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The increasing transistor density in very large-scale integrated
(VLSI) circuits and the limited pin number in the off-chip communi-
cation lead to a situation described as interconnect crisis in micro-
electronics. Optoelectronic VLSI (OE-VLSI) circuits using short-
distance optical interconnects and optoelectronic devices like mi-
crolaser, modulator, and detector arrays for optical off-chip sending
and receiving offer a technology to overcome this crisis. However,
in order to exploit efficiently the potential of thousands of optical
off-chip interconnects, an appropriate VLS| architecture is required.
We show for the example of neural and reconfigurable VLSI archi-
tectures that fine-grain architectures fulfill these requirements. An
OE-VLSI circuit realization based on multiple quantum-well mod-
ulators functioning as two-dimensional (2-D) optical input/output
(I/O) interface for the chip is presented. Due to the parallel op-
tical interface, an improvement of two to three orders of magnitude
in the throughput performance is possible compared to all-elec-
tronic solutions. For the optical interconnects, a planar-integrated

I. INTRODUCTION

The last three decades in microelectronics were deter-
mined by an enormous increase in device integration. For
example, the new SUN UltraSparc Il microprocessors,
fabricated with 0.182m technology, integrate more than 16
millions transistors [1]. The end of this development is still
not in sight. Unfortunately, the development of intercon-
nects could not keep pace with advancements in transistor
integration. One of the major problems in current very
large-scale integrated (VLSI) systems is limited bandwidth
because of too few and too slow off-chip interconnects. The
imbalance between satisfying on-chip computing power
and insufficient off-chip communication performance has
lead to a situation that is generally described as intra- and

free-space optical system has been designed leading to an opticalinterconnect crisis in microelectronics. One of the reasons
multichip module. Such a system has been fabricated and exper-for this crisis is that off-chip interconnects are mostly

imentally characterized. Furthermore, we designed and manufac-
tured fiber arrays, which will be the core element for a convenient
test station for the 2-D optoelectronic I/O interface of OE-VLSI cir-
cuits.
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located at the circuit’'s edge. A solution to this problem offer
optoelectronic VLSI (OE-VLSI) circuits [2]. They exploit
the whole chip area for communication by using a two-di-
mensional (2-D) optoelectronic interface to eliminate pin
limitation [3]-[5]. Components for optical short-distance in-
terconnects like microlenses, holographic optical elements,
or wave-guided structures are used to link such OE-VLSI
circuits optically [6]-[9]. Then data rates of several hundred
gigabits/second up to 1 Thit/s are feasible in chip-to-chip
communication. This will satisfy future requirements in
processor-memory and processor—processor communica-
tion. Using optics to overcome the pin limitation is also
more promising than implementing three-dimensional (3-D)
electronic interconnects in VLSI circuits. The possibility
to stack multiple processor circuits [10], linked together
by numerous optical multipoint interconnects, offers more
parallelism than lots of vias between stacked metal layers in

juergen.jahns@fernuni-hagen.de:Microelectronic circuits. Besides, multipoint interconnects

are easier to realize with free-space optics, and much more

rocessor arrays can be linked together.
nologie Jena, Jena D-07745 Germany (e-mail: bartelt@adam.ipht—jena.de;p y 9

For the success of optical short-distance interconnects be-
tween integrated circuits, it is not sufficient to focus only on
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powerful optical and optoelectronic hardware. The potential 1l. APPROPRIATEVLSI ARCHITECTURES FOR
of a high optical channel density will only be efficiently ex- SHORT-DISTANCE OPTICAL INTERCONNECTS
ploited if it is supported by an appropriate architecture. Pro-

cessor architectures consisting of modules located at cen- Due to their inherently irregular_ architecture_, t_rad_i'FionaI
tral processor buses will only poorly benefit from short-dis- von Neumann structures are not suited to benefit significantly

tance optical interconnects. In this case, data that arrive viaff®m highly dense optical chip-to-chip interconnections. Ar-
a 2-D optical interface have to be eventually routed with Chitectures that exploit optical interconnections efficiently
long on-chip wiring to their final destination on chip. This have totake into account the locality and regularity of optical
leads also to an increase of the achievable system clock peimaging systems [16]-{18]. Examples for architectures that
riod. Hence, short-distance optical interconnects in combina- fulfill these conditions are neural and reconfigurable com-
tion with an appropriate architecture offer not only high I/0 puting structures [19]-{21]. Although neural architectures
bandwidth. They avoid long on-chip interconnects too, sup- are notgoing to be the mainstream architectures in the future,
porting the implementation of systems with low clock period. they exhibit certain features that will be found in more gen-
We show in this paper that fine-grain and massively parallel eral-purpose architectures like massively parallel computer
architectures like neural and reconfigurable computer struc- systems too. These are large fan-in and fanout, large portion
tures exploit the potential of optical short-distance intercon- of global interconnects within the chip area, and a parallel
nects much better. memory access. In particular, such interconnect schemes are
In the past, the feasibility of microoptical components well suited to be realized by 3-D optical interconnects. This
for short-distance interconnects has been demonstratedallows one to exploit large chip areas for logic circuitry that
frequently. Besides, a lot of progress was also made by theare wasted for wiring otherwise. Furthermore, neural struc-
development of optoelectronic devices and correspondingtures are well suited for experiments demonstrating the bene-
driver circuits to realize Optical transmission and receiVing fits of optoe|ectronic interconnection topo|ogy_ First, we ex-
directly on the chip [11], [12]. However, one of the major pjain in this subsection in more detail why the computing per-
problems in the future is the integration of optics and formance of traditional von Neumann architectures will not
electronics. Planar optical integration of free-space optics improve by using short-distance optical interconnects. After-

is an approach to solve this problem resulting in compact ards, we present the architecture model of a binary neural
and stable systems for optical multichip modules (MCM'S) - 55qciative memory we selected for implementation with op-
[13]. In addition, fiber optical interconnects may be used for toelectronic technology.

communication over longer distances10 cm) to connect
such MCM's or packaged OE-VLSI circuits mounted on i i

neighbored printed circuit boards. Such fiber arrays may A. Short-Distance thlcal Interconnects and

also be used to perform specific rearrangement operations G€neral-Purpose Microprocessors

In this paper, we present first demonstrator experiments in  Currently, the architecture setup of most microprocessors
which a planar optical system is used for the integration of resembles strongly the traditional von Neumann principle.
a parallel optical short-distance interconnect scheme to anfFunctional units like the control, integer and floating-point
OE-VLSI circuit. This circuit is based on self-electrooptical ynit form a central processing unit (CPU). In the past, the
effect device (SEED) modulator technology [14]. It was cpy was expanded by more and more memory units like
fabricated through the Consortium of Optical and Opto- cache and memory management components to diminish the
electronic Technologies in Computing (CO-OP) program ,on Neumann bottleneck [22]. But as usual in von Neumann
at George Mason University sponsored by the Defense g chjtectures, all functional units are still grouped around
Advanced Research Projects Agency [15]. The chip reahzesa central processor bus. Furthermore, as Fig. 1 shows, a

%ne;%tfefncérgn:gczﬂ?t'Opag?é r?a?(ljnage ns?r?tl ?jsgc'zﬂ\é? modem microprocessor like the Intel Pentium consists of a
y 'gu W ucture. Fu variety of modules, like, e.g., the memory management unit,

more, we present results on the fabrication of fiber arrays, the control unit, and the cache. As illustrated, the number

Wh".:h we will use as primary .opt|cal part of a fgture test of data bits which are exchanged between those modules

environment for OE-VLSI circuits before they are integrated on-chip Via a central processor bus is varving considerabl

in planar optical MCM’s. We are reporting the results of a Th pd t th 'dt% betw ol y dg' A " Y.

common interdisciplinary project among optical scientists, € data path wi etween conlrol and integer unit on
one side and the cache on the other side is 320 bits. Whereas

electrical engineers, and computer scientists. .
This paper is structured as follows. In Section II, we de- (he memory management unit and the cache transfer only

scribe the architecture model for the binary neural associative 96 Pits among each other, the floating-point unit needs in
memory and explain why we selected this architecture for a & closer distance an internal bus width of 80 bits. This ge-
realization. We will discuss the background of neural pro- ometrically irregular distribution of on-chip data traffic is
cessing in this context and then focus on optoelectronic tech-in & certain contrast to the regular setup of arrays of mi-
nology. In Section Ill, we theoretically derive the throughput crolasers, modulators, or microlenses, which are needed to
performance of the optoelectronic solution and compare it to realize short-distance optical interconnects. As a result, in-
pure electronic systems. Section IV focuses on the hardwarecoming optical input data must be routed with long running
realization. This includes three aspects: design and test of thewires on an additional metal layer to the final destination
OE-VLSI chip and the optical interconnects and the integra- on the chip after electrical—optical conversion. A similar sit-
tion of both. We conclude our results in Section V. uation is given for optical interchip interconnects. In this

FEY et al: OPTICAL INTERCONNECTS FOR NEURAL AND RECONFIGURABLE VLS| ARCHITECTURES 839



surface-relief reflective
optical components ~_

memory manage-
8k AR dita_) ment unit

N

SRAM 32 bit h
cache «—» cache
control
64 bit data cache

[€—> €—f
256 bit code cache

ﬁ 32 bit address - ]

emitter- ,‘J memory-

t control and
64 bit integer unit
80 4 floating-point § processor
bit v unit bus

Fig. 2. Parallel optical data flow to the optoelectronic associative
memory module during the learning cycle (1).
Fig. 1. Data flow in a von Neumann architecture. Simplified
representation of the block diagram in [23].

surface-relief reflective
optical components \ (5

case, external interconnects located at the circuit’s edge will e | memory- 4B T
be replaced by a 2-D array of optoelectronic interconnects, i i ‘”

enlarging the number of possible off-chip connections. But

again, anirregular data traffic is given because different func-

tional units show different strong data requirements to the

chip’s outside world.

A more efficient use of short-distance optical intercon-
nects than in von Neumann architectures is guaranteed if
the architecture consists of fine-grained, massively parallel
architectures [24], [25] with tens to hundreds of thousands
of simple processing elements (PE’s) on one chip. Then the _ _ . -

. . . . . . Fig. 3. Parallel optical data flow to the optoelectronic associative
high space bandwidth of optical interconnects is exploited memory module during the recognition cycle (2).
best. Furthermore, stacked and optically linked circuit planes
[10] allow one to realize 3-D architectures with pipeline pro-
cessing in superpipelined and superscalar units.

tions between thgth component of and theith component
of « for all m vector pairqz,y) we want to store (1)

wiy = \/ (ngm) A yﬁ"’))

B. Efficient OE-VLSI Architectures Using Short-Distance m
Optical Interconnects _ (x(l) A y(l) Vo g™ /\a:(»m))
[ J T J

A : logical AND

V : logical OR @)

The first example of an architecture we selected for a real-
ization with existing OE-VLSI circuit technology is a binary
neural associative memory. This architecture was proposed During readout, i.e., in the recognition cycle, a vector
by Palm [26]. It has a series of features that are ideally appro-matrix product of the input vectoy with the matrix of
priate for a solution with optical interconnects, as recognized associative memory celts;; is carried out and a subsequent
by other groups, too. In [27], a solution for such an archi- threshold operatioi>¢) is applied to the result to deter-
tecture based on liquid crystal technology is presented. Ourmine the components of the output vecto(2). Because
solution uses OE-VLSI circuits and a planar optical system the values are all binary, the multiplication is reduced to
[13] to realize fast operation and compact integration. To un- count logical 1's along columns in that rowswhere theith
derstand better the benefits of such an architecture for an op-component ofy is equal to one. Furthermore, the parallel
toelectronic solution, we first explain the functionality of the addressing scheme of such an associative memory can be

architecture. fully supported using 3-D optical interconnect technology
As usual in an associative memory, we are using a key 1, 0 S (g Awiy) > 0
vectory to read out a vector, which was stored before in 84 0. else J (2)
, .

the associative memory (see Figs. 2 and 3). In addition, in

a binary associative memory, all components of the vectors The implementation we propose is sketched in Figs. 2 and
as well as the content of a single associative memory cell 3. A planar-integrated free-space optical system, which con-
have either the value 1 or 0. All memory cells are arranged sists of surface-relief reflective optical components, inter-
in a matrix with components;;. During a learning cycle, the  connects four optoelectronic components that are mounted
content ofw;; is determined as the logical sumAND opera- on it; the 2-D OE-VLSI-memory-array#’, the two 1-D ver-
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tical-cavity surface-emitting laser (VCSEL) arrays and GCPS
Y, and the 1-D photodiode-detector arréiyrepresent ma- 10000 ‘
trix W and vectors:, y, ands, respectively. For the learning \
step shown in Fig. 2, the highlighted componeHtsY’, and 000 .=
W are involved. Binary signals from both emitter arrays are A
fanned out in one direction by the optical system and super- | 4
imposed on the memory array. Through a binary detection 100 »-. ooors 1
with an appropriately adjusted threshold, the optoelectronic ‘ e
memory cells generate and store the result of (1). To ob- 101
tain w;; according to (1), this process needs to be repeated ‘
for all m vector pairs; the memory contents of each cell is pitch [um]
thereby updated after each step using a logieabperation. 100 200 300 400 500

The readout (see Fig. 3) involves componeritsV’, ands. Fig.4. Performance evaluation for the optoelectronic binary neural
Signals representing a key vectpare fanned out in one di-  associative memory.

rection and address the modulator elements of the memory

e or e Lt 1eleclyices ne P e - andcecto. For ur biar
ulated signals are then fanned in the orthogonal diréction andneural associative memory, we need one optical input and
superimposed at the detector elements. A threshold opera-OUtp.Ut' Hence the pixel raster can ba;. Fig. 4 shows the
: . . o maximum performanc® versus pitch size
tion, realized by an adjustable electronic comparator, com-

pletes the implementation of (2).

J'/
)
i
]
3

A 1ip A 1ip
Besides this neural structure, a parallel optical access to P =#PE's f = AC} bf= 11 C}_ ;\7
a chip is also very attractive for reconfigurable hardware. Ao TR/ rens s
There the functionality is programmed by loading a bitstream < Clip = 2Chp (3)
. o = N.-N. -p. - A
in lookup tables as, for example, in field-programmable gate @ Ny PPy Opto

arrays (FPGA's) [28]. Due to a possible parallel optical ac-
cess, this loading can be carried out dynamically and in dif-
ferent circuit parts very fast, which is only difficult to realize

in pure electronics. Therefore, we decided to also implement 106, and 3 10 transistors/ci, as they are specified in the

optoelectr_omc reconfigurable hardware on our test ch|p._ F(_)r SIA roadmap [29] for different minimum structure sizes. We
the test chip, we programmed the lookup tables as associative

memorv cells. This simplifies the intearation of two different heeded 79 transistors for the integration of one memory cell.
ory " P . g This figure allows us to calculate the lower limit for the pitch
architectures in one test environment.

size, i.e., the situation whero .., iIs smaller thampg. The
vertical lines on the right side in Fig. 4 show these limits. The
lll. PERFORMANCEIMPROVEMENT OF OPTOELECTRONIC horizontal line in Fig. 4 running at 20 GCPS corresponds
VERSUSPURE ELECTRONIC ARCHITECTURES to the performance of a purely electronic system [30]. We
) ] ) . see that for reasonable pitch sizes between 125 ang 250
To estimate to first order the possible performance gain o gpioelectronic solution allows an improvement of up to
for the optoelectronic associative memory, we have to cal- o magnitudes. Even if the purely electronic system is some
culate the number of connections that can be switched inyears old now, we must consider that the electronic system
one second. This is expressed in giga connections per secondl;as distributed on 16 printed circuit boards, whereas the per-

(GCPS), the figure of merit to measure the performalce  formance lines in Fig. 4 in the optoelectronic case hold for
in neural architectures. This figure is equal to the number 5,4 single optoelectronic chip.

of memory cells we can address in parallel. The number of
memory cells we can integrate is determined by the quotient
of chip sizeAcwip, and the areapr, needed for one memory

We assumed an identical pitch sjz& z- andy-direction,
achip areadcy,, of 1 cn?, clock frequencieg of 100, 200,
and 300 MHz, and transistor integration densities af@, 2

IV. HARDWARE REALIZATION

cell. This ratio multiplied with the clock frequendgyresults Due to the impressive performance increase we can
in the number of switchable links per second (@), is de- achieve with an optoelectronic solution, we decided to
termined by the number of necessary transisf¥is,,s in realize this architecture with a first demonstrator chip and a

the PE multiplied with the reciprocal of the transistor inte- corresponding optical MCM based on planar optics. To limit
gration density T, ., for a specific technology. Furthermore, the costs for that demonstrator, we restricted ourselves to an
it must hold that the optical pitch may not be too small be- associative memory array of size»>8 10. After arranging
cause otherwise the PE does not fit in the area defined by thethe interfaces between optics and electronics, the optical and
raster of the optical input/output pads. That means that optoelectronic part of our system were designed separately
is upper limited by the ared oy, needed for the 2-D opto-  as well as the fiber array we wanted to use as a test system
electronic off-chip interface in each PE, i.e., it must hold that for OE-VLSI chips. First we describe the OE-VLSI chip
Apr £ Aopte- Aopto depends on the pixel rastét, x N, and the fiber array. Then we explain in detail the setup and
and the pitch size, andp, of the optical input/output de-  realization of the planar optical system.
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Fig. 5. Physical VLSI layout of the SEED-CMOS chip. Fig. 6. Closeup of the chip. The rectangular metallic bond areas
are the contact pads for the SEED modulators.

A. Design and Test of Optoelectronic VLSI Chip
FPGA devices needs milliseconds. Hence, our optoelectronic

The architecture was realized in a first demonstrator chip solution allows an improvement of about three magnitudes.
by using hybrid SEED-CMOS technology [14]. It became  For comparison purposes, we also designed for the binary
available through a multiproject wafer run organized by neural associative memory a purely electronic chip using
CO-OP. In this technology, optical inputs and outputs standard cell techniques for a Q. CMOS technology.
are provided using SEED diodes. These GaAs devicesAs the most obvious advantage, the optoelectronic solution
are flip-chip bonded on top of the silicon and electrically results in significant chip area savings of about 50%. That
connected to the third metal layer. SEED devices can work means, in the optoelectronic solution we can use twice the
as photodiodes as well as optical reflection modulators. chip area for the implementation of logic circuitry. In the
They are arranged in a fixed array raster ob2Q0 within a purely electronic system, much chip area is lost for the re-
tiny chip of 1.2-mm edge length. This corresponds to a pitch quired on-chip wiring of the global signals. These results are
of 62.5m horizontally and 12%m vertically. We carried ~ valid for a 10x 10 array, which requires 20 global data sig-
out a full custom design of the chip. The result is shown in nals. Larger arrays require still more global signals and will
Fig. 5 without the third metal layer, in which the electronic result in still better area savings for the optoelectronic solu-
interconnects to the SEED diodes are realized. tion. This holds due to the more than linear increase in chip

The CMOS circuit was fabricated by a HP-CMOS14TB aréa necessary for implementing g_lobal signals. Free_-space
process with 0.5sm technology through the metal-oxide optical interconnects allow one.to mp_lement gIob_aI |r_1ter-
semiconductor implementation service (MOSIS). The mag- connects through free space with minimum on-chip signal
nification on the lower right corner shown in the physical outing. Thus long interconnects on the chip are eliminated
layout of Fig. 5 corresponds to one single associative SINCe data are directly transferred to the desired chip loca-
memory cell. There are 60 of those smart pixel cells on U0N-
the test chip. Each cell contains only 79 transistors. The
extracted Iayoqt was succgssfu!ly simulated_in SI_DICE UP B Fiber- Array-Based Test Station
to 166 MHz. With a dual-rail coding scheme, in which two
SEED diodes are used in reverse mode to code 1 and O, we To carry out measurements determining the contrast ratio
could simulate an access time of 4 ns. However, we decidedand the wavelength sensitivity of the SEED modulators, a
on a single-rail coding because we did not want to lose spacefiber-based test environment was designed. The main part of
bandwidth. the fiber-based test station is a fiber array that allows one

In the left rectangle of Fig. 5, the VLSI layout of one cell to address a large part of the 2-D optical input/output in-
of the reconfigurable hardware structure is shown. Reconfig- terface of the chip simultaneously. To realize that, compo-
urable hardware is also very attractive for optical intercon- nents were developed for an optical fiber-based coupling of
nects because the parallel optical access to a circuit allowsemitter and receiver to the optical associative memory chip
a fast dynamic and partial reconfiguration of programmable [31]. This included the development of a new technology for
hardware. Therefore, we implemented on the chip 20 opti- the manufacturing of 2-D fiber arrays with pitch sizes of 500
cally addressable lookup tables of size 2. They are shown  and 250u:m [32]. Similar work had been carried out in the
in the middle of the closeup of the chip in Fig. 6. Due to the United States [33], Japan [34], [35], and Germany [36]. Fig. 7
parallel optical access to the lookup tables, they all can be schematically displays the manufacturing process. The holes,
reconfigured in microseconds as we verified by SPICE sim- in which multimode fibers are mounted in a specified config-
ulations. In comparison, the reconfiguring of lookup tables in uration, were etched in a silicon wafer. By means of hybrid
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fibers

holes for fibers left side and measured by a photo detector. One branch at the
right side of the X-coupler is directly positioned above the
SEED modulator. The other branch is used for monitoring

the output wavelength.
@; To get a prediction about the required positioning accu-
racy, we have varied the position of that fiber branch di-
VY. "
@j/ rectly positioned over the SEED element. We have deter-
© : dy A7 mined that an accuracy of sm is sufficient to carry out a

reliable digital data communication. For the SEED multiple
quantum-well diodes, a responsivity of about 0.45 A/W has
/500/J/ been determined. At the moment, we carry out tests to de-
tect the critical frequency, the wavelength dependence of the
SEED elements, and the contrast ratio. Unfortunately, the
SEED elements show a strong wavelength dependency. At
a wavelength of 844 nm, we determined a contrast ratio of
about 4.5%. To get better results, the output wavelength of
the laser was analyzed and tuned between 845 and 855 nm.
By choosing an optimized wavelength, an improvement by
a factor of three has been observed. This was sufficient to
verify the principle operation capability of a memory cell.
Unfortunately, the measured access times were only 60 MHz
so far. Itis very difficult to realize a high-performance setup
using the sensitive SEED technology. We think much better
results can be achieved if we use an optoelectronic chip with
VCSEL's as light output source. Regrettably, VCSEL's were
not available for us when we started the project. VCSEL's
offer a high output powerx1 mW) and a fast modulation
time (>1 GHz). Furthermore, the optical setup is simpli-
fied because no additional external light source is necessary.
Using detectors that are monolithically integrated with sil-
Fig. 8. A 2-D multimode fiber array with 50pm pitch. icon electronics, it is possible to receive light pulses with
a rate up to 1 Gb/s [37]. Such a setup would not show this

integration and micromounting techniques, the fibers were Wavelength dependency, as it is the case for SEED modula-
fixed in well-defined height and distance. We produced 5  tors. An OE-VLSI technology based on VCSEL's offers so
5 and 4x 4 imaging fibers with a pitch accuracy better than much potential that the simulation result of 166 MHz should
5 m. A total channel number of about 30 has been demon- be experimentally verified without problems. Nevertheless,
strated. The number of fibers can be easily extended to 100the experience we gained in designing a microoptical setup
and more. Fig. 8 shows the front side of a fiber array with and an OE-VLSI chip so far by using the modulator tech-
5004:m pitch. The fibers are illuminated from the rear. The nology is valuable and will help us if we exploit VCSEL
brighter part of the fiber shows the core. For this particular technology in the future.
array, we achieved an accuracy beloyw for the pitch size, ) )
absorption differences between the fibers were below 7%, € Planar Optical Interconnection Scheme
and a crosstalk was not measurable. The technology allows The concept of planar optics as illustrated in Figs. 2 and 3
us also to arrange the fibers at both ends of the array in acombines the potential of free-space optical systems in im-
different pattern. As an example, a perfect shuffle operation plementing complex and fully 3-D interconnects with the
has been realized in two dimensions. By this way, specific benefits of device integration to obtain compact, stable, and
processing operations can be incorporated in the 2-D fiber potentially cheap systems. An optical system is “folded” into
structure. a planar transparent substrate in a way so that functional op-
In order to achieve a pitch of 12&m, we have performed tical components are located at the surfaces. Since the system
experiments to develop an appropriate manufacturing tech-is fabricated as a whole, fabrication complexity does not de-
nology. Such an array will allow us to control directly the pend on the complexity of the optical system. Hence, un-
2-D optoelectronic interface of the SEED chip in the future. like in a discrete optomechanic interconnect setup, a sophis-
So far, to test single SEED elements, we used a simpler testticated system design that can efficiently suppress crosstalk
setup to carry out first experiments. The main part of this does not increase production cost.
test setup is a fiber-based X-coupler (see Fig. 9). The emitted The interconnection scheme of the associative memory
light of a laser source is coupled into one branch at the left consists of the basic operations fanout and fan-in. For imple-
side of this X-coupler. The reflected light by the SEED mod- menting these operations, we employed what is known under
ulator is sent back to the other branch of the X-coupler at the the term hybrid optical design concept: Arrays of microele-

Fig. 7. Fiber array with conic etched holes.
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Fig. 10. Diffraction pattern generated by the fanout DOE.

ments with local effect and individual elements with global fabrication, we designed the system so that all surface-relief
effect are combined [38]. This approach provides a large optical structures lie on one surface of the substrate. The
number of adjustable parameters, which are used to eliminatefour chipsX, Y, W, andS are to be mounted on a separate
or balance optical aberrations [6]. Itis particularly well suited 500-um-thick transparent substrate to provide the necessary
when distinct parts of a continuous field like the OE-inter- spacing between the OE-interfaces and the corresponding
faces on VLSI-chips are to be interconnected. In order to microlens arrays. Inside the planar substrate, each signal
concentrate the energy on the SEED elements, we have debounces four times between the two surfaces to get from
signed a fanout system, which contains an array illuminator one chip to the next. In the—z cross section of Fig. 11,
(Al) [39]. Al's are diffraction gratings, which distribute the the system performs an imaging in the left part and a
energy of an incoming plane wave equally into a certain collimation in the right part. In the orthogonal cross section,
number of predetermined diffraction orders. In our case, anit is a multiple beam splitting by the Al and an imaging,
Al with a symmetric linear fanout of ten is needed. For the respectively. The phase functions of Al and the field lens of
design, we used an iterative Fourier transformation algorithm the hybrid imaging system on the left have been combined
(IFTA), also known as a Gerchberg—Saxton-type algorithm to yield one single diffractive optical element, which we
[40]. To avoid absorption losses, we required the grating to refer to as fanout DOE.
be phase only. With such an Al, we obtained experimentally The optical system has been fabricated using a binary
the diffraction pattern of Fig. 10. Obviously, the energy is two-mask lithographic and a reactive ion etch process,
almost completely (theoretical efficiency limit 95.3%) and providing a surface relief with four equally spaced levels.
very uniformly (mean deviatior: 2%) distributed among  This technique guarantees submicrometer alignment ac-
ten equally spaced diffraction orders. curacy and very high functional precision. The reflective
The above considerations lead to a system design for thecomponents have been coated with a thin layer of alu-
interconnects of the associative memory as depicted in [41] minum. We fabricated the top and bottom side of the system
and [42]. Note that the interconnection of emitter array on two separate 3-mm-thick substrates, which were then
and memory arrayV is identical to the one betweén and cemented together. Fig. 12 shows a photograph of the
W and therefore not explicitly shown here. To facilitate top-side part before cementation. The reflective, coated and
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Fig. 11. Cross section of the planar optical interconnection scheme.

exploit efficiently the high interconnect density optics
provides. As architecture examples, we selected for the
realization a binary neural associative memory and a recon-
figurable hardware. In a theoretical analysis, we showed
that a single OE-VLSI circuit of 1 chsize offers up to two
times more performance than an existing pure electronic
solution realized on 16 printed circuit boards a few years
ago. The OE-VLSI circuit was designed on layout level and
manufactured via a multiple wafer run organized by CO-OP,
DARPA, and Lucent. The chip uses SEED devices as op-
toelectronic interface for the chip-to-chip communication.
Optically addressable lookup tables were implemented on
the chip as well. SPICE simulations result in an access time
of at least 166 MHz. Due to the parallel access by optical
interconnects, this corresponds to an improvement of three
magnitudes over the reconfiguration time in electronically
reconfigurable hardware.

Furthermore, we developed and designed a new tech-
nology for the manufacturing of fiber arrays, which will be
the main part in a plugable fiber-based smart pixel test sta-
ion. The advantage of such a system is the possibility to test
comfortably a large part of the 2-D optoelectronic interface
of an OE-VLSI chip. Besides, such fiber arrays can also be
used for the realization of highly dense short-distance optical
interconnects between closely neighboring printed circuit
boards, i.e., to connect a memory card with a processor card
with more than 1000 links. So far, fiber arrays in silicon
with a pitch size of 250 and 500m and an array size of 4
x 4 and 5x 5 were manufactured by etch processes, hybrid
integration, and micromounting techniques. We measured

In this project, we demonstrated an optoelectronic systeman accuracy below m for the pitch size, the absorption
using VLSI technology and integrated free-space optics. differences between the fibers were below 7%, and no
Such systems have the potential to form the basis for crosstalk was detectable. The next step is the coupling of
future implementations of massively parallel computers, the fiber array with the OE-VLSI chip. So far, the principal
which allow much more throughput performance than pure functionality of the optical 1/0O pads was proved with a
electronic solutions. Exploiting efficiently the potential of X-coupler system, in which input and output signals were
short-distance optical interconnects requires a well-suited observed in different branches of the coupler.
architecture that is well adapted to the boundary conditions For shorter distances over the range of few centimeters,
given by optical and optoelectronic hardware. We pointed free-space optics is preferable to connect OE-VLSI circuits.
out that traditional von Neumann architectures are not ap- We used a planar optical integration of free-space optics
propriate in this context. Much more efficient are fine-grain, that results in compact and stable systems for optoelec-
single-instruction multiple-data-like architectures, which tronic MCM's. Thus the optics is fabricated with the same

1D micro-
~ lens arrays

. 1D micro- _—~
lens array

2D micro- fan-in-lens
lens array

quartz-
substrate

Fig. 12. Top-side part of the planar-optical system.

the transmissive, uncoated components are clearly visible
in two different gray shades. The optical performance of
the system has been tested experimentally. Thanks to th
hybrid approach, we obtained a very uniform and nearly
diffraction-limited imaging quality over the whole field.

Fig. 13 shows part of the central microlens array together
with the signal spots generated by the microlenses at the.
memory chip. From the intensity plot across the center of
such a signal spot, it is obvious that the SEED elements with
an area of 20« 20 um? can easily cover the whole signal.

V. CONCLUSION
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memory chip.

lithographic fabrication technology that forms the techno-
logical platform for optoelectronic integration. In such a
planar optics scheme, our OE-VLSI chip will be integrated
with optical fanout interconnects of two one-dimensional
VCSEL arrays. Furthermore, the optical output of the chip
is collected with an optical fan-in element. To realize the
fanout for our optoelectronic prototype system, diffractive
phase gratings with a fanout of ten were designed by an
iterative Fourier transform algorithm. We verified exper-
imentally a high uniformity in the ten diffraction orders,
and the mean deviation was below 2%. We achieved a
high diffraction intensity as well. This almost reaches the
theoretical limit of 95%. The main reason for this satisfying
result is the hybrid approach we pursued in the design of
the optical imaging system. That means the fanout and
fan-in interconnects are realized with a setup consisting of
a microlens array and a collection macrolens, which is the
ideal approach for illuminating dilute arrays. The optical
system was fabricated using a binary two-mask-lithographic
and a reactive ion etch process. This technique guarantees
submicrometer alignment accuracy and very high functional
precision demonstrating a viable technology approach for
optoelectronic MCM'’s. The microoptical setup is now ready
for the integration of the OE-VLSI chip, which will be the
next step of our work.
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