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The InfoPad project was a large interdisciplinary effort, which had a gaal of implementing a
complete svsiem for wireless access of multimedia data Jronr a high bandwidth wired infrastructure,
The basic approach was to minimize the cost and energy conswmpiion of the portable user device by
using nenwork based resources. A system approach was taken in this investigation, which attempred 1o
optimize all aspects of the design from the user interface to the low power design of the terminal
hardware, which uncovered a need to deal with the issues of project management and intergroup
commuanications. From what was learned in this project a new effort is now underwvay investigating the
present and future capabilities of implementing single chip wireless svstems in advanced CMOS

rechnology.

1. Introduction

F would like to take this opportunity (o thank SIGMOBILE
for their recognition of the InfoPad project research
activities. This was a large interdisciplinary effort that at its
peak involved over 50 students. 7 faculty and 6 staff and 5
member companies. Particularly important to the success of
the project was that it integrated activities in both computer
science and electrical engineering as well as a number of
disciplines within each of these areas. As is true in. any good
research project the technical topics in which we had our
most interesting new resulls were in areas far different from
those we initially amnticipated. However, in this project we
found that for success that contributions needed 1o extend
ine non- technical areas as well. In particular, the problems
of project management. communications, goal setting and
methods of defining progress were all issues which we had
to address. What we learned about these aspects was
certainly a valuable part of this large project experience not
only for the students, but the facuity and staff as well.

The InfoPad project was declared successful and
completed about 2 years ago and from' that background we
have moved into another large coordinated effort. After
reviewing what was learned from InfoPad. we will discuss
how this relates to our new initiative. I will then finish with
_some of the exciting new research opportunities that are
opening up in the area of wireless communications and
mobile computing made possible by the advent of “system
o a chip” Integration. '

II. Past

The InfoPad project began to form around 1990 under
DARPA funding which continued throughout the project.
The first papers describing an overall system architecture
with emphasis on the design of a “Portable Multimedia
Terminal™[1.2]. The primary issue which was initially being
addressed was to demonstrate a complete system solution for
accessing and manipulating multimedia data (text/graphics,
video and audio) from backbone network based information
and compute servers as seen in Figure |.

The user device. the InfoPad. was designed to be as
tight weight, low power and fow cost as possible. by using
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network based compute and storage servers. In order for the
user 0 appear to have large amounts of local storage and a
high performance computing platform. it was necessary to
optimize the wired and wircless communications links
between the pad and the servers. This all needed to be done
with the constraint of minimum power consumption in the
portable units.
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Fig. |: The Info Pad sy stem awchitecw i

A number of important lessons and technologies were
developed during the course of the InfoPad project rescarch.
It was hypothesized that a true system solution was
necessary, because of the interrelationships of the various
levels. The project would eventually include a tightly
coordinated effort involving rescarch in the user interfuce,
middleware, backbone network. wireless link to the terminal.
as well as the terminal’s embedded software and low power
hardware. Clearly, the problem of linking together so many
research activities with a common focus resuited in tension
due to the dependencies of one effort on another. While this
clearly a challenge of such an approach. the benefits far
outweighed the overhead 'in managing this process. A
primary positive aspect was that students (and faculty) were
exposed 1o the constraints, capabilities and research
approaches of a number of disparate disciplines. This made
it possible for individual researchers to develop a viewpoint
of how their work fits into a larger picture, to develop more
realistic individual constraints and for some to be able to
contribute to new research areas.

Another aspect was the training that was provided in
project management, It was found that because of the
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number of people involved in the project that common
meetings of the entire effort were not useful. Splitting up
into smalier efforts, however introduced bottlenecks in the
communication. resulting in an intergroup dependency
problem in which groups would be unaware or would
misunderstand  issues such as schedules, interface
specifications, performance of functionality of something
jointly being used or required. This was addressed by having
sub-groups with rotating student leaders who would meet
weekly to discuss these issues. These group leaders also had
the job of allocating resources (e.g. new computers),
defining the demonstrations and most importantly managing
their peers on the development (not their research - see
below) aspects of the project. Every 6 months we would
rotate these leaders and the maturity gained by a student
leader after they performed this function was impressive.

We found that the large project nature of InfoPad
improved our interaction with industry. The goals of the
project were clear, and because of the resources of the
project, mechanisms for interaction were more gasily set up
and carried out. For example InfoPad had involvement from
Intel. IBM. Hewlett Packard. Ericcson, Motorola, National
and Texas Instruments and we were able to have an off-site
retreat every 6 months for 2 to 3 days, which had on the
order of 100 attendees. This had the dual use of bringing the
entire project together to internally review the overall
progress and plan for the future. The feedback and assistance
that the industrial members were able to give, after they had
custained involvement in these retreats, became  Very
beneficial.

In spite of all these very positive aspects. there was a
dark cloud as well. After all, it is felt by many that the
University research mission is to train individual students 10
perform research and not to be mired down in the overhead
of a development project, no mater how advanced its goals.
This challenge would show up in a number of ways. The
demonstrations that would define our level of progress
would consume enormous resources and a hard deadline for
a demonstration would result in much work being performed
at the last minute, that would either be poorly done or not
useful to the long term goals. Another problem is that some
students would be involved too much development work and
ot have sufficient time for their individual research efforts.

The solution to these problems involved in clearly
defining two goals of the project: one was the support of the
overall development  goal which was to make and
demonstrate a complete working system; and the second
more important goal was 10 carry out and complete
individual research projects (MS and Ph.D.). The student
group leaders, staff and some faculty, would meet and plan
the development aspects of the project (.. demonstrations,
infrastructure hardware and software). It was then necessary
to negotiate with the individual students and their faculty
research advisor 10 be sure that the student had sufficient
time for these activities. Clearly, most desirable was to align
the development efforts with the individual research projects
but this was not always possible, so that it wag just necessary
10 be sure the burden was shared fairly. Said another way, no
student received a Ph.D. degree for having merely worked
the InfoPad project. a clearly defined individual
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contribution had to be completed.

The question arises why have a large development
project if individual rescarch s the goal? Beyond the
advantages described above. the fundamental reason is that
the presence of the overall project provides test vehicles.
infrastructure or realistic specifications for the individual
research. in Figure 2 18 shown a number of the Ph.D.
research projects and how they cover the range of the
InfoPad system.

To conclude the description of the overall project, the 5
groups that were defined are listed below along with a
sampling of the references which were published about
project research.

Portable Pad Design 13-9]- Design, fabrication and,
testing of the pad, its case and internal electronics and
software.

Low Power Design Techniques and Tools [16-171 -
CAD tools and methodology 10 support system leve!
exploration and  estimation of low power
implementations and electrical-mechanical design
Multimedia Wireless Network Architecture [18-31]-
Software to support InfoPad mobility (InfoNel) and
support  for Quality of Service on hetlerogeneous
backborne networks (Medley)

Middleware Architecture and User Interface [32-
36]- Provides interfaces through proxies between the
conventional network and the InfoNet as well as
“InfoPad aware’” demonstration applications

Wireless  link 137-41}- lmplememation using
commercial radios and research into customized

monolithic CMOS implementations of TDMA and
spread spectrum radios.

In order to keep the focus on real problems in sysiem
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Figure 2: InfoPad research projects

integration and to keep motivation high. it was decided 10
actually construct 4 pumber of terminals (i and
basestations and (o atlempt Lo use the resulting system design
in our local environment. Though the reliability never was
achieved to allow us 10 be actually dependent on the Pad. i

is the platform we now us¢ for demonstratiing mobile
network and radio link protocols and new radio transceivers.



I11. Present

The InfoPad project was considered to be finished around
the beginning of 1997 after about 6 years, and though we
could have (and did) define various follow on projects, it
was apparent that the original vision, though not realized in
all respects, had been demonstrated and the next step was for
industrial product development (something which is just now
beginning to happen). It was also clear, however, that some
portions of the InfoPad system implementation were further
along than others. We had substantially met (or actually
surpassed) what we thought was possible in low energy
design, and there were spin-off projects in the area of user
interface, middleware and mobile networking, so the area
that seem to be the most in need of new research was the
support for an inexpensive, high performance, wireless link.

The design of these links for this and other applications
in state of the art CMOS technology is our new focus. We
are driven by the realization that the improvements in
CMOS technology has surpassed a threshold that now makes
it possible to integrate the complete wireless system,
including the RF. communication processing and protocol
and interface functions on a single chip. This “system on a
chip” design problem also is of broad importance, and the
destgn of a single chip radio provides an excellent driver for
developing this methodology. To insure generality of our
results we are addressing a broad range of wireless link
specifications ranging from the high end InfoPad
requirements to ultra low power applications, as well as to
address more fundamental issues in the general application
of wireless connectivity.

In developing our new effort, we felt that again the
advantages of a large integrated project was worth the
investment and to properly design and deploy a wireless link,
an integrated activity was needed from the connection into
the wired infrastructure along the associated protocols to
deal with mobility and the applications, through to the RF
modeling of the CMOS technology which allows single chip
integration of a complete radio. Though the focus is
narrower than InfoPad, the goal of single chip integration of
all these functions will require vastly more coordination of
all the various components.

We also wanted to take some of the other lessons from
InfoPad and apply them to our new endeavor. In particular,
close involvemem of industry is viewed critical because of
the large investments being made in wireless technologies.
We thus started the Berkeley Wireless Research Center
(BWRC), with companies in each of the critical areas of our
research focus. which include Ericcson, Lucent, Texas
Instruments. SGS Thompson, Hewlett Packard and Cadence.
This is designed to allow us to build on the industry base to
do truly advanced research, instead of duplicating what was
already being attempted. In order to substantially enhance
our previous approach of sporadic meetings (retreats,
occasional visits), we felt we needed personal contact.
Though sending students to the companies and company
involvement by sending junior employees to the University
does help in this regard. it was felt that only by having senior
(mentor level) researchers at the University from the
companies that a new model of interaction couid develop.

This brought up the all important intellectual property issue.
which we have addressed by the dual strategy of declaring
all center research in the public domain and striving o be
sure that our research projects are sufficiently advanced that
they are pre- competitive,

II1.A. Collaboration Support

As mentioned the communication problem between the
disparate groups in the InfoPad project was a major issue.
which we are now addressing by co-locating the students.
staff and faculty. This coupled with the desire to bring in a
substantial number of visitors and to support the
collaboration that we feel is so necessary, required us (o
design a physical environment for that task. We wanted a
space that was highly flexible, which could adapt to the
changing needs of the project, as well as places for informal
collaboration and meetings that are convenient to the work
area. Finally we wanted to bring all our laboratory and
testing areas together, from low level device testing up to
full base stations for cellular experiments,

We did this by going off campus and leasing 11.000
square feet and constructing an interior which meets our
needs for about 50 researchers. The centerpiece is a large
“forum’” area that is meant to foster collaboration. and
around this, acoustically isolated through glass walls. is an
open area with work cubicles which will have a “non-
territorial” assignment policy. Each work area has a
moveable file drawer which can either be at the workstation
or in & “file barn” along one wall. A researcher can claim a
space as long as they are actively at the center (which may
be for years for the students and faculty), but if they are
absent for a period and space is needed. the file drawer
returns to the barn allowing reuse of the workstation space.
There is a library to store books normally at a researchers
desk and a large laboratory acoustically isolated off of the
main  area. The  workstation  environment  and
telecommunications have been designed so that all Jocations
in the center are equivalent.

This interest in supporting the social and non-technical
aspects of the research agenda, is clearly one of the lessons
learned from InfoPad. The enhanced communication which
we are striving 1o achieve in the Center. between our
industrial mentors, involved faculty and the rescarch
students should provide a unique experience and hopefully
highly efficient one for producing high quality research
results.

IV. Future

Clearly the critical element in our present endeavor is the
research agenda that we plan to pursue and to this end we
have developed 3 research drivers. We believe that we are
now on a threshold of wireless connectivity which will
become the dominant method of interconnecting the myriad
of future devices which will consume and produce data
These communications will range from the high end
involving computers, high quality video, cameras and
displays. to simple internet access devices and appliances for
reading and listening; for communications between people



and the control of utilities, to the lowest end in which very
low bandwidth communications will be used to extract
information from large numbers of distributed sensors. A
fundamental belief we have is that many new applications
will evolve when inexpensive, wireless communications
become available and it is in these new areas that the most
important new developments will occur.

IV.A. Universal Radio Systems

It is this latter belief. that the most important future uses of
wireless communications are unknown, that drives our most
aggressive future research agenda. The approach to
developing new wireless systems has in the past been
controlled by the standards setting process. This worked well
in an environment when there was a single dominant
wireless application, so it was clear what the optimizations
should be in a new system design. However, now that
application monopoly is due to be transformed into an
anarchy of new uses. which will have an array of diverse
requirements. The standards process therefore now has the
enormously difficult task of standardizing the radio link for
applications which possibly do not even exist yet.

Another transforming issue is the application of
mainstream  integrated  circuit  technology to  radio
implementation. In the past radio technology has been
relatively static. with the designs involving hundreds of
discrete components. This is about to change, since once
single chip radic transceivers become a commercial reality.
then radio design will ride the exponential curves of 1C
technology embodied in Moore’s Law. The capability of the
algorithms. protocols and interface circuitry which can go
onto a single chip will then increase at an exponential rate,
thus obsoleting the standards before they are even released.
This technology obsolescence is already occurring in the 3rd
generation UMTS standard in which the estimates of what
can be done with implementation technology are already
behind the capability of even present day circuitry.

The future is likely to continue to see an ever-
increasing number of standards for technical. political and
economic reasons. The strategy which has been pursued s 1o
seek new frequency allocations to provide capabilities that
were not previously supported (and thus making old
standards obsolete). Detailed air interface specifications
eventually result in gross inefficiencies since they are not
adaptable to new requirements and implementation
technologies. Therefore there is a need for a much better
solution 1o the use of scarce frequency specira.

Part of the answer may be found in observing how the
unlicensed 1SM bands are being used. These bands have
made it possible for a variety of suppliers to try out new
techniques and wireless link applications without the inertia
of having to first work through the standards bodies.
Particularly exciting are the Bluetooth and SWAP proposals,
which will be able to exploit the latest in technology,
demonstrate a new way to deploy important new wireless
applications in home networking and cable replacement.

However. totally unregulated use or ad hoc
requirements without technical basis, such as in the ISM
bands. is also not the answer. because of the inter-system

interference which would then be present. What is needed
are a set of rules of etiguctte or meta-level air interface
requirements that aliow multiple operators o CO-CXist
without coordination, while being flexihle enough 1o
continuously upgrade to support new services as well as
advances in communication engineering and implementation
technologies; all the while still yielding the maximum
possible channel capacity and robustness. In this way the
increasingly scarce radio spectrum can be optimally utilized.
It is not that every radio should necessarily support multiple
standards, though this is desirable as well, but it is an
approach to wireless connectivity which over time and in
different implementations will be useful for widely different
applications, with vastly different specifications and
jmplemented in fundamentally different  ways. If this
approach is successful. there will be many differenmt
“Universal radio systems™ operating in the same bund with
widely different characteristics.

We found in the InfoPad project that by having access
to the entire range of the system design. that an
understanding of trade-offs could be made, which would not
have been possible otherwise. We feel that this will be a
necessary component of our quest for the Universal radio
system in that issues from all protocol levels must be re-
evaluated along with the underlying communication
engineering, and all of this in the context of a CMOS
“system on a chip” implementation. The goal of this research
focus is to redefine the way that frequency spectrum is
allocated and used. so that maximum utilization of spectra
will be achieved in spite of dramatic changes in usc and
implementation technology.

IV.B. Picoradios

It is believed in the future that while the Universal radio
systems will provide maximum utilization. particularly for
those applications that need it, there is another set of require-
ments which can benefit from the flexibility of wircless
connectivity. This is the local. low bandwidth
interconnection between small  information  sources and
sinks. which would include wireless interconnection of home
automation devices. such as security and monitoring. as well
as control of temperature. lights and heat. In the office and
Jab. it may include the link o active badges. the control and
data acquisition from test equipment and information from
remote sensors and control of actuators. In the factory these
might include sensors for failure detection or in robots or in
automotive applications such as smart cars and freeways,
One characteristic of many of these applications is that
they need to be extremely small and unobtrusive. on the size
of a 10s to 100's of cubic millimeters, rather than 10% to
100's of cubic centimeters of typical cellular radios and we
call these PicoRadios. This means that the limited amount of
available energy will require ultra low power design. which
if low enough may even make self-powering possible. The
Picoradios will therefore need to operate at power levels of
10's to 100's of microWatts, which will be multiple orders of
magnitude lower than the Universal radio  designs,
Fortunately. the bandwidth requirements of the Picoradio
applications will also be 3-4 orders of magnitude below the



high end requirements, and with implementations which can
be optimized for a single task.

Meeting all of these requirements will require the most
highly optimized. dedicated single chip solutions. This will
require a design approach and architecture which is quite
different from the highly flexible and adaptive Universal
radio. Since cost is a critical component of these devices it
will be necessary to have a fully-supported design
methodology which will atlow rapid implementation of these
single chip radio systems. Again, however, a complete
system approach will be needed since the networks will need
1o be self configuring. as well as support multihop and peer-
to-peer capability and have sophisticated energy conserving
protocols.

IV.C. Ultra-High Bandwidth Millimeter Radios

The most critical resource in wireless communications is the
availability of spectra and though new spectra can not be
fabricated there are large amounts of essentially unused
spectra at higher frequencies. Though the frequency spectra
in the region up to 5 GHz is essentially allocated, at

frequencies above 20 GHz there are large amounts of

unlicensed spectra with an unlicensed band of over a GHz
available around 60GHz. We believe that the exponential
improvements in  CMOS technology ineans that the
frequency bands in the 60 GHz range should be accessible
by CMOS solutions in about 10 years and more importantly
we can do test circuits 1o investigate this conjecture now.
Critical issues are the determination of the architectures and
system implementations that could exploit large bandwidths
as well as modeling of CMOS in these high frequency
regimes to facilitate predictions of how these devices will
operate. The goal of this driver application is to explore the
potential of future technologies in the wireless arena as well
as the time scale when new capabilities will become
available.

V. Conclusions

Large project University research has both advantages and
disadvantages over the more typical individual investigator
approach, These advantages include the developing and
supportiing  of infrastructure, enhanced collaboration,
improved ability to obtain support, and finally to providing
an experience to students which will more closely approach
their future work environment, The non-technical issues
which arise from such large projects are important and must
be addressed if the advantages are not to be lost in a mire of
purely development activity. Particularly important is to
recognize the two clearly distinct functions of a large
project. one of which is to implement the development
demonstrations and the other to provide resources and time
for individual research accomplishment. Weil planned
project management is needed to resolve the tensions
beltween these two goals.

The times are exciting in that a major technology break
has occurred in which CMOS is now or will soon be the
technology of choice to implement wireless links. The
exponentially kmproving performance of CMOS at

dramatically lower costs, provides an opportunity for
providing fundamentally new ways of implementing
wireless connectivity. The possibility exists for developing
new paradigms for frequency allocation, the implementation
of ultra low power, cost and size radios and the inexpensive
exploitation of un- utilized frequency bands,
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