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Optoelectronic devices with free-space optical interconnections offer new possibilities 
in massively parallel processing. The trade-offs involved in system design and device 
selection for optoelectronic implementations are examined. System design trade-offs 
are approached from algorithmic and technological standpoints. From the algorithmic 
standpoint, new architectures based on expander graphs, that have been shown to 
provide low-contention fault-tolerant communication, are discussed. Optoelectronic 
systems which implement such random graphs can be folded to reduce the hardware 
cost or unfolded to increase bandwidth. They can also be partially folded by increasing 
the grain size or by reducing the randomness of the graph topology to reduce the 
complexity of the interconnection holograms. An optoelectronic and a VLSI imple- 
mentation of a multistage interconnection network are compared from a technological 
standpoint. Physical design parameters, such as the chip size or the number of phase 
levels of the interconnection holograms, are related to the system design metrics such 
as bandwidth, volume, area and power. It is shown that the optoelectronic imple- 
mentations have higher performance and are more cost-effective than VLSI 
implementations. These results are also used to provide general guidelines for device 
selection in the design of smart pixels/smart spatial light modulators based 
optoelectronic systems. 

1. I n t r o d u c t i o n  
In many computationally intensive applications such as database/knowledge-base systems, 
linear algebra problems, and parallel artificial intelligence or neural networks, the required 
throughputs will exceed 1-10T ops s -~ before the end of the next decade [1]. Since the 
throughput of computer systems is directly proportional to the speed and the number of 
processing channels, high throughputs require high speed and/or a high degree of parallelism. 
The speed is limited by fundamental physical laws which govern the operation of the 
constituent devices of the system. Thus, it is the number of processing channels that must 
be increased to achieve higher throughputs. For example, a highly parallel computer 
consisting of a large number of simple processing elements (PE) that work in parallel could 
potentially achieve the required throughputs. But, if the number of PEs is increased, the 
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communication requirements among these PEs is also increased. Highly parallel com- 
munication cannot be supported with conventional electronic implementations because of 
the technological limitations of electrical interconnections in terms of area, latency and 
power dissipation. The introduction of optics into these systems alleviates these limitations 
by utilizing the inherent high bandwidth and parallel nature of optical interconnection 
schemes. Optical free-space interconnections with their three dimensional characteristics 
overcome the layout problems of planar electronic implementations. 

The optoelectronic systems reviewed combine local electronic processing with global 
optical interconnections. Such combinations that use light detectors and modulators as 
optical data transceivers and electronic circuits for data processing have previously been 
described as 'smart-pixels' [2] or 'smart-spatial light modulators' (S-SLM) [3]. Examples of 
system prototypes demonstrating these aspects of free-space optoelectronic computing are 
now emerging [4, 5]. Two optoelectronic interconnection networks that use S-SLM will be 
considered to evaluate the trade-offs involved in their implementations. The effects of the 
architectural and technological choices, as well as the importance of the device characteris- 
tics on the system complexity and performance, will be studied. A more detailed analysis 
of both systems together with the exact technological assumptions and the complete 
derivations can be found in References 6 and 7. 

An expander graph architecture is used to illustrate design trade-offs. After a brief 
description of these systems, several algorithmic and architectural alternatives are discussed 
for sorting applications. The effects of the architectural choice on the PE complexity and 
on the optical interconnection elements complexity are described. A well known shuffle- 
exchange routing interconnection network is used to study the design trade-offs in the 
selection of the devices and in the system operation. The use of two different classes of 
interconnection networks allows the analysis of systems that use different grain-sizes. While 
relatively small size PEs (low transistor count) are considered in the shuffle-exchange 
example, the PEs are larger, allowing more built-in logic functions, in the expander graph 
example. The resulting device requirements and system performance issues are compared. 
Finally, based on all these results, an attempt is made to generalize the limitations and 
constraints involved in the device selection and fabrication. 

2. Design of expander graph based optoelectronic sorting 
networks 

A top-down approach to the design of expander graph based systems is presented. An 
algorithmic justification to optoelectronic parallel processing is first given. Expander graphs 
are a promising approach to massively parallel architecture since they give rise to efficient 
multistage interconnection networks and optimal parallel algorithms. These graphs are 
irregular and require large area and delay when implemented with pure VLSI technology. 
Optoelectronic technology may offer more cost effective implementations. In the following, 
a system using optically interconnected PEs is then presented and the design trade-offs 
involved in its implementation are discussed. 

2.1. Expander graphs 
A graph is called an expander graph if every subset of input nodes in a neighbourhood is 
connected to a subset of output nodes in a larger neighbourhood. Expander graphs are 
characterized by expansion,/~, which is the ratio of the sizes (number of nodes) of the two 
neighbourhoods. It has been suggested that high throughput and fault-tolerant massively 
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parallel interconnection networks should be based on expander graphs [8-10]. One of the 
principal and immediate applications of expander graphs is for constructing efficient 
routing networks. For a large number of communication nodes, N, it has been shown that, 
i fa  message is routed first to a random destination and then to its real destination, the delay 
can be made O (log N), compared with a ~ /N delay caused by contention for generalized 
cube networks [11]. One intuitive reason for smaller delays is that random destination 
routing would tend to distribute the packets more evenly across all the edges in the network, 
thereby minimizing the traffic on each edge. It has been shown that significantly lower 
delays and higher fault tolerance than conventional or dilated butterfly networks can be 
obtained when a conventional butterfly is augmented with an expander graph [12]. Note 
that a dilated butterfly has the same amount of hardware as the augmented butterfly. These 
results suggest that expander graphs can play a significant role in the development of 
parallel computers. 

2.2. Expander graph based optoelectronic sorting networks 
To illustrate the effect of various design trade-offs on a practical application, an opto- 
electronic implementation of the optimal sorting network called the AKS network [13] is 
considered. This sorting network consists of O(log N) stages of comparators that can split 
a set of numbers into two roughly equal size sets, one being the set of bigger numbers and 
the other, the smaller numbers. Instead of using O(log q) stages to exactly halve q numbers, 
this sorting network uses approximate halvers that can perform halving in constant time, 
d, at the expense of a small amount of errors. Due to these errors, some numbers will be 
sorted to the wrong halves. However, this can be corrected in constant time [13]. The sorting 
time of the AKS network is then O(log N) rather than O(log 2 N) for regular interconnec- 
tion networks such as Banyan, shuffle-exchange, etc [14]. The approximate halver is based 
on an expander graph which is constructed by suitable selecting a certain number d of 
pseudo-random permutations [6]. This number d is called the degree, or the number of 
stages of the expander graph. It is also common to refer to d as the depth of the graph or 
the edges connected to a node in information theory literature. The idea is that the 
communication between the PEs in adjacent planes takes place along these random connec- 
tions. There are several ways to implement this communication scheme. It can be imple- 
mented by using d + 1 planes of processors where adjacent planes use different random 
permutations to communicate. In this implementation, each physical plane is divided into 
two logical half-planes (larger and smaller): each PE sends its output to 'itself' and its 
neighbour in the other half on the next physical plane (Fig. 1). A PE in the half-plane of 
small numbers, for example, compares the two numbers from both half-planes of the 
previous stage and keeps the smaller of the two. It can also be a folded system with two 
distinct planes of PEs where the PEs communicate by using any one of the d permutations 
at a given time. In this implementation, one of the two physical planes is dedicated to 
contain the larger half. The other one contains the smaller half. Due to the bidirectionality 
of the information flow in the system, the hardware efficiency is increased by two (Fig. 2). 
A combination of these folded and unfolded systems can be used to construct a partially 
folded system. 

In all cases, the algorithm utilized is the same. The PEs are classified into two halves and 
each of the d permutations available is used one after the other in time or in space to 
compare pairs of numbers, taking one number from each half. The numbers are exchanged 
so that the smaller ones are retained in the first half and the larger ones in the second half. 
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Figure 1 Unfolded geometry of expander system. APE in the half-plane of large (small) numbers compares 
the two numbers from both half-planes of the previous stage and keeps the larger (smaller) of the two. 

Two approximately sorted halves, each with eN errors are obtained after a total of d distinct 
steps of compare-and-exchange operations between the halves are performed, where N is 
the number of nodes and s is the performance of the halver. Clearly, if dis increased to allow 
each PE to compare with more neighbours, the halver would have less errors at the expense 
of more stages (or more time). This reduction in error, e, corresponds to an increase in the 
expansion of the graph, fl, where fl = (1 - e)/~. A unique property of expander graphs is 
that the expansion, fl, and therefore the halving error, 5, is a function of the system length, 
d, and is independent of the array size, N. Since run time is proportional to the length of 

PE plane 1 out of d 
permutation stages 

Large plane Small plane 

Information flow 

Figure 2 Folded geometry of expander system. APE on the plane of large (small) numbers compares an 
incoming number with what it has in local memory and keeps the larger (smaller) of the two. 
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this comparator network, the goal is to design e-halvers with minimal d for any given e 
and N. 

In designing the AKS network, the most important step is to find the expander graphs 
with the best expansion for various N (e.g. 1024, 512, 256, 128, etc.) for a given d. VLSI 
implementations of AKS networks have been studied in terms of layout efficiency and pin 
limitations [15, 16]. It has been suggested that optical interconnects are more suitable for 
implementing random interconnects. Two optoelectronic implementations for this approxi- 
mate halver have been proposed [6]: an unfolded implementation using computer generated 
holograms and a folded implementation using photorefractive crystals as volume 
holograms. 

2.3. Basic processing element design 
Expansion is an asymptotically optimal property (i.e. expander graph algorithms perform 
better for increasing array size) and it is advantageous to have a large array of processing 
elements. The objective in the PE design is therefore to keep the gate count low, so as to 
maximize the array size and improve the yield. The minimum functional requirement is a 
memory to store the two operandi, a comparator, multiplexors, an optical detector and a 
modulator. In fact, since the PE planes can transmit and receive data simultaneously, the 
operand that is already on the PE can be compared with the operand that is being received 
bit-serially, thereby halving the storage requirement. The bit-serial comparator, essentially 
a bit-serial router, starts comparing the most significant bits of the operandi and route them 
to the max and min outputs. Depending on this ID bit setting, a 2 x 1 MUX routes one 
of the comparator outputs to the current content register. The ID bit which must be set 
during fabrication, determines if the PE will retain the larger or smaller number. During the 
next compare-and-exchange cycle, this data packet is shifted out to take part in two 
compare-and-exchange operations simultaneously. One copy of the register is used to 
compare with data coming in through the detector in this node. The other copy is trans- 
mitted through the modulator to the other half-plane for another compare-and-exchange. 
It is also necessary to add a second detector to each PE for reset and synchronization at 
the end of a compare-and-exchange cycle. The total transistor count is then expected to be 
between several hundred to a thousand per PE (Fig. 3). The dominant factor in the PE gate 
count is the current-content shift register that has to be able to store an entire data packet. 

2.4. Design trade-offs in expander graph based optoelectronic AKS sorting 
networks 

2.4. 1. Fully folded against fully unfolded 
A degree d e-halver requires d stages of interconnection. It maps conveniently to d stages 
of PE planes interconnected by d CGHs, as in Fig. 1. While the basic PE design needs to 
be augmented with another detector so it can receive data from both half-planes, the 
additional silicon area required is marginal. For a sorter that requires log N e-halvers, each 
of depth d, the hardware requirement would become prohibitively expensive. In this case, 
pipelining the operations can significantly increase the throughput and reduce the memory 
requirement on each PE. This setup can be folded into one single stage where data packets 
bounce back and forth between two PE planes (Fig. 2). In this folded approach, the 
hardware cost and the system volume can be reduced at the expense of throughput, since 
the ability to pipeline is lost. One drawback of the fully folded system is the need for a 
current content register on each PE that is large enough to contain the entire data packet. 
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Figure 3 Basic functional design of an expander graph processing element. One operand comes from the shift 
register, the other comes from the data detector. They are compared bit-serially. The ID bit is set during 
fabrication to distinguish PEs dedicated for the larger or smaller half. Either the larger or the smaller of the 
operandi is stored back to the shift register. 

This is essentially the basic PE design of Fig. 3. In addition, the system requires a pro- 
grammable interconnect that can store the interconnection for ~-halvers of various sizes, 
each of degree d. On-going work aims to provide this reconfigurable interconnect tech- 
nology through recording volume holograms in a photorefractive crystal (Fig. 4) [17-19]. 
Since each interconnection pattern stored in a volume material requires a corresponding 
colour or phase-code to be recalled, a tunable laser or a 2D electrically addressed phase 
SLM array is required for reconfiguration. 

In summary, for long stages of large number of nodes, a fully unfolded approach is not 
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Figure 4 Folded system using reconfigurable optical interconnect based on photorefractive materials. 
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Figure 5 Functional design of expander graph processing element with multiple detectors. The shaded region 
indicates components that scale with the number of detectors, D. 

cost effective nor practical. For a more practical number of stages, the decision between 
folded and unfolded implementation equates to a trade-off between system cost and 
performance. 

2.4.2. Partially folded 
The fully folded and the fully unfolded approaches for expander graph based networks 
implementation have been described. The use of multiple detectors is discussed. This allows 
the design of a partially folded setup that requires less storage and offers improved 
throughput using reconfigurable interconnect. This design implies an increased transistor 
count owing to the additional detectors and their associated amplifiers and the additional 
logic needed for multiplexing the inputs. 

In e-halvers each node or PE is connected to d neighbours successively, undergoing 
compare-and-exchange operation with each neighbour and retaining either the larger or the 
smaller of the operandi. Notice the time-sequential nature of this algorithm: even if all d 
neighbours are connected to a PE at once, this PE cannot compare-and-exchange data with 
all of them since the content of the ith neighbour would be available only after i com- 
parisons. In essence, the d time steps required for e-halving cannot be reduced any further. 
However, combining the interconnection pattern of a few stages into the same hologram 
can reduce the number of required reconfigurations. More specifically, if D is the number 
of data detectors on each PE, and if the interconnection holograms have an increased 
fanout of D, the total number of holograms can be reduced by a factor of D. Each PE will 
compare its current content with the first detector, update its current-content register, then 
compare with the next data packet coming in at the subsequent detectors. This cycle 
continues until the current content is compared with the packet from the Dth detector. At 
this point the interconnection is reconfigured for the next D edges to start another D 
compare-and-exchange operations cycle. A d stage e-halver can thus be folded into diD 
stages. Figure 5 illustrates the PE design augmented with extra multiplexor and detector- 
selection counter to support multiple detectors. The shaded components indicates the 
additions necessary to support multiple detectors. 

For a degree d graph, diD interconnection holograms addressing D detectors on each PE 
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are required. If So is the time required to reconfigure the optical interconnection, including 
setting up the phase code, and if Se is the time required to switch to another multiplexor 
input, then the total operation time for a fully folded set-up will be Sod. The total time using 
D detectors/PE in a partially folded setup will then be 

d 
SxoT = So -~ + Sed (1) 

Hence, the speed-up, SU, can be written as 

SU = l l ( l lD  + SelSo) (2) 

Since So ~ Se, SU = D, i.e. the gain in throughput is linear with the number of detectors 
added, limited by the modulation rate. However, the I/O hardware efficiency of the PEs is 
1/D, since the detectors are on one at a time. 

While d holograms of one-to-one interconnection have essentially the same information 
content as diD holograms of one-to-D interconnect, less holograms mean less frequent 
reconfigurations. However, the potential increase in SNR owing to the reduced number of 
phase codes is offset by the decrease in SNR owing to the increased fan-out. The area 
penalty for additional detectors on the silicon processing element will be for amplifiers, 
larger counters and multiplexers. The increase in the PE area also reduces the system 
scalability. Furthermore, as the yield decreases with the increasing grain size, a cost effective 
design dictates a relatively small number of detectors per PE. Based on these considerations, 
D should be relatively small compared with d. An optimal design involves balancing N 
(array size), d (degree of graph), and D (degree of folding) to achieve the best throughput/cost 
compromise. 

2.4.3. Two-permutat ion expander 
The explicit construction of expander graphs does not produce graphs that have as good 
an expansion factor as randomly constructed graphs. Recently, a compromised approach 
has been offered: only a fraction of the graph is generated at random, and then extended 
deterministically [20]. This approach involves using only two random permutations a and 
r, instead of the d permutations discussed. As illustrated in Fig. 6, the PEs in U and V are 
connected at U' and V' through the permutation o-~. At planes U and V, the data packets 
are simply forwarded while at planes U' and V' the compare-and-exchange operations are 
performed. In the context of the e-halver, the data initially distributed among the U and V 
nodes will be sent to U' and V' through o- and ~ respectively, and compared and exchanged 
at their destination. The difference between U' and V' is a logical one, physically they are 
actually the same PE plane. U' will keep the smaller of the operandi while V' will keep the 
larger. These data packets are then sent back to U or V through the straight connections 
to go through the ~r or z permutation again. The degree is extended to two by reusing these 
two permutations again, after using the identity mapping from U' and V' back to U and 
V, respectively, to create the ~2r2 permutation. An expander graph of degree d can thus be 
constructed from at, a2~ 2, a3r 3, . . . ,  o-dz d to provide the desired expansion. The time 
interval between successive compare-and-exchange operations will increase linearly from 1 
to d at which point the approximate halving operation is complete. 

The two-permutation construction is significant because it reduces the interconnection 
requirement from d different patterns down to only two patterns. In fact, using CGHs of 
fan-out two, this can be further reduced to only one interconnection hologram. For an 
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(,J a s 

U V 
Figure 6 Conceptual view of the two-permutation expander graph. 

unfolded, pipelined, implementation, the original d different CGHs can be replaced by 
d-copies of the same CGH. Since CGHs can be easily duplicated from a master, the effective 
implementation cost is significantly reduced. For a folded system, the original implementa- 
tion required configurable interconnections stored in a photorefractive crystal. The volume 
holograms can now be replaced by two identical CGHs, suppressing the reconfiguration 
requirements and the time losses associated to reconfiguration. However, the total number 
of required passes through the interconnection holograms is larger in the two-permutation 
system than in the d-permutation system. For example, o-r, o2z 2, o-3g 3, 04~ "4, 05z -5 would 
require a total of 15 passes through the interconnection hologram, whereas the d-permutation 
approach would require only five passes. This trade-off in throughput must be weighed 
against the gain in hardware simplicity. 

A crucial question is whether the expander graph generated from two-permutations will 
have comparable expansion, fi, as the result of d-permutations. Lower expansions will have 
to be compensated by increasing d to maintain the same e-halving performance, negating 
the reduction in hardware complexity. To compare the expansion between d-permutation 
and two-permutation expanders, the same algorithm and random number generator was 
used to construct expander graphs of various sizes. The only modification is in the way 
successive permutations are generated. The generated graphs are selected based on the 
second eigenvalues of their incidence matrix, which is used as a figure of merit of the graphs 
connectivity. The selected graphs are then used as approximate halvers to compare their 
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Figure 7 Theoretical and empirical expansion achieved with two-permutation expander for N = 256, com- 
pared with expansion achieved with d-permutations. ([3) d-perm empirical (~ )  d-perm theoretical (11) 
2-perm empirical ( 0 )  2-perm theoretical. 

relative performance. The statistical maximum error obtained after halving one thousand 
iterations of random distribution is taken as eN, where N is the number of nodes. The 
expansion computed from this empirically obtained error is compared to the theoretical 
prediction (Fig. 7), where the theoretical value of e is given by x/22/(d + x/22), and where 
22 is the second largest eigenvalue of the incidence matrix [21, 22]. Note that theoretical 
predictions give an upper-bound value for e, a lower-bound for/3, which explains why 
statistical expansion is considerably higher. It is the trend rather than the absolute values 
that is of importance. Preliminary results indicate that there is no loss in expansion when 
two-permutation graphs are used instead of d-permutation (Fig. 7). In fact, there seems to 
be an increase in expansion as d increases. A more detailed discussion on this theoretical 
aspect of expander graphs will be presented in a later article. 

For the two-permutation expander, there are two types of processing elements: those on 
U and V that simply forward the data packet, and those on U' and V' which will perform 
the compare-and-exchange operations. However, additional logic is required to keep track 
of whether a data packet needs to be resent to U and V for one more permutation or to 
perform the compare-and-exchange operation. A functional diagram for this PE is shown 
in Fig. 8. This PE design removes the logical separation between U and V, combining them 
into the same physical grain. The two operandi are stored in the two current content 
registers (CCR U and CCR V). The counters set the multiplexers to have the two operandi 
compared and exchanged or bypass the comparator to go through another az permutation. 
Compared with the two previous PE designs in Figs 3 and 5, a clear trade-off between the 
complexity of the processing elements and the complexity of the optical interconnection can 
be seen. The grain size is increased to accommodate the additional logic (detector multiplex- 
ing in Fig. 5 and recursive permutation in Fig. 8) resulting in a reduced optical and 
optoelectronic hardware complexity (i.e. cost) and improved performance. The two- 
permutation expander also serves to illustrate the change at the device level owing to a 
change at the algorithm level. 

It has been shown that the expansion property of random graphs gives rise to low- 
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Figure 8 PE function design for two-permutations expander. The two operandi are stored in the current 
content registers (CCR) U and V. The counters set the multiplexers to have the two operandi compared and 
exchanged or bypass the comparator to go through another az permutation. 

contention fault-tolerant interconnection networks and parallel efficient algorithms. The 
AKS sorting network has been used to illustrate architectural trade-offs in system volume, 
time and PE and interconnection complexity. A cost effective implementation requires the 
consideration of a number of these trade-offs to achieve a good balance in the design 
parameters. However, the detailed quantitative relations for designing expander graph 
based systems do not exist, and remain to be developed. Hence, a quantitative analysis 
of the design trade-offs is provided, using the well known shuffle-based multistage 
interconnection network. 

3. Shuffle-based multistage optoelectronic interconnection 
networks 

There is a large class of multistage interconnection networks that are topologically equiv- 
alent (isomorphic) and have equivalent functional performance. These networks include 
shuffle-exchange, Banyan, omega, flip, cube, baseline, and delta networks [23]. Since these 
networks have the same functional performance, an interconnection topology may be 
chosen that is well suited to the technology, such as the 2D shuffle interconnection for 
optoelectronics and the Banyan interconnection for VLSI. The performance characteristics 
and the design trade-offs of optoelectronic interconnection networks are evaluated and the 
results are compared with VLSI implementations to justify optically interconnected PEs 
from a technological and system perspective. Technological implementation data is readily 
available for both VLSI [24, 25] and optoelectronics [26-28]. The performance metrics used 
to evaluate the designs are system footprint area, volume, speed, network bandwidth and 
power consumption. 

3.1. Definitions for comparative investigation 
In the planar VLSI implementation, the system footprint area refers to the total area 
required to layout the network. In the 3D optoelectronic implementation, the system 
footprint area is taken as the area of the largest planar surface. For the optoelectronic 
implementation, the system volume is also an important performance characteristic. The 
system speed is determined by the clock speed for both VLSI and optoelectronic imple- 
mentations. For a VLSI implementation, the system speed is limited by the speed of the 
switches and the longest wire in the network. For the optoelectronic implementation, the 
system speed is limited by the speed of optoelectronic devices, the electronic switches and 
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the optical interconnect delay. For both VLSI and optoelectronic implementations, net- 
work bandwidth is defined as the number of network access requests accepted per unit time. 
In the VLSI implementation, the system power consumption is the total power dissipated 
by the switches and the power required to drive the chip wires. In the optoelectronic 
implementation, the system power consumption is defined as the total power dissipated by 
optoelectronic (modulator and detector) and electronic (switch) devices, and the total 
optical power supplied to the modulators. 

The communication network used in both designs is a shuffle-based synchronous packet- 
switched multistage interconnection network built from 2 x 2 bit-serial bypass and 
exchange switching elements. A simple 2 x 2 switching element design requires less than 
100 logic gates [29]. There is a possibility that during the transmission some packets will be 
dropped owing to internal network contention. Multiple passes through the network might 
then be necessary to ensure that all the packets will be delivered to their destinations. 
CMOS technology is used for the VLSI implementation, and it is assumed that the entire 
network resides on a single chip. Free space optical interconnects are used in the opto- 
electronic implementation and it is assumed that modulators and detectors are integrated 
with electronic circuitry [7]. The interconnection network topologies used in both 
designs are equivalent, and thus both networks have the same functional performance. 
Any differences in physical cost and performance between VLSI and optoelectronic 
implementations can only come from technological considerations. 

The 2D shuffle interconnection topology is used for the optoelectronic implementation. 
In the 2D shuffle-exchange network, every stage uses an identical interconnection pattern. 
This leads to simpler fabrication because identical optical elements can be used for every 
stage of the network. The optical system for one stage of the 2D shuffle network is shown 
in Fig. 9. Since the 2D shuffle is a separable transformation along X and Y, the figure only 
shows a one-dimensional representation. The optical system consists of four off-axis lenses 
(only two are shown by the position of their centres in Fig. 9) achieving a 1 : 2 imaging 
transformation. The complete 2D shuffle network contains stages of optoelectronic switch- 
ing element arrays interconnected with stages of 2D shuffle optical interconnect modules. 
Each optoelectronic switching element array in the 2D shuffle-exchange network contains 
N/4 4 x 4 switching modules arranged in a square 2D array with the modulators and the 
detectors being uniformly distributed in the plane as shown in Fig. 10. Each 4 x 4 
switching module is implemented using four 2 x 2 electronic switches, four modulators 
and four detectors (Fig. 11). 

For the VLSI implementation the Banyan interconnection topology is used. The Banyan 
topology is preferred for VLSI implementation because it minimizes the total number of 
wire crossovers and is therefore more efficient in power consumption and footprint area 
[30, 31] than other interconnection topologies such as the perfect shuffle. Figure 12 shows 
the layout for a Banyan network (N -- 8) with three stages of electronic switching elements 
and two stages of electronic Banyan interconnections. 

3.2. Comparison of optoelectronic and VLSI interconnection networks 
The performance of the optoelectronic implementation is evaluated and compared with the 
VLSI implementation. First, it is necessary to instantiate the technology parameters for 
both designs. For VLSI, 1.2 #m CMOS technology parameters were used [32]. It is assumed 
that GaAs MQW [33] modulators are integrated with silicon detectors and CMOS circuitry 
for optoelectronics. While the integration of silicon detectors and CMOS circuits has been 
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achieved [34-36], a hybrid packaging approach is required to combine GaAS modulators 
with silicon. Active investigation is underway to integrate both technologies on a single 
substrate [37]. The results presented are based on analytical design equations derived from 
basic technological assumptions for both VLSI and optoelectronic technologies [7, 32, 
33, 36]. Physical laws and engineering concepts are combined in an effort to thoroughly 
describe the different components of the systems under consideration [7]. 

Figure 13a shows the total chip area for both system as a function of  network size, N. 
The area of the VLSI chip increases as N 2 log N, owing to crossover considerations for the 
Banyan interconnection layout. For the optoelectronic network, the total chip area 
increases as N log N because only the switching elements occupy the chip area. For all 
network sizes, the optoelectronic chip area is smaller than the VLSI chip area and the ratio 
of  the two areas increases linearly with N. For example, for N = 4096 the VLSI chip area 
is ten times larger than the optoelectronic chip area. 

Another area metric is the footprint area. The active chip and footprint areas are identical 
in VLSI implementation, but this is not the case in optoelectronics. Figure 13b shows the 
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Figure 10 Optoelectronic chip layout for the 2D 
shuffle-exchange network. 

footprint area for both systems as a function of network size N. The footprint area of the 
optoelectronic network also increases linearly with the network size. However, this time the 
constant multiplying factor N in the footprint area equation is larger. That is because 
of the fact that the optoelectronic footprint area is the product of the optoelectronic system 
width by the optical system length, where the system length will always exceed the width 
of the optoelectronic chip. For small networks (N < 2048) VLSI implementation has 
smaller footprint area than an optoelectronic implementation. Beyond N = 2048, due 
to the required electrical interconnection length, the optoelectronic network becomes 
advantageous. 

Figure 13c shows the clock speed for both systems as a function of the network size N. 
For small networks, where N < 256, both networks operate at the same speed of 100 MHz. 
However, beyond N = 256, the clock speed of the VLSI network has to be reduced because 
the delay of the longest wires in the Banyan interconnection exceeds the switching element 
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Figure 11 Different representations for the 4 x 4 switching element of the shuffle-exchange network: 
(a) physical layout, (b) functional representation. 
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"1- 

delay. Since the length of the longest wire increases linearly with iV, the clock speed for VLSI 
network decreases as 1IN. On the other hand, the optoelectronic network continues to 
operate at 100 MHz clock speed for large network sizes, because the free-space signal delay 
(3 ns m-  r ) is small compared with the delay of the switching element (10 ns) for all practical 
network sizes. 
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The network bandwidth is the product of the system speed, the network size, and the 
probability that an arbitrary communication request will be accepted by the network 
(probability of acceptance) [23]. Figure 13d shows the total network bandwidth for both 
systems as a function of the network size. For small network sizes, the two implementations 
have the same bandwidth. However, for networks larger than N -- 256, the VLSI band- 
width 'saturates' because the clock speed has to be reduced owing to wire delay. Internal 
network contention causes the VLSI bandwidth to actually decrease as 1/log N as the 
network size N is increased [7, 38, 39]. The optoelectronic network bandwidth continues to 
increase as N/log N as the network size is increased. This result shows that on-chip 
implementation of large networks is not effective in VLSI. 
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Figure 13e shows the power consumption for both systems as a function of network size. 
For networks with N < 256, both the VLSI and the optoelectronic implementations are 
approximately identical. For N > 256, the VLSI network power consumption becomes 
smaller than the optoelectronic network. This is to be expected because the clock speed of 
VLSI system is reduced for N > 256, and the power consumption is proportional to the 
clock speed. The optoelectronic system power consumption continues to increase as 
Nlog  N because, for the optoelectronic network, the clock speed remains constant 
(100 MHz). 

On-chip power consumption is another important system characteristic (Fig. 13f). For 
networks with N < 256, both the VLSI and the optoelectronic implementations have 
approximately constant power density of 3 W c m  2. For N > 256, the VLSI network 
power density starts to drop because of the reduction in clock speed. On the other hand, 
the optoelectronic network power density remains constant (3 W cm 2) as the network size 
is increased. This result shows that the power density of the optoelectronic network is 
independent of N. 

3.3. Scalability considerations based on components design 
Figure 14a and 14b show the height and width of the VLSI chip as a function of network 
size. The width of the VLSI chip increases linearly with network size and is equal to 3 cm 
when N = 256. One way to avoid the bandwidth saturation problem in VLS! is to 
partition the network into many chips and package them using packaging technologies 
such as PCB or MCM [32]. However, this approach will be difficult for networks above 
N = 1024 because of the large power consumption required to drive the MCM I/O pins 
at high data rates. Existing implementations have started to use fibre for board-level 
interconnections to solve this problem, but in this case the network size is limited by 
the high cost of each interconnection and the large system size. In any case, going 
beyond a network size of N = 1024 will require costly implementation and more difficult 
designs in VLSI. Another important limitation of VLSI network size is the chip pin count. 
Assuming that the maximum number of I/O pins on a VLS! chip is 1024 and neglecting the 
power and control pin-out requirement, the maximum network size is N = 512. In 
fact many designers of VLSI Banyan and Batcher multistage interconnection network 
chips have found their design sizes limited by I/O pin count rather than chip area 
[30, 31]. 

The maximum optoelectronic network size is limited by the maximum optical aper- 
ture size, maximum size of E-beam fabricated CGH, and the maximum size of the opto- 
electronic chip. Assuming that the maximum E-beam fabricated CGH size is con- 
strained to 10 x 10cm, and assuming that the achievable width and height of an 
optoelectronic chip are limited to 1 cm, Fig. 14c shows that N = 4096 is a plausible 
optoelectronic network size. The optoelectronic chip can be partitioned into smaller 
chips that are placed next to each other, because only power and ground connection 
are needed for the chips. The scalability of the optoelectronic network is therefore 
not limited by the number of I/O channels, because parallel optical input and output are 
used. 

Figure 14d shows the volume of the optoelectronic system as a function of the network 
size. The volume increases as N log 2 N with the network size. For N = 4096, the volume 
of the system is about 25 c m  3 (excluding the additional optical components required for 
distribution of control and power signals). 
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Another important limit for the scalability of the optoelectronic network is the optical 
power requirement. The optical power per stage for the network shown in Fig. 14e. The 
total optical power is defined as the product of  the optical power for one stage and the 
number of stages (log 4 N).  For example, when N = 4096, the optical power for one stage 
is around 1.6 W and the number of stages is six, giving the total optical power required for 
the system around 10 W. 

So far it has been assumed that the modulator driving voltage is equal to the electrical 
power supply voltage. However, it is possible that higher modulator driving voltages are 
required for MQW modulators [40] or for other modulator technologies, such as the 
Si/PLZT [41]. Varying the modulator driving voltage changes the power and power density 
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of the system. Assuming that the chip area is unaffected by modulator voltage, power and 
power density are proportional. Figure 15a shows the scaling of power and power density 
as a function of modulator driving voltage. As the driving voltage is increased from 5 V to 
35 V, both power and power density increase by about a factor of three. The need for 
higher voltages will also affect the choice of transistor technology. Since small feature 
size technologies have also lower breakdown voltages, high driving voltages will require 
driving stages consisting of many transistors to distribute the electrical field. Such a 
design is complicated from circuit viewpoint. Furthermore, it will increase the grain 
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size by increasing the overhead transistor count. Different technologies with larger 
feature size can be used to accommodate high driving voltages, but the scalability will be 
hindered. 

Figure 15b shows the scaling of the power and power density as a function of the 
minimum detector power. In this case, both the power and the power density are linearly 
dependent on the minimum detector power. Hence increasing the minimum detector power 
from 40 #W to 80 ~W increases the power and power density by a factor of two. This result 
indicates that for efficient optoelectronic system, the detector power must be minimized and 
the detector efficiency must be maximized. Lower detector powers may dictate larger 
preamplifier buffer circuits and error correcting logic circuits which will increase the 
transistor count on the optoelectronic chip. 

The number of phase levels, q), in the interconnection CGH is another important 
optoelectronic system design parameter that affects the volume, the area, and the optical 
power consumption of the optoelectronic network. The optical power is affected because 
@ changes the total optical efficiency of the system, q0. But r/0 is given by the product of the 
efficiency of the diffractive element, r/d, and the efficiency of the 2D shuffle optics. The effic- 
iency of the diffractive element increases with q) as sinc 2 (l/q)) [42]. Alternatively, the 
efficiency of the 2D shuffle optics decreases with q) [7]. This occurs because as the number 
of phase levels increases, the amount of virtual overlap of the four lenses also increases, 
resulting in a lower efficiency. Figure 15c shows r/d and 1/0 as a function of the number of 
phase levels. Figure 15d shows the scaling of the optical power, proportional to l/r/0, as a 
function of the number of phase levels. The optical power is minimized when more than 
four phase level diffractive elements are used because of these considerations. Figure 15e 
shows volume and footprint area scaling as a function of the number of phase levels. These 
results show that both the volume and area increase linearly with the number of phase levels 
since the f #  of diffractive lenses increases linearly as the number of phase levels increases 
[42]. Combining all these considerations leads to the fact that for optimal system perfor- 
mance, the number of phase levels should be set as low as possible because of volume/area 
considerations and as high as possible because of optical power considerations. Thus, the 
use of four to eight phase levels allows near optimal performance in terms of power and 
area/volume considerations. 

A detailed engineering design analysis of an optoelectronic shuffie-exchange network that 
uses S-SLMs has been described. By comparing the expected performance of the opto- 
electronic design with existing VLSI implementations, the use of optoelectronic S-SLMs in 
multistage interconnection network systems is justified, both in terms of system perfor- 
mance (bandwidth) and system cost (area, volume and power). Finally, by varying some of 
the technology parameters in the design, it has been shown how some component perfor- 
mances affect the overall system performance. For example, it turns out that using four 
phase levels in the CGH is a good compromise between power consumption and footprint 
area of the system although diffractive optical elements have maximal efficiency for 
16 phase levels. 

The results of the two previous examples show that optoelectronic implementations 
are more scalable than pure electronic implementations. Arrays of optoelectronic 
devices (S-SLM) that meet system requirements outlined in the examples are required 
for successful realization of optoelectronic systems. Some of the relationships between 
device and system performance have been illustrated. Based on these results and on 
the device physics, on the fabrication technologies and the general operation constraints 
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such as power dissipation, some general guidelines for the design of S-SLMs can be 
obtained. 

4. L imi ta t ions and system constra in ts  for  device select ion 
Two critical hardware considerations in S-SLM design are the size of a PE and the total 
number of PEs in the array. It is assumed that the PE size is governed by energy dissipation 
and area in order to determine the size of  a PE for which S-SLMs are a viable alternative 
to electronic technology. The complexity of the PE together with the minimum feature size 
of the technology determine the total number of PEs in the array. Therefore, for an 
array of a rea  Atot, the trade-off between the number of PEs, N, in the array and the 
complexity of  the individual PE is described by 

Y A  tot N < (3) 
ndAd + nmAm + niA~ 

where Y is the yield, ha, n~, and ni are the number of optical detectors, modulators, and 
inverters per PE and Ad, Am, and Ai are the areas of  these components, respectively. The 
area of detectors and modulators includes the area consumed by the associated amplifi- 
cation and detection circuitry. Note that in Equation 3 several technological factors limit 
N. The first factor is the a rea  Ato t of the silicon which support the array. A second limitation 
is imposed by the sizes of optical/electrical and electrical/optical conversion devices which 
are described by the ratio of the areas of the optical components to the total area (the first 
two terms in Equation 3). Finally, a third limitation arises from the feature size of the 
transistors. Equation 3 indicates that S-SLM technologies will leverage on future progress 
in photolithographic techniques and optical interconnects. The yield, which is highly 
dependent on the complexity and the size of the PE, the feature size used and the redundancy 
choices, also acts as a direct coefficient affecting the number of PEs, N. 

Assuming that the area of the detectors and of  the modulators and their associated 
circuitry are approximately the same Ad = A~ = Aro ( ~  500-1000#m2), Equation 3 can 
be rewritten in a different form 

Atot Y 
A~o 

N(nd +nm) < (4) 
( ni ) A i  

1-}- ),/d _~_ n m AI ~ 

The left hand side of the Equation 4 is the total number of  the I/O channels available in 
the array to which the throughput is directly proportional. The ratio in the denominator 
of Equation 4 can be defined as the PE grain size based on the area consumption and 
indicates the ratio of  the area of electronic elements to the area of the optical I/O ports. 
Furthermore, the ratio n~/(na + nm) is a measure of the grain size based on the ratio of  the 
transistor count to the number of the I/O ports in each PE. Equation 4 indicates that the 
total number of  I/O channels will be independent of the area or the number of  I/O ports 
for large grain sizes (ni >> rid, nm) and will be limited by the area of  the optical I/O ports 
for small grain sizes (na + nm >)> ni). 

The limitation on the number of PEs is also imposed by the power that can be dissipated 
by the array. By equating heat removal to heat dissipation, an upper limit on the number 
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of PEs can be obtained 

PdmaxAtot 
N < NdPdAd + NmPmAm + r/iNiPiM i (5) 

where Pdmax is the allowable power dissipation per unit area dependent on the thermal 
characteristics of the material and the cooling method used on the device, and Pd, Pm and 
Pi are the power dissipated per unit area by the detectors, modulators and electrical logic 
gates in the PE, respectively. Since in an electronic circuit only a small fraction, r/i, of the 
gates are active at any given time, the power dissipated in the electronic logic is considerably 
reduced. 

Using Equation 5, and assuming that the logic gates and the optical devices operate with 
the same latency r and dissipate energy only during switching (e.g. CMOS logic), the bound 
on the array optical I/O bandwidth imposed by power dissipation can be written as 

Nz 1 ~ Pdmax (6) 

nded ~tot -t-nme m ~tot -I-t/i/'/iei ~ to  t 

where the device power dissipation density has been substituted to the required device 
switching energy density using the relationship p = e/r, where ed, era, and ei are the 
switching energy densities associated with the detectors, modulators and inverters, respect- 
ively. The throughput and the scalability of S-SLMs are strongly affected by the allowed 
heat dissipation, the switching energy density and the area of the devices, as well as the 
nature of the electronic circuits. Assuming again that the area of the modulators Am and 
the detectors Ad are equal, Equation 3 can be rewritten as 

Atot 
edmax - -  

N(nded + nmem)r -1 = AIo (6) 
l~i ni ei A i 

1 +  
F/de d -~ /'/mere Alo 

The left hand side of Equation 6 is the total I/O power of the array. The ratio n~e~/ 
(nded + nmem) is the measure of the grain size based on the energy considerations. Again, 
for small grains (naed + nmem >~ niei) the limit will be caused by the optical I/O ports and 
for large grain sizes (n~e~ >> ndea + nmem) the limit will be independent of optical I/O ports. 
For good design practices where the communication power overhead should be minimized, 
the power considerations dictate a limit on the size of the processing element. For this case, 
the grain size is given by 

nm Pm, nd Pd < Pi (7) 
nL nL 

The energy requirements of the detectors and the modulators should be minimized to satisfy 
the requirements in Equation 7 for small-grain processors. Based on power considerations, 
MQW modulators offer great promise for small grain systems. However, high power 
consuming devices, such as laser diodes, will be beneficial for larger grain elements especially 
with few optical transmitters. In some cases, the optical power absorbed in the detectors 
and in the absorption type modulators such as MQWs should also be accounted during the 
heat dissipation calculations to avoid exceeding dissipation limits. 

The minimization of the modulator and detector power is also an important parameter 
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for the optical power budget. The optical power is dependent on the speed of operation, the 
sensitivity of the detectors, and the efficiencies of the modulators and optical components. 
The total optical power, Po, needed is defined as 

)do 
Po = kL Nnd - -  (8) 

qmqO 

where kL is the loading factor (the percentage of PEs operating at the same time), n d is the 
number of the detectors per PE and t/m and t/o are the efficiencies of the modulators and of 
the optical system, respectively. Pdo is the minimum detectable power and is related to the 
electrical power of the detector Pd through its responsitivity. An important consideration 
is the efficiency of the diffractive elements. Low diffraction efficiencies will increase the 
required power levels. 

A final size limitation is imposed by the energy comparison of electrical and optical links. 
It can be shown that the ratio of the energy dissipated in an optical link connecting a light 
transmitter to a light detector to that dissipated in an electrical interconnect is given by [3] 

E o hv C O 2Pdi 
EE qV tiCz(L ) + fCE(L)V: 

(9) 

where hv is the photon energy, q is the electronic charge, V is the power supply voltage, r/ 
is the optical link efficiency, L is the electrical interconnection length, f i s  the frequency of 
operation, Pdi is the power of laser diodes (if any), and Co and CE are the capacitances 
associated with the optical and electrical interconnects, respectively. For light modulators 
or at high speed operations the second term vanishes. The energy associated with the 
electrical interconnects increases with increasing interconnection length, whereas the energy 
associated with optical interconnects is independent of the length of the interconnection. 
The break-even length computed from Equation 9 ranges from a few hundred micrometres 
to about a centimetre depending on the technology and the speed of the devices. Thus, 
optical interconnections will only be suitable when the interconnection length is larger than 
the break-even length. 

5. Conclusions 
Various device and system design trade-offs involved in implementing optoelectronic 
parallel processing systems have been examined. System justifications from both algorithmic 
and technological standpoints have been presented. It was first shown that optoelectronic 
implementation of expander graph based systems is a promising approach to both sorting 
and low-contention fault-tolerant routing networks, when compared with more classical 
interconnection networks. It was also shown that optoelectronics is more suitable than 
VLSI for implementing these architectures that require random interconnections. Several 
optoelectronic implementations have been described where system performance can be 
traded in for system complexity. Fully folded and fully unfolded systems have been 
compared to illustrate system trade-offs. Results prove that, at the expense of more 
hardware (more stages), the unfolded system offers higher bandwidth. A partially folded 
system with variable grain size was then used to describe the trade-offs involved at the 
subsystem level. Results show again that bandwidth can be increased at the expense of more 
hardware (more detectors). Finally, it was proven that the complexity of the optical 
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interconnections can be reduced by changing the algorithm from d-permutations to two- 
permutations without affecting the system bandwidth. However, this is achieved only by 
increasing the grain size, i.e. the area consumed by the logic circuits. 

A more detailed analysis of the design trade-offs involved in optoelectronic imple- 
mentations was then provided, based on a shuffie-exchange interconnection network. Using 
previously developed models [7], it was shown that optoelectronics outperforms VLSI in 
speed and bandwidth (performance) for large size networks, N > 256, and that opto- 
electronics has a smaller footprint area (cost) than VLSI for N > 2048. The other cost 
functions, power consumption and on-chip power density, are higher for optoelectronics 
than VLSI when N > 256. This is due to the fact that the VLSI network power drops off 
when the speed of operation is reduced to accommodate the increased wire delay for large 
N. It was also shown that the number of phase levels of the interconnection hologram has 
to be traded-in to maximize the overall efficiency of the optical system and therefore 
minimize the system power consumption. This illustrates one of the many trade-offs 
involved in the optoelectronic implementation of interconnection networks. The results of 
the comparative analysis of the shuffle-based system were also used to provide some general 
guidelines for device selection in optoelectronic system design. It has been shown that some 
fundamental limits on the size of a PE and on the number of PEs in an array can be derived, 
using similar assumptions as in the previous comparative analysis. When these device 
requirements are met, optoelectronic implementations will be more scalable than their 
electronic counterparts. 
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