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Abstract. In this paper we consider the use of optical slab waveguides

as buses in a parallel computing environment. We show that slab buses
can connect to many more elements than conventional electrical or ber
optic buses. We also introduce a novel multiplexing scheme called mode
division multiplexing that vastly increases the number of independent
channels that a single slab can support. We show that optical slab waveguides have, in principle, capacities of over a million independent channels (distinguished by about 1000 \out-of-plane modes" and about 1000
wavelengths) in a single physical medium, with each channel capable of
sustaining a load of over 1000. This becomes comparable to the high
capacity of a free space optical system, but with the ability to broadcast
each light source to many physically separated locations. Preliminary experiments on the \sawtooth slab bus" point to the feasibility of practical
slab buses. We also present a bus arbitration example that uses the high
capacity and loading of slab buses to achieve sublogarithmic arbitration
time.

1 Introduction
Buses are essential components in most computer systems. Their uses range
from buses within processors and host buses on a board, to backplane buses
connecting boards and global shared buses in multiprocessor systems.
As interconnects, buses have several desirable features. Being shared resources, they can be used more eciently and exibly than dedicated connections. Bus-based systems support broadcasting easily and naturally, have reasonable costs, and admit simple layouts. Besides traditional multiple bus systems
[3, 11, 14, 24, 26], buses have been used in a variety of computing structures including enhanced meshes [2, 4, 22], recon gurable networks [8, 12, 17, 19] and in
the context of emulating interconnection functions and topologies [6, 7, 13, 15,
16].
As the number of connections to a bus increases, the following problems arise:
Loading: In this paper we will use the term loading loosely to mean the maximum number of connections that can be made to a bus without signi cantly
degrading the quality of the signal on the bus.

Connections to an electrical bus cause capacitive loading that limits the rate
at which the signal switches state reliably (i.e., bus clock rate). In addition,
cross talk problems arise from the close proximity of high frequency signals
in adjacent buses. With existing technology an electrical bus operating at
a few hundred MHz, can only support about 30 connections. A ber optic
bus can connect to a somewhat larger number of elements (about 100), still
inadequate for moderately large systems.
Arbitration cost (for asynchronous systems): As the number of masters connected to a bus increases, so does the likelihood of multiple masters attempting to use the bus simultaneously. Such con icts have to be resolved by an
arbitration mechanism, whose complexity (cost, delay) depends directly on
the number of bus masters.
In this paper we propose buses that use optical slab waveguides. Unlike optical
bers that have a single (or a few) transmission modes, slabs can support several
thousands of modes. To a large extent, slab buses can overcome both of the
above problems of traditional buses. We will show that, in principle, a single
slab waveguide can admit over a million independent channels, each capable of
supporting a loading of over 1000. This high capacity of slab buses can also
be used to devise a fast bus arbitration scheme. Traditional (single) bus-based
systems are also limited by bus bandwidth. Multiple bus systems, capable of
overcoming this limitation are easily implemented on a single slab waveguide,
whose independent channels can be treated as individual buses.
Much previous work on optical buses has centered on the adaptation of components used for optical ber communication. This is understandable since optical ber communications is an established technology. However, many of the
considerations important to long haul optical ber communications are not relevant to the communication between proximate processors. In order to operate
over long distances at high frequencies, optical bers are designed to have minimal attenuation, less than 1 db/kilometer, and minimal dispersion. Clearly, the
low attenuation and dispersion required for transmission over many kilometers is
totally unnecessary between processors at most a few feet apart. Moreover, the
low dispersion is usually obtained by restricting the bers to single mode operation. This requires the use of laser diode transmitters for ecient light coupling
to the ber. In addition, if the signals from several ber inputs are passively coupled or fed into a single ber (as in a bus), most of the available power will be
re ected. This is because the optical power that is carried by a single mode ber
with input from a single source is determined by the brightness of the source.
This power cannot be increased by the addition of other sources. Not only does
this seriously reduce the power available in many optical bus con gurations, it
also couples some of the power back into the laser that emitted the light. This
unwanted feedback can cause instabilities in the operation of the laser.
Free space optical systems have also been studied as interconnects for parallel
computing [9, 18, 21]. In a typical free space optical system (Fig. 1), lenses (not
shown) image an array of light emitting diodes or lasers on a matching array of
photodetectors.
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Fig. 1. Structure of a typical massively parallel free space optical system.
They are capable of carrying an enormous amount of data. In addition, with
\smart pixels" some processing can be done locally between each photodiode and
its corresponding light emitter. Processing can also be done in additional optical
components such as liquid crystal arrays or acoustooptic modulators inserted in
the optical path. However, free space optical systems have limited applications
as buses, where light from each of the input sources is broadcast to all of the
detectors.
This paper reports some preliminary results with slab waveguides as buses.
In the next section we will show why a single mode ber optic bus can support a
loading of only about 100. Slab buses, on the other hand, are shown to be capable
of connecting to over 1000 elements per channel (Section 3). In Section 4 we
introduce a novel multiplexing scheme called mode division multiplexing that is
possible only on slab waveguides. This technique can be used in conjunction with
other conventional methods such as wavelength division multiplexing to increase
the number of independent channels in the bus by a factor of about 1000. In
Section 5 we brie y outline some results from preliminary experiments on slab
buses. In Section 6 we show how the high capacity of slab buses can be used in
a xed priority-based
arbitration
scheme that resolves con ict among N w-bit


log N
processors in O log w steps. The fact that this method can be used to resolve
con icts in access to any shared resource may be of independent interest. Finally
in Section 7 we summarize our results and make some concluding remarks.

2 Loading Limitation of Fiber Buses
A typical optical ber bus consists of an U-shaped optical ber connected by
directional couplers to light sources (on one end of the bus) and detectors (on the
other) [5, 10, 20] (see Fig. 2). Normally, directional couplers are used to transfer
power from one ber to the other, while the direction of information ow along
the bers remains the same. The fraction of power transferred between the bers
(coupling factor) is a parameter of the directional coupler. To ensure that all
detectors receive the same amount of power (regardless of the transmitting light
source) di erent couplers need di erent coupling factors. Moreover, if one unit
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Fig. 2. Fiber optic bus with directional couplers.
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of power is transmitted by a source, each of the N detectors only receive N12
units of power, as shown below.
For the following analysis we assume a single mode ber bus and neglect
transmission and insertion losses. Number the processors from 1 to N (left to
right) as shown in Fig. 2. Let the coupling factors for the light source and detector
of processor i be i and i , respectively. That is, if processor i transmits one
unit of power through its light source, then i units are transferred to the bus.
If processor i is not transmitting and the bus is carrying one unit of power, then
i units of power are siphoned o from the bus. Likewise at the detector end,
if one unit of power appears on the bus, then i units of power is transferred
across the coupler to the detector of processor i. Clearly, 1 = 1 = 1 as the
rst processor does not require a coupler.
Let each light source transmit one unit of power. A unit of power transmitted
by the rst source reduces to (1 , 2 )(1 , 3 )    (1 , i ) just after the ith
source. Since the power available to the detectors must be independent of the
transmitting source, i = (1 , 2 )(1 , 3 )    (1 , i ), for each i > 1. This implies
that i = 1i . In a similar manner it can be shown that i = 1i . The power on
the bus, just after the N th light source is N = n1 . The detector of processor i
receives N1 (1 , N )(1 , N ,1 )    (1 , i+1 ) i = N12 units of power.
This inecient power distribution limits the loading, or the maximum number of detectors that may be connected to the bus. Let Nf denote this maximum
for a ber bus. Also let  (in microns) and  (in nsecs) denote the wavelength
of the light and the detection time, respectively. Assuming a 100% transmission
eciency, it can be shown that P , the number of photons per detector per mW
of incident energy is given by

P = 5:04  106 (N)2 :
f

With  = 1 nsec (corresponding to a Gigabit data rate) and Nf = 100, P
ranges from about 300 photons in red light (  0:6 microns) to about 500 photons at the limiting wavelength for silicon photodetectors (about 1.0 microns).
These numbers are close to the minimum required for detection with ample error
margins, especially in the presence of background noise and with more realistic
transmission rates. Thus, the maximum loading for ber buses is about 100.

Though the analysis presented above is for a particular arrangement of
sources and detectors on a ber bus, the essential ideas apply to other ber
bus con gurations as well (such as couplers arranged in a binary tree with N
leaves with each coupler having a 50% coupling factor). This is because the reciprocal property of directional couplers is a fundamental limitation: it implies
that the power carried by a ber cannot be extended inde nitely simply by
adding more inputs. To do so would increase the power per mode, and hence
the brightness in the ber without limit, which would violate the second law of
thermodynamics.

3 Slab Waveguides
The term slab is used in this paper to characterize waveguides for which the
dimensions of the cross section are much larger than the wavelength of the light.
Slab waveguides have many modes in which the light may be transmitted. The
term ber is used for waveguides that permit only a single (or a few) modes.
It can be shown [25, page 312] that the number of modes, m, in the plane of
a slab of width d is given by

m=

p

2d (n2 , 1)



;

where n is the index of refraction of the slab in air, and  is the wavelength
of the light. For the slabs considered here, with d equal to a few mm, m is on
the order of several thousands. In contrast with optical bers, the total power
carried by a slab can be proportional to the number of sources (as long as there
are at least as many modes as sources).
In a slab bus with a carefully designed geometry, it is possible to divide
the power from a laser diode or LED equally among all detectors (assuming
no transmission and insertion loss). That is, if the light source transmits one
unit of power, then each of N detectors receives N1 units of power. This directly
translates to a larger loading, Ns . Under the same assumptions used above to
calculate the loading of a ber bus, the loading, Ns , of a slab bus would approximately be equal to (Nf )2 ; recall that Nf is the loading of a ber bus. With
even a conservative 10% transmission eciency, Ns is around 1000, which corresponds to approximately 10 times as many photons per unit time, an order of
magnitude improvement over ber buses, in the number of photons and hence
the number of detectors.
It should be pointed out that the parameters used here are for adequately
bright light sources, such as laser diodes, and suciently sensitive detectors, for
example avalanche diodes, that are well within the present state of the art.
Several slab geometries with various properties are possible. The slabs considered in this paper have a \sawtooth" shape (Fig. 3). In these waveguides light
is injected and removed from ports spaced along the side. These locations could
correspond to the locations of di erent circuit boards. There is a minimum distance between the last transmitter and the rst receiver, so that no element is

shadowed. The light is nominally divided uniformly between the receivers, with
minimal loss and re ection. The sawtooth shape may also be folded, so that each
card in a rack may have both a transmitter and a receiver.
T r a n s m i t t e r s
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Fig. 3. The sawtooth slab waveguide; in this gure, the plane of the slab is the plane of

this page; a view of this plane will be called the side view. The direction perpendicular
to the plane of the slab will be termed the top view.

For our discussion, we classify the transmission modes of the light propagating in the slab into two groups.
In-plane modes (Fig. 4(a)), or modes in which the propagation of light is parallel
to the plane of the slab but in general not collimated within that plane.
Out-of-plane modes (Fig. 4(b)), in which the light is collimated, but its propagation is not necessarily parallel to the plane of the slab.

Of course, most modes have components which are both in-plane and out-ofplane.
The in-plane multimode capacity of the slab waveguide is useful in mode
mixing, so that the energy from each of the transmitters is uniformly distributed
among the receivers. It is also important that the slab waveguide have minimal
delay, dispersion, and echo. Echo is de ned as light which does not reach a
detector by a direct path, but returns after a relatively long delay, possibly
interfering with the signal from the next transmission on the same channel.
Although we have not yet measured echo in sawtooth guides, we have observed
that the polarization of the propagating light is preserved. This implies that
conventional polarization techniques, e.g. double passes through a quarter wave
plate, could be used to minimize echoes, if necessary.

4 Mode Division Multiplexing
In this section we describe a novel multiplexing scheme called mode division
multiplexing (MDM ), that signi cantly increases the number of channels that a
single slab can support. We will show that more than 1000 independent channels
can coexist on a slab. Since each of these channels can utilize other multiplexing
schemes, MDM can increase the number of channels available through these
schemes by a factor of 1000.

(a) Side view showing in-plane modes

(b) Top view showing out-of-plane modes

Fig. 4. In-plane and out-of-plane modes of a slab waveguide; for simplicity only a
portion of the slab is shown.

In this section the in-plane modes and the out-of-plane modes are treated very
di erently: the in-plane modes are well mixed to insure uniform illumination at
the detectors, while the out-of-plane modes are well separated to provide multiple
communication channels (Fig. 5).
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Fig. 5. A section of the slab, showing three out-of-plane modes. These modes are well

separated as they propagate in di erent angles when viewed in a direction perpendicular
to the plane of the slab (top view). In the plane of the slab itself, the modes are well
mixed.

If light is propagated through the slab waveguide parallel to the plane of the
slab, then the light leaving the slab will also be collimated in a direction parallel
to the plane of the slab. This is true at each of the slab's exit ports. Additional
modes may also be introduced in the slab, in which the light is again collimated,
but at various angles to the plane of the slab. The light from these modes exits
the slab in a parallel beam at an angle, air , to the plane of the slab that is given
by
sin air = n sin slab ;
(1)
where n is the index of refraction and slab is the angle of the beam within the
slab. Because it may undergo either an odd or an even number of re ections, each
mode exits at both positive and negative angles, even though it may have been
excited by light which only entered the slab at either a positive or a negative
angle. These properties have two important consequences: First, light introduced
at various angles may be detected separately by di erent detectors, so that
multiple channels of communication are possible within the same waveguide.
Second, light may be intentionally introduced at both positive and negative
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Fig. 6. A single out-of-plane mode entering and exiting a slab. The gure shows a top
view of the slab and, for clarity, only one input port and one output port have been
shown.

angles by di erent transmitters, and then be detected by the same detector.
This permits operation of the two transmitters in an \OR" con guration, if that
is desired. Note that a mirror may be used to fold the light exiting the slab, so
that although it exits at both positive and negative angles a single detector is
all that is required for each mode.
The principle of mode division multiplexing is illustrated in Fig. 6, which
shows the light from a laser diode being collimated into a parallel beam and
lling the slab. Note that Fig. 6 shows only one input port and one output port;
similar e ects occur at all input and output ports. It is important that the light
not be collimated in the in-plane direction, in order to insure good mixing and
uniform illumination of the detectors. The collimation could be performed with
a cylindrical lens whose axis is perpendicular to the plane of the laser diodes.
Such a lens is most simply formed by shaping the input face of the slab.
The light leaving the slab is focused by a second lens, either spherical or
cylindrical, to a spot of size about ft , where f is the focal length of the second
lens and t is the thickness of the slab.
Additional laser diodes may also be arranged at angles N to the plane of the
slab (Fig. 7). In this gure the input lens has been placed a focal length away
θn
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Fig. 7. Multiple out-of-plane modes entering and exiting a slab. The gure shows a
top view of the slab. For clarity, only light entering from one input port and leaving
through a one exit port of the slab have been shown.

from the LED's and also a focal length away from the slab. This permits the
LED's to emit light perpendicular to their plane, facilitating their fabrication on
a single chip, while also collimating their light in the slab. The light from each
of these additional laser diodes propagates within the slab at an angle given by
equation (1). It then exits at angles of N and is focused by the output lens
into two lines. The images are lines because the light is not collimated in the
orthogonal direction. As indicated in Fig. 7, a mirror can be used to overlap
the two images for improved light collection; it is important to use all the light
because the light can potentially be shared between a large number of detectors.
If we take the total useful range of the focused output light as f , then
f
the number of resolved spots is (f=t
= t . The number of useful modes is
)
somewhat less, because of the necessity of providing clearance between channels
and because of possible degradation of the modes during transmission through
the slab. Nevertheless, for a slab a few mm thick and visible light the number
of distinct out-of-plane modes is on the order of 1000. (Note that in addition
to these out-of-plane modes, the slab may have several thousands of in-plane
modes that are used to support a large loading.)
Wavelength division multiplexing may also be introduced, by using sources
at di erent wavelengths. The di erent wavelength signals may then be directed
to di erent detectors, for example by using dichoric mirrors, which re ect some
wavelengths while transmitting others. In principle this can be done at each
of the output ports, and for each of the propagating modes, so that the total
number of channels at each exit port would be the product of the number of
wavelengths and the number of modes. A more interesting concept is to use a
dispersive device, such as an ecient blazed di raction grating, to direct the
di erent wavelengths to corresponding detectors (Fig. 8). This could also be
done in conjunction with mode division multiplexing, again greatly expanding
the total number of channels available for communication. In principle, the light
signals at di erent wavelengths could be spatially separated into more than
1000 di erent channels, resulting in an array of 1000  1000 elements. Each case
requires a detector for each channel, but these may be arranged in an array on
a single chip (or a few chips).
It is interesting that inputs may also be arranged at negative angles, as shown
in Fig. 7 for one angle, ,N . Since light launched from these locations arrives at
exactly the same outputs as light from the positive angle inputs, this presents the
possibility of a permanently \built in" OR function. It also forms the basis for the
simplest form of wavelength division and polarization division multiplexing, since
it provides convenient input ports for two di erent wavelengths or orthogonal
polarizations.
Finally, it is important to note that time division multiplexing may also
be used, further extending the capacity of the slab mode. This is especially
signi cant in its possible application as a pipelined bus, a widely studied model
of computation [10, 20].
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Fig. 8. Using a blazed grating to demultiplex a WDM signal. The gure shows the
spatial separation of two wavelengths (indicated by solid and dotted lines)

5 Experimental Results
Preliminary experiments have been performed with sawtooth optical slabs machined from Plexiglas and polished with 1500 grit sandpaper. The slabs were 3
mm thick, and had 8 input ports and 8 output ports, generally arranged as in
Fig. 3. The cross sectional area of each port was 3  3 mm2 , and the ports were
spaced 25 mm apart. The separation between the input ports and the output
ports was varied between 200 mm and 800 mm.
The source of light was a red light emitting diode (LED) operated in a constant current mode. The detector was a photodiode operating in the photovoltaic
mode into a resistive load under conditions which limited the output voltage to
50 mV to insure linearity. No optics was used to match the LED to the input
ports, or the photodiode to the output ports. A digital voltmeter was used to
perform dc measurements of the photocurrent.
We observed an insertion loss of approximately 10 db, largely attributable to
coupling losses at the input and output ports. The uniformity between pairs of
input and output ports was approximately 1.5 db, full range between the best
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Fig. 9. A portion of the slab showing two dimensional separation of modes and wavelengths at a \tooth" of the slab.

pair and the worst pair. Additional measurements across a cross section of the
slab showed that the light distribution became uniform to within a factor of 2
after just a few cm.
In a second experiment light from a HeNe laser beam at 6328 
A was passed
through a 25 mm  300 mm  3 mm Plexiglas slab. The beam did not ll the
slab. The angle by which the light was inclined to the plane of the slab was
varied up to approximately 60. Fig. 10 is an oscilloscope trace which shows the
angular distribution of the intensity in the exit beam at an angle to the slab of
18. The angular distribution of a similar beam which did not pass through the
slab is also shown. Although the exact shape of the pro le is not yet understood
in detail, it is certainly comparable to the pro le from the comparison beam.

6 Bus Arbitration
The discussion in the previous sections indicate that a single slab waveguide has
the potential to provide over a million independent channels (corresponding to
1000 out-of-plane modes and 1000 colors used in wavelength division multiplexing). Moreover, each of these channels could support over 1000 loads. Although
we do not expect such an enormous capacity to be utilized on a single bus, at
least initially, a slab waveguide can be used to implement multiple bus systems
with much larger loads than previously possible. This is comparable to the high
capacity of a free space optical system, but with the ability to broadcast each
light source to many physically separated locations.

Fig. 10. Angular distribution of reference beam (top trace) and beam through slab
(bottom trace). The full scale is 8 mrads

As an example of what slab waveguides can o er in the parallel processing
context, we take up the topic of bus arbitration. In this section we show how a
the bus arbitration scheme of [1, 23] can be adapted to exploit the high capacity
and loading of slab buses.
Consider a bus with N processors numbered 0; 1;    ; N , 1. Without loss of
generality, assume that N = 2k , for some integer k. For any integer b (where
2  b  k), the k-bit processor addresses
can be expressed in base 2b , simply
k
by grouping the k address bits into b groups, each with at most b contiguous
bits. For convenience, assume that kb is an integer. Thus the address of processor
i can be written in base 2b as ai;1 ; ai;2 ;    ; ai; kb , where for each 1  j  kb , ai;j
is the j th b-bit digit in the base 2b representation of the address of processor i.
The aim is to determine the highest indexed processor that wants to write
on the bus. Suppose we have 2b , 1 (one bit) buses available for the arbitration
process. Let these buses be indexed 1; 2;    ; 2b , 1. We will also assume that each
processor has word size w and can, in constant time, determine the leftmost (or
rightmost) one, if any, in a w-bit word. (This operation can be built into the
processor at a cost comparable to that of a w-bit adder.) For our purpose, b  w.
At the rst step, each processor wanting to write on the bus participates in
the arbitration algorithm. Let processor i be one such processor. If ai;1 > 0,
then this processor indicates its presence by writing a 1 on bus ai;1 . Several
processors may be writing on this bus, but they will all be writing a 1. Next,
each processor i that wants to access the bus reads from all 2b , 1 arbitration
buses, and determines if there are any positions larger than ai;1 for which a
processor wants the bus. That is, is there a higher priority processor vying for
the bus? If so, processor i withdraws from the rest of the arbitration process.
If ai;1 = 0, then processor i checks to see if any processor has written on any

arbitration bus. Processors that nd no higher priority processor
vying for the
bus continue to subsequent iteration. This step requires, O( 2wb ) time.
By applying this method to all kb = logb N digits of the addresses, the highest
indexed processor attempting to write
 bus can be selected.
 b on the
N steps. If w = (2b ), then the time
The entire procedure runs in O 2 log
wb


log N
needed is O log w . This is an improvement over the conventional O(log N )
time priority resolution (that proceeds one address bit at a time) and is achieved
without extra hardware resources. The large number of channels available on a
single physical slab admits a large value of b, a hence a lower arbitration time.

7 Conclusions
Slab waveguides hold immense potential for implementing high capacity buses for
connecting proximate processors. Preliminary results indicate that a single slab
waveguide has, in principle, the potential to provide over a million independent
channels (corresponding to 1000 out-of-plane modes and 1000 colors used in
wavelength division multiplexing). Moreover, each of these channels can support
around 1000 loads. This is comparable to the large capacity of a free space optical
system, but with the ability to broadcast each light source to many physically
separated locations.
More modest systems, with smaller waveguides and less complex optics, are
quite practical with existing technology and still would provide enormous advantages in bused interconnections. The general question of how best to exploit
features of slab buses in a computing environment is open.
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