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(57) ABSTRACT 

A virtual distributed optical crossbar local area network 
configuration where the central Switch or network controller 
has been eliminated. A virtual distributed optical crossbar 
allows a network to be fully scalable as the number of users 
increases. The virtual distributed optical crossbar is fully 
non-blocking and is reconfigurable. In addition the Virtual 
distributed optical crossbar has Zero latency acroSS the 
network, employS Vertical cavity Surface emitting laser 
technology and Smart pixel technology in conjunction with 
a resonant cavity enhanced (RCE) waveguide grating cou 
pler (WGC). Optical signals are transmitted through fiber 
optic and/or waveguide or freeSpace interconnects imple 
menting the Switching functions. The waveguide technology 
provides the enabling mechanism to achieve a Zero latency, 
fully non-blocking, performance. Address decoding func 
tions between processors is divided, leaving only the true 
distance interconnect implemented by optical means. 
Unique to this architecture is it eliminates the central 
Switches and Servers within telecommunications networkS. 
The architecture is clock rate reconfigurable performing 
croSSconnect Switching within Single clock cycles. 
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VIRTUAL OPTOELECTRONIC CROSSBAR 
SWITCH 

RELATED APPLICATION 

0001. The present application claims priority under 35 
U.S.C. S119(e) from provisional application No. 60/207, 
498, filed May 26, 2000. 

TECHNICAL FIELD 

0002 The present invention is directed generally to rout 
ing data among many possible points, and more particularly 
to a virtual optoelectronic crossbar Switch. 

BACKGROUND ART 

0003. The unprecedented growth in bandwidth is being 
facilitated by advances in optoelectronic technology. The 
increasing bandwidth of the internet which is causing data 
traffic to expandd200% per year has enabled higher perfor 
mance from the peripheral networks. Optoelectronic Indus 
try Develop Assoc., Broadband Communications Technol 
ogy Workshop, Palo Alto, Calif., April, 1999. These include 
premises Systems Such as local area networks (LANs) and 
Storage area networks (SANs) which implement Gigabit 
Ethernet (GbE), 10 GbE, and Fibre Channel protocols. The 
delivery of ultra-high band-width directly to the end user at 
the desktop over premises based networks remains a chal 
lenge using conventional Switching architectures. AS real 
time applications are required, reducing the end-to-end 
latency is a primary problem which must be addressed in all 
networks. For example, high capacity network backbones 
are not available for on-demand Service. In addition, high 
Speed Internet transmission cannot be maintained without 
incurring packet loSS. 
0004 Conventional optoelectronic crossbars require a 
central Switching apparatus and choose to implement the 
address decode optically. This approach is inefficient and 
expensive. 

SUMMARY OF THE INVENTION 

0005 The above and other problems and disadvantages 
of previous optoelectronic crossbar Switches are overcome 
by the present invention of a virtual optoelectronic crossbar 
Switch comprising a plurality of processor nodes, a plurality 
of optical paths, wherein each of the processor nodes 
includes a plurality of Vertical cavity Surface emitting laser 
diodes, one or more photodetectors, and a resonant cavity 
waveguide grating coupler positioned to couple light from 
the plurality of optical paths into the one or more photode 
tectors, and to couple light from the plurality of Vertical 
cavity Surface emitting laser diodes into the plurality of 
optical paths. 
0006. In another embodiment of the present invention, a 
network controller is provided which communicates with 
each of the plurality of processor nodes, and each of the 
plurality of processor nodes includes an address decoder 
which communicates with the network controller, and which 
enables ones of the plurality of Vertical cavity Surface 
emitting laser diodes in response to addresses from the 
network controller. Each of the plurality of vertical cavity 
Surface emitting laser diodes is coupled by the resonant 
cavity waveguide grating coupler to a different one of 
plurality of optical paths, and a single photodetector is 
coupled to an assigned optical path. 
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0007. In a still further embodiment of the present inven 
tion, for each of the plurality of processor nodes each of the 
plurality of Vertical cavity Surface emitting laser diodes is 
coupled by the resonant cavity waveguide grating coupler to 
a different one of plurality of optical paths. A first of the one 
or more photodetectorS is coupled to an assigned optical 
path, and others of the one or more photodetectors are 
coupled to a different one of the plurality of optical paths and 
detect traffic on the assigned optical path. 
0008. In a further embodiment of the present invention, 
the plurality of optical paths are located in a single physical 
medium, and for each of the plurality of processor nodes 
each of the plurality of Vertical cavity Surface emitting laser 
diodes operate at different wavelengths, and the photode 
tectors are resonance cavity detectors. 
0009. In still another embodiment of the present inven 
tion, each of the plurality of processor nodes further includes 
additional pluralities of Vertical cavity Surface emitting laser 
diodes, wherein each of the plurality of Vertical cavity 
Surface emitting laser diodes in the additional groups operate 
at different wavelengths. Also provided are additional plu 
ralities of photodetectors, wherein each photodetector in the 
additional pluralities of photodetectors groups is a resonant 
cavity enhanced photodetector responsive to a different 
wavelength. 
0010. The virtual optoelectronic crossbar Switch of the 
present invention can significantly enhance end-to-end per 
formance So that bandwidth-intensive applications can be 
realized. The virtual crossbar Switch of the present invention 
is designed to eliminate central Switching within a network 
while distributing the crossbar components. The virtual 
crossbar can be integrated into a LAN, metro network, WAN 
(wide area network) or SAN configuration for high speed 
networking. The age of "network-centric' computing has 
furthered the need for fiber optic links C. DeCusatis, 
Optical Engineering, Vol. 37, No. 12, pp. 3082-3099, 
December, 1998). Due to the complex graphics which 
generate large files, LAN Systems are being forced to their 
limits 3 P. Lombardi, Telecommunications (International 
Edition), Vol. 33, No. 4, pp. 41-42, April, 1999). 
0011 FIG. 1 shows a virtual crossbar LAN configuration 
10 in accordance with the present invention where the 
central Switch has been eliminated. Unlike most premises 
based networks which consist of a hierarchy of central 
Switches and Servers, in the present invention the optical 
fiber 12 becomes the network. This optoelectronic configu 
ration is particularly useful for high Speed applications Such 
as 10 GbE because the Switching is implemented with zero 
latency across the network. Users will be able to achieve 
high-speed end-to-end delivery, extremes in network flows, 
and Zero latency. The virtual crossbar allows the network to 
be scalable as the number of users increases. Scalability will 
be achieved by incorporating the company’s parallel (N) 
and global (N") optical interconnect topology which utilizes 
high fan-in and fan-out as well as wavelength division 
multiplexing (WDM). 
0012. Additional tangible benefits to end users include 
full optical transparency, a large fully non-blocking recon 
figurable crossbar, distributed cost, wide bandwidth per 
channel, dedicated channel interconnect, and adaptability to 
IP/WDM protocols. The virtual optoelectronic crossbar 
Switch of the present invention also provides complementary 
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hybrid optical/electronic Systems and components that will 
remove network bottlenecks between the host and the bus. 
Considerable technical leverage in the network industry will 
be realized because the virtual crossbar will allow users to 
cost effectively upgrade their existing premises Systems to 
achieve backbone functionality at the desktop. For new 
Systems, it will provide a low cost approach to achieve high 
Speed network functionality for fiber optic premises based 
networkS. Several virtual optoelectronic System architec 
tures have been developed which utilize optoelectronic 
integrated circuit (OEIC) device technologies as well as the 
VCSEL waveguide structure in accordance with the present 
invention. 

0013 These and other objectives, features and advan 
tages of the present invention will be more readily under 
stood upon considering the following detailed description of 
the invention and accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.014 FIG. 1 is a virtual crossbar LAN configuration in 
accordance with the present invention where the central 
Switch has been eliminated, and the optical fiber becomes 
the network. 

0.015 FIG. 2 illustrates a point-to-point interconnect 
one Source coupled to one detector. 
0016 FIG. 3 illustrates a one-point-to-many points (fan 
out) interconnect-one Source coupled to many receivers for 
on chip clock distribution and die-to-die communications. 
0017 FIGS. 4A and 4B illustrate a many-points-to-one 
points (fan-out) interconnect-many Sources couple to one 
receiver for die-to-die communications, and oneresulting 
logical relationships that can be achieved. 
0.018 FIG. 5 illustrates an optoelectronic implementa 
tion of Si-CMOS NOR gate.interconnects. 
0019 FIGS. 6A and 6B illustrate a many-points-to 
many-points (fan-out) interconnect in which any Source may 
be routed to any (or all) receivers for arbitrary digital 
functionality and cascadability (FIG. 6A), and which results 
in planes of interconnected NOR gates. DeMorgan's Law as 
applied to dual rail digital is implemented in 4D global 
freeSpace to achieve programmable digital photonic logic 
arrays (DPLA) (FIG. 6B). 
0020 FIG. 7 illustrates a high performance optoelec 
tronic communications (HPOC) module showing a single 
channel DANE Smart pixel that is the equivalent of a wide 
fan-in NOR gate. 
0021) 
cade. 

0022 FIG. 9 illustrates a 4x4 crossbar switch and truth 
tables for the first (electronic) and Second (optical) stages. 
0023 FIG. 10 is a more detailed view of a virtual 
crossbar for a single network processor card, in which 
collimating lenses and cylindrical lenses have been omitted 
for Simplicity. 
0024 FIGS. 11A and 11B provide a top view of smart 
chips for positions 1 and 3. 

FIG. 8 illustrates a two-stage HPOC module cas 

0.025 FIG. 12 illustrates a waveguide cross-section for 
an optoelectronic network processor card. 
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0026 FIG. 13 illustrates the simplest form of the virtual 
optoelectronic crossbar in accordance with the present 
invention-N processors connected with N fibers, each 
processor's detector is assigned to an independent fiber, and 
a network controller is also provided. 
0027 FIG. 14 illustrates an Ninterconnect topology, in 
accordance with the present invention, including the addi 
tion of Sense detectors to monitor all fibers in the System, and 
in which each processor may transmit autonomously when 
a fiber-to-processor channel is available. 
0028 FIG. 15 illustrates how utilization of multiple 
wavelength VCSELS allows the parallel fiber array to be 
condensed into a single fiber. 
0029 FIG. 16 shows how multiple WDM fiber channels 
can be configured in parallel to achieve higher density 
crossbars. 

0030 FIG. 17 is an expanded view of the requirements 
within a Single Smart pixel for the multichannel, multiwave 
length crossbar as shown in FIGS. 6A and 6B. 
0031 FIG. 18 is a representation of two nodes within a 
Virtual crossbar in accordance with the present invention. 
0032 FIG. 19 is an overview of an optoelectronic back 
plane in accordance with the present invention. 
0033 FIG. 20 shows a detailed view of the optoelec 
tronic backplane for board level communications (rotated 
view from FIG. 19). 
0034) 
0035 FIG. 22 
waveguide coupler. 

0036 FIGS. 23A and 23B provide calculated output 
power coupled into the waveguide as a function of diffrac 
tion efficiency for the Surface normal grating. 
0037 FIG.24 illustrates an Ion implanted VCSEL: struc 
ture. 

0.038 FIGS. 25(a) to 25(c) illustrate VCSEL processing 
after ion implantation-FIG. 25(a) P-type ohmic contacts, 
FIG. 25(b) N-type ohmic contacts; and FIG. 25(c) inter 
connect metal. 

0039 FIG. 26 illustrates an oxide-confined VCSEL 
Structure 

0040 FIGS. 27(a) to 27(d) show a fabrication sequence 
of Si photodetectors 

0041 FIG. 28 shows a RCE detector fabricated from the 
same epitaxy as the VCSEL. 

FIG. 21 is a diagram for an epitaxial waveguide. 
illustrates a Superposition of the 

0042 FIG. 29A shows a schematic representation of a 
monolithic VCSEL and photodetector flip-chip bonded onto 
a CMOS array. 

0043 FIG. 29B is photograph of a monolithic VCSEL 
and photodetector array. 

0044 FIG. 30 shows a schematic of an individual Smart 
pixel which includes a receiver, digital circuitry, and a laser 
driver. 

004.5 FIG. 31 is a schematic diagram of a one-stage 
pseudo-NMOS transimpedance amplifier. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

0046) The present invention of a virtual crossbar system 
architecture capitalizes on the inherent benefits of free-space 
and fiber optical interconnects which include high fan-in and 
fan-out capability, low power consumption, high algorith 
mic efficiency. Planes of VLSI circuitry integrated with 
free-space optical interconnects offer potential advantages to 
all-electronic architectures which include: 

0047 A lower energy per bit for short-distance 
interconnect architectures (100 mm to 10 cm), 

0048. The ability to implement high fan-out and 
fan-in logic arrays that permit manipulation of large 
combinatorial minterms (a product of Boolean vari 
ables which are generated at the output of a Single 
detector). 

0049 Solutions to high-speed multichip module and 
chip-to-chip I/O interfaces. 

0050 Point-to-Point Interconnect–Data Links 
0051) The integration of VCSELS and photodetectors 
with Si-CMOS circuitry will ultimately have a significant 
impact in the production of low energy point-to-point optical 
data links. In FIG. 2, an light source 14 is shown transmit 
ting to a corresponding detector 16. 
0.052 Several studies P. W. Smith, Bell System Techni 
cal Journal, 61, 1975 (1982); J. D. Meindl, Proc. IEEE, 83, 
619 (1995); P. S. Guilfoyle et al, Opt. Eng., 35 (1996) have 
Suggested that the energy consumed (speed-power product) 
by data links will ultimately be the critical factor which 
limits the achievable Switching time (i.e., speed) of “all 
electronic' computers. In an analysis J. D. Meindl, Proc. 
IEEE, 83,619 (1995). Meindl describes a hierarchical set of 
five limits to the ultimate performance of Silicon microelec 
tronicS based on reasonable extrapolations of existing tech 
nology. Meindl uses each of these limits to disallow opera 
tion of Si-based processors in a region of a plot of the 
average power consumed by a Switching transistor in a 
processor VS. the Switching time. The limits are, in order of 
increasing constraint, fundamental, i.e., quantum mechanics 
and thermodynamics, material; device, i.e., transistor prop 
erties, circuit, i.e., logic gate layout; and System. 
0053. It has been previously contended P. S. Guilfoyle et 

al, Opt. Eng., 35 (1996) that the use of optical intercon 
nects, for the Simplest applications where only point-to 
point interconnects are required, will ultimately allow the 
fabrication of information processing devices which have a 
lower average Switching energy and therefore a lower aver 
age power consumption than the System limits previously 
Suggested. For the processor Studied by Meindl, which 
consisted of an array of connected macrocells, optical inter 
connects could be implemented by modifying the macrocell 
So that each contains optical transmitters and receivers and 
replacing the electrical wires connecting the macrocells with 
optical interconnections. It is fairly Straightforward to make 
optical receivers with a sensitivity of ~1000 photons (-36.3 
dBm for a 1 GHz bandwidth at 850 nm). The optical energy 
used to transfer one bit from one electronic gate to the next 
can therefore be as Small as ~240 a for 850 nm photons, i.e., 
less than 1% of the energy per Switch event cited in 
Reference J. D. Meindl, Proc. IEEE, 83,619 (1995). 
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0054) One-Point-to-Many-Points 
Power Chip-to-Chip Interconnects 

(Fan-Out)-Low 

0055. A more immediate application of buried oxide 
VCSELS integrated with Si-CMOS is optical interconnects 
for on-chip clock distribution, chip-to-chip, and multi-chip 
module (MCM)-to-MCM communications. 
0056. There exists a critical distance above which it is 
energetically favorable to use optical interconnects to trans 
fer information between chips. It can be shown that by using 
low-threshold VCSELS this energetically favorable distance 
range can be made to include the distances typically found 
in clock distribution, chip-to-chip (die-to-die), and MCM 
to-MCM interconnect applications. The distance ranges over 
which optical interconnections are required to operate for 
various applications are described in the literature. R. A. 
Nordin, A. F. J. Levi, et al., IEEE J. Lightwave Technol., 10, 
811 (1992)). Chip-to-chip interconnections are required to 
operate over a distance range of ~1 mm to ~5 cm, and 
MCM-to-MCM interconnections are required to operate 
over a distance range of ~2 mm to ~2 cm. 

0057 The literature also describes D. A. B. Miller and R. 
Athale, AT&T/ARPA CO-OP Hybrid SEED Workshop, 
(1995); D. A. B. Miller, Optics Lett., 14, 146 (1989) the 
energy required to transmit one bit of information as a 
function of distance for optical and electrical transmission 
techniques. The most Significant feature of this information 
is that the quantity of energy required to transfer one bit of 
information between a Source and a detector is linearly 
dependent upon distance if the energy is transferred electri 
cally, but is essentially independent of distance if the energy 
is transferred optically. This is because the capacitance of 
the transmission line between Source and detector increases 
in direct proportion to its length, whereas optical transmis 
Sion is essentially lossleSS over the distance range of the 
graph. Therefore, for distances in excess of Some critical 
value, it becomes advantageous to use light to transfer 
information. In the graph, it is assumed that 1 V electrical 
Signals are used and that the capacitance of the electrical 
transmission line is ~50 pF/m. Three optical pulse energies: 
600 f, 60 f, and 6 fare also plotted. For a 1 GHz repetition 
rate, these energies correspond to laser powers of, respec 
tively 600 uW, 60 W, and 6 uW. For the pulse energies 
considered the critical distance, above which it is energeti 
cally favorable to use light to transmit information, is, 
respectively, 7 mm, 700 um, and 70 um. For the assumptions 
of 1 V Signals, optical energy ~6 f per bit, the critical 
distance is ~70 um. 
0058 To implement efficiently the low power intercon 
nects described above and shown in FIG. 3, it is necessary 
to integrate low power, low threshold lasers with SiCMOS 
circuitry. In the low power interconnect Scenario, one light 
Source 14 transmits many to many detectors 16A, 16B, 16C, 
and So on. 

0059 Sensitive receivers can be easily designed and 
fabricated. A GaAs E/D MESFET receiver with a sensitivity 
of better than-22 dBm for a bit error rate (BER) of 10 
has been designed by assignee of the Subject application. 

0060 Receivers of this sensitivity, which corresponds to 
an optical pulse energy of 6 f at 1 GHZ, can readily be 
fabricated in Si CMOS. The signal-to-noise ratio (SNR) 
required to achieve a BER of 10' is approximately 16, but 
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a 600 W laser, typical of what may be efficiently achieved 
with gain-guided VCSELS, has a pulse energy of 600 f 
when operating at 1 GHz. For a point-to-point interconnect, 
99% of the optical power (and 99% of the power used to 
drive the laser) would therefore be wasted. A more efficient 
implementation would use a laser with a much lower thresh 
old. 

0061 The present invention proposes use of buried oxide 
VCSELS, which the opportunity to use low threshold lasers 
in this application. A 6 law laser operating at a 1 GHZ 
repetition rate would yield 6 f optical pulses, which would 
result in maximum efficiency for a point-to-point optical 
interconnect. Oxide-confined VCSELS with threshold cur 
rents<10 uA have been achieved. 
0062) Many-Points-to-One-Point 
Algorithmic Flexibility 

(Fan-In)-Increased 

0.063. The use of optical interconnects also allows more 
flexibility in the design of logic circuits via the use of 
many-points-to-one-point (fan-in) interconnect Scheme to 
achieve a “smart interconnect” logic function. In FIG. 4A, 
multiple light sources 14A, 14B, 14C, and so on, transmit to 
a single detector 16, with the resulting logical relationship 
illustrated in FIG. 4B. In this configuration, many sources 
couple to one receiver for die-to-die communications. 
DeMorgan's Law can be implemented to generate free Space 
optoelectronic gates when dual rail logic is applied resulting 
in "Smart interconnects.” 

0.064 Conventional CMOS logic gates consume energy 
and are slowed because of the capacitance of the input 
transistors (and also because of the capacitance of the input 
lines, as discussed previously). In a four-input Si-CMOS 
NOR gate, the gate has eight transistors-two for each input. 
AS the number of inputs increases, So does the number of 
transistors. The parasitic capacitors associated with each of 
these transistors must be charged or discharged for the gate 
to change State. Energy consumption and Speed consider 
ations limit the number of input lines (fan-in) and the 
number of output lines (fan-out) to approximately five in a 
CMOS circuit N. H. E. Weste and K. Eshraghian, Principles 
of CMOS VLSI Design, 2nd ed., Addison Wesley, Reading, 
Mass. (1994). The low fan-in and fan-out limit the types of 
algorithms that can be implemented efficiently in electron 
CS. 

0065. A hypothetical optically interconnected Si-CMOS 
NOR gate is shown in FIG. 5. In this case, the parasitic 
capacitance (and hence the Speed) of the circuit are inde 
pendent of the number of inputs and outputs. The MSM 
detector can handle a wide range of fan-in without an 
increase in the Si-CMOS circuitry needed to process the 
output of the MSM detector 18; with a similar savings in 
Si-CMOS circuitry as the fan-out changes out of output light 
Source 20. 

0.066 Significantly higher fan-ins and fan-out's are pos 
Sible with optoelectronic logic gates. We estimate that the 
maximum fan-in and fan-out will be determined by optical 
Scattering and will be ~100 in each case. The large available 
fan-in and fan-out will permit the efficient implementation in 
optics of algorithms which are impractical to implement 
with electronics. 

0067. The availability of low threshold VCSELS would 
allow the fan-out of the optical sources to be tailored to the 
algorithm being implemented. Using a high power laser 
capable of high fan-outs in a low-fan-out application would 
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require more energy per bit than necessary, which would 
increase the average energy consumption of the device. For 
example, a 600 W laser and a receiver which had a 
sensitivity of better than-22 dBm would support a fan-out 
of 100. Few algorithms require such high fan-ins and 
fan-outs. The use of a lower power laser would allow the 
efficient implementation of algorithms which require a lower 
fan-out: a 60 uW laser would support a fan-out of 10. 
0068. Many-Points-to-Many-Points-HPOC Module 
0069. By combining wide fan-out and fan-in systems, a 
more general implementation, the HPOC module P. S. 
Guilfoyle, F. F. Zeise, and R. V. Stone, Optical Enhance 
ments to Computing Technology, J. Neff, Ed., Proc. SPIE 
1563, p. 267 (1991); P. S. Guilfoyle, F. F. Zeise, and J. M. 
Hessenbruch, in Optical Computing Technical Digest, p. 78 
Optical Society of America, Washington, D.C. (1993) con 
figured for digital photonic logic arrays (DPLAS), may be 
obtained. The high performance optoelectronic communica 
tions (“HPOC) module is an optoelectronic integrated 
circuit which comprises an array of 850 nm VCSELS, laser 
drivers, diffractive optical interconnect elements (DOIES), 
photodetectors, and optical receivers. As shown in FIGS. 6A 
and 6B, a complete interconnect network is achieved. 
Multiple light sources, 14A, 14B, 14C and so on, transmit to 
multiple detectors 16A, 16B, 16C, and so on. The incorpo 
ration of diffractive optical interconnect element (DOIE) 
technology 22 allows programmablilty of any given inter 
connect. Arbitrary DPLA functionality is thus obtained. 
FIG. 6B illustrates the logical relationship of the physical 
interconnect structure of FIG. 6A. 

0070 The incorporation of lasers and photodetectors 
with SiCMOS circuitry ultimately allows the higher levels 
of integration coupled with Substantially lower power con 
Sumption, while enjoying increased free Space interconnect 
density. The device technology permits a more optimal 
implementation of the HPOC module than is possible with 
current technology, where the VCSELS and Smart pixels are 
on Separate die. 
0071. The simple single stage configuration of the HPOC 
module 23 is shown schematically in FIG. 7 where module 
comprises a DANE 24 cell which detects the signal, ampli 
fies the result, negates (or inverts) the data, and then emits 
the output function through the VCSEL 26. The bits of a 
wide digital word (up to a maximum width N of approxi 
mately 100 bits) 28 are represented in complementary 
notation by a set of optical beams 30 that converge onto a 
thresholding detector 32. Due to the threshold and logical 
inversion, each cell performs a NOR function 34 on the 
incoming bits, as shown in FIG. 7. From DeMorgan's 
theorem, this is equivalent to the Boolean AND of the 
original data bits. Thus, the DANE cell 24 is a smart pixel 
because, depending on the representation of the data, it 
computes an N-input NOR or AND logical operation via 
free-space optical interconnects. 
0072 Additional functionality may be obtained by 
including a digital Section between the amplifier 34 and the 
laser driver 36. 

0073. By using the DANE cells 24 to generate many 
Specific (user programmed) minterms, complete Switching 
systems may also be realized. The planar DOIES 22 can store 
fixed “programs” or “instruction sets” to effectively function 
as the system ROM. 
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0.074. With a constant clock speed and a fixed array size, 
the number of interconnections an optoelectronic device can 
implement is an approximate measure of its raw computing 
power. In the HPOC module 23, this is abut N', where the 
HPOC module 23 contains NXN VCSEL arrays, each of 
which can be connected with up to N’ detectors. As a 
complete device, the HPOC module performs a matrix 
tensor Boolean multiplication. We have designed it so that 
Several modules may be easily cascaded: the output lasers of 
one DANE cell serve as the inputs of the next HPOC 
module. In a two-stage cascade, we can configure the DOIE 
interconnects 32 in each HPOC module 23 So that the first 
module generates minterms and the Second Sums them. A 
cascade of these devices can thus execute complete instruc 
tion Sets. 

0075 A two-stage cascade of HPOC modules is shown in 
FIG.8. Current GaAS-based HPOC modules comprises 8x8 
arrays of vertical-cavity Surface-emitting lasers (VCSELS); 
8x8 arrays of computer generated holograms (DOIES); and 
8x8 detector/receiver arrays. Light from one VCSEL is 
incident on each DOIE, which routes the light to a set of 
detectors determined by the structure of the DOIE. Depend 
ing on the DOIE structure, light from each VCSEL may be 
routed to one or many detectors. If the VCSELS are suffi 
ciently powerful, many detectors can be illuminated with 
enough photons to bring the receiver above threshold. Each 
receiver inverts and has a threshold at an optical power 
corresponding to ~% bit. Each receiver, therefore, performs 
the NOR function. 

0.076 The maximum fan-out is limited by scattered light; 
it is estimated that a fan-out of up to ~100 may be achieved. 
AS discussed previously, the capacitance of the receiver is 
unaffected by the number of light beams incident on the 
detector; therefore, fan-ins of up to ~100 may be obtained. 

0077. As described above, the HPOC module architec 
ture can be used to perform Boolean matrix-tensor multi 
plications. The HPOC module depicted in FIG. 8 performs 
the calculation F=ADX, where X=(x); i=1,2,... 1, j=1,2, 
. . . J is the input matrix, F=(f); k=1, 2, . . . K, I=1, 2, .. 
L is the output matrix; and A=(a) is the control tensor. F. 

A, and X contain all-Boolean quantities. The data matrix is 
represented by the on-off states of the VCSEL array. The 
control tensor, A, which contains the microcode for the 
instructions to be executed, is represented by the connection 
pattern encoded in the DOIE array. The nonlinear response 
function of the receiver causes the Boolean Summation of 
the optical inputs to be performed, therefore the output 
matrix, F, represented on the detector array is given by: 

(1) 

0078. The output matrix, F, contains KxL terms. K and L 
are arbitrary and depend on the number of available detec 
tors, and on the complexity of the instruction being 
executed. 

0079 The matrix-tensor multiplier can be used to execute 
instructions. If the bits of the input data word are stored in 
the input matrix, i.e., represented by the States of the lasers 
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in the VCSEL array, a single pass through the System 
depicted in FIG. 8 can yield any of the minterms corre 
sponding to bits of the input data word. The Set of minterms 
calculated is determined by the tensor A, i.e., by the pattern 
of interconnects contained in the elements of the DOIE 
array. A Second pass through the System would allow the 
minterms to be Summed to form partial or complete instruc 
tions. An example of this is shown in FIG. 8, in which two 
HPOC modules are cascaded. The second HPOC module 
performs the double Summation of the minterms computed 
in the first HPOC module. 

0080) The output Y=(y), of the second HPOC module 
represents complete or partial instructions depending on the 
length of the instruction encoded into the diffractive optical 
elements in each HPOC. The two-stage cascade performs a 
Boolean matrix-tensor multiply, followed by a Boolean 
matrix-tensor addition: 

L. 

'-XXXIII or 
0081 where B=(b) is the control tensor of the second 
HPOC module. The two-stage cascade is required to fulfill 
the Sum-of products formulation as required by Shannon's 
generalized digital computation theory J. J. Morikuni and S. 
M. Kang, J. Ligthwave Technol., 10, 1426 (1992)). A 
cascade of more than two HPOC modules which is required 
in, for example, Switch networks, is also possible. 

0082) Virtual Optoelectronic Crossbar Switch 
0083. The assignee of the subject application has devel 
oped a virtual optoelectronic crossbar Switch which employs 
Smart pixel technology in conjunction with a resonant cavity 
enhanced (RCE) waveguide grating coupler (WGC). 
0084. Unlike the previously designed non-blocking 4x4 
crossbar Switch for the HPOC modules which used DOIES 
for the optical interconnects, the Virtual crossbar Switch in 
accordance with the present invention utilizes fiber optic 
interconnects to implement the Switching function P. S. 
Guilfoyle, et al., “Free-Space Interconnects for High-Per 
formance Optoelectronic Switching, IEEE Computer, Spe 
cial Issue on Optical Computing, February, 1998 (Invited)). 
The waveguide technology provides the enabling mecha 
nism to achieve a Zero latency, fully non-blocking, croSS 
connect Switch. The virtual crossbar Switching System is 
unique from architecture to component implementation. It is 
also applicable to long haul as well as premises area net 
WorkS. 

0085. With a virtual optoelectronic crossbar system, the 
address decode function between processors is divided, 
leaving only the true distance interconnect implemented by 
optical means. This allows the entire System to be far more 
efficient by eliminating the central Switches and Servers, 
which provides backbone speeds to all users accessing the 
network. Therefore, latency is totally eliminated. The system 
is also clock rate reconfigurable. Switching may be per 
formed at Speeds within a clock cycle. Setup time is limited 
by the distance of the ethernet system. However, centralized 
optoelectronic crossbars utilizing Switching technologies 
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Such as liquid crystal technology or a micro electromechani 
cal system (MEMS) are limited to several micro seconds to 
millisecond Switching times. 

0086) Architectural Overview 
0087. In FIG. 9, a 4x4 virtual optoelectronic crossbar 
Switch 40 and truth table are shown. It shows how data can 
be transferred within an optical fabric with destination 
addressing for each Signal architecture. This is a fully 
functional crossbar Switch in that it can handle four input 
data channels and four output data channels simultaneously. 
The output contention is resolved in the control processor 
prior to Sending the packet into the crossbar. The electronic 
logic circuit 38 has four input ports (A, B, C, D), each with 
Signal inputs (S1, S2, S and S) and a 2-bit destination 
address input. The 2-bit address is represented as a dual-rail 
address (both high and low true signal representations of 
each input address bit). 
0088. When a first stage NOR gate receives its address, 

it receives two Zero valued address lines and the data Signal. 
The output of the first stage NOR gate is then either a 
constant “0” (if not selected), or the inverted input signal. In 
FIG. 9, this would correspond to AO for address aga=00, 
with an output of Signal S(t). In the Second Stage, the 
outputs for each destination address (AO, through DO) are 
again "NORed” together to generate only the Signals Speci 
fying a particular address. Duplicate Signal addresses are not 
generated Since the addressing is Supplied globally by the 
network controller. 

0089 FIG. 10 shows a hardware implementation of the 
virtual optoelectronic crossbar Switch 40. For simplicity, 
only one network processor node within the virtual crossbar 
is illustrated. For the 4x4 crossbar Switch, four network 
processor nodes are required. The waveguide technology is 
utilized to achieve a Zero latency, fully transparent network 
and excellent coupling efficiency. The System architecture is 
not readily implemented using linear arrays of edge emitting 
lasers due to their extremely high costs and difficulties 
during device integration of two dimensional (2D) compo 
nents. Instead, it is implemented using 2D arrays of VCSELS 
and RCE photodetectors which are integrated directly onto 
CMOS circuitry to form a smart pixel array. 
0090. In FIG. 10, the network processor node comprises 
a network processor card 42 (NPC) which contains a smart 
chip 44, a processor 46, RCE WGCs 48, and fiber ribbons 
50. The NPC 42 is connected to a network controller 52 
which controls data traffic. (Collimating lenses and cylin 
drical lenses have been omitted for simplicity.) 
0.091 A Smart chip 44 contains complementary metal 
oxide semiconductor (CMOS) circuitry, VCSELS 54, and 
photodetectors 56. These components have been previously 
developed by the ASSignee of the Subject application for 
integration into Smart pixel HPOC modules. VCSELS and 
photodetectors will be flip chip bonded onto the CMOS 
circuitry. The CMOS in the Smart chip can be divided into 
three Sections: the logic Section, the laser driver, and the 
analog receiver. The logic Section includes the NOR cir 
cuitry required to perform the first stage of the crossbar 
Switch. The output of the logic Section is connected to the 
laser drivers which powers the VCSELS to transfer the data 
optically. After traveling through the fiber and into the 
detector, the light is converted to photocurrent and Sent to 
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the analog receiver. The analog receiver then translates the 
data to digital logic levels and transferS the result to the 
processor chip. 

0092 A primary element of the virtual crossbar 40 is the 
optical coupling into and out of the fiber bundle 50. The 
Virtual crossbar uses a unique resonant cavity enhanced 
waveguide grating coupler 48, which can theoretically 
couple up to ~99% of the light. Using the external 
waveguide 48, light is coupled from the fiber into the 
photodetector 56. Additionally, the waveguide 48 couples 
the light from the VCSELS 54 into the fibers 50. Collimating 
microlenses and cylindrical lenses are used to improve the 
coupling into the waveguide; however, they are not depicted 
in FIG. 10. Each VCSEL 54 is assigned to a specific fiber 
with N lasers for N processor nodes. Therefore, if the 
network has four NPCs 42 (for a 4x4 crossbar switch), then 
a parallel ribbon cable comprising four fibers is needed (this 
requirement can be relaxed in the wavelength division 
multiplexing (WDM) crossbar which will in a following 
Section). 
0093. As shown in FIG. 9, the virtual optoelectronic 
crossbar 40 is divided into two stages: an electronic 38 and 
an optical stage 39. The first stage 38 of the Switch will be 
implemented electronically by the CMOS circuitry; the 
VCSELS will optically transmit the result to the waveguide. 
In the second stage 39, the optical fiber 50 will transfer the 
data to the output waveguide coupler 48 where the data will 
be received by the photodetector 56 on the Smart pixel chip 
44. 

0094 Stage I: Electronic Implementation 

0095 The first stage of the 4x4 crossbar Switch is imple 
mented on the individual smart chips which contains CMOS 
circuitry, VCSELS, and photodetectors. Ion implanted 
VCSELS which operate at 850 nm have a threshold current 
between 4-8 mA for an aperture size of ~10 um. For lower 
threshold currents (~1 mA), oxide-confined VCSELS may 
be used. The photodetector Structure is a p-i-n AlGaAS/GaAS 
device with a Fabry-Perot resonant cavity. This RCE device 
efficiently absorbs most light at 850 nm. The fabrication 
process of the VCSELS and photodetectors enables them to 
be flip-chip bonded onto CMOS. 
0096) The CMOS design includes VCSEL drivers, the 
CMOS logic circuitry, and analog receivers for the detectors. 
The digital logic circuitry contains four NORs per chip to 
produce the first Stage output. Each of the Signals is con 
nected to a 3-input NOR. As shown in FIG. 9, it is apparent 
that regardless of the combinations of ao and a logically 
there will only be one NOR gate which outputs the signal in 
the first stage 38. This output will then be transferred to a 
laser driver and subsequently emitted from the VCSEL. 
0097. The Assignee of the subject application has been 
developing a transimpedance amplifier for 0.5 um MOSIS 
fabrication. This amplifier will operate in the GHz range on 
a 3.3 V supply. The design will consume<5 m W of power. 
This transimpedance amplifier has the appropriate perfor 
mance Specifications for implementation into the Smart chip 
design for the virtual optoelectronic crossbar Switch. 

0098. The Smart chip 44 fabricated using a linear array of 
Smart pixels. Four Smart pixels will be used on each chip 
where one Smart pixel will be a dedicated detector for data 
input. The other three Smart pixels will be used as dedicated 
VCSELS for data transmission. 
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0099 FIGS. 11A and 11B shows two smart pixels for 
chip positions one and three in a 4x4 crossbar. The dedicated 
VCSELS and detectors are noted on each chip. The remain 
ing VCSELS and detectors are inactive. Each chip requires 
only three active VCSELS for three interconnections in a 
4x4 crossbar array. The fourth interconnection which does 
not require VCSEL emission is the on-chip case. In this 
instance, there is no need to transmit the Signal because 
on-chip data communications are transferred electronically. 
A Single Smart pixel design for all chips has the following 
advantages: it occupies minimal real estate, it provides for 
changing waveguide patterns, and it allows for high density 
crossbars. 

0100 Stage II: Optical Implementation 

0101. After data has been transmitted from the VCSEL, 
the crossbar becomes optical. Light from the VCSEL is 
coupled by the Surface-normal grating coupler above the 
laser. The light is then directed down the fiber until it reaches 
a Surface-normal grating coupler. At this point, the light exits 
the fiber and illuminates the photodetector opposite the 
grating coupler. Since the routing from chip-to-chip is 
processor controlled, only a single VCSEL will illuminate a 
Single fiber which means that the crossbar is fully non 
bolcking. This is demonstrated in the truth table for the 
second (optical) stage of the Switch (FIG. 9). 
0102) A cross-section of an individual waveguide is 
shown in FIG. 12. Collimating lens arrays 58 and a cylin 
drical lens 60 are used to capture the light more efficiently 
and direct it into the waveguide 48. The waveguide 48 
contains bidirectional, waveguide grating couplerS 62. The 
grating couplers 62 split the light into two horizontal paths, 
64 and 66, one for each fiber connector. The fiber ribbons 40 
are attached to the virtual crossbar using multi-channel fiber 
connectors (not shown for simplicity). 
0103 Research groups at IBM, Minnesota Mining and 
Manufacturing (3M), Hewlett Packard, and others have been 
developing fiber array connectorS Such as the Jitney and 
POLO adapters J. D. Crow, et al., Electronic Components 
and Technology Conference, pp.292-300, 1996; C. DeCu 
satis, et al., Handbook of Fiber Optic Data Communication: 
Intramachine Communications, pp. 331-384, (1998)). 
0104. The design of the grating coupler locations can be 
determined after the VCSEL and photodetector locations on 
the Smart chipS and the chip-to-chip spacing have been 
identified. The grating couplers 62 must be fabricated in the 
appropriate positions to align with the active VCSELS 54 
and photodetectors 56 on the Smart chips 44. Every smart 
chip will contain a photodetector coupler dedicated to the 
controller to receive address instructions. In addition to the 
dedicated photodetector coupler, the 4x4 crossbar requires 
one photodetector coupler and three VCSEL couplers to 
correspond to the active devices per chip. This design can be 
Scaled to make larger Switches. In the case of an NXN 
crossbar, each chip will need a photodetector coupler for 
control and a photodetector coupler for data transfer. For the 
transmit couplers, each chip will have N-1 VCSEL cou 
plers. 

0105. In summary, with a 4x4 virtual optoelectronic 
crossbar System, the address decode function is divided 
between processors and performed electronically. The 
addressing occurs at high Speeds using local circuitry. This 
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efficient architecture leaves only the true interconnect dis 
tance implemented by optical means. Thus, the Virtual 
crossbar combines the Speed of on-chip electronics with the 
Speed of optical interconnects in order to produce an 
advanced network architecture. 

0106 This is compared to conventional optoelectronic 
crossbars. Conventional optoelectronic crossbars require a 
central Switching apparatus (Switching box) and implement 
the address decode optically. 
0107 For example, a MEMS crossbar Switch will process 
the first Stage of the crossbar by activating micro mirrors and 
illuminating them in order to implement the addressing R. 
Pease, Lightwave, pp. 36, 38, 40, May, 1999). Other 
Switches optically transmit data to an electronic crossbar 
which has a slow activation time, a Small number of chan 
nels, and difficult alignment A. Krishnamoorthy, et al., 
IEEE J. of Select. Topics in Quantum Mechanics, Vol. 5, No. 
4, pp. 41-42.April, 1999). 
0108 Virtual Crossbar System Architecture 
0109) A virtual optoelectronic crossbar system architec 
ture may be implemented at varying degrees of complexity 
which provides enhanced network Switching. This System 
incorporates a parallel (N), enhanced parallel (N), and 
global (N") architecture for fiber networks rather than using 
a standard point-point (N) interconnect Scheme. 
0110 Premesis Networks-N 2 Fiber Crossbar with Net 
work Controller 

0111. The simplest implementation for the virtual opto 
electronic crossbar architecture comprises an array of dis 
tributed processing nodes, labeled P to PN across the net 
work (FIG. 13). These nodes may be independent 
computerS Such as PCs, cards on a backplane, or die on a 
multi-chip module. The processor nodes are connected 
together with a parallel fiber ribbon cable. In addition to 
parallel fiber, a copper wire interconnects all of the proces 
sors. (Although fiber could be substituted for the copper 
wire, the bandwidth requirements do not make this imple 
mentation necessary.) 
0112) We refer to this architecture as an N architecture, 
with N fibers interconnecting N processors. Specifically, 
each processor (PN) contains a single photodetector (DN) as 
well as an N-element array of VCSELs. Each photodetector 
is assigned to a specific fiber. Therefore, if the network has 
eight nodes, then a parallel ribbon cable comprising eight 
fibers is needed (this requirement is relaxed in Subsequent 
N and N' architectures as shown in FIGS. 14-16). The N 
element array of VCSELS has each element assigned to a 
Specific fiber. In addition, a digital address decode block 
exists on the Smart pixel. The network controller then 
specifies which VCSEL will emit to each fiber, which, in 
turn, goes to a Specific processor. 

0113. In the N° embodiment of FIG. 13, only one VCSEL 
on a given Smart pixel array is active or Sending data at a 
given time. The transfer of data from that processor to the 
other Selected processor goes through the assigned VCSEL, 
to the appropriate fiber, and to the photodetector assigned to 
that fiber. Multiplexing is essentially performed through 
independent fibers, for independent processors. The data is 
bi-directional in each fiber, a unique utilization for a fiber 
interconnect System. Therefore, data may be coming from 
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either direction to a given photodetector. Most data links in 
other competitive Systems, however, are not bi-directional. 
Consequently, each direction requires an independent fiber 
or multiple wave-lengths, or Some other multiplexing 
Scheme. 

0114. The virtual crossbar architecture would be imprac 
tical to implement with linear arrays of edge emitting lasers 
due to their extremely high costs. Thus, low cost monolithic 
arrays of VCSELS on CMOS arrays represent the enabling 
technology for this System architecture. 

0115 N Fiber Crossbar with Network Controller Elimi 
nated 

0116. The second generation architecture for the virtual 
optoelectronic crossbar would implement an Ninterconnect 
topology, where the network controller may be eliminated 
which would make the crossbar truly distributed. To accom 
plish this objective, an array of Sense detectors is added to 
each processing node as shown in FIG. 14 where N-1 sense 
photodetectors are added to the Smart pixel array. (The 
reason for N-1 is that the Nth photodetector is designated as 
the “data receive photodetector” for that processor.) Each 
Sense photodetector is assigned to a Specific fiber; it is 
thereby assigned to listen to the data going to a specific 
processor. When the fiber is inactive, i.e. the Sense photo 
detector does not detect any activity, it informs its host 
processor. If the host processor wishes to Send data to the 
processor where the inactive fiber is assigned, it can transmit 
information. In Such a fashion, a truly autonomous anarchy 
is established. 

0117 Each processor effectively listens to all channels 
waiting for them to become inactive. When the desired 
processor data channel becomes quiet, the processor Sends 
its data to that channel. The System effectively implements 
an ethernet type protocol at the hardware level by imple 
menting the protocol through a fully non-blocking crossbar. 

0118 N interconnect topology permits the addition of 
Sense detectors to monitor all fibers in the System. Each 
processor may transmit autonomously when a fiber-to 
processor channel is available. 

0119 For the second generation architecture, the hard 
ware requirements are Satisfied through Smart pixel technol 
ogy. Independent arrays of VCSELS and arrays of RCE 
photodetectors hybrid flip-chip bonded onto CMOS drivers 
and receivers. Once again, the utilization of arrays of 
devices at each processor enables these types of architec 
tures. The monitoring of each fiber channel at each processor 
location permits the elimination of the central controller. 
Each CMOS smart pixel is able to compute the status of the 
fiber bus and determine the activity on the bus. 

0120 N. Autonomous WDM Single Fiber Crossbar with 
Network Controller Eliminated 

0121. In the prior two implementations of FIGS. 13 and 
14, all of the VCSELS were operated at the same wavelength 
(850 nm), although mutually incoherent, through multimode 
fiber. If each VCSEL were to be operated at a different 
wavelength, 2, 22, through 2N (i.e. wavelength division 
multiplex-WDM) then it should be possible to design a 
System where, instead of using a parallel array of fibers, only 
a single fiber would be required. 
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0.122 The third generation system architecture utilizes 
such a configuration, as shown in FIG. 15. Although mul 
tiple wavelength VCSELS are possible through multiple 
epitaxial Steps, the technology for monolithic VCSEL arrayS 
as well as tunable VCSELS for WDM is still being devel 
oped. In this architecture, coarse WDMVCSEL sources may 
be utilized. As shown in FIG. 15, each Smart pixel array has 
N VCSELS of differing wavelength. All of the processing 
elements have the same VCSEL array. They are shown in the 
FIG. 15 as V through V.N. All of the VCSELS are 
transmitted through a single fiber. The wavelength Separa 
tion is driven at a minimum by the bandwidth requirement 
of the data, but more so by the modal and repeatability 
requirements of each VCSEL to achieve a separation of 10 

. 

0123 The detection elements are fabricated as RCE 
photodetectors. This provides the property of wavelength 
filtering. Filter bandwidths as low as 3 nm are readily 
achieved. Each photodetector is tuned to its corresponding 
VCSEL providing a natural narrow band filter without 
resorting to external means Such as dielectric coatings, etc. 
The emission, detection, and filtering are fabricated into the 
monolithic structure. 

0.124. The single fiber WDM autonomous virtual opto 
electronic crossbar could conceivably have as many as 8 to 
16 independent channels utilizing coarse WDM type wave 
length spacing. Crossbars using 8x8 and 16x16 architectures 
may thus be built into a Single fiber. Future enhancements 
may be envisioned where the wavelength spacings are 
narrowed or the channel packing densities are much higher. 
0.125 N' Autonomous WDM Multiple Fiber Crossbar 
with Network Controller Eliminated 

0.126 To achieve crossbars with densities in the thou 
Sands, a parallel array of fibers may be developed, each with 
its own set of WDM channels (FIG. 16). For example, 32 
fibers each with 32 WDM channels could be configured into 
a 1024x1024 crossbar. 

0127. Only N wavelengths are required for the VCSELs. 
This array of N wavelengths is then repeated as many times 
as there are parallel fibers (FIG. 17). This condition is 
identical for the photodetector array. Thus, the Square root of 
the number of channels equals the number of fibers and 
wavelengths needed (for an equalized Set). Other architec 
tures need the full N° channels to achieve the same result. 

0128 FIG. 18 shows a proposed hardware implementa 
tion of the global (N) parallel WDM crossbar. Only two 
processing nodes are presented for Simplicity. The network 
comprises a parallel array of N fibers. Each fiber is 
addressed by MVCSELS at different wavelengths (WDM). 
The total number of communication channels equals MXN 
(32 fibersx32 wave-lengths=1024 channels). Each channel 
is assigned an independent Sense photodetector. VCSEL/ 
Photodetector arrays are flip-chip bonded onto a monolithic 
CMOS driver/receiver Smart pixel array. 
0129. This type of configuration is truly unique for Smart 
pixel array technology where Surface emitting technology is 
absolutely required, i.e. two dimensional arrayS. Such Smart 
pixel integration is again the enabling technology which 
makes this architecture possible. The N'autonomous WDM 
multiple fiber crossbar with the network controller elimi 
nated is perceived as the fourth generation architecture for 
future implementation. 
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0130 Optoelectronic Backplane 
0131 The optoelectronic backplane can be implemented 
using a virtual crossbar. An Overview of the backplane is 
shown in FIG. 19. As network Switching becomes more 
complex and interconnect densities increase, the need for 
high throughput Switching becomes apparent. Building on 
the foundation of chip-to-chip communications developed 
by the ASSignee of the Subject invention, a board-to-board 
optoelectronic backplane can be implemented using the 
Virtual crossbar architecture for high throughput and high 
Speed data transfer. Just as the crossbar is distributed over 
the LAN configuration, the optoelectronic backplane dis 
tributes the Switching function acroSS the boards. 
0132) The detailed view of the optoelectronic backplane 
is shown in FIG. 20. The virtual crossbar for the backplane 
is implemented with a polysilicate glass optical waveguide 
which spans the width of the equipment rack. Each NPC 
contains VCSELS and photodetectors flip-chip bonded to 
Smart pixels for transmitting/receiving data. The daughter or 
data cards are connected to the NPCs by an electrical board 
connector. Connections can be made from board-to-board 
(waveguide), row-to-row (fiber), or rack-to-rack (fiber). 
When WDM is employed, the scalability of the backplane is 
dramatically increased. 
0.133 Enabling Technologies for the Virtual Crossbar 
Implementation 

0134) The critical technical barriers are focused on the 
waveguide coupler technology. These include increasing 
waveguide diffraction efficiency, operation in both Single 
and multimode, and resonant cavity reflectivity within the 
coupler. The virtual crossbar uses a unique RCE waveguide 
grating coupler, which can theoretically couple up to 99% of 
the light. Using the external waveguide, light is coupled 
from the VCSELS into the fiber and from the fiber into the 
photodetectors. In addition to the WGC, other enabling 
technologies include cost effective VCSELS and RCE photo 
detectors integrated onto CMOS circuitry. Secondary critical 
areas include VCSEL coupling (buried, external, monolithic, 
and hybrid waveguide), hybrid and monolithic WDM 
VCSELS (coarse and fine grain WDM), monolithic-vs.- 
hybrid VCSEL/photodetector integration, and CMOS tran 
simpedance amplifier/driver bandwidth. 
0135 Resonant Cavity Enhanced Waveguide Grating 
Coupler 

0.136 A primary element of the virtual crossbar is the 
waveguide grating coupler (FIG. 21). The WGC is one of 
the unique components in the Virtual crossbar because of its 
high efficient design. The resonant cavity enhanced WGC is 
utilized to couple almost all of the light from the VCSEL. 
Waveguide coupling is enhanced by employing Superposi 
tion, where the reflection of the top VCSEL mirror combined 
with the reflection from the mirror on the waveguide causes 
the light to be continually directed back into the waveguide. 
The waveguide grating coupler then redirects this vertical 
light horizontally into the waveguide. Depending on the 
diffraction efficiency, a theoretical coupling of 99% can be 
achieved. 

0.137 The waveguide can implemented using an epitaxi 
ally grown Substrate. 
0138 A comprehensive design simulation has been per 
formed to optimize the waveguide epitaxy in order to 
improve the performance of the Structure during operation. 
As shown in FIG. 21, a prototype design has been devel 
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oped which comprises a GaAS Substrate with a 2.25 um thick 
cladding layer and a 0.5 um waveguide core layer. The total 
thickness of the structure including the substrate will be 
~500 lum. The two waveguide epitaxial wafers will be grown 
using molecular beam epitaxy (MBE). After epitaxial 
growth, a grating coupler will be developed on the Surface 
of the waveguide in photoresist. Then by reactive ion 
etching (RIE), the grating pattern will be transferred to the 
epitaxy. In order to increase the reflectivity of the back of the 
waveguide (R), the GaAS Substrate will be removed using 
a wet chemical etch. The mirror will be deposited by 
evaporating a gold layer on the back of the waveguide. 
Channels will be patterned on the waveguide. 
0.139 FIG. 22 is a model which shows the coupling of 
the VCSEL output into the waveguide through the grating. 
Collimated light from the VCSEL is emitted in the trans 
verse electromagnetic mode TE (A). This is depicted by 
the black arrows in FIG.22. The grating coupler is designed 
to Separate first-order modes and couple these modes into 
the waveguide. Through reflection of R and R the Zero 
order mode Ao, Sustains the amplitude of the first-order 
modes. This is achieved through Superposition. 
0140. In order to further evaluate the coupling between a 
VCSEL and a waveguide, a simple equation has been 
derived which describes the waveguide-coupled output 
power as a function of grating diffraction efficiency m. The 
output power coupled into the waveguide can be calculated 
by considering multiple reflections at the interfaces R and 
R2 as shown in FIG. 26. The coupled-output power (Aw) 
into +z direction is given by: 

Aw = 2 * 'll (1) 
we 21 R.R.1-2 

0141 where, Aw is normalized to the incident beam Ao. 
Equation (1) is derived by assuming that the diffraction 
efficiency from the waveguide is the same as that from the 
VCSEL. In addition, the absorption and scattering losses in 
the waveguide are assumed to be minimal. 
0142. The output power coupled into the -z direction is 
equal to Aw. When the grating is assumed to be Symmetric, 
the coupling processes are also Symmetric. Therefore, light 
from the VCSEL is coupled by the surface normal grating 
coupler and is split into two different directions at the same 
time with the same magnitude. 
0143 FIGS. 23A and 23B show the calculated output 
power coupled into the waveguide as a function of the 
diffraction efficiency for different values of R. For an R of 
0.35, which is shown in FIG. 23A, the normalized output 
power approximately exhibits a linear dependence on the 
diffraction efficiency for all values of R. A reflectivity of 
R=0.35 is typical of a GaAS-air interface. In order to 
increase the guided output, a large m is required, which is 
difficult to realize due to the problems of waveguide mate 
rials and grating fabrication technology. The coupling char 
acteristics can be Substantially changed if a Substrate mirror 
is used. The coupled output power can be increased by 
incorporating a highly reflective mirror into the backside of 
the waveguide Structure. This can be accomplished using a 
Simple gold mirror or a semiconductor (dielectric) mirror 
Such as an epitaxially grown distributed Bragg reflector. 
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014.4 FIG. 23B shows the calculated output power for a 
large R of 0.95. Unlike the previous example in FIG.23A, 
the coupled output exhibits a nonlinear dependence on h in 
which the output becomes saturated rapidly with m. For 
example, form of 0.1, the normalized output power is>0.4 
for R=0.99. This is four times larger than that of R=0.35. 
Therefore, the waveguide grating structure with a highly 
reflective mirror allows the use of low diffraction efficiency 
for large coupling efficiency of the VCSEL into the 
waveguide. As can be seen in FIGS. 23A and 23B, the effect 
of the Substrate reflector on the coupled output power 
becomes Smaller as m increases. This is because for high m, 
a large amount of VCSEL light is diffracted into the 
waveguide before it reaches the Substrate mirror. Form of 1, 
the coupled output approaches 0.5 normalized power, which 
is the theoretical maximum. In this case, all the light from 
the VCSEL is converted into the first-order modes in the 
Waveguide in a single pass. 

0145 Based on the coupling calculations for an AlGaAs 
Structure, the waveguide grating will be fabricated. The 
waveguide will be fabricated for each network processor 
card. The grating pattern will be continued down the entire 
length of the waveguide in order to keep the maximum 
amount of light in the waveguide. Because the grating is 
continuous, the alignment of the VCSELS and photodetec 
tors to the waveguide is simplified. The assignee of the 
Subject invention has previously developed Sensitive pho 
todetectors and receivers. Because of the high Sensitivity of 
the devices, the light from the waveguide can be easily 
detected. Therefore, this unique waveguide offers a highly 
efficient means of transferring data acroSS the network. 
0146 Vertical Cavity Surface Emitting Laser 
0147 Two types of VCSEL structures have been devel 
oped for integration into OEICS: ion implanted and oxide 
confined. Both 850 nm devices are being fabricated from a 
GaAs/AlGaAs p-i-n distributed Bragg reflector (DBR) 
Structure, which is grown by metal organic chemical vapor 
deposition (MOCVD). 
0148 Ion Implanted VCSELS 
014.9 The ion implanted VCSEL (FIG. 24) is a gain 
guided, top-Surface emitting device in which current con 
finement and electrical isolation of adjacent laserS is accom 
plished through hydrogen ion implantation. 
0150 Ion implanted VCSEL arrays have been fabricated 
in 4x4, 8x8, and 16x16 arrays on 512 mm centers. 
0151. The top emitting VCSEL epitaxy has been 
designed to operate at 850 nm. This epitaxial Structure has 
a top mirror Stack which comprises 22 periods of quarter 
Wave thick Aloss Gaos AS/AloGaos. AS Bragg reflectors 
and a bottom mirror stack which comprises 35.5 periods of 
quarter-Wave thick Aloss Gao.15AS/Alo.16 Gaos AS Bragg 
reflectors. The heterointerfaces of the mirror layers are 
linearly graded over a distance of 200 A in order to reduce 
the Series resistance in the mirror StackS. 

(0152) The active region utilizes three 70 A-thick GaAs 
quantum wells with two 70 A-thick Alo, GasAS barriers. 
0153. The detailed VCSEL processing sequence is shown 
in part in FIG. 25A to 25C. The VCSEL epitaxy is patterned 
with an alignment mark using a combination of citric acid 
and hydrogen peroxide. These etched alignment marks make 
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it possible to align the Subsequent mask Steps, because the 
ion implants cannot be seen on the wafer Surface. Next, a 
thick photoresist is patterned on the epitaxy. The wafer is 
then bombarded with ions which causes damage to the 
Structure everywhere except the areas protected by the 
photoresist. This deep implant damages the epitaxy and 
confines the current to the center of the device above the 
active region. It is important to avoid damaging the quantum 
Wells during the implantation because this would result in an 
excessively large “radiative recombination' current and 
prevent the devices from lasing. Another thick photoresist is 
deposited for a shallower ion implantation, which is used to 
provide isolation between the devices. 

0154 FIGS. 25A to 25C show the processing steps 
required after ion implantation. The p-ohmic contact, com 
prising Au/Zn/Au, is evaporated and patterned using lift-off 
(FIG. 25A). The n-ohmic contact, which is a deposition of 
Ni/AuCe/Ni/Au layers, is evaporated and commonly con 
nected through the substrate (FIG. 25B). The contacts are 
annealed in a rapid thermal annealer in order to provide low 
resistance electrical connections. Finally, layers of Ti/Au are 
deposited by evaporation and lift-off for the interconnect 
metals and the bond pads (FIG. 25C). 
O155 Oxide-Confined VCSELS 
0156 A bottom-emitting, oxide-confined VCSEL struc 
ture which requires flip-chip bonding to CMOS and subse 
quent Substrate removal is also being developed for imple 
mentation into the 32x16 Smart pixel HPOC module. Oxide 
confined VCSELS are being designed and fabricated under 
a Cooperative Research and Development Agreement 
(CRADA) with Dr. Kent Choquette of the Photonics 
Research Department at Sandia National Laboratories. 
Either device could be incorporated into the virtual crossbar. 

O157 FIG. 26 shows a schematic of an oxide-confined 
VCSEL. First, a Ti/Au p-contact is deposited using electron 
beam evaporation. The mesa is then created using reactive 
ion etching (RIE). The mesa exposes the AlGaAs layers for 
Subsequent oxidation. The diameter of the central VCSEL 
mesa should be designed in Such a way that the mesa 
diameter is Small enough to minimize the lateral oxidation 
distances, and large enough to form a reasonable flip-chip 
bond pad on top. 

0158. The next step is to form an n-type ohmic contact. 
Ge/Au/Ni/Au is deposited using a lift-off process. An oxi 
dation is then performed in a Steam furnace with a flow of 
N through a bubbler. 

0159. The oxidation defines the current-confinement 
aperture. The oxidation time is dependent on the size of the 
VCSEL aperture. By using electroplating, large gold posts 
are fabricated on the n-contacts. 

0160. After gold electroplating, a deep isolation etch is 
performed. The etch goes through the entire epitaxial Struc 
ture into the GaAS Substrate to Separate the individual 
VCSELS on the Substrate. 

0.161 Thus, when the substrate is removed in flip-chip 
bonding, each VCSEL will be physically independent of the 
other VCSELS eliminating any mechanical strain from the 
Substrate. 
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0162 Photodetector 
0163 The Assignee of the subject invention has devel 
oped a Suite of silicon PIN and GaAs photodetectors which 
are being integrated into the OEIC devices. The photode 
tector operates as an optoelectronic converter that generates 
an electrical current or Voltage when the device is illumi 
nated by light. 
0164) Si Photodetectors 
0.165 Arrays of silicon PIN photodetectors have been 
developed for use with 850 nm VCSELs. The epitaxial 
Structure for the photodetectors have been designed for high 
Speed response and low voltage operation. The design of a 
silicon PIN photodiode is dependent upon its intended 
applications. Each application requires different device per 
formance Specifications Such as the photo-diode bandwidth, 
responsivity, capacitance, and dark current. The determina 
tion of these parameters is important to facilitate the design 
ing of a photodiode in which trade-off between various 
parameters need to be known. 
0166 The depletion region thickness should be tailored 
to optimize the quantum efficiency and frequency response. 
A silicon PIN photodetector comprises typically a wide 
depletion region. The width of the depletion region is 
established by device construction and reverse bias Voltage. 
Since the depletion region is so wide in PIN photodetectors, 
typically 10-100 um, the transit time for carriers to cross the 
depletion region is a factor to consider in device high 
frequency response. For high Speed operation, the depletion 
region must be kept thin to reduce the transit time. However, 
in order to increase the quantum efficiency, the depletion 
layer must be Sufficiently thick enough to allow a large 
fraction of the incident light to be absorbed. Thus there is a 
trade-off between the response Speed and quantum effi 
ciency. 

0167 FIGS. 27(a) to 27(d) show a fabrication sequence 
of Si photodetectors. Mesa etching is first performed using 
a Si etchant which consists of a mixture of hydrofluoric acid 
(HF) with nitric acid (HNO) (FIG. 27(a)). Silicon nitride 
(SiN) and thick photoresist films are used as an etch mask 
layer. Mesas are formed to electrically isolate the adjacent 
devices. Care should be taken in the etching process to 
precisely control the mesa height because a deep mesa 
Structure makes Subsequent photolithography processes dif 
ficult. In addition, it may cause a possible metal Step 
coverage problem in interconnection metallization. 
0168 An n-ohmic metal, Pt/Ti/Au is then deposited using 
e-beam evaporator. The Samples are annealed in a 620 C. 
furnace for 10 min in nitrogen ambient in order to make a 
good ohmic contact to an n-type Si Substrate. After the 
n-ohmic contact is formed, a p-metal is deposited using 
standard UV photolithography. The p-ohmic metal is 
achieved by the deposition of Ti/Au in the e-beam evapo 
rator. The sample is annealed in a 420 C. furnace for 2 
minutes to form a p-ohmic contact. 
0169 FIG. 27(b) shows a schematic drawing of the 
detector after ohmic metallization. After the ohmic metal 
deposition, SiN is deposited using PECVD (FIG. 27(c)). 
Since SiN is a dielectric material, it provides electrical 
isolation between the interconnect metal and the doped 
epitaxial layers. SiN is also used for the anti-reflection (AR) 
coating. For 850 nm photodetectors, quarter-wave thick 
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(-1100A) is used for AR coating. The index of refraction of 
the PECVD deposited SiN ranges from 1.9 to 2.2 depending 
on the amount of hydrogen concentration in the SiN film. 
The SiN film has to be completely removed from the 
p-ohmic metal before the interconnect metal is evaporated. 
The etching of the SiN film can be accomplished with a 
Buffered HF (BHF) etch. Finally, the interconnect metal and 
bond pads (Ti/Au) are patterned and deposited in the e-beam 
evaporator for electrical probing (FIG. 27(d)). 

0170 Resonant Cavity Enhanced Photodetectors 

0171 GaAs photodetectors have also been fabricated 
from the same semiconductor materials as the VCSELS. The 
RCE photodetectors contain distributed Bragg reflectors 
which are epitaxially grown on a GaAS Substrate. The 
photodetectors are processed by removing Selected layers 
from the top mirror in the VCSEL epitaxial structure. A 2D 
bottom receiving detector array is also being developed for 
Subsequent flip-chip bonding to a VCSEL/CMOS array to 
form a Smart pixel device. 

0172 FIG. 28 shows a schematic and photo of an RCE 
photodetector fabricated from the VCSEL epitaxy. The top 
mirror layers were removed using Selective etchants. A 
p-ohmic metal was then patterned using Standard UV pho 
tolithography. The Au/Zn/Au was then deposited in a ther 
mal evaporator. After the p-ohmic metal was formed using 
a lift-off technique, an n-metal was deposited. The n-ohmic 
metal was achieved by the deposition of Ni/AuGe/Ni/Au in 
the e-beam evaporator. 

0173 The sample was annealed in a rapid thermal 
annealer (RTA) at 420° C. for 10 seconds to form n- and 
p-ohmic contacts. After the ohmic metal deposition, device 
isolation was achieved through wet etching of the mesa in a 
phosphoric acid (HPO), HO and Dl (1:8:50) mixture for 
about 2 minutes. The advantage of using this particular 
etchant is that due to the isotropic etching characteristics, the 
Sidewall of the mesa was tapered. As a result, the intercon 
nect metal deposition provided good Sidewall coverage. 

0.174. After the device isolation etch, the sample was 
loaded into a thermal evaporator to deposit the anti-reflec 
tive (AR) coating. For 850 nm RCE detectors, quarter-wave 
thick (-1225A)SiO is used for the AR coating. The index 
of refraction of the thermal evaporated SiO ranges from 1.9 
to 2.1 depending on the amount of material present in the 
effusion cell. Since SiO is a dielectric material, it could also 
be used to provide electrical isolation between the intercon 
nect metal and the doped epitaxial layers. The SiO film had 
to be completely removed from the p-ohmic metal before the 
interconnect metal was evaporated. The etching of the SiO 
film can be accomplished with a CF plasma etch at ~100 
mW RF power for -2 minutes. Finally, the interconnect 
metal and bond pads (Ti/Au) were patterned and deposited 
in the e-beam evaporator for electrical probing. 

0175 Smart Pixel Arrays 
0176 VCSELS and photo-detectors are being integrated 
onto CMOS circuitry to form large 2D Smart pixel arrays. 

0177 FIG. 29A shows a schematic representation of a 
monolithic VCSEL and photodetector flip-chip bonded onto 
a CMOS array. FIG. 29B is photograph of a monolithic 
VCSEL and photodetector array. 
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0.178 Using 0.5 um technology, a simulated performance 
of 1 GHz per pixel has been demonstrated. One of the 
features of this chip is the ability to turn on entire columns 
of VCSELS independently of each other. Flip-chip bonding 
can be quickly tested with a single dedicated VCSEL and a 
Single dedicated photo-detector. 
0179 Individual Smart pixel cells may be selected to 
operate particular devices. The chip also contains a 15-bit 
random clock generator which is Serially shifted through all 
512 Smart pixels. There is an on-chip clock generator which 
can be bypassed in favor of an external clock as well as a 
clock output trigger which can be used for Synchronization 
with BER (bit error rate) test equipment. The CMOS chips 
will be flip-chip bonded to 32x16 oxide-confined VCSEL 
arrays and photodetector arrayS. 

0180 FIG. 30 shows a schematic of an individual smart 
pixel which comprises a receiver, digital circuitry, and a 
laser driver. The receiver comprises a transimpedance (TZ) 
amplifier, multiple Stages of post amplifiers, and a decision 
circuit to convert the photodetector current to a CMOS logic 
level. A pseudo NMOS TZ receiver is incorporated into this 
design for high Speed operation. Bypass capacitors were 
added to shield the receiver from noise. The output of the 
receiver is transmitted to the digital Section of the Smart 
pixel circuit. 
0181. Each smart pixel array contains a single D-FF 
(digital flip-flop) for memory. The I/O circuitry contains 
multiplexers and D flip-flops which allow the input to be 
loaded either electronically or from the photodetector into 
each pixel and transmitted to the VCSEL. This permits the 
Smart pixel to operate in four modes: (a) optical-in/optical 
out; (b) electrical-in/electrical-out; (c) optical-in/electrical 
out; and (d) electrical-in/optical-out (i.e., the Smart pixel can 
act as a receiver, a transmitter, or a transceiver). Since the 
Smart pixel also contains a 1-bit RAM, data can be written, 
Stored, and read later. The internal functions of the digital 
Section are controlled by external control pins. Smart pixels 
can be connected in Series via read and write lines So that the 
entire Smart pixel array can be configured as a Single shift 
register. The Smart pixel arrays are linked together Serially to 
form a 512 bit memory. 
0182. A laser diode driver was designed to operate a 
low-threshold, oxide-confined VCSEL. The VCSEL driver 
circuit comprises two PMOS transistors connected in par 
allel, which are designed to Source the current So that they 
are connected to the anode of the VCSEL. The driver 
provides high-Speed Switching between two current levels: 
one just below laser threshold, and the other above thresh 
old. The pre-bias and modulation current of the VCSEL can 
be controlled to optimize the VCSEL performance. The 
VCSEL driver has a maximum of 4 mA of modulation at 5 
V, and 10 mA of modulation at 10 V. 
0183) One of the critical design elements in the Smart 
pixel is the transimpedance (TZ) amplifier. 
0184 The preamplifier stage of the circuit is the first 
Stage of Signal amplification; it is also one of the largest 
contributors of noise in the circuit. This noise is amplified 
and carried through the circuit along with the Signal. Thus, 
high Speed receiver design is very Sensitive. Many different 
types of high Speed TZ amplifiers have been designed in 1.2 
mm and 0.5 mm technologies. Designs have been Simulated 
up to 1 Gb/s when designed in 0.5 um technology. 
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0185. A single-ended, pseudo-NMOS, optical receiver 
were fabricated using 1.2 um CMOS technology at MOSIS. 
FIG. 31 shows a schematic diagram of the receiver. 
0186 The length of all the analog transistors was set to a 
minimum value of 30 where 2–0.6 um for 1.2 um CMOS 
process (digital transistors have a 27 minimum length). A 
reverse-biased silicon PIN photodetector is connected to the 
input of the TZ preamplifier in a current-Sink configuration. 
0187. The transimpedance preamplifier comprises a 
pseudo-NMOS configuration (transistors m and m). A 
DC-biased PMOS load m is connected to a common-source 
amplifier m. The frequency response of the preamplifier 
showed that the transimpedance gain of the input preampli 
fier stage was 84.43 dBS2. The bandwidth of the TZ pream 
plifier is 248.5 MHz for feedback control voltage, V f 
-1.8 V. 

te O 

0188 The post amplifier stage was designed with pseudo 
NMOS amplifiers, as shown in FIG. 31. The first stage post 
amplifier comprises transistors m and m. The Second stage 
comprises ms and me. AS shown in FIG. 31, wave shaping 
Stages comprises three Stage CMOS inverters: transistors 
m7/ms, mo/mio, and m11/m 12. 
0189 The present invention has been described above 
with reference to a several different embodiments. However, 
those skilled in the art will recognize that changes and 
modifications may be made in the above described embodi 
ments without departing from the Scope of the invention. 
Furthermore, while the present invention has been described 
in connection with a specific processing flow, those skilled 
in the are will recognize that a large amount of variation in 
configuring the processing tasks and in Sequencing the 
processing tasks may be directed to accomplishing Substan 
tially the same functions as are described herein. These and 
other changes and modifications which are obvious to those 
skilled in the art in view of what has been described herein 
are intended to be included within the Scope of the present 
invention. 

What is claimed is: 
1. A virtual distributed optoelectronic crossbar network 

comprising 
a plurality of processor nodes; 
a plurality of optical paths, 

wherein each of the processor nodes includes 
a plurality of Vertical cavity Surface emitting laser diodes, 
one or more photodetectors, and 
a resonant cavity waveguide grating coupler positioned to 

couple light from the plurality of optical paths into the 
one or more photodetectors, and to couple light from 
the plurality of Vertical cavity Surface emitting laser 
diodes into the plurality of optical paths. 

2. The virtual distributed optoelectronic crossbar network 
of claim 1, further including a network controller commu 
nicating with each of the plurality of processor nodes, and 
further wherein each of the plurality of processor nodes 
includes 

an address decoder which communicates with the network 
controller, and which enables ones of the plurality of 
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Vertical cavity Surface emitting laser diodes in response 
to addresses from the network controller; 

wherein each of the plurality of Vertical cavity Surface 
emitting laser diodes is coupled by the resonant cavity 
waveguide grating coupler to a different one of plural 
ity of optical paths, and 

a single photodetector is coupled to an assigned optical 
path. 

3. The virtual distributed optoelectronic crossbar network 
of claim 1, further wherein for each of the plurality of 
processor nodes 

each of the plurality of Vertical cavity Surface emitting 
laser diodes is coupled by the resonant cavity 
waveguide grating coupler to a different one of plural 
ity of optical paths, 

a first of the one or more photodetectors is coupled to an 
assigned optical path; and 

others of the one or more photodetectors are coupled to a 
different one of the plurality of optical paths and detect 
traffic on the assigned optical path. 

4. The virtual distributed optoelectronic crossbar network 
of claim 1, wherein 

the plurality of optical paths are located in a Single 
physical medium; 

for each of the plurality of processor nodes 
each of the plurality of Vertical cavity Surface emitting 

laser diodes operate at different wavelengths, and 
the photodetectors are resonance cavity detectors. 
5. The virtual distributed optoelectronic crossbar network 

of claim 4, wherein each of the plurality of processor nodes 
further includes 

additional pluralities of Vertical cavity Surface emitting 
laser diodes, wherein each of the plurality of Vertical 
cavity Surface emitting laser diodes in the additional 
groups operate at different wavelengths, and 

additional pluralities of photodetectors, wherein each 
photodetector in the additional pluralities of photode 
tectors groups is a resonant cavity enhanced photode 
tector responsive to a different wavelength. 

6. The virtual distributed optoelectronic crossbar network 
of claims 1, 2, 3, 4 or 5, wherein the optical paths are optical 
fibers. 

7. The virtual distributed optoelectronic crossbar network 
of claims 1, 2, 3, 4 or 5, wherein the optical paths are free 
Space. 
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8. The virtual distributed optoelectronic crossbar network 
of claim 4 wherein the optical paths are located in a Single 
optical fiber. 

9. The virtual distributed optoelectronic crossbar network 
of claim 2, wherein for each node, only one vertical cavity 
Surface emitting laser diode operates at any point in time. 

10. The virtual distributed optoelectronic crossbar net 
work of claim 2 wherein multiplexing of optical Signals to 
the processor nodes is performed through independent opti 
cal paths, for independent processors nodes. 

11. The virtual distributed optoelectronic crossbar net 
work of claims 1, 2, 3, 4, or 5, wherein the plurality of 
optical paths is bi-directional. 

12. The virtual distributed optoelectronic crossbar net 
work of claims 1, 2, 3, 4, or 5, wherein the plurality of 
optical paths are provided in waveguides. 

13. A virtual distributed optoelectronic crossbar back 
plane comprising 

a plurality of backplane nodes, 
a plurality of optical paths, 

wherein each of the plurality of backplane nodes includes 
a plurality of Vertical cavity Surface emitting laser diodes, 
a plurality of photodetectors, 

an electrical connector coupled to the plurality of Vertical 
cavity Surface emitting laser diodes and the plurality of 
photodetectors, 

circuitry coupled to drive the plurality of Vertical cavity 
Surface emitting laser diodes and responsive to Signals 
from the electrical connector, and to provide Signals to 
the electrical connector in response to the plurality of 
photodetectors, and 

a resonant cavity waveguide grating coupler Spanning the 
plurality of backplane nodes and providing a plurality 
of optical paths, wherein the resonant cavity waveguide 
grating coupler is positioned to couple light from the 
plurality of optical paths into the photodetectors of the 
plurality of back plane nodes, and to couple light from 
the Vertical cavity Surface emitting laser diodes of the 
plurality of backplane nodes into the plurality of optical 
paths. 

14. The virtual distributed optoelectronic crossbar back 
plane of claim 13, wherein the resonant cavity waveguide 
grating coupler includes optical fibers. 

k k k k k 


