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Abstract 

i 

Abstract 
Network on Chip is a scalable and flexible communication infrastructure for 
the design of core based System on Chip. Communication performance of a 
NoC depends heavily on the routing algorithm. Deterministic and adaptive 
distributed routing algorithms have been advocated in all the current NoC 
architectural proposals. In this thesis we make a case for the use of source 
routing for NoCs, especially for regular topologies like mesh. The advantages 
of source routing include in-order packet delivery; faster and simpler router 
design; and possibility of mixing non-minimal paths in a mainly minimal 
routing. We propose a method to compute paths for various communications in 
such a way that traffic congestion is avoided while ensuring deadlock free 
routing. We also propose an efficient scheme to encode the paths.  

We developed a tool in Matlab that computes paths for source routing for both 
general and application specific communications. Depending upon the type of 
traffic, this tool computes paths for source routing by selecting best routing 
algorithm out of many routing algorithms. The tool uses a constructive path 
improvement algorithm to compute paths that give more uniform link load 
distribution. It also generates different types of traffics. We also developed a 
simulator capable of simulating source routing for mesh topology NoC. The 
experiments and simulations which we performed were successful and the 
results show that the advantages of source routing especially lower packet 
latency more than compensate its disadvantages. The results also demonstrate 
that source routing can be a good routing candidate for practical core based 
SoCs design using network on chip communication infrastructure.  
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Sammanfattning 
Network on Chip (NoC, sv. Nätverk på Chip) är en flexibel kommunikations-
struktur för avancerade System on Chip (SoC, sv. elektroniksystem på chip). 
Prestanda i dessa nätverk är till stor del beroende av vilken routing-algoritm 
som används. Både statiska och dynamiska routing-algoritmer har föreslagits 
som lämpliga för NoC. I detta dokument visas att source routing (sv. Sändar-
kontrollerad routing) passar väl för NoC-system. Flera egenskaper är till dess 
fördel, inte minst möjligheten till snabba, enkla routrar och enkel styrning av 
nätverkstrafik. 
 
Vi presenterar en metod som beräknar effektiva paketrutter för flera typer av 
trafik och samtidigt garanterar frihet från dödlig låsning. Till detta föreslås 
även ett effektivt kodningsschema. Matlab har använts för implementering av 
ett program, baserat på de föreslagna teknikerna. Programmet kan, till exempel, 
hitta den routing-algoritm som fördelar nätverkskommunikationen mest jämnt 
för en viss trafiktyp. Om så önskas kan även särskilda typer av trafik genereras. 
En nätverkssimulator för source routing har även utvecklats. Genoförda 
simuleringar visar att source routing ger bra prestanda, särskilt med avseende 
på transmissionstid för paket. Resultaten leder oss till slutsatsen att source 
routing är en bra och praktisk kommunikaitonsstrategi för NoC. 
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1 Introduction 
1.1 System on Chip 
A rapid progress in Very Large Scale Integration (VLSI) in the past recent 
years has resulted in the fabrication of millions of transistors on a single silicon 
chip. With the current CMOS technology it is possible to implement a design 
with approximately one billion transistors on a single chip. This advancement 
in the micro-electronics leads to the integration of various components of a 
computing system or any other electronic system on a single Integrated Circuit 
(IC) to implement a complete system on a chip. Thus a paradigm called System 
on Chip (SoC) came into existence that refers to the system made up of 
interconnected cores or Intellectual Property (IP) block on a single chip. 

1.1.1 Chip Capacity 

Development of a complete system on a single chip became possible due to 
advancement in chip capacity which is the number of transistors that can be 
fabricated on the chip. Increase in chip capacity has been following the trend 
given by Moore’s law i.e. the chip capacity doubles every 18 months 
approximately. This law has been holding for over 40 years. 

1.1.2 Core Based Design 

In order to shorten the time to market, time to test and exploit reuse, mostly 
SoCs are designed with cores or IPs [20]. A core can be a general purpose 
processor, a DSP, a memory block, an application specific hardware 
component, an I/O controller, a Graphic Controller, a mixed signal module, a 
Radio Frequency (RF) unit etc. A designer can build a SoC by developing own 
cores or reusing Commercial off-the shelf (COTS) cores, available from 
different IP vendors, and finally interconnect them on a single chip [3]. An 
example of core based system design is the 80-core processor built recently by 
Intel as part of their research project [21]. 

1.1.3 Limitation of Buses and Interconnections 

Nowadays, direct interconnections and mostly shared busses are used for on-
chip communication [16]. The problem with direct interconnections is that they 
are not scalable and become inefficient with an increase in the number of cores. 
Shared buses do not scale beyond 8 to 10 cores. Contention for the bus and 
arbitration also slows down the data movement. They are only good for low 
communications. 

In order to build a system on chip with large number of communicating cores, a 
new design solution, other than direct interconnections and shared busses, is 
required that provides communication among the cores.  
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1.2 Network on Chip 
Network on Chip (NoC) is being considered as the most suitable candidate for 
implementing interconnections in core based system on chip (SoC) design [7]. 
In NoC paradigm, cores are connected to each other through a network of 
routers and they communicate among themselves through packet-switched 
communication. The protocols used in NoC are generally simplified versions of 
general communication protocols used in data networks. This makes it possible 
to use accepted and mature concepts of communication networks such as 
routing algorithms, switching techniques, flow and congestion control etc. in 
NoC. It allows significant reuse of resources and provides highly scalable and 
flexible communication infrastructure for SoC design [2]. Cores in a NoC 
operate in Globally Asynchronous, Locally Synchronous (GALS) mode. A SoC 
with NoC communication infrastructure is shown in Figure 1-1.  
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Audio
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Controller
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Figure 1-1. SoC based on NoC communication infrastructure 

1.3 NoC Design Issues 
Performance of a NoC depends on many factors. Three main factors are 
discussed below. 

1.3.1 Topology  

Topology is a very important feature in the design of NoC because design of a 
router depends upon it. Different topologies are proposed in the literature for 
the design of NoC. Commonly used topologies are mesh, ring, torus, binary 
tree, bus and spidergon. Some researchers have also proposed topologies 
suitable for an application or an application area. Some of these topologies are 
shown in Figure 1-2. Mesh topology will be used throughout in this thesis. 
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Figure 1-2. Different topologies used in NoC 

1.3.2 Core Selection 

Core selection is an important step in the design of a NoC. Usually NoC is 
designed with a fixed size of tile slot. Therefore, a selected or designed core 
must fit in this slot. Some researchers have proposed the concept of “Region” 
to accommodate cores of different sizes [24]. Moreover, cores in NoC may be 
homogenous or heterogeneous. As compared to heterogeneous, homogeneous 
cores are all exactly the same having same size, instructions sets, equivalent 
clocks and they perform same functions. Although NoC with heterogeneous 
cores becomes complex, it may be relatively more efficient in terms of 
performance, power and thermal efficiency [22]. 

1.3.3 Routing Algorithms and Router Design 

Communication performance of a NoC depends heavily on the routing 
algorithm used. Routing methods can be classified into two types, namely, 
source routing and distributed routing. In source routing, a source core pre-
computes the information about the whole path from the source to the 
destination; selects this information for a desired communication and provides 
it in packet header. In distributed routing, the header contains destination 
address only and the path is computed dynamically by participation of routers 
on the path [5][10][11]. Design of a router also depends upon the type of 
routing. For example, router design for source routing will be simpler as 
compared to the router designed to handle distributed routing algorithm.  
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A very large number of routing algorithms have been proposed in literature 
[12][13][14]. All the proposals so far fall under distributed routing type. Source 
routing has not been considered so far for NoCs, due to its apparent large 
overhead to store path information in the packet header.  Since the paths in 
source routing are pre-computed offline, therefore source routing can provide 
no or limited path adaptivity in the case of faults and traffic congestion. In spite 
of these disadvantages, we feel source routing has many advantages over 
distributed routing. 

1.4 Thesis Objectives and Tasks 
The goal of this Master thesis is to develop and evaluate source routing for 
mesh topology NoC. In order to achieve this objective, first step is to perform 
general and analytical analysis of source routing and compare it with its 
competitor i.e. distributed routing. After that, a method should be developed to 
compute paths from source to destination for both general and application 
specific communications.  The method should be able to identify the best 
routing algorithm for each type of selected traffic on the basis of link load 
utilization. 

The paths should also be improved to provide uniform link load distribution. 
An efficient encoding scheme should be developed to encode paths for source 
routing. Then a simulator should be developed that can simulate source routing 
for mesh topology NoC. Using simulator, performance of source and 
distributed routing should be analyzed and compared. Similarly, performance 
of source routing alone should be analyzed for various routing algorithms in 
different traffics. Although router design is not part of this thesis, still NoC 
architecture based on source routing is developed and corresponding design 
decisions are also made. 

1.5 Thesis Layout 
In this chapter, we gave a brief introduction to the area in which this thesis is 
carried out. We gave a glimpse of NoC paradigm, its design issues, types of 
routing and routing algorithm used in NoC. We also discussed our motivation 
to use source routing in NoC. Finally, objectives of the thesis were discussed. 

Next chapter provides the reader with detailed background knowledge about 
NoC including its evolution, the concepts which it borrows from 
communication networks, its main components, existing NoC proposals, 
routing algorithms used and the parameters used to evaluate its performance. 

In chapter 3, we illustrate source routing with an example, present its 
advantages and disadvantages and perform its analytical comparison with 
distributed routing. Moreover, the issues and tasks required to implement 
source routing in a mesh topology NoC are listed and discussed.  
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In chapter 4, a method to compute paths for source routing is described by 
utilizing some standard distributed routing algorithms. Selection of the best 
routing algorithm for a specific traffic is also discussed in this chapter. We also 
present constructive and iterative methods to improve the computed paths. An 
efficient scheme to encode the paths is also described.  

Chapter 5 focuses on the performance evaluation of source routing for mesh 
topology NoC. This evaluation is performed using a NoC simulator and results 
are presented and analyzed for various routing algorithms in different traffic 
patterns. Accordingly, specification requirements, modelling and development 
of this NoC simulator are also discussed. 

In Chapter 6, we present mesh topology NoC architecture based on source 
routing. Apart from that we also make decisions that are required to design 
corresponding router and network interface. Chapter 7 concludes by listing 
summary of the contributions and results and our plan for future work in this 
area.  
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2 Network on Chip 
This chapter discusses theoretical background about the area of NoC. 
Discussion will start with the evolution of on-chip packet switched networks 
and continue with concepts borrowed from communication networks, main 
components of NoC, existing NoC proposals and types of routing algorithms 
used. The discussion will end with details of performance parameters used for 
evaluation of NoC.  

2.1 Evolution of On-Chip Packet Switched Networks 
2.1.1 Point to Point Connections 

Very first way to design communication infrastructure for on-chip systems was 
to use direct point to point interconnection among system cores. This allows the 
cores to communicate directly through dedicated wires without any need of 
centralized arbitration. For a system with large number of cores, this 
communication design requires a lot of pins for each core, large routing time, 
large routing area and becomes very messy in terms of wiring.  

Similarly, delays and quality of signals become unpredictable in the system 
when direct interconnections are used for communication. This makes it very 
difficult to test the system. Due to these disadvantages, point to point 
interconnection infrastructure exhibits poor scalability, low utilization of 
routing resources and very low possibility of reuse. On the other hand, a SoC 
designed with small number of cores based on this type of interconnections is 
likely to give highest possible performance [7]. A SoC designed with point to 
point connections is shown in Figure 2-1. 
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Figure 2-1. SoC based on point to point connection communication infrastructure 
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2.1.2 Bus Based Integration 

Inter-core communication of majority of SoCs is designed with bus based 
communication infrastructure. In this type of communication, all cores share 
one or more busses. Cores are connected to the bus through an interface. A bus 
arbiter manages the communication and contention among cores. In bus based 
design, cores require less number of I/O pins compared to direct 
interconnections. Similarly cost and area of wiring required for communication 
is also reduced. 

In literature, there are many proposals for efficient use of buses such as 
hierarchical, segmented, pipelined buses etc. Despite these efficient proposals 
and above mentioned advantages, shared buses do not scale beyond a certain 
limit depending upon the number of cores. Moreover, contention for the bus 
and arbitration also slows down the data movement. 
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Video
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Video
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Audio
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Memory

 

Figure 2-2. SoC based on shared bus communication infrastructure 

2.1.3 Packet Switched Network Based Integration 

Because of a number of disadvantages of direct interconnections and shared 
buses including low scalability, non adaptivity to new applications and very 
less or no reuse; a new method is required for inter-core communication in on-
chip systems. Researchers proposed to use packet switched network for 
designing communication among cores in SoCs [1][2][5][6][7][ 8]. 

A packet switched network consists of a network of switches also called 
routers.  Resources in the network are connected to the routers through resource 
network interface. Data moves from source to destination in the form of 
formatted packets traversing through one or more routers in the network. This 
type of on-chip communication infrastructure is highly scalable. It also 
provides high possibility of reuse, thus reducing time to market and cost of the 
system. 
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Packet switched communication infrastructure for on-chip system is shown in 
Figure 2-3. Similarly, a SoC based on 3X4 mesh topology NoC is shown in 
Figure 1-1. 
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 Figure 2-3. SoC based on packet switched network communication infrastructure 

2.2 Existing NoC Architecture Proposals 
A large number of different NoC architectures have been proposed by different 
research groups [1][2][16]. Topology, routing algorithm, packet structure and 
communication protocol stack are the important features which distinguish 
various NoC proposals. An on-chip architecture called Scalable, 
Programmable, Integrated Network (SPIN) has been proposed by Guerrier and 
Greiner [25]. They also proposed Fat-tree topology because of its lower 
network diameter and efficient VLSI layout. It implements message passing 
communication model [7]. 

Benini and De Micheli proposed packet switched micro-networks based 
communication infrastructure for SoC design [8]. Similarly, Network on 
Silicon is proposed by Philips research Laboratory. They propose to design 
SoCs based on communication network to support guaranteed throughput for 
real time traffic and best-effort communication for rest of the traffic. Another 
proposal called Linköping SoCBUS combines the advantages of circuit 
switched communication with those of packet switched communication. 
Another group of researchers developed KTH-VTT, a two dimensional mesh 
topology based NoC architecture for developing large and complex SoCs [7]. 
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Survey of related literature tells us that a large number of researchers have 
proposed different packet switched network architectures for the design of 
inter-core communication infrastructure in SoCs. 

2.3 NoC: Protocols and Concepts 
The protocols used in NoC are generally simplified versions of general 
communication protocols used in data networks. Similarly most of the network 
communication definitions that are used in data communication networks are 
also applicable in NoC. Some of these concepts and definitions are discussed in 
the following subsections. 

2.3.1 Layered Communication 

Like general communication networks, NoC uses layered communication. 
Therefore, network architecture can be divided into different layers such as 
from bottom to top physical, data link, network, transport and application layer. 
A layer can be considered as a combination of soft or hard components 
performing same functionality. Each layer performs its task independent of 
other layers and provides services to the upper layer and gets services from the 
lower layers. The way a layer performs its function is hidden from other layers. 
Layers communicate with each other through standard interfaces. Each layer 
implements different set of rules called protocols.  

Advantages of layered communication come at the cost of certain overheads. In 
NoC, mostly three layers are considered i.e. physical, data link and network 
layer. Transport and application layer issues are also addressed. This thesis 
concentrates mostly on the network layer issues. Few aspects of data link layer 
are also considered.  

Physical layer deals with the actual transfer of data. It is responsible for clock 
signals for every connection, number of wires, control signals, electrical levels, 
medium of transfer etc. Data link layer is concerned with flit formation, node to 
node communication, error detection and correction, flow control, encoding 
scheme etc. Network layer performs packetization, routing of packets from 
source to destination, resource addressing, packet buffering, and congestion 
control. It is also responsible for providing quality of service by addressing the 
issues of latency, throughput, jitter etc [23].  

2.3.2 Network Communication Definitions 

Some commonly used network communication terms such as message, packet, 
flit and phit are addressed in this subsection. 

Message 

It represents the data to be transferred from source to destination resource. 
Message is defined in application layer. Message size can be fixed or variable. 



Network on Chip 

10 

Packet 

A message may be divided into many packets. Each packet represents a data 
unit that can be transferred in the network independent of other packets of the 
same message. It contains enough information to traverse through the network 
and reach its destination. Normally, a packet has two parts; one to store control 
and routing information and is called header while the other part called payload 
stores data. Sometimes packets also contain a trailer indicating end of packet. A 
packet may be of fixed or variable size. A packet maybe broken down into 
smaller data units called flits. 

Flow Control Digit (Flit) 

A flit is a flow control digit. It consists of a constant number of bits. It fits the 
storage resources in the network switches. 

Physical Transfer Digit (Phit) 

It is the physical transfer digit. It is transferred as a unit across a channel 
between the routers. It can also be regarded as link width because it is equal to 
the number of wires for data transfer between two routers. Size of Phit may or 
may not be equal to the size of flit. 

Example 

Consider that a fixed packet size of 512 bits is used in NoC. Flit size is set to 32 
bits as the resource in this network switches can store 32 bits. A packet can be 
broken down into 16 flits. If 32 wires are available between all neighbouring 
routers in the network then size of phit will be also 32 bits. But if only 16 wires 
are available then phit size will be 16 bits and each flit will then be transferred 
between the routers in two communication steps. 

2.3.3 Switching Techniques 

Switching techniques are used to move data from the input channel to the 
output channel of a router. Latency in the network mostly depends upon the 
switching technique used [9]. Some of the switching techniques are store and 
forward, circuit switching, virtual cut-through and wormhole switching. 

In store and forward, also called packet switching, a complete packet moves 
from one router to the next. It has higher communication delay because a 
packet can only be forwarded when it is completely received. Moreover large 
buffer of at least equal to one packet size is required. 

In circuit switching, an electrical path is established between source and 
destination before sending the data. The connection is released after the data 
has been transmitted. Although, this switching ensures reliable transfer of data 
but network resources are underutilized. 
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In virtual cut-through switching, the router starts forwarding the packet as soon 
as header arrives and the destined output channel is idle. There is no need to 
wait for the complete packet arrival. But if destined output channel is busy then 
the switch has to store complete packet. Therefore buffer requirement in 
switches is at least one packet. In our work, we are using wormhole switching 
technique in NoC, therefore, it is described below under separate heading. 

Wormhole Switching 

In wormhole switching, a packet is divided into flits. Flit is a flow control digit 
and is defined in the next subsection. There are generally three types of flits i.e. 
head, body and end. The head flit carries the control and routing information of 
a packet; body flits carry the payload and end flit contains payload as well as 
end of packet information. 

In order to send data from a source to destination, a head flit is transmitted first 
followed by body and end flits. Routers in the way check the head flit and lock 
the path for the rest of flits of each packet. The path is unlocked by the end flit. 
So the flits in wormhole switching travel through the network in a pipelined 
fashion. Thus buffer required in routers is very small and can be as small as one 
flit. The flits appear to move through the network like a worm and hence the 
technique gets the name wormhole switching. 

Consider an example in which a source “S” connected to node (1,1) sends a 
five flit packet to destination “D” at node (5,5). Router at node (1,1) decides to 
send the head flit “H”  to node (1,2) depending upon the included routing 
information and the routing algorithm used. Route for rest of the flits is also 
locked by this router and the following flits will not be checked for deciding 
the route again. Similarly, head flit keeps on locking other routers and the rest 
of flits keep on following it in a pipelined manner. At some point in time, these 
flits are on their way to destination and are shown in Figure 2-4.  

2.4 NoC: Main Components 
There are three main types of components of a NoC namely routers or 
switches, cores also called resources and resource to network interfaces 
abbreviated as RNIs. These components are indicated in a 4X4 mesh topology 
NoC shown in Figure 2-5.  

2.4.1 Resource 

A resource can be a general purpose processor, DSP, memory, application 
specific hardware component, I/O controller, Graphic Controller, mixed signal 
module, Radio Frequency (RF) unit etc. Resources should be implementable by 
using the same technology as that of switch network [7]. A designer can build 
own resources or reuse Commercial off-the shelf resources available from 
different IP vendors. 
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Figure 2-4. Demonstration of wormhole switching in a 5X5 mesh topology NoC 

 

2.4.2 Resource Network Interface (RNI) 

RNI connects a resource to a network router. Hence it enables the resource to 
send data to the router. Purpose of RNI in NoC is the same as that of a network 
card in internet [7]. RNI consists of two parts i.e. resource dependent and 
resource independent as shown in Figure 2-6. Resource independent part is 
designed in such a way that RNI appears as another router to the connected 
router. Design of resource independent part is common for all resources. If 
homogeneous resources are used then resource dependent part can be reused 
and will be same for all resources otherwise it is different for every resource. 
Resource dependent part is responsible for flitization, deflitization and 
implementing encoding scheme. Encoding scheme will be discussed in chapter 
4, whereas flitization and deflitization will be discussed in chapter 6. In case of 
source routing, RNI also contains routing tables and is responsible for adding 
complete path information in head flit. 
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Figure 2-5. 4X4 mesh topology NoC with main components identified 
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Figure 2-6. Resource Network Interface 
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2.4.3 Router 

Like in any other network, router is the most important component for the 
design of communication back-bone of a NoC system. In a packet switched 
network, the functionality of the router is to forward an incoming packet to the 
destination resource if it is directly connected to it, or to forward the packet to 
another router connected to it. Router implements layers of communication 
protocols below and including the network layer. It is very important that 
design of a NoC router should be as simple as possible because implementation 
cost increases with an increase in the design complexity of a router.  

Main task of a router designed for distributed routing is to implement routing 
function. For an incoming packet, a route can be selected either by looking up a 
routing table already stored in the router memory or route can be computed 
dynamically by running a routing algorithm. A router that stores route tables 
and implements routing function by table look up is called table based router. 
Design of a router used for distributed routing can become complex as it 
requires extra logic and memory to implement routing function. 

Router design for source routing will be quite different from the router 
designed to handle distributed routing algorithm. It does not need to select the 
output port for an incoming packet. The pre-decided information is available in 
packet itself. But it still needs to implement the other functions like packet 
buffering and arbitration using priority to resolve port conflicts when two or 
more packets require to use the same output port. The simplicity of a NoC 
router implementing source routing will make it run faster. Different types of 
NoC router architectures for distributed routing have been proposed by the 
researchers [2][3][4][16]. 

2.5 Classification of Routing in NoC 
There are many ways to classify routing in NoC. Most commonly used classes 
are discussed in the following subsections. 

2.5.1 Deterministic Vs Adaptive Routing 

One way to classify routing in NoC could be deterministic or adaptive. In 
deterministic routing the path from the source to the destination is completely 
determined in advance by the source and the destination addresses. In adaptive 
routing, multiple paths from the source to the destination are possible. When a 
packet enters a router, destination address is read from the header and 
accordingly, the routing function computes all possible output ports where this 
packet can be forwarded to. Then a routing function selects one of the 
admissible output ports to forward the packet. The selectivity of output port 
depends upon the dynamic network conditions such as congestion and link 
faults. There also exist partially adaptive routing algorithms which restrict 
certain paths for communication. They are simple and easy to implement 
compared to adaptive routing algorithms. 



Network on Chip 

15 

2.5.2 Minimal and Non-Minimal Routing 

A routing which uses shortest possible paths for communication is known as 
minimal routing. It is also possible to use longer paths for data transfer from 
source to destination. This possibility results from the adaptivity offered by a 
routing algorithm. The type of routing which uses longer paths for 
communication although shortest paths do exist is known as non-minimal 
routing. Non-minimal routing has some advantages over minimal routing 
including possibility of balancing network load and fault tolerance. 

2.5.3 Static and Dynamic Routing 

In static routing, the path can not be changed after a packet leaves the source. 
In dynamic routing, a path can be altered any time depending upon the network 
conditions. Source routing is static while distributed routing can be static or 
dynamic depending upon the routing algorithm used. It should be noted that 
even when adaptive routing algorithms are used to compute paths for source 
routing, it remains static unless some sophisticated selection technique is 
introduced in the network. 

2.5.4 Application Specific Routing 

This type of routing is used for specialized applications or a set of concurrent 
applications. For a specific application of NoC based SoC in embedded 
systems we can have a good profile of the communications among different 
cores. This means that it is possible to know that which cores are 
communicating with each other and which cores do not communicate at all. In 
order to get best performance of NoC for a specific application, we can have 
specialized application specific routing algorithm. APSRA is one such 
algorithm [12][15].  

2.6 Turn Model based Routing Algorithms for NoC 
Communication performance of a NoC depends heavily on the routing 
algorithm used. A large number of distributed routing algorithms for NoC have 
been proposed in literature [12][13][14]. In this section we consider only turn 
model based routing algorithms which are used in mesh topology NoC. In this 
model certain turns are restricted for communication depending upon the rules 
used. Most important feature to be considered in a routing algorithm is 
deadlock freedom. All turn model based routing algorithms are deadlock free. 
Deadlock freedom followed by turn model based various routing algorithms are 
discussed in the following subsections. 
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2.6.1 Deadlock Freedom 

Deadlock is the process in which delivery of packets is delayed indefinitely 
because a set of packets are blocked in the network forever. One situation of 
deadlock is that a set of packets request for some network resources in a cyclic 
fashion at the same time when they are already holding some other resources in 
the network [9]. Wormhole switching technique is more prone to deadlocks 
compared to other switching techniques because a packet maybe holding buffer 
in many routers simultaneously. 

One solution to avoid deadlock is to use priorities with the packets and allow 
pre-emptive communication. Similarly deadlock freedom can be guaranteed by 
the routing algorithm. One way to get a deadlock free routing algorithm in 
mesh topology is by restricting some turns as in the case of turn model based 
routing algorithms. Similarly, deadlock freedom can be achieved in other 
topologies by avoiding circular communications in channel dependency graphs 
[9]. 

Example of a Channel Deadlock 

Consider four routers A, B, C, D. Router A has a packet “1” in its input buffer 
to be sent to router C. Similarly Routers B, C, and D have packets 2, 3, and 4 in 
their buffers destined for routers D, A and B respectively. Packet 1 cannot be 
transferred from router A to router B because buffer in the latter is occupied by 
another packet and waiting for another resource shown by dashed arrow in 
router B in Figure 2-7. Same is the case with rest of the routers. Thus, a 
situation is created in which each packet has occupied a buffer while requesting 
another buffer already being held by another packet. In this situation none of 
the packets is able to move and this results in a deadlock in the channel.  

2.6.2 XY Routing Algorithm 

It is one of the simplest and most commonly used routing algorithms used in 
NoC. It is a static, deterministic and deadlock free routing algorithm. Out of 
eight possible turns in mesh topology, XY routing algorithm allows half the 
turns by restricting rest of the half. According to this algorithm, a packet must 
always be routed along horizontal or X axis of mesh until it reaches the same 
column as that of destination. Then it should be routed along vertical or Y axis 
and towards the location of destination resource.  

All possible turns that a packet can take in mesh topology NoC are shown in 
Figure 2-8 (a).Similarly, restricted turns in XY routing algorithm are shown 
with cross in Figure 2-8 (c). For a source located at node (1,1) and destination 
at (2,4) in a 4X4 mesh topology NoC, only one path is allowed using XY 
routing algorithm and is shown in Figure 2-9(a). 
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Figure 2-7. An example of deadlock in channel involving four packets 

2.6.3 Odd Even Routing Algorithm  

It is a partially adaptive routing algorithm. It restricts East-North or East-South 
turn at any node located in an even column of mesh. Similarly in any odd 
column, it restricts the packets to take North-West or South-West turns. 
Restrictions in Odd Even routing algorithm are depicted in Figure 2-8 (b). Odd 
Even routing algorithm provides more even degree of adaptiveness compared 
to the rest of partially adaptive routing algorithms. For a source located at node 
(1,1) and destination at (2,4) in a 4X4 mesh topology NoC, allowed paths using 
Odd Even routing algorithm are shown in Figure 2-9(b).It should be noted that 
not all paths are allowed for this communication. 

2.6.4 West First Routing Algorithm 

It is also a partially adaptive routing algorithm. It restricts South-West or 
North-West turn at any node in the mesh network. It means that if a 
communication requires movement of a packet towards south along with any 
other direction, then the packet should be routed first towards south. 
Restrictions in West First routing algorithm are depicted in Figure 2-8 (d). 
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West First algorithm restricts at least half of the source-destination 
communications to one minimal path, while rest of the pairs can communicate 
with full adaptivity. Hence, West First routing algorithm provides less even 
degree of adaptiveness compared to the Odd Even routing algorithm [13]. For a 
source located at node (1,1) and destination at (2,4) in a 4X4 mesh topology 
NoC, allowed paths using West First routing algorithm are shown in Figure 2-
9(c). It should be noted that West First routing algorithm provides full 
adaptivity by allowing all possible shortest paths for this communication. 
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Figure 2-8. Restrictions in turn model based routing algorithms for mesh topology 
NoC 
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2.6.5 Negative First Routing Algorithm 

It is a partially adaptive routing algorithm. It restricts North-West or East-South 
turn at any node in the mesh network. It means that if a communication 
requires movement of a packet towards any negative axis, horizontal or 
vertical, along with any other direction, then the packet should be routed first 
towards that negative axis direction and in the end towards the other direction. 
Restrictions in Negative First routing algorithm are shown in Figure 2-8(e). For 
a source located at node (1,1) and destination at (2,4) in a 4X4 mesh topology 
NoC, Negative First routing algorithm provides no adaptivity and hence only 
one path is available for this communication as shown in Figure 2-9(e). 
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Figure 2-9. Allowed paths in different routing algorithms for a particular 
communication in 4X4 mesh topology NoC 
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2.6.6 North Last Routing Algorithm 

It is another partially adaptive routing algorithm. It restricts North-West or 
North-East turn at any node in the mesh network. It means that if a 
communication requires movement of a packet towards north along with any 
other direction, then the packet should be routed first towards the other 
direction and in the end towards north. Restrictions in North Last routing 
algorithm are shown in Figure 2-8(f). This algorithm restricts at least half of 
the source-destination communications to one minimal path, while rest of the 
pairs can communicate with full adaptivity. Hence, North Last routing 
algorithm provides less even degree of adaptiveness compared to the Odd Even 
routing algorithm. For a source located at node (1,1) and destination at (2,4) in 
a 4X4 mesh topology NoC, North Last routing algorithm provides full 
adaptivity by allowing all possible shortest paths for this communication as 
shown in Figure 2-9(d). 

2.7 NoC Evaluation 
2.7.1 Performance Parameters 

Like other networks, performance of a NoC is evaluated by many parameters 
such as throughput, link load distribution, number of hops, latency, packet drop 
probability, fault tolerance, router area etc. Some of these parameters are 
discussed below. 

Latency 

It is the average delay required to transfer a packet from source to the required 
destination. In NoC, there are many factors that add to the latency including 
routing delay, channel occupancy, contention delay and overheads due to 
packetization and depacketization, flitization and deflitization, and 
synchronization among routers. Packet and flit latency models for a NoC based 
on source routing are discussed in detail in chapter 5. 

Router Area 

A routing algorithm in NoC can be evaluated on the basis of router size or area. 
A better routing algorithm will be the one whose router area is smaller and 
requires lesser hardware logic blocks. 

Throughput 

It is the total number of packets reaching their destination per unit time. 

Packet Drop 

Packet drop is also used to evaluate performance of routing algorithms in NoC. 
It is defined as the probability of losing the packets in the network. 
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Link load 

Link load is defined as the amount of data flowing on each link in each 
direction provided the links are considered bidirectional. Network delay is 
heavily dependent on the link load and it increase exponentially with link load. 

Power Consumption 

Power consumption has always been an important performance parameter in all 
types of networks. Routing algorithms in NoC are also evaluated on the basis 
of power consumed by the corresponding routers.  

Fault tolerance 

Fault tolerance is the ability of a routing algorithm to route packets in the 
presence of faults. It is a measure of number and types of faults tolerated by the 
algorithm. 

In-order packet delivery 

Another measure to check performance of a NoC is the in order delivery of 
packets. Out of order packet delivery results in extra functionality and cycles 
required in ordering packets at the destination and hence, it leads to lower 
network performance. 

2.7.2 Traffic Generation 

NoC performs differently for a typical routing algorithm using different types 
of traffic patterns [13][14]. Researchers have used a number of different traffic 
types for the evaluation of NoC [12][13][14][19]. These traffics include 
random, hot spot, transpose of type 1and 2, bit-reversal, shuffle, hot spot, 
application specific traffic etc. In this thesis, we will consider only five types of 
traffic for the evaluation of NoC and they are random, hot spot, east dominated, 
south dominated and west dominated. These traffics will be discussed in 
Section 4.4.2. A tool will be developed in Matlab to generate these traffics. 
Generation of these five traffics will be discussed in Section 4.5.  

2.7.3 NoC Simulator 

There are many simulators available which can be used to simulate NoC. 
Noxim is one such simulator that was developed in SystemC. It can simulate 
NoC using various distributed routing algorithms in different traffics. 
Limitation of Noxim is that currently, it does not support source routing. 
Similarly Network Simulator (NS2) can also be used for simulating NoC based 
on distributed routing. Like Noxim, it can also generate traffics and results 
automatically.  
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As the existing available simulators do not support source routing for NoC, 
therefore, it is required to develop a new NoC simulator based on source 
routing. There are many options available for the selection of language for 
modelling NoC simulator such as SystemC, SDL, C/C++, Java etc. We selected 
SDL because it has already been used by our research group to model NoC 
simulator for distributed routing [3].  
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3 Source Routing: an Overview 
Like other networks, communication performance of a NoC depends heavily on 
the routing method used. Routing methods have been classified in literature in 
several ways. One way to classify them is source routing and distributed 
routing. In this chapter, we discuss source routing in detail, illustrate its use in 
NoC with an example and present its merits and demerits. Moreover, we also 
investigate source routing in NoC context and perform its analytical 
comparison with its competitor i.e. distributed routing. Finally we present the 
necessary steps required to implement source routing in NoC. 

3.1 Introduction to Source Routing 
In source routing the information about the whole path from the source to the 
destination is pre-computed and provided in packet header as opposed to 
distributed routing, where packet header contains destination address only and 
the path is computed dynamically by the participation of routers on the path 
[5][7][10]. With source routing, all routing decisions are made inside the source 
core before injecting any packet in the network. For this purpose, each source 
contains lists or tables that contain complete route information to reach all 
other resources in the network. Instead of storing tables in source, it is also 
possible to add extra logic or software in the source resources that implements 
any adaptive routing algorithm and dynamically computes paths for source 
routing. 

In order to route a packet through the network using source routing, a sender 
resource consults its routing table to get a complete path to the required 
destination. This path is then written in the dedicated field in the packet header. 
The packet is transferred to the network through network interface. The packet 
must follow the path while traversing through the network towards its 
destination. Each router that receives this packet reads the path field in the 
packet header and forwards it to the destined output port. Unlike a router used 
in distributed routing, this router does not require any extra computation for 
making routing decisions because the packets already contain pre-computed 
decisions.  

A very large number of routing algorithms have been proposed in literature 
[12][13][14][15]. All the proposals so far fall under distributed routing type. 
Source routing has not been so far considered for NoCs, due to its apparent 
large overhead to store path information in the header.  Since, paths in source 
routing are pre-computed offline, therefore source routing can provide no or 
limited path adaptivity in the case of faults and traffic congestion. In spite of 
these disadvantages, we feel that source routing has many advantages over 
distributed routing and they will be discussed in detail in Section 3.3. 
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3.2 Illustrative Example of Source Routing for Mesh 
Topology NoC 
In order to demonstrate working of source routing, consider an example of a 
4X4 mesh topology network on chip as shown in Figure 3-1. Assume that a 
DSP processor connected to router (1, 1) wants to send a packet to a memory 
resource connected to the router (2, 3) as indicated by black arrow in the figure. 
Also consider that XY routing algorithm is used for this communication. 
Accordingly, the packet generated by DSP processor will traverse through 
routers (1, 1), (1, 2), (1, 3) and (2, 3) before reaching the destination memory 
resource. Thus the packet header will contain the address of all the routers 
traversed as shown in Figure 3-1. Similarly, Figure 3-2 depicts the packet 
format if distributed routing was used. The packet header contains only 
destination address instead of complete path. 
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Figure 3-1. Illustrative example of source routing for a 4X4 mesh topology NoC 
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Figure 3-2. Packet format for source and distributed routing 
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3.3 Advantages and Disadvantages of Source 
Routing 
In this section, we discuss advantages and disadvantages of source routing 
when it is used in both general communication networks and on-chip networks.  

3.3.1 Advantages 

Source routing is not perhaps suitable for dynamic networks where network 
size and topology are changing. But in a NoC with fixed size and regular 
topology like mesh, the path information can be efficiently encoded with small 
number of bits. It can be easily shown that two bits are sufficient to encode 
every hop in the path. We feel that the following advantages of source routing 
[5][9][11] more than compensate its disadvantages. 

1) Speed 

The foremost advantage is speed. Once a path is selected from the table and 
included in the packet header inside source, no further time is spent in routing. 
As each packet arrives at a router, it can immediately select its output port from 
pre-computed path information in the packet header without any computation 
or memory reference. Thus, a router used for source routing is faster than that 
used for distributed routing. 

2) Simpler and Smaller Router Design 

Since the packet entering a router contains the pre-computed decision about the 
output port, there is no need for any routing logic or tables in the router and 
hence, the router design is significantly simplified and its implementation will 
also be less costly. 

3) Topology Independence 

Source routing is topology independent. It can route packets in any connected 
topology provided it does not change dynamically. It should be noted that this 
advantage of source routing is limited by the number of router ports, the size of 
the source table and the maximum length of a route.  

4) Mixed, Minimal and Non-minimal Routing 

In case of source routing, non minimal routing advantage can be applied. Non 
minimal routing offers a number of advantages such as link load distribution, 
congestion control and fault tolerance. Source routing also provides possibility 
of mixing minimal and non-minimal paths. 
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5) Scalability 

Since only a constant number of bits of the header are used in every router, its 
design is not only simple but also independent of the network size. Routers that 
use source routing can be used in arbitrary-sized networks because all the 
limitations on network scalability including network size, source table size, and 
route length are determined by the source. We feel this to be a major advantage 
over distributed routing where destination address field will depend on network 
size and topology. 

6) Ease of Changing Paths 

In source routing, there is a possibility of changing paths very easily as path 
table is stored in memory of the source. The paths can even be changed 
dynamically. 

7) Property of Load Distribution 

Since NoCs used in embedded systems are expected to be application specific, 
we can have a good profile of the communication traffic in the network [12]. 
This allows us to analyse the traffic and compute offline, efficient paths giving 
the desired performance characteristics, like uniform link load distribution. On 
the other hand in distributed routing, some extra logic is required in the routers 
to keep the status of the neighbouring router ports for the purpose of load 
balancing and it is very hard to distribute link load uniformly when distributed 
routing is used.  

8) No Problem of Live Lock 

Live lock is the situation in which a packet keeps travelling in the network and 
never reaches its destination. There is no problem of live lock in source routing. 
A packet takes finite number of hops before reaching its destination because of 
the fixed length source route. Live lock may be a problem with some 
distributed routing algorithms but it can be avoided with careful construction of 
routing tables. 

9) Guaranteed Throughput 

Source routing is better when guaranteed throughput is required especially in 
the case of real time traffic. This can be achieved by assigning “special paths” 
to such communication. 

10) In-Order Delivery of Packets 

The single path for each pair in the network avoids out of order packet delivery 
problem that is exhibited by adaptive routing algorithms. 
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11) Good for Troubleshooting a Network 

Source Routing can also be used to troubleshoot a network. If any link in the 
network is broken or any router is down, then test packets are sent to all 
destinations using source routing. Upon receiving test packets, destinations 
reply by sending response packets to the sender. Faulty link or router can be 
identified easily by performing the analysis of the response packets received. 

3.3.2 Disadvantages 

All the above mentioned advantages of source routing come at the cost of a 
number of disadvantages which are discussed below in detail. 

1) Routing Overhead 

In source routing, a packet must carry the routing information in the packet 
header thus increasing the size of packet. Packet header in source routing is 
larger compared to that of distributed routing. 

2) Static and Non-Adaptive Nature of Source Routing  

Source routing is static in nature. This means that the path cannot be changed 
after the packet has left the source unless some sophisticated techniques are 
used. Source routing does not take into account the current traffic pattern in the 
network. Although some sort of adaptivity may be introduced by keeping more 
than one path to every destination in the source tables still source routing 
cannot achieve adaptivity. Moreover, source routing is unable to work in the 
presence of faults in the network unless some fault tolerance is introduced. 

3) Limitation of the Size of Source Table 

In source routing there is a limitation of the size of source table. Storing large 
tables in sources may become a cost, size and performance overhead for 
resources, especially for resources which are not of processor type. 

4) Scalability 

In source routing, there is a limitation of the maximum length of the route i.e. 
the path may not fit in the flit unless some special technique is used. The 
technique should allow variable size path information. This will increase path 
overhead and complexity of decoding logic. 
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3.4 Analytical Analysis of Source and Distributed 
Routing for NoC 
In this section we perform analytical analysis of source and distributed routing. 
This analysis is focussed on the routing overhead, bandwidth utilization and 
router delay. 

3.4.1 Overhead 

As complete route information along with the payload should be stored in a 
packet in case of source routing, large underutilization is expected. But 
analytical comparison between source and distributed routing eliminates this 
fear of underutilization. Figure 3-3 shows a graph plotted for the number of 
bits required for routing against different size of square mesh NoC for both 
source and distributed routing. It is clear that with source routing, number of 
routing bits increases proportional to the diameter of the network (that is 
square-root of the size of the network). On the other hand, routing bits required 
for distributed routing increase logarithmically with the network size. The gap 
between the two graphs keeps on increasing with an increase in the size of NoC 
and thus apparently making source routing look unusable in practice. For both 
types of routing, the bits required to route data in a NXN mesh NoC is given by 
the following formulae.  

Number of routing bits in Distributed Routing = 2*⌈ log2 (N) ⌉ 

Number of routing bits in Source Routing        = 2(2N-1) 

But, if the overhead is measured in terms of extra flits to be communicated, the 
difference is very small or zero. We analyse this in the next sub-section 

 

Figure 3-3. Routing bits requirement for NXN sized NoC for Source and Distributed 
routings 
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3.4.2 Bandwidth Utilization 

We get a different view of the comparison between source and distributed 
routings in NoC when bandwidth utilization is considered. Bandwidth 
utilization is defined as the ratio of the payload in bytes to be transmitted and 
the actual number of bytes to be sent carrying this payload as shown in the 
following equation.  

 

When wormhole switching technique is used in NoC, the data is transferred in 
the form of flow control digits called flits. We consider fixed size flit equal to 
four bytes. Chapter 6 can be referred for further details of flit. In case of source 
routing, a head flit carries the complete route information and we assume that it 
does not carry any payload. In case of distributed routing we consider that a 
head flit can carry maximum of two bytes of payload. Let “P” be the payload in 
bytes to be transmitted. Based on these considerations, actual number of bytes 
to be sent carrying payload “P’ in case of source and distributed routing is 
given by the following formulae. 

Actual No. of bytes required in Source Routing        = 4 + 4*⌈(P/4)⌉ 

Actual No. of bytes required in Distributed Routing = 4; for P = 1, 2 

                           = 4 + 4*⌈(P-2)/4)⌉;for P>2 

 

Figure 3-4. Bandwidth utilization for Source and Distributed routing in NoC 
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In Figure 3-4, utilization is plotted against the payload in bytes to be routed for 
both source and distributed routing for a 7x7 mesh topology NoC. It can be 
seen that with less number of bytes in payload, both source and distributed 
routing show very less utilization and relatively bigger gap between the two. 
By increasing the number of bytes in payload, utilization of both routings 
increases while the gap between them becomes smaller. There exists a 
correlated trend of increasing utilization with increasing payload in both types 
of routing. For larger payloads, utilization of both types of routing becomes 
very close to each and near to 1, thus making source routing as good as 
distributed routing. This quality of source routing was not evident from the 
analysis of Figure 3-3. 

3.4.3 Router Delay 

Router logic delay “TRL” is a very important factor to be considered when 
source and distributed routings are compared analytically. TRL is the time 
required to transfer a flit from the input buffer to the output buffer of a router. It 
depends upon the time required to decode flit type and routing information, 
selection of output port and switching activity inside the router. As opposed to 
source routing, routing tables are consulted in each router in distributed routing 
thus, creating an extra delay of at least one router clock. In case of source 
routing, complete path information is already present in the header flit; 
therefore routing logic is simpler, faster and smaller compared to distributed 
routing. 

3.5 Steps for Designing NoC with Source Routing 
Design of complete source routing scheme involves a number of steps 
including algorithm selection for source routing, computation of path for each 
communication, uniform distribution of link load and path improvement 
accordingly, encoding of the computed paths, simulation analysis of source 
routing and finally design of a router as shown in Figure 3-5. Rest of this thesis 
report follows and investigates the steps depicted in Figure 3-5 in detail. Only 
main steps are briefly described in the following sub-sections. 

3.5.1 Algorithm Selection and Path Computation for Source Routing 

First step in designing source routing is to make decision that whether an 
exiting routing algorithm will be used or a new algorithm will be developed for 
path computation. Once the decision is made, then paths should be computed 
for each source to every destination depending upon the selected 
communication i.e. general purpose or application specific. In application 
specific case where a complete communication profile is available, analysis for 
link load distribution is performed before computing final paths by exploiting 
the adaptivity of the routing algorithm used. Path improvement algorithms can 
also be applied to get improved paths. Final computed paths are used in source 
routing. Details of all these steps will follow in the next chapter. 
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3.5.2 Path Encoding 

Once path from source to destination is computed, it should be encoded in the 
packet header. Path encoding should be done in such a way that the overhead of 
routing information is minimized. Moreover, path encoding should be such that 
it is easy to decode in the routers on the way to the destination. In order to 
minimize the route information overhead in the head flit, we have used 2-bit 
clockwise router port address encoding scheme. This path encoding scheme 
will be discussed in Section 4.6. 
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Figure 3-5. Design steps required for source based routing in NoC 
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3.5.3 Performance Evaluation of Source Routing 

Before designing a router for source routing, performance of source routing 
should be analysed for various routing algorithms using different traffic 
patterns. Therefore a simulator is required that is capable of simulating source 
routing. We developed a simulator for mesh topology NoC based on source 
routing and performed a number of simulations to investigate source routing 
using various traffic patterns. Simulation analysis of source routing will be 
discussed in chapter 5.   

3.5.4 Router Design 

Router design for source routing will be much simpler than the router design to 
handle a distributed routing algorithm. It does not need to compute a routing 
function to select the output port for an incoming packet. The pre-decided 
information is available in the header flit. It decodes the 2-bit clockwise port 
address and forwards the head flit to the desired port. Other flits of the same 
packet follow the head flit if wormhole switching is used. But this router still 
needs to implement the other functions like packet buffering, credit based flow 
control and arbitration to resolve port conflicts when two or more packets 
contend for the same output port. These terms will be discussed in chapter 6. 
The simplicity of the source router makes it relatively smaller and faster. Some 
issues in the design of NoC router for source routing will be discussed in 
Section 6.5.
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4 Path Computation and Encoding for 
Mesh Topology Network on Chip 
This chapter starts with the description of the requirements and methods to 
compute paths for source routing. Then follows the description of MatPC Tool 
which is developed in Matlab to compute paths for source routing and analyze 
link utilization by the computed paths. Moreover, different routing algorithms 
are evaluated on this tool for different types of communications and traffic 
patterns. Similarly, a method is described for selecting best routing algorithm 
for a specific application to compute paths for source routing. Discussion 
continues with the path improvement algorithm which we implemented to 
obtain improved paths. Finally, we discuss the path encoding scheme used to 
encode paths. 

4.1 What is Path Computation? 
Path computation refers to finding a complete path or a route from a source 
resource to a destination resource. In general case, a path should be computed 
for each pair of resources in the network. For example in a 4x4 Mesh topology 
NoC, paths should be computed from first resource to the rest of 15 resources 
as destinations; from second resource to the rest of 15 resources and so on until 
paths are computed for the last i.e. 16th resource to the rest of resources as 
destinations. In an application specific case, paths must be computed for only 
those pairs of resources which communicate. The computed paths must avoid 
any possibility of deadlock. Apart from that, computed paths should provide 
small delay and avoid link congestion. For good performance, paths should also 
be computed in such a way that the load is uniformly distributed in the 
network. The computed paths can be either stored in each respective resource 
in the form of lists or path is computed dynamically using an algorithm in each 
resource before sending a packet. We assume that paths are computed off-line 
and stored as tables in each resource. 

4.2 Options to Compute Path for Source Routing  
In general, there are two options available for computing paths for source 
routing. According to first option, paths can be computed by using an existing 
distributed routing algorithm. The second option is to devise a new method and 
compute paths accordingly. The new method for path computation can also be 
developed by mixing existing distributed routing algorithms through some 
clever means. In this thesis, first option is selected and hence, paths for source 
routing are computed by using variety of existing distributed routing algorithms 
for mesh topology NoC for both general and application specific 
communications. Later, we also propose methods to improve the computed 
paths to avoid congestion and provide better load distribution. 
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4.2.1 Path Computation using Existing Routing Algorithms 

A large number of deadlock free routing algorithms exist for mesh topology 
NoC which can be used for path computation of source routing. Depending 
upon the requirements, one can choose from deterministic, partially adaptive 
and adaptive available routing algorithms. In this thesis, only deterministic and 
partially adaptive existing routing algorithms have been selected for the 
computation of paths for source routing. XY is a deterministic deadlock free 
routing algorithm for mesh topology. Similarly, turn model based partially 
adaptive wormhole routing algorithms can also be used for path computation in 
source routing. Some of these algorithms i.e. West-First, North-Last, and 
Negative-First etc. were discussed in Section 2.6. These algorithms restrict at 
least half of the source-destination communications to one minimal path, while 
rest of the pairs can communicate with full adaptivity. Odd-Even routing 
algorithms is also a partially adaptive deadlock free routing algorithm based on 
restrictions of taking turns at some locations. It provides more even degree of 
adaptiveness comparatively [13]. 

4.3 MatPC Tool: Matlab Based Path Computation and 
Link Utilization Analysis Tool for Source Routing 
A tool is developed in Matlab which can compute paths for source routing 
using existing distributed routing algorithms. It is capable of computing paths 
for both types of communications i.e. general case where all resources are 
communicating with all the other resources in the network and application 
specific case where each resource communicates with few other resources in 
the network depending upon the application. Currently, this tool computes path 
for only minimal routing and does not allow 180 degree turns. It requires a lot 
of research and hard work for making this tool capable of computing paths for 
source routing by also using non-minimal routing and thus, non-minimal 
routing is not included in the objectives of this Master thesis. 

4.3.1 Inputs, Outputs and User Interface of MatPC Tool 

MatPC Tool requires three types of inputs i.e. architectural, application and 
performance evaluation parameters. Architectural inputs consist of the size of 
mesh network and choice of routing algorithm. Depending upon the selection 
of network size, it creates a mesh network, configures the node links and stores 
this information in data structures. Similarly the user can select a routing 
algorithm for path computation from XY, Odd Even, West First, North Last 
and Negative First. These algorithms were discussed in Section 2.6. 
Application inputs consist of choice of communication, communication density 
and communication bandwidth. Accordingly, it provides an option for selecting 
type of communication i.e. a general or application specific. 



Path Computation and Encoding for Mesh Topology Network on Chip 

35 

Communication density is the number of cores with which each core 
communicates when application specific communication is used. By default, it 
is selected randomly from 2-5 for each core. Similarly, Communication 
bandwidth refers to the amount of data flowing in each communication. Default 
value of communication bandwidth is selected randomly from 1-10. 
Performance evaluation parameters consist of the choice of traffic from 
random, hot spot, east dominated and south dominated. These traffics were 
discussed in Section 2.7.2.   

Depending upon the input selection by the user, MatPC Tool computes paths 
and encodes them to make them compatible with the NoC simulator for source 
routing, which will be discussed in Chapter 5. It also computes improved paths 
in parallel with path computation by running a path improvement algorithm. 
Thus it outputs two files, one with encoded path tables and the other with 
improved encoded path tables for all sources. The reason for computing two 
path tables is that it should also be possible to see path improvement by 
simulating source routing using these path tables in NoC Simulator and 
comparing the simulations. Simulation analysis will be discussed in Chapter 5.  
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Figure 4-1. User interface and I/O of MatPC Tool 
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A screen shot of MatPC Tool user interface with inputs and outputs is shown in 
Figure 4-1. This tool also performs link load utilization analysis by 
determining bandwidth of each link. Accordingly, it outputs link load tables 
and link utilization statistics such as mean, maximum, minimum and standard 
deviation of link load distribution. It also plots graphs between link utilization 
and link numbers. Finally, it compares the standard deviation of the link load 
for computed paths before and after path improvement and displays percentage 
path improvement. The percentage path improvement corresponds to better 
balanced link load in the network. 

4.3.2 Higher Level Flow Chart of MatPC Tool 

First of all, network is configured according to the size of mesh. After network 
configuration, type of communication is selected depending upon the selected 
choice. Then the type of communication is selected i.e. general or application 
specific. After selection of the type of communication, the type of traffic 
should be selected from random, hot spot, east dominated, west dominated and 
south dominated traffics. It is also possible to specify number of 
communications for every core and bandwidth for each communication. If 
these parameters are not specified then their default values are considered as 
discussed in Section 4.3.1. According to the choice made, application specific 
communication tables are computed. This table includes list of destinations for 
every core. Similarly, if general communication was selected then computed 
communication tables include all other cores as destinations for every core.  

A routing algorithm can be selected from XY, Odd Even, West First, Negative 
First and North Last. If XY routing algorithm is selected then computed paths 
cannot be improved because it is a deterministic routing algorithm and does not 
provide any adaptivity. If any other routing algorithm is selected from the 
above mentioned routing algorithms then paths are computed in two different 
branches as shown in Figure 4-2. In right branch, paths are computed without 
taking into account the current load on network links, whereas in the left 
branch, paths are computed using the same routing algorithms by running a 
path improvement algorithm that considers current link load in the network 
while computing paths. This path improvement algorithm will be discussed in 
Section 4.6.1.  

After paths are computed, link utilization analysis is performed on both 
computed paths. Link utilization statistics are calculated and utilization graphs 
are plotted. Performance of both paths is compared on the basis of link load 
variance and percentage improvement is calculated. Finally the computed paths 
are encoded and stored in text files. Higher level flow chart of MatPC Tool is 
shown in Figure 4-2. 
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Figure 4-2. Higher level flowchart of MatPC Tool 
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4.4 Selection of Routing Algorithms, Traffic Pattern 
and Performance Parameter for Evaluation 
A large number of experiments were performed using different types of traffics 
with different routing algorithms to compute paths for source routing for 
application specific communication. The results of these experiments are 
analyzed and interpreted in this subsection. 

4.4.1 Types of Routing Algorithms used for Evaluation 

One can use any existing distributed routing algorithm for computing paths for 
source routing. Both deterministic and partially adaptive routing algorithms 
have been evaluated for this purpose. The algorithms are selected on the basis 
of certain routing properties such as deadlock freedom and adaptivity. 
Adaptivity of a routing algorithm can be used for uniform distribution of the 
link load in the network. Accordingly, five routing algorithms namely XY, 
Odd-Even, West First, Negative First and North Last are chosen for evaluation 
purpose. These algorithms were discussed in Section 2.6.  

Computed routing paths will be stored in a table in the core or in the Network 
Interface. Since, only one path will be stored for each communicating pair, we 
exploit adaptivity by using equal probability to the selection of available routes 
to the destination. We use only minimal routing, so adaptivity of routing 
algorithms can provide a maximum choice of two different paths in routers on 
the path. Thus we set 50% probability for the selection of each of the available 
output port of a router. 

4.4.2 Types of Traffics used for Evaluation 

After selecting five routing algorithms to compute paths for source routing for 
the purpose of evaluation, a question arises that which routing algorithm shows 
best performance? The answer to the question comes from the literature and 
which tells us that different routing algorithms perform differently for different 
traffics [13, 14]. Therefore, we have selected five different types of traffic for 
the purpose of evaluation. These traffics include random, east dominated, south 
dominated, west dominated and hot spot. 

Performance of all the selected routing algorithms will be analyzed using each 
of the above mentioned traffics. Local biased traffic is used in the application 
specific case when we consider east, south and west dominated traffics. This 
means that a typical resource has a higher chance of becoming a destination 
compared to other resources if it is closer to the source resource. The details of 
destination selection will be discussed in Section 4.5. All the traffics, which we 
discussed above, will be generated by the Matlab based path computation tool 
for source routing.  
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4.4.3 Link Load: Performance Parameter used for Evaluation 

Like any other network, the performance of a routing algorithm for a NoC can 
be evaluated by many performance parameters such as throughput, link load 
distribution, number of hops, latency, packet drop, fault tolerance, router area 
and many other parameters. In this section we want to analyze which routing 
algorithm distributes the link load more uniformly. So the interest lies in the 
link load as performance parameter and that is defined as the amount of data 
flowing on each link in each direction provided the links are considered 
bidirectional. Let C = {Ci ; i = 1, n} be the set of communications using link 
“l”. Link load on link “l”, LL(l), is the sum of data flowing through the link “l” 
as shown in the following relation. 





n

i
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1

)(  

Network delay is heavily dependent on the amount of traffic in the network. 
Network traffic is generally measured by number of packets injected by 
resources in the network. Average packet delay grows exponentially with the 
increase of network load after some point. The reason for increase in delay is 
that some links in the network experience congestion while other links may be 
unused. The delay is determined by the maximum load in any network link.  

Figure 4-3 is a typical graph showing network delay versus maximum link 
load. A routing algorithm with smaller maximum link load is likely to have 
better delay performance. In order to reduce network delay, maximum load 
should be kept low indicated by the arrow direction in Figure 4-3. Thus link 
load variance and maximum link load in the network should be minimized. 
Link load variance and maximum link load for each selected routing algorithm 
for all selected traffics will be evaluated in the following subsection. 

 

Figure 4-3. Network delay versus network link load 
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4.5 Experimental Setup in MatPC Tool 
In all the experiments which we performed, Matlab based path computation 
and link utilization analysis tool is set up for a 7X7 mesh topology NoC. 

4.5.1 Selection of Communication Density 

For application specific communication, communication density is randomly 
selected from 2-5. This means that each core can communicate with 2 to 5 
other cores in the network. 

4.5.2 Setup for Local Traffic 

For all the traffics which were discussed in Section 4.4.2, local biased 
destination selection scheme is used for every source. All cores in the network 
are divided into three categories depending upon their location in the mesh. 
Destinations for all cores are selected with different probabilities in each 
category.  

Destination Selection for Sources Connected to the Corner Nodes 

Since there are only two, three and four cores at 1, 2 and 3 hops away from 
every core that is connected to a corner node respectively, therefore the 
probability of destination selection is chosen in the increasing order with 
respect to the increasing number of hops from it. The following probabilities 
are used to select destinations for the cores that are connected to the corner 
nodes as shown in the Figure 4-4. 

Probability of destination at 1 hop = 15 % 

Probability of destination at 2 hops = 20 % 

Probability of destination at 3 hops = 25 % 

Probability of destination at more than 3 hops = 40 % 

Destination Selection for Sources Connected to the Boundary Nodes except 
Corners 

The following probabilities are used to select destinations for the cores that are 
connected to the boundary nodes except corners as shown in the Figure 4-4. 

Probability of destination at 1 hop = 30 % 

Probability of destination at 2 hops = 40 % 

Probability of destination at 3 hops = 15 % 

Probability of destination at more than 3 hops = 15 % 
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Destination Selection for Rest of the Cores 

For rest of the cores in the network, probability of destination selection is 
chosen in the decreasing order with respect to the increasing number of hops. 
The following probabilities are used to select destinations for rest of the cores 
in the network. 

Probability of destination at 1 hop = 40 % 

Probability of destination at 2 hops = 30 % 

Probability of destination at 3 hops = 15 % 

Probability of destination at more than 3 hops = 15 % 

4.5.3 Selection of Hot Spot Nodes for Hot Spot Traffic 

In case of hot spot traffic, 10.2 % i.e. 5 out of 49 nodes are selected as hot 
spots. This means that the cores connected to the hot spot nodes have a better 
chance of becoming destination than rest of the cores in the network. Similarly, 
these cores have higher probability of communication with higher bandwidth as 
compared to rest of the cores in the network. Figure 4-4 shows a 7X7 mesh 
topology NoC with five encircled hot spot nodes i.e. 16, 18, 24, 30 and 32.  

Destination Selection 

A core connected to a hot spot node has a 70 % higher probability of becoming 
a destination compared to non hot spot core that is at equal number of hops 
away form the source core. 

Probability of hot spot destination = 70 % 

Probability of non-hot spot destination = 30 % 

For example, consider a source core located at node 14 in Figure 4-4. Also 
consider that a destination is to be selected at 2 hops away. There are five cores 
which are two hops away from source and they are located at nodes 0, 8, 16, 22 
and 28. Out of these five cores only one core is located at hot spot node i.e. 
node 16. Node 16 has 70% probability to become destination whereas a core 
selected randomly from remaining four cores has a 30% probability to become 
destination.  

If none of the cores is a hot spot for a set of cores at particular number of hops 
away from the source then every core has an equal chance of becoming a 
destination. As an example, a source located at node 0 can have only two 
possible destinations at a distance of one hop i.e. 1 and 7. None of these cores 
are hot spots, so they have an equal chance of becoming a destination for 
source located at node 0. 
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Selection of Link Bandwidth Volume of Each Communication 

In order to get more realistic results, link bandwidth volume of each 
communication is selected from 1 to 10 units. When communications are 
selected for every source core other then the cores connected to the hot spot 
nodes,  communication bandwidth is randomly selected from 1-10. On the 
other hand, for a source connected to a hot spot node, the communication 
bandwidth is selected from 6-10 with 70% probability and from 1-5 with 30% 
probability. 

0 1 2 3 4 5 6

7 8 9 10 11 12 13

14 15 16 17 18 19 20

21 22 23 24 25 26 27

28 29 30 31 32 33 34

35 36 37 38 39 40 41

42 43 44 45 46 47 48
 

Figure 4-4. 7X7 mesh topology NoC: Hot spot nodes are encircled 

4.5.4 Setup for Random, East Dominated and South Dominated 
Traffics 

Destination Selection for Random Traffic 

Each core in a set that contains cores which are at particular number of hops 
away from the source has an equal chance of becoming a destination. For 
example, a source core is located at node 10 in Figure 4-4. There are only four 
possible cores at a distance of one hop i.e. 3, 9, 11 and 17. Each core has an 
equal chance of becoming a destination. 

Destination Selection for East Dominated Traffic 

A core situated to the east of a source core has a 70 % higher probability of 
becoming a destination compared to a core in any other direction with equal 
number of hops form the source core. 



Path Computation and Encoding for Mesh Topology Network on Chip 

43 

For example, a source core is located at node 10 in Figure 4-4. There are only 
four possible cores at a distance of one hop i.e. 3, 9, 11 and 17. Core 9 is in the 
east of source and therefore it can be selected as destination with 70% 
probability. On the other hand a core selected randomly from the remaining 
three cores has a 30% probability to become destination. If a set of cores that is 
particular number of hops away from the source does not contain a core 
towards east of source then each core in that set has equal chance of becoming 
a destination. 

Destination Selection for South Dominated Traffic 

A core situated to the south of a source core has a 70 % higher probability of 
becoming a destination compared to a core in any other direction with equal 
number of hops form the source core. For example, a source core is located at 
node 10 in Figure 4-4. There are only four possible cores at a distance of one 
hop i.e. 3, 9, 11 and 17. Core 17 is in the south of source and therefore it can be 
selected as destination with 70% probability. On the other hand a core selected 
randomly from the remaining three cores has a 30% probability to become 
destination. 

If a set of cores that is particular number of hops away from the source  does 
not contain a core towards south of source then each core in that set has equal 
chance of becoming a destination. 

Selection of Link Bandwidth Volume of Each Communication 

In case of random traffic, link bandwidth volume of each communication is 
selected randomly between 1 and 10 units. In case of east dominated traffic, 
communications towards east are assigned bandwidth volume from 1-5 with 
30% probability and 6-10 with 70% probability. Link bandwidth volume for 
rest of the communications is selected randomly from 1-10. For south 
dominated traffic, communications towards south are assigned bandwidth 
volume from 1-5 with 30% probability and 6-10 with 70% probability. Link 
bandwidth volume for rest of the communications is selected randomly from 1-
10. 

4.6 Comparison of Routing Algorithms for Different 
Traffics: Results 
A large number of experiments were performed using different size of mesh 
topology NoC with different types of traffic in order to demonstrate that the 
selected routing algorithms show different performance for different traffics. 
Because of lack of space, only two sets of experiments are considered here. 
Selected NoC size with mesh topology is 7x7. Results of two different traffics 
are shown here i.e. hot spot and east dominated. A routing algorithm, which 
uniformly distributes the traffic, shows better performance. 
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In Figure 4-5 and Figure 4-6, link load distribution is demonstrated for hot spot 
and east dominated traffics respectively when XY, Odd-Even and West First, 
North Last and Negative first routing algorithms are used.  

 

Figure 4-5. Link load distribution in a 7x7 NoC for Hot Spot traffic using XY, North 
Last, West First, Negative First and Odd Even routing algorithms respectively 
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Figure 4-6. Link load distribution in a 7x7 NoC for East Dominated traffic using XY, 
North Last, West First, Negative First and Odd Even routing algorithms respectively 
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In case of hot spot traffic, Odd-Even routing algorithm shows best performance 
among the five routing algorithms considered, with least estimated maximum 
link bandwidth, mean and variance of the link load distribution as can be seen 
from Figure 4-5. Odd Even routing algorithm gives 16.17%, 21.47%, 25.93%, 
and 15.34% better performance in terms of standard deviation compared to XY, 
West First, Negative First and North Last routing algorithms respectively, as 
depicted in Table 4-1. These results also match with the results shown in [13, 
14]. 

Table 4-1. Results: Performance comparison of odd even routing algorithm with other 
routing algorithms in hot spot traffic 

Routing Algorithm 

 

Performance Comparison of Odd 
Even Routing Algorithm for Hot 

Spot Traffic 

XY Routing Algorithm 16.17 % Better 

West First Routing Algorithm 21.47 % Better 

Negative First Routing Algorithm 25.93 % Better 

North Last Routing Algorithm 15.34 % Better 

Similarly, in case of east dominated traffic, West First routing algorithm 
outperforms all other routing algorithms considered, with least estimated 
maximum link bandwidth, mean and variance of the link load distribution. 
Table 4-2 shows better performance of West First routing algorithm in terms of 
standard deviation with respect to all the other routing algorithms for east 
dominated traffic. 

Table 4-2. Results: Performance comparison of west first routing algorithm with 
other routing algorithms in east dominated traffic 

Routing Algorithm 

 

Performance Comparison of 
West First Routing Algorithm 

East Dominated Traffic 

XY Routing Algorithm 16.25 % Better 

Odd Even Routing Algorithm 10.65 % Better 

North Last Routing Algorithm 15.28 % Better 

Negative First Routing Algorithm 7.43 % Better  
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Similar set of experiments were performed using the above routing algorithms 
with random, west dominated and south dominated traffics. The results show 
that North Last routing algorithm performs best in case of south dominated 
traffic while XY routing outperforms all other routing algorithms when random 
traffic is used. Similarly, it can also be deduced that East First routing 
algorithm and Negative First routing algorithm will show best performance in 
the case of west dominated and first transpose traffic [13]. On the basis of all 
the experiments which we performed, best routing algorithm for each type of 
traffic is tabulated in Table 4-3. 

Table 4-3. Results: Best routing algorithm for each type of traffic 

Traffic Type Best Routing Algorithm 

Random XY Routing Algorithm 

West Dominated East First Routing Algorithm 

East Dominated West First Routing Algorithm 

South Dominated North Last Routing Algorithm 

Hot Spot Odd Even Routing Algorithm 

Transpose 1 Negative First Routing Algorithm 

4.7 Algorithm Selection for Specific Application Traffic 
The performed experiments and their results lead to a solution proposal for the 
selection of routing algorithms for each type of traffic to compute paths for 
source routing. Figure 4-7 shows an algorithm for selecting a routing algorithm 
for path computation for the type of traffic in the case of application specific 
communication. 

A communication graph is obtained after identifying all the communications 
among resources for a specific application. From the communication graph of 
application, first the type of traffic should be analysed. Accordingly, West 
First, North Last, East first and Odd-Even algorithms should be selected for 
east, south, and west dominated and hot spot traffic respectively. Similarly, for 
any other traffic, including random traffic, XY routing algorithm should be 
considered. Further more, Odd-Even routing algorithm should be preferred if a 
traffic is hot spot as well as of any other type. After selection of routing 
algorithm, paths from source to destination for all communicating cores can be 
computed for source routing. 
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Figure 4-7. Algorithm for traffic analysis and selection of routing algorithm for 
application specific traffic 

4.8 Path Improvement 
Paths computed for source routing in Section 4.6 may not be the best in terms 
of link load distribution. This is because real traffic is not pure such as 
completely hot spot or east dominated, infact real traffic is mixed. The basic 
idea is to use the adaptivity of the underlying routing algorithm to distribute 
communications uniformly among paths. Two approaches, namely 
“constructive” and “iterative” are used for this purpose. Accordingly, two 
algorithms are proposed in this section to improve the computed path for 
application specific source routing. Only first algorithm is implemented by 
modifying the Matlab based path computation and link utilization analysis tool 
described in Section 4.3. 

4.8.1 Algorithm 1: Constructive Path Computation Algorithm 

Link load in the NoC can be balanced to some extent during the path 
computation process. Once all the cores which are communicating with each 
other for a specific application are known, they are ordered before starting the 
path computation process. Ordering of communications is carried out according 
to locality and bandwidth i.e. it depends upon the distance between source and 
destination and the required bandwidth for the communication. Hence, the cost 
of communication is the product of communication bandwidth and the distance 
between source and destination i.e.  
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Communication Cost = (Communication Bandwidth *   
                Distance between source and destination) 

First of all, cost of all communications is computed. Then the communications 
are arranged in ascending order with respect to the cost of communication. 
Paths for the communications with less cost should be computed first. Paths for 
the communications with higher costs are computed later. The reason for 
computing paths with higher cost of communications in the end is to have more 
control to distribute the link load more evenly provided by the adaptivity of a 
routing algorithm.  

In this thesis, each link in NoC is considered to be bidirectional so there are 
two counters for every link i.e. one for each link direction. Initially all counters 
are initialized to zero. Path computation is started and link load in the network 
is analyzed each time before finding paths for every communication. If any link 
is found to be congested, it is avoided for any further communication if 
possible. This is achieved by the adaptivity of routing algorithm used and 
hence, paths for further communications are computed through alternative 
routes. 

Although it is very hard for this algorithm to completely balance the link load 
uniformly, still it is expected to give better link load distribution. Results will 
be analyzed and discussed in Section 4.8.3. This algorithm is depicted in Figure 
4-8 and its pseudo code is shown below. 

 1: Generate_All_Communications(); 
 2: // Find the communicating cores for specific application 
 3: For (All_Communications) 
 4:   Compute_Communication_Cost(); 
 5: // Compute cost for all communications 
 6: End for 
 7: Order_All_Communications(); 
 8: // Creating ordered list of communications starting 
 9: // with the shortest and ending up with the longest   
10: // communication cost 
11: Initialize_LinkLoad_Couters(); 
12: // A counter for each link in NoC  
13: While (End_of_Communication_List) 
14:     Analyze_Current_Network_Load(); 
15: // If Some Links are congested then route packets  
16: // through less congested links using adaptivity of  
17: // routing algorithm 
18:     Route_Communications(); 
19: End while 
20: Output_Routing_Paths(); 
21: // Finally output paths in a file for source routing 
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Figure 4-8. Algorithm for balancing link load dynamically during path 
computation 

4.8.2 Algorithm 2: Iterative Path Improvement Algorithm 

This is an iterative path improvement algorithm. After analysing and selecting 
routing algorithm in Section 4.6, initial paths are computed for all 
communications. In the next step link load distribution i.e. link load variance is 
evaluated. If it is acceptably small then the paths which were computed in the 
first step are used for source routing. On the other hand, if link load distribution 
is not acceptable then the most congested link is identified. One 
communication using this link is rerouted on an alternative path using 
adaptivity of the routing algorithm. This may or may not result in better 
uniform link load distribution. The above process is iteratively repeated until 
link load distribution becomes acceptable or it does not show any further 
improvement. Hence, the final paths are used for source routing. This whole 
iterative process is shown in the following Figure 4-9. 
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Figure 4-9. Iterative Path improvement algorithm 

4.8.3 Improved Paths for Source Routing: Results 

A constructive path improvement algorithm that was discussed in Section 4.8.1 
is implemented by modifying MatPC Tool. If XY routing algorithm is selected 
then paths are computed without running path improvement algorithm because 
XY is deterministic routing algorithm and does not provide any adaptivity. On 
the other hand, if a routing algorithm is selected from odd even, west first, 
negative first and north last then MatPC Tool computes paths with and without 
running constructive path improvement algorithm. The tool also performs link 
utilization analysis and displays percentage improved performance. The 
performance of a routing algorithm is evaluated on the basis of standard 
deviation of the link load distribution. 

A large number of experiments were performed for 7X7 mesh NoC with 
different types of traffic using the above mentioned routing algorithms with and 
without running path improvement algorithm. Because of lack of space, link 
load distribution graphs of only two experiments are discussed here. Figure    
4-10(a) and 4-10(b) demonstrate link load distribution graphs using XY and 
Odd Even routing algorithm in hot spot traffic respectively. Link load 
distribution in hot spot traffic with Odd Even routing algorithm after path 
improvement is shown in Figure   4-10(c). 
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It was shown in Section 4.6 that Odd Even routing algorithm performs best 
when hot spot traffic is used. This claim is also supported from Figure 4-10 as 
Odd even gives 3.28% better performance than XY routing algorithm in terms 
of standard deviation. When path improvement algorithm is used then Odd 
Even performs even better and gives standard deviation of link load distribution 
of 8.3807 compared to that of 9.7074 without path improvement. In other 
words, Odd Even routing algorithm gives 13.66% better performance after path 
improvement using hot spot traffic. Similarly, improved paths by Odd Even 
routing algorithm give 16.50% better link load distribution compared to XY 
routing algorithm in hot spot traffic.  

Figure 4-11(a) and 4-11(b) show link load distribution graphs in east 
dominated traffic by XY and West First routing algorithms respectively. Figure 
4-11(c) depicts the link load distribution in east dominated traffic by West First 
routing algorithm after path improvement. It is clear from the standard 
deviation of the link load distribution in Figure 4-11 that West First routing 
algorithm performs 6% better then the XY routing algorithm using east 
dominated traffic. When path improvement algorithm is run using the same 
traffic, West First routing algorithm performs 9.89% better. Performance of 
West First routing algorithm with path improvement is 15.31% better than that 
of XY routing algorithm using east dominated traffic. 

Similarly, we get improved performance of North Last and Negative First 
routing algorithms by running path improvement algorithm. It is important to 
note that after path improvement, each of the four partially adaptive routing 
algorithms give better performance in all four types of traffics i.e. random, hot 
spot, east dominated and south dominated. The percentage of improvement is 
different for different routing algorithms in different traffics. 

We performed 10 set of experiments for each of the four traffics discussed 
above. In each experiment paths were computed using Odd Even, West First, 
North Last and Negative First routing algorithms. Similarly, improved paths 
were also computed using these routing algorithms. Percentage path 
improvement in terms of standard deviation of link load distribution was 
calculated for each algorithm and was averaged for 10 experiments. This 
average path improvement is tabulated in Table 4-4 along with the maximum 
percentage path improvement resulting from set of 10 experiments.  

In case of random traffic, Odd Even routing algorithm shows the most 
improvement i.e. 9.76%. In Section 4.6, it was concluded that in case of 
random traffic XY routing algorithm gives better performance than the rest of 
four routing algorithms considered. It is worth mentioning that in some 
experiments where we used random traffic, improved paths computed by Odd 
Even routing algorithm gave better link load distribution than XY routing 
algorithm. This reverse trend is due to the fact that the application specific 
random traffic which was considered for these experiments also had hot spots. 
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Figure 4-10. Link load distribution in a 7x7 NoC for Hot Spot traffic using (a) XY 
routing algorithm (b) Odd Even routing algorithm (c) Odd Even routing algorithm 

with path improvement 
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Figure 4-11. Link load distribution in a 7x7 NoC for East Dominated traffic using (a) 
XY routing algorithm (b) West First routing algorithm (c) West First routing 

algorithm with path improvement 
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Table 4-4. Results: Path improvement in each routing algorithm using various traffics 

Routing Algorithm 
 

Average 
Improvement (%age) 

Maximum 
Improvement (%age) 

Random Traffic 

Odd Even 9.7684 24.5034 

West First 6.2278 13.3638 

Negative First 6.2138 12.8795 

North Last 5.4504 12.7377 

Hot Spot Traffic 

Odd Even 10.9485 28.6309 

West First 6.8843 15.9115 

Negative First 6.9189 16.638 

North Last 6.0683 15.8145 

South Dominated Traffic 

Odd Even 11.5331 21.4516 

West First 8.7523 14.5442 

Negative First 6.0588 12.7521 

North Last 11.6872 16.2599 

East Dominated Traffic 

Odd Even 7.9888 14.5121 

West First 9.0078 12.328 

Negative First 2.403 6.5631 

North Last 4.6064 10.1174 
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It can be seen from Table 4-4 that Odd Even routing algorithm gives highest 
improved performance of 10.94% when hot spot traffic is considered. It is also 
clear from the table that it is also possible to achieve 28.63% improvement in 
link load distribution by Odd Even routing algorithm in hot spot traffic. 
Percentage improvement in the performance of other routing algorithms in hot 
spot traffic is also shown in Table 4-4. In case of south and east dominated 
traffics, North Last and West First routing algorithms give highest improved 
performance of 11.53% and 9% respectively.  

It is important to note form the Table 4-4 that in hot spot, east dominated and 
south dominated traffics, highest performance improvement is achieved by Odd 
Even, West First and North Last routing algorithms respectively. These results 
support the method of selecting a routing algorithm for different types of 
traffics which we presented in Section 4.7. 

4.9 Path Encoding 
Once path from source to destination is computed, it should be encoded in the 
packet header or more precisely in the header flit. Since, one of the major 
disadvantages of source routing is the large packet header size for carrying the 
complete route information from source to destination, therefore the paths 
should be encoded in such a way that the overhead of routing information is 
minimized. Moreover, path encoding should be such that it does not make 
routers complex and the encoded information is easy to decode in the routers 
on the way to the destination.  

4.9.1 2-Bit Clockwise Router Port Address Encoding 

In order to minimize the route information overhead in the head flit, we have 
used 2-bit clockwise router port address encoding scheme. We assume that 180 
degree turns are prohibited. In other words, a flit cannot be forwarded to the 
same channel from where it is coming.  Therefore, a flit can only be forwarded 
to any of four out of five output ports in a router. It will be explained pictorially 
in chapter 5 that a NoC router required for 2-dimensional mesh topology can 
have at the most five I/O ports. Thus address of each output port of a router is 
encoded with two bits. Accordingly, “00”, “01”, “10” and “11” represent the 
addressees of one, two, three and four steps away output ports respectively in 
the clockwise direction with respect to the input port where flit was received. 

In order to demonstrate working of 2-bit clockwise router port address 
encoding scheme, consider a 4X4 mesh topology NoC as shown in Figure 4-
12. Assume that a DSP processor connected to router (1, 1) wants to send a 
packet to a memory resource connected to the router (2, 3) as indicated by 
black arrow in the figure. Also consider that XY routing algorithm is used for 
this communication. 
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The packets generated by DSP processor will traverse through routers (1, 1), (1, 
2), (1, 3) and (2, 3) before reaching the destination memory resource. Thus the 
packet header will contain the address of all the routers traversed as is shown in 
Figure 4-12. Similarly, Figure 4-13 depicts the corresponding encoded packet 
header with 2-bit clock wise router port address encoding scheme. 

A packet coming from DSP resource to router (1, 1) is to be routed to router (1, 
2) and which is connected to the east port of router (1, 1). East port of this 
router is three steps to the clockwise direction with respect to the incoming port 
as shown in Figure 4-13(a). Thus first position of packet header is encoded as 
binary “10”and shown in Figure 4-14. Similarly, at router (1, 1) the packet is to 
be routed again to east port where router (1, 3) is connected. In this case, east 
port is two steps in the clockwise direction with respect to the packet incoming 
port as shown in Figure 4-13(b). Thus, second position of packet header is 
encoded as binary “01”. Rest of the positions in the packet header are also 
encoded in the same fashion. 
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Figure 4-12. Communication in 4x4 mesh topology NoC 
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Figure 4-13. Packet arrival input port and destination output port in each router for 
the communication shown in Figure 4-12 
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Figure 4-14. Demonstration of 2-bit clockwise router ports address encoding in a 
packet header 

The routers should be capable of decoding this encoded path information when 
a packet traverses through the network from source to destination. 2-bit 
clockwise router port address decoding will be discussed in detail along with 
the router architecture in chapter 6.
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5 Performance Evaluation of Source 
Routing 
This chapter focuses on simulation based performance evaluation of source 
routing for mesh topology NoC. After performing analytical analysis, we 
model source routing for mesh topology NoC and develop a simulator for this 
purpose. The simulator is built using an existing SDL simulator for distributed 
routing [3]. With the help of the developed simulator, we compare the 
performance of source and distributed routing. Similarly, performance of 
various routing algorithms for source routing with different types of traffics 
will also be analyzed.  

5.1 Analytical Analysis of Source Routing 
In this section, analytical analysis of source routing for mesh topology NoC is 
performed. The analysis is carried out by investigating all the factors 
responsible for delay of packets and flits when traversed through the network 
from a source resource to a destination resource.  

5.1.1 Packet Delay Model 

Packet delay or latency is defined as the time taken by a packet to travel from 
the source resource to the destination resource. It is denoted by “TPacket” 
throughout in this report. TPacket depends upon a large number of parameters and 
is formulated by the following equation. 

TPacket = TF + TQRNIR + [n + (k-1)] TRL + [n + (k-1)] TRIO+ [(n + 1) + (k-1)] 
TLink + [n + (k-1)] (TCO) + THRRNI + TQRRNI + TDF 

Where, 

n: Number of Routers traversed by packet from Source to Destination 

k: Number of Flits in the packet 

TF: Flitization Delay 

A packet received from the resource needs to be converted into flits before 
passing it to the network routers. The process of conversion of packets into flits 
is called flitization and will be discussed in detail in chapter 6. This process is 
carried out in resource network interface and adds certain amount of delay, 
called flitization delay, to overall packet delay. 

TQRNIR: Queuing Delay in RNI Output Buffer towards Router 

Blocking communication is assumed in RNI in order to keep resources as 
simple as possible. A resource can only send a packet to RNI if and only if it 
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receives a “Ready to Receive (RTR)” signal from RNI. RTR signal is sent to 
resource when transmit buffer of RNI is completely free. This introduces a 
delay represented by TQRNIR.  

TRL: Delay due to Router Logic 

This delay occurs due to router logic. It is the time required to transfer a flit 
from the input buffer to the output buffer of the router. It depends upon the 
time required in decoding flit type and some control information, selection and 
switching activity inside the router and transfer of flit from input buffer to 
output buffer. This delay should be multiplied by the number of routers “n” 
traversed by the flit while travelling from source core to destination core. 
Because of the pipelined nature of wormhole switching, this delay for a packet 
is equal to the sum of header flit delay “n(TRL)” and delay occurring due to rest 
of the flits (k – 1) TRL. 

TRIO: Handshaking Delay between Input and Output Buffers within a 
Router 

A flit cannot be transferred from the input buffer to the output buffer within a 
router until input port receives an “RTR” signal from the output port of the 
same router showing the empty status of a one flit output buffer. Thus TRIO 
represents the handshaking delay between the input and output buffers within a 
router. This delay should be multiplied by the number of routers “n” traversed 
by the flit while travelling from source core to destination core. Because of the 
pipelined nature of wormhole switching, this delay for a packet is equal to the 
sum of header flit delay “n (TRIO)” and delay occurring due to rest of the flits  
(k – 1) TRIO. 

TLink: Link Delay 

Although links in a NoC are assumed to be very fast, still to make a more 
realistic time model, it is assumed that a flit experiences a delay while 
propagating through the link and is represented by TLink. This delay should be 
multiplied by the number of links “n + 1” traversed by the flit while travelling 
from source core to destination core. For example, if there are only two routers 
between source and destination cores then there are three links: one between 
source core and first router, second between the routers and third between last 
router and the destination core. Because of the pipelined nature of wormhole 
switching, this delay for a packet is equal to the sum of header flit delay “(n + 
1) (TLink)” and delay occurring due to rest of the flits (k – 1) TLink. 

TCO: Delay due to Channel Occupancy 

If the input buffer of next router is full, then back pressure is inserted through 
credit based flow control and the flits have to wait in the buffers of the current 
router until free space is available in the input buffer of the next router. Thus a 
delay is introduced due to busy channel and is represented by TCO. Because of 
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the pipelined nature of wormhole switching, this delay for a packet is equal to 
the sum of header flit delay “n (TCO)” and delay occurring due to rest of the 
flits (k – 1) TCO. 

THRRNI: Delay due to Handshaking from Router to RNI 

Because of the blocking communication used, input buffer of RNI cannot 
accept a flit of another packet until all the flits of the current packet have been 
deflitized and transferred to the destination core. Once, RNI input buffer gets 
completely free, an RTR signal is sent to the router so that the header flit 
followed by body and end flits of another packet can be received in it. It should 
be noted that this handshaking delay is experienced only by the header flit; 
therefore, average value of this delay for a flit will be obtained by dividing it 
with the number of flits in the packet. For a complete packet this delay will be 
taken as it is. 

TQRRNI: Queuing Delay in the RNI Input Buffer 

This delay corresponds to the waiting time as deflitization process cannot start 
until all the flits of a packet are received in the input buffer of RNI from the 
network. 

TDF: Deflitization Delay 

Flits received from network in RNI need to be converted back into packets 
before passing them to the destination resource. This is because resources 
recognize packet format and not the flit format. The process of conversion of 
flits back to packets is called deflitization and it will be discussed in chapter 6. 
This process is carried out in RNI and introduces certain amount of delay, 
called deflitization delay. 

5.1.2 Flit Delay Model 

Flit delay is defined as the time taken by a flit to travel from the output buffer 
of RNI (connected to source resource) to the input buffer of RNI (connected to 
destination resource). Flit delay “TFlit” depends upon a number of factors and is 
represented by the following relation. All the parameters have been discussed 
in Section 5.1.1. 

TFlit = n (TRL) + n (TRIO) + (n + 1) TLink +  n (TCO) + (THRRNI) / k 

5.2 Modelling and Simulation Requirements of Source 
Routing for NoC 
In the previous section, delay analysis of a single packet was carried out for 
mesh topology NoC when source routing is used. In order to evaluate 
performance of source routing for mesh topology NoC, hundreds and thousands 
of such packets should be analyzed. This evaluation is only possible with a tool 
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capable of simulating the whole network. This leads us to identify the 
modelling and simulation requirements of source routing for mesh topology 
NoC. This simulation tool should be able to get some parameters as an input 
from the user and be able to display certain calculated parameters and graphs as 
an output. These parameters will be discussed in the following sections. 

5.2.1 Language Selection for Modelling 

Selection of language for modelling and simulation is a very important decision 
as many options are available. The objective is to select a language with good 
modelling and simulation capabilities and the model developed should be 
easily convertible into design using a hardware description language. 
Specification and Description Language (SDL) is used for modelling and 
developing simulator for Source Routing for mesh topology NoC. 

During simulator development, major focus will be on structuring and 
modularization of the system in such a way that there should be one-to-one 
relationship between system model and hardware. In other words, the blocks 
and processes made in the model should correspond to the components and 
processes in the hardware design respectively. Moreover, one should be able to 
easily design these components and processes in VHDL. Although, hardware 
design is not an objective of this thesis but for future work, it can be very 
interesting to design and implement source routing based mesh topology NoC.   

One of the reasons for selecting SDL is that the system model can be described 
at blocks and processes level and these blocks and processes can be easily 
mapped or reflected into VHDL entities, components and processes. Though 
SDL tool does not provide VHDL code from the model, C/ C++ code can be 
obtained. Another motivation of selecting SDL and preferring it over SystemC 
and other candidate languages is that the author possesses reasonable hands on 
experience of SDL from the System Level Design course studied in the Master 
course work. Another reason for choosing SDL as a modelling language is the 
graphical nature of SDL and hence it is easy to model in SDL. Moreover, SDL 
is especially good for modelling communication systems. 

5.2.2 Assumptions Made in Development of Simulator 

We have made certain assumptions before building the simulator to keep things 
simple. Some of these assumptions will also hold good if one wishes to design 
source routing based Network on Chip.  

1. The simulator will not simulate resources or cores. They will be 
modelled as packet generators and consumers. 

2. It is assumed that flits will be generated by the sources instead of RNI. 
Therefore, model of Resource Network Interface will be kept as simple 
as possible. It will only transfer flits from source to router and vice 
versa. 
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3. The packets will traverse through the network using minimal distance 
routing. So, non-minimal routing will not be explored. 

4. Paths from source to destination will not be generated each time, they 
will rather be chosen from pre-computed path tables already stored in 
RNI. 

5. The modules are connected by a network of multi-port routers connected 
to each other by links composed of parallel point to point lines. 

6. The network is assumed to be lossless and links are reliable, therefore, 
there will be no errors and retransmission. 

7. Packet size is assumed to be variable and ranges from 2 flits to 16 flits 
(i.e. 64 bits to 512 bits). 

8. Links between routers are bidirectional and there are 34 lines for each 
direction. 

9. Link frequency is greater than the router frequency. 

10. Size of physical transfer digit is assumed to be equal to that of flow 
control digit, i.e. Phit Size = Flit Size 

11. Link operation frequency is assumed to be 1 GHz (It can be adjusted 
later and is solely for simulation purpose). 

12. No virtual channels are used. 

13. Blocking communication will be used in RNI. This means that RNI will 
start sending flits to the router only when flitization is complete. 
Similarly, RNI will send a packet to the core only when all flits have 
been received from the network and deflitization has been completed. 
Flitization and deflitization will be discussed in chapter 6. 

14. Core will send packet to RNI only if it has complete packet ready to be 
sent. Then all the flits of the packet are sent in a burst mode. 

15. First four bytes of packet, that is first flit, will be used as packet header. 

5.2.3 Simulator Input Requirements and Specification 

This subsection specifies the input requirements of a tool capable of simulating 
source routing for a mesh topology NoC. Input requirements are those 
parameters which the user should be able to provide as an input and the 
simulator should be able to simulate accordingly. These input requirements are 
discussed in detail as follows: 
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1) NoC Size 

The tool should be made more general and it should be able to simulate any 
size of mesh NoC with maximum size upper limit. Similarly, the number of 
rows in the mesh may not necessarily be equal to the numbers of columns of 
the mesh. 

RowSize = Integer value entered by the user defining the number of rows in the 
mesh.  

ColSize = Integer value entered by the user defining the number of columns in 
the mesh. 

2) Flit Size 

Flit is the smallest unit of data to be used in simulation. Although, defining 
exact size of flit is not a requirement of simulator, still we decide to take it of 
fixed size equal to 32 bits.  However, two extra bits are added with each flit to 
indicate the type of the flit. For simplicity in simulation, we will take flit as an 
integer.  

Flit size = 32 bits + (2 Flit Type bits) 

3) Packet Size 

The packet size is variable. The size can vary from minimum size to maximum 
packet size. Maximum size of packet is equal to 16 flits while minimum packet 
size is 2 flits (Assuming 32 bit flit size). 

Maximum Packet size = 512 bits = 16 flits  

Minimum Packet size = 64 bits = 2 flits 

4) Router Input Buffer Size 

Size of router input buffer is set to 4 flits. User should also be able to specify its 
size in terms of flits. 

Router input buffer Size = 4 flits. 

5) Router Output Buffer Size 

It is assumed that link speed is much higher than the router speed so output 
buffers will not be used in the routers. However, a very small buffer or a latch 
of size 1 flit will be used at each output port of router. The reason for using it is 
that the data at the output port of a typical router should not get corrupted if 
input port of the next router is not ready to accept new data while this router is 
ready to output another data. Therefore, 
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Size of output buffer = 1 flit 

6) Routing Algorithm 

The user should be able to select a routing algorithm out of different routing 
algorithms for path computation of source routing. The simulator will provide 
an option to the user to select a routing algorithm from the following. 

1. XY Routing Algorithm 

2. Odd Even Routing Algorithm 

3. West First Routing Algorithm 

4. Negative First Routing Algorithm 

5. North Last Routing Algorithm 

Default will be XY routing algorithm. 

7) Packet Injection Rate (PIR) 

Packet injection rate is defined as the number of packets injected in the network 
per unit time per resource. The user should be able to set the network load in 
terms of PIR. Similarly, the simulator will also be able to read a series of PIR 
values from a batch file. 

PIR = Set the packet injection rate to the specified real value 

Default PIR = 0.1 

8) Traffic Type 

The user should be able to select the type of traffic used for simulation. The 
simulator will provide the following traffic options. 

Random = Random traffic distribution 

RandomAS = Random Application Specific distribution 

HotSpot = Hot spot traffic, A few nodes as hot spots 

EastAS = East Dominated Traffic 

SouthAS = South Dominated Traffic 

Default = Random 
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9) Warm-up Time and Warm-up Number of Packets 

The statistics should be collected by the simulator after either Warm-up cycles 
have been elapsed or Warm-up number of packets has been received by the 
destinations, i.e. 

Default Warm-up Time = 1000 cycles 

Default Warm-up Number of Packets = 2000 

10) Seed for Randomness 

The seed for the random number generation for all purposes will be system 
time i.e. time ( ). 

11) Total Simulation Time 

The simulator should be able to get total number of cycles for simulation as an 
input from the user. Thus, the simulation will run for this number of specified 
cycles. Similarly, it should also be possible to run the simulation until specified 
number of packets is received by the destinations. 

SimCycles = Run the simulation for the specified number of cycles 

TotalNrPackets = Run the simulation until the specified number of  

Packets have been received 

Default SimCycles = 100000 cycles; Default TotalNrPackets = 20,000  

5.2.4 Simulator Output Requirements and Specification 

This subsection specifies the output requirements for the simulator. Output 
requirements are those parameters and statements which the simulator should 
provide as an output to the user after completing the simulation. These output 
requirements are stated as under: 

1) Simulation Status 

The simulator should display status when simulation ends, for example: 

“Simulation Completed” 

2) Simulation Time 

The simulator should output the time spent in complete simulation in terms of 
number of cycles, for example: 

Simulation Ended in 11000 cycles 
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3) Total Number of Packets and Flits Received 

The simulator should be able to output total number of packets received by all 
destinations Intellectual Properties (IP). Similarly, Total number of received 
flits by all IPs should also be displayed. 

4) Global Average Delay (Cycles) 

Global average flit delay is defined as the overall average time taken from the 
generation of flits at the source IP or core to the reception of the flit by the 
destination IP. Similarly, global average packet delay is defined as average 
time taken by a packet to travel from source core to destination core. These 
parameters were analyzed in detail in Section 5.1. The simulator will be able to 
display global average delay in cycles for packet and flit separately after the 
simulation is completed.  

6) Global Average Throughput (flits/cycle) 

After completing the simulation, the simulator should output global average 
throughput. It is defined as overall average number of flits received per cycle. 

7) Throughput (flits/cycle/IP) 

The simulator will also be able to output number of flits received in each cycle 
per core in the form of throughput. 

8) Maximum Delay (cycles) 

Once the simulation has been completed, maximum packet delay and 
maximum flit delay should also be displayed. 

5.3 NoC Simulator Design for Source Routing 
In this section we discuss the tools used for the development of a simulator for 
source routing based mesh topology NoC. After that, top level block diagram 
of the simulator is discussed. Finally, we present the challenges faced in 
interfacing the simulator with the Matlab based path computation tool for 
source routing. 

5.3.1 Design and Simulation Tool 

In order to develop a simulator capable of simulating source routing for mesh 
topology NoC, the programming tool used is “Telelogic SDL and TTCN Suite 
6.1”. It is a real-time, software development tool that provides a capability to 
specify, describe and develop complex event driven communication systems 
[18]. This tool fully supports SDL-92. NoC simulator is designed with the 
graphical editor of SDL. It is also possible to get C/C++ implementation of the 
simulator design. Compilation of the design can also produce an executable file 
and which can be tested with a simulator [3].  
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This SDL tool suite provides options for performing simulations both in real 
time and simulated time. Real time corresponding to current time of system 
clock whereas, simulated time is a function of discrete events and timers. In 
both cases, “Now” operator corresponds to current time of system clock and 
simulation time respectively. It is assumed that transition from one state to 
another does not take any time provided some timer signal is not used. Thus, 
simulated time can only be updated using timer signals in SDL tool [3]. 

5.3.2 Top Level system Description of Simulator 

The simulator is modelled and developed using structural approach. Blocks, 
processes and procedures are reused where ever possible. For this reason 
mostly, “Types” are used. Top level system block diagram is depicted in 
Figure 5-1. There are four main top level blocks in the system. Router_Type 
represents the micro routers in the network. Similarly, Res_RNI_Type contains 
resource and RNI blocks. In order to provide higher scalability in terms of size 
of network, these two blocks are defined as “Types” and their size can be 
selected by the user before starting simulation. 

Trickiest and hard to design part of the system is the NetworkConfigurator 
block which configures the network by connecting resources, interfaces and 
routers in a mesh topology. It keeps the process IDs of all the I/O buffers of 
routers, RNI and resources. Similarly, it also assigns the addresses to routers 
and resources. It should be noted that a resource and corresponding RNI shares 
the same addresses.  ControlStat block records the network statistics in terms of 
total number of packets and flits received, latency, throughput, total simulation 
time etc. This block is also responsible for managing the simulation by sending 
Start_Sim and Stop_Sim signals in the network. 

 

Figure 5-1. Top level system description of simulator in SDL 
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5.3.3 Integration of NoC Simulator and Matlab Based Path 
Computation Tool for Source Routing 

In source routing, the resources should be able to dynamically compute the 
paths or complete path lists should be stored in them. The simulator is 
developed based on computing paths for resources and storing them in path 
tables inside resources. It was discussed in chapter 4 that paths for source 
routing for mesh topology network on chip are computed using a Matlab based 
path computation tool. In order to store these path tables in the resources in 
simulator, the simulator should be integrated with Matlab based path 
computation tool. 

The biggest challenge in integrating the two tools is to make the entities of 
these tables compatible with the router ports address encoding used in the 
simulator. The entities of the path tables are in the form of resource addresses. 
Required conversion of path tables can be either done in the simulator using 
SDL or in the path computation tool in Matlab. As extensive data computation 
does not suit to SDL [17], therefore, required conversion of path tables is 
carried out in Matlab by modifying the output of path computation tool. 
Currently, path computation tool outputs path tables which contain entities 
encoded as router port addresses. These encoded path tables are stored in a text 
file which is read and stored in the corresponding resources by the source 
routing based NoC simulator. 

5.4 Simulation Analysis of Source Routing 
In this section, we discuss the simulation analysis which we carried out for 
source routing used in a mesh topology NoC. Performance parameters used for 
evaluation are also discussed in detail. Simulation results will be discussed and 
analyzed in the next section. 

5.4.1 Performance Parameters Used for Evaluation  

We are interested in analyzing average packet latency and throughput at 
different values of network load. Accordingly we will evaluate various routing 
algorithms using source routing in mesh topology NoC. Although latency and 
throughput were defined in section 2.7, in this section they are discussed in 
terms of exact network parameters and variables used in the simulator. Some of 
these parameters are necessary to be discussed in order to get more clear 
meaning of latency, throughput and network load used in the simulation results 
[19].  

5.4.2 Definitions of Some Parameters Used in Simulation 

MeanPIR: Mean Packet Injection Rate 

It is the mean of the packet generation rate with respect to link bandwidth. For 
example, 0.5 value of Mean PIR means that packets are generated at 50% of 
the maximum packets bandwidth. 
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MaxPIR_Period: Maximum Packet Input Period 

It is the reciprocal of the product of flit bandwidth and the number of flits per 
packet. An average should be considered for a variable size packet. 

Flit_BW: Flit Bandwidth 

It is the maximum bandwidth for the flits to traverse from output port of one 
router to the input port of the next. It is set manually in the simulator and is 
dependent upon the timer durations in the router input and output blocks.  

MeanPIR_Period: Mean PIR Period 

It is the mean of packet generation period (1 / MeanPIR) adjusted according to 
the actual packet bandwidth period i.e. MaxPIR_Period.  

RND_Drawn 

It is used for drawing a random seed and is used in the generation of packets. 
This seed can be drawn from any distribution such as Poisson. System draws 
this seed depending upon the value specified by the user in RND_Mean. 

BurstGap 

It is the measure of time gap between two packet generations. Mean PIR 
adjusted for actual delays in the system depends upon the average value of 
burst gap 

PIR: Actual Mean PIR Calculations 

Actual mean PIR for the system after performing all adjustments can be 
realized by the following example. Consider that MeanPIR, number of flits per 
packet, Flit_BW, RND_Mean entered by the user are 0.3, 10, 0.5 and 10 
respectively. We also assume that two packets with RND_Drawn as 8 and 12 
respectively were drawn by the system. Hence, 

MaxPIR_Period = 1/(0.5 * 10) = 20  

MeanPIR_Period = (1/0.3) * 20 = 66.6 

BurstGap1 = (66.66 / 10) * 8 = 53.28  

BurstGap2 = (66.66 / 10) * 12 = 79.92 

The actual mean PIR adjusted for the system is calculated as follows. 

Actual Mean PIR = 2 packets / (53.28 + 79.92) = 0.015 packet/time unit 
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5.4.3 Simulation Setup 

For all simulations and experiments size of mesh NoC is chosen to be 7X7. We 
are interested in plotting latency and throughput against different values of 
network load. So we will provide a range of MeanPIR values as an input to the 
simulator. It should be noted that normally networks are run at lower values of 
load and higher loads are avoided. Accordingly, MeanPIR values will range 
from 0.01 to 0.3. Number of flits in each packet is fixed and is equal to 16. 
Similarly, Flit_BW and RND_Drawn are taken 0.5 and 10 respectively. 
Simulation is run in packet mode instead of time mode. This means that the 
simulation will run until 20,000 packets are received by all destination 
resources with warm up number of packets adjusted equal to 2,000. 

5.5 Simulation Results 
We performed a large number of simulations using wide range of network load 
i.e. packet injection rate, using various routing algorithms for different traffics. 
Only few simulation results are discussed in this section. 

5.5.1 Performance Evaluation of Source and Distributed Routing 

In this section, we present and discuss the simulation results for both source 
and distributed routing using XY and Odd Even routing algorithms in random 
traffic.  

XY Routing Algorithm Using Random Traffic 

Figure 5-2 shows a graph in which average packet latency is plotted against 
different values of packet injection rate using XY routing algorithm for source 
and distributed routing in random traffic. Average packet latency of source and 
distributed routing is shown by solid and dotted curves respectively. It is 
evident from the graph that latency in the case of source routing is much lower 
than that of distributed routing. Two regions in the latency graphs are encircled 
as (a) and (b). Region (a) shows the latency for low network load while region 
(b) shows the latency for the load when the network starts to saturate. These 
regions are magnified and shown in Figure 5-3(a) and Figure 5-3(b) 
respectively. 

It is clear from Figure 5-3 (a) that average packet latency in source routing is 
about 12 cycles lower than that of distributed routing at lower network load. 
Lower latency in source routing is because of the faster router. This result 
supports one of the main advantages of source routing over distributed routing 
i.e. faster router as discussed in chapter 3. The difference in latency keeps on 
increasing as the network load is increased until the network starts to saturate. 
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One remarkable advantage of source routing can be seen from the latency 
graph near saturation region shown in Figure 5-3. In case of distributed 
routing, when PIR value increases beyond 0.2, the latency increases abruptly 
and the network starts to saturate. On the other hand, in case of source routing, 
the latency remains low until PIR reaches 0.25 when the network starts to 
saturate and latency increases very quickly. In other words, source routing 
gives much lower latency at relatively higher load. At higher load, the 
difference in latency given by source and distributed routing becomes very 
high. This advantage of source routing is not visible at lower PIR. It is 
important to note that source routing can be used at higher network load at 
which the NoCs using distributed routing apparently halt and stop working.  

 

Figure 5-2. Average packet latency plotted against packet injection rate for a 7x7 
NoC for source and distributed routing using XY routing algorithm 

Throughput is plotted against different values of PIR for both source and 
distributed routing and is shown by solid and dotted curves respectively in 
Figure 5-4. At lower values of PIR, throughput increases linearly and is equal 
for both types of routing. When PIR is increased beyond 0.2, throughput in 
case of distributed routing stars to level off and the network gets saturated. In 
case of source routing throughput keeps on increasing linearly and starts to 
level off beyond PIR equal to 0.27. Thus throughput graph shows that at higher 
network load, source routing provides higher throughput compared to that of 
distributed routing. 
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Figure 5-3. Magnified regions (a) and (b) from latency graphs in Figure 5-2 

 

 

Figure 5-4. Throughput plotted against packet injection rate for a 7x7 NoC for source 
and distributed routing using XY routing algorithm 
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Odd Even Routing Algorithm Using Random Traffic 

Figure 5-5 shows a graph in which average packet latency is plotted against 
different values of packet injection rate using Odd Even routing algorithm for 
source and distributed routing in random traffic. Average packet latency of 
source and distributed routing is shown by solid and dotted curves respectively. 
Latency curve for source routing using Odd Even routing algorithm with 
improved paths is shown by dotted curve with “+” signs. It is clear from the 
graphs that latency in the case of source routing is much lower than that of 
distributed routing. Two regions in the latency graphs are encircled as (a) and 
(b). Region (a) shows the latency for low network load while region (b) shows 
the latency for the load when the network starts to saturate. These regions are 
magnified and shown in Figure 5-6(a) and Figure 5-6(b) respectively. 

It is evident from Figure 5-6 (a) that at lower network load, average packet 
latency in source routing is about 11.78 and 11.96 cycles lower than that of 
distributed routing without and with improved paths respectively. Lower 
latency in source routing is because of the faster router. The difference in 
latency keeps on increasing as the network load is increased. It should be noted 
that path improvement using Odd Even routing algorithm does not show any 
significant improvement in latency at lower loads. 

In case of distributed routing, when PIR value increases beyond 0.15 the 
latency increases abruptly and the network starts to saturate. On the other hand, 
in case of source routing, the latency remains low until PIR reaches 0.2 when 
the network starts to saturate. Saturation starts beyond 0.22 when Odd Even 
routing algorithm is used with improved paths. These differences are visible in 
Figure 5-6(b). Advantage of path improvement in case of source routing is 
visible at higher network load. At higher load, the difference in latency given 
by source and distributed routing also becomes very high. This advantage of 
source routing is not visible at lower loads. 

Throughput is plotted against different values of PIR for both source and 
distributed routing and is shown by solid and dotted curves respectively in 
Figure 5-7. Similarly in the same figure,  throughput in case of source routing 
using Odd Even routing algorithm with improved paths is shown by dotted 
curve with “+” signs. At lower values of PIR, throughput increases linearly and 
is equal in all three cases. Throughput starts to level off at PIR equal to 0.17, 
0.2 and 0.24 in case of distributed routing and source routing without and with 
path improvement respectively. Thus at higher network load, source routing 
provides higher throughput compared to that of distributed routing. It should be 
noted that higher throughput in case of source routing using Odd Even routing 
algorithm with improved paths supports the more uniform link load distribution 
results after path improvement which were discussed in chapter 4. 
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Figure 5-5. Average packet latency plotted against packet injection rate for a 7x7 
NoC for source and distributed routing using Odd Even routing algorithm 

 

 

Figure 5-6. Magnified regions (a) and (b) from latency graphs in Figure 5-5 

 



Performance Evaluation of Source Routing 

76 

 

Figure 5-7. Throughput plotted against packet injection rate for a 7x7 NoC for source 
and distributed routing using Odd Even routing algorithm 

5.5.2 Comparison of Different Routing Algorithms Used for Source 
Routing 

In this section we discuss the performance of XY, Odd Even West First, North 
Last and Negative First routing algorithms when they are used to compute 
paths for source routing. We have chosen hot spot traffic for the evaluation. 
Apart from that we also investigate the performance of each partially adaptive 
routing algorithm before and after path improvement. 

In Figure 5-8 (a), (b), (c) and (d), graphs are plotted for average packet latency 
against different values of PIR in hot spot traffic using West First, Negative 
First, Odd Even and North Last routing algorithms for source routing 
respectively. Average packet latency given by source routing before and after 
path improvement is shown by dotted and solid curves respectively. For lower 
values of load, there is no significant improvement in latency with path 
improvement for all routing algorithms. At higher values of packet injection 
rate, path improvement results in lower latency for all routing algorithms 
except Negative First.  Similarly the saturation also starts at relatively higher 
value of PIR when improved paths are used in source routing. 
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Form Figure 5-8, it is clear that with improved paths, saturation starts at 0.18, 
0.2, 0.21 and 0.23 in case of Negative First, North Last, West First and Odd 
Even routing algorithm respectively. Thus Odd Even routing algorithm gives 
most improvement in case of hot spot traffic. This result also supports the 
results presented in chapter 4 in which Odd Even routing algorithm after path 
improvement gives most even link load distribution in case of hot spot traffic. 
Average packet latency graphs of the above mentioned routing algorithms 
before and after path improvement for random application specific and south 
dominated and east dominated traffics are shown in Section 9.1 of Appendix. 

In Figure 5-9, average packet latency is plotted against different values of PIR 
for source routing using XY, ODD Even, West First, North Last and Negative 
First routing algorithms after path improvement in a hot spot traffic discussed 
in Section 5.4. At lower loads performance of all these routing algorithms is 
almost the same. At higher loads, Odd Even routing algorithm outperforms the 
rest of routing algorithms. Network starts to saturate at PIR equal to 0.16, 0.19, 
0.2, 0.21 and 0.22 when Negative First, North Last, West First, XY and Odd 
Even routing algorithms are used respectively. Average packet latency graphs 
of the above mentioned routing algorithms for random application specific and 
south dominated traffics are provided in Section 9.1 of Appendix. 

These results support our proposal of routing algorithm selection for the path 
computation of source routing discussed in chapter 4. In that algorithm, we 
suggested that Odd Even routing algorithm should be selected for the path 
computation of source routing in case of hot spot traffic. It should be noted that 
Odd Even routing algorithm is expected to perform even better if percentage of 
hot spot nodes in the network and bandwidth of communication involving hot 
spot nodes is increased. 

Throughput is plotted for different values of PIR for the above mentioned 
routing algorithms in case of hot spot traffic and shown in Figure 5-10. At 
lower values of PIR, throughput increases linearly and is almost equal in case 
of all routing algorithms. It starts to level off at PIR equal to 0.2, 0.21, 0.22, 
0.22 and 0.24 when Negative First, North Last, West First, XY and Odd Even 
routing algorithms are used respectively. Odd Even routing algorithm provides 
highest throughput at higher values of PIR as shown by the solid curve in 
Figure 5-10. Throughput graphs of the above mentioned routing algorithms for 
random application specific and south dominated traffics are provided in 
Section 9.1 of Appendix. 

Similarly a large number of simulations were performed for source routing 
using all the above mentioned routing in random, east dominated and south 
dominated traffics. As expected, XY routing algorithm performed best when 
random traffic was used. Similarly, West First and North Last routing 
algorithms outperformed the rest in case of east dominated and south 
dominated traffics respectively. 
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Figure 5-8. Average packet latency plotted against PIR for source routing using 
various routing algorithms before and after path improvement in a 7X7 mesh NoC 
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Figure 5-9. Average packet latency plotted against PIR in hot spot traffic for source 
routing using various routing algorithms after path improvement in a 7X7 mesh NoC 

 

Figure 5-10. Throughput plotted against PIR in hot spot traffic for source routing 
using various routing algorithms after path improvement in a 7X7 mesh NoC 
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6 Source Routing for NoC: Hardware 
Design Decisions 
The purpose of this chapter is to present NoC architecture with mesh topology 
that implements source routing. It also focuses on the decisions that are 
required to design hardware of corresponding router and RNI. These decisions 
relate router and RNI internal blocks and control signals, size of I/O buffers, 
handshaking signals, credit based back pressure flow control, path decoding in 
the routers, flitization and deflitization, arbitration in routers etc. Design of 
resources is not addressed in this thesis report as stand alone commercial off 
the shelf intellectual properties can be used instead.   

6.1 Network Design Assumptions 
Main focus is on structuring, reuse and modularization while making 
assumptions and design decisions for router and RNI. Most of the architectural 
and design decisions hold good for any size NoC provided mesh topology is 
used. Packet and flit formats which are discussed in the following sections can 
be used for a NoC size of 7X7 or less. For larger size of NoC, some 
sophisticated techniques are required such as more than one head flit per 
packet. These techniques are proposed in the future work section.  

In order not to overload resources and to keep them as simple as possible, we 
perform flitization and deflitization in RNI. In rest of the chapter, we assume 
size of mesh topology NoC to be equal to 7X7 as shown in the following 
figure. Each block represents a node as shown on the left hand side of Figure 
6-1. Similarly, internal block diagram of each node is depicted on the right 
hand side that shows three man parts of each node i.e. a core or resource, an 
RNI and a Router along with their input and output ports.  
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Figure 6-1.  7X7 mesh topology NoC with internal block diagram of each node 
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6.2 Flitization 
Flitization is the process of converting a packet into flits. This task will be 
accomplished by the RNI connected to the source core. A source sends a packet 
to RNI. Flitization in RNI is started as soon as 32-bit header of the packet is 
received. The flits will be stored in the transmit buffer of RNI. Blocking 
communication is used when a packet is sent from source to RNI. This means 
that the source core cannot send another packet to RNI unless it receives an 
RTR (Ready to Receive) signal from RNI. This signal is sent to the core from 
RNI when the previous packet has been completely flitized and forwarded to 
the connected router from RNI transmit buffer. When an RTR signal is 
received by the core and it has a ready packet then it transfers the packet to 
RNI in burst mode. 

6.2.1 Packet Format 

Packet is of variable size and maximum size is set to 512 bits i.e. 64 bytes. A 
core can send packet to RNI as a multiple of bytes with the maximum size of 4-
bytes at a time as the data bus from core to RNI is assumed to be 32-bit. First 
32-bit of the packet is a packet header while rest is the payload. This is shown 
in the following figure. 

Header Payload

32-bits

512-bit Packet  

Figure 6-2. Packet format to be used in source routing 

Packet header is of fixed size.  First six bits are used to store the address of 
destination resource. Subsequent six bits are used to represent size of the 
packet. Packet size is useful for the RNI to schedule and complete flitization of 
current packet. It is also useful in determining the end of packet. Rest of the 20 
bits of packet header are unused and left for the future use. They can also be 
used to send command bits if required. Structure of a packet header is depicted 
in the following figure. 

Destination 
Address

Packet
Size

Unused
Left for Future

32-bit Packet Header

6-bits 6-bits

 

Figure 6-3.  Format of packet header to be used in source routing 
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It should be noted that transport layer information is unavailable, so “Process 
ID” of both source and destination will not be considered in the packet header. 
Similarly, packet and message sequence numbers are also neglected because 
we are using deterministic Source Routing and it is assumed that we will 
always get in-order packet delivery. 

6.2.2 Flit Type 

Flit size is kept fixed and is 34-bits. There are three types of flits i.e. HEAD, 
BODY and END [16]. After flitization of packet, first flit will always be 
HEAD flit, followed by BODY flits and finally END flit. A packet can have 
minimum of 2 flits and maximum of 16 flits. Flit type is included in the first 
two bits of each flit. Flit type is encoded as follows. 

       Flit Type Bits Representation   

00 HEAD Flit 

01 BODY Flit 

10 END Flit with full payload 

11 END Flit with payload less than 4 bytes 

6.2.3 Flit Format 

In this subsection, format of each type of flit is discussed separately. 

HEAD Flit 

First two bits in a flit show the flit type and in the case of head flit these two 
bits will always be equal to “00”. Next six bits constitute address of the source 
core. These six bits are sufficient to carry source address in a 8 x 8 mesh NoC. 
For bigger NoC, this field needs to be increased at the cost of two head flits per 
packet. This information will be helpful for the destination to know where the 
flits are coming from. Rest of 26 bits carry the complete route information i.e. 
clockwise port address of each router to be traversed while going from source 
core to destination core.  

Flit
Type Complete Route Information

2-bits

34-bit HEAD Flit

Source
Address

6-bits 26-bits

 

Figure 6-4. Format of HEAD flit in source routing 



Source Routing for NoC: Hardware Design Decisions 

83 

It should be noted that clockwise port address of each router is encoded with 2-
bits so “Complete Routing Information” field can accommodate the address of 
13 routers at the most or a network with diameter 12 or smaller. Thus 
considering the worst case scenario, this scheme of one flit header can work 
with 7 x 7 mesh topology NoC. For a bigger network, more than one header flit 
can be used thereby increasing the number of flits used for routing a single 
packet. 

BODY Flit 

First two bits show the flit type and will always be equal to “01”for a BODY 
flit. All the subsequent bits will carry the payload. 

Flit
Type Payload

34-bit BODY Flit

32-bits

 

Figure 6-5. Format of BODY flit in source routing 

END Flit 

First two bits show the flit type and can have two values i.e. “10” and “11” in 
case of END flit. If Flit Type contains “10”, then it means that rest of 32 bits 
i.e. 4 bytes is the payload. If Flit Type is equal to “11”, then the END flit 
carries 1 to 3 bytes of payload determined by 2-bit “Payload Size” field. 
Reason for using the “Payload Size” field is that it makes possible for RNI 
connected to destination core to know the exact number of bytes present in the 
original packet sent by the source. It will also help in the deflitization process. 
Flit format of END flit is shown in the following figure. 

Payload Size Bits  Representation  

00   Not used 

01   1 Byte Payload 

10   2 Bytes Payload 

11   3 Bytes Payload 

F lit
Type P ayload

2-b its

34-b it E N D  F lit

32-24  b its  P ay load

P ayload
S ize

2-b its

 

Figure 6-6. Format of END flit in source routing 
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6.3 Deflitization 
It is the process of converting the received flits back into a packet. The reason 
of performing deflitization is that all cores in the network recognize only 
packets while flits are not recognized. This task will be accomplished by the 
RNI connected to the destination resource. Thus blocking communication is 
used in RNI. This means that a router cannot send a flit to the connected RNI 
unless it receives an RTR signal from it. 

The issue here is that the RNI connected to destination resource does not know 
the size of incoming packet. In order to determine the packet size, an 8-bit 
counter is used in RNI. As soon as a HEAD flit enters RNI input buffer, this 
counter starts counting the number of bytes. It is incremented by four when a 
HEAD or BODY flit is received. Similarly when an END flit is received, it is 
incremented by 1, 2, 3 or 4 depending upon the number of payload bytes which 
is determined by the control information present in the header of END flit. 

Once the END flit is received in RNI and packet size is known then 
deflitization process starts. This is done by first creating a packet header from 
the received head flit. “Flit Type” field is removed. Source Address represents 
first six bits and subsequent bits include the “Packet Size”. Rest of the 20 bits 
are unused and left for future use. This Packet header which is to be sent to the 
destination core is made exactly the same as that of the one generated by the 
source core, except that the “Destination Address” is replaced by the “Source 
Address”.  

Source 
Address

Packet
Size

Unused
Left for Future

32-bit Packet Header

6-bits 6-bits

 

Figure 6-7. Packet header created after deflitization process 

Similarly, “Flit Type” is removed from rest of the BODY flits and remaining 
32 bits payload is transferred to the destination core. End Flit also undergoes 
same deflitization except that 1 to 4 bytes of payload is transferred to the 
destination core depending upon, Flit Type i.e. “10” or “11” and “Payload 
Size” field. The packet to be sent to the destination core has the same format as 
that of the one which was sent by the source before flitization and is shown 
below.  
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Header Payload

32-bits

512-bit Packet  

Figure 6-8. Packet format after deflitization process 

6.4 RNI Internal Blocks and Control Signals 
RNI is the interface between a core and a router as can be seen in Figure 6-1. 
In order to keep core as simple as possible and not to overburden it, flitization 
and deflitization is done by RNI. Therefore, routing tables are also stored in 
RNI which are indexed to store complete route information in a HEAD flit. 
There are many components inside RNI, each performing a specific job. Apart 
from data, there are different control signals entering and leaving RNI. These 
components and control signal are portrayed in the Figure 6-9. It is assumed 
that separate dedicated wires are used for these control and handshaking 
signals. Internal components of RNI are separately discussed in the following 
subsections. 
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Figure 6-9. RNI block diagram 
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6.4.1 RNI I/O Buffers and Counters 

There are two buffers in RNI and both are present on the router side to receive 
and send flits. There are also three counters which are initialized to “1111”, 
“11” and “00000000” respectively at the system start up. These buffers and 
counters are discussed below. 

Transmit Buffer 

This is a FIFO (First in First out) buffer connected to the output port of RNI 
towards router. It stores created flits which are received from the flitizer block 
and sends them to the connected router. It has sixteen locations to store flits 
with each location equal to the size of a flit i.e. 34 bits. It cannot continuously 
send flits to the router but is regulated by the RNI Controller depending upon 
the value of a 4-bit counter “C1”. As blocking communication is used in RNI, 
therefore, it starts sending flits to the router when a packet is completely 
flitized. 

Input Buffer 

This is also a FIFO buffer which stores received flits from the router. It has 
sixteen locations with each location having a size of 34 bits. It can not forward 
the flits for deflitization unless it has received the END flit of the current 
packet. This limitation is there because packet size is not known and the 
payload bytes have to be counted in an 8-bit counter “C3” before starting 
deflitization. Once packet size is known, it starts forwarding flits for 
deflitization until the END flit has been deflitized. It is worth to note that as 
soon as it receives END flit, it does not accept any further flit even if some 
locations are free until current packet is completely deflitized. 

C1: 4-Bit Counter 

This 4-bit counter counts number of free spaces available in RNI transmit 
buffer. When counting reaches “1111”, an RTR signal is sent to the resource 
indicating that RNI is ready to receive next packet. Otherwise, a resource 
cannot forward a packet to RNI. When a 32 bit packet data is forwarded for 
flitization, this counter is decremented. Each time transmit buffer sends a flit to 
the router, it increments this counter. Similarly it is decremented when a newly 
created flit enters RNI transmit buffer.  

C2: 2-Bit Counter 

This counter counts the “Credit” signals received from the router. Each time a 
router transfers a flit from its input port to the output port, a free space is 
created in the input buffer of router and hence, it sends a credit signal to RNI. 
Credit signals are used to implement back pressure flow control in the network. 
When a “Credit” signal is received, this counter is incremented. Similarly, 
when RNI forwards a flit to the router, it decrements this counter. 
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C3: 8-Bit Counter 

This counter is used to count total number of payload bytes in all the flits of a 
packet received form the connected router. It is initialized to “00000000”. It is 
incremented by 4 whenever RNI input buffer receives a HEAD or a BODY flit. 
When an END flit is received, it is incremented by 1, 2, 3 or 4 depending upon 
the number of bytes in the END flit determined by the control information 
available in the flit. When all the flits have been deflitized, it is initialized again 
and an RTR signal is sent to the router indicating that RNI input buffer is ready 
to receive flits of a new packet. 

6.4.2 Flitizer and Routing Tables 

This block performs flitization process. At first it receives 32-bit packet header 
from resource. It creates a 34- bit HEAD flit from the packet header.  It writes 
“00” in its Flit Type field and then adds 6-bit source address. It should be noted 
that RNI and the corresponding core share the same address. It indexes the 
routing tables and extracts complete path information corresponding to the 
destination indicated in “Destination Address” field in packet header. It then 
writes this 26-bit path in the route information field in HEAD flit. BODY flits 
are created by just adding Flit Type bits “01” with the 32-bit packet payload 
received from the resource. Number of bytes of payload to be inserted in the 
END flit is determined from the “Packet Size” in the packet header. 
Accordingly Payload Size field is set and Flit Type is written as “10” or “11”. 
It should be noted that the routing tables are stored in RNI before system start 
up. 

6.4.3 Deflitizer 

This block performs deflitization process. It receives 34-bit flits from RNI 
input buffer, removes “Flit Type” field and sends the 32-bit data to the 
destination resource in each cycle. At first, it receives HEAD flit and creates 
packet header from it. It removes Flit Type, keeps 6-bit Source Address, adds 
6-bit packet size and removes the route information. When it receives BODY 
flits, it only removes the Flit Type field and forwards 32-bit payload. 
Depending upon the packet size which is determined from the 8-bit counter C3, 
it removes the control information from the END flit and forwards the 
contained payload to the destination resource. 

6.4.4 RNI Controller 

The control block is responsible for controlling the communications inside 
RNI. It generates RTR signals which are sent to both the resource and the 
router. Similarly, it receives updated values of all counters and increments and 
decrements the 8-bit counter C3. It is also responsible for setting RNI clock and 
inter-block communications.   
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6.5 Router Internal Blocks and Control Signals 
Router design for source routing is much simpler than the router design to 
handle a distributed routing algorithm. It does not need to compute a routing 
function to select the output port for an incoming packet. This pre-decided path 
information is available in the header flit. It decodes the 2-bit clockwise port 
address and forwards the head flit to the desired port. Other flits of the same 
packet follow the head flit if wormhole switching is used. But this router still 
needs to implement other functions like packet buffering, credit based flow 
control and arbitration to resolve port conflicts when two or more packets 
contend for the same output port. Schematic diagram of a NoC router 
implementing source routing is depicted in Figure 10. 
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Figure 6-10. Schematic diagram of a NoC Router Implementing Source routing 

Router receives flits from RNI and other neighbouring routers and forwards 
them to the required output ports. At block level, a router can be seen to consist 
of a number of components such as I/O buffers, counters, flags, dedicated wires 
for control signals, cross bar and switch control comprising of arbiter, route 
decoder and route rotator. These components are discussed in detail in the 
following subsections. 
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6.5.1 I/O Buffers 

4-Flit Input FIFO Buffers 

There are five input FIFO buffers, each of size one flit, in every router. They 
store flits received from RNI and other neighbouring routers. As soon as a flit 
is forwarded from a buffer, it is ready to accept another flit from the input port. 
Thus, a “Credit” signal is sent back to the previous router indicating the 
availability of one flit free space. For boundary routers, the unused input 
buffers will be disabled. 

1-Flit Output Buffers 

There is an output buffer with every router output port equal to the size of one 
flit. It is assumed that the link speed is much faster than the router speed. This 
assumption roots out the requirement of an output buffer. Still an output buffer 
of size equal to one flit is required to latch a flit until it is successfully 
transferred to the RNI or neighbouring router. Once the flit is moved out from 
this buffer, it sends an RTR signal to the Arbiter. For boundary routers, the 
unused output buffers will be disabled. 

6.5.2 Counters and Flags for Back Pressure Based Flow Control 

2-Bit Counters 

There is one 2-bit counter with every router output port that is connected to 
another router. This counter is used for the purpose of “Back Pressure based 
Flow Control”. It counts the number free spaces available in the input buffer of 
the neighbouring router. When a “Credit” signal is received from the next 
router, this counter is incremented. A flit can be transferred from the output 
buffer of a router to the next router any time by determining available free 
space in the input buffer of next router. When a flit is forwarded to the next 
router, this counter is decremented. At the system start up, all these counters 
are initialized to maximum of “11”. 

1-Bit Flag 

There is one bit Flag at the output port of each router that connects to RNI. This 
flag is set to “1” when an RTR signal is received from RNI. When this flag is 
“1”, a flit in the output buffer of the router can be immediately transferred to 
the RNI. This Flag is set to “0” by the Switch Control unit when an END flit is 
transferred to RNI. An RTR signal is received from RNI when deflitization of 
flits belonging to previous packet has been completed. 

6.5.3 Cross Bar 

Cross Bar is a combination of five multiplexers controlled by the arbiter in the 
Switch control unit. Switch control determines the destined port for every 
HEAD flit while Cross Bar transfers the flits on the desired port. Moreover, it 
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also locks the path for the BODY and END flits after the locking decision has 
been taken by switch control.  

6.5.4 Switch Control 

This unit is the brain of a router and controls the movement of flits and control 
signals among the ports. Switch control has two main components i.e. Arbiter 
and Flit Type and Route Decoder.  

Arbiter 

Arbiter controls the arbitration of the ports and resolves contention problem. It 
keeps the updated status of all the ports and knows which ports are free and 
which ports are communicating with each other. After the HEAD flit has been 
transferred from one port to the other within a router, it also locks the path for 
the following flits and finally unlocks it when the END flit has been 
transferred. 

Flit Type and Route Decoder 

This block decodes the Flit Type Field and accordingly it locks and unlocks the 
path for all the flits of a packet. When a BODY or END flit is received, it is 
directly transferred to the required port because the path was already locked by 
the HEAD flit. When “Flit Type” field is decoded and it is found that the 
current flit is a HEAD flit then 9th and 10th bits of the flit are decoded which 
are the first two bits of the complete route. These two bits carry the clockwise 
router port address. Before sending HEAD flit to the required output port, the 
rout information is updated by left rotating 26-bit route information. This is 
discussed in detail in next section. 

6.6 2-Bit Clockwise Router Port Address Decoder 
32-bit route information was encoded as a Clockwise Router Port Address of 
13 routers which can suffice 7 x 7 mesh topology NoC. As minimal routing is 
used, a flit cannot travel from the input buffer to output buffer of the same port. 
Hence, there are only four output ports to which a flit can be forwarded. Thus 
routing information for each router was encoded as two bits. It should be noted 
that this port address decoding adds an extra logic to the router. Four possible 
port addresses and their decoded representation is shown below. 

      Routing Information Destined Output Port 

00  One Step in Clockwise direction 

01  Two Steps in Clockwise direction 

10  Three Steps in Clockwise direction 

11  Four Steps in Clockwise direction 
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As an example, consider a HEAD flit that arrives in the input buffer of the 
South Port. Let 9th and 10th bit position in the routing information field 
contain “10”. The switch control will lock North output buffer as the 
destination of this Head and the following flits. This Port will be unlocked after 
an END flit is forwarded. It is because “10” means three steps to the clockwise 
direction and which is the North output buffer. For understanding purpose, it 
should be noted that the output buffer towards “C” i.e. core is at one step 
clockwise distance. This process is depicted in the Figure 6-11 with the arrows 
showing the input buffer and the destined output buffer. It is important to note 
that there are no absolute port addresses, in fact they are relative. In a typical 
router, a port address “10” does not necessarily represent North output port. 

It should be noted that 2-bit clockwise port address decoding scheme is also 
valid for boundary routers. Although there are one and two unused and 
unconnected ports in the boundary and corner routers respectively, but they 
will be counted by the decoder when clockwise port address is decoded. Path 
computation tool ensures that the 2-bit clockwise port address encoding of the 
computed paths is done in such a way that any code in the paths never 
corresponds to the unused and unconnected ports of the boundary and corner 
routers. 

6.6.1 Right Rotation of Route Information 

Before sending the HEAD flit to the required output port, route information is 
updated by the switch control by rotating only 26-bit route information to the 
left side. Rest of the Head flit is kept intact. Fixed size rotating logic is used. 
This rotation is only performed with the HEAD flit. This process keeps the 
current clockwise port address to always reside in the 9th and 10th bits of the 
header flit. 

As an example, consider a HEAD flit which arrives in the input buffer of the 
South Router port. According to the route information, the destination output 
buffer is in the North output port. Before sending this flit to the destination 
buffer, Switch Controller performs the required rotation. This route rotation 
process is shown in Figure 6-11.  

Process of route rotation ensures that the destination has complete information 
about the path that the packet followed in reaching the destination. It may be 
very useful for sending back acknowledgement in the case when destination 
does not have any path information to reach the sender. Similarly, it may be 
useful for diagnosis in the case of faults. 
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Figure 6-11. Right rotation of route information in switch control 
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7 Conclusions 
In this thesis we have made a case for the use of source routing in mesh 
topology NoC. Because of the small fixed sizes of practical NoCs, the 
overheads and disadvantages of source routing are easily compensated by a 
large number of advantages, including lower router cost and higher 
communication speed. 

7.1 Summary of Contributions and Results 

7.1.1 Algorithms for Computing Paths for Source Routing 

We proposed a method to select best routing algorithm to compute paths for 
source routing for the type of communication and traffic. We also proposed 
“constructive” and “iterative” methods to get improved paths which provide 
more uniform link load distribution.  

We have also proposed an efficient scheme to encode paths for source routing. 
We name this encoding scheme as “2-bit clockwise router port address 
encoding”. It is efficient because it requires only two bits for each hop in the 
network.  

7.1.2 Summary of Tools for Source Routing 

We developed a tool “MatPC Tool” in Matlab that computes paths for source 
routing for both general and application specific communications. It requires 
three types of inputs i.e. architectural, application and performance evaluation 
parameters. Architectural inputs consist of the size of network and choice of 
routing algorithm out of XY, Odd Even, West First, North Last and Negative 
First. Application inputs consist of selection of bandwidth for each 
communication, number of cores to which each core in the network 
communicates and choice of communication from general or application 
specific. Performance evaluation parameters consist of the choice of traffic 
from random, hot spot, east dominated and south dominated.  

Depending upon inputs, this tool computes paths for source routing by 
selecting best routing algorithm for the type of communication and traffic. 
Similarly, it computes communication topology i.e. a list of possible 
destinations for each core in the network. This tool also performs link 
utilization analysis and outputs maximum, minimum, mean and standard 
deviation of the link load utilization. It also plots link load distribution graphs 
for the computed paths.  
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2-bit clockwise router port address encoding scheme is also implemented in 
MatPC Tool. This enables it to output encoded path tables. We also 
implemented a constructive path improvement algorithm by modifying MatPC 
Tool. Hence, if a partially adaptive routing algorithm is selected then improved 
and efficient paths are computed by this tool. Moreover, it also computes 
percentage path improvement.  

For more detailed analysis of our source routing approach, we developed a 
simulator that simulates source routing using various routing algorithms in 
different traffic patterns. This simulator is built using an existing SDL 
simulator for distributed routing [3]. Encoded paths tables for source routing 
and communication topology generated by MatPC Tool are used as inputs to 
this simulator. MatPC Tool and this NoC simulator are two independent tools 
and that is why NoC simulator also requires size of the mesh topology NoC. 
Similarly communication traffic pattern i.e. packet injection rate, link 
bandwidth, flit and packet size etc. is also given as input to it. On the basis of 
input selection, it outputs latency and throughput graphs against different 
values of packet injection rate.  

Figure 7-1 shows the summary and conceptual integration of MatPC Tool and 
NoC Simulator for source routing. These two tools can be very useful for NoC 
research that involves source routing. 
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Figure 7-1. Summary of tools for source routing 
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7.1.3 Summary of Results 

The experiments and simulations which we performed were very successful 
and the results support our idea of source routing. We conclude that source 
routing can be a good candidate for routing in NoCs with small size and regular 
topology like Mesh. 

7.2 Limitations and Future Work 
7.2.1 Limitations 

Path length overhead is the biggest limitation of source routing because size of 
path length increases proportionally with an increase in the size of NoC. 
Improvement in path length overhead for source routing is not addressed in this 
thesis. Another limitation in this thesis is the lack of space as there are many 
results of link load distribution and simulations which we could not present and 
discuss. 

7.2.2 Future Work 

There are so many ideas related to source routing that we want to try and 
experiment in future. Some of these ideas are discussed below. 

i) Reduction in Path Length Overhead 

Large size of path information for large NoCs becomes a problem and finding a 
solution to this problem will be a good future work.  

ii) Combining Source and Distributed Routing 

It will also be very interesting to combine source and distributed routing in a 
NoC i.e. using source routing where guaranteed throughput is required such as 
real time communication and distributed routing for best effort communication. 

iii) Mapping and Source Routing 

Advantages of source routing can be realized if it is integrated with other 
design steps of NoC. Therefore, integrating source routing to other NoC design 
steps like core mapping will also be another interesting future. Currently, we 
are also working on it. 

iv) Combining Non-Minimal routing with Mainly Minimal Routing 

In order to avoid congestion in links, it will be very interesting to combine non-
minimal paths in mainly minimal routing in source routing. 
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v) Path Selection by Considering Network Condition 

It will be interesting future work to keep more than one path table in the 
sources and that path is selected for source routing which suits most to the 
current network condition. This can also provide fault tolerance in source 
routing. 

vi) Prototyping of NoC Router based on Source Routing 

We are also planning to design and implement a NoC router to support our 
source routing ideas. 
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9 Appendix 
9.1 Latency Graphs of Various Routing Algorithms for 
Source Routing before and after Path Improvement 
9.1.1 Using Random Application Specific Traffic 

In this section, we present the graphs which we plotted for average packet 
latency against different values of packet injection rate in random application 
specific traffic using five routing algorithms i.e. XY, Odd Even, West First, 
North Last and Negative First for source routing. 

 

 

Figure 9-1. Average packet latency plotted against PIR for source routing using 
various routing algorithms before path improvement in random application specific 

traffic in a 7X7 mesh NoC 
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Figure 9-2. Average packet latency plotted against PIR for source routing using 
various routing algorithms after path improvement in random application specific 

traffic in a 7X7 mesh NoC 

 

Figure 9-3. Average packet latency plotted against PIR for source routing using Odd 
Even routing algorithms before and after path improvement in random application 

specific traffic in a 7X7 mesh NoC 
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Figure 9-4. Average packet latency plotted against PIR for source routing using West 
First routing algorithms before and after path improvement in random application 

specific traffic in a 7X7 mesh NoC 

 

Figure 9-5. Average packet latency plotted against PIR for source routing using 
North Last routing algorithms before and after path improvement in random 

application specific traffic in a 7X7 mesh NoC 
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Figure 9-6. Average packet latency plotted against PIR for source routing using 
Negative First routing algorithms before and after path improvement in random 

application specific traffic in a 7X7 mesh NoC 

9.1.2 Using South Dominated Traffic 

In this section, we present the graphs which we plotted for average packet 
latency against different values of packet injection rate in South Dominated 
traffic using five routing algorithms i.e. XY, Odd Even, West First, North Last 
and Negative First for source routing. 

 

Figure 9-7. Average packet latency plotted against PIR for source routing using 
various routing algorithms before path improvement in south dominated traffic in a 

7X7 mesh NoC 
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Figure 9-8. Average packet latency plotted against PIR for source routing using 
various routing algorithms after path improvement in south dominated traffic in a 

7X7 mesh NoC 

 

Figure 9-9. Average packet latency plotted against PIR for source routing using Odd 
Even routing algorithms before and after path improvement in south dominated traffic 

in a 7X7 mesh NoC 
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Figure 9-10. Average packet latency plotted against PIR for source routing using 
West First routing algorithms before and after path improvement in south dominated 

traffic in a 7X7 mesh NoC 

 

Figure 9-11. Average packet latency plotted against PIR for source routing using 
North Last routing algorithms before and after path improvement in south dominated 

traffic in a 7X7 mesh NoC 
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Figure 9-12. Average packet latency plotted against PIR for source routing using 
Negative First routing algorithms before and after path improvement in south 

dominated traffic in a 7X7 mesh NoC 

9.1.3 Using East Dominated Traffic 

In this section, we present the graphs which we plotted for average packet 
latency against different values of packet injection rate in East Dominated 
traffic using five routing algorithms i.e. XY, Odd Even, West First, North Last 
and Negative First for source routing. 

 

Figure 9-13. Average packet latency plotted against PIR for source routing using Odd 
Even routing algorithms before and after path improvement in east dominated traffic 

in a 7X7 mesh NoC 
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Figure 9-14. Average packet latency plotted against PIR for source routing using 
West First routing algorithms before and after path improvement in east dominated 

traffic in a 7X7 mesh NoC 

 

Figure 9-15. Average packet latency plotted against PIR for source routing using 
North Last routing algorithms before and after path improvement in east dominated 

traffic in a 7X7 mesh NoC 
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Figure 9-16. Average packet latency plotted against PIR for source routing using 
Negative First routing algorithms before and after path improvement in east 

dominated traffic in a 7X7 mesh NoC 
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9.2 Throughput Graphs of Various Routing Algorithms 
for Source Routing before and after Path 
Improvement 
9.2.1 Using Random Application Specific Traffic 

In this section, we present the graphs which we plotted for throughput against 
different values of packet injection rate in random application specific traffic 
using five routing algorithms i.e. XY, Odd Even, West First, North Last and 
Negative First for source routing. 

 

 

Figure 9-17. Throughput plotted against PIR in random application specific traffic 
for source routing using various routing algorithms after path improvement in a 7X7 

mesh NoC 
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9.2.2 Using South Dominated Traffic 

In this section, we present the graphs which we plotted for throughput against 
different values of packet injection rate in South Dominated traffic using five 
routing algorithms i.e. XY, Odd Even, West First, North Last and Negative 
First for source routing. 

 

 

Figure 9-18. Throughput plotted against PIR in south dominated traffic for source 
routing using various routing algorithms after path improvement in a 7X7 mesh NoC 


