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Abstract

As the complexity of microelectronic circuits increases, performance becomes more and
more limited by interconnections. Continued scaling and packing lead to a dominance of
interconnect delays over gate delays. This paper explores the potential of optical inter-
connections as a mean for alleviating such limitations. Various optical approaches to the
problem are discussed, including the use of guided waves (integrated optics and fiber
optics) and free space propagation (simple broadcast and imaging interconnections). The
utility of optics is influenced by the nature of the algorithms that are being carried out
in computations. Certain algorithms make far greater demands on interconnections than do
others. Clock distribution is a specific application where optics can make an immediate
contribution. Data interconnections are more demanding, and require the development of
hybrid Si/GaAs devices and/or heteroepitaxial structures containing both Si and GaAs layers.
The possibilities for future developments in this area are discussed.

I. Introduction

In the field of computation, optics is currently best known for its role in analog sig-
nal processing. Examples include acousto-optic spectrum analyzers, convolvers and correla-
tors [1], [2], and systems for forming images from synthetic-aperture radar data [3], [4].
Analog approaches of this kind offer high processing speed, but low accuracy and limited
flexibility in terms of the variety of operations that can be performed. These shortcomings
have 1lead to a search for applications of optics to digital [5], [6] and other types of
high-accuracy numerical computation [7], [8]. However, regardless of the outcome of the new
thrusts towards digital-optical computation, it is virtually certain that the vast majority
of computation done in the world for many years to come will be performed by microelectronic
chips. While current ideas in digital-optical computing have the potential to strongly
impact special-purpose digital signal processing, they are very unlikely to invade a signi-
ficant fraction of the total computing market in the foreseeable future. It is therefore
natural to inquire as to whether there exists another role for optics in digital computing,
one that has the potential for greater impact on the overall computing market.

A digital computer or computational unit consists primarily of nonlinear devices (logic
gates) in which input signals interact to produce output signals, and interconnections
between such devices or groups of devices of various sizes and complexity. The nonlinear
interactions required of individual computational elements are realized in optics only with
considerable difficulty. Various kinds of optical light valves have been utilized to real-
ize a multitude of parallel nonlinear elements [9], [10], but the speeds at which such dev-
ices can operate are exceedingly slow by comparison with equivalent electronic elements.
Recent discoveries in the area of optical bistability have generated new interest in con-
structing optical logic gates that are even faster than their electronic counterparts, but
currently the efficiency of such devices is low and the device concepts are too little
explored to allow a full assessment of their potential. The construction of optical 1logic
gates with speeds, densities and efficiencies equaling or exceeding those of electronic
gates remains problematical, although future progress is certainly possible.

While optics lags behind electronics in the realization of needed nonlinear elements,
nonetheless the horizon for electronics is not without clouds. It is generally realized and
agreed that the exponential growth of semiconductor chip capabilities can not continue inde-
finitely, and indeed important limits are beginning to be felt already. These limits arise
not from difficulties associated with the further reduction of gate areas and delays, but
rather from the difficulties associated with interconnections as dimensions are further
scaled down and chip areas continue to increase [11], [12]. 1Indeed, interconnection diffi-
culties extend beyond the chip level, and have major impact at the board level as well [13].

Given the above facts, it seems natural to inquire as to whether optics might offer
important capabilities in overcoming the interconnect problems associated with microelec-
tronic circuits and systems. Encouragement is offered by the fact that the very property of
optics that makes it difficult to realize nonlinear elements (it is difficult to make two
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streams of photons interact) is precisely the property desired of an interconnect technol-
ogy. However, at the chip level, optics is likely to be only one element of a hierarchy of
interconnect technologies, with optical interconnection networks feeding more conventional
interconnect lines constructed from polycrystalline silicon, metal silicides, or metals.

There exists an entire hierarchy of interconnect problems for which the implications of
optics should be considered. At one extreme is the problem of machine-to-machine communica-
tion (local area networks). Such problems are excluded from our consideration here, due to
the fact that so much work is already in progress by others. The next level is subsystem to
subsystem communication within a single computer. Much less work has been done on optical
approaches to this problem, but at least one example exists [14]. Again we exclude such
problems from consideration here, preferring to concentrate on communication problems at
lower 1levels of machine structure. Board-to-board communication with optics can be thought
of as the problem of constructing an optical data bus within a machine. Some ideas pertinent
to this 1level of interconnection have been published (see, for example, Ref. [151), but
again we exclude these problems from consideration. Interconnection within a single board
(dimensions of approximately 1 ft x 1 ft) is in the realm where our discussions are per-
tinent, as is likewise the problem of interconnection within a wafer (typical dimension 7.5
cm diameter) or within a single chip (typical dimensions 10 mm x 10 mm). Most of our dis-
cussions will refer to the chip-level problem, but many of the ideas can be extrapvolated to
the wafer and board 1levels. 1In addition, most of the discussion will assume that we are
dealing with common metal-oxide-~semiconductor (MOS) integrated circuit technology.

The purpose of this paper is to stimulate further thought and research on optical
interconnections. The ideas presented are rather preliminary and underdeveloped, but hope-
fully they have the potential to serve as a starting point for others in considering how
optics might play a more widespread role in computing of the future. Section II reviews the
origins and nature of the electronic interconnect problem from the technological point-of-
view. Section III briefly discusses the interaction between interconnections and algorithmic
considerations, thus examining the algorithmic side of the motivation for optical intercon-
nects. Section VI discusses the potential benefits that optics might bring to a solution to
these problems and outlines two fundamentally different optical approaches to interconnec-
tions, the index-guided approach and the free-space propagation approach. Section V specifi-
cally addresses the problem of clock distribution, while Section VI deals with the problem
of data distribution. Finally, Section VII discusses future developments needed if these
ideas are to have practical impact.

II. The Interconnect Problem - Technological Motivation

The growth of integrated circuit complexity and capabilities experienced since the
birth of the industry has been achieved through a combination of scaling down the minimum
feature size achievable, and a scaling up of the maximum chip size, both subject to the con-
straint of reasonable yield. The scaling process has many beneficial effects, but also
eventually causes difficulties if combined with packing, i.e. the addition of circuitry in
order to realize more complex chips in the same area of silicon that was used before scal-
ing. Here we briefly discuss the good and bad effects of scaling. A more detailed discus-
sion of the subject is found in Ref. [11].

Assume that all the dimensions, as well as the voltages and currents on the chip, are
scaled down by a factor d (an d greater than one implies that the sizes and levels are
shrinking). Consider first the effects of scaling on device performance. Obviously, when
scaling down the linear dimensions of a transis&or by d, the number of transistors that can
be placed on a chip of given size scales up as d“. 1In addition, the power dissipation per
transistor decreases by a factor d, due to the fact that both the threshold voltage and the
supply voltage are scaled down by d. Finally, we note that the switching delay of a
transistor is scaled down by d, due to the fact that the channel length is decreased by that
factor.

Scaling also affects the interconnections between devices. Figure 1 shows the effect
of scaling down a conductgr by a factor d. Since the cross-sectional area of the conductor
is decreased by a factor d“, the resistance per unit length will increase by a similar fac-
tor. If the 1length of the conductor is scaled down by d, as simple scaling implies, then
the net increase of resistance is proportional to d. At the same time scaling implies
changes of the capacitance of the interconnection. Regarding the conductor as one plate of
a parallel plate capacitor, scaling,down of both linear dimensions of the plate by d implies
a decrease of capacitance by d°. However, scaling also implies a decrease by d of the
thickness of the oxide insulating layer separating the plates of the capacitor. Hence the
capacitance is inversely proportional to the first power of the scaling constant d. We see
that the scaling up of resistance and the scaling down of capacitance exactly cancel, leav-
ing the RC time constant unchanged.

Since gate delays scale down with d while interconnect delays remain independent of d,
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it is clear that eventually a point must be reached where interconnection delays dominate
device delays. However, the situation is actually much worse than the above considerations
imply, due to the fact that packing usually accompanies scaling, and the lengths of the
interconnects required do not scale down with . Rather, as the complexity of the circuit
being realized increases, the distances over which the interconnections must be maintained
on a chip of fixed area stay roughly constant. Statistical considerations show [13] that a
good approximation to the maximum 1length Loax of the interconnection required is given
approximately by

~ 21/2
Lmax ~ A /2 (1)

where A represents the area of the chip. If the area of the chip stays roughly constant,
then the maximum interconnect 1length stays roughly constant, interconnection resistance
scales up as d“, and interconnection capacitance stays constant, yielding an overall scaling
of interconnect delay that increases 1in proportion to d“. Note that if chip size is
increased, rather than remaining constant, the interconnection problem becomes further exa-
cerbated. As a consequence of these considerations, it has been estimated that by the late
1980°s, MOS chip speeds will be limited primarily by interconnect delays [11].

Another different aspect of scaling is of considerable importance here. We refer to
the effects of scaling and packing on the numbers of connections required from the outside
world to chips. As the number of elements in a single chip grows, the number of interconnec-
tions required from that chip to other chips also increases. There is a well-known empiri-
cal relation, known as Rent”s rule, which specifies that the number of interconnections M
required for a chip consisting of N devices grows as approximately the 0.61 power of N, i.e.

M= N0.61 (2)

However, the perimeter of a chip, to which the connections must be made, grows as only the
square root of area, or equivalently as the 0.5 power of N. The disparity caused by the
difference of these two exponents becomes more and more important as the number of devices
within a chip grows due to scaling and packing. It should be noted that Rent”s rule applies
only to chips consisting of logic elements. Memory cells require fewer interconnections.
In addition, it is required that each chip be a small "random" subset of the entire logic
system [13].

The predictions of Rent”s rule can also be applied to collections of chips on a board
(providing the assumptions mentioned above are satisfied). At the chip level, some of the
limitations implied by Rent”s rule can be overcome by the use of metal bump technology for
making interconnections possible from the interior of a chip, rather than just from the
edges. Optical techniques may ultimately provide an alternate and more flexible means for
providing interconnections directly to the interior of a chip.

One additional and final implication of scaling should be mentioned. While current
scales down inversely with g, the cross-sectional area through which that current must flow
scales down inversely with “. The net result is that current density increases in propor-
tion to d. Such an increase leads to increasing effects of electromigration, by which is
meant the movement of conductor atoms under the influence of electron bombardment. The
ultimate effect of electromigration is the breaking of conductor lines and the failure of
the chip. The potential of optical interconnections as a means for alleviating electromi-
gration problems is of considerable interest here.

ITII. The Interconnect Problem - Algorithmic Motivation

In Section II, some of the technological motivation for considering optical intercon-
nections was presented. 1In this section we discuss motivations that arise from algorithmic
considerations. We describe several classes of problems that place various degrees of bur-
den on interconnections. Examples are drawn primarily from the fields of signal processing
and image processing.

The first class of operations considered places the smallest burden on interconnec-
tions. We refer to this class as point processing operations. Given a two dimensional
array g(n,m) of data points to be processed and a two dimensional array of processors to
perform these operations, the result of the processing is described by

g(n,m) = NL[f(n,m)] (3)
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where NL[] is a (generally nonlinear) function that transforms each value f(n,m) into a new
value g(n,m), independent of the values of f(n,m) at indices other than (n,m). Since each
g(n,m) depends only on one corresponding f(n,m), no communications are required between pro-
cessors in the array. Because the interconnections are relatively simple for such problems,
it is likely that the only role for optics here might be in loading and unloading the data
to and from the processor array. If the processor array is a large one, the number of paral-
lel inputs and parallel outputs needed for maximum efficiency will be large, implying a
large pin count for the processing chip. Relief can be found by integrating detectors with
each processor, thus providing a parallel set of optical input channels. To achieve similar
relief for output data, the more difficult problem of integrating a source with each proces-
sor must be solved. Potential paths to solutions of this problem are discussed in later
sections.

As a second level of interconnect difficulties, consider the problem of matrix-matrix
multiplication. Letting capital 1letters A,B, and C represent matrices, and lower-case
letters with subscripts represent particular elements of those matrices, we wish to consider
the computation described by

C=AB (4)

or

°i3 = 2,%ikPkj 5)

M2

0

Note that a processor computing Cy4 requires communication from one row of A and one column
of B. Thus we might say that the dommunications required are semi-global (fully global com-
munications would require that each c.. receive data from all elements of A and all elements
of B, which is not the case here). Ianpite of the fact that the communication requirements
are semi-global, nonetheless it has been shown [16] that the computation can be performed by
a two dimensional array of processors, with each processor connected only to its nearest
neighbors (we refer to such processors as being "mesh connected"). If only a single matrix
product is to be performed, then the time required by the mesh-connected set of processors
is greater than would be the case if the processors were connected with semi-global communi-
cations. However, the mesh-connected array can readily he pipelined, and if a large number
of matrix-matrix products are to be performed in succession, the pipelined mesh-connected
array can do the job in the same time that a set of semi-globally connected processors could
achieve. We conclude that for the matrix-matrix multiplication problem, the roles for
optics are probably limited to providing data loading and unloading, and providing semi-
global communications when the constraints of the problem prevent pipelining.

It is well recognized in the computer science field that there are <classes of algo-
rithms that are intensive in their requirements for interconnects [17], [18]. Such algo-
rithms generally require periodic exchange of data between processors in an array, with the
exchanges being most efficiently carried out with other than nearest-neighbor interconnec-
tions. Often the exchange pattern has a particular structure that allows the exchanges to
be carried out with an interconnect network that is not fully general. Examples of useful
exchange networks include the shuffle-exchange network (Fig. 2), and the <closely related
butterfly-exchange network (Fig. 3). These exchange networks play central roles in the FFT
algorithm and in certain approaches to sorting problems. Because the interconnections are
not nearest-neighbor, optical interconnect techniques may have an important role to play
here. Note in particular that the butterfly exchanges could be carried out nicely with a
dynamic optical interconnect device that changes its interconnect pattern at the end of each
layer of exchanges.

Lastly, as an example of a class of problems with even greater demands on intercon-
nects, we mention the problem of space variant linear filtering. 1In this case the output
array g(n,m) is computed from the input array f(n,m) through the general 1linear filtering
relation

g(n,m) = 2% h(n,m;k,p) f(k,p) (6)
kp
where h( ) is the kernel of the operation. In the most general case, the operation

described above 1is fully global, in that each g(n,m) receives data from every f(n,m). The
fact that the transformation is space invariant, as evidenced by the dependence of the ker-
nel on both (n,m) and (k,p), implies that the interconnect pattern required for the
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computation of each output value g(n,m) changes from output point to output point. Hence
such operations, to the extent that they are fully global in their nature and to the extent
that they require a multitude of different interconnect patterns, place an extremely inten-
sive burden on interconnect technology, and may ultimately be prime targets for applications
of optical interconnects.

IvV. Optical Interconnections

This Section is devoted to discussing the general beneficial properties of optics as a
technology for providing interconnections, and to describing some of the approaches that can
be taken to using optics in this role. Properties of optics that are identified as being
beneficial are done so with more conventional integrated circuit interconnections and their
limitations in mind.

The first and perhaps most important advantage of optical interconnections over their
electronic counterparts is immunity to mutual interference effects. The stray capacitances
that exist between proximate electrical paths introduce cross-coupling of information to a
degree that increases with the bandwidth of the signals and with the closeness of the paths
of electrons. 1In contrast, optical interconnections suffer no such effects, as long as care
is exercised to assure that light scattering does not introduce an equivalent result (of
different origin). 1Indeed, two streams of photons can pass directly through one another
with no cross-coupling of their high-frequency modulations, provided the propagation medium
is linear, as will nearly always be the case unless deliberate steps are taken to introduce
nonlinear effects. The fundamental differences between electrons and photons in this regard
can probably be traced to the fact that the latter are bosons, while the former are fer-
mions. Two fermions can not occupy the same cell of phase space, whereas two bosons can.

A second advantage of optical interconnections is their freedom from capacitive loading
effects. The speed of propagation of an electrical signal on a transmission line depends on
the capacitance per unit length. Thus as more and more components having a capacitive com-
ponent of admittance are attached to an interconnection line, the velocity of propagation
decreases, and the time required to charge the line to a predetermined voltage increases. By
way of contrast, propagation of optical signals, whether confined to waveguides or through
free space, takes place at a speed that is independent of the number of components that
receive those signals, namely at the speed of light in the medium of concern.

A third potential advantage of optical interconnect technology 1lies in freedom from
planar or quasi-planar constraints. Conventional integrated circuit design methodologies
are constrained to the use of only a very few interconnecting layers, and within each layer
interconnections can not cross. Optical waveguides can cross through other optical
waveguides without significant cross-coupling (provided the angle of intersection is greater
than about 10 degrees), and free-space light beams can cross through other free-space light
beams without significant interaction. Such flexibility can simplify the problems associ-
ated with routing signals on a complex chip or board.

A fourth advantage to be considered lies in the potential for realization of repro-
grammable interconnect patterns by means of dynamic optical interconnect components. 1In
principle, the interconnection patterns associated with a chip can be changed at will by
writing appropriate information to the interconnect element. While such a capability could
be realized electronically with a suitable switching network, the cost in terms of wiring
area is likely to be rather large.

Having reviewed the basic reasons for interest in optical interconnect technology, we
now turn attention to various specific forms that optical interconnects can take. 1In this
regard, it is useful to distinguish between two types of optical interconnections. The term
index-guided interconnection is used to refer to an optical interconnection established when
a light wave is guided along an interconnect path by means of a structure having a different
refractive index than the surround. The usual examples are optical fibers and integrated-
optic waveguides. The term free-space interconnection is used to refer to an optical inter-
connection established when a 1light wave travels from source to detector via a path that
consists only of free space and possibly bulk optical components, such as lenses, mirrors,
and holographic optical elements. Within this class it is possible to distinguish two subc-
lasses, namely unfocused and focused interconnections. For unfocused interconnects, the
optical signals are simply broadcast over a comparatively large region, whereas for focused
interconnects, the signals are sent to specific desired locations via bulk focusing ele-
ments.

Index-guided interconnections are illustrated in Fig. 4, which shows sources connected
to detectors via both fibers and integrated optic waveguides. Consider first the case of
interconnections via optical fibers. The ends of the fiber must be carefully positioned over
the source and detector, perhaps with the help of a wire-bonding machine, and a permanent
attachment must be made, probably with UV-hardening epoxy. It should be noted that fibers
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can not be allowed to bend too much, for bending induces radiation losses, which can be
excessive if the radius of curvature of the bend is too small. Note that this interconnect
technology requires a three-dimensional volume of space, for fibers must be crossed above
the chip, and (for surface emitting sources as shown) bending 1limitations prevent keeping
the fibers too close to the plane of the chip.

For integrated-optic waveguide interconnections, the waveguides might be formed by
sputtering glass onto a silicon dioxide substrate. These guides again can not be bent too
much, due to the problem of radiation losses. Light can be coupled out of a guide by using
a taper at its end, causing radiation into and through the substrate. Alternatively, vari-
ous kinds of integrated-optic junctions and couplers can be used to route signals from one
source to a multitude of detectors. The chief difficulty with the integrated-optic approach
lies in the problems of efficient coupling into and out of the waveguides.

Figure 5 shows two approaches to free-space unfocused interconnections. As mentioned,
this approach involves broadcast of signals from one or more sources to one or more detec-
tors, with no focusing of the light. Figure 5a shows a situation appropriate for the
transmission of a single data stream to many sites on the same chip, as required, for exam-
ple, for clock distribution. Detectors integrated into the silicon chip receive the common
signal with the relative delays inherent in the path length differences between the source
and the detectors. If a simple positive lens is inserted between the source and the chip
such that the source lies at a focal point of the lens, then all paths from source to detec-
tors are identical in length, and no relative delays are present. Such a configuration
might be wuseful for clock distribution. Figure 5b shows a reflective configuration that
achieves the same goal as the previous configuration [19]. A diffuser situated above the
chip scatters any optical signal transmitted to it back towards the chip, where it can be
intercepted by any number of detectors. The chief disadvantages of all unfocused broadcast
schemes are (1) they are very inefficient in that only a small fraction of the total optical
power falls on the detector sites where it is needed, (2) they provide basically a serial
communication channel, with any parallelism achievable only through wavelength multiplexing,
a complicating factor in any interconnect realization, and (3) they require a three dimen-
sional volume rather than being strictly planar. It should also be mentioned that the broad-
cast of optical signals to the entire silicon chip has the potential to generate signals at
unwanted locations, and therefore it is likely that an opaque dielectric blocking layer
would be needed to prevent the optical signals from reaching undesired locations.

Figure 6 illustrates three approaches to free-space focused interconnects. In all of
these cases, the 1light 1is sent from a source or several sources only to those locations
where detectors are located. Figure 6a is appropriate, for example, for clock distribution,
in which a single signal must be sent to many sites on the same chip. A transmissive holo-
graphic optical element is used for the routing of the signal. Rather high overall effi-
ciencies can be achieved using dichromated gelatin holographic elements, with more than 99%
of the light being sent to the desired locations. Note that any element that focuses the
light to several different spots will also introduce relative time delays in those beams,
but for typical geometries anticipated (e.g. chip, source and hologram confined to a 1 -~cm
cube), the relative delays will be only a few picoseconds. Figure 6b shows a more general
type of interconnection, in which several sources on the 1left are connected to several
detectors on the right. The holographic optical element used in transmission connects each
source to any number of detectors in whatever pattern might be desired. Note that a thin
holographic element is restricted to providing the same interconnect pattern for all sources
(i.e. it is a space-invariant element). However, a thick holographic element can provide
different interconnect patterns for different sources, using the Bragg effect as the mechan-
ism of selective interconnection. Finally, Fig. hc shows a geometry in which a reflection
hologram is used as the routing element. The free-spaced focused interconnections described
above have two potential disadvantages. First, and most serious, they require very precise
alignment of the focusing element with respect to the chip or chips. Second, as with the
unfocused free-space interconnects, since the focusing element lies above the chip, they
require a three-dimensional volume in order to establish the interconnect pattern.

We will close this section with a consideration of the inefficiencies inherent in opti-
cal interconnect schemes by virtue of the fact that they rely on the conversion of electri-
cal signals to optical signals and back again to electrical signals. What price is paid for
such conversion? An answer to this gquestion can be obtained by considering a "canonical"
example. It is reasonable to suppose that the sources used are LED’s or lasing diodes
operating in the near infrared with a wavelength near 8000 A where the responsivity of p-i-n
silicon detectors is near its peak value of about 0.6 amps/watt. 1Tt is not unreasonable to
suppose an efficient lasing diode using 1.5mw of drive power (1 ma at 1.5 volts) and radiat-
ing 0.75mw of output optical power. If optical signals of 0.5mw power are available at the
detector end, 0.3ma will be generated by a p-i-n photodiode. A transimpedance amplifier with
perhaps two transistors could then utilize this current to generate voltages in the 100mv
range. Further amplification (a few transistors) would be required to reach voltages compa-
tible with logic devices. As the number of detectors to be connected to a single source
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increases, the power available at each detector decreases, thus requiring more amplification
at each detector site (or alternatively more transmitted power from the source).

V. The Problem of Clock Distribution

A problem that appears amenable to immediate attack using optical technology is <clock
distribution at the chip, wafer, or board level. Most (but not all) computing architectures
require synchronous operation of a multitude of devices, circuits and subsystems. Synchron-
ism is maintained by distributing to all parts of the system a common timing signal, called
the clock. At the MOS chip level, for various reasons a two-phase clock is used. However,
if a single phase clock is distributed, the two phases can be generated locally with a rela-
tively simple circuit [20]. One of the chief difficulties encountered in designing circuits
and systems for high-speed operation is "clock skew", a term which refers to the fact that
different parts of the circuit or system receive the same state of the clock at different
times. 1In this section we consider several different approaches to using optics for distri-
bution of the clock, with the aim of minimizing or eliminating clock skew. Attention is
focused primarily on clock distribution within a single chip, although many of the same con-
cepts can be applied at the wafer level or even the board level.

The interconnections responsible for clock distribution are characterized by the fact
that they must convey signals to all parts of the chip and to many devices. These require-
ments imply long interconnect paths and high capacitive 1loading. Hence the propagation
delays are large and depend on the particular configuration of devices on the chip. Here we
consider methods for using optics to send the clock to many parts of the chip. It is assumed
that optics 1is used as only one part of a clock distribution hierarchy, in the sense that
optical signals might carry the clock to various major sites on the chip, from which the
signals would be distributed, on a local hasis, by a more conventional electronic intercon-
nection system.

If optical fibers are <chosen as the interconnect technology, then the following
approach might be used. A bundle of fibers is fused together at one end, yielding a single
core into which light from the modulated source (probably a diode laser) must bhe coupled.
Light coupled in at the fused end is split as the cores separate, and is transmitted to the
ends of each of the fibers in the bundle. Each fiber 1is presumably 1located over an
integrated optical detector which will convert the optical signal into an electrical one.
Alignment of the fibers and the detectors can be accomplished with the help of a wire-
bonding machine, and Uv-hardening epoxy can be used to fix the fiber in its proper place
permanently. Note that the fibers can not be bent too much, due to the problem of radiation
loss, but some gradual bends will be inevitable and acceptable. The chief difficulty with
this approach is associated with the alignment problem.

If integrated optical waveguides are chosen as the interconnect technology, then the
following comments apply. Waveguides might be formed by sputtering glass onto a silicon
dioxide substrate. Probably several straight waveguides would be run across the chip, thus
avoiding problems associated with bending losses. The waveguides would all be fed by the
same optical signal, probably generated by a single laser diode, with distribution to the
individual waveguides accomplished by fibers. Alternatively, separate laser diodes could
feed each waveguide, with synchronization of the sources provided by a single driving signal

distributed electrically. Light must be coupled out of each waveguide at several sites
along its length, with a detector converting the optical signal to electronic form at each
such site. The primary difficulties associated with such an approach are the problem of

efficient coupling of the light into the waveguides, and the problem of coupling light out
with small coupling structures. Present optical waveguide technology requires couplers with
sizes rather large compared with the feature sizes normally used in electronic integrated
circuits.

Clock distribution can be accomplished with free-space unfocused interconnects if a
single optical signal is simply broadcast to the entire chip, with detectors at selected
sites generating the electrical version of the clock. Most desirable in terms of clock skew
would be a single optical source located at the focal point of a positive lens. The col-
limated light falls normally on the surface of the chip, with the result that all detectors
receive the optical clock signal with no skew whatsoever. However, this approach is
extremely inefficient, in the sense that most of the light falls on portions of the chip
where it is not needed or even wanted, and hence most of the optical energy is wasted. This
waste has important implications when one considers that the amount of circuitry required on
the chip to bring the detected clock signals up to a usable voltage level is dependent on
the strength of the detected signals, which in turn depends on the amount of optical power
delivered to each detector. 1In order to prevent the injection of unwanted electrical sig-
nals into the circuitry, an opaque dielectric overcoating should be used to block the 1light
at all points except those where a detector resides.

Lastly we consider clock distribution by free-space focused interconnections. For such
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interconnections, the optical source is imaged by an optical element onto a multitude of
detection sites simultaneously. The required optical element can be realized by means of a
hologram, which acts as a complex grating and lens to generate focused grating components at
the desired locations. The optical efficiency of the scheme can far exceed that of the
unfocused method, thereby reducing the electrical circuitry required to bring the detected
signals up to logic-level voltages. Holographic optical elements with a single focal point
can be made with optical efficiencies well in excess of 90%, using dichromated gelatin as a
recording material. For elements with multiple focal points, it seems certain that overall
efficiencies in excess of 50% can be achieved. The flexibility of the method is very great,
for nearly any desired configuration of connections can be achieved. The chief difficulty
of this method 1is the very high degree of alignment precision required in order to assure
that the focused spots are striking the appropriate places on the chip. Of course, the
spots might be intentionally defocused, decreasing the efficiency of the system but easing
the alignment requirements. There exists a continuum of compromises between efficiency and
alignment difficulty.

Figure 7 illustrates a possible configuration that retains high efficiency but minim-
izes alignment problems. The imaging operation is provided by a two element microlens, in
the form of a block with a gap between the elements. A Fourier hologram can be inserted
between the elements, and establishes the desired pattern of focused spots. The hologram
itself consists of a series of simple sinusoidal gratings, and as such the positions of the
spots generated on the chip are invariant under simple translations of the hologram. The
source is permanently fixed to the top of the upper lens block after it has been aligned
with respect to an alignment detector located at the edge of the chip, thereby establishing
a fixed optical axis. The only alignment required for the hologram is rotation, which might
be aided by the presence of a few more alignment detectors on the chip. The positions of
the image spots are determined by the spatial frequencies present in the holographic grat-
ing. Such frequencies could be established very precisely if the hologram were written by
an E-beam lithography machine.

Clock distribution at the wafer and board levels is also a strong candidate as an
application of optical interconnections. The primary differences in the optical require-
ments for these cases lie in the different physical sizes of chips, wafers and boards. At
the wafer 1level, the discussions of the previous paragraphs carry over essentially without
change. At the board level, the physical areas are sufficiently large that the free-space
and integrated optics approaches could at best be used for coverage of only a portion of an
entire board. The preferred approach seems to lie with optical fibers for conducting clock
signals to remote parts of a single board, between which the greatest clock skews would oth-
erwise be anticipated. Hierarchical schemes can also be envisioned, in which a network of
fibers distributes an optical clock to a series of widely separated sites, from which either
optical waveguides or or free space interconnects are used to distribute the signals more
locally to detectors, where the optical signals are converted to electronic form and distri-
buted on an even more local scale to the various devices that require the clock signal.

VI. Data Interconnects Using Optics

The use of optics for realizing data paths on a chip is inherently a more difficult
problem than the clock distribution problem discussed above, due to the fact that there are
many independent sources of information, each requiring an optical source. 1In addition, the
interconnection patterns required by different sources may be quite different, thus requir-
ing an extra flexibility of the interconnect technology. The chief practical difficulties
arise from the fact that source technology is GaAs while the chip technology is predom-
inantly Si. We consider first the problems of intrachip communications, and later make some
comments on interchip communications.

One approach to the problem is hybrid in nature. GaAs chips containing sources are
butted against a Si chip, with connections made by wire bonding. Signals to be sent to new
locations on the Si chip are fed to the perimeter of that chip, where they are transferred
to the GaAs chips. There they modulate optical sources, which send optical energy back to
the interior of the Si chip, where it is detected and converted to electrical signals. Such
a scheme is illustrated in Fig. 8, for the case of optical signal routing via a holographic
optical element above the chip. A similar approach could use sputtered glass waveguides on
an Sio film to transport the optical signals, although with somewhat less flexibility in
terms og the routing patterns that can be achieved. This latter scheme might be well
suited to the realization of a perfect-shuffle network.

A second approach to the problem is a monolithic one that presupposes the successful
development of heteroepitaxial growth of GaAs on Si, presumably with the help of a buffer
layer (such as Ge) for lattice matching. The hope then is that devices can be fabricated in
both the Si and the GaAs. Indeed such heteroepitaxial growth has already been carried out
by several organizations. However, the critical question concerns the defect densities in
the GaAs and the corresponding ability to realize high-quality devices in that material.
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Some success has been reported in this regard, with defect densities as low 104 per cm2
[21]. However, as yet there remains a considerable distance to go before devices in both
materials can be realized in monolithic form.

It has been tacitly assumed in the preceding discussions that the optical sources used
must be on or close to the Si chip containing the computational circuitry. 1In fact the
sources could be quite remote from the circuitry, provided modulators could be realized on
the chip. A given source could be imaged onto the on-chip modulator, where the modulating
signal would be imparted to the light beam. At present the only serious candidate for an
on-chip modulator would be in integrated optic form, Such devices can provide modula-
tions in the Ghz range, but the difficulties associated with coupling the externally sup-
plied light into an integrated optic waveguide on the chip will be non-trivial.

If holographic optical elements are to be used for data routing, the necessity to pro-
vide different geometrical interconnect patterns for different light beams dictates that the
elements will have to be realized in the form of thick holograms. For such structures, the
Bragg effect can be used to effectively provide a separate hologram for each source, and
therefore to establish a different and unique interconnect pattern for each data path. Such
holograms must be made interferometrically, since no fully synthetic way of generating the
needed thick structures is known. One further point about holographic interconnect elements
worth mentioning is that their use allows the possibility of "rewiring" the chip, simply by
removing one holographic optical element and replacing it by another different element.
Ideally one would like to have an electronically addressable light valve onto which a holo-
gram can be written for the particular interconnect pattern desired at the moment. Such
could be accomplished today if a thin hologram would suffice,-i.e. if all interconnect pat-
terns had the same geometrical structure. However, how to construct a light valve for real-
izing thick holographic optical elements is problematical, although some form of optical
damage in electrooptic crystals might provide a suitable "real-time" medium for writing
thick holograms.

For communication at the interchip level, one additional approach should be mentioned.
Consider an array of silicon chips surrounding a GaAs chip, as shown in Fig. 9. Suppose
that information is to be transferred from this cluster of chips to another similar cluster
some distance away. It should be possible to realize high-speed multiplexers and demulti-
plexers in the GaAs chips, as well as optical sources. Very wide bandwidth optical signals
can then be transferred between chip clusters by means of an optical fiber.

VII. Concluding Remarks

The discussions of the previous sections were by no means exhaustive, for the filed of
optical interconnections is so young that we have only scratched the surface in terms of
ideas. However, some general conclusions are possible, and we list some in what follows.

1. The problem of optical clock distribution is one that is amenable to immediate attack
by several different means. It provides a good vehicle for learning what the practical
problems will be when optical detectors are to be used as a means for inputing informa-
tion to chips. Furthermore, the problem of clock skew is a real and important one, and
any contributions made by optics to solving this problem will be welcome.

2. Hybridization of Si and GaAs chips provides the short-term solution to making optical
sources available to silicon circuitry. Investment in the development of such tech-
niques will lead to ability to experiment with optical data interconnections, both at
the interchip and intrachip levels.

3. Heteroepitaxial growth of structures that combine Si and GaAs layers 1is the most
attractive long-term approach to making optical sources accessible by silicon chips.
The development of such techniques to the point where Si and GaAs devices can be com-
bined in monolithic form is probably a necessary condition before optical interconnec-
tions can have major impact at the intrachip level.

4. Integrated optoelectronics can play a major role in the optical interconnect €field.
Developments in this field are being pushed by other motivations, but optical intercon-
nections can take direct advantage of any developments in this field.

5. The development of dynamic masks capable of changing optical interconnect patterns at
high speeds would provide a unique capability, and could potentially speed up many
important signal processing operations that depend on the fast Fourier transform algo-
rithm, for example. To be maximally effective, such masks should be analogous to thick
holograms, in that many different interconnect patterns can be multiplexed, one for
each of many sources.
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6. The perfect-shuffle exchange is a sufficiently ubiquitous operation, and requires suf-
ficiently large wiring area in conventional integrated circuit form, that optical real-
izations are worth pursuing. Realizations could be by means of fibers, waveguides, or
holographic optical elements.

It is hoped that the ideas presented above will serve to stimulate further thought and
research in this interesting area of technology.
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Figure 4. Index-guided interconnections.

s S~
Ve ~
s ~<

v >

e o o
l/o o/

L
(a)

DIFFUSER

(b)

Figure 5. Free-space unfocused intercon-
nections.

g ..

74 T

Hologram

Chip

i

> 4 Chip

I

Figure 5. Free-space focused interconnec-
tions.

SPIE Vol. 456 Optical Computing (1984)/ 83
Ex. 1022

CISCO SYSTEMS, INC. / Page 12 of 14



/ / HOLOGRAM

» /4

-~ SOURCES

SOURCES
SOURCES

1
0 0 A A
| - [ 4
DETECTORS #~ SOURCES

Figure 7. System for optical clock dis-
tribution with minimum alignment prob-
lems.

SOURCE ,{*

~— HOLOGRAM

ﬂ#\ 77227 Jl
M

/ \CHIP
ALIGNMENT
DETECTOR

Figure 8. Hybrid approach to optical data
interconnects.

84 / SPIE Vol. 456 Optical Computing (1984)

Ex. 1022
CISCO SYSTEMS, INC. / Page 13 of 14



Si

Si

GaAs

Si

Si

Fiber-optic link

Si

Si

GaAs

Si

Si

Figure 9. Silicon chip clusters with opt-
ical communication between GaAs chips.

SPIE Vol. 456 Optical Computing (1984)/ 85

Ex. 1022

CISCO SYSTEMS, INC. / Page 14 of 14





