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Abstract— We present a single-chip asynchronous multiprocessor optoelectronic bit-sliced arrayed (AMOEBA) crossbar
switch. The AMOEBA switch addresses the challenge to
produce a large-scale, nonblocking packet switch through
dense integration of photonic devices directly onto silicon VLSI
circuits. Optoelectronic-VLSI technology is used to integrate
the switch fabric, routing controller, packet buffers, line
interface circuits, and optoelectronic conversion devices on
a single chip. We show how free-space optical interconnects
and wavelength-and-space–division-multiplexed networking on
single-mode fibers can provide switched interconnection between
multiple nodes in a distributed computing environment. An
optomechanical transceiver package accomplishes the free-spaceto-fiber interfacing. We report the implementation and testing of
the key components of a 16-channel AMOEBA prototype switch
with a potential capacity of 12.8 Gb/s (or 800 Mb/s/channel),
and capable of switching 16 million packets per second.
Index Terms—CMOS integrated circuits, fiber networks, flipchip devices, integrated optoelectronics, modulators, optical arrays, optical interconnections, quantum-well devices, switching,
wavelength-division multiplexing.

I. INTRODUCTION

I

T IS BECOMING evident that networking multiple
general-purpose processors or workstations is an efficient
and cost-effective path to high-performance computing. In
such distributed computing environments, the interconnection
network is typically the performance bottleneck, especially
as electrical interconnect technologies struggle to keep pace
with increasing demand for more connectivity and rapidly
diminishing processor clock-cycle times. Historically, the
network transmission bandwidth (in Megabits per second) has
kept pace with the processor computing bandwidth (in millions
of instructions per second), as shown in Fig. 1. However,
as the performance of both the processors and the network
interface cards scale up, the switching/routing functions
required of the network will become the limiting bottleneck.
The demands made on such a multiprocessor interconnection
network will include: 1) high throughput communication;
2) low contention; and 3) simple communication protocols.
Additional features of low latency data transport and packet
switched operation (potentially with variable-length packets)
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Fig. 1. Evolution of workstation computing performance, measured approximately in millions of instructions-per-second (MIPS), versus network
bandwidth, measured in megabits-per-second of the network interface card
(NIC).

may be desirable. Markets for such networks at the campuswide level (i.e., local area networks) as well as within an
equipment room (system-area networks) are now emerging.
A number of photonic technologies are candidates for
multiprocessor switching and routing networks. Performance,
scalability, and cost will be critical. We are investigating
interconnection networks based on fiber and surface-normal
optical interconnects for data-transport and silicon VLSI for
switching. We employ an optoelectronic-VLSI (OE-VLSI)
technology capable of supporting several thousand optical input/output (I/O) devices with each device capable of data transmission in excess of 1 Gb/s when driven with standard CMOS
circuits. The specific OE-VLSI technology we discuss is based
on the hybrid flip-chip bonding of GaAs–AlGaAs multiplequantum-well (MQW) diodes onto CMOS chips followed by
the removal of the GaAs substrate [1]. This technology permits
the design of CMOS circuits with submicrometer feature-size
and full circuit and layout optimization typical of complex
VLSI chips [2], [3].
In this paper, we present the application of this technology
to an asynchronous multiprocessor optoelectronic bit-sliced
array (AMOEBA) switched network. The AMOEBA switch
is intended to function as a high-performance central switch
on a data network serving multiple processors or computers
in tightly coupled computing environments (single frame),
loosely coupled environments ( 100 m), or campus-wide networks ( 1 km, limited by fiber attenuation at the operating
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Fig. 2. Architecture of the -channel AMOEBA switch. Multiple crossbars (one-per-bit), line interfaces, FIFO-buffers, receivers, transmitters, and
controller are incorporated into a single optoelectronic chip.

wavelength of 850 nm). The heart of the AMOEBA switch
architecture is a scalable optoelectronic VLSI switch chip that
integrates the crossbar switch fabric, routing controller, packet
buffers, line interface circuits, and optoelectronic conversion
devices in onechip.
Section II describes the system architecture. The design
and implementation of the AMOEBA switch is presented in
Section III. Section IV discusses the design of a wavelengthand-space division multiplexed fiber/free-space optical network for transporting the data. The implementation of a denseWDM (wavelength division multiplexing) fiber transceiver
package is presented in Section V. Testing results for denseWDM transmission are presented in Section VI. A summary
is included in Section VII.
II. SYSTEM ARCHITECTURE
The purpose of the AMOEBA chip is to provide bytewide, switched optical interconnection at the processor clock
rate (50 MHz–1 GHz). This central switch uses multiple onchip NxN crossbars to connect independent (asynchronous)
synchronous data bit-streams per input
input channels with
output channels with a corresponding
data
channel to
bit-streams per output channel (Fig. 2). Each bit-stream is
encoded as a separate optical I/O line to the VLSI chip. An
end-of-packet line, and two additional synchronization lines
(for clocking) and are included for each channel. End-to-end
flow control is performed independently for each channel to
avoid packet loss. We anticipate future networks comprising
between 16-to-64 processors with 16-to-64-bit words operating
at a line rate of 1 Gb/s (1 GByte/s per channel); this would
imply a switch with up to 4-Tb/s throughput. For the current
AMOEBA chip, crossbars were chosen as the interconnection
unit because of their fully nonblocking connection properties
and their suitability to a CMOS VLSI implementation. For
64, it may become necessary to
applications where
replace the crossbars with switch-fabrics that have reduced
complexity and nonzero contention, e.g., multistage interconnection networks (MIN’s); such networks have been widely
studied in the literature. For instance, networks that provide a
continuous tradeoff between a MIN and a crossbar, trading
internal contention for fanout (or switch complexity) have
been investigated elsewhere [4]. Other centralized switching
architectures that minimize the probability of packet loss via

output-port buffering [5], [6] or multiple parallel buses [7], and
distributed network architectures such as wormhole-routing
networks [8], have also been considered for implementation
with OE-VLSI technologies.
The AMOEBA chip can be used in applications where
a large amount of information (potentially originating up to
100 m or more away) would have to be switched and routed
to the different processors/servers on the network. Such a
system is one where the interconnect has a large aspect-ratio
(length of interconnect versus density of connectorization)
which puts undue stress on electrical packaging alternatives,
and is representative of a class of systems where optical
interconnects can be used to advantage [9].
A key feature of the AMOEBA architecture is that each
of the crossbars can be identically configured, under the
assumption that individual bit-streams of an input channel are
destined to the same output channel. Hence, a single controller
designed for an
switch can be used to control the
bitmultichannel bit-sliced crossbar switch that services
time to determine
streams. Since it can require up to
crossbar,
and configure the switch settings for an
identically configured crossbars, means that
the use of
an on-chip controller can service a throughput of
bits-per-second in
time. The chip can then be made
to scale its data I/O bandwidth in proportion to its control
computation bandwidth by appropriately scaling the size of
with the number of I/O channels
. This is
the word
an example of a balanced “firehose” architecture as described
in [10]. The controller determines the path for each input
crossbars to switch the bitchannel and configures all
stream corresponding to that channel identically. Because of
its reduced complexity, this controller can be incorporated onto
the same chip. In addition, packet buffering (first-in, first-out
buffers) and flow-control is incorporated into each channel.
Thus, the data-buffers, switch-controller, and the switch can
all reside on a single optoelectronic-VLSI chip with attached
optical fiber to deliver the input and output bit-streams to
the detectors and modulator, respectively. The amount of
packet buffering per channel is a function of the bit-rate, the
controller speed and the distance between the switch and the
remote trnasceivers. For the purposes of this paper, the onchip memory has been assumed to be very small, but may
ultimately dominate the chip area.
The optical network is shown in Fig. 3 with each data
bit-stream depicted as carried on a separate optical fiber.
-bit-parallel transceiver with
Each input node Pi has a
transmitters and
receivers (drawn
a linear array of
as physically separate arrays) connected to linear arrays of
optical fiber. All fibers are routed to two-dimensional 2receivers and
transmitters at
D arrays of
the central switch. The optical network implementation we
discuss in Section IV differs from this schematic in that it
uses wavelength-division multiplexing (WDM) to carry wordparallel data through single fibers.
III. THE AMOEBA SWITCH
The AMOEBA switch provides an array of parallel optical
interconnects to a switch chip and eliminates the need for
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Fig. 4. Block diagram of the AMOEBA switch.
Fig. 3. Architecture of a tightly coupled WDM/SDM multiprocessor network
based on the AMOEBA switch.

separate chips for physical-layer functions (e.g., encoding,
clock-recovery, etc.), optoelectronic transceiver conversions,
and packet buffering. This improves switch throughput and
reduces package size and power dissipation compared to
a fully electronic switch. The switch incorporates several
physical and higher level features that directly reduce the
latency of the link (compared to other switching technologies).
For instance, by removing the need for serializer/deserializer
circuits (such as those used in commercial optical links) the
latency of an individual link is reduced. Packets do not have
to be fully received and buffered before being routed to the
output port. Packets of arbitrary length can be routed by the
switch, which prevents the need to break a long packet into
smaller packets and reassemble them at the other end. The
routing protocol also provides the ability to do asynchronous
teardown (without assistance from the controller), so that
latency associated with link tear-down is minimized.
A. Switch Architecture
The AMOEBA switch implements an N-channel selfrouting, packet-switched, asynchronous crossbar. Each channel
can transmit a single word in parallel. Each word contains
data bits, one bit to signal end-of-packet, and two bits
to synchronize data-flow through the switch and halt traffic
when there is output port contention or congestion on either the
receiving end or transmitting end of the switch. The addition
of the special end-of-packet bit enables the AMOEBA switch
to process an arbitrary number of words per packet. This bit
is enabled in the last word (Byte) of the packet and it is used
by the switch as a “cue” to tear down a connection.
The architecture of the AMOEBA chip was inspired by the
IEEE 1355 (ISO/IEC 14 575) interconnect standard. The IEEE
1355 standard was developed to achieve efficient construction of fast, low-cost and low-latency interconnect for high
performance systems. One of the distinguishing features of
this standard is a simple link protocol that enables a complete
line interface to be implemented with very few logic gates.
Moreover, the link protocol uses wormhole routing to achieve
low latency and to limit memory requirements at the line interface. Unlike typical network protocols, the IEEE P1355 can
be used to build a single-chip switch that integrates the routing
controller, lines interfaces and the crossbar (or multistage)

switching network. A number of electronic implementations of
IEEE P1355 switch chips have been demonstrated to date, such
as the STC104, a 32-port routing switch from SGS-Thomson.
Although these electronic implementations successfully implement a single-chip switch design, they are constrained to
use serial connections to carry the data off-chip (due to the
limited number of pins available with conventional electrical
packaging). In using serial links, these electronic switch chips
also incur the additional latency and power consumption
penalty associated with multiplexing and demultiplexing the
packet data since on-chip processing is typically done on
parallel data streams. The AMOEBA architecture overcomes
the bottlenecks presented by serial line interfaces. The inputs
to the AMOEBA switch come in -bit parallel format, are
processed in that parallel format, and are output in parallel.
To simplify system design and testing, we have chosen to
implement a simplified version of the IEEE 1355 link protocol.
Although this allows us to demonstrate the feasibility of our
approach, it also limits the line speed to approximately 50 MHz
800 Mb/s/channel) in 0.8- m CMOS
(50 MHz 16 bits
technology (a simple firts-in/first-out (FIFO)-based circuit was
used). The use of an IEEE 1355 compliant link protocol would
allow a substantially higher line rate (250 MHz to 1 GHz).
B. Switch Prototype
We have built two prototypes of the AMOEBA switch in
0.8- m CMOS. The first generation prototype chip consisted
of 16-channels with 8 bits-per-channel and is discussed in [11].
Here, we will discuss the second generation AMOEBA switch
.
with
The overall schematic for the AMOEBA asynchronous, selfrouting packet switch chip is shown in Fig. 4. It consists
of the following components: 16 input FIFO’s, 16 output
FIFO’s, 17 data crossbars, 2 control crossbars, routing table,
and the routing controller. Each FIFO has 19 inputs and
outputs: 16 I/O’s for data signals; one I/O for the end-of-packet
signal; a shift-in (SIN) control input and a shift-out (SOUT)
control input for data transfer; an IREADY status indicator
output and an OREADY status indicator output to establish
handshaking. The addition of these two “handshaking” bits
permits the AMOEBA to simultaneously and asynchronously
transport packets with different data rates through the switch.
Each packet is effectively synchronized on its own and independently of the other packets being carried by the switch.
A detailed description of the design and testing of a FIFO

264

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 5, NO. 2, MARCH/APRIL 1999

circuit with optical inputs and outputs is contained in [12].
The input FIFO’s allow for buffering of data as packets enter
the switch and, likewise, the output FIFO’s allow for buffering
data as packets leave the switch. In order to transmit the 16
data-streams per channel, as well as the end-of-packet line
and control/handshaking signals between the input and output
FIFO’s in parallel, the AMOEBA switch contains nineteen
(19) 16 16 crossbars. Each 16 16 crossbar consists of a
tree of five 4-input multiplexors replicated for each output
port, for a total of 80 four-input muxes per crossbar. During
the layout of the crossbars, care was taken to minimize the
timing skew between the different bits that are transmitted in
parallel by the crossbars.
The routing table consists of two register files that store
the current connection configuration for the AMOEBA switch.
The routing controller is responsible for setting up and tearing
down the switch connections. It takes the routing controller
three clock cycles to establish each new connection. However;
connection tear down occurs in parallel (e.g., any subset of the
connections can be simultaneously terminated within a single
clock cycle). These features allow self-routing packet based
switching with variable length packets. Operating with 50MHz clock, the routing controller can process up to 16 million
connections per second. A more detailed account of the chip
operation is presented in the Appendix.
Fig. 5(a) presents the microphotograph of the AMOEBA
OE-VLSI chip. The 16-channel prototype AMOEBA switch
chip integrates 200 000 MOS transistors and 1216 optical
devices on a 24-mm die fabricated in 0.8- m CMOS. It
implements a nonblocking, self-routing packet switch with up
to 12.5-Gb/s aggregate throughput (or 800 Mb/s/channel) and
is capable of switching up to 16 million packets per second.
The routing controller on the AMOEBA switch prototype
operates at 50 MHz. The line interface for each channel
constitutes only 2K transistors, which includes and on-chip
buffering of 16 Bytes per channel. The chip layout was a
combination of custom design (for the receivers, transmitters,
and connections to the crossbar) and automated layout (for the
controller and routing of control signals to the crossbar). Most
of the random logic (on the right hand side of the chip) and
the wiring above and below the chip was for the controller and
the distribution of control signals. This limited the clock speed
of the controller to approximately 50 MHz. We expect that the
area of the chip could be reduced and the speed substantially
improved by a full custom design of the chip.
Fig. 5(b) shows all 1024 of the receiver diodes, in a 64 16
arrangement (corresponding to half the array) under forward
bias, showing that all are operational. Device pitch is 35 m
in the vertical direction and 70 m in the horizontal direction
(140 m between two consecutive receiver columns in the
figure). Similar forward-bias tests verified that all the diodes
corresponding to modulators were likewise functional. Each
MQW diode was approximately 20 m 50 m [1].
Each p-i(MQW)-n diode required two coplanar contacts for
connection to the CMOS chip. The AMOEBA chip used multiple pairs of bias-voltage lines (one pair for every eight diodes)
to provide varying bias across the modulator diodes in a single
column, corresponding to the different wavelengths (bits) of

each channel (word). As described in Section VI, this allowed
the contrast of the MQW modulators to be improved for a wide
range of wavelengths. Differential signaling was employed in
order to increase tolerance to power variations and contrastratio variations across the array. A single pair of high-voltage
lines ( 5 to 8 V) was used to reverse-bias the detector diodes
used by the first generation AMOEBA interconnect. Although
only 1216 devices were needed for this switch, photonic
chips were produced with all 64 32 devices functional, to
demonstrate extensibility of the AMOEBA chip architecture to
a larger number of channels and larger word sizes. This chip
incorporated three-stage two-beam transimpedance receivers
and transmitters with a maximum bandwidth of 1 Gb/s in
0.8- m CMOS [13].
Initial electrical and optical testing have shown that data
can be switched through the chip at 50 Mb/s-per-optical
channel. At this bit-rate, the switch was able to provide errorfree communication when tested overnight. Fig. 6(a) shows
electrical output data from the first bit-stream of output channel
1 that originated from the first bit-stream of input channel 2.
Fig. 6(b) shows the corresponding optical output data at 70
Mb/s flowing through the AMOEBA switch prototype. The
chip was limited to this data rate due to the FIFO synchronization circuits used for the system. This speed can be increased
by reducing feature size and by paying careful consideration to
minimizing interconnect lengths. In contrast, previous switch
designs have largely ignored the issue of synchronization,
leaving it to be performed outside the switch, by the sending/receiving nodes. The data rate in a system that does not
provide synchronization is only limited by the optical transceiver circuits, which have been demonstrated to over 1.5 Gb/s
(individual) and over 800 Mb/s in system experiments [5].

IV. DESIGN OF THE FIBER/FREE-SPACE
NETWORK FOR THE AMOEBA SWITCH
The optical network shown in Fig. 3 can be directly implemented using linear and 2-D arrays of fiber. We have
a choice between multimode fiber (MMF) and single-mode
fiber (SMF). SMF offers an effectively unlimited modulation bandwidth, but requires submicrometer lateral alignment
tolerances. MMF relaxes the lateral alignment by about a
factor of 10, but modal dispersion then limits the product
of data rate times the transmission distance. The ultimate
goal of this network is to provide parallel gigahertz-clock
rate connections spanning a several kilometer wide campus. The bandwidth-distance product available from standard
graded-index MMF’s with overfilled-launch of 850-nm light
is roughly 160 MHz km to 300 MHz km for 62.5- and 50- mcore diameters, respectively. MMF would therefore restrict
the maximum transmission distance for a 1-Gb/s data rate
to less than 500 m, or the maximum data rate for a 5-kmdiameter campus to some 200 Mb/s. SMF may, therefore,
become necessary.
The optical system requirements for this application are to
connect a 16 38 array of modulators at the AMOEBA switch
chip to 1 38 arrays of detectors at each of 16 transceivers
located at distances from a few meters to several kilometers,
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(a)

(b)



2

Fig. 5. (a) Microphotograph of the 16-channel AMOEBA switch ( 200 K transistors) fabricated in 0.8-m CMOS with a 64 32 array of MQE diodes
flip-chip bonded to it. Chip dimensions are 4.5 mm
8 mm. (b) Forward biased array of 1024 receivers arranged in 64 16 array showing that all the
receiver diodes were functional. The entire diode array contained another array of 64 16 modulators interleaved with the modulators (not shown).

2

and similarly connect 1 38 arrays of modulators at the
transceivers to a 16 38 array of detectors interleaved with
the modulators on the switch chip, all at data rates scaling up
m. The pitch
to 1 Gb/s. The usable device aperture is
between devices is at least 35 m (constrained by fabrication
tolerances) and no more than 125 m (constrained by the
CMOS chip area).
One possible implementation for the free-space-to-fiber interconnect interface is 2-D fiber arrays for the input and

2

2

output connections [14]. The problem comes from alignment
tolerances. To couple 90% of the signal from a perfectly modematched source to 850-nm SMF requires a decentration of
less than 1.4 m. This tolerance is achievable with active
alignment of a single fiber, and is also possible to obtain
using a 1-D array of fibers (assembled using silicon Vgrooves for alignment). But there is currently no practical
way to manufacture 2-D SMF arrays with single-micrometer
positioning accuracy.
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(a)

Fig. 7. The combination of space and wavelength division multiplexing
enables a 1-D fiber array to access a 2-D array of photonic devices on the
optoelectronic switch surface. (Note that the single-fiber transceiver uses a
different optical system.)

(a)

(b)
Fig. 6. (a) Measured electrical data from packets flowing through switch
from input channel 2 to output channel 1 demonstrating switch operation.
Shown are 4 of the 16 data channels at 50 MHz per bit-stream. Shift-in,
shift-out, end-of-packet, and the clock to the switch controller (router). (b)
Measured optical data from input channel 16 flowing through switch to output
channel 16 on the data1 channel.

The combination of wavelength multiplexing with 1-D fiber
arrays shown in Fig. 7, however, can achieve 2-D array
interconnection. An input array of fibers is imaged through
a planar diffraction grating onto 2-D array of devices, so
that each row of devices is associated with a corresponding
optical wavelength. In the simple optical system drawn in
Fig. 7, each MQW modulator is optically powered from the
same optical fiber which will carry the modulated output data
signal. The back-reflected data signal is separated from the
input fiber using a 2 2 splitter (or, more efficiently, with an
optical circulator). In this configuration, the lateral alignment
tolerance of the fiber to the modulator is determined not by
the fiber mode field diameter, but by the useable aperture of
the modulator, as illustrated in Fig. 8.
For the crossbar switch, a 1 32 array of fibers would
hold 16 input data fibers interleaved with 16 fibers carrying
modulator power and the back-reflected (and modulated) data
output signals. The fiber array uses a 70- m pitch, exactly
matching the lateral device spacing, because the optical system
produces 1-to-1 imaging for each wavelength. A prototype
fiber array was fabricated by drawing a conventional SMF
preform to half the normal 125- m diameter, which reduced
the core diameter from 8.2 m to the 4.1- m size necessary for
single-mode guiding at 850 nm. The fibers were packaged in

(b)

Fig. 8. When coupling an optical source to a fiber (a), the lateral alignment
tolerance is determined by the propagating fiber mode. However, when light
is coupled out of the fiber and reflected from an oversized modulator back
into the source fiber, the lateral alignment tolerance is determined by the
modulator aperture.

a silicon V-groove array using standard silicon optical bench
techniques.
The use of WDM with modulators introduces two immediate requirements: a multiple-wavelength source, and broadspectrum MQW modulators. One source of broad spectrum
light in the 850-nm range is an mode-locked Ti:Sapphire laser,
whose 100-fs pulses have some 30-nm spectral width, which,
in theory, is sufficient for 100 or more wavelength channels.
While GaAs–AlGaAs MQW modulators are normally considered narrow-bandwidth devices, they can maintain moderate
contrast operation over the width of the exiton peak. A 16channel dense WDM data transmitter using a short-pulse laser
as a broad spectrum source, free-space optics to distribute
the wavelengths, and a surface-normal modulators to apply
the data signals was previously demonstrated with FET-SEED
modulators and a mode-locked Ti:Sapphire laser [15].
A Ti : sapphire laser with 1-GHz repetition rates, 110-fs
pulses, and 450-mW output power has been demonstrated [16].
This type of Argon-pumped laser is expensive and bulky, requiring high drive currents and water cooling. However, compact and inexpensive lasers have recently been demonstrated
using diode pumped Cr : LiSAF with saturable Bragg reflector
mode locking [17]. Such lasers can already provide over
100 mW of 850-nm output with 100-fs pulses at 300 MHz,
and further development of this type of laser should yield
a reliable 1-GHz rep-rate source compatible with computer
environments. In fact, a diode-pumped Cr : LiSAF contained
within a total laser footprint of 28 22 cm producing 133-fs
pulses at 450 MHz has recently been reported [18]. A more
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Fig. 9. Temporal response of 300 m of standard 1.3-m SMF with 40-ps
pulse input from an 850-m laser using a 9-GHz detector. Under over-filled
launch (OFL) conditions, the mode delays from the two propagating modes in
the fiber, LP01 and LP11, can be seen. This differential mode delay reduces
the effective bandwidth of the fiber. When the fiber is looped near the receiver
or when an 850-nm SMF patch cord is used after the fiber (before the receiver),
then the higher order mode (LP11) is severely attenuated, and the bandwidth
is determined by the impulse response of the fundamental mode (LP01).

conventional approach to the laser source would be to use a
set of discrete wavelength-stabilized lasers combined using a
arrayed waveguide router. There is no fundamental difference
between this and the 1.5- m and multiwavelength lasers
(MFL) demonstrated for telecommunications applications [19],
although a significant development effort would be necessary
to bring 850-nm MFL’s to market.
When using low-cost SMF, not-optimized for 850-nm transmission, the issues of skew and, more importantly, modal
dispersion and chromatic dispersion become relevant, particularly as the data rates and the number of WDM channels are
increased. First, it is interesting to look at the requirements
on the SMF carrying the 850-nm signal. The core diameter
necessary to support only the TEM mode scales linearly
with wavelength (approx. 5 m for 850 nm). Standard SMF
used in campus networks is designed for 1.3- m wavelength
light, becoming “MMF” at 850 nm, with two distinct mode
groups: LP and LP . Just as in gradient index MMF, the
higher order modes have a significantly different effective
path, resulting in modal dispersion. However, it has long been
known that it is possible to transmit high bandwidth data
through 1300-nm SMF with 800-nm light with a short section
of 800-nm SMF, or simply by twisting the fiber into a coil,
to strip off the higher order modes just before entering the
receiver [20]. Provided that alignment tolerances suitable for
850-nm SMF are maintained at the transceivers, this means
that standard low-cost telecom SMF (optimized for 1300-nm
transmission) could be used in this network.
To determine the bandwidth that such a system could
support, we have performed differential-mode-delay (DMD)
measurements that involve exciting the fiber with a short
pulse and examining the temporal response of the fiber to
determine the delay between the different mode-groups.
Fig. 9 shows the temporal response of standard 1300-nm
SMF (9- m core) with 40-ps pulse input from an 850- m
Ti : Sapphire laser after propagating a distance of 300 m. For
these measurements, a large-area detector and a receiver with
a bandwidth of 9 GHz was used. Under over-filled launch
(OFL) conditions, the mode delays from the two propagating

(e)
Fig. 10. Normalized temporal response of 1 km of standard 1.3-m (9/125)
SMF using a short stretch of 850 nm (5/125) SMF to launch input. (a) System
response (without 130 nm fiber). (b) Response when 850-nm fiber is centered
on the 1300 nm fiber. (c) Response under overfilled launch when laser is
directly coupled into 1300 nm fiber. (d) Response when 850-nm fiber is offset
(misaligned) with respect to the 1300 nm to launch higher order modes. (e)
Response under center launch as in (b) with and without another 850-nm
SMF patch-cord after the standard fiber. The 850-nm patch-cord acts as a
mode-stripper which removes the higher order mode.

modes in the fiber, LP
and LP , can be seen. This
differential mode delay reduces the effective bandwidth of
the fiber since the duration of the output pulse is effectively
1.25 ns. When the fiber is looped near the receiver or when
a short stretch of 850-nm SMF (with a 5- m-core diameter)
is used just before the receiver, then the higher order mode
is severely attenuated, and the effective bandwidth
(LP
is determined by the impulse response of the LP mode
(approximately 200 ps limited by the detector bandwidth).
We also examined the DMD behavior under various launch
conditions by using the 850-nm single-mode patch cord to
launch into a 1-km stretch of 1300-nm SMF. Fig. 10(a) depicts
the system response (without 1300-nm fiber) showing the
minimum resolvable mode separation. Fig. 10(b) shows the
response when the 850-nm fiber is centered on the 1300nm fiber. This result suggests that power can be effectively
coupled into the fundamental mode and that there is little
mode-mixing between the two mode groups, i.e.; light coupled
to the fundamental mode tends to stay there despite relatively
long paths and multiple (single-mode) connectors. Fig. 10(c)
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tical components).
SMF’s connected to a central switch
duplex fiber pairs routed to each node.
break out into
At each fiber terminal, free-space optics distribute individual
wavelength signals onto MQW modulators and detectors to
carry word-parallel data. Light from a single short pulse
(or multifrequency) laser is passively split and distributed
to power the entire network’s modulators, with one fiber to
transceivers and
channels to the switch.
each of the
This source would provide automatic clock and wavelength
synchronization, and could potentially be housed in a single
box with AMOEBA switch.
V. DENSE-WDM FIBER-TO-FREE-SPACE
TRANSCEIVER PACKAGE
Fig. 11. Fiber-optic WDM/SDM network based on modulators. A
short-pulse (100 fs) laser can be used as the broad-band multiwavelength
source.

shows the response under overfilled launch (both mode groups
excited), when laser is directly coupled into 1300-nm fiber.
Fig. 10(d) is the response when the higher order modes are
selectively launched by decentering the 850-nm fiber with
respect to the 1300 nm (offset launch). Note that the higher
order mode group (LP ) experiences more dispersion than
the fundamental mode. Fig. 10(e) shows the response of the
1300 nm fiber under center launch as in (b) with and without
another 850-nm SMF patch-cord placed before the receiver.
The 850-nm patch-cord again removes the higher order mode,
confirming that large bandwidths can be achieved even after 1
km of propagation in standard 1300-nm SMF by using centerlaunch and stripping the LP mode group before the receiver.
If 850-nm optimized SMF were used in the network,
thereby mitigating the modal dispersion issue, the effective
bit-rate would be limited by chromatic dispersion. The
chromatic dispersion of standard silica 9/125 1300-nm SMF
is approximately 100 ps/nm/km at 850 nm. Assuming a
source spectrum of 0.4 nm [full-width at half-maximum
(FWHM)], this would limit the bit-rate-distance product
to approximately 6 Gb km, corresponding to a minimum
bit-period of approximately 170 ps.
A third issue is skew. There are two sources of skew:
electrical and optical. Note that the bits of one channel
are synchronous (with the clock embedded as one of the
transmitted WDM channels) whereas there is no interchannel
synchronization requirement. It is worth mentioning that the
use of modulators with a pulsed optical laser such as the one
described in this paper may help to remove the skew associated
with the electrical on-chip signals because the signals are
essentially retimed by the sampling optical pulse. In terms
of the optical skew, assuming that the clock signal were
embedded at the center wavelength of the usable spectrum of
the MQW modulators, and that the center-to-edge separation
was on the order of 10 nm (corresponding to a total of 40
WDM channels at 0.5-nm spacing), then the skew between
the bits would be a negligible fraction (less than 10 ps) of the
minimum bit-period for 1-km transmission.
Fig. 11 shows an overview of the resulting WDM data
network (although not the actual physical layout of the op-

The optical system shown in Fig. 7 is an effective way
to provide interconnection to large 2-D arrays of devices.
In particular, the relatively loose lateral and axial alignment
tolerances arising from the design’s optical symmetry make
it practical to interconnect large device arrays with 850-nm
SMF. But this free-space optical design does not separate
the backreflected output data from the modulator power.
Instead, it requires external fiber-optic 2 2 splitters (which
are lossy) or optical circulators (which are expensive).
For the transceiver nodes, however, it is straightforward
to modify the optics to direct the backreflected data signal
into a distinct output fiber. In particular, the modulator
illumination can be angled so that the backreflected (and
modulated) signal does not overlap the input illumination,
and can be redirected to a separate output [21].
The resulting optical system, used for the AMOEBA transceivers, is shown in Fig. 12(a). Light from an input fiber is
mm lens and illuminates a 1200
collimated by a
lp/mm blazed grating in the Fourier plane. The diffracted light
mm triplet lens onto the device
is focused by a
plane so that a 5-nm spectral band creates a 300- m stripe
on the device. Light reflected from the device is recollimated
by the focus lens, and recombined by a second pass through
the grating. The axis of the focus lens is slightly lower than
the collimator, so that the reflected signal is displaced from
the input. This allows a fold mirror placed just below the
collimated input to pick off the reflected output and direct
it into a separate fiber collimator. From this point on, the
output signal does not retrace the input light path, so the
fold mirror and output coupler must held in precise alignment.
This optical system has no intrinsic loss. In practice, surface
reflections, grating and optical aberrations, and misalignment
are all possible sources of loss.
The optical system diagram shows a single input source.
However, a second fiber placed adjacent to the first will
also be dispersed by wavelength and imaged onto the device
plane. For the AMOEBA transceiver, two input fibers are
needed. The first fiber carries data to a column of detectors.
The second fiber carries optical power to an adjacent column
of modulators, and is aligned so that the reflected light will
be coupled into a single output fiber. The required 1 2
fiber “array” is easily handled using a standard optical fiber
connector body modified by doubling the diameter of the
ferrule hole so that two fibers can be inserted and polished.
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Fig. 13. Performance of the dense-WDM transceiver package. The spot size
is relatively independent of wavelength over 38 channels spaced at 0.485 nm
(35 m at the chip image plane). The spot position, in addition, is distortion
free over a 20 nm range between 843 and 862 nm. Total insertion loss was
approximately 10 dB with SMF, and approximately 8 dB with MMF.

(b)
Fig. 12. (a) The optical system layout for the dense-WDM transceiver
consists of a 4-f imaging system with the grating placed in the Fourier plane
and the OE-VLSI chip placed in the image plane. Pupil-division multiplexing
together with a fold mirror is used to separate the modulated wavelength
bit-streams into the output fiber. (b) Packaged WDM transceiver.

The photograph inset into the drawing shows a pair of SMF’s
packaged side-by-side in a fiber-optic connector with an
oversize (250 m) diameter hole. The only additional degree
of freedom required is to be able to rotate the ferrule to that
the two columns of spectrally dispersed light are separated
by the right spacing at the device plane.
Fig. 12(b) shows the transceiver’s optomechanical package,
including electrical connections for device control and two FCconnectorized optical fiber ports. One port accepts a dual-fiber
connector (one fiber for input data, the other for modulator
power) while the other port accepts the output data fiber. There
are also numerous tip/tilt/translation controls for optical alignment. This implementation used off-the-shelf lenses intended
for on-axis, small field-of-view operation. The total fiber-tofiber insertion loss for this package, measured using a gold
mirror at the device plane, is 10.3 dB, with 0.7-dB polarization
dependent loss. The chip is held in a 84-pin ceramic package in
a zero insertion force (ZIF) socket. This package is intended
for laboratory environments. However, once the mechanics
are aligned and locked down, the package can be handled and
fibers can be attached and removed with moderate ( 1 dB)
change in insertion loss. With minor modifications, such a

(a)

(b)
Fig. 14. (a) A tunable etalon filter can be used in this system to provide
a narrow, periodic passband for the desired transmission wavelengths. This
prevents unwanted light from being imaged onto the chip, and saves power,
because the reflected light can again be reused for another transceiver. (b)
Picture of the filter fabricated as a custom product by JDS Fitel.

package might be engineering to mount directly onto a circuit
board inside the workstation. Optical losses due to the diffraction grating are difficult to reduce, but it is reasonable to
expect that the optical losses could be cut to under 4 dB
using custom lenses. Fig. 13 shows the resolution of the
dense-WDM transceiver package measured with an optical

270

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 5, NO. 2, MARCH/APRIL 1999

(a)

(a)

(b)
(b)
Fig. 15. Transmitted output from the filter: (a) Showing over 30 nm of
bandwidth obtained from a 100-fs pulsed laser source. (b) Magnified view of
central 16 channels in an 8-nm bandwidth, and the resulting spots dispersed
by the grating onto a CCD camera.

spot profilometer at the device plane. Multiple wavelength
input produces a distortion-free linear array of uniform 6 10
micron (FWHM) spots.
Femtosecond sources produce a continuous spectrum, but
the modulators and hence the data channels are discrete. An
external filter can remove the unwanted light between data
channels. Fig. 14 shows a tunable etalon filter designed to
provide a narrow periodic passband at a wavelength spacing of
0.485 nm, corresponding to approximately 35 nm at the device
plane. By discretizing the passband, the filter prevents unwanted light from being imaged onto the chip surface between
the modulators, reduces chromatic dispersion, and also saves
power by allowing the reflected power to be reused for other
channels at the same wavelength spacing. The measured output
from the filter can be seen in Fig. 15, using a conventional
(Coherent Mira-900) mode-locked Ti : sapphire laser source.
VI. DENSE-WDM TRANSMISSION WITH MQW
OE-VLSI MODULATORS
Compatibility of the MQW OE-VLSI devices with densewavelength division multiplexing is a key concern. Fig. 16

Fig. 16. (a) Reflectivity spectra as a function of reverse bias voltage for an
MQW modulator with 55 periods and a 85.4/39.1 well-to-barrier ratio. (b)
Predicted contrast ratio of a linear array of MQW modulators as a function of
wavelength, for a fixed bias and a fixed voltage swing of 4 V. The modulator
can be operated either at a exciton peak (-0 operation) or at a wavelength
beyond the exciton peak (-1 operation).

Fig. 17. Optical outputs of a linear column of modulators at 155 Mb/s per
bit-stream, configured as a 24-bit dense-WDM transmitter.

shows measurements from fabricated MQW modulators (not
bonded to the VLSI chip) which reveal a normal operating
wavelength range of approximately 4 nm, at a fixed bias
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Fig. 18. Experimental results from the 24-channel differential dense-WDM transmitter array when operated in the transmitter package with a fixed bias
voltage and a fixed swing of 3 V. Shown are the 24 individual waveforms and the output of an optical spectrum analyzer configured to measure
contrast ratio as a function of wavelength.

voltage (based on a minimum contrast ratio of 2:1). Changing
the bias voltage causes the exciton to shift and broaden.
We have adopted two techniques to increase the available
spectral bandwidth of the MQW modulators (typically only
5 nm wide). First, we use both -0 (on the exciton absorption
peak) and -1 (off-peak) operation simultaneously in different
parts of the array. Second, we use several adjustable-bias
levels along the array to stagger the voltage levels across the
modulator array in order to remove the low-contrast valleys
that occur between -0 and -1 peaks. In order to test the
feasibility of these techniques, a separate transceiver chip
was designed and implemented with exactly the same diodespacing as the AMOEBA chip for the specific purpose of
testing as many WDM channels as possible. This transceiver
chip was built for the optomechanical package (to be situated
at the processor nodes) and designed to communicate with the
AMOEBA switch. Multiple bias-voltage lines (one per eight
diodes) were supplied to this chip. Fig. 17 shows the testing
of each modulator in a 24-bit transmitter chip at 155 Mb/s per
channel, where we used a monochromatic laser source probing
the OE-VLSI device prior to insertion in the optical package.
Measurements were then taken with the transmitter chip
in the WDM transceiver package to determine the maximum
usable wavelength range under different biasing conditions.
First, all 24 channels were simultaneously modulated with
a fixed voltage swing and a fixed bias voltage. The results
are presented in Fig. 18, which shows the 24 simultaneous
bit-streams. Also displayed in Fig. 18 is the contrast ratio
measured for each modulator. This was accomplished using an
optical spectrum analyzer (OSA) with the modulation speed
set to the sampling interval of the OSA (approximately 0.5

Hz), and the OSA configured to read the difference of two
successive traces. Because the modulators were configured for
differential transmission, adjacent modulators have opposite
polarity. As is evident from the Fig. 18, we can see two
regions of high contrast separated by a region of low contrast,
the same behavior predicted in Fig. 16(b). Because the MQW
modulators used in the experiment had a larger number of
periods than that of Fig. 16, the measured values of contrast
ratio are higher and the exciton peak is shifted toward the red.
It is possible to span a much larger operating range using
several independent bias voltage lines for a linear array of
modulators. The predicted contrast of the modulator as a
function of wavelength at the optimum bias is shown in
Fig. 19(a), where the two curves correspond to -0 and -1
operation. The peak contrast would simply be the maximum of
the two curves at any given wavelength. This was verified by
experiments made with the dense-WDM transmitter package.
The results are displayed in Fig. 19(b). By separately tuning
the adjustable bias voltage lines across the transmitter array to
maximize contrast ratio across the array, a 2:1 contrast ratio
was achieved over as much as a 30–35-nm bandwidth. This
would potentially allow up to 60 wavelengths to be transmitted
in parallel.
This estimate assumes that either the temperature of the
chip could be stabilized or that modulators with reduced
temperature sensitivity could be fabricated. Both of these
options may be feasible. Indeed, for the purposes of this paper,
no special attention was given to temperature stabilization for
the MQW modulators. In [22], the authors show that a 30
temperature variation as well as a 1 nm in laser variation
can, in principle, be tolerated by using voltage feedback in the
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(a)

(b)
Fig. 19. (a) Predicted performance of a linear MQW modulator array as a
function of wavelength, when the voltage swing is constant (4 V), but the
bias voltage can be varied across the array. (b) Experimental results from the
packaged dense WDM transmitter, verifying that an acceptable contrast ratio
(e.g., 2 dB) can be obtained over a wide wavelength range, when multiple
bias lines are provided to the array.

modulator and by paying special attention to MQW design.
This temperature range corresponds to a wavelength range of
approx. 17 nm (for -1 operation). This theory (as well as the
experimental verification presented in our paper) suggests that
a wide wavelength operating range can be achieved if one is
willing to actively stabilize the chip operating temperature and
bias the modulators appropriately.
VII. SUMMARY

AND

CONCLUSION

We have described the AMOEBA switch: a novel implementation of a digital, asynchronous, optoelectronic bit-sliced,
crossbar array switch. It is the first switch that integrates a
switching fabric, optical I/O devices, packet buffers, and routing controller on a single silicon CMOS die. This device can
function as a high-performance single-chip central switch on a
data network serving multiple processors or high-performance
workstations. The switch features a routing algorithm designed
to route packets of any length with end-to-end flow control.
The key enabling technologies for this AMOEBA system
are: 1) an optoelectronic device technology that permits the

integration of several thousand optical inputs and outputs onto
a state-of-the-art submicrometer silicon CMOS integrated circuit; 2) an optical WDM networking technology that uses SMF
to transport dense WDM data between nodes and that uses
either multifrequency lasers or a short-pulse laser functioning
as a broad-spectrum power source; and 3) a 1-D-fiber to 2D-free-space interconnect/packaging design that can convert
between dense WDM data on a SMF and space–divisionmultiplexed data in free space.
Although the complete system has not yet been assembled,
we have demonstrated key components of the system, including a 16-channel, nonblocking switch chip, the packaged
transceiver, and the principle of dense-WDM transmission
with flip-chip bonded MQW modulators. Even at a modest
clock speed of 50 MHz, the controller enables the switch chip
to process packets at a peak rate of 16 Mega-connections/s. An
array of 64 32 GaAs–AlGaAs MQW devices was bonded
to the AMOEBA switch. Testing of the chip showed that
electrical and optical data can be sent through the switch at a
line-rate of 70 Mb/s. This provides a peak user throughput of
approximately 18 Gb/s (at a peak chip optical I/O bandwidth
of 36 Gb/s). Based on the demonstrated performance of the
hybrid optoelectronic-VLSI technology, we expect that the
number of data channels as well as the bandwidth per channel
can be scaled up to provide terabit/s throughputs.
We have also designed the fiber network that will allow the AMOEBA chip to be networked with the multiple
processing nodes. A combination of wavelength-and-spacedivision multiplexing with SMF’s is used for data transport.
The use of 850-SMF or standard 1300-nm SMF’s (with modestripping) will allow much higher bandwidth-distance products
than standard MMF solutions. Each processor encodes its data
onto a SMF using a dense-WDM technique; one fiber from
each processor is aggregated into a 1-D fiber ribbon. We
have implemented a optomechanical transceiver package that
accomplishes this SMF-to-free-space WDM/SDM interface.
We have adopted two techniques to increase the available
spectral bandwidth of a linear array of modulators. We use
both -0 (on the exciton peak) and -1 (off-peak) operation,
and we provide multiple bias lines across the array to tune
the modulators for best performance. These techniques have
been verified by modeling with measured data and through
transmission experiments. We have demonstrated 24–channel
dense WDM transmission over SMF across a 15-nm window
around 850 nm with 3-dB contrast and across a 35-nm window
with over 2-dB contrast. The latter is sufficient for digital
transmission with differential receivers.

APPENDIX
SWITCH OPERATION
To illustrate the operation of the AMOEBA switch, we
consider an example scenario where input port one (#1)
requires connection to output port three (#3). Assuming that
the input node one is not busy, the packet header is shifted
into Input_FIFO(1). The IREADY(1) will indicate that input
Input_FIFO(1) is ready to accept new incoming data. Only
when IREADY(1) is high, the SIN(1) signal is applied and
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incoming data is accepted by Input_FIFO(1). The destination
address for this packet is contained in the packet header at
the beginning of the packet. It is examined by the routing
controller and checked against the register files that store the
current connection configuration. If the register files indicate
that output port three (#3) is busy on another (unrelated)
connection, then the new connection cannot be established at
this time. In this case, the input_FIFO(1) continues to receive
incoming packet data until the FIFO memory is full (because
data does not leave the FIFO). When the FIFO memory
becomes full, the IREADY(1) signal is deactivated, thus
indicating to the originator of the packet that Input_FIFO(1)
is busy and unable to accept any more incoming data.
The routing controller is the “brain” of the AMOEBA switch
chip. Due to its logic complexity, the routing controller was
designed using behavioral VHDL (as opposed to manual logic
design), synthesized with logic synthesis tools, and placed
and routed using automated placement and routing tools (as
opposed to manual layout). The final result of this is a “sea of
standard cells” containing over 20 000 MOS transistors.
The simplified operation of the routing controller is as
follows: the controller logic continuously polls the 16 input
ports (1 port is polled per clock cycle) to determine if the
input port is requesting a new connection to be established.
If the input port being examined is idle or already has an
active connection, then the controller skips this input port.
Otherwise, the controller attempts to establish a connection,
inserting two extra clock cycles to negotiate a new connection.
Within these two clock cycles the controller checks that the
output port being requested is available (1st clock cycle),
updates the routing tables and reconfigures the crossbar (second clock cycle). Thereafter, the new connection can start to
transmit data and the routing controller resumes its scan of
input ports. Whenever the requested output connection cannot
be established (due to output port being active on another
connection), the routing controller does not process the request
and proceeds to poll the next input port. In this scheme,
between 15 and 45 clock cycles later the routing controller
will reattempt to establish the requested connection.
In this manner, the routing controller continuously polls
the routing table to determine if output port three (3) has
become available. When this condition is finally met, the
routing controller sets up the new crossbar connection (between input port #1 and output port #3) and updates the
routing table. Thereafter, the packet data is asynchronously
transmitted between the Input_FIFO(1) and Output_FIFO(3).
During this transmission, the two control crossbars implement
the handshaking, stopping the data-flow whenever congestion
is encountered (such as overflow of input buffer on the
receiving end of the connection). At the end of the data packet
there is a special end-of-packet bit (not used for data coding)
transmitted on a separate line. When this symbol is transmitted
by Input_FIFO(1) it activates connection tear down logic and
closes the connection. This occurs without the aid of the
routing controller, hence facilitating parallel and asynchronous
connection tear-down capability. The routing controller was
tested by increasing the clock frequency and determining the
maximum clock frequency at which the inputs were routed to

273

the correct outputs. This occurred at a clock frequency of 50
MHz.
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