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Abstract 

The rise of large scale integration has resulted in large number of processing 
elements/cores on a single ASIC. Thus an efficient interconnect scheme between the 
different processing elements and interfaces is required. Bus based interconnect poses 
problems such as non-scalability. This thesis explores the Network-on-Chip (NOC) as a 
global interconnect scheme on a state of the art ASIC. Different On-chip interconnect 
techniques proposed by the academia/industry are summarized and Design space 
exploration of NOC schemes is performed. A Network-on-Chip interconnect, primarily 
utilized for short messaging service between the processing elements/nodes in the ASIC, 
is designed for Ericsson ASICs. Practical ASIC design issues such as non-uniform network 
topology (irregular mesh) and performance immunity of interconnect due to variations in 
the floorplan are addressed in the NOC design. The proposed Network-on-chip 
interconnect for Ericsson ASICs is evaluated in terms of varying traffic models, routing 
algorithms, NOC router FIFO depths and floor plans. The SystemC cycle accurate 
performance results of NOC are compared with the currently implemented Bus based 
solution for the Ericsson ASIC. 
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1 Introduction 

1.1 Background 

The rise in the processing units the current billion gates ASIC’s requires high performance 
and efficient interconnect architectures. Traditional shared medium interconnects such as 
Buses are no longer a viable solution due to lack of scalability and high power 
consumption.  Thus, in order to address the needs of current ASIC design trends, a new 
paradigm of on-chip interconnect need to be implemented. This paper study explores the 
possible candidates for the currently implemented Bus solution.  

  

1.2 Problem Statement 

Explore and evaluate alternative scalable solutions for an on-chip global message passing 
interconnect. The interconnect shall not be the main driver of the floorplan, it should 
possible to adapt to an existing floorplan. The message latency should also be limited.  

1.3 Purpose 

The purpose of this thesis is to do a literature study and propose, evaluate and design a 
global message passing interconnect.  

1.4 Goal 

The outcome/goals of the thesis will be this paper study report summarizing the recent 
trends in the high performance on-chip interconnects. A new design will be proposed and 
evaluated using SystemC cycle accurate models and results will be compared with a 
currently implemented bus structure. Key components will be designed in synthesizable 
RTL to get the area costs.   

 

 

 

 

 

 

 



Short Message Network-On-Chip Interconnect for ASIC 

Master Thesis (2014), School Of Information and Communication Technology (ICT), KTH 

10 

 

2 On-Chip Interconnect 

On-chip interconnect is an architecture that serves as a communication medium between 
the different processing units (Processors, accelerators, memory and interfaces) in the 
chip. There are many possible implementations of the said architecture. There has been a 
shift in the architectures that serve this purpose and the trend can be seen in the Fig.  2.1 

 
Fig.  2.1  Evolution of On-Chip communication architectures. [1] 

 

There are four broad classifications of the networks as shown below with some 
implemented examples.  

 

Interconnection Networks [2]: 

• Shared-Medium Networks 
o Local Area Networks 

o Token Ring (FDDI Ring, IBM Token Ring) 

o Contention Bus (Ethernet) 

o Token Bus (Arcnet) 

o Backplane Bus (Sun Gigaplane, DEC AlphaServer8X00, SGI PowerPath-2) 

 

• Direct Networks (Router-Based Networks) 
o Mesh 

o 2-D Mesh (Intel Paragon) 

o 3-D Bidirectional Torus (Cray T3D, Cray T3E) 

o Hypercube (Intel iPSC, nCUBE) 

o Strictly Orthogonal Topologies 

o 3-D Mesh (MIT J-Machine) 

o Other Topologies: Trees, Cube-Connected Cycles, de Bruijn Network, Star Graphs, etc. 

o 2-D Bidirectional Torus (Intel/CMU iWarp) 

o 1-D Unidirectional Torus or Ring (KSR First-Level Ring) 

o Hierarchical Networks (Bridged LANs, KSR) 

o Torus (k -ary n -cube) 

 

• Indirect Networks (Switch-Based Networks) 
o Regular Topologies 

o Crossbar (Cray X/Y-MP, DEC GIGAswitch, Myrinet) 

o Multistage Interconnection Networks 

o Blocking Networks 

o Bidirectional MIN (IBM SP, TMC CM-5, Meiko CS-2) 

o Unidirectional MIN (NEC Cenju-3, IBM RP3) 

o Nonblocking Networks: Clos Network 

o Irregular Topologies (DEC Autonet, Myrinet, ServerNet) 

 

• Hybrid Networks 
o Multiple-Backplane Buses (Sun XDBus) 

o Other Hypergraph Topologies: Hyperbuses, Hypermeshes, etc. 

o Cluster-Based Networks (Stanford DASH, HP/Convex Exemplar) 
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2.1 Classification of Interconnect networks  

2.1.1 Shared medium networks 

Shared medium networks, as the name suggests, share a common medium between the 
processing elements. Traditional bus is the most common example of such a network.  

Usually there is a master that has the control of the bus at any given time and the master 
can put the data on the bus and all the slaves can read that data. To avoid conflicts of bus 
access, an arbitration scheme is required which allocates the bus resources to the 
controlling master(s). There are two basic methods for bus arbitrations; centralized and 
distributed. Centralized arbitration employs a central arbiter and every processor that 
requires the access to the bus sends a request to the arbiter and get the access to the bus 
after the grant. In a distributed scheme, many variants can be employed, e.g. round robin 
bus access or TDM based bus access.  

Pros: 

• Very simple implementation. 

• Ease of verification.  

• Inherent broadcast feature which may be suitable for specific applications. 

• Centralized bus access control (arbitration), ensures robust operation. 

• Deterministic operation due to centralized control. 

Cons: 

• Limited Bandwidth due to shared medium. 

• Not suitable for Multiprocessor architectures due to limited bandwidth. 

• Does not scale well, when the number of processors is increased.  

2.1.2 Direct Networks 

Direct networks also called point to point networks; treat each computation element such 
as hardware accelerator, memory, processor as a node. Each node is connected directly 
to another node through the interconnect links.  

Each node has a specific interface for the link called the router. Basic job of a router is to 
handle the communication between the nodes and implement the lower level 
communication protocols such as routing, switching and flow control.  

Direct Networks are classified by Topology (Section 2.1.2.1), Routing (Section 2.2) and 
flow control techniques (Section 2.3).  

Before describing the Direct and Indirect networks the concept of Network-on-Chip (NOC) 
[3, 4, 5] is introduced as NOC exploits these two interconnect schemes very well.  
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Network-On-Chip (NOC)  

Network-On-Chip applies the concept of large scale network to the on-chip communication 
medium. In this technique the Processing Elements (PE) or Nodes are arranged in a 
specific structure called Topology. Each PE is sends/receives data over the network via a 
Router. Fig.  2.2 shows a basic structure of a NOC with PE connected to Routers which 
are further arranged into a specific topology. 

 
Fig.  2.2 Network On Chip 

The Router basically serves as a Network Interface (NI) for the PE. Its main functionality is 
to packetize the message from PE, route the packet on to the network (See Section 2.2) 
and perform switching/flow control of the packets (See section 2.3). 

The message from the PE is packetized/segmented by the NI into Packets, Flits and Phits. 

Packet is the unit of routing and Flit (Flow control digit) is the basic unit of flow 
control/switching. Phit (Physical Digit) is the physical unit of data which are transferred 
over wires in one clock cycle. For simplicity we will assume that phits are equal to flits. Fig.  
2.3 shows how each unit structured.  

 
Fig.  2.3 Structure of message, Packet, flit and Phit. [1] 
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When the source PE sends the message the NI segments the message into packets and 
flits and sends it over to the channels via the router, the router calculates the route and 
allocates the channel resources i.e. buffers and channels based on flow control scheme. 
The packets or flits (depending on the flow control algorithm) traverse through the network 
according to the routing scheme and when they reach the destination node the NI and 
router re-assemble the flits into packets and subsequently message and pass it onto the 
destination PE.   

2.1.2.1 Topology 

Topology dictates how nodes are connected to each other. Topology is highly dependent 
on layout and routing resources. Topology selection is the precursor to routing and flow 
control techniques. The links between the nodes can be unidirectional or bidirectional. 
Bidirectional links are preferred for greater path diversity and low hop count. In the 
following discussion the links are always assumed to be bidirectional unless specified 
otherwise. The implementation complexity of the topology depends on the node degree 
(Number of links connecting at each node) and layout complexity (number, length of 
wires). 

Topology is characterized by the following parameters: 

• Symmetry 

• Switch Degree 

• Homogeneity 

• Bisection bandwidth 

• Hop count 

• Diameter 

• Connectivity  

• Number of links  

• Path diversity  

• Channel load 

Symmetry 

 A network is symmetrical if it looks the same way from every switch. Typically symmetry is 
a desirable property as it provides greater path diversity (Multiple equivalent paths 
between two nodes).  

Switch degree 

Switch degree is the total number of input/output ports of a switch in the node. This 
property is directly related to the area cost and operating frequency of the switch. Higher 
switch degree results in higher area costs.  

Homogeneity 
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A topology is homogeneous if all of its switches have the same degree i.e. have the same 
number of ports. Like symmetry it’s a desirable property since it enables us to have a 
modular design of switches.  

Bisection Bandwidth 

Bisection bandwidth is defined as the minimum collective bandwidth of all the bisections of 
the network; where the bisections divide/cut the network into two equal sub-networks. 

It is a theoretical property used to determine the performance of the network under high 
traffic load. Higher bisection bandwidth results in better performance under higher load.   

Hop Count 

Hop count is defined as the maximum number of switches that must be traversed in order 
to get from any node of the network to the other node via minimal path.  It is a theoretical 
property and higher hop count means it will take longer time to deliver the message across 
the network (higher latency).  

Diameter  

Diameter is a physical property of the network. For example a 3-D topology may not 
necessarily be laid out in a 3-D space in silicon. Thus Hop count between certain links 
when laid out will not reflect the same delay as the theoretical value. So to cater the 
physical layout constraints the diameter property is introduced. It is defined as maximum 
distance between any two nodes in the network in clock cycles. Fig.  2.4 illustrates this 
constraint. As we can see that after layout lengths of all the links are not uniform anymore 
so Hop count will not reflect the actual delay values. To meet the timing requirements, 
pipeline registers have to be added on links L0 and L1 and this will result in an extra clock 
cycle delay on the respective links.   

 
Fig.  2.4 Non-uniform link lengths due to layout constraints.  

Connectivity 

Connectivity is defined as the minimum number of links that can be disconnected until an 
end node can no longer send or receive traffic to the network. This metric reflects the fault 
tolerance of the network. It is directly related to number of link failures that a network can 
tolerate before isolating an end node.   
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Number of Links 

It is defined as the total number of unidirectional links required to fully connect the nodes in 
a network. Number of links contributes to the area and power cost of the network but more 
importantly the delay of links affects it performance. Usually the length of the links and the 
required pipeline stages is more interesting than the total amount of links. This property 
also governs the layout of the topology.  

Path diversity  

Path diversity is the property defined as the number of available multiple equivalent and 
short paths between two nodes of the network. If there are multiple short paths between 
nodes A and B in a network (e.g. a Torus or Mesh topology), then that topology has a 
greater path diversity than one having only one path between them (e.g. a ring topology). 

Path diversity enable routing algorithm to balance the traffic load across the network. It 
also allows having some link failures and still being able to route packets due to multiple 
paths.      

Channel load 

Channel load is defined as the maximum traffic that can be injected by every node in the 
network until one of the critical/bottleneck links saturates. That bottleneck link c in the 
network determines the maximum throughput of the network as any more traffic offered by 
any node would saturate the channel c. It is the ratio of the bandwidth demanded from 
channel c to the injection rate of every node. This property is used to estimate the 
maximum bandwidth supported by the network. It is an early estimate of injection rate of 
each node. Typically uniform traffic (equal probability of each node sending the packet) 
pattern is used in deriving the value of channel load. Higher value of channel load results 
in higher bandwidth at the critical channel thus decreasing the whole network throughput.   

Following are some common topologies for direct networks: 

Strictly Orthogonal Topologies: 

Most common among direct networks is the orthogonal topology. In orthogonal topology 
nodes are arranged in an n-dimensional orthogonal space, in such a way that every link 
produces a displacement in a single dimension. 

Pros:  

• Routing is very simple due to highly regular structure if topology deviates from 
uniform to irregular routing becomes complex.  

• Uniform wire length due to regular structure. 

• Neighboring nodes can exploit the short logical as well as physical link lengths, 
reducing latency and enhancing throughput.  

• Provides path diversity thus simplifying the routing decisions. 
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Cons: 

• High possibility of having a hot spot (for traffic) at the center of the structure. 

• Larger hop count thus latency than shared medium networks. The tradeoff is 
between large hop count and path diversity.  

• Due Non deterministic pattern of communication (variable latency, out of order 
message delivery etc) QOS parameters have to be considered carefully to get the 
desired performance. 

•  Maybe impractical for real life non regular structures  

 

1. Mesh, 2-D Mesh  

Mesh is a popular topology [6]. It is typically defined as k-ary n-Mesh where k is 
number of nodes along each dimension and n is number of dimensions.  

All if its links have same length. The area of the mesh increases linearly with the 
number of nodes. It has a larger average distance between the nodes due to 
disconnect edges. Thus it affects the power performance. Switch degree is not 
constant across the network thus it is not a homogeneous topology. Due to 
disconnected edges, it creates load imbalance, see torus for the solution. Fig.  2.5 
shows a 4-ary 2-Mesh topology.  

 

 

 
Fig.  2.5 4-ary 2-Mesh. [7] 
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2. 3-D Mesh 

 
Fig.  2.6 3-D Mesh. [7] 

 

3. Torus (k -ary n -cube) 

Torus [8] is defined as k-ary n-Cube where k is number of nodes along each 
dimension and n is number of dimensions. It has a constant switch degree across the 
network so it is homogenous. This topology is has a very simple routing scheme. The 
area and power dissipation grows linearly with the number of nodes. It solves the 
problem of edge asymmetry of Mesh networks. It has lower average distance between 
the nodes due to wrap arounds at the edges. Thus it has a better power performance 
with roughly the same area as mesh. Fig.  2.7 shows a 4-ary 2-cube torus topology. 

 
Fig.  2.7 4-ary 2-cube (2-D Torus)  [7] 

4. Express Cube  

Meshes and Tori can be modified by into express cubes [9] by adding express or 
bypass links, thus increasing the bisection bandwidth and reducing average distance. 
This technique increases the performance at the cost of increased area.  
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5. Hypercube  

 
Fig.  2.8 Hypercube. [7] 

 

Folding 

A regular orthogonal network when mapped to a physical space has the problem of non-
uniform wire lengths as show in Fig below. It is called an unfolded network. To solve this 
problem, the nodes are redistributed or “folded” as shown in Fig.  2.9. One drawback of 
this technique is that, it doubles the channel lengths between each node.  

 
Fig.  2.9 Folding on 1-D Network. [7] 

Fig.  2.10 shows a folded Torus network 

 
Fig.  2.10 Folded Torus Network. [7] 
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Folding gives a uniform channel length between each node, thus it is highly desirable in 
terms of physical layout perspective.  

Other Direct Network topologies:  

1. Trees 

Tree is represented as k-ary n-tree where k represents switch degree and n the 
number of stages. It does not provide much path diversity and as we proceed towards 
the root of the tree the traffic increases and thus creates a bottleneck. See Fat tree for 
solution.  

 
Fig.  2.11 Balanced Binary Tree. [2] 

2. Fat-Tree 

A fat tree [10] is a binary tree in which the number if links increase as we move toward 
the root of the tree. It solves the problem of binary tree by allocating more bandwidth at 
the root.  It can also be classified as a hybrid network as it may use shared medium 
networks at the root. Layout may become difficult for large number of nodes due to the 
structure as compared to mesh and torus. Fat tree provides higher path diversity than 
a binary tree due to fat links. Due to lower hop count and higher bisection bandwidth 
fat trees give better performance in terms of latency as compared to Mesh and Tori. 

 
Fig.  2.12 A 16-node fat-tree. [2] 
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2.1.3 Indirect Networks 

In indirect networks each node is not directly connected to each other, rather they are 
connected to a set of switches which then connects them to the other nodes.  

Butterfly: 

A butterfly is represented as k-ary n-fly where k is the degree of switches and n is number 
of stages of switches. Butterfly networks are the most common topology in indirect 
networks. They are very efficient for short link lengths but they have no path diversity as 
opposed to direct networks. There is a high area cost due to large number of switches and 
links.  

 
Fig.  2.13 2-ary 3-fly. [2] 

 

2.1.4 Hierarchical Networks: 

Hierarchical networks combines two or more network techniques described above. 

For example, a shared medium network (Bus) can have multiple sub direct networks 
(Mesh) connected to it.  It is very practical for large systems where a single technique is 
not applicable on the global level. A cluster of nodes can be connected via a direct network 
such as Mesh or Torus and then these clusters are further connected to a bus which spans 
the whole chip. 

2.1.5 Comparison of topologies 

In this section we discuss some higher level properties to compare the topologies 
presented in the previous section. Table 1 presents the properties in closed formed 
expressions to evaluate the performance and cost of different topologies discussed before.  
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n
 k No Yes k

n 
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n 
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Table 1 Properties of Direct and Indirect topologies. 

2.2 Routing Algorithms 

Routing algorithms are classified according to method by which they select between the 
set of possible paths from source node x to destination node y. Routing algorithms solve 
the problem of establishing the path between the source and destination at the message 
level. There is a huge design space for the routing algorithms to choose from as shown in 
Fig.  2.14 

 
Fig.  2.14 Classification of routing algorithms  

Deterministic routing algorithms always choose the same path between x and y, even if 
there are multiple possible paths. These algorithms ignore path diversity of the underlying 
topology and hence do a very poor job of balancing load. Despite this, they are quite 
common in practice because they are easy to implement and easy to make deadlock-free. 

Two common examples are destination-tag routing on the butterfly and dimension-order 
routing for tori and meshes. 
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Oblivious algorithms, which include deterministic algorithms as a subset, choose a route 
without considering any information about the network’s present state. For example, a 
random algorithm that uniformly distributes traffic across all of the paths in an oblivious 
algorithm. 

Well known examples are:  

• Valiant algorithm for Torus [11] 

• Minimal oblivious: XY routing on 2D Torus 

Adaptive algorithms, adapt to the state of the network, using this state information in 
making routing decisions. This information may include the status of a node or link (up or 
down), the length of queues for network resources, and historical channel load information. 

 

2.2.1 Turn Model for Adaptive routing.  

Turn model is an abstract mechanism to visualize the routing decisions for the packet at 
each router.  

In a 2D Mesh there are 8 turns and 2 circles.  

 
Fig.  2.15 Possible turns in a 2D Mesh.  

 

Any routing algorithm using all 8 turns it would end up in a cyclic dependency. To visualize 
how a circular dependency occurs in a network using wormhole flow control, consider the 
configuration of 4 routers in Fig.  2.16 a, each router has flit sized buffers at each of its 
input and output ports labeled as N,S,E,W. A packet/message in wormhole flow control 
can span multiple routers allocating a flit space in each of them. For a detailed discussion 
on wormhole flow control refer to section 2.3.2.3.  

As shown in Fig.  2.16 , Packet 1 allocates the flit buffer W and E of router A and flit buffer 
W of router B. Packet 2 allocates flit buffer S and N or router B. Now Packet 1 and 2 
contend for the flit buffer N of router B. Assuming Packet 2 gets the space, Packet 1 will 
get blocked at router B. By following the similar pattern we see that Packet 2 and 3 
contend for shared resource at router C and Packet 3 and 4 contend for shared resource 
at router D and so on. Summarizing this scenario: 

Packet P1 allocated buffers: Router A (W,E), Router B (W) 

Packet P2 allocated buffers: Router B (S,N), Router C (S) 

Packet P3 allocated buffers: Router C (E,W), Router D (E) 
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Packet P4 allocated buffers: Router D (N,S), Router A (N) 

It is clear that all four packets are waiting for shared resources held by another packet in a 
circular fashion.  This cyclic dependency is shown in a cyclic dependency graph in Fig.  
2.16 b. Since it is a circular dependency it will result in a deadlock. 
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Fig.  2.16 Deadlock in 2D Mesh 

 
 

This scenario is known as a deadlock. The only way to break this deadlock is to flush all 
the buffers of these routers and choose a different route after that.  

There are two approaches to deal with this: 

1. Deadlock Avoidance 

2. Deadlock Recovery 
 

Deadlock avoidance is the safest and most widely used approach to use in an ASIC, as 
dropping packets is not a practical solution as suggested by the Deadlock recovery 
technique.  
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Cyclic dependency can be avoided by breaking the two cycles shown in Fig.  2.15. As 
mentioned, ideally, a fully adaptive algorithm uses all 8 turns but it requires the use of 
virtual channels which might be costly. To understand how virtual channels can avoid 
deadlocks in mesh topology, consider 4 routing nodes connected in a ring as shown in Fig.  
2.17. Nodes are labelled as A, B, C and D while channels or physical links connecting the 
nodes are labelled as C0, C1, C2 and C3.  Fig.  2.17 b shows the channel dependency 
graph of the network shown in a. As seen there is a cyclic dependency between the 
channels in the mesh. If messages request these resources and the routing algorithm uses 
all the 8 turns,  they will end up in a cyclic dependency thus a deadlock. 
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Fig.  2.17 Cyclic dependency of resources in a mesh. 

This dependency of shared resources can be resolved by splitting the shared physical 
resources into multiple virtual channels/resources and enforce a resource allocation 
ordering.  Fig.  2.18 a shows where each physical channels is divided into two virtual 
channels (VC), a low (0) and a high (1) VC. For example channel C0 is divided into C00 
and C10 which are referred to as low and high channel respectively. Now if we reconstruct 
the channel dependency graph of the virtual channel network, we will have two virtual 
networks as shown in Fig.  2.18 b. The next step is to define a resource allocation ordering 
policy so virtual networks can be used to avoid deadlock. It is defined as follows: 

Destination node and the current node of the message are defined as dxy and nxy 

respectively. 

1. If (nxy < dxy) then high channel is allocated to message. 

2. If (nxy > dxy) then lower channel is allocated to the message. 
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Fig.  2.18 Virtual channels in mesh. 

Afore mentioned allocation policy applied to the network (shown in Fig.  2.18) results in a 
consolidated channel dependency graph shown in Fig.  2.19 . From inspection it is visible 
that there is no cyclic dependency between the shared resources (i.e. channels).   
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Virtual 

Network 

changeover

 
Fig.  2.19 Channel dependency graph with virtual channels.  

Since there are two virtual channels the message travels within a virtual channel following 
the resource allocation policy. There is a need to have a changeover between the two 
virtual networks to break the dependency cycle. This changeover is indicated by the 
dashed line.  By using virtual channels all turns are possible and inherently a fully adaptive 
routing algorithm can be devised. A less adaptive approach is to remove some of the turns 
to break the channel cyclic dependency as employed in Dimension order routing.   

Dimension order routing (XY) removes more turns than necessary as shown in Fig.  2.20 

 
Fig.  2.20 Turns in Dimension order (XY) routing.  
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By removing these turn we break the two possible cycles responsible for the deadlock. 
Dimension order router which is also referred to as XY routing for 2D Mesh and Tori is 
deadlock free but it poorly uses the resources. Since packets first travel in either X or Y 
dimension they eventually put a high load on both channels as shown in the following 
diagram. The routing is X first and then Y. We can see that there will be a high load on the 
center Y channel. The hotspot sink is the node at coordinates X=6, Y=6. 

 
Fig.  2.21 Dimension order routing (XY) in a 2D mesh. 

 

The natural choice is to efficiently use the channels in the mesh. This approach requires 
an adaptive routing algorithm which can evenly distribute the load of the packets on the 
mesh.  

There are 16 possible combinations of the removal of turns. Out of these 12 combinations 
are deadlock free. Only 3 possible combinations are unique. They are presented as 
follows: 

 

2.2.1.1 West First Routing 

West first routing prevents the turns to the west direction. Packets first traverse in the West 
direction, once they have zero offset in that dimension, they then adaptively route the rest 
of the three dimensions. 

Shows the turn allowed by the West first routing scheme. 
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Fig.  2.22 Turns in West First routing 

As this algorithm provides more adaptively as compared to XY algorithm we can see a 
more balanced load distribution over the network channels as show in Fig.  2.23 

 
Fig.  2.23  West first in a 2D mesh. 

2.2.1.2 North Last Routing 

North last routing prevents turn toward from any direction to north. Packets first adaptively 
routes towards East. West, South and then lastly traverse in the North direction. Shows the 
turns in North last routing. 

 

 
 

 
Fig.  2.24 Turns in North Last routing 
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2.2.1.3 Negative First Routing 

Negative first routing prohibits turns from every positive direction to a negative direction. 
That is from South to North and East to West.  Packets first route in all the negative 
directions (West and South) adaptively and once they have zero offset in negative 
directions, then they adaptively route in East and North. Since this algorithm provides 
adaptivity in both the stages it is expected to have more balanced load. 

 

 
Fig.  2.25 Turns in Negative first routing. 

 
 
 

Fig.  2.26 show the routes taken by 10,000 packets to the hotspot point in a 2D mesh 
using Negative last routing. 

 
Fig.  2.26  Negative first routing in a 2D mesh. 

2.2.2 Fault tolerant Routing 

Most of the routing algorithms based on turn model as described above are not tolerant to 
faults at all. Any kind of static or dynamic fault on links or routers will result in a 
disconnected routing path. Since in practical applications there is a possibility of faults 
occurring on the links, fault tolerant routing algorithms have been developed based on 
deterministic routing.  Fault tolerant routing can also be used for routing in topologies with 
orthogonal fault regions. A fault region or region is a set of nodes and corresponding links 
which do not route or generate any traffic. Having rectangular fault regions simplify the 
routing algorithm. Fig.  2.27 shows a 15x15 Mesh topology with a 7x10 fault region in the 
center of the mesh. 
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Fig.  2.27 Fault region in 2D Mesh 

 

Fault regions disrupt the regularity of the topology and complicate the routing algorithm, 
which should now have to navigate around the region. One important aspect of a fault 
tolerant routing algorithm is to have complete connectivity meaning it should be able to 
establish a path between any valid/active source destination pair. A fault tolerant routing 
algorithm has been proposed by [12]. Implementation and correction are presented by [13, 
14].  The basic explanation is presented in Appendix A: Fault Tolerant Routing Algorithm 

2.3 Flow Control  

Flow control dictates how network resources are allocated to the passing packets. 

Upper bound on the throughput of any network is governed by the routing algorithm but 
how much of this throughput is achieved relies heavily on the flow control algorithm. This 
effect is more visible when the packet frequency is high and size is small.  

Flow control solves the problem of resource allocation and contention resolution at the 
packet level. 

There are two main switching or flow control techniques. 

2.3.1 Circuit Switched  

The most basic form of circuit switched flow control is completely bufferless. In this 
technique, a fixed physical path/channel is established between the source and destination 
and all the message in the form of packets is sent through that channel i.e. every packet 
and flit of the message follow the same route across the network. A request propagates 
from source to destination through the routers and then depending upon the resource 
availability, it is responded by an acknowledgement. After acknowledgment is received at 
the source the data is sent through the established channel.  
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Pros: 

• Simple communication protocol.  

• Saves resources in terms of buffers. 

• In order delivery of flits thus saving sequencing overhead.  

Cons: 

• Channel bandwidth is wasted while establishing the channel thus can become 
costly in small frequent messages.  

• If the path fails to establish due to contention, the packet has to be dropped or 
misrouted thus, wasting the bandwidth. 

An improvement in this technique is buffered Circuit switched flow control. One possible 
option is to only buffer the header of the message and if it is blocked while establishing the 
channel. In this scheme, the header flit acts as a request from source. As it traverses 
through the network it reserves the resources (Channel and buffers) of the route. When it 
successfully reaches the destination (if there is no contention), it sends back an 
acknowledgment (ACK) to the source. The source starts sending the rest of the message 
flits via the same established route when it receives that ACK. The tail flit of the message 
de-allocates the channel resources. Note that in circuit switching the network resources 
(channels and buffers) are held longer than they are used for data transmission.  

Circuit switching operation can be classified into two distinct phases (as seen in Fig. 2.28  
Circuit Switching Time space diagram. Fig. 2.28): 

• Setup phase.  

• Data transmission phase. 

Set-up phase consists of establishing the channel and data transmission phase 
consist of data transfer through that channel.  

Fig. 2.28 shows the request and acknowledgment process followed by data transfer phase 
for a message over a route consisting of 3 nodes. 

 
Fig. 2.28  Circuit Switching Time space diagram. [15] 

Pros: 
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• Retains the simplicity of implementation 

• Tradeoff between the bandwidth wastage and buffer cost for header. 

• In order delivery if flits thus saving sequencing overhead.  

• Message delivery time is deterministic (fixed latency) after the channel setup 
phase. 

Cons: 

• Still waste a lot of bandwidth in terms of gaining access to the channel when 
messages are small and frequent.  

• Very high latency, due to the Request, grant process. 
  

2.3.1.1 Virtual channels 

Circuit switching can be improved by introducing the concept of virtual channels (See 
Section 2.3.2.4 for virtual channels discussion in packet switched networks). 

Circuit switching allocates a physical channel for the duration of message from source to 
destination. This creates blocking of physical links due to a single source destination pair. 
This problem can be solved by adding multiple virtual channels over a single physical 
channel. Virtual channels can be added in two ways. 

1. One buffer per virtual channel. 

2. One buffer per physical channel 

One buffer per virtual channel 

In this scheme a buffer is added for each virtual channel over the physical channel. To 
establish a virtual circuit a buffer will be required at each router along the physical path. 
For example to have 2 virtual channels between source A and destination B, we would 
require 2 buffers at every router input along the path A-B.  Fig.  2.29 shows a top level 
view of two router that have 2 virtual channels (VCs) per physical channel. As we can see 
there at 2 buffers one for each VC at input of each router. The arbiter will schedule the 
access to the physical channel based on the TDM or algorithms mentioned in [16] 

  
Fig.  2.29 Two Virtual channels in one buffer per virtual channel scheme. 
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One buffer per physical channel 

In this scheme there is one buffer for each physical link. Virtual channels are established 
by Time Division Multiplexing (TDM) of the physical channel. Each source buffers its flits at 
its Network Interface (NI) until its time slot is available thus transmits the flits during its slot 
period. Having a global TDM based scheduling mechanism allows us to have a predictable 
latency value. For small static systems, this scheme is preferable over the previous one 
due to its ease of implementation and lower area cost in terms of buffers. Note that the 
TDM slot period should consider the flit delivery time from source to destination. As shown 
in Fig.  2.30, each input buffer has a scheduled VC on for a particular time slot. There is a 
need to have input/output scheduling at each router, this scale up to static end to end 
scheduling of the whole system and it can be a drawback for large dynamic systems.  

Crossbar
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I2

I3

VC2

VC3

VC4

VC5

VC1

 
Fig.  2.30 Virtual channels is One buffer per physical channel scheme [15] 

2.3.2 Packet Switched  

To solve the problem of the circuit switched flow control, the logical step is to insert the 
buffers between the channels at each node. Buffering decouples the channels in terms of 
resource allocation. A packet can wait in the buffer at a node, thus freeing the channel for 
other packets. Note that in contrast to circuit switching techniques links are not reserved 
for a specific route. This can solve as well as pose a few problems. Set-up phase is 
skipped so no channel bandwidth is wasted while establishing the connection but now as 
no channels are reserved multiple packet try to access the same physical channel thus 
increasing the problem of contention.  

Pros: 

• Efficient utilization of bandwidth due to buffers. 

• Effective for small sized frequent messages 

Cons: 

• Expensive to implement in terms of complexity. 

• Higher cost due to buffers at each network node. 
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• Out of order delivery of flits thus requires sequencing information in the header (if 
adaptive routing algorithms are used). 

• Non deterministic delivery times (variable latency) of the packets due to possible 
different routes they take across the network.  

  

Buffered flow control can be classified into two main types according to whether we 
allocate buffers for packets or flits.  

For packet allocated buffer flow control two techniques are: 

• Store and Forward Switching  

• Cut through Switching  

Flit allocated buffer flow control has two techniques namely: 

• Wormhole flow control 

• Virtual channel flow control  

There are three main types of buffered packet switching techniques: 

2.3.2.1 Store and Forward Switching 

In this technique each node waits for the whole packet, thus store it in its buffer and then 
forwards it to the next node and so on. There is a huge latency in this technique. 

 
Fig.  2.31 Store and Forward (SAF) Time space diagram.  

2.3.2.2 Cut through Switching  

Cut through (or virtual cut through VCT) switching [17] solves the problem of latency in 
SAF switching by sending each flit as it receives but it still has large buffers to store the 
whole packet at each node. In Fig.  2.32 we can see that the packet can only move 
forward along the route only if there is a free buffer of packet size is available. When 
passing through link 2 to link 3 we encounter a contention and the whole packet will have 
to wait at link 2 until link 3 has a free buffer of size packet available. Wormhole flow control 
addresses this problem.   

 

Link
1 H B B T
2 H B B T
3 H B B T

↔ ↔

Routing Delay Routing Delay
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Fig.  2.32 Cut through Switching Time space diagram.  

 
 

2.3.2.3 Wormhole flow control 

Wormhole flow control [18] allocates the channel bandwidth as well as buffer at the 
granularity of flits. The timing diagram is similar to the cut through switching.  

 
Fig.  2.33 Wormhole Switching Time space Diagram. 

 

Having few buffers at each node reduces the cost but the problem of channel blockage 
(illustrated in the next section) due to single channel remains unresolved in this technique. 

2.3.2.4 Virtual channel flow control  

Virtual channel flow control [19, 20] solves the problem of channel blockage by having 
multiple virtual channels at each node. Multiple virtual channels arbitrate for the single 
physical channel at the level of flits. As illustrated in the Fig.  2.34 (a) in case of wormhole 
switching, at node 1 two flits A and B are in contention to get the access of the physical 
channel p.  If flit B get the access to channel and get blocked at Node 2 (port South) it will 
block the whole channel p due that blockage and flit A will have to wait to get access even 
though its route is through channel p- channel q to Node 3.   

We can solve this problem by having two flit sized buffers at each input (virtual channels) 
of the node. As shown in Fig.  2.34 (b) there are two flit sized buffers at input, so if flit B  
gets blocked at Node 2 (south), flit A can still access the physical channel p due to virtual 
channels. It will pass though channel p and then channel q to Node 3 thus resolving the 
blocking due to contention.  The tradeoff is increased cost and complex arbitration and 
allocation schemes.    

Link
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↔
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Link
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Fig.  2.34 Virtual channel flow control. [7] 

Fig. 2.35 presents the summary of resource allocation of each switching technique 
discussed.  

 

 
 

Fig. 2.35  Summary of switching techniques.  

 

2.3.3 Buffer Backpressure  

In order to have a lossless network i.e. no packet loss while transmission, there is a need 
to have a backpressure mechanism to stop the flow of flits when the network resources are 
not free.  The unit of control depends on the switching technique used for flow control.  For 
example in SAF unit will be packet while in Wormhole switching it will be a flit. Buffer 
backpressure is only required in buffered flow control switching mechanisms.  

There are three common buffer backpressure techniques  

Channels Buffers

Circuit Switching Message N/A or Flit

Store and Forward (SAF) Packet Packet

Virtual Cut through (VCT) Packet Packet

Wormhole Flit Flit

Virtual channel Flit Flit

Resource allocation units on
Technique 
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2.3.3.1 Credit Based Flow Control 

In credit based buffer backpressure the upstream node keeps a count of free buffer slots in 
the downstream node in a virtual channel. The numbers of free flit buffers are represented 
in the form of credits. Typically when the upstream (source) sends a flit to the downstream 
(destination) it decrements the Credit counter. If the credit counter becomes zero the 
source cannot send anymore flits and thus stalls. Note that this is necessary to guarantee 
lossless message delivery. When the downstream buffer becomes free it sends a credit to 
the source node (upstream) source increments its credit counter and thus sends the 
number of flits according to number of credits available. 

The cost of this scheme is the overhead in sending the credit information upstream.  

2.3.3.2 On/Off Flow Control 

On/off flow based backpressure uses a simple technique. It has a single bit which signals 
the upstream nodes to either send flits (On) or not to send (Off). When the number of free 
flit buffers downstream falls below a certain threshold the downstream sends an Off signal 
and upstream stops sending further flits. Since this technique only uses a single bit to 
signal the large overhead is avoided as in the case of credit based flow control.  

2.3.3.3 ACK/NACK Flow control 

Both of techniques discussed above have a round trip delay of the link (Delay of credit/on 
+ delay of flit transmission) before the downstream buffer has a flit. This increases the 
latency. ACK/NACK flow control addresses this problem. 

In ACK/NACK flow control upstream (source) does not have any information about the 
downstream free buffers. Its sends the flit and wait for the ACK, if the flit gets a free buffer 
the downstream sends an ACK otherwise it sends a NACK and source re-transmits the flit 
until it gets an ACK. In this way the round trip delay is reduced to zero.  

There is a serious drawback in this technique. It wastes the network bandwidth by sending 
flits only to drop when there is no free buffer available. 

Usually ACK/NACK is not used to its bandwidth inefficiency. Typically Credit based flow 
control is used in systems having small number of flit buffers while On/Off flow control is 
used in systems having large number of flit buffers [7].   

3 Design Space Exploration of On-Chip interconnect 

This section analyzes and discusses the different on-chip interconnection architectures 
presented in Section 2. Since there is plethora of possible combinations of topologies, 
routing and flow control algorithms to implement a particular interconnect, exhaustive 
exploration was not possible within the scope of this thesis. Design space exploration of 
Direct Networks was done more in detail than Indirect networks due to the fact that they 
are more suitable to the current and future applications intended to be mapped on the 
interconnect. 

3.1 Performance considerations for the interconnect 

Generally performance of any on-chip interconnect can be measured in terms of Latency, 
throughput and path diversity.   
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Latency is defined as the time it takes for message to travel from source to destination. 
Latency is relative term and it can be further classified as network latency, queue latency, 
end-to-end latency. For example; network latency is defined as the time it takes from the 
point message enters the network and exits the network. Latency can also be measured 
when the message is injected into the source queue and received at the destination 
queue. Total latency can be decomposed into three parts namely startup latency, network 
latency and blocking time of contention latency. 

Startup latency is defined as the time it takes for the source and destination to generate 
and consume a message at source and destination respectively.  

Zero Load Latency is defined as the time it takes for the message to traverse the network 
from source to destination through the network when there is no contention i.e. there are 
no other messages contending for the shared resources. Zero load latency is a good 
indicator of early performance estimation of a particular network. At low loads this is the 
dominant factor for the total latency. Zero load latency is the lower bound on the latency 
value for a particular topology. Routing and flow control algorithm. For practical purposes 
when load on the network increases the dominating factor in the total latency value is the 
Contention latency which is experienced by the message as it contends for the shared 
resources through the network and loses to get the resource. As the load increases the 
contention latency increases and dominates the total latency value. 

Throughput or Accepted Traffic is defined as the rate at which a network can deliver 
messages from source to destination. It can be measured as messages per second for a 
particular traffic pattern. Routing algorithm defines the maximum bound on the throughput 
and flow control algorithm dictates what percentage of maximum throughput one can 
achieve for a particular routing algorithm. Note that an inefficient flow control algorithm with 
a good routing algorithm will still lead to higher latencies and low throughput. Saturation 
throughput is defined as the maximum message injection rate a network can support. 
Below saturation, network is guaranteed to deliver messages injected into it within the 
latency bounds (which are finite). After saturation point network does not guarantee to 
deliver all messages within finite amount of time. Thus after saturation the latency values 
approach to infinity.  

Path Diversity is an abstract parameter defined as the number of distinct paths within the 
network between any source and destination. Greater path diversity results in higher fault 
tolerance. With a good routing algorithm it is easier to achieve a good load balance on a 
specific topology.  

3.2 Ericsson Reference Bus Design Architecture 

The proposed interconnect will be compared with a Reference Bus design implemented at 
Ericsson AB. The details of the reference design have been omitted due to confidentiality 
reasons. 

3.3 Requirements for the new Interconnect  

The proposed interconnect should fulfill the following requirements: 

1. Dynamic message size. Interconnect should facilitate a dynamic message size. Typical 
message size should be 48 bytes. But the interconnect should be able to handle larger 
or smaller message sizes and maximize bandwidth utilization. There will be a need to 
have an appropriate value of granularity for the segmentation of the messages on the 
links. 



Short Message Network-On-Chip Interconnect for ASIC 

Master Thesis (2014), School Of Information and Communication Technology (ICT), KTH 

38 

 

2. There is a need to have a point-to-point connectivity between the accelerator and 
interfaces. 

3.  The interconnect should scale well with the increase in the number of nodes. It should 
scale upto 1000+ nodes. Thus an ideal solution should have the property of increased 
bandwidth with an increase in number of nodes.  

4. The interconnect should be application independent in terms of performance. Thus 
current application which is highly Central Node centric as well as future applications 
should give good performance.  

5. It should provide GOS and some level of QOS. 

6. The interconnect should not drive the global floorplan. It should comply with the current 
layout and routing constraints and should ideally be independent of that. The physical 
routes will be routed on the lower metal layers. There is a possibility of proposing a 
new floorplan too.  

7. Tradeoff between the buffer size and area cost of the router should be considered. 

 

3.4 Network-On-Chip Design for Ericsson 

As presented in Section 2, Network-On-Chip has been proposed as a scalable solution for 
global on chip interconnections.  A design choice was made to further explore this 
architecture and evaluate it for Ericsson. Since the design space is huge as explained 
some design choices were made which are explained below: 

Topology: The traffic models used in the thesis are dominated by many to one 
communication.  For this type of communication which has a central node as a global sink, 
a Tree or Fat Tree structure [2.1.2.1] is preferred since it naturally converges to one node. 
Although a Fat tree topology is most suited for this type of application, an interconnect 
should be flexible enough to cater for future changes in communication patterns. To 
accommodate possible future traffic patterns a more flexible topology was required. Thus a 
2D Mesh topology was selected to evaluate the current traffic pattern. Note that the mesh 
topology is not an optimal topology for this type of traffic pattern; where all traffic 
converges to one central node. A number of modifications were done in order to improve 
the performance which will be discussed in the later sections.  

Routing: Since routing algorithm has a direct impact on the throughput of a network.  A 
number of routing algorithms were considered as presented in Section 2.2. A design 
choice was made to only focus on routing algorithms which doesn’t require any virtual 
channels to route the messages thus limiting the design space and facilitating the ease of 
implementation. Fig.  3.1 shows the explored routing algorithms mentioned in section 2.2. 
The green boxes are the design choices made for the thesis to explore and implement the 
routing algorithms, as seen all of the design choices are unicast and implemented using 
distributed manner using FSMs the two major categories can be defined as deterministic 
and adaptive routing. To keep the design simple and avoid livelock, only algorithms with 
progressive, profitable and complete paths will be explored.  
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Fig.  3.1 Explored Routing algorithms 

Flow Control: Flow control algorithm impacts the maximum achievable throughput set by 
the routing algorithm.  Wormhole flow control [2.3.2.3] was chosen due to its low buffer 
requirement and low zero load latency. Due to a previous choice of not implementing any 
virtual channels, Virtual channel flow control was not a viable option. Store and Forward is 
inherently deadlock free but offers a very high zero load latency. Note that Wormhole 
routing is not deadlock free due to its inherent property of stretching messages over 
several routers; deadlock free routing algorithm is a requirement in this case. 

Buffer backpressure was implemented using a modified credit based flow control due its 
low round trip time as compared to other techniques.  

These design choices are sufficient to limit the design space to a specific implementation 
for a particular traffic model. Following section describes the general methodology used for 
evaluating a NOC for a particular traffic model.  

3.4.1 General Methodology for evaluating NOC 

In practicality NOC routers are interfaced with processors, hardware accelerators, I/O 
interfaces and memories but in the scope of this thesis it is not practical to model all of the 
components along with the whole interconnect. So communication models of components 
sending/receiving messages via network were used. Two primary features of any 
component are its temporal and spatial communication patterns with the other 
components. Modelling these two specifications are sufficient to determine the behavior of 
the whole system at a macro level.  
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Thus to evaluate any NOC, given a traffic model, workload models are developed for every 
node interacting with the NOC. From here onwards node refers to any component which 
interfaces with the NOC, it can be a processor, memory, hardware accelerator etc. 
Placement of nodes within the mesh directly affects the performance and several 
algorithms/tools have been developed to optimize the placement for a given real time 
application. One such academic tool is developed by KTH/ICT/ES group called ForSyDe 
(Formal System Design) [21].  As with typical chip design there are two approaches to 
solve this problem; Top Down and Bottom up.  In Top down approach a specific algorithm 
and/tool is used to place the nodes at optimal places in the NOC (mesh) and then these 
placements drive the floorplan. Conversely, in bottom up approach a specific floorplan 
drives the placement of nodes in the NOC (mesh). Following subsections describes the 
workload models and floorplans used to evaluate the Mesh NOC.    

3.4.1.1 Workload models in Network-on-Chip 

In order to benchmark the performance of a network we subject that network to a specific 
pattern of traffic or workload model. Ideally these models should be derived from the 
patterns extracted when the intended application is run on the NOC.  As this is usually 
tedious or impractical synthetic workload models are used instead.  To further refine the 
model trace files can replace synthetic models.   

Synthetic workload models are defined by three parameters  

• Distribution of destinations (Spatial distribution) 

• Injection rate (Temporal distribution) 

• Message length. 

Synthetic workload models used in this design are derived from the specifications used in 
Ericsson chip. Spatial distribution is based on two traffic models:  

1. Central Node Centric Traffic; all the blocks send the messages to Central Node blocks 
and Central Node replies to the messages respectively. 

2. Many-to-Many Traffic; 25% of the traffic is sent to the Central Node blocks while rest of 
the 75% is sent to a randomly selected node in the mesh.  

Injection rate of each block is derived from the specification sheet as shown in Table 2. 
Here the values from the column: Peak message rate, are used as messages generated 
by each block/ms.    

Message length varies for each block depending on the message type. To simplify the 
model, weighted average of the intensity and message type are taken and average 
message length is shown in Table 2 
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Table 2 Injection Rates of blocks 

3.4.1.2 Floorplan 

A desirable property of an interconnect is that it should be less sensitive to the floorplan 
and should accommodate the layout constraints without affecting performance.  For this 
thesis a set of floorplans were used to determine the performance of NOC.  

Floorplan A 

Floorplan A is a 15x15 mesh having 220 cores/nodes as shown in Fig.  3.2. The colored 
nodes have the traffic intensity mentioned in Table 2, while the rest of the nodes have a 
constant traffic intensity scaled by the offered load.  Nodes F1, F2, F3 and F4 are the 
Central Nodes which receive all the traffic in Central Node Centric Traffic pattern. 

Block Average 

events 

(per ms)

Min event 

time  (ns)

Peak event 

rate

(events per 

ms)

Peak 

message 

rate

(messages 

per ms)

Total 

message 

length 

(Byte)

A 10472 143 7000 14000 37

B 800 143 1600 3200 37

C 3360 143 5040 15120 37

D 200 143 300 900 37

E 50 143 300 900 37

G 100 143 600 1200 37

I 150 143 450 900 37

J 2650 143 7000 14000 37

K 200 143 200 400 37

L 12 143 24 48 37

M 2450 143 7000 21000 37

N 1000 143 3000 6000 37

O 7500 65 4500 4500 18

P 7500 71 14000 33000 37

Q 10000 100 10000 10000 12

F 40000 NA NA 29250 53
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Fig.  3.2 Floorplan A 

 

Floorplan AR 

Floorplan AR is the modified version of Floorplan A with an empty region in the center i.e. 
no nodes or channels/links can be placed in that region. By having a region in the center of 
the mesh makes the NOC an irregular network, thus requiring special routing algorithms, 
generally classified as fault tolerant routing algorithms.  

Fig.  3.3 shows the floorplan of a 18x18 Mesh with an empty region of size 10x10 nodes.   
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Fig.  3.3 Floorplan AR  

Floorplan B 

In order to determine the effects of changes in floorplan on the performance of NOC 
Floorplan B is created. In this floorplan the nodes are places in a more distributed manner 
than Floorplan A. 
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Fig.  3.4 Floorplan B 

 

 

Floorplan BR 

Floorplan BR is the modified version of Floorplan B with an empty region in the center i.e. 
no nodes or channels/links can be placed in that region. By having a region in the center of 
the mesh makes the NOC an irregular network, thus requiring special routing algorithms, 
generally classified as fault tolerant routing algorithms.  

Fig.  3.5 shows the floorplan of a 18x18 Mesh with an empty region of size 10x10 nodes.   
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Fig.  3.5 Floorplan BR 
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4 Implementation of Proposed Architecture 

4.1 Mesh Network-On-Chip Design  

This section describes the NOC architecture; packet structure, global fairness policies, 
input and output selection policies. 

4.1.1 Packet Structure 

In the proposed design a message is a basic unit of communication between the nodes. 
From the NOC perspective message is equivalent to a packet so they are interchangeable 
terms in this report. A packet is further divided into flits which can also be further 
subdivided to phits. For the proposed design a flit is equivalent to a phit, meaning flits are 
also a back unit of physical data transmission along with the flow control unit. An 
interesting design parameter that can be investigated could be different flit and phit sizes if 
physical links are not uniform. A packet has three basic types of flits, Header Flit, Body flit 
and tail flit. Header flit carries the routing and packet information and serves as the trigger 
to allocate resources on the packet level. Body and tail flits carry the payload data and 
they don’t allocate any resources on the packet level. Tail flit has one additional function of 
releasing the resources allocated by the head flit.  

Physical link or channel width is 64 bits so does the size of each flit. A packet can have 
multiple flits which is indicated by Payload Size field. Fig.  4.1 shows the packet structure 
of a packet consisting of 6 flits including one head flit.  

 
Fig.  4.1 Packet Structure 

Fig.  4.2 shows the structure of a 64-bit Head flit. 

 
Fig.  4.2 Head flit Structure. 

4.1.2 Global Fairness 

Fairness policy in any interconnect affects the message delivery rates. There is a need to 
have a globally fair resource allocation policy in NOC. Wormhole flow control algorithm 
allocates network resources i.e. links/channels and buffers, on the basis of flit level while 
routing algorithm allocates resources on the packet level. There is a need to have fairness 
at both levels to have tight performance bounds. For the proposed design, packet level 
fairness policy is based on the age of the packet. If more than one packets contend for the 
same resource, the packet with the oldest age will be given the priority and thus the 
resource.   
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4.1.3 Input Selection Policy 

Input selection policy means how packets arriving at the router/node are 
selected/forwarded to the output port. Input selection policy is directly governed by the 
global fairness criterion. For example, if multiple packets from different input ports contend 
for the same output port, which packet amongst those will be chosen to forward to the 
output port. Packet age is the criterion that is used to select the oldest packet to allocate 
the output resources.  

4.1.4 Output Selection Policy 

Output selection policy means how packets are routed to multiple possible output ports. 
For example if a packet can move forward in more than one direction which direction 
should be chosen to forward the packet. Output selection policy affects the congestion in 
the network and it is a good tool to achieve load balance and alleviate packet blockage. 
Output selection policy plays an important role in the performance of adaptive routing 
algorithms. In the test cases where partially adaptive routing algorithms are used, Random 
output port selection is used as an output selection policy. For example, if a packet can go 
in North or East any random direction (among North and East) will be chosen. 

In deterministic routing algorithms, usually there is only a single path for a packet to take, 
so output selection policy does not play an important role in the performance.  

4.1.5 NOC Router architecture 

NOC router performs the functions of buffering, routing of the messages across the 
network. It can be realized in many different ways depending upon the constraints. A 3-
stage pipelined architecture is modeled for the proposed design as shown in Fig.  4.3.  

 
Fig.  4.3. NOC Router 3-stage pipeline architecture 

First stage is the buffering of the incoming flits into the Input FIFO. Then the header flit is 
decoded by the Routing logic and requests to allocate the output port are sent to the 
corresponding Arbitration logic of the output port, after the grant, the head flit and rest of 
the flits are moved from the input FIFO to the output FIFO/register through the Switch. For 
this design 3 stages are sufficient to properly implement the design, further stages can be 
introduced if complicated routing and arbitration algorithms are used.  
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4.2 SystemC Cycle Accurate Models  

In order to rapidly develop a system level model, a higher abstraction language is a good 
choice, the motivation to choose SystemC to model the NOC interconnect was the same. 
SystemC language was used to model the NOC interconnect, traffic generators and sinks. 
Despite the higher level features of SystemC language cycle accurate model was a 
requirement to accurately measure the performance of the interconnect. Following 
subsections presents a short introduction to SystemC Transaction Level Modeling (TLM), 
design details of the developed models and design considerations/limitations while 
modeling NOC in SystemC. 

4.2.1 SYSTEMC TLM  

SystemC is a C++ class library developed for the purpose of System Level Modeling, 
architectural exploration and performance estimation. Originally proposed by Open 

SystemC Initiative (OSCI), it is now an IEEE standard, IEEE 1666-2005. 

The basic purpose to use SystemC in the thesis was to exploit its system level modeling 
and performance estimation features for the proposed design. In order to maintain a higher 
level of interaction between design blocks in the system SystemC provides the concept of 
modeling transactions at an abstraction level. A transaction can be treated as a basic unit 
of communication between two blocks. This methodology is called Transaction Level 
Modeling (TLM). TLM is a major feature of SystemC 2.0. Basic idea of TLM is to separate 
the communication functionality from block actual functionality. Communication protocol 
between the blocks can be encapsulated within the transaction thus providing a simplified 
and compact interface for the functional units.  

4.2.2 NOC Platform/Router AT Model  

SystemC TLM Approximately Timed (AT) models were used to model the NOC 
interconnect and interacting nodes. The basic component of a NOC is a Router which 
interacts with the traffic generating/consuming source/sink via Network Interface (NI). The 
interconnect buses are modeled as sockets in TLM.  Since there is a concept of simulation 
time in AT models a system clock of 1ns is used to measure the latency values.  

Fig.  4.4 shows the block level diagram of the SystemC AT model developed for the NOC 
Router. Numbers of input and output ports are parameterized. Since Mesh topology was 
chosen to evaluate, it is a 4 Input/output port router for this particular NOC.   
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Fig.  4.4. NOC Router AT Model. 

 

Following are the major design units of the Router: 

Input Port 

Input Port of the router models the interface of the router with the input link. The width of 
the link and the port are parameterized in SystemC TLM so a multitude of different 
combinations can be modeled, for this thesis Link and port width was 64-bits. Input ports 
are modeled as TLM Simple Tagged Target sockets which handles the incoming 
transactions.   

Output Port 

Output Port of the router models the interface of the router with the output link. The width 
of the link and the port are parameterized in SystemC TLM so a multitude of different 
combinations can be modeled, for this thesis Link and port width was 64bits. Output ports 
are modeled as TLM Simple Tagged Initiator socket which handles the outgoing 
transactions.  
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RX Thread 

RX thread implements the TLM AT transaction protocol defined in Fig.  4.5. It receives the 
input transactions and pushes them to the Input FIFO’s while notifying the control thread to 
process the incoming packet.  

Input FIFO 

Input FIFO holds the incoming transaction/packets. It is implemented as a standard Double 
Ended Queue (Deque) from C++ Standard Template Library (STL). 

Control Thread 

Control thread implements the header extraction, routing decision and output FIFO 
allocation.  

Switch Thread 

Switch thread implements the switch traversal functionality of the flits from input FIFO to 
output FIFO.    

Output FIFO 

Output FIFO holds the outgoing transaction/packets. It is implemented as a standard 
Double Ended Queue (Deque) from C++ Standard Template Library (STL). 

TX Thread 

TX thread implements the TLM AT transaction protocol defined in Fig.  4.5. It pops the 
packets from output FIFO and sends them to the output ports as output transactions. 

Traffic Generator 

Traffic generator thread generates the new messages from a Poisson process, the rate of 
which is specified in section 3.4.1.1. The generated messages are decoupled from the 
network via a source FIFO whose depth is infinite for practical purposes. A sub process 
will pop messages from the source FIFO and push in into input fifo. Note that the depth of 
the input FIFO is finite depending of the test case. If Input FIFO gets full due to network 
load or contention it will put backpressure on the source FIFO and the sub process will not 
be able to pop further messages. Note that source FIFO is infinite so it will keep storing the 
newly generated messages. Thus a large increase in the number of pending messages in 
the source FIFO is an indication of network saturation as shown in Fig.  5.2. 

Sink 

Sink thread consumes the incoming messages. It is an ideal sink with no contention. 
Messages which are destined to be consumed by the sink are pushed into the sink output 
FIFO. The sink consumes the messages at the rate of 1 flit/clock cycle. The rate of 
message consumption is a critical factor in the performance of the network. This rate is 
also referred to as sink capacity in the following sections. 100% sink capacity means that 
sink is consuming 1 flit every clock cycle.  
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In order to model the traversal of packets from one router to another, TLM transactions are 
used. Transaction is an abstract definition of the communication details between two 
blocks.  SystemC AT provides the flexibility to model the exact communication details upto 
clock cycle accurate models. Cycle accurate models were used to model the 
communication between the nodes. Note that AT models are relatively difficult to develop 
and have a certain simulation time performance loss as compared to Loosely Timed (LT) 
models. The motivation to use AT models was primarily that, SystemC was used for 
performance estimation of the NOC system. Having cycle accurate model was a 
necessary requirement to estimate the performance of the system in terms of message 
latency values. TLM AT has a base protocol which is more focused towards a processor 
memory communication scenario. NOC has a set of logically equivalent nodes in terms of 
communication hierarchy, so TLM Base Protocol was modified to cater for this 
communication pattern. A packet or message was modeled as a TLM transaction. AT 
transaction have phases which can be used to model the communication/data transfer 
operation within one atomic call. TLM AT Base Protocol has 4 phases which are focused 
towards memory read or write operation. Users can customize the base protocol and add 
their own phases to further refine the model. Thus in theory, SystemC AT Base protocol 
can be made as accurate as cycle accurate model of the system. This approach was opted 
for the thesis.  User defined or Extended phases were added to the Base Protocol to mode 
flit level communication between the routers. Fig.  4.5 shows the Extended base protocol 
used for inter node/router communication.     

 
Fig.  4.5 TLM AT Extended Phase Protocol 
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4.3 SystemVerilog RTL Design 

Basic components of the NOC router were designed in SystemVerilog RTL to get the area 
estimate of the router.  

4.3.1 NOC Router RTL Implementation 

Fig.  4.4 shows the top level model of the NOC router. For RTL only the basic functionality 
was implemented, since in practical application, a traffic generator and sink will be a 
processor or an interface, those components are not modeled in RTL.  A 5 port router with 
Dimension order XY routing and Round Robin arbitration was designed in SystemVerilog 
and synthesized in 28nm process to get the area results shown in section 6.2. 
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5 Evaluation Methodology  

5.1 Simulation Environment 

As described in Section 4.2.2, a SystemC model of Mesh NOC was developed to evaluate 
the interconnect. The methodology followed to calculate the performance of the network is 
open-loop simulation method. In this method generated traffic is not affected by the 
network state. This requires a virtually infinite source queue at each message generation 
source to decouple the traffic pattern from network state. Open loop method is a good 
measure to stress the network and measure the Latency and throughput. Note that in real 
life systems, there is no source queue at the message generation source and if the 
network is in stable state then ideally there should not be any performance loss if message 
generation rates are within specified bounds. For example, for a specific message 
generation rate R, if the network is stable (not saturated) and latency is within finite 
bounds, the source queue at the message generation source will be of finite depth, 
furthermore the backpressure from the network will prohibit the generation of more 
messages. Thus open-loop method is efficient to determine the performance bounds of the 
network.  

In the developed model, packets were generated using Synthetic workload models as 
described in Section 3.4.1.1. The simulation runs were time based, meaning the simulation 
were ran for specified number of system clock cycles. Latency was measures from the 
time when packet was generated and pushed in source queue to the time it was received 
at the sink/destination sink queue. This latency measurement consists of two latency 
components; Time spent waiting in the source queue and time spent traversing the 
network. As mentioned already, the focus is to determine the performance of the 
interconnect so ideal source and sink are assumed. This means source is always capable 
of generating messages following a specific temporal pattern and sink is always able to 
consume messages if ingress rate is less than its consumption rate. A more system 
oriented model should include a practical model for source and sink. A minimum 
requirement is to simulate the system for atleast 1 million clock cycles.  The reason for this 
is to make sure we are not simulating in the warm up region. This check was also 
determined by simulation and the minimum bound of 1 million was determined. All the test 
runs are atleast run for 2 million clock cycles to get stable results. As shown in Fig.  5.1, 
there are three distinct phases of network simulation, Warm up phase, stable phase and 
drainage phase show in diagram respectively. The most interesting phase is the stable 
phase from the perspective of latency measurement. If the message generation rates are 
relatively high and network is not saturated, warm-up and drainage phases are very small 
if run is long enough. This methodology is followed in all the test cases described in the 
following subsection.  
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Fig.  5.1 Network Simulation run 

Correct measurement of the end to end latency is critical to evaluate the performance of 
the network. Since NOC is a non-deterministic system and there are no simple closed form 
expressions to determine the saturation point of the network. Discrete event simulation 
runs are performed while increasing the offered load in small steps. The network is 
saturated when following behavior is observed: 

1. There is a sharp increase in latency when the offered load is increased. 

2. If simulation time is increased the latency values keep increasing while approaching 
infinity  

3. The network throughput is either constant or drops depending if the network is stable 
or unstable respectively. 

4. In case of unstable network the network becomes unfair after saturation point. 

As described in section 3.1, total latency is composed of three components, startup 
latency, zero load latency and contention latency. The most interesting from a simulation 
view point is the contention latency. At very low loads the total latency approaches the 
minimum bound set by zero load latency. But as the load is increased on the network the 
contention latency becomes dominant as more messages fight over shared resources and 
ultimately get blocked. This effect should be observable in the latency measurement 
method. When load on the network is increased it puts backpressure on the traffic 
generating sources, if the traffic generation process is coupled with the network 
backpressure it will affect the message generation rate. Since it is an open loop simulation 
environment the effects of network blockage should not interfere with the traffic generation 
process. So make sure it happens a source queue is introduced between the traffic 
generation process and the network. This source queue of infinite depth decouples the 
traffic generation from the network. This setup is shown in Fig.  5.2 
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Fig.  5.2 Source queue in NOC traffic generation. 

Latency measurement is defined as Latency = T2-T1, where T2 is the time when message 
is consumed at the sink. Once there is a source queue then there are two possible points 
to put the T1 time stamp:  

1. At injecting message into the source queue.  

2. At injecting message into the Network.  

If point 1 is used for T1, the backpressure will not affect the latency measurement, at 
saturation point, the network will be blocked and messages will start piling up in the source 
queue and once they are delivered to the sink, they will have huge latency measurement 
value. Conversely if T2 is used, at saturation point with stable throughput the latency value 
of traversing through is network is low as compared to the original message latency. Thus 
to get the correct measurement of end to end latency the T1 time stamp should be placed 
at the point when messages are pushed into the source queue. Any indication of network 
saturation will reflected as follows: 

1. There will be a sharp increase in the measured latency value  

2. There will be huge number of pending messages in the source queue.  

Note that T1 time stamp is also used by global fairness algorithm to determine the 
message age.  

5.2 Test Cases 

A multitude of test cases were devised to determine the performance by varying the 
message generation rate, spatial distribution of messages, message size, FIFO size in the 
routers and placement of the nodes in the mesh following a specific floorplan.  

First two subsections describe the two floorplans with routing algorithm which is fault 
tolerant. Third subsection describes the test cases for routing algorithms which were not 
fault tolerant.  
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Following are the parameters which are specified for each test case described below: 

1. Region 

2. Traffic pattern 

3. Message Size 

4. FIFO Size 

5.2.1 Central Node Placement 

Placement of Central Node (which is also referred as Block F/FEN/F) blocks is a critical 
design choice in the mesh. Since the current traffic model predominately sends all the 
traffic to these 4 blocks, congestion can easily occur on the adjoining links. The most 
optimal placement which was determined by the simulation results was to place each block 
in a different row and column of the mesh so that no two blocks share the same X or Y 
link. This placement will balance the load around the links and will result in higher 
throughput.  

Optimal placement of nodes in a specific topology is a complicated design problem. A 
simplified algorithm can be devised if certain assumptions are made. One such algorithm 
is proposed by [22] which use zero load predictive models to calculate the zero load 
latency for a set of source/sink and thus a matrix can be generated by sweeping the 
placement of the sink.  

Fig.  5.3 shows the weighted Manhattan distance of the Floor plan A. we can clearly see 
the most optimal place for the Central Node placement is white region but this figure does 
not take into account that some positions are occupied by the traffic generating nodes. 
Thus Fig.  5.4 shows the possible places where Central Node could be places while 
considering the placement of traffic generating nodes and a fault region. We can see that 
the Central Node could be placed in  1<X<4 and 1<Y<4. Simulations were performed with 
the Central Node places at these positions in disjoint rows and columns and Central Node 
spread out as shown in the floorplans; Only marginal improvement in the performance was 
observed. Results from the Central Node placement simulations are presented and 
discussed in section 7.1.1 

 
 

Fig.  5.3 Weighted Manhattan distance; Floorplan A 
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Fig.  5.4 Weighted Manhattan distance with black zones and region; Floorplan A 

 

5.2.2 Floorplan A 

There are two major test cases for this floorplan, without any region and with a region, 
which is specified by the prefixes A and AR respectively.  

Test cases names are encoded to distinguish them easily using following method; 
<FLOORPLAN(R)>-<TRAFFIC PATTERN>-M<MESSAGE/PACKET SIZE>/F<ROUTER FIFO SIZE> 

For traffic pattern when all the nodes are sending messages to Central Node (Block F) 
FEN is used while for traffic pattern when all the nodes are sending 25% of all generated 
traffic to Central Node and rest to a random node, MFEN is used.   

For example a test case with floorplan A, using Central Node centric traffic pattern, with 
message size 6 flits and router FIFO size of 12 flits will be represented as, A-FEN-M6/F12.  

In each of the test cases, saturation point of the network is determined for a given 
message size. Optimal FIFO size is determined through iteration and all measurements 
presented are done for this FIFO size. 
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Table 3. Test Cases Central Node Centric traffic pattern, A 

 
Table 4. Test Cases Central Node centric and Many-to-Many traffic pattern, A 

 

 
Table 5. Test Cases Central Node Centric Traffic pattern with region, AR 

 
 

Region No

Traffic Pattern Central Node(F) Centric

Message Size 4 flits

FIFO Size 8 flits

Region No

Traffic Pattern Central Node(F) Centric

Message Size 6 flits

FIFO Size 12 flits

Region No

Traffic Pattern Central Node(F) Centric

Message Size 8 flits

FIFO Size 16 flits

A-FEN-M4/F8

A-FEN-M6/F12

A-FEN-M8/F16

Region No

Traffic Pattern Central Node Centric + Many-to-Many

Message Size 6 flits

FIFO Size 12 flits

Region Yes

Traffic Pattern Central Node(F) Centric

Message Size 4 flits

FIFO Size 8 flits

Region Yes

Traffic Pattern Central Node(F) Centric

Message Size 6 flits

FIFO Size 12 flits

Region Yes

Traffic Pattern Central Node(F) Centric

Message Size 8 flits

FIFO Size 16 flits

AR-FEN-M4/F8

AR-FEN-M6/F12

AR-FEN-M8/F16
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Table 6. Test Cases Central Node and Many to many with region, AR 

 

5.2.3 Floorplan B 

There are two major test cases for this floorplan, without any region and with a region, 
which is specified by the prefixes B and BR respectively.  

Test cases names are encoded distinguish them easily using following method; 
<FLOORPLAN(R)>-<TRAFFIC PATTERN>-M<MESSAGE/PACKET SIZE>/F<ROUTER FIFO 
SIZE>.  

For traffic pattern when all the nodes are sending messages to Central Node (Block F) 
FEN is used while for traffic pattern when all the nodes are sending some percentage of 
traffic to Central Node and rest to a random node, MFEN is used 

In each of the test cases, saturation point of the network is determined for a given 
message size. Optimal FIFO size is determined through iteration and all measurements 
presented are done for this FIFO size. 

 

 
Table 7. Test Cases Central Node Centric traffic pattern, B 

 
 

 

Region Yes

Traffic Pattern Central Node Centric + Many-to-Many

Message Size 6 flits

FIFO Size 12 flits

AR-MFEN-M6/F12

Region No

Traffic Pattern Central Node(F) Centric

Message Size 4 flits

FIFO Size 8 flits

Region No

Traffic Pattern Central Node(F) Centric

Message Size 6 flits

FIFO Size 12 flits

Region No

Traffic Pattern Central Node(F) Centric

Message Size 8 flits

FIFO Size 16 flits

B-FEN-M6/F12

B-FEN-M8/F16

B-FEN-M4/F8
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Table 8. Test Cases Central Node centric and Many-to-Many traffic pattern, B 

 
 

 

 
Table 9. Test Cases Central Node Centric Traffic pattern with region, BR 

 

 
Table 10.  Test Cases Central Node and Many to many with region, BR 

 

 
 

  

Region No

Traffic Pattern Central Node Centric + Many-to-Many

Message Size 6 flits

FIFO Size 12 flits

B-MFEN-M6/F12

Region Yes

Traffic Pattern Central Node(F) Centric

Message Size 4 flits

FIFO Size 8 flits

Region Yes

Traffic Pattern Central Node(F) Centric

Message Size 6 flits

FIFO Size 12 flits

Region Yes

Traffic Pattern Central Node(F) Centric

Message Size 8 flits

FIFO Size 16 flits

BR-FEN-M6/F12

BR-FEN-M8/F16

BR-FEN-M4/F8

Region Yes

Traffic Pattern Central Node Centric + Many-to-Many

Message Size 6 flits

FIFO Size 12 flits

BR-MFEN-M6/F12
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6 Results  

6.1 SystemC simulation results 

Following figures are presented for each test case described in the section 5.2: 

1. Latency vs Load 

2. Latency Map to Central Node 

3. Latency Map from Central Node 

4. Global Latency Histogram 

Latency vs Load shows the overall performance of the system in terms of latency.  
Horizontal axis represents the offered load which is the traffic injected into the NOC by the 
nodes. Offered load is represented as a percentage of the sink capacity. For example 
100% sink capacity means, each sink can accept 1 flit/clock cycle which would result into 
250,000 packets/ms (if packet size is 4 flits). Since we have 4 sinks in FEN traffic model it 
would result in a total network load of 250,000*4 packets/ms to all the Central Nodes. 

In case of MFEN traffic model it represented in terms of number of packets injected by all 
the nodes/clock cycle. The reason to change this perspective is that, every node in the 
mesh can be a potential sink so it would be confusing to see the load from the sink 
perspective. In this case injection rate of 1 packet/clock cycle would mean that, in 1 ms all 
the nodes in the mesh would produce 1000000 packets collectively. Here injection rate is 
represented collectively of all nodes because they have different packet generation 
intensities, thus it is easier to visualize the overall load on the system than the individual 
packet generation rates.  

The vertical axis in both of the traffic models represents the average latency value in ns (or 
clock cycles).  

Latency Map to Central Node shows the latency values of the mesh for each node at the 
saturation point of the network. It is a one-to-one map of the mesh model. X and Y axes 
represents the x-axis and Y axis of the mesh topology respectively. X axis scale label is 
the column number in the mesh while y-axis scale label is the row number of the mesh. 
Each tile or block represents a node in the mesh. The placement of the nodes in the mesh 
is directly governed by the floorplan. The color of each tile represents the average latency 
value of the packets sent by that node to the particular Central Node. For example a red 
color tile would mean a high latency is experienced by the packet travelling from that node 
to the Central Node. There are 4 figures, one for each Central Node marked by *F*. 

Latency Map from Central Node shows the latency values of the mesh for each node at 
the saturation point of the network. It is a one-to-one map of the mesh model. X and Y 
axes represents the x-axis and Y axis of the mesh topology respectively. X axis scale label 
is the column number in the mesh while y-axis scale label is the row number of the mesh. 
Each tile or block represents a node in the mesh. The color of each tile represents the 
average latency value of the packets sent by the Central Node(s) to that particular node. If 
more than one Central Node send packets to a specific node then the highest value 
among them is shown. For example a red color tile would mean a high latency is 
experienced by the packet travelling from any Central Node to that node. 
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Global Latency Histogram shows the overall system performance in terms of latency at 
the saturation point of the network. All the average latency values of the packet transaction 
within the nodes are shown in the form of a histogram. The x-axis represents the latency 
values in ns. The left y-axis represents the occurrence frequency of a particular latency 
value which is shown as green bar. Right y-axis represents the cumulative frequency of 
the all the values which is shown as a red curve. For example a corresponding value Z of 
latency in x axis to the 90% value of cumulative frequency curve will mean that 90% of all 
the packet latencies are below this value Z (ns) 

6.1.1 Floorplan A 

Following are the results for the test cases mentioned in the Section 5.2.1 

6.1.1.1 A-FEN-M4/F8 

 
Fig.  6.1 Latency vs Load; A-FEN-M4/F8 
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Fig.  6.2 Latency Map to Central Node; A-FEN-M4/F8 

 
Fig.  6.3 Latency Map from Central Node; A-FEN-M4/F8 
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Fig.  6.4 Global latency Histogram; A-FEN-M4/F8 

 

6.1.1.2 A-FEN-M6/F12 

 
Fig.  6.5 Latency vs Load; A-FEN-M6/F12 
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Fig.  6.6 Latency Map to Central Node; A-FEN-M6/F12 

 

Fig.  6.6 shows the latency map of the mesh at saturation point.

 
Fig.  6.7 Latency Map from Central Node; A-FEN-M6/F12 
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Fig.  6.8 Global latency Histogram; A-FEN-M6/F12 

Fig.  6.8 shows the global latency histogram of the network at saturation point. 

6.1.1.3 A-FEN-M8/F16 

 

 
Fig.  6.9 Latency vs Load; A-FEN-M8/F16 
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Fig.  6.10 Latency Map to Central Node; A-FEN-M8/F16 

 
Fig.  6.11 Latency Map from Central Node; A-FEN-M8/F16 
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Fig.  6.12 Global latency Histogram; A-FEN-M8/F16 

6.1.1.4 AR-FEN-M4/F8 

 
Fig.  6.13 Latency vs Load; AR-FEN-M4/F8 
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Fig.  6.14 Latency Map to Central Node; AR-FEN-M4/F8 

 

 
Fig.  6.15 Latency Map from Central Node; AR-FEN-M4/F8 
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Fig.  6.16 Global latency Histogram; AR-FEN-M4/F8 

6.1.1.5 AR-FEN-M6/F12 

 
Fig.  6.17 Latency vs Load; AR-FEN-M6/F12 
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Fig.  6.18 Latency Map to Central Node; AR-FEN-M6/F12 

 
Fig.  6.19 Latency Map from Central Node; AR-FEN-M6/F12 
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Fig.  6.20 Global latency Histogram; AR-FEN-M6/F12 

 

6.1.1.6 AR-FEN-M8/F16 

 

 
Fig.  6.21 Latency vs Load; AR-FEN-M8/F16 
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Fig.  6.22 Latency Map to Central Node; AR-FEN-M8/F16 

 
Fig.  6.23 Latency Map from Central Node; AR-FEN-M8/F16 
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Fig.  6.24 Global latency Histogram; AR-FEN-M8/F16 

 
 

6.1.1.7 AR-MFEN-M6/F12 

 

 
Fig.  6.25 Latency vs Load; AR-MFEN-M6/F12 
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Fig.  6.26 Global latency Histogram; AR-MFEN-M6/F12 

6.1.1.8  A-MFEN-M6/F12 

 
Fig.  6.27 Latency vs Load; A-MFEN-M6/F12 
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Fig.  6.28 Global latency Histogram; A-MFEN-M6/F12 

 

6.1.1.9 Summary of Floorplan A 

 

 
Table 11 Summary of Floorplan A results 

 

6.1.2 Floorplan B 

 

Test Case Maximum Througput per sink

(K packets/ms)

Maximum Througput per sink

(MBytes/ms)

Maximum of avg. Latency to 

Central Node

(ns)

Maximum of avg. Latency from 

Central Node

(ns)

A-FEN-M4/F8 241,2 7,71 126 78

A-FEN-M6/F12 157,3 7,55 96 47

A-FEN-M8/F16 118,7 7,59 127 51

AR-FEN-M4/F8 241 7,71 144 94

AR-FEN-M6/F12 155,6 7,46 101 59

AR-FEN-M8/F16 103,7 6,63 125 62
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6.1.2.1 B-FEN-M4/F8 

 
Fig.  6.29 Latency vs Load; B-FEN-M4/F8 

 

 
Fig.  6.30 Latency Map to Central Node; B-FEN-M4/F8 
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Fig.  6.31 Latency Map from Central Node; B-FEN-M4/F8 

 
Fig.  6.32 Global latency Histogram; B-FEN-M4/F8 
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6.1.2.2 B-FEN-M6/F12 

 
Fig.  6.33 Latency vs Load; B-FEN-M6/F12 

  

 
Fig.  6.34 Latency Map to Central Node; B-FEN-M6/F12 
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Fig.  6.35 Latency Map from Central Node; B-FEN-M6/F12 

 

 
Fig.  6.36 Global latency Histogram; B-FEN-M6/F12 
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6.1.2.3 B-FEN-M8/F16 

 
Fig.  6.37 Latency vs Load; B-FEN-M8/F16 

 
Fig.  6.38 Latency Map to Central Node; B-FEN-M8/F16 
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Fig.  6.39 Latency Map from Central Node; B-FEN-M8/F16 

 
Fig.  6.40 Global latency Histogram; B-FEN-M8/F16 
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6.1.2.4 BR-FEN-M4/F8 

 
Fig.  6.41 Latency vs Load; BR-FEN-M4/F8 

 

 
Fig.  6.42 Latency Map to Central Node; BR-FEN-M4/F8 
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Fig.  6.43 Latency Map from Central Node; BR-FEN-M4/F8 

 

 
Fig.  6.44 Global latency Histogram; BR-FEN-M4/F8 
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6.1.2.5 BR-FEN-M6/F12 

 
Fig.  6.45  Latency vs Load; BR-FEN-M6/F12 

 
 

 
Fig.  6.46 Latency Map to Central Node; BR-FEN-M6/F12 
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Fig.  6.47 Latency Map from Central Node; BR-FEN-M6/F12 

 
Fig.  6.48 Global latency Histogram; BR-FEN-M6/F12 
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6.1.2.6 BR-FEN-M8/F16 

 
Fig.  6.49 Latency vs Load; BR-FEN-M8/F16 

 
Fig.  6.50 Latency Map to Central Node; BR-FEN-M8/F16 
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Fig.  6.51 Latency Map from Central Node; BR-FEN-M8/F16 

 
Fig.  6.52 Global latency Histogram; B-FEN-M8/F16 

6.1.2.7 B-MFEN-M6/F12 
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Fig.  6.53 Latency vs Load; B-MFEN-M6/F12 

 
 

 
Fig.  6.54 Global latency Histogram; B-MFEN-M6/F12 

 

6.1.2.8 BR-MFEN-M6/F12 
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Fig.  6.55 Latency vs Load; BR-MFEN-M6/F12 

 

 
Fig.  6.56 Global latency Histogram; BR-MFEN-M6/F12 

6.1.2.9 Summary of Floorplan B 

 
Table 12 Summary of Floorplan B results 

 
 
 
 

Test Case Maximum Througput per sink

(K packets/ms)

Maximum Througput per sink

(MBytes/ms)

Maximum of avg. Latency to 

Central Node

(ns)

Maximum of avg. Latency from 

Central Node

(ns)

B-FEN-M4/F8 234,4 7,5 72 41

B-FEN-M6/F12 155,8 7,47 90 60

B-FEN-M8/F16 118,9 7,6 136 54

BR-FEN-M4/F8 234,2 7,49 86 54

BR-FEN-M6/F12 158,9 7,62 134 65

BR-FEN-M8/F16 118,7 7,59 158 70
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6.1.2.10  Summary of Throughput Results 

 
Table 13 Summary of throughput results 

 
 
 
 

6.2 RTL synthesis results 

As described in section 4.3, a basic design of NOC router was designed using 
SystemVerilog and synthesized in following environment: 

• Design Compiler G-2012.06-SP2 

• Frequency 700 Mhz 
 
 

 
Table 14 RTL Synthesis results 

 
 
 
 
 
 

7 Discussion and Conclusion  

7.1 Analysis of SystemC Results 

7.1.1 Discussion on Central Node Placement 

Placement of the Central Node (central sink) is critical to the performance of the network. 
A non-optimal placement will result in congestion and high load on the nodes adjoining the 
sink and will result in saturation. Simulations were performed with the Central Node placed 
at the optimal places discussed in section 5.2.1.  

RX Packets/ms TX Packets/ms RX Packets/ms TX Packets/ms RX Packets/ms TX Packets/ms

A_F 111532 99000 155600 155600 39,5 57,2

B_F 101232 0 155600 155600 53,7 NA

C_F 55660 0 155600 155600 179,6 NA

D_F 3600 18000 155600 155600 4222,2 764,4

Sum 272024 117000 622400 622400 128,8 432,0

Required Proposed Improvement %
Central Node Block

Clock Period 1.42 ns

Levels of logic 7

Max Frequency 704 Mhz

Logic Area 26512 µm²

Combinatoral Area 4830 µm²

Gate Count 37 kGates

Comb. Gate Gate Count 6 kGates

Number of Reg 4560
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Fig.  7.1. Average latency vs offered load; Central Node placement 

Fig.  7.1 shows the average latency of the messages versus offered load for floorplan A. In 
these simulations the Central Node was placed in three configurations: 

1. Boxed Central Node placement (4 Central Nodes placed contiguously) 

2. Diagonal Central Node placement (4 Central Nodes placed diagonally) 

3. Distributed Central Node placement (4 Central Nodes places spread across the mesh) 

As we can see from the figure, the Boxed Central Node saturates very quickly and it is not 
an optimal placement, the reason being the X and Y links are shared by all the 4 blocks 
and these links get saturated. The solution to this problem is to place them in a diagonal 
fashion so that no two blocks share the same X or Y link. A significant improvement in the 
performance in observed with this approach. Finally the third placement spreads the 
blocks across the mesh while observing the diagonal rule (i.e. no two blocks should share 
the same X and Y link). Only marginal improvement in the performance is observed 
between the Diagonal and Distributed placement. Note that these results are valid only for 
Central Node Centric traffic pattern.  

7.1.2 Discussion on Topology 

Topology of the network has a direct affect in the latency of the messages, since 
messages hop from one node to another the number of nodes or hops determine the end 
to end latency of the message. In a mesh network the dimensions of the mesh are directly 
proportional to the latency. Introducing a fault region in the mesh increases the dimensions 
of the mesh from 15x15 to 18x8. This results in increase in the end to end latency. Another 
factor is the long route around the region which will be discussed in the following section. 
As seen from section 6.1 the average latency is lower in test cases without region as 
compared to with region. This is explained further using the comparative latency values of 
each test case for each floorplan and traffic pattern. Fig.  7.2 show the average latency vs 
offered load for all the test cases for Central Node Centric traffic model, we can clearly 
observe that the test cases with regions have a higher zero load latency marked with a red 
dotted circle. The test cases without the region have a lower zero load latency marked with 
green dotted circle.  
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Fig.  7.2 Average Latency vs Load; Floorplan A, Central Node Centric 

 

Similar trend is seen in the Many to many traffic pattern for floorplan A and B as shown in 
Fig.  7.3. The upper two curves marked by red dotted circle are the test cases with the 
region as compared to the green circle ones without the region.  

 

 
Fig.  7.3 Average Latency vs Load; Floorplan A,B, Many to Many 

 

In Floorplan B similar trend is observed for both traffic patterns as show in Fig.  7.4 
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Fig.  7.4 Average Latency vs Load; Floorplan B, Central Node Centric 

 
 

7.1.3 Discussion on Routing Algorithms 

A number of routing algorithms were tested on the NOC to determine the performance. 
There are two main classes of routing algorithms that were tested, Adaptive routing and 
Deterministic routing. In adaptive routing, the packet adaptively travels through the network 
depending on the input and output selection policy (see section 4.1). Deterministic routing 
algorithms have a fixed path across the network determined the source and destination 
nodes addresses.  Adaptive routing algorithms which were tested were, West First 
Routing, Negative First routing, North last routing and Even Odd routing. Since none of 
these algorithms provide a way to incorporate a fault region and still remain deadlock free 
and adaptive at the same time, they were not explored further after the introduction of fault 
region.  Deterministic routing algorithm can be modified to have a fault region in the mesh 
and still remain deadlock free. Dimension Order routing or XY routing was modified to 
develop a fault tolerant routing algorithm by [12]. This fault tolerant routing algorithm 
behaves as a normal Dimension order routing algorithm in the absence of a fault region so 
it was a good candidate to use in both types of test cases; with or without fault region.  
Fault tolerant routing provides a deadlock free routing and also guarantees in order packet 
delivery due to its deterministic nature. A few improvements are necessary which will be 
discussed in the following sections 
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7.1.4 Discussion on Flow control Algorithms 

Wormhole flow control was chosen due its flexibility of FIFO sizes and low zero load 
latency. A major issue with flit level flow control algorithms is deadlock. Thus routing 
algorithm has to be deadlock free if wormhole or any other flit level flow control algorithm is 
chosen.  Alternately if packet sizes are very small then packet level flow control algorithms 
can be used. That can be paired with a fully adaptive routing algorithm without the need of 
virtual channels. In this thesis since packet size was variable flit level flow control was 
used which gives a low message latency but poses the problem of deadlock and possible 
introduction of virtual channels.  Having a flit level flow control algorithm might also require 
message classes (if there are more than one message type in the system) to prevent 
resource starvation. Message classes require the use of virtual channels which might 
complicate the system level design. One benefit of message classes if resource 
decoupling and that enables the system designers to provide tight Guarantee of service 
(GOS) on some high priority message classes.  

 

7.1.5 Discussion on Message Size and FIFO Size 

Message size plays an important role in the zero load latency. A large message is required 
to be segmented into large number of flits, which in the case of wormhole flow control, 
span many routers in across the network, thus hogging the resources and increasing the 
contention. FIFO sizes in the routers are also a key factor in the throughput performance of 
the network. This fact is illustrated through a test case setup in which the FIFO size in the 
network was varied while keeping the message size fixed for Central Node centric traffic.  

A decrease in throughput was observed when FIFO’s are relatively small compared to the 
message size.   

Fig.  7.5 shows the Latency vs offered load for message size of 6 flits in floorplan A. We 
can see that at low loads the latency is almost equal for all the sizes but as the load 
increases the test cases with small FIFO sizes saturates much quickly than the larger 
ones.  

 

 
Fig.  7.5 Latency vs Offered Load;FIFO size Floorplan A 
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Fig.  7.6 shows the maximum achievable throughput of the network for a particular FIFO 
size when the message size is kept constant at 6 flits. We can see the at small FIFO sizes 
the throughput is affected but there is no significant gain of having too large FIFO’s too. 
For this specific NOC, it was empirically determined that if the FIFO size is kept at least 
twice the message size then throughput of ~95% of sink capacity can be achieved. 
Increasing the FIFO size greater than that will result in no significant increase in 
throughput as seen in the last two columns with FIFO size of 12 and 18 flits have almost 
the same throughput at around 95%. 

So an optimum FIFO size can be formulated for this specific NOC for Central Node centric 
traffic as: 

Optimum FIFO size >=  2*(Message size) 

 
  
 

 
Fig.  7.6 Max Throughput vs FIFO size, Floorplan A 

 

As discussed before, the performance of the NOC in the two floorplans is quite similar as 
shown in Fig.  7.7. Having a more distributed placement of traffic generators result in a 
slight improvement for FIFO of size 10. 
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Fig.  7.7 Latency vs Offered Load;FIFO size Floorplan B 

 

Throughput results for floorplan B are shown in Fig.  7.8. In both of the floorplans we can 
observe that with a FIFO size of 2 flits, almost 75% of sink capacity can be achieved.  

 

 
Fig.  7.8 Max Throughput vs FIFO size, Floorplan B 

 

 
 

7.2 Comparison of Mesh NOC with Reference Bus Design 

This section compares the performance of the Reference Bus Design with the proposed 
Mesh NOC interconnect. Following were the specifications for the test cases: 

Reference Bus Design:  

• RTL level simulation with 60% load on Reference Bus Design.   

• 44 Traffic generating blocks (listed in Table 2) sending/receiving messages to/from 
Central Node. 
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Mesh NOC:  

• SystemC level simulation with 95% load in the network.  

• 44 Traffic generating blocks (listed in Table 2) + 4 Traffic generating blocks 
sending/receiving messages to/from Central Node  

• 171 Extra blocks sending/receiving messages to/from Central Node.  

• Floorplan A with message size 6 flits and FIFO size 12 was used along with the 
region (AR-FEN-M6/F12). 

Note that in both of the test cases; the intensity of the message generation of 44 blocks 
listed in Table 2  is kept same. In Mesh NOC 4 instances of a new block is also added.   

Fig.  7.9 shows the average message latency from blocks to Central Node. We can see 
that the there is a large variation in the latency for the Reference Bus Design but in Mesh 
NOC the latency variation among the blocks is quite small. Note that the Y-axis is a 
logarithmic scale showing the message latency value in ns. 

 
 
 

 
Fig.  7.9 Reference Bus vs Mesh NOC performance comparison. 
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8 Future Work and Recommendations    

8.1 Recommended Design 

The aim of this thesis is to do a paper study and present a high performance interconnect 
for short messaging on an ASIC. In the preceding sections the designed was explained 
along the results. This section summarizes the proposed design along with the critical 
design choices.  

• A packet switched interconnect is proposed since it is scalable as compared to bus 
based architectures.  

• Network-on-Chip (NOC) is proposed since it is a high performance packet switched 
network tailored to be used in high performance on-chip message passing. 

• A mesh topology is proposed as compared to specialized topologies since it is 
versatile in terms of application level perspective.  

• Mesh topology having regions to ease the layout is proposed. A regular topology 
such as mesh can be modified to an irregular one by creating empty regions with 
no significant loss in performance.  

• To cater for a region in the topology a routing algorithm with fault tolerant features 
is proposed which should be deadlock free. Wormhole routing should be used if the 
algorithm is guaranteed to be deadlock free. A deterministic fault tolerant algorithm 
is a recommended.  

• Variable message sizes can be used in the network provided FIFO sizes are kept 
twice the size of the maximum message size for maximum performance.  

• Central Node block should be divided into its 4 components and each component 
should be a node in the network. Each component should be placed in disjoint rows 
and columns in the mesh to balance the load on the links. Central Node could be 
spread out across the mesh to achieve more load balance or kept close. Due to 
ease of physical layout close placement in preferable. If high speed pipelined ports 
can be placed across the mesh, spread out placement should be used.  

 

8.2 Proposed Exploration Topics 

This section lists the future work and the proposed exploration topics which could not be 
covered in the scope of this thesis. 

• A Torus topology should be investigated and compared to the mesh in terms of 
latency and load balancing performance 

• To implement a deadlock free routing algorithm on Torus topology, virtual channels 
are required to be implemented in the system. 

• Number of virtual channels should be varied to find the optimal value for a certain 
algorithm 
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• Fully adaptive routing algorithms can be developed with the use of sufficient virtual 
channels. Thus fully adaptive routing algorithms can be modified to be used with 
the region in the Torus or mesh. Thus a custom routing algorithm could be 
developed for Ericsson which should be fully adaptive, fault tolerant and 
mathematically proven to be deadlock free. In case of non-minimal routing 
algorithm it should be proven livelock free too.  

• In this thesis the message size was kept constant for all the blocks for a particular 
test case to keep the model simple. In future messages of mixed length should be 
tested on the network to observe the effect of FIFO size. New expression for 
optimal FIFO size should be developed for these mixed message test cases. 

• If link utilization and throughput is known FIFO sizes could be varied depending on 
the load on the adjoining links.  

• In this thesis the link width was kept constant at 64 bits. An interesting test case 
could be to half the link width to 32 and double the message size to transmit the 
same number of Bytes. In that case the FIFO width will be halved too and depth 
increased to double. The area consumed by the FIFO’s will be the same but the 
area of the links will be halved. The latency and throughput performance should be 
measured and compared to the design proposed in this thesis. 

• Message classes should be implemented if virtual channels are used in the system. 
Application level deadlock in the case of memory access from a block should be 
investigated. 

• After the implementation of message classes, alternate algorithms for global 
fairness should be explored and evaluated.  

• SystemC model of an Ericsson accelerator should be interfaced with the NOC 
router to model realistic traffic generator and sink.  
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Appendix A: Fault Tolerant Routing Algorithm 

This section explains the fault tolerant routing algorithm for mesh proposed by [12]. 
Following assumptions are made: 

1. An n-dimensional mesh with K nodes in each dimension can be represented as K0 
x K1 X T Kn-1. 

2. All the neighboring nodes are connected via bidirectional links.  

3. There are no virtual channels in the mesh. 

4. This discussion is limited to static faults only.  

The nodes in the mesh are labelled in two indices as N(x,y) with x_coordinate and 
y_coordinate for  x-axis and y-axis respectively. The nodes in one row (horizontal array 
along x-axis) have the same y_coordinate value while the nodes in one column (vertical 
array along y-axis) have the same x_coordinate. 

Following definitions are used to classify the nodes in the mesh according to the faults: 

1. A node with no faults is classified into three categories: 

a. Active: There is no fault in the node and it has  no faulty neighbors. 

b. Deactivated: There is no fault in the node but it has 2 or more faulty or 
deactivated neighbors. 

c. Unsafe: A deactivated node with atleast 1 active neighbor.  

2. Nodes which have faults are labelled as faulty nodes. 

If we group all the Deactivated and faulty nodes, they form fault regions where routing is 
not possible.  Unsafe nodes can send or receive messages but they are not used for any 
routing paths.  In this thesis, a fault ring was formed in the center of the mesh to model a 
large memory structure in the floorplan. The northeast corner node of the fault ring is 
called as reference node which will be used in the algorithm to determine the routing 
direction. We will only focus on the fault rings. For further discussion on fault chains refer 
to the afore mentioned paper.  

To ensure deadlock freedom messages are classifies into three types: 

1. Row First Message (RF): A message is RF if its destination is located to the West 
of its source i.e x_coordinate of destination is less than the x_coordinate of source. 

2. Column First Message (CF): A message is CF if it is not a RF message and its 
source and destination are not located in the same row of the mesh. 

3. Row Only Message (RO): A message is RO if its source and destination are 
located in the same row. 

 

A message can/will change its type as it traverses through the mesh depending on the 
location. There are a few restrictions to ensure deadlock freedom on the change in 
message type. They are illustrated in the following figure:  
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Fig.  0.1 Message type transition rules 

 

 

Thus according to the afore mentioned rules the messages will first traverse along the 
rows or columns first if it is a RF or CF message respectively and CF changes itself to RO 
when it reaches the appropriate row which has its destination.  

Following code snippet is taken directly from the reference [12]. It is the pseudo code 
which implements the fault tolerant routing algorithm.  

 
 
 

Procedure Message-Route 

/* Message mg is sent from source S to destination D; C is the current node of header flit */ 

if (C is the destination D) 

Consume mg; 

else 

if (current node C is S, and is unsafe) 

Send mg to an active neighbor; 

else/* active node */ 

begin 

Determine the message type (RF, CF, or RO) of mg; 

if (C is not on a fault ring or fault chain) 

Normal-Route(mg); 

else 

if (C is on a fault ring) 

Ring-Route(mg) 

else 

Chain-Route(mg) 

end 

 

 

 

 

 

Procedure Normal-Route(mg) 

switch (mg’s type) 

case (RF message) 

Use EW channel to forward mg; 

exit; 

case (CF message) 

if (mg is NS message) 

Use NS channel to forward mg; 

else Use SN channel to forward mg; 

exit; 

case (RO message) 

CF

CF

RF

Destination

Destination

Source

CF

CF

RO

Destination

Source

Source
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Use WE channel to forward mg; 

 exit; 

 Procedure Ring-Route(mg) 

  switch (mg’s type) 

  case (RF message) 

  if (EW channel is available) 

   Use EW channel to forward mg; 

  else 

   Route mg clockwise; 

 exit; 

 case (CF message) 

  if (mg is SN message) 

   if (C is on the North boundary of the fault ring) 

    Normal-Route(mg); 

   else 

if (C is on the west boundary of the fault ring and D is in the 

same column as C) 

     Normal-Route(mg); 

    else 

     if (D is lower than the reference node of the ring) 

      Route mg counter-clockwise; 

     else 

      Route mg clockwise; 

  else /* NS message*/ 

   if (C is on the East or South boundary of the fault ring) 

    Normal-Route(mg); 

   else 

if (C (including S) is on the West boundary of the ring and EW 

channel is 

     available) 

     Route mg along EW channel; 

    else 

     Route mg counter-clockwise; 

  exit; 

  case (RO message) 

   if (C is in the same row as D and WE channel is available) 

    Use WE channel to route mg; 

   else 

    Route mg counter-clockwise; 

   exit; 

   Procedure Chain-Route(mg) 

    switch (mg’s type) 

    case (RF message) 

    if (the fault chain is an s-chain) 

     if (EW channel is available) 

      Route mg along EW channel; 

     else 

      Route mg counter-clockwise; 

    else /* not s-chain */ 

     if (C is in the same row as D) 

      Route mg along EW channel; 

     else 

      if (D is higher than C) 

       Route mg counter-clockwise; 

      else 

       Route mg along clockwise direction; 

   exit; 

   case (CF message) 

    if (mg is an NS message) 

     if (the chain is an s-chain) 

      Route mg clockwise; 

     else /* not s-chain */ 

if (NS channel is available and D is not to the west 

of C) 

       Route mg along NS channel; 

      else 

       Route mg clockwise; 

    else /* SN message */ 
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if (SN channel is available and D is not to the west of C) 

      Route mg along SN channel; 

     else 

      Route mg counter-clockwise; 

    exit; 

    case (RO message) 

     Route mg clockwise; 

 
 
 
 

For the formal proof of deadlock freedom of the algorithm refer to the source paper [12]. A 
general methodology to prove the deadlock freedom for any topology is outlined in [23]. 
Using that methodology which utilized channel dependency graphs to analyze the circular 
dependency in the links any custom routing algorithm can be analyzed, if any circular 
dependencies exist, first the circle is broken by disconnecting the one of the link, if that 
results in incomplete routing algorithm, then virtual channels must be added to remove any 
circular dependencies within one virtual network.  
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Appendix B: Glossary 

Backpressure: Techniques used to stall the packets/flits at the source when there are no 
network resources (buffers) are available downstream 

Downstream: Flow of packets/flits from the source to destination.  

Flit: Flow control Digit. It is the basic unit of data for flow control/switching in the NOC.  

Latency: Time required to transmit all the flits in a packet or all the packets in a message 
from source to destination.   

NOC: Network-on-Chip, A system-on-chip (SOC) in which the processing elements 
(processors, memory, interfaces) are connected to each other through a network.  

Node: The combination of processing element (PE) and the Router.   

Packetization: Breaking down of message from the processing element to smaller 
packets to be sent over the network. 

Processing element: PE, Any type of processor, memory, accelerator or interface that is 
connected within the NOC. 

Router: The network switch that provides a network interface to the processing element in 
NOC. It also performs the functions of packetization, routing and switching 

Throughput: The amount of traffic (in bits/s) delivered to the destination terminals of the 
network. If the network is below saturation, all the offered traffic is accepted by the network 
and thus the offered traffic equals the throughput of the network. 

Topology: Static arrangement of nodes, routers and channels in a network on a Euclidean 
space. 

Upstream: Reverse path from destination to source, usually used to transmit information 
for backpressure. 
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