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Abstract. In future parallel radar signal processing systems, with high
bandwidth demands, new interconnection technologies are needed. The same
reasoning can be made for other signal processing applications, e.g., those
involving multimedia. Fiber-optic networks are a promising alternative and a
lot of work have been done. In this paper, a number of fiber-optic
interconnection architectures are reviewed, especially from a radar signal
processing point-of-view. Two kinds of parallel algorithm mapping are
discussed: (i) a chain  of pipeline-stages mapped, more or less directly, one
stage per computation node and (ii) SPMD (Same Program Multiple Data).
Several network configurations, which are simplified due to the nature of the
applications, are also proposed.

1 Introduction

The interconnection network is a very important part in a parallel computing system,
especially in future radar signal processing systems where high amounts of data
should be moved. In this paper, fiber-optic interconnection networks suitable for
signal processing applications are reviewed and proposed. Two kinds of parallel
algorithm mapping are discussed for the networks as follows. Both cases are taken
from the field of radar signal processing, but the discussion holds for, e.g., other
signal processing applications with similar mappings too.

The first case considered is a straight forward pipeline chain, shown in Fig. 1,
where each box represents a computation node [1]. Each node runs one or several
pipeline stages and the arcs only represent the dataflow between modules. The
physical topology can, e.g., be a ring or a crossbar switch. For simplicity, the chain is
viewed in a form without, e.g, multicasting between some of the nodes. A data cube,
that initially comes from the antenna, contains data in three dimensions (channel,
pulse, and distance). After the processing of one stage, the new data cube is forwarded
to the next node in the chain.

The second case of mapping is to let all processors do the same operation but on
different sets of data, i.e., SPMD (Same Program Multiple Data). All the PEs in Fig. 2
then work together on one of the algorithmic pipeline stages at the time. After the
processing of one stage, the data cube is redistributed if needed. Incoming data from
the antenna is not shown in Fig. 2, but is assumed to be fed into the PEs not effecting
the communication pattern shown in the figure. For example, special I/O channels can



be used instead of the communication system carrying the traffic indicated by the arcs
in the figure.

Although not considered here, inter-module communication during the processing
of one stage might occur. The number of times it is needed to redistribute the data
cube between the nodes might however be lower than the number of times the data
cube is transferred to next module in a pipeline chain. Instead, it might be harder to
overlap communication and computation, which implies extra bandwidth
requirements [2]. When corner turning the data cube, one half of the data cube has to
be transferred across the network bisection, essentially with all-to-all communication
[2].

Computation
node

Fig. 1. A pure pipeline chain where one or several stages are mapped on each node

Computation
node

Fig. 2. If the SPMD model is used, all PEs work together on one stage at the time

The rest of the paper is organized as follows. In Section 2 through 6, the following
technologies and interconnection architecture classes are reviewed, respectively: (i)
fiber-ribbon ring, (ii) WDM star, (iii) WDM ring, (iv) integrated fiber and waveguide
solutions, and (v) optical fibers and electronic crossbars. The paper is then concluded
in Section 7.

2 Fiber-Ribbon Ring Networks

If fiber-ribbon cables are used to connect the nodes in a point-to-point linked ring
network, bit-parallel transfer can be utilized. In such a network one of the fibers in
each ribbon is dedicated to carry the clock signal. Therefore, no clock-recovery



circuits are needed in the receivers. Other fibers can be dedicated for, e.g., frame
synchronization. An example of a fiber-ribbon ring network is the USC POLO
Network, which is proposed to be used in COWs (Cluster of Workstations) and
similar systems [3]. Integrated circuits have been developed for the network and tests
have been performed [4] [5].

As seen in Fig. 3, aggregated throughputs higher than 1 can be obtained in ring
networks with support for spatial  bandwidth reuse (sometimes called pipeline rings)
[6]. This feature can be highly useful in signal-processing applications with a
pipelined dataflow, i.e., most of the communication is to the nearest down-stream
neighbor. Two fiber-ribbon pipeline ring networks have been reported recently [7].
The first network has support for circuit-switching on 8+1 fibers (data and clock) and
packet-switching on an additional fiber [8]. The second network is more flexible, but
with a little more complexity, and has support for packet-switching on 8+1 fibers
while using a tenth fiber for control packets (see Fig. 4) [9]. The control packets
carries MAC (Medium Access Control) information for the collision-less MAC
protocol with support for slot-reserving to get guaranteed bandwidth and worst-case
latency.
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Node 4

Node 2

Node 5
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Fig. 3. Example of spatial bandwidth reuse. Node M sends to Node 1 at the same time as
Node 1 sends to Node 2, and Node 2 sends a multicast packet to Node 3, 4, and 5

3 WDM Star Networks

A passive fiber-optic star distributes all incoming light, on the input ports, to all
output ports. A network with the logical function of a bus is obtained when
connecting the transmitting and receiving side of each node to one input and output
fiber of the star, respectively. By using WDM (Wavelength Division Multiplexing),



multiple wavelength (color of light) channels can carry data simultaneously in the
network [10]. To get a flexible network, we need tunable receivers and/or
transmitters, i.e., it should be possible to send/listen on an arbitrary channel [11].
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= Packet-switched data
channel (8 fibers)

= Clock channel (1 fiber)

= Control channel (1 fiber)

Fig. 4. Control-channel based network built up with fiber-ribbon point-to-point links
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Fig. 5. WDM star network

In Fig. 5, an example of a WDM star network configuration is shown. Each node
transmits on a wavelength unique to the node, while the receiver can listen to an
arbitrary wavelength. The configuration is used in the TD-TWDMA network (Time-
Deterministic Time and Wavelength Division Multiple Access) [1], which has support
for guaranteeing real-time services, both in single-star networks [12] and in star-of-
stars networks [13]. One can say that this kind of networks implements a distributed



crossbar. The flexibility is hence high, and multicast and single-destination traffic can
co-exist. The number of wavelengths is practically limited to 16-32 [14], but, as stated
above, hierarchical networks with wavelength reuse can be built.

Tunable components (e.g., filters) with tuning latencies in the order of a
nanosecond have been reported, but they often have a limited tuning range [15]. At
the expense of longer tuning latencies, however, components with a broader tuning
range exist [16]. Such components can be used to get a cheaper network for systems
where much of the communication patterns remain constant for a longer period, e.g.,
during the processing of a data cube in a radar system with a pipelined mapping. To
support for some more rapidly changing traffic patterns, the nodes can be extended
with transmitters and receivers fixed-tuned to a special broadcast channel. This
configuration can be compared to having support for both circuit- and packet-
switching.
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Fig. 6. Data flow between the modules in the sample radar signal processing chain

An example is given below to show that only one input and one output channel (in
addition to the broadcast channel) are needed during the processing of a data cube,
i.e., the normal minimum time running one pipeline chain (working mode of the
radar). In Fig. 6, a signal processing chain similar to those described in  [17] and [1] is
shown together with its bandwidth demands. Each computational module in the figure
contains multiple processors itself. The chain is a good example containing both



multicast, one-to-many, and many-to-one communication patterns. The aggregated
throughput demand is 45 Gb/s. We leave out all details of the chain, referring to the
two other papers, and do only treat the throughput demands here. In the figure, there
are 13 nodes. In addition, the antenna is seen as one node (feeds the first node in the
chain with data), Node 1, and there is one master node responsible for supervising the
whole system and interacting with the user, Node 15. For simplicity we assume an
efficient channel bandwidth of 6.0 Gb/s. A feasible allocation scheme of eight
channels (in addition to the broadcast channel) is shown in Table 1.

Table 1. A feasible allocation scheme of the wavelength channels in a WDM star network for
the sample radar system

Node Input channel Output channel
1 - λ1

2 λ1 λ2

3 λ2 λ3

4 λ3 λ4

5 λ3 λ4

6 λ4 λ5

7 λ5 λ6

8 λ6 λ7

9 λ7 λ7

10 λ7 λ8

11 λ7 λ8

12 λ7 λ8

13 λ7 λ8

14 λ8 λ8

15 λ8 -

Totally removing the ability of tuning in a WDM star network leads to a multi-hop
network [18]. Each node in a multi-hop network transmits and receives on one or a
few dedicated wavelengths. If a node does not have the capability of sending on one
of the receiver wavelengths of the destination node, the traffic must pass one or
several intermediate nodes. The wavelengths can be chosen to get, e.g., a perfect-
shuffle network [19], or a network with a pattern similar to the dataflow in a pipelined
system. One can also choose to have a network with several topologies embedded,
e.g., a ring and a hypercube.

4 WDM Ring Networks

Each node in a WDM ring network has an ADM (Add-Drop Multiplexer) to insert,
listen, and remove wavelength channels from the ring. Spatial wavelength reuse can
be achieved by removing the transmitted light at the destination node. At high degrees



of nearest-downstream-neighbor communication (e.g., in pipeline mapping),
throughputs significantly higher than 1 can be achieved with only a few wavelength
channels. In the WDMA ring network described in [20], each node is assigned a
node-unique wavelength to transmit on. The other nodes can then tune in an arbitrary
channel to listen on. This configuration is logically the same as that for the WDM star
network with fixed transmitters and tunable receivers.

As discussed for the WDM star network, components with long tuning latencies
(ADMs in the case of a ring) can be used for traffic patterns that do not change
rapidly. An additional broadcast wavelength dedicated for packet-switching keeps the
network flexible. A single 6 Gbit/s channel (in addition to the broadcast channel) is
enough for the signal processing chain shown in Fig. 6, if the ADMs in Node 1, 2, 3,
6, 7, 8, and 9 terminates the channel for wavelength reuse.

5 Integrated Fiber and Waveguide Solutions

Fibers or other kinds of waveguides (hereafter commonly denoted as channels) can be
integrated to form a more or less compact system of channels. Fibers can be laminated
to form a foil of channels, for use as intra-PCB (Printed Circuit Board) or back-plane
interconnection systems [21] [22]. Fiber-ribbon connectors are applied to fiber end-
points of the foil. An example is shown in Fig. 7, where four computational nodes are
connected in a ring topology. In addition, there is a clock node that distributes clock
signals to the four computational nodes via equal-length fibers to keep the clock
signals in phase. If one foil is placed on each PCB in a rack, they can be passively
connected to each other via fiber-ribbon cables. Using polymer waveguides instead of
fibers brings advantages such as the possibility of integrating splitters and combiners
into the foil, and the potential for more cost-effective mass-production [21].
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Fig. 7. A foil of fibers connects four computational nodes and a clock node



Integrated systems of channels can be setup and used in a number of
configurations, for which some are discussed below. One way is to embed a ring with
bit-parallel transmission and the possibility of spatial bandwidth reuse as described in
Section 2. Of course, this leads to the same good performance for pipelined data flows
as the fiber-ribbon ring network, only changing the medium to a more compact form.
Besides pure communication purposes, channels for, e.g., clock distribution (as seen
in the example) and flow control can be integrated into the same system.

Another way is to follow the proposed use of an array of passive optical stars to
connect processor boards in a multiprocessor system, via fiber-ribbon links, for which
experiments with 6 x 700 Mb/s fiber-ribbon links were done (see Fig. 8) [23]. As
indicated above, such a configuration can be integrated by the use of polymer
waveguides. The power budget can, however, be a limiting factor to the number of
nodes and/or the distance. Advantages are simple hardware due to bit-parallel
transmission, and the broadcast nature. Many-to-many communication patterns, as
used when corner-turning in SPMD mode, map easily on the broadcast architecture as
long as the star-array not becomes a bottle-neck.

Node 1 Node 2 Node 0

Fiber-ribbon

Fig. 8. Array of passive optical stars connects a number of nodes via fiber-ribbons

Electronic crossbars can be distributed on the PCBs and/or placed on a special
switch-PCB in a back-plane system, and be connected by integrated parallel channels.
A distributed crossbar, instead, can be realized by bit-serial transmissions over a fully
connected topology, i.e., there is one channel between each pair of nodes (see Fig. 9).
Broadcast is done by driving all the laser-diodes of a node with the same bit-stream.
A simple solution is to always drive all the laser-diodes in the transmitting node and
couple the photo-diodes together as one incoming channel. This brings an architecture
with the support of a single broadcast at the time. By only sending on one fiber when
performing single-destination communication will, however, give the opportunity of
having multiple transmissions in the system at the same time. The number of nodes,
N, in this configuration is limited because the number of fibers grows by N2. Also,
clock-recovery circuits must be involved. After all, the distressed power budget brings
an advantage over a system with passive splitters or stars (this holds for, e.g., the
point-to-point connected ring also). The flexibility of a crossbar makes the network
good for radar systems with the SPMD mode.

Other similar systems include the integration of fibers into a PCB for the purpose
of clock distribution [24]. Distribution to up to 128 nodes was demonstrated. The



fibers are laminated on one side of the PCB while integrated circuits are placed on the
reversed side. The end section of each fiber is bent 90 degrees to lead the light
through a via hole to the reversed side of the PCB.
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Fig. 9. Fully connected topology where each node has an array of N − 1 laser diodes and an
array of N − 1 photo diodes, where N is the number of nodes

6 Optical Fibers and Electronic Crossbars

Communication systems like, e.g., Myrinet [25], where arbitrary switched topologies
can be built, can support a number of different traffic patterns possible in radar
systems. Fiber-ribbons can be used to increase bandwidth while still sending in bit-
parallel mode. Bit rates in the order of 1 Gbit/s over each fiber in the ribbon is
possible over tens of meters using standard fiber-ribbons. As noted in Section 5, foils
of fibers or waveguides (e.g., arranged as ribbons) can be used to interconnect nodes
and crossbars on the PCB and/or back-plane level.

An alternative to ribbons is bit-parallel transfer over a single fiber by using WDM.
In such configurations each bit in the word, plus the clock signal, is given a dedicated
wavelength. Wavelengths can also be dedicated to other purposes like frame
synchronization and flow control. Significantly higher bandwidth-distance products
can be achieved when using bit-parallel WDM over dispersion-shifted fiber, instead
of fiber-ribbons [26]. If, however, only communication over shorter distances exist
(e.g., a few meters), the bandwidth-distance product is not necessarily a limiting
factor. Transmission experiments with an array of eight pie-shaped VCSELs arranged
in a circular area with a diameter of 60 µm, to match the core of a multimode fiber,
has been reported [27]. Other works on the integration of components for short-
distance (non telecom) WDM links have been reported, e.g., a 4 × 2.5 Gbit/s
transceiver with integrated splitter, combiner, filters, etc. [28].

The switch itself can also be modified to increase performance or packing density.
A single-chip switch core where fiber-ribbons are coupled directly to optoelectronic
devices on the chip is possible [29]. Attaching 32 incoming and 32 outgoing fiber-



ribbons with 800 Mb/s per fiber translates to an aggregated bandwidth of 204 Gbit/s
through the switch when eight fibers on each link are used for data.

A 16×16 crossbar switch-chip, with integrated optoelectronic I/O, have been
implemented for switching of packets transferred using bit-parallel WDM [30]. Each
node has two fibers (input and output) coupled to the switch.

Another switch chip with integrated optoelectronic I/O is intended to be attached to
each node in a static topology like a multidimensional torus [31]. A special feature of
the chips is that potential deadlocks is handled by a global mechanism. The
mechanism brings mutual exclusion to let one packet at a time use dedicated hardware
to recover from a potential deadlock. Finally, it can be noted that both Myricom
(Myrinet) and Mercury (RACEway) are looking at optical technologies for their
future products [32].

7 Conclusions

Some of the mentioned networks are summarized in Table 2, where remarks on
suitability/performance for the two cases of mapping are made. The increasingly good
price/performance ratio for fiber-ribbon links indicates a great success potential for
several of the networks discussed. On the other hand, the WDM technique offer
flexible multi-channel networks that can be passively implemented. Integrated fiber
and waveguide solutions  makes the building of compact systems possible, especially
for networks like those using fiber-ribbons.

Table 2. Summary of some of the discussed networks

Network Pipeline SPMD Notes
Fiber-ribbon pipeline ring Good Moderate Good for SPMD too if

enough bandwidth
WDM star with rapid tuning Good Good Flexible passive network
WDM star with slow tuning
and broadcast channel

Good Poor WDM star alternative that
might be cheaper

Multi-hop WDM star Moderate Moderate Can be optimized for
pipelined mapping

WDM ring with rapid tuning Good Good More channels might be
needed for SPMD

WDM ring with slow tuning
and broadcast channel

Good Poor WDM ring alternative that
might be cheaper

Fiber ribbons and array of stars Moderate Moderate Power and bandwidth limited
Fully connected topology with
broadcast driving

Moderate Moderate Bandwidth limited. Grows
with N2

Fully connected topology with
flexible driving

Good Good Grows with N2

Optical fibers and electronic
crossbars

Good Good Optolectronics needed in
switch too
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