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Electrical and optical components are being created that can be flexibly
interconnected to meet the needs of a wide range of emerging business
customers. The electrical components are based on a versatile, high-speed
electronic-bus architecture that can simultaneously transport voice, data,
and video signals, synchronously or asynchronously, at multi-gigabit-per-
second data rates. Port cards can reserve bus bandwidth for synchronous
circuit connections, and can contend for asynchronous bandwidth to

send packets.

A high-speed optical network interconnects these electronic
switches. As data-rate requirements increase to multi-gigabit-per-second
transfer rates, optical switches can be used to form distributed broadband
networks that span buildings, campuses, and corporations. Inherent data
rate and protocol transparency makes optical switches ideal for networking

a wide variety of information sources.

Introduction

Our goal has been to define and
implement a number of reusable electronic
and optical components and interconnections
that can economically provide a wide range of
broadband services. These building blocks,
and their interconnections, constitute a
general-purpose, broadband-technology plat-
form that can be configured to meet a wide
variety of evolving customer needs.

In the work environment, projected
broadband networking applications include
multimedia messaging, networked comput-
ing, visual communications, real-time multi-
media group collaboration, and interactive
visualization.! The bandwidth requirements
for these applications can range from kilobits
to megabits to gigabits per second—per end-
point. Future user bandwidth requirements
could easily span five orders of magnitude.

Networking standards, such as asyn-
chronous transfer mode (ATM), are, by them-
selves, not enough to meet customer needs.
They must be coupled with the means to
deliver true customer satisfaction. Our cus-
tomers have told us they want a broadband
network that is simple to install, operate, and
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expand. The netwcrk must make it easy to
provide reliable services over a broad range
of bit rates, and to meet both traffic needs and
latency requirements. Customers want a sys-
tem that removes the effects of this variabil-
ity, not one that adds to it.

The architecture of a multimedia net-
work is strongly influenced by the transmis-
sion medium connecting the desk top to the
network. The medium of choice for the last
100 meters to the desk top is still unshielded
twisted pair copper wire. The bandwidth avail-
able on unshielded twisted pair has been
increasing yearly. Rates of 100 to 155 mega-
bits per second are now state of the art, and
622 megabits per second may soon be within
reach. The 100-meter distance limit for high-
bandwidth, unshielded twisted pair puts a
physical limit on the number of desk tops that
can be connected to a single wiring closet or
hub. In standard office buildings, only about
40 to 80 desks can be reached from a single
wiring closet or hub.

Thus, the multimedia network archi-
tecture of choice consists of small wiring-
closet access hubs interconnected with fiber to
higher-bandwidth backbone hubs. The



Panel 1. Acronyms and Terms Used in This Paper

ATM — Asynchronous transfer mode

BLAST — Balanced logic asynchronous synchronous
transceiver chip

BASE — Broadband ATM/STM electrical dual bus

CMOS — Complementary metal-oxide-semiconductor
technology

LAN — Local area network

Octet — BASE bus consisting of eight transmit and
eight receive data signals, plus clock and control
signals

SONET — Synchronous optical network

ORT — Optical receiver transmitter board
0SB — Optical switch board

backbone hubs are interconnected hierarchically, or as a
mesh, to give broadband connectivity to a larger number
of people, over a larger physical area. See Figure 1 for a
view of the architecture. Following these principles,
access hubs and backbone hubs are being implemented
to form the building blocks of a broadband network
architecture that can support multimedia, visual, and
computing endpoints that are distributed in buildings
and campuses, and in private or corporate networks
spread over a wide geographic area.

A Broadband ATM/STM Platform. Our goal was to
design a small, wall-mountable hub that would have high
enough bandwidth to handle a large variety of user appli-
cations, endpoints, links, and networks. The architecture
also has to provide a smooth evolutionary path from the
customer’s present-day environment to the broadband
multi-media networks of the future. The architecture
must handle today’s synchronous transfer mode (STM)
interfaces for voice and telephony, and applications such
as video, local area network (LAN) and packet networking,
as well as the ATM links and applications of the future.

Bus Architecture. The broadband ATM/STM elec-
trical (BASE) bus designed for our hub has a dual-bus
architecture, in which all port boards transmit on a trans-
mit bus, and receive from a separate receive bus. The
transmit bus is looped back onto the receive bus through
a loop-back circuit located at the far end of the bus, as
shown in Figure 2. The advantage of using two uni-
directional buses is that the clock and data signals propa-
gate together, minimizing the skew between them. This

enables standard bus operations to be performed at
much higher speeds. A BASE bus consisting of eight
transmit data signals and eight receive data signals, plus
the clocks and control signals, is referred to as an octet.
All BASE-bus signals are differentially driven by balanced
logic asynchronous synchronous transceiver (BLAST)
chips. Figure 2 shows a four-octet BASE-bus system con-
figuration, with one of the octets (indicated as the 4th
octet) shown in detail. Each of the four octets of the BASE
bus is a physically independent, pluggable unit that can
be installed and replaced in the field.

The port-board interface to the bus is through a
BLAST chip bus-interface controller, which is implemented
in standard cMOS technology. The bus-interface controller
effectively isolates the speed of the bus from the speed of
the port board. Therefore, the logic on the port board
needs to be only as fast as the application requires.

The signal leads connecting the port board to
the backplane are single ended, thereby reducing the
number of leads in the backplane connector. Once on the
backplane, a BLAST chip converts these single-ended sig-
nals to the differential signals that appear on the bus.
When active components on the backplane are not per-
mitted, lower-speed BASE-bus configurations can be
designed that use conventional single-ended drivers and
receivers on the port boards. Alternately, at the cost of
additional connector signals, BLAST chips can be placed
on the port boards that drive the backplane differentially.

‘When the BLAST chip is mounted directly on the
backplane, it electrically isolates the bus from the port
board. This permits administrative personnel to plug in
boards while the bus is active, called a hot plug-in. They
can then perform non-uniform loading of systems that
are not fully populated, without impacting the transmis-
sion characteristics of the bus.

A system can be composed of as few as one, or
as many as four, BASE-bus octets. Four is a physical limit,
not a logical limit. Each octet within a carrier is approxi-
mately two inches high and, typically, between six and 18
inches long. Multiple carriers can be interconnected using
active repeaters. Port boards can access one or more
octets in parallel, if the port boards require very high
bandwidths, or require redundant buses for reliability.

Universal Port Slots. Each port slot on the bus
provides access to the whole bandwidth of the bus. In
practice, the bandwidth used may vary from 64 kilobits
per second to 622 megabits per second, or higher. Any
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port card can be plugged into any slot on the bus, with
the following exception: Interconnect port cards, which
connect hubs, should be placed near the loop-around cir-
cuit to take full advantage of the bandwidth available in
both the transmit and receive buses. This is discussed
further in the section, “Dual Bus Operation.”

The BLAST chip. The BLAST chip on each port slot
on the BASE octet bus is a quad transceiver. The chip
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performs all necessary electrical and timing functions to
interface port card signals to the BASE bus. Eight BLAST
chips are necessary per slot (two per bus) to accommo-
date all of the signals on a BASE-bus octet. The bus side
of the BLAST chip uses a proprietary differential-balanced
driver that uses reduced voltage swings. These features
provide superior noise immunity, while minimizing radia-
tion and power consumption. The BLAST chip also has
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circuit that allows very precise timing control of the
BASE-bus signals.

By placing the BLAST chips on the backplane, the
BASE-bus signal leads are electrically isolated from the port
cards. This totally eliminates variable-loading problems,
which plague passive buses. In passive buses, the trans-
mission characteristics of the bus signal leads change with
the number and position of plugged-in port cards. This
effect requires that the bus be designed around the full
range of possible transmission characteristics, and usually
requires a reduction in transmission speeds or bus length.
Placing the BLAST chips directly on the bus further
increases potential bus speeds by reducing the length of
the transmission-line taps seen by the signal leads at each
port slot. This active backplane scheme, using BLAST
chips, creates an excellent transmission environment for
transmitting signals that are only a few nanoseconds wide.

The BLAST chip design uses a novel differential
signal driver, and an unusual termination design that
maintains balanced differential bus signals under all
bus conditions. The BLAST chip drivers perform a differ-
ential “wired-OR” logic function when two or more BLAST
chips are driving the bus simultaneously. This feature
eliminates the need for single-ended signals for func-
tions, such as arbitration and control, thereby eliminating

circuit

Loop back

that backplane bus sig-
nals remain balanced
under all conditions,
including hot plug-in.

one of the main potential bandwidth bottlenecks of a bus
design. Finally, the BLAST chip addresses a problem that
conventional driver circuits often cause, propagating
unbalanced signals when coming out of the isolation
state, called the tri-state. The design of the BLAST-driver
circuit maintains balanced operation in both the drive
and the isolation state.

In applications where active backplanes cannot
be used, the BLAST chip can be placed on the port cards
to drive the backplane leads through a connector. This
approach takes advantage of many of the BLAST chip-
design features. However, it requires a slower bus rate
to compensate for the effects of variable loading, hot
plug-in, and long electrical taps through the backplane
connectors.

Controller Chip and Port Board. The bus-interface
controller connects a port board to the BASE bus and
allows the board to use any amount of bus bandwidth,
up to the full speed of the bus. The controller contains
enough expandable buffering on the chip to isolate the
bandwidth of the port-board application from the band-
width of the bus. This isolation feature provides maximum
flexibility for customizing each port board to its applica-
tion and for minimizing cost. Ongoing cost reductions can
be done by concentrating solely on minimizing per-line
cost on the port board. New high-density and low-density
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Figure 3. The functional operation Iis shown of the transmit
and recelve buses in the BASE-bus access hub architecture.
In this dual-shared bus hub, up to 100% of the transmit-bus
bandwidth can be routed locally, or up to 100% of this
transmit-bus bandwidth can be sent to and recelved from

a backbone hub or another access hub.

port boards can be freely mixed in the system.

The bus interface controller is implemented in
standard 3.3-volt CMOS technology. It supports four-level
priority bus arbitration for ATM or packet cells, and pro-
vides a circuit interface for loading synchronous data
into allocated time slots on the bus.

Dual Bus Operation. When applications require
a high degree of interconnect bandwidth among back-
bone hubs, a set of high-speed optical interconnect
boards, including standard SONET interfaces, can be
placed next to the intelligent loop-back circuit. (See Fig-
ure 3.) Transmit-bus traffic can be read by the optical
interconnect board, just before it reaches the loop-back
board, and can be routed to the backbone hub. Likewise,
traffic from the backbone hub can be received by the
optical interconnect board and inserted into the head end
of the receive bus. The loop-back circuit ignores data
that has previously been read by an optical interconnect
board. This means that the bandwidth of both the trans-
mit and receive buses can be fully utilized when there is
a high degree of inter-hub traffic.

The SONET boards shown in the access hubs,
and the backbone hub of Figure 3, are actually identical
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boards performing two different functions. When com-
municating with a hub higher, or at the same level in the
network hierarchy, the bus interface of the SONET board
would be programmed to receive data from the transmit
bus and transmit data onto the receive bus. When com-
municating with a hub that is lower in the network hier-
archy, the bus interface would be programmed to receive
data from the receive bus and transmit data onto the
transmit bus.

This flexibility permits full utilization of the bus
bandwidth for any mix of inter- and intra-hub traffic. For
video signals, this could provide a substantial benefit,
especially if one assumes that a highly variable amount
of video traffic would flow between hubs. Either the
inter-hub or the intra-hub traffic can dynamically grow to
occupy the full bandwidth of the bus.

Optical Switching Technology

In some applications, high-speed links to back-
bone hubs may be required to transport all of the data an
access hub can generate. Typically, in current data hubs,
between 20% and 30% of the traffic in a hub is inter-hub
traffic between devices attached to different hubs. In a
system with distributed, special-purpose servers, or in
systems with a lot of video conferencing, the rate of
inter-hub traffic could easily double.

Our current BASE-bus design includes a four-octet
hub that could serve as a backbone hub by transporting
four times the data that can be generated by a one-octet
access hub. Each backbone hub should be able to handle
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at least four single-octet access hubs, and potentially a
dozen or more, with various levels of concentration.
Most of the backbone-hub bandwidth would be dedi-
cated to performing this backbone-interconnect function.
The backbone function can also be performed by
taking advantage of recently developed optical switching
technology. This second alternative calls for plugging an
optical switch (05) board into the backbone hub and
replacing the SONET boards in the access hubs with opti-
cal receiver-transmitter (ORT) boards. A single 0S board
can switch all of the traffic among at least eight access
hubs without using up any of the backbone-hub bus
bandwidth. This approach appears to be less expensive
and could be extended to even higher bandwidths. We
have been experimenting with the guided-wave optical
switching technology for many years.2-3 Recent advances
have made the optical switch devices well suited for
product manufacture.*> Components of this technology
that are of special interest are shown in Figure 3.
Guided-wave optical switches have long been
admired for being able to switch high-speed digital opti-
cal signals in a data- and protocol-transparent manner.

Figure 4. Optical switching technology has
been developed to the point at which it can be
employed in a backbone hub. (a) The optical
switching element can support multi-gigabit
bandwidth, and is transparent to both the bit
rate and protocol used. (b) The optical switch-
Ing device can be used as an 8 X8 time muiti-
plexed switch supporting gigabit-per-second
devices. (c¢) The high-bandwidth optical

switch board could transport both circuit-mode
and packet-mode traffic simultaneously. No
optical-to-electrical conversions are required at
. the switch.

" 8 fibers out

From the point of view of the data being transmitted, the
switch behaves just like an optical fiber. The only differ-

ence is that light can go in on one port of the switch and

be routed to come out on any of several output ports.

In the example in Figure 4, the inputs of up to
eight fibers can be routed to any of eight fiber outputs.
If the switch is time multiplexed, it can be made non-
blocking. The current plan is to use 256 universal time
slots, which results in being able to support 2048 simul-
taneous connections.

In the backbone-hub application, each fiber
would be connected to the BASE bus of an access hub
using an ORT board. With a 2.5-gigabits-per-second LASER
transmitter, more than 2 gigabits per second could be
passed between each pair of access hubs homing on an
optical backbone hub. Using time division multiplexing,
interconnection bandwidth could be dynamically allo-
cated to provide whatever connectivity is needed.

An 8X8 optical switch array and its drivers could
be mounted on one port board. It would be connector-
ized, and installed or replaced in the field. The switch
array could be duplicated for reliability, or be installed in
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Figure 5. A network could support optical switching among
hubs. An optical receivertransmitter board in each access
hub could use the switching capability of the optical switch
board in the backbone hub. Thus, instead of requiring a
four-octet electrical backbone hub, only a one-octet hub
would be required to support inter-access hub traffic.

a network of backbone hubs that provides multiple paths
to every access hub. The board will provide 16 gigabits
per second of bandwidth (using ORT boards with 2.5
gigabits-per-second LASERs and receivers) and use only
25 watts of power. It should be noted that the optical
switch operates independently from the speed of the
LASERs attached to it. Even more bandwidth can be pro-
vided at the same power by using faster LASERs and
receivers on the ORT boards.

The Optical Switch Board (0S)

One of the design issues concerning optical
switching involves setting the frame rates and time-slot
lengths. The time slots can transport any kind of syn-
chronous or asynchronous signals, because the signals
are simply being transported by the optical switch. These
universal time slots can carry both ATM cells and STM
traffic. The interconnection bandwidth between any end-
points can be dynamically allocated as the load varies.
The switch itself is rearrangeably non-blocking, and has
negligible cross talk. These features have already been
demonstrated by existing prototype switches that use a
dilated Benes network.® The current architecture uses a
switch that is a dilated hybrid network. The outer stages
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have Benes network connectivity, and the inner stages
have active-splitter, active-combiner connectivity.

The optical switch can be reconfigured in approxi-
mately 10 nanoseconds. By using 488-nanosecond-period
time slots, we can provide a considerable amount of time
for adjusting to the optical power level and acquiring bit
synchronization between the endpoints.

Optical Receiver-Transmitter Board. The ORT board
is responsible for selecting inter-hub traffic from the
BASE bus, and transmitting both ATM and STM traffic over
the 488-nanosecond universal time slots to the proper
access hub. The universal time slots are basically carri-
ers for bandwidth between ORT boards.

During these time slots, a start burst, or signal,
is transmitted. This allows the receiving ORT board to
adjust to the right optical power level, and to bit synchro-
nize its reference clock with the data it is receiving. This
bit synchronization can be acquired within a few nano-
seconds and, ideally, by one transition of the data. This
difficult task is accomplished using a burst-mode
receiver chip,” which rapidly adapts to incoming light
levels, and by the development of an instantaneous
phase-recovery chip? that can synchronize to an incom-
ing data stream with just a single transition of the data.
This circuitry, plus the laser transmitters and receivers,
can then be put on one port board, which then can be
plugged into a BASE-bus hub.

An Optical Interconnection Network. The mesh net-
works and hierarchical routing networks discussed ear-
lier in this paper can both be implemented using the ORT
boards and the 0S boards described above (see



Figure 5). In this arrangement, ORT boards in the access
hubs connect through 0S boards located in the backbone
hubs. Thus, if an optical switch board is used in the back-
bone hub, inter-hub traffic between access hubs must
only undergo one electrical-to-optical conversion for the
complete path.

If 0S boards are not used to create the backbone
hubs and, instead, the inter-hub traffic is switched elec-
tronically in the backbone hub, then two electrical-to-
optical conversions must be performed for the inter-
access hub traffic that’s routed through a backbone hub.
One electrical-to-optical conversion occurs in the link
from the access hub to the backbone hub, and another
conversion occurs from the backbone hub out to another
access hub. Thus, with an optical switch, a two-to-one
savings is realized in the number of optical transmitters
and receivers used in the network—and this translates
into a significant cost saving.

A second advantage with optical switching is
that the backbone-hub backplane is relieved of the inter-
access hub traffic. This means that, instead of a four-
octet backbone hub system, only a one-octet backbone
hub, plus an optical switch board, is required. In this
case, the backbone hub can simultaneously serve as an
access hub. Initially, the high-bandwidth capabilities of
the optical switch may not be necessary. When more
interconnection bandwidth is needed, an ORT board can
be plugged into each hub, and an optical switch board
can be plugged into each backbone hub.

Conclusion

Several key components of a broadband technol-
ogy platform have been described. The multi-gigabits-
per-second technology of the BASE bus, and the even
higher-bandwidth optical connectivity offered by the opti-
cal switch board, could be used together to satisfy a vari-
ety of broadband networking needs. Both of these tech-
nologies offer the potential for producing a dramatic
increase in corporate network data bandwidths. With this
increase in bandwidth comes a corresponding simplifica-
tion in the installation, operation, and maintenance of
multimedia networks. High bandwidth can be substituted
for network complexity. The idea of providing universal
port slots for broadband systems is a powerful concept,
supporting the flexibility that users want and need. The
variation in future multimedia networking needs will
dwarf the variations that have previously occurred in

dealing with voice-only or data-only networks. Flexible
components, which can be easily interconnected, are key
requirements. We know that customer demands for
higher bandwidths will continue to grow. With this flexi-
ble platform approach, we can follow the demand instead
of restricting it.
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