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Teaching Reconfigurable Systems: Methods,
Tools, Tutorials, and Projects

Valery Sklyarov and Iouliia Skliarova

Abstract—This paper presents an approach that has been
used for teaching disciplines on reconfigurable computing and
advanced digital systems, which are intended to cover such topics
as architectures and capabilities of field-programmable logic
devices; languages for the specification, modeling, and synthesis
of digital systems; design methods; computer-aided design tools;
reconfiguration techniques; and practical applications. To assist
the educational process, the following units have been developed
and employed in the pedagogical practice: animated tutorials,
miniprojects, hardware templates, and course-oriented library
of digital circuits. To stimulate the student’s activity, an optional
project-based evaluation technique has been applied. All the
materials that are required for students are available on the
university website (WebCT) and can easily be used for studying
inside the university, for obtaining additional information during
practical classes and for distance learning.

Index Terms—Animated tutorials, educational technology, field-
programmable gate array (FPGA), miniprojects, reconfigurable
architectures, reconfigurable computing.

I. INTRODUCTION

WITH the advent of field-programmable logic devices, one
became able to design and implement digital systems

without the need for the technological steps dealing with sil-
icon. Tremendous progress in this area has made it possible to
advance configurable microchips from simple gate arrays that
appeared on the market during the mid-1980s [1] to platform
field-programmable gate arrays (FPGAs) containing more than
10 million system gates and incorporating complex heteroge-
neous structures, such as PowerPC processors. For example, an
XC2VP100 FPGA of the Xilinx Virtex-II Pro family [2] in-
tegrates on a single chip two PowerPC processor blocks, 444
multiplier blocks (18 18 b each), 444 RAM blocks (18 Kb
each), multigigabit transceivers, 99 216 reprogrammable logic
cells, and many other components. Such incredible evolution in
FPGAs, which were first introduced by Xilinx, Inc., San Jose,
CA, in 1985, has required less than 20 years. The plenary talk by
Butts in FPL [3] reports that future project densities are likely to
be upwards of 100 billion devices per square centimeter and ar-
gues that cheap molecular-scale reconfigurable logic, memory,
and interconnect are likely to become the predominant digital
technology a decade hence.
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The impact of FPGAs on different development directions in
electrical and computer engineering is growing continuously.
When FPGAs were first introduced, they were predominantly
used for implementing simple random and glue logic [1]. Nowa-
days, even undergraduate students are capable of constructing
quite complex digital devices on a single FPGA chip. Today,
advanced research is being intensively performed in the areas
of system on chip (SoC) and networks on chip (NoC) [4]. The
importance of reconfigurable systems is evidenced by the an-
nual expansion of the FPGA market and the increased attention
that this topic now receives at top-level technical conferences,
such as the Design Automation Conference and the Design, Au-
tomation and Test in Europe.

Developing digital systems on the basis of high-capacity
FPGAs requires the use of computer-aided design (CAD)
tools. In fact, the electronic design automation business has
profoundly influenced the integrated circuit business, and vice
versa, e.g., in the scope of design methodology, verification,
libraries, and intellectual property (IP) [5]. Traditionally,
FPGA-targeted CAD systems support schematic and hardware
description language (HDL)-based design flows involving
model-specific tools (such as the synthesis of finite-state
machines (FSM) from a graphical specification) and IP core
generators based on parameterization or templates. Recently,
commercial CAD tools allowing digital circuits to be syn-
thesized from system-level specification languages (such as
Handel-C [6] and SystemC [7]) have appeared on the market.
In this area, C and C++ with class libraries are emerging as the
dominant languages in which system descriptions are provided
[5]. Thus, the domain of reconfigurable systems design is very
dynamic and many-sided.

The rapid evolution of FPGA technology and CAD tools for
reconfigurable systems requires a large number of well-prepared
engineers in the relevant areas. Thus, new trends must be
reflected in the respective pedagogical activity. An ongoing
review of the corresponding curricula is necessary in order to
incorporate the recent advances in FPGA architectures, design
methods, and CAD tools. In other words, the curriculum must
be sensitive to changes in technology and new developments
in pedagogy and should emphasize the importance of lifelong
learning [8], [9].

This paper describes a methodology that has been used for
teaching reconfigurable systems at the Department of Elec-
tronics and Telecommunications of the University of Aveiro,
Aveiro, Portugal. In 1997, the first optional discipline in this
area entitled advanced digital systems was introduced. Today
three disciplines are included in the pedagogical plans: re-
configurable computing (RC), reconfigurable digital systems
(RDS), and advanced reconfigurable systems (ARS).
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The remainder of the paper is organized in six sections.
Section II presents a reconfigurable system course overview.
Section III discusses methods and tools that have been used
for teaching. Section IV describes the developed animated
tutorials with examples. Section V suggests one possible type of
student’s evaluation through miniprojects. Section VI illustrates
the structure of the university website (WebCT [10]), which
accumulates all the available additional materials for the group
of disciplines considered. The conclusion is given in Section VII.

II. RECONFIGURABLE SYSTEM COURSES OVERVIEW

The disciplines on reconfigurable computing are offered to
the fourth- and to the fifth-year students of two undergraduate
curricula: LECT—Computer Engineering and LEET—Elec-
tronics and Telecommunications Engineering. The following
core set of courses given to students of both curricula before
the fourth year provides the required foundation:

• software engineering, in particular, the students have a
good knowledge in C/C++ programming languages;

• electronics;
• digital systems;
• signal and systems and digital signal processing;
• computer architecture;
• interfaces and peripheral devices (which is more

common for the LEET curriculum).
Until the 2003–2004 academic year, the students acquired

very little experience in HDL during the first three years of
study (limited to just some elementary advanced Boolean equa-
tion language (ABEL) constructs). Starting from the second
semester of 2003–2004, a small subset of very high speed
integrated circuit HDL (VHDL) has been taught within the
digital systems discipline using LogicWorks software [11] for
simulation. Since nowadays HDL-based design flow is the basic
strategy for developing reconfigurable systems, the relevant
topics must be covered in detail. Historically, the group of
disciplines on reconfigurable systems holds the major respon-
sibility for this direction at the Department of Electronics and
Telecommunications of the University of Aveiro. Another issue
that should be addressed is the relationship between HDL and
system-level specification languages (SLSLs). On the one hand,
HDL-based design flow keeps the students closer to specific
features of hardware development, a very important issue. On
the other hand, SLSLs, such as Handel-C and SystemC, permit
the design time to be shortened significantly, and they are very
promising for future systems [5]. Taking into account all these
issues, the set of topics shown in Fig. 1 has been proposed.
Basically, two successive stages of expertise cover HDL- and
SLSL-based design flows. These stages make possible the
compromise between the lower and higher levels of abstraction
for hardware specification to be established. The first stage is
provided by the disciplines RC for LECT and RDS for LEET.
The right-hand column of Fig. 1 shows general topics that are
studied, and the left-hand column presents some additional
details, mainly about the particular hardware/software compo-
nents and systems that have been used. References in square
brackets point to the recommended additional materials.

Fig. 1. Set of topics considered within the group of courses on reconfigurable
systems design.

The first stage provides the base for the second stage and
covers the following five directions.

1) There is an introduction to programmable logic design,
which includes history, complex programmable logic
devices (CPLD) and FPGA architectures, design flow,
CAD tools, practical applications, and prototyping
boards.

2) Another direction is the VHDL-based design flow.
VHDL was chosen as the primary HDL for reasons
reported in [16]. Since the time available for this topic
is limited, the emphasis is on a synthesizable VHDL
subset. The Xilinx’s integrated software environment
(ISE) [2] is studied as an example. Note that a substantial
difference exists between general-purpose programming
languages, such as C/C++, and HDL, which must be
properly understood for hardware design. This issue is
a key point, which is addressed within the considered
group of disciplines. Generally, the teaching method-
ology that has been adopted has a number of features in
common with [16] and [17].

3) CAD tools are studied by applying them to an example
of the well-known industrial system ISE from Xilinx.
Currently, version 6.2.02 is used, but it is periodically
updated as soon as a new version is launched. Besides
the commercial version, Xilinx also supplies a free-
ware Web PACK [2]. This freeware is very important
for students and makes it possible for them to work
either inside or outside of the university. Simulation,
indispensable for hardware design, is carried out with
the aid of the STARTER version of ModelSIM [18].
When necessary to model a digital system at a higher
level of abstraction, the C++ language is used. The
following design tools of ISE are currently involved:
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Fig. 2. Course-oriented tools and applications.

top-level schematic designs, top-level VHDL designs,
functional and timing simulation, libraries and VHDL
templates, StateCAD for the design of FSMs, and IP
core generator.

4) Reconfiguration (both static and dynamic) and hard-
ware templates are covered. Different types of dynamic
reconfiguration have been exemplified, such as those
available for the Virtex FPGA family, context switching,
and reloading embedded RAM blocks. Special atten-
tion was given to the use of hardware templates [19],
which are circuits with a predefined structure imple-
mented in hardware (in FPGA, in particular). The basic
components of the circuit are RAM blocks, and by
reprogramming these, one can provide for a different
functionality. Hardware templates for reprogrammable
FSMs [19], [20] and accelerators for operations over
discrete vectors [14] have been considered in detail.

5) Practical applications are divided into two groups:
simple circuits that have to be designed during labo-
ratory work and more complicated miniprojects that
are used for the final evaluation (see Section V for
details). Examples of circuits from the first group are
simple processing units, blocks providing interfaces
with peripheral devices, and external microchips (such
as a touch panel and a liquid-crystal display (LCD)
microcontroller), etc. The majority of these circuits are
well covered by the relevant tutorials, and they will be
discussed in Section IV.

The ARS discipline in the second stage is based on the
material of the first stage and is devoted to system-level spec-
ification languages for hardware design. Two such languages,
SystemC [7] and Handel-C [6], are discussed. SystemC is
a library that permits hardware components to be modeled
using a standard C++ compiler. Since the department does
not have software tools that permit FPGA-based circuits to
be synthesized from a SystemC specification, this language

(library) is just considered at a description level. On the other
hand, the Handel-C language and the DK2 design suite of
Celoxica [6] are used for the design and implementation of
digital systems based on FPGAs.

Handel-C permits digital circuits to be described in a C-based
style and to be modeled, debugged, and synthesized using devel-
opment tools supplied by Celoxica [6]. The result of synthesis
is an electronic design interchange format (EDIF) file that can
be used for mapping, placement, routing, and the generation of
FPGA bit streams with the aid of commercially available CAD
systems, such as Xilinx ISE 6.2 [2]. At the final step, the gener-
ated bit stream is loaded into the target FPGA.

Alternatively, a Handel-C specification can be converted to
a synthesizable VHDL code, which can be used in a CAD en-
vironment (such as Xilinx ISE 6.2 [2]) for constructing library
components. Thus, these components can be reused, either in
Handel-C (i.e., in an EDIF-based flow) or as VHDL library
modules within other commercially available CAD systems.

Celoxica’s platform development kit (PDK) is an integrated
library offering three layers of functionality: these are the plat-
form support library (containing a set of drivers for different
prototyping boards), the platform abstraction layer (delivering
low-level hardware interfaces between the FPGA/CPLD and ex-
ternal logic), and the data stream manager (providing integra-
tion components and methods that allow the implementation of
system designs split across processors and FPGA/CPLDs to be
simplified). These tools have also been used in the educational
process.

As one can see from Fig. 2, the basis for any discipline from
the group considered consists of four primary directions with
which the students are working: 1) prototyping, 2) design flow,
3) interface, and 4) applications. The left-hand part of Fig. 2
lists the FPGA-based prototyping boards that have been used
for both laboratory work and miniprojects since 1997. Experi-
ence has shown that a diversity of boards does not give rise to
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any problem. On the contrary, it enables the students to appre-
ciate that each CAD system must be configured for the particular
FPGA microchip being used, taking into account such charac-
teristics as the number of pins and speed grade.

At present, the following boards (containing FPGAs recom-
mended for future applications) are being used.

• Trenz Electronic TE-XC2Se [21], which is the prin-
cipal prototyping board for the RC and RDS laboratory
works. Different boards contain either an XC2S300E
Spartan-IIE FPGA with 300 000 system gates or an
XC2S400E Spartan-IIE FPGA with 400 000 system
gates. According to [21], the resources provided by the
XC2S300E FPGA are sufficient for constructing two
and a half of 8051 microcontrollers so that quite com-
plicated circuits can be implemented. The board also
contains 256 K 16 b static RAM, 1 MB flash RAM,
LCD (two lines 16 characters), eight dip-switches,
pushbuttons, and light-emitting diodes (LEDs). It can be
connected to a VGA monitor, supports USB and RS-232
serial interfaces, and has two expansion headers. Power
is supplied through USB, and no additional source is
required.

• Celoxica RC100 [6] with an XC2S200 Spartan-II FPGA
(200 000 system gates), which is the primary prototyping
board for the ARS laboratories. The board also contains
two blocks of static RAM (256 K 36 b each), 64 Mb
flash RAM, two eight-segment displays, and two LEDs.
It provides control of a VGA monitor, a keyboard, a
mouse, and video in/out and supports a parallel interface.
PDK of Celoxica [6] contains all the necessary drivers
and support tools for communications with all the pe-
ripheral devices mentioned previously.

• XESS XSA100 [22] with an XC2S100 Spartan-II FPGA
(100 000 system gates) is additionally used for the RC
and RDS laboratories. Detailed description of all the
boards mentioned previously can be found in [12] with
many ISE design examples.1

• Expert version of the Celoxica RC200 prototyping
system [6] with an XC2V1000 Virtex-II FPGA
(1 000 000 system gates), which is used for the ARS
miniprojects and for final-year projects. The board also
contains two blocks of static RAM that are 4 MB each, a
16-MB smart media card, a bluetooth wireless module, a
touch-screen display, an Ethernet socket, two seven-seg-
ment displays, switches, and LEDs. It provides control
of a keyboard, a mouse, video in/out, a color camera,
a headphone/microphone set, and parallel and RS-232
interfaces. PDK of Celoxica [6] contains the necessary
drivers and support tools for communications with all
the peripheral devices mentioned previously.

• Alpha Data ADM-XPL PCI board [23] with an XC2VP7
Virtex-II Pro FPGA, which is used primarily for final-
year projects and Ph.D. students. However, this board

1Since November 2004, all of the materials can be accessed through the fol-
lowing address: http://elearning.ua.pt. All the required details can be provided
via e-mail: skl@ieeta.pt; iouliia@det.ua.pt

also helps to demonstrate the capabilities of a platform
FPGA for students attending all the disciplines consid-
ered (Fig. 1). Note that this board (used at the depart-
ment) is the only one that interfaces with a host computer
through a PCI bus. This arrangement allows for the de-
velopment of very high speed hardware accelerators.

In the majority of practical applications, FPGA-based cir-
cuits have to exchange data with external devices, such as
memories, displays, microprocessors, and other FPGAs. Thus,
the appropriate interfaces need to be developed, which require
an understanding of how to configure FPGA input/output (I/O)
blocks to support the appropriate I/O standards, how to establish
synchronization mechanisms between an FPGA and external
devices, how to build I/O buffers, etc. Three groups of inter-
faces (Fig. 2) have been studied. They are widely used standard
protocols, such as RS-232, Universal Serial Bus (USB), etc.;
Peripheral Component Interconnect (PCI); and those that pro-
vide interactions between the FPGA and external microchips,
such as static memory, LCD controllers, and microprocessors.
The majority of the interfaces considered are supported by the
respective components available on the prototyping boards.
For HDL-based design flow, a set of language templates has
been developed. These templates are discussed in more detail
in Section III. For Handel-C design flow, the PDK of Celoxica
[6] provides all the required support.

The last item that is addressed is applications (Fig. 2). At
present, applications are divided into the following seven
groups, which are updated periodically.

1) The first group consists of calculators and processors,
which either implement a reduced set of instructions or
execute nontypical operations, such as those required for
the processing of discrete matrices [24].

2) The second group consists of hardware/software
(HW/SW) co-simulation [25]. For many practical
problems, the communication between relatively au-
tonomous subsystems must be examined to assess the
characteristics of the system, such as the correctness
of the functionality, the adequacy of the performance,
and the accuracy of execution. Note that this assessment
has to be made before all the components of the system
have been implemented. The idea is to create a model
that is partially implemented in software and partially
in hardware, communicating through a preestablished
interface [25]. Many models of this type have been
proposed to the students. One example is given in [12]
and [25], where a virtual plotter controlled by an FPGA
is described (see also Section V). Such projects require
experience in the development of both reconfigurable
hardware and general-purpose software.

3) The third category is digital systems that enable the stu-
dents to execute combinatorial search algorithms such as
those that make the solution of the covering problem pos-
sible [26]. For example, in 2003, one student project from
this area, which is available at [12], was implemented on
the basis of the Alpha Data PCI board with a Virtex-II
Pro family FPGA.
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4) This category consists of circuits that provide recursive
computations, such as [27]. Examples of such compu-
tations are recursive traversal of a binary tree for data
sorting, discovering the greatest common divisor, etc.

5) Electronic games comprise the fourth category.
6) Another category consists of hardware implementation

of data compression/decompression algorithms (see the
Internet site [28], which collects many useful publica-
tions, methods, and tools). The results of one student
project from this scope can be found in [12].

7) The last category is hardware accelerators [14] which
make it possible to speed up various operations required
for application-specific computations. The majority of
student miniprojects were done in this area (student pub-
lications are available at [12]).

III. METHODS AND TOOLS

The previous section shows that the material of the group of
disciplines considered includes not only topics directly targeted
at reconfigurable systems design, but also some supplementary
themes to compensate for the lack of the required background.
Therefore, the integration of a large amount of material is
required within the course. First, the students have to acquire
experience in using HDL. Insufficient training in HDL for
undergraduate students was also reported in [16], based on
the results of a survey analyzing responses from 71 U.S.
universities. To cope with this problem, instructors need to
provide more intensive learning techniques that allow more
knowledge to be dispersed within the same time slot. This task
has been achieved through the systematic use of well-organized
auxiliary materials, namely, tutorials, design templates, and
previously accumulated students’ experiences. The following
methods and tools are employed.

1) A technique is used that assumes a separation of the
designed circuits into core and secondary components.
The core component enables the students to understand
the major element that is going to be introduced and
explained. Such an element might be an architecture, a
method, an algorithm, a piece of HDL code, or some-
thing similar. The secondary components allow some as-
pects to be clarified or the core component to be tested.
For example, they permit the following to be pursued: in-
teraction with peripheral devices; detection of problems
that might appear; testing the core component function-
ality; determination of what is allowed and what is not
allowed, etc.

2) A set of templates for secondary components are used.
As a rule, a template is a piece of VHDL code that
can be inserted into any project to supply the auxiliary
opportunities considered previously. Much like synthesis
templates for ISE enable the designer to shorten the
circuit development time, the proposed templates enable
the students to concentrate on the major issues and to
extract these from other things that are less important.
Experience has shown that such a method allows the
time required for understanding a given topic to be

reduced. For example, tutorial 5 from [12] demonstrates
how to use various VHDL constructions in ISE that
can be synthesized and supplies code for testing any
construction on a prototyping board with the possibility
for entering initial data and visualizing the results.

3) Other tools employed are course-oriented design tools
and libraries [29], which permit more practical and com-
plex miniprojects to be implemented within a given time
slot. This implementation can be accomplished because
a significant part of the circuit to be developed can be
constructed from predefined components, leaving the re-
maining (core) part needs to be designed.

4) Animated tutorials that cover the most important topics
of the course are employed. These are very helpful, espe-
cially at the beginning stage where many unusual issues
must be understood.

5) Also implemented is an evolutionary technique where
current student projects are based on the previously de-
veloped student projects that are well documented and
available for the future. Thus, specific requirements have
to be established for the projects to make their repeated
reuse straightforward.

6) Another method is the provision of an opportunity to
publish the best student projects in the department mag-
azine. Experience has shown that this activity stimulates
students significantly. Of course, each paper has to be
carefully checked and edited by teaching staff, taking
considerable time and effort, but the results of such ac-
tivity are very remarkable. Many student papers have
been published [12], and these are very helpful to fu-
ture students. There are examples when a student was
unable to complete the paper during the course. How-
ever, he/she continued to work and presented the paper
later (six to twelve months later), i.e., after completing
the course and passing the exam.

7) Another method is the establishment of collaboration
with other disciplines. Note that miniprojects cover quite
a broad scope of potential applications (Fig. 2). Many
of them may be needed for projects that have to be com-
pleted outside of the course. If necessary, specifications
of some miniprojects can be adapted to other require-
ments and constraints. Thus, the collaboration with other
disciplines becomes natural. The group of disciplines re-
lating to reconfigurable digital systems teaches methods
and tools; other department groups might offer applica-
tions. This approach provides an additional motivation
for the students because reconfigurable systems can be
linked with a similar work within other disciplines, in
which particular students may be very interested. This
type of collaboration has already been established, pri-
marily in the scope of embedded system design and
also in the telecommunications area.

8) Also used is one of the two following acceptable kinds
of final evaluation: 1) through a traditional exam at the
end of the course and 2) through individual miniprojects
(see Section V). Experience has shown that the first kind
has been chosen by the students in only a few cases.
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The majority of the students prefer the second option
independent of the following established requirements.
To be able to select an individual miniproject, the stu-
dent must attend all the practical and theoretical classes.
Every absence is taken into account except where an ac-
ceptable justification document has been presented. Ex-
perience has shown that 90%–95% of the students have
attended all the classes.

9) Finally, WebCT [12] is used as a central storage where
all the materials are available to be used both inside and
outside of the university (see Section VI for details).

IV. TUTORIALS

The existing tutorials and those that are going to be created
can be divided into the following four groups.

1) The first are tutorials that demonstrate various scenarios
within the respective CAD environment and explain the
use of the prototyping boards. For example, the tuto-
rials 1–4 and 6 [12] show how to create a simple de-
sign in ISE, how to work with different tools (namely,
VHDL, schematic and constraints editors, simulators,
StateCAD, libraries, and IP core generator), how to build
a bit stream, and test the design in the TE-XC2Se proto-
typing board, etc.

2) Tutorials that explain language constructions that can be
synthesized and their distinctive features are also used.
For example, tutorial 5 [12] describes a subset of VHDL
that can be synthesized for ISE [2] with the aid of ex-
amples that are ready to be tested either in the Mod-
elSim/ISE simulator or on a prototyping board.

3) There are tutorials that illustrate different modes of
interaction with typical peripheral devices through
widely used interfaces. For example, tutorial 7 [12]
demonstrates various possible data exchange scenarios
with the EA KIT240–7 of Electronic Assembly [30]
through an RS-232 serial port. It permits data to be sent
to a graphical screen with a resolution of 240 128
pixels and data to be read from a touch panel. Tutorial 9
[12] shows how to communicate with an LCD using an
extended instruction set such as that implemented in the
Samsung KS0073 Driver and Controller for a dot matrix
LCD [30]. Using these tutorials enables the students
to understand how to link the developed circuits with
typical peripheral devices. The majority of VHDL code
describing communication mechanisms can be copied
from the tutorials and tested in a physical environment,
or alternatively, can be inserted into the student projects
in order to provide for data input and visualization of
the results.

4) Tutorials that permit different design methods to be un-
derstood. For example, tutorial 8 [12] explains how to
describe reprogrammable FSM in VHDL. The tutorial
10 shows how to construct a recursive hierarchical FSM
and how to use this FSM for recursive data sorting. Tuto-
rial 11 explains how to describe various recursive algo-
rithms in Handel-C and presents projects that provide for

Fig. 3. Possible examination of VHDL constructions in tutorial 5 [12].

a solution to the knapsack combinatorial problem, data
sorting, and discovering the greatest common divisor of
two integers.

All the tutorials are supported by relevant examples of
ISE/DK2 projects that can be used to synthesize and to test the
respective circuits based on the prototyping boards mentioned
previously. Fragments of the projects can also be used by the
students. The following subsections present some examples.

A. Example 1

Fig. 3 illustrates a possible use of tutorial 5 [12] from group 2,
and Fig. 4 shows a fragment from this tutorial. Different VHDL
constructions that can be synthesized are explained through ex-
amples that can be tested either in a simulator, such as Mod-
elSim [18], or in an FPGA. In both cases, the students can carry
out experiments changing input values and verifying the results.
Then, if necessary, various possible modifications of the VHDL
code can also be examined. Any tutorial project contains fixed
FPGA-based circuits (see the FPGA control block in Fig. 3) and
a circuit synthesized from a VHDL specification that is to be an-
alyzed (see the tested VHDL block in Fig. 3). The fixed circuits
permit input data to be entered through physical devices (such as
those shown in Fig. 3) and the result obtained from the designed
circuit to be displayed. This procedure enables the students to
check all feasible variations of the VHDL code in order to be
sure that it has been understood correctly.

Fig. 4 explains how to describe the structure of a circuit that
is composed of two blocks: a clock divider and an FSM. De-
pending on the code from dip switches , , and , the FSM
generates different sequences on the outputs LED LED ,
which are shown on the attached LEDs. The divider adjusts the
clock frequency in such a way that all the successive changes in
the results can be appreciated visually. The students are able to
carry out different experiments with this circuit, such as varying
the FSM specification, comparing the results with the outputs
of a simulator, synthesizing the FSM from VHDL and from
StateCAD, and adding new blocks to the structural specifica-
tion. The bottom-left corner of each tutorial slide (Fig. 4) points
to the relevant compressed ISE project. If necessary, a part of
the VHDL code can be copied to student projects to shorten the
development time. All the slides involve animation effects that
make it easier to understand a sequence of operations that has to
be performed or to exhibit the order in which the student should
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Fig. 4. Example of a slide from tutorial 5 [12].

study the respective topics. Different major VHDL constructs or
features in tutorial 5 [12] have been sorted alphabetically which,
on the one hand, simplifies finding a particular item and, on the
other hand, allows the tutorial to be considered as a VHDL ref-
erence guide.

B. Example 2

Fig. 5 illustrates a fragment of tutorial 11 [12] from group 4. It
demonstrates how to describe in Handel-C a recursive algorithm
that traverses a binary tree in order to sort integers associated
with the binary tree nodes. The left subtree of a node contains
only values that are less than the value at the node, and the right
subtree contains only values that are greater [Fig. 5(a)].

In order to sort the data, one can apply a special technique
[31] using forward and backtrack propagation steps that are ex-
actly the same for each node. Thus, a recursive procedure is very
efficient. Fig. 5(b) depicts the algorithm for sorting described in
the hierarchical graph-schemes language (HGS) [32]. The HGS
module can call itself in the rectangular nodes and .
The recursive control sequence that is required for the HGS
in Fig. 5(b) can be generated by a hierarchical FSM (HFSM)
[32]. The execution unit for this example is shown in Fig. 5(c)
[27]. All the details illustrated through the relevant VHDL spec-
ifications are given in [27]; therefore, they will be skipped to
concentrate on the organization of the tutorial. The HGS la-
bels [Fig. 5(b)] are associated with the HFSM states
[32]. Fig. 5(d) explains how to describe the recursive HFSM
in Handel-C. There are two types of transitions. One allows
new modules to be invoked [see a switch(module) statement in
Fig. 5(d)], and the other allows the states of an active module
to be changed [see a switch(state) statement in Fig. 5(d)]. These
transitions are explained through animation effects, such as the

sequentially appearing arrow curves shown in Fig. 5. A student
can execute the recursive algorithm in a virtual space, watching
a sequence of simultaneously occurring events, such as forward
[see arrow lines in Fig. 5(a)] or backtrack [see arrow lines

in Fig. 5(a)] propagation steps; highlighting active nodes
of the HGS [Fig. 5(b)]; forced data transfer in the execution unit
[Fig. 5(c)], and active statements of Handel-C [Fig. 5(d)]. Such
simultaneous changes leading to the final result of data sorting
(such as , , , in Fig. 5) can
be played in different modes (e.g., step back and step forward).
Finally, the students are able to shorten significantly the time
needed for understanding the relevant topics.

V. MINIPROJECTS AND EVALUATION

At the beginning of a semester, students can choose a
miniproject option for the final evaluation, in which case, it will
be used at the end of the semester instead of an exam. Some
requirements agreed upon for each miniproject are 1) that it
be individual, 2) that it involves the majority of methods and
tools considered within the relevant discipline, and 3) it is
complete and relatively complicated. The time available for
each miniproject is 13 to 15 weeks. At the end of this period,
the students have to be able to explain all the methods, language
constructions, and automation tools invoked in the design.

Fig. 6 demonstrates how the development process for
miniprojects has been organized. The first step is to formulate
and discuss the design problem with the student, usually re-
quiring a few iterations. Up to the present time, the seven areas
of feasible applications depicted in Fig. 2 have been considered.
Obviously, they might be extended in the future. Examples
of student projects can be found in [12]. After the student
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Fig. 5. Example of a slide from tutorial 11 [12].

Fig. 6. Using the tutorials [12] for the development of miniprojects.

understands the problem, he/she will begin the design with
an opportunity to reuse the previously developed blocks, such
as those available in the tutorials [12] of groups 3 and 4 (see
the right-hand and bottom part of Fig. 6). On the other hand,
the tutorials from the groups 1 and 2 [12] (see the left-hand

and top part of Fig. 6) provide a significant assistance in the
design steps, design tools, and design languages. Finally, the
development time can be shortened because students find that
they can more easily (Fig. 6): 1) use the design tools, 2) use
the hardware-targeted languages, 3) interact (i.e., provide data
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exchange) with the designed circuit, and 4) use the design
methods and the previously developed hardware blocks.

The best student projects are recommended for publications
in the department magazine. The following are some examples
of such publications.

• Handel-C project (see electronic games application in
Fig. 2) for a gap puzzle, which can be tested in the
Celoxica RC100 prototyping board [6] with connected
mouse, keyboard, and VGA monitor: This configuration
permits a graphical picture that is initially kept in a flash
memory to be copied to a static RAM available on the
board for future processing. The picture is divided into a
rectangular array of squares that are swapped arbitrarily.
The task is to reconstruct the correct image on the
monitor screen by moving the squares to their correct
positions. This task can be accomplished by using the
mouse and the keyboard.

• HDL-based project (see application HW/SW co-simula-
tion in Fig. 2) for a virtual simulation of plotter func-
tionality: Electromechanical plotter units are displayed
on a monitor screen of a personal computer, and the gen-
eral-purpose software that is developed in Visual C++
permits various manipulations and movements of these
units to be shown on the screen imitating the plotter func-
tionality. The virtual plotter is controlled by FPGA-based
circuits developed on the XS40 prototyping board com-
municating with the personal computer through a parallel
port.

• Handel-C project (see the application data compres-
sion/decompression in Fig. 2) for the Celoxica RC200
prototyping board devoted to transferring high-volume
data to an FPGA: In order to reduce the communication
time, a compression/decompression technique is em-
ployed in such a way that the host computer compresses
data and transfers them to an FPGA and the FPGA
decompresses them using algorithms based on a slightly
modified version of the Huffman method.

• HDL-based project (see calculators and processors ap-
plication in Fig. 2) for an FPGA-based calculator inter-
acting with a touch panel (EA KIT240-7) of Electronic
Assembly [30] connected to the FPGA: The circuit can
be tested in the prototyping board TE-XC2Se of Trenz
Electronic [21].

• HDL-based projects (see hardware accelerators appli-
cation in Fig. 2) for dynamically reconfigurable hard-
ware accelerators executing operations over Boolean
and ternary vectors: Each project includes a software
part that is implemented in C++ programs running on
a host computer and a hardware part that is realized on
the XS40 prototyping board linked to the host computer
through a parallel port. The FPGA circuit is composed
of the following four primary components: an interface
with the host computer, a set of control units that are
reprogrammable from the host computer, an execution
unit, and a reconfiguration handler that provides the
required dynamic modifications to the FPGA circuit
functionality.

The majority of the projects and all the student papers refer-
enced here are available online at [12].

VI. WEBCT

To maximize the effectiveness of the classes, students have
access to all the required materials through a central point
that is the WebCT [10], [12]. Fig. 7 lists documents and
tools available on the WebCT for the RC discipline (Fig. 1)
with some additional information on system-level specifica-
tion languages, giving the students an understanding of the
succeeding discipline—ARS (Fig. 1). The data are organized
so that the students can rapidly find and download, if neces-
sary, any WebCT file that is needed for their current work.
The sections “Theoretical Classes” and “Practical Classes” are
updated during a semester, and they include lectures and ref-
erences to the relevant tutorials, examples, projects, and the
other available materials. The numbers following the tutorial
names in Fig. 7 indicate how many corresponding animated
slides are available. This numbering permits the volume of the
supplied materials to be estimated. Full texts for the majority
of the papers referenced above and used for the educational
process are also available at the WebCT [12] (see the section
“Papers” in Fig. 7).

The considered methods and tools are primarily targeted
at Xilinx FPGAs [2]. However, the basic ideas and teaching
methodology are technologically independent and can clearly
be used for other reconfigurable devices such as those reviewed
in [33].

VII. CONCLUSION

Continuous advances in field-programmable gate array
(FPGA) and complex programmable logic devices (CPLD)
technology demand corresponding progress in pedagogical
activity to provide the knowledge and skills that are needed by
future engineers working in these areas. These advances require
many new topics to be considered and integrated in a single
course devoted to reconfigurable systems design. To increase
the efficiency, effectiveness, and quality of education, the
authors suggest the rational use of such methods as 1) possible
evaluation of students through miniprojects, which require
systematic attendance to all classes as an optional alternative
to formal examinations; 2) active use of the animated tutorials,
examples, and templates that enable the students to develop re-
configurable systems by analogy and by invoking predesigned,
application-specific circuits; 3) provision of easy access to all
the necessary materials, including projects developed by pre-
vious generations of students, and all the recommended papers;
and 4) stimulation of the students’ activity by providing an ad-
ditional motivation, such as publication of the best projects and
establishing a collaboration with other disciplines. The results
obtained at the Department of Electronics and Telecommunica-
tions of the University of Aveiro have shown increasing student
grade averages and greater interest in their area of study. For
example, in 2002, the Advanced Microelectronics Engineering
(AME) course was opened to provide additional training for
graduate students for the Portuguese microelectronic industry.
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Fig. 7. Documents and tools available on the WebCT [12].

The majority of the AME attendees in the University of Aveiro
were discovered to be former students of the disciplines consid-
ered in this paper.
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