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.7 It’s a straightforward
matter to install this
robust operating system
on your targeted FPGA
platform for embedded

design projects.

XPLANATION: FPGA 101

PGAs have come a long way from their humble

beginnings as glue logic. The logic capacity and

flexibility of today’s FPGAs have catapulted

them into a central position in embedded de-

signs. Today, a complete system fits on a single

programmable chip, an architecture that facil-
itates hardware/software co-design and integrates hardware
with software applications.

These kinds of FPGA-based embedded designs need a robust
operating system. PetaLinux has emerged as a favorite among
embedded designers. It is available free of cost as open source
and also supports various processor architectures, such as the
Xilinx® MicroBlaze® CPU as well as ARM® processors. In order to
port PetaLinux onto a particular FPGA, the kernel source code,
boot loader, device tree and root file system must be customized,
configured and built for the targeted platform.

For a design project here at PES University and C-DOT, our team
set out to port PetalLinux and run several PetaLinux user applica-
tions on Xilinx’s KC705 evaluation board, which features a Kintex®-7
XCT7K325T FPGA. It turned out to be a fairly straightforward process.

WHY CHOOSE PETALINUX?

Before going into the details of how we did it, it's worth taking a mo-
ment to consider the various OS options available for FPGA-based
embedded systems. PetalLinux is one of the most commonly used
OSes on FPGAs, along with pClinux and Xilkernel. pClinux is a
Linux distribution or ported Linux OS that includes a small Linux
kernel and is designed for a processor that does not have a memo-
ry-management unit (MMU) [1]. nClinux comes with libraries, appli-
cations and tool chains. Xilkernel, for its part, is a small, robust and
modular kernel that allows a higher degree of customization than
pClinux, enabling users to tailor the kernel to optimize their design
in terms of size and functionality [2].

PetaLinux, meanwhile, is a complete Linux distribution and
development environment targeting FPGA-based system-on-chip
(SoC) designs. PetaLinux consists of preconfigured binary bootable
images; fully customizable Linux for Xilinx devices; and an accom-
panying PetaLinux software development kit (SDK) [3] that includes
tools and utilities to automate complex tasks across configuration,
build and deployment. The PetaLinux development package, avail-
able free of cost and downloadable from Xilinx, includes hardware
reference projects designed for various Xilinx FPGA development
kits. Also included are a kernel configuration utility for Xilinx
FPGAs, software tools such as a cross-compiler, a hardware design
creation tool and many more design aids.

It has been reported that Xilkernel performs better than pnClinux
[4] and that PetaLinux outperforms Xilkernel [5]. For that reason,
we chose PetaLinux for our project, especially since the packages
were readily available for our Xilinx target board. Another advan-
tage of porting Petalinux is that the user can have the facility of
remote programming. That means you can load the FPGA target
board with a new configuration file (or bitstream file) through Tel-
net using remote access.
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There are two approaches to creating a
software platform for building a Petalinux
system: Petalinux commands on a Linux
terminal or a GUIl with a pulldown menu.

BEGINNING THE INSTALLATION

Let’s take a detailed look at how our team installed PetaLi-
nux. For the first step, we downloaded the PetaLinux pack-
age 12.12 and the board support package (BSP) for the Kin-
tex-7 target board. We ran the PetaLinux SDK installer and
installed the same into the /opt/Petalinux-v12.12-final direc-
tory using the following commands in the console:

@ cd /opt
@ cd /opt/PetalLinux-v12.12-final-full.tar.gz
@ tar zxf PetalLinux-vl12.12-final-full.tar.gz

We then copied and pasted the PetaLinux SDK license ob-
tained from the Xilinx website into the .xilinx and .Petalogix
folders. Next, we set the SDK working environment by sourc-
ing the appropriate settings using the following commands:

@ cd /opt/PetalLinux-vl12.12-final

@ source settings.sh

In order to verify whether the working environment was
set or not, we used the following command:

@ echo $PETALINUX

If the environment is set properly, the path where PetalLi-
nux is installed will be displayed. In our case, the path where
PetaLinux was installed was /opt/PetaLinux-v12.12-final.
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Figure 1 - Snapshot of a Linux terminal window for user settings
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Our next task was to install the BSP, which includes the
necessary design files, configuration files and prebuilt hard-
ware and software packages that are already tested and read-
ily available for downloading onto the target board. Packages
are also available for booting in the Quick Emulator (QEMU)
system simulation environment. In order to install the BSP,
we created a folder named “bsp” in the path /opt and copied
the ZIP file of the KC705 BSP using the following commands:

cd /opt/PetalLinux-vl12.12-final-full

source settings.sh

source /opt/Xilinx/14.4/ISE DS/settings32.sh

PetaLinux-install-bsp /bsp/Xilinx-KC705
-v12.12-final.bsp

@ ® @ @

There are two approaches to creating and configuring a
software platform for building a PetaLinux system custom-
ized to a new hardware platform. One method is to use Peta-
Linux commands in their corresponding path locations using
a Linux terminal, as shown in Figure 1. The second approach
is to use a GUI with a pulldown menu, as shown in Figure 2.
You can use either of these approaches to select the platform,
configure the Linux kernel, configure the user application
and build images. The PetaLinux console is available once the
OS is installed, whereas the GUI is available after installing
the PetaLinux SDK plug-in. Once you've installed the plug-
in, you can set the configurations using the PetaLinux GUI
found in the PetaLinux Eclipse SDK (Figure 2). The GUI has
features such as user application and library development as
well as debugging, building and configuring PetaLinux and
the hardware platform.

BUILDING THE HARDWARE

We used the Kintex-7 FPGA-based KC705 evaluation board
for our project. The hardware interfaces required for the
design included an RS232 interface to monitor the output, a
JTAG interface to program the FPGA and an Ethernet inter-
face for remote programming. Besides the PetaLinux SDK,
other software required for the proposed design included Xil-
inx Platform Studio (XPS) [6,7] and the Xilinx Software De-
velopment Kit (SDK) [7].
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Figure 2 — Snapshot of PetaLinux SDK menu for user settings

For the hardware portion of the embedded design, our
first task was to design a MicroBlaze processor-based hard-
ware platform using the Base System Builder (BSB) in XPS.
The BSB allows you to select a set of peripherals available
on the target board. You can add or remove the peripherals
based on the demands of the application. The set of cores or
peripherals employed for our proposed application includ-

ed an external memory controller with 8 Mbytes of memo-
ry, a timer enabled with interrupts, an RS232 UART with a
baud rate of 115,200 bps, Ethernet, nonvolatile memory and
LEDs. Once we made our selections, we obtained the hard-
ware peripherals along with their bus interfaces (Figure 3).
For designs based on the MicroBlaze processor, PetaLinux
requires an MMU-enabled CPU. Hence, we selected low-end
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Figure 3 — Hardware configuration of the FPGA
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At this point we had the hardware design
completed. We could now use the first-stage
boot loader to bring up the kernel.

Linux with an MMU by double-clicking on the microblaze_0
instance in the XPS window.

Next, we converted the hardware configuration into a
bitstream using a three-step conversion process. First, we
used XPS to generate a netlist that represented the em-
bedded hardware platform. Second, we mapped the design
into FPGA logic. Finally, we converted the implemented
design into a bitstream that could be downloaded onto the
FPGA. The final output of XPS was system.bit and sys-
tem_bd.bmm files.

Once we had generated the bitstream, we exported the
hardware platform description to the SDK so as to observe the
targeted hardware platform in the SDK. The exported system.
xml file consisted of information the SDK required to write
application software and debug it on the targeted hardware
platform. Our next task was to add a PetaLinux repository in
the SDK using Xilinx Tools — Repository — New and then se-
lect the path where PetaLinux was installed. In our case, the
path was $PetaLinux/Hardware/edk_user_repository.

Next, we created a PetaLinux BSP using File — Board
support package > Petalinux. We configured the PetaLinux
BSP by selecting necessary drivers based on the application
required. Then we built the BSP and created and configured
the first-stage boot loader application (fs-boot) to bring up
the kernel. The BSP establishes interaction between the

PetalLinux Kernel Configuration
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hardware and boot application. The output of the SDK is fs-
boot.elf. A data-to-memory converter command dataZmem
is available that merges system.bit, system_bd.bmm and fs-
boot.elf into a single bitstream file called download.bit, which
serves as the final FPGA bitstream.

At this point we had the hardware design completed, which
among other things included a MicroBlaze core with the Peta-
Linux OS running on it. We could now use the first-stage boot
loader application to bring up the kernel.

BUILDING THE SOFTWARE

Once our hardware platform was built, we created a custom-
ized PetaLinux software platform targeted to the hardware
using the following commands:

S cd/opt/PetalLinuxvl2.12
S PetalLinux-new-platform —-c <CPU-ARCH> -V
<VENDOR> —-p <PLATFORM>

where —c <cpu-arch> is the supported CPU type (here, the Mi-
croBlaze processor), —v <vendor> is the vendor name (here, Xil-
inx) and —p <platform> is the product name (here, the KC705).
The configuration files of the software platform are generated in
the directory where PetaLinux is installed, namely /opt/Petali-
nuxvl?.12/software/ PetaLinux-dist/vendors/Xilina/ KC705.
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Figure 4 — The kernel configuration menu
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To customize the software platform template to match
the hardware, we merged the existing platform configu-
ration with the kernel configuration using the command
PetaLinux-copy-autoconfig. This command generates the
hardware configuration files Xilinx-KC705.dts, xparame-
ters.h and config.mk.

We configured the Linux kernel by opening the kernel
configuration menu using the GUI (PetaLinux SDK — Kernel
Configuration). You can also do it using the following com-
mands in the Linux terminal:

s cd /opt/PetalLinux v12.12

S PetaLinux-config-kernel

We enabled the drivers for the application in the kernel
configuration pop-up window (shown in Figure 4). In order
to access devices through the user-space input/output (UIO)
interface for the proposed work, we enabled the UIO driver
in the kernel configuration menu.

After configuring the kernel, we designed some applica-
tions. PetaLinux provides user application templates for C
and C++ programming [8]. These templates include appli-
cation source code and Makefiles, so it was easy to con-
figure and compile applications for the targeted chip and
install them into the root file system. You can create a new
PetaLinux user application either by using the GUI (File
— PetaLinux New Application) or by typing the following
commands into the Linux terminal:

$ cd /opt/PetalLinux v12.12
S PetaLinux-config-apps

We then provided a file name to the user application. In our
case, we created gpio-dev-mem-test and gpio-uio-test user
applications and modified the template source code based on
the application requirements.

Next, we built the PetaLinux system image by using the
GUI (as shown in Figure 2). You can also do it by using the
make command in the Linux terminal, as follows:

S cd SPETALINUX/software/ PetaLinux-dist

S make

Now the software platform with OS and customized user
application is ready to be used, along with the hardware de-
sign we've already discussed.

TESTING PETALINUX RUNNING ON THE DEVICE

Here’s how PetaLinux boots up. The MicroBlaze proces-
sor executes the code residing in Block RAM. The first-
stage boot loader (fs-boot) will initialize basic hardware,
execute fs-boot.elf and search for the the Universal Boot-
loader, or U-Boot, address in a flash partition, as the ad-
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dress of U-Boot is specified while configuring fs-boot.
The fs-boot will then fetch the U-boot image from the
U-Boot partition in flash, send it to the device’s DDR3
memory and run the kernel. Once you have built all the
images required for booting, you can test them on hard-
ware via JTAG, Ethernet or the Quick Emulator. QEMU is
an emulator and a virtual machine that allows you to run
the PetaLinux OS [9]. Let’s look at booting methods for
all three solutions.

JTAG is the traditional method for programming and
testing FPGA designs. To program the FPGA using the
JTAG, we used the pulldown menu “Xilinx Tool - Program
the FPGA” and downloaded the download.bit file that we
generated earlier. Then we downloaded the image onto the
board using the GUI (PetaLinux SDK — BOOT JTAG [Li-
nux]), as shown in Figure 2. You can also use the following
commands in the Linux terminal:

$ cd/opt/Petalinux v12.12/software/
PetaLinux-dist

S PetalLinux-jtag-boot -i images/image.elf

Alternatively, you can perform an indirect kernel boot
using U-Boot to boot PetaLinux. The system is first boot-
strapped by downloading U-Boot via the JTAG interface
using either the GUI (PetaLinux SDK — BOOT JTAG
[U-Boot]) or the following commands:

S cd SPETALINUX/software/ PetaLinux-dist
S Petalinux-jtag-boot -i images/u-boot.elf

Figure 6 shows a snapshot of the U-Boot console.

It’s worth noting that the FPGA board is connected to the
Ethernet interface. You must select the Ethernet interface in
the hardware resources part of the XPS. Once U-Boot boots,
check whether the IP address of the server and host are the
same. If they are not, set the IP of the host using the following
commands in the U-Boot terminal:

u-boot>print serverip // prints 192.168.25.45 (server ip)
u-boot>print ipaddr  // prints IP address

of the board as // 192.168.25.68

u-boot>set serverip <HOST IP> // Host IP 192.168.25.68
u-boot>set serverip 192.168.25.68

Now the server (PC) as well as the host (KC705 board)
have the same IP address. Run the netboot command from
the server to download the PetaLinux image and boot:

u-boot> run netboot

After running netboot, you should see the PetaLinux con-
sole, as seen in Figure 5.
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Last but not least, you can perform kernel boot by means
of QEMU by using either the GUI (PetaLinux SDK - BOOT
QEMU [Linux]) or the following commands:

S cd S§ PETALINUX/software/ PetaLinux-dist

$ PetaLinux-gemu-boot -1 images/image.elf

Using this fast method produces the screen shown in
Figure 7.

TESTING APPLICATIONS RUNNING ON THE DESIGN

Once the booting of PetaLinux is tested, the next task
is to test the user application designed for PetaLinux.
The MicroBlaze processor looks at the hardware pe-
ripherals on the Kintex-7 FPGA board as a set of memo-
ry registers. Each register has its own base address and

oot i Gt oo {gmtrw-mei b -

Figure 5 — Snapshot of PetaLinux console confirming
that the OS has booted
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Figure 6 — Indirect kernel boot via Universal Bootloader (U-Boot)

52 Xcell Journal

end address. In order to access any peripheral, the user
must know its base and end addresses. You will find de-
tails about the addresses in the device tree source (*.dts)
file. For our design, we developed and tested four ap-
plications: Accessing DDR3; Accessing GPIO Using
/dev/mem; Accessing GPIO Using UIO; and File Transfer.

1. Accessing DDR3

We used the PetaLinux application titled DDR3-test.c to
access the DDR3 memory. The application is designed
to write data to and read data from a DDR3 memory
location. DDR3 is a dual-in-line memory module that
provides SDRAM for storing user code and data. As
mentioned earlier, the user should know the start and
end addresses of DDR3 memory—O0xC0000000 and
OxC7FFFFFF respectively. The memory size is 512
Mbytes. The Linux kernel resides in the initial memory
locations of DDR3 memory. Hence, the writing location
for DDR3 memory is selected in such a way that the Li-
nux kernel is not corrupted. The command we used to
write data to DDR3 memory was

#DDR3-test -g 0xc7000000 -o 15

where DDR3-test is the application name, —g is the DDR3
memory physical address, —o is output and 15 is the value
expected to be written on the DDR3 memory at the location
0xc7000000. To test whether the value is written at the ex-
pected location, we used the following command to read data
from DDR3 memory:

#DDR3-test —-g 0xc7000000 -1

v R e repden

sd flatfs C-dn)
- 3

vintss? login
Pay v
# 1s

=

Figure 7 - Running PetalLinux through QEMU
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The application I1s designed to control an
8-bit discrete output and is tested by
connecting LEDs onboard to the GPIO.

The value 15 was observed in the terminal, which con-
firms the DDR3 memory read and write operations were
operating perfectly.

2. Accessing GPIO Using /dev/mem
For our next application test, we used a PetaLinux applica-
tion titled gpio-dev-mem-test.c to access general-purpose
/O (GPIO). The application is designed to control an 8-bit
discrete output and test that output by connecting LEDs on-
board to the GPIO. In order to access any device from the
user space, open /dev/mem and then use mmap() to map the
device to memory. The start and end addresses of the LED
GPIO we used are 0x40000000 and Ox4fffifif, respectively.
The GPIO peripheral has two registers: a data regis-
ter (GPIO_DATA) and a direction register (GPIO_TRI_
OFFSET). In order to read the status of the GPIO, we
set the direction bit to 1 (i.e., GPIO_TRI_OFFSET=1)
and read the data from the data register. To write data
to GPIO, set the bit to 0 and write the value to the data
register. Data is written on GPIO using the following
command on the PetaLinux terminal:

#gpio-dev-mem-test —g 0x40000000 -o 255

where gpio-dev-mem-test is the application name, —g
is the GPIO physical address, —o is output and 255 is
the value transmitted from GPIO, which is connected
to LEDs. The results of the test were verified when the
LEDs lit up as programmed.

3. Accessing GPIO Using UIO

An alternative way of accessing GPIO is via the user-
space input/output. We used a PetaLinux application ti-
tled gpio-uio-test.c to access the GPIO using UIO. The
application is designed to control an 8-bit discrete out-
put and is tested by connecting LEDs onboard to the
GPIO. A UIO device is represented as /dev/utoX in the
file system. In order to access GPIO through UIO, we
opened /dev/uioX or sys/class/uio/ui0 and then used the
mmap() call. We configured the kernel to support UIO
and enabled the UIO framework in the kernel. Then, us-
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ing a parameter called “Compatibility,” we set the LEDs’
GPIO to be controlled as the UIO device, instead of the
normal GPIO device. We also changed the label of the
device from gpi0@40000000 to leds@40000000.

We then rebuilt PetaLinux and tested the GPIO access us-
ing UIO. We obtained details about the information of UIO
modules loaded using

# ls /sys/class/uio/

uio0 uiol uioZ2

The name of the UIO and its address are found in /sys/
class/uio/utoX. We used the following command to access
GPIO LED through the UIO driver:

# cd “/sys/class/uio/uioX
# gpio-uio-test -d /dev/uiol -o 255

Here, gpio-uio-test is the application name, —d is the
device path, —o is the output and 255 is the value passed
out to GPIO through UIO. The results were verified by the
LEDs glowing based on the data written on GPIO lines us-
ing the above command.

4. File Transfer Application

For our last test, we transferred a file from a server to a
client, where the server is the host PC and the client is
the KC705 board. For this test, we connected the server
and client through an Ethernet cable. We used the Triv-
ial File Transfer Protocol (TFTP), which is well known
for its simplicity and is generally used for automated
transfer of configuration or boot files. In order to test
the file transfer from server to client using TFTP, we
created a file called test in the server PC at /tftpboot.
We used the following commands to write “Hello World”
in the file and to view the contents in the same file (as
shown in Figure 8):

@ echo “Hello World” > /tftpboot/test
@ more /tftpboot/test
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Figure 8 — Snapshot of file creation in the server

To receive this file from the server, we typed the follow-
ing get command (-g) in the PetaLinux terminal window
that was running as the client on the KC705 board:

# tftp -r test -g 192.168.25.68

# 1s -a

A new file was created with the filename “test” in the cli-
ent (as shown in Figure 9). We can view the contents of this
file using the more command, as seen in Figure 9.

cdot@cdot-ThinkCentre-M37: -

sysfelassfulo 8 cd ..

Figure 9 — Snapshot for file reception in the client

Similarly, transferring a file from the client to the server
is done by creating a file called test1 with the content “Pet-
aLinux OS” in the client machine. To transmit the file from
the client to the server, use the following “put” command
(-p) in the PetaLinux terminal running from the client (as
shown in Figure 10):

# tftp -r testl -p 192.168.25.68

cdot@cdot-ThinkCentre-M57: -
F s

Linuxre

“Petalinux 05° > ftestl

p192.168.25.138

Figure 10 - Snapshot for file transmission from client to server
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cdot@cdot-ThinkCentre-M57: ftpboot

cdot@cdot-ThinkCentre-H5T: /tftpboots I

Figure 11 — Snapshot of file reception in the server

A blank test1 file is created in the server. Its contents are
read after the file transfer operation, and the contents are
verified as shown in Figure 11.

Implementing an embedded system and running PetalLi-
nux on an FPGA were pretty straightforward operations.
Next, we plan to implement a design using remote program-
ming where the boot files are transferred via Ethernet and
the client is capable of running a new application. “
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