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Abstract: A passive optical broadcast-and-select network
is explored to meet stringent bandwidth, power, and latency
demands of avionics applications. Models were constructed
in the PhoenixSim simulation platform. The optical network
is compared with an electrical network and significant
improvements in network performance, power, and latency
are shown.

addition, the data rate transparency of this passive
network architecture leaves room for future expansion and
upgrade.
Network Simulations in PhoenixSim
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Introduction
High performance avionics systems are increasingly
using multiprocessors for data processing, which require
high bandwidth communication links between the
compute nodes and the external sensors [1]. With the
high bandwidth requirement of data processing
applications and the low latency requirement of control
signals, fiber optics interconnection networks present a
potentially attractive platform. Interconnects based on
fiber optics have advantages such as high bandwidth,
low latency, EMI immunity and low weight, which have
been proven in the telecommunication industry.
Different from the telecommunication industry, avionics
systems have additional requirements pertaining to
reliability, power consumption, package size, and
tolerance to extreme environments of temperature
variation and vibration.
Photonic system modeling and simulation tools are
important for exploring the design space, optimizing
device parameters, and reducing the cost and time of
development, in a similar fashion to electrical computeraided design (CAD) tools. Using these tools, the key
advantages of inserting optical interconnects in realistic
systems can be evaluated for various applications.
The optical wavelength-division multiplexing (WDM)
network that is studied in this paper has a passive
broadcast-and-select network architecture with 32
compute nodes. Each compute node has one transmitter
unit, an arrayed waveguide grating (AWG), and 32
photodetectors. The compute nodes are connected by a
passive star coupler, which will broadcast any message
that is received to all output fiber ports. This passive
broadcast-and-select network architecture has advantages
that include data rate and modulation format transparency,
high reliability, and ease of maintenance. For an avionics
system which may need to communicate with different
external sensors with disparate protocols, the format
transparency presents an especially attractive solution.
The simple and completely passive star coupler also
presents a robust solution with high reliability. In

Figure 1. PhoenixSim Simulation Hierarchy
PhoenixSim (Fig.1) is a software tool that enables design
space exploration of photonic interconnection networks
through low-level, event-driven simulations. PhoenixSim
includes a library of electronic and silicon photonic device
models which can compose network-on-chips (NoCs), and
chip-to-chip interconnect networks. The primary purpose
of PhoenixSim is to reveal the effects of integrating silicon
photonic devices into interconnection networks. Recent
work has focused on using PhoenixSim to show the
benefits and tradeoffs of optically-enhanced network
architectures [2, 3].
PhoenixSim models photonic devices using a relatively
high level of abstraction by establishing device parameters
that are essential for the system level understanding of a
photonic interconnection network. The silicon photonic
device models include microring modulator, microring
switch, and Ge photodetector [4, 5], which has been
proposed to be used in applications including NoCs [6],
optical network unit (ONU) [7], as well as large scale
computing systems [8]. Device characteristics such as
insertion loss and propagation latency are abstracted to
describe the photonic devices, which can be determined
experimentally or by projection.
Electrical System Model
In order to quantify the performance improvements gained
with a silicon photonic network, we simulate a baseline
network for comparison which represents the current
electrically switched network in avionics systems.

Figure 2. Layout of Electrical Baseline Simulation Model
The baseline model (Fig.2) consists of 40 processing
nodes interconnected by two 26-radix switches, as shown
in the illustration above. Each channel is a 2-Gb/s fiber
optic transceiver. The switches use simple algorithmic
routing, input and output buffering, and virtual channels.
The sizes of the buffers and number of virtual channels,
however, are not fixed; these parameters are included in
the design space. In our preliminary results, each buffer
has a size of 255 flits, with 64-bit flits, and virtual
channels are not used (i.e. there is one “virtual” channel).
The processors and network interfaces are able to handle
application traffic at 2.5 GHz, while the network clocks
operate at 2 GHz. This switch model is preliminary, and
does not yet include all of the characteristics of a
commercial switch (e.g. memory access latencies within
the switch board). It is currently being refined for more
precise simulations.
The ideal network bandwidth for this system with
uniformly distributed random traffic can be calculated:

This calculation consists of the sum of two terms to
produce the resulting 64 Gb/s. The left term states that
half of the traffic in the network will be communicated to
processors that can communicate on a common switch
(single hop), and while the right term describes the other
half of the traffic that must traverse the intermediate links
(two hops). The intermediate links act as a bottleneck for
the traffic since it provides less bandwidth than what is
offered by the nodes.
Optical Network Model
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Figure 3. Optical Network Architecture in PhoenixSim
Each node in the optical network (Fig. 3) has a tunable
transmitter emitting at a fixed wavelength and 32
photodetectors. The use of a tunable transmitter enables
each TxRx node to have identical hardware. The output
of all the transmitters is combined in a passive star
coupler and distributed to all the receivers. The Network
Interface (NIF) module implements the communication
protocols between the processor models and the network.
The NIF translates the compute node communication

events into network messages and processes incoming
messages it receives from network by passing the
encapsulated data to the compute node. Since our network
is a broadcast-and-select network architecture, each node
is capable of receiving messages that are not intended for
it. The NIF is responsible for checking the destination
address of each message it receives and discarding those
that do not have the correct address.
We assume an input laser power of 10 dBm and
transmitter insertion loss of 7 dB, for a chip output optical
power of 3 dBm. The transmitter unit has a data rate of
10-Gb/s. The multichannel receiver [9] in each node has a
single fiber input containing up to 32 WDM signals, an
AWG for demultiplexing the 32 signals to separate
waveguide
channels,
and
corresponding
32
photodetectors. The additional optical-to-electronic and
electronic-to-optical conversion latency, on the order of a
few nanoseconds [10], is negligible compared with the
fiber delay.
The star coupler broadcasts the optical signal from each
input fiber to each of the 32 output fibers. Since the
optical signals occupy different wavelengths, they can be
broadcasted to the same output without collision. The
insertion loss for the 32 output split of any input signal is
set to be 15 dB as in a similar study [11]. The latency of
the star coupler is only the propagation latency of light
through it, making it negligible compared with the fiber
propagation latency.
Fiber channels connect each node to the central passive
star coupler. We simulate 30-meter fiber length, a long
fiber length for this avionics application to study the worst
case latency. Fiber propagation loss for light in singlemode fiber is 0.2 dB/km, so the propagation loss is only
0.006 dB per fiber. Assuming the propagation speed of
light in the fiber is 2×108 m/s, fiber latency is 5 ns/m.
Network Performance Comparison
Simulation results of average message latency and
network throughput for both networks under varying
traffic loads and different message sizes are plotted in
Fig. 5 for comparison. The plot uses random traffic
pattern with a simulation time of 0.1 ms, where each
node randomly selects a destination node (uniformly),
and messages arrive as a Poisson process. Random
traffic is considered as a fair approximation of
command-and-control type of traffic in typical
avionics applications. The electrical network
throughput saturates before the ideal bandwidth
because of buffer contention in the electrical switch.
The optical network, however, is able to closely
approach the ideal network bandwidth. The optical
network is also able to achieve lower latency due to
higher data rate and the absence of active switching.
At low traffic load, the average message latency
closely reflects the physical layer latency of the
network, which is primarily composed of transmission
latency and propagation latency. When offered
throughput approaches the network bandwidth, the
increase of average message latency reflects the

additional processing and queuing latency in the
simulated NIF module.
40

We model and study the electrical switched and optical
passive networks for avionics applications using
PhoenixSim. These networks are based on off-the-shelf
and near-term devices. The network performance and
power comparison results show that the optical passive
network outperforms the baseline electrical network in
terms of throughput, power, and latency.
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Figure 4. Latency vs. Throughput Comparison
Table 1. Optical network is compared with two different
scenarios: all 32 photodetectors powered on (I), and only
one photodetector on (II). (References are to typical
devices)
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Power Comparison
The power consumption of the electrical baseline
network is compared with the optical passive star
network with component power listed in Table. 1. The
electrical baseline network uses VCSEL transceivers
[13] and multimode fiber to connect compute nodes
and the electrical switch [12]. We consider 10W power
consumption for transmitter which includes redundant
laser modules [14]. The optical passive star network is
compared using different technologies for temperature
stabilization of the AWG: a receiver with heating
elements [15], and an athermal AWG [16]. Since in
practice the communicating patterns of compute nodes
can be known in advance, the photodetectors do not
have to be powered on all the time. Here two scenarios
in which all the photodetectors are always on and only
one photodetector of each compute node is on are
considered, representing the upper and lower bound of
power consumption. The optical network has better
energy efficiency in terms of pJ/bit, and this advantage
is projected to be larger with future receiver
technologies.
Conclusion
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