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Scalable optical interconnection
networks for symmetric
multiprocessors (SMPSs)

Market demands and application trends, couplednected modules. As each processor accesses the
with the ever-increasing need for higher perfor- bus it inserts its address request, which is then
mance and sustained productivity in many scien-snoopedby all processors and memory modules
tific applications, are accelerating the need for connected .

high-performance, scalable, parallel computing  Contention problems, combined with the faster
systems. Symmetric multiprocessors (SMPs) areprocessing capabilities of current processors (1-
attractive parallel computers and are used widely2GHz), degrade the bus’s performance. Further-
as they provide a global physical address spacenore, coherence overhead and bus speed
and symmetrical access to the entire memory, of{100MHz) limit the number of processors that can
fering increased flexibility and programmability. be connected, thereby affecting the scalability of
SMPs use faginoopyprotocols to maintain cache snoopy-bus based SMPs. The snoop or address
coherence: facilitated by the time-multiplexed,
shared bus. Every request is broadcast to all con-

Continued on page 7.
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Figure 1. An overview of a single board of SYMNET, which shows the interconnections for four
processors. These are connected to dual Y-couplers by optical waveguides/fibers.
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Athermal design of WDM holographic filters

Holographic filters can be used for WDM
applications, but temperature dependeng
is a critical concern in telecommunica-
tion. Though we can combat thermal drif
using thin-film filter technology and

clever selection of materials—alternate
layers of materials with opposite therma
expansion coefficients can be deposite
to fabricate athermal thin-film filters—

such flexibility isn’t available in bulk ho-
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acteristics of WDM filters (central wave- Figure 1. Recording of a holographic grating.

length, bandwidth, etc.) as invariant as
possible with respect to temperature fluc-
tuations.

In our experiments, holographic fil-
ters are recorded in lithium niobate
(LiNbO,) by interfering two continuous
wave laser beams inside the crystal (see ®%
Figure 1)! A stabilization system has

_B_IIIIII

been incorporated into the recording setugFigure 2. Holographic grating operated as a WDM filter in
in order to prevent the interference pat-reflection geometry.

tern from drifting. By properly choosing

On the other hand, to undo the effect
caused by a temperature drop, we’'ll need
to adjust the beam towards the normal.
To verify the statement above, we first
figure out thed.5dB criterioncenter wave-
lengths for a series of incident angles at
four different temperatures (220,
41.9C, 49.TC, 62.9C). Temperature
monitoring is made possible by reading
the resistance off a thermistor in close
contact with the LiNbQcrystal when the
whole system is in thermal equilibrium.
A thermal-electric cooler is used to con-
trol the temperature of the system. The
center wavelength corresponding to the
incident angleg, = 10° (6, 04.5°) at the
lowest temperature is chosen as our tar-
get wavelength for angular compensation.
For each of the other temperatures, we're
able to pick a center wavelength that's
closest to the target wavelength along with
the corresponding incident angle. We
therefore end up with the compensation
angle as a function of temperature change.

the angle B between the recording beams, Peing applied—butthey will be neglected here. rps is plotted in Figure 4.

we’'re able to control the Bragg wavelength of

Within the temperature range of interest, we

The fit is done according to the following

the grating operated in the reflection geometry My assume that both thermal expansion angqmy|a:

as a WDM filter (see Figure 2). The reflectance thermal-dielectric-constant changes are linear.
In addition, we know that both coefficients are

of the filter at normal incidenced( =0) is

cos@, +A6) 1

shown in Figure 3 for three different tempera- POSitive? * The athermal design of the WDM

tures.
The Bragg wavelengtid, (center wave-

them is as follows: we first find the two points
of the filter whose through-channel transmit-
tances are 0.5dB higher than the minimum
transmittance: these are defined as the band
edges of the filter. The Bragg wavelength is
then calculated as the average of the two edge
wavelengths and the bandwidth as the differ-
ence between them. We will refer to this as the
0.5dB criterionfrom here on.

By inspecting the grating equation:

2n/A\cosB, =A,

A is the period of the index grating. We con-
clude that by tilting the incident beam away
from the normal, we're able to Bragg-match
the grating to a shorter wavelength.

Temperature changes affect holographic fil-
ters mainly through two mechanisms: thermal
expansion or contraction of the bulk material
(inour case, LiNbQ), i.e. the grating period is
a function of temperature; and thermal depen-
dence of the dielectric constant of the bulk ma-
terial, i.e. the refractive indexis a function of
temperature. There are other possible effects—
e.g. the thermal dependence of the piezoelec-
tric tensor will manifest itself when stress is

filters can therefore be implemented as follows:
as temperature rises, the Bragg wavelength o
length) of the filter at 24°E is estimated to be & 9iven filter will shift upward, i.e. towards
1569.45nm with a bandwidth of 0.134nm Ionger wayelengths. To compensate for such
(~16.75GHz). The criterion used to calculate Shift, we tilt the beam away from the normal.

cosh

B

(1+aAT)(1 +bAT)

€-|erea is the thermal expansion coefficieht,
s the thermal coefficient of dielectric constant,
andg, is the Bragg angle corresponding to the
atarget wavelength whefiT = 0. We conclude

Continued on page 9.
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Low-power spatial optical interconnection technique for
location-based information service environment

In the future, almost all elegypn
tronic devices will be connected
to the broadband informatid@F¥
environment. Location-based
information services for devices
like navigation systems—using
GPS (Global Positioning Sys-
tem) or VICS (Vehicle Informa-
tion and Communication Sys-
tem)}! for example—will be-
come increasingly important.
To realize the appropriate infor-
mation service environment, a
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handheld information device—
calledMy Buttori—and a base
station—i-lidar®>—have been

proposed. My Button has a spatial optical com- UMU film operation. A liquid crystal
layer is laminated between two pieces
of plastic sheet with a transparent In- 70
Here we report a novel technique for spa- dium Tin Oxide (ITO) electrode. In then'
tial optical data interconnection using the HV liquid crystal layer, small droplets of= 60
target that uses a liquid crystal light modula- nematic LC are dispersed in a poro
tor, and we describe an approach to getting gpolymer sheet. When no electric fiel
higher data-transfer rate with lower consump- is applied on the device, the LC molS 4j

municating module—calledV (hyper versa-
tile) target—to communicate with the i-lidar.

tion.

Hyper versatile (HV) target

reflectivity of which can be varied with low

to complicated (level 5).
UMU film# is an attractive LC modulator

quently, incident light is scattered an
cannot pass straight through: it ther
HV target is a spatial optical communication fore gives the device the appearance of
module that incudes a corner-cube reflector, thea frosted glass window (translucent). On
the other hand, when enough of an elec-
power using a liquid crystal (LC) light modu- tric field is applied to the device, the g
lator. HV target has several implementation lev- molecules align in the direction of the
els as shown in Table 1, from simple (level 0) field and the light can propagate through
the device with relatively little scatter-

ing (making it look clear). Thus, trans-

because of its flexibility and polarization in- parent optical intensity can be switched

ecules are randomly aligned. ConsE
30

20

Figure 1. Operation principle of UMU film: (a) OFF-state (translucent); (b) ON-state (transparent).

=

—— Carrier frequency
(f=1[kHZ])

~=-Carner frequency

10

(f=8[KHz])

0

sensitivity. Figure 1 shows the principle of with applied voltage without using ex-

Table 1. Implementation levels of HV targets.

ternal polarizing optical devices
like conventional LC light modu-
lators.

Experimental results and

discussion
The response time for the LC to
switch from translucent to clear

(rise time) at AC24V is 0.4ms. To
go from and clear to translucent
(fall time) takes 20ms. Figure 2
shows modulation bandwidth

characteristics as a function of on/
off duty ratio at 1kHz and 5kHz
carrier frequencies. Because the

Level 0 Corner reflector
Level 1 Corner reflector
+ Liquid crystal light modulator
Level 2 Micro corner reflector array
+ Liquid crystal light modulator
Level 3 Reflection-type liquid crystal
Spatial light modulator
Level 4 reflection-type semiconductor
spatial light modulator

fall time is much longer than the
rise time, wider bandwidth was
measured at the small duty ratio
condition. Figure 3 shows eye dia-

10 20 30_ 40 50 60 70 80 90
Duty ratio [%]

Figure 2. Modulation frequency characteristics as a function
of signal duty ratio.

grams with 50%, 25%, and 12.5% duty ratio,
at 30Hz, 100Hz, and 300Hz modulation fre-
guency. No eye was observed with 50% duty
ratio at 300Hz.

Because the rise time of the UMU film is
much faster than fall time, a reduction of the
duty ratio is effective for higher modulating
speeds. At the maximum, over 100 bps trans-
mission was obtained with a 12.5% duty ratio.

On the other hand, because the download
data rate is easily over 100Mbps, the data trans-
fer ratio of download to upload can be more
than 106. We call this spatial optical intercon-
nection Asynchronous speed Spatial Optical
Broadband InterconnectioASOBI Despite its
large asynchronous data rate, the system can
perform useful tasks. For instance, many ap-
plications require broadband data download—

Continued on page 9.
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Optical interconnection system based
on fiber image guides

Optoelectronic interconnection systems can —— 25em
provide high-speed, high-bandwidth data trans- . -
fer with low power and low crosstatin these
systems the optical interconnection between ! ]
transmitter and receiver arrays must be donevcse.
with low cost, low loss, and tolerance to mis-
alignment. Recently, fiber image guides (FIGs)
have been used to transfer two-dimensional “t b=am
(2D) optical data packets as an alternative to
free-space interconnectiofisFree-space op-
tical interconnects are very useful for short-dis-
tance 2D parallel interconnects but they are not
suitable for multi-channel interconnects over
long distances (over 1m) because of beam
Spreading and the d|ﬁ|cu|ty Of alignment. FIGs Figure 1. Fiber jmage guide structure.
are tightly-packed arrays of thousands of opti-
cal fibers, and are capable of 2D parallel im-
age transmission with more flexible alignment
and packaging than free-space alternatives.
Figure 1 shows the construction of a typi-
cal FIG. Those we used in the experiment are
produced at Schott Optovance, Inc. Their den-
sity is approximately onm-, and each com-
ponent strand is a step-index multi-mode fiber.
The FIGs consist of more than 15,000 of these
core fibers, each with a Qufn core diameter
and 13.¢im pitch. Available numerical aper- |
tures (NA) are 1.0, 0.55, and 0.25, and the at-
tenuation level is less than 0.4dBrin the

+
Propagation direction
O um

Plastic jacket

optical attenuation of 0.25 FIGs is even lower
at 0.1dB/m. The individual fibers are rigidly
bounded to each end by a background acid
soluble glass holder 2.5cm thick. Between these
points the individual fibers are loose so that
the FIG can be bent and positioned easily.  Figure 2. FIG output image of Honeywell VCSEL-
We interconnect two or more transceiver MSM chip.

arrays by mounting each FIG end close to a
transmitter and detector array. Great freedom
in alignment and packaging is possible thanks
to the FIG flexibility: optical alignment is eas-
ily achieved by moving the bundle ends. We
mounted the image guides between two opto-
electronic transceiver array boards called
Transpart a modular optoelectronic intercon-
nection test system containing a field-program-
mable gate array (FPGA) chip for
reconfigurable logic, vertical-cavity surface-
emitting laser/metal-semiconductor-metal
(VCSEL/MSM) smart-pixel devices for opti-
cal input/output, and transimpedance receiver

Wertical Cirection {umy
3

arrays. 20
Transpar can implement both a photonic B S T R Sl
multi-token ring network and signal process- 20 -0 0 10 20 00

ing functions on three-dimensional data pack- Horizantal Dirsction (um)

ets being transferred among nodes. The distancejgyre 3. Transverse field profile outputs of a
between each VCSEL/detector and FIG is criti- CSEL through fiber image guides.

cal in determining optical power and beam col-

limation. There are three different distance vari-
ables in our setup. The distance between the
top of the VCSELs and the input end of the
FIG is given byd, , the distance between the
output end and the detector pland jsand the
distance along the length of the FIG from the
input end is given by_ .

To optimize the interconnection efficiency,
it is important to match the optical spot size to
the detector size. The MSM detector size is
about 7%75um, so we need the optical spot
size to be less than @& in diameter. We ob-
served the spot using a CCD camera directly
from the image guide output as shown in Fig-
ure 2. The output spot size is well defined and
less than 7jBm in diameter when the coupling
distanced, is less than 1Q@m.

A detailed computer simulation of
waveguide propagation in a FIG was investi-
gated using RSoft's BeamPROP. The simula-
tions were performed on differexty-zdirec-
tional alignments to analyze the optical power
output. The maximum power output is obtained
when the center of the laser aperture is well
aligned to the core fiber. Figure 3 shows one
simulation result withd = 10Qum, d__ =
200um, d = Oum. The core fiber boundaries
are shown by white circles. For the simulation
we launched a 1fn-wide laser in various
launch positions. These simulations are well
supported by the experimental results.

Sunkwang Hong and Alexander A.
Sawchuk

Signal and Image Processing Institute
Integrated Media Systems Center
University of Southern California, Los
Angeles, CA 90089-2564

Tel: +1 213/740-4622
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Holding light assists four-wave-mixing-based
semiconductor wavelength converters

All-optical wavelength conversion using
the four-wave mixing (FWM) effect in a | High Power Laser
semiconductor optical amplifier (SOA) can
provide functions necessary for optical net-
works. However, the technique suffers from
poor conversion efficiency. Significant im-
provement both here and in the noise fig-
ure are required to make the technology
practical for application. FWM conversion OSA: aptical spectrum analyzer ECL: external cavity laser
efficiency increases approximately with the
square of the unsaturated gain and satura-
tion intensity: Consequently, increasing the - g e 1. Schematic of wavelength conversion using the FWM effect of a SOA and an assisting beam.
gain and/or saturation power of a SOA is

the key to improve conversion efficiency.

SOA ECL1 \

Pump
1480/1550
MUX

coupler

PC: polarization controller MUX: multiplexer

A holding light, also called an assisting @ " . — 108 ___1oGeps
beam, was suggested as a way of increas< 4 [ detuing=100GHz _F . WC wiassisting beam
ing the saturation intensity of the SGA. & 14801, 23308 Pp="108 TN o
_ _ - Pb=-10dBm \ .

We will demonstrate that using suchabeam & 6 [ / Tog el \ aerwesonv
can also improve the efficiency and signal- P 1430nm, 19.1dBm 5 a0 L\ / '
to-noise ratio of a FWM-based wavelength E g . 5 _
converter. g 2f 1 8" Ra37 a8 R 50

The effect of an assisting beam onwave- & 1480nm, 18dBm +aSomm. 1645 10 Y """'"‘*u*
length conversion depends on what happensg . : ) ] 10" B,
as the beam passes through the SOA. When 50 100 150 200 250 20 A8 a6 A4 a2 a0 8 6

S0A current {mA) Received power (dBm)

the device is operated in the gain regime ) ) - .
for the assisting light, the saturation inten- Figure 2. Performance enhancement of wavelength conversion by using an assisting beam: (a) improvement

sity is raised but the amplifier gain lowered. 0f conversion efficiency at different bias currents for 1480nm and 1430nm assisting beams; (b) bit error rate

If the SOA is biased in the absorptive re- and eye diagrams.
gime, both its gain and saturation power can
be increased. However the current required fordetuning becomes larger. The enhancemenby the SOA to the assisting beam of different
this condition is usually too small to provide drops to 3.3dB when the SOA bias is raised towavelengths tends to be smaller at higher bias.
enough gain for wavelength conversion. Fi- 200mA. This is due to the fact that the assist-  In addition to the improvement to conver-
nally, if the SOA is operated at or close to the ing beam increases the saturation power butsion efficiency, the assisting beam can increase
transparent condition for the assisting beam,decreases the available gain. the signal-to-background-noise ratio (SBR) by
the saturation intensity can be enhanced with-  In principle, it is possible to use a shorter- about 3dB and 1.5dB at the bias levels of
out sacrificing the gain. wavelength assisting beam—one whose trans-105mA and 200mA, respectively. The mea-
Figure 1 shows the schematic of a light-as- parent current is higher—to obtain larger en- sured FWM spectra indicate that the presence
sisted wavelength converter. A high-power as-hancement at high SOA bias. Figure 2a showsof an assisting beam also increases ASE, but it
sisting beam is propagates through the SOA inthat the assisting beam provides for larger im-is less than the increase in the conjugated sig-
the opposite direction as the pump and probeprovement at 1430nm than 1480nm for the nal. The improvement on the conversion effi-
beams. The latter two beams interact inside thesame assisting power (18dBm). In fact, the dif- ciency and SBR by using an assisting beam can
SOA to generate a conjugated signal throughference between the results of using 1480nmbe seen clearly by measuring the eye-diagram
nonlinear effects. To prove the improvement or 1430nm is not as significant as expected duefor the received signals when the probe beam
in wavelength-conversion efficiency with an to the fact that the gain for the assisting beamis modulated at 10Gbps data rate. The results
assisting beam, the measurement was carriediepends on its wavelength. With a 200mA bias, are shown in the inset to Figure 2b. The 1480nm
out using two different wavelengths: 1480nm which is closer to the transparent current for assisting beam increases the signal amplitude
or 1430nm. The output signal was measuredthe 1430nm beam, the net gain is larger for theby >5dB at 105mA and by >1.5dB at 200mA.
with an optical spectrum analyzer (OSA) that 1480nm assisting beam. Therefore, the largefWithout using an assisting beam, the conju-
can clearly distinguish the conjugated signal enhancement to wavelength conversion effi- gated signal after wavelength conversion suf-
from the amplified spontaneous emission noiseciency by using a shorter-wavelength assistingfers from a 4.4dB power penalty due to the
(ASE). The conversion efficiency can be en- beam is compensated by the smaller net gaincontribution from the signal-spontaneous-emis-
hanced by 5.8dB at the corresponding trans-The advantage gained by using a shorter-wavesion noise, as shown in Figure 2b. The power
parent current for the 1480nm assisting beamlength assisting beam is more pronounced atpenalty is reduced by 2.6dB when an assisting
when the detuning (frequency spacing betweenhigher SOA bias currents, where the 1480nmbeam is applied. This proves that the assisting
the pump and probe wavelengths) is 100Gbps beam depletes more carriers than the 1430nnbeam improves not only the conversion effi-
The enhancement increases slightly as thebeam does. Also, the gain difference providedciency but also the signal quality of a FWM-

Continues on page 9.
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Integrated optical devices based
on a lithium niobate substrate

MARCH 2003

We have developed integrated optical devices
based on lithium niobate (LiNhp Integrated
optical bistable circuits consisting of two par-
allel reversedA-directional couplers intercon-
nected by single mode waveguides were fabri-
cated on a single LiNbQrystal, as shown in
Figure 1! Hybrid optical bistable performance
was demonstrated. By controlling parameters
of the applied dc voltage, both the complemen-
tary and consistent types of hysteresis loops and
differential curves are obtained. Optical logic
gates and optical amplifiers can therefore be
constructed.

In information and optical communication
systems, external modulation of laser sources
has been employed for high speed applications.
The Mach-Zehnder modulator based on
LiNbO, has been widely used for this purpose.
However, the linearity of the output optical sig-
nal is a critical issue because of the induced
Bessel-function distortions of the Mach-
Zehnder modulator. The cascaded modulator
structure was therefore investigated to reduce
the harmonic and intermodulation distortiéns.
Distortions of -47dB and -39dB can be ob-
tained, respectively, using this structure.

To evaluate the performance of integrated
optical devices used in information and opti-
cal communication systems, the propagation
loss for an optical channel waveguide is a very
important issue. We developed a nondestruc-
tive method for measuring the propagation and
bending losses of separated individual modes
within single- and multimode waveguides. This
novel technique is a combination of the butt-
couple, prism-couple, and phase-modulation
methods*

To reduce the bending propagation loss for
integrated optical devices, the microprism
structure was investigated. To construct a low-
loss and wide-branching-angle symmetric Y-
junction waveguide, a novel structure with full
phase compensation was u8éiihe structure,
as shown in Figure 2, consists of a pair of mi-
croprisms for pre-compensation and a micro-

prism for phase-front acceleration. A normal- References

PD3 oscilloscope
AN
" |.Pinl Vel
S —ghgal ol
T T -
T PD1 Al
Vdci j>\] dc2 P&
NS
Pin2 5 PD2 A2
Vic2 ®2
AMP2
Figure 1. Experimental setup of the complementary optical bistable operator.
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Scalable optical interconnection networks for symmetric multiprocessors (SMPs)

Continued from cover.

bandwidth required to broadcast the address re VOEEL Array mbegrated to the
quests is, therefore, the major limitation of tansiter L by flip-chig hasdag i e P
SMPs. Electrical solutions to this address band- by - up handlag
width have ranged from using split-transaction

. Froresser n Frocossor m+ 1
or multiple-address buses, or a data crosshal
(such as UE1000Grom Sun) that can scale A wes Part Camiraller P T
up to 64 processors. Beyond this, the addres S— S / — S—
buses are saturated.
Optical technology can provide the high 7y

communications bandwidth needed to solve the| cpsical Tokes Faer
address bandwidth limitation. The key technol- /"
ogy is the low-cost, parallel, optical intercon- Dreday Eldem omt
nects consisting of an array of vertical-cavity
surface-emitting lasers (VCSELs) and photo-
detector (PD) transceivers with data rates in ex- .
cess of 3Gb/s per chanriehn array of such
transceivers enable address transmission at
rate of 200-300Gbps, which will be the address Iestaqaned Padyeser Wavegaldes eare yisg ¥-Gplitrar Arvay
bandwidth required by future SMPs. The pro- the psical ad resy Fom 2k e e

posed optical symmetric multiprocessor, called
SYMNET, consists of four processors intercon-
nected using a binary tree is shown in Figure

1. The tree is constructed using a dual array of— — - - —
Y-couplers that allow two-way address trans- Figure 2. The proposed optical implementation of SYMNET using paralle! optical interconnects, polymer

mission (see inset to Figure 1). The up-streamwaveguides, SOAs, and an array of Y-couplers/splitters, is shown.

array of Y-couplers is used to combine the ad-
dress requests from the processors. After reach-
ing higher levels, these address requests are repy all the processors/memory modules. Thethe waveguides through different levels of cou-
routed through the downstream array of Y-split- address requests are thereby serialized. plers and splitters. At the receiving end of the
ters, enabling the broadcast of the address re- A possible optical implementation of waveguides, the direction of light pulses is once
quests to all the processors and memories. SYMNET using parallel optical transceivers, again changed by 90The light pulses are
Time-division multiple-access (TDMA) polymer waveguides, arrays of Y-couplers/ eventually received by the photodetector after
protocol is used as a control mechanism tosplitters, and semiconductor optical amplifiers, amplification, and are returned to the address-
achieve mutually-exclusive access to the shareds shown in Figure 2. Parallel optical links— port controller from the CMOS receiver IC for
channel. Optical token propagation ensures thatiD and 2D (¥12, 4x12, and &12) VCSEL  processing the received address request.
address requests are transmitted from succesarrays operating in the 850-980nm wavelength  Figure 3 shows the layout of the tree-based
sive processors without collision. This way, range at 3Gbps/channel data rate—are commeraddress sub-network interconnecting the vari-
address requests from different processors catially available. There are several methods forous processors through different levels of the
be pipelined and more than one address requeshtegrating VCSELs with optical receivers such system boards. At the intra-board level (k=0),
can be inserted into the tree interconiéidie as standard complementary metal-oxide silicon2-4 processor/memory modules are connected
optical token is a single pulse that provides a(CMOS) circuitry. These include substrate re- using polymer-waveguide-based arrays of up-
time reference for insertion of address requestsmoval, coplanar flip-chip bonding (for bottom- stream Y-couplers and down-stream Y-split-
into the tree interconnect by the individual pro- emitting VCSELs), and various top-contact ters. At the next level (k=1), similar couplers
cessor. As shown in Figure 1, in cycle 1 bonding method$. We use polymer and splitters are connected from different in-
(square) the optical token is received by pro- waveguides to route the optical address requestsra-boards. At the highest level (k=2), these up-
cessor 1, which in turn transmits an addressfrom the discrete processors as they exhibitstream and down-stream couplers are con-
request. In cycle 2, when this address from pro-excellent thermal stability, low optical loss and nected to an array of SOAs. The optical pulses
cessor 1 is in propagation at the next level of mechanical robustne&sy-couplers/splitters  are routed using waveguides at the intra-board/
the tree, the token is received by processor 2are efficient at splitting light, but the associ- inter-board levels, and between boards using
which can transmit its own address requestated losses are tremendous for a given BERpolymer fibers. MT-ferrule-type push-pulls are
(shaded diamonds). In cycle 3, the address reHence, we use an array of semiconductor opti-used to connect the waveguides and fib&te
quest from processor 1 is being re-routed us-cal amplifiers (SOAs) at the root of the tree to system can be scaled in powers of two by sim-
ing the downward Y-splitter, and at the same hoost the power of the optical address requestply replicating it and then adding to it. The ad-
time the address request from processor 2 haSOAs operating in the 980nm range provide adition of newer boards is facilitated by discon-
moved up the binary tree. The optical token is fiber-to-fiber gain of 20dB with a response time necting the root board (level k=n), inserting
now received by processor 3, which can trans-of less than 60psécThe address request is fed another board between it and level k=n-1, and
mit an address. In cycle 4, the address requesio the CMOS transmitter IC through the ad- then re-connecting the root board to the new
from processor 1 has reached all the procesdress-port controller, which in turn drives the one. Hence, SYMNET provides easy addition
sors, and all snoop for it simultaneously. Broad- VCSELs. The direction of the light launched of boards without significantly altering the ex-
casting the address request results in simultainto the waveguides is changed by 88ing a
neous reception and snooping of the requesyse reflector. The address pulses propagate in Continues on page 8.
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Scalable optical interconnection networks
for symmetric multiprocessors (SMPs)

Continued from page 7.

isting architecture. This facilitates the 2.
scalability of the address sub-network. 3

Cache coherence cannot be maintained by™
using standard snoopy protocols: they must be
modified to take into account the simultaneous
insertion of address requests into the tree in-
terconnect. By adding transient states to the,
existing stable states, it is possible to satisfy
cache coherence and sequential memory con-
sistency requirements. The theoretical power-
budget analysis reveals a high scalability: asg
many as 128 processors could be supported by
this architecture for a BER of 10at an oper-
ating wavelength of 980nm.

6. D. Wiedenmann, C. Jung, M. Grabherr, R. Jager,
. i . U. Martin, R. Michalizk, and K. J. Ebelin@xide-
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Tucson, AZ 85721 Plotts, J. Stack, M. Kader-Kallen, J. Yardley, L.
E-mail: louri@ece.arizona.edu Eldada, R. M. Osgood, R. Scarmozzino, S. H. Leg
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Figure 3. Shown is a complete layout illustrating the interconnections between discrete proces-
sors/memories using polymer waveguides, with fiber ribbons at the intra-/inter-board levels.

Push Pull Switch

Planar integration of
complex systems
for optical
communication and
computing

Continued from page 12.

routed onto a 2D optoelectronic chip in the cen-
ter that is set up as a smart pixel array. It con-
tains detectors, via which the switch matrix can
be programmed optically, and modulators for
the actual switching. The linear detector array
that acts as the final stage of the crossbar switch
has not yet been bonded to the substrate in the
setup of Figure 2. It could be shown that opti-
cal signals can be reliably routed onto their re-
spective targets with this demonstrator.

For bridging larger interconnection dis-
tances, optical fiber links can be attached to
planar-integrated MOEMS. Experimentally, an
approach using fiber ribbons with standard MT-
type connectors that are attached via a micro-
machined socket plate was realizethis al-
lows one to connect cables with 12 optical fi-
bers. Here, reliable fiber-free-space optical
links could also be established. Future research
now has to tackle the problem of improving
the coupling efficiency: it's been ignored so
far in the above proof-of-principle experiments.
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Athermal design of WDM holographic filters
Continued from page 2.
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Figure 5. Athermal design utilizing an Al-Si
composite beam microactuator.
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Figure 4. Compensation angle for thermal drift of
Bragg wavelength as a function of temperature
change.

Holding light assists four-
wave-mixing-based
semiconductor wave-
length converters

Continued from page 5.
based wavelength converter.
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Optical Information Processing:
A Tribute to Adolf Lohmann

Editor: H. John Caulfield
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NC
Lohmann

Adolf Lohmann's significant contributions to the field of optics are
recognized by key people whose own works have been based on or
influenced by his ground-breaking discoveries and inventions.

Chapters describe the history, research, and latest trends in optical
information processing.
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Planar integration of complex systems
for optical communication and computing

The tremendous increase in per:
formance of communication and
computing hardware—which
we have been observing for -
more than three decades—is >
based on a continued miniatur-
ization and integration into F;-_..
monolithic blocks of ever more
components and functionalities.
In recent years, considerable ef-
fort has been made to transfel
this concept to neighboring dis-
ciplines, in particular to mechan-
ics and optics, to achieve a simi-
lar performance boost there.
This will eventually lead to pow-
erful complex micro-opto-
electro-mechanical systems
(MOEMS). However, integra-
tion approaches in these disci-
plines have to be sufficiently compatible with
the @de-factg standards set by microelectronics
in order to be adopted and applied in commer-
cial systems. For that reason, the concept of pla-
nar-integrated free-space optiass developed.

fiber-optica

interconnects.

Planar integration of free-space optics

This concept provides compatibility with mi-
croelectronics both in terms of dimensions and
fabrication technologies. It thus makes the pow-
erful parallel information processing tools of
free-space optics available for VLSI. The idea
is to miniaturize and “fold” a free-space opti-
cal setup into a transparent substrate of, typi-
cally, a few millimeter thickness in such a way
that all optical components fall onto the plane-
parallel surfaces. Passive components—Ilike
lenses or diffraction gratings—can then be re-
alized through surface relief structuring, while
active components (like optoelectronic chips
with arrays of emitters, modulators, or detec-
tors) can be bonded onto the substrate. A re-

paraliel f

link T

lines

——

optcal
COmpanents

QE-VLE! chips
[FC-bomded)

Figure 1. Schematic of planar-integrated MOEMS with free-space optical

electrical
probe needles

Figure 2. Experimental demonstrator
implementing an optical crossbar switch.

paraliel
elecincal

sophisticated etching techniques of

the semiconductor industry can be

applied. Due to the integration into
—- a rigid substrate, the passive opti-
cal system does not require further
adjustment and it is well-protected
against deleterious environmental
influences.

From a topological point of
view, the planar-integration ap-
proach yields a fully three-dimen-
sional (3D) system architecture but
requires only two-dimensional
(2D) fabrication complexity. This
allows one to implement highly-
parallel and complex (regular and
irregular) optical interconnect
schemes involving large fan-out,
fan-in, and filtering operations that
would be difficult to implement
otherwise. Experimental demonstrations in-
clude point-to-point interconnection of 2500
channels in a multi-chip module architecttire,
optical 1-to-10 fan-out and 10-to-1 fan-in in
an integrated 2610 crossbar architectutend
optical correlatiort.In all three cases, the chan-
nel density is typically 400m# Thus, crucial
requirements for interconnects—such as those
envisaged by the ITRS roadmaps for the near
future—can be met.

Planar-integrated MOEMS

In addition to housing the free-space optical
system, the transparent substrate can also serve
as a board for electrical circuitry as indicated
in Figure 1. In an experimental demonstration,
electrical wires and bond pads were realized
through lithographic structuring and evapora-
tion of metals (aluminum, gold). Optoelectronic
chips were then flip-chip bonded onto the trans-
parent substrate. Figure 2 shows an optoelec-
tronic MOEMS fabricated in this way. It com-

flective coating ensures that optical signals be fabricated as a whole using mask-based techprises three chips and implements a1®
propagate along zigzag paths inside the sub-niques. This approach provides lithographic crossbar switchOptical signals are generated

strate (see Figure 1).

precision concerning the positioning of com- by two linear arrays of VCSEL diodes and

Since all passive components are located aponents, and high accuracy for the required re-

the substrate surfaces, the optical system catfief structures because the well-established and

Continues on page 8.
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