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ABSTRACT 

Due to their attractive flexibility and high productivity, general purpose processors (GPPs) 

are found to be spreading over large domain of applications. The growing complexity of 

modern applications results in high performance demands and as a response, several 

solutions have came to fulfill these demands. One of these solutions is to couple the GPP 

with a hardware accelerator to off-load critical functionalities.  

In this thesis, A UDP/IP hardware accelerator is build to and coupled with an existing 

GPP with DMA interface, namely IM3910 form Imsys Technology AB in Stockholm, 

Sweden.  

The main goal of this thesis is to investigate the semantics of coupling the accelerator 

with IM3910 and to characterize its area, performance and power consumption. Building 

this UDP/IP accelerator started from an initial version taken from “OpenCore” and 

then it was completed and optimized to suit the project needs. After verifying the 

accelerator at RTL, it was prototyped using Altera FPGA and connected to IM3910 

through the DMA. In the last step, the accelerator was synthesized to gate-level netlist 

using 90nm technology library and characterized in-terms of area, performance and 

power consumption. 

 



 iii 

ACKNOWLEDGMENTS 

I would like to acknowledge the precious chance of this thesis from Professor Ahmed 

Hemani.  

I must thank Mohammad Badawi, my supervisor who has guided me all the time during 

my thesis working. I thank for his patience, his advice and his encouragement. From him, 

I have learned to calm down and solve problems one by one with patience. When I am in 

trouble, he is always there to help. Thank him so much! 

I would like to thank my parents who have supported my almost 3 years‟ life in Sweden. 

Without them, I cannot have the chance to study here. 

I appreciate my girlfriend, Yan Ma, for her support and encouragement. 

I would like to thank my friends and classmates, who stayed with me and gave advices 

during the thesis time. 

I acknowledge Ning Ma for his guidance in the project. 

I thank all the people who has helped me in Stockholm, may GOD bless them forever! 



 iv 

TABLE OF CONTENTS 

Chapter Page 

 

ABSTRACT ......................................................................................................................... i 

ACKNOWLEDGMENTS ................................................................................................. iii 

TABLE OF CONTENTS ................................................................................................... iv 

LIST OF TABLES .............................................................................................................. v 

LIST OF FIGURES ........................................................................................................... vi 

CHAPTER I: INTRODUCTION ........................................................................................ 1 

CHAPTER II: BACKGROUND AND LITERATURE REVIEW .................................... 4 

2.1 OSI model ................................................................................................................. 4 

2.2 UDP........................................................................................................................... 5 

2.3 IP ............................................................................................................................... 6 

2.4 Ethernet ..................................................................................................................... 8 

2.5 Checksum .................................................................................................................. 9 

CHAPTER III: IMPLEMENTATION ............................................................................. 11 

3.1 General function description ................................................................................... 11 

3.2 UDP/IP CORE ........................................................................................................ 12 

3.2.1 Transmitter architecture ................................................................................... 13 

3.2.2 Receiver architecture ....................................................................................... 16 

3.3 RTL Simulation ...................................................................................................... 19 

3.4 Prototype the design ................................................................................................ 23 

3.5 IM3910 & Application ............................................................................................ 24 

3.5.1 IM3910 development kit
 [6]

 .............................................................................. 24 

3.5.2 DMA support ................................................................................................... 25 

3.5.3 Application ....................................................................................................... 26 

3.6 Logic synthesis........................................................................................................ 29 

3.7 Gate level simulation .............................................................................................. 30 

CHAPTER IV: RESULTS ................................................................................................ 32 

4.1 Prototyping report ................................................................................................... 32 

4.2 Maximum frequency case synthesis report ............................................................. 32 

4.2.1 For UDP/IP core .............................................................................................. 33 

4.2.2 For DMA interface ........................................................................................... 35 

4.3 IMSYS case synthesis report .................................................................................. 37 

4.3.1 For UDP/IP core .............................................................................................. 37 

4.3.2 For DMA interface ........................................................................................... 38 

4.4 Gate level simulation report .................................................................................... 39 

CHAPTER V: CONCLUSION & FUTURE WORK ....................................................... 41 

5.1 Conclusion .............................................................................................................. 41 

5.2 Future work ............................................................................................................. 41 

REFERENCES ................................................................................................................. 43 

 



 v 

LIST OF TABLES 

Table Page 

Table 1 OSI model 
[2]

 .......................................................................................................... 5 

Table 2 UDP datagram format 
[3]

 ........................................................................................ 6 

Table 3 IP header format
 [4]

 ................................................................................................. 8 

Table 4 Ethernet frame format 
[5]

 ........................................................................................ 9 

Table 5 pseudo header for UDP checksum 
[3]

 ..................................................................... 9 

Table 6 packet format of the UDP/IP core........................................................................ 12 

Table 7 data transmission sequence .................................................................................. 15 

Table 8 fitter summary from Quartus ............................................................................... 32 

Table 9 cell report 1 from design_vision .......................................................................... 33 

Table 10 area report 1 from design_vision ....................................................................... 33 

Table 11 timing report 1: data arrival time ....................................................................... 34 

Table 12 timing report 1: data required time .................................................................... 34 

Table 13 timing report 1: slack ......................................................................................... 34 

Table 14 power report 1 .................................................................................................... 35 

Table 15 cell report 2 from design_vision ........................................................................ 36 

Table 16 area report 2 from design_vision ....................................................................... 36 

Table 17 timing report 2 ................................................................................................... 36 

Table 18 power report 2 .................................................................................................... 36 

Table 19 timing report 3: data arrival time ....................................................................... 37 

Table 20 timing report 3: data required time .................................................................... 37 

Table 21 timing report 3: slack ......................................................................................... 38 

Table 22 power report 3 .................................................................................................... 38 

Table 23 timing report 4 ................................................................................................... 39 

Table 24 power report 4 .................................................................................................... 39 

Table 25 the comparison of two inputs ............................................................................. 39 

 



 vi 

LIST OF FIGURES 

 

Figure Page 

Figure 1 the view of the project 1 ....................................................................................... 1 

Figure 2 the view of the project 2 ....................................................................................... 1 

Figure 3 transmitter module structure ............................................................................... 13 

Figure 4 EOF module structure......................................................................................... 14 

Figure 5 receiver module structure ................................................................................... 17 

Figure 6 FSM in the receiver ............................................................................................ 18 

Figure 7 top module of UDP/IP core for simulation ......................................................... 19 

Figure 8 block diagram for the RTL simulation ............................................................... 21 

Figure 9 simulation output wave 1.................................................................................... 22 

Figure 10 simulation output wave 2.................................................................................. 23 

Figure 11 prototyping structure ........................................................................................ 24 

Figure 12 block diagram of the application ...................................................................... 26 

Figure 13 flow chart of the application ............................................................................. 28 

Figure 14 synthesis module for UDP/IP core ................................................................... 29 

 

 



 1 

CHAPTER I: INTRODUCTION 

  

 

 

 

 

Figure 1 the view of the project 1 

The figure above illustrates the general view of this project.  

At the top is the application layer. Below the application layer, the accelerator is 

connected to the application and the PHY/ETHERNET.  

 

 

 

Figure 2 the view of the project 2 

The IMSYS processor with its DMA interface holds the application layer. The processor 

runs an application to send data information from its memory through the DMA channel 

existed in the processor to the accelerator. 

The UDP/IP core is selected as the accelerator in the project. Why UDP/IP?
[1]

 The UDP 

segment has small protocol header and does not need to shake hands before sending and 

receiving data compared to TCP, so a higher transmission rate can be achieved under 
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UDP/IP. The disadvantage is the reliability of the transmitted data. Without the shake 

hands process, some of the data maybe dropped or disordered in the high transmission 

rate even though the checksum is introduced. 

The application is supposed to use the Ethernet interface, due to some technical problems 

in IM3910, this part is out if the scope for this project and will be implemented as the 

future work. 

The project is divided by the following steps. 

Step 1: The UDP/IP core is initially taken from “OpenCores”. In order to meet the 

requirements and prototype to the FPGA, some modules in it have been taken away or 

edited a lot. The modules are described and explained in details at the first of the 

implementation chapter. 

Step 2: The functionality of the UDP/IP core is verified through the RTL simulation. The 

project tests the module with a BMP file as the input to see if the same BMP file is 

received at the output. 

Step 3: After the RTL simulation, the UDP/IP core is prototyped to FPGA and connected 

with the IM3910 to run the application. The Altera cyclone Ⅳ DE2-115 FPGA is selected 

as the platform for the core prototyping and during the application, the IM3910 and 

FPGA is connected through the GPIO interface. 

Step 4: The design is then synthesized twice after the application. Once is for the 

maximum transmission rate and the other is to match the frequency of IM3910.  
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Step 5: The gate level simulation and power estimation is completed at the last step. The 

functionality of the netlist is verified and the much more accurate power consumption of 

the design is estimated after the gate level simulation. 
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CHAPTER II: BACKGROUND AND LITERATURE REVIEW 

Before approaching the hardware units directly, some related fundamental theories and 

protocols were reviewed first. These materials include OSI, UDP, IP, Ethernet, and 

respective checksum for UDP and IP header, these theories will help to understand in 

which way the data is encapsulated and how the packets are transmitted and received 

under the specific protocols.  

2.1 OSI model 

The Open System Interconnection model 
[2]

 is a logical definition of standard, it divides 

the network into 7 layers and each layer has its own physical facility, such as router and 

switching hub 
[2]

. OSI model is a framework of design methods, the main purpose is to 

solve the interconnection compatibility issues between different types of networks and 

the main functionality is to help implement the data transmission between heterogeneous 

hosts. The most important advantage of OSI model is that it has a clear distinction of 

service, interface and protocol concepts and realizes the reliable communications 

between different network systems. 

Among these seven layers, this project will only focus on transport, network and data link 

layers, because UDP, IP and Ethernet respectively lies in these three layers. 
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Layer Function  

Application Network process to application 

Presentation Data representation, encryption and decryption, convert machine dependent data to machine 

independent data 

 Session Interhost communication 

 Transport End-to-end connections, reliability and flow control 

 Network Path determination and logical addressing 

 Data Link Physical addressing 

 Physical Media, signal and binary transmission 

Table 1 OSI model 
[2]

 

2.2 UDP  

UDP (user datagram protocol) 
[3]

 lies in the transport layer. Transport layer is the most 

important layer in the seven layers. The transport protocol controls the flow and set the 

proper transmission rates based on the receiving rates. UDP is one of the transport layer 

protocols. It provides a basic and low delay communication using a unit which is called 

datagram. Compared to TCP, UDP does not need to shake hands for several times before 

transmission, so it does not have complex header information as TCP. Therefore UDP 

provides a simple and fast communication method. 

The UDP header contains 4 fields of information, which are UDP source port, UDP 

destination port, data length and UDP checksum. The format will be shown in the 

following table. 
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Offset (bits) 0-15 16-31 

0 Source port  Destination port  

32 Length  Checksum  

64+ USER DATA 

Table 2 UDP datagram format 
[3]

 

A host computer with an IP address can provide a lot of services, for example, web 

service, FTP service, DNS service and so on. But how can the host computer distinguish 

these different services? Actually, the Internet Assigned Numbers Authority (IANA) 

assigns different port numbers to multiple services. These numbers vary from 0 to 65535, 

and from 0 to 1023 are well known ports, which are permanently assigned to the specific 

services, such as 21 to FTP and 80 to HTTP service. Other ports can be used by users to 

implement their own applications. 

The length is 16 bits, so the limitation size of user data is set to 65527 (total size – header 

length) bytes. 

The checksum field is used to error checking of the UDP header and data. We can set this 

field to all zeros if no checksum is generated. 

2.3 IP 

IP (internet protocol) 
[4]

 lies in the network layer. The network layer is aiming to 

implement the transparent data transmission between two end systems and its detail 

functions include addressing, routing, constructing connection, holding and ending.  

http://en.wikipedia.org/wiki/Internet_Assigned_Numbers_Authority
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IP is the principal communications protocol used for relaying datagram across an 

internetwork in the network layer 
[4]

. It enables the entire computer networks which are 

connected to the same internet communicate with each other, and it is the standard that 

computers must follow in order to communicate in the internet. IP has defined how the IP 

packet is built up and how the router sends the IP packet to the destination host. 

Currently, the IPv4 (the 4
th

 version of internet protocol) is the most widely used in the 

internet. The uniform format of IPv4 packet header will be shown in the following table 

 

Bit 

offset 

0-3 4-7 8-13 14-15 16-18 19-31 

0 Version Header 

length 

Differentiated 

Services Code Point 

Explicit 

Congestion 

Notification 

Total length 

32 Identification Flags Fragment 

offset 

64 Time to Live Protocol Header checksum 

96 Source IP Address 

128 Destination IP Address 

160 Option (if Header Length > 5) 

http://en.wikipedia.org/wiki/Differentiated_services
http://en.wikipedia.org/wiki/Differentiated_services
http://en.wikipedia.org/wiki/Explicit_Congestion_Notification
http://en.wikipedia.org/wiki/Explicit_Congestion_Notification
http://en.wikipedia.org/wiki/Explicit_Congestion_Notification
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160+ Data 

Table 3 IP header format
 [4]

 

In this project, the UDP segment is encapsulated in the data field of IPv4 datagram, and 

the maximum size of the data field for one single datagram is 65515 bytes (65535 – 20). 

2.4 Ethernet  

The Ethernet 
[5]

 lies in the data link layer. The data link can be roughly understood as the 

path of data transmission. The physical layer provides the transmission medium and the 

connection between terminals. The medium can last for a long time, but the connection 

has its life time, and during this time, both the transmitting and receiving sides can 

communicate for once or more times and each time they will have both connection and 

disconnection processes. Data transmitting on the physical medium is often affected by 

unreliable factors and this will cause transmission mistakes. To avoid this, data link layer 

will also have to provide the error detecting and correcting service. So connection and 

error correction services are the responsibilities of the data link layer. 

Ethernet is one of and the dominating protocol in the data link layer. It provides the both 

services to the internet and the packet transmitting in the layer is called Ethernet frame. 

Ethernet frame includes two parts, header and data. The header contains source MAC 

address, destination MAC address, frame type, CRC (cyclic redundancy check) field and 

data field. The CRC field fulfills the error detection. The following table shows how the 

Ethernet frame looks like. 
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6 bytes  6 bytes  2 bytes 46-1500 bytes 4 bytes 

Source MAC Destination MAC Type  Data  CRC 

Table 4 Ethernet frame format 
[5]

 

The data field here is filled by IPv4 datagram in this design. 

2.5 Checksum 

When we transmit packets from one host to another, some unexpected errors will always 

happen, such as data missing and wrong data receiving. How can we detect these 

problems while data transmission? The checksum will do this. Checksum is one‟s 

complement of the sum of a set of data which is used for detection of the correction of 

data transmission and it is widely used in the data processing and communication areas. 

The way of checksum calculation for UDP and IPv4 header is almost the same except the 

sampling data. For UDP, the sampling data for calculation includes three parts, which are 

pseudo header, UDP header and data. The UDP header was described in the previous part 

and the structure of pseudo header is shown here. 

Bits 0-7 8-15 16-23 24-31 

0 IPv4 source address 

32 IPv4 destination address 

64 All zeros Protocol UDP length 

Table 5 pseudo header for UDP checksum 
[3]
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How to compute the UDP checksum? Firstly, the entire data is divided into several basic 

data elements which will be 16 bits for each. Then these data will be added together to 

generate a sum. During the process, if the sum of two data elements is over 16 bits, in 

another word, if the sum has a carry, the carry then should be added back to the 16 bits 

sum. Finally, the sum‟s complement is checksum. Before the computation, the checksum 

fields shall be set to zeros 
[3]

. 

The way of computing IPv4 header checksum is the same as UDP checksum calculation, 

the only difference is the sampling data. In the IP header checksum computation, the 

sampling data will be the IPv4 header fields, which do not include the data field. Before 

the calculation, the IP checksum field is set to zeros. 
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CHAPTER III: IMPLEMENTATION 

3.1 General function description  

The general functionality of UDP/IP core is to send and receive UDP/IP packets over 

Ethernet. It capsulates data into UDP/IP packet in the transmitter and decapsulates it in 

the receiver. besides, it provides UDP checksum of the received packets. 

First, let‟s see how a packet should be like based on the UDP/IP core module. 

Size(byte) information location 

6  Destination MAC address  LUT 

6 Source MAC address  LUT 

2  Ethernet type LUT 

START OF IPv4 PACKET 

1 Version + Header length LUT 

1 Differential service LUT 

2 Total length REG 

2 Identification  LUT 

2 Flags + Fragment offset LUT 

1 Time to live LUT 

1 Protocol  LUT 

2 Header checksum REG 

4 Source IP address LUT 

4 Destination IP address LUT 
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START OF UDP PACKET  

2 Source port  LUT 

2 Destination port  LUT 

2 Length  REG 

2 Checksum  REG 

START OF USER DATA  

Table 6 packet format of the UDP/IP core 

As it can seen from the table, before the user data arrives, the 42 bytes header information 

must be transmitted first. During these information, once the source and destination are 

decided, some information fields‟ value related to the address or port number are fixed, 

like source MAC, destination MAC, Ethernet type, version, header length, differential 

service, Identification, Flags and Fragment offset, Time to live, Protocol, source IP, 

destination IP, source port and destination port. Only the total length, header checksum 

for IPv4 packet and length, checksum for UDP packet are not static because of the 

unknown user data. To save the hardware resources and make the module easier, a LUT 

(look up table) is generated to store all the static fields in advance and other fields that are 

not static will be implemented in the hard code. The “location” column means where this 

information is stored. REG stands for the registers which are implemented in the module 

to generate dynamic fields and this will be discussed more in the design. 

3.2 UDP/IP CORE  

The UDP/IP core can be divided into two part, transmitter and receiver, so the transmitter 

and receiver architectures will described separately. 
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3.2.1 Transmitter architecture 

The structure of transmitter architecture is shown here. 

  

 

 

 

 

 

 

 

 

 
Figure 3 transmitter module structure 

 

The transmitter has five input signals, which are “clock”, “reset”, “start enable”, “user 

data length”, “user data input”. The “start enable” signal is active high, when it is on, the 

architecture starts to work. 

The EOF block is to generate an end of frame signal based on the total length. It contains 

a counter and a comparator. The counter is enabled by the start enable signal, and then 

counts the total number bytes of transmitted data at each clock cycle (in this project, at 

each clock cycle, one byte data will be transmitted, so when start enable signal is on, the 
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number of transmitted data bytes will be equal to the clock cycles). And then the 

comparator will compare the number of transmitted data bytes to the total length. If the 

last byte is received, the end of frame signal will be active. The inverter will turn over the 

end of frame signal to make it active low and this signal will be sent to the receiver (we 

will discuss it in the receiver part).  

All the original comparators in the module have been removed and a simple RTL 

comparator is introduced in this project. The counters have also been edited for sequential 

problems. 

 

 

 

Figure 4 EOF module structure 

The ADDER below EOF module is used to calculate the total length. The base length is 

the frame header length, in our case, it is 14 bytes (MAC header) + 20 bytes (IP header) + 

8 bytes (UDP header) = 42 bytes. The adder adds the user data length to this constant 

value. 

The SUBTRACTER is used to compute the IP header checksum value. The base 

checksum value is calculated using reduced total length 
[1]

 value. 

The ADDER below the SUB in the figure is to calculate the UDP length. The way of 

computation is the same as the adder which generates the total length. It adds the user 

data length to the constant value of UDP header, which is 8 bytes. 

COUNTER COMPARATOR 

START 

ENABLE 

TOTAL LENGTH 
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Till now, the dynamic fields are fulfilled by the two adders and a subtracter, and the UDP 

checksum field is set to all zeros. 

The LUT INDEX module is to generate the LUT address at each clock cycle. It contains 

a counter which is enabled by the start enable signal. The counter increases at each clock 

cycle, and the counter value will be used as the LUT memory indexer.  

Right beside the LUT INDEX is the LUT module. The LUT stores all the values of static 

fields with certain addresses. When the LUT indexer is given to the LUT, the LUT will 

send out the corresponding value to the specific address. When the indexer reaches the 

last byte of the total header length, the TRANSMIT USER DATA module will send out a 

user data request to the interface and ask for the user data. This LUT is generated in the 

RTL by this project in order to match the FPGA later. 

The LUT CONTROL module decides which value of fields will be sent to the first MUX 

output at the certain clock cycle based on the LUT address. The transmission flow is 

described in the following table. 

HEADER TRANSMISSION                           DATA TRANSMISSION 

LUT ADD LUT SUB LUT ADD LUT INPUT BUS                                     

16 cycles 2 cycles 6 cycles 2 cycles 12 cycles 2 cycles 2 cycles 0 – 1024 cycles        

 

Table 7 data transmission sequence 

From 0 to 15 clock cycles, the first 16 bytes IP header information is transmitted. Then 

the first adder transmits the 2 bytes total length in 2 clock cycles. The LUT continue 

transmitting 6 bytes IP header information in the following 6 clock cycles before the 
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subtracter transmits 2 bytes IP header checksum. Thereafter 12 bytes static field 

information from LUT will be transmitted and the second adder calculates the 2 bytes 

UDP length. At last 2 cycles of header transmission, 2 bytes of UDP checksum will be 

transmitted. After 42 bytes of header information are transmitted, the input bus starts to 

transmit the user data. Because we use 12 bits counter to count the transmitted data bytes 

in this design, the maximum size of one packet is supposed to be 2047 bytes. In each 

packet, we have 42 bytes header information, so the maximum size of user data included 

in a complete packet should be 2047-42=2005 bytes. But in the network transmission, the 

maximum size of one packet can be received by Ethernet is 1500 bytes. So in the project, 

the maximum size of user data is assigned to 1024 bytes. 

After all the header information are transmitted, the user data request signal provided by 

the “TRANSMIT USER DATA” module will decide whether user data should be 

transmitted to the second MUX output or not. In the transmitter design, when the last 

byte of the header detected, the MUX stops transmitting header information and start the 

user data transmission. Finally, the MUX output will be transmitted to the receiver. 

3.2.2 Receiver architecture 

Generally, the receiver architecture contains a FSM, a counter and a comparator.  
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Figure 5 receiver module structure 

 

The receiver module has 4 input signals, “clock”, “reset”, “start of frame”, “end of 

frame”, except the input bus, which is the output from the transmitter.  

The receiver FSM (finite state machine) is the critical part of the receiver module and it is 

used to mark the receiver‟s state at each clock cycle, so that we can know which parts of 

received data are the header section and which are the user data section.  

The FSM module has 6 states, “reset”, “idle”, “detect the user data length MSbyte”, 

“store the user data length LSbyte”, “checksum” and “receive user data” state. The 

relations and connections between these states are shown in the figure down. 
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Figure 6 FSM in the receiver 

Firstly, before the receiver module works, it goes to “reset” state. Once the reset signal is 

inactive, the module goes to “idle” state waiting for the start of frame signal. If RX_SOF 

is not triggered, it remains at the idle state, otherwise the module changes to “detect the 

user data length MSbyte” state, at this time, the counter is enabled and starts to count at 

each clock cycle. When the value of the counter reaches the certain number which is 

corresponded to the most significant byte of the user data length field, the state will 

change to the “store the user data length LSbyte”. Then one clock cycle later, the module 

goes to “checksum” state. In this state, the counter will restart to work and count for 2 

cycles which is equal to the length of UDP checksum field. Till now, all of the header 

section has been received, and the following data is the real user data. So now the state 

will go to “receive user data” and the module will set the “user_data_valid” signal to tell 

the interface that the user data is coming now. After a certain amount of time, the 

RX_EOF signal will be triggered, which means one entire packet has been received, the 
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module will change its state to “idle” again and wait for the next packet and the module 

will repeat the steps which we described just now until the last byte of all user data comes.  

During the receive module, an extra register has been introduced to break the dead loop 

caused by the sequential problem in the original module and in each unit, codes have 

modified a bit to fix the timing error. 

 

3.3 RTL Simulation 

To verify the functionality of the core, in this section, the core is tested through the RTL 

simulation. The tool used for the simulation is MODELSIM, and a prepared testbench is 

made to represent the case scenario. 

To make sure both the transmitter and receiver work properly functionally and to make 

the simulation easier, the output ports of the transmitter and input ports of the receiver are 

connected, and the data from the input bus are directly transmitted to the output bus.  

 

 

 

 

 

Figure 7 top module of UDP/IP core for simulation 
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The top module for the simulation above shows how the ports of the transmitter and 

receiver are connected. The start enable signal from the input of transmitter is connected 

to the RX_SOF port as one of the inputs of the receiver, and the EOF signal from the 

transmitter‟s output is assigned to the RX_EOF as another input. The output data of the 

transmitter is directly passed to the receiver through the DATA INPUT line. The clock 

and reset signals are synchronized.  

From the structure, the top module has 5 input ports and 2 output ports in all. Actually, 

what this UDP/IP core does is to encapsulate the user data that is needed to be transmitted 

with the header information based on the protocols at the transmitter side and then 

decapsulate the packets at the receiver side, so that finally the interface at the receiver 

side can get the data transmitted from the user.  

Before the simulation start, first what should be given to the module and what should be 

expected to come out from the output ports must be clearly specified. The UDP/IP core 

has 5 inputs, clock, reset, start enable, user data and its length. In the following, how to 

specify the ports and data in the testbench is discussed in details. 

Clock: Normally, the Ethernet transmission speed can reach Gigabit, so in order to make 

the block operate at gigabit speed, the frequency of the system clock should be set to at 

least higher than 125MHz.  

Reset: The reset signal is used to set the reset time, so any reset time should be ok. 

Start enable: When this signal is set, the module starts to work. So this signal can be set a 

short time after the reset signal is inactive. 
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User data and user data length: In the testbench, a BMP file is used as the input and the 

user data length is given by the BMP file length. Why BMP file? Because if anything is 

not received or disordered, the image will not show after the transmission.  

After all the inputs ports are assigned, when the simulation begins, the data which 

contains both header information and the BMP file data should be received by the 

receiver, and then the receiver will write the received data, which is without the header, 

into a new output file. If the output file is exactly the same as the input BMP file, the 

UDP/IP core has been proved to work properly functionally. 

One more thing must be mentioned here is that in the transmitter architecture, a LUT 

which contains all the static fields of the header information (described in the previous 

section) must be initiated before the simulation. So in the testbench, this LUT is 

generated and initialized with the static fields‟ contents before the module‟s simulation. 

In this way, 2 more ports will be added to the UDP/IP module, LUT address and LUT 

data, which are connected between LUT and UDP/IP core module. At each clock cycle, 

the address is passed to the LUT and the LUT will have one byte data corresponding to 

this address given to the transmitter. The following figure shows the structure of the 

simulation process. 

 

 

 

Figure 8 block diagram for the RTL simulation 
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In the “READ FROM FILE” and “WRITE TO FILE” modules, we simply use the read 

and write functions from the VHDL TEXTIO package to get the data from the input 

BMP file and write the data to a new file.  

 

Figure 9 simulation output wave 1  

This is the simulation output wave within 100 ns, the module is transmitting the header 

section. Around 90 ns, from the figure, the signal “valid_out_usr_data” is set to „1‟,which 

means the header fields are all transmitted, and the signal “data_in” is starting to read the 

data from the input BMP file and transmit it to the output. The signal “index” shows the 

total length of the input BMP file, which is passed to the UDP/IP core. 
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Figure 10 simulation output wave 2  

This is the simulation output wave within 4100 ns, the module has finished transmitting 

the first packet of the BMP file. The signal “valid_out_usr_data” is set to „0‟ after the 

first packet is transmitted, and the signal “file_length” shows the remained data length of 

the BMP file which is not transmitted yet. After all the packets have been received, the 

output file is the same picture as the input file. So in RTL, the UDP/IP core module 

works perfectly. 

3.4 Prototype the design  

The design should be prototyped to FPGA for the application. The FPGA used for 

prototyping is the cyclone Ⅳ DE2-115 FPGA and the tool used is QuartusⅡ. 

As it was described in the chapter before, the design has a LUT that stores all the static 

fields of header information. To prototype the design, a ROM which is initialized with all 

the static fields‟ information should be implemented with the tool “MegaWizard Plug-In-

Manager” in Quartus. All the static fields‟ information is downloaded into the ROM by 
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creating a MIF file which contains all the initial data. Besides, an empty RAM is needed 

to store the received data, so a RAM must be generated as the same way. 

Then the design code should be altered a bit to contain the ROM and RAM modules. The 

structure is illustrated in the figure. 

 

 

 

 

 

Figure 11 prototyping structure 

 

 

3.5 IM3910 & Application 

3.5.1 IM3910 development kit [6] 

The IM3910 development kit is a member of the Imsys‟ IM3000 platform family, which 

is designed and produced by the Imsys AB in Stockholm, Sweden.  

The IM3910 is a dedicated controller for networked applications in real-time 

environments. It combines the best features of traditional CISC (Complex Instruction Set 

Computer) architectures and the sufficient use of hardware resources found in RISC 

(Reduced Instruction Set Computer) processors. A high-speed 8-bit I/O bus with 

hardware DMA and several configurable programmable I/O ports provide efficient 

communication with external hardware. The software API on the IM3910 is well adapted 

to network automation and control systems and the designer can mix and match between 

Java, C and assembler languages to reach optimal performance
 [6]
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3.5.2 DMA support 

For a high transmission rate between the external peripherals and the IM3910, the 

IM3910 provides a DMA support on the I/O bus, so that the external peripherals can 

communicate directly through the DMA channel to the on-chip memory. It has 8 DMA 

channels on the development kit and signals in the I/O bus control the channels. These 

signals include the I/O clock, 8 data lines for each channel, request lines and 

acknowledge lines. The clock signal frequency is controlled by the register value in the 

CRB (control register bus) and only on the rising edge of the clock other signals in the 

I/O line are valid. The 8 bi-directional data lines are shared by peripherals and the 

processor itself and the bus is controlled by the DMA controller. The request lines are 

used to receive DMA channel requests from peripherals and each line is mapped to its 

own channel. If the requested DMA channel is active, the corresponded acknowledge line 

responds with the acknowledge signal from the DMA controller. When the peripherals 

successfully get the acknowledgement from the processor, the communication between 

the peripherals and the processor is established through the DMA channel. 

To set up the DMA, such as the size and the priority of each channel, the development kit 

has provided programmable I/O instructions for use. And for using the DMA channel, 

such as start, stop and monitor the DMA, both assembly and C instructions has been 

predefined by the header files to control the DMA
 [7]

. 
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3.5.3 Application  

An application based on the UDP/IP core transmission will be introduced here to test the 

design. 

The tools used for the application are IMSYS developer, QuartusⅡ and Modelsim. 

 

 

 

 

 

 

 

Figure 12 block diagram of the application 

The most left block is the IM3910 development kit. During the test, the IM3910 tries to 

transfer data to a peripheral through its DMA channel 

In the right block, a cyclone Ⅳ DE2-115 FPGA board is used as the peripheral. The 

UDP/IP module, DMA interface with a RAM is implemented in the board. The FPGA 

and IMSYS IM3910 are connected by a cable through GPIO 
[7]

. 

The DMA INTERFACE block is the interface between IMSYS processor‟s DMA 

channel and the FPGA board. It processes the signals both from the channel and the 

UDP/IP module. 

During the experiment, the IMSYS processor will initial its memory and DMA channel 

first, at the same time the UDP/IP module is waiting for the transmission enable signal. 
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When the transmission is enabled, the transmitter of the UDP/IP module will start to 

transmit the UDP/IP header information. After all the header fields are arrived in the 

receiver side, the module sends a request signal to the DMA interface to ask for the user 

data. Now the DMA interface receives the signal, process it and send the request to the 

IM3910 processor. At the IM3910 side, the processor will send acknowledgement to the 

channel and start to send the data to the interface through the GPIO cable and the DMA 

interface will pass the data to the UDP/IP module. When the first user data unit is arrived 

at the receiver side of the UDP/IP core, it will be immediately written into the RAM in 

the FPGA board till the last unit. The clock is produced by the IM3910 processor and it is 

passed through the GPIO to the UDP/IP module, so the clock signals contained in all of 

the design units and modules are synchronized as the system clock from the IM3910
 [7]

. 
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The flow chart is in the figure down. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 13 flow chart of the application 
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3.6 Logic synthesis 

The tool used to synthesize the module is Synopsys Design Compiler. 

 

 

 

 

 

Figure 14 synthesis module for UDP/IP core 

 

The module that will be synthesized is in the top figure. The purpose of the synthesis is to 

convert the RTL UDP/IP core into a gate level netlist, which can be used in the later 

design.  

In order to see the results clearly, the DMA interface from the application part is 

synthesized separately with UDP/IP core. 

Both of the UDP/IP core and DMA interface have been synthesized twice. In the 

synthesis script file, the clock frequency is specified to 125 MHz (maximum frequency) 

and 10.44 MHz (to match IM3910 working frequency), and the wire load model is set to 

“TSMC8K_Lowk_Conservative”, wire mode is set to “top”. From the synthesis, in 

addition to the netlist, the sdf (standard delay format) file that contains all kinds of delays 
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in the project is also generated by the tool and the average power consumption of the 

module is reported at the end of the synthesis. 

3.7 Gate level simulation 

After the gate level netlist was generated in the synthesis process, the netlist must be 

simulated with the same testbench which was used in the previous simulation. The tool 

that used for the simulation is MODELSIM. One aim of the gate level simulation is to 

verify the functionalities of the netlist. The output file is expected as the same as the input 

file after the simulation. 

The other purpose of the gate level simulation is to report the much more accurate power 

consumption in our experiment. The power estimation is based on switching activity of 

the circuit. In the synthesis section, the average power is calculated under a default 

switching activity (normally, it is set to 0.2), but in our own experiment, the switching 

activity will vary from the default value. So if we want to get accurate average power 

consumption of the circuit, our own switching activity should be used for estimation. 

How to get the switching activity of the circuit with our own input data is talked in the 

following. 

While doing the gate level simulation, firstly the sdf file shall be compiled with the 

MODELSIM. This process will back annotate all the delays into the netlist. After the sdf 

file is compiled, the VCD (Value Change Dump) file generating command of the 

MODELSIM can get the VCD file during the simulation and this VCD file records the 

switching activity information of all the gates in the circuit with the certain inputs.  
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Now the switching activity file is ready, so this VCD file to estimate the power 

consumption. Since the Synopsys Design Compiler is chosen as the tool for synthesis and 

the Synopsys does not support the switching activity file in VCD format, the VCD file 

must be converted into the SAIF (Switching Activity Interchange Format) file which can 

be recognized and used by Synopsys. The command “vcd2saif” can be used to convert 

the VCD file to SAIF file directly in the linux terminal. After the SAIF file is generated, 

it shall be annotated to the top instance of the netlist in the Design Compiler to compute 

power consumption. At last, the “report power” command will be used to report the 

accurate power to the console. 
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CHAPTER IV: RESULTS 

In this chapter, the results from the simulation, synthesis and application will be 

discussed. 

4.1 Prototyping report 

In the prototyping step, the UDP/IP is programmed on the CYCLONE IV E FPGA board. 

Here is the summary of the design module. 

Name  Number  Percentage  

total logic elements 243 < 1% 

total combinational 

functions 

223 < 1% 

dedicated logic registers 83 < 1% 

total registers 83 < 1% 

total pins 66 12% 

total virtual pins 0 0% 

total memory bits 2560 0% 

total PLLs 0 0% 
Table 8 fitter summary from Quartus 

From the report, the design has totally 243 logic elements, 83 register, 66 pins and 

occupies 2560 bits memory size. After the transmission, the memory in the FPGA is 

filled in with the user data. From the fitter summary, the whole design occupies less than 

1% of the hardware resources on the FPGA.  

 

4.2 Maximum frequency case synthesis report 

As it was said in the synthesis section in the previous chapter, the cell, area, timing and 

power of the module are reported while generating the netlist under the 125MHz clock 

frequency.  

The parameter for synthesis:  

set_wire_load_model -name "TSMC8K_Lowk_Conservative" 
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set_wire_load_mode top 

set_operating_conditions NCCOM 

 

4.2.1 For UDP/IP core 

Cell & Area 

Cell name Reference  Area  Attri

butes  

IPV4_PACKET_TRANSMITTE

R_port_map 

IPV4_PACKET_TRANS

MITTER 

2002.291

218 

h,n 

IPV4_PACKET_RECEIVER_po

rt_map 

IPV4_PACKET_RECEI

VER 

1087.833

615 

h,n 

Total 2 cells N/A 3090.124

832 

N/A 

Table 9 cell report 1 from design_vision 

Attributes:  

b - black box (unknown) 

h – hierarchical 

n – non-combinational 

r – removable 

u – contains unmapped logic 

 

 

 

Number of ports 51 

Number of nets 77 

Number of cells 2 

Number of reference 2 

Combinational area 1528.934402 

Non-combinational area 1561.190431 

Net interconnect area Undefined (wire load has zero net 

area) 

Total cell area 3090.124832 

Total area undefined 
Table 10 area report 1 from design_vision 
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In the report, we have totally two cells, IPv4_PACKET_TRANSMITTER and 

IPv4_PACKET_RECEIVER, and these two cells occupy 2002 and 1087 um
2
 area 

respectively.  

The design has 51 ports and 77 nets. The total cell area is divided into 1529 and 1561 

um
2
 for combinational and non-combinational area. 

 

Timing  

Point Incr Path  

clock clk_125MHz 

(rising edge) 

0.00 0.00 

clock network delay 

(ideal) 

0.00 0.00 

internal modules 1.92 1.92 

data arrival time  1.92 
Table 11 timing report 1: data arrival time 

 

 

 

Point  Incr  Path  

clock clk_125MHz 

(rising edge) 

8.00 8.00 

clock network delay 

(ideal) 

0.00 8.00 

library set time -0.07 7.93 

data required time  7.93 
Table 12 timing report 1: data required time 

 

Point  Inre  Path 

Data required time N/A 7.93 

Data arrive time N/A -1.92 

Slack  N/A 6.01 
Table 13 timing report 1: slack 

From the report, the time required to travel from the start point to the end point (data 

arrival time) is 1.92 ns, and the maximum time for a signal to travel through the path 
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(data required time) is 7.93 ns, so the difference time (slack) is 6.01 ns, which means the 

target circuit can be improved.  

Power 

Power Name Power (uw) Percentage 

Cell internal power 152.1875 93% 

Net switching power 11.9321 7% 

Total dynamic power 164.1196 100% 

Cell leakage power 5.7096 100% 
Table 14 power report 1 

As shown in the report, the cell internal power, which is consumed by the internal 

capacitors of all the cell, is almost 152 uW (93% of the total dynamic power), and the net 

switching power, which is consumed by all the load capacitors of the cell output, is 

nearly 12 uW (7% of the total dynamic power).  So the total dynamic power of the circuit 

is more or less 164 uW and the leakage power (static power) is around 5.7 uW.  

Of course, for the particular design, the power reported here is not very accurate, because 

the dynamic power is consumed by the circuit when it is active to performance the 

transmitting and receiving function. When we generated the netlist, no data is inputted to 

the circuit, so actually the power here is estimated by a default switching activity, in 

another word, the system set a default value that how many transistors are switched, 

which we have also discussed in the gate level simulation section.  

 

4.2.2 For DMA interface  
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Cell  

Cell name Reference  Area  

U4 AO21D1 4.8384 

U7 INVD1 1.6128 

Dma0_req_n0_reg DFQD1 13.7088 

Total 3 cells N/A 20.1600 

Table 15 cell report 2 from design_vision 

Area  

Number of ports 13 

Number of nets 6 

Number of cells 3 

Number of reference 3 

Combinational area 6.451200 

Non-combinational area 13.7088 

Net interconnect area Undefined (wire load has zero net 

area) 

Total cell area 20.1600 

Total area undefined 
Table 16 area report 2 from design_vision 

Timing  

Point  Inre  Path  

Data required time  N/A  7.97  

Data arrive time  N/A  -0.16  

Slack  N/A  9.81  

Table 17 timing report 2 

Power  

Power Name  Power (uw)  Percentage  

Cell internal power  1.8218  97%  

Net switching power  0.0652507  7%  

Total dynamic power  1.8870  100%  

Cell leakage power  0.0478442  100%  

Table 18 power report 2 
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4.3 IMSYS case synthesis report 

The UDP/IP block is synthesized with the clock frequency which is synchronized in the 

application. The frequency is set to fcore/16=10.44MHz (the CPU‟s clock frequency of 

the IM3910 divided by 16 and fcore=167MHz). 

4.3.1 For UDP/IP core  

Cell and Area:  

The cell and area here are the same with synthesis results for maximum transmission rate 

case and it will be talked in the results of that case. 

Timing:  

Point Incr Path  

clock clk_10.44MHz 

(rising edge) 

0.00 0.00 

clock network delay 

(ideal) 

0.00 0.00 

internal modules 1.92 1.92 

data arrival time  1.92 
Table 19 timing report 3: data arrival time 

 

 

Point  Incr  Path  

clock clk_10.44MHz 

(rising edge) 

96.00 96.00 

clock network delay 

(ideal) 

0.00 96.00 

library set time -0.07 95.93 

data required time  95.93 
Table 20 timing report 3: data required time 
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Point  Inre  Path 

Data required time N/A 95.93 

Data arrive time N/A -1.92 

Slack  N/A 94.01 
Table 21 timing report 3: slack 

Due to the different clock frequency, data required time is 95.93 ns and data arrived time 

is 1.92 ns, so the slack here is 94.01 ns. 

Power:  

Power Name  Power (uw) Percentage  

Cell internal power 12.6822 93% 

Net switching power 0.994.32 7% 

Total dynamic power 13.6765 100% 

Cell leakage power 5.7096 100% 
Table 22 power report 3 

Cell internal power here is 12.6822 uw and Net switching power is 994.32 nw, so the 

Total Dynamic Power is 13.6765 uw. Besides, Cell Leakage Power reaches 5.7096 uw. 

 Compared to the synthesis results with 125MHz clock frequency, the dynamic power is 

less, which indicates the power consumption increases with the increasing of clock 

frequency. So the core that works in a lower frequency will save power. 

4.3.2 For DMA interface  

Cell and area reports are the same with the previous reports from the maximum 

transmission rate case. 
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Timing  

Point  Inre  Path  

Data required time  N/A  95.97  

Data arrive time  N/A  -0.16  

Slack  N/A  95.81  

Table 23 timing report 4 

Power  

Power Name  Power (nw)  Percentage  

Cell internal power  151.8139  97%  

Net switching power  5.4376  7%  

Total dynamic power  157.2514  100%  

Cell leakage power  47.8442  100%  

Table 24 power report 4 

 

4.4 Gate level simulation report 

During the gate level simulation, the design is tested with two different input BMP 

pictures (snail and Lena). With different input data, the switching activities will be not 

the same and the power consumption will vary from each other due to the different 

switching activities. Here is the power estimation of the two tests, and the clock 

frequency is selected to 125MHz. 

Input  Size (bytes) Static power (uW) Internal power (uW) Switching power (uW) Dynamic power (uW) Cycles  

Snail  196,666 5.8523 149.0386 7.7480 156,7866 200922 

Lena  263,222 5.8958 153.7594 8.8672 162.6266 268898 

Table 25 the comparison of two inputs 

In the static power column, the power consumed for both two file are almost the same, 

because at the idle state, the circuit consumes only some leakage power when the 

transistors are not switched, which means this power is not related to how large the input 
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file is or how many the transistors are switched. The only factor that determines the 

power is the number of transistors included in the target circuit. So for the same circuit, 

whatever the input is, the static power is almost the same. 

But for the dynamic power column, the Lena consumes a bit more power than the smaller 

Snail file. It is because the snail file has a larger area of white color than the Lena file, 

which means there should be more transistors that are not switched when the snail file is 

transmitted through the circuit, the switching power of total cells for snail file 

transmission is a bit less. At the same time, due to the smaller switching activity, the 

internal power, which is consumed for charging and discharging internal cell 

capacitances, is consumed a bit less as well.  
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CHAPTER V: CONCLUSION & FUTURE WORK 

5.1 Conclusion 

First of all, this project illustrates how an existed processor (IM3910) is utilized with its 

DMA block and how an accelerator is connected to the processor to improve the 

processor‟s performance. The function of reading data from IM3910 through DMA is 

successfully implemented and synthesized as a standard cell. The hardware resources 

used in FPGA and the power consumption of the design are all calculated during the 

project. 

The UDP/IP core is selected as the accelerator in the project and through the results it has 

high performance and low power consumption. But it does not indicate it is the only 

accelerator that can be used. The UDP/IP core is a good example but other kind of 

accelerators with excellent performance can also be adopted. 

Besides, for different applications running on the processor, different kinds of 

accelerators can be used to better suit the requirements of applications. 

5.2 Future work 

As it is said in the conclusion, the communication between IM3910 and CYCLONE 

board is implemented only in read function, which is the data transfer from IM3910 to the 

FPGA, so one of the following works will be writing data into the IM3910 memory from 

the FPGA. Only with both read and write function are successfully implemented, the 

communication between IM3910 and the peripherals through the DMA can be fully 

constructed. 
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Moreover, the project has completed the scope which is described in the introduction 

chapter, but as it was also said, the PHY and Ethernet part is not implemented within the 

project for the technical problems on IMSYS processor. So another future work will 

focus on the communication between the accelerator and the Ethernet interface. 

At last, other kinds of accelerators should be implemented in order to be used in more 

complex and different applications in various fields, such as RF accelerator.  
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