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Abstract: Systems-on-Chip (SoC) has become reality now, driven by fast development of CMOS VLS| technologies. Complex system integration onto one
single die introduce a set of various challenges and perspectives for industrial and academic institutions. Important issues to be addressed here are cost-
effective technologies, efficient and application-tailored hardware/software architectures, as well as corresponding IP-based EDA methods. This contri-
bution will provide an overview on recent academic and commercial developments in Configurable Systems-on-Chip (CSoC) architectures, technologies
and perspectives in different application fields, e.g. mobile communication and multimedia systems. Due to exponential increasing CMOS mask costs,
essential aspects for the industry are adaptivity of SoCs, which can be realized by integrating reconfigurable re-usable hardware parts on different
granufarities into Configurable Systems-on-Chip (CSoCs).

Konfiguracijski sistemi na siliciju : Zahteve in vidiki za
bodoca VLSI vezja

lzvleCek: Zaradi hitrega razvoja CMOS VLSI tehnologij so dandanes sistemi na ¢ipu (SoC) Ze realnost, Zapletene sistemske integraciie na eno samo
silicijevo tabletko predstavijajo vrsto izzivov za industriiske in akademske ustanove. V misiih imamo poceni tehnologije, uéinkovite in uporabnisko na-
ravnane programske in strojne resitve, kakor tudi odgovarjajoce metode elektronskega nacrtovanja na osnovi intelektualne fastnine. Prispevek podaja
pregled nad akademskim in komercialnim razvojem arhitektur konfiguracijskih sistemov na ¢ipu (SoC) ter pregled nad pricakovanji in razvojem tehnologij
na razli¢nih podrodjih uporabe kot so mobilna telefonija in multimedijski sistemi. Zaradi visokih cen mask za CMOS tehnologije je pritagodijivost SoC
sistemov bistvenega pomena za uporabo v industriji. To dosezemo z integracijo rekonfiguracijskih celic razliéne granulacije v konfiguracijski sistem na cipu
{CSoC).

1. Introduction - computing domain, e.g. processor (time domain),
dedicated ASIC-based (space domain), dynamically
Due to today's CMOS integration dimensions several de- reconfigurable (time / space domain) + various mem-
signs and implementations of complex systems on silicon, ory-cores and technologies
so-called Systems-on-Chip (SoC), have been realized suc- - specification and programming method, e.g. high-level
cessfully. The term SoC is still not clearly defined and used language HLL (C, C++, SystemC, Matlab, Java, etc.),
with various interpretations in different situations. From my Assembler language (uC-specific), hardware descrip-
point of view, a SoC consists of at least two or more micro- tion language HDL (Verilog /38/, VHDL /37/. Ella
electronic macro-components of complexities previously /41/, KARL /39/ /40/).

integrated separately into different single dies. Thus, such
components, aiso often called IP-cores (Intellectual Prop-
erty), can be distinguished by one or more of the following
criteria, characterizing also the major aspects of SoC-level
integration decisions (see figure 1):

Thus, SoC-technologies are the consequent continuation
of the ASIC technology, whereas complex functionalities,
that previously required heterogeneous componentsto be
merged onto a printed circuit board, are integrated within
one single silicon chip. The first SoCs appeared in the early
1990s and consisted almost exclusively of digital logic
constructions. Today SoCs are often mixed-technology
designs, including such diverse combinations as embed-

- integration technology, e.g. different MOS-/Bipolar
transistors and materials (Si, SiGe, GaAs, etc.), elec-
tronic/mechanical systems (MEMS), etc.

- signal domain, e.g. digital, analgg design sty!g, e.g. ded DRAM, high-performance or low-power logic, analog,
full-custom, semi-custom, pre-diffused, pre-wired + RF, and even more unusual technologies like Micro-Elec-
non-MOS styles tro-Mechanical Systems (MEMS) and optical input/output.

But this development also raises its problems, e. g. it takes
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an enormous amount of time and effort (-> cost) to design
and integrate a chip. The cornerstone of the required
change in design methodologies will be the augmented
use of parts from previous designs and by making use of
parts designed by third parties, which is called [P- or Core-
based design /10/ /15/ /16/. Dependent on application
constraints, important aspects for SoC solutions are:

- time-to-market constraints have to be fulfilled,

- SoC architecture flexibility, e.g. risk minimization by
adaptivity for application implementation, e.g. in cas-
es of late specification changes,

- long product life cycles, due to multi-standard/multi-
product implementation perspectives, and multi-pur-
pose usage to fabricate high volumes of the same SoC
(-> cost decrease per chip).

Recently, in addition to ASIC-based, one new promising
type of SoC architecture template is recognized by several
academic /4/ /31/ /32/ /28/ /28/ /30/ and first com-
mercial versions /17/ /18/ /19/ /21/ /23/ /24/ /25/:
Configurable SoCs (CSoCs), consisting of processor-,
memory-, probably ASIC-cores, and on-chip reconfigura-
ble hardware parts for customization to applications.
CSoCs combine the advantages of both: ASIC-based SoCs
and multichip-board development using standard compo-
nents, e.g. they require only minimal NRE costs, because
they don't need expensive ASIC-tools for developing al-
ways different and in the future very expensive mask sets,
every time the functionality or standards are changing.
Thus, besides other advantages, an enormous cost and
risk minimization perspective is obvious for industrial
CSoCs.

Technology IP-Cores (digital + analog)
MOS, Bipolar MEMS Optical, etc. CPU, DSP  rr’etc,
(Si, SiGe, GaAs) ASIC, Reconf.
s
Infineon ARM TI, etc.
Systemron-Chip ! g ==
Design Style
Specification/Programming

Full Standard  Pre- Pra-

Custom Cell diffused wired

— T
pL Embedded SW  HLL
/

Ella Karl Verlog VHDL SystemC C++ Java, etc.

Fig. 1. SoC-level Integration Design Spacea

In the following, recent fine- and coarse-grain reconfigura-
ble technologies as well as corresponding academic and
commercial developments in architectures and applications
are discussed. Reconfigurable hardware architectures have
been proven in different application areas /11/ /12/ /32/
/17/ /18/ to produce at least one order of magnitude in
power reduction and increase in performance. The focus
of this contribution will describe the actual status and re-
sults of an industrial/academic CSoC integration, consist-

ing of a SPARC-compatible LEON processor-core, a prom-
ising commercial coarse-grain XPP-array of suitable size
from PACT XPP Technologies AG (Muenchen, Germany),
and application-tailored global/local memory topology with
efficient multi-layer Amba-based communication interfac-
es. The XPP architecture is regular structured for arbitrari-
ly sized implementations, including regularity in combina-
tion with locality of data processing, e.g. for reducing power
consumption. The complete adaptive SoC architecture is
synthesized onto 0.18 and 0.13 ym UMC CMOS technol-
ogies at University of Karlsruhe (TH). Due to exponential
increasing CMOS mask costs, the essential aspects for
the industry are now risk-minimizing adaptivity and low cost
of SoCs, which can be realized by integrating reconfigura-
ble re-usable hardware parts on different granularities into
CSoCs. In the last years ASIC/SoC markets for computer
and communication applications had explosive revenue
increases, compared to industrial and automotive areas.
Relative to GSM, UMTS and 1S-95 will require intensive
layer 1 operations, which cannot be performed on today's
processors /26/ /27/. Thus, optimized Hw/Sw partition-
ing of such computation-intensive tasks is necessary,
whereas the flexibility to adapt to changing standards and
different operation modes has to be considered. Based
thereupon and future market demands, now several indus-
trial and academic CSoC approaches arise /17/ /18/ /
19/ /21/ /227 /23/ /25/ /28/ /29/ /30/ /31/ /32/.

2. Reconfigurable Technologies and
Power/Cost Trade-offs

Today's processing requirements are rapidly increasing as
well as changing for embedded electronic systems, e.g.
in emerging applications like mobile communications,
multimedia, automotive infotainment, telemetry and others,
performance demands are growing rapidly. With the growth
rate recently slowing down, the integration density of mi-
croprocessors is more and more falling back behind
Moore's law. Accelerators occupy most of the silicon chip
area. Compared to hardwired accelerators more flexibility
is provided by (dynamically) reconfigurable hardware parts,
which will be explained later.

The low power optimization requirements are becoming
more and more critical, either in the processor and espe-
cially in the embedded system world. The capacity of bat-
teries is growing extremely slow (doubling every 30 years),
especially compared to the increasing algorithm complex-
ity and performance requirements, e.g. in future wireless
algorithms (see figure 2). On the other side, the estimated
processor performance and power figures cannot fulfill
these requirements as well as the memory throughput de-
mands, e.g. only every 10 years the growth of memory
communication bandwidth is doubled. Because of the von
Neumann bottleneck, memory bandwidth is an important
issue. Avoiding this memory bottleneck not only by using
accelerators, but also by innovative computing architec-
tures, or even by breaking the dominance of the von Neu-
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mann machine paradigm is a promising goal of new trends
in embedded system development and CSE education.

Another, maybe most important aspect, is the exponential
increase of CMOS mask costs, which results in an essen-
tial risk and cost factors for all development and produc-
tion lines, e.g. smaller does in the future not necessarily
mean better and cheaper. Moore s law meant doubling
the number of transistors per die every eighteen months,
which results in more transistors on the same silicon area
at equivalent costs, or in the same number of transistors at
lower costs. This theory assumes the downscaling of tran-
sistor dimensions by V2 every eighteen months and that
the cost to process a wafer depends mainly on its size.
This "law" was fulfilled by the corresponding semiconduc-
tor industry for a long time this way and returned the ex-
pected efficiency. Unfortunately, we have to deal now with
a different situation, because the fixed costs for a semi-
conductor plant and to process a wafer have been in-
creased exponentially in the last years, e.g. the lithogra-
phy equipment and the cost per wafer mask set. This re-
sults in very high fixed cost factors for each wafer com-
pared to the relative small variable costs to process a wa-
ferthrough a fab line. The corresponding process and cost
interrelations were evaluated and quantized by Nick Treden-
nick in his Gilder Technology Report /33/. In figure 3 a)
the exponentially rising wafer fixed costs and the variable
watfer processing costs are illustrated dependent on the
transistor technologies, and figure 3 b) shows the cheap-
est transistors to be fabricated by fully amortized 250 nm
fabrication lines. The assumptions in figure 3 do not con-
sider the tremendous and even more increasing mask set
costs, so that smaller transistors will be even more expen-
sive. For more details about actual changes in semicon-
ductors, especially about the detailed quantization formu-
las and assumptions and finally resulting process adoption
rates, please see /33/. The former dominance of the pro-
cedural von Neumann microprocessor paradigm has been
due to its RAM-based flexibility and that in many cases no
application-specific silicon is needed.
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Throughput is the only limitation because of its sequential
nature of operation. But now a second RAM-based com-
puting paradigm is heading for mainstream: the applica-
tion of multi-grain (dynamically) reconfigurable hardware
architectures. Such kind of structural programming in space
- in contrast to von Neumann based programming in time -
provides massive parallelism at logic, operator and arith-
metic level, often more efficient than vN-based process
level parallelism. As a consequence of all facts and views
described above we have to target new ways in exploiting
the available silicon and technologies, e.g. not always the
newest and most highly integrated versions, in more effec-
tive way. To fulfill the cost, power as well as performance

requirements of today's and future algorithm complexities
new computing architectures and circuits with more effi-
ciency, flexibility and operation cleverness have to be de-
veloped and applied. Thus, today's fine-grain and espe-
cially coarse- as well as multi-grain {(dynamically) reconfig-
urable architectures will realize better performance / en-
ergy trade-offs than comparable mp, DSP or uController
platforms (see figure 5). Moreover, their (online) flexibility
and silicon re-use features will result in essential cost and
risk minimization effects necessary for future processor,
VLS! and System-on-Chip solutions. The application fields
and with corresponding complex algorithms and estimat-
ed ASIC/ASSP consumption are illustrated in figure 4.

The following section gives an overview on some selected
industrial and academic architectures and System-on-Chip
solutions applying fine- and coarse-grain (dynamicalily)
reconfigurable hardware datapaths for several of the above
mentioned algorithm fields.

3. Academic and Industrial System-

on-Chip Solutions

Today's fine-grain and early coarse-grain reconfigurable
hardware architectures are very useful in several applica-
tion fields and are alternatives to specialized {(multi-) proc-
essor solutions /4/ /7/ /8/ /1Q/ /11/ /12/ /13/ /17/ /
18/ /28/ /29/ /30/ /32/ /34/. But, a minor part of the
fine-grain area is used by CLBs (configurable logic blocks),
which are the logic resources. Major part of the area is
covered by a reconfigurable interconnect fabrics, provid-

Source: R. Hartenstein gxan’?ple of a linear* switch

net”: an electrically point

programmed ‘“‘wire” O

interconnect fabrics #) 2pinnet:  connect-
/ \ no branches  Point O ]
o
........................................ e Y SOV AUUY AN -t
(3) b ‘l - r1|~1 i Y ] li cdeelofondndny =5
= érv_] Lty (jLB o 8
i
o
g
2

=
RN IR AP SN PR A
FF S
—FLH-
LI

WJ v

connect box
switching -
transistor e s
; 3
SET 2
part of the 4L T 1 _}b CLB 8
configuration ks Forrabl L
iy o o110 o 5

A FE [ configurable
RAM T o B U logic block J -2

Fig. 6:

Ilustration of fine-grain reconfigurable hardware resources (FPGA: 1 configured “wire” shown) /34/

239



Informacije MIDEM 33(2003)4, str. 236-244

J. Becker: Configurability for Systems on Silicon:
Requirement and Perspective for Future VLSI Solutions

ing wire pieces, switch boxes, and connect boxes to con-
necta pin of a CLB, with a pin of another CLB by program-
ming a “soft wire” (an example shown in figure 6). The state
of each switching transistor is controlled by a Flip-flop (FF)
which is part of “hidden” configuration RAM (not shown in
figure 6), also used to program the CL.Bs to select the par-
ticular logic function of each. By downloading new config-
uration code all this can be re-programmed anywhere and
at any time. In the following an efficient fine-grain System-
on-Chip solution tailored to baseband voice coding algo-
rithm will be sketched. Within the MAIA CSoC a fine-grain
FPGA-core realizes the reconfigurable hardware part. In
general, the MAIA architecture consists of one control proc-
essor and other satellite units (can be processors, FPGAs
or other units such as MAC, see figure 7). During compu-
tation and reconfiguration sequential threads are instanti-
ated on the control processor, which configures the satel-
lite processors and the on-chip reconfigurable communi-
cation network and manages the overall control flow of ap-
plications, either in a static compiled order, or through a
dynamic real-time kernel. Thus, the architecture is recon-
figurable intwo respects - inter-satellite communication con-
figurations and the fine-grain FPGA hardware part. The
MAIA processor consists of a microprocessor core (ARMS8)
and 21 satellite processors: two MACs, two ALUs, eight
address generators, eight embedded memories (4
512x16bit, 4 1kx16bit) and an embedded low-energy
FPGA. Connections between satellites are accomplished
through 2-level hierarchical mesh-structured reconfigura-

Source: J. Rabaey, UC Berkeley
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ble interconnect network. The ARMS8 uses an interface
control unit to configure and communicate data with satel-
lites. The address generators and embedded memories
are distributed to supply multiple parallel data streams to
the computational elements. The MAIA chip was implement-
ed using 0.25U 6-level metal CMOS process with a sup-
ply voltage of 1V and additional voltages of 0.4V and 1.5V,
The die size of the implementation was 5.2mm x 6.7mm
with 1.2 million transistors at 40 MHz with an average power
dissipation of 1.6-2 mW. The Maia CSoC is optimized for
selected mobile communication application parts, e. g. a
full-rate VSELP voice coder algorithm was implemented at
30 MHz with 5.7 GOPS/Watt /31/.

Fine grain morphware lacks area/power-efficiency (figure
6). The physical integration density (transistors per chip)
of FPGAs is roughly 2 orders of magnitude worse than the
Gordon Moore Curve. Due to reconfigurability overhead
roughly about only one percent of these transistors de-
serve the real application, so that the logical integration
density is about 4 orders of magnitude behind Gordon
Moore. For high throughput requirements coarse-grain
reconfigurable hardware is the much more powerful and
more area-efficient, also providing a massive reduction of
embedded memory and time needed for configuration
/34/. Coarse grain morphware is also about one order of
magnitude more energy-efficient than fine-grain solutions
(figure Sand /1//2/ /3/). Whereas fine-grain FPGAs are
using single bit wide CLBs (figure 6), coarse-grain recon-
figurable Computing uses RPUs (reconfigurable process-
ing units), which, similar to ALUs, have major path widths,
like 32 bits, for instance. Important applications stem from
the performance limits of the “general purpose” proces-
sor, creating a demand for accelerators. Especially in ap-
plication areas like multimedia, wireless telecommunica-
tion, data communication and others, the throughput re-
quirements are growing faster than Moore's law (growth of
required bandwidth: figure 2), along with growing flexibility
requirements due to unstable standards and multi-stand-
ard operation /4/. Currently the requirements can be met
only by coarse-grain hardware arrays from a provider like
PACT (figure 9 and /5/).

First, a second selected academic CSoC example will be
sketched here. This is an application-tailored architecture
called DReAM /4/ /14/, a coarse-grain Dynamically
Reconfigurable Architecture for Mobile communication
systems. It was designed at the Darmstadt University of
Technology for the requirements of future mobile commu-
nications systems. Especially the application area of mo-
bile communication requires an adaptable SoG solution.
The total system view of such a CSoC is shown in figure 8
/4/. The datapath oriented DReAM array can be seen in
figure 8. It consists of an array of coarse-grained, dynam-
ically Reconfigurable Processing Units (RPUs), which are
connected with a local and a global communication net-
work. The RPU is the major hardware component of the
DReAM, which executes mainly arithmetic data manipula-
tions for signal processing parts. In addition, dual-port
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RAMs are used as Look-Up Tables when performing multi-
plications and the application-specific units are used for
PN-code correlation operations. The DReAM architecture
provides efficient and fast dynamic reconfiguration possi-
bilities, e.g. only partly and during runtime. Further details
to implemented examples and mapping techniques as well
as performance results, e.g. a RAKE-Receiver specifica-
tion for a data rate of 1.5 Mb/s based ona 0.35 ym CMOS-
process, can be found in /4/ /14/.

Next, two commercial CSoC solutions will be described:

the A7 architecture from Triscend with fine-grain on-
chip reconfigurable hardware /19/ /20/

the dynamically reconfigurable XPP Architecture from
PACT /23/, /24/,/6/,/7/

The A7 Configurable System-on-Chip (CSoC) device /19/,
/20/ is a complete, high-performance user-programma-
ble system, which contains an embedded 32-bit
ARM7TDMI RISC processor and an embedded program-
mable logic architecture, optimized for processor and bus
interface, a high-performance 32-bit internal bus support-
ing up to 455M-bytes per second peak transfer rates, and
16K-bytes of internal scratchpad SRAM memory and a
separate 8K-byte cache. The ARM7TDMI is a general-pur-
pose 32-bit RISC microprocessor that supports the com-
plete ARM 32-bit instruction set and the reduced 16-bit
instruction set. The ARM processor is integrated with oth-
er system components and the Configurable System Log-
ic (CSL) matrix to provide a complete CSoC system. The
embedded SRAM-based Configurable System Logic (CSL)

matrix provides full, easy-to-use system customization. The
high-performance programmable logic architecture con-
sists of a highly interconnected matrix of CSL cells. Re-
sources within the matrix provide seamless access to and
from the internal high-performance Configurable System
Interconnect (CSI) bus, interconnecting the embedded
processor, its peripherals, and the CSL matrix at a maxi-
mum speed of 60MHz. Each CSL cell performs various
potential functions, including combinatorial and sequen-
tial logic and the output blocks (PIOs) provide a highly flex-
ible interface between external functions and the internal
system bus.

A very interesting and promising approach for CSoC inte-
gration is the eXtreme Processing Platform (XPP) /23/
/24/, /86/ /7/ (see figure 9), realizing a new runtime re-
configurable data processing technology that replaces the
concept of instruction sequencing by configuration se-
quencing with high performance application areas envi-
sioned from embedded signal processing to co-process-
ing in different DSP-like application environments. The
adaptive reconfigurable data processing architecture con-
sist of following components:

Processing Array Elements (PAEs), organized as
Processing Arrays (PAs),

a packet oriented communication network,
a hierarchical Configuration Manager (CM) tree, and

a set of I/O modules.

This supports the execution of multiple data flow applica-
tions running in parallel. A PA together with one low level
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CM is referred as PAC (Processing Array Cluster). The low
level CM is responsible for writing configuration data into
the configurable objects of the PA. Typically, more than
one PAC is used to build a complete XPP device. Doing
so, additional CMs are introduced for configuration data
handling. With an increasing number of PACs on a device,
the configuration hardware assumes the structure of a tree
of CMs. The root CM of the tree is called the supervising
CM or SCM. This unit is usually connected to an external
or global RAM. The basic concept consists of replacing
the Von-Neumann instruction stream by automatic config-
uration sequencing and by processing data streams instead
of single machine words, similarto /12/. Duetothe XPP s
high regularity, a high level compiler can extract instruc-
tion level parallelism and pipelining that is implicitly con-
tained in algorithms /6/. The XPP can be used in several
fields, e.g. as image/video processing, encryption, and
baseband processing of next generation wireless stand-
ards, e.g. to realize also Software Radio approaches. 3G
systems, i.e. based on the UMTS standard, will be defined
to provide a transmission scheme which is highly flexible
and adaptable to new services. Relative to GSM, UMTS
and 1S-95 will require intensive layer 1 related operations,
which cannot be performed on today's processors /26/
/27/. Thus, an optimized HW/SW partitioning of these
computation-intensive tasks is necessary, whereas the flex-
ibility to adapt to changing standards and different opera-
tion modes (different services, QoS, BER, etc.) has to be
considered. Therefore, selected computation-intensive
signal processing tasks have to be migrated from software
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to hardware implementation, e.g. to ASIC or coarse-grain
reconfigurable hardware parts, like the XPP architecture.
Within the application area of future mobile phones de-
sired and important functionalities are gaming, video com-
pression for multimedia messaging, polyphone sound
(MIDD), etc. Therefore, a flexible, low cost hardware plat-
form with low power consumption is needed for realizing
necessary computation-intensive algorithms parts. Thus,
PACT implemented several of these functionalities onto the
cost-efficient 4x4 XPP array size, e.g. a 256-point FFT, a
real 16 tap FIR filter, and a video 2d DCT (8x8) for MPEG-
4 systems. Their newest commercial CSoC is calied SMeX-
PP and consists of a an ARM-7 EJS and an 4x4 XPP array
with efficient RAM-topologies promising a high boost in
performance and flexibility. The technical and commercial
trade-offs of this SMeXPP solution is described in /7/ and
/8/. First digital TV application performance results were
obtained by evaluating corresponding MPEG-4 algorithm
mappings onto the introduced ARM/XPP CSoC and based
onthe 0.13 pm CMOS technology synthesis results. Based
on this coarse-grain CSoC version, performance/cost re-
sults of an MPEG-4 application is currently under imple-
mentation, whereas the inverse DCT applied to 8x8 pixel
blocks can be performed by an 4x4 XPP-Array in 74 clock
cycles. Since the IDCT is one of the most complex opera-
tions in MPEG-4 algorithms, the preliminary clock frequen-
cy of 100 MHz based on 0.13 pm CMOS technology inte-
gration is sufficient for this real-time digital TV application
scenario.
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Another class of resources for reconfigurable computing
is called multi-grain reconfigurable hardware, where sev-
eral fine-grain pathwidth slices (2-/4-bits, for instance) with
slice bundling capability including carry signal propaga-
tion can be configured to be merged into RPUs with a path-
width of multiples of the slice path width (e. g. 16, 20, or
24 bits). Moreover, dependent on the targeted algorithm
classes, bitlevel data operations, wordlevel arithmetic in-
structions, or even control-driven FSMs should be support-
ed. These new hybrid architectures, combining the advan-
tages of fine- and coarse-grain circuits into novel generic
datapath approaches, are currently under development in
different specialized research programs, e.g. funded by
the German DFG and other institutions /35/.

4. SoC Education Aspects

The challenges in the development of application-tailored
SoCs influences and changes the traditional design flow
for chip, and thus today's engineering education. This
should have some impact to the way how students in elec-
tronic engineering departments are taught, e.g. courses
which fully cover all required skills for a SoC designer. The
traditional education for students enables them to design
stand-alone hardware components such as ASICs, instruc-
tion-set processor, memory, FPGA, analog and even RF
CMOS chips /36/. Specially educated engineers are re-
sponsible for combining these components to a system.
With the upcoming of SoCs these till now completely sep-
arate categories of design will merge to one design flow. A
chip will no longer be assembled at the gate level but at
the IP block level and IP interfaces /36/. Multidisciplinary
system thinking is required for future designs, e.g. a verti-
cal integration of system and application know-how with
CAD and technology knowledge has to be realized in ver-
tical education projects and labs (see figure 10). This edu-
cation goal could be achieved successfully by the co-work-
ing of students and faculty within real system design
projects, formalizing and encapsulating application-specific
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technigues into reusable methods, libraries and tools
shared by the entire educational community. Students and
universities need access to the latest technical and indus-
trial developments, and education has to be focused also
on techniques and theories which are fundamental and
time invariant. Such system architects /36/ should be able
to operate efficiently in interdisciplinary teams with highly
soft skilled members, required urgently by today's embed-
ded systems divisions.

5. Conclusions and Outlook

The paper has given an introduction and overview on recon-
figurable hardware systems and their VLSI integration. It
also has pointed out future trends driven by technology
progress and EDA innovations. Many system-level integrat-
ed future products without reconfigurability will not be com-
petitive. Instead of continuous technology progress and
deep-submicron integration more efficient and clever ar-
chitectures by (dynamically) reconfigurable platform usage
will often be the key to keep up the current innovation speed
beyond the technology limits of silicon. It is time to revisit
the available scientific results from reconfigurable-related
R&D to derive promising commercial solutions and corre-
sponding curricular updates in EE and CS education. Ex-
ponentially increasing CMOS mask costs demand adap-
tive and re-usable silicon, which can be efficiently realized
by integrating reconfigurable circuits of different granular-
ities into CSoCs, providing a potential for short time-to-
market and post-fabrication error/functionality corrections
(risk minimization!), multi-purpose/-standard features in-
cluding comfortable application updates within product life
cycles (volume increase: cost decrease). This results in
the fact that several major industry players are currently
integrating (dynamically) reconfigurable cores/datapaths
into their processor architectures and system-on-chip so-
Jutions.
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Fig. 10: CAD/VLSI Education Challenges and SoC Cost Aspects
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