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Abstract 

 
Microprocessors are today getting more and more 
inefficient for a growing range of applications. Its 
principles -The Von Neumann paradigm[3]- based on the 
sequential execution of algorithms will no longer be able 
to cope with the kind of highly computing intensive 
applications of multimedia world. 
Nowadays approaches to deal with these limitations 
consist in the following: 
- The first, and most natural way to increase the 
computing power is obviously to decrease the cycle 
execution time, thanks to new silicon technology: The 
functional frequencies for the newcomers CPUs are  now 
getting on the way to 2 GHz. 
- The second approach is co-design. The intended general 
purpose CPU will confide the computation of the most 
time demanding applications to a dedicated core. The 
most famous example are PC graphic cards which 
manage all the 2D and 3D display operations that even 
high-end CPUs are not able to handle efficiently. 
Both methods are not satisfying. The first one quickly 
finds its limitations in however limited functional 
frequencies and power consumption reduction, as the 
second requires the design of a new core for each 
intended algorithm. New parallel execution based 
machine paradigms must be considered. Thanks to their 
high level of flexibility structurally programmable 
architectures are potentially interesting candidates to 
overcome classical CPUs limitations. 
Based on a parallel execution model, we present in this 
paper a new dynamically reconfigurable architecture, 
dedicated to data oriented applications acceleration. 
Principles, realizations and comparative results will be 
exposed for some classical applications, targeted on 
different architectures. 
 

 

1. Introduction 

Nowadays silicon technologies allow the integration of 
entire systems on the same silicon die (SoC: System on 
Chip), putting together lots of different IP cores 
(Intellectual property). New highly constrained embedded 
products like cellular phones, pocket PCs are mostly based 
on a SoC approach (Figure 1). They are now facing new 
performances problems and need to be multimedia-ready  
for the incoming high bandwidth third generation networks 
like UMTS (up to 2Mbit/s bandwidth). 
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Figure 1. The  three main  SoC approaches 

There are different ways to face these new problems: 

- Use a more powerful or higher clocked DSP/µP 
(figure 1.1) than the ones used at present time; but it will 
probably not be feasible for the most demanding 
applications, as the resulting processor will grow until the 
size of a several hundreds megahertz Pentium-like core 
(such as the ones which take place in the most powerful 
PDA or pocket PCs), with the corresponding area, cost 
and consumption problems. 

- Another way consists in the use of a dedicated core to 
compute the common parts of the algorithms in a given 
application field (Figure 1.2). For example, if JPEG and 
MPEG based applications are targeted, we will make the 



 

choice of implementing a wired IDCT (Inverse Discrete 
Cosine Transform) core, which is known to be the 
common most time consuming part of both algorithms[8]. 
An interesting, but restrictive solution as the application 
field is thus not extensible.  

- Yet another way is the reconfigurable computing 
[2][3]. These kind of architectures are intended to exploit 
the parallelism of algorithms, by assigning multiple 
concurrent operations to multiples reconfigurable cell. 
FPGAs cores[1][11] are the most famous reconfigurable 
architectures, here depending on the target application 
different algorithm/architecture solutions could be 
synthesised (figure 1.3). 

Application areas of such reconfigurable high-
performance accelerators for wireless communication 
networks are potentially huge. The end-users portable 
device becomes field-adaptable by downloading software 
and configware (for the reconfigurable core) over the 
network down to the customers location: for instance for 
bug fixes, updates for changes (protocols and others), 
upgrading for new services (e. g. for innovating the 
network services), adaptation to environments, or, regional 
mobile phone standards (multi-standard handies!). 

2. Reconfigurable solutions 
Structurally programmable circuits like FPGAs offer a real 
alternative: providing new designs is replaced by 
reconfiguration within seconds. But one who choose 
FPGAs as accelerator[3] must pay the price for the 
ultimate flexibility, the fine-grained (bit-level) 
reconfigurable technology used shows its limitations in 
dataflow oriented applications where multiple arithmetic 
operators have to be synthesized. The highly 
combinational, regular structure of these ones are very 
area costly and inefficient (low functional frequencies) 
when mapped on FPGA technology. 
A study at MIT reports[12], that FPGAs use only one 
percent chip area for the real application, whereas the 
other 99% are used for reconfigurability artefacts (about 
10% configuration code memory, and about 90% for 
programmability of interconnect). 
In our context of digital signal processing oriented 
applications (dataflow dominated) the fine grain 
architecture of FPGAs is not suitable, as we primarily 
target arithmetic level operators synthesis. Coarse grain 
reconfigurable blocks are the alternative, providing 
hardwired adders, multipliers, configurable at the word 
level, they are also much more efficient. 
Our Systolic Ring architecture features a highly optimized, 
DSP-like coarse grain reconfigurable block (Figure 3) 
detailed on chapter 4. 
 
 

3. System overview 
Dataflow oriented applications require the use of coarse 
grained reconfigurable network. In this way, our approach 
follows an original concept (figure2): 
- The operative layer is no longer CLB based, but use a 

coarse-grained granularity component: The Dnode 
(Data node). It is a datapath component, with an ALU 
and a few registers, as shown in figure 3. This 
component is configured by a microinstruction code. 

- The configuration layer follows the same principle as 
FPGAs, it’s a RAM which contains the configuration 
of all the components (Dnodes and interconnect) of 
the operative layer. 

- We also use a custom RISC core with a dedicated 
instruction set as configuration controller; its task is to 
manage dynamically the configuration of the network 
and also to control the data communications between 
the reconfigurable core and the host CPU. 

  
This architecture is thus not intended to be a stand-alone 
solution, rather an IP core accelerator for data oriented 
intensive computing, which would take place in a SoC. 
Figure 2 shows schematically our system in a SoC context. 
The µP can thus confide the most demanding part of a 
given application to our IP core. 
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Figure 2. System overview 

 
From a functional point of view: 
- The operating system running on the host processor 
loads a given applications, specially designed for a co-
execution. The application is constituted by host-
executable code (directly loaded on the host memory) and 
Systolic Ring configuration controller executable code 
(management code). 
- The host processor first uploads the management code to 
the configuration controller memory (which has it own 
program memory). This object code is specially designed 
to manage dynamically the configuration of the network 
(the content of the RAM thus changes from one cycle to 



 

another), as to say, the functionality of the operating layer. 
Each clock cycle, the configuration controller is able to 
change up to the entire content of the RAM thanks to its 
dedicated instruction set. 
- Once done, our core is ready to compute. The host 
processor sends the data to the operating layer via a 
specific scheme and then get back the computed data. As 
the configuration is dynamically managed, it is possible to 
multiplex the sent data, and to compute them by several 
sequential (hardware multiplexing) or concurrent(static) 
synthesized datapaths. 

4. Operating layer architecture 

4.1 Dnode architecture 
This is the reconfigurable block of the system (figure 3), 
dedicated to word level computation, featuring a 16 bits  
arithmetic and logic unit (ALU) with an additional 
hardwired multiplier, a 4x16 bits register file and a special 
control unit. 
Its architecture is optimized for digital signal processing 
applications. It is able to compute up to two arithmetic 
operations each clock cycle, as the adder and multiplier 
operators can be associated in a fully combinational way. 
Its instruction set features for instance a MAC operation 
using this resources, thus accelerating multiply-and-
accumulate operations. All the possible operations can 
take place in a single clock cycle, even between two 
registers, with the result stored in one of these two 
registers (master-slave register architecture). 
Its corresponding microinstruction code, the configuration 
code, comes from a memory location in the configuration 
layer. As previously said, this code evolves during the 
computing phase, the functionality can thus be changed 
from one clock cycle to another (from an addition to a 
multiplication for example). 
Large realizations of dynamically reconfigurable 
architecture unfortunately imply non-linear network size / 
silicon area ratio, due to increasing routing needs and 
specially dynamical reconfiguration management. 
For instance a 256 Dnodes version of our architecture, still 
fully dynamically reconfigurable (the entire network 
configuration can be changed within a few clock cycles) 
would requires a prohibitive, disproportioned RISC 
configuration controller. 
Our way to solve this problem consists in a multi-level 
reconfigurable architecture; each Dnode has in fact two 
execution modes :  
- Global mode (normal mode), already described : the 

Dnode executes the microinstruction code which 
comes from the configuration layer, managed by the 
RISC configuration controller. 

 

- Local mode : the stand-alone mode : each Dnode has 
a special control unit constituted by 9 registers, a up 
to 8-states counter and a 8 to 1 multiplexer which 
forms a small local controller. Each one of the 8 first 
registers can contain a Dnode microinstruction code, 
and each clock cycle the counter increases the value 
on the multiplexer address input, thus sending the 
content of a register to the datapath part of the Dnode. 
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Figure 3. The Dnode architecture 

In this last mode the Dnode is able to compute various 
algorithms like MAC, serial digital filters, FIFO emulation 
without RISC controller overheading. This scheme, joined 
to a specific input/output Data controller (exposed later) 
allows very efficient and high bandwidth data oriented 
computation. 

4.2 The Ring architecture 
Related works[2][3] propose mesh, array or crossbar-
based operating layer architecture. 
- Mesh-based architectures. Even very flexible, these ones 
usually suffer from routing problems. Each reconfigurable 
block must feature full routing capabilities with the nearest 
neighbours for direct communications. Routing over 
longer distances are achieved by dedicated lines, and with 
new silicon technologies allowing giant reconfigurable 
architectures, this requires important routing capabilities, 
with no-more maintainable propagation delays (general 
SoC problem, die-long interconnections cause hard timing 
problems). 
- Crossbar based arrays. The routing capabilities are 
again usually quite satisfying, but area costly. The 
scalability of these architectures is also limited for the 
same reasons as mesh-based networks; and more specially 
FPGAs. The largest ones are facing propagation delay 
problems implying P&R tools to spend lot of time in 
routing phase. 



 

- Array-based architectures. Aiming to map pipeline 
character of datapaths, they are often bi-dimensionals. 
Again, the feedback operations of all kinds of  digital 
signal processing like algorithm require additional routing 
resources, area costly, and limits the scalability for next 
generations.  
 
All these architectures share the same routing-relative 
problems, which will become prohibitive, and thus limit 
the scalability in next generations silicon technologies. 
Our original approach to solve this problem takes place in 
the use of a curled bi-datapath structure: 

4.2.1 Forward : The main Dataflow 

We use a curled, pipelined systolic structure as shown in 
figure 4. All the D-nodes form a ring, which length (D-
nodes layers number) and width (Dnodes per-layer 
number) can easily be scaled. 
The Dnodes are organized in layers; a Dnodes layer is 
connected to the two adjacent ones by also dynamically 
reconfigurable switch components able to make any 
interconnection between two stages. It also manages data 
communications with the host processor by direct 
dedicated ports, and optional RISC communications via a 
shared bus. In normal mode, each Dnode can be seen as an 
arithmetic operator of a datapath which computes a data 
each clock cycle. In stand-alone mode each Dnode is like 
an autonomous CPU and can be seen as a ‘macro 
operator’. The structure is also flexible in the way that all 
Dnodes have not to run in the same mode, allowing the 
Systolic Ring to compute either in global mode (normal 
mode), local mode (stand-alone) or hybrid (normal and 
stand-alone) mode. 
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Figure 4. The Ring architecture 

4.2.2 Reverse: The secondary Dataflow 

The data feedback problem is addressed here: we use 
special feedback pipelines (figure 5), forming a reverse 

Dataflow to avoid complex routing structures. The last 
task performed by each switch is to write unconditionally 
(no control needed) the result computed by the previous 
Dnodes layer in a dedicated pipeline (each switch owns its 
pipeline), which allows the feedback of each data to the 
previous stages. Then these ones can choose to get these 
data through the switches, which have direct read access to 
all the pipelines. This technique ensures a good scalability 
of the architecture, as the routing problem is thus 
removed. These pipelines are also useful in RIF 
computation as the required delays on recursive branch are 
automatically achieved in them.  
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Figure 5. The Feedback network : An  
implementation example 

5. Comparisons & realizations 

5.1 Comparative Results  
A 8 Dnodes, 16 bits wide data buses version has a 
maximal computing power of 1600 MIPS at the typical 
200 MHz evaluated functional frequency, quite impressive 
compared to the 400 MIPS of a Pentium II 450 MHz 
processor. The theoretical maximum bandwidth of this 
version of the structure is about 3 Gbytes/s, limited to 250 
Mbytes/s in our implemented communication protocol (a 
PCI based bus) between the host CPU and the core. 
To program this structure we wrote an assembling tool, 
which parse both RISC level (for the control) and Ring 
level assembler primitives. It directly generates the 
machine object code, ready to be executed in the 
architecture. 

5.1.1 Algorithm implementation 

In the application field targeted by third generation 
systems we can find lots of video-relative techniques. 
Motion estimation (spatial redundancy removal, H.261 
compliant) and wavelet transform (JPEG2000 compliant) 
are two well known computing intensive digital 
compression techniques. The exposed results in both 
implementations are achieved in a Ring-16, 16 Dnodes 
version of our architecture 



 

Motion Estimation 
Table 1 shows the performances of the Systolic Ring 
compared with the ASIC architecture implemented in [7] 
and Intel MMX instructions [8] using the criterion of the 
number of cycles needed for matching a 8x8 reference 
block against its search area of 8 pixels displacement. 

Tab.1: Motion Estimation Performances 

 
Ring-16 

@ 200 MHz 
ASIC[7] 

@100MHz 
MMX[8] 

@ 400MHz 
Cycles 3757 581 28900 

 
The ASIC implementation is much faster than our solution 
at the price of flexibility: the Systolic Ring provides the 
advantage of hardware reuse and is also almost 8 times 
faster than an MMX solution. 
 
Wavelet Transform 
Our implementation uses the lifting scheme algorithm [11] 
and operates a 2D direct transform on an 1024x768 pixels 
16 bits coded image. One pixel sample is computed each 
clock cycle. Table 2 shows the comparative results of the 
differents wavelet transform implementations. The 
exposed results should take into account that 25 % of the 
Ring structure remains free for other computations. 

Tab.2: Wavelet transform Performances 

Circuit Techno Area Frequency Memory 

[10] 0.7 µm 48.4 mm² 50 MHz (768+30)x16 

[11] 0.25 µm 2.2 mm² 150 MHz 897 Bytes 

Ring-16 0.18µm 1.4mm² 200 MHz N/A 

 
Our structure shows again its efficiency in a such 
computing intensive context. All the exposed solutions are 
also able to compute a pixel sample per clock cycle, but 
area costly, and not flexible as dedicated to the wavelet 
transform. 

5.2 Prototyping, Synthesis results & future work 
The entire architecture (operating layer, configuration 
layer and configuration controller) has been described in 
VHDL. A 8 D-nodes, 16 bits data width version has been 
fully simulated, prototyped, and synthesised. The 
prototyping phase has been achieved on an Altera SOPC 
board featuring an APEX20K400 providing 400.000 
equivalent system gates. Figure 6 shows the chose design 
implementation details. A Ring-8 (8 Dnodes) version 
including the configuration controller has been 
synthesized and implemented (RING-8). This core reads 
its configuration code from a preloaded memory (PRG 
RAM), and apply the corresponding computations on an 
16 bits coded image also preloaded on another memory 

(IMAGE RAM). The resulting image is then wrote on 
video memory (VIDEO RAM) displayed on a monitor by 
an also synthesized VGA controller. 
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Figure 6. The APEX based prototype 

Here are the synthesis results  (table 3) in both 0.25µm 
and 0.18µm ST CMOS technologies. Areas and functional 
frequencies are Synopsys Design Compiler estimations. 

Tab.3: Synthesis results 

 0.25µm 0.18µm 
D-node area 0.06 mm2 0.04 mm2 
Core area 0.9 mm2 0.7 mm2 

Est. Frequency 180 MHz 200 MHz 
 
The low area of each D-node, joined to the exposed 
specific architecture shows that this one could easily be 
scaled to larger realizations. Figure 7 shows a foreseeable 
.18µm technology, 12 mm2 die area SoC for high 
constrained embedded solution. Our specific architecture 
allows the integration of a powerful 64 Dnodes version of 
our Ring (3.4 mm2 on-die area) with a widely used ARM7 
CPU, able to run various operating systems like windows 
CE, Linux. 
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Figure 7. A foreseeable SoC 

This kind of solutions could provide a great computation 
power/cost trade-off, which combines the flexibility of a 
CPU / reconfigurable architecture couple with the 
efficiency of applications dedicated cores. 



 

6. Conclusion 
We have proposed a new coarse grained arithmetic block 
based dynamically reconfigurable architecture which 
proves its efficiency in data oriented processing. Its 
scalability shows that the application field can not only be 
limited to embedded high-constrained applications, but 
can also be very useful in other contexts, where data 
oriented high data bandwidth processing remains critical. 
A small 8-Dnodes version of this structure already 
provides up to 1600 MIPS of raw power for data 
dominated applications with a sustained data rate of 3 
Gbytes/s at 200 MHz, either in global or local mode. 
Efficient dataflows control operations are usually hard to 
achieve in all kinds of coarse grain reconfigurable 
architectures due to the lack of fine grain logic (used to 
control FSM synthesis). This limits the field of forseeable 
applications to highly dataflow dominated algorithms, and 
for instance, the integration of a RIF filter using resource 
sharing (fewer operator than normally required on 
hardware inplementation) is impossible without very 
efficient dynamical reconfiguration implementation, 
allowing to change each clock cycle the functionnality 
(multiplication, and then addition...). Our approach 
featuring a dual layer configuration scheme (global and 
local) overcomes these limitations, allowing efficient 
concurrent Dnode configuration switching (control 
operations). This allows efficient algorithm ‘compilation’ 
by the ability to identify macro-operators (RIF, RII, FIFOs 
& LIFOs, trigonometric op., etc.) on the high level 
description, and directly map them onto Dnodes thanks to 
local mode. 
Our future work takes place in the realization of an 
efficient compiling/profiling tool, the key to success of 
reconfigurable computing architectures. 
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