategy pivots on the absolute
prices of the materials and processes involved. The optimum multiplex factor
from a cost point of view has not yet been determined.

3.3. The application interface, system control and column modulation

In this section, we describe the video path, from the application interface to
the column modulation ofthe triodes. Although in the 17" prototype the inter-
face function was implemented using discrete electronics, the functionality is
the same as in the proposed IC implementation for the 28" design.
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TABLE V
Some characteristics of the modified selection system

Interconnect Drivers Relative Capacitance Power Resistance
frequency (nF) (W) (n)

Mint(l) Di hel(l) Ctotal(1) Pi Ri

8 72 1 1.9 4.3 .90
8 36 4 1.3 7.7 105
8 36 1 1.3 1.5 110
4 36 5 1.2 5.4 135
8 18 2 2 2.3 70
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3.3.1. The application interface and system control

The RGB interface has been chosen so that the module could easily be inter-
faced to different applications. In order to ensure future compatibility with
feature box development both a digital and an analogue interface have been
envisaged. In addition, horizontal and vertical synchronization pulses are
required and the digital data have to be accompanied by a clock signal. As
mentioned earlier (Sec. 3.1), it is important to distinguish between the display
dependent and independent functions. The overlap has been kept to a mini-
mum: only the simple line doubling circuit via line repetition or line averaging
can be considered as overlap. The remaining digital functions, such as horizon-
tal zooming and phase shifting (cf. Sec. 2.1.4) are display-specific and enable
us to define an application interface with a fixed number of dots/line, non-
interlace and with the number of TV lines equal to the number of rows on
the panel (see Table I). It should be noted that the present analogue video
interface supports 50Hz, 60Hz or 100Hz interlace input as weil, in order to
allow easy interfacing in the short term.
Brightness, contrast and gamma controls are included in the interface IC, in

addition to the filtering. The gamma function is required due to the linear
nature of PWM. This is implemented using a programmable look-up table.
Although it is felt that 12 bits are required to implement the gamma correc-
tion, the bus width was initially limited to 10 bits due to the chip sizes (the
column driver would also be affected). Besides, with 10 bits a reasonably
good quality picture can be obtained (note that this is a very subjective
issue). The problems with a different phosphor saturation can also be solved
in this look-up table. The remaining features of such an interface IC are
purely Zeus-related and have to do with:

• the dot order, where the dots have to be scrambled to fit the cell scan order,
• the uniformity correction, either as a central multiplier for use with cor-
rection in the pulse width or sending the actual (amplitude) correction
data to the column drivers,

• the bus splitting in which three parallel data buses are used, so that the
bus frequency can be kept as low as possible (in the order of 32MHz).

All the control signals for the column, row and dot selection are also generated
by the controller, whereby special attention has to be paid to the control sig-
nals for the dot selection and, for example, special pulses like the flush pulse,
used to eliminate the channel charging effects.

Flexibility is provided by an external microprocessor which ultimately can
be integrated on board. Standard TIL interface levels were used, although
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Fig. 11. The interface IC architecture.

in the long term, low voltage drivers will reduce the power considerably, since
we have 3*10 bits running at 32MHz. Note that RGB were multiplexed on the
output bus and each bus fed a number of column ICs. A functional block dia-
gram is shown in Fig. 11.

3.3.2. Column modulation

The column driver IC is based on 10 bits in order to limit the chip size, fre-
quencies and pincount. A single lO-bit multiplexed digital input bus is used to
reduce the number of pins per IC. A functional block diagram of the IC is
shown in Fig. 12 and a photograph is shown in Fig. 13. The IC contains
memory for 32 columns (with RGB pixels per column) and enables one line
to be displayed while the next line is being written into the ICs. While the
input data are read at 32MHz, the PWM uses a clock of 54MHz with al: 1
duty cycle. Since both edges of the clock are used, the effective clock rate is
108MHz. Both clocks run asynchronously without any EMC problems.
The IC has been designed in C200 and has a surface area of about 40mm2

•

Unfortunately, given the IC process specification, a maximum of 9V is avail-
able at the gl electrodes, lower than actually required. Although this limits the
light output, the basic feasibility at both IC and system level could be evalu-
ated. Since the required output voltage is between 15 and 25V, a special
high voltage option is required in a compact CMOS process so that the
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Fig 12. The column driver architecture.

costs can be kept as low as possible while the chip size is also manageable. The
required voltage depends on a number of factors, namely,

• the peak light output of the display and the display size,
• the triode design,
• the driver design,
• the open-loop panel non-uniformity specification,
• the DC voltage over the filament during emission.

The complicated interaction between the different elements will not be dealt
with here.

Ideally, the column driver drives the gl electrodes directly (without any
external buffering, etc.), although during the IC evaluation the driver voltage
was increased by using a level-shifter between the column driver and the gl
electrodes. The uniformity is implemented via an up/down control pin to
limit the number of pins out of the IC and to facilitate the control loop.
Two driver modes have been implemented in the IC: a simple push-pull
mode (uniformity via a multiplier in the pulse width) and a current driver
mode, with uniformity being implemented in the pulse amplitude. The
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Fig. 13.The column driver IC.

major issue here is the impact of the neighbour capacitance and the output
driver implementation. In order to reduce the influence ofthe neighbour capa-
citance, the output impedance has to be as low as possible. In the prototype,
the push-pull mode is used since the impedance of the output driver stage is
too high in relation to the neighbour capacitance. It should be noted that,
when implementing the uniformity in the pulse width, the contrast and the
number of grey levels are reduced but the reduction differs per channel. For
low intensities, the uniformity in the pulse width becomes inaccurate and for
this reason it was not possible to obtain a perfectly uniform image in the pro-
totype shown in Fig. 8.

Although not strictly part of the column modulation, special attention
should be paid to the uniformity and the manner in which this is implemented
in the column driver IC. To begin with, it has to be realized that given the ver-
tical structure, any residual error will be highly visible. The target was taken to
be a smaller than 1% residual non-uniformity in luminance with respect to the
lowest visible level. The current measurement can be done in a number of
places (e.g. filament or special measurement electrode) and given the low
level of current, high demands are placed on the measurement and power
circuitry to reduce noise. The emission current per triode is measured during
the vertical video blanking period, compared with a fixed reference value
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(which can be different for the three colours) and this error value is used in a
control algorithm. In the current version of the les and indeed in the 17" pro-
totype, a simple up-down counter has been implemented as the controller.
Since 11 bits were used in the uniformity DAe (related to the < 1% non-uni-
formity demand), it can take some minutes (worst case) to have one complete
iteration of the control loop. When the drift is very slowand the correction
values are stored in the column driver les, this is not a problem. However,
there are a number of other relevant factors which have to be taken into
account which dictate the speed of the controlloop, for example the cathode
slump (seconds), the power smoother (milliseconds) and the beam current lim-
iting (BeL). These issues will not be dealt with here, but play a vital role in
system optimization.

4. Power concept

As far as the display power is concerned, a special concept is required given
the large difference between average and peak current, plus the need for a
stable screen (anode) voltage. The EHT generator is dimensioned therefore
for delivery of peak power while being thermally dimensioned for average
power. A new beam current limiting (BeL) concept has been developed in
which only power and perception determine the settings. The BeL allows a
peak current to flow as long as the average current remains below the specifi-
cation (e.g. for small bright details on the screen). If average current rises
above the limit (e.g. if the whole picture is bright for too long), then the
BeL control loop reduces the beam drive until the target average current
flows.
A compact efficient power concept has been proven to be feasible. This

stabilized EHT has four main outputs. One is designed to deliver a stable
output voltage with a wide dynamic load range to the screen while a second
delivers a reasonably stable floating high-power output for the selection
power supplies (PSUs). The last two outputs link to the EHT distributor:
one provides the power to the row selection les while the other is used to gen-
erate bias voltages. In this way, the EHT distributor serves to minimize the
outputs from the EHT. It was also designed in such a way that the output
voltage ripple was limited as much as possible (in connection with the
'noise' minimization for the uniformity measurements). The desired architec-
ture is as shown in Fig. 14.
Here a simple mains interface is used so that the mains power supply can

be developed independently of the display device. A simple flyback con-
verter can be used to generate all the low voltage supplies and the BeL can
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Display Powerr----------------------~
I

be implemented here, for example, by limiting the column driver IC voltage or
indeed the BCL can be linked to the uniformity, depending on the speed ofthe
uniformity controlloop. If neither of these approaches satisfy, the BCL can be
applied directly to the contrast control, conforming to the analogue BCL input
provision made in the interface IC design. The ERT distributor feeds the
numerous high voltage connections to the panel. A flyback converter system
supplies the five dot selection functions (switching and logic voltages). The
continuous anode power is limited to 50 W (based on 125cdjm2 average
screen luminance for a 32" 16:9 screen) and the dot selection to 40W [based
on 30W due to switching voltages of 200V for all selection drivers (worst
case) and the remaining 10W for interfacing and logic]. Clearly the architec-
ture plays a vital role in determining the overall lumen efficiency of the
system. This is explained in some more detail in the next section as it is not
well documented and widely misused in the literature.

Mains

Intermediate
Selection

Olher
SUpplies

Chassis
SLWiY

I1---- ------ J

Fig. 14. The power supply architecture.

5. Luminous efficiency

Based on the power architecture and the Zeus display requirements, we can
calculate the luminous efficiency ofthe system. In particular, the power supply
concept, transport voltage, interconnect factor and selection scheme play an
important role in the determination of the luminous efficiency.
It is assumed that the luminous efficiencyis calculated while a white image of

luminance Lw is displayed over the whole screen. The display of a standard
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reference white, known as white-D, is assumed. The corresponding luminous
flux in lumens q,w (lm) can be calculated as follows

where h (m) is the active screen height and w (m) the active screen width.
Hence, for a 32" 16:9 display operating at 125 cdjm2 average luminance q,w
is about llOlm.

The total display power can be calculated as follows. The contribution of a
feature box (e.g. for 100Hz) is not included in the calculation because it is a
part of the TV set function and not of the display function. The same is true
of the mains supply whose losses (typically 30%) are not taken into account
in this calculation. Other power values which have been estimated (not neces-
sarily panel size dependent) are the controller power (Peontrol)and the column
modulation power (Peolumn)' The greatest portion of the latter is, however,
panel size dependent.

Since the green current is the largest in the Zeus panel (in comparision with
red and blue) due to the phosphors used, the required gl drive voltage to gen-
erate beam current for the green phosphor will be the largest gl drive voltage
required. Hence, this is concentrated on in the analysis. The green phosphor
luminance Lg (cd/nr') is given by .

Lw *fgL =-- (18)
g T

where Lw is the white-D screen luminance.jj, the green lumen fraction (deter-
mined by the phosphor x-y colour coordinates) and T the glass transmission
fraction.

The green current density çg (mAjcm2
) is determined by the green lumen

fraction and the saturation characteristics of the green phosphor, and is
best found by measurement. The average green current Ire (mA) is then
given by

(19)

where Ne is the number of channels in a panel, h is the screen height (cm), p
the channel pitch (cm) and Dg the relative current loss in the panel. If it is
assumed that the red and blue currents are fractions Ct and (3 of the green cur-
rent, respectively (again determined by the lumen fractions which are in turn
determined by the choice of white-D as reference white), the total average
anode power -Pa~~de(W) required for light generation is then given by

-Pa~~de= [I;ve * (1 + Ct + (3)] * [Va + Ft * h + V~hthd] (20)

where Va (kV) is the nett acceleration voltage and V~hrd (kV) indicates the
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overhead due to channel entry bias at the cathode side of the channel plus the
bias difference between the dot selection nearest to the screen and the highest
active row, on the other side ofthe channel. In the case ofthe 32" display this
power is about 50W.

In the case of a selection plate i, the general power losses Pi are given by the
formula

Pisel= l.1/;civl ', (21)

where the overhead has been taken as typically 10%, again for static dissipa-
tion,/; is the effective frequency, C, the totalload capacitance and Vi the selec-
tion voltage. Note that this is dependent on the interconnection factor, see
eq. (16). It is assumed in the 32" system that the dot scanning is chosen so
that the total selection power for both switching and logic is ::;40W.

The total power of the low voltage supply, composed primarily of the
cathode filament heating power, Pcath, the column modulation power, Pcolumn,
and the control power, Pcontrob is about 10 W for the 32" display (of which
30% is in the filament). Finally, the DC power for the high tension biasp~rscan be calculated from

PHT _ V;HT [,HT ~ V;HT [,HT
bias - Prow + bias * bias ~ bias * bias (22)

where Prow is given by eq. (21) plus the logic (e.g. clock) and IC bias power. The
contribution of Prow in eq. (21) is negligible due to the low frequency and small
capacitive load. It is further assumed that the logic and bias power can both be
kept to negligible values. The minimum bias current needed is 2.2mA in the case
of the 32" system which means, combined with the bias voltage of 4.5 kV, that
the minimum DC power is about IOW in this case.

Thus, when the power efficiencies ((LV, (EHT and (sel)have been included,
which reflect the power architecture (Fig. 14), the total display power under
average luminance conditions Pf~~lis given by

~~:al= -i-~Pcath + Pcolumn + Peontrol) + _1"_1_ (p~rs+ Pa~~e+ (_L:"_iç_P_i,se_I))
,>LV ,>EHT sel

(23)

Assuming that the efficiency ofthe EHT supply ((EHT) and the efficiencyofthe
selection supply flyback converter ((sel) is 80%, and the efficiency of the low-
voltage supply flyback converter ((LV) is 70%, then for the 32" 24-fold system,
using eqs (20) to (23), the total display power is about 152W (for 125cdjm2

average luminance with 50% glass transmission), see Table VI. .
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Parameter Equation Value Effect of supply Effective
efficiency power
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TABLE VI
Luminous efficiency of the Zeus display

Dot selection (21) 40 * 1.56 62.4
ERT bias (22) 10 * 1.25 12.5
Anode power (20) 50 * 1.25 62.5
Low voltage 10 * 1.43 14.3

(cathode, column, control)
Total 151.7

The luminous efficiency of the display 1Jdisplay (lm/W) is given by
<I>w

1Jdisplay = pave
total

(24)

Therefore, for the 24-fold system mentioned above, the luminous efficiency is
O.72lm/W. Note that in the case that the selection voltages are reduced to
120V, the total selection power drops to about 20Wand the lumen efficiency
increases to 0.92lm/W, with a display function power of 120W. This is a value
which is very similar to the CRT.
It is important to remind the reader here that one of the prime reasons for

efficiency loss in a CRT display is due to the fact that as much as 80% of the
beam current is absorbed by the shadow mask and fails to reach the phosphor.
This loss mechanism is not present in the Zeus panel. The Zeus display does
have additionalloss mechanisms compared to a CRT display such as transport
voltage loss, selection power instead of deflection power and a lower phosphor
efficiency (due to lower acceleration voltage) so that the luminous efficiencies
are similar.

6. The teletext functionality

As mentioned previously (in Sec. 2.1.2), mapping teletext to a matrix display
is more critical than mapping video images to a matrix display, especially in
the case of a quincunx structure on the screen. In the 17" prototype, there
were insufficient dots for a high-quality text reproduction. For this reason, a
specially designed text font is used in order to map the text character codes,
directly and digitally, to the panel dots. This font is implemented as a 'soft
font' (i.e. the character translation takes place using digital processing on a
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Fig. IS. The standard orthogonal font (a), mapped directly to the Zeus quincunx structure (b) and
optimized (c) for the letter 'a'.

graphics processor) in order to allow it to be developed and modified, in an
easy fashion, until this font has been optimized. Figure 15 illustrates the
present font using the letter 'a' as an example. Normally, in a standard font,
a 12*10pixel map is used to represent the characters. This has been remapped
to a 6*12 pixel font as shown in Fig. 15(a). This allows teletext with 40 char-
acters per line, 26 lines per page with two rows spacing between each of the
lines. In Fig. 15(b), a direct mapping of the 6*12 pixel font to the quincunx
structure is shown and Fig. 15(c) shows this mapping in the case of the opti-
mized font.

The teletext unit decodes the teletext data and generates analogue RGB for
the feature box and, via the special purpose graphics processor, supplies digital
data directly to the display. This allows a direct comparison between RGB
'feature box' processing of text and the special digitally mapped font. The digi-
tally mapped font provides the better text reproduetion in the prototype. For
larger displays, however, mapping the teletext to the display via the analogue
path will probably be sufficient since there are more dots available on the
screen in the horizontal direction. Vertically, we can map one of the teletext
lines to two rows-as discussed in Sec. 2.1.2.

One of the major problems with this technique is the reproduetion of the
Dynamically Reconfigurable Character Set (DRCS) often used by setmakers
for on-screen display. In addition, some graphics characters may be trans-
mitted as DRCS in some teletext pages. Since this involves a bit-map of the
character and not an ASCII representation, these DRCS bit-maps cannot be
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treated in the same way as mentioned above. For this reason, although the
special font gives the sharpest image, its use will be limited to systems where
DRCS is not applied.

7. Conclusions

This paper has summarized the system aspects of the Zeus display principle.
To start with, the primary differences betweenmatrix and CRT displays have
been examined as regards the static and dynamic resolution. Matrix displays
have, in contrast to CRT displays, near perfect geometry and convergence,
spatial resolution independent of the luminance output, often use linear
PWM for luminance modulation and hence have grey-scale problems in
darker picture areas, can have problems with motion portrayal and have a
fixed relationship between addressing and spatial resolution.
These observations have led in the case of the Zeus 17" prototype display to

special video pixel-to-dot mappings, and to a special character font for teletext
and OSD. The problems of picture uniformity and grey-scale reproduetion
together with their interaction have been highlighted as well as the reasons
for choosing PWM as the luminance modulation method. The consequences
of this method for picture quality, video processing and the number of
video bits have also been dealt with.
The technical and economic considerations leading to the development of

the cascaded IC concept for the row selection circuitry as well as its
successful implementation have also been handled. The electronics necessary
for a 24-fold selection system have been discussed as well as the reasons for
choosing this system as a basis for the 28" Zeus display prototype, namely, a
lower transport voltage, larger connector pitch, panel manufacturability
and cost reduction. The unique Zeus feature of multiplexing and driver
minimization has been explained in some detail so as to indicate the relevant
important parameters in the optimization process. In addition, the optimiza-
tion of the dot scanning order to minimize power dissipation has been briefly
described, as well as the compromises in this area which are necessary in
order to avoid panel scanning artefacts. The interface between the display
module and television chassis was chosen to allow general applicability of
the display module and this choice of interface determined the position of
numerous functions.
A detailed description ofthe ICs which have been created (column driver IC

and row selection IC) and of those being designed (interface and control IC
and dot selection IC), including their functionality and key specifications,
has been given.
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The unique power concept that has been developed has now been outlined
and in this analysis one of the major advantages of Zeus above all other
matrix displays mentioned became obvious, namely, the fact that it is based
on cathode-luminescence which results in a lumen efficiency approximately
equal to the CRT at system level.

The feasibility of the different solutions, discussed in this paper, has been
proven successfully in the demonstrated 17" prototype.
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PERFORMANCE OF ZEUS DISPLAYS
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G.E. THOMAS, P.H.F. TROMPENAARS and S.T. DE ZWART
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Abstract

It is shown that the overall performance of Zeus displays is quite good, as
illustrated by photographs of operating panels displaying 'CRT-quality'
TV pictures. Results of measurements of all relevant performance para-
meters are presented, as well as an analysis of these data in relation to
the design and operation of the displays. Measurements of the luminance
as a function of the screen current density and of the screen voltage of
Zeus displays are reported. A white D6S luminance of 1000 Cdjm2 is
obtained at a screen voltage of 4.5 kV and a screen current density of about
9 /lAjcm2

. The luminous efficacy of the phosphor screen in the panels is
found to be 12 ImfW (in the absence of saturation) for white D6S' The effi-
cacy of a 17" Zeus panel (including transport power dissipation, cathode
heating power and addressing power) is about 4 ImfW. The factors deter-
mining the internal contrast and colour purity of Zeus panels are discussed.
Experiments to determine the relevant contrast parameters are described as
well as the results of direct measurements of the internal contrast, colour
purity and colour selectivity. Internal contrast values of more than 1000
have been obtained, and a colour selectivity better than 700. The available
colour gamut is close to that of CRTs. Preliminary measurements of the
external contrast of 17" panels with a black matrix and front glass with
50% optical transmission yield a contrast value of 60 at an ambient light
level of 100 lux. The factors determining the picture uniformity in Zeus dis-
plays are discussed. Several panels with good uniformity have been rea-
lized. No artefacts associated with moving pictures occur, the only
significant artefact is caused by charge transfer effects. The visibility of
this effect can be sufficiently reduced by using suitable 'flush' pulses and
by optimizing the geometry. The displays used for the performance mea-
surements have a quincunx dot arrangement and dot pitches
0.5 x 0.6mm, giving PAL resolution on 28" panels. Small experimental
panels with pitches of 0.3 x 0.5mm and 0.25 x 0.30 mm have been realized
and operate satisfactorily. The viewingangle of Zeus displays is close to 180
degrees. Preliminary tests show that lifetimes well over 10,000h are possible
ifthe glass surfaces hit by electrons are covered with an MgD coating and if
the blue phosphor is coated with a very thin calcium polyphosphate layer.

Keywords: flat display, flat thin CRT, display performance, display lumi-
nance, display contrast, picture uniformity, panel lifetime.
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1. Introduetion

It is the purpose of this paper to present experimental data concerning the
performance of Zeus displays. The following performance parameters are con-
sidered: luminance and luminous efficacy in Sec. 2, contrast and colour purity
in Sec. 3, picture uniformity and artefacts in Sec. 4, and dot structure, resolu-
tion, viewing angle and lifetime in Sec. 5. In most cases the experimental data
will be analysed and discussed to connect the results with the design and the
physical operation of the display. In cases where experimental results are
not (yet) available, e.g. picture uniformity, a description of the relevant issues
will be given and possible impact on the display performance will be discussed.

Most ofthe measurements to be described were performed using panels with
5" and 17" diagonals, having either a three-fold or six-fold multiplexing system
(the final selection step being a three-fold colour selection), a quincunx dot
arrangement and dot pitches ofO.5 x 0.6 mm, see ref. [1]and Sec. 5.1. The geo-
metry of the panels with a three-fold multiplexing system and the processes
which directly influence the luminance, the internal contrast and the colour
purity (selectivity) are shown schematically in Fig. 1. The overall performance
of these panels is quite good, as can be judged from the photographs of an
operating 17" display with six-fold multiplexing as presented in refs [1] and
[2], and from Fig. 2 where a photograph of a picture displayed on a 5" panel

colour
dots

D B

colour -

dummy

extract.
plate hop transport

Fig. I. Schematic drawing of a cross-section of a panel with a three-fold multiplexing system (only
two of the three holes in the colour selection plate are shown) according to the improved panel
design [I]. Also shown are the processes determining the luminance, contrast and colour selectivity
(Sec. 3): extraction, guidance and acceleration of the electrons towards the phosphor screen at
addressed rows and addressed colour dots (process A), electron leakage out of the channels which
partly reaches the screen (process B) and which is partly intercepted (process C) by the electrode at
the rear side of the constriction plate (the 'dummy' electrode); if the colour selection efficiency is
less than 100% some electrons can reach the wrong colour dot (process D), deteriorating the col-

our purity.
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Fig. 2. Photograph of an operating 5" panel with three-fold multiplexing system, displaying a TV
picture. The number of colour dots is, of course, far too small to produce a complete TV picture
with PAL resolution, thus a rather coarse pixel structure is visible. The panel is operating without

the column uniformity feedback system.

with a three-fold muitiplexing system is shown. The performance of Zeus dis-
plays with other sizes and other multiplexing systems are found to differ little
from the ones described here, hence the results to be presented are considered
to be approximately valid for any display size and for any multiplexing factor.

In the following sections we will, where possible, compare the performance
of Ze us displays with that of conventional CRTs, because we consider the
Zeus display to be a possible successor to the CRT. In Sec. 6 the results of these
comparisons are summarized, and, furthermore, a brief comparison with two
other fiat thin display technologies, AMLCDs and PDPs, is given. A final sum-
ll[lary and conclusions are presented in Sec. 7.

2. Luminance and luminous efficacy

The luminance (sometimes also called 'brightness') of Zeus displays
depends, of course, on the energy of the electrons impinging on the phosphor
screen and on the screen current density. In Sec. 2.1 these dependencies will be
studied in detail. The luminous efficacy is a measure of the amount of power
needed to get a certain luminance, and is a very important display property.
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It is treated in Secs2.2, 2.4 and 2.5; phosphor saturation effects, affecting both
the luminance and the efficacy, are discussed in Sec. 2.3.

2.1. Luminance measurements

In this sub-section we present and analyse measurements of the luminance
of Zeus displays as a function ofthe screen current density and the screen vol-
tage. The measuring procedure is described in the Appendix. In all panels to be
discussed here, the following phosphor screen materials are used: Y2SiOs:Tb
for green, Y203:Eu for red and ZnS:Ag for blue, see further ref. [3].The phos-
phor materials are deposited on an ITO layer, which is used to drain the screen
current; no metal backing layer is used.

The luminance as a function of the screen current density has been measured
using picture repetition frequencies of 59 Hz and 178Hz (to observe phosphor
saturation effects more clearly); the screen voltage,* Vsen was 4.5 kV. The
results for panels with a white Si3N4 coating in the screen spaeer [4], which
is important for the optical screen efficiency (see Sec. 2.2.2) and hence for
the luminance, are shown in Fig. 3a for red and green, and in Fig. 3b for
blue. It can be seen that the luminance first increases linearly with the screen
current density, but that at some point the increase is slower due to phosphor
saturation effects, to be discussed in Sec. 2.3 and in ref. [3].
It is to be expected that the effect of the repetition frequency can be scaled

linearly: if we divide both the L values and the jscr values of the 178Hz curve by
3 (being 178:59) then the luminance curve should coincide with the one mea-
sured at 59 Hz. This is indeed found to be the case within the experimental
error. This means that the luminance curves (and screen efficacies) at other
field frequencies, e.g. 100 Hz, can be deduced easily.

The luminance was also measured as a function of Vscr at a repetition fre-
quency of 178Hz and at a rather low current density (about 0.4 p,A/cm2) to
keep saturation effects small. The measured display luminance per unit current
density for the three colours is shown in Fig. 4. The shape of the curves can be
understood from the properties of the phosphor materials [3].

Using the measured luminance data and the ratios ofthe (optical) intensities
(I) of the three colours in order to produce white D6S (IR : IG : Is =
0.173: 0.757: 0.070 [5]), it is straightforward to deduce the screen current den-
sity needed to obtain a certain white D6S luminance, and the result, valid for
Vscr = 4.5kV, 100 Hz and 100% glass transmission, is shown in Fig. 5. It

*) Throughout this paper Vser denotes the net screen voltage, i.e. the voltage difference between the
screen and the colour selection electrodes (selection pulse voltage included), thus eVser is the
kinetic energy of the electrons when hitting the phosphor screen.
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Fig. 4. Display luminance per unit current density, L/jscr, as a function of the screen voltage, Vscr.
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can be seen that a screen current density of about 9 JLA/cm2is required to pro-
duce a white luminance of 1000Cd/m2

• When using front plate glass with 50%
optical transmission to obtain a good contrast in high ambient light levels (see
Sec. 3.2), this would amount to 500 Cd/m2
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,.
2 / ..... :y .

rl'rI':
rI' .

00 200 400 600 800 1000 1200

Lw (Cd/m2
)

1°8 'I' .
. . . . I .

I
;-

N8' 6····:····:····:··;}i: .... : ....

i .. //. .
~ 4···········~···· .

. 1
<'

Fig. 5. Total screen current density,jscr> needed to get a certain white D65 luminance Lw.

550 PbJJIps Journal of Research Vol.50 No.3/4 1996



Performance of Zeus displays

TV pictures. As the cathodes are capable of delivering much more current than
needed for 9 /lA/cm2 at the screen, we still have the means to obtain consider-
ably higher brightnesses if desired. In fact, some 5" panels have been operated
at Vscr= 6 kV and higher screen current densities and these showed a contin-
uous luminance in excess of 2000 Cd/nr' and a peak luminance ofabout 5000
Cd/m2.

2.2. Phosphor screen efficacy

The luminous efficacy 'Tl (expressed in lumens per Watt, lm/W) is related to
the luminance L (Cd/m2), the power dissipation P (W) and the active area Aact
(rrr') by:

1fL
'Tl = pAact. (1)

Equation (1) holds for Lambertian radiators, which is close to reality for CR T
phosphor screens as well as for the phosphor screens used in Zeus panels.
Luminous efficacy values as a function of the screen current density and of
the screen voltage are easily deduced from the luminance measurements.

Including in eq. (1) the power in the screen only, we obtain the phosphor
screen efficacy 'Tls:
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1fL
ït« = jscr Vser' (2)

where jscr is the current density at the screen (A/m2) and Vscris the screen vol-
tage (V). The screen efficacy depends on the efficiency of the phosphor materi-
als and on the optical screen efficiency. The results will be combined to derive
the screen efficacy for white D65.

2.2.1. Screen efficacy per cotour

The efficacy curves for the three colours at 100 Hz and 4.5 kV screen voltage
as a function ofthe screen current density have been derived from the (scaled)
luminance data; the results are shown in Fig. 6. The decrease of ït« with increas-
ingjser is, of course, due to phosphor saturation.

The efficacies ofthe three phosphors (at low load, so in the absence ofphos-
phor saturation) as a function of the screen voltage are shown in Fig. 7. The
phosphor efficiency decreases with decreasing excitation energy, due to the
presence of 'dead' surface layers [3].

2.2.2. Optical screen efficiency

The light generated when electrons hit a phosphor screen is emitted in all
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directions. Unfortunately, only part ofthe light comes out at the front side of
the screen. The ratio ofthe light leaving the panel in the direction of the viewer
to the total amount of generated light is called the optical screen efficiency (-
To achieve a high value of ç, measures have to be taken to redirect the light

emitted in the wrong direction towards the front side of the panel. In conven-
tional CRTs this is done using an Al mirror at the rear side of the phosphor
layer ('metal backing'; this Allayer is also used to drain the screen current).
In this way, a value of ç of about 0.7 is obtained. In Zeus panels Allayers
are not currently used, so the light emitted in the direction of the rear side
of the panel is incident on the walls of the screen spacer. In the panel used
for the luminance measurements, the screen spaeer was coated with a layer
of white Si3N4 [4], with a diffuse reflectivity of about 0.5. This means that a
significant part of the light is redirected towards the viewer, and calculations
[5] show that a value of ç of about 0.5 is to be expected. This value has been
confirmed by comparing the experimentally determined phosphor efficacies
in displays to the phosphor materials data [3].

In the case that the screen spaeer walls are not coated, or with a poorly
reflecting layer, both calculations and experiments yield a value of ç ~ 0.3.
The luminance as perceived by the viewer is directly proportional to ç, thus
it is clearly preferable to use a well reflectingwhite coating in the screen spacer.

2.2.3. Luminous efficacy of the phosphor screen for white D65

The luminous efficacy of the screen for white D65 has been calculated using
the data of Fig. 5; the result for Vscr = 4.5 kV and for 100Hz repetition rate is
shown in Fig. 8, the upper curve, being valid for any panel size. It can be seen
that the screen efficacy for average luminances of 100 to 150 Cd/rrr' is about
11 lmfW. This is a favourable value; for comparison: a 26" colour CRT
(philips A66EAK22X) with 50% glass transmission delivers 100 Cd/m2 at
27.5 kV and at 0.4 pA/cm2, hence at 100% glass transmission the screen effi-
cacy is 5.7lm/W. So the Zeus panel is better in this respect than the CRT, due
to the absence of a shadow mask in Zeus, which more than compensates the
effects of a lower screen voltage and of the lower optical screen efficiency.

2.3. Phosphor saturation and spot sizes

In Zeus displays operating at relatively low screen voltages (compared to
CRTs) phosphor saturation effects play a non-negligible role at high lumi-
nances. Phosphor saturation is clearly discernable in the luminance curves
of Fig. 3. These effects are, of course, more pronounced at 59 Hz than at
178 Hz and are clearly different for the three colours: green is the best and
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blue is the worst in this respect. Phosphor saturation causes a colour point
shift in a non-monochrome picture, which increases with increasing lumi-
nance. If required, this effect can be corrected electronically by dynamically
adjusting the currents incident on the different colour dots.
To quantify the phosphor saturation as occurring in Zeus displays, we use

the value ofthe screen current density iv: for which the screen efficacyis halved
relative to its value whenjscr is very small. These data have been obtained using
Fig. 3 and eq. (2). Values of j 'I,t per colour for 59Hz and 178Hz are shown in
Table 1. These j., values can be understood from the known saturation beha-
viour of the phosphor materials [3] and from the spot profiles. Taking the
value ofjy, as a kind of maximum operating current density (as far as the phos-
phor screen is concerned), it can be seen from the luminance curves (Fig. 3)
that very high luminance values can be attained, especially at higher repetition
frequencies, e.g. at 100 Hz more than 1000 Cdjm2 white D65 is obtainable
while stilljscr <lw

The magnitude of the saturation depends on the local phosphor load, hence
the spot profile and the spot size are important parameters [3].This is also true
for the lifetime ofthe phosphors. A (relatively) large spot size gives less satura-
tion and more lifetime, which is favourable. On the other hand, ifthe spots are

t) Note:jy, is a current density, which should not be confused with the quantity ho%, used in ref.
[3], which is an energy density.
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TABLEI
The value of the screen current density for which the efficacy has half its
maximum value (error margin of the non-extrapolated j Y. values is estimated
to be 10%; the error margin ofthe extrapolated values is considerably larger);

Vscr = 4.5kV.

Phosphor/colour jy. (J..£A/cm2) i« (J..£A/cm2)
(59 Hz) (178 Hz)

Y203:Eu/red 3.2 rv 7.5*
Y2Si05:Tb/green >9.0* (> 19.5)t
ZnS:Ag/blue 1.6 rv 5.9*

*) Extrapolated values, hence uncertain.
t) This extrapolation is very uncertain; the value of 19.5 is a lower limit.

small we can afford to use a large area black matrix, which is favourable for the
external contrast, and the required accuracies ofthe hole sizes and ofthe align-
ment of the (colour) selection plate relative to the phosphor screen [6] are rela-
tively low. A trade-offis therefore necessary. To make an intelligent choice, we
need to know the spot sizes and the parameters determining the spot size.

Optical spot profiles have been measured at several screen voltages using a
camera system, equipped with magnifying lenses and a frame grabber. It was
found that the spot shape and the spot size were approximately the same for all
three colours and only weakly dependent on the screen voltage between 2.5 kV
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and 5 kV (i.e. the spot size decreases slightly with increasing screen voltage, as
expected). A typical example is shown in Fig. 9. It can be seen that, in this case,
the optical spot has approximately a Gaussian shape, with lie radius of95 J.lm.
Neglecting possible differences between the electron optical and the optical
spot, and requiring that 99% ofthe electrons produce light, then a straightfor-
ward calculation shows that the area ofthe colour dot (i.e. the area containing
phosphor material) should be about 1.3· 10-3 cm2. As the dot pitch is
0.5 x 0.6mm, an elementary colour cell has an area of 3 .10-3 cm2, hence
the required dot area is about 40% of the cell area. Taking some room for tol-
erances (see Sec. 4), about 50% of the screen area can be covered with a black
matrix, to improve the external contrast (Sec. 3.2). If phosphor saturation
effects need to be reduced, then the geometry of the screen spaeer region can
be modified [7] to increase the spot size, but in that case the colour dots
need to be larger and the area of the black matrix smaller.

2.4. Luminous efficacy of a 17" Zeus panel

The luminous efficacy of the whole panel is derived from the luminance
measurements as presented in Sec. 2.1 and using eq. (1) with P equal to the
total panel power, Ppan' which is the sum of several contributions:

where Peat is the heating power of the cathode wires, Ptr is the power dissipa-
tion in the transport process, P addr is the power in the addressing process (but
not in the electronics), and Pscr is the power dissipation in the screen due to the
acceleration of the electrons between the last (colour) selection electrode and
the screen. We will derive the efficacy of an operating 17" panel by including,
step by step, all power dissipation terms in eq. (1), in addition to the power in
the screen (which was already taken into account when considering the screen
efficacy, Sec. 2.2).

Let us start with the luminous efficacyobtained when only the power dissi-
pation in the transport process is included. This dissipation term is due to the
energy loss of the hopping electrons upon hitting the walls [1]. Neglecting the
currents drawn or supplied by the electrodes (see Sec. 4.1.3) and assuming
100% extraction efficiency from the channels (thus we assume here that the
screen current is equal to the cathode current, which is usually the case within
20%), the power dissipated due to hopping from the cathode to the colour
selection is Ptr = Vcs ·jscr· Aact, where Vcs is the total colour selection voltage,
i.e. DC value plus pulse voltage value. Hence, the luminous efficacy including
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the transport power is simply given by:

where Vser tot is the total (actual) screen voltage.1t is obvious that the transport,
power depends on the panel size and on some other geometrical factors, such
as the channel width. We will treat the case of 17" panels with channel pitch of
1.5 mm, channel width of 1.2 mm and 16: 9 aspect ratio, and we use realistic
values for Ves = 2.6kV and Vser,tot = 7.1 kV. The results are shown in Fig. 8,
the middle curve. It can be seen that the efficacy including the transport power
at luminance values of 100 to 200 Cd/m2 is about 7 lm/W, so still somewhat
higher than the screen efficacy (including the power dissipation in the shadow
mask) of a CRT.

The luminous efficacy of a complete 17" panel is derived by also including
the power dissipation in the wire cathodes and in the addressing process.
Both dissipation terms are proportional to the width b of the panel,
P = q . b, and hence also to the diagonal d. The relation between b and dis sim-
ply given by b = UI . d and the height h = U2 • d, where UI equals 0.87 if the
aspect ratio is 16: 9 and 0.80 if 4: 3; U2 is 0.49 for aspect ratio 16: 9 and 0.60
for 4: 3. The active area of the panel is UI • U2 • d2•
The heating power per unit of length of the present wire cathodes, qcat. is

about 3 W/m. The power dissipation in the addressing process includes the
capacitive power in the row extraction electrodes and colour selection electro-
des, but not in coupling capacitors and in the electronic circuitry. Further-
more, it is assumed that all capacitive power is 'lost', i.e. converted into
heat; no power recovery schemes are used. Separate measurements showed
that qextr ~ 1W/m for the row extraction pulses and qeol ~ IOW/m for the col-
our selection. The capacitive power in the GI 's (the grids in front of the cath-
ode to modulate the emission currents [8J) is negligible compared to the other
terms, because ofthe low driving voltage (see refs [1]and [8J)and the relatively
small capacitances [9].

Vser,tot can be written as:

(5)

where Ftr (V/m) is the transport field, Voh (V) is the voltage needed for trans-
port between cathode and the beginning of the channels plus that for the
transport through the plates towards the fine selection (Voh is independent
of d). Using eqs (1), (3) and (5) and the data mentioned in the text, we obtain

Pbillps Journal of Research Vol. SO No. 3/4 1996 557



· .
-+- 100Cd/m2

; 16:9
5 .-,t<-.-100Cd/m2

;. 4:3...
-0.-200 Cd/m2

; 16:9

G.G.P. van Gorkom et al.

d(m)

Fig. 10. Panel efficacy, l1pan,w, as a function ofthe panel diagonal d for two values of Lw and two
aspect ratios.

for the panel efficacy for white D65 (lOO Hz operation):

7rLw U2 d
7Jpan,w ~ jscr U2 d( Vscr+ Ftr U2 d + Voh) + 14 '

(6)

where d is in m,jscr in A/m2 and Vscrin V; the term 14 in the denominator is, in
fact the sum of qcat, qextr and qcol. The dependence of 7Jpan,w on Lw for 17"
panels is shown in Fig. 8, the lower curve; a realistic value Voh = 600 V was
used. The panel efficacy as a function of the diagonal d as calculated using
eq. (6) is shown in Fig. 10, for two values of Lw, for aspect ratios 16: 9 and
4: 3, and Vscr= 4.5 kV. The efficacy values for 100 Cd/m2 at 50% glass trans-
mission are simply halfthe values as given in Fig. 10 for 100% glass transmis-
sion and 200 Cd/m2.
Itcan be seen from Fig. 10 that a panel efficacy of about 4lmfW at 200 Cd/m2

(at 4.5 kV, 100 Hz, 100% glass transmission) can be obtained for panel sizes
between 16" and 40". This is a favourable value, better than obtained in
CRTs (i.e. for the 'monitor' function of the CRT, hence including the power
in the cathodes, the deflection coils, the shadow mask and in the screen).

2.5. Luminous efficacy of 32" Zeus display modules

To obtain the efficacy of the complete Zeus display (i.e. the monitor func-
tion) the power dissipation in the electronic circuitry has to be included in
eq. (1). This is not an easy matter, see ref. [9], where a value of about l lm/W
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is deduced for displays of about 32" diagonal. Such an efficacy value is com-
parable to what is obtained for CRT displays, so already acceptable for a dis-
play product. Nevertheless, improvements are always welcome, and there are
possibilities for achieving higher efficacies:
• A higher screen voltage leads to a somewhat higher phosphor efficacy;

furthermore, at voltages above, say, 5 to 6 kV, a metal backing can be
used and this yields a higher optical screen efficiency. At present, the oper-
ating screen voltage is about 4.5 kV, which is limited by the occurrence of
high-voltage reliability problems [4]. Further developments are expected
to lead to reliable higher screen voltages.

• The capacitances of the selection electrodes can probably be made smaller,
resulting in lower power dissipation in the addressing process.

• The energy stored in the selection electrode capacitances during addressing
is subsequently dissipated in the electronic circuitry; energy recovery
schemes can be used to decrease the power consumption and thus increase
the display efficacy.

3. Contrast

The contrast of a display is defined as the ratio of the luminance of a bright
('white') area to the luminance of a dark ('black') area:

(7)

where Lw is the luminance of a bright part of a (test) picture, Lb is the lumi-
nance of a dark (i.e. intended to be black) part, and Lref1 is the luminance
due to reflected ambient light. Both Lw and Lb are to be measured in a dark
room. The value of the contrast is not a unique property of the panel but
depends on the displayed pattern, e.g. the shape, size and position of the white
area relative to that of the dark area where the luminances are measured.

In the absence of ambient light, Lref1 = 0, the con trast is determined by inter-
nal panel effects only and the resulting contrast is called the internal contrast,
to be discussed in Sec. 3.1.
The contrast in the presence of ambient light depends, similar to CRTs, on

several 'external' parameters such as the use of a black matrix, pigmented
phosphors, colour filters, dark front glass and anti-reflection coatings. Some
preliminary experimental results will be given in Sec. 3.2. Finally the status
of the obtainable colour selectivity and colour purity will be discussed in
Sec.3.3.
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3.1. The internal contrast

3.1.1. Relevant parameters

There are two categories parameters which influence the internal contrast of
Zeus displays: optical and electron optical parameters. Both in CRTs and in
Zeus displays optical halos around white parts ofthe picture occur due to scat-
tering of light in the phosphor screen. Because of the thin front glass used, the
optical halo in Zeus panels is short-ranged and hardly noticeable. Neverthe-
less, optical halo effects play a role as will be discussed in Sec. 3.1.3. In this
sub-section and in the next one, we will only consider the internal contrast
as determined by the electrons inside the panel.

In CRTs the value of the internal contrast is mainly determined by the num-
ber of electrons that are (multiply) scattered at the shadow mask, the phosphor
screen and tube cone and reach a part of the picture that was intended to be
black. This scattering process creates a halo (in addition to the optical halo)
around a white area of the picture. This cannot happen in Zeus displays,
because electrons backscattered from a certain colour dot on the screen are
well confined within the corresponding screen spaeer hole. Only a very small
part ofthe electrons is scattered back into the colour selection spacer, but these
will again be directed towards the addressed colour dot and do not reach non-
addressed dots. Thus, the luminance of a black part of the picture in Zeus dis-
plays is determined by other effects: leakage of the electrons out of the chan-
nels, field emission from conductive parts in the panel and the Malter effect.

Electron leakage out of the channel is inherent to the operation of Zeus dis-
plays, see ref. [10], so this is a basic internal contrast-determining process. We
will discuss this issue thoroughly in the following sub-sections. Field emission
currents occur if very large (local) electric fields (> 109 V/m) are present at the
surface of electrically conducting parts. This may happen at the colour selec-
tion electrodes, due to the nearby presence of the phosphor screen at a high
potential, see also ref. [4]. If such, often unstable, field emission currents reach
the screen, very annoying, and therefore unacceptable, artefacts become visi-
ble. Thus, it is absolutely crucial that field emission is avoided. This is accom-
plished by carefully designing the critical panel parts, by using the proper
coatings and by operating at 'safe' voltages, see ref. [4].

The Malter effect [11] is a (delayed) after-delivery of electrons out of a sec-
ondary emitting material after switching off the primary current. Apparently,
electrons are temporarily trapped in the surface layers of the secondary emitter
and released spontaneously. Ifthe Malter effect occurs then the contrast ofthe
picture is deteriorated, because (a part of) the 'Malter electrons' can reach the
screen. Itwas found that the intensity of the 'Malter current' varies from panel
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to panel. Sometimes the luminance due to this current is unacceptably large,
but often it is so small that it cannot even be observed. Investigations are
on-going to determine and to control the factors that cause the Malter effect
and the magnitude of the Malter current.

In the panels used to determine the contrast, the influence of field emission
effects and ofthe Malter effect on the contrast were negligible, i.e. much smal-
ler than that of the channelleakage current. Thus, only the leakage effect will
be considered in the following when discussing the luminance of a black part
of the display.
To describe the internal contrast in terms of the relevant physical para-

meters, we need to know which processes determine the white and the black
luminances, respectively; these processes are illustrated in Fig. 1. For white
(process A), this is simply the extraction efficiency. The hopping electrons
are extracted out of the channels by applying a voltage pulse to an extraction
electrode [10].The fraction ofthe electron current leaving the channels due to
this pulse is called the extraction efficiency (j. It is clear that the internal con-
trast is proportional to e, because it directly determines the value of the white
luminance Lw, for a given channel current.
The black luminance, Lb, is determined by the number of electrons leaking

out of the channels and which are able to reach the phosphor screen (process B
in Fig. I). A complication arises here because it is known, both from measure-
ments of the potential distribution [10] and from calculations [7], that the
extraction process creates positive charges in the ducts. Hence, close to the
addressed selection electrode, the potential ofthe bottom and ofthe side walls
ofthe channels increases. Together with the voltage pulse on that electrode, an
extra transport field is created which is 'felt' by the electrons approaching the
extraction point. The leakage fraction relatively close to an addressed elec-
trode is, therefore, different (in fact lower) than far away from the extraction
position, see further Sec. 3.1.3.

Electrons leaking out of the channels enter the holes in the constriction
plate, see Fig. 1. An electrode is present at the rear side of this plate, which
is denoted 'dummy' electrode. This dummy electrode acts as a kind of energy
equalizer for the electrons [1],but it is also used to intercept leakage electrons
in order to improve the internal contrast (process C in Fig. I). The part that is
intercepted by the dummyelectrodes is called the dummy efficiency{3, which
depends on geometrical factors, on the secondary emission properties of the
materials and on the voltage difference between the dummy electrode and
the colour selection electrodes. If the (momentary) value of the colour selec-
tion electrode, Ves» is much larger than the dummy voltage, Vdum, then the elec-
trons pass the dummy, hence f3 = 0 (or is sometimes slightly negative due to a
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supply of electrons by the dummy electrode, see also Sec. 4.1.3). If Ves « Vdum

then the electrons are intercepted and f3 = 1.
The (local) value of f3 when the colour selection electrodes are not pulsed,

i.e. in the non-addressed state, is denoted f3nad; in the addressed state it is
f3ad. Thus, the positive polarity colour selection pulses switch the dummyeffi-
ciency from a value f3nad, which is ideally 1, to f3ad, which is ideally O. In prac-
tice, the value of f3ad is adjusted by applying proper DC voltages to the dummy
electrode and to the colour selection electrodes, such that f3ad is very close to 0
(e.g. f3ad < 0.05). Otherwise, possible local variations in f3ad (e.g. due to a scat-
ter in the relevant geometrical parameters) could cause unacceptable non-
uniformities in the picture, see Sec. 4.1. The available colour selection pulse
voltage then determines the value of f3nad and thereby the improvement of
the internal contrast by the action of the dummy electrode. It is clear that a
steep dummy efficiency curve is favourable because with increasing steepness
of that curve the colour selection pulse amplitude can be reduced.

Another complication arises because, for several reasons, a number of col-
our selection electrodes are internally interconnected, see refs [1, 9, 12]. The
interconnection factor is designated I', and is defined as the number of electro-
des internally interconnected with one common connection to the outside
world. The colour selection system of the 5" panels, used to measure contrast
values, has I'= 8. This interconnection has a significant effect on the internal
contrast. In fact it is obvious that the contrast is worsened if I'> 1, because
each colour selection electrode is now pulsed I' times; once when it is really
active (i.e. it is pulsed while the corresponding extraction is pulsed too) and
during all other pulses the leakage electrons can, unfortunately, pass the
dummyelectrodes and reach the screen. The contrast deterioration due to
r > 1can be completely eliminated by dividing the dummyelectrodes into seg-
ments which are complementary to the interconnection scheme of the colour
selection electrodes and by applying suitable (negative going) pulses to these
dummy segments. The timing of these pulses can be chosen in such a way
that the pulsed colour selection electrode has a higher potential than the cor-
responding dummy electrode at the desired position (i.e. at the addressed
extraction row) only. Everywhere else, the dummy potential is higher and
most, if not all, of the leakage current is intercepted. In this way, an almost
perfect internal contrast can be obtained, but at a price: the dummy electrode
must be patterned and the segments must be connected to the outside world
where extra drivers are needed to generate the required pulses. In the measure-
ments to be presented below, the dummyelectrodes were not segmented and
not pulsed. As a matter of fact, segmented dummies are nowadays not used
anymore, because a very good internal contrast can be obtained anyway
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(see Secs 3.1.2 and 3.1.3), without using this mechanically and electronically
complicated segmentation scheme.

3.1.2. The nominal internal contrast

As mentioned above, when measuring or describing the contrast of a Zeus
display, a complication arises due to the influence of the extraction process on
the leakage fraction, which makes the measured contrast value dependent on
the displayed pattern (see Sec. 3.1.3). To obtain a more intrinsic measure of
the quality of a Zeus panel concerning internal contrast, we will first treat
the case where addressing effects 'are completely eliminated. Thereafter, in
Sec. 3.1.3, the contrast of a real picture will be discussed.
Elimination of addressing effects is accomplished by measuring the white to

black luminance ratio (Lw/Lb) at the same position in the panel, by switching
the extraction pulses on and off, respectively. The resulting internal contrast is
called the nominal internal contrast, which is denoted by C·. Furthermore, C·
is also free of effects related to the optical scattering of the light in the phos-
phor screen, because when measuring the black luminance, no white areas
are present.
To derive a formula for C·, we need expressions for Lw and Lb.

(a) White luminance Lw
Consider a white area covering n dot rows (which corresponds to n extrac-

tion rows in the panels of the type discussed here) and of a certain width cover-
ing a number of channels; the precise number of channels is not important
because it occurs both in Lb and in Lw, and therefore cancels out in the expres-
sion for the contrast. The panel has N extraction rows; the interconnection fac-
tor of the colour selection is r. We will assume that n > NIr to avoid
complications due to the discrete interconnection structure; the case with,
n < NIr can be treated in the same way yielding similar results.
Neglecting non-linearities, e.g. due to phosphor saturation effects, the white

luminance Lw at position z (z is the co-ordinate along the length of the chan-
nel) is proportional to the channel current I(z) times the extraction efficiency
e, assumed to be independent of z (which is approximately the case), times
the fraction I - f3ad that passes the dummy (colour selection addressed). As
the duty factor is I/N (dead times between picture frames are neglected), the
time-averaged luminance of this area is:

kI(z)
Lw(z) = 0(1 - f3ad)--y;r, (8)

where k is a proportionality factor which depends on the width of the active
area and on the efficiency of the phosphor screen.
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(b) Black luminance Lb
The luminance Lb at position z measured with the extraction pulses off is

due to leakage electrons passing the dummy electrode. There are two contribu-
tions to Lb: the first one is due to the leakage current that still passes the
dummyelectrodes although the corresponding colour selection electrodes
are not pulsed (the fraction of the current that passes being equal to
1 - f3nad), and the second one is the luminance due to the current passing
the dummy while the corresponding colour selection electrodes are pulsed
(the fraction of the current that passes is then equal to 1 - f3ad). During
each picture frame the cathode emits n current pulses. Due to the interconnec-
tion of the colour selection electrodes, the number of leaked current pulses
reaching the dummy electrode (at the measuring position) in the second situa-
tion is n- riN (in fact, it is the truncated value of n . riN, which means
rounded to the nearest lower integer), while this number equals n - n . riN
in the first case. Thus, Lb can be written as:

( r) kI(z) r kI(z)
Lb(z) = 1- N (1 - f3nad)+»:: (1 - f3ad) N an~, (9)

where k is the same proportionality factor as in eq. (8), a is the leakage fraction
per row, given by atotl N.

The nominal internal contrast follows from eqs (8) and (9):

C" = Lw(z) = 0(1 - (3ad) r .
Lb(z) [1- f3nad + ({3nad - f3ad)jV]an

(10)

It is worthwhile making a few notes here regarding the application of eq.
(10):
(1) Although not explicitly present in eq. (10), C* depends, through a,

strongly on the transport field, see below.
(2) In the case of optimally segmented and pulsed dummyelectrodes

(Sec. 3.1.1), I'= 1 has to be used in eq. (10).
(3) The contrast formula as derived above will also hold for panels with other

selection systems (e.g. a set of two-fold selections) and when different
channel geometries and/or dimensions are chosen. Of course, the leakage
curves and dummy efficiencycurves may be different in those cases, but the
functional relationships remain as given above.

In order to be able to use eq. (10) to describe and to predict the nominal
internal contrast of Zeus panels, and in order to compare calculated values
with the direct optical measurement, the leakage fraction atot, the dummy effi-
ciency f3, the extraction efficiency 0 need to be known. All these parameters
have been measured using one and the same 5" panel (panel M2, which is a
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Fig. 11. Measured totalleakage fraction, atot, of panel M2 as a function of the transport fieldFtr•

The broken lines are only meant to guide the eye.

representative sample; the methods used to determine these parameters are
described in the Appendix). The measured totalleakage fraction atot as a func-
tion of the transport field Ftr is shown in Fig. 11. Note: the shape of this leak-
age curve differs from the one shown in ref. [10] for reasons explained in the
Appendix. The measured efficiency of the dummy electrode as a function of
the potential difference between the colour selection electrode and the dummy
are shown in Fig. 12. The curve found for panel M2 is rather broad, so a rather
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Fig. 12. Measured dummy efficiencyf3 as a function ofthe voltage difference Ves - Vdum between
the colour selection electrodes and the dummy electrode of panel M2.
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Fig. 13.Measured extraction efficiency (J of panel M2 as a function of the extraction pulse voltage,
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large colour selection pulse voltage would be needed to switch the dummy effi-
ciency between 0 and 1.Much steeper curves have been obtained [12]using an
MgO coating [13](with good secondary emission properties [14])in the holes
ofthe constriction plate and ofthe colour selection plate. Measured extraction
efficiencies ()as a function ofthe extraction pulse voltage Vextr,p and with Ftr as
a parameter are shown in Fig. 13.
The nominal internal contrast of panel M2 as a function of Ftr> with two

values of the dummy voltage as parameter and using Vextr,p = 250V, has
been determined by measuring the white and black luminances at the same
position with the extraction pulses on and off, respectively; the number of
active lines n = 18. The results are shown in Fig. 14. The measuring points
obtained with Vdum = 1500V represent a situation where the leakage electrons
pass the dummy all the time, while the case with Vdum = 1650V shows the con-
trast enhancement by using the dummy electrode properly. It can be seen that,
in this case, the contrast enhancement due to the action of the dummy is a fac-
tor of about 4. Furthermore it can be seen that the measured nominal contrast
increases exponentially with increasing transport field, allowing the attain-
ment of very large internal contrast values. However, Ftr cannot be increased
too far, because:
• Increasing Ftr too much implies the need for larger pulse voltages on the
extraction electrodes. If we require, e.g. a maximum pulse of 200 V, then
Ftr should not be larger than about 90 V/cm (that is, for panel M2 and
this figure may be somewhat different for other panels), see Fig. 13.

• More power is dissipated in the transport process when Ftr is large, which
decreases the efficacy somewhat.

Despite this limitation, very good nominal internal contrast values are possi-
ble, e.g. from Fig. 14 it can be seen that, for panel M2 under the described cir-
cumstances, C· ~ 5000 has been obtained, while the transport field is still low
enough (Ftr = 90V/cm) to get a good extraction efficiency.

Let us now compare the nominal internal contrast as determined by the
direct optical measurements with the results derived from the measured values
of 0:, f3 and () (Figs 11 to 13), and using the contrast formula, eq. (10), with
N = 128 (the total number of dot rows in panel M2), n = 18 and r = 8 (the
interconnection factor of M2). The result is shown in Fig. 14. It can be seen
that a very good agreement is obtained. This holds for the exponential depen-
dence on the transport field as well as for the contrast improvement by the
dummy. It seems, therefore, safe to conclude that eq. (10) can also be used
to predict the nominal contrast in cases where the other parameters are varied,
such as the interconnection factor I', or the value of the colour pulse voltage,
hence f3nad and/or f3ad.
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3.1.3. Internal contrast of a real picture

In the preceding sub-section we have discussed the nominal internal contrast
C*. Although this is an important intrinsic property of the panel, its value is
not observable for the viewer because, of course, in normal operation it is
the real contrast C that matters. We will now consider the relation between
C and C*.
As mentioned in Sec. 3.1.1, when considering the internal contrast of a real

picture (i.e. the extraction pulses are on), the situation is somewhat compli-
cated. To start with, the white and black luminances are now to be measured
(or observed) at different vertical positions in the panel, with (slightly) different
local channel currents due to the leakage of electrons between the two measur-
ing points. In normal operation (high contrast situation) this is a very small
effect and can be neglected. This leaves us with two other, competing effects:
contrast deterioration due to optical scattering in the phosphor screen (and,
possibly, in the screen spacer), and the contrast enhancement due to the extrac-
tion process, as discussed in Sec. 3.1.1. The magnitude ofboth effects decreases
with increasing distance from the addressed area, but at a different rate. At
very short distances (less than a few mm's) from the white area, the optical
effect is larger than the extraction effect; beyond that, the reverse is true. At
large distances both effects are very small, hence from there on we have
C = C*. The maximum value of CIC· depends on the value of C·; example:
for panel M2 a maximum value of CIC· of about 25 has been measured for
C* ~ 90. This maximum value occurred about 2.5 cm below the addressed
area.
This has the following consequences for some test pictures widely used to

determine the internal contrast:

(a) Checkerboard pattern and small black area in a whitefield
In CRTs this is the worst case situation, but for Zeus panels the opposite is
true, thanks to the contrast enhancement by the addressing process. Tak-
ing, as an example, the situation as mentioned above, with C· = 90, then
C ~ 2200 is obtained for a checkerboard with plane sizes 5 cm (or a black
area of that size embedded in a white area). Still higher values of C· and C
can be obtained by increasing the transport field in the channels; the ulti-
mate limit is set by the light scattering process, but this is, again, dependent
on the size of the black and white areas.

(b) White square in a dark field
In CRTs a white square in a dark field is surrounded by a halo which
becomes more visible at lower ambient light levels. This halo is more or
less symmetrical, and has no sharp boundaries, and is therefore not very
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disturbing to the viewer. Unfortunately, this is different in Zeus panels. The
area below the white part (i.e. between the channel entrance and that white
part) has a certain luminance due to the non-intercepted leakage electrons.
Even if the luminance of this area is as low as, e.g. 0.01 Cd/m2, it may still
be visible in a (very) dark room because it has a sharp boundary with the
totally dark adjacent areas on the left and right sides of it, and because the
eye is very sensitive to abrupt changes. On the other hand, the effect is not
visible at all in a room with, e.g. 100 lux ambient light, in which case
reflected light luminance Lreft is much larger than 0.01 Cd/m2, washing
out the mentioned boundary. Hence, in normal circumstances this is no
problem.

It is clear from what is presented in this section that the internal contrast of
Zeus displays is very good indeed, in fact much better than that of conven-
tional CRTs.

3.2. Contrast in the presence of ambient light

We will now give a brief discussion of the contrast of Zeus displays in the
presence of ambient light. In this case, the luminance of a black part of the pic-
ture is the sum of the luminance due to internal effects and the reflected lumi-
nance: Lb + Lreft. We have seen in the previous section that the internal
contrast is very good, thus in the following we take Lb «Lreft.

Assuming a cosine angular distribution of diffusely reflected light, and
neglecting specular reflections, the reflected luminance, Lreft, is given by (see
any textbook on photometry for a derivation):

L _ RdiffE
reft--

7r
-, (11 )

where Rdiff is the diffuse reflection coefficient of the screen and E (expressed in
lux) is the illumance ofthe panel. RdifTis the product ofthe diffuse screen reflec-
tion Rscr,diff and the square of the glass transmission Tg (which takes into
account that the ambient light has traversed the front glass plate twice):

2
Rdiff = Rscr,diff Tg.

The external contrast is then given by:

C = Lw = 7rLw,IOO% ,

Lreft Rscr,diffTg E

where Lw,IOO% is the luminance at 100% glass transmission; Lw = Tg· 4,100%.

The 17" panels used to determine the external contrast have a front plate
with 50% optical transmission and a black matrix, covering about 50% of

(12)

(13)
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the active panel area. The diffuse reflectivity of the black matrix is about 0.1.
Together with the reflectivity of the phosphor layer (~ 0.3) and that of the
Si3N4 coating in the holes ofthe screen spaeer (~0.5) this leads to an estimated
Rscr diff of 0.3. Hence, using eq. (13) an external contrast of about 50 is to be
exp~cted at an ambient light level of 100 lux, for Lw 100% = 250Cd/m2

• The,
external contrast was measured using a 17" panel displaying a checkerboard
pattern with 5 x 7cm2 black and white areas. At an ambient diffuse light level
of 100 lux, the luminance of a black checkerboard area due to reflected light
was found to be Lrefl ~ 2 Cd/m2. Using a luminance ofthe white checkerboard
areas of Lw = 125Cd/m2

, an external contrast value of 60was obtained, in fair
agreement with the estimated value.
The contrast of Zeus displays with 50% glass transmission and

Lw = 125Cd/m2 is roughly a factor of 1.5 to 2 better than that of CRTs
[15]. Furthermore, there is still room for improvement, by increasing the
screen luminance (higher current density and/or higher screen voltage) and/
or by choosing a lower glass transmission while keeping Lw the same. Further
possibilities to be explored are: a higher reflectivity ofthe screen spaeer in com-
bination with a lower glass transmission, a larger area of the black matrix and
the use of colour filters in Zeus panels.

3.3. Colour selectivity and colour purity

When a one-colour (red, green or blue) picture is selected, the luminance of
the other (non-selected) colour .dots should be as low as possible to obtain a
good colour purity and the colour points should be such that well-saturated
colours are obtained. The first point is a matter of good colour selectivity
and we will discuss that issue first.
In the case of Zeus displays, the luminance of the non-selected colour dots

can be non-zero due to leakage electrons, which may reach random colour
dots, and due to an imperfect (colour) selection system (as with the contrast,
it is assumed that the luminance due to field emission currents and/or the
Malter effect is much smaller than that due to the effects considered here).
As was mentioned in Sec. 3.1.1, backscattered electrons play no role at all in
Zeus displays when considering colour selectivity and colour purity. Further-
more, the amount of leakage of electrons is normally so small (internal con-
trast values »100, see Sec. 3.1) that the colour purity deterioration due to
this effect can be neglected.
The next issue to consider is the colour selection system. If this system does

not operate perfectly, some ofthe electrons reach the wrong colour dots (pro-
cess D in Fig. I). Fortunately, separate experiments show that the switching
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Fig. IS. Measured colour points (x,y) when only the red phosphor is selected, as a function of the
colour selection pulse voltage VCS,p'

efficiency of the colour selection is virtually 100% [2], provided a sufficiently
large switching voltage, Vc,p, is applied (in the range of 100 to 200V depending
on the geometry and on the material properties [12]). To verify the quality of
the colour selection system, the colour points (x,y) were measured as a func-
tion of Vc,p (experimental details can be found in the Appendix). The results
are shown in Fig. IS. At zero pulse voltage the electrons reach all colour
dots, the relative intensities being more or less random. With increasing pulse
voltage the colour purity improves, and it can be seen from Fig. 15 that, in
this case, a selection voltage ofabout 100Vis sufficient for achieving good col-
our selectivity. An accurate value of the colour selectivity can be obtained by
measuring the luminance of a single dot (our equipment does not allow the
measurement of the colour point of a single dot, see the Appendix) when it
is addressed and when it is not. The following results were obtained:
• while displaying a homogeneous green picture, the luminance of an
addressed (thus green) dot was measured to be 1580 Cdjm2 (when using cer-
tain values of jscr and Vscr)

• then a homogeneous blue picture was displayed (using the samevalues ofjscr
and Vscr) and the luminance ofthe same dot was now found to be 2 Cdjm2

•

Hence, the colour selectivity measured in this way is 790. The 'true' value could
even be higher than this, because it was found that light scattering in the phos-
phor layer (and perhaps also in the screen spacer) puts an upper limit to the
values to be obtained.

The colour purity is also dependent on the quality of the phosphor screen
itself, i.e. even in the case of a perfect colour selection system and in the com-
plete absence of leakage electrons, the displayed colours can still be impure if
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the colour points of the phosphors deviate from the values needed to get satu-
rated colours (e.g. as defined by the European Broadcasting Union, EBU).
The colour points of the phosphors of many Zeus displays have been deter-
mined and, usually, the measured values are close to what is obtained for
the same phosphor materials as measured [5]in, e.g., a demountable vacuum
system: x = 0.34, y = 0.58 for green (Y2SiOs:Tb); x = 0.64, y = 0.35 for red
(Y2Û3:Eu); x = 0.15, y = 0.06 for blue (ZnS:Ag), see Fig. 16. The green col-
our point deviates somewhat from the value recommended by the EBU; if
required this can be corrected by mixing the Y2Siûs:Tb phosphor with, e.g.
Zn2Siû4:Mn.

As a result of the above and in view of the fact that, contrary to the CRT
case, convergence problems do not occur, we conclude that it is possible to
obtain excellent colour purity and colour saturation in Zeus panels. The col-
our selectivity is considerably better than that of conventional CRTs, the
available colour gamut is close to that of CRTs and may be improved further
by the phosphor choice.

4. Picture uniformity and artefacts

Uniform pictures are rather easily obtained on a CRT, because a whole (one
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colour) picture is written with the same electron beam. Ifthe relative intensities
ofthe three beams in a colour CRT are not as intended, then only a uniform
colour point deviation will occur, which is usually small enough to pass unno-
ticed. The most important cause ofnon-uniformities in a CRT is the shadow
mask: local variations in transmission cause a so called 'dirty window' effect.
Other possible causes are a low-quality phosphor screen and alignment faults
between mask and screen.
The situation is quite different for matrix displays, where the luminance of

each colour dot is (at least partly) determined by local parameters, and varia-
tions in these parameters may easily cause non-uniformities. It is very impor-
tant to control all manufacturing processes to such an extent that variations in
the relevant parameters are small enough that good uniform pictures are
obtained, or in other words to get a sufficientlyhigh product yield. The present
Zeus displays are not made in a well-controlled production environment, thus
little is known about the attainable yield in connection with uniformity. Never-
theless, many of the panels realized in the present research stage show good
picture uniformity, as the reader can judge for her or himself by closely exam-
ining the photographs of operating Zeus displays in ref. [1] (Figs 5 and 6) and
Fig. 2 ofthis paper. In the following we will confine ourselves to a description
of the effects and the parameters which are important for the uniformity of
Zeus displays. At the end of this section a discussion on possible artefacts
will be given.

4.1. Possible causes of non-uniformity in Zeus displays

4.1.1. Survey

Possible causes of departure from a uniform picture in Zeus displays fall
into six categories: cathode emission, extraction efficiency, interception or sup-
ply of electrons by electrodes, electrons hitting the walls of the screen spacer,
the phosphor screen and the electronics.
In virtually all panels tested the pictures exhibit no horizontalline structure,

probably because the extraction efficiency fJ is close to one and variations in fJ
are, therefore, small. Picture non-uniformity related to the electronic circuitry
will not be discussed here, because this can be regarded as a matter of yield
optimization, and the same holds for the production of good phosphor
screens. The remaining three items will be discussed in more detail in the fol-
lowing sub-sections.

4.1.2. Cathode emission

The current emitted into the channels by the wire cathode(s) should be very
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homogeneous, otherwise vertical columns with deviating brightness will be
visible in the picture. The eye is very sensitive to such column structures. It
is, therefore, estimated that the brightness difference between neighbouring
columns must be well below 1% .Consequently, the uniformity ofthe currents
emitted into neighbouring channels must be better than 99%.

The cathode emission current may vary for several reasons [8]:variation in
the hole sizes of G1 and G2, variation in cathode-C. spacing, geometrical cath-
ode non-uniformity (roughness), chemical cathode non-uniformity (composi-
tion), variation in wire temperature, voltage drop due to DC cathode heating,
and slump or drift. It is beyond the scope of this paper to discuss all these pos-
sibilities in detail. It is clear, however, that it is difficult to control all relevant
parameters to such an extent that a variation in emitted current of less than
1% is attained. Nevertheless, it is not impossible to get good column unifor-
mity without any measures taken, as can be seen in Fig. 2.
To avoid the necessity of controlling all cathode parameters to the required

high degree, an electronic feedback system has been implemented to enforce
uniform cathode emission. This system automatically measures the emission
level of each triode (i.e. cathode plus G1 and G2) separately during the frame
blanking time. Differences between the individual cathodes are detected and
corrected, see refs [8] and [9]. Good results have been obtained, as can be
inferred from the photographs shown in refs [1, 2, 8].

4.1.3. Interception or supply of electrons by electrodes

Ideally, the electrons should only hit insulators on their way to the screen,
because insulators cannot take up or deliver electrons (apart from transient
effects, to be discussed in Sec. 4.2), hence the current on the screen is equal
to the cathode current, 1. In practice, however, this is not the case because it
is almost impossible to prevent electrons hitting conducting (selection) electro-
des. Some ofthe current may be lost in this way, but it is also possible that elec-
trons are supplied by the electrodes (when 8> 1).This'is not a problem in itself
as long as the amount of current interception or supply is uniform throughout
the panel, but this is, again, a matter of manufacturing tolerances.
To keep non-uniformities due to this effect small, the physical design of the

panel should be such that the amount of drained (!~.I< 0) or supplied current
(6.1> 0) is very small compared to I and preferably not, or only slightly, sen-
sitive to variations in local geometrical and materials parameters. Experiments
and simulations show that 6.1specifically depends on the hole sizes and on the
secondary emission properties of the metal in the hole and of the insulator
(MgO coating [13, 14] is preferable).
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The present situation is that, in normal operation, for the dummy electrode
and for the two-fold selection electrodes (present in panels with multiplexing
factor 6 or higher), on average, a value of ILlI/ 11~ 0.05 is found. Assuming
a variation of 10% in this value due to finite tolerances, a brightness variation
of 0.5% would result, which is acceptable. The situation is somewhat different
for the colour selection electrodes. Due to the presence of a very large electric
field, generated by the high voltage on the phosphor screen, a value
b..I / I ~ 0.2 is often encountered. In most cases this does not give rise to pic-
ture grubbiness, apparently because the value of b..I / I is usually uniform
over the whole picture area, but in some panels the dirty windoweffect was
observed. Our expectation, based on computer simulations, is that a consider-
able improvement (i.e. lower value of b..I/ l) is possible by further optimizing
the geometry, e.g. by making larger holes in the colour selection plate.

4.1.4. Electrons hitting the walls of the screen spaeer

After leaving the last (colour) selection plate, the electrons are accelerated
towards the phosphor screen. Preferably, all electrons travel from the colour
selection hole to the screen without hitting the wall of the screen spaeer. If,
for some reason, some of the electrons do hit the wall, they will often lose
most of their energy. Such electrons generate no, or much less, light when
reaching the phosphor screen. Again, this is in itself not a disaster, but local
variations in the number of hits on the walls will cause non-uniformities in
the picture.
The number of electrons hitting the screen spaeer wall is mainly determined

by the geometry of the colour selection hole and the misalignment of the screen
spaeer with respect to that selection hole [7].The geometry ofthe colour selec-
tion hole determines the shape ofthe electron beam in the screen spacer. Ifthe
beam is too wide then the outer electrons may hit the walls, even in the case of
a perfect alignment. In the present design, the beam width in the spaeer and the
spot size on the screen (see Sec. 2.3.) are rather small, leading to negligible
interception of the beam by the screen spaeer walls.

If the screen spaeer is misaligned relative to the colour selection plate, some
of the electrons leaving the colour selection hole may hit the spaeer wall. Apart
from the direct negative effect that the electrons lose energy, a second problem
may arise due to asymmetrical charging ofthis screen spaeer wall [4].With the
currently used screen spaeer coatings, this asymmetrical charging does not
occur, so we will not consider this issue further. Empirically it has been deter-
mined that in the present panels misalignments of the screen spaeer relative to
the colour selection plate of up to 50 J..Lm can be tolerated, i.e. cause negligible
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non-uniformities. Such alignment accuracies can be, and have been, obtained
rather easily.

4.2. Artefacts

Unlike several other fiat display technologies, neither a Zeus display nor a
CRT does showartefacts associated with moving images, like edge contour-
ing, blurring or the appearance of comet tails. The line-at-a-time addressing
is fast enough to avoid such problems, and the same is true for the phosphors
used: the decay times are short enough to follow fast motions without
problems.
It is, however, possible that a completely different type of artefact occurs in

Zeus displays, that is, if no corrective measures are taken. This artefact is
caused by a charge transfer effect, which may occur at positions in the panel
where voltages are changed to address rows or colour dots. When potentials
are altered in a (8) = 1 transport situation, charges are (locally) deposited
on the insulating surfaces until again (8) = 1. During deposition, electrons
are removed from or added to the electron current, hence the current reaching
the screen is either lower or higher than intended. The periodic nature of the
addressing process gives rise to a periodic transfer of charges, and this occurs
both in the channels and in the (colour) selection system.

Let us first discuss what happens in the channels. As was already mentioned
in Sec. 3.1, positive charges are deposited in the channels during the extraction
process. To illustrate the kind of artefact to be expected, we treat the case of a
white area on a black background, displayed on a Zeus panel with the cathode
positioned at the top of the panel; the scanning direction [9]is downwards, i.e.
away from the cathode. The positive addressing charges are first created at and
above the firstly addressed extraction row (corresponding to the highest white
picture line). Subsequently, this charge pattern is moved downwards in the
channels, because of the scanning process. This movement entails the neutra-
lization of positive charge by a local deposition of electrons, and the creation
of new positive charge downstream. After the lowest white picture line has
been written, the beams are switched off, so the positive charges remain pre-
sent at that location. In the next picture frame, the positive charge pattern is
recreated at and above the highest white picture line, moved downwards again
until the region is reached where the charges are still present. There, electrons
are lost from the electron current to neutralize lower positive charges, but none
are added because the positive charge need not be recreated. The net effect of
this periodical charge creation and charge movement is that extra electrons are
generated at the highest white picture line, while electrons are lost at the lowest
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one. Thus, a uniform white area gets a somewhat brighter top line and a some-
what dimmer bottom picture line.

Other related artefacts occur when there is a black area embedded in a large
grey area in the picture, or a white plane in a grey background. It would take
too far to discuss all possible appearances ofthe charge transfer artefact due to
the row addressing process. In all cases, the artefact is unobservable when
bright pictures are displayed, because the maximum amount of transferred
charge is limited (depends on the addressing voltages and on the local capaci-
tances), but the artefact may become noticeable at low luminance values. So,
some means to get rid of, or to compensate for the charge transfer effects are
desirable.

Based on our knowledge of the dynamics of the wall charging during
addressing, we developed a method to eliminate the artefact due to charge
transfer in the channels. In short, the deposited charges are 'erased' between
two row addressing sequences by sending a very short 'current flush pulse'
through the channels towards the electrode at the end of the channel. These
pulses should be as short as possible, e.g. 0.1 us, to keep as much time as pos-
sible for creating grey levels. A somewhat better scheme is to emit a flush pulse
while the row addressing is already active, in which case the charge distribu-
tion needed for extraction is created by the flush electrons instead of by the
image-forming electrons. Of course, the flush electrons (or the leakage part)
must be intercepted (e.g. by the dummy electrode) to prevent them from reach-
ing the screen.

Charge transfer effects mayalso occur in the selection system, due to the
switching between the exit holes of the two-fold or three-fold selection plates.
After selecting one of the holes and after passing enough charge, a situation is
established with (8) = 1 inside the spaeer of that selection plate. If the other
hole is subsequently selected then the potential distribution is such that initi-
ally (8) is no longer equal to 1. To re-establish the (8) = 1 situation, charge
is transferred from the surroundings of the first hole to the surroundings of
the secondly addressed hole. As this is a mutual, periodic effect, the total
net charge transfer amounts to zero if the currents to the exit holes are equal
and if the exit hole electrodes have the same capacitance. Two-fold selection
systems can easily be made symmetrical, but this is not possible for the elec-
trode geometry of a three-fold (colour) selection system. Fortunately, in this
case, charge transfer effects only give rise to a colour point shift, which is
usually small enough to go unnoticed, or which can be compensated electro-
nically. In panels with asymmetrical two-fold selection steps, or if the current
through the holes are unequal, charge transfer effects may lead to observable
artefacts in the image, though only at low luminances. The visibility of this
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effect is minimized by taking care that all capacitances are as small as possible,
that the selection structure is as symmetrical as possible and that the lay-out of
the selection electrodes and hole dimensions is chosen in such a way that the
electrostatic field distribution (in the absence of charges) comes as close as pos-
sible to the distribution needed for the (8) = 1 condition.
The present situation is such that, even without applying flush pulses, charge

transfer artefacts are hardly noticeable in commonly occurring TV pictures,
see the photographs of operating displays in refs [1] and [2] and Fig. 2. It is
expected that, after further optimization of the geometry, and using the men-
tioned 'flush pulses' the charge transfer effect will be small enough to go unno-
ticed in any picture scene.

5. Dot structure, resolution, viewingangle and lifetime

5.1. Dot structure and resolution

The Zeus concept allows the realization of different dot structures, i.e. the
geometrical arrangement of the colour dots on the screen. In all panels
described, a quincunx (also referred to as À \7) structure was used, see
Fig. 17a and ref. [9]. In the panels with three-fold colour selection, the colour
selection plate has one entrance hole in the centre ofthe triangle, and three exit
holes at the corners of the triangle, facing the RGB colour dots. The basic pic-
ture element, capable ofproducing any colour is simply such a triangular RGB
arrangement and is addressed via one colour selection entrance hole. In the
case of a final two-fold colour selection, the dot structure can still be quincunx,
but one RGB pixel is now addressed via two colour selection entrance holes, so
a somewhat different electronic driving scheme is necessary in the latter case.
Other dot arrangements are possible too, of course, see Fig. 17b. In such cases
it is more straightforward, but not necessary, to use a two-fold colour selection
system. These other structures have not yet been tried, but no problems are
anticipated.

Most panels have a horizontal dot pitch Ph = 0.5 mm and a vertical dot
pitch Pv = 0.6mm, see ref. [1] and Fig. 17a. The reason for this choice is
that we aim at obtaining PALt resolution on 28" displays. Of course, the ques-
tion arises of whether smaller dot pitches are possible in order to achieve a
higher resolution than that. The physical scaling laws are such that the opera-
tion of the panel remains identical if we scale down all dimensions by the same

t) PAL (phase Alternating by Line) is a European Broadcasting standard, comprising 625 picture
lines (575 active lines).
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Fig. 17. (a) Quincunx (L'\. \7) dot structure as used in the present Zeus panels; horizontal and vertical
pitches are indicated. (b) Other possible dot structures.

factor, while keeping the voltages unchanged. This is a straightforward way to
obtain a better resolution, but there are some points of caution:
• the electric fields increase when scaling down all sizes while keeping the
applied voltages the same, so a limit is set by the occurrence of field emission
currents

• it is more difficult to make smaller holes in glass plates using the sandblast-
ing technique [16].

To some extent, it is also possible to reduce the dot pitches without scaling
down al! dimensions. For instance, the plate thickness could remain the
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same, if the dot pitches are not too small. As a matter of fact, we succeeded in
reducing the pitches to Ph = 0.3 mm and Pv = 0.5 mm while keeping the stan-
dard glass thickness (0.4 mm) and realizing panels with improved resolution
and capable of producing a picture quality about equal to that of the panels
with the larger dot pitches. Decreasing the dot pitches further to
Ph = 0.25mm and Pv = 0.30mm, while still using glass plates with 0.4 mm
thickness, yielded panels which exhibited the 'dirty windoweffect' (see
Sec. 4). This problem was solved by taking 0.2 mm glass for the screen spaeer
plate while keeping all other plates of 0.4 mm thickness. In this latter case it is,
of course, more difficult to apply, e.g. 4.5 kV over the screen spacer.

In our view, it is possible to achieve even smaller dot pitches than mentioned
above. Further investigations are necessary to determine what, in practice, the
ultimate resolution can be.

5.2. Viewing angle

As in Ck'Is, the viewing angle of Zeus displays is close to 180°. This is, of
course, connected to the way the light is generated: a phosphor screen emits
light in all directions.

5.3. Lifetime considerations

Any display product entering the market should have a lifetime of at least
10,000h, and preferably 20,000h or more. As this holds for Zeus displays
too, we will now briefly address the question of the lifetime of several parts
as well as of the complete panel. The most important issues are:
• No problems with the vacuum and the getters [6] have been encountered
during active lifetime tests of 5" panels which have now been running for
more than two years; furthermore, several panels still operate satisfactorily
after five years of shelf life and no significant degradation of the Ba getter
mirrors seems to occur (as judged by visual inspection).

• The wire cathode is also found to present no problem in this respect: life-
times in excess of 30,000h have already been obtained.

• The metal tracks present on several plates [17] show excellent stability, so no
lifetime problems are expected.

• If soda-lime glass is used for plates which experience a large electric field
then sodium migration occurs, which can lead to dielectric break-down of
the glass plate and it can cause leakage currents between electrodes. There-
fore, soda-lime glass is not used anymore, instead boro-silicate glass [16]is
used. The stability of this glass is excellent.

• Glass, boro-silicate glass too, degrades under electron bombardment: Si02
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in the surface layers of the glass is decomposed into O2, which desorbs from
the surface, and Si, which has a somewhat lower secondary emission yield
than Si02• This lower value of ti means that a higher transport voltage is
needed for stable electron transport. This degradation problem is solved
by applying an MgO coating [13] to all glass surfaces hit by electrons,
because MgO is very stable under electron bombardment [18]. Some of
the glass surfaces in the displays, as used in the lifetime tests, are covered
with MgO and show no, or very little, degradation, while the uncovered sur-
faces degrade rather quickly.

• The red and the green phosphor show very good lifetimes, but the original
blue phosphor did not. By using a suitable coating, this problem has been
solved [3].

Although no definite proof exists by now (i.e. no complete large panels have
yet been tested for lifetime), we expect that it is straightforward to obtain suf-
ficient lifetime for any size Zeus panel. This is supported by preliminary results
oflifetime tests of 5" panels: apart from the effect of glass degradation and the
degradation ofthe uncoated blue phosphor, several test panels already operate
for more than about 20,000 h.

6. Comparison with other display technologies

In the preceding sections we have compared, where possible, the perfor-
mance of Zeus displays to that of the CRT. In Sec. 6.1 we will summarize
the results of that comparison and add some items which have not been dis-
cussed before. Thereafter, in Sec. 6.2, we will compare the performance of
Zeus displays with that of some other flat thin display types.

6.1. Comparison with the conventional CRT

6.1.1. Performance

Conventional CRTs when used as TV displays are operated at an average
luminance of about 100 Cd/m2 and a peak luminance of about 500 Cd/m2

(luminance values as measured outside the display, i.e. after passage of the
light through the front glass with, e.g. 40% optical transmission). A higher
luminance is possible by using a higher screen voltage and/or a higher screen
current density. A higher screen voltage is limited by the occurrence of high
voltage reliability problems (e.g. flash-overs). A higher screen current density,
and thus a higher total screen current, may lead to a loss of picture quality due
to local doming effects, i.e. shadow mask deformation because of excessive
heat generation (about 80% of the power in the electron beams is dissipated
by the shadow mask), and due to increasing spot sizes caused by space charge
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effects and magnetic deflection aberrations. As shown in Sec. 2, for Zeus
displays, average/peak luminances of 100/500 Cd/m2 (again as measured
outside the display; 50% front glass transmission) have been obtained rather
easily. Still higher luminances are possible, especially by using a higher screen
current density. Mask doming effects are absent, of course, and the picture
sharpness is independent ofjscn hence is not deteriorated at higher luminances.
Space charge effects occur in the hop transport process [19], but these merely
require a (somewhat) higher transport field, and cause no deterioration of the
picture quality. Operating at screen voltages higher than about 4.5 kV is diffi-
cult because of high-voltage reliability problems in the screen spaeer of Zeus
panels [4]. Anyway, the luminance performance of both Zeus displays and
CRTs is quite good and, in fact, considerably better than that of almost any
other display technology.
As discussed in Sec. 2, the luminous efficacy of Zeus panels is better than

that of CRTs. However, due to the need of more electronic driving circuits
and the power dissipation in that electronic circuitry, the display efficacy of
Zeus is about the same as that of a CRT (at least for large size displays).

In Sec. 3 it has been shown that internal contrast values of more than 1000
have been obtained in Zeus panels. This is considerably better than what is
obtainable in CRTs. As discussed in Sec. 3, this better performance of Zeus
displays in this respect is due to the fact that electrons backscattered from
the screen cannot reach other colour dots and the same holds for the colour
purity (colour selectivity, see Sec. 3.3). The contrast ofZeus displays in the pre-
sence of ambient light has not yet been studied thoroughly. Preliminary results
show that it is already somewhat better than that of CRTs and that improve-
ments are still possible.

The picture uniformity of CRTs is very good, and artefacts are virtually
absent. At present, insufficient data are available to state with certainty
whether or not the uniformity of Zeus displays will match that of the CRT.
Some good results have already been obtained, but the reproducibility aspect
needs to be investigated further, see Sec. 4. If no special measures are taken,
artefacts connected to charge transfer effects are observable in dim scenes dis-
played on Zeus displays. The visibility of this artefact is greatly reduced when
suitable flush pulses are used (see Sec. 4).

As discussed in Sec. 5, the dot pitches of the present Zeus panels are such
that PAL resolution is easily obtained, hence Zeus displays match the per-
formance of CRTs as TV displays. CRTs are, of course, also used as high-
resolution computer monitors (CMTs). To study the possibilities of Zeus in
this respect, experimental4" Zeus panels with dot pitches 0.25x 0.30mm in
quincunx arrangement show that, in principle, Zeus CMTs can be made.
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Nevertheless, it will be very difficult to match the CRT performance on this
point.

The viewing angles of CRTs and Zeus displays are almost identical, and
close to 180°. The lifetime of CRTs is well over 20,000h, for Zeus this has
not yet been established, but the expectations are good, see Sec. 5.3.

6.1.2. Some other issues

Zeus displays have some advantages over Ck.Ts that have not yet been men-
tioned:
• in contrast to CRTs, Zeus displays do not generate (external) X-rays (the

screen voltage is below 7 kV)
• unwanted emission of electro-magnetic radiation of Zeus displays can be
more easily suppressed than that of Ck'I's, because it is easier to shield
the electric fields due to the addressing processes in Zeus displays than the
magnetic fields due to the line scanning and raster scanning in CRTs

• the influence of the earth's magnetic field and of alternating (50/60 Hz)
mains magnetic fields on the hop transport of electrons over insulators is
negligible, so no magnetic field shielding and degaussing procedures are
necessary, contrary to Ck'I's

• the magnetic deflection in CRTs is not perfect, so convergence errors and
geometrical distortions occur; these problems are completely absent in
Zeus displays

• the luminance of CRTs is highest in the centre of the display and decreases
towards the edges; again such an effect is absent in Zeus displays

• no problems with possible Moiré effects (due to the interference of the line
scan with the shadow mask structure) occur in Zeus displays.

6.2. Comparison with some other flat thin display types

Let us now briefly compare the performance of Zeus displays with that of
two other flat thin display technologies capable of realizing large (e.g.
>20") panels. Of course, this comparison is based upon present day knowl-
edge.

6.2.1. Active matrix liquid crystal displays

The luminance of Active Matrix Liquid Crystal Displays (AMLCDs) is
determined by the luminance of the backlight and by the optical transmission
of the AMLCD. Backlights with luminance levels of 10,000Cd/m2 are avail-
able, and taking a reasonable value for the overall light transmission of 5%, it
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is clear that luminances of 500 Cd/m2 can, and have been, obtained. It is,
however, more difficult to achieve considerable higher luminances than this,
whereas Zeus displays still has the possibility to do so. Nevertheless, the
luminance performance of AMLCDs is good enough for TV and computer
monitor applications.

The luminous efficacy of AMLCDs is also quite good: about 3 lmJW has
been achieved, but when using the AMLCD as a TV display with a dynamic
luminance range of 5 (as in CRTs), the effective efficacy of the AMLCD has
to be divided by this factor of 5, because the backlight has to be run at full
power all the time. So, for TV applications, Zeus displays have an advantage
over AMLCDs in this respect. For computer monitor applications, Zeus and
AMLCDs are comparable as far as luminous efficacy is concerned.

The internal contrast of AMLCDs is rather good: about 200 is often
obtained. Although this is not as good as obtained in Zeus displays, it is
more than sufficient for any application. The external contrast of AMLCDs
is also quite good, because the crossed polarizer structure absorbs almost all
ambient light. Although we have no definite figures of Zeus displays on the
attainable external contrast, it will be hard to match the AMLCD perfor-
mance as far as this point is concerned.

The picture uniformity of AMLCDs is generally very good. As stated
before, for Zeus we have insufficient data concerning picture uniformity,
and we do not knowas yet what the ultimate uniformity performance of
Zeus will be, but it should be acknowledged that the AMLCD technology is
well ahead of Zeus regarding this point. Artefacts are present in AMLCDs,
whereby especially the smearing of edges of moving objects in the picture is
noticeable. Such artefacts are absent in Zeus displays, because the line-at-a-
time addressing [9] is fast enough.

Very small dot pitches are possible in AMLCDs and very high-resolution
displays have been shown. In this respect, the AMLCD technology is much
more suited to achieve very high resolution than Zeus is.

Traditionally, AMLCDs have problems with the viewing angle. New devel-
opments have brought considerable improvement, but, still, Zeus is better in
this respect. The lifetime of AMLCDs-is good enough; comparison with
Zeus displays is not yet possible. Finally, the number of outside connections
and the number of electronic drivers, of AMLCDs is much larger (factor of
about 4) than that of Zeus displays. The herewith connected cost disadvantage
of AMLCDs is (at least partly) compensated by the advantage connected to
the lower required driver voltages of AMLCDs.

Zeus displays with large sizes (e.g. >20") can readily be made. As is
well known, this is considerably more difficult with AMLCDs because of
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production yield problems. Thus, contrary to Zeus, application of AMLCDs
in direct-view home TV sets is not straightforward. Plasma addressed LCDs
(pALC) [20] may have more possibilities to achieve this goal.

6.2.2. Plasma display panels

It is not easy to obtain a high luminance on plasma display panels (PDPs),
but thanks to continuing R & D efforts, considerable improvements have been
achieved in recent years. PDPs now entering the market show a peak lumi-
nance of about 300 Cdjm2 (400 Cdjm2 has been announced for the newest ver-
sions and up to 600Cdjm2 for prototypes) at 100% glass transmission, but this
is still considerably less than what is obtained with Zeus displays. The lumi-
nous efficacy of a commercially available 21" display with VGA§ resolution
is about 0.2lmfW. The luminous efficacyof 40" plasma panels with VGA reso-
lution amounts to about 1 ImfW, but the power dissipation in the electronic
circuitry is high, so that the efficacy of a 40" display (panel + electronics) is
about 0.4 lmfW. So it is clear that both the panel efficacy and the display effi-
cacy of Zeus are better than that of PDPs.
The internal contrast ofPDPs has recently been improved to a value higher

than 100.Again, Zeus has an even better internal contrast, but a value of 100 is
good enough for the intended applications. The external contrast of PDPs is
worse than that of Zeus, but can be improved (in the same way as for Zeus)
by using a black matrix, glass with a lower optical transmission (but this wor-
sens the luminance problem) and the use of colour filters (but this increases the
cost of the panel).
The picture uniformity ofPDPs has been improved and is now acceptable. As

explained above, a comparison with Zeus concerning this point is not yet possi-
ble. PDPs have some problems with artefacts. The video addressing scheme(sub-
field addressing, see e.g. ref. [21])causes artefacts (edge contouring) in moving
images, and the rather long decay time ofthe green phosphor (and also, to a les-
ser extent, of the red one) used in PDPs causes a comet-tail behind moving
objects in the picture. Both artefacts are absent in Zeus displays.
PDPs with 21" diagonal and VGA resolution are on the market. Achieving a

better resolution than that is certainly possible, although at a price: the lumi-
nous efficacy decreases with decreasing plasma cell size. Comparison with Zeus
is not possible at this moment. The viewing angle is about the same as that of
Zeus displays. Lifetimes in excess of 10,000h have been reported.
The number of outside connections and the number of electronic drivers of

§) VGA, Video Graphics Adapter, is a CMT standard, comprising 640 horizontal pixels (1920 col-
our dots) and 480 picture lines.
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PDPs is equal to that of an AMLCD (with the same number of picture elements),
so much larger (factor of about 4) than that of Zeus displays. The connected cost
disadvantage of PDPs is (partly) compensated by the advantage of having a
lower number of glass plates in the panel as compared with Zeus.

7. Summary and conclusions

In this paper we have presented measured data, analyses and discussions
concerning all relevant performance parameters of Zeus displays. The overall
performance of these experimental Zeus displays can be judged from the pre-
sented photographs of working 5" and 17" displays, and is quite good.

The luminance has been measured as a function of the screen voltage and
the screen current densities. High (peak) luminance values have been obtained:
up to 5000 Cd/rrr' for 5" panels operating at 6 kV. At a more reliable operating
screen voltage of 4.5 kV, a white luminance (for 100% glass transmission) of
1000 Cd/m2 is available at a screen current density of about 9 JLA/cm2

, which is
enough for producing TV pictures with luminances as good as or better than
conventional CRTs. At high luminances, and hence high screen loads, phos-
phor saturation effects have been encountered, but these are not large when
using 4.5 kV screen voltage. The colour point shift due to phosphor saturation
can be corrected electronically, if desired.

The luminous efficacy of the screen for white D65, is found to be about
11 lm/W (at 4.5 kV screen voltage and at about 150 Cd/m2

); a panel efficacy
of about 4 lm/W can be obtained for 17" panels, which is a favourable value.
The efficacy of a 32" display is estimated to be about l lm/W, which is close to
the efficacy value of a CR T of about the same size.

The physical parameters relevant for the internal contrast and for the colour
purity of Zeus displays have been discussed, and the results of measurements
of these parameters are presented. A formula is derived which explicitly shows
the dependence of the nominal internal contrast on the extraction efficiency,
the leakage fraction and the dummy efficiency. The internal contrast as a func-
tion of the transport field in the channels derived in this way agrees with the
results of the direct optical measurement. The internal contrast can be made
very large indeed by increasing the transport field and by correctly using the
dummy electrode, and values in excess of 2000 have been measured. Because
of the occurrence of positive charges in the channels due to the dynamical
extraction process, the internal contrast of Zeus panels is dependent on the
details of the picture that is being displayed. Contrary to the situation in
CRTs, both a checkerboard pattern and a dark area within a large bright plane
are favourable cases, due to the contrast enhancement by the extraction process.
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On the other hand, a white area within a dark region is unfavourable when viewed
in a completely dark room. Under such, rather unusual, circumstances an internal
contrast value of > 1000is required, which, fortunately is easily obtainable.
The colour selectivity of Zeus displays has been found to about 800, which is

a very high value. The colour points are close to what is to be expected from
the data of the phosphor materials [3].The available colour gamut is close to
that ofa CRT.

Because of the very good internal contrast, the availability of high lumi-
nance values, and because a large black matrix area can be used, the contrast
of Zeus panels in the presence of ambient light is rather good: preliminary
measurements yielded a value of about 60 at 100 lux ambient light, and
improvements are still possible.
The most important factors determining the picture uniformity, are the

homogeneity of the cathode emission, the interception or supply of electrons
by the electrodes, and the fraction of the electron current that hits the walls
of the screen spacer. Local variations in cathode emission are corrected using
an electronical feed-back system. The current drawn or supplied by electrodes
can be minimized by optimizing the geometry of the holes in the constriction
plate and the (colour) selection plate. The number of electrons hitting the walls
of the screen spaeer is small, as long as the alignment fault between the colour
selection plate and the screen spaeer is smaller than about 50 J.Lm. More toler-
ance studies are needed to be able to make definite statements about the yield
of the display with respect to uniformity. Nevertheless, several panels made
under laboratory conditions already show a good picture uniformity.
Zeus displays do not suffer from artefacts related to moving images (blur-

ring, contouring, etc.). One artefact noticeable under certain circumstances
is due to charge transfer effects, evoked by the addressing processes. The arte-
facts due to the extraction process can be eliminated by using suitable 'flush'
pulses. The charge transfer effect of two-fold and three-fold selection systems
can be made very small by making the selection structure as symmetrical as
possible, by minimizing the capacitances and by taking care that the potential
distribution due to the voltage pulses (as used in the addressing process)
matches the one needed for the (8) = I situation as closely as possible.
The dot structure of the panels used is a quincunx structure, but other dot

arrangements are possible too. The dot pitches are 0.5 x 0.6 mm, but some
small experimental displays with 0.3 x 0.5mm and 0.25 x 0.3 mm pitches
have been made and operate satisfactorily. The viewing angle of Zeus
displays is close to 180°, which is equal to that of conventional Ck'Is.
There are not yet firm data concerning the lifetime of Zeus panels available.
However, some results of preliminary lifetime tests are given, as well as a
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discussion concerning this issue. It is shown that sufficient lifetime can be
obtained by covering the glass surfaces hit by electrons with a thin MgO layer
[13],and by coating the blue phosphor grains with a very thin Ca polyphosphate
layer [3].

Finally, the performance ofZeus displays as presented in this paper has been
compared to that of conventional CRTs, and of AMLCDs and PDPs. It is
shown that the Zeus display technology compares favourably with the other
ones concerning luminance, contrast and colour purity. Regarding resolution,
picture uniformity and lifetime, no definite comparison can yet be made
because of a lack of data.
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Appendix

Experimental details

In order to determine the luminance of Zeus displays, a monochrome square
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of some macroscopie surface area Asq (usually ~ 1 cm2), containing many
dots, is displayed on the screen and the current on the screen is measured,
as well as the luminance L using an LMT L10091uminance meter. The lumi-
nance measured is an area-averaged and time-averaged value. The current
density on the screen jscr is simply the measured average (DC) screen current
divided by Asq, so this too is an area- and time-averaged quantity. The mea-
surements were performed using an active time per dot of 10 /LS.
The fraction atot of the current leaking out of the ducts is measured as fol-

lows. First the panel is put into normal operation, then the extraction pulses
are switched off and the potentialof the dummy electrode is lowered, allowing
all electrons to pass and to reach the screen. The so-called leakage pattern is
then visible on the screen. To obtain a uniform pattern (i.e. leakage indepen-
dent ofthe position in the channels), the potential ofthe electrode at the high
potential end of the 'hop plate', Vhe, (this contact is meant to drain the non-
extracted electrons) must be set correctly. The adjustment of this voltage is
a rather tricky step, involving a subjective judgement of the luminance at
the top of the panel relative to the rest of it. It is found that the influence of
the potentialof the end contact extends over a large region backwards; in
the 5" panels used for the contrast measurements, even the leakage in the
whole panel depends on this potential. So the measured leakage current
depends not only on the voltage difference between the highest and the lowest
extraction electrode (this voltage difference defines the transport field Ftr>
i.e. Ftr is equal to this potential difference divided by the distance between
highest and lowest extraction electrode), but also on Vhe• A different voltage
setting produces a (somewhat) different curve. Thus, the measurements shown
here differ from those in ref. [10] where another setting was used. To ensure
consistent results, the measurements of the optical contrast and of the extrac-
tion efficiency were done using the same settings as used in the leakage meas-
urements. The currents collected by the electrode at the end of the hop plate le
and by the screen Is are measured (sometimes, if there is doubt whether all
leakage electrons reach the screen or whether a significant number of electrons
is added to the current by, e.g. the colour selection electrodes, the currents col-
lected or supplied by all plates are added to the screen current) and the total
leak-out fraction follows from:

Is
atot=-I 1·

e + s
(Al)

In order to measure atot as a function ofthe transport fieldFtr>this field is var-
ied by varying the potentialof the upper extraction electrode (and that of the
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end contact of the hop plate accordingly), while keeping the lowest extraction
contact at a constant voltage.

The dummy efficiency {3is determined by measuring the current intercepted
or supplied by the dummyelectrodes (Id) and the current at the screen (/s):

{3=~. (A2)
Id +Is

The measurements are performed as a function of the potential difference
between the colour selection and the dummy electrode.

The extraction efficiency ()is determined by measuring the current reaching
the end contact ofthe hop plate (Ie) and the current reaching the screen (Is) as a
function of the pulse voltage on the extraction electrodes, with the transport
field as a parameter. Again, a low dummy voltage is used so that all extracted
electrons reach the screen. If the leakage current is negligible, the extraction
efficiency ()follows from the simple formula:

()=~. (A3)
Ie +Is

If the leakage current is not negligible (at lower transport fields), a simple cor-
rection can be applied to account for it.

Colour points are measured using a Philips PM 5639 colour analyser. The
measured area is rather large, about 15 cm2, hence the values of the colour
points are averaged over this area. An accurate value of the colour selectivity
is obtained by measuring the luminance of a single dot, see Sec. 3.3. In order
to do so, an extra lens providing strong magnification is used so that the
measured area is approximately equal to the dot area. An upper limit to the
measured colour selectivity is set by the effect of light scattering in the phos-
phor screen and in the screen spaeer.
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