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Abstract A confusing array of new wireless “untethered” communications services, for voice and data, in real-time
or delayed, interactive or one-waw-building or out-of-doors, are rapidly becoming available. In this paper

argue that despite the widely varying issues of engineering that span the creation of these diverse wireless services,
the unique underlying aspect is that they must be able to adapt to a constantly changing environment brought on by
mobility. Mobile systems must be able to detect their transmission environment and exploit knowledge abeut its cur
rent situation, so-called “situation awareness,” to improve the quality of communications. fHiaredifilar phone

systems is one example of detection and reaction to the envirominertre pervasive understanding of how to
exploit adaptation and situation awareness will be the challenge, especially as systems transition from communica-
tions to more general wireless information systems.

Key Words and Phases Mobile communications systems, wireless information systems, situation awareness, adap-
tive systems, diversity

1. Intr oduction

“People and their machines should be able to access information and communicate with each other easily anith segurely
medium or combination of media—voice, data, image, video, or multimedia—any time, anywhere, in, & tistadfective way”

Dr. Geoge H. Heilmeier

IEEE Communication Magazine

October 1992

“Going to war with a ri#¢ in one hand and a laptop computer in the other would have been shocking only a few yeaet]ago. [Y
tomorrow’s warfighter will require global access to information and transparent multilevel security in a laptop system. ... Give
the battlefeld commander access to all of the information needed to win the war ... when he wants it, where he wants it, how he
wants it.”

Gen. Colin L. Powell

Byte Magazine

July 1992

Since the introduction of the cellular telephone over a decade ago, the growth of wireless communications
has been rapidd host of new “untethered” communications systems, under the general heading of Per
sonal Communications Services (PCS), have recently been prophsed.are known by a number of dif-
ferent names, including Personal Communications Networks (PCN), Future Public Land Mobile
Telecommunications Services (FPLMNTS), Cellular PhaNigeless Public Branch Exchanges (PBX),
Wireless LocaArea Networks Telepoint phone service, Satellite Communications, location-independent
universal phone numbers, and so on [Kobb 93].

This confusing array of alternative services span a very wide range of a frequency allocations,
expected data bandwidths, and assumptions about user mobility and location. For example, a high mobil-
ity, vehicular (80 meters/second) terminal presents veigréift engineering challenges than one designed
for medium (20 - 40m/s) or low mobility (less than 10 m/s), the latter appropriate mostly for a pedestrian
or easily reconfjurable desktop environment. In addition, systems designed for outside use must deal with

1. On leave at the Computing Systefexhnology Ofice (CSD) of theAdvanced Research Projedgency
(ARPA) of the Department of Defense, 3701 N. Fairfax, Brlington, VA 22203.The views expressed herein are
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Figure 1 High vs. Lav Mobility Wireless Ewironments

Wireless systems must be able to adapt to tHierdift opportunities and constraints of indoor/low mobil
environments vs. outdoor/high mobility environmeitise former allows higher bandwidth and an easie
control environment, while the latter must exploit as much of the existing infrastructure as possible
the lager cell sizes.

fundamentally diierent constraints. For example, relatively small frequency allocations are available than
those for indoor use, where wider bandwidth allocations are made possible through the use of lower power
signals. It appears that any néamm, pervasively wireless communications system is likely to be a hybrid,
with high bandwidth “islands” within buildings and public places (like airports) and lower bandwidth in-
between spaces (sEgure ).

As computing devices have shrunk in size, weight, and pawézthering the communications link
will make possible the next step in the evolution of computer environnTdmigsis one in which comput-
ing resources can be used moexifily, because users can be freed from being physically connected to the
underlying networkYet a key challenge is to build the underlying infrastructure to support wireless com-
municationsWhile it is possible to transmit data over a modem-equipped cellular phone, the solution is
expensive and the fettive bandwidth is disappointing because of the limitations of the existing analog
cellular telephone system.

The distinction between communications and computing will continue tpleading to the new
field of telecomputingFor example, a variety of popular wireless electronic mail systems have recently
appeared, exploiting their own radio infrastructufidgese includdARDIS, EMBARC, and RAM Mobile
Data [Mello 93]. Howeverin this paperour focus is on the challenges of providing high quality commu-
nications to computing systems in a mobile environmim. key issue is not so much that the communi-
cations medium is wireless, but rather that the system must deliver information in the face of a constantly
changing environment precisely because it is on the move. For these kinds of systems, perhaps the term
adaptive communications is more appropriate than wireless communications.

One problem facing the wireless communications infrastructure is the lack of an adequate strategy
for high bandwidth data communications on the move. Even thegemgaetigital cellular telephone stan-
dards continue to focus on narrow bandwidth voice channels, not on higher bandwidth data communica-
tions. The engineering tradesfare not always the saméice communication is connection-oriented,
requiring rigorous controls on latenayhile data communication is more bursty and is well-suited to
packetization. Even attempts to layer data communications onto the latest generation digital spread spec-
trum cellular systems have not yielded very high data bandwidth [Kard®8po often Personal Com-
munications Systems is synonymous with little more than ubiquitous cordless phones.

Computer companies have not solved this problem eiflery continue to focus on developing
ingenious handheld devices, like the EO pad oAfhide Newton, but not on the ubiquitous wireless net-
works to support thenThere exists no “global vision” of an integrated wireless/wireline network architec-
ture. And while wireless electronic mail is an obviously attractive application (and relatively easy to
implement because of the low data rates required—at least until the arrival of multimedia electronic mail),
innovative applications for decoupled access and location-dependent information services remain to be
demonstrated.

Mobility requiresadgptability. By this we mean that systems must be location and situation-aware,
and must take advantage of this information to dynamically gamfithemselves in a distributed fashion.
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The challenges that must be faced span a wide range of considerations and technical &pestise.
include the architecture of the communications and information service infrastructure (base stations, net-
work protocols, servers) necessary to support mobile communications, the demonstration of new and inno-
vative infrastructure elements and services, the development of new design methods f@epsitiee,
mobile, real-time, network-attached computer systems, and the integration of wireless communications
into the emaging National Information Infrastructure.

The rest of this paper isganized as follows. In Section 2, we provide some backgroundjragfi
key terms and showing how wireless information systems can be viewed as a natural evolution of comput-
ing’s relentless march towards greater distribution and ubiquity of access. Section 3 details the research
issues faced by designers of wireless information systems, and lays out gEnsedde engineering chal-
lenges for such designers. Section 4 compares the existing cellular system architecture, evolved from tele-
phony with an alternative architecture more closely integrated with a computer networking view of
wireless systemale review existing wireless systems in Section 5. Section 6 contains our summary and
conclusions, and charts the future of wireless information systems.

2. Bakground and Motivation
2.1. Defnitions

Wireless information systems are computing systems that provide the ability to compute, communicate,
and collaborate anywhere and anytidi&umber of terms have been used in the literature to describe such
systems, including wireless computing, ubiquitous computing, nomadic computing and decoupled com-
puting. While no clear cut consensus exists for theirniédin, for the purposes of this paper we suggest
some defhitions here.

Wireless computingefers to computing systems that are connected to their working environment via
wireless links, such as radio frequency (RF) or infrared (IR). In general, this term is applied to the comput-
ing devices participating in a wireless local area network, with gateways to more traditional wired net-
works. The key concept is the ability to participate in a work group, that is, a collection of computing
devices and servers for sharing data and informafitis implies relatively symmetric bandwidth
between the wireless node and the network, and a general desire for as high a bandwidth as possible, possi-
bly approaching Ethernet speeds. Under thisdiefin, wireless email is a particularly primitive form of
wireless computing.

Ubiquitous computingas defied byWeiser [Weiser 91 Weiser 93], envisions an environment in
which computing devices are so inexpensive and so readily available that there are hundreds or even thou-
sands in a typical Gite.With such a lage number of devices, any attempt to interconnect them with tradi-
tional wired networks is impossible, and so wireless communications is a necessary part of their
infrastructure. Unlike wireless computing based on a more conventional extension of networked comput-
ing, ubiquitous devices individually demand relatively modest bandwidth (e.g., 64Kbps or less), although
the aggregate within the volume of a typicdia#f (bps/cubic inch) may be very high.

Nomadic computingefers to the ability to compute as the user relocates from one support environ-
ment to anotheiThis is the wireless analog of permitting a non-local user to use a local machine to make
remote terminal connections over a network to his/her home system. In this model, it is expected that indi-
vidual oganizations will construct their own wireless infrastructures that are linked acgasszations
by wired internetworksyet a user would like to be able to use his or her device even within a forgégn or
nizations wireless infrastructure. System support for nomadic computing must address the issues of trust,
security and privacy as wireless computing devices move between gathizational infrastructureshe
host infrastructure must retain security against the nomad, while the operations of the nomad must be kept
private from the owners of the host infrastructure.

Decoupled computingefers to the ability to compute when detached from the existing computing
and communications infrastructure. If the wireless computing devices are full function computers in their
own right, such as modern notebook computers, then decoupled computing makes it possible to perform
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some operations, likeldéi access from servers, in a transparent fashion even when disconnected from the
file serverUsing techniques likeléi caching in the wireless device, it is possible for the user to update the
file even when disconnectédhen he or she reestablishes connection, the cadbgdife automatically
resynchronized with the copies on the ser@irccessful decoupled applications include Eudora email,
which allows the user to read and compose mail on a laptop computeect to a network server over
phone lines, transfer mail, and then disconnect from the s&geoupled computing is an important ele-
ment of the more general wireless computing milieu, because the support infrastructure for wireless will
not be universally available for many years to come. In addition, the techniques developed for decoupled
computing will form the foundation for hybrid bandwidths in the network, gracefully spanning between 0
and high bandwidth.

Applications that require untethered access, in real-time, to multimedia information sources are
made possible by wireless information systel®ese include: support for decision makers in takl fi
crisis management and response, law enforcement, training in remote locations (such as support for trou-
bleshooting and repair on the tarmac), thst finile of the global communications grid, transportation,
mapping, and locationrfding, and education and entertainment applications.

To see the diversity of wireless communications in a typical crisis management application, consider
a multimedia terminal for aréfighter He or she might need access to (1) maps to plan a route from the
firehouse to the scene of theefi(2) architectural blueprints to plan a strategy fgintfhg the fie, (3) a
database of localré hydrants as well as unusuatfhazards like chemical plants in thieafed area, (4) a
locator system, so thediighting team can be tracked as they move through the building, and (5) general
purpose voice and data communications to othefighters and engine companies, as well as police and
other law enforcement entitieBhe dynamic nature of information clearly demonstrates that all of the data
cannot be carried within the mobile device, that a wide range of data rates must be supported, and that
some applications can be supported by one-way communications while others require interactive, two-way
communications. For example, communications with other users demands symmetric transmission, while
downloading maps or blueprints can be supported by asymmetric methods, with greater download band-
width than uplink bandwidth. Location and tracking systems based on global position sensing (GPS) are
essentially one way

2.2. Ndur al Evolution of Computing
Wireless information systems represent the next logical step in the natural evolution of computing systems.
Over time, the user has been freed from the need to be collocated in time and space with the computing
system he or she will use. Early computers were mammoth machines that required the user to be physically
located at the machine to useAi§ these early machines only ran a single user operating system, not only
did the user need to be collocated in space, but also in timdedn, &ie computing resource could not be
effectively used by more than on user at a tikseusage restrictions are reduced, multiuser collaborative
activities are better enabled.

Over time, the evolution of computing has decreased the tight coupling between the user and his or
her computing resource and environment (Egere 2. Batch processing freed the user in tifileat is,
the user didri'need to wait until the computer became free to submit his or her work. However this still
required the user to be located with the computer to uSenie sharing allowed the computer resource to
be simultaneously shared among many users, while adding an element of physical dispersal from the
actual machine. Conventional networking of distributed timesharing systems extended this dispersion
across a geographically wider area. But this still limited the ease with which the interconnected computing
resources could be shared among users.

Local area networks and workstations eased this restriditaa.kind of environment consists of
user dedicated resources, in the form of dedicated workstations, and shared resources like servers and
printers, dispersed over a relatively wide area such as a college campus. In its most advanced form, the
users share a single system image, making it possible for them to use any available workstation yet still
access what appears to be their dedicated computing environment.
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Figure 2 Evolution of Computing Systems

Over time, the general evolution of computing systems, from early single user operating systems to

recent local area network-based workstation environment, has increased the freedom from coloci

yielded more #xible use of the computing resource. Computing on the move is the next logical devel

in this forty year evolutionThis figure is adapted from [Hewitt 93].

Viewed as a part of this progression, mobile computing represents the next logical step inuntether

ing the user from his/her environmemhe user can access the systerasources, including diverse ser
vices and servers, anytime he or she is located within range of the wireless communications infrastructure.

3. Reseach Challenges

3.1. Owerview

One of the most challenging aspects of wireless information systems is the need to develop engineering
solutions that span a g range of considerations, from integrated circuits, to radio engineering, to system
software.To make progress in wireless systems, a more interdisciplinary approach, cutting across the tradi-
tional disciplines of circuit design, signal processing, radio engineering, network design, and computer
system design (including new applications) will be needed.

As we mentioned in Section 1, the key cross-cutting consideration in wireless design is the way
mobility implies adaptability in the systesmarchitecture and algorithms. Common usage of adaptability in
existing wireless systems include adaptive power control, enabling a terminal close to a base station to
transmit at lower power (see Section 3.3 for how this is exploited in spread spectrum communications sys-
tems), and adaptive channel allocation, where the mobile terminal and the base station select a channel
based on local interference and channel conditions (this is commonly implemented in cordless phones
although once a channel is selected, the selection is not changed for the duration of the call).

Another example of adaptability includes adaptable network topodsgihe mobile host can serve
as a transponder to some terminals that are out-of-range of the base station. In addition, cellular hand-of
hints can exploit information about terminal location and the history of changes in location to predict when
handofs will need to take place (this includes soft hafglof spread spectrum systems; see Section 3.3).
And finally, communications systems must be able to adapt between the higher bandwidth environment
indoors and the lower bandwidth outdoor environment.

In this section, we review the design issues at each of the levels of wireless information system.
These include the handheld terminal, the wireless link, base station, the network backbone, the servers,
information services, and the applications made possible by mobility
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3.2. Terminal

Increasing, mobile terminals must be seen as complex microelectronics assemblies that are attached to
sophisticated network-based systérhe issues that need to be addressed in building these light weight
handheld wireless devices include: the display technpbmtyanced packaging for high circuit density in a

small volume, egonomic design, application specifintegrated circuits (ASICs) for signal processing,
special computations like error correction, and analog/digital radio frequency chip sets, embedded soft-
ware (including support for handwriting and speech recognition), battery technalod)iow power

design methods.

In the display arena, active matrix liquid crystal displays (LCDs) are now widely used in laptop
computers, yielding sharp displays with wide viewing angles. Howaveiider diversity of sizes and
formfactors are needed to support more general wireless devices, especially as terminal sizes scale down.
While color displays are preferable, they require substantially greater transistor densities than gray scale
displays, and are thus more costithough prices are dropping rapidBower consumption remains a
problem, as the display backlight is usually the most power consuming part of the 3yssemay be ci
cumvented as higher contrast displays become available. New display technologies based on data specta-
cles (basically head mounted displays light enough to wear) are now becoming available, making possible
“hands-free” devices with lower power demands.

Packaging remains an important underlying technology as terminal sizes decrease while the embed-
ded processing capabilities increase, especially in support of greater intelligence in the terminal to sense its
environment and to assist in adaptive processing like mobile-assisted faarMoltichip modules
(MCMs) are a critical enabling technolqdpy increasing circuit densities, reducing interchip capacitances,
and thus reducing system power requirements.

Ergonomic design is another important aspect of the terminal. It must be small and lightweight.
Input may be from pen or speech, since a full keyboard would result in devices not much smaller than
todays notebook computers. Because of the need for hands-free operation in some applications, even
wireless devices that could be worn have been proposed.

At the heart of the terminal is a high degree of processing made possible by applicatianispeecifi
grated circuits (ASICs), providing a mixed analog/digital capabiityr low power CMOS circuitry is
preferred [Min 93]. Millimeter microwave integrated circuit (MMIC) technology may make possible small
formfactor radio devices for higher frequency ranges. It is more likely that MMICs will be used in the
transmitter infrastructure than in the mobile devices.

Embedded software implements the various control functions of the mobile teffinesé include
display control, data input and output, and the various control functions layered on top of the wireless link.

Wireless frees the terminal from only the communications tefherother tether is powek variety
of improvements to battery technologies (nickel cadmium, lithium, nickel hydride) are being pursued, but
improvements of only about 20% in battery lifetime are expected over the next ternfjeansst opper
tunity for extending battery life is not a new battery technology but rather reducing the power requirements
of the mobile terminalThis can best be accomplished through a consistent strategy for low power circuit
and system design [Sheng 92]. For example, algorithms for image compression/decompression can be
used which reduce the computational demands at the expense of more storage in the Taprieakl-
opment of lower power circuit technologies and chip architectures, as well as low power design tools are
an area of intensive research and development within the microsystems community

The major radio engineering problem faced by the mobile terminal is that of multipath fading.This
falls into two classesshott-term andlong-tem [Lee 93].The short-term fading is caused by multipath
reflections of a transmitted waves by local scatterers such as houses, buildings, and other man-made struc-
tures. Long-term fading, sometimes called “radio shadows,” is caused by terrain contours like mountains
that can lead to signal drop outs. For example, at 850 Mhz the distance between signal peaks and valleys is
approximately six inche3o combat the problems of short-term fading, one approach is to exploit antenna
diversity The idea is to provide two or more inputs at the mobile terminal so that the fading phenomena are
uncorrelated. Examples include antenna space, frequpal@rization, #ld component, angle, or time
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diversity combined with combining techniques [Lee 93]. Recent terminal designs are investigating embed-
ding multiple antennas into the packaging of the mobile host. Long-term fading can sometimes be dealt
with by multiple antenna sites within the cell or sharing of frequencies amongst cells, especially as is pos-
sible in spread spectrum techniques (see Section 3.3).

3.3. Wireless Link

The critical issues in the engineering of the wireless link are howitteetly encode the signal so as to
minimize the bit error rate in the face of interference and fadlimg data encoding is particularly stringent
because signal fading will cause burst errors. Design considerations india@mefadio frequency link
design, dicient system design, improved frequency reuse, and betfic trefnagement. Signal process-
ing technigues focus on how to encode the waveforms to maximize the signal-to-noise ratio.

A wide diversity of choices exist for encoding the wireless link. Most activity has focused on radio
transmission, but infrared techniques for high bandwidth in-building systems have also been investigated.
While existing radio transmission systems use frequency division multiple access (FDMA) or time divi-
sion multiple access (TDMA), the general trend appears to be in the direction of code division multiple
access (CDMA), also known apread spectim Spread spectrum techniques spread the communications
waveform across a wide range of frequencies, selected in such a fashion that allows multiple waveforms to
be superimposed or “coded” to limit cochannel interference. Spread spectrum has many advantages that
accrue to the wideband transmission technique, including sigmifiolerance to interference (thus permit-
ting higher user capacity), less susceptibility to fading, and the able to reuse frequencies in adjacent cells
simply by assigned didrent spreading codeBhe latter makes possible “soft hanfdd{see below).

Spatial division multiple access (SDMA) depends on exploiting advanced array processing tech-
niques to locate and track mobile terminals, and to adaptively form narrow beams by steering the transmit-
ter's antennasrThis makes possible morefiefent reuse of frequencies than the standaetifhexagonal
reuse patterns. In essence, the scheme can adapt the frequency allocations to where the most users are
located.

The 1S-54 NorttAmerican digital cellular standard was designed to improve voice capacity within
existing frequency allocationshree 16 Kb/s digitally encodéiDMA channels are embedded in each 30
Khz cellular channel. Unfortunatelthe system is only suited for low data rate communicatiman-
ventional analog cellular modem user ties up a whole channel while achieving approximately 2480 bps.
IS-54 modem will still allocate a full voice channel but should be able to exceed 4800 bps.

The 1S-95 CDMAstandard is an alternative based on spread spectrum techiicgegshisticated
power control algorithm is used to regulate the transmission power of the mobile terAitelsinal
close to the base station will transmit at lower power than one that is farhi@pas the advantage of
reducing power as well as avoiding the so-cafledrfar terminal problem This is a problem in spread
spectrum methods where all channels share same frequehcsd®ing signal received from near
mobile terminal may mask a weak signal from one that is far.&kayadaptive power control scheme can
insure that all transmitted signals are at the same level within the cell [Lee 93]. In addition, the scheme
supportssoft handdf so called because a given terminal can communicate with more than one base station
at a time, choosing to communicate with the one with the highest perceived power

Cellular Digital Packet Data (CDPD) provides a capability for 19.2Kbps connectionless data packets
layered on top of the 30 KHz cellular phone chanridis. system enables many data users to share one or
more packetized data channédlis is eficient because many forms of data communications are-inher
ently bursty and do not require a full channel to be allocated on a per user basis.

The Federal Communications Commission has recently reallocated spectrum in respdhBEto
'92 to make possible experimentation with digital techniqlibese allocations include: 1850-1990 MHz,
reallocated from private service to egiag technologies (\eband CDMA); 1910-1930 MHz, proposed
for unlicensed PCS devices for cordless phones and data communications (this represents only half of the
40 MHz requested bppple Computer); 210-2150 MHz, reallocated for enggmg technologies; and
2160-2200 MHz, reallocated for ergerg technologies. In addition, the unlicensed industrial/sciehtifi

Adaptation and Mobility in Wireless Information Systems August 18, 1995 7



—

/
could be LOS Semi-fixed, but rapidly
microwave links deployable, infrastructure
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It is highly desirable to be able to establish the underlying infrastructure for cellular communications ¢

idly as possible. Intelligent base stations with high bandwidth line-of-sight (LOS) narrow beam radic

establish point-to-point connections rapidly
medical (ISM) bands in the 902-928 MHz, 2400-2483.5 MHz, and 5725-5875 MHz frequencies are being
used for a variety of digital communication services [Kobb 93].

3.4. Base Stion

The base station design issues include wireline/wireless protocol conversion, ruggedized packaging (at
least for base stations to be located out-of-doors), real-time software, network-capable high performance
components, and decentralized intelligence and control.

Cellular telephone systems critically depend on the supporting infrastructure of base stations and
mobile telephone switching foées (MTSOs). In those situations where the existing wired infrastructure
does not exist or has been damaged, such as in the wake of a natura) disastgrortant that communi-
cations be (re)established rapidipday the set-up time for base stations is time consuming, requiring sig-
nificant eforts to set up a cell and to prepare the Sitds is due in part to the careful tuning and
positioning of the high frequencliigh bandwidth microwave radios that are used to link the base stations.

In the future, even higher bandwidthdi optics will be used for these links ($eégure 3.

This suggests a possible strategy for constructing “instant infrastructures” in support of wireless
communications. Base stations use low bandwidth wide area radios to transmit GPS information to neigh-
boring base station# distributed, decentralized algorithm is used for the base stations to use adaptive
beam forming and antenna steering techniques to establish high bandwidth point-to-point radio links
among the base stations. MMIC technology can be used to obtain high fredughdyandwidth digital
radios for these links, reducing the size and expense of the base station. More conventional radios are used
to implement the cellular system for the mobile terminals.

3.5. Networking
The network design issues include protocols and algorithms for mobile hosts and multimedia communica-
tions. These include network addressing schemes for network nodes that move, support for real-time
packet delivery for continuous media, and network scalability in terms of number of users, bandwidth and
distance.The radio engineering of the wireless link and the design of network protocols are intimately
linked, though a detailed study of these design trésleemains to be done. For example, one strategy to
increase the probability of delivery across the wireless link is to place more sophisticated checksums in the
network headersiAn alternative strategy simply retransmits the packet should their transmission not be
acknowledged after a time olt.good wireless protocol will need to balance both approaches.

The frst issue in wireless networking is how to access the wireless ndedtandard collision
detection scheme can be used, as in the Ethernétlaimal protocols. But this requires the sending termi-
nal to be able to hear all other terminals which may attempt to communicate with the base station at the
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same timeThis is the so calledidden teminal problem: a terminal on one side of a cell may not be able
to detect that it is colliding with a terminal at the opposite end of the cell.

A proposed solution is the MACwedia access protocol proposed by Karn and nealdify Xerox
[Weiser 93].The protocol contains two special messafEsjuest to Send N BgtandClear to Send N
Bytes This indicates to the listening terminals how long they should remain silent. Collisions are detected
by timeouts, and these should only occur during the actual Request to Send commands Mketifisa-
tion includes a third messadéot Clear to Send N Byteshich can be used by the base station to manage
the allocation of bandwidth to mobile terminals that require bandwidth guarantees for real time, multime-
dia data.

Besides media access, the protocols must be concerned with routing data between the wireline net-
work and the wireless deviceéEhe network protocol set in widest use is the Intesflginsmission Con-
trol Protocol/Internet Protocol (TCP/IFAddresses of hosts aredid and used to route tfiaf through the
network. Designed at the time that hosts did not move, the existing protocols are ill suited for highly
mobile nodesAs a host moves from one network domain to angiteaddress would need to change.
Rebuilding and redistributing the necessary routing information is prohibitively expensive.

Mobile IPis the general term for several proposed solutions to this problem. [loannidis 91, loannidis
93] uses a level of indirection to forward packets to correct temporary addresses. Each mobile host has a
unique home addresis the mobile moves through the network, the control protocol emtifie gateway
managing its home address of the termialirrent temporary address. Packets sent to the home address
are automatically forwarded by the gateway to this addfésesscheme is similar to how roaming is han-
dled in cellular phone systems. More recent proposals are based on techniques that cache forwarding infor
mation in the network gateways, establishing the forwarding path only once per. 3émslenakes it
possible for the packets to take an almost direct route to the mobile node [Perkins 92, Perkins 93].

However this approach leads to increased network latertdgh is intolerable for those communi-
cation streams like video and audio that require real time delivery guarartteesnly feasible way to
provide such guarantees appears to be through connection-oriented services combined with ftream buf
ing in the base stations. But these are expensive to tear down and reestablish when a mobile host moves
from the range of one base station into anofketon 93] describes several schemes for partially rees-
tablishing connections while forwarding bered data from the old base station to the new Anédea
exploited there is to use multicast techniques to distribute the media stream to several adjacent base sta-
tions, thereby eliminating the need to forwardfergd data among the base stations. Hints about the
movement of terminals can be used to reduce the Hdatkricy

3.6. Nev Information Servers and Sevices

A critical underlying assumption that we make is that wireless terminals are part of a networked environ-
ment, although they may be temporarily disconnected from that environment from time bhinvere-

line network backbones are continuously being upgraded in terms of transmission bandwidth (gigabits per
second), storage capabilities through attached servers (terabytes-lfienatwrage), and new network
services for multimedia and information on demadritese capabilities should also be provided to wireless
users of the network, to the degree that is possible given the inherent limits in wireless network bandwidth.
In a sense, users should have the same kinds of services they see through wireline connections, albeit at
potentially lower resolutions and perhaps with longer latengiestical challenge is to make applications
aware of their limited and dynamically changing connection bandwidths, so that they can adapt to what is
available as appropriate.

It is difficult to identify in advance all of the applications that are enabled by wireless connectivity to
information sources. Some key applications are those that provide critical information to active individuals
on the move, or in remote or dangerous platksse include (1) the delivery of time sensitive informa-
tion, like stock quotations to a broker or the latest inventory information to a traveling salesman, or instan-
taneous computer mail, or the delivery of critical news items, (2) training applications in remote locations,
like shipboard repair or on aiefds, or (3) wireless classrooms, where students bring their computers to

Adaptation and Mobility in Wireless Information Systems August 18, 1995 9



class for notetaking or for in-class computations, or to participate in lectures at a distance from wherever
they are.

Collaborative applications enabled by wireless communications include law enforcement, public
safety (recall the ffefighter scenario of Section 2.1), or remote medical diagnosis and telemedicine, per
haps involving an emgency medical team at the site of an accidEm¢se may require very high resolu-
tion images to be transmitted over wireless links, which may not be possible to accomplish in real time.

Design and manufacturing provides another environment for wireless communication. Besides the
traditional uses of networks to allow collaborative design at a distance, made evererible lfly the
incorporation of wireless links, the communication systems makes possible item location tracking as well
as unique tagging for work-in-progress and warehousing applications. Such capabilities are already used
extensively in the mail package handling industry

Multimedia applications, especially those that incorporate continuous time-sensitive data like video,
will be a challenge for wireless systeriifie quality of the transmitted image will need to adapt to the
available bandwidth. It is critical that the application and the underlying network system be able to deter
mine the amount of bandwidth available on the wireless link, and for them to negotiate a level of quality in
transmission that is achievable over the link, all the way from the video server to the mobile terminal. For
example, progressive image technigues will make it possible to receive a low resolution ristagéHi
progressively better image quality should more bandwidth be available.

New concepts for engy-efficient querying and data transmission are also under development. For
example, Imielinski [Imielinski 92] describes an innovative gpeasfiicient scheme for wireless data
transmission based on broadcast and asymmetric communications. If a snanjlesst for a particular
piece of information need not be sagsfimmediatelyit can transmit its request at low power and low
bandwidth.The response is combined with those to other mobiles, and is periodically broadcast to all of
them at high power and bandwidth from the base statidms. saves power in two ways. First, many
requests may be for the same information, such as the current weathdrooinfaamation.These can be
combined into a single one-to-many broadcast rather then several one-to-one transmissions. If a particular
piece of information is requested by many users, it can be rebroadcast frequently to reducé\tadency
second, for some kinds of information, the mobile may simply use informdters that it applies contin-
uously to certain kinds of information being continuously broadcast, such as the baseball scores of a
selected teani he mobile saves power by reducing the number of times it needs to transmit its requests.

Finally, the situation-aware and location-aware nature of mobile systems makes possible new kinds
of location-dependent information services. Primary among these are geographical queries, of the form
“find the nearest doctor to my current location fidfthe nearest movie theatre playing ‘Jurassic Park’,”
“how many taxis are within a 5 minute drive?,” éibe user must be able to tolerate somewhat inaccurate
answers because these requests are inherently impiiddses because the usgfocation and the current
situation (e.g., the number of nearby taxis) are constantly changing, and even terms like “near” are fuzzy
concepts. New query processing techniques in database management systems must be developed to han-
dled such forms of imprecision.

3.7. Challenges br WirelessTechnology

The following list describes a number of advanced engineering challenges for wireless gy#tenngh

each is fairly straightforward to state, they demand a level of technical sophistication not available in
today’s systems.

» Design low powerhigh bandwidth, small size, frequency agile, computer capable digital radio devices.

For adaptive communications systems, it should be possible for a single radio device to work across a
wide range of frequencies, to determine the best frequency to use given the detection of its external
environment. For example, the same basic radio should be able to be used in-building at the 2 GHz PCS
band and outside using a cellular CDPD systEhe. ability for the same radio device to be used as a
pager phone, modem, or GPS receiver is highly desirableile there already exist some military

radios that can operate over a wide range, they are currently geoitaformfactarAntenna design
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remains a challenge.

» Simultaneously boot tens of wireless terminals in a lecture room-sized space.

This is a realistic challenge that must be met for wireless computers to be used in a classroom situation.
This scenario places considerable stress is on the network and server system, to establish and maintain
sessions with the mobile terminalkhis represents a fairly kg number of terminals in a relatively

small area, sharing common command chaniiélgs, an déctive solution to back d&nd retry that

does not thrash the seryetust be developed.

» Continuously transmit high bandwidth video to walking-speed mobiles across cell fsamdlbf hun-
dreds of users in an in-building local area.

There is some controversy as to whether users will really move and demand high bandwidth at the same
time. Nevertheless, as computing systems begin to integrate more forms of continuous media, which
demand realtime playback, this is likely to become imporfeme. challenge is to provide real time,
latency sensitive communication to a relativelyéuser community in the presence of cell haisdof

By limiting the challenge to in-building, we assume that higher bandwidth communications can be
maintained by using microcellular techniqu&s.open question is the processing overhead associated
with microcellular handds$.

» Repeat the previous challenge, except outside and acrogeagaographical area.

To satisfy this engineering challenge, the system must able to adapt between the high bandwidth in-
building environment and the lower bandwidth outside environment, while maintaining delay sensitive
communicationsApplications will also need to be adaptive, since the quality of the transmitted media
stream must match the available bandwidth of the outside environment.

» Allow a user to seamless move from his/her in-building infrastructure to the outside infrastructure to the
in-building infrastructure of a client (or competitor) he or she is calling on.

This challenge focuses on the termisalbility to cross infrastructures with f@ifent levels of trusi

user trusts his or her own infrastructure to a high degree, but the same may not be said about a remote
infrastructure controlled by anotheiganization. Furthermore, can “guest” users of your infrastructure

be trusted not to intrude upon it?

» Locate an addressee among millions of globally distributed terminals within a couple of seconds.

A significant problem faced by this challenge is scaling up the network addressing scheme agevery lar
numbers of nodes are allowed to roam within the sysi#mile the current network addressing
schemes use the address as a method of routing to the node, an alternative hierarchical scheme similar
to telephone numbers may be more appropriate. In such a scheme, terminals are hierarchically clustered
by common characteristics, perhaps by region gaurgeation.The issue still remains of how to rapidly

find objects which have moved to new parts of the hierarchy

4. Alter native Ar chitectures
4.1. Analog Cellular Phone System

A general future trend will embed more processing in the wireless infrastructure with greater participation
of the mobile terminals in distributed control of the sysf€his is critical to make truly adaptive commu-
nications systems a realiffo understand how this is tifent from the cellular phone system infrastruc-
ture, it is important to understand what currently exists.

The NorthAmericanAMPS cellular phone system is without a doubt the triumph of an extensive
engineering dbrt that spanned decad&®t if the system were to be redesigned from scratch using soday’
technology especially high performance microprocessors, it would take on a viamedifform.The cel-
lular system can be characterized as consisting of a “dumb infrastructure” of base stations and terminals,
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Long Haul Telephone Network

|
MTSO ) o )
Mobile Telephone Switching Office

Figure 4 Traditional Cellular Comranicaions System
Base stations have little local processing capabiliiégglobal decisions like frequency assignments
cell handofs are made in the MTSO, tiobile Telephone Switcing Ofice

combined with highly centralized and very intelligent processing in the switching system.

The basic cellular system architecture is showignire 4 The antennas represent the base stations

within cells. The MTSO, or MobileTelephone Switching @te, integrates the cellular environment into
the wireline telephone switching fabric. Base stations and MTSO are typically connected by high band-
width telephone lines or directional radios.

There are a number of problems with this architecture that make it ill-suited for basis of wide-scale

wireless information systemghese are outlined below:

Expensie Switties The MTSO coordinates all switch functions, performs all switching of calls, and
provides the service features implemented by softWidre MTSO also makes the power control deci-
sions, to avoid saturating the receiver amglifind to reduce the chance of interference [LeeT8@ke
offices cost several million dollars apiece.

Dumb Base Stins These do little processing on their own except to locate mobiles and provide the
signal conversion between the wireless cellular environment and the wireline switched telephone sys-
tem.

Large AntennasAntenna height is approximately 40 metériis is determined in part by the desired
radius of the cell and the chosen frequencies for communicafibasage size implies expensive sites
and relatively few of them.

32 Km Cell RadiusCell size is chosen by a variety of considerations including expected density of
users, frequency of cell hanfladind assumptions about radiated transmission p@&megller cell sizes
are possible, but the cost of cell sites place a limit on how small these can be made.

Limited Handadf Capability: Since the MTSO makes all hantidécisions, it represents the critical pro-
cessing bottleneck. Lge cells imply relatively few cell crossing, thus limiting the hahgadcessing
demands to some extent.

Optimizd br Woice ChannelsThe existing cellular system is optimized for good quality human voice
transmission within the allocated frequency changdsumptions about the frequency range of the
human voice are inherently built into these systems.

Low Bandvidth (< 32Kbps) Since each channel is limited to 30 kHz, it is unlikely that more than 30
Kbps data transmission can be encoded into the channel. Other factorsasigpifeduce the practical
bandwidth to below 9600 bps.

Analay Design The analog design of the system has implications for the encoding and error correcting
schemes that can be exploited to improved data transmission throughput.
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MAN, WAN Connectivity

Network Switch

Broadcast/Multicast LAN

Figure 5 Alternative Distibuted Infastructure

The more modern view of the cellular infrastructure has the base stations connected together on a t
local/metropolitan area network. Intelligence is distributed in such a fashion that terminals and base
decide when to handfofData bufering in the base stations makes possible support for latency sel
applications, like real time video transmission.

» Blank and Bust Signaling Control signaling between the base station and the mobile device is per
formed “in band” through special tone sequences inaudible to the humatoesver these control
sequences often span tens to hundreds of milliseconds, thus reducing the data transfitiEsion ef
the channel.

Nevertheless, with techniques such as CDPD, it is possible to exploit the very substantial existing cellular
infrastructure for a low data rate, reasonably ubiquitous communications capability

4.2. Digtal Micr ocellular
Digital microcellular technology holds forth the promise for an alternative wireless infrastructure with
more distributed intelligence and lower cost eleméefitss “smart infrastructure” is shown Figure 5
The base stations are now computers which are interconnecteleviagtic or high bandwidth micro-
wave radio networkslThe network provides both high bandwidth and a low cost method for broadcast or
multicast. The network switch connects the local cells into a wide area/metropolitan area computer net-
work. With the arrival ofAsynchronouslransmission Mode (BM) networking, this fjure is not too far
removed from the general direction in which both computer networking and digital telephony are evolv-
ing. It will be used fist for in-building wireless systems, and may eventuatlg &ipplication as wireless
extensions to “ber to the curb” telephony deployments.

This alternative architecture has several advantages over the existing cellular system outlined in the
previous subsectiohese include:

* Inexpensve Swithies The switches are based on microprocessor technology and are designed to route
short packets with low latency through the network.

* Smat Base Staons The base stations also contain microprocessors and work with near by base sta-
tions in a distributed fashion to decide how to control power and when to triggerfisandof

» SmallAntennasThe usual description of a microcellular system places the base stations on top of exist-
ing utility poles.Along with reduced size comes reduced site preparation costs.

e 100 m mdius Use of lower transmission power will reduce thie@fve radius of the cellShis also
makes possible greater frequency reuse to meet increasing demand for spectrum.

» Extensve Handof Capability: With a more distributed control algorithm, the bottleneck feating
handof is no longer the central switch, but rather the capacity of the network to transmit the protocol
messages.
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» Optimizd br Data ChannelsThe system is designed from the ground up for data transmissice.
data is only one of the many possible forms of encoded data streams that require realtime delivery guar
antees.

» High Bandvidth (>1Mbps) Because of the smaller cell radii and greater frequency reuse, it should be
possible to support higher data transmission raiéh. spread spectrum techniques, the available band-
width can be allocated based on the needs of a particular terminal: low bandwidth for text data and high
bandwidth for audio/video data.

» Digital Design A complete digital design makes it possible to embed error detection and correction
capabilities throughout the system.

» Dedicded Contol Signaling With greater terminal intelligence, the control signaling will either be per
formed “out of band,” in dedicated control signals, or as embedded control packets within the allocated
data channels.

5. Technology Roadmap
5.1. Telephony

In the previous sections, we have described a number of approaches for cellular telEpdsmps well
additional proposals for cordless telephones are summariZeabie 1 [Reed 92JAMPS is the current

Table 1: Comparison of Cellular and Cordless Radio System & ameters

- R- UD-
Parameter| AMPS | IS-54 | GSM Q CT CT2 DECT
CDMA | CDMA PCS
RadioAccess FDMA TDMA/ | TDMA/ CDMA/ CDMA NFM TDMA/ | TDMA/ | TDMA/
Method FDMA FDMA FDMA FDMA FDMA FDMA
RF Channel 30Khz 30KHz 200 1.25MHz 40MHz 20Khz | 100KHz | 700KHz | 1.7MHz
Size KHz
Channel Rate — 48Kbps | 270.8K 10 or 20 or — 72Kbps | 514Kbp | 1.1Mbps
bps 32Kbps 40Kbps s
Voice Chan 1 3 8 20-60 126 1 1 10 12
per RF Chan per sector
DuplexVoice 60Khz 20Khz 50Khz — — 40Khz | 100Khz 70Khz 144Khz
Channel Size
Voice Bit Rate — 8 Kbps 13 8-32Kbps | 16Kbps — 32Kbps | 32Kbps | 32Kbps
Kbps
Handset xmit | 600/600 3000/ 1000/ 200/6 100/1 <10 10/5 100/10 250/10
Pwr Max/Arg 200 125
(mW)
Max Cell >32Km | >32Km | 32 Km 2.5Km 450 m 100 m 100m 500 m 500m
Radius

North American analog system. 1S-54 is the digital system providing service within the currently allocated
AMPS channels. GSM is the European digital cellular telephony standard. QGPMA Qualcomm

CDMA proposal that forms the basis for 1IS-95. RCDMAn alternative scheme proposed by Rockwell.

CT is the frst generation cordless phone standard using narrowband FM with 10 channels. CT2Plus is a
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second generation digital cordless system that support telepoint service (i.e., a handset can initiate but not
receive calls). UD-PCS (Universal Digital PCS) is an alternative system that has been proposed by
Bellcore for in-building cordless phone service. DE€The European digital cordless telephone standard.

Each system is characterized by the radio access method it employs, the channel frequency band, the chan-
nel rate in bits per second for digital systems, the number of voice channels superimposed onto one RF
channel, the duplex voice channel size, the voice coder bit rate for digital systems, the transmitter power
both max and average, and the maximum cell radihs. CDMA systems are particularly attractive
because of their low power and support fogéanumbers of voice channels.

5.2. Saellite Communications

A number of globe spanning satellite telephone systems have been proposed and constructed [Lodge 91,
Reinhart 92].These provide communications coverage over very wide areas, including over the ocean as
well as in remote land areas. Satellite systems fall into three broad classes: geosynchronous (GEO), “big”
low earth orbit (LEO), and “little” LEOs.

Geosynchronous systems include Inmarsat and OmniTRA@S{ormer is geared mainly for ana-
log voice transmission (it was used by reporters to transmit from Bagdad during théa@uHind the fit
generation Inmarsat-Aystem was designed for d&r (1m parabolic dish antenna) expensive terminals,
Newer generations of Inmarsats are incorporating digital techniques for use with ,desgl@xpensive
terminals.The Inmarsat system uses allocations in the 6 Ghz band for the ground station to the satellite,1.5
Ghz for the satellite to terminal downlink, 1.6 Ghz for the terminal to satellite uplink, and 4 Ghz for the
satellite to ground station.

Qualcomms OmniTRACS provides two-way communications as well as location positiortieg.
system operates in the 12/14 Ghz baiitie. downlink data rate is between 5 Kbps and 15 Kbps while the
uplink is between 55 bps and 165 bplse system is used extensively for alphanumeric messaging and on-
board sensor reading for truckingdts.

Little LEOs are relatively small and inexpensive satellites that provide low cost, low data rate, two-
way digital communications and location positioning to small, handheld termitedrequency alloca-
tions are in th&/HF band below 400 MHZThe advantage of little LEOs are their small size and relatively
low costs. Systems include Leosat, Orbcomm, StarnetVdadat. For example, the Orbcomm system
requires 34 satellites for reliable, full world coverage, and provides 2400 bps on the uplink and 4800 bps
on the downlink.

Big LEOs are lager, more expensive satellites that provide voice communications as well as moder
ate to high speed data communications (56 Kbps). Proposals idgiegde Ellipso, Globalstadridium,
and Odysseyrequency allocations are above 1 GHz. For example, Mo®ioldium system will dier
worldwide cellular phone service from 77 satellites placed in 7 polar orbits.

Some experimental satellite systems are aiming for higher data rates. For example, theROVASA
satellite will transmit to terminals in the 20 Ghz band and will receive signals in the 30 Gh7 balada
rates, at 1.5 Mbps, will be available on an experimental basis. No doubt future direct broadcastiiigh defi
tion television satellites will play an important role in providing high bandwidth wireless data communica-
tions.

5.3. In-building Wireless LANs

In building technologies fall into two classes: those that use radio frequency and those that use infrared. In
general, the existing products are not really designed to support true mohbilitather to replace wired
connections with (relatively) easy to recguiie wireless connectionslso the cost of these systems is
sufficiently high that they are cogfired to concentrate multiple desktop computers onto a single wireless
link. In essence, these provide a wireless bridge between conventional wired netilweses products
demonstrate that the industry has a considerable way to go before small, low cost, high bandwidth wireless
devices will be widely available.

Motorola’s Altair system operates at 18 Ghz (a special pioneer frequency allocation made solely to
Motorola), uses time division multiplexing, and implements the Ethernet protocols inclLdiPP It
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has been benchmarked at 3.3 Mbps [Berline 92], despite a claimed maximum performance of 15 Mbps
[Freebug 91]. Motorola attributes several advantages to using this microwave frequency band, including
good signal diusion properties coupled with containment within building structures and avoidance of
interference with commonly encounterefia# equipmentA second generatioNtair-11 system is said to
approach 10 Mbp&.he link can operate over a diameter of 130 feet in an open area, 65-70 feet in a semi-
closed space, and only 40-50 feet in an enclosed space.

NCR’s WaveLAN system uses spread spectrum techniques, operates in the ISM band at 900 Mhz,
and implements Ethernet media access and the popular personal computer Netware protocols. It has been
benchmarked at 2 Mbps [Berline 92]. However to achieve these throughputs, the system must use the
entire ISM band, making it more susceptible to interference, and short spreading codes, decreasing its
immunity to co-channel interference. It has a greater range than the Motorola system, and is able to operate
at 800 feet in the open, 200 feet in semiclosed spaces,l@nidét in closed spaces. It fans from the
usual problem of using the ISM bands, namely the need to tolerant interference from many devices includ-
ing government radars, medical and industrial equipment, and consumer products like microwave ovens.

InfraLAN is an example of an IR-based system. Operating on a line of sight basis, it has been bench-
marked at 4 Mbps. Its primary use is to interconnect computers to their peripherals such as printers, with-
out using wires. It can operate within a diameter of 80 feet for either semiclosed or completely enclosed
spaces. Howeveline of sight systems have limitations, in that the propagated signal can easily be blocked
by some objects or reftted by otherd his has lead some vendors to investigateiskfd infrared systems,
in which the IR radiation lfs an enclosed space, like affioé or a meeting room.

6. Summairy, Condusions,and Future Directions

In this paperwe have described wireless information systems in terms of these needs to be both mobile
and adaptiveWireless systems are sparking so much interest of late because of the cross cutting set of
skills to construct such systenWhile traditional engineering scales are focused in one particular engi-
neering domain, such as circuit design, radio engineering, networks, or computer systems, the real break-
throughs will come from new techniques that span areas.

Figure 6illustrates the role of system design in driving the development of wireless sySeams.
nologists develop new technologies that solve parts of the problem, such as a new network protecol or cir
cuit design methodologyApplications drive the need for new systems by creating demands for systems

Needs

ViaTtimedia
Real-time access

Video storagef/retrieval
In the field, on the move

Portable devices

Network switches
omponents Base station hardware

Server hardware

Network-attached hardware

Network protocols System-level power management
Chip set building blocks
Compression, ECC algorithms

Low power design methods

Technologies

Figure 6 Reseath Issues iMreless Adgptive, Mobile Inbormaion Systems
Needs pull the development of systems while technologies pushThemmomponents must be couplec
systems to demonstrate their value, while systems musl8ediand proven in applications.
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capabilities, such as access to multimedia in #id &r on the movelhe system designer must integrate
these applications needs with the capabilities of new technologies.

While the ultimate goal of the systems described in this paper is to make wireless systems ubiqui-
tously available, there are rational steps along the way which must be devatsip&wdfiexample, small
scale wireless systems, based on local area networks with a focus on providing basic services, should be
constructed fst. These would be able to support tens of terminals ayoadind perhaps hundreds within a
building. This could be accomplished within the next 1-2 years.

The next step is to scale up to medium scale systems. Such systems would be usable within a metro-
politan area, and would focus on the issues of latency and real-time constraints over multimedia data. Per
haps thousands of such devices would be in use in a cluster of buildings, like a college Thingosid
be accomplished within the next 2-3 years.

The final step would be lge scale wireless systems, spanning wide area networks, with a focus on
addressing and scaling up to potentially millions of users in a global spanning nefigrkould be
achieved within 3 to 5 years.

Along the waythe kinds of prototypes that need to be built include terminals, base stations, network
switches, servers, protocols, continuous media toolkits, and leeanti network service$o test out the
ideas, testbeds at the small, medium, argklscale should be undertaken, scaling up in terms of both the
number of users and the geographical span of the network. New applications enabled by wireless commu-
nications should be prototyped as wé&hese include collaborative design, engineering/manufacturing co-
design, multimedia engineering design notebooks, and crisis management/planning support environments.
Some of the challenges and attractive technology opportunities for wireless information systems are sum-
marized inTable 2.

Table 2: Wir elessAdaptive, Mobile Information Systems

Technology

Concept Goal Challenge Opportunity

Radio Frequency Link | Wireless Communications Raw high b/w; security Low power microwave,
Microcellular techniques

ErrorTolerating Datdypes | Integrated ECC, Cryptog{ High Effective b/w with Signal processing chips in

raphy Compression security base station, terminals
Continuous Media Servicg Audio, Video Synchroni- Real-time constraints, Real time network
zation Network coordination protocols
Nomadic Hosts UbiquitousAcess Addressing: network con-| Mobile IPand extensions
nections on the move
Multimedia Server High capacity storage High capacity per ft File servers built around
High data rate access support for lage #s of disk array concepts

simultaneous sessions

Engineering Design Collaboration, computer | Wireless device integrating  Driving application for
Notebook based design record multimedia with design development of wireless
tools and environments infrastructure
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