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Abstrac t .  This paper presents mul~iwave interconnections - optical in- 
terco~nections that employ wavelength components as multiplexable in- 
formation carriers - for next-generation multiprocessor systems using 
MCM technology. A hypercube-based multiprocessor network called the 
multiwave hypercube (MWHC) is introduced, where multiwave intercon- 
nections provide highly-flexible dynamic communication channels. A per- 
formance analysis shows that the use of integrated multiwave optics en- 
ables the reduction of network complexity on a MCM substrate, while 
supporting low-latency message routing. 
In this paper, we also present the experimental fabrication of wavelength 
detectors for the proposed system, and discuss the physical limit on the 
number of wavelength components at the present state of technology. 
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1 I n t r o d u c t i o n  

Multichip module (MCM) technology is a high-density packaging technology in 
which unpackaged chips are mounted directly onto a substrate incorporating 
the interchip interconnection network. It has recently caught the attention of re- 
search community as a promising technology for developing cost-effective parallel 
computers for on-line signal and data processing applications [1],[2]. In reach- 
ing for performance with MCM, however, one finds that the current technologies 
have the definite performance limitation: the high cost of communication in area, 
power and delay. More profoundly, interchip interconnections restrict the entire 
architecture of an MCM-based parallel processing system within narrow limits 
of local communication and minimized input/output. 

Motivated by these limitations, this paper is to explore a new interconnection 
technology for MCM, called mult iwave  interconnec~ions, which employ optical 
wavelength components as multiplexable information carriers. The wavelength 
division multiplexing (WDM) technique has already been used with success 
in telecommunications due to the potential to support extremely higher band- 
width. Recent breakthroughs in new materials and technology offer a possibility 
of integrating multiwavelength optical systems as well. In this paper, we also 
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present a hypercube-based multiprocessor network called the multiwave hyper- 
cube (MWItC), and analyze the impact of wavelength multiplexing on various 
network parameters (concerning performance and complexity). 

Recently, several researchers have proposed the use of WDM optical fiber 
channels for high-performance parallel computers [3]-[5 I. However, most of the 
reported designs axe based on assemblies of sophisticated discrete optical com- 
ponents such as star couplers and WDM demultiplexers, that are not suitable 
for high-density integration on a MCM substrate. In this paper, we assume only 
three kinds of key components: waveguides, laser diodes with different wave- 
lengths and wavelength-selective photodetectors. As for waveguides, we assume 
only simple point-to-point optical waveguides having 90~ structures. 
Recent advancement in polyimide waveguide technology makes it possible to fab- 
ricate this type of waveguides in micrometer dimensions and to integrate them 
on a single silicon substrate [6]. We also assume multiwavelength surface emit- 
ting lasers [7] as currently available light emitters. As for wavelength-selective 
photodetectors, on the other hand, most of the reported devices axe designed for 
telecommunications, and hence are not suited for integration. Thus, this paper 
also presents an experimental fabrication of simple wavelength detecting devices 
using dielectric multilayer thin-film (DMF) filters [8]. On the basis of the ex- 
perimental results, we discuss the physical limit on the number of wavelength 
components available at the present state of technology, and analyze their im- 
pact on the proposed network architecture. Our initial results seem to indicate 
that the use of integrated multiwave optics makes possible both the reduction 
of network complexity and the reduction of average message distance of the 
network. 

This paper is organized as follows. Section 2 provides functional models of 
multiwave interconnections,which are classified into two types: static and dy- 
namic. Section 3 describes the structure of the multiwave hypercube (MWHC). 
Section 4 provides the comparison of topological characteristics (such as the 
number of links, diameter, average message distance, traffic density and net- 
work complexity) of the MWHC and binary hypercube. In Section 5, we discuss 
implementation issues. 

2 M u l t i w a v e  I n t e r c o n n e c t i o n s  

A conventional MCM has multilayer, thin-film polymer interconnect structure 
(typically copper/polyimide) built on a ceramic or silicon substrate. Bare (un- 
packaged) chips axe mounted and electrically connected to the interconnection 
substrate by wire bonds, tape-automated bonds (TABs), or solder bumps [9]. 
Eliminating separate chip packages can achieve a 5-to-1 to 10-to-1 reduction in 
substrate area. However, current MCMs use about 20pro-wide interconnections 
and there is one-order-of-magnitude gap between VLSI line width and MCM 
line width. Also, current MCMs have average and maximum chip-to-chip sig- 
nal path length of about 3 and 9 inches, respectively [2]. These thin and long 
chip-to-chip interconnections run into severe limitations in high-speed parallel 
processing applications. 
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One concern is the increase of interconnection complexity. For the real-time 
applications in the next generation, parallel processing architectures with very 
low latency will become essential. One of the central issues in their design relates 
to the realization of densely connected global interconnections over which many 
processing modules communicate. Clearly, as the number of modules increases, 
the characteristics of the global interconnections become critical to overall system 
performance and cost. 

The other concern is the timing error caused by a contribution of signal- 
propagation delays and circuit rise-time delays. The problem of timing errors 
has been aggravated by the gap between VLSI and MCM geometries. One way 
to control timing errors is to keep the distance between chips short, which mini- 
mizes propagation delay as well as the resistance and capacitance that contribute 
to rise-time delay. However, this severely restricts the entire architecture of a mul- 
tiprocessor system within narrow limits of local communication and minimized 
input/output, resulting the increase of network latency at the system level. 

Consequently, low-latency parallel processing architectures in the next decade 
require breakthroughs in interconnection, technology. The most important tech- 
nological challenges might concern (i) the reduction of interconnection network 
complexity while maintaining a specific performance level, and (ii) the reduc- 
tion of signal propagation delay on global interconnections. Multiwave optical 
interconnections proposed in this paper present an interesting solution to this 
problem. They are already used with success in telecommunications known as 
W DM transmission technology. This paper is the first attempt to explore the 
potential of integrated multiwave optics for realizing MCM-based multiprocessor 
systems. 

It has long been recognized that integrated optical interconnections promise 
several advantages over their electrical counterparts such as large bandwidth 
(~ 109 Hz), reduced propagation delay and reduced power (for long interconnec- 
tions) [10]. In addition to these features, the use of multiple discrete wavelengths 
offers a means for reducing the complexity of a multiprocessor network without 
loss of its processing concurrency, and reducing its message delay by wavelength 
switching. 

Fig. 1 depicts the proposed structure of multiwave interconnections for MCMs, 
which employs two separate substrates: an optical substrate for integrating 
waveguides, and an electronic substrate for integrating processing elements with 
light emitters and detectors. In this structure, micron-size optoelectronic devices 
are key components. Fig. 2 summarizes three critical technologies: integrated 
waveguides, laser diodes which will emit multiple wavelengths, and wavelength- 
selective photodetectors which can discriminate multiplexed wavelengths. Here, 
waveguides are assumed to have simple point-to-point connection structures in- 
cluding only 90 ~ corner bends. This type of waveguides can be fabricated with 
polyimide in micrometer dimensions [6]: their width is on the same order as the 
wire width of current MCMs. We also assume multiwavelength surface emitting 
lasers [7] as currently available technology. As for wavelength-selective photode- 
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Fig. 2. Opto-electronic devices for multiwave interconnections. 

tectors, we assume simple compact devices using dielectric multilayer thin-film 
(DMF) filters which will be described in detail in Section 5. 

On the basis of the above assumptions, we shall develop a functional model 
of multiwave interconnections. We first classify the multiwave interconnections 
into two types: static and dynamic, according to rearrangeability of wavelength 
channels. 

Stat ic  Mul t iwave In terconnect ions  Fig. 3(a) and (b) schematically illustrate the 
physical link and the embedded logical links (wavelength channels) of a static 
four-wave interconnection. There axe two groups of processing nodes: the source 
nodes PNoS, . . .  , P N 3  S which transmit messages, and the destination nodes 
p N o D , . . .  , P N  D which receive the massages. We expect that  each group will 
be implemented with a single VLSI chip or with a group of chips. Every pro- 
cessing node has its own light emitter (or detector) whose lasing (or detecting) 
wavelength is specified in advance. The source nodes PNoS, . . .  , P N 3  s transmit 
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messages with wavelengths )~0, :kl,),2, )~a, respectively, which are multiplexed on a 
waveguide. Then, each destination node, say P N  D, receives the specified wave- 
length :kl to establish the logical subchannels shown in Fig. 3(b). In general, 
when the degree of multiplexing (the number of processing nodes per group) is 
w, we call it the static w-wave interconnection. 

Dynamic Multiwave Interconnections Static multiwave interconnections can sup- 
port only fixed wavelength channels. Dynamic multiwave interconnections, on 
the other hand, can support the "wavelength switching" function which dynam- 
ically switches a processing node from one channel to another by tuning wave- 
lengths. The methods to realize the wavelength switching function are classified 
into two types. 

1. Source-tuning method (Fig. 3(c)); 
The destination nodes PNoD, . . .  , P N  D have photodetectors of fixed wave- 
lengths )~0,'",~3, respectively. Switching of wavelength channels is per- 
formed at the source nodes using wavelength-tunable lasers or more prac- 
tically using fixed-wavelength lasers with electronic switching circuitry. By 
tuning the light emitter of the source node P N ~  to a specific wavelength 
)~i (0 < i < 3), the message from the node can be routed to any specific 
destination node P N  D. 

2. Destination-tuning method (Fig. 3(d)); 
The source nodes PNoS, . . .  , PNa s have light emitters of fixed wavelengths 
~0, �9 �9 �9 )~3, respectively. Switching of wavelength channels is performed at the 
destination nodes using wavelength-tunable photodetectors or using fixed- 
wavelength photodetectors with electronic switching circuitry. By tuning the 
photodetector of the destination node P N  D to a specific wavelength hi (0 _< 
i < 3), the destination node can receive the message from any specific source 
node P N  ft. 

Thus, the dynamic multiwave interconnection realizes dynamically rearrangeable 
logical links on a single waveguide. 

The optical link efficiency might be further increased by introducing time di- 
vision multiplexing technique that employs extremely large bandwidth of optical 
signals. However, design decision will depend significantly on practical system 
specifications. We shall omit such discussions to simplify our model. 

3 M u l t i w a v e  H y p e r c u b e s  

The main feature in our system is to use two-level hierarchy in its architecture 
to fully utilize both the high bandwidth of multiwave optics and the high func- 
tional density of electronics. Our approach is to group the total N processing 
nodes in the system into several processing groups, each consisting of w nodes, 
where w is called the degree of multiplexing. Thus, assuming N = w x 2 s, there 
are total 2 8 processing groups. We assume the w processing nodes in a group are 
implemented with a single VLSI chip or with a group of VLSI chips. Multiwave 
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Fig. 3. Model of multiwave interconnections; (a)physicM configuration, (b)logical 
structure of a static multiwave interconnection, (c)logical structure of a dynamic mul- 
tiw~ve interconnection with source tuning, (d)logical structure of a dynamic multiwave 
interconnection with destination tuning. 

optical interconnections using w wavelengths provide group-to-group global com- 
munication channels in a specific topology. In this section, we formally define 
the structure of a hypercube-based multiprocessor network, called the multiwave 
hypercube (MWHC), for the inter-group communication. We also evaluate the 
impact of wavelength multiplexing on various network parameters concerning its 
complexity and performance. 

A (w, s)-MWHC network consists of w x 28(= N) nodes. A node address is 
represented by a pair of an s-bit binary representation (gs"" gl) and an integer 
v (0 < v < w - 1) as (gs"" gl)[V]. The binary representation (gs"" gl) is called 
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Fig. 4. A (4, 2)-MWHC network:(a) physical structure, (b)logical structure. A binary 
4-cube network of the same number of nodes is illustrated in (c) for comparison purpose. 

the group address. A node (gs" '"  gl)[V] means the v-th processing node in the 
group ( g s ' " g l ) .  In a (w, s)-MWHC, each processing group (gs"" "gi) will be 
connected to groups (gs"'" ~"  "" gl) for all 1 < l < s, where ~ is the complement 
of gz. Thus, 2 8 groups are connected in the binary s-cube structure with optical 
links. 

The remaining problem is to determine the logical network topology realized 
with wavelength channels. Given a specific physical network, say binary s-cube, 
one can embed various distinct logical structures into it. Such logical network 
can be determined either statically or dynamically. In the following discussion, 
we focus on the use of dynamic w-wave interconnections for the above mentioned 
inter-group network. In this case, a node (gs" '" gi)[v] can be connected to nodes 
(gs" "" ~ " ' g l ) [ u ]  for all 1 < I < s and 0 < u < w - 1 with dynamic logical links. 

Fig. 4(a) illustrates schematically the physical structure of the (4, 2)-MWHC, 
which is equivalent to the binary 2-cube topology. The network consists of four 
processing groups; each contains four processing nodes. The four groups axe 
connected by dynamic 4-wave optical interconnections in the form of binary 
2-cube structure. (Each optical link is assumed to be bidirectional hereafter.) 
Fig. 4(b) shows the logical s tructure of the (4, 2)-MWttC. The total  number of 
nodes is 16 which is the same number as that in the binary 4-cube network 
shown in Fig. 4(c). It  is interesting to note that  the (4, 2)-MWHC does not 
support  direct connections within a common processing group, but  supports 
highly-flexible dynamic logical links between adjacent groups. 

As an example of higher-dimensional networks, Fig. 5 shows a binary 6-cube 
network and a (4, 4)-MWHC network embedded in a plane. 
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Fig. 5. Comparison of physical structures: (a)binary 6-cube, (b)(4, 4)-MWHC. 

In the (w, s)-MWHC network, the number of routing steps required for the 
communication between two nodes in two distinct groups is equal to the Ham- 
ming distance between their group addresses. As for broadcasting in the (w, s)- 
MWHC, any processing node can send a message to all other processing nodes 
in just s steps. 

4 Analysis of M W H C  structures  

In this section, the performance of MWHC structures will be compared to that  of 
other structures under the assumptions of constant channel bandwidth and the 
same number of processing nodes: N = 2 n. Here, we shall compare a (w, n - l g  w)- 
MWHC network 1, a binary n-cube network and a fully connected network of 
N nodes, where the degree of multiplexing w is assumed be a power of two. The 
links are assume to be bidirectional in the following discussion. 

A.  N u m b e r  o f  L inks  The total number of physical links in the (w, n - lg w)- 
MWHC is given by 

2 " - I .  ( n -  Igw) 
Lm --~ 

w 

In these physical links, wLm logical links will be established at a particular time 
instant. These  logical links can be dynamically rearranged through wavelength 
switching; there exist total  w2Lm available logical links. As the degree of multi- 
plexing w increases, the number of available logical links w2Lrn increases, while 
the number of physical links Lm decreases. 

1 Knuth's notation for the base-two logarithm lg -~ log 2 is used throughout this paper. 
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On the other hand, the total number of links in the binary n-cube network 
and that of the fully connected network are: Lb = 2n-in and L I = 2n-a (2n -1) ,  
respectively. 

B. D i a m e t e r  The diameter of (w, n - lg w)-MWHC is equal to the diameter of 
its physical structure: the binary (n - lg w)-cube structure, and thus is given by 

rm = n - lg w. 

The diameter of the binary n-cube network and that of the fully connected 
network are given by r b = n and rI  = 1, respectively. 

C .  A v e r a g e  M e s s a g e  D i s t a n c e  a n d  Traf f i c  D e n s i t y  The average message 
distance provides a measure of the expected packet delay. 

The average message distance of the fully connected network di is clearly 
given by df = 1. For the binary n-cube, its average message distance db is given 
by 

- -  n N n 
db = U---Z5_ 1 (N > 1). 

For the (w, s)-MWHC, the average message distance ~ is given by 

dm N - 1  ' 

where ~71 is the sum of distances measured from a specific node in a specific 
group to all the nodes in other groups, and ~72 is the sum of distances within 
the same group. The •1 and 572 are given by 

n- - lg  w 

d = l  

E2 = 2.(w--  I). 

Therefore, we have 

--din = N 1____~ L _2: )[n-lgw.N+2(w_l)\, (N>> I). 

Fig. 6 plots the average message distance of the binary n-cube, (4, n-2)-MWHC, 
(16, n-4)-MWHC, (64, n-6)-MWHC and fully connected network. For large N, 
as the degree of multiplexing w increases to 4, 16 and 64, the average message 
distance of the MWHC is reduced by 1, 2 and 3, respectively, compared with 
that of the binary n-cube. 
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Thus, MWHC structures can support  small message delay through dynamic 
wavelength switching. However, the number of logical links established at a par- 
ticulax time instant is much smaller than that  of the corresponding binary hy- 
percube structure (see item A in this section). This brings up the question: How 
much message traffic must be supported in each link? The average t ra j~c  dens i t y  

provides a measure of the potential packet delay by illustrating how much of the 
total packet traffic each link must support. The average traffic density is defined 
as the product of the average message distance and the total  number of nodes, 
divided by the total  number of communication links. The average traffic density 
of the (w, n - lg w)-MWHC and that  of the binary n-cube are given by 

and 

p m -  g -  1 n : l g w  

N 
Pb = N - 1, 

respectively. Thus, the traffic density in the MWHC and that  in the binary 
hypercube are insensitive to variations in network size, and approach a common 
value 1 for large networks. From this analysis it is expected that  the MWHC 
network achieves smaller packet delay in comparison with the corresponding 
binary hypercube under the condition of constant traffic density. 

D.  N e t w o r k  C o m p l e x i t y  MCM systems are wire-limited. The cost of these 
systems are predominantly that  of connecting devices. Thus, to achieve higher 
performance, the network must make efficient use of the available area. The 
network must be mapped into a two-dimensional substrate so that  it exhibits 
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lower topological complexity and occupies a smaller area. Here, we compare the 
complexity of networks in terms of wire density, the number of wires crossing a 
cut tha t  divides the network into two pieces. 

In general, for a binary n-cube embedded in a plane by a simple mapping 
rule [12], the maximum wire density occurs at the cut which runs neax the center 
of the network. This maximum wire density is about 2 n-1 since there are one-to- 
one connections between two groups of 2 n-1 nodes at the center cut. To evaluate 
the area occupied by a network, we introduce an area measure, which is defined 
as the square of the maximum wire density of that  network. For a binary n-cube 
network, the area measure Ab is given by Ab --~ 22(~-1). 

The physical structure of the (w, n - lg w)-MWHC network is equivalent to 
the binary (n - lg w)-cube network, and thus its area measure Am is approxi- 
mately 22(n-lg w-l).  This gives the area reduction ratio Am/Ab ~- 1/w 2. Fig. 7 
plots the area measure for the binary n-cube, (4, n - 2)-MWHC, (16, n - 4)- 
MWHC, (64, n - 6)-MWHC and fully connected network. As the degree of mul- 
tiplexing increases to 4, 16 and 64, the area measure of the MWHC decreases by 
the factors of 1/16, 1/256 and 1/4096, respectively, compared to tha t  of the bi- 
nary n-cube. This demonstrates the potential  of multiwave interconnections for 
reducing network complexity, while maintaining low latency in message routing. 

5 I m p l e m e n t a t i o n  I s s u e s  

5.1 O p t o e l e c t r o n i c  D e v i c e s  fo r  M u l t i w a v e  I n t e r c o n n e c t i o n s  

The key issue for implementing multiwave interconnection networks is how to 
realize the functions of guiding, emitting and detecting plural wavelengths. In 
paxticular, these functions must be implemented with micron-size compact de- 
vices. As for integrated waveguides and light emitters, several devices that  are 
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Fig. 8. Experimental chip that integrates photodiodes (PDs) with short-pass (SPF) 
and long-pass filters (LPF). 

suitable for multiwave interconnections have already been reported[6], [7]. These 
waveguides and lasers can be directly applied to multiwave interconnection sys- 
tems. 

As for wavelength detectors, however, most of conventional devices were de- 
signed for fiber communications, and are not compact enough to be used" in MCM 
interconnections. Addressing this problem, we have fabricated a new wavelength 
detector by combining a dielectric multilayer thin-film (DMF) filter [13] and 
a photodiode in a single device [8]. The DMF filter is composed of alternate 
layers of high- and low-index materials, and its spectral characteristics can be 
controlled by changing the number and thickness of layers. In our experimental 
fabrication, short-pass and long-pass filters made of SiO2 and TiO2 are deposited 
on pn photodiodes to discriminate red and infrared optical signals. Fig. 8 shows 
the experimental chip. 

5 .2  P h y s i c a l  L i m i t  o n  t h e  N u m b e r  o f  W a v e l e n g t h s  

In Section 4, we have observed that the number of wavelengths w directly affects 
the complexity and the performance of the MWHC network. This gives rise to 
the question: How many wavelength components are available at the present 
state of technology? We take up this question in this section, and discuss its 
physical limitation on the basis of experimental studies of the key components: 
waveguides, laser diodes and wavelength detectors. It is useful at the outset to 
list the limiting factors for the three kinds components here: 

- Waveguides; 
In the case of a micron-size waveguide, optical diffraction occurs at its edge 
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and this makes the output  light have an angular distribution. The degree of 
diffraction effect depends on the width of the waveguide A and the optical 
wavelength A. When a wavelength detector receives the output  light, its 
angular distribution causes the equivalent changes in spectral characteristics 
of the DMF filter. When the optical wavelength A = 0.7#m and A _> 2#m, 
however, the diffraction effect is negligible small. 

- Laser diodes; 
Emit t ing wavelength of a vertical-cavity laser can be controlled by changing 
the thickness of layers. However, the total  gain bandwidth (the range of 
lasing wavelength) of laser diodes is limited to a certain width WLD. 

-- Wavelength detectors; 
Selectivity and bandwidth of a DMF filter is limited by its structure. In 
general, a wavelength detector employs a band-pass filter whose structure is 
represented as 

(AL)PA, 
where A is the stack of (HL)q(2H)(Ltt)q, and L and H are SiO2 and TiO2 
layers with a quarterwave optical thickness. Larger p and larger q imply 
sharper cutoff and narrower passband width, respectively. The values for p 
and q that  we can choose are limited by a certMn thickness T of the DMF 
filter. 

Also, we must take account of the deviations of spectral characteristics of 
laser diodes and DMF filters due to the limited controllabilities in fabrication 
process. We assume the total effect of these deviations corresponds to +6 in 
wavelength domain. 

Taking these factors into consideration, we shall evaluate the number of wave- 
length components. We assume each DMF bandpass filter is designed to pass 
more than 50% of the energy of the wavelength to be detected, and to pass less 
than 10% of the energy of the adjacent wavelengths. In this case, the number of 
available wavelengths w is estimated as 

under the design constraint: 

[ WLD ] 

Wso% >_ 46, 

where W10% and W50% denote the 10% and 50% passband widths of DMF filters. 
Fig. 9 plots the number of wavelengths as a function of 6 under the conditions: 
A >__ 2#m, A = 0.7#m, WLD = 100nm and T = 10#m. When 5 = lnm, which 
seems to be realizable in the near term, we can use at least 16 wavelength com- 
ponents. This number offers a potential of reducing the complexity of hypercube- 
based interconnection networks by the factor of 1/256 in terms of area measure, 
and reducing the average message distance by 2. 

Another important  technological challenges in fabrication is how to install 
opto-electronic devices into MCMs. Future opto-electronic devices are likely to 
be made of III-V semiconductors, and thus new techniques for hetero epitaxy 
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of highly mismatched materials, GaAs on Si, will be required. More details con- 
cerning fabrication studies have been reported in [10], [14]. At an early stage, 
however, flip-chip bonding technique seems to provide an economical way of 
installing relatively small number of opto-electronic devices into an MCM sub- 
strate. 

6 C o n c l u s i o n s  

MCM technology offers a promising way for developing cost-effective multipro- 
cessor systems for on-line signal and data processing applications in the next 
decade. But, it also raises serious interconnection problems that axe inherent in 
increased network complexity using conventional techniques. We have presented 
in this paper multiwave interconnection scheme for MCM-based parallel process- 
ing and analyze its impact on a new hypercube-based interconnection network, 
called the multiwave hypercube (MWHC). 

An important feature in our system is the two-level hierarchy in its ar- 
chitecture; high-density electronics for localized processing modules and high- 
bandwidth multiwave optics for global inter-chip interconnections. Our initial 
results indicate that the use of multiwave optics enables the reduction of network 
complexity, while maintaining lower latency in message routing. Also, relaxing 
the interconnect physical distance requirements at a paxticulax data-rate might 
have significant system cost implications. 

The key to success with the proposed approach lies in developing compact 
multiwave opto-electronic devices suited for integration. Practical implementa- 
tions require cooperative study in many fields. 
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