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Abstract

In this paper we present an all optical hypercube-
based multichannel network, implemented on a ring
topology, using wavelength division multiplezed chan-
nels. For a network of size N, only logya N distinct
channels are required. We design an Optical Network
Interface Unit (ONIU) which employs free-space optics
to perform routing and switching functions. The de-
sign eliminates the electronic bottleneck at intermed:-
ate nodes and is capable of perfoming high speed packet
switching. ONIU can be reconfigured in GHz range
and provides high bandwidth necessary to perform dis-
tributed and parallel computing in a local area network
environment.

1 Introduction

Optical fiber has been widely accepted as the in-
terconnection medium for communication networks,
due mainly to the advantages offered by fiber such
as higher bandwidths, better noise performance and
longer distances without repeaters, as compared to
electrical media. However, the rate at which current
electro-optic devices can access the fiber is on the or-
der of four to five times slower than the bandwidth
of the fiber, which can be as high as 30 terahertz.
Hence, there has been a great deal of research in de-
signing system architectures to eliviate this so called
electronic bottleneck and improve the performance of
communication networks.

Multichannel lightwave networks have been pro-
posed as a solution to this problem. In multiple chan-
nel systems, several users can access the fiber simulta-
neously thus increasing the overall network capacity.
The optical bandwidth is divided into several chan-
nels, each capable of transmitting noninterfering sig-
nals at distinct wavelengths. The channels are then
wavelength division multiplexed (WDM) and trans-
mitted over the network. Examples of such networks
are the ShuffleNet Multihop Networks [1, 2, 3] which
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implement a perfect shuffle interconnection scheme,
the Wavelength Division Multiple Access Channel
Hypercube (WMCH) [4] which uses tunable electro-
optical devices and a passive star-coupled topology
and the Hypercube-Based Multichannel Ring Network
[5] which requires fewer number of channels and static
devices.

This paper presents the design of an all Optical
Network Interface Unit (ONIU) to implement rout-
ing and switching functions for the hypercube-based
local area ring network. Based on the Optical Inter-
face Message Processor [6], the ONIU fully exploits
the inherent parallelism and multidimensionality of-
fered by current free-space optical technology to per-
form switching without conversion of the optical signal
to the electrical domain. This design differs from the
proposed hybrid systems. In the hybrid designs, an
interface message processor strips the packet header
from the message and converts it into electrical signals
in order to control the setup of the electrical switches.
These electrical switches, in turn, control the state of
the photonic switches that route packets at the input
ports to the required output ports [7]. By requiring
electro-optical conversions only at the source and des-
tination, the ONIU eliminates the electronic bottle-
neck at intermediate nodes.

The rest of this paper is organized as follows. Sec-
tion 2 presents a brief overview of conventional hyper-
cube networks along with the architechture and rout-
ing techniques used in hypercube-based multichannel
ring networks. In Section 3 we describe the design
and implementation of the main functions performed
by the ONIU. Finally, in Section 4 we outline our con-
clusions and future work planned for this area of re-
search.

2 Hypercube-Based Networks

An r-dimensional hypercube can be represented as
N = 2" nodes located at the vertices of a hypercube
graph. Each node is represented by a binary r -tuple



Figure 1: Hypercube Interconnection

(Pr-1,Pr=2,---,Po) and is connected to r immediate
neighbors, those with rtuple addresses differing in ex-
actly one bit position, according to the routing func-
tions Ro, R1,..., Ry—1 associated with each bit posi-
tion. Figure 1 shows a simple hypercube of dimen-
sion r = 3 along with corresponding routing functions
Ro, Ry, Ro.

Function R; defines a connection between nodes
with addresses differing in bit position i. For exam-
ple, in Figure 1, node 0 is connected to neighboring
nodes 1 (001), 2 (010) and 4 (100) by Ro, Ry and Ra,
respectively. In the hypercube, packets are routed, ac-
cording to an e-routing scheme [8], on R; if source and
destination addresses differ in bit position i.

2.1 Hypercube-Based Ring Architecture

In [5] we introduced a local lightwave network,
based on a hypercube interconnection, implemented
on a multichannel ring topology. It has been shown
that the same operations used in the perfect shuffle
interconnection, on which the ShuffleNet systems are
based, can be used to construct a logical hypercube
network [8]. However, in the ring network, concurrent
communication is achieved over fewer wave-division
multiplexed channels than are needed by similar size
ShuffleNet networks. By using fewer channels, the
cost of the network will decrease and the available
bandwidth will be utilized more efficiently. Figure 2
compares the number of channels required for simi-
lar size ShuffleNet and Hypercube-Based Multchannel
Ring Networks.

The multichannel ring based on the rdimensional
hypercube has N 2" Optical Network Interface
Units (ONIUs) connected by a fiber ring contain-
ing r = log, N distinct channels, Cp,Ch,...,Cr-1.
The WDM channels transmit messages at wave-
lengths A, A1, ..., Ar_;1 respectively. The ONIUs,
like the hypercube nodes, have 7-tuple addresses
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Network Size] # Channels Required
ShufleNet| ShuffleNet | Hypercube-Based

N Bus Ring Ring
8 16 4 3

32 64 20 5

64 128 12 6

128 236 152 7

1024 2048 356 10

2048 4096 212 11

Figure 2: Comparison of required channels for Shuf-
fleNet and Multichannel Ring Networks
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Figure 3: Hypercube-Based Multichannel Ring, r =3

(Ry—1,Mr-2,...,n9) and the channels provide point-
to-point connections according to the routing func-
tions defined in the hypercube. That is, channel C;
connects ONIUs whose addresses differ in bit position
i. Figure 3 shows an implementation of a multichannel
ring based on the 3-dimensional hypercube of Figure 1.
It has N = 8 (2%) ONIUs and requires r = 3 distinct
channels. We see the point-to-point connections for
ONIU 0, supplied by the channels Co,C;,Cs which
transmit at wavelengths Ag, A; and Az. In the remain-
der of the paper, we use the 3-dimensional hypercube-
based ring as a running example to explain the design
and implementation of a high performance distributed
system based on optical technology. Extensions to
larger size networks can be made in the obvious way.

2.2 D-Routing in Hypercube-Based Ring
Networks

In order to implement a logical hypercube on
the physical multichannel ring we employ a routing



scheme similar to that described above for the hy-
percube network, exploiting the point-to-point con-
nections established by the WDM channels C;, i =
1,2,...r—1. Recall that in e-routing, packets or mes-
sages are routed using address information (node ad-
dresses) to choose a channel to transmit the message.
In the multichannel ring, we use a routing scheme
called d-routing (distributed e-routing) where if ad-
dresses differ in bit position 7 then channel C; is cho-
sen.

One difference between routing in the conventional
hypercube and that of the multichannel ring is that in
the hypercube, links are independent of one another
and so more than one node can transmit in a partic-
ular dimension at the same time. That is, node 0 can
send to node 4 on R, at the same time node 2 sends
to node 6 on R; without a collision (see Figure 1).
However, the same transmissions on the ring result
in a collision because these connections share a single
multiaccess channel C;. Therefore, in d-routing, rout-
ing tables for each ONIU are constructed based on
address bit comparisons performed in different orders.
For example, in ONIUs 0-2, the least significant bit is
compared first, then the next significant bit, then the
most significant bit; in ONIUs 3-6, the second signif-
icant bit is compared first, then the most, then the
least; and in ONIUs 7-8, the most significant bit is
compared first, then the least, then the second. By
changing the order of the bit comparisons made at the
ONIUs, the traffic entering the network is more evenly
distributed over all channels and hence the number of
resulting collisions can be reduced.

When constructing the routing tables, our d-
routing scheme also accounts for the physical topology
of the ring network. The routing path of a message
will consist of intermediate ONIUs whose addresses
differ in exactly one bit position (according to the hy-
percube, Figure 1). If an ONIU is not in the routing
path, it will be bypassed, that is the switch is config-
ured so as to output the message on the same wave-
length as it was received. If it is in the routing path
then the ONIU switch will be set to transmit the mes-
sage on the appropriate wavelength, each wavelength
corresponding to a dimension in the hypercube.

We also found that the physical ring topology could
be exploited to reduce the number of hops (either
physical or logical) needed by a message between cer-
tain pairs of ONIUs. For example, going from node
7 to node 0 in the hypercube requires three hops, be-
cuase the addresses differ in three bit positions (Ham-
ming distance = 3). In the multichannel ring this
is reduced to one physical hop. As another exam-
ple, consider a message going from node 1 to node
6. Again, three hops are required in the hypercube
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structure (e.g. 1 — 0 — 6). But in the ring (assuming
unidirectional clockwise transmission) one logical hop
can be used. Following the hypercube routing path, 1
— 0 — 6 the message reaches the destination ONIU
6 while trying to reach the imtermediate ONIU 0. So,
by requiring only one logical hop, the number of fre-
quency translations needed is reduced and thus so is
the delay.

Since switching and routing functions will be per-
formed in the optical domain by the ONIUs, the de-
lay reduction is not as significant as it would be in
an electrical switching system. However, this exam-
ple shows that by exploiting the ring topology, some
ONIU routing tables will not have to support certain
source/destination pairs. For example, since ONIU 0
is not reached when ONIU 1 transmits to ONIU 86,
then ONIU 0 needs not have an entry in its routing
table for this pair. Thus due to the ring topology,
the size of the optical routing table in each ONIU is
reduced.

The d-routing scheme discussed above can be im-
plemented using either packet switching or circuit
switching. In both cases routing tables are constructed
for each ONIU and used in routing messages. In the
remainder of this paper we assume packet switching
is used. Figure 4 shows sample routing tables cre-
ated for the hypercube-based mutichannel ring (r =
3) using the d-routing scheme. Depending on the
source/destination pair in the packet header, one of
the three wavelengths (represented by a one in that
bit position) is selected to transmit the packet. In the
following section, we discuss how the ONIUs use these
routing tables to implement optical routing functions.

3 Optical Network Interface Unit

In the previous section we have discussed the archi-
tecture and design of a hypercube-based multichannel
ring network and presented the d-routing scheme to
implement a logical hypercube on the physical ring
topology. We now discuss how the routing functions
can be performed in the optical domain, requiring o/e
conversions only at the packet source and destination,
thus eliminating the electronic bottleneck. This is
done using the Optical Network Interface Unit which
is capable of performing high-speed packet switching
for static routing schemes.

The ONIU is an adaptation of our Optical Interface
Message Processor (OPTIMP) [6]. It performs high
speed packet switching by fully utilizing the inherent
parallelism and multidimensional capability offered by
optics. The hypercube-based ring network is particu-
larly well suited for optical switching because it is a
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Figure 4: Sample Routing Tables

static structure requiring a simple deterministic rout-
ing scheme and nontunable optical devices. Therefore
optical switching and routing is realizable using cur-
rently available optical technology. Figure 5 shows a
block diagram of the proposed ONIU, for a hypercube-
based ring network of dimension r = 3, which requires
three wavelength division multiplexed channels (Fig-
ure 3). Extension to higher dimensions is obvious.

A signal enters the demultiplexor (DEMUX) where
a beam splitter (BS) divides the incoming optical
power among three optical filters, tuned to the wave-
lengths Ao, Ay and Ap. FEach filter passes one wave-
length which is sent to a Space-Time Conversion Unit
(STCU) and to a delay line. The STCU extracts the
source/destination (SD) information from the packet
header and stores it and its complement (SD) onto
optical shift registers. The delay line delays the prop-
agation of the message signal until the ONIU can con-
figure the switching network according to the SD infor-
mation extracted from the header. The signals from
each STCU are sent to the Wavelength Select Unit
(WSU) which selects one input at a time in a round-
robin manner.

The selected SD and SD are compared against all
the columns of the routing table (RT) and its com-
plement (RT) in the Optical Routing Unit (ORU).
The RT consists of all SD pairs for that ONIU and,
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for each pair, indicates the outgoing wavelength to be
used (see Figure 4). The contents of this routing ta-
ble can be stored on a two-dimensional optical array
(e.g., holograms or spatial light modulators) and can
be read in a single step parallel search to select the col-
umn corresponding to the incoming SD pair and, thus,
generate the control signals required to configure the
Optical Switching Unit (OSU). Upon completing the
configuration of the OSU for an incoming packet, the
packet is taken from the dalay line and is either routed
onto the proper outgoing wavelength or received, if the
current ONIU is the destination. The next input is
then selected by the WSU and that packet is similarly
processed. All outgoing packets are then wavelength-
division multiplexed (WDM) and transmitted onto the
ring.

By proper syuchronization beween the ORU, the
delay lines used, and the OSU, conflicts at the wave-
length converters in OSU can be avoided. That is,
given the packet size used, the delay lines can be de-
signed [6] such that they delay a packet for a period of
time long enough for the previously routed packet to
be transmitted. Also, the ORU and OSU are synchro-
nized so that the control signals needed to configure
the switch for a packet are available after the previous
packet has been transmitted and no conflict can occur.

In the following, we describe in detail each of the
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functional units of the ONIU shown in Figure 5. For
simplicity, most of the light guiding elements, such
as mirrors, cylindrical lenses, and beam splitters are
omitted from the figures.

3.1 Space-Time Conversion Unit

Figure 6 shows the architecture of the Space-Time
Conversion Unit (STCU). The SD code from the
header of the incoming packet is first converted from
time domain to spatial domain. The purpose of this
conversion is that we can then use the parallel process-
ing advantage of optics to achieve a high-speed optical
routing table search. The SD code is separated from
the input data packet by a time domain AND gate and
stored in an S-SEED (Symmetric Self Electro-optic Ef-
fect Device) based optical shift register [9]. The size
of the shift register is 2r bits since each source and
destination in an r dimensional hypercube requires »
address bits.

SEEDs are essentially photodetectors combined
with multiple quantum wells (MQWs) to give an opti-
cally controlled device with optical outputs. If the in-
put beam is above a threshold, the device absorbs the
entire incident light, thereby inverting the input sig-
nal. Hence, we first send the incoming signal through
an inverter so that an incoming high bit (binary 1) will
cause a SEED to be transparent and a low bit (binary
0) will be absorbed. The 1/2 reference in the other
input port of the shift register (also inverted) provides
the ground value for the device to determine whether
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Figure 6: Space-Time Conversion Unit

the input bit is a one or zero. With the synchroniza-
tion of the clock pulses, the SD code propagates and
is stored on the shift register.

Since each S-SEED produces dual outputs, both
SD and its complement code SD are stored on the
shift register simultaneously. Next, an imaging sys-
tem reads out the SD and SD codes in parallel and
displays them separately in the spatial domain, thus
completing the time domain to spatial domain conver-
sion. Since the S-SEED can operate at a rate above
Gigabits/s [10], the domain conversion for each bit of



the SD and SD code can also be in the range of Gi-
gabits/s. The output of the STCUs is then sent to
the Wavelength Selector Unit (WSU), a shift register
which selects only one of the STCU outputs and sends
it to the ORU.

3.2 Optical Routing Unit

The SD and SD selected by the WSU are dis-
played on two optical masks (also call them SD and
5SD) and sent into the Optical Routing Unit (ORU).
Figure 7 outlines the ORU operation for the case of
S = 0,D = 2 extracted from the packet header. The
function of ORU can be divided into two operations,
parallel routing table search and control signal gener-
ation. The parallel routing table search decides which
SD code is present and then based on this information,
a control signal is generated in order to configure the
switching unit properly.

Because of the inverter used in the STCU, the SD
and S§D masks use positive logic (i.e., a binary one
is represented by high intensity and a binary zero is
represented by low intensity). The routing table and
its compliment are displayed by two programmable
SLMs, RT and RT. A pixel on a SLM is transparent
if it is a binary one or opaque if it is a binary zero.
Each column of pixels on the table corresponds to one
SD pair.

In general for a hypercube structure of size N = 27,
we would require N2 SD pairs. However, due to the
physical ring structure of our hypercube-based net-
work, the number of SD pairs that need to be sup-
ported by each ONIU is significantly reduced. The
total number of pairs necessary, and hence the to-
tal number or columns needed in RT and RT, for
the ring of N ONIUs is reduced from N?to D =
(N = 1)(N + 2)/2; N pairs are eliminated since an
ONIU will never send a packet to itself, and another
(N —1)(N —2)/2 are eliminated due to the ring topol-
ogy because a packet may reach its destination enroute
to an intermediate ONIU, as was discussed in Section
2.2. Therefore, the total size of the RT array in an
ONIU is 2r x D pixels. For N = 8, this gives a 6 x 35
array (6 bits needed for an SD pair, 35 SD pairs).

A reduction in the size of the routing table cor-
responds to a reduction in the energy requirements of
the system. The RT is searched by expanding each bit
in the SD code over every column of the RT. There-
fore the energy efficiency can, at best reach 1/D and
so by reducing D we increase this efficiency. A smaller
RT also results in shorter reconfiguration times when
the network changes. The achievable frame rate, to
reconfigure the routing table, of SLM is in the order
of microseconds, however during normal routing op-
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erations, the patterns displayed on the SLMs (routing
table entries) do not need to be changed. To read these
patterns by light beams takes less than a nanosec-
ond (10~° sec. for light to travel a few centimeters).
Therefore, the relative slow writing speed of the SLM
does not limit the performance of the system in normal
operation.

The parallel routing table look-up is based on a
vector-matrix multiplication scheme. The cylindrical
optical system (not shown in the figure) spreads each
bit of the spatial SD and SD into a horizontal row
that illuminates a corresponding row in one of the
SLMs RT and RT, respectively. In this manner, the
input SD and its complement code, represented by
two columns of intensity distributions, are simultane-
ously multiplied by each column in the routing tables.
A beam combiner (symbolically shown in the figure)
combines the results of the two sets of bit multiplica-
tions into one 2r x D pixel array. The following cylin-
drical lens (not shown in the figure) focuses each col-
wmn of this array onto a pixel in the one-dimensional
(1 x D array) thresholding device TH. The intensity
on each pixel of the one-dimensional TH array can
be expressed as the Boolean Equivalence function:
¥ (SD);-(RT)i; +(SD)i-(RT):j = (Equivalence);
where j = 1,2...n, (SD); is the ith bit of the SD
code, and {RT);; is the ith bit in the jth column in
the routing table RT.

The Equivalence function determines the best
match between the input SD code and one of the
columns on the routing table. For the example case
shown in Figure 7 input SD code matches the second
column in the routing table and the total (combined)
energy passing the second column of RT and the sec-
ond column of BT will be a maximum. That is, after
the beam combiner/cylindrical lens combination, the
total light energy passing the second pixel of the 1x 35
TH array will be a maximum (i.e., j=2).

The threshold device TH is properly set such that
a pixel transmits light only if the total intensity im-
pinging on it is above this predetermined maximum
value, so there will be only one transparent pixel on
the device (pixel 2 in the above example). To insure an
accurate table search, each column in the routing ta-
ble must be able to transmit equal amount of light in-
tensity, and the added results on the one-dimensional
thresholding device TH must be sufficiently different
so that the TH can make a correct decision as to which
pixel is to be illurninated. This pixel indicates the re-
sult of the parallel table search.

The cylindrical optical system behind TH, also not
shown, expands the light transmitted through the
pixel in column direction to illuminate a correspond-
ing column in the control signal table CST. The con-
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Figure 7: Optical Routing Unit

trol pattern will consist of an array of » + 1 pixels (4
in this case), r corresponding to the possible outgo-
ing wavelengths and one to indicate that the packet
has reached its destination (i.e. receive the packet).
The selected column is imaged onto the output plane
to provide an optical binary control pattern for the
Optical Switching Unit (OSU).

3.3 Optical Switching Uint

The control pattern is used in the Optical Switching
Unit (OSU), shown in Figure 8, to configure the opti-
cal switches to route the packet onto the proper wave-
length or receive the packet (receiver omitted from
figure). The OSU also can resolve conflicts by syn-
chronization with the WSU and delay lines. The delay
lines can be adjusted such that the time needed for the
ORU to process the packet header of a new incoming
packet and generate a control signal for that packet, is
larger than the time needed for OSU to configure the
switch and transmit the previous packet. Then, when
the control signal for the new packet is sent to the
OSU, the previous packet will have completed trans-
mission and no conflict occurs.

With no conflicts, the control signal generated by
ORU is sent to a shift register which is synchronized
with the WSU. This selector passes the control signal
to set one of r S-SEED arrays (in this example r = 3).
Each of these arrays corresponds to a switch for one of
the incoming packets and only the array corresponding
to the packet for which the control signal was gener-
ated is set. Each array is of size » + 1 and has input
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from one of the delay lines. According to the incident
control signal, one SEED in the array is transparent,
passing the optical packet signal from the delay line to
the appropriate wavelength converter, and the others
are opaque. Thus, the packet is transmitted on the
proper wavelength as indicated by the routing table
in the ONIU. All routed packets are then wavelength
division multiplexed (MUX) and transmitted to the
next ONIU in the ring.



Figure 8 shows an example where the current
packet being routed entered the ONIU on wavelength
Ao and is being transmitted on wavelength A; (solid
lines). It also shows one previous packet being routed
(dashed lines) which entered on X; and is being trans-
mitted on wavelength As.

4 Conclusions and Future Work

We have presented an optical Hypercube-Based
Multichannel Ring Network on which the hypercube
routing functions are implemented using wavelength
division multiplexed channels on a single fiber. The
number of required channels is shown to be less than
that needed in previously proposed multichannel sys-
tems. Hypercube routing is achieved using the d-
routing scheme, a variation of e-routing which exploits
the multiple shared channels and physical ring topol-
ogy to distribute network traffic more evenly and re-
duce the size of the routing tables needed.

We have also designed an Optical Network Interface
Unit (ONIU) to perform high-speed packet switch-
ing using a static routing scheme. The ONIU takes
advantage of the high-bandwidth, parallelism, multi-
dimensional capability, and high storage density of-
fered by optics. The most time consuming opera-
tions in communication networks, such as switching
and routing, are performed in optical domain in the
proposed system. Thus ONIU does not suffer from the
optical/electrical conversion bottlenecks present in hy-
brid switching systems.

The proposed ONIU is based on current SEED de-
vice technology. The high speed (less than 1 ps) and
low energy (on the order of fJ) of the self electro-
optical device (SEED) [10] has drawn a great atten-
tion because of its inherent advantages suited for opti-
cal computing. Also, since SEED fabrication is based
on molecular beam epitaxy (MBE), the number of
SEED elements on a chip can be, in theory, very large.
Hence, the proposed system can be implemented using
current optical technology and is also easily scalable
to build large networks as the technology improves.

Future work for this research includes a perfor-
mance analysis of ONIU in the Hypercube-Based Mul-
tichannel Ring Network. Furthermore, we are consid-
ering implementation of the main functions of ONIU,
particularly the parallel routing table search using pro-
grammable SLM, in our optics laboratory. We are also
investigating the use of ONIU for circuit switching as
well as other all-optical hypercube-based topologies.
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