
 

 
Fig. 1  Structure of a 4×4 node photonic layer NoC. The waveguides that make 
up the torus network are shown as thick lines, and the gateway access network 
for injecting packets to and ejecting packets from the network shown as thin 

lines. The blocks represent the following: gateway switch (G), injection switch 
(I), ejection switch (E), and a 4×4 non-blocking switch (X). 
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Abstract—An on-chip photonic interconnection network is 
simulated to determine statistical insertion losses for different 
network sizes and non-blocking switch layouts. For an 8×8 
folded-torus network, we obtain an optical link loss budget of 
15.5 dB. 

INTRODUCTION 
Networks-on-chip (NoC) have taken on an increasingly important 
role in the overall performance of computing systems. As the 
number of cores grows in chip multiprocessor designs, the 
supporting interconnection network is challenged by the 
increasing bandwidth it must support for inter-node 
communications. The significance of the NoC is exemplified by 
the fact that designers are now scaling up the numbers of cores to 
increase overall performance as uniprocessor design has reached 
the limits of clock frequency scaling and enhancements from 
instruction level parallelism. 

Photonics has become a viable solution to a variety of 
problems facing modern computer chip design [1]. Foremost, 
photonics provide a high bandwidth, low latency medium for 
interconnection networks. The use of photonics on-chip also has 
the potential to be used as an interface to I/O and off-chip 
memory [2]. In addition to providing low latency and high 
bandwidths, optical interconnects also have the potential to 
deliver better power efficiency for the communications 
infrastructure. The power dissipated in an electronic bus is largely 
dependent on the data rate. The electronic bus consumes a 
significant portion of the power budget and is becoming a 
limiting factor in the drive towards increasing communication 
bandwidth. Optics has the potential to address this critical 
constraint and provide a scalable path toward power efficient 
high-bandwidth bit-rate transparent data communications. 

Previous work in simulations of photonic on-chip 
interconnection networks has been done using the OMNeT++ 
programming environment which focuses on high level network 
issues such as latency, routing and flow control [3]. Here, we 
extend this body of work to include physical characterizations of 
the components composing the NoC to determine network-level 
insertion loss. The drive is to design low-power photonic 
networks that can transmit data across the chip, and even off-chip, 
without requiring power hungry amplifiers. These parameters also 
determine how well the network can scale in size, as a photonic 
packet must travel through more waveguides and switches in 
larger networks. As a result, the power budget available for light 
propagation needs to be taken into account in the network design. 
An analysis of this network-level link budget is presented here. 

SYSTEM CONFIGURATION 
The photonic NoC described in [3] consists of an optical 
interconnection network with electronic routing control for inter-
node communications. The photonic network provides a high 
bandwidth interconnect between nodes. The modulators and 
switches throughout the network (Fig. 1) are designed using ring 
resonator based electro-optic devices [4]. Additional broadband 
switches are placed in the network to allow packets to enter 
(injection), route, and exit (ejection) the interconnection network 
topology. Photonic packets cannot be easily switched without 
electrical control. Therefore, a separate electronic plane provides 
the necessary functions to arbitrate a complete circuit switched 
optical path from source node to destination node. Once the 
optical path is setup, the high bandwidth, low latency path is 
available to the node. The electronic plane also has the secondary 
functionality of providing a low bandwidth packet switched 
network. 

THE SIMULATOR 
The simulation consists of three planes: the photonic plane, the 
electronic plane, and the processing element plane. The photonic 
plane simulates the light path mechanisms. The electronic plane 
manages all of the low level network control and arbitration. The 
processing element plane represents the sources of data that 
communicate on the network. 

The photonic plane is constructed from a set of optical building 
blocks which include a basic 2×2 and 1×2 photonic switching 
element, straight waveguide, 90° bend waveguide, and a 
waveguide crossing. All higher order functional components are 
derived from this set of elements. The assumed insertion loss 
parameters are listed in the table below. The values are obtained 
from reported devices and predictions for future scaling.  
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Component Insertion Loss Parameter 
Propagation Loss 1.5 dB/cm [5] 

Waveguide Crossing 0.05 dB [6] 
Waveguide Bend (radius = 2.5 µm) 0.005 dB [5] 

Passing a Ring 0.005 dB [4] 
Coupling with a Ring 0.5 dB [4] 
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An important issue not considered in previous work is the 
spatial layout of the optical components. The layout can 
significantly affect the available power budget of each optical 
signal. The simulator assumes a tile size of 2.0 mm × 1.5 mm, the 
size of a single core in Intel’s 80-core chip [7]. Fig. 2 shows a 
typical layout of a tile in the photonic plane. Each tile consists of 
a gateway switch, injection switch, ejection switch, 4×4 non-
blocking switch, and several optical paths to form the torus and 
gateway access network.  

The network uses a folded-torus topology and X-Y 
dimensional ordered routing. The simulation uses uniformly 
distributed generated transmission requests with exponentially 
distributed interpacket spacing. Although insertion loss is 
independent of network congestion, an arbitrary constant message 
length of 50 ns, equivalent to an 8 kb size packet at 160 Gb/s [4], 
is used. Layout differences and losses due to the on-chip routing 
of continuous-wave light and off-chip messages into each 
gateway are ignore for this simulation. 

SIMULATION RESULTS  
The analysis here investigates how insertion loss is affected by 
changes in topology size and different switch designs. Tori of size 
4×4, 6×6, and 8×8 are considered. The different switch designs, 
described later, are labeled (A), (B), and (C) (Fig. 3). 

Fig. 4 shows the distribution of insertion loss that a packet will 
experience when propagating from source to destination. 
Minimum losses for each switch layout remains constant for 
differing network sizes. For every additional two nodes in each 
dimension, 3.89 dB, 3.66 dB, and 3.36 dB of loss is added to the 
maximum loss for switch design A, B, and C, respectively. This is 
a result of the fact that the minimum length path from any two 
nodes remains the same while the maximum length will change 
with number of nodes. The three, five, and seven peaks that 
appear in the distribution for the 4×4, 6×6, and 8×8 node torus 
networks, respectively, equates to the maximum number of 4×4 
non-blocking switches an optical packet must travel through, 
which rises as the node count scales up.  

Next, we explore the performance of three different 4×4 non-
blocking switch designs (Fig. 3): (A) is a design first introduced 
in [8]. (B) contains a reduced number of waveguide crossings 
while keeping the number of ring resonator structures at eight.  
(C) differs from the previous two designs by allowing packets 
that require a straight path to propagate through without requiring 

a turn at a ring. Each design is non-blocking when no u-turns are 
allowed. 

Each plot in Fig. 4 shows the general trend of the different 
switch designs. (B) has both a lower maximum and lower 
minimum loss, in comparison to (A), as expected. (C) 
consistently has a higher loss for the lower bound of the 
distribution. Although (C) exhibits higher maximum loss in the 
4×4 node network than (B), it shows lower loss at sizes of 6×6 
nodes and higher. This is attributed to the fact that even though 
the minimum insertion loss for this 4×4 switch design is higher 
than the others, the straight path (from north to south, east to 
west, or vice versa) has a lower loss because no rings are 
encountered. In contrast the paths in (A) and (B) that do not pass 
through any ring resonators implement a turn. The performance 
improvement noticed with switch (C) is a consequence of using 
dimensional ordered routing makes a single turn in any optical 
path, and mostly straight propagation through the switches.  

CONCLUSIONS 
The optical insertion losses through various photonic NoC 
configurations have been simulated. Additionally, the 
performance of three routing switch configurations was explored. 
Considerations such as these are crucial to the interconnection 
network design in order to optimize power efficiency. 
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Fig. 3  Three implementations of the 4×4 non-blocking switch. 

(A) (B) (C)

 
Fig. 4  Insertion loss distribution for folded torus topologies of size (a) 4×4, (b) 
6×6, and (c) 8×8. Each graph contains plots of three differing switch designs. 
Inset within each graph is a table of minimum, mean and maximum insertion 

losses observed for each case. 
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Fig. 2  Layout of a tile in the torus network. 
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