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Abstract 
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Abstract 
 

Network on Chip (NoC) has been proposed as a scalable and flexible interconnect 
infrastructure for communication among hundreds of cores on a core-based 
System on Chip. Routing algorithm affects the communication performance of a 
NoC. Therefore, many researchers have proposed different routing techniques in 
their work. Source routing, with many advantages over distributed routing, is very 
suitable for NoC platforms but has a serious drawback of overhead for storing the 
path information in every packet header. A technique called Junction Based 
Routing (JBR) was proposed to overcome this limitation of source routing. In 
JBR, either the packet reaches the destination directly, or reaches a junction from 
where it picks up the path information for on-ward path towards the destination. 
However, JBR has few drawbacks such as increased packet latency due to the 
delay involved in fetching the new path information from junction nodes, 
increased path length overhead using minimum number of junctions and 
deadlocks while even using the deadlock free routing algorithms. 

 

In this thesis we proposed a technique, called Extended Junction Based Routing 
(EJBR), to address the limitations of JBR. EJBR reduces the packet latency for the 
communicating pairs of nodes involving multiple junctions. We are using three 
virtual channels to avoid deadlocks and to make communication from junction to 
junction faster we are reducing the delay at intermediate routers among them by 
skipping routers pipeline stages. There are many interesting issues related to this 
approach. We discuss and solve three important issues related to EJBR, namely, 
number and position of junctions, junctions network topology and path 
computation for efficient deadlock free routing. A simulator has been developed 
to evaluate the performance of EJBR with simple source routing and JBR. We 
also developed a tool in MATLAB to find the efficient junctions network 
topology and to compute the paths for deadlock free routing. The results of 
simulations show that the performance of EJBR is better than JBR for few routing 
algorithms in terms of latency and throughput.  
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1 Introduction 
The number of components or cores of a system that are integrated on a single 
chip are increasing rapidly and results in efficient communication requirements 
among different cores or components of the system. This thesis focuses on 
techniques for the efficient communication among different cores of a system on 
chip. In this chapter, we will discuss different ways to interconnect the cores of a 
System on Chip. We will also list the objectives and issues solved in this thesis.  

 

1.1 System on Chip (SoC) 
The improvement of Very Large Scale Integration (VLSI) technology in the past 
few decades resulted in millions of transistors on a single silicon die. The growth 
of number of transistors is increasing rapidly and with current technology it is 
possible to fabricate one billion transistors on a single silicon die. The improved 
technology and higher capacity resulted in implementation of the complete 
electronic system on a single chip and integration of different components of the 
systems on the same chip. This results in more complex designs. Thus to reduce 
this complexity, System on Chip (SoC) came into existence which provides a 
platform to interconnect large number of components or Intellectual Property 
(IP) blocks on a single chip. 

1.1.1 Core Based Design 

A core is an already designed component or block that can be used to develop a 
system on chip and has its own particular functionality. A SoC can be developed 
by designing own cores or components or by reusing already designed 
Commercial of the Shelf (COTS) cores. We can integrate those cores on a single 
chip to develop a SoC [1][2]. Mostly SoC are designed using IPs or cores to reduce 
the time to market of the product and to increase the reuse of the components [1]. 
Integrated system on a single chip results in reduced size and increased 
performance of the system. Some examples of cores are special purpose blocks, 
general-purpose processor cores, DSP cores, memories, I/O controller blocks etc. 
As we increase the number of cores or IPs it becomes harder to interconnect and 
integrate them on a single chip and it increase the complexity of design. Some 
issues involved in SoC development are to reduce power consumption and to 
reduce design complexity [3]. An example of core based SoC is “System-on-Chip 
for 2.4 GHz ZigBee/IEEE 802.15.4 with Location Engine” [4], developed by 
Texas Instruments which has 8051 microcontroller core, location engine, IEEE 
802.15.4 compliant 2.4 GHz transceiver, 128KB Flash, 8KB RAM etc. (see Figure 
1-1) 
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Figure 1-1 System-on-Chip for 2.4 GHz ZigBee/IEEE 802.15.4 with Location 
Engine (Photo from TI website). 

 

1.2 Methods for interconnecting the Cores in SoC 
There are many different methods for interconnecting the cores in a SoC. 
Examples of methods for interconnecting the cores are Point-to-Point 
Interconnections, Buses and Network on Chip (NoC) [5][6]. Choosing a good 
method for interconnection of cores in a SoC is a very important design issue. A 
better method for interconnection of cores reduces the energy consumption, 
complexity and manufacturing cost of the system.  
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By choosing a better method for interconnection, the performance of the system 
can be improved by decreasing the communication delay between the cores and 
by increasing the average throughput [7][8].  

1.2.1 Point-to-Point Interconnections 

Point-to-Point Interconnections and Shared Buses were mostly used for 
interconnecting the cores till very recently [5].  Point-to-Point Interconnections 
among different cores is shown in Figure 1-2.  

 

 
 

Figure 1-2 SoC based on Point-to-Point Interconnection Infrastructure. 

 
This method has drawbacks such as low reusability and scalability and under 
utilization of network resources. Large routing area is required because of large 
numbers of wires between each communicating core. This method also becomes 
inefficient with the increase in number of cores. However, if the numbers of cores 
are small then SoC designs based on this method are likely to give highest possible 
performance [6]. 

1.2.2 Bus-Based SoC 

SoC based on shared bus communication infrastructure is illustrated in Figure 1-3. 
The idea behind this method is that the communicating cores share the wires. 
Many existing Systems on Chip are Bus-Based SoC [3].  
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In Bus-Based SoC there is a component called bus arbiter that decides the grant of 
bus access to a particular core. In this method of interconnecting the cores, bus 
access time increases with the increase in number of cores. The longest distance 
between two communicating cores determines the communication delay in this 
method of communication. 

   

 
 

Figure 1-3 SoC based on Shared Bus Communication Infrastructure. 

 
In this method the cores/resources compete for the access of bus and bus arbiter 
grants the access of bus to the cores according to given set of rules/priorities. 
Also just two cores can transfer data to each other at the same time. There are also 
some advanced ways such as hierarchical, segmented and pipelined buses that 
makes the communication in bus-based systems better than the normal bus-based 
systems. The bus-based interconnections work well with less than 8 
cores/resources in the system. It is suitable for the systems where cores/resources 
as sources are few and cores/resources as destinations are in majority [9]. 

1.2.3 Network on Chip (NoC) 

SoC based on Network on Chip (NoC) infrastructure is illustrated in Figure 1-4. 
For multicore system on chips, NoC has emerged as a dominating paradigm. In 
NoC communication infrastructure the cores are interconnected using a network 
of routers. Packet-switched communication is used for communication of cores in 
NoC infrastructure. Many researchers have proposed many NoC architectures in 
literature [8][9]. Two most important aspects to differentiate NoC architecture are 
routing algorithm and network topology. Like other networks, router is the most 
important component in SoC based on NoC infrastructure. Router forwards the 
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incoming packets either to destination core or to next router in the routing path 
from source to destination.        

 

 
 

Figure 1-4 SoC based on NoC Infrastructure. 

 

The protocols used in NoC are mostly adopted from general data network 
protocols but are the simplified versions of them. In NoC, we want the router 
design as simple as possible for small sized communication infrastructure.  
     
 

1.3 NoC-Based SoC Design Issues 
In this section we will discuss some issues in NoC-Based SoC Design such as 
Topology, Routing Algorithms and Protocols. Performance of a NoC depends 
mainly on these design issues. 
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1.3.1 Topology 

Topology is one of the most important issue in the design of a NoC because the 
design of network router depends upon network topology. Network topology is 
described as the arrangement of different components (routers, links etc.) in the 
NoC. Different researchers in literature proposed many different topologies. We 
will discuss some of these topologies in detail in the next chapter. One of the 
most common network topology for NoC is Mesh topology and we will use it 
throughout in this thesis.  

1.3.2 Routing Algorithms 

Routing algorithms plays an important role in communication performance of a 
NoC. In literature routing algorithms have been divided in many different 
categories. We can categorize routing algorithms as source routing vs. distributed 
routing. In source routing, the complete routing path is embedded in the packet 
header and it is not possible to change the path once the packet leaves the source 
node. One drawback of this scheme is that it increases packet overhead because 
each packet must have the whole routing path information. Whereas in distributed 
routing, each router upon receiving a packet takes the routing decision and hence 
results in reduced packet overhead.  

 

Another classification of routing algorithms in literature is deterministic vs. 
adaptive routing. In deterministic routing (also known as oblivious routing), the 
path is computed using the source and destination addresses only. In adaptive 
routing, different routing paths can be adopted depending upon the dynamic 
network conditions at runtime, which is not the case with deterministic routing 
algorithms. We will discuss more about routing algorithms and their classification 
in detail in next chapter. 

 

For mesh NoC platforms, a master thesis [9] compared the performance of source 
routing with distributed routing and showed that the design of router is very 
simple for source routing as compared to distributed routing. It showed that 
source routing is likely to have advantages over distributed routing for small 
networks. Source routing was not performing well for large NoC platforms due to 
increased packet overhead. To overcome this drawback, a junction based routing 
(JBR) technique was presented for large NoC platforms in a master thesis in 2011 
[10]. This thesis also compared the performance of JBR with source routing and 
showed that the performance of JBR in terms of throughput and latency is 
improved over source routing because now the header flit can carry the payload 
also instead of just the path information.  
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On the other hand JBR introduced some other problems such as increased 
overhead in terms of path length because using minimum number of junctions for 
mesh NoC the minimal paths cannot be used for packet transfer among many 
pairs of nodes in the network [10].                       

1.3.3 Protocols 

Performance of NoC also depends upon Protocols used in NoC. Mostly the NoC 
communication protocols are the simplified protocols adopted from general data 
networks. 

 

1.4 Thesis Objectives and Tasks 
Junction based routing as we mentioned earlier cannot use the minimal paths for 
packet transfer among many pairs of nodes if we use minimum number of 
junctions and that results in increased overhead in terms of path length as 
compared to the source routing. This issue finally results in increased average 
packet latency for those pairs of nodes that cannot use the minimal paths. One 
solution is to increase the number of junctions, but as junction routers are more 
complex this increases the overall network cost. Therefore, a solution is required 
to decrease the average packet latency of those pairs of nodes that cannot use the 
minimal paths. There is no existing solution of the mentioned problem so far in 
the literature for JBR. 

 

The main purpose of this master thesis is to design a new routing technique for 
large mesh NoC, called Extended Junction Based Source Routing Technique 
(EJBR), which will make the communication among junctions faster and results in 
efficient communication among the pairs of nodes in the network that cannot use 
the minimal paths and for those pairs of nodes that use multiple junctions for 
their communication and are far apart in terms of path length. The goal is to 
complete the theoretical work regarding this new technique and to work on 
evaluation and comparison of this new technique with existing techniques (Source 
Routing and Junction Based Routing). The evaluation will be simulation based and 
the simulator is designed in SDL language. 

 

The thesis consists of the following tasks: 

Ø Development of new Extended Junction Based Source Routing 
Technique for Large Mesh NoC and identify the contexts in which 
the new technique will perform better than the old ones.   

Ø Perform the general and analytical analysis of the routing algorithms 
(distributed, source and junction based routing algorithms) and 
compare them. It is not a compulsory requirement of thesis. 
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Ø Compute all paths from sources to destinations for each pair of 
nodes for the new routing technique. 

Ø Modification of an existing simulator to evaluate the new routing 
technique. 

Ø Evaluation and comparison of new routing technique with source 
and junction based routing. 

 

1.5 Delimitations 
Similar to JBR, delay in junctions in EJBR is still more than simple router. The 
cost (in terms of area) of junctions and simple router is more than that of JBR and 
source routing because we have introduced virtual channels and each virtual 
channel requires extra input and output buffers on each router port. We can 
compensate these disadvantages by a good router and junction architecture design 
but it is not addressed in this thesis.  

 

1.6 Research Method 
Simulation-based experiments are used as our research method in this master 
thesis. We used two methods, literature review and interviews, for data collection 
and required background information for our work. Quantitative content analysis 
is used as methodology for data analysis and comparison of results.  

 

1.7 Thesis Layout 
In this chapter, we described different methods of interconnecting cores in a SoC. 
We discussed NoC-based SoC design issues and finally we discussed the 
objectives and goals of the thesis work. Next chapter presents the detailed 
background knowledge about the NoC paradigm and also discusses the related 
work already done in this area. In chapter 3, we illustrate junction based routing 
with examples and presents its comparison with source and distributed routing 
analytically. We also describe advantages and disadvantages of JBR. Chapter 4 
defines new Extended Junction Based Routing Technique and its concepts. It 
presents two implementation options and their comparison and finally it discusses 
the steps for improved JBR. Fifth Chapter discusses the algorithm for junction 
network topology and its objectives and results. Chapter 6 presents the 
performance evaluation of new technique. The NoC simulator (designed in SDL 
language) is used for performance evaluation and results are presented and 
analysed for different routing algorithms. Chapter 7 concludes by mentioning the 
contribution and our proposal for the future work.         
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2 Theoretical background of NoC 
In this chapter basic concepts about NoC will be discussed. Discussion will start 
with the introduction to the terminologies of NoC and the concepts borrowed 
from the communication networks. It will continue with describing the 
components of a NoC, switching techniques and classification of routing 
algorithms. The discussion will end with describing the performance parameters 
that are important to evaluate a NoC. 

  

2.1 Network on Chip 
Point to point interconnection/dedicated wires and bus-based SoC, both methods 
of interconnections have number of disadvantages such as both can be used only 
for interconnection of a few IP cores and are inefficient for high communication 
performance. Other disadvantages are that both methods have low scalability and 
are less reusable for new SoC designs. Because of these number of disadvantages 
researchers proposed a new method of interconnections, packet switched network 
on chip, for efficient communication among cores in a SoC [6][7][8][11][12]. 
Packet switched network communication infrastructure is shown in Figure 2-1.    

 

 
Figure 2-1 SoC based on Packet Switched Network Communication 

Infrastructure. 
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In a NoC-based SoC, cores/resources transfer packets among them using a 
network of switches also called routers. Figure 2-2 shows a mesh topology NoC. In 
NoC-based SoC, a resource network interface is used to connect each resource 
with a router as shown in Figure 2-2. Data travels in form of packets from source 
core to destination core. These packets may traverse to multiple routers to reach 
their specific destinations in the network. In this design paradigm many pairs can 
communicate at the same time but it can affect the performance efficiency. NoC-
based interconnection method is much more scalable and reusable than dedicated 
wires and bus-based SoC and thus it reduces the cost and time to market of the 
system. It reduces complexity of design and makes the testing and verification of 
the whole system easier because of the pre-routed wires [7][8]. A SoC based on 
3X3 Mesh topology NoC is illustrated in Figure 2-2. 
 
 
 

      
 Figure 2-2 SoC based on 3X3 Mesh Topology NoC Infrastructure. 

 

2.2 NoC: Terminologies and Concepts 
Mostly the protocols used in NoC are the simplified versions of the 
communication protocols that are used in data networks. Similarly many concepts 
and terminologies used in NoC are adopted from data networks. We will discuss 
some network communication definitions and concepts that are applicable in NoC 
in the following subsections.  
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2.2.1 Layered Communication Architecture 

Similar to general communication networks, the architecture used in NoC is 
layered communication architecture. Communication architecture is partitioned 
into different layers namely application layer, transport layer, network layer, data 
link layer and physical layer. Each layer performs its tasks independently. In NoC, 
mostly three layers are used i.e. physical, data link and network layer. Each layer in 
NoC performs different tasks independently (i.e. protocols). There are many 
advantages of layered communication architecture but there are certain overheads 
involved.  

Now we will discuss some network communication terminologies in the following 
sub-headings. 

 

Message   

Message is the data to be moved from source core to the destination core. Its size 
can be fixed or variable and it is defined in the application layer. A message may 
consist of many packets.  

 

Packet 

A packet represents a data unit in the form of group of bits. It can be transferred 
from the source node to the destination node independently because the packet 
consists of all the data that is required for it to reach its particular destination from 
the source node. A packet normally is divided into two parts; header that contains 
the control and routing information and payload that contains the data. 
Sometimes packet has one more part as well that indicates the end of packet. Its 
size can be fixed or variable and can be partitioned down into smaller data units 
that are called flits. 

 

Flit       

Flit or Flow Control Digit is the group of constant number of bits (fixed size) that 
fits the storage resources (such as buffers) in the network switches.    

 

Phit 

Phit stands for Physical Transfer Digit. Its size is equal to link/channel width 
between two routers for data transfer. The size of Phit may be equal to Flit size. 
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2.2.2 Network Topology 

Network topology is described as the arrangement of different components 
(routers, links etc.) of a network. Network topology is a very important in 
designing of a network router. Generally we can categories the topologies as 
regular or irregular topologies. There are many topologies that are proposed for 
NoC and some are shown in Figure 2-3. 

 

 
Figure 2-3 Different Topologies used in NoC. 
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In this thesis, we will use two-dimensional mesh topology. Because of its flat two-
dimensional layout it is easy to implement it. The size of mesh is generally defined 
in the form of RXC where R represents number of rows and C represents 
number of columns in the network. Mesh is a regular topology and there are also 
other regular topologies such as cube and hypercube that are similar to mesh. 

2.2.3 Switching Techniques 

Switching techniques describe how data will move from input channel of the 
router to the output channel. Latency of the network mostly depends upon the 
used switching technique [13]. Common switching techniques used in NoC are 
circuit switching, store and forward, virtual cut-through and wormhole switching. 
Wormhole, virtual cut-through and store and forward are all packet switching 
techniques [3][7][8][9].  
 
In circuit switching, before transmitting the data a physical path is established 
between source and destination nodes. The path remains established for the whole 
duration of communication and after the transmission of data the path is released. 
This technique is not flexible and reactive to traffic. Although this technique of 
switching ensures reliable communication, it results in underutilization of network 
resources. The performance of this technique is better than other techniques for 
real-time streaming applications.  
 
Store and forward switching is also known as packet switching. In packet 
switching, data is transferred among nodes in the form of formatted packets. 
Different fields of packets are header, payload and some times terminator field. 
The packet’s header stores the routing and control information whereas real data 
to be transferred is stored in packet’s payload field.  The packet’s terminator field 
may contain end of packet information. The routing path in packet switching can 
be changed while the packet is in the way to its destination, hence the routing can 
be reactive to the traffic. A packet may traverse through number of routers in its 
way before reaching its destination node and the resources of network are 
assigned as the packet traverse in the network.    
 
 

 
Figure 2-4 Packet Flitization. 
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Store and forward switching has higher communication delay and it requires large 
buffer size in network routers equivalent to at-least one packet size because a 
whole packet is transferred from one router to the next and the packet can only be 
forwarded to the next router when it is completely received. 
 
In virtual cut-through switching, the communication delay is less than store and 
forward switching but the buffer size requirements are same. The reason of 
reduced communication delay is that it is not required that complete packet arrives 
at intermediate routers and the router starts to forward the packet as the header 
arrives and the destination output channel is free. The reason of same large buffer 
size requirement is that if the required output channel is busy then the router 
needs to store the whole packet. 
 
A packet is further divided into flits in wormhole switching before transmission. 
Hence, smaller input/output buffer sizes as compared to store and forward and 
virtual cut-through switching are required and hence the size of router is 
decreased. Normally, the packet is divided in three types of flits i.e. head flit, body 
flit and end flit as shown in Figure 2-4. The head flit(s) contain the control and 
routing information, body flits contain the payload and the end flit carries the 
payload and end of packet information. An example to demonstrate wormhole 
switching is shown in Figure 2-5.           

 

 
Figure 2-5 An Example to Demonstrate Wormhole Switching. 
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To transmit data from a source node to a destination in wormhole switching, 
source node first transmits the head flit and then it transmit body and end flits 
that follow the head flit. When the head flit reaches the next routers in its way to 
destination, the routers check it and lock that path for the remaining flits of that 
packet. The remaining flits follow the path locked by head flit and travel in 
pipelined way in the network. Hence reducing the latency because the latency now 
is less dependent on the distance between the source node and destination node. 
The path is unlocked by the end flit when it traverses through the router. As the 
flits seem to move as a worm in the network thus the technique is named as 
wormhole switching. If a head flit cannot move further, then all the body and end 
flits remain blocked along the way to destination and keep on occupying the 
channels and switches. Maximum number of occupied switches can be equivalent 
to the number of flits of the packet. Because the other messages, travelling in the 
network, also wait for the release of resources occupied by these flits to move 
further, this situation increases the chances of deadlock [13]. This is a major 
drawback associated with wormhole switching.        

2.2.4 Network Diameter 

Network diameter is defined as the maximum of the shortest distance between all 
pairs of nodes in the network. For a MXN mesh network, the network diameter 
is (M+N-2) [10].   

2.2.5 Path 

A path for communication from source to destination is represented by the set of 
channels ordered according to increased traversal time as packets travel from 
source node to the destination node. Path length is equal to the number of 
channels from source node to the destination node. Number of different possible 
paths from one node to other node defines the path diversity. A network is more 
fault-tolerant if it has higher path diversity. 

 

2.3 Main Components of NoC  
Three main building blocks of a NoC are routers/switches, resource to network 
interfaces (RNIs) and links or channels. In the following subsections we will 
discuss about routers and RNIs. These building blocks are shown in a 3X3 mesh 
topology NoC presented in Figure 2-2. Links/Channels are shared in NoC based 
SoC architectures and cores/resources compete for them and routers. One of the 
challenges in NoC architecture is to achieve high resource utilization [3]. 

2.3.1 Resource Network Interface (RNI)  

Resource Network Interface (RNI) in NoC based communication architecture is 
used to connect each resource/core with router/switch. The functionality of RNI 
is similar to the functionality of an ethernet card in a PC [14]. RNI receives 
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packets from resource/core (source node) and performs some tasks such as 
packet flitization and embedding routing information etc. Similarly after receiving 
flits from a router connected to destination node, it performs deflitization, 
buffering etc. RNI is divided into resource independent and resource dependent 
parts as illustrated in Figure 2-6. The resource dependent part of RNI depends 
upon many things such as control signals, I/O, address and data bus width etc. of 
each resource and hence it is different for different resources. The resource 
independent part of RNI is reused in the whole network because it does not need 
to be modified for different resources.    
 

 
Figure 2-6 Resource Network Interface. 

2.3.2 Router 

Router is very important component for SoC based on NoC communication 
infrastructure. Design of router should be very simple because with the increase in 
design complexity of the router the implementation cost is also increased 
[3][7][15]. A router, in a packet switched network on chip, forwards packets to the 
next router in the path or forwards packets to the destination core that is directly 
connected to it. Hence router switches the incoming packet from input 
channel/port to an output channel/port. In the routers designed for distributed 
routing, the output port is computed dynamically by running a routing algorithm 
or by using the routing tables (table based routers). In source routing, the 
complete routing path information is already stored in the packet header and 
hence the router read it from there. Router architecture for mesh topology NoC 
with virtual channels is shown in Figure 2-7. Generally the packets are buffered in 
input buffers before routing. Virtual channel allocator is used to allocate the 
desired virtual channel and it uses virtual channel identifier (VCI) field of packet 
header for this purpose. We will discuss the packet header format in detail later. A 
crossbar switch connects the input and output ports. The routing of packets is 
done simultaneously when there are no conflicts for output ports because the 
crossbar switch consists of many multiplexers.  
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Router block computes the desired output port using the implemented routing 
algorithm and it uses destination address stored in packet header for this purpose. 
Switch allocator allocates the switch to the input ports if the desired output ports 
are idle. Switch allocator use an arbiter to resolve the port conflicts using priority 
if there are conflicts for same output port.          

 

 
Figure 2-7 Router Architecture for Mesh Topology NoC with Virtual Channels. 

 

2.4 Buffers and Virtual Channels 
In routers, input and output buffers are used to decrease the congestion effects. 
Input buffers are used to store the incoming packets that are waiting for the 
access of the desired output ports within the same router whereas output buffers 
are used to store packets that are waiting for the access of next router’s input 
ports. Buffers consume a lot of energy [15].    
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A virtual channel virtually splits a single physical channel into multiple channels 
and virtually provides multiple paths for a packet to be routed [7]. Because each 
virtual channel has an associated buffer so a virtual channel is nothing but a buffer 
that is associated with the respective virtual channel (VC). The working of virtual 
channels is illustrated in Figure 2-8.  

For instance, if there is just one physical channel, if the packet B from node 1 
which has to take turn towards south at node 2 is blocked, then the packet A from 
node 1 which has to go straight or take turn towards north at node 2 will also 
remain blocked until the packet B moves further. If there are two virtual channels, 
then packet A from node 1 which has to go straight or take turn towards north at 
node 2 can use the second virtual channel and move further even the packet B is 
still blocked at node 2 (shown in Figure 2-8). Hence the latency is reduced and 
throughput is increased using the virtual channels. Deadlocks can also be avoided 
using the virtual channels as well; difficult and interesting task is to find the 
minimum numbers of virtual channels to avoid deadlocks for a particular 
topology.   

 
Figure 2-8 Illustration of Working of Virtual Channels. 

2.5 Classification of Routing 
We use routing algorithms to find the path(s) from one node to other nodes in the 
network. The path(s) can be selected such that the overall average latency is 
minimum and the network load is balanced properly. Thus, the performance of 
network depends upon the routing algorithm. The cost of router in terms of area 
and power consumption is reduced using simple routing algorithms [3][7][8][9]. 
We can classify routing in NoC in many different ways. Most commonly used 
classes of routing algorithms are: 

• Deterministic Vs. Adaptive Routing 

• Source Vs. Distributed Routing 

• Static Vs. Dynamic Routing 

• Minimal Vs. Non-Minimal Routing 

• Application Specific Routing  

These classes are discussed in the following subsections. 
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2.5.1 Deterministic Vs. Adaptive Routing 

In deterministic routing algorithms, also known as oblivious routing algorithms, 
the complete path between any pair of nodes is computed in advance by using the 
source and destination addresses without considering the state of network. 
Deterministic routing algorithms determine the fixed paths whereas multiple paths 
are possible in adaptive routing algorithms. In adaptive routing, dynamic network 
conditions such as congestion and faulty links are considered to select a path. 
Adaptive routing algorithms can result in deadlocks and collisions [16]. Adaptive 
routing algorithms can be divided in fully adaptive and partially adaptive routing 
algorithms. Partially adaptive routing algorithms restrict some paths for 
communication, whereas in fully adaptive routing algorithms, all paths between 
any pair of nodes are possible for communication. Partially adaptive routing 
algorithms are very simple than fully adaptive routing algorithm and hence it is 
easier to implement them as compared to fully adaptive routing algorithms.     

2.5.2 Source Vs. Distributed Routing 

In source routing, all the routing information is embedded in the packet header 
before the packet transmission and the path information cannot be modified once 
the source node has transmitted the packet. Because all the packets contains the 
entire path information, therefore the packet size is increased but the router 
design for source routing is simple. In distributed routing, a router either 
computes the output channel dynamically by running a routing algorithm, or 
selects the output channel by using the routing table that is stored in router. In 
distributed routing, dynamic network conditions are considered to compute or 
select the path. The packet formats for both source and distributed routing is 
shown in Figure 2-9. We can see from Figure that packet header for distributed 
routing contains only the destination address. Where as, packet header for source 
routing contains the complete routing information (addresses of all the routers in 
its way to the destination node).   

 
Figure 2-9 Packet Formats for Source and Distributed Routing. 
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2.5.3 Static Vs. Dynamic Routing 

In static routing, it is not possible to modify the routing path after the packet has 
been transmitted. In dynamic routing, the routing path is determined dynamically 
and hence it is possible to modify the path according to the network conditions.  

2.5.4 Minimal Vs. Non-Minimal Routing 

In minimal routing algorithms, just the shortest possible paths are used for 
communication. Whereas in non-minimal routing algorithms, shortest as well as 
longer distance paths are also used for communication. Some advantages of non-
minimal routing are better load balancing and better fault tolerance as compared 
to minimal routing.  

2.5.5 Application Specific Routing 

Application specific routing algorithms are used for specialized applications. For 
some specific applications, we can estimate the communication profile of 
application and see which cores are communicating and in which volume they are 
communicating and which cores are not communicating at all. Hence, for the best 
performance of that particular application, application specific routing algorithms 
can be designed. One example of specialized application specific routing algorithm 
is APSRA [17]. 

 

2.6 Deadlock and Livelock  
Deadlock is a process in which the packets are blocked in some routers in the 
network and do not move further and the delivery of packets is delayed forever. 
When number of packets wait for each other to release resources in a circular 
fashion then this situation can lead to deadlock. Because a packet in wormhole 
switching may hold buffers in many routers at the same time, hence possibility of 
deadlocks is more in wormhole switching technique than other switching 
techniques. An example of deadlock situation is given in Figure 2-10. Four source 
nodes S1, S2, S3 and S4 are trying to send packets to destination nodes D1, D2, 
D3 and D4 respectively at the same time. We can see from the Figure that the 
packets stopped to make progress when the packets from S1, S2, S3 and S4 reach 
D4 (2,2), D1 (1,2), D2 (1,1) and D3 (2,1) respectively. This is because there is 
clockwise cyclic dependency among the channels C2, C5, C8 and C11 as we can 
see in Figure 2-10. Hence the packets cannot make further progress in the network 
towards their respective destinations. This results in a deadlock situation, which 
may be resolved using special methods.  

Resolving the deadlocks can be costly, therefore it is generally recommended to 
have deadlock free routing algorithms that guarantees that deadlock cannot 
happen. One solution for deadlock freedom is to avoid circular communication in 
channel dependency graphs [13][16]. Similarly, we can use pre-emptive 
communication and priorities to avoid deadlocks.     
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Figure 2-10 An Example of Deadlock Situation. 

 
Livelock is a process in which packets keep on traveling in the network forever 
and never arrive at their destinations. Livelock is the problem associated with non-
minimal adaptive routing algorithms. An example of livelock situation is given in 
Figure 2-11. Packet from node (1,0) to (4,0) followed the shortest path till node 
(3,0) and found congested path/link between nodes (3,0) and (4,0) and hence took 
the east turn towards node (3,1) to use the non-minimal path. At node (3,1), 
packet found that the link between nodes (3,1) and (2,1) is the only link that is not 
congested; hence packet took south turn towards node (2,1). Similarly, at node 
(2,1) packet took west turn towards node (2,0). The packet keeps on traveling 
from node (2,0) to (3,0), (3,1), (2,1) and back to (2,0) in the similar fashion and it 
results in a livelock situation. Livelock is not the problem with non-adaptive 
routing algorithms.     
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Figure 2-11 An Example of Livelock Situation. 

 

2.7 Turn Model based Deadlock-Free Routing 
Algorithms    
The performance of NoC heavily depends upon the routing algorithm. One of the 
important characteristics of routing algorithm is that it is deadlock free or not. We 
can use turn model and restrict some turns to design a deadlock free routing 
algorithm for N-dimensional mesh topology NoC [3][7][8]. In literature, there are 
many deadlock free turn model based deadlock free routing algorithms. In turn 
model based dead lock free routing algorithms, as illustrated in Figure 2-12, packets 
are restricted to take some turns while traveling in the network (restricted turns 
are represented by white colour). At least 2 turns should be restricted (1 clock 
wise, 1 anti-clock wise) for a deadlock free routing algorithm for a 2 dimensional-
mesh topology network on chip [3]. In Figure 2-12, all eight turns of turn model 
for 2 dimensional-mesh topology NoC are presented. Below we will discuss some 
of the turn model based deadlock free routing algorithms.  
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In Odd-Even routing algorithm, packets are restricted to take East-South and 
East-North turns if the routers in mesh network are located in even column. If the 
routers are located in odd column in mesh network then packets are restricted to 
take South-West and North-West turns (see Figure 2-12).  Odd-Even is a partially-
adaptive routing algorithm and provides more even distribution of adaptivity as 
compared to other routing algorithms [3][13]. 

 

West-First routing algorithm restricts South-West and North-West turns at any 
router in the mesh network (see Figure 2-12). This is also a partially-adaptive 
routing algorithm and it is more adaptive as compared to XY routing algorithm 
[3][13]. The degree of adaptiveness in it is much less evenly distributed than Odd-
Even routing algorithm [18]. 

 

In XY routing algorithm, just half of the turns of turn model are allowed and rest 
of them are restricted (see Figure 2-12). It is static, deterministic dead lock free 
routing algorithm. In this routing algorithm, packets always travel along the X-axis 
or horizontally towards the destination and then travel along Y-axis or vertically to 
reach their destination.  

 

North-Last routing algorithm restricts North-East and North-West turns in all 
routers in the network (see Figure 2-12). It means that if the packet requires 
travelling north along with other directions to reach its destination, then it should 
travel towards other direction first and at the end towards north. It is also a 
partially-adaptive routing algorithm. 

 

Negative-First restricts East-South and North-West turns in all routers in the 
network (See Figure 2-12). It means that if the packet requires travelling to 
horizontal or vertical negative axis along with other directions to reach its 
destination, then it should travel towards that negative axis first and then towards 
other directions.  

 

For mesh topology NoC, many other deadlock free routing algorithms are 
available [3][13][17]. 
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Figure 2-12 Turn Model-based Deadlock Free Routing Algorithms for Mesh 

Topology NoC. 

 

Allowed communication paths for source located at (4,0) and destination located 
at (3,4) in a 5X5 mesh topology NoC for all turn model based routing algorithms 
explained above are shown in Figure 2-13. 



Theoretical background of NoC 

 25 

 
Figure 2-13 Allowed Paths in Different Turn Model Based Deadlock Free Routing 

Algorithms in a 5X5 Mesh Topology NoC. 
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2.8 Evaluation of NoC 

2.8.1 NoC Simulator 

Building hardware prototype for a NoC is a very time consuming and costly 
process. Hence to evaluate the performance of a NoC and model the behaviour of 
network, we use network simulators. For example, simulators are used to compare 
the performance of NoC for different routing algorithms.  

 

Many simulators have been already developed to simulate NoC such as Noxim 
(developed in SystemC) and Network Simulator (NS2). Both simulators do not 
support source routing. SystemC, Java, C/C++, CAL, SDL etc. are some 
languages to model NoC simulators. Our research group in Jonkoping University 
used SDL language to model NoC simulator. This simulator supports both 
source-based routing and junction-based routing. We will modify the existing 
simulator and use it in this thesis to model the extended junction based source 
routing technique.   

2.8.2 Performance Parameters 

Below we will discuss some of the parameters that are important for performance 
evaluation of NoC. 

Latency 

Latency is the average delay of network to transfer payload from source to 
destination. Latency in NoC depends upon many factors such as routing delay, 
contention delay, channel occupancy and overhead involved in synchronizing 
routers packetization/depacketization and flitization/deflitization. 

Throughput 

Throughput is defined as the number of packets reached at destination per unit 
time.  

Router Area 

Router size/area also depends upon the routing algorithm used. The routing 
algorithm with smaller router size is more cost efficient. 

Power Consumption 

One more very important parameter for performance evaluation is power 
consumption. The routing algorithm with less power consumed by its 
corresponding router is considered better. 

Packet Drop 

Packet drop is the probability lost packets in the NoC. It is also used for 
performance evaluation. 
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Bandwidth 

It is defined as the maximum rate of data transfer in the network. 

In-Order Packet Delivery 

In adaptive routing algorithms where non-minimal paths are also used, packets 
can arrive out of order at destination routers and it requires extra computation at 
destination routers and it results in lower network performance. Hence, in-order 
packet delivery is one more important property for routing algorithms. 

Link Load 

It is an important parameter, as link load affects the network latency and latency 
increases with high link loads. If we consider bidirectional links then link load is 
the data travelling in network in each direction [9].      

2.8.3 Traffic Types 

The performance of NoC varies for a particular routing algorithm when we use 
different traffic patterns or types [18]. Different traffic types have been used by 
different researchers such as random (uniform random), hot spot, local, address 
bit reversal, shuffle, transpose and application specific traffic etc. for the 
evaluation of NoC [9][17][18]. In this thesis we will just use uniform random 
traffic for the performance evaluation of different deadlock free routing 
algorithms for extended junction-based source routing technique. In uniform 
random traffic, the source selects the destination randomly.  
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3 Junction Based Routing: an Overview  
In this chapter, we present and discuss Junction Based Routing [10] in detail and 
illustrate its use in NoC. We also present its analytical comparison with 
Distributed Routing and Source Based Routing. Finally we discuss some of the 
challenges and issues in Junction Based Routing and advantages and disadvantages 
of JBR.   

 

3.1 Introduction to Junction Based Routing (JBR) 
An important disadvantage of source routing is increased path information 
overhead in the header of each packet, which makes it a non-scalable technique as 
well. As the network size becomes larger, this disadvantage becomes worse. 
Junction based routing is a scalable technique to support source routing for large 
NoC platforms [10]. The idea is basically that, for long distance communications, 
send packets to the junction that is located nearest to the source node and then 
from there send them to the junction that is located closest to the destination 
node and finally from there to the respective destination node. In other words, in 
JBR we divide the whole path in different segments of shorter length. We restrict 
the path length to a constant number (For example Hop Count = 4 or Distance = 
3) that makes it a scalable technique for source based routing.    

 

In Figure 3-1, an example to illustrate junction based routing for 7X7 mesh 
topology NoC is given. In source based routing (SBR) for 7X7 mesh NoC, path 
length is equal to Hop Count = 13 (Path information overhead is equal to 13*2 = 
26 bits [9].), so any source node can send packets to any other destination node in 
the network. For the given example of JBR the path length is restricted to Hop 
Count = 4 (Path information overhead is equal to 4*2 = 8 bits [10].) and hence 
source nodes can only send packets to the destination nodes which are within the 
Hop Count limit of 4. Now we will consider the example shown in Figure 3-1 to 
explain junction based routing. We suppose S1, S2 and S3 are the source nodes 
located at locations (1,1), (1,3) and (6,1) respectively. D1, D2 and D3 are the 
destination nodes located at locations (7,7), (1,7) and (6,4) respectively. Similarly 
Jun1, Jun2, Jun3, Jun4 and Jun5 are the junction nodes located at locations (1,5), 
(4,1), (4,2), (4,5) and (7,5) respectively.  

 

To send packets from S3 to D3, there is no need to use any junction because the 
hop count between both the nodes is equal to the maximum allowed path length 
(Hop Count = 4). To send packets from S2 to D2, just one junction Jun1 is 
required because the hop count between (S2, D2) is more than the maximum 
allowed path length but hop count between (S2, Jun1) and (Jun1, D2) is less than 
the maximum allowed path length. So S2 will first send packets to Jun1 
(temporary destination) and then Jun1 will reload the path information in packets 
header and forward to the destination D2. To send packets from S1 to D1, 
multiple junctions Jun2, Jun3, Jun4 and Jun5 are required.    
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Figure 3-1 An Illustration of Junction Based Routing in 7X7 Mesh NoC. 

 

A junction node can also work as normal node/router for forwarding packets to 
the next node/router. For example, if we consider node located at (4,4) as source 
node and node located at (4,6) as destination node, then Jun4 located at (4,5) will 
work as normal node/router instead of a junction. Because the hop count 
between the source and destination nodes is less than the maximum allowed path 
length, the packets have enough path information to reach the destination node so 
the Jun4 just forward the packets to the next router instead of reloading the path 
information in the packets header.  
 
Packet formats for distributed, source and junction based routing for 
communicating pair (S1, D1) are shown in Figure 3-2 [10]. We can see that the 
packet header in JBR is very small compared to source based routing but still 
larger than distributed routing. The analytical analysis of this routing information 
overhead is performed in next section for all three kinds of routing techniques.   
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Figure 3-2 Packet Formats in Distributed, Source and  

Junction Based Routing [10]. 

 

3.2 Analytical Analysis of Distributed, Source and 
Junction Based Routing for NoC 
Analytical analysis of distributed, source and junction based routing in terms of 
routing overhead and bandwidth utilization is presented in the following 
subsections.  
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3.2.1 Routing Overhead 

In Figure 3-3 a graph is shown in which the numbers of bits required for routing 
are plotted against NXN sized mesh topology NoC for distributed, source and 
junction based routing. Number of required routing bits for distributed routing 
increase logarithmically with the increase in network size because only destination 
address should be stored in the packet header. Whereas number of required 
routing bits for source routing increases proportional to the diameter of the 
network because complete route information is required in each packet header 
and hence results in large routing overhead [9]. On the other hand, partial route 
information (fixed bits for fixed segment length) and destination address should 
be stored in each packet header in case of junction based routing and hence 
routing bits required for routing increase logarithmically. Number of routing bits 
required to route data in NXN mesh NoC for distributed, source and junction 
based routing is given by the following formulae.  

Number of required routing bits in Distributed Routing: 2 ∗ 𝑙𝑜𝑔!(𝑁)  
 
Number of required routing bits in Source Routing: 2 ∗ (2𝑁 − 1) 
 
Number of required routing bits in Junction Based Routing: min  (2 ∗ 2𝑁 −
1 ,𝐾 + 2 ∗ 𝑙𝑜𝑔!(𝑁) ) where 𝐾 = 8 for segment length 4. 
 
As we can see in Figure 3-3, the gap between graphs for distributed and source 
routing increases with an increase in the size of NoC whereas the gap between 
graphs for distributed and junction based routing remains constant (8 bits for 
segment length 4) when the size of NoC increases beyond N = 4. This difference 
in overhead if measured in terms of extra flits to be transmitted, remains very 
small or zero. Hence junction based routing in terms of routing overhead is much 
better than source routing.      
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Figure 3-3 Required routing bits for NXN sized NoC for Distributed, Source and 

Junction Based Routings. 

 

3.2.2 Bandwidth Utilization 

The ratio of payload in bytes to be transmitted and the actual number of bytes to 
be sent carrying this payload is known as bandwidth utilization [9]. 

𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ  𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛

=
𝑃𝑎𝑦𝑙𝑜𝑎𝑑  𝑖𝑛  𝑏𝑦𝑡𝑒𝑠  𝑡𝑜  𝑏𝑒  𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑

𝐴𝑐𝑡𝑢𝑎𝑙  𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑏𝑦𝑡𝑒𝑠  𝑡𝑜  𝑏𝑒  𝑠𝑒𝑛𝑡  𝑐𝑎𝑟𝑟𝑦𝑖𝑛𝑔  𝑡ℎ𝑖𝑠  𝑃𝑎𝑦𝑙𝑜𝑎𝑑 

 
We assume fixed size flit of size 32 bits or 4 bytes (Data is transferred in form of 
flits when wormhole switching is used). In case of distributed and junction based 
routing, we assume that head flit can carry maximum 2 bytes and 1 byte of 
payload respectively. In case of source routing, we assume that head flit does not 
carry any payload. Let “P” be the payload to be transmitted in bytes then based on 
assumptions we made, actual number of bytes to be transmitted carrying this 
payload “P” in case of distributed, source and junction based routing is given by 
the following formulae.   
 
Actual No. of bytes required in Distributed Routing: 4; 𝑓𝑜𝑟  𝑃 = 1,2 

4 + 4 ∗
(𝑃 − 2)

4 ; 𝑓𝑜𝑟  𝑃 > 2 



Junction Based Routing 

 33 

 

Actual No. of bytes required in Source Routing: 4 + 4 ∗ (!
!
)  

 
Actual No. of bytes required in Junction based routing: 4; 𝑓𝑜𝑟  𝑃 = 1 

4 + 4 ∗
(𝑃 − 1)

4 ; 𝑓𝑜𝑟  𝑃 > 1 

 
Bandwidth utilization is plotted in Figure 3-4 against the payload in bytes for 
distributed, source and junction based routing for a 7X7 mesh topology NoC. It 
can be seen that bandwidth utilization of junction based routing is much better 
than source routing and is almost equal to distributed routing. In all types of 
routing, the bandwidth utilization increases with the increase in payload. For larger 
payloads, utilization of both distributed and junction based routing becomes very 
close to each other and nearly equal to one, thus junction based routing is almost 
as good as distributed routing.  
 

 
Figure 3-4 Bandwidth Utilization for Distributed, Source and Junction Based 

Routings in NoC. 
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3.3 Issues in Junction Based Routing 
There are many interesting issues in junction based routing. Some important 
issues are finding number and positions of junctions in the network (addressed in 
[10]), finding number and positions of junctions with zero path length overhead 
and avoiding deadlocks when using minimal number of junctions. All these issues 
are discussed in detail in the following subsections.  

3.3.1 Number and Positions of Junctions 

When we limit the number of allowed bits to store the routing information in the 
header flit then minimum number of junctions are required to be placed in the 
network to make the communication possible among all the pairs of nodes in the 
network [10]. The pseudo code of the algorithm for finding minimum number of 
junctions and all possible configurations of their positions for given network size 
N and hop count limit H is given in [10].  

 

Table 3-1 shows some results of the algorithm (presented in [10]) to find minimum 
number of junctions that are required for different sizes of mesh topology NoC 
with given hop count limit “H”. 
 
 

Mesh Size Hop Count Limit 
(H) 

Number of 
Junctions 

Number of 
Configurations 

3x3 2 3 2 
5x5 4 2 6 
7x7 4 5 691 
8x8 5 4 261 

10x10 6 4 309 
16x16 10 4 59238 

 Table 3-1 Required Minimum Number of Junctions and Number of All-Possible 
Configurations of Their Positions for Different Mesh NoC Sizes and Different 

Hop Count Limits. 

 

3.3.2 Number and Positions of Junctions with Zero Path 
Length Overhead 

One interesting issue in junction based routing is to find the number and positions 
of junctions with zero extra path length overhead. It is important to notice that 
when we use the minimum number of junctions in JBR then for communication 
of many pairs of nodes it is not possible to use the minimal distance paths.  
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In Figure 3-5 (a), it is shown that 2 (minimum number of junctions) junctions are 
required for 5X5 mesh NoC with hop count limit 4 that are located at locations 
(2,1) and (2,4). Suppose source is located at location (0,0) and destination is 
located at location (4,0). Minimal distance between source and destination in this 
case is 5 hops (using SBR) but when we use JBR using minimum number of 
junctions then minimal distance between source and destination is 7 hops because 
packets has to go through the junction located at location (2,1). Hence packets 
have to go through 2 extra hops in this case. We can compute the extra path 
length overhead using JBR for all pairs of nodes using the following formula: 

 

𝐸𝑥𝑡𝑟𝑎  𝑃𝑎𝑡ℎ  𝐿𝑒𝑛𝑔𝑡ℎ  𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑 =   
𝐽𝐷!" − 𝐷!"!

!!!
!
!!!

𝑁! 𝑁! − 1  

Where: 

 

N = Number of Nodes in a Row/Column in NXN Mesh Network. 

𝐽𝐷!" = Minimal Distance between nodes “i” and “j” using JBR. 

𝐷!" = Minimal Distance between nodes “i” and “j” using SBR. 

 

(𝐽𝐷!" − 𝐷!") is the extra path length overhead between nodes “i” and “j” when 
we use minimum number of junctions in JBR. (𝐽𝐷!" − 𝐷!")!

!!!
!
!!!  gives 

accumulated extra path length overhead for all pairs of nodes in the mesh 
network. Dividing accumulated extra path length overhead for all pairs of nodes 
with the total number of pairs of nodes (𝑁!(𝑁! − 1)) in the network provides 
the average extra path length overhead. 

 

We developed a program in MATLAB that computes the minimum number of 
junctions with zero extra path length overhead and all possible configurations of 
their positions for a given network size and hop count limit. The pseudo code of 
the algorithm for finding minimum number of junctions with zero extra path 
length overhead and all possible configurations of their positions for given 
network size N and hop count limit H is given on the next page. We keep on 
increasing the required number of junctions until we find the configuration of 
junction positions such that extra path length overhead using that configuration of 
junction positions becomes zero.  

 

For 5X5 mesh NoC with hop count limit 4, the required number of junctions with 
zero extra path length overhead are 7 and all-possible configurations of their 
positions in the network are 54. Some of the possible configurations of junction 
positions are shown in Figure 3-5 (b). 
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Mesh Size Hop Count 
Limit (H) 

Number of 
Junctions 

Number of 
Configurations 

5x5 4 7 54 

 

ALGORITHM 
Number_and_Positions_of_Junctions_with_Zero_Path_Length_Overhead 
(N, H, Junctions_Positions)  
{ 
     Result_Found = 0; 
     Required_Extra_Junctions = 0; 
     Number_of_Junctions_Configurations = 0; 
     Delete current Junctions_Positions from all nodes and store the 
     remaining nodes into Remaining_Nodes.  
     WHILE (Result_Found == 0) DO 
     { 
          Required_Extra_Junctions += 1; 
          FOR All_Combinations of (Remaining_Nodes,  
          Required_Extra_Junctions) DO 
          { 
               Assume each combination as one of the possible configurations for  
               the junctions with zero extra path length overhead. 
               Also assume New_Junctions_Positions = Selected combination of  
               junctions + Junctions_Positions; 
               IF (New_Junctions_Positions is fully connected with  
               path length <= H) 
               { 
                    Compute extra path length overhead using 
                    New_Junctions_Positions. 
                    IF (Extra path length overhead using  
                    New_Junctions_Positions == 0) 
                    { 
                         Result_Found = 1; 
                         Number_of_Junctions_Configurations += 1; 
                         Store New_Junctions_Positions to  
                         Final_New_Junctions_Positions. 
                    } 
               }    
          } 
     } 
     RETURN Required_Extra_Junctions, Final_New_Junctions_Positions,  
                       Number_of_Junctions_Configurations; 
} 
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Figure 3-5 Few Possible Configurations of Junction Positions for 5X5 Mesh NoC 

with Hop Count 4 and Zero Path Length Overhead. 
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3.3.3 Deadlocks in Junction Based Routing with Minimum 
Number of Junctions   

When we use minimum number of junctions that are required in the network to 
make communication possible among all pairs of nodes then used dead-lock free 
routing algorithm remains no more dead-lock free. This is a very serious issue with 
JBR that is illustrated in Figure 3-6. In the example odd-even deadlock free routing 
algorithm is used in 5X5 mesh NoC with hop count limit of 3. We suppose that 
we are allowed to just use the minimal paths for routing of packets. Suppose 
source is located at location (0,0) and destination is located at location (4,0) then 
two junctions are required for packets transfer from source to destination which 
are located at locations (1,1) and (3,1). In the particular example, using minimal 
paths, north-west turn is required either at node (3,1) or at node (4,1) for packets 
transfer from junction located at (3,1) to destination as shown in Figure 3-6. Both 
the nodes (3,1) and (4,1) are located at odd-column in the mesh network and we 
know that using odd-even routing algorithm north-west turn is not allowed when 
the node/router is located at odd column of mesh network. But for transfer of 
packets from junction located at (3,1) to destination, north-west turn is must 
required when we use minimal paths. Hence odd-even routing algorithm will no 
more remain deadlock free when we use minimum number of junctions with 
minimal paths in JBR. Similarly, for other deadlock free routing algorithms, we 
can create the examples to illustrate that those algorithms are also no more 
deadlock free.         
 
 

 
Figure 3-6 An Illustration of Deadlocks in JBR when Odd-Even (Deadlock Free) 

Routing Algorithm is used with Minimum Number of Junctions Required. 
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A solution proposed in [10] solves the problem by adding additional junctions at 
different positions in the network. This solution gives different positions and 
required number of junctions for deadlock free routing in JBR for different 
deadlock free routing algorithms. In this thesis we propose a solution for deadlock 
free junction based routing using virtual channels and minimum number of 
junctions (No additional junctions required), which is explained in next chapter.   
 

3.3.4 Advantages and Disadvantages of JBR   

Some of the advantages and disadvantages of junction based routing are discussed 
in this subsection. JBR is a technique for source based routing so it possesses 
many advantages of source based routing as well [9][10].  
 
Advantages: 

• Reduced routing/path information overhead compared to source routing. 
• Better performance than source routing because header flit in JBR can 

carry some payload as well. 
• Increased scalability in terms of size of network because of specified bits 

required for storing routing/path information. 
•  JBR is good candidate for large NoCs due to relatively small routing/path 

information.  
Disadvantages: 

• Complex junction architecture compared to a simple router. 
• Increased cost of junctions than simple routers in terms of size/area 

because junctions need memory to store the paths information.  
• Increased delay in junction nodes than simple routers due to reading of 

path information from path table and overwriting it in the header flit. 
• Increased overhead in terms of path length when minimum numbers of 

junctions are used. 
• Non-homogeneous routers design (Junctions different than normal 

routers).  
 
 
 

 

 

 



Extended Junction Based Routing  

 40 

4 Extended Junction Based Routing 
In this chapter, we describe Extended Junction Based Routing in detail and 
discuss two implementation options for EJBR and their comparison. We also 
present packets format for EJBR. Finally we discuss steps for designing NoC with 
EJBR.   

 

4.1 Basic Idea of Extended JBR 
Two major disadvantages of JBR as described in the previous chapter are 
increased delay in junction nodes as compared to simple routers and increased 
overhead in terms of path length when minimum numbers of junctions are used. 
The increased delay in junction nodes is due to slow reading of path information 
from path table and overwriting it in the header flit of packets. This increased 
delay at junction nodes results in poor performance of JBR as compared to SBR. 
It is also notable that this increased delay at junction nodes affects more the 
communication delay (Packet latency) of those pairs of nodes that involve 
multiple junctions for packets transfer. Also for many pairs of communicating 
nodes, when we use minimum number of junctions in JBR, it is not possible to 
use the minimal paths and hence for those pairs of communicating nodes the 
packet latency is increased as compared to SBR.  
 
The basic idea/main objective of extended junction based routing is to reduce the 
packet latency for those pairs of communicating nodes that involve multiple 
junctions for packets transfer or in other words are far apart. In simple words, the 
idea/main objective of EJBR is to make the communication faster between two 
junctions. We decided to use minimum number of junctions required in the 
network to make the communication possible among all pairs of nodes, because 
increase in number of junctions increase the cost of NoC in terms of area/size. As 
we are using minimum number of junctions we also have to solve the problem of 
deadlocks, which was introduced by JBR and was explained in previous chapter 
(Section 3.3.3).  
 
There are two implementation options for EJBR, which we studied in detail and 
discuss and compare in the next section.      
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4.2 Two Implementation Options for EJBR and Their 
Comparison 
Many researchers are trying to reduce the performance gap between the ideal 
interconnection fabric and state of the art packet switched network. Current state 
of the art packet switched networks comprise of very complex router architectures 
that results in increased communication overhead and increased energy 
consumption and thus reduces the performance of packet switched network as 
compared to ideal interconnection fabric. Two solutions to reduce the 
performance gap between the ideal interconnection fabric and state of the art 
packet switched network are proposed in [19] and [20]. In [19], to reduce average 
packet latency and increase the throughput, long-range physical links are inserted 
in application specific mesh NoC between those pairs of nodes for which the 
traffic load is more. Whereas in [20], to lower the delay/energy and increase the 
throughput, a novel flow control mechanism is proposed which allows packets to 
virtually by pass the intermediate nodes/routers along their path by using express 
virtual channels. We can use both options in extended junction based routing for 
better performance (reduced latency and increased throughput) of junction-to-
junction communication.  

 

First option is to insert direct long-range physical links between junctions as 
shown in Figure 4-1. In the example, bi-directional long-range physical links are 
inserted between junctions (Jun1, Jun4), (Jun3, Jun4) and (Jun4, Jun5) and hence 
these pairs of junctions are now directly connected. Note that there is no need of 
additional physical link between (Jun2, Jun3) because both the junctions are 
already directly connected. As shown in Figure 4-1, for packets transfer between 
source S1 and destination D1, packets have to go through multiple junctions 
(From Jun2 to Jun3, from Jun3 to Jun4 and from Jun4 to Jun5). We can notice 
that, for packets transfer between (Jun3, Jun4) and (Jun4, Jun5), now packets 
don’t have to go through intermediate nodes located at (4,3), (4,4) and (5,5), (6,5) 
respectively. In other words, we can directly send packets from one junction to 
other junction by physically by passing the intermediate nodes between them. This 
results in better performance in terms of latency and throughput for those 
communicating pairs of nodes that involve multiple junctions for communication. 
However, there are many issues/drawbacks of this technique that we will discuss 
in next subsection.       

    

The second option is to virtually by-pass the intermediate nodes located between 
junctions by using virtual channels as shown in Figure 4-2. The idea is to use 
dedicated high priority virtual channel for junction-to-junction communication. 
With dedicated high priority virtual channel for just junction-to-junction 
communication, we are not actually by passing the whole router’s pipeline stages 
but we can skip VA (Virtual Channel Allocation) and SA (Switch Allocation) 
stages of router’s pipeline at the intermediate nodes located between junctions and 
we are also giving high priority to junction-to-junction communication. 
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As shown in Figure 4-2, the routers/nodes in EJBR with virtual channels can be 
categorized as junction nodes, by-pass nodes and simple routers/nodes. By-pass 
nodes are located between junctions (Jun1, Jun4), (Jun3, Jun4) and (Jun4, Jun5). 
We also divided the traffic in four categories, from source to destination, from 
source to junction, from junction to another junction and from junction to 
destination.  We decided to use three virtual channels, virtual channel 1 is 
dedicated for source to destination and source to junction communication, virtual 
channel 2 is dedicated for junction to junction communication and virtual channel 
3 is dedicated for junction to destination communication. Further explanation 
about EJBR with virtual channels is given in section (4.2.2).      

 

 

 
Figure 4-1 An Illustration of Extended Junction Based Routing with Long Range 

Physical Links Insertion in 7X7 Mesh NoC. 
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In EJBR with virtual channels, we are just giving high priority to junction-to-
junction communication and we are not actually by passing all the stages of 
router’s pipeline at the intermediate nodes located between junctions. Whereas in 
EJBR with long-range physical links insertion, we are physically by passing the 
intermediate nodes located between junctions. Comparing both the techniques, it 
seems that EJBR with long-range physical links insertion will perform better than 
EJBR with virtual channels for those pairs of communicating nodes that involve 
multiple junctions for packets transfer. However, EJBR with virtual channels have 
many advantages over EJBR with long-range physical links insertion that are 
explained in next subsection.   
 

 
Figure 4-2 An Illustration of Extended Junction Based Routing with Virtual 

Channels in 7X7 Mesh NoC. 
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4.2.1 Comparison of EJBR with Long Range Physical Links 
Insertion and with Virtual Channels 

In this subsection, we will present the comparison of “EJBR with long-range 
physical links insertion” with “EJBR with virtual channels”. The basic idea of both 
the techniques was presented in section (4.2). We also concluded in section (4.2) 
that it seems that EJBR with long-range physical links insertion may result in 
reduced average packet latency and better throughput as compared to EJBR with 
virtual channels for those pairs of communicating nodes that involve multiple 
junctions for packets transfer. However, we noticed some facts that make EJBR 
with virtual channels a better candidate for implementation as compared to EJBR 
with long-range physical links insertion. We will discuss those facts in this 
subsection in detail.  

 

In EJBR with long-range physical links insertion, the size of the junctions is 
increased because extra input and output ports (input and output buffers) are 
required for additional inserted bi-directional physical links. Moreover, long-range 
physical link requires repeaters in order to preserve advantages of structured 
wiring [19]. Also EJBR with long-range physical links insertion consumes almost 
same energy because on one side energy consumption is reduced due to physically 
by passing the nodes that are located in between junctions for junction-to-junction 
communication, but on the other side junctions with extra links slightly consumes 
more energy due to larger crossbar width [19]. In EJBR with virtual channels, 
additional input and output buffers are required for additional virtual channels at 
each port of routers and hence the size of the routers is also increased in EJBR 
with virtual channels. Energy consumption is reduced in EJBR with virtual 
channels because of reduced average routing switching activity [20]. We are not 
considering energy consumption and size of the routers/junctions as parameters 
to decide the better candidate between both options for implementation of EJBR 
but we just discussed these parameters for both implementation options for better 
comparison. 

 

One very important fact that makes EJBR with virtual channels a better candidate 
for implementation as compared to EJBR with long-range physical links insertion 
is that EJBR with virtual channels is scalable with changed junction network 
topology and EJBR with long-range physical links insertion is not scalable with 
changed junction network topology. In EJBR, we consider junction’s network as 
separate network on top of normal mesh NoC and find a junction network 
topology for junction’s network for efficient junction-to-junction communication. 
Why we need junction network topology? Answer to this question is explained in 
the following section.  
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In EJBR with long-range physical links insertion, the number of inserted physical 
links from one junction to other junction(s) varies depending upon the junction 
network topology as shown in Figure 4-1. The number of increased input and 
output ports in a junction depend upon inserted physical links from that junction 
to other junction(s). As we can see in Figure 4-1, three bi-directional physical links 
are inserted from Jun4 to Jun1, Jun3 and Jun5 and hence the number of increased 
input and output ports in Jun4 are three. Similarly, just one bi-directional physical 
link is inserted from Jun1, Jun3 and Jun5 to Jun4 and hence just one input and 
output port is increased in all three junctions Jun1, Jun3 and Jun5. Also there is no 
need to increase input and output ports in Jun2, as there is no new physical link 
inserted from Jun2 to any other junction. Because of different number of input 
and output ports in different junctions, the junction nodes remain no more 
homogeneous. Also depending upon junction network topology, the number of 
inserted physical links from one junction to other junctions can be even more 
which makes EJBR with long-range physical links insertion a non-scalable 
technique with changed junction network topology. On the other hand, EJBR 
with virtual channels is a scalable technique even with changed junction network 
topology because the design of junction nodes is homogeneous. Each junction in 
EJBR with virtual channels has five input and output ports with three input and 
output buffers (virtual channels) for each port.     

 

Second important fact that makes EJBR with virtual channels a better option for 
implementation as compared to EJBR with long-range physical links insertion is 
that EJBR with virtual channels solves the deadlock problem, which was 
introduced by JBR (when we use minimum number of junctions), very easily with 
existing deadlock free routing algorithm by just using three virtual channels 
(explained in next subsection). Whereas in EJBR with long-range physical links 
insertion, when we use minimum number of junctions, it is very difficult to solve 
deadlock problem and requires sophisticated techniques or new deadlock free 
routing algorithms.  

 

Because of these important facts/reasons discussed above, we decided that EJBR 
with virtual channels is better option for implementation of EJBR and is explained 
in detail in next subsection.         

4.2.2 An Illustration of EJBR with Virtual Channels 

We have already described in section (4.1) that EJBR with virtual channels is a 
technique to remove the disadvantages of JBR when we use minimum number of 
junctions required in the network to make the communication possible among all 
pairs of nodes. We have also explained that the basic idea/main objective of 
extended junction based routing is to reduce the packet latency for those pairs of 
communicating nodes that involve multiple junctions for packets transfer or in 
other words are far apart. In simple words, the idea/main objective of EJBR is to 
make the communication faster between two junctions.  
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The idea of extended junction based routing is basically taken from modern 
railway network. Railway network generally have few large stations called 
junctions. These large stations (junctions) are connected with each other with 
faster railway tracks and trains. Usually smaller stations are connected with these 
large stations (junctions) with relatively slower railway tracks and trains. A long 
distance journey from one small station to other small station is achieved by first 
going from source to the nearest large station (junction) by taking slower train, 
from there reaching the other large station (junction) that is closest to the 
destination by taking faster train and finally from this large station (junction) 
reaching the destination by again taking the slower train. 
 
In Figure 4-2, an illustrative example of extended junction based routing with 
virtual channels for 7X7 mesh NoC is given. EJBR with virtual channels is the 
technique for the extension/improvement of JBR so all the concepts of EJBR are 
almost same as in JBR that are explained in section (3.1) with few extensions. The 
required minimum number of junctions and their positions, for a given hop count 
“H” (H = 4 in the given example), are computed using the algorithm presented in 
section (3.3.1). As we are using minimum number of junctions we also have to 
solve the problem of deadlocks introduced by JBR, which we are solving using 
virtual channels in EJBR. How virtual channels can be used to avoid deadlocks is 
explained in detail in section (2.4).  
 
The traffic in EJBR is divided in four categories, from source to destination, from 
source to junction, from junction to another junction and from junction to 
destination. In JBR, when the packets leave from junctions then they are forced to 
take such turns that may cause deadlocks (explained in section 3.3.3). Hence 
traffic from junction to another junction and from junction to destination may 
cause deadlocks. Having one additional dedicated virtual channel for each type of 
traffic (causing deadlocks) solves the problem. So we need three virtual channels 
for deadlock free routing in EJBR. As shown in Figure 4-2, virtual channel 1 is 
dedicated for source to destination and source to junction communication, virtual 
channel 2 is dedicated for junction to junction communication and virtual channel 
3 is dedicated for junction to destination communication. As we want to speed up 
junction-to-junction communication virtual channel 2 is given the higher priority 
over virtual channels 1 and 3. 
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In EJBR, for junction-to-junction communication between any pair of junctions, 
packets always follow the fixed path and no route computation is required at the 
intermediate nodes/routers located in between that pair of junctions (shown in 
Figure 4-2). By using Pipeline bypassing technique [20], we can skip VA (Virtual 
Channel Allocation) stage of router’s pipeline at those intermediate nodes/routers 
as virtual channel 2 is dedicated for junction-to-junction communication and 
packets will continue travelling on virtual channel 2 until they arrive at junction 
nodes, hence there is no need to go through VA. We can also skip SA (Switch 
Allocation) stage of router’s pipeline at intermediate nodes/routers because virtual 
channel 2 has higher priority over virtual channels 1 and 3 and are automatically 
granted switch passage. As we are saving the time required for virtual channel 
allocation and switch allocation at the intermediate nodes/routers located in 
between junctions for junction-to-junction communication we are speeding up 
junction-to-junction communication because we are reducing the average packet 
latency. Because we are skipping VA and SA stages of router’s pipeline at 
intermediate nodes/routers located in between junctions for junction-to-junction 
communication, we name those intermediate nodes as by-pass nodes and say that 
node/router is operating in by-pass mode.  Hence now the routers/nodes in 
EJBR with virtual channels can be categorized as junction nodes, by-pass nodes 
and simple routers/nodes as shown in Figure 4-2. By-pass nodes are located 
between junctions (Jun1, Jun4), (Jun3, Jun4) and (Jun4, Jun5). 

 

Now we will consider the example shown in Figure 4-2 to explain extended 
junction based routing. We suppose S1, S2 and S3 are the source nodes located at 
locations (1,1), (1,3) and (6,1) respectively. D1, D2 and D3 are the destination 
nodes located at locations (7,7), (1,7) and (6,4) respectively. Similarly Jun1, Jun2, 
Jun3, Jun4 and Jun5 are the junction nodes located at locations (1,5), (4,1), (4,2), 
(4,5) and (7,5) respectively. By-pass nodes are located at locations (2,5), (3,5), (4,3), 
(4,4), (5,5) and (6,5). To send packets from S1 to D1, multiple junctions Jun2, 
Jun3, Jun4 and Jun5 are required and path information will be reloaded in header 
at all these junctions. S1 will first send packets to Jun2 using virtual channel 1 then 
Jun2 will forward the packets to Jun3 using high priority virtual channel 2. Jun3 
will forward the packets to Jun4 using the same high priority virtual channel 2 and 
packets will go through nodes (4,3) and (4,4) to reach Jun4, which will operate in 
by-pass mode for Jun3-to-Jun4 communication. Similarly, Jun4 will forward the 
packets to Jun5 using the same high priority virtual channel 2 and packets will go 
through nodes (5,5) and (6,5) to reach Jun5, which will operate in by-pass mode 
for Jun4-to-Jun5 communication. Finally, Jun5 will forward the packets to 
destination D1 using virtual channel 3. 

 

To send packets from S2 to D2, just one junction Jun1 is required. S2 will first 
send packets to Jun1 using virtual channel 1 and then Jun1 will forward the 
packets to destination D2 using virtual channel 3 after reloading the path 
information in header. To send packets from S3 to D3, no junctions are required 
and S3 will directly send packets to D3 using virtual channel 1.  
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Note that by-pass nodes can operate in normal/look-ahead mode as well as in by-
pass mode. By-pass nodes operate in by-pass mode only for junction-to-junction 
communication. Router pipeline when by-pass nodes operate in normal/look-
ahead mode as well as in by-pass mode is shown in Figure 4-3 [20]. In the BW 
(Buffer Write) stage, the header flit on arriving an input port is decoded and 
buffered. In RC (Route Computation) stage, routing logic computes the output 
port for the header. Header flit arbitrates for a virtual channel corresponding to its 
computed output port in the VA (Virtual Channel Allocation) stage. In SA (Switch 
Allocation) stage, the header flit arbitrates for the switch input and output ports. 
In ST (Switch Traversal) stage, the header flit traverses the crossbar switch. In LT 
(Link Traversal) stage, the header flit travel to the next router [20].  

  

 
Figure 4-3 Router Pipeline when a Router/Node Operates in Look-ahead Mode 

and in By-pass Mode [20]. 

 

All three virtual channels are dedicated for specific types of traffic (VC1 for traffic 
from source to destination and from source to junction, VC2 for traffic from 
junction to junction and VC3 for traffic from junction to destination) in EJBR. 
For deadlock free routing in EJBR, the communication paths for each type of 
traffic must be deadlock free. Hence paths for source to destination (when no 
junction is required), for source to junction and for junction to destination are 
computed using already existed turn model based deadlock free routing 
algorithms. The only problem is to compute the deadlock free paths for junction-
to-junction communications. For solution we assume junction’s network as a 
separate network and find a topology for interconnections of junctions such that 
the junction’s network is a spanning tree (each junction is connected with at least 
one other junction and there are no cycles in the junction’s network) and hence 
there is just one possible path from one junction to every other junction. Because 
there are no cycles in the junction’s network topology so all the paths for junction-
to-junction communications are deadlock free.  

 

There are also other constraints applied to find optimal junction’s network 
topology that are explained in detail in next chapter. In next section we will 
discuss the types of flits and their formats for EJBR in detail.  
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4.3 Flits Format in EJBR 
We already discussed the packet format and packet flitization in chapter 2. In this 
section we will see different types of flits and their formats in detail for EJBR. We 
assume 32 bit flit size and 7X7 Mesh NoC. 

 

There are three types of flits named as head flit, body flit and end flit in wormhole 
switching technique that are already explained in section 2.2.4. The formats of 
head flit, body flit and end flit for EJBR are shown in Figure 4-4 (a), (b) and (c) 
respectively. Two fields, Flit Type and Payload, are common in all three types of 
flits. Head Flit consists of Flit Type, Destination Address, IndBit, VCI, Route 
Information and Payload fields. Body Flit consists of only Flit Type and Payload 
fields, whereas End Flit consists of Flit Type, Payload Size and Payload fields. We 
have described each field in detail below. 

 

Flit Type: 

Flit Type is the field that is used to identify the type of flits. As there are three 
types of flits head flit, body flit and end flit this field can be encoded using only 
two bits. Encoded flit types and their representation is presented in Table 4-1. 

    

Flit Type Bits Representation 

00 Head Flit 

01 Body Flit 

10 End Flit with Full Payload 

11 End Flit with Less Payload 

Table 4-1 Encoded Flit Types. 

      

Destination Address: 

This field is used to store the destination address. If the size of mesh NoC is 7X7 
then destination address can be encoded using 6 bits hence the length of this field 
is 6 bits for 7X7 mesh NoC. Destination address is used to read the path 
information from path tables at source nodes for particular destination and update 
the path information at junction nodes when the path information is not enough 
to reach the destination. 
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IndBit: 

IndBit is a one-bit field that is used to identify that the path information is enough 
or not enough to reach the destination. Hence junction nodes decide by looking at 
IndBit that they should operate as normal node or as a junction. 

 

VCI: 

In EJBR, VCI (virtual channel identifier) is used to determine that packets will use 
VC1, VC2 or VC3. There are 3 virtual channels so 2 bits are sufficient to 
represent them hence VCI is a 2-bits field. Once the packets leave the source 
nodes, then just junction nodes in the network are able to change the value of 
VCI.  

 

Route Information: 

Route Information is the path information either from source to destination, 
source to junction, junction to junction or junction to destination. 2 bits are 
sufficient to encode one hop in the path [9]; hence if hop count limit is 4 then 
Route Information consists of 8 bits.  

 

Payload Size: 

Payload Size is the field only available in End Flit and it indicates the number of 
bytes of data that End Flit can carry [9]. 

 

Payload: 

Payload is the common field in all types of flits and it is the actual data that a flit 
can carry. If the size of flit is 32 bit and hop count limit is 4 then size of Payload 
in Head Flit is 13 bits and in Body Flit is 30 bits. End Flit can carry maximum 28 
bits of data.   

 

 
Figure 4-4 Types of Flits and Their Formats in EJBR. 
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4.4 Steps for Designing NoC with EJBR 
In this section, we will discuss the steps for designing NoC with EJBR. Steps 
involved in design of extended junction based routing are generation of junction 
network topology, algorithm selection for EJBR, path computation for each 
communication, path encoding, simulation analysis of EJBR and finally design of 
router capable of EJBR. Each step is described briefly in the following 
subsections.  

4.4.1 Generation of Junction Network Topology 

First step in designing extended junction based routing is to find the minimum 
number of junctions required in the network and all possible configurations of 
their positions (section 3.3.1) for a given hop count limit “H”. Once all the 
possible configurations of junction’s positions are found then next step is to 
generate the best topology (many constraints apply) for each configuration and 
finally select the best junction network topology among all for general-purpose 
communication. Objective, constraints and algorithm for generation of best 
optimal junction network topology is explained in next chapter.    

4.4.2 Routing Algorithm Selection, Path Computation and 
Path Encoding 

Once the junction network topology is found, the next step is to select the routing 
algorithm for path computation. When the routing algorithm is selected, the paths 
should be computed for each source to every destination using selected routing 
algorithm for general-purpose communication. As the routing paths in EJBR are 
divided in chunks/sub-paths, the paths for chunks/sub-paths from source to 
junction and from junction to destination are computed using the selected routing 
algorithm. The paths for chunk from junction-to-junction are computed according 
to generated junction network topology and there is just one possible path 
between each junction’s pair. If there is no junction required for any source to 
destination communication then the complete routing path is computed using the 
selected routing algorithm. We have developed a tool in MATLAB that computes 
the paths for EJBR, for each source to every destination using different routing 
algorithms (XY, Odd-Even etc.) and selected junction network topology, and 
write them in two files STable.txt (for sources) and JTable.txt (for junctions). 

 

Once the paths from source to destination are computed, they should be encoded 
in the packet’s header. Encoding must be done in a way such that routing 
information overhead is minimized and it is easy to decode it in the routers. We 
used 2-bit clockwise router port address routing scheme that was proposed in [9]. 
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We are not computing paths for application specific communication at the 
moment and it is included in our future work. For application specific 
communication, where complete communication profile is available, analysis for 
link load distribution should be performed before computing the final routing 
paths.       

4.4.3 Performance Evaluation of Extended Junction Based 
Routing (EJBR) 

Performance of EJBR should be analysed for different routing algorithms using 
different traffic patterns (we are using just random traffic) before designing the 
router for EJBR. For this purpose a simulator is required that is capable of 
simulating EJBR and its predecessors JBR and SBR (for comparison of different 
routing techniques). We developed a simulator capable of EJBR for mesh 
topology NoC in SDL language. We performed a number of simulations using 
this simulator to analyse EJBR for random traffic using different routing 
algorithms. The development of simulator and simulation based performance 
analysis of EJBR is presented in chapter 6.    

4.4.4 Router Design 

Router design for EJBR will be much complex than the router design for JBR 
(presented in [10]). Because we have introduced three virtual channels so an 
additional component virtual channel allocator is required in Control and 
Arbitration Unit of router. We are not presenting the router design for EJBR in 
this thesis and it is included in the future work.  
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5 Junction Network Topology 
In this chapter, we discuss the generation of junction network topology in detail. 
We also discuss the objective of junction network topology and constraints 
involved in finding it. Later we present the algorithm to find the best topology and 
finally we present some results that we found using that algorithm.   

 

5.1 Objective and Constraints 
Communication paths in extended junction based routing, for those pairs of 
nodes that involve multiple junctions, can be divided in three types of sub-paths, 
namely source to junction, junction to junction and junction to destination. As we 
discussed in the previous chapter that paths from source to junction and junction 
to destination are computed using existing turn model based deadlock free routing 
algorithms. The problem is how the junctions are interconnected with each other 
in the network (for given positions of junctions) and how to compute deadlock 
free paths from junction-to-junction. Assume junction’s network as a separate 
network on top of normal mesh NoC and objective is to find a topology for 
interconnections of junctions such that the communication from junction-to-
junction is efficient and it is easy to compute deadlock free paths from junction-
to-junction.  

 

If all the junctions are interconnected in such a way that the junction’s network 
has no cycles then the paths from any junction to any other junction are deadlock 
free and there is no need of any special deadlock free routing algorithm to 
compute the paths. Hence first constraint is that the junction network topology 
(graph) is a spanning tree (each junction is connected with at least one other 
junction and graph is acyclic or in other words graph has no cycles). Suppose 𝐺 is 

a complete graph of junctions with 𝐽 junctions and 𝐽 ∗ 𝐽 − 1 /2  edges, then 

we have to find sub-graph 𝐺! with 𝐽 − 1  edges (A spanning tree with 𝐽 
junctions will have 𝐽 − 1  edges). For efficient communication from junction-to-
junction an additional constraint apply on 𝐺! and that is find 𝐺! such that:     

 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝛥𝑑!" .𝐶!"

!

!!!,!!!

!

!!!

 

 

Where: 

𝛥𝑑!" =   𝑑!"!
! −   𝑑!"!  

𝑑!"!  is the minimum distance between junctions “i” and “j” in graph 𝐺.   
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𝑑!"!
!
is the minimum distance between junctions “i” and “j” in graph 𝐺! 

𝛥𝑑!" is the increase in minimum distance between junctions “i” and “j” when we 
use acyclic sub-graph 𝐺! of 𝐺 instead of 𝐺 itself (For example see in Figure 5-3 
(left), 𝛥𝑑 !,! !,! = 𝑑 !,! !,!

!! − 𝑑 !,! !,!
! = 14 − 4 = 10). 

𝐶!" is the estimate of communication between junctions “i” and “j” using the 
junction’s network (i.e. estimate of numbers of communicating pairs of nodes in 
general purpose communication that need multiple junctions for their 
communication and  use “ij” edge of junction’s network for their communication).  

 

We name ( 𝛥𝑑!" .𝐶!"
!
!!!,!!!

!
!!! ) as the “cost” of sub-graph 𝐺! and we want to 

find sub-graph 𝐺! among all possible sub-graphs of 𝐺 such that 𝐺! is the spanning 
tree and the “cost” of 𝐺! is minimum among all sub-graphs of 𝐺. The algorithm 
to find junction’s network topology with given constraints is presented in the next 
section.  

 

5.2 Algorithm for Topology Generation 
We developed a program in MATLAB that first computes one junction’s network 
topology, with the “minimized cost” ( 𝛥𝑑!" .𝐶!"

!
!!!,!!!

!
!!! ), for all given 

configurations of junction’s positions (each configuration of junction’s positions 
has one junction’s network topology with “minimized cost”), network size N and 
hop count limit H, and then return all optimal junction’s network topologies by 
finding topologies with “minimum cost” among all computed “minimized cost” 
junction’s network topologies. The pseudo code of the algorithm for finding all 
optimal junction’s network topologies for given network size N, hop count limit 
H and all given configurations of junction’s positions is given on next page.   

 

To find a “minimized cost” junction’s network topology for a given configuration 
of junction’s position, we create a complete graph 𝐺 of given junction’s positions 

with 𝐽 junctions and 𝐽 ∗ 𝐽 − 1 /2  edges. Then we generate all possible sub-

graphs with 𝐽 − 1  edges (A spanning tree with 𝐽 junctions will have 𝐽 − 1  
edges). For all generated sub-graphs we check that sub-graph is the spanning tree 
or not. For all the sub-graphs that are spanning trees, we compute the “cost” 
( 𝛥𝑑!" .𝐶!"

!
!!!,!!!

!
!!! ) and finally find sub-graph with the minimum “cost” 

among them all. The sub-graph with the minimum “cost” is the “minimized cost” 
junction’s network topology for selected configuration of junction’s position. 
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5.3 Results 
In this section, we present some results of the algorithm for finding all optimal 
junction’s network topologies for given network size N, hop count limit H and all 
given configurations of junction’s positions.  

 

Mesh Size Hop Count 
Limit (H) 

Number of 
Junctions 

Cost Number of 
Optimal 

Topologies 

7x7 4 5 0 31 

7x7 5 3 0 36 

8x8 5 4 0 32 

10x10 6 4 5120 2 

Table 5-1 Number of Optimal Junction’s Network Topologies with their Cost for 
Different Mesh NoC Sizes and Different Hop Count Limits. 

 

Table 5-1 shows the number of optimal junction’s network topologies with their 
cost for different mesh NoC sizes and different hop count limits. Number of 
optimal junction’s network topologies for 7X7 mesh NoC with hop count limit 4 
are 31 and minimum cost is zero. Similarly number of optimal junction’s network 
topologies for 7X7 and 8X8 mesh NoC with hop count limit 5 are 36 and 32 
respectively and minimum cost is zero for both. Number of optimal junction’s 
network topologies for 10X10 mesh NoC with hop count limit 6 are just 2 and 
minimum cost is 5120. 

 

One optimal junction’s network topology for 7X7 mesh NoC with hop count 
limit 4 is shown in Figure 5-1. In Figure, junction’s network topology is shown by 
red links. Similarly few optimal junction’s network topologies for 7X7 mesh NoC 
with hop count limit 5 are shown in Figure 5-2. Figure 5-3 shows all optimal 
junction’s network topologies for 10X10 mesh NoC with hop count limit 6. For 
simulations we are using 7X7 mesh NoC with hop count limit 5 (path length 4) 
and the used junction’s network topology is shown in Figure 6-2. 
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Figure 5-1 One Optimal Junction’s Network Topology for 7X7 Mesh NoC using 

Hop Count 4. 

 

 
 
 
 



Junction Network Topology 

 59 

 
 
 
 
 

 
Figure 5-2 Few Optimal Junction’s Network Topologies for 7X7 Mesh NoC using 

Hop Count 5. 
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Figure 5-3 All Optimal Junction’s Network Topologies for 10X10 Mesh NoC 

using Hop Count 6. 
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6 Performance Evaluation of EJBR 
In this chapter, simulation based performance evaluation of extended junction 
based routing (EJBR) for mesh NoC is presented. We describe the simulator 
designed to model EJBR using SDL. The performance parameters used for 
evaluation of mesh topology NoC are also discussed. Later, we compare the 
performance of extended junction based routing (EJBR) with junction based 
routing (JBR) and source based routing (SBR). Finally, we analyse the 
performance of EJBR for different routing algorithms using random traffic. 

 

6.1 Mesh Topology NoC Simulator for SBR, JBR and 
EJBR 
The simulator used for performance evaluation of EJBR is the modified version 
of the simulator that was developed by a research group at jonkoping university. 
The simulator was developed using Specification and Description Language (SDL) 
to evaluate distributed routing, source based routing (SBR) and junction based 
routing (JBR) [2][9][10]. This simulator was the only existing simulator that was 
capable of modelling both SBR and JBR so we decided to modify it and it was one 
of the motivations to use SDL as a modelling language. There are many other 
reasons to use SDL as modelling language such as its graphical nature makes it 
easy to model and its better modelling capability of complex event driven 
communication systems [2].  
 
“Telelogic SDL and TTCN Suite 6.1” is the programming tool used for modifying 
the simulator and to make it capable of modelling EJBR. One of the major 
changes is adding the capability of modelling the virtual channels that was not 
possible before our modifications. EJBR requires three virtual channels hence the 
simulator after modification is able to model three virtual channels for 
communication. 
 
Top-level system block diagram of simulator designed in SDL is given in Figure 6-1 
[9]. The simulator is developed using structural approach hence blocks, processes 
and procedures are reused in the simulator model. There are four main top-level 
blocks (NetworkConfigurator, ControlStat, ROUTER_TYPE, RES_RNI_TYPE) 
in the system model. NetworkConfigurator configures the mesh topology network 
by connecting routers, interfaces and resources and assigns the addresses to the 
routers and resources. ControlStat block is responsible of starting and stopping 
the simulation and it also records the results of the simulation. ROUTER_TYPE 
blocks are used to model the routers and junctions whereas RES_RNI_TYPE 
blocks are used to model the resources and resource to network interfaces. For 
the purpose of scalability of size of mesh network, these both blocks are defined 
as “Types”. For example for a 5X5 mesh network there are 25 blocks of each 
“Type” and for a 6X6 mesh network there are 36 blocks of each “Type”. Further 
details of all the main top-level blocks, assumptions taken into account before 
designing the simulator and simulator design decisions can be found in [2][9][10].        
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Figure 6-1 Top Level System Description of Simulator in SDL. Taken from [9]. 

 

To model the virtual channels was not easy and we had to do modifications in all 
the blocks of simulator shown in top-level system block diagram of simulator 
(Figure 6-1). We modified NetworkConfigurator, ControlStat, RES_RNI_TYPE 
blocks and added many signals but we had to do major modifications in 
ROUTER_TYPE block in order to model virtual channels. There was just one 
input and output buffer for each input and output port of the router. We added 
two more input and output buffers for each port of router in order to model three 
virtual channels. We also added VA (Virtual Channel Allocator) functionality, 
which use VCI (Virtual Channel Identifier) field of the header flit to allocate the 
required virtual channel to it. We modified the arbitration strategy in the SWITCH 
sub-block of ROUTER_TYPE block because we had to model higher priority 
virtual channel (Virtual Channel 2). We also modified the router delays 
accordingly. The router delay in EJBR for the traffic coming on virtual channels 1 
and 3 is same as in JBR. But it is two clock cycles less for the traffic coming on 
virtual channel 2 of by-pass nodes because virtual channel 2 is dedicated for 
junction-to-junction communication, path is fixed and we can skip VA and SA 
stages of router’s pipeline at by-pass nodes.     
 
Some of the important parameters that simulator takes as inputs, important hard-
coded parameters and the simulator’s outputs are discussed in the following 
subsections.    
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6.1.1 Simulator Inputs and Other Hard-Coded Parameters 

This subsection specifies the inputs and other important hard-coded parameters 
that we can give to the simulator and hard-code in the simulator code respectively, 
and then the simulator simulates accordingly. We will also describe the default 
input values and the input values that we gave to the simulator for our simulation 
setup. We used 7X7 Mesh NoC for our simulations and performance evaluation 
of EJBR and its comparison with SBR, JBR.  

 

Mesh NoC Size:  

We can give the size of Mesh NoC as an input to the simulator in the form of  # 
of Rows (RowSize) and # of Columns (ColSize). It is not necessary that RowSize 
is equal to the ColSize.  

Default RowSize: 5 

Default ColSize: 5 

Used RowSize: 7 

Used ColSize: 7 

 

Router Buffers Sizes: 

Router input and output buffer sizes can be hard-coded in the simulator. We used 
the following buffer sizes in our simulations. 

Used Input Buffer Size: 2 Flits 

Used Output Buffer Size: 1 Flit 

 

Packet Size: 

Packet size is an important parameter that can be hard-coded in the simulator in 
terms of number of flits and remains constant throughout the simulation cycle.  

Used Packet Size: 10 Flits 

 

Packet Injection Rate (PIR): 

Network load can be set in terms of packet injection rate (PIR). PIR is defined as 
the number of packets injected per second per resource in the network. PIR 
remains constant through out simulation cycle and we used different PIR values 
for the performance evaluation of EJBR.  

Default PIR: 0.1 

Range of Used PIR: 0.01-0.3  
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Warm-up and Total Number of Packets: 

The simulator takes warm-up number of packets and total number of packets as 
input parameters. The simulator starts calculating the statistics (average packet 
latency and throughput etc.) after warm-up number of packets has been received 
by the destinations. Similarly, simulator stops the simulation after the total number 
of packets has been received by the destinations.  

Default Warm-up Number of Packets: 2000 

Default Total Number of Packets: 20000 

Used Warm-up Number of Packets: 10000 

Used Total Number of Packets: 60000 

 

Routing Algorithm: 

The simulator takes routing algorithm as an input. User can select one routing 
algorithm among different options that are XY, Odd Even, West First, Negative 
First and North Last routing algorithms. We used all of them one by one in our 
simulations for performance evaluation of EJBR.  

Default Routing Algorithm: XY 

  

Traffic Type: 

Similar to routing algorithm, the simulator takes traffic type as an input and user 
can select among different options that are Random, Random Application 
Specific, HotSpot, East Dominated and South Dominated traffic types. We in our 
simulation just used the Random traffic type. 

Default Traffic Type: Random 

 

Number and Positions of Junctions: 

The number and positions of junctions are the parameters that can be hard-coded 
in simulator for EJBR.  

Number of Junctions for SBR: 0 (Path Length = 12 or Hop Count = 13) 

Number of Junctions for JBR: Variable depending upon routing algorithm used.  

Number of Junctions for EJBR: 3 (For Path Length = 4 or Hop Count = 5) 

Used Junction Positions for EJBR: (2,5), (5,1), (5,5)  
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Encoded Path Tables:  

The simulator in each case (SBR, JBR, EJBR) takes the encoded path tables as 
inputs that are stored in text files. SBR requires only “STable.txt” file that is read 
and stored in the corresponding resources. Whereas, JBR and EJBR require two 
files “STable.txt” and “JTable.txt”. Similar to SBR, “STable.txt” is read and stored 
in the corresponding resources. “JTable.txt” is read and stored in the 
corresponding junctions. 

 

BurstGap:  

BurstGap is also set as a hard-coded parameter in the simulator. All the flits in the 
packet are sent to network in the form of bursts and the BurstGap is the measure 
of time gap between packet generations. Actual Mean PIR depends upon 
BurstGap and its calculation is explained in [9]. 

       

6.1.2 Simulator Outputs and Performance Parameters  

This subsection describes the outputs of the simulator and the performance 
parameters for evaluation of EJBR. The outputs of simulator are Simulation Time, 
Global Average Packet/Flit Latency, Global Average Throughput, Maximum 
Packet/Flit Delay and Total Number of Packets/Flits Received. We will just 
describe Global Average Packet/Flit Latency and Global Average Throughput 
because these are the output parameters used in the performance evaluation of 
EJBR. We will analyse the Average Packet Latency and Throughput at different 
values of network load (PIR). 
 
Global Average Packet/Flit Latency: 
This is defined as the average time taken in cycles by a Packet/Flit to travel from 
source core to the destination core. 
 
Global Average Throughput:   
This is defined as average number of flits received per clock cycle. 
 

6.2 Simulation Results  
In this section, we describe the simulation results for SBR, JBR and EJBR. For 
each (SBR, JBR and EJBR), we performed many simulations to analyse various 
routing algorithms (XY, Odd Even, West First, Negative First and North Last) 
using random traffic with wide range of network load (PIR). For JBR and EJBR 
the Hop Count is equal to 5 (Path Length = 4). In the following subsections, we 
discuss the comparison of SBR, JBR and EJBR for various routing algorithms and 
then present the performance comparison of various routing algorithm for EJBR. 
In the last subsection, we explain the advantage of smaller routing information in 
JBR, EJBR as compared to SBR. 
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Figure 6-2 Simulation Setup for EJBR for 7X7 Mesh NoC using Path Length = 4 

with used Junction Topology in Simulations. 

 
Figure 6-2 illustrates the simulation setup for EJBR for 7X7 Mesh NoC using path 
length = 4 with used junction topology in simulations. The blue nodes represent 
the junctions and the green nodes are the by-pass nodes for the long distance 
communications involving the multiple junctions (more than 1 junctions). The red 
links represent the junction topology used in our simulations.   

6.2.1 Comparison of EJBR with SBR, JBR for Various Routing 
Algorithms  

This section presents and compares the simulation results of EJBR with SBR and 
JBR for various routing algorithms in terms of average packet latency and 
throughput. We analysed various routing algorithms for different packet injection 
rates (PIR) using random traffic.  
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Odd Even Routing Algorithm 

In this section, comparison of EJBR with SBR and JBR for odd even routing 
algorithm using random traffic is presented. The parameters used for performance 
comparison are average packet latency and throughput that are plotted against 
different values of PIR in Figure 6-3 and Figure 6-6 respectively. Average packet 
latency and throughput of SBR, JBR and EJBR are shown by blue, green and red 
curves respectively. It is clear from Figure 6-3, that average packet latency in case 
of EJBR is more than both SBR and JBR for lower values of PIR and for higher 
values of PIR it is more than SBR but less than JBR. The regions (a) and (b) 
shown in Figure 6-3 are magnified in Figure 6-4 and Figure 6-5 respectively. Figure 6-
4 shows the latency for low network loads and Figure 6-5 shows the latency for the 
network loads when the network starts to saturate.   

 As can be seen in Figure 6-4, average packet latency in EJBR is about 1 clock cycle 
higher than JBR and average packet latency in JBR is about 2 clock cycles higher 
than SBR at lower values of PIR. The higher latency in EJBR as compared to JBR 
is because of the non-minimal paths used in EJBR and the higher latency in JBR 
as compared to SBR is because of the higher delay in junctions (for fetching new 
paths) as compared to simple routers.    

One advantage of EJBR as compared to JBR can be seen from average packet 
latency graph near saturation region shown in Figure 6-5. In case of JBR, when PIR 
value increases beyond 0.125, the latency increases abruptly and the network starts 
to saturate. Whereas, in case of EJBR, the network starts to saturate and the 
latency increases abruptly when PIR value increases beyond 0.135. In other words, 
EJBR gives much lower latency as compared to JBR at relatively higher loads. It 
means that EJBR using odd-even routing algorithm can be used at higher network 
loads at which the NoCs using JBR apparently stop working. This advantage of 
EJBR is not visible at lower PIR. SBR performs better than both JBR and EJBR 
for odd-even routing algorithm, because in case of SBR, the latency remains low 
until PIR reaches 0.14 when the network starts to saturate. The difference in 
latency between SBR and EJBR is not that high at higher network loads. 

It can be seen from throughput graph shown in Figure 6-6 that throughput 
increases linearly at lower values of PIR and is almost equal in all three types of 
routing.  In case of JBR, EJBR and SBR, throughput starts to level off and 
network gets saturated when PIR increases beyond 0.135, 0.145 and 0.15 
respectively. Hence for odd-even routing algorithm, at higher network loads, 
EJBR provides higher throughput as compared to JBR and SBR provides higher 
throughput as compared to EJBR.       
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Figure 6-3 Average Packet Latency plotted against PIR for a 7X7 Mesh NoC for 

SBR, JBR and EJBR using Odd Even Routing Algorithm. 

 

 
Figure 6-4 Average Packet Latency plotted against Lower Values of PIR for a 7X7 

Mesh NoC for SBR, JBR and EJBR using Odd Even Routing Algorithm.  
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Figure 6-5 Average Packet Latency plotted against Higher Values of PIR for a 
7X7 Mesh NoC for SBR, JBR and EJBR using Odd Even Routing Algorithm. 

 

 
Figure 6-6 Throughput plotted against PIR for a 7X7 Mesh NoC for SBR, JBR 

and EJBR using Odd Even Routing Algorithm. 
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XY Routing Algorithm  

In this section, comparison of EJBR with SBR and JBR for XY routing algorithm 
using random traffic is presented. The parameters used for performance 
comparison are average packet latency and throughput that are plotted against 
different values of PIR in Figure 6-7 and Figure 6-9 respectively. Average packet 
latency and throughput of SBR, JBR and EJBR are shown by blue, green and red 
curves respectively. It is clear from Figure 6-7, that average packet latency in case 
of EJBR is more than both SBR and JBR for lower as well as higher values of 
PIR. The region (a) shown in Figure 6-7 is magnified in Figure 6-8. Figure 6-8 shows 
the latency for low network loads.   

 As can be seen in Figure 6-8, average packet latency in EJBR is about 2.5 clock 
cycles higher than JBR and average packet latency in JBR is about 2 clock cycles 
higher than SBR at lower values of PIR. The higher latency in EJBR as compared 
to JBR is because of the non-minimal paths used in EJBR and the higher latency 
in JBR as compared to SBR is because of the higher delay in junctions (for 
fetching new paths) as compared to simple routers.    

It can be noticed from Figure 6-7 that in case of EJBR, when PIR value increases 
beyond 0.1, the latency increases abruptly and the network starts to saturate. 
Whereas, in case of JBR and SBR, the network starts to saturate and the latency 
increases abruptly when PIR value increases beyond 0.22 and 0.24 respectively. In 
other words, EJBR gives much higher latency as compared to SBR and JBR at 
relatively higher loads. This is maybe because of bottleneck created at some 
junction node when many long distance communications involving multiple 
junctions try to use the same path for junction-to-junction communication. SBR 
performs better than both JBR and EJBR for XY routing algorithm. 

It can be seen from throughput graph shown in Figure 6-9 that throughput in case 
of EJBR starts to level off and network gets saturated when PIR increases beyond 
0.125. In case of JBR and SBR, throughput starts to level off and network gets 
saturated when PIR increases beyond 0.26 and 0.27 respectively. Hence for XY 
routing algorithm, at higher network loads, EJBR provides worst throughput as 
compared to SBR and JBR because of possible bottleneck.  
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Figure 6-7 Average Packet Latency plotted against PIR for a 7X7 Mesh NoC for 

SBR, JBR and EJBR using XY Routing Algorithm. 

 

 
Figure 6-8 Average Packet Latency plotted against Lower Values of PIR for a 7X7 

Mesh NoC for SBR, JBR and EJBR using XY Routing Algorithm. 
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Figure 6-9 Throughput plotted against PIR for a 7X7 Mesh NoC for SBR, JBR 

and EJBR using XY Routing Algorithm. 

 

Other Routing Algorithms 

The average packet latency graphs for comparison of SBR, JBR and EJBR using 
negative first, north last and west first routing algorithms with random traffic are 
shown in Figure 6-10, Figure 6-12 and Figure 6-14 respectively. Similarly, the 
throughput graphs for comparison of SBR, JBR and EJBR using negative first, 
north last and west first routing algorithms with random traffic are shown in Figure 
6-11, Figure 6-13 and Figure 6-15 respectively. Similar to odd-even routing 
algorithm, EJBR exhibits lower latency and higher throughput at relatively higher 
network loads as compared to JBR for negative first routing algorithm. For both 
north last and west first routing algorithms, JBR gives lower latency and higher 
throughput at relatively higher network loads as compared to EJBR but the 
difference in latency and throughput in both cases is not that much. 

It is notable that in EJBR, minimum numbers of junctions are used with non-
minimal paths between many pairs of nodes (3 junctions for path length = 4 in 
our simulations). Whereas in JBR, the number of junctions used are much more 
(more area required to store path tables in each junction). Hence we are saving the 
area by using minimum number of junctions in EJBR at the cost of little bad 
latency and throughput performance as compared to JBR in case of north last and 
west first routing algorithms.          
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Figure 6-10 Average Packet Latency plotted against PIR for a 7X7 Mesh NoC for 

SBR, JBR and EJBR using Negative First Routing Algorithm. 

 

 
Figure 6-11 Throughput plotted against PIR for a 7X7 Mesh NoC for SBR, JBR 

and EJBR using Negative First Routing Algorithm. 
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Figure 6-12 Average Packet Latency plotted against PIR for a 7X7 Mesh NoC for 

SBR, JBR and EJBR using North Last Routing Algorithm. 

 

 
Figure 6-13 Throughput plotted against PIR for a 7X7 Mesh NoC for SBR, JBR 

and EJBR using North Last Routing Algorithm. 
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Figure 6-14 Average Packet Latency plotted against PIR for a 7X7 Mesh NoC for 

SBR, JBR and EJBR using West First Routing Algorithm. 

 

 
Figure 6-15 Throughput plotted against PIR for a 7X7 Mesh NoC for SBR, JBR 

and EJBR using West First Routing Algorithm. 
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6.2.2 Performance Comparison of Various Routing 
Algorithms for EJBR     

Performance of various routing algorithms for EJBR using random traffic is 
presented and analysed in this section. The parameters used for performance 
comparison are average packet latency and throughput that are plotted against 
different values of PIR using various routing algorithms for EJBR in Figure 6-16 
and Figure 6-19 respectively. Figure 6-17 shows the latency for low network loads 
and Figure 6-18 shows the latency for the network loads when the network starts 
to saturate. 

It is clear from the latency graphs that average packet latency of EJBR using odd-
even routing algorithm is lower than other four routing algorithms. It is clear from 
Figure 6-17 that at lower network load, average packet latency using odd-even 
routing algorithm is not considerably lower than other routing algorithms. But at 
higher network loads as shown in Figure 6-18, the difference in latency using odd-
even and other routing algorithms becomes high. EJBR using negative first 
routing algorithm also exhibits lower latency at higher network loads as compared 
to other three routing algorithms. In case of negative first routing algorithm, the 
latency increases abruptly and the network starts to saturate when PIR value 
increases beyond 0.13. Whereas in case of odd-even routing algorithm, the 
network starts to saturate and the latency increases abruptly when PIR value 
increases beyond 0.135. 

Throughput increases linearly at lower values of PIR and is almost equal for all 
routing algorithms as shown in Figure 6-19. Using negative first and odd-even 
routing algorithms, throughput starts to level off and network starts to saturate 
when PIR increases beyond 0.14 and 0.145 respectively.  

XY routing algorithm performs worst for EJBR as compared to other four 
routing algorithms. It can be noticed from Figure 6-18 that when PIR value 
increases beyond 0.1, the latency increases abruptly and the network starts to 
saturate. It can also be seen from throughput graph shown in Figure 6-19 that 
throughput starts to level off and network gets saturated when PIR increases 
beyond 0.125. 

Hence we noticed that, for EJBR, odd-even routing algorithm performs best and 
XY routing algorithm performs worst using random traffic. At lower values of 
PIR, all routing algorithms perform almost the same. But for higher values of PIR, 
odd-even routing algorithm exhibits lower latency and higher throughput as 
compared to other four routing algorithms.         
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Figure 6-16 Average Packet Latency plotted against PIR in Random Traffic for 

EJBR using Various Routing Algorithms in a 7X7 Mesh NoC. 

 

 
Figure 6-17 Average Packet Latency plotted against Lower Values of PIR in 

Random Traffic for EJBR using Various Routing Algorithms in a 7X7 Mesh NoC. 
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Figure 6-18 Average Packet Latency plotted against Higher Values of PIR in 

Random Traffic for EJBR using Various Routing Algorithms in a 7X7 Mesh NoC. 

 

 
Figure 6-19 Throughput plotted against PIR in Random Traffic for EJBR using 

Various Routing Algorithms in a 7X7 Mesh NoC. 
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6.2.3 Advantage of Smaller Routing Information  

In all the previous simulations we used 7X7 Mesh NoC and path length = 4 (hop 
count = 5) for JBR and EJBR. Where as in case of SBR, for 7X7 Mesh NoC, path 
length is 12 (hop count = 13). Hence much less routing information is required in 
JBR and EJBR as compared to SBR. It means that header flit in JBR and EJBR 
can carry few bits of data (payload) as well but this is not the case with SBR. 
Consider 34 bit flit size, we will see that header flit can carry how many bits of 
data (payload) when path length = 4 (hop count = 5) for JBR and EJBR. 

 

Header Flit Payload for SBR (Hop Count = 13):  

34 – 2 (flit type) – 6 (destination address) – 26 (routing information) = 0 bits 

Header Flit Payload for JBR (Hop Count = 5): 

34 – 2 (flit type) – 6 (destination address) – 1 (IndBit) – 10 (routing information) 
= 15 bits 

Header Flit Payload for EJBR (Hop Count = 5): 

34 – 2 (flit type) – 6 (destination address) – 1 (IndBit) – 2 (VCI) – 10 (routing 
information) = 13 bits 

 

Hence header flit can carry 13 and 15 bits of data (payload) in case of EJBR and 
JBR respectively for hop count limit of 5. In source routing, for sending this 
amount of data, one additional flit is required to be sent by sender. We will see the 
advantage of this fact in our simulations and will analyse north-last routing 
algorithm using random traffic with different PIR values for SBR, JBR and EJBR. 
We used packet size = 4 flits for SBR and packet size = 3 flits for JBR and EJBR 
in our simulations because SBR needs to be sent an additional flit as compared to 
JBR and EJBR. Average packet latency and throughput are plotted against 
different values of PIR in Figure 6-20 and Figure 6-21 respectively using random 
traffic. 

Average packet latency in SBR is still lower than that of JBR and EJBR for lower 
as well as higher values of PIR as shown in Figure 6-20. Where as the advantage of 
smaller routing information can be observed in throughput graph shown in Figure 
6-21. Throughput in case of JBR and EJBR is much higher than SBR for lower as 
well as higher values of PIR. In this simulation setup, JBR exhibits lower latency 
and higher throughput as compared to EJBR for north-last routing algorithm.           
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Figure 6-20 Average Packet Latency plotted against PIR for a 7X7 Mesh NoC for 

SBR, JBR and EJBR using North Last Routing Algorithm. 

 

 
Figure 6-21 Throughput plotted against PIR for a 7X7 Mesh NoC for SBR, JBR 

and EJBR using North Last Routing Algorithm. 
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7 Conclusions and Future Work 
Junction based routing (JBR) has few advantages over source based routing (SBR), 
such as increased scalability in terms of size of network and reduced routing 
information overhead, and is a good candidate for large mesh topology NoC 
platforms [10]. But junction based routing results in bad performance for those 
communicating pairs of nodes that require multiple junctions for their 
communication due to increased delay in junction nodes, needs extra junction 
nodes for deadlock free routing using the existing turn model based deadlock free 
routing algorithms and number of junctions and their positions in the network are 
different for different routing algorithms. In this thesis we proposed, extended 
junction based routing technique, a new technique that makes junction-to-junction 
communication efficient, uses minimum number of junctions required in the 
network and three virtual channels for deadlock free routing using existing turn 
model based deadlock free routing algorithms.    

 

7.1 Contributions and Results 
In this thesis, we proposed a new technique called extended junction based 
routing (EJBR) and completed the related theory work for this new technique. 
The idea of EJBR is applicable to all topologies but we applied this technique to 
mesh topology NoC only. 

 

As extended junction based routing is the extension of junction based routing 
(JBR) and possesses many advantages of JBR, so we discussed the concepts and 
issues of JBR in detail. We provided the analytical analysis of distributed, source 
based and junction based routing in terms of routing overhead and bandwidth 
utilization and showed that the routing overhead in JBR increases very slowly and 
hence JBR is much more scalable technique than source routing. We also showed 
that the bandwidth utilization of JBR is almost equal to that of distributed routing. 
Given the size of network NxN and hop count limit H (allowed number of bits 
for storing routing information in the header flit), minimum number of junctions 
are required to be placed in the network to make communication possible from 
each node to every other node. We developed a program in MATLAB that 
computes minimum number of junctions and all possible configurations of their 
positions in the network for given size of network NxN and hop count limit H. 
This program has also already been developed for the work published in [10]. 
When we use minimum number of junctions in JBR then it is not possible to use 
minimal paths for some communicating pairs of nodes, hence we developed a 
program in MATLAB that computes number of junctions with zero increased 
path length overhead and all possible configurations of their positions for given 
size of network NxN and hop count limit H. We showed that when we use 
minimum number of junctions required in the network then existing turn model 
based deadlock free routing algorithms couldn’t be used in JBR, as they remain no 
more deadlock free. 
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Junction based routing results in bad performance for those communicating pairs 
of nodes that require multiple junctions for their communication due to increased 
delay in junction nodes, needs extra junction nodes for deadlock free routing 
using the existing turn model based deadlock free routing algorithms and number 
of junctions and their positions in the network are different for different routing 
algorithms. Hence, we presented the idea of EJBR that speeds up the 
communication from junction-to-junction and results in deadlock free routing 
using the existing turn model based deadlock free routing algorithms without even 
increasing the number of junction nodes (minimum number of junctions required 
in the network).  

 

We discussed the concepts and issues of EJBR in detail and presented the two-
implementation options for EJBR (EJBR with long range physical links insertion 
and EJBR with virtual channels) and provided their comparison. We concluded 
that EJBR with virtual channels is much better implementation option as 
compared to EJBR with long-range physical links insertion because EJBR with 
virtual channels is a scalable technique with change in junction’s network topology 
and it is very easy to solve the deadlock problem in EJBR with virtual channels 
that was introduced by JBR. We explained EJBR with virtual channels in detail 
with examples and presented the flits formats for EJBR and concluded that three 
virtual channels are required for deadlock free routing using the existing turn 
model based deadlock free routing algorithms while using minimum number of 
junctions required in the network. For the communications involving junction(s), 
virtual channel 1 is dedicated for source-to-junction communication, virtual 
channel 2 is dedicated for junction-to-junction communication and virtual channel 
3 is dedicated for junction-to-destination communication. Virtual channel 2 has 
higher priority than virtual channel 1 and 3 for faster communication from 
junction-to-junction. Paths from source-to-junction and from junction-to-
destination are computed using the existing turn model based deadlock free 
routing algorithms and the problem was that how to compute deadlock free paths 
from junction-to-junction? and how the junctions are interconnected with each 
other in the network?         

 

We solved the problem by finding the efficient junction’s network topology with 
minimum cost (communication estimation and minimum distance between every 
junction pair was taken into consideration) such that junction’s network topology 
is a spanning tree (each junction is connected with at least one other junction and 
junction’s network topology is acyclic). As the junction’s network topology is the 
spanning tree there is just one possible path from one junction to every other 
junction so all the paths from junction-to-junction are deadlock free. We 
developed a program in MATLAB to find the efficient (optimal) junction’s 
network topologies that satisfy all the constraints and minimize the cost. We also 
presented the concept of by-pass nodes for faster junction-to-junction 
communication and explained the modes of operation of by-pass nodes and 
router’s pipeline stages for normal mode and by-pass mode. 
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We also developed a tool in MATLAB that computes deadlock free minimal paths 
for all pairs of nodes (for general communication) using the selected turn model 
based deadlock free routing algorithms (XY, Odd Even, West First, Negative First 
and North Last) for given junction’s positions and junction’s network topology. A 
method suggested in [9] is used for paths encoding. Encoded paths are stored in 
two files (STable.txt and JTable.txt) in a particular format. 

 

For modeling EJBR, we modified the existing simulator in SDL [21]. We did 
major changings in all the blocks of simulator because the original simulator did 
not support virtual channels. We explained all the major blocks of the simulator 
and also explained the input and output parameters of the simulator. Encoded 
routing paths and number and positions of junctions are given as input to the 
simulator. 

 

We evaluated performance of EJBR for various routing algorithms using random 
traffic and found the best and worst routing algorithms in EJBR for random 
traffic. Some of the results are shown by plotting average packet latency and 
throughput against different values of packet injection rate (PIR).  We also 
compared EJBR with JBR and source routing and simulation based results 
showed that performance of EJBR for many routing algorithms is better than JBR 
for higher PIRs and performance of EJBR for all routing algorithms is always 
worse than source routing.      

 

7.2 Limitations 
Similar to JBR, delay in junctions is still more than simple router. The cost (in 
terms of area) of junctions and simple router is more than that of JBR and source 
routing because we have introduced virtual channels and each virtual channel 
required extra input and output buffers on each router port. We can compensate 
these disadvantages by a good router and junction architecture design but it is not 
addressed in this thesis. 

    

7.3 Future Work 
In this section we will briefly explain some of the interesting future work related 
to EJBR. 

• In this thesis we just computed junction’s network topology for general-
purpose communication. In future we can find best junction’s network 
topology for application specific communication and then compute the 
deadlock free paths by taking care of link load distribution and adaptivity. 

• We just evaluated EJBR using random traffic. In future we plan to analyse 
its performance for other traffic patterns (hotspot traffic) as well for 
various routing algorithms. 
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• In this thesis we are using minimal paths, using non-minimal paths can 
result in better link load distribution. 

• A simple, cheap and fast design of router architecture and its 
implementation for EJBR is also one of the important future works.   

• An interesting future work is to have more than one path for each 
communicating pair for fault tolerance in EJBR and select the path 
according to the network condition.  

• Implementation of EJBR with long-range physical links insertion and 
solving related issues could also be an interesting future work. 
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9 Appendices 
9.1 Performance Comparison of Various Routing 
Algorithms for JBR 
In this section, we present the graphs for JBR, which we plotted for average 
packet latency and throughput against different values of packet injection rate in 
random traffic using various routing algorithms. 

 

 
Figure 10-1 Average Packet Latency plotted against PIR in Random Traffic for 

JBR using Various Routing Algorithms in a 7X7 Mesh NoC. 
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Figure 10-2 Average Packet Latency plotted against Lower Values of PIR in 

Random Traffic for JBR using Various Routing Algorithms in a 7X7 Mesh NoC. 

 

 
Figure 10-3 Average Packet Latency plotted against Higher Values of PIR in 

Random Traffic for JBR using Various Routing Algorithms in a 7X7 Mesh NoC. 
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Figure 10-4 Throughput plotted against PIR in Random Traffic for JBR using 

Various Routing Algorithms in a 7X7 Mesh NoC. 

 

9.2 Performance Comparison of Various Routing 
Algorithms for SBR 
In this section, we present the graphs for SBR, which we plotted for average 
packet latency and throughput against different values of packet injection rate in 
random traffic using various routing algorithms. 

 

 
Figure 10-5 Average Packet Latency plotted against PIR in Random Traffic for 

SBR using Various Routing Algorithms in a 7X7 Mesh NoC. 
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Figure 10-6 Throughput plotted against PIR in Random Traffic for SBR using 

Various Routing Algorithms in a 7X7 Mesh NoC. 


