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Abstract 
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Abstract 

Routers are probably the most important component of a NoC, as the 
performance of the whole network is driven by the routers’ performance. Cost for 
the whole network in terms of area will also be minimised if the router design is 
kept small. A new application specific processor architecture for implementing 
NoC routers is proposed in this master thesis, which will be called µNP (Micro-
Network Processor). The aim is to offer a solution in which there is a trade-off 
between the high performance of routers implemented in hardware and the high 
level of flexibility that could be achieved by loading a software that routed packets 
into a GPP. Therefore, a study including the design of a hardware based router 
and a GPP based router has been conducted. In this project the first version of the 
µNP has been designed and a complete instruction set, along with some sample 
programs, is also proposed. The results show that, in the best case for all 
implementation options, µNP was 7.5 times slower than the hardware based 
router. It has also behaved more than 100 times faster than the GPP based router, 
keeping almost the same degree of flexibility for routing purposes within NoC. 
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Sammanfattning 

 

Routern är en av de viktigaste komponenterna i ett “Network on Chip” (NoC), på 
grund av att nätverkets prestanda är direkt beroende av routerns prestanda. 
Kostnaden för utnyttjad area minskar också om routerns storlek minimeras. I 
denna rapport föreslås en applikationsspecifik processorarkitektur, kallad µNP 
(Micro-Network Processor), som router i ett NoC. Målet med µNP är att erbjuda 
en lösning som ger bra balans mellan hårdvarans prestanda och mjukvarans 
flexibilitet. Som stöd för arbetet med µNP, innehåller rapporten konstruktion av 
en hårdvarubaserad router samt en mjukvaruimplementerad router i en processor. 
I projektet presenteras första versionen av en µNP, med komplett uppsättning 
instruktioner samt exempel på program. Resultaten visar att µNP är 7,5 gånger 
långsammare jämfört med den hårdvaruimplementerade routern. Å andra sidan är 
µNP över 100 gånger snabbare än routern implementerad i mjukvara, med samma 
grad av flexibilitet för de uppgifter som en router kan behöva i ett NoC. 
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1 Introduction  
 

1.1 Background 

Network-on-Chip (NoC) is a relatively new research field within System-on-Chip 
(SoC). Before NoC was considered, Intellectual Property (IP) cores were 
connected among each other through buses. This option is costly when many IP 
cores want to be interconnected and becomes very complex. Dedicated 
architectures and on-chip designs cannot support current development 
requirements and time-to market, that is why reusable components and scalable 
solutions are of great importance, [1]. Therefore, taking some ideas from 
computer networks, for the NoC approach, IP cores were connected to a network 
of routers to allow the exchange of information between them. Such platform 
(NoC) architecture and design methodology is proposed in [1]. 

The router is considered to be the most important component in any network. 
Therefore, it can also be stated that a router is the most important part of a NoC. 

A router’s job is to help deliver information (packets) from one IP core to another 
within the NoC. Routers are therefore interconnected with other routers and with 
one or many resources within the network. In the case of mesh topologies, the 
most widely used for NoC, the number of routers is equal to the number of IP 
cores. 

Routers are the bottleneck of a NoC and as networks tend to be homogeneous (all 
routers in the network will most likely have the same design), if the performance 
of a router design is optimized, then the whole network’s performance will be 
increased. 

As have been discussed, NoC borrowed some ideas from computer networks, so it 
seems appropriate to do the same now to try to improve NoC’s performance. 
Network Processors (NP) are specific purpose processors used for implementing 
routers in computer networks and can therefore become an inspiration for an on-
chip router design. Such router design is the goal of this Master Thesis, and will be 
called Micro-Network Processor (µNP). 

µNP will be designed as an ASP (Application Specific Processor) as high 
performance and small area is expected for the design. If a GPP (General Purpose 
Processor was used, the degree of flexibility achieved could be very high but the 
latency when routing and the area of the processor would be much larger than 
required for this application, as will be discussed  further in this chapter. 
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1.2 Purpose/Objectives  
 

The main goal of this project is the following: 

• To design the architecture of a specific purpose processor to be the 
router of a NoC. 

Nowadays, the most common implementations of routers in any interconnection 
network are done fully in hardware or by using a General Purpose Processor 
(GPP). For NoC, hardware designs have mostly been used, and the option of 
using a GPP has not been common so far. The aim of this thesis will be to design 
an Application Specific Processor (ASP) that can replace both hardware and GPP 
based routers offering more advantages. 

The design of such a processor requires some initial parameters to be decided 
upon. Therefore, the most important characteristics of the design so that it can 
replace previous designs will be established. They are summarized in table 1.1. 
 
 

µNP Characteristics Characteristics Characteristics Characteristics    

Simplicity  

Small in area 

Little packet latency 

Routing algorithm flexibility 

Protocol flexibility 

Table 1.1: µNP Desired characteristics 

 
Those characteristics will be divided into three main groups: Cost, Latency and 
Flexibility.  
 
In the following subsections a comparison between the three main groups of 
router implementations will be discussed. In all of them SW_R (Software Router) 
refers to the GPP and data related to it is represented in red, µNP refers to the 
ASP to be designed in this Master Thesis and data related to it is represented in 
blue. HW_R (Hardware Router) refers to a router implemented in hardware and 
data related to it is represented in green. 
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1.2.1 Latency 

Latency of packets should be small. It is important for the performance of network 
that the performance of a single router is also as high as possible. This performance 
will be high when the time that a packet requires to go from its origin to the 
destination is minimal. This time will be called the delay of a packet or latency. 
The representation of the expected packet delay vs. the packet injection rate at 
which the packets are being generated in the network or latency plot is shown in 
figure1.1. 
 
It can be seen that the lowest latency and, therefore, the highest performance is 
expected from a router fully implemented in hardware. This is due to the fact that 
the hardware design can be optimized for sending packets and these routers can 
process a packet in a few clock cycles. 
 
The objective of this Master Thesis is that µNP’s latency can be kept as close to 
the one of a hardware router as possible, which is shown by the black arrow in 
figure1.1. It is also expected that µNP’s performance will be higher than the one of 
a GPP as the ASP will provide with an instruction set that will speed up the 
routing software. 

 

Figure 1.1: Latency graph 

 

 

 

 

Packet 
Delay 

Packet Injection Rate 

SW_R 

µNP 

HW_R 
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In figure1.1, two different red lines can be seen for a software router. The 
explanation is simple; depending of the software used for routing the packets, 
different levels of performance can be achieved. Given the fact that the continuous 
line represents a routing program written in C, it can be assumed that if the 
program is translated into Assembly language then the performance could be 
improved and then it would be represented by the dotted line. 

1.2.2 Cost 

The µNP should be simple and small in area, which means that its cost needs to 
be as low as possible. To illustrate this property, figure1.2 is presented.  
 
In the graph shown in figure1.2, it can be easily seen that a router implemented 
fully in hardware will present minimum cost as the hardware is optimize to just 
route packets, the area used is minimal. 
 
It can also be appreciated that we have assumed that a GPP will have less cost than 
the ASP to be designed. This is due to the fact that such GPP would probably 
have gone through a thorough development process that may have last several 
years and produced several versions. µNP, in this first version will probably not 
achieve such optimization. However, GPPs provide their users with quite a lot of 
memory, which is not needed for a NoC router, which will contribute to a smaller 
cost of µNP. 
 
 

 

Figure 1.2: Cost vs. Performance graph 

Cost 

SW_R 

 µNP 

HW_R 

Performance 

  µNP+M 

SW_R+M 
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1.2.3 Flexibility 

 
Both in a software router and in µNP, different communication protocols and 
routing algorithms can be loaded as software. This provides great flexibility for 
these types of routers, whether a hardware router will just be able to serve the 
purpose for which it was designed, and if some change is to be made a new router 
needs to replace the old one. The graph showing the flexibility vs. the performance 
for the three types of routers is in figure 3. 
 
In figure1.3, the software router presents even more flexibility than µNP. As µNP 
is an Application Specific Processor, it will be designed for serving to the purpose 
of routing packets, while a GPP has not a single application and therefore is more 
likely to support a wide variety of programs for different uses. 

 

 

Figure 1.3: Flexibility vs. Performance graph 

 

1.3 Limitations 

In this Master Thesis two different phases of the project have been developed. In 
the first phase a study of a possible design of both a hardware based router and a 
software coded in a processor to route packets has been conducted.  The aim of 
doing such study before actually developing the core of this project was to gain a 
better understanding of different implementation options for NoC routers as well 
as to obtain some data that may help to evaluate the design carried out in the 
second phase of the project. 

Flexibility 

SW_R 

 µNP 

HW_R 

Performance 
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The second part of this Master Thesis, and the real goal, was to create from scratch 
a specific purpose processor that could perform as a router for NoC. In this part 
just a conceptual design and the schematics for the processor will be provided, as 
the development of a software model for the proposal and possible hardware 
implementation are not part of the scope of this Master Thesis. 

It also needs to be taken into account that in this first version of the µNP the main 
concern was to get a simple design and to find a suitable architecture that could be 
used for routing purposes with the highest performance possible. Therefore, there 
will be room for improvements in the design and future versions of the processor 
may be developed including such improvements. 

Unfortunately it has not been possible to collect the necessary data for developing 
an evaluation in terms of cost. This will be proposed as a future work.  

 

1.4 Thesis outline 

After this introduction, the main theoretical concepts required to understand the 
contents of the thesis are described in chapter 2. 

In this Master Thesis there are three main parts. In the first part the study and 
design of a hardware router was conducted. The information related to that part 
can be found in chapter 3, where the specifications of the design and the design 
itself is discussed, as well as thee general validation process followed. 

In the second part of this Master Thesis the study and design of a software router 
were carried out. In chapter 4 the work conducted for this second part is 
explained. A discussion of which General Purpose Processor was used, a 
description of the code written to route the packets and the verification process for 
the design are included. 

The third part is the core of this report and corresponds to the design of the µNP. 
In chapter 5 the design decisions and the final architecture are described and 
chapter 6 is dedicated to discuss the instruction set of our ASP proposal, several 
subsections are used to group the instructions, and to describe the control signals 
and provide with some examples of code for the new architecture as a way of 
verifying the design. 

The evaluation methodology which was followed throughout the project and its 
application to the three designs is explained in chapter 7. In the same chapter, the 
results of the evaluation are presented as well as the comparison of the obtained 
results is established. Conclusions are drawn in chapter 8 together with a 
discussion about future work related to this Master Thesis and chapters 9 and 10 
contain the reference list and the appendix list respectively. 
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2 Theoretical Background 

2.1 Network-on-chip Architecture 
 
As it is explained in [2] placing an on-chip interconnection network, instead of a 
design specific wiring, facilitates modular design. This is due to its structured 
design. Modularity contributes to using high-performance circuits in order to 
reduce the latency and therefore to increase the bandwidth within the network.  
 
All the NoC architectures present mainly the same components, which are the 
resources (or network clients), with their network interface (RNI), the routers and 
the links. 
 
Figure 2.1 presents a NoC architecture that has a 4x4 mesh topology as the routers 
are placed in a square. Mesh topology is the most commonly used for NoC and 
that is going to be assumed in this Master Thesis. This topology allows making the 
routing decisions functions simple and identical for all the routers within the 
network, as stated in [3]. 
 

 

Figure 2.1: 4x4 mesh topology for NoC 

 

The resources of the network may vary depending of the design from a wide range 
of IP cores. Such cores can be, for example, memories, DSPs (Digital Signal 
Processor) or other kinds of processors, controllers, programmable logic 
blocks…etc.  



Theoretical Background 

9 

Resources are linked to a router through a RNI (Resource Network Interface). 
The mission of the RNI is to facilitate the correct communication between a 
resource and the router connected to it. Even though the network may share a 
single clock, it is very likely that the resources will have a different timing, they are 
usually slower, and then it is also required that the router’s communication 
protocol is followed by the resources. Thanks to the RNI, the resources are seeing 
as another router sending packets by the router connected to them, favouring the 
router’s homogeneous behaviour and simple design. 

The routers are small and simple components within the chip, as most of the space 
is preferably dedicated to IP cores. The routers for NoC are further discussed in 
the next section. 

 

2.2 NoC Routers 
 
In NoC designs, the most important parts of the network that interconnects all 
the IP blocks are the routers. These routers have the duty of sending the packets 
between the different IP blocks in the NoC. In order to make this task, they have 
to route the information, in form of packets, according to some routing algorithm.  
 
There are two main routing techniques which are static and adaptive (also known 
as dynamic). In the static routing, the paths from one point in the network to 
another are fixed, and usually only one path is allowed, being all the packets sent 
through this path. There is no possibility of another path for the packets. Using 
this technique there is not any chance for deadlocks, unless errors occur in the 
routers, but the adaptability of the network to different situations such as traffic 
status is non-existent.  
 
With the adaptive routing, the paths followed for the packets from one point of 
the network to another can change dynamically throughout the time, according to 
some parameters, as for example the traffic situation in the network. This 
technique is more complex and dangerous since, if it is not implemented carefully, 
it can lead for example to deadlock situations. 
 
The routers being the most important part of the network, the design of those is a 
key factor affecting the performance of the network and this design is very much 
influenced by the switching technique that is to be supported [4]. 
 
 
 

2.2.1 Main Switching techniques 

There are four main switching techniques according to [4]. These are:  
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• circuit switching 
• packet switching 
• virtual cut-through (VCT) switching 
• wormhole switching. 

 
In circuit switching the path from the source to the destination is reserved before 
the transmission of data is started. This is done with the help of a header flit, 
which contains the destination of the data, which is sent through the network 
until the destination is reached, and all the links where this flit has passed through 
are reserved for the transmission of the rest of the message. 
 
In packet switching, also known as store-and-forward, all the packet is sent at the 
same time and buffered in the intermediate nodes of the path until the packet 
reaches the destination. The first few bits contain the information regarding the 
destination and possibly other fields for control and routing issues. This way, only 
one link between routers (channel) currently dealing with the packet is busy at a 
time, due to a particular message in the whole network. 
 
While in packet switching the message cannot be forwarded until the whole packet 
has been received, with virtual-cut-through techniques the packet can be split into 
many parts called flits.  
 
The first flit usually contains the information needed for the routing of the 
message and when it arrives to a node, it can be sent to the next node without 
having to wait for the next flit to arrive. The path that this flit is passing through is 
reserved for the next flits of the message in a way such that they do not have to 
wait for routing decisions, following the path that has been reserved by the first 
flit, also known as header flit.  
 
A particularity of this technique is the size of the buffer, that as in packet 
switching, it is able to store all the flits belonging to the same message, in such a 
way that if the header flit encounters a stall in its way to the destination, all the 
message can be stored in the same node. 
 
In wormhole switching the message is also split into flits and these flits are also 
pipelined through the network until the destination, but the main difference with 
VCT is the size of the buffers in the nodes. Using this technique, the buffers do 
not have capacity to store all the flits of the message, instead they are very small in 
size, allowing only a few flits being stored in the same node.  
 
If the header flit encounters a stall in the path, all the others flits remain in the 
same place where they were until the header flit can proceed. This way, all the 
path is blocked for other messages that want to use some channel that is busy by 
the first message.  
 
The main advantage of the wormhole switching technique is the size of the 
buffers, which is very small and therefore can allow small router designs. On the 



Theoretical Background 

11 

other hand, a disadvantage of wormhole switching is the probability of deadlock. 
With this algorithm there is a risk that a packet encounters a situation in which 
some outputs are blocked and pending on inputs which are also block in a manner 
that is not possible to be solved without taking measures such as packet or flit 
drop. 
 

2.2.2 Routing Algorithms 

In this section we are going to explain the two different routing algorithms that 
have been used during this master thesis. The first one is a static routing algorithm 
known as “XY” where the packets are routed depending on the relative position of 
the destination and where they are. This way, the first dimension to be routed is 
the X dimension, so if the destination is in another column of the network 
supposing a mesh topology, the packet would be routed through along the file 
where it is in that moment. If the X dimension is already reached, the packet 
would be routed in the Y dimension, otherwise it means that the packet has 
reached its destination and therefore it is sent to the local resource. 

The second one is a dynamic routing algorithm known as “Odd-even”[5]. This 
algorithm is intended to route packets in a non-deterministic fashion but 
preventing it from deadlock situations. The main idea is that some turns are 
prohibited in this model, ensuring that the packet can not enter in such situations. 
A possible implementation of that algorithm that we have used in the 
development of this work, is not to allow packets coming from North or South 
inputs to be routed through the West output if the router is placed in a odd 
column, and not to allow packets coming from East input to be routed through 
the North and South outputs. 

Following this rules, it is impossible, as discussed in [5], that situations of 
deadlock can arise. 

 

2.2.3 Design Options for a NoC Router 

Regarding the design of NoC routers there are two main options, depending on 
the complexity and purpose of these.  
 
The first option is a router designed completely in hardware. These routers are 
very small and provide a high performance due to the fact that the hardware has 
been specifically designed for this purpose. The main drawback is the high cost of 
development and the small degree of freedom that these routers provide, since if 
some parameter of the design has to be changed the router itself has to be removed 
and a new one has to be designed. 
 
The second option is a router where the hardware remains without changes even if 
the functionality is to be changed. This is achieved using hardware that can be 
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programmed using software, typically a processor that can be from very generic 
purpose to very specific. If the processor is very specific it is known as Application 
Specific Processor, and the performance can be very high but the degree of 
freedom can be a little bit more reduced than with a general application processor. 
The main advantages of this type of router are the flexibility and the cost, since the 
same design can be used for many different routing and switching techniques and 
the time and cost of development of new software is much lower. 
 
Up to now, the possibilities of using a specific purpose processor to act as a NoC 
router have not been widely explored. This will be the purpose of this Master 
Thesis. 

 

2.3 Network Processors 

Network Processors (NP) are chips which can be programmed using software as 
general microprocessors. The difference is that these chips are optimized for some 
applications related with the networks and essentially the packet processing tasks 
[7]. Usually, this is done with a software programmable device and some special 
circuitry that achieve a high performance in packet processing.  

The main advantages of these architectures are the flexibility, which is quite 
similar to a General Purpose Processor (GPP) but limited to the normal functions 
and requirements of network processing tasks, and the time to market and cost, 
which are lower than other solutions as for example Application Specific 
Integrated Circuit (ASIC). 

ASIC solutions, as mentioned before in section 2.2, have a lack of flexibility and a 
big time to market, since implementing a new functionality means to change the 
complete product, to design the new ASIC which is very costly, to implement it 
and to place it. Due to these facts, it is not surprising that Network Processors 
replace ASIC solutions in new network equipment, but ASIC still has some 
advantages over NP, especially the performance. ASIC solutions can achieve a very 
high performance in terms of latency and throughput. This is a key factor in new 
and future networks where speeds of hundred of Gbps are to be achieved. 

Other options used by the industry for network equipment have been GPP and 
FPGA based solutions. GPP allow great flexibility as any function can be 
implemented by software, but the main drawback is the poor performance that is 
achieved, since the instructions and the architecture are not intended for the 
specific issues of network applications. 

FPGA solutions also have very good flexibility properties, since the design can be 
changed, but the time to market is bigger, because the design of new hardware 
with today’s level of abstraction is costly and the performance is still far from what 
can be expected with ASIC. 
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NP can have different architectures, as many as vendors. Many of them use 
Application Specific Instruction Processor (ASIP) with some other components as 
co-processors and small hardwired designs for very specific tasks and a GPP in 
order to manage the whole system. This design can change, depending on the 
vendor, from many co-processors and one ASIP to several ASIP and many 
hardwired components.  

In figure 2.2 the main components of the IBM’s network processor PowerNP can 
be observed. It consists of the Embedded Processor Complex (EPC), special 
processing hardware and peripheral interfaces. The EPC is made of 16 
programmable protocol processors and a PowerPC processor together with many 
different hardware accelerator units. More details about this Network Processor 
can be found in [6]. Details of some other commercial products can be found in 
[7]. 

 

Figure 2.2: Architecture of PowerNP. Taken from [7] 

 

Regarding the applications of NP, there are some domains where NPs have already 
shown benefits, [8]: 

• Content switching and load balancing. When the load on the server side is very 
high, NP can contribute to balance the load through different servers. 
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• Traffic differentiation. In order to achieve some QoS (Quality of Service), 
differentiation of traffic is a key factor allowing the classification of current 
traffic. 

• Network security. NP can encrypt and act as a firewall. Due to its flexibility is 
very appropriate for these tasks, as this is an ever evolving domain. 

• Terminal mobility. As all the protocols are likely to change and evolve during 
the next years and continue to increase in complexity, NP is a perfect solution 
enabling short time to market products compliant with the new protocols. 

• Active networks. In active networks, the packets are not merely forwarded, but 
they can change the behaviour of the router depending on their data. This can 
only be done with programmable devices, and NP are the most appropriate for 
that. 

2.4 Multithreaded Processors 

A possible solution for hiding latency could be to implement multithreading 
supported by hardware [9]. It consists of several threads of execution that are 
independently invoked. Each thread has a state associated to it, composed at least 
by processor registers and program counter, but which can also include all the 
information which is relevant from a thread and that is not shared by other 
threads. 

Every time the execution changes from one thread to another, the state of the 
current thread, also called context, needs to be saved and the context of the new 
thread needs to be restored. This process is known as context switching. 

Context switching is costly in terms of execution time, especially in hardware-
supported shared address space and even more in the case of systems where a single 
processor is used. This is why hardware support is required instead of storing the 
context in memory by means of software [9].  

The effect of context switching in the processor utilization time can be observed in 
equation 1, where Busy is the time threads spends executing, Switching is the time 
spent in changing the context from one thread to another and Idle is the time 
when no thread was in execution in the processor. It can be deducted, that in 
order to obtain full utilization of the processor, no idle time and negligible 
switching time will be required. 

IdleSwitchingBusy

Busy
nUtilizatio

++
=                           (1) 

There are two main techniques to implement multithreading according to [9], i.e. 
blocked multithreading and interleaved multithreading. 
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2.4.1 Blocked Multithreading 

Usually there are several hardware register files and program counters that are 
assigned to those threads that are active, currently being executed, at the moment. 
Therefore, the number of active threads is limited by the available copies of 
hardware resources. 

The threads that are neither executing nor blocked, but that are eligible to be 
executed as soon as hardware resources become available are called ready threads. 

This type of multithreading is based on switching the context from an active 
thread to a ready thread once the current thread in execution is blocked due to the 
occurrence of a long latency event. An active thread will be then executing while 
no such long latency event takes place, which can be due to a cache miss or an 
instruction requiring several clock cycles to be executed.  

2.4.2 Interleaved Multithreading 

This approach tries to reduce the processing time consumption caused by context 
switching overhead by actually removing it completely, given the fact that there 
are enough concurrent threads to completely hide the latency.  

Each clock cycle, a new thread is executed from the pool of ready threads with a 
hardware context (ready and active). If a thread incurs in a long latency event, the 
thread is removed from the ready pool (active but not ready) and is not considered 
ready until the long latency event has been completed. 

 

2.5 VLIW Processors 

Simple scalar processors are those processors that execute one instruction at a time. 
In order to increase the performance of such processors, it is possible to exploit the 
parallelism present in some parts of the code, known as Instruction Level 
Parallelism (ILP). 

VLIW (Very Large Instruction Word) processors are those which present a specific 
architecture so that one of their instructions is composed by several smaller 
instructions. Such instructions are known as MultiOp or multi- operations [10]. 
MultiOps can combine logical, arithmetical and control operations according to 
the available hardware resources.  

VLIW processors present several functional units that make possible the parallel 
execution of multiple operations. MultiOp instruction words are therefore 
typically composed by one operation per functional unit present in the processor, 
as shown in figure 2.3. 
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Figure 2.3: Multiple functional units support VLIW. 

 

VLIW approach is quite complex, especially in terms of finding the parallelism. It 
is the duty of the compiler to analyse the program to be executed and to schedule 
operations to obtain the maximum performance from the available hardware 
resources, in order to achieve the highest utilization feasible and to keep the 
program integrity.  

As there are some instructions that are dependent from previous instructions, it is 
very important that the compiler is able to detect such dependencies to make sure 
that the result obtained is the desired one. Therefore, there will be some occasions 
in which some of the operation fields within the instruction word may be left 
blank. 

Instruction 

word 

Adder Comp Mult Adder 

OP1 OP2 OP3 OP4 
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3 Hardware Router 
In this chapter, the study and design of the hardware router is described. The 
obtained results will be used to compare the router with the other router designs 
developed through the Master Thesis. 
 
The router architecture described in the QNoC project [11], will be mostly 
reused, as well as the concepts applied on it. A simplification has been made as the 
aim of this chapter of the Master Thesis is to acquire some experience in router 
implementation and design in order to develop a better solution for the µNP. 
Developing a new router architecture is a very time consuming process and was 
out of the scope of this thesis. 
 
The implementation of the hardware router based on the QNoC will be done in 
VHDL. The results from simulation will be used for establishing a comparison 
with the results that will be obtained when testing the µNP (Micro-network 
processor). 
 

3.1 Specifications: QNoC Project 
 

The QNoC project stands for “QoS architecture and design process for NoC”. 
Within this project, a customized architecture for NoC was designed in order to 
solve the problems of VLSI SoC and therefore minimizing cost in terms of area 
and power but still maintaining an adequate QoS [11]. The specification of the 
hardware router that has been developed as part of this thesis is based on the 
QNoC router architecture shown in figure 3.1.  
 
There are four different services defined in QNoC. 

• Signalling 
• Real-Time 
• Read/Write 
• Block Transfer 

 
It can be observed that different virtual channels have been created depending on 
the type of information received, which are called services.  
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Figure 3.1: QNoC router architecture, taken from [11] 

 
Our proposal for a hardware router design is shown below in figure 3.1.  
 

 

Figure 3.2: Hardware router architecture modified from [11] 

 
A simplification on the design presented in figure 3.2 has been done, mainly by 
eliminating the different channels that manage the priority of services. 
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Table 3.1 summarises the list of main characteristics of the implementation of the 
hardware router. 
 

Hardware Router CharacteristicsHardware Router CharacteristicsHardware Router CharacteristicsHardware Router Characteristics    

5 Input ports 

5 Output ports 

3 flit buffers per input port 

1 flit buffer per output port 

Simple hand-shake interface to each of the links 

Flits of 32 bits 

Crossbar switch 

X-Y routing technique 

Wormhole routing algorithm 

Buffer-Credit based traffic control 

Current Routing Table (CRT) 

Next Buffer State (NBS) 

Currently Service Input Port (CSIP) 

Table 3.1: Hardware Router Characteristics 

 
The motivation of the different design decisions taken, in order to simplify and 
reuse the QNoC architecture, is discussed in the following paragraphs. 
 
A 5-input 5-output router was chosen so that the router can be used in a 2D Mesh 
topology. The Resource Network Interface (RNI) is considered to be of the same 
type as an interface of any other router in the network. Credit based hand-shake 
interface will be considered sufficient for establishing the communication between 
routers. 
 
We have considered that 32 bit flits is a common length for a flit. With this type 
of flits, the size of the input and output buffers and by using wormhole routing 
technique we aim to keep the size of the router small.  
 
The credit based control will be used in order to know when the flits can be sent 
from the output of one router to the input of another router or to a resource. For 
this, CRT, NBS and CSIP will be used.  
 
The CRT is used so that the number of the output port for the corresponding flit 
is stored until the whole packet has been sent. This is done in order to route the 
packet just once and then send all the flits of that packet trough the same route. 
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In NBS the number of available flit slots in the input buffer of the next router is 
stored. The value of the NBS is decremented when a flit is sent. When a flit is sent 
by a router it will send a buffer-credit signal to its neighbours so that the value of 
their NBS can be decremented. 
 
In CSIP the current state of the output round-robin scheduling is stored. The 
number stored in CSIP is incremented when the transmission of a packet is 
finished or if there is nothing to transmit in an input.  

 

3.2 Design  

3.2.1 Architecture 

 

The design of the hardware router has been done using VHDL as hardware 
definition language.  
 

We have chosen an architecture in which we divide the router into two main 
components: input and output. Due to the fact that the proposed router will 
present five inputs and five outputs, the final router will be result of assembling 
five inputs with five outputs, using the facilities of VHDL to create a hierarchy of 
components and interconnect them. The whole system will be fed by a single 
clock signal. 
 
The reason why we can independently design one input and one output and then 
just replicate and assemble the components, is the fact that VHLD provides 
process concurrency. Each component in VHDL is formed of one or several 
processes. Such processes execute concurrently every clock cycle. Therefore, a 
hardware router will be able to independently manage all its inputs and outputs at 
the same time without loosing performance in terms of time. 
 

In the following subsections the model of an input component and an output 
component will be described. 
 

3.2.1.1 Input Component 

 
The input component will perform the following functionality: 
 

• Acknowledge handshaking protocol from neighbouring routers 
intending to send a packet to the router. 

• Inform neighbouring routers of capability of receiving flits (credit to 
indicate if there is space available in the input buffer). 

• Receive flits and store in the input buffer 
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• Manage the input buffer 

• Analyse the header of the packet to determine coordinates of the 
targeted destination. 

• Apply XY routing algorithm 

• Define a destination for the flit in terms of output to be used. 
 
 
In figure 3.3 the signals which are on the left hand side of the input component 
build the interface with the previous router or resource. Signals which are on the 
right hand side belong to the interface with the output component of the same 
router. Signals “request”, “ack” and “Credit_out” perform the communication 
protocol based in a handshaking protocol, which is explained in section 3.2.2. 
Through the signal “Buffer_in” the flits are sent from the previous router or 
resource to the input component of the next router. 
 

IN_X

ack

c
lk

Buffer_in  (31 

downto 0)

request

Buffer_send_X  (31*i downto 

0*i)

Waiting_X (i)

Destination_X (i)
Credit_out (2 

downto 0)

rs
t

Buffer_in  

request

Credit_out 

Waiting 

Buffer_send  

Destination 

ack

 
 

Figure 3.3: Block diagram of the input component. 

 
 

This component has an input buffer where the flits coming from “Buffer_in” are 
stored waiting for being routed and sent to the next node in the network. This 
buffer has capacity for three flits of 32 bits. When the flit is received, the next 
destination and thus the appropriate output, is found applying the XY routing 
algorithm, and the signal “Destination_X” contains the number of the output that 
has to be in charge of sending the flit, as can be seen in table 3.2. This signal is 
sent to the output and the output has to acknowledge sending back a positive 
answer through the signal “Waiting”. The input component waits until this 
positive answer to send the flit through the signal “Buffer_send”. How the output 
component determines when it is ready to receive a new flit from an input will be 
explained in section 3.2.1.2. 
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  Decission Signal Destination Destination 

  x<My_x 00010 West 

  x>My_x 00100 East 

  y<My_y 01000 South 

  y>My_y 10000 North 

  else (x=My_x & y=My_y) 00001 Resource 

 

Table 2.2: XY routing results. 

 

3.2.1.2 Output Component 

The output component will perform the following functionality: 
 

• Check if neighbouring routers have credit. 
• Request handshaking protocol to those neighbouring routers to 

which it intends to send a packet. 
• Send flits.  
• In case of congestion store flits in the output buffer. 
• Manage the output buffer 
• Implement a round-robin policy to select which of the inputs 

attempting to use the output will be serviced. 
• Lock it services to a certain output when the first flit of a packet 

arrives and until the whole packet is sent (wormhole). 
• Send a waiting signal to an input sending a packet if no more flits 

can be outputted. 
 

In figure 3.4 the signals which are on the left hand side of the output component 
build the interface with the input components, and signals which are on the right 
hand side are part of the interface with the next router or resource. As explained in 
the previous chapter, the signal “Waiting_X” sends an acknowledge whenever the 
input can send flits to the output, taking into consideration that this destination 
has to be previously requested by the input through the signal “Destination_X”. If 
the output is already locked by some other input, there will be no acknowledge 
from this output and the input will have to wait until the output is unlocked and 
according to the priority policy there is no other input with higher priority waiting 
for the same output. 
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Figure 3.4: Block diagram of the output component. 

Regarding the signals of the right hand side, they perform the handshaking 
protocol with the next node of the network. “Request” and “ack” perform the 
handshaking protocol and “NBS” receives the credits from the next router, 
depending on the space left in the buffer. 

3.2.1.3  Assembled Hardware Router  

As it has been mentioned before, the complete router is the result of linking five 
input components with five output components. In figure 3.5, the router interface 
towards neighbouring routers is shown. 

 

Figure 3.5: Hardware router interface 
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Figure 3.6: Interconnection between input and output components. 
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The way in which inputs are connected to outputs is described in figure 3.6. In 
this figure the connection is done with just one output, as the connections are 
analogous for all the different output components. The box in the upper right 
corner shows the pairs of (i , Y) values that are possible, being i the bit number of 
some of the signals and Y the output component placement in the router. 

3.2.2 Handshaking Protocol 

The protocol that will be used to ensure flit reception for the HW Router is very 
simple. It just consists of starting a handshaking protocol but just when the output 
of the sending router knows that the receiving router will have space in its buffer 
for the flit to be sent. This can be done by checking that the credit signal which is 
sent by the receiving input is larger than zero. 
 
Once the protocol has started, as it is also shown in figure 3.7, the request signal 
will be set to one by the output, which will wait for the acknowledgement signal is 
set to one prior to removing the flit to be sent, which will be done along with 
setting the request signal to zero. When the input detects that the request signal 
has been set to zero it will set the acknowledgement signal also to zero and will 
wait for the next request signal to be sent. 

Output Router A Input Router B

req =1

ack =1

req = 0

ack = 0

If credit > 0

End of 

transmission

Flit 

received

Ready for 

next flit

 

Figure 3.7: Protocol between an output of router A and an input of router B 
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The handshaking protocol, though very simple, is a time consuming section of the 
hardware router. It contributes to ensuring that no packet loss is produced in the 
network as packet drop is not required. Packets are not sent if the receiving router 
is not ready to receive them and are outputted until the receiving router 
acknowledges the reception. This feature is not very important in situations where 
all routers and resources in the network are completely synchronous, but in most 
of the situations the resources will not be synchronous with their neighbouring 
router. 

 

3.2.3 Packet Format 
 

The format that the information will take in the NoC has been defined. Each 
packet containing data will be divided into 10 flits, but there will also be one-flit 
packets for control purposes. 
 
A flit will be formed by 32 bits with the format shown in figure 3.8. 
    

Time of flit generation origin nr y x T 

31 

 

               13 

 

12 10 9   6 5 4 3 2 1 0 

Figure 3.8: flit format 

 
The header of the flit contains the most relevant data for routing purposes. It 
comprises bits 0 to 5 and is composed of the following elements: 
 

• Flit type (0 to 1) 
 
There are four different types of flits each of them coded with two bits, table 3.3 
presents a summary of such codification. If no packet is being received the flit to 
be processed would be idle. Control packets consisting of a single flit are called 
Full Packets (FP). A packet containing more than one flit will start by a Body Flit 
(BDY) and will present such flits until the last flit of the packet, which will be 
signalled as End of Packet (EP). 
 

 
Bit code Type (T) 

00 IDLE 

01 EP  

10 BDY  

11 FP  

 

Table 3.3: bit codes for flit types 

 
• Coordinates x and y of the destination (2 to 5) 
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It is assumed that the hardware router will be part of a NoC with a mesh topology. 
As four bits have been reserved for the routers’ address, a 4x4 mesh can be 
considered. The position (x=00, y=00) has been assigned to the bottom left router.  
 
The payload of the flit comprises bits 6 to 31. These bits have been assigned 
different contents for testing purposes. Such contents are: 
 

• Flit number (6 to 9) 
 
In order to verify that all generated flits were received, the flit sequence was 
numbered. Number 0 was assigned to FP and 10 flits packets were numbered 
from 1 to 10. 
 

• Origin (10 to 12) 
 
Due to the fact that XY routing is going to be used when testing the router, and as 
we know the position of the router to be tested and the destination of the packet, 
the origin of the packets will prove the correctness of the router. 
 
There are five possible origins, the same as inputs. They are coded as shown in 
table 3.4. 
 

Bit code Origin 

000 Resource 

001 North 

010 South 

011 East 

100 West 

 

Table 3.4: bit codes for different origins 

 
 

• Time of flit generation (13 to 31) 
 
In order to be able to estimate the delay of the flit from source to destination 
(from input to output in our case) it is important to keep track of when the flit 
was generated. Then it is just required to check at what time the flit was received. 
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3.3 Hardware Router Testing 

In order to test the proper functionality of the design we used Modelsim as a 
hardware simulator platform. In the first phases of the testing, the stimulus was 
done by hand in order to see that all the signals within the different components 
were performing in a good manner and that the overall functionality of each 
component was right. 

When all the components were tested, the system was built and again it was tested 
with stimulus using Modelsim in order to see if the whole system functionality was 
achieved or if in the process or merging different components some functionality 
was lost. 

Since producing the stimulus by hand was quite slow and error prone, when some 
kind of confidence in the system was reached, we used the same test configuration 
that was used to measure the performance. This configuration is explained in 
chapter 7. At this point, the performance was not measured, but the correct 
functionality of the system was checked.  

The evaluation of the hardware router performance and a comparison with the 
other implementation options considered in this Master Thesis are provided in 
chapter 7.
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4 Router using a GPP Core 

General Purpose Processors (GPP) are an intermediate solution for routers’ 
implementations. They can not achieve as high performance as ASIC, or Network 
Processor but to a lesser extent, can do, but the degree of flexibility is even higher 
than what we can expect from NP. This fact makes GPP very attractive due to the 
short time to market and the long life of the products, as their functionality can be 
changed by replacing the software. 

One of the goals of this Master Thesis is to explore the different possibilities for 
router’s implementations. Therefore, a GPP as the main component of a router 
for a NoC is studied, implemented and tested in order to know the performance 
that this kind of solutions can achieve. 

 

4.1 GPP Choice: Leon vs Microblaze 
 

The first step is to study the different possibilities of microprocessors available, in 
order to build the system. When this study was conducted, two major options 
came up due to the fact that they are configurable, synthesizable and more 
important, they can be tested using a hardware simulator. These two options were 
Leon2 processor and Microblaze. There are other possibilities regarding GPPs that 
could also fit into these requirements, but in this study we restricted the scope to 
these two processors was a key factor. 

Leon2 is a 32-bit RISC processor with architecture compliant with SPARC V8 
[12]. It keeps a Harvard style and it is designed for embedded applications. It has 
many different resources on chip as 16 bits I/O ports, two UARTS, MAC and 
PCI interface. A complete block diagram can be seen in figure 4.1. Leon-2 VHDL 
code is available for free under a LGPL license in the website of Gaisler Research 
[www.gaisler.com].   

On the other hand, Microblaze is a 32-bit RISC processor with its own ISA 
(Instruction Set Architecture) specially designed for Microblaze [13]. The design is 
optimised for its implementation in Xilinx FPGAs. A complete block diagram can 
be seen in figure 4.2. Microblaze is distributed with the Xilinx Embedded 
Development Kit (EDK) which is a netlist of many parameters, but the VHDL 
code is not available for free as in the case of Leon-2. 
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Figure 4.1: Block diagram of Leon-2. Taken from [12] 

 

 

 

Figure 4.2: Block diagram of Microblaze. Taken from [13] 
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I/O ports are a very important processor component for this project, and with 
Leon-2 processor 16 bits are always available and 32 bits are only possible if the 
memory bus is configured for 8 or 16-bit operation [12]. This is a main drawback 
for the project as 5 I/O ports are needed with as many bits as possible and 16 is 
not a big amount. 

In Microblaze, I/O ports are 64 bits width [13], which is a key factor for the 
design, since it allows 32 bits for output and 32 bits for input, which is the same 
interface we used for the hardware router design. This was a strong point in the 
decision of taking Microblaze instead of Leon-2. 

Another important factor was the fact that the EDK environment that is provided 
by Xilinx along with Microblaze, has a very powerful and easy to use graphical 
interface for modelling the system. This allows a complete system design in a few 
steps and all drivers needed for all the different parts of the system were 
automatically generated in C language for the concrete system’s specifications. 
This advantage was crucial since the time of development using Microblaze was 
clearly smaller than with Leon-2, where all the code would have to be generated 
almost from scratch.  

Due to these advantages regarding I/O features and development environment the 
GPP chosen for the simulation of a router system was Microblaze. 

 

4.2 Router Design using Microblaze processor 

The system was developed using the Xilinx EDK 6.2 tool. Here, the hardware is 
instantiated using IP blocks that can be connected through signals and buses. The 
tool provides a wizard in order to create the system specifying the requirements 
through setting some parameters in a few steps. This wizard is included in the 
Xilinx Platform Studio, which is the graphical interface on top of the EDK.  

In this wizard, it is possible to specify if it is to be used a Microblaze processor or a 
PowerPC processor, which is also available under the same EDK. Besides that, it is 
possible to specify the FPGA in which the system is going to be deployed, if 
needed, the clock frequency, the size and type of memory, cache and different I/O 
devices.  

In figure 4.3 it can be seen the configuration of the system being used, with five 
bidirectional 64-bit General Purpose I/O ports (GPIO). Each port is composed by 
32 input bits and 32 output bits.  
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Figure 4.3: Block diagram of the system simulated. Modified from [13] 

All five ports are accessed through the OPB bus and are mapped directly into 
memory, in such a way that the only thing that it is needed to write or read these 
ports is the address in memory where they are mapped. This address is given by 
the XPS and all the drivers in order to manage at a higher level of abstraction these 
ports are automatically generated as C functions by the tool. 

Having five I/O ports allows us to maintain almost the same interface as in the 
case of the hardware router seen in the previous chapter. This is very important for 
evaluation and simulation purposes, being the time of development shorter, as the 
evaluation tool was already built with only some minor changes to be done, and 
more fair the comparison between the two systems. 

Due to the fact that in the case of the hardware router the signals related to the 
handshaking protocol were not part of the 32 bits of the flits, the packet format 
needs to be modified in this case as only 32 bits ports are available. The new 
packet format can be seen in figure 4.4. In this new format the following bits are 
included: 

• The request bit (r) 

• The acknowledge bit (a) 

• The credit bit (c), which indicates if there is any free space in the 
input buffer or not. 

 
r a c Time of flit generation nr y x T 

3

1 

3

0 

2

9 

28               10 9   6 5 4 3 2 1 0 

Figure 4.4: new flit format required for Microblaze 



Router using a GPP 

33 

As the time required for the Microblaze to send a packet is much larger than the 
time required by the hardware router, the time of flit generation has been 
converted to clock cycles and is not expressed in nanoseconds, as in the case of the 
hardware design. 

The software of the system was developed in C. The other alternatives were 
assembly language or C++. C was chosen due to its short time of development, 
level of abstraction and better execution time. With assembly language even 
though the execution time is faster and the size of code is smaller the time of 
development would be much higher, due to the fact that the assembly code of the 
Microblaze and all the instructions would have to be learnt. 

Using C++, the time of development most likely would be shorter but the size of 
the code would be bigger and the execution time would be worse and therefore the 
performance. Taking into account all these factors, C language seems to be the 
best option for the purposes of this project. 

In order to compile the software written in C, a modified version of GCC is used 
and a script can make all the models for the simulation. Some other libraries of the 
hardware are also needed to compile in order to run the hardware simulation. 

As the aim is to achieve the best performance possible in terms of latency and 
throughput, the program is written without any function, so that it is not needed 
to call different functions and to spend time passing parameters and saving the 
state. 

The general architecture of the program is as follows: it is divided in ten parts, one 
for each input and one for each output, following the idea of distributed 
intelligence of the hardware router.  

For each input, the main tasks that have to be performed are the handshaking with 
the previous router or resource, the management of the input buffer and allocation 
of the incoming flits, routing algorithm and request for free output. Since all these 
tasks, only for one input, may last for about some tens or even hundreds of clock 
cycles the latency would be very high in case of many inputs receiving incoming 
flits.  

In order to avoid large delays in serving the inputs, all the required tasks 
mentioned above are interleaved among all the inputs, in such a manner that the 
handshaking of the first input is followed by the code of the handshaking of the 
second input and so on until the fifth. The same strategy is followed with the rest 
of the tasks. 

In figure 4.5 there is a description of the main parts of the software. The level of 
abstraction is quite high in order to make it clear for the reader.  
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Description of the main parts of the software for the inputs. 

 

 

 

 

 

 

Figure 4.5: Description of the main parts of the software for the inputs. 

 

Regarding the outputs, as the tasks to be done are smaller, in terms of lines of 
code, and can be done much faster it is not needed to split the code and therefore 
all the code that controls the same output is together and followed by the code of 
the next output until the fifth one is finished. The description of the code that was 
developed for handling all the different outputs is shown in figure 4.6. 

 

 

 

 

 

 

 

//the same code for the different inputs is performed 

 

if (new incoming flit){  

 do handshaking(); 

} 

//==================================(repeated five times) 

If (new flit) { 

 If(buffer full){ 

  Can not allocate the new flit; 

  Credit=0; 

 }else{ 

  Allocate new flit; 

  Change the buffer pointer; 

 } 

} 

//==================================(repeated five times) 

If(flit in first position buffer){ 

 If(header flit){ 

  Find destination; 

  Request output according to destination; 

  Manage buffer; 

 } else{ 

  Send to output;  

  Manage buffer; 

 } 

} 

//==================================(repeated five times) 
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Figure 4.6: Description of the main parts of the software for the outputs. 

 

4.3 Software Router Testing 

In order to test the program written in C for the Microblaze we used an 
instruction level simulator which is available within the Xilinx EDK platform. 
Instead of using directly the validation platform that was developed for the 
hardware routing a small program in C was developed in order to generate some 
traffic and to check that the software was correctly done. 

When this test was satisfactory passed, the same validation platform as for the 
hardware router was applied to this system, but with some minor modifications, as 
it will be explained in more detail in chapter 7. 

 

 

 

 

 

 

 

 

 

 

//the same code for the different outputs is performed 

 

If(sending flit){ 

 Continue handshaking protocol; 

} 

If(credits available in next buffer && not sending flit now 

&& flit to be sent){ 

 Send flit; 

 Begin handshaking protocol; 

} 

If(not flit to be sent && not sending flit){ 

 Round robin protocol; 

} 

//==================================(repeated five times) 
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5 µNP: Design of an ASP 

The core of this Master Thesis is the design of a new processor architecture, µNP. 
While designing the processor several desirable characteristics were taken into 
account such as keeping the size of the processor small, dealing with concurrency 
and providing high performance.  

 

5.1 Architectural Options: VLIW vs. Multithreaded  

The first issue to be addressed was to decide a general architecture for the 
processor, in order to fix the main characteristics of the design prior to completing 
all the architectural details. 

A VLIW processor architecture was the fist approach to be considered, as this 
architecture has been extensively used in NPs [7]. The main advantage of this kind 
of processors is that a high level of parallelism can be achieved by using several 
functional units and instructions with several fields to allow multiple operations to 
be executed at the same time. This is very useful for handling packets from several 
inputs concurrently, which will improve the performance of the router and reduce 
congestions in the NoC. 

However, VLIW present some drawbacks for the purposes of our design. A VLIW 
processor would become large and complex and coding the programs for such 
processor will be very difficult without the help of a complex compiler that would 
schedule simple instructions into MultiOps. 

Also, the nature of the kind of programs that are needed for these purposes suggest 
the difficulty of finding a high Instruction Level Parallelism (ILP) since the 
programs for routing tasks are mainly dominated by decisions, which in 
programming are translated as conditional branches and jumps. Due to these facts, 
VLIW does not seem to be the best solution for our design. Instead, it is needed 
an architecture that can handle the concurrency of different inputs and outputs 
allowing small area and simplicity of design.  

The experience with the Microblaze solution showed that for high performance, it 
is better to have the same program written five times for the five inputs and 
outputs of the router, instead of having functions to call. Even if there are 
functions, there are needed different registers or variables in order to save the 
different state of each input and output, and the execution flow of each is 
different. 

Taking all this into consideration, the idea of having one Program Counter (PC) 
for each input came up as a possible solution. This way, being each PC 
independent, the execution flow would be independent of the others inputs and 
outputs, the program could be the same for all PCs taking five times less space in 
memory and the area would be smaller. 
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This technique is known as multithreading [9]. It is usually used for achieving 
high degree of Thread Level Parallelism (TLP) and also ILP within the same 
thread execution. In this case the TLP of the application can be exploited, but as 
one of the aims is to maintain the area as small as possible only one functional unit 
will be used. This way, a high degree of parallelism is not reached but the other 
advantages, (instruction memory size and execution workflow), can sustain the use 
of this technique. 

Even though there is only one functional unit, with multithreading the granularity 
of the interleaving can be customized and can reach the limit of one instruction 
executed per thread per cycle. This way, the latency of the different threads can be 
minimized and the performance can gain a great advantage compared to a GPP 
based router. 

 

5.2 µNP Architecture 

5.2.1 Multithreaded Processor with 6 threads 

As mentioned in the previous section, one thread, and therefore one PC, should be 
in charge of one input. As the proposed network topology is a 4x4 mesh and 
therefore we will design a five input – five output router, we will need one thread 
per input port and an additional thread will be used for control and configuration 
purposes, therefore the design has 6 independent threads 

Besides the threads associated to inputs, the required extra thread will be allocated 
in order to perform some configuration and control tasks which are general and 
affect all the input threads. This can be very beneficial at the beginning when 
booting the system, since it would allow making several configurations to improve 
the processor performance. 

By default only the control thread is active at the beginning of the execution. The 
status of active or inactive is done through some bits in the activate special register 
that save the status of the thread, being ‘0’ inactive and ‘1’ active, which means 
that the initial value of the active register will be “000001”, being therefore the 
control thread associated with bit 5 of the activate register. 

 When all the configuration tasks are finished the control thread activates the rest 
of the threads or only the necessary number of threads depending on the situation 
and the program loaded. It also has to be noticed that the program counter for the 
non-control threads will start at a higher memory location so that control 
operations are not executed in those threads. 

In the figure below, the six threads can be seen, as well as the mechanism to 
activate or deactivate them. In order to select the program counter that can access 
the program memory a control signal called PCSel drives a multiplexer. This 
signal will be explained in more detail in the next chapter. 
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Figure 5.1: Block diagram of multiple PC based architecture. 

 

The activation or deactivation of threads can also be done through instructions as 
SLEEP, for deactivation, and ACTIVE, for changes in the activation status. When 
the instruction SLEEP is used, it can be activated through an interruption 
generated by a change in the Input-Protocol Register (IIP). This mechanism can 
be very useful in order to save resources, power and increase performance of the 
system while there are not incoming flits through one input or the only event in 
order to progress in the execution can come through the IIP Register. 

 

5.3 Processor Data Path 

Due to the fact that the data path designed for µNP is complex, its description will 
be provided in parts. The diagram for the whole µNP architecture is provided in 
Appendix 2. 

5.3.1 Register File 

There is a register file containing 64 32-bit registers. To reduce integrity conflicts 
and to speed up context changes, each thread will access a ser of 10 registers which 
will share the same name in the written software program but in fact they will be 
different for each thread and therefore linked to a single PC. A diagram of the 
register file is provided in figure 5.2. 

 

Processor´s 
Data Path 
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The remaining registers in the register file are used as common registers. These can 
be used by any thread and the aim is to favour communication between threads 
and configuration facilities. For example, in these registers the packet format or in 
which bits the destination is encoded can be saved in and all threads can access this 
information, reducing this way the redundancy among the different threads.  

 

    

Figure 5.2: Register File Diagram 

    

As mentioned before in this chapter, the architecture has a Harvard style, with a 
program memory and data memory separately. The data memory will be of 1KB, 
as the data to be stored is not going to be so much due to the nature of the routing 
programs, even though a look up table could be used in order to know the proper 
destination of a packet. The control signal ThreadSel will be used so that each 
thread can access its own space inside the data memory. This will allow easily 
handling data in a thread, and there will be no need for semaphores or other 
policies to prevent inconsistencies in the memory. 

The main purpose of this system is to route packets, which means to send packets 
from the inputs to the appropriate outputs. In order to do that, we use five (one 
per input) intermediate 32-bit registers. These registers store the processed inputs 
so that modified information can be sent through the appropriate output. The 
name given to these special registers in order to be accessed is Reg, and they can be 
accessed depending of the current thread in execution. 

Registers for 

control thread 

Registers for 

north thread 

Common Registers  
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Other five special registers called PX (Priority Register), where X indicates which 
output it belongs to, determine which input is to be outputted through a concrete 
output. This is very important when several packets coming from different inputs 
have been assigned to the same output. Then a priority needs to be set to control 
which is the correct packet to be sent. The register will be three bits wide so that 
the current number of thread can be set. 

5.3.2 Output Structure 

The appropriate output for each input should be the result of the programmed 
routing algorithm. This result is stored in a special register called ROutX, 
indicating X which input it belongs to. The content of this register determines to 
which PX register the current number of thread is going to be stored. In figure 5.3 
there is a block diagram of these special registers where the structure and the 
purpose of each one can be seen. 

In figure 5.3 can also be seen a special register called LCK (Lock), which is in 
charge of locking the output when an input has been assigned to an output to 
ensure that packets from different inputs are not mixed. If an output is locked, a 
one will appear in the corresponding bit of the lock register, being therefore a five 
bit register needed. Once the packet has been sent a zero needs to be placed into 
the corresponding bit of the register so that other input can lock the output. Due 
to the fact that threads are scheduled for execution under a round robin policy, the 
inputs will also be served according to the same round robin priority. 

 

 

 

Figure 5.3: Block diagram of the output structure. 
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The red control signals that can be observed in the figure above called “ThreadSel” 
indicate which thread is currently executing an instruction. This way, all the 
different registers that are duplicated five or six times are not mixed and the right 
data is managed. In next chapter an in depth explanation about control signals will 
be provided. 

The communication between the different routers and between the router and the 
resource can be done through some special registers, ports in this case, called 
Protocol Registers, since the five 32-bit registers in the input and output ports are 
only intended for data flits. Each input port and output port has associated one 
input protocol port and one output protocol port. Each protocol register (2 per 
input and 2 per output) consists of 4 bits with only one direction depending if 
they are in the input protocol or in the output protocol port. This way, there are 
enough bits for handling communication protocols between routers and resources 
in order to handle the correct sending and/or reception of packets and other 
important information that can arise. 

 

5.3.3 Pseudo-random number generator 

µNP’s architecture also addresses the fact that some applications may need to 
route packets in a non-deterministic way. Sometimes adaptive routing algorithms 
achieve higher performance and less congestion by randomly choosing among 
possible output ports for an incoming packet. 

For that purpose, our design has a special 16-bit register called Random Number 
Generator Register that generates a pseudorandom number. It is implemented as a 
Linear Feedback Shift Register (LFSR) [14]. These registers can generate a 
sequence of different length depending on the initial state. This state can be 
defined as a polynomial and if such polynomial is a primitive one, then it can 
generate the maximum-length sequence, being that our purpose in order to get the 
largest sequence of pseudorandom numbers possible. Therefore, the following 
primitive polynomial is used:  

115
++ xx  

In figure 5.4 a model of the LFSR for this polynomial can be observed. 
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Figure 5.4: Pseudo-random number generator 

 

5.3.4 Status Registers 

In the architecture there are some status registers that need to be considered. The 
mostly used one is the Z register. When doing a comparison, the ALU compares 
two values and stores in the Z register either  0 or 1 depending if the values are 
equal or not in the bit corresponding to the current thread. This value is used by 
the scheduler to know if a branch has to be taken or not, depending on the 
instruction that is currently being executed. This will be further explained in the 
next chapter together with the instruction set architecture and the scheduler. 

In order to save the status of the program under some circumstances apart from 
the one mentioned above, such as overflow, carry or negative in some operations, 
and independently for each thread, there are 6 bits for each of those situations 
(Overflow V, Carry C and Negative N). These bits are generated by the ALU. 

 

5.3.5 Input structure 

In the next figure, figure 5.5, the input ports and some special registers together 
with the central ALU, the Register File, the Data Memory and all the circuitry 
needed in order to manage these units can be observed. All the control signals in 
red will be explained in the next chapter. 
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Figure 5.5: Block diagram of the input ports structure. 

In the figure above, some parts are not connected properly due to lack of space in 
the diagram and with the aim of doing it more clearly for the reader. A complete 
block diagram of the architecture can be found in Appendix 2. 

5.3.6 Special purpose registers 

In table 5.1 a description of all the special registers, their size and their purpose 
can be found. In such table the name used for the register in assembler code is 
specified. 
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NameNameNameName    SizeSizeSizeSize    
(bits)(bits)(bits)(bits)    

PurposePurposePurposePurpose    

PX 3 Priority register for the output X. It stores the code of the 
input that can send a packet through output X. 
     X can take the following values:  
     N=North; S=South; E=East; W=West; R=Resource      
    The input codes are: 
000=North;001=South;010=East;011=West;100=Resource 

Reg 32 Intermediate register associated to the current thread in 
execution (current input being serviced). It stores the next 
flit to be outputted. 

LCK 5 Lock register. When an output is busy sending a packet, the 
corresponding bit in this register is set to 1 to prevent other 
inputs from attempting to send a packet. 
     Output corresponding to bit numbers:     
     North=0; South=1; East=2; West=3; Resource=4; 

ACT 6 Activate register. When a thread is scheduled for execution, 
the corresponding bit in this register is set to 1.  
     Thread Numbers:     
Control=5;North=4;South=3;East=2;West=1;Resource=0; 

ROutX 3 Route Output register corresponding to the input X. This 
register contains the code of the desired output through 
which the packet in input X should be routed. 
     X can take the following values:  
     N=North; S=South; E=East; W=West; R=Resource 
     Output codes:     
     North=0; South=1; East=2; West=3; Resource=4; 

Iprot_YX 

(IPY) when 
coding 

4 Input protocol register connected to port YX. 
     Y can be either I=Input or O=Output. 
     X can take the following values:  
     N=North; S=South; E=East; W=West; R=Resource 

Oprot_YX 

(OPY) when 
coding 

4 Output protocol register connected to port YX. 
     Y can be either I=Input or O=Output. 
     X can take the following values:  
     N=North; S=South; E=East; W=West; R=Resource 

Input_X 32 Register connected to the input port X. 
     X can take the following values:  
     N=North; S=South; E=East; W=West; R=Resource 
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Output_X 32 Register connected to the output port X. 
     X can take the following values:  
     N=North; S=South; E=East; W=West; R=Resource 

Z 6 Register belonging to the set of status registers. 
One of its bits belonging to a thread will contain a 0 when 
the result of the comparison is that both operands were equal 
and a 1 when they were different. 

C 6 Register belonging to the set of status registers. 
One of its bits belonging to a thread will contain a 1 if the 
last performed operation produced a carry. 

V 6 Register belonging to the set of status registers. 
One of its bits belonging to a thread will contain a 1 if the 
last performed operation produced an overflow. 

N 6 Register belonging to the set of status registers. 
One of its bits belonging to a thread will contain a 1 if the 
last performed operation produced a negative result. 

 

Table 5.1: List of special registers, their size and purpose 
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6 µNP’s Instruction Set 
 

6.1 Addressing modes and Instruction Operands  

There are three different addressing modes supported by the proposed processor 
architecture: direct, indirect and relative to program counter. 

Direct addressing is used when the exact value of the desired memory address is 
specified in the instruction, trough either an immediate value or a label that 
substitutes it. Example of such addressing mode can be the immediate jump or 
immediate load and store instructions. 

Indirect addressing is used when the memory location is referenced by the content 
of a register. Examples of this addressing mode are load and store instructions and 
the jump instruction. When a register is used for indirect addressing it is usually 
stated by placing the register into parenthesis. 

When using the family of branch instructions, the addressing mode will be relative 
to PC. This addressing mode is based on computing the next instruction address 
by adding to the current program counter value, the one given as an immediate 
operand in the instruction. If a label is used referring to the absolute address of the 
next instruction, the compiler will have to compute the immediate offset in order 
to code the instruction appropriately. 

In the next section, the syntax of the different instructions will be described. In 
order to fully understand the meaning of the instructions, it has to be noted that 
the result of the instruction, if stored, will be placed in the last operand. Due to 
the fact that abbreviations will be used, their meaning will be further explained in 
table 6.1. 

Abbreviation list for instructions’ syntaxAbbreviation list for instructions’ syntaxAbbreviation list for instructions’ syntaxAbbreviation list for instructions’ syntax    

Rx  Register number “X” belonging to the register file 

Sreg Special purpose register designed by its name 

Imm Integer (Immediate value) 

(Rx) Content of the register number “X” 

bitval Binary number of 1 bit 

bitnr Number that designs a bit’s position 

Table 6.1: Abbreviation list for instructions’ syntax 
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6.2 Instruction Set 

A complete instruction set has been developed along with the µNP’s architecture. 
In the following subsections the instructions are grouped and then instructions in 
each group are explained and further description is given in Appendix 1. 

µNP is intended to be a RISC (Reduced Instruction Set Computer) processor, 
which means that the number of instructions has been kept to the minimum. 
Nevertheless, as we are designing an ASP, there are some specific instructions that 
will be used to handle thread activation and routing operations. 

6.2.1 Arithmetic and Logic Instructions 

Arithmetic and logic instructions are required to operate either with data from the 
packets or to make operations with the headers of the received flits.   

All the arithmetic and logic instructions have been designed to operate either with 
registers, from the register file or special purpose registers, or with immediate 
values. It can be therefore said that µNP has a load-store architecture, which 
means that operations cannot be performed with data stored in memory locations, 
it is required to load the data form memory into a register and then the result will 
be also written into a register, so it would have to be stored in memory if required. 

According to the different syntaxes allowed for each of the instructions, three 
subgroups can be made. 

6.2.1.1 Subtype A 

Instructions of subtype A, perform an operation between a register, either a special 
register or one included in the register file, and a register from the register file. The 
result from the operation is stored in the second register of the expression.  

There is also an immediate variant of these instructions in which the operation is 
done with an immediate value and the value is stored in the register specified in 
the instruction. 

In table 6.2 the syntax for subtype A instructions is shown and in table 6.3 the 
different instructions belonging to this subtype are listed. 

InstructionName  Operand1, Operand2 

InstA   Rx, Rx 

InstA   Sreg, Rx 

InstAi   imm, Rx 

InstAi   imm, Sreg 
 

Table 6.2: Syntax for subtype A instructions 
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Subtype A Instructions 

ADD 

SUB 

AND 

OR 

XOR 

CMP (Compare) 
 

Table 6.3: List of subtype A instructions 

 

6.2.1.2 Subtype B 

The syntax of subtype B instructions is very similar to the syntax for subtype A 
and is described in table 6.5. The only instruction of this subtype is the one used 
to move data from one register to another or to load a value into a register, as can 
be seen in table 6.4.  

This instruction presents the possibility of moving data from a register to a special 
register or from a special register to another. The first option is not allowed in 
subtype A as arithmetic and logic operations between a register and a special 
register may contain a bigger value than the one that can fit in a special register 
and therefore is better to store the result in a 32 bit register. It has also been 
considered that such operations are not commonly performed between special 
registers, so that option was not provided. However the same result could be 
obtained by using an auxiliary register from the register file. 

 

Subtype B Instructions 

MOV (Move) 

Table 6.4: List of subtype B instructions 
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InstructionName  Operand1, Operand2 

InstB   Rx, Rx 

InstB   Sreg, Rx 

InstB   Rx, Sreg 

InstB  Sreg, Sreg 

InstBi   imm, Rx 

InstBi   imm, Sreg 
 

Table 6.5: Syntax for subtype B instructions 

 

6.2.1.3 Subtype C 

The instructions belonging to this subtype are the ones related with register 
shifting. The different kinds of shift supported by the µNP are listed in table 6.7. 
The number of bits that are shifted is defined by the immediate value, as can be 
seen in the syntax specified in table 6.6. 

 

InstructionName  Operand1, Operand2 

InstC   imm, Rx 

InstC  imm, Sreg 
 

Table 6.6: Syntax for subtype C instructions 

 
 

Subtype C Instructions 

ASHL (Arithmetic Shift Left) 

ASHR (Arithmetic Shift Right) 

LSHL (Logic Shift Left) 

LSHR (Logic Shift Right) 
 

Table 6.7: List of subtype C instructions 
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6.2.2 Load and Store Instructions 

The instructions belonging to this group, listed in table 6.8, are the ones in which 
access to memory is required. As it has been mentioned before, the architecture of 
the µNP is based on performing most of the operations with registers, so that data 
needs to be transferred from memory to a register to be able to modify it.  

 

Load and Store Instructions 

LD (Load) 

ST (Store) 
 

Table 6.8: List of load and store instructions 

 

The syntax of these instructions includes the use of the register name into 
parenthesis to express that the memory location to be accessed is the one specified 
by the content of the register. The other option is that such address is defined by 
an immediate value. More details are shown in table 6.9. 

 

InstructionName  Operand1, Operand2 

LD   (Rx), Rx 

LDi   imm, Rx 
STri  Rx, imm 

STrr  Rx, (Rx) 

STir  imm, (Rx) 

STii  imm, imm 

 

Table 6.9: Syntax for load and store instructions 

 

As happened with arithmetic and logic instructions, the second operand will be 
the place where the result is stored, in this case where the data is placed. 

For the load instruction there is a variant including an immediate value as memory 
location and in the case of the store instruction, four variants combining registers 
and immediate values are considered, being the memory location the second 
operand. 
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6.2.3 Branch Instructions 

As it has been learnt after designing a router both in hardware and software as a 
pre-study for designing the µNP, when routing a packet many decisions need to 
be taken and those decisions are coded as branch instructions. 

We will distinguish between two subtypes of these instructions. The first one is 
based on just continuing the execution at a new location specified by an 
immediate value. The second subtype requires a comparison prior to taking the 
decision whether to continue the execution at the next instruction or in the 
instruction specified by the immediate value. 

6.2.3.1 Jump 

There is just one instruction belonging to this subtype, the jump instruction 
coded as JMP, which is shown in table 6.10. The operand of this instruction is the 
immediate value of the next instruction to be executed. A label could also be used 
to set the value of the instruction to be loaded in the program counter of the 
current thread. 

 

Syntax Jump Instruction 

JMP  Rx 

JMPi  imm 
 

Table 6.10: Syntax of subtype Jump instructions 

 

6.2.3.2 Branches 

Instructions in charge of performing branches have the peculiarity of having more 
operands than the rest. This is due to the fact that it is desirable to make the 
comparison required for making the decision whether a branch is taken or not in 
the same clock cycle as setting the program counter to the targeted value for the 
next instruction. 

We will distinguish between three different types of branch instructions. The first 
one establish a comparison between the value of a register and either another 
register or an immediate value. The second type is bitwise and requires the 
specification of a bit number within a register to verify if such bit is zero or one 
and according to that decide which is the next instruction to be executed by the 
current thread. The syntaxes of the branches can be seen in tables 17 and 18 and 
the instructions belonging to this subtype are listed in table 6.13. 
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There is also a third type of branch called Random Branch. The decision whether 
to take the branch or not depends of the result given by the random number 
generator. The syntax is the same as the one used for the jump instruction, which 
is shown in table 6.10, but the mnemonic used for assembler is BRND. 

 

InstructionName  Operand1, Operand2, Operand3 

Inst  Rx, Rx, imm 

Inst  Rx, Sreg, imm 

Insti  imm, Rx, imm 

Insti  imm, Sreg, imm 

 

Table 6.11: Syntax for full register branch instructions 

 

InstructionName  Oper.1, Oper.2, Oper.3, Oper.4 

BNEB bitval, Rx, bitnr, imm 

BNEB bitval, Sreg, bitnr, imm 

 

Table 6.12: Syntax for the bitwise branch instruction 

 

Branch Instructions 

Random RNDB (Random Branch) 

BEQ (Branch if equal) 
Full register 

BNE (Branch if not equal) 

Bitwise BNEB (Branch if not equal bitwise) 
 

Table 6.13: List of branch instructions 

6.2.4 Routing Instructions 

As µNP is an Application Specific Processor, there are some instructions which 
were designed for the purpose of obtaining high performance when routing 
packets, and consequently flits, in a NoC. Such instructions, apart from the ones 
intended to deal with special registers adequate for µNP’s architecture, are listed in 
table 6.14 and their syntax is defined in table 6.15. 
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Routing Instructions 

QRT (Quick Route) 

LCK (Lock output) 

ULCK (Unlock output) 
 

Table 6.14: List of load and store instructions 

 

InstructionName  Operand1 

QRT  

LCK   imm 

ULCK   imm 
 

Table 6.15: Syntax for load and store instructions 

 

The instruction quick route is the most important one for achieving a high 
routing performance. This instruction allows locking an output and setting the 
input of the current thread in the priority register of the targeted output, which 
has to be previously stored in the special register Rout. The proposed way to check 
whether the instruction has been successfully executed or not is to check if the 
current thread number is stored in the targeted priority register or not. 

The instructions used to lock and unlock outputs are also very important due to 
the architectural design of µNP. All input ports share the same program and each 
output is controlled by the thread of the input which is sending a packet through 
it. Therefore it is required that inputs can check whether an output is being used 
or not and if they can make use of it. If an input requires to send packets through 
a specific output, the tread will have to lock it to prevent other input from sending 
packets through it. Once all the flits from a packet have been sent, the input may 
unlock the output to allow other inputs sending packets through it. 

 

6.2.5 Thread Activation Instructions

The last group of instructions is the one that is thought for handling thread 
activation an inactivation. The instructions of this group are listed in table 6.16 
and their syntax is presented in table 6.17. 
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Thread Activation Instructions 

ACT (Activate) 

SLEEP  
 

Table 6.16: List of load and store instructions 

 

InstructionName  Operand1, Operand2 

ACT  imm  

SLEEP 
 

Table 6.17: Syntax for load and store instructions 

 

The activate instruction sets the value of the special register Activate. This 
instruction can be also performed by moving an immediate value to the activate 
register, but as it is considered a very important feature of the processor, a special 
instruction is provided for that purpose. If a bit of the activate register is set to 
one, that means that the corresponding thread is enabled to execute instructions.  

The sleep instruction is used to prevent threads with no packet to be sent from 
wasting processing cycles. When this instruction is executed within a thread, the 
corresponding bit in the activate register is set to zero and it will be set to one as 
soon as there is a changing edge in any of the bits of the input protocol 
corresponding to that thread. 

 
 

6.3 Scheduler and Control Signals 

The Scheduler is in charge of controlling the functioning of the processor. It is 
intended to be a pure combinational logic “box” where some inputs define the 
current status of the processor and according to that the appropriate outputs are 
generated. This is known as hardwired control. A block diagram can be seen in 
figure 6.1. 
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Figure 6.1: Hardwired scheduler. 

 

In the following table the different possibilities for the outputs of the scheduler 
can be seen depending on the inputs. On the left column the different kind of 
instructions can be found and all the scheduler signals in the other columns. Of 
course, depending the kind of instruction that is made with the ALU different 
signal has to be generated from the scheduler to the ALU. 

The signals called “Thread Select” and “PC Select” are generated by other 
component called “Thread Scheduler”. This component is in charge of scheduling 
which thread is in its execution and which one will be the next. All the signals of 
activation are inputs to this component in order to handle appropriate the next 
thread to be executed. It polls the input active signals and finds the next thread 
that is still active. In figure 6.2, a block diagram of the Thread Scheduler can be 
observed, with the 6 different active signals in the active register, one for each of 
the 6 threads, and the outputs generated, the current thread being executed and 
the next to do so. 

 

 

 

 

 

 

 

          Z 

 

 

Combinational 

       Logic 

OpSelect 

Op_Mux1 

Op_Mux2 

Op_Mux3 

Op_Mux4 

NextInstSel 

Lck 

     Operation 



µNP: Design of an ASP 

56 

 

             Output  

   Input 

Op_Mux1 Op_Mux
2 

Op_Mux
3 

Op_Mux
4 

NextInstSel Lck RegSel 

ALUReg-Reg RegRegRegReg    RegRegRegReg    RegRegRegReg    RegRegRegReg    NoBrNoBrNoBrNoBr    ****    Reg 

ALUImm-Reg ****    RegRegRegReg    ImmImmImmImm    RegRegRegReg    NoBrNoBrNoBrNoBr    ****    Reg 

ALUSregX-Reg SregX/RegSregX/RegSregX/RegSregX/Reg    SregXSregXSregXSregX    RegRegRegReg    SregXSregXSregXSregX    NoBrNoBrNoBrNoBr    ****    Reg 

ALUImm-SregX ****    SregXSregXSregXSregX    ImmImmImmImm    SregXSregXSregXSregX    NoBrNoBrNoBrNoBr    ****    * 

BEQ/BNEReg-
Reg-Imm Z=0 

RegRegRegReg    RegRegRegReg    RegRegRegReg    ****    Br/NoBrBr/NoBrBr/NoBrBr/NoBr    ****    * 

BEQ/BNEReg-
Reg-Imm Z=1 

RegRegRegReg    RegRegRegReg    RegRegRegReg    ****    Br/NoBrBr/NoBrBr/NoBrBr/NoBr    ****    * 

BEQ/BNEReg-
SregX-Imm Z=0 

RegRegRegReg    SregXSregXSregXSregX    RegRegRegReg    ****    Br/NoBrBr/NoBrBr/NoBrBr/NoBr    ****    * 

BEQ/BNEReg-
SregX-Imm Z=1 

RegRegRegReg    SregXSregXSregXSregX    RegRegRegReg    ****    NoBr/BrNoBr/BrNoBr/BrNoBr/Br    ****    * 

BEQ/BNEImm
-Reg-Imm Z=0 

****    RegRegRegReg    ImmImmImmImm    ****    Br/NoBrBr/NoBrBr/NoBrBr/NoBr    ****    * 

BEQ/BNEImm
-Reg-Imm Z=1 

****    RegRegRegReg    ImmImmImmImm    ****    NoBr/BrNoBr/BrNoBr/BrNoBr/Br    ****    * 

BEQ/BNEImm
-SregX-Imm Z=0 

****    SregXSregXSregXSregX    ImmImmImmImm    ****    Br/NoBrBr/NoBrBr/NoBrBr/NoBr    ****    * 

BEQ/BNEImm
-SregX-Imm Z=1 

****    SregXSregXSregXSregX    ImmImmImmImm    ****    NoBr/BrNoBr/BrNoBr/BrNoBr/Br    ****    * 

JUMP ****    ****    ****    ****    BrBrBrBr    ****    * 

LCKImm ****    ****    ****    ****    ****    1111    * 

LD(Reg)-Reg ****    ****    ****    ****    ****    ****    Reg 

LDImm-Reg ****    ****    ****    ****    ****    ****    Reg 

QRTLck=0 * * * * * 1 * 

Table 6.18: Hardwired control table for µNP. 
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Figure 6.2: Block diagram of Thread Scheduler. 

 

 

6.4 Example Programs for µNP 

In this section some examples of programs written in assembly language for µNP 
will be explained. The aim is to show that it is possible to develop software 
programs able to handle routing tasks in an efficient way for this new architecture. 

The first example shown in figure 6.3 is intended to perform the tasks required for 
packet routing using the same structure as in all the previous systems: wormhole 
routing, each packet of ten flits, 32-bit flits and XY routing algorithm. 

The assembly language used is very similar to those which can be found for most 
of the microprocessors commercially available and the syntax of each instruction 
can be found in appendix 6, as well as in section 6.2 followed by an explanation of 
each single instruction. 

The code is presented along with comments so that it is easily understood and 
followed by the reader. Moreover, the main parts of the program are explained 
here. The first part is the code for the Control Thread, where the information 
regarding the structure of the flits is presented. Then, the code for the Input 
Threads is presented. The first task is to perform the handshaking protocol with 
the incoming flits followed by some instruction in order to arrange the right 
allocation of flits in the input buffer. 

The next task to be performed in case of first flit in a packet is to compute the 
output where the flit should be outputted. In this case, the next instruction should 
be QRT, which is intended to route the flit to the appropriate output. When this 
is done, if successfully routed and the output is locked, the handshaking with the 
next node of the network is to be done, analog to the first part of the code with 
the input buffer. 

6 

PCSel 

  Thread 

Scheduler 

ThreadSel 

ACTIVE 
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==============FOR THE CONTROL THREAD================= 

MOVE 0X00000003, R49; // Mask to extract type of flit 

MOVE 0X00000001, R50; // My_X = 01 

MOVE 0X00000001, R51; // My_Y = 01 

 

================FOR INPUT THREAD=================== 

 

NORTH  EQU  0; 

SOUTH  EQU  1; 

EAST   EQU  2; 

WEST   EQU  3; 

LOCAL  EQU  4;  

 

MOVE #3, R0; // size of the buffer 

MOVE 0X00000001, R1; // Status of important bits in IPO 

MOVE 0X00000000, R2; // Points to the first packet in //the 

buffer 

MOVE 0X00000000, R3; // Points to the last packet in the 

//buffer 

MOVE 0X00000000, R4; // Points to the first address in //the 

buffer 

MOVE 0X00000001, R5; // first flit in a packet (1=true, 

//0=false) 

MOVE 0X0000000C, R9; // Points to the last address in the 

//buffer 

 

LABEL0 SLEEP 

LABEL01 BNEB #1, IPI, #3, LABEL1; // if request=0 jump 

 BNEB #0, R1, #2, LABEL1; //  

 OR   R1, #4; // ACK=1 

 MOVE R1, IPO; // ACK=1 

 SLEEP; 

 ANDI R1, 0X0000000B; // ACK=0 

 MOVE R1, IPO; // ACK=0 

LABEL1   BEQ  #0, R0, LABEL2; // if space available in //buffer=0 

jump  to  

         // LABEL2 

 MOVE INPUT, [R3]; // input to last position buffer 

 SUBI #1, R0; // subtract #1 to the capacity of buffer 

 BEQ  R3, R9, LABEL3; // overflow in size buffer 

 ADD  R3, #4; 

 JUMP LABEL5 

LABEL3   MOVE R4, R3; 

 JUMP LABEL5; 

LABEL2   ANDI R1, 0X0000000D; // CREDIT=0 

 MOVE R1, IPO; // CREDIT=0 

LABEL5   BEQ  #0, R0, EXIT; //  if space available in buffer=0 

//jump to EXIT 

                                                                

BEQ  #0, R5, LABEL20; // if first-flit in a packet 

//continue otherwise jump LABEL20                                         

 LD   [R2], R6; // first flit in R6 

 BNEB #1, R6, #0, LABEL8; // jump if flit type is BODY 

 BNEB #1, R6, #1, LABEL9; // jump if flit type is FULL  

 

 
//PACKET 

LABEL8   MOVEI #0, R5; // first_flit = false 

//==============================DESTINATION=================== 
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LABEL9 MOVE 0X0000000C, R8; 

 AND  R8, R6; // extract field X 

 BGTR R50, R8, NEXTD; // jump if My_X greater than X 

 MOVE WEST, R7;  

 JUMP EXIT; 

NEXTD BEQ  R8, R50, EQUALX; // jump if My_X equal to X 

 MOVE EAST, R7; 

 JUMP EXIT; 

EQUALX   MOVE 0X00000030, R8; 

 AND  R8, R6; // extract field Y 

 BGTR R51, R8, NEXTD2; // jump if My_Y greater than Y 

 MOVE NORTH, R7; 

 JUMP EXIT; 

NEXTD2   BEQ R8, R51, EQUALY; // jump if destination is 

//My_position 

 MOVE SOUTH, R7; 

 JUMP EXIT; 

EQUALY   MOVE LOCAL, R7;   

 

//============================================================ 

 

EXIT     MOVE #0, R5; // first flit = false 

 MOVE R7, ROUT; 

LABEL21  QRT; 

 BEQ  MyThread, PN, LABEL20; 

 BEQ  #0, R0, LABEL21; 

 JUMP LABEL0; 

LABEL20  MOVE R6, ROUT; // flit to output 

 BNEB #1, OPI, #1, LABEL0; // jump if credit=0 

 MOVE #1, OPO; // Output Request = 1 

LABEL30  BNEB #0, OPI, #2, LSEND; // jump if ack=1 

 JUMP LABEL30; 

LSEND MOVE #0, OPO; // Output Request = 0 

LABEL31  BNEB #1, OPI, #2, LSEND2; // jump if ack=0 

 JUMP LABEL31; 

LSEND2   ADD  #1, R0; 

 BEQ  R2, R9, LABEL32; 

 ADD  #4, R2; // increments the position of next flit //to 

send in the buffer 

 JUMP LABEL33; 

LABEL32  MOVE R4, R2; 

LABEL33  BNEB #1, R6, #0, LABEL34; // jump if not last flit 

 MOVEI #1, R5;// first flit = 1 (next flit will be //first 

flit in a packet) 

 UNLOCK; 

 JUMP LABEL0; // sleep until a new packet arrives 

LABEL34  BEQ  #3, R0, LABEL0; // jump if space available in 

//buffer = 3 

 JUMP LABEL01; 

 

Figure 6.3: Code for µNP implementing a complete program with XY routing  
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In next figure, there is a modification of the previous code, more precisely in the 
way that the packets are routed. Replacing the code where the destination is found 
with this code, the XY routing algorithm is replaced with an Odd-even routing 
algorithm which is a non-deterministic adaptive routing but preventing deadlocks 
[5].  

Basically, it works as follows: packets arriving are routed through any output 
randomly unless they arrive through the north or south inputs to this router which 
should be place in an odd column in a mesh topology. Those packets can not 
make a turn from North to West or from South to West. This prevents deadlock 
situations. 
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 MOVE MyThread, R10; 

 MOVE 0X0000000C, R8; 

 AND  R8, R6; // extract field X 

 MOVE 0X00000030, R9; 

 AND  R9, R6; // extract field Y 

   

 BNE  R8, R50, NORMAL; // jump if NOT My_X = X 

 BNE  R9, R51, NORMAL; // jump if NOT local 

   

EXACT_XY MOVE  LOCAL, R7; 

 JUMP EXIT; 

 

NORMAL BEQ  R10, NORTH, FR_NORTH; // jump if packet coming                                           

//from north 

 BEQ  R10, SOUTH, FR_SOUTH; // jump if packet coming //from 

south 

 BEQ  R10, EAST, FR_EAST; // jump if packet coming //from 

south 

 BEQ  R10, WEST, FR_WEST; // jump if packet coming //from 

west 

   

FR_LOCAL RANDOM  ACC_X; 

ACC_Y RANDOM  ROUTE_N;  

 JUMP  ROUTE_S; 

ACC_X RANDOM  ROUTE_E; 

 JUMP  ROUTE_W; 

 

FR_EAST RANDOM  ROUTE_N; 

 RANDOM  ROUTE_W; 

 JUMP  ROUTE_S; 

 

FR_WEST RANDOM  ROUTE_S; 

 RANDOM  ROUTE_E; 

 JUMP  ROUTE_N;     

 

FR_NORTH  RANDOM ROUTE_S; //if bit random = 1 jump toROUTE_S 

//otherwise  

 JUMP ROUTE_E; //ROUTE_E 

 

FR_SOUTH RANDOM ROUTE_N; //if bit random = 1 jump to ROUTE_N 

//otherwise     

 JUMP ROUTE_E; //ROUTE_E 

 

ROUTE_S MOVE SOUTH, R7; 

 JUMP EXIT; 

ROUTE_E MOVE EAST, R7; 

 JUMP EXIT;  

ROUTE_N MOVE NORTH, R7; 

 JUMP EXIT; 

ROUTE_W MOVE WEST, R7; 

 JUMP EXIT; 

 

Figure 6.4: Modified code for µNP to implement Odd-Even algorithm
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7 Evaluation and Comparison 
 

7.1 Performance 

7.1.1 Evaluation Methodology 

In order to establish a uniform methodology for evaluating the three solutions 
proposed in this Master Thesis to behave as a NoC router (hardware based router, 
software based router and µNP) we decided to follow the steps shown in figure 
7.1. 

In the first stage of the project we developed a VHDL model of a hardware router 
based on the specifications of the QNoC project. VHDL models are very easy to 
verify if a test bench in VHDL is created and any system like, for example, 
ModelSim is used as the execution framework.  

In order to be able to use the same test bench when evaluating the performance of 
the software router, we required a GPP providing a version in VHDL. Microblaze 
includes some facilities for verifying the designs at hardware level. It is possible to 
use a black box model of the microprocessor in VHDL and then provide the 
desired inputs and outputs through a test bench. The EDK (Embedded 
Development Kit) development platform of Microblaze can also  be connected to 
ModelSim. This feature makes it possible to use exactly the same test bench as the 
one previously designed for the hardware router. 

Even though, it can be seen in figure 7.1 that a VHDL model of µNP can be used 
to test the performance of the new architecture, the development of such VHDL 
model is beyond the scope of this Master Thesis. As the µNP project may be 
developed forward in the future, the possibility of comparing the results of the 
hardware implementation of the µNP with the values obtained from the study 
carried out in this Master Thesis can be very valuable as an evaluation framework. 
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Figure 7.1: Evaluation methodology schema. 

 

The test bench to be used in ModelSim presents a configuration based on a single 
router and some additional components connected to it. 

Each router’s input port is connected to a component called Data Generator. Each 
of those will have special characteristics depending on the input. The data 
generators’ mission is to randomly create all flits from a packet, timestamp the flits 
with the generation time and follow the handshaking protocol to send the flits to 
the input of the router to be tested. The most important thing of these 
components is that they can be configured by setting a parameter in order to 
establish the average rate that is desired in the network.  

The way in which the data generators are able to simulate the incoming traffic of a 
complete NoC and why they are different depending on the input is explained in 
section 7.1.1.1 and the different methods used to accurately define the system rate 
are explained in section 7.1.1.2.  
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The router outputs will be connected to components called Data Analysers. Such 
analysers will check the reception time of a flit and will compute the delay that the 
packet has suffered from generation to reception time after being routed by the 
sample router. 

In figure 7.2 the way in which data generators, router model in VHDL and data 
analysers are connected is shown. It is important to note that the router in the 
figure can be the hardware router, Microblaze or µNP. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2: Test bench components’ configuration 

 

The test bench, apart from creating the testing environment for the different 
router models will also be used for obtaining all the data required for the 
verification of the designs. A text file will be produced for each of the data 
analysers connected to an output. Each time a packet is received, a new line will be 
written in the corresponding text file containing the following information: 

• Flit delay in clock cycles 
• Ordinal number for the flit within the packet 
• Destination coordinates 
• Flit type 
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The text files will be processed with help of Matlab, a well known program for 
numerical analysis optimized for the use of vectors and matrixes. Different 
functions will be written in Matlab to obtain the average delay of flits in the NoC 
and then to produce relevant graphs that provide an idea of the latency in the 
network. Such graphical representation of the results can be found in sections 
7.1.2 and 7.1.3. 

 

7.1.1.1 Incoming traffic calculation for a router tested in isolation 

 

For testing the performance of a single router, it is necessary to obtain an 
approximation of the incoming traffic that the router will receive. For such 
purpose, we have made the assumption that all resources in the NoC will generate 
packets uniformly. This means that the probability of a resource generating a new 
packet to be sent through the network is the same for all the resources in the mesh. 
 
We propose a 4x4 mesh for obtaining the first approximation of a formula that 
can lead to calculate the incoming traffic of a router from neighbour routers.  
 
It can be observed that the probability of a neighbour router sending a packet to 
the selected router will be dependent of the position of the selected router in the 
mesh. To illustrate our findings, we have chosen a router in the mesh, which is 
coloured in black in figure 7.3, a, b, c and d. Incoming packet flow is shown with 
a black arrow, possible sources are marked with letter S and possible destinations 
with letter D. 

 

        (a)                                                             (b) 
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(c) (d) 

 

Figure 7.3: Incoming packets from (a)East; (b)North; (c)West; (d) South 

 
As the mesh is 4x4 there are 16 different routers, and therefore 16 different 
addresses in the mesh. Every router has the same probability of sending a packet to 
any other router in the network, equation 2 can be then deduced: 
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                                             (2) 
 

For a given input to the router, this will receive only those packets from a subset of 
routers according to X-Y routing and the packets that will be sent to that input 
will have as destination a subset of the total number of destinations again due to 
the fact that the routing technique provides fixed paths for the packets. Thus, an 
equation can be obtain indicating the relative transmission rate from a neighbour 
router compared to the one of the resources: 
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It is possible to obtain an equation for each of the inputs depending on the 
number of routers in the mesh and the position of the router in that mesh.  
 
The dimension of the mesh will be considered to be AxB, being A the number of 
rows and B the number of columns. The position (0,0) has been assigned to the 
bottom left router, being therefore the selected router in position (1,1). 
Generalizing the concepts to a router located in row i and column j (i,j) we obtain 
the following equations: 
 

( )( ) 100
1

1
1__% ⋅

−⋅

+
⋅+−⋅=

BA

i
iABnorthrateR

                                     (4) 
 



Evaluation and Comparison 

67 

100
1

__% ⋅
−⋅

−
⋅⋅=

BA

iA
iBsouthrateR

                                                   (5) 
 

( )
( )

100
1

1
1__% ⋅

−⋅

+⋅
⋅+−=

BA

jA
jBeastrateR

                                          (6) 
 

100
1

)(
__% ⋅

−⋅

−⋅
⋅=

BA

jBA
jwestrateR

                                                     (7) 
 

The practical application of the previous equations can be better understood by 
looking at figures 32 a, b, c and d. As shown in figures b and d, if the packets are 
arriving from north and south then the only possible destinations are the receiving 
router itself or those routers located in the same column and under or above 
respectively. Packets arriving from east or west can be delivered to any router 
placed in the same column as the selected router and to all the routers in columns 
at west or east respectively. This can be observed in figures a and c. 
 
The inputs at the north and south of the selected router, figures b and d, can 
receive packets from all routers located at a row in the mesh which is above or 
below the selected router respectively. If packets are coming from east or west, 
then the resources generating those packets will be located in the same row as the 
selected router, as shown in figures a and c. 
 
Now we use equations 4 to 7 in order to establish the rates that we need to use for 
the simulation of the router we have selected in the 4x4 mesh:  
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The coefficients obtained above will be used to establish an adequate rate of the 
data generators to reproduce a more realistic incoming traffic. 
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7.1.1.2 Data generation for uniform traffic patterns 

 
In order to uniformly generate packets for the inputs of the router, we used 
different approaches. Depending on the approach we take, the results obtained for 
the latency will vary as the behaviour we will obtain will differ from the ideal 
latency plot that we presented before in figure1.1. 
 
The ideal latency results correspond to a source of packets with infinite buffer and 
continuous generation rate. Instead of developing ideal data generators, we made 
some assumptions in order to collect the necessary data to then compute the real 
value of the latency. 
 
For obtaining the latency plots we will obtain the value of the latency for different 
resource rate values. Once the resource rate is fixed and all the inputs’ rates have 
been computed, we have to define a value of a delay variable. The way in which 
such delay variable is computed varies according to the chosen approach. 
 
In the following subsections we describe the three different approaches we have 
used for generating packets. 
  
1) Adding delay after the whole packet has been sent: 
 
In this first approach we will consider that the time between a packet has been sent 
and the next packet is generated is dx, which is computed as can be seen in 
equation 8.  
 

packettime
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packettime
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        (8) 
 
In the following figure, figure 7.4, we can see the best case behaviour of a data 
generator. Once it sends a request to the router, in the next clock the router sends 
the acknowledgement to the generator which sets the request again to zero and 
waits for the router to do so with the acknowledgement before sending a new 
request. If this process is done without any delay in sending the acknowledgement 
then this approach will give accurate results for the delay of a flit and therefore for 
the latency.  
 
It has to be noted that the request is set to one on the rising edge of the clock cycle 
and the acknowledgement is set to one on the next rising edge of the clock cycle in 
the event that the clock in both routers is the same with a negligible delay, as is the 
case of the hardware router testing configuration. 
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(a) Handshaking protocol at clock level 

 
(b) Flits sent each clock cycle and delay between packets 
 

Figure 7.4: Best case for a packet being sent (no congestion) 

 

 

The drawback of this approach is that in the event that the input buffer is full and 
the router is not acknowledging the flit to be sent, then the sending time we 
considered for calculating the rate is longer and therefore the rate we assumed we 
were sending is modified, providing misleading results. The modification consists 
on the source being slowed down. In figure 7.5 we can see an example of such 
situation. 
 
 

 
 

(a) Handshaking protocol for when the receiving router is busy 
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(b) Communication and delay in best case (1) and with a busy input (2). 
 

Figure 7.5: Communication and delay in best case (1) and with congestion (2) 

 

 

In the figure above, in the situation b, it can be seen the time at which the new 
packet should be sent according to the intended rate. The fact that at that 
expected time no packet arrives is causing wrong values in the latency results as the 
delay obtained would correspond to a lower rate than the one we intended to use. 
 
 
2) Setting a sending time and counting the time between packets: 
 
In this second approach we try to solve part of the lack of accuracy that the 
previous approach was presenting. This time we include the time that it takes to 
send a packet in the time between packets, therefore the generation delay can be 
computed as indicated in equation 9. 
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Even though the packet cannot be sent without interruption, we would be able to 
start sending the next packet at the correct time in order to maintain the intended 
sending rate. This is shown in the following figure.  
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Figure 7.6: Delay and expected communication (1) real situation (2) 

 
This second approach will give accurate latency results in the event that the 
intended rate is low. If we consider rates very close or even above the saturation 
value, where the exponential curve of the latency rapidly increases, the results will 
not be valid. In this case the problem that takes place is that the delay will elapse 
before the packet has been completely sent. 

 
Figure 7.7: Delay and communication at a slower rate than can be handled 

 

The extra delay showed in figure 7.7 indicates that the rate has been slowed down. 
In order to partially avoid this problem we have introduced a second counter of 
the packet delay, which consists of setting the generation time of the next packet 
at the time when the generation delay for the previous packet elapsed. This implies 
that the problem would be solve if it just happens once and then the generation 
sequence returns to the normal situation. If the overlapping of packets takes place 
twice or more consecutive times, then we would again have the results for a slowed 
down rate. 
 
 
 
3) Considering overlapping of packets due to missed starting deadlines: 
 
As it was explained in the previous section, the second approach will not provide 
correct results after two or more consecutive times the starting deadline of the 
following packet is missed. However, due to our evaluation methodology, we 
collect enough data to overcome the inaccuracy of the obtained results. In order to 
solve this we chose a third approach. 
 
Once the second approach is run, we store in text files the received packets and we 
process such information with Matlab in order to plot the latency curve and 
obtain the latency values. As we can fix the time that the VHDL Modelsim 
simulation is running and we have stored the packets, it is not hard to re-compute 
the rate and obtain the real rate at which the packets are being sent. As we have 
the values for the packet delays, a new latency plot and therefore accurate latency 
results can be obtained. 
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7.1.2 Results: Hardware Router 

In this subsection the results obtained after applying the evaluation methodology, 
previously explained in 7.1.1, to the hardware router model are presented. Data is 
organised according to the three different testing approaches that were followed. 

As both ten flit packets and full packets were sent, all the data is related to the 
average delay in the first flit of a packet. This can be done because wormhole 
routing is used and therefore the reception of flits from the same packet has 4 
clocks of interval in all cases for the hardware router. 

 

1) Adding delay after the whole packet has been sent 
 
In table 7.1, the summary of the results obtained when testing the hardware router 
by simply adding a delay between a packet was send to postpone the generation of 
the next packet is shown. In this table d stands for the mean value of the time 
interval in clock cycles between packets obtained from equation 8. The values of 
d

N
, d

E
 and  d

S
, d

W
 are respectively obtained using the coefficients obtained at the 

end of section 7.1.1.1. The amplitude of the random interval in which d can range 
is chosen to avoid all inputs generating all packets exactly at the same time and 
should not influence the result. 
 
It is important to note that in this situation the intended rate is not achieved and 
therefore results can be misleading and is expressed in number of flits per 
minimum flit time, which is in flits/ 4clks, being therefore the rate equal 1 when 
packets are continuously being sent. 
 
The graphical representation of the average delay obtained under test case 1 
corresponds to the red line in figure 7.8.  
 
 

Interval 

Amplitude 

Rate 

(flits/4clk) 

d 

(clk) 

dN,dE 

(clk) 

dW,dS 

(clk) 

Average delay 

(clk) 

±400 0,05 760 707 960 4,9 

0,1 360 333 460 6,4 

0,15 226 209 293 6,4 ±150 

0,2 160 146 210 7,3 

0,25 120 109 160 7,9 

0,3 93 84 126 9,3 

0,35 74 66 102 9,5 

0,4 60 53 85 10,8 

±40 

0,5 40 34 60 13,0 

0,6 26 22 43 16,5 
±10 

0,7 17 13 31 19,4 

 

Table 7.1: Results for hardware router under test case 1. 
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2)Setting a sending time and counting time between packets 
 

The values obtained when this second test case was run, are presented in table 7.2. 
The format of the table is analogous to the one explained before. The graphical 
representation of these results corresponds to the blue line in figure 7.8. 

 

Interval 

Amplitude 
Rate d dN,dE dW,dS Average delay 

±400 0,05 800 747 1000 4,8 

0,1 400 373 500 5,4 

0,15 266 249 333 6,8 ±150 

0,2 200 186 250 8,2 

0,25 160 149 200 8,7 

0,3 133 124 166 9,3 

0,35 114 106 142 11,1 

0,4 100 93 125 13,1 

±40 

0,5 80 74 100 18,7 

0,6 66 62 83 22,7 

0,7 57 53 71 27 ±10 

0,8 50 46 62 27,8 

 

 

Table 7.2: Results for hardware router under test case 2. 
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Figure 7.8: Graphical results for hardware router under the first and second test 
approximations 

 

In figure 7.8, it can be appreciated that due to the fact that the data obtained in 
the second approach has been more accurately obtained, the difference in both 
curves is greater when congestion increases together with the resource injection 
rate. Under the second approach a higher packet delay is achieved.  

 

3) Considering overlapping of packets due to missed starting deadlines 
 

As explained in the previous section, the real injection rate generated by the 
resources is computed in this approach so that the obtained curve represents the 
latency curve as accurately as possible. In figure 7.9 it can be seen that even though 
higher packet injection rates were intended, the rate was kept to a value of 0,57 
flits/4clk or 1 flit generated by the resource each 7 clocks, resulting in an average 
delay for the first flit of around 28 clock cycles.  
 
As it has been mentioned before, the 1 flit generated each 4 clocks would be the 
highest possible injection rate and it can just be supported in cases where the 
inputs do not attempt to use the same outputs. 
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Figure 7.9: Graphical results for hardware router under the second test 
approximation and the real value. 

 

 

 

Intended Injection 

Rate 

(flits/4clk) 

Real Injection 

Rate 

(flits/4clk) 

Average Delay 

(clk) 

0,05 0,0512 4,842 

0,1 0,1024 5,415 

0,15 0,1504 6,811 

0,2 0,2016 8,196 

0,25 0,2520 8,709 

0,3 0,3048 9,294 

0,35 0,3552 11,15 

0,4 0,4008 13,15 

0,5 0,4712 18,72 

0,6 0,5408 22,68 

0,7 0,5600 26,99 

0,8 0,5664 27,82 

 

Table 7.3: Comparison between real and intended injection rates. 
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In table 7.3, the final values for the packet injection rate and the obtained delays 
are presented. It can be observed that as the intended rate is too high, the real 
achieved rate remains approximately the same while the delay values increase 
exponentially. 
 

7.1.3 Results: GPP based Router 

After using the test configuration discussed in section 7.1.1, the obtained latency 
plot is presented in figure 7.10. It is important to note that the resource packet 
injection rate is multiplied by a 10-4 factor. 

 

Figure 7.10: Graphical results for the GPP based router for the real packet 
injection rate. 

 

 

The values shown in table 7.4 have been obtained when all input ports where 
active. In order to be able to establish the best case for packet latency, a test was 
run when just one input was sending packets and therefore there was possibility of 
having to wait for an output to have credits. The best case delay for a low packet 
injection rate so that the buffer is not filled in was of around 3330 clock cycles. 
 
Even though the first flit reserves the path for the rest of the packet, the following 
flits will not be sent at a constant rate as was the case of the hardware router. This 
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implies that it is not possible to calculate the normalized injection rate as the exact 
number of clocks that are at least required to send a flit due to handshaking time, 
cannot be known in advance. 
 

 

Real Injection Rate 

(flits/clk) 

Average Delay 

(clk) 
0,00043 11801 

0,00042 10109 

0,00035 7370 

0,00028 4988 

0,00025 4530 

0,00016 3908 

0,00011 3698 

0,00007 3654 

 

Table 7.4: Performance results for the GPP based router 

7.1.4 Estimates for µNP 

Using the same code presented in chapter 6 section 6.4 for µNP, we have made 
some estimations of the performance of this architecture. Unfortunately, due to 
lack of time we do not have a simulator for the architecture of the µNP, since the 
development of such simulator could last for some weeks and even months and it 
is not the purpose of this master thesis.  

The estimations were done counting the number of instructions that were needed 
in order to send a flit since it is received until it is outputted. Since there are 
different kinds of flits each one can have a different delay in its treatment, this way 
counting more instructions. The bigger difference is the first flit in a packet, the 
header flit, because the output decision has to be made and this task can last for a 
few clocks, since some extra instructions have to be done. There is also a different 
depending on which is the destination and thus the proper output, since as can be 
seen in the code different branches has to be taken depending on the destination. 
But, as the difference is of 5 instructions between the shortest path and the longest 
path, being those 3, 4, 7, 7 and 8 for the 5 different outputs which are quite 
similar in probability, the average would be 5.8 instructions, therefore 5.8 clocks. 

Thus, the number of instructions for the first flit would be of 43.8, since 38 is the 
average for the other parts, taking into account that most of the times, and with 
low traffic injection rates, when a header flit arrives, the input buffer will be 
empty. Since it is impossible to have 43.8 instructions and, taking into account 
that this is an estimation, it is perfectly possible to round it to 44 instructions. 
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For the body flits which are not the header flit, the number of instructions is 28, 
and 29 for the last flit, since the output has to be unlocked. Then, the average 
time for the flits in a packet can be computed, being 29.7, which can be rounded 
to 30 instructions per flit. 

This is the average delay for incoming flits, but when only one input thread is 
active and the others are ”sleeping”. If some other thread is active, the average 
delay would be 30x2=60 clocks. And so on, when more threads are active, until all 
threads activated, when the average delay will be 150 clocks, if all the input 
packets are outputted to different outputs and no blocking situations arise. 

Regarding the worst case, that will be when all the inputs receive the header flit of 
a packet, being in this case the average for this flit of 44x5=220 clocks, but this 
situation is quite unlikely to happen with a very low probability, and the average 
for the flits would be of 150 clocks as discussed earlier. 

 

7.1.5 Comparison of results 

First of all a comparison between the results obtained for the hardware based and 
the software based router will be established and then it will be related to the 
results obtained for the µNP. 

If we consider the best case latency for the hardware router, which was of 4 clock 
cycles and compare it with the 3330 clock cycles that require the Microblaze based 
router to send one flit, it is quite straight forward to see that sending a flit with the 
GPP based router is more than 800 times slower that with the hardware based 
router. 

In figure 7.11, a denormalized representation of the latency for the hardware 
router expressing the resource injection rate in flits per clock is shown together 
with the curve obtained for the Microblaze based router.  

It can be observed that the packet injection rate for the Microblaze based router is 
much smaller than for the hardware based router. This is due to the fact that if the 
same rate was used, the latency in the Microblaze solution would be much bigger, 
because it can not support a throughput of a few clocks per flit, instead it can 
achieve a throughput of around 1800 clocks per flit in the best case, when only 
one input is receiving flits. In this case, the maximum throughput is not fixed as in 
the hardware router, since it will heavily depend on the number of inputs 
forwarding packets. 
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Another point that can be observed easily comparing both figures is the fact that 
the saturation seems to be reached faster with the Microblaze than with the 
hardware router. This is probably based in the fact that with the Microblaze the 
program is sequential, so as more inputs are active at the same time, more time is 
spent for one flit, so when the traffic increases and more inputs are active together 
the delay increases very fast and the throughput decreases dramatically.  

 

 

 

 

 

 

 

 

(a) (b) 

Figure 7.11: (a) Hardware router latency plot (b) GPP based router latency plot 

 

Regarding the µNP, we do not have a graphic representation of the latency for 
different packet injection rate, just the case when there is not contention in the 
router, what is known as Zero-load latency [15]. So, if we compare the three Zero-
load latencies for the three different solutions, in table 7.5 the differences between 
them can be observed. For the hardware based router, this latency is of 
approximately 4 clocks, being 30 for the µNP with only one input at a time, and 
3330 for the Microblaze also with one input receiving flits. 

 

 

Table 7.5: Comparison of performance results. 
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These figures show that in the best case, the Microblaze solution is 832.5 times 
slower than the hardware based solution, and 111 times slower than the µNP. But 
these numbers do not remain constant for every case, since if we have more than 
one input receiving flits at the same time the situation changes. In that case, even 
if the 5 inputs receive flits going to different outputs avoiding this way contention, 
the Microblaze solution will increase its delay until approximately 3600 clocks, the 
µNP will increase its delay dramatically until 150 clocks and the hardware based 
solution will remain its delay in 4 clocks. Therefore, the Microblaze remains being 
the slower solution, 900 times slower than the hardware based router and 24 times 
slower than the µNP.  

These numbers show the big difference that exists in the µNP when the injection 
rate increases, an effect that is not appreciated in the Microblaze even when it is 
also sequentially, but the reason is that we do not use interruptions in the 
Microblaze code, so when a new input receives a packet there is not so much 
difference in the amount of code that has to be executed since even if the input 
does not receive flits some code has to be executed. This does not occur with the 
µNP, since with the SLEEP instruction threads with no input flits incoming are 
not executed. 

This comparison has been made in terms of clocks, but obviously the clock 
frequency of the different designs is not the same, as it is technology dependent 
and the designs are not intended to be final versions with the best possible 
performance in terms of speed and area. 

Summing up, the best performance is achieved by the hardware based router, as it 
was expected at the beginning of the thesis project, followed by the µNP being 7.5 
times slower in the best case and 37.5 times slower in the worst case, both cases 
within a low packet injection rate. Microblaze on the other hand, is the slowest 
solution with a delay between 832 and 900 times the one for the hardware router. 

 

7.2 Flexibility 

Even though the hardware router provides the best performance in terms of 
latency and throughput the flexibility that it provides is very little or null. On the 
other hand, the GPP solution provides the best flexibility features since every 
algorithm, any functionality can be implemented, but this is not for free, the main 
drawback is the poor performance compared with the hardware router, which has 
been shown can be of several hundred times. 

In the middle of these two approaches it is placed the µNP, which has shown its 
benefits in terms of performance being much better than a GPP such as 
Microblaze and between 7.5 and 24 times slower than the hardware router. The 
main strength of this architecture is its flexibility, since almost the same degree of 
flexibility can be achieved with this architecture and with a GPP, but with a better 
performance. 
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In order to illustrate that, two different routing algorithms have been developed 
for the µNP, as simple as replacing a small part of code with a new one. This 
feature makes this approach very attractive since the time of development of the 
new code is very short compared with the time that can take to design a new 
architecture in hardware, as well as in terms of reuse, since the same µNP can be 
used in different systems replacing the software, or even in the same system if 
some upgrades or changes in the functionality have to be done. 
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8 Conclusions 

8.1 Conclusions’ Summary 

As part of this Master Thesis a study of a hardware based NoC router and a GPP 
based NoC router have been develop. Such study along with the expected results 
in terms of performance and flexibility will be used to evaluate the core design of 
this Master Thesis, which is a new application specific architecture called µNP. 

During the evaluation exposed in chapter 7, we have concluded that the GPP 
based router is, as best case, more than 800 times slower than the hardware based 
router. This figure increases exponentially for extremely low resource packet 
injection rates compared to the latency curve of the hardware router, which can be 
seen in figure 8.1, which is the joint representation of figures 40(a) and 40(b). In 
this case, the whole curve for the Microblaze based router has been represented 
and just the best case and the first value for the hardware based router. 

 

Figure 8.1: Latency plots for hardware and GPP based NoC router 
implementations 

 

The best case latency for the µNP was 30 clock cycles. As we tried to represent a 
dot for injection zero, due to the scale of the y-axes in figure 8.1, the resulting dot 
was overlapping the dot for the hardware based router best case, which was of 4 
clock cycles. Therefore, a zoom of that part of the graph was included. 
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If the expected conceptual results shown in figure1.1, is now compared with the 
obtained results, it can be seen that the objective was achieved. The curve for µNP 
is clearly near to the performance achieved by the hardware router, improving 
around 100 times the best case value that can be achieved by a router coded in 
software. 

There are some aspects which we believe are very important for the great 
improvement in performance that µNP shows with respect to the Microblaze 
based router. An example can be the fact that input and output ports are easily 
accessible as registers in one clock without using a bus such as Microblaze’s OPB 
bus. The possibility of inactivating a thread when that input is not being used, 
could only be compensated by eliminating some parts of the code written for 
Microblaze, which is not possible at run time, therefore Microblaze would 
sequentially execute at least a few lines before making the decision of jumping to 
the code for another input. 

In section 7.2 it has also been proved that µNP offers a high degree in flexibility 
for routing purposes. In section 6.4 two possible programs to be run in µNP are 
presented, one implementing a static routing algorithm, XY, and the other coding 
an adaptive router algorithm, Odd-Even. The completeness of the µNP’s 
instruction set, offering most of the instructions present in any RISC processor 
plus some additional instructions that handle routing and multiple threads in a 
specific and faster way, ensures that typical activities conducted in a NoC router 
can be effectively performed. 

 

8.2 Future Work 

8.2.1 Architectural Improvements 

The design of the µNP can be coded in VHDL and tested using the same or 
similar platform as the one that has been used through this project. This can be a 
long task but of course the testing performance and evaluation can not be done at 
the same level without it. Also, the possibility of implementing the design in an 
FPGA is a strong point to this improvement, allowing the measurement of the 
area taken by the architecture. 

The design of the µNP can be improved designing a pipeline for this architecture, 
which can heavily increase the performance since the clock frequency will increase 
dramatically. However, the design of a pipeline for this architecture is not simple, 
since there are different context that have to be saved due to the multiple threads 
used. 
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Following with the improvements that can be done to the µNP, adding some 
more Functional Units (FU) can be very beneficial, since most of the times, 
supposing low packet injection rate, only two threads are active and therefore, 
adding for example an ALU can makes a great impact in the router performance 
allowing the simultaneous execution of two threads. However, this idea has to be 
seriously thought through since the issue of the area and possible hazards with data 
and pipeline can be very costly to solve.    

 

8.2.2 µNP Evaluation 

In order to fully evaluate the new architecture it will be necessary the testing of the 
µNP with higher loads of traffic. This will provide with a complete curve of its 
latency for different packet injection rates.  

Completeness of the instruction set will be a very interesting topic for future work, 
since this aspect has not been taking into consideration so far. For most of the 
tasks required in a router we believe the instruction set presented here will be more 
than enough, but the completeness would be an important issue to explore. 

The construction of a simulator for this architecture will be highly desirable in the 
near future since this will allow to change different parameters without too much 
effort and to evaluate the performance of the µNP in many different situations. 

 

8.2.3 Development Tools 

Once the final version of the architecture and the instructions set is achieved, a 
compiler for C code would be very interesting to develop, allowing the fast 
development of new programs for the µNP. 
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10 Appendix 
 

Appendix 1: Instructions in alphabetical order 
Appendix 2: Schematics of µNP Architecture 
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10.1 Instructions in Alphabetical Order 

 

 

 
INS 
            Instruction Name 

Syntax: 
Different ways of writing the 
instruction 
 

 

                                
                                 
Description: 
Explanation about the purpose and outcome of the instruction. 
 

 

 

 

 

 
ACT 
            Activate 

Syntax: 
ACT  imm    
 

 

 
0 0 0 0 0 0                        Imm 
31     26                        2  0 

 
Description: 
Set which threads will be active and inactive during execution time. A thread will 
be active if its corresponding bit in the Activate register is set to 1 and inactive if 
that bit is set to 0. The immediate value is a number between 0 and 64 being its 
binary representation the collection of 0s and 1s that configure the Activate 
register. 
Thread number corresponding to activate register bits:  
Control=5; North=4; South=3; East=2; West=1; Resource=0; 
 

 

 

 

 

 

 

 

 

 

 

 



Appendix  

89 

 
ADD 
            Add 

Syntax: 
ADD   Rx, Rx 
ADD   Sreg, Rx 
ADDi   imm, Rx 
ADDi   imm, Sreg 
 

 
0 0 0 0 0 1             S RegCode S RegCode 
31     26             13       6      0 

 
0 0 0 0 1 0 Imm S RegCode 
31     26                    6      0 

 
Description: 
The value of both operands is added and the result is stored in the second one. 
The variant ADDi adds an immediate value between 0 and 524287 both to a 
register in the register file or to a special register. 
 

 

 

 

 
AND 
            Logic And 

Syntax: 
AND   Rx, Rx 
AND   Sreg, Rx 
ANDi   imm, Rx 
ANDi   imm, Sreg 
 

 
0 0 0 0 1 1             S RegCode S RegCode 
31     26             13       6      0 

 
0 0 0 1 0 0 Imm S RegCode 
31     26                    6      0 

 
Description: 
Makes a logic and operation between both operands and the result is stored in the 
second one. If the variant ANDi is used, the and operation is performed between 
an immediate value from 0 to 524287 and a register o a special register. 
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ASHL 
            Arithmetic Shift Left 

Syntax: 
ASHL   Imm, Rx 
ASHL   Imm, Sreg 
   

 
0 0 0 1 0 1 Imm S RegCode 
31     26                    6      0 

 
Description: 
As many zeros as indicated by the immediate value are introduced on the left side 
of the register and the other bits are shifted. As the aim is to preserve the sign, the 
operation may cause an overflow. 
 

 

 

 

 

 
ASHR 
            Arithmetic Shift Right 

Syntax: 
ASHR   Imm, Rx 
ASHR   Imm, Sreg 
   

 
0 0 0 1 1 0 Imm S RegCode 
31     26                    6      0 

 
Description: 
As many zeros as indicated by the immediate value are introduced on the right 
side of the register and the other bits are shifted. As the aim is to preserve the 
sign, the most significant bit remains the same. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix  

91 

 
BEQ 
            Branch if Equal 

Syntax: 
BEQ  Rx, Rx, imm 
BEQ  Rx, Sreg, imm 
BEQi  imm, Rx, imm 
BEQi  imm, Sreg, imm 

 
0 0 0 1 1 1     S RegCode S RegCode Imm 
31     26     21       14       7        

 
0 0 1 0 0 0 Imm S RegCode Imm 
31     26            14       7         
Description: 
If the two first operands of the instruction are equal, the value of the register Z will 
be set to 0. If Z has been set to 0 then the address indicated by the third operand 
will be used as an offset of the current PC and the result will be stored in the PC of 
the current thread to be executed as the next instruction. 
In the variant BEQi, the first value will be an immediate value form 0 to 2047.  
In case a label is used instead of the last operand, it will be the mission of the 
compiler to calculate the adequate offset between the current instruction and the 
targeted one. 
The maximum offset to be used will be 256 instructions.  
 

  

 
BNE 
            Branch if Not Equal 

Syntax: 
BNE  Rx, Rx, imm 
BNE  Rx, Sreg, imm 
BNEi  imm, Rx, imm 
BNEi  imm, Sreg, imm 

 
0 0 1 0 0 1     S RegCode S RegCode Imm 
31     26     21       14       7        

 
0 0 0 1 1 1 Imm S RegCode Imm 
31     26            14       7         
Description: 
If the two first operands of the instruction are not equal, the value of the register Z 
will be set to 1. If Z has been set to 1 then the address indicated by the third operand 
will be used as an offset of the current PC and the result will be stored in the PC of 
the current thread to be executed as the next instruction. 
In the variant BNEi, the first value will be an immediate value form 0 to 2047. 
In case a label is used instead of the last operand, it will be the mission of the 
compiler to calculate the adequate offset between the current instruction and the 
targeted one. 
The maximum offset to be used will be 256 instructions. 
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BNEB 
       Branch if Not Equal Bit-wise 

Syntax: 
BNEB bitval, Rx, bitnr, imm 
BNEB bitval, Sreg, bitnr, imm 

 

 
0 0 1 0 1 1 b S RegCode bitnr Imm 
31     26  24       17     12              
Description: 
The bit number “bitnr” in the specified register is compared with the value “bitval” if 
they are not equal, the value of the register Z will be set to 1. If Z has been set to 1 
then the address indicated by the immediate value will be used as an offset to the 
current value of the PC and the result will be stored in the PC of the thread in use to 
be executed as the next instruction. 
In case a label is used, it will be the mission of the compiler to calculate the adequate 
offset between the current instruction and the targeted one. 
The maximum offset to be used will be 8192. 
 

 

 

 

 

 
CMP 
            Compare 

Syntax: 
CMP  Rx, Rx 
CMP  Sreg, Rx 
CMPi  imm, Rx 
CMPi  imm, Sreg 

 
0 0 1 1 0 0             S RegCode S RegCode 
31     26             13       6      0 

 
0 0 1 1 0 1 Imm S RegCode 
31     26                    6      0 

 
Description: 
The values of both operands are compared. If the first value is greater than the 
second then the value indicated by immediate, usually a label, will be stored in the 
PC of the current thread to be executed as the next instruction. The Z register 
will be set to 1 if the first operand is greater than the second one and will be 1 
otherwise. 
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JMP 
            Jump 

Syntax: 
JMP  (Rx) 
JMPi  imm 
 

 
0 0 1 1 1 0                    S RegCode 
31     26                    6       

 
0 0 1 1 1 1 Imm 
31     26                            
Description: 
The immediate value will be added to the value in the PC and then the result will 
be stored again in the PC in order to determine the next instruction to be 
executed for that thread. 
 
 
 
LCK 
            Lock Output 

Syntax: 
LCK   imm 
 

 

 
0 1 0 0 0 0                        Imm 
31     26                        2  0 

 
Description: 
Set the status bit in the LCK register of the output defined by the immediate value 
to 1. 

Output Numbers:    North=0; South=1; East=2; West=3; Resource=4;                            
 

 

 
LD 
            Load 

Syntax: 
LD  (Rx) , Rx 
LDi  imm , Rx 
 

 
0 1 0 0 0 1             S RegCode S RegCode 
31     26             13       6      0 

 
0 1 0 0 1 0 Imm S RegCode 
31     26                    6      0 

 
Description: 
Load data from memory into a register. The way to specify the memory location 
from which to retrieve the data can be by giving the immediate value or by 
retrieving the value from the memory location indicated by the content of a 
register. 
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LSHL 
            Logic Shift Left 

Syntax: 
LSHL   Imm, Rx 
LSHL   Imm, Sreg 
    

 
0 1 0 0 1 1 Imm S RegCode 
31     26                    6      0 

 
Description: 
As many zeros as indicated by the immediate value are introduced on the left side 
of the register and the other bits are shifted.  
 

 

 
LSHR 
            Logic Shift Right 

Syntax: 
LSHR   Imm, Rx 
LSHR   Imm, Sreg 
    

 
0 1 0 1 0 0 Imm S RegCode 
31     26                    6      0 

 
Description: 
As many zeros as indicated by the immediate value are introduced on the right 
side of the register and the other bits are shifted. 
 

 

 
MOV 
            Move 

Syntax: 
MOV  Rx, Rx 
MOV  Sreg, Rx 
MOV  Rx, Sreg 
MOV  Sreg, Sreg 
MOVi  imm, Rx 

MOVi  imm, Sreg 

 
0 1 0 1 0 1             S RegCode S RegCode 
31     26             13       6      0 

 
0 1 0 1 1 0 Imm S RegCode 
31     26                    6      0 

 
Description: 
Move data from register to register, including special registers. This instruction 
copies the value of the first register into the second one. It is also possible to move 
a number from 0 to 524287 into a register by using the MOVi variant. 
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OR 
            Logic Or 

Syntax: 
OR   Rx, Rx 
OR   Sreg, Rx 
ORi   imm, Rx 
ORi   imm, Sreg 
 

 
0 1 0 1 1 1             S RegCode S RegCode 
31     26             13       6      0 

 
0 1 1 0 0 0 Imm S RegCode 
31     26                    6      0 

 
Description: 
Makes a logic or operation between both operands and the result is stored in the 
second one. If the variant ORi is used, the OR operation is performed between an 
immediate value from 0 to 524287 and a register o a special register. 
 

 

 

 

 

 
QRT 
            Quick Route 

Syntax: 
QRT 
 

 

 
0 1 1 0 0 1                           
31     26                            
Description: 
This instruction checks the status of the output stored in Rout of the input 
associated to the current thread. If the output is not locked, it is locked by setting 
to 1 the corresponding bit in the LCK register. The input code is also loaded as a 
priority for the target output in the P register of that output.  
NOTE: The output through which the packet will be routed has to be previously 
stored in the ROut  register of the current thread. 
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RNDB 
            Random Branch  

Syntax: 
RNDB  (Rx) 
RNDBi  imm 
 

 
0 1 1 0 1 0                    S RegCode 
31     26                    6       

 
0 1 1 0 1 1 Imm 
31     26                            
Description: 
If the random number generator provides with a bit, the same value will be stored 
in the register Z. If Z has been set to 0 then the address indicated by the operand 
will be used as an offset of the current PC and the result will be stored in the PC 
of the current thread to be executed as the next instruction. If Z contains the 
value 1, the PC will be incremented in 4, as always. 
The maximum offset to be used will be of 26 bits. 
 

 

 

 

 

 
SLEEP 
            Sleep 

Syntax: 
SLEEP 
 
 

 
0 1 1 1 0 0                           
31     26                            
Description: 
The aim of the instruction is to maintain the current thread inactive so that it does 
not consume processing time. The bit in the Active register corresponding to the 
current thread will be set to 0 until there is a changing edge in any of the bits 
belonging to the InputProtocol Input (IPI). At that time the bit corresponding to 
the thread will be set to 1 in the Active register and will be again scheduled for 
execution. 
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SUB 
            Subtract 

Syntax: 
SUB   Rx, Rx 
SUB   SReg, Rx 
SUBi   imm, Rx 
SUBi   imm, Sreg 
   

 
0 1 1 1 0 1             S RegCode S RegCode 
31     26             13       6      0 

 
0 1 1 1 1 0 Imm S RegCode 
31     26                    6      0 

 
Description: 
The value of the first operand is subtracted from the second operand and the 
result is stored in the second operand. The variant SUBi subtracts an immediate 
value between 0 and 524287 both from a register in the register file or from a 
special register. 
 

 

 

 

 
ST 
            Store 

Syntax: 
STri  Rx, imm 
STrr  Rx, (Rx) 
STir  imm, (Rx) 
STii  imm, imm 
 

 
0 1 1 1 1 1 S RegCode Imm 
31     26                           

 
1 0 0 0 0 0 S RegCode S RegCode             
31     26 25       18      12             

 
1 0 0 0 0 1 Imm S RegCode 
31     26                    6      0 

 
1 0 0 0 1 0 Imm Imm 
31     26              12            0 

 
Description: 
Store data from a register or a value into a memory location. The address in which 
to store the data is given by the second operand as an immediate value or through 
the content of a register. 
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ULCK 
            Unlock Output 

Syntax: 
ULCK   imm 
 

 

 
1 0 0 0 1 1                        Imm 
31     26                        2  0 

 
Description: 
Set the status bit in the LCK register of the output defined by the immediate value 
to 0. 
Output Numbers:    North=0; South=1; East=2; West=3; Resource=4;                            
 

 

 

 

 
XOR 
            Logic Xor 

Syntax: 
XOR   Rx, Rx 
XOR   Sreg, Rx 
XORi   imm, Rx 
XORi   imm, Sreg 
    

 
1 0 0 1 0 0             S RegCode S RegCode 
31     26             13       6      0 

 
1 0 0 1 0 1 Imm S RegCode 
31     26                    6      0 

 
Description: 
Makes a logic xor operation between both operands and the result is stored in the 
second one. If the variant XORi is used, the xor operation is performed between 
an immediate value from 0 to 524287 and a register o a special register. 
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10.2 Schematics for µNP Architecture 
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