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Abstract—Thanks (o the rapid evolution of semiconduc-
tor technology, Svstem-on-Chip (S0C) paradigm has bes
come one of the most common design methodologies for
quickly developing embedded systems to meet the high
demands of embedded applications. In this paper, we
present the desipn and implementation of a SoC platform
targeted to controlling and monitoring applications, This
proposed platform is composed of a 32-bit processor and
a dozen of common hardware interfaces, providing the
programmability and connectivity to peripheral devices
such ns memories, LAN network, monitor, keyboard, ADC,
DAC, or other ) devices, In addition, to increase the
flexibility of the system and to rapidly develop end-
user applications, we also deploy an application-specilic
software framework with the robustness of a lightweight
kernel and real-time applet management. The system
model has finally been validated through the realization
of a remote control camera systen.

Kevwords—System-an-Chip (50C), embedded systems,
FPGA-based design, microprocessar systems, embedded
applications.

. INTRODUCTION

owadays, System-on-Chip (S0C) paradigm: has

become very common in the design of embedded
sSysiems, allm-.-ing full ﬁ.t}ﬂ_wum'hnrdwam to be inleprated
into a single chup. In such embedded applications. SoCs
should provide high functional fexibility as well as
processing capability [1). Thanks to the evolution of
semiconductor technology, system designers can inle-
grate. more. and ‘more intellecture properties. (1Ps) inito
a system 1o meet the needs of applications. However,
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the growth of integranon scale also leads to many new
challenges in SoC design such as performance, on-chip
communication, power consumption. and design cycles.
These factors definmely depend on the design principles,
design and mmiplementaton technologies.

To overcome these challenges, several ASIC plat-
forms of S0Cs have been previously proposed in the
literatures as well as commercral prodocts. However,
these platforms were developed for application-specihic
systems and they have himitations on flexibility and con-
figurability. Even if we intend to improve those factors, it
will make the system more complex. In order to increase
the flexibility and reduce the complexity of embedded
systems, FPGA technology 1s obviously selected thanks
to its advantages such as scalability, reconfigumability,
rapid prototyping, shon tume-to-market, and low NRE
(non-recurrent engineering) cost [2],

In fact, FPOAs have recently become very popular
in implementing logic circuits, They can be used for
many tvpes of applicanons such as rapid prototyping
platform [3], telecommumications 4], digital signal pro-
cessing [5). The flexibility and scalability of FPGAs
have made them suaitable for implementing embedded
SoCs, where a complete system can be implemented on
a single programmable chip. In this case, the solt-core
processor provided by ‘manufacturers can be rewsed for
developing embedded systems. This soft-core processor
1s-a microprocessor which is fully deseribed in software,
usually in an HDL (Hardware Description Language)
and can be synthesized and implemented on FPPGAS.
One of the most advantages of the soft-core processors
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15 that they can be easily customized to adapt the needs
of a specific target application,

For those réasons, we have developed an FPOA-
based SoC plaform, named as CoMoSy (Contralling
and Monitoring System), using Xilinx MicroBlaze soft-
core processor. This platform is intently designed to be
uscd for a large range of embedded systems in ¢on-
trofling and monitoring applications. With this platform,
apphcation mapping processes will be much easier and
the production time will be significantly reduced, The
proposed platform and s design methodology will be
fully described in this paper, including both hardware
and software issues.

The remaiming part” of this paper 15 organized as
tollows. Section Il presents in detail the hardware archi-
tecture model and implementation of the proposed SoC
platformu Section Il describes the application-specific
software framework which is specially developed for
the target hardware system. Secton [V provides some
main experiments and obtained results. Finally, fuither
discussions and conclusions are given in section V.

I. PROPOSED HARDWARE ARCHITECTURE —
DESIGN AND IMPLEMENTATTON

A. CoMalSvy architecture design

As mentuoned above, thanks to the flexibility and con-
higurability of FPGA technologices system designers have
many chowces m architecture design for their embedded
systems. However, before mapping an application into
a targeted FPGA technology, the frst thing should be
considered 15 the partitioning of software and hardware
parts. The software part can be built and execured on one
or more processor cargs if needed while the hardware

pant 15 modulanzed mro partcular functional blocks,
These funcational blocks can be developed from the
existing [P (Intellectual Property) cores provided by
FPGA suppliers or fully developed by designers. In ad-
dition, an applicaton platform may have more than one
system configuration fle {(i.e. FPGA bitstream hle and

software execution hle), dllocated in different memors
sections (using a ROM or a flash memmory). They can
be selected o configure/reconfigure the FPOA devict
at power-onfmn-time for specific purposes. A bottd
hardware/software partitioning will produce 4 highd
efhciency for the targeted embedded system.

The second thing is 1o select a proper FPGA device o
arder to fit-the design. It means that the selected FPG
device does not only provide enough logic cells for |
design but also has to meet the other requiréments of
design such as performance and processing capabiliy
For example, some Xilinx FPGA series can providé
either MicroBlaze sofl-core processor or PowerPC hard
core processor [6]. In this case, a high-performanct
applicanon mught consider using PowerPC  processe
rather than MicroBlaze processor because the hard
core processor is obviously betier in performance thi
the soft-core processor. Otherwise, MicroBlaze soft-cc
processor 1s more suitable for the applicatons i whic
a higher level of flexibility and configurability is nceded

To develop embedded systems for controlling  an
mionitoring applications using Xilinx FPGA, ‘we hay
proposed a general architecture as described in Figure |
As requested by targeted applications, this platform
composed of three Kinds of functional umits: processir
units, data acquisition units, and data visnalization unit
The data acquisition units get data from éither digit
devices or analop devices (e.g a set ol sensors) b
providing standard hardware mput interfaces o ha
connections with those devices. The MicroBlaze proces
sor manipulates and processes the acquired data, give
out decigions w control the periperal devices. In ade
fon; some processed results are transferred to the da
visualization umifs, where the dati can be répresent
in many ways {text, graphic, light or sound) o b fl
[riendly human-machine mterfaces.

In general, CoMoSy 15 4 32-bit bus-based platf
using a MicroBlaze soft-core processor [7] as the cents
processing unil. MicroBlaze is 4 RISC (Reduced Ins
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Figure 1. General Architecture of CoMoSy platform

tion Set Computer) processor that modelled in HDL
1o be mmplemented ﬂn.'-}’{_iiin;l:. FPGAs. Some optional
function blocks integrated in this core are enabled to
accelerate the processing ability such as Floating Point
Unit (FPU), integer divider, integer multiplier, barrel
shifter. This processor core interacts with other IP cores
through IBM CoreConnect PLB bus system [8], In
addition to the processor, we have ﬂwalﬂpﬂd a dozen
of TP cores. Some Xilinx IP cores have been reused to
reduce design time and the others have been completely
developed ap the laboratory. The rest modules of the
platform can be descrnibed as follows.

« MPMC core 15 a multi-port memory controller
used 1o nterface with DDR SDRAM. The MPMC
unit provides three channels for independently
accessing data-on DDR SDRAM. where two of
them serve as data cache channel saind mstruction
cache chanmel of MicroBlaze processor. denoted
as DXCL and IXCL respectively. The remaining
channel (PLEB_0) provides a fast channel to transfer
program data and instructions when executing.
MPMC umit usually operates ar a higher frequency
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than the processor core.

Multi-channel extermal memory controller unit s
another memory controller used to connect the
system with a flash memory, This memory s
intended to store the FPGA bitstream files and/or
software execution fles. It sometmes can be used
as a file system device

MDM (MicroBlaze Debog Module) unit 15 a hard-
ware debug module used to debug the operations
of MicroBlaze processor by using JTAG (Joint Test
Action Group) interface.

Timer unit is 4 32-bit programmable mierval limer
which 15 required by almost software kemels for
establishing software tumers and (ask schedulers,

Interrupt controller core handles the miermupt sig-
nals ansing from peripheral blocks and notifies
the processor core by drving processor's iermupt
signal. In the proposed platform, there are two in-
terrupt sources, timer intermupl and Ethemnet MAC
interrupt.

Ethernet MAC unit 15 a 10/ 100M bps Ethemet Me-
dia Access Controller. This controller is compatible




)
o&é\\ with IEEE Std, 802.3 specification.
P L
’\ « UART, SPI, PS/2 units provide serial data links

to connect with several devices such as RS-232
ports, analog-to-digital converters (ADCs), digital-
to-analog converters (DACS), PS/2 keyboard, PS/2
motse, eic.

« GPIO units provide bi-directional digital pons for
discretely connecting to usual devices such as
LEDs, LCDs, switches, buttons, eic. The porn-
width of esach GPIO unit can be customized by
a parameter of the core,

« VGA unit is a special core which is completely
designed at our laboratory in order to provide
a friendly interface to VGA-compatible monitors.
Although this unit is individually developed at the
laboratory but it can be used for next FPGA-based
system developments thanks to its compatibility to
Xilinx FPGA design flow, The design of this unit
will be described in detail in the next sub-section
as a case study.

In the proposed platform, a master core (e.g. proces-
sOr) accesses W slave cores using memory-mapped 1/0
methods. The address bus is shared for both memory
controllers and the other slave devices. Thus, eéach unit
in the system has its own address space determined by
Two parameters: base address and high address. The base
| addresses are automatically generated by Xilinx design

ool while the high addresses are calculated from the
memory/address size of IP cores and their corresponding
‘ base addresses,

As a simple architecture. the hardware model uses
only one bus channel for interconnecting processing
components (1.e. [Fs) on the system. A new component
can be easily integrated into the systemi thanks to the
help of the design tools. OF course, the new component
has to be compatible with PLB bus interface. However,
the growth of the hardware architecture mayv affect the
resporise ability of the bus as well as the reliability
of the system. In this case, system designers should
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consider creating several bus channels, for example, one
channel for low speed components and another for high-
speed components. Hence, the system is really flexible
and scalable on the change of the hardware architecture

model.

B. VGA umit

To build a frendly human-machine interface for the
platform, in addition to simple text-based LCDs we have
developed a VGA monitor controller unit (called VGA
unit) to increase the efficiency in displaying. text as
well as graphics. The architecture of this VGA unit is
designed as described in Figure 2 and modelled using
VHDL language. Then, It is implemented using Xilinx
design flow [9] in order to make the design compatible
to Xilinx design methodology, and theéréfore it can be
used for the next designs. The VGA unit will display
an image on the screen by driving the color signals and
synchronization signals of the VGA interface according
to the pixel data of the image.
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Figure 2, Proposed archileciure of VGA unit
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The size of an 1mage is usuoally larger than memory
resources available on FPGAs, for example, a 640 x 480
pixels at 24bpp raw image has a size of 912.6 K bytes
while the Sparian-3E family has a limit of 81K byles
block RAM [10], the image therefore cannot be entirely
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P :dia-rnd inside the VGA unit. The image should be held on
“an off-chip memory {(e.g. SDRAM) and transferred into
this VGA unit by small data blocks during the display
time.

There are two solutions that could be addressed 1o
handle the data transfer operations. The first solution is
to attach a bus master interface 1o the VGA unit to be
able to access data on the external memory. The second
one is to use a Direct Memory Access. (DMA) core 1o
co-operate with the VGA unit. In the second case, VGA
unit does not need to include any bus master interface, i
receives the data transmitted from DMA core. However,
the processor has to initiate the operation of the DMA
core whenever the VGA unit wants to refresh the screen.
For that reason, we prefer the first solution o gain the
flexibility and independency of the VGA unit.

One of the most challenges in designing VGA unit
15 to determing the depth of memory buffer within the
core and the buffering strategy because these parameters
will affect the cost-eficiency and display quality of the
system on a specific display resolution. In this work,
we have taken into account these constraints for VGA
standard. In consequence, the architecture of VGA unit
(presented m Figure 2) is composed of:

« PLLB Master interface with burst transfer mode is
usually used for transferring data from the external
memory 'to FIFO block.

« PLB Slave mnterface serves the readingfwriting
operations between the processor and VGA unit,

« Three 32-bit registers contdin the command data
and the properties of the images such as width,
height, base address.

« VGA BRAMS/FIFO is a 256bytes dual-pont mem-
ory buffer for storing a bulk of data.

« VGA Data Aligner synchronizes data between
FIFO block and VGA Interface block.

o VGA Interface drives the synchronization signals
of the monitor,

Voldume E-1, No 4¢8)

« VGA Controller 15 reponsible for VGA timing and
the operations of the whole VGA uniL

There are two clock domains in this design: system
clock (svs_clk) and pixel clock (pix_cfk). The pixel clock
absolutely depends on the display resolution and the
refresh rate of the screen specified by standards (sce
Table I). Even though two clock signals are independent,
the system clock must be higher than the pixel clock to
ensure that the appearance is smooth {(without flickering)
and the overhead on bus traffic is eliminated.

Table |
EMSPLAY STANDARD SPECIFICATION

- — - __.

Display standard | Pixel Trequency (M Hz)
VA G40 x 480 G60HM = ' 25175

SVOA B Gl @60 z A0

NOA 1024 = 765 @00 2 | 65000
WXGA 1250 = 500 @B0H = ‘ 83,460

The VGA umt 15 then modelled in VHDL language
and simulated by using ModelSim simulator (Mentor
Graphics), The synthesis results on Spartan-3E device
show that the VGA unil can operate at a speed up lo
LG0M H 2. The unit is thus possible to provide higher
resolutions than VGA standard such as XGA or WXGA
1280 = 500, The detail design and implementation of the
VOA unit has been reported in [11].

C. fmplementation

In this section, we present the implementation of
the proposed platform on Xilinx Spantan-3E device to
evaluate some typical metrics of the svstem. From the
system specifications described above, the design and
implementation can be completely managed by Xilinx
Platform Studio environment [9]. All required peripheral
hardware blocks are integrated into the system and

they are configured to a proper operation mode. Then,

we let the ol automatically perform synthesizing and

)
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A Finally, the design 15 verified again in order 10 check
whether 1t mﬂﬂtﬂrmt IS}'%TET“ specilications, timing and [ Type ‘ pwer (v 1) \

power consumphion issues before being loaded inmo

FPGA devices Torl guiescent pawet N 105

‘ | Total dynemic power G4l

Table I shows the resoorce utilization on Spartan- | —— -1
| Totitl consumied poser T

3E XC3S500E deviee, distributed on the logic cells
(including slides and look-up-tables); Tnput/Ourput pads
(1/0s);, primary RAM blocks (BRAMs): Digital Clock
Manager blocks (DCMs), and hard-macro multipliers
(MULTS). Obviously, the whole design is fit on Spartan-
3E XC35500E, most logic elements and BRAMs are —
used (more than 80% of available resources). The design

power consumption) because the Os usuvally require
higher current than the other entities,

L | - u r E
also meets the timing constraints to operate at 50M H z. e
494
Table 11 3 - .
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| 32 B
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. SR - — 11, SOFTWARE SYSTEM

In order (0 adapt to the change of the hardware
architecture, we develop a scalable and reliable software
framework for the proposed hardware. The main pur- [
pose of this framework 15 o provide mechanisms for
mandging hardware resources and user applets, To do
this, we has adopted several open software libraries,
maodified  and integrated them o build the software
framework as presented in Figure 4. In this software
framewark, the most important par is the kemel based
on Xilkemel [12]. This kernel can support the most
common POSIX APIs (Porable Operating System In-

The distribution of power consumption of the design  terface — Application Programnung Interface) [13] such
is also shown in Figure 3. The power consumed on s thread management, thread synchronization services,
1103 15 the most considerable (80% of the whole system  and thread communication services, |

In addition o hardware overhead, power consumption
s another important parameter in embedded system de-
sign. The power consumption of our system is estimated
using XPower Analyzer tool, Table II1 summarizes iwo
metnes of power consumption, total guicscent power
and total dynamic power. Because we implement our
design using FPGA technologies, the only concemed
paraméter is the dynamic power of the design. Most of
the: guiescent power depends on the target technologies
and we ¢annot change.

¢
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. §Q &7 @pplet0 | appletd G f ... 0§ appletn © quest 1D (identification). Similarly, the keyboard handler
:b/\fé? = AWI thread receives user commands from Keyboard and maps
= s each of them to a specific request 1D. These request IDs
_ are then sent to the request handler thread to specify
» which applet would be invoked. Thanks 1o this software
model, software designeérs are able to quckly develop
end-user software applications and embed them 1o the
Devalopment Framework rest of system without considering the reliability of the
software system.
Figure 4. Soltware development framework. R ——
=) ==
In this software framework, the lowest laver is driver : E':L T
layer, This laver s composed of Xilinx 1P drivers (used .“EJII [ |'F
for Xilinx IP cores) and VGA driver (used for our )ﬂ( i |
o hardware design of VGA unif). Upon the drivers is. the ' l’
kernel and library layer, In this laver, beside the Kemel ,
we infegrate several popular libranes such as standard i iz o S
C library, JPEG decoder library [14], TCP/AP protocol | | |
stack library [15] 0 help software designers to quickly e & Soosenco-dixgram:of ihe spolet menapement
build their applications. In higher lavers, we develop
an applets management layer to handle all user applets,
Each applet 15 a small application performmng 4 specific IV, EXPERIMENTS
function, described by the following object;
Venhcation and validation are two Key processes in
typedef struct s_req handler | system design flow and take much time m the design
/e applet/regquest ID +/ cycle. The using existing resources (including [P cores
unsigned int m_req_ id; and software libranes) i'.ll'l:l"lu"ldl.’.l.i hy EDA 1o00ls and
e ::allb-achl funcrion =/ open source community not only helps system designers
» & void («m.callfunc) (void); save time but also improves the stability and réliability
} req handler t: of targeted systems. Al a higher level, we present an
experiment to verify hardwarefsoftware models and their
In addition. 1o help the users 1o easily interact with  corporations n the platform by developing a remote
the system, the dpplets management laver 15 designed camera application. In this context, we implement the
to be able to create a command-line imterface where entire CoMoSy platform on Spartan-3E Starter Kit [16].
users can type a command (o execute the comesponding  This board is based on Spanan-3E FPGA devices with
applets. 'I"hr_: applets management layer has been built all pecessary peripherals for the applicaion such as
with three threads: GPIO handler thread, kevboard han-  512Mbnts SDRAM, 128Mbits PROM, Ethemet PHY
dler thread, and request handler thread (see Figure 5). controller, LCD, LEDs, buttons, etc. PS/2 port and VGA
<l The GPIO handler thread performs monitoring states of  port are also connected to a PS/2 keyboard and monitor

digital mput ports and maps each state 10 a specihc re-

as standard inputfoutput devices.
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A deskwop PC running Linus operating system 14
ased to establish communication with the FPGA board.
A camera is connected to this PC w12 USB interfaces
Transterring data between PC and the tesung board 1s
dine an-a LAN network thanks 1o the integratéd Ethernel
MAC comroller as mentionned above. Figare G presents
the sequence diagram for 1he remote camera application

The scenurio is that the users first mike 4 capturing
request on the testing board, and then the testing board

(I}

Validation results (0) Chiend application view oo PC side with capuweed mmapge and olber pammmeters, (b Embedded. application

sends this request o the remole PC through LAN
network. Whenever PC récoives 2 proper request, it
capiures an image from camera; encodes the image and
then sends it back 1o the testing board. After completely
recerving the image, the 1esung board wall decode and
display the decoded jmage on the screen, The system
provides several ways Tor the users 1w inveke the capur-
ing request, either typing a console command o pressmg
a key bmding or hithing & button on the board. So that.
it makes the svstem more Rexible in interacting with the

LISLTS.

such system requices two applicauon softwares 1o
handle all actions an PC and on the testing board, The
embedded application runmng on the testing board 1s
built-with the APLs provided by the softwire system. The
PCapphication software 1s wntten m U++ language using
the built-in classes of Qt Designer [17] and YideoZLinux
library [18]. Inter-process communication between rwo
applications 15 bhased on sockel mechanism, Ingure 7
preserits the results of our expeniment.. the captured
nmage 1s shown on both PC appheation and the testing
board (in 24-but color mode) with Xiiing Vinex-4 FPGA
development ki,

On the same testing model, we also make other
expernments to validate the operation of analog-to-digital

?.
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converter (ADC), digital-to-analog converter (DAC) via
a shared SP1 interface. One of these applications s the
temperatire monitoring application. In this apphication. &
temperature sensor is connected o an ADC. This ADC
s interfaced with the systern by osmng SPI amt. The
[emperatare variation is displayed on the testing board
as presented in Figure 8.

Due to the logical resources of Spartan-3E device,
the performance of CoMoSy achieved on this board 15
limited, it may take a few seconds to completely decode
4 JPEG pmage ‘with the frame size of 320 x 240 pxels.
By implementing on high-performance devices or higher
integration density devices (Vinex-lI or Virtex-4 for
example), the system performance can be sigmhcantly
improved through optimization processes and the recon-
fipurability of MicroBlaze processor. Nevertheless, these
experiments have approved the functionalines as well as
the applicability of CoMoSy platform for controlhing and
monitormg applicatons:

V. CONCLUSION

In this papér, we presented the design and mmple-
mentation of a fexible Svstem-on-Chip platform for
controlling and monitoring applications using Xiliny
FPGA technology, both software and hardware 1ssues,
The proposed platform uses a 32-bit MicroBlaze soft-
core processor and PLB bus as the base sysiem. We have
integrated several hardware uinits/interfaces to provide
functional capabilities for a wide range of embedded
applications, incleding GPIOs. SPls, UART, PS/2, DDR

Volume E-I, No.4(8)

SDEAM, Ethemet MAC, and VGA unit. In particilar,
the VGA unit is an in-house design but it is compatible
with Xilinx design flow and therefore can be used fot
other designs. This VGA umt suppons multi-resolution
displays. The software system is intently developed from
existing resources, including a lightweight Kernel, 1P
core drivers, TCP/IP protocol stack Library, JPEG de-
coder library 1o let users build their software applications
auickly at high abstraction level.
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