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Abstract: Embedded systems are taking on more complicated tasks as the processors involved become
more powerful. The embedded systems have been widely used in many areas such as in industries,
automotives, medical imaging, communications, speech recognition, computer vision and mobile
communication. The complexity requirements in hardware and software nowadays need a flexibility
system for further enhancement in any design without adding new hardware. Therefore, any changes
in the design system will affect the processor that need to be changed. To overcome this problem,
a System On Programmable Chip (SOPC) has been designed and developed using Field Programmable
Gate Array (FPGA). A softcore processor, Nios II 32-bit RISC, which is the microprocessor core was
utilized in FPGA system together with the embedded operating system(OS), μClinux. In this paper,
programming example of rotating a DC motor and a web server are explained and demonstrated
through wireless LAN.
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INTRODUCTION

The requirements of faster system’s response, rapid changing in system structure and wireless data transfer
at faster rate have influenced any applications especially in automotive, manufacturing, medical, communication
etc. Embedded system is taking on more complicated tasks as the processors involved become more powerful.
In the era of nano technology, it provides more and improves components and functions which increase the
performance and speed of the computers. This paper presents the integration of softcore processor in with
uCLinux operating system using FPGA for wireless communication system. The flexibility feature of the
system will reduce the requirement of the hardware thus reduces the heavy metal pollution to the environment.

The paper also discusses the development and implementation of device drivers for Parallel Input/Output
(PIO) hardware. This board is equipped with Ethernet device which capable of running a webserver and also
can connect to the wireless LAN as shown in Figure 1.

Many embedded system designs have been implemented in many applications such as mobile phones,
automotive, aircraft and others electronic gadgets. These embedded systems can be grouped together and they
can communicate over a network either using wired or wireless systems.

With the introduction of large FPGAs that can contain several million gates, it has now become practical
to consider adding a processor core to the FPGA chip for System-on-a-Chip (SOC) applications. The additional
FPGA logic needed to construct an embedded processor core can cost as little as thirty cents (Hamblen, 2005). 

The processor used in this embedded system is based on a softcore processor which is implemented in
FPGA (Kilts, 2007; Wayne, 2004). The two major FPGA manufacturers provide commercial softcore processors
namely, Xilinx offers its MicroBlaze processor (Xilinx, 2010) while Altera with its Nios II processor (Kilts,
2007). 

The softcore processor can be adapted and enhanced to the certain requirement. Many components can
be added or removed without any problem such as I2C, UART, Ethernet and USB. The FPGA will be
reconfigured with the new softcore processor which increases the flexibility and easy to maintain. 
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A softcore processor is a microprocessor fully described in software, usually in hardware description
language (HDL) which can be synthesized in programmable hardware, such as FPGA.

Fig. 1: Web-based Embedded System on the Network.

In this paper, DE2 Development Board which developed by Terasic Technologies (Terasic, 2006) was
used. This board, as shown in Figure 2, has Cyclone II EP2C35F672C6 FPGA, 8MB SDRAM, 512KB RAM
and 1MB Flash and it’s sufficiently powerful to support general-purpose operating system. The Ethernet is used
for the communication and a web server is implemented on the embedded system as shown in vehicle
communication system in Figure 3. As well as in the experiment to control the rotation of the DC motor
(Radwan, 2005)

Fig. 2: Altera DE2 Development Board (Terasic, 2010).
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Fig. 3: Wireless Vehicle Communication System.

Software:
Nowadays, most of the embedded operating systems (OS) are stable and found in most embedded systems.

Many operating systems for embedded operating systems are available as shown in Table 2. WinCE requires
more resources which at least 32M of RAM and 100 MHz processor. eCos, mC/OS-II and μCLinux are three
of the most popular OS choices available for the Nios II processor They can also have much smaller footprints,
as little as 1 MB image that requires less than 4 MB of RAM So in this project, mCLinux is preferred
compared to others OS based on open-source and more flexible.

Table 1: OS supports for the Nios II Processor (Hamblen, 2008).
OS RTOS OS Type Nios II IDE Plug-in
WinCE Yes Commercial -
eCos Yes Open Source -
RTOS Yes Commercial  -
mC/OS-II Yes Commercial Yes
emboss Yes Commercial -
osCAN Yes Commercial -
µCLinux - Open Source Yes

Operating System:
µClinux As An Embedded Operating System:

The µCLinux was originally a derivative of Linux (Welsh, 2005) version 2.0 which supports for
microcontroller without Memory Management Unit (MMU). The traditional desktop operating systems require
a memory management unit (MMU) that provides hardware support for virtual memory addressing. This allows
the OS to provide a kernel memory address space and a user memory address space.

Apart from using Nios II IDE as a development tool which is provided by Altera Corp., another software
development tool that based on Linux has been developed called µCLinux (uCLinux, 2009) which is commonly
used for microcontrollers project. There are many different application types for mCLinux in industrial facilities
range from controlling terminal e.g. mobile, stationary or measuring system with Internet connection, and
quality control system. Its characteristic covers high stability, system reliability, hard real time ability and
Internet ability which make mCLinux attractive for the technical side for industrial applications. Moreover,
others mClinux characteristics, it is an open source which means it provides all source code for free to change
for certain board. It supports transmission communication protocol/internet protocol (TCP/IP) (Comer, 2006)
with applications such as telnet, file transfer protocol(ftp) and web server. Applications on the host computer
makes it easy to customize μCLinux based on any development board listed.
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This operating system provides features for microcontroller as follows:
C It is based on Linux which has built-in IP connectivity, reliability, portability, file systems and open-

source.
C Full Linux 2.6 kernel occupies less than 300K and smaller binaries
C Faster: No cache flushes allow for faster context switches
C User can access to hardware 
C Full multitasking and kernel pre-emption
C Supported by many microprocessors

To built an operating system on embedded system based on mCLinux, it requires a toolchain (Wiki, 2009)
to build a kernel image. The kernel build procedure allows customizing the kernel and selecting system
applications such as telnetd, ftpd, web server.

Applications programming should have minimal knowledge of hardware; rather, they should use device
drivers for hardware control. An application can control and interact with a device in a portable and hardware
abstracted manner through a standard set of application programming interfaces (API). 

System Architecture:
There are three layers in this embedded system and the development environment is as follows:

1. Bottom layer: FPGA system hardware, e.g. Altera DE2 board.
2. Middle layer: μCLinux OS
3. Top layer : User space i.e. applications program

Hardware:
The components that need to be designed for the embedded system are as follows:
FPGA 
RAM, ROM
Serial Interface 
LCD, LED (for output)
Switches, buttons (for input)
Ethernet Interface
General Purpose Input/Output (GPIO)

The main component of the board is the FPGA which is the core of the system and always can be
configured with a new softcore processor. The remaining components are SDRAMS which connected to the
FPGA and its functionality as data storage.

Interfacing the GPIO Of FPGA With L293D For Motor Control:
A device file allows transparent communication between user space applications and computer hardware.

To access motor interface a device driver is created for µCLinux and a device chip, L293D (Texas,
Instruments, 2010) which is a Quadrapule Half H Driver, used to control a motor through the FPGA. The
speed of the motor is digitally controlled by L293D, using pulse width modulation (PWM). The output of the
FPGA will enable the pin of L293D which activates the device. The GPIO of the system board connects to
the L293D chip which controls the movement as well as the speed of the motor. 

Softcore Processor:
Core processor used for the system is a softcore processor and described by a hardware description

language and are configured on a FPGA. Hardware description language (HDL) used is VHDL or Verilog
(Botros, 2006) as hardware code program and configuration. The development of softcore processor is not
shown and only use the finished open source IP cores by integrated it into the design system.

An open source code softcore processor is free available under the General Public License(GPL). GPL
license (GNU, 2010) can be downloaded from opencores (Open Cores, 2010). The toolchain, a collection of
programs used for compiling and linking, exists for the development of the software as well as using of
μCLinux for the processor. In this embedded system, a softcore processor used is Nios II and is designed by
the Quartus II and Nios II Integrated Development Environment (IDE) for hardware and software development
respectively. The advantage of the Nios II is that it is possible to develop very fast an own softcore processor
and can be integrated with intellectual property (IP) cores that provided by Quartus II. 
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Moreover, this softcore processor is ready to use toolchain for the development of software as well as
compiling μCLinux.

Fig. 4: L293D connects to GPIO interfaces.

Nios II: 
Nios II is a microcontroller that is used in FPGA and was developed by Altera Corp. This microcontroller

was not exists as a physical hardware, but it is available only as in the hardware description language such
as in Verilog and it is called Softcore Processor. This microcontroller is without Management Memory Unit
(MMU) which allows to build a lot of a different microcontroller systems such as UART, SDRAM controller,
DMA interface, Ethernet interface, parallel input output (PIO) devices. As a general purpose RISC processor,
the Nios II comes with a full 32-bit instruction set, data path, address space, 32 general-purpose registers and
32 external interrupts. A Nios II processor is equivalent to a microcontroller or “computer on a chip” that
includes a processor and a combination of peripherals and memory on a single chip. The components of this
such microcontroller are interconnected via the proprietary “Avalon-MM-Bus” (Altera, 2009) of Altera. 

The Avalon interface can be used to describe peripheral interface, such as SDRAM, that supports only
simple, fixed cycle read/write transfers. On the other hand, Avalon-MM interface can also be used to describe
a more complex pipelined interface capable of burst transfers. Figure 5 shows an example of a Nios II system. 

Fig. 5: Block Diagram of A Nios II System.

Sopc Design and Application:
System On Programmable Chip (SOPC) is an integration of all components of a computer or other

electronic system into a single integrated circuit. This system can then be connected to the outside world via
the FPGA's programmable pins or connected internally to other soft components. 

1030



Aust. J. Basic & Appl. Sci., 5(6): 1026-1038, 2011

The FPGA's pins are routed to connectors, such as for serial interface, Ethernet, PCI, memory, or other
chips that mounted on the same printed circuit board.

The traditional design modalities are based on ASIC and fixed-processor design. SOPC (Leibson, 2005;
Mrabet, 2006) design has advantages and disadvantages to both of these alternatives as shown in Table 2. The
strengths of SOPC design are reconfigurable, flexible nature and short development cycle. However, the
disadvantages include lower maximum performance, higher unit costs in production and relatively high power
consumption (Amara, 2006). 

Table 2: Comparison of SOPC, ASIC and Fixed Processor Design Modalities (Hamblen, 2008)

A design of hardware using SOPC builder (Altera, 2006) is shown in Figure 5. These peripherals
input/output (PIO) are implemented and compiled using QUARTUS II, provided by Altera Corp., for FPGA
Cyclone II 2C35 using DE2 Development Board (Terasic, 2010). The following IP cores are attached to this
project under SOPC design.
C Nios II (softcore processor)
C Avalon MMU for bus
C SRAM 512 KB (peripheral)
C SDRAM 8 MB (peripheral)
C Flash controller (peripheral)
C Ethernet MAC controller (peripheral)
C UART controller (peripheral)

All the peripherals above are connected over the Avalon buses at the processor and each of peripheral,
address are assigned in order to access it via the software. The object code is written in C programming
language that can be stored directly into the SDRAM using JTAG serial connection. As soon as FPGA is
configured with softcore processor, the written program starts from the SDRAM block address and execute the
program.

In this design, the µClinux is incorporated into the embedded system, which does not require a MMU.
It has features such as open source, stability, powerful network function and excellent file system. The newest
edition of µClinux for Nios II is included in nios2-linux-20080619.tar (Nios Wiki, 2009) which uses Linux
kernel 2.6.26 µClinux is a derivative of Linux, which is designed especially for microprocessor without
memory management unit(MMU). Accomplishment of the porting of µClinux includes boot loader, µClinux
kernel, file system.
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Fig. 6: Design of System Hardware of FPGA.

In order to configure Nios II processor system, µCLinux OS must be loaded into the system. When the
µCLinux kernel image download is complete into SDRAM, processor started executing at the proper memory
address. 

Method:
A simulation of the system is carried out on the GPIO interface that connected to the motor using Quartus

II simulation. The register transfer level (RTL) netlist for the GPIO interface is shown in Figure 7. 

Fig. 7: RTL Netlist for GPIO interface.
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To enable the above interfaces, appropriate addresses are attached. The addresses of the modules that
shown in the last column of Figure 5 is generated by SOPC builder and it also will be written into a file with
ptf extension which will be used for compilation with μClinux to generates an image file.

After completing compilation process, an object code or image file is created and ready to program the
FPGA using JTAG serial connection. The system will start booting as a normal operating system as μClinux.
An application have been implemented to access the memory address of the peripherals to control dc motor
system using C programming language as described in pseudo code as shown in Listing 1.

Another programming example using device driver file instead of directly accessing to peripheral’s
memory. The device file is located under /dev directory called gpio0_1. The device file is created to access
the GPIO interface.

Listing 1: Pseudo code for accessing GPIO interface.

Some devices are also available on the DE2 board such as buttons, switches, seven segment displays,
LEDs and LCD. All these devices have their own device driver files which referring to the addresses of the
devices and can be used in C programming code.

Fig. 8: FPGA with uCLinux controls the turning of DC motor direction.

µCLinux also provides a web server application and does not need to be implemented independently. The
Common Gateway Interface (CGI) (The World Wide Web, 2010) takes the data exchange between web server
and the client. 

Results:
Based on the simulation on GPIO interface, the data written on data_out is same with write_data

when chip_select, write_n and last two bit of addresses are true. The result of the simulation
is shown in Figure 7.
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Fig. 9: Simulation on GPIO interface.

The writedata port which consists of 8 ports of data buses which comes from Nios II system. When
the last two bits of GPIO address with value ‘00’, chipselect and write_en are enabled, it writes the
data to data_out port which connects to GPIO interface.

An image of bitstream file is uploaded into FPGA using MS-DOS command window to program the
hardware of the fpga. Once the bitstream file is completely uploaded into the FPGA, there are two commands
which upload mClinux image file into the SDRAM and execute from it respectively as shown in Figure 10.

Fig. 10: Command to execute mClinux OS.

The Nios II processor will boot with the boot’s message as shown in Figure 9 and functions as mClinux
operating system. The system is ready to receive any commands from other devices through Ethernet
communication which supports TCP/IP. Following are the communication between notebook and DE2 board
using TCP/IP application commands as shown in Figure 10(a) and 10(b) using telnet and ftp respectively using
MS-DOS command windows.

Using telnet and ftp application, the remote host (embedded system) can be accessed through a command-
line interface from PC/notebook and can upload/download files for both hosts respectively.

On the embedded system, the input is controlled by toggling the switches or buttons and check the value
based on decimal numbers. While for the output, the text is sent to LCD, decimal number to LEDs or
hexadecimal numbers to Seven Segment Displays as shown in Figure 13. From the experiment, it shows that
the system is successfully monitored and controlled using the embedded system based on FPGA with μClinux
operating system. The motor direction can be controlled remotely using web interface through PC or notebook
via wireless LAN.
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Fig. 11: µClinux in boot’s messages.

Fig. 12: Command to communicate between two devices.

This information can be viewed through a web and displays the results on LCD, LEDs or Seven Segment
Displays. It also can monitors the status of the input of the switches or buttons and display the result on the
web page. The example of CGI webpage are shown in Figures 1. From the test results, it shows that the
system is successfully monitored and controlled using the embedded system based on FPGA which is small
and easy to maintain

Summary/ Conclusion:
The whole embedded system based on Nios II softcore processor designed using an operating system,

µClinux on a DE2 Altera board has been presented. It demonstrated the input/output web control as one of
the application. We found that the software provides the flexibility to change the source code easily for the
new requirements.
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Fig. 13: Input/output Devices Controlled by Web.

Fig. 14: CGI Webpage with full control over all Peripheral Input/Output devices of Embedded System.
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The hardware, however, is a rigid system. If new requirement are set, the entire embedded system must
be changed and integrated in the total system. This is very expensive and makes the maintenance very difficult.
To overcome this problem, with the help of the hardware description language, completely new processors and
peripherals can be integrated in the FPGA without removing the platform from the total system.

µClinux is a powerful tool that has been applied to a number of commercial applications. The kernel is
flexible and can be enhanced by embedded developers. It functions is very much like a regular Linux
Operating system and is easy to boot and running.

Comparison performance with other embedded system without MMU based on ASICs, the embedded
system based on FPGAs offer the same functions by porting uCLinux system except the performance of
processor. This is because of the slower clock rate, softcore processor offers a lower performance and
consumes more power than ASICs. However, the softcore processor has more flexibility and is reconfigurable
IP core, which can reduce the design cycle which can be a key factor for consumer electronic industry. The
peripherals can easily added to the hardware system with less confinement according to the requirement of
customers. Furthermore, the designer can build multi-processor in one FPGA, which will enhance the
performance of embedded system. So, this embedded system functions as an Electronic Control Unit (ECUs)
that can monitor the sensors and also control the actuators in vehicle.

For future implementation, this FPGA can be connected to GPRS system, any mobile high speed
broadband or even for car-to-car communication system. 
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