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ABSTRACT 
 
Embedded systems are application-specific 
computers that interact with the physical world. 
Reconfigurable technologies provide designers 
the opportunity to diminish the life-cycle in 
embedded system creation. The basic purpose of 
using reconfigurable technologies is for solving 
the problem of obsolescence.  New emerging 
capabilities in Field Programmable Gate Array 
(FPGA), including improvements in power 
consumption, time delays, and cost per unit 
device, are enabling us to incorporate these 
devices in several designs as reconfigurable 
embedded processors.  
 
The major objective of this work was to implement 
an embedded system on FPGA using soft core 
processor and analyze the effect of on-board 
memories on resource utilization. An audio 
system has been selected for implementation. 
 

(Keywords: field programmable gate array, FPGA, 
reconfigurable embedded processors, ) 

 
 
INTRODUCTION 
 
A new technology has emerged that enables 
designers to utilize a large FPGA that 
contains both memory and logic elements 
along with a intellectual property (IP) 
processor core to implement a computer 
along with custom hardware for system-on-a-
chip (SOC) applications. This new approach 
has been termed system–on–a–
programmable–chip (SOPC). In the past few 
years, several commercial RISC processor 
cores have been introduced. Several 
commercial processor cores are overviewed 

which can be used in the rapid prototyping of 
embedded systems.  
 
Circuit design for FPGAs is typically done 
using a CAD (Computer Aided Design) tool. 
Modern CAD tools support design entry 
using several different methods. As the 
complexity of the circuits grows, Hardware 
Description Languages (HDLs) become the 
only practical choice. HDLs support circuit 
description using high-level language 
constructs. Low-level implementation details 
are handled by the CAD tool automatically, 
so the designer can focus on the design 
functionality. 
 
A soft-core processor is a microprocessor 
fully described in software, usually in an 
HDL, which can be synthesized in 
programmable hardware, such as FPGAs. A 
soft-core processor targeting FPGAs is 
flexible because its parameters can be 
changed at any time by reprogramming the 
device.  Traditionally, systems have been 
built using general-purpose processors 
implemented as Application Specific 
Integrated Circuits (ASIC), placed on printed 
circuit boards that may have included 
FPGAs if flexible user logic was required. 
Using soft-core processors, such systems 
can be integrated on a single FPGA chip, 
assuming that the soft-core processor 
provides adequate performance.  
 
Continuous research has been going into the 
development of embedded system using soft 
core processors. These soft core processors 
are nowadays very popular because they are 
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reconfigurable. The importance of 
reconfigurable technology is presented in [8]. 
The currently available reconfigurable 
technology, FPGAs, soft-cores, and their 
applicability in the new embedded systems 
are described in [5]. Researchers  [6] have 
implemented the Nios soft-core processor 
from Altera Corporation using Verilog.  
 
The development cycle of embedded 
systems includes the hardware/software co-
design process. It determines which portions 
of the overall specification should be mapped 
into the reconfigurable logic and which is 
retained on the processor. Recent literature 
[11] describes the use of a reconfigurable 
architecture platform for embedded control 
applications. The importance of FPGA 
application and SOPC development tools for 
research work is worked out in [20] and [2]. 
 
For this audio system, a Wolfson WM8731 
audio CODEC of DE2 board is used, it 
provides high-quality 24-bit audio. It is 
presented in [16]. The methodology for 
interfacing the processor core with the audio 
system is described in [1].  
 
An embedded system has a diverse set of 
tasks to perform, and although a very flexible 
language might be able to handle all of them, 
instead a variety of problem-domain-specific 
languages have evolved that are easier to 
write, analyze, and compile. Research from 
[16] describes various designing languages 
for embedded system. 
 
 
TECHNOLOGY OVERVIEW 
 
Field Programmable Gate Array: FPGA devices 
are programmable to implement arbitrary user 
logic. To support this programmability, FPGA 
devices contain three types of resources: logic 
blocks, I/O blocks, and programmable 
interconnection. 
 
Most FPGAs contain logic blocks that consist of a 
lookup table (LUT) and a flip-flop. A LUT can be 
programmed to implement any logic function of its 
inputs. A LUT with n inputs is called an n-LUT. An 
n-LUT is internally implemented as a set of 2-to-1 

multiplexers, functioning as a 2n-to-1 multiplexer. 
Multiplexer inputs are programmable, while select 
lines are used for inputs of the implemented 
function.  
 
The implementation of large and complex circuits 
is achieved using a FPGA [8]. This architecture is 
quite different to CPLD.  FPGA do not contain 
AND neither OR arrays, instead of that, FPGAs 
are constructed with three main components: 
logic blocks, I/O blocks, and interconnection 
wires as is presented in Figure 1. The Logic 
blocks are built with a small number of inputs and 
one output; internally the required functions are 
implemented with the use of Look Up Tables 
(LUT), memory elements (FFs), and special 
arithmetic logic support. 
 
As shown in Figure 1, these programmable 
blocks are embedded in a see of routing 
channels which contain wires and programmable 
switches used to set up the desire functionalities 
connecting the logic blocks. 
 
 

 
 

Figure 1: FPGA Architecture. 
 
 

Soft  Core Processor: Presently, reconfigurable 
platforms, follow the parading, which combines 
several reconfigurable fabrics with a general-
purpose processor. The loosely-coupled 
architectures enable the efficient use of the RFU 
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as a coprocessor, exploiting the instruction level 
parallelism of multimedia and communications 
specific applications. Today, we are witnessesing 
the emergance of many commercially embedded 
processors, as well as supporting and 
development tools; some of the principal products 
available are: Altera Nios/NiosII [13], Xilinx 
MicroBlaze [12], Lattice Mico32 [9], and ESA Leon 
[10]. They offer memory and logic elements with 
several Intellectual Property (IP) peripherals for 
the rapid development of System-on-
Programmable-Chip (SoPC). 
 
Furthermore, reconfigurable systems on a chip 
became a reality with softcore processor, which 
are a microprocessor fully described in software, 
usually in a VHDL, and capable to be synthesized 
in programmable hardware. After analyzing all the 
four soft core processors, the basic difference 
found is that the programmable interconnects are 
different. 
 
 
NIOS II: Altera's NIOS II [18] has a load-store 
RISC architecture, in which many architectural 
parameters can be customized at design time. 
The user can decide between 16 or 32 bits of 
width in the data path, register file sizes, as well 
as cache size, and customize instructions for the 
performing of user-defined operation in the 
speeding-up customized hardware.  
 
Those functionalities are supported by the builder 
development tools and when using the Nios II 
Integrated Development Environment (IDE) [18] it 
is possible to build, run, and debug software of 
several platforms. A general representation of the 
NIOS II system is presented in Figure 2. 
 
Altera also introduced a SOPC builder [7] for the 
rapid creation and easy evaluation of embedded 
systems. The integration of off-the-shelf 
intellectual property (IP) as well as reusable 
custom components is realized in a friendly way, 
diminishing the required time to set up a SoC and 
enabling to construct and designs in hours instead 
of weeks. 
 
 
IMPLEMENTATION METHODOLOGY 

 
The objective of implementing this system is to 
play an audio file which is present in on-board 
memory and controlled by NIOS II soft core 
processor. Many commercial media/audio players 
use a large external storage device, such as an 

SD card or CF card, to store music or video files. 
In this project Altera’s DE2-70 board [14] is used 
which provides the hardware and software 
needed for on board memory access and 
professional audio performance so that it is 
possible to design advanced multimedia products 
using this DE2 board. 
 

 
 

Figure 2: NIOS II Processor System. 
 
 
The NIOS II processor is used to read the music 
data stored in the memory and a Wolfson 
WM8731 audio CODEC [15] is used to play the 
audio signal. The Audio DAC Controller is 
available as an IP core in the library of SOPC 
builder which can be implemented in FPGA.  
Schematic representation of this audio system is 
shown in Figure 3. 
 
 
EXPERIMENTAL FRAME WORK 

 
Tools: For the implementation of the hardware 
and software parts of the experimental system 
the following tools were used: 

 
1. Altera’s QUARTUS II software [17] and 

SOPC builder for Configuring and 
Synthesizing system along with NIOS II 
processors. 
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Figure 3: Audio System Using NIOS II and Audio 

Codec. 
 
 
2. Writing software application for system, 

compiling and debugging using NIOS II 
integrated development environment (IDE). 

 
The hardware platform used for implementation is 
Cyclone II FPGA Chip available with Altera’s DE2 
Development Board. The hardware which is 
utilized for system implementation from the  board 
are Altera Cyclone® II 2C70 FPGA device, Altera 
Serial Configuration Device - EPCS16, USB 
Blaster (on board) for programming and user API    
control.  
 
Both JTAG and Active Serial (AS) programming 
modes are supported, 2-Mbyte SSRAM, one 32-
Mbyte SDRAM, 8-Mbyte Flash memory, SD Card 
socket, 4 pushbutton switches, 18 toggle 
switches, 18 red user LEDs, 9 green user LEDs, 
50-MHz oscillator for clock source, and a 24-bit 
CD-quality audio CODEC with line-out. 
 
 
IMPLEMENTATION OF SYSTEM 
 
For investigation and development of the system, 
an initially small system named ‘niosII_system.qpf’ 
is created with the Quartus II software and tested 
on DE2-70 board. It is needed to use the SOPC 
builder tool to implement a design with the Nios II 
processor core. It generates the Nios II processor 
system by configuring and adding the desired 
peripherals. The hardware structure of the system 
is shown in Figure 4. 
 
All of the components which are configured are 
listed in the window of Figure 5. The base 
addresses and IRQs are assigned with the ‘auto-
assign’ option. Instantiation of the system 
components is followed by pin assignment. 

 
 

Figure 4: Hardware Structure. 
 
Every peripheral component of DE2-70 board is 
connected to Cyclone® II FPGA chip. After pin 
assignment is completed, the system is 
recompiled and compilation report is generated.  
 

 
 

Figure 5: SOPC Window Showing System 
Content. 

 
Software stack of system is shown in Figure 6. 
SD 1-bit mode implements the SD 1-bit mode 
protocol for reading raw data from the SD card. 
The FAT16 block implements FAT16 file system 
for reading wave files that stored in the SD card.  
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In this block, only the read function is 
implemented. The WAVE Lib block implements 
WAVE file decoding function for receiving audio 
signal from wave files. The I2C block implements 
I2C protocol for configuring audio chip. The SEG7 
block implements displaying function for display 
elapsed playing time.  

 
 

 
 

Figure 6: Software Stack of System. 
 
 

The Audio block implements audio FIFO checking 
function and audio signal sending/receiving 
function. The audio chip is configured before 
sending audio signal to the audio chip. The main 
program uses I2C protocol to configure the audio 
chip working in master mode, the audio interface 
as I2C with 16-bits per channel, and sampling rate 
according to the wave file content. In the audio 
playing loop, the main program reads 512-byte 
audio data from the SD card, and then writes the 
data to DAC FIFO in the Audio Controller. Before 
writing the data to the FIFO, the program have to 
make sure the FIFO is not full. The status of the 
SD music player is obtain from the 2x16-LCD 
module, the 7 segment display and the LEDs. The 
top and bottom row of the LCD module display the 
filename of the music that is playing on the board 
and the value of music volume, respectively. The 
7 segments display shows how long the music file 
has been played. The LED indicates the audio 
signal strength. 
 
 
ANALYSIS AND RESULTS 

 
DE2-70 board contains on-board memories 
SDRAM, SRAM, and FLASH for storing 
application code. The audio system has been 
implemented by using each kind of on board 
memory and its effect on resource utilization was 
analyzed. Table 1 shows the summary of 
resource utilization of each system. Table 2 
shows the comparison between the percentage of 
resources are utilized by all the three systems. 
Figure 7 shows the comparison for the number of 

logic elements utilized by SDRAM, SRAM, and 
FLASH systems, where SDRAM systems 
requires highest no. of logic elements and 
FLASH system requires less no. of  logic 
elements. 
 
 

Table 1. Resource Utilization Summary. 
 

Resources Total SDRAM 
System 

SRAM 
System 

FLASH 
System 

Logic Elements 68,416 4850 4708 4637 
Combinational 
Functions 

68,416 4095 3819 3913 

Dedicated 
Logic 
Registers 

68,416 3118 3194 3033 

Pins 622 198 214 192 
 
 

Table2: Resource Utilization Percentage. 
 

Resources SDRAM 
System 

SRAM 
System 

FLASH 
System 

Logic Elements 7% 7% 7% 
Combinational 
Functions 

6% 6% 6% 

Dedicated Logic 
Registers 

5% 5% 4% 

Pins 32% 34% 31% 
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Figure 7: No. of Logic Elements Comparison. 

 
Figure 8 prominently indicates that the 
combinational function utilization is highest in 
case of SDRAM system and lowest in case of 
SRAM systems. The highest noumber of 
Dedicated Logic registers are utilized by SRAM 
system and smallest number of dedicated logic 
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registers are utilized by FLASH systems. This is 
clearly depicted in Figure 10.  
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Figure 8: Number of Combinational Function 
Comparison. 
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Figure 9: Number of Dedicated Logic Registers 
Comparison. 
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Figure 10: Number of Pins Comparison. 
 

CONCLUSION 
 
Overall, FPGA implementation of the system is 
time and cost effective. QUARTUS II software 
simplifies complex system designing. The NIOS II 
processor is able to receive, manage, and send 
digital signals to other components of the board 
and the interfacing processor core is easier to 
implement because of SOPC builder tool. For 
analysis and synthesis of the configured system, 
a compilation report has been generated which 
gives details about resource utilization, state 
machine, source assignments, parameter setting 
by entity instance and timing analysis, which 
helped in comparing features of embedded  
systems. 
 
The effect of on-board memories on 
implementation of embedded system design was 
observed. Resource utilization summary 
indicates that SDRAM system requires large 
numbers of logic elements and combinational 
function as compared to other two systems but 
the dedicated logic registers and pin utilization is 
more in the SRAM system. In DE2-70 board 
2MByte SDRAM is organized as 512KX36 bits, 
32Mbytes of SDRAM is organized as 4MX 16bits 
X4 banks whereas 8Mbytes Flash memory 
supports both byte and word mode access. This 
memory organization is responsible for increased 
pins and dedicated logic registers utilization in 
SRAM system. For platform based 
implementation of large embedded system, it is 
necessary to select on-board memories carefully 
for optimizing resource utilization. 
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