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1 Introduction and Motivation 
 
This paper describes the research being conducted for my PhD program. It includes a 
literature review, discussion of Reconfigurable System on Chip, historical and recent 
developments in areas of Digital Radio plus a timeline and description of resources. 
 
As an emerging technology, Digital Radio (or Software Defined Radio) shows 
promise in terms of improved audio quality, enhanced content delivery and 
multifunctional platforms. However, there are a number of different standards for 
Digital Radio, which can vary from country to country and region to region. The 
reasons for this depend on a number of factors including the cost of moving from 
conventional analogue transmission and some geographical considerations. 
 
As a consequence, there is a desire to make Software Defined Radio, where the Radio 
receiver can automatically choose the most suitable (or available) mode of reception 
and method of content delivery. The high data rates of Digital Radio require very high 
processing capabilities, and these may not always be best achieved in software. Thus 
there will be a need to implement some processing in hardware. However, whatever 
platform is chosen, an Operating System will be required to manage the system 
resources, especially battery life, through improved efficiency. 
 
This dynamic environment may be harder to control than one which is “ ready for 
anything” , but it can also be more efficient, through design, and therefore more suited 
to the portable environment where size, weight and battery life are important factors. 
 
It would be reasonable to consider this environment as a heterogeneous system, 
consisting of different devices, processing elements, interfaces, users, states etc. A 
Heterogeneous Reconfigurable System on Chip (HRSoC), which has a controlling 
CPU attached to a reconfigurable fabric or array, allows us to design a Digital Radio 
receiver in incremental stages which can have dynamic implementation of various 
functions according to processing need and power restrictions, such as loading an 
audio decoder module when needed, or switching off a video decoder if no video 
information (or display) is present. It is also possible to compare the implementation 
of these tasks in software as well as hardware, and to determine how to optimise the 
use of available HRSoC resources. 
 
A very recent paper states, “One of the most challenging tasks in modern System-on-
Chip design projects is to map a complex application onto a heterogeneous 
architecture in adherence to the specified performance and cost requirements “ [16]. 
 
I will be investigating the role of the controlling CPU, the Real-Time Operating 
System (RTOS), the energy, area and control complexity of the reconfigurable array, 
and how to map the Digital Radio algorithm onto both hardware and software. 
 
The particular Digital Radio algorithm I am investigating is Digital Audio 
Broadcasting Eureka 147. This is of interest because of its high computational 
complexity, modularity and setup based on user demand and reception environment 
changes. It is also the standard to be adopted in Australia. 
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Further research will focus on Network on Chip communication methods, shared-
memory, inter-process communication, partitioning of the algorithm in hardware and 
software, and resource management by the operating system. 
 
Research has shown improvements in energy efficiency and speedup by decoupling 
data flow and control flow and I will be investigating how this can be exploited in this 
system. I will also be investigating how tasks can be dynamically migrated, even 
during partial processing. 
 
From this I hope to achieve outcomes that improve modelling and design 
methodologies and tools, and assist in efficient runtime control of this flexible 
computing medium. 
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1.1 Digital Radio 
Digital Radio has been developed over a number of years and has been adopted in 
various forms in different countries. Europe is one area that has shown a reasonably 
swift uptake of services. The British Broadcasting Service (BBC) began its service in 
London in September 1995. There are several Digital Radio Standards and the one 
adopted by the BBC is the Eureka 147 Digital Audio Broadcast DAB standard [3]. 
 
In fact, in order to entice listeners to buy Digital Radio receivers, the BBC is offering 
an “amnesty” , where consumers can trade in their old analogue radios and receive a 
10% discount on a Digital Radio. The old radios will be reconditioned and donated to 
Africa [13]. 
 
Analogue radios are limited in function and generally only provide audio. Also, 
transmitters must use a unique transmission frequency for each station within a region 
and are generally limited to mono on the AM bands, whereas the FM bands do 
provide a reasonable high audio-bandwidth stereo signal. However FM transmitters 
also operate at a higher carrier frequency than AM. [14] 
 
Digital Radio can operate on Single Frequency Networks and provide multiple 
channels in the one transmission signal. It also has the capacity to provide enhanced 
content including text, graphics, user-pays extras, different language options, weather 
and traffic updates etc. It is also not limited to just providing stereo, as user demand 
may drive the introduction of multi-channel content such as 5.1 channel surround-
sound [15] 

1.1.1 Digital Radio Standards 
 
Standard Comment 
Eureka 147 DAB Non-propr ietary. Typically 5 CD quality Stereo 

Channels or up to 20 services of lesser quality. 
Rich mix of extra services 

In-Band On-Channel IBOC Propr ietary system. Narrowband digital simulcast 
plus limited data capacity alongside existing 
analogue AM or FM radio service 

Digital Radio Mondiale (DRM) Non-propr ietary delivery in HF and MF bands. 
Narrowband. Single digital service. Similar to 
monophonic FM quality. Limited extra services 

Table 1 Digital Radio Standards [5] 
 

Digital Radio Mondiale (DRM) is described as the replacement for AM radio [4] and 
is the subject of work being undertaken by the 4S Consortium in Europe (see Section 
3.1 below). DAB is expected to replace FM transmissions [15]. 
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1.1.2 Digital Audio Broadcasting (DAB) Eureka 147 
 According to [3], DAB offers  

·  Easy listening - no retuning  
·  Interference free reception  
·  New stations  
·  Text and data  

 

Figure 1 BBC Digital Radio “ Mulitplex"  [3] 
 
 

Time 
0000 - 1059 1100 - 1859 1900 - 2359 

Radio 1 (192 Kbit/s) 
Radio 2 (192 Kbit/s) 
Radio 3 (192 Kbit/s) 
Radio 4 (192 Kbit/s) 
Radio 5 (96 Kbit/s) 

Unused  5 Live Sport+ (80 Kbit/s) Unused  

Parliament - currently unavailable 
World Service (80 Kbit/s) 

BBC Xtra (192 Kbit/s) BBC Xtra (112 Kbit/s) BBC Xtra (192 Kbit/s)  
 
Table 2 Diagram of BBC transmissions and encoding rates [3] 
 
DAB produces a digital “multiplex”  which has a raw data rate of 2.3 Mbit/sec and a 
bandwidth of about 1.5MHz [15] 
 
The audio component of the signal is generated using the MUSICAM system based 
on MPEG Audio Layer 2 encoding. This system is based on a psychoacoustic model 
which recognises that human hearing is responsive to a “masking threshold”  and is 
insensitive to signals that are below this threshold. Basically a signal can be “masked” 
by another simultaneously occurring signal, if that other signal is of sufficient 
magnitude or bandwidth (see Figure 2 Hearing Threshold model below). The 
reasoning then, is that the ear is unaware of the masked signal and won’ t notice if it is 
not present. The encoder then only processes the masking signal, saving on the 
effective bit-rate by not encoding the masked signal.  
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Figure 2 Hear ing Threshold model [15]  

1.1.3 DAB in Australia 
Trials of Eureka 147 DAB transmissions have been underway in Sydney and 
Melbourne for a couple of years [5]. As it is possible that Eureka 147 DAB will 
become the adopted standard for Australia, I will be investigating the implementation 
of this standard on HRSoC. UPDATE: October 14, 2005. Australian Government 
announces introduction of Digital Radio in Australia 
[ http://www.digitalradioaustralia.com.au/ ] . 
 
No doubt, as Digital Radio becomes more common and more applications become 
available, consumers will demand more from it. This will drive the requirement to 
have systems that can be upgraded without having to throw the hardware away and 
this is a strong motivation to investigate this field. 

1.2 Reconfigurable System on Chip 
A typical microcontroller represents a System on Chip (SoC) and will usually include 
in-built clock generators, I/O ports, memory interfacing, timers, UARTs, A/D and 
D/A converters. It may include some form of DSP [7]. However these tend to be 
Application Specific ICs (ASIC) and manufacturers make a bewildering array of 
different versions to try and accommodate the designer’s requirements. A designer 
may want an 8-bit external data path, but need 32-bit maths functions. If the 
manufacturer had produced a 32-bit external data path, the designer may not want to 
use all of it, and it gets expensive to add the extra pins. However, with a 
reconfigurable architecture, the designer could decide at runtime what data width to 
use and dynamically assign pins to the function.  
 
With some FPGAs having many hundreds of thousands of gates available [8], the 
capacity to implement complete Systems on Chip becomes more of a reality. As 
manufacturers add more dedicated functions to the FPGA, there is less need to use 
dedicated peripheral devices and one very useful setup is the System on Chip, which 
can have a CPU to control other programmable devices. Reconfigurable System on 
Chip (rSoC) allows us to dynamically implement functions as needed and to remove 
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them from the system if they are not required. This allows the operating system to 
manage the resource instances and the power requirements. 
Among the processor architectures implemented in different forms on various SoC are 
ARM, MIPS, PowerPC, x86 and most of these have Linux support. In fact, many of 
these architectures can be mixed on various manufacturer FPGA platforms [9]. This 
allows the designer to choose a controller of their choice with a suitable mix of coarse 
and fine-grained implementations. 

1.3 Coarse-Grained Architectures 
Granularity is one of the abstraction levels that describe a given architecture. Gate 
level logic such as NAND, NOR, EXOR etc are fine-grained. Anything as large as an 
Arithmetic Logic Unit (ALU) will generally be regarded as coarse-grained [10]. 
Elements commonly found in digital radio receivers include Viterbi decoders, bit de-
interleavers, MPEG2 decoders etc. These are high-level abstractions that may not be 
commonly available to the designer as discrete IP elements of an FPGA, so they have 
to be translated from concept to implementation on finer-grained elements. An FFT 
requires various multiplications and additions plus some memory and data 
reorganisation [11]. Because the size of an FFT may vary according to the accuracy 
required, it might be more convenient to combine lower granularity elements to 
provide the equivalent functionality. For example, a system may provide optimum 
accuracy with a 128-point FFT, yet occasionally get by with 32-point if conditions 
allow for it. This may be in response to a change in the transmission mode. 
 
DAB involves many different types of processing element, many of them coarse-
grained [15]. Because different FPGA platforms have different functional and 
granularity levels, there is a challenge in providing an optimal architectural mapping 
of DAB functional blocks to FPGA elements. 

1.4 Architectural mapping 
 
Architectural mapping can involve Static, Dynamic, Temporal and Spatial mapping.  
 
For various reasons the system may need to change the placement or interconnection 
of devices or processors etc. It is possible that a new platform may contain more of a 
certain processing element, or more memory, or higher bandwidth channels [16]. 
 
Static mapping would usually involve the controlling processor as it is highly unlikely 
the processor will wish to relocate itself. 
 
Dynamic mapping involves the loading, reconfiguring and relocation of tasks during 
runtime according to demand or other attributes such as availability, energy 
requirements or Quality of Service.  
 
Temporal mapping involves the placement and execution of tasks across time, either 
because of inherent sequential nature or resource unavailability.  
 
Spatial mapping involves the placement and execution of tasks across the available 
area or processing elements. A parallel function might be mapped onto many similar 
processing elements, giving the same throughput as a single PE running at a higher 
clock speed. 
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2 Review of Previous Work 

2.1 Reconfigurable Hardware  
 
A number of Reconfigurable architectures exist [26]. These vary from reconfigurable 
arrays or fabrics, with external controllers, up to complete System on Chip 
implementations with on-chip controllers.  
 
The selection of a given architecture depends very much on the intended use. For 
instance, an application with a high percentage of mathematical functions may be 
better placed on an architecture with mostly DSP elements. The majority of 
Reconfigurable architectures target on-the-fly reconfiguration, causing the minimum 
disruption to an already running system. 

2.1.1 PACT Arrays 
 
PACT Arrays are designed by PACT XPP Technologies in Germany.  
 
The XPP64-A is built from an 8 x 8 array of ALU-PAEs (Processing Array Elements) 
with 2 rows of RAM-PAEs at the edges. Four versatile I/O interfaces connect the 
internal data paths to external RAMs or data ports. A configuration manager with 
integrated cache memory loads configurations onto the array and controls the 
configuration sequencing [18]. 
 
 

  
Figure 3 Pact Array Architecture [18]  Figure 4 XPP Array on 130nm CMOS [19] 
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Each ALU-PAE processes 24 bit words using a DSP-based instruction set. RAM-
PAEs contain 512x24 bits of dual-ported SRAM and can be configured as standard 
RAM and FIFO modes. Each PAE also includes individually configurable vertical 
and horizontal routing resources. Four dual-channel Input/Output ports, capable of 
functioning in streaming and RAM-addressing modes, handle external communication 
[19]. 

 

 
Figure 5 Integrated design flow for  reconfigurable hardware and controller  [19] 

 

The XPP configuration and environment is created using annotated C code. The parts 
of the description or program that are not relevant to the XPP are annotated and the 
compiler partitions the code so that the relevant XPP parts are passed to the 
Vectorising Compiler (XPP-VC) , while the remainder are passed to the compiler for 
the controller system. In this way, the whole design can be expressed in C code and 
compiled directly from it [20]. 

 

 
Figure 6 Typical implementation with external controller  [21] 
 

The figure above shows the Smart Media Processor application from PACT using an 
external controller (ARM7) running the operating system. 
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2.1.2 Garp  
 
Garp features a single-issue microprocessor with a rapidly reconfigurable array 
attached as a coprocessor for loop acceleration. This is implemented as a System on 
Chip (SoC). 
 
 
 

 
Figure 7 Garp architecture and usage conventions [22], 2000 

 
 
Garp’s coprocessor is a two-dimensional array of configurable logic blocks (CLBs). 
Array details dictate that modules run horizontally along a row : fast, flexible carry 
chains running along each row enable fast sums and comparisons, while horizontal 
wire channels between rows enable fast shifts between adjacent modules. Vertical 
buses of various lengths connect modules to each other to form a standard bitslice 
layout. Each row contains the equivalent of two 32-bit registers across its middle 
section; one is typically used at a module’s output, while the other can be used to 
buffer data arriving over a long bus, or to receive data arriving from memory. 
 
The Garp architecture also has memory queues for streaming data into and out of the 
array. When a queue is utilized, the array does not provide the access address, as the 
starting address and stride are provided by the microprocessor when the queue is 
initialized. 
 
One of Garp’s novel features is the array’s fixed clock frequency and simplified 
timing model. The timing model enumerates exactly which combinations of routing 
and computation delay in series can be traversed in one clock cycle or less. For 
example, a module can receive an operand over a short vertical bus and perform a 
carry chain computation within a single cycle. [22] 
 
In [23], the authors made some strong criticisms of the architectures available at the 
time (1997). Any computer built wholly out of FPGAs must overcome some obstacles: 
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·  FPGA machines are rarely large enough to encode entire interesting 
programs all at once. Smaller configurations handling different pieces of a 
program must be swapped in over time. Reconfiguration time is an issue 

·  No circuit constructed with an FPGA can be as efficient as the same circuit in 
dedicated hardware. Circuits are slower and bigger 

·  Problems that are worth solving with FPGAs usually involve more data than 
can be kept in the FPGAs themselves. No standard model exists for attaching 
external memory to FPGAs.  Large memor ies are typically external 

·  Wide acceptance in the marketplace requires binary compatibility among a 
range of implementations. The current crop of FPGAs, on the other hand, 
must be reprogrammed for each new chip version, even within the same FPGA 
family. Scalability is an ongoing issue for  architectural mapping.  

 

 
Figure 8 Basic Garp Block Diagram in 1997 [23] 

 
The figure above shows the initial architecture concept for Garp that was used during 
simulations. Since then, the researchers have added a configuration cache, which 
allows a reloaded reconfiguration in 5 cycles, rather than a few thousand for a new 
configuration. This is a similar principle to the PACT Array shown in Section 2.1.1 
above. 
 
When the array is operating, the controller sleeps, so speedup as a result of using the 
array instead of executing an instruction loop on the controller is critical. 

2.1.3 Morphosys 
Morphosys, developed by University of California, Irvine in 2000 is described as “a 
reconfigurable computing system developed to investigate the effectiveness of 
combining reconfigurable hardware with general-purpose processors for word-level, 
computation-intensive applications. It is a coarse-grain, integrated and 
reconfigurable system-on-chip, targeted at high-throughput and data-parallel 
applications. It is comprised of a reconfigurable array of processing cells, a modified 
RISC processor core and an efficient memory interface unit.”  [24] 
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Figure 9 Morphosys Architecture [24]           Figure 10  Morphosys implementation [24] 
 
 
Figure 9 shows an architecture concept that is common among Reconfigurable System 
on Chip implementations, where a controlling processor is embedded in the system, 
and under the direction of the Operating System, farms work out to other devices such 
as the reconfigurable array.  The Core Processor, (TinyRISC) executes sequential 
tasks of the application, while the Reconfigurable Cell can be used to handle the 
parallelism that may exist in an application’s algorithm.  
The Morphosys applications and details are further explored in [25] [26] [27]. 

2.2 Comparison 
 
Architecture Advantages Disadvantages 
Pact Compilation from C Code 

Configuration caches speedup 
reuse 
Good choice for streaming data 
Flexible choice of main controller 

Current large physical 
implementation may make it 
unattractive for handheld 
devices 

Garp Configuration caches allow rapid 
reconfiguration 
 
Automatic compilation 

Main processor is needed to 
control loading and execution 
of configuration.  
Array and controller share 
memory busses, so controller 
sleeps during array execution. 
Fixed main controller 

Morphosys Frame Buffer and DMA controller 
allow faster memory access 

Could be high hardware cost 
Fixed main controller  

 

2.3 Coprocessors 
 
Coprocessors have been around for some time in various forms and one of the most 
notable is the “80x87” Maths coprocessor, which Intel released in the early 1980s. In 
1985 the concept of “embedded” controllers was described by Intel as “buried”  
microprocessors [6]. Coprocessors are designed to take certain types of loads off the 
CPU. These are usually fairly specific tasks which a General Purpose Processor (GPP) 
is not designed to do quickly or efficiently. 
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2.3.1 Numerical 
Intel released the 8232 single-chip arithmetic processor for the 8080/8085 processors 
in 1979. It could run at 2 MHz and perform a 32-bit multiply in 100 us. The 8087 
Numeric Processor Extension NPU (Maths Coprocessor) added extra functionality to 
80x86-based systems by extending the CPU instruction set and performing the maths 
intensive operations off the CPU, resulting in speedups of 10 -100 for integers and  
more than 500 for Square Root functions [6]. The NPU has since been built-in to 
80x86 devices since the 486DX CPU was released in 1989/90 [12].  
 
DAB requires high speed mathematical functions for transformations such as FFT and 
having some type of Numerical Coprocessor will certainly speedup this constantly 
used function. The FFT will have to be mapped to available mathematical or DSP 
functions on the target platform, rather than on a GPP. 
 

 

2.4 Existing DAB receivers 
 

Digital Radio generally involves compressing a lot of information into a narrow 
bandwidth signal. This requires careful design of transmitter-side encoding and 
receiver-side decoding.  

 
DAB receivers are available in Car Radio format as well as benchtop models such as 
the “BUG” DAB receiver [50]. Jaycar Electronics sells a benchtop model as well for 
about $300, although it only uses a 2 line LCD display, so it wouldn’ t display much in 
the way of graphics and wouldn’ t be much of a games platform [28]. 
 

  
Figure 11 Jaycar  DAB Benchtop [28] Figure 12 The DAB " BUG"  [30] 
 
There are more than 40 DAB receiver models available in the UK, starting at about 
£60 ($150 AUS) [30]. 
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Figure 13 Atmel “ One-chip”  DAB receiver  U2739M-A functional diagram [2] 
 
Figure 13 shows a “one-chip”  solution to providing a DAB receiver. It uses off-chip 
SRAM and an external microcontroller. It requires a couple of peripheral devices of 
equivalent physical size to perform the job. Although it would perform well as a DAB 
receiver, that is all it does. So it probably can’ t be used for any other Digital Radio 
format and it does require an external microcontroller. It is also “set in stone” as its 
upgrade path is rather limited. It has a typical operating voltage of 3.3 VDC and 
dynamic power consumption of 860mW [2]. 
 
Using an rSoC FPGA such as the Xilinx Microblaze-based FPGA provides on-chip 
controller functionality and many larger capacity FPGAs could have the de-
interleaving RAM on-chip as well. It also allows for the reception and decoding of 
more than one Radio format, which makes it a more attractive proposition for use in 
places like Europe which has more than one Digital Radio standard [3]. 
 
Portable DAB receivers typically last about 6 -12 hours on 2 AA batteries [30]. 

 



Architectural Mapping for Coarse-Grained Heterogeneous Reconfigurable System on Chip 

Ian Clough 14 13/12/2005 

2.5 Software  

2.5.1 Linux 
Linux is a popular Operating System (OS) for embedded devices and due to its 
scalability can be configured at run-time for optimum resource use by only loading 
necessary modules. It also allows dynamic loading and removing of modules as 
needed [1]. 
 
Because there are so many variants of Linux available, with significant commonality 
and developer community support, it is a well suited OS for this project, as there is a 
version available called uClinux, which is a port of the Linux operating system to 
embedded processors lacking a Memory Management Unit (MMU) [29]. As I will be 
investigating certain parts of the project on Linux and uClinux, it allows for 
meaningful comparisons between implementations on different platforms. 

2.5.2 Power management 
 

Although readers may be familiar with Power Management Systems on desktop and 
laptop computers, these are absolutely crucial to the long term operation of portable 
devices. Apart from saving energy, these may also extend component life. 
 
According to [34], “ENIAC had 18,000 vacuum tubes and consumed 140,000 watts of 
power” . With devices such as the Intel Pentium 4 reaching over 125 Million 
Transistors [31], it would be hoped that each one was being used efficiently as power 
consumption can reach 75 watts [32]. Some FPGAs have power needs of up to 16 
watts, or as little as 2 watts [33]. We have come a long way since the heady days of 
being able to bake bread inside a computer, but it is still very important to be as frugal 
as possible with battery powered devices 
 
Dynamic loading/connection of devices can be handled by the Operating System and 
where a complex set of decisions has to be made in order to optimise this, the best 
way would seem to be in software. 

2.5.3 Scheduling 
 
Linux deals with scheduling in a number of ways, as the table below shows.  
 
Scheduling Class Comment 
Interactive These are responsible for dealing with the user, such as key 

presses, mouse movements, scroll wheels etc. Response times 
would be between 50 and 150 milliseconds 

Batch Typically run in the background. Not apparent to the user 
generally. Can be processes that produce output that is not 
absolutely time-critical, such as updating weather reports 

Real-Time Usually run at the highest priority. Responsible for keeping 
streaming data active and fluid. 

 
Table 3 Some Linux scheduling methods [1] 
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The response time of the scheduling will play a critical part in determining the best 
way to manage the heterogeneous devices in the rSoC. 

2.5.4 Message Passing 
 
Two of the different methods employed to effect communication between or among 
different processes or processors are PVM and MPI. Both have compelling merits and 
their overall suitability depends much on the intended application and target 
architectures 

2.5.4.1 PVM Parallel Vir tual Machine 
PVM is described as “a software package that permits a heterogeneous collection of 
Unix and/or Windows computers hooked together by a network to be used as a single 
large parallel computer”  [42]  
PVM has been around since 1989 and has several operating principles, namely: 
 

·  User-configured host pool : Where the user decides which devices/machines 
are used, and can add and remove them dynamically during a run 

·  Translucent access to hardware: Applications can “ run anywhere”  or use 
specific processor capabilities 

·  Process-based computation: processes are not hard-mapped to any particular 
processor 

·  Explicit message-passing model:  “Tasks…..cooperate by explicitly sending 
and receiving messages to one another”  

·  Heterogeneity support: PVM can work with different processor and network 
architectures (after [43]) 

 
From these principles can be seen desirable aspects of operation for Heterogeneous 
rSoC. One slight difference is that the User-configured host pool would actually be 
decided during run-time by the Operating System, using guidelines setup at design 
time. “Run-anywhere”  applications and soft-mapping of processes are desirable 
outcomes to allow dynamic mapping if the system needs to move an application to 
achieve better throughput or energy management. 

2.5.4.2 MPI  Message Passing Inter face 
 The MPI interface was developed with the intent of encompassing all of the 
message-passing constructs and features of various Massively Parallel Processors 
(MPP) and networked clusters so that programs would execute on each type of system. 
The portability achieved by MPI means that a program written for one architecture 
can be copied to a second architecture, compiled and executed without modification. 

In MPI a group of tasks can be arranged in a specific logical interconnection 
topology. Communication among tasks then takes place within that topology with the 
hope that the underlying physical network topology will correspond and expedite the 
message transfers. [44]. 

MPI is not as fault tolerant as PVM. The Virtual Machine can be setup to pass a task 
onto another host within the Virtual Machine in the event of an error. MPI only 
guarantees a method to exit the program after an error. 
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2.5.5 Inter Process Communications (IPC) 
 
Communication between modules needs to occur without modules having to know 
anything about each other. Modules also require no knowledge of the presence of 
each other. There should be seamless information transfer between them. 
 
There are two main classes of communication exchange, assisted and independent. 
 

·  Assisted will be where the Operating System is responsible for transporting 
the message. 

·  Independent will be where the modules pass messages between each other 
without explicit interaction with the Operating System. 

 
There are four categories of module communications: 
 
Software-software (SW-SW): Usually within the controller/operating system 
Hardware-software (HW-SW): Between the rSoC and the controller 
Software-hardware (SW-HW): Between the controller and the rSoC 
Hardware-hardware (HW-HW): Between rSoC devices 
 
Linux has several IPC forms, namely: 
 

·  Pipes: A one-way information flow regarded as a virtual file. Output from 
some information producer is piped to an information consumer. No 
physical file is required. 

 
·  FIFOs or named pipes: A FIFO is associated with a kernel buffer which 

temporarily stores data exchanged between two or more processes. Can be 
bidirectional 

 
·  Semaphores: Basically it is a location in memory whose value can be tested 

and set by more than one process 
 
·  Messages: Allow processes to exchange messages (short blocks of data) by 

reading and writing them in predefined message queues 
 
·  Shared memory regions: Where large blocks of data must be exchanged this 

can be the most efficient form of process communication [1]. 
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2.6 Hardware Software Codesign 
  

 

 
 

Figure 14  4S Project CoDesign model [35] 
 
The above figure shows the approach taken by the 4S Consortium towards 
Codesign. A high level system description is created for input to a partitioning and 
compiling system. The Design Iteration stage allows for refinement of the Task 
Sets before their implementation on the rSoC.  
 
As seen before in Section 2.1.1 (PACT Arrays), an algorithm can be described in a 
high level language such as C using annotations which the partitioning tool uses to 
separate the array description from the rest of the system. Software designed to 
run on the controller is compiled separately to that for the array. These tools are 
still in the developmental stage and are far from fully integrated. 
 
The task sets will be used by the RTOS to configure the various tiles and network. 
Extra application such as OSYRES, running on top of the RTOS will be 
responsible for efficient distribution of tasks to the various tiles by implementation 
of Task Graphs. 

 



Architectural Mapping for Coarse-Grained Heterogeneous Reconfigurable System on Chip 

Ian Clough 18 13/12/2005 

2.7 Network on chip 
 
As can be seen in Figure 15 below, a reconfigurable platform can use a reconfigurable 
network.  
 

 
 

Figure 15 Reconfigurable network application [35] 
 
Common communication methods include bus, point-to-point, packet-switch and 
multiplexer. 
 
A network-on-chip may consist of one or more of these methods. The choice of 
method will depend on what it is required to transport/distribute the information, such 
as data or control signals and the type of Inter-Process communications involved. 
 
The placement and distribution of the NoC should be optimised to match the 
processing tiles it serves. 
 
It will be necessary to understand how coarse-grained processing elements can deal 
with information flow so that they are not constricted by the choice of network 
interconnect. 
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3 Specific computer architecture research 

3.1 4S Project outline 
 
4S is the nickname for the “Smart chipS for Smart Surroundings”  project of 
the European Union. This project looks at devices and systems that are aware 
of their environment and adapt to it. These are regarded broadly as Ambient 
Intelligence. The Main Objectives are: 
 

·  “ The design of a flexible reconfigurable platform based on heterogeneous 
building blocks such as analogue blocks, hardwired functions, fine and coarse 
grain reconfigurable tiles, DSPs and microprocessors that can adapt to several 
algorithms for Ambient Systems without the need for specialized ASICs. The 
concept is verified on hardware platforms. Furthermore, a digital SoC and an 
analogue frontend IC will be designed. The DRM (Digital Radio Mondiale) and 
MPEG4 applications will be implemented on the platform in order to verify the 
flexibility of the platform. 

 
·  To provide a design flow at compile time, which reduces development time and to 

provide functions that automatically allocate resources of the reconfigurable 
platform based on Quality of Service, power and user demands. The DRM and 
MPEG4 applications will verify the design flow.”  [35] 

 
 

 
 

Figure 16 Overview of 4S Project concept for  Reconfigurable System on Chip [35] 
 
Figure 16 shows the Architectural Mapping concept of a Heterogeneous 
Reconfigurable System on Chip (HRSoC).  
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The Ambient System Applications are some of the implementations targeted for the 
HRSoC. Not all of these are necessarily going to be used on a given platform, but as 
they have the potential to be available dynamically, the platform ideally will be able 
to change to accommodate them.  
 
The system uses a dedicated controller running small footprint implementations of 
Operating Systems such as eCos and Linux, where only the bare minimum of 
applications required are compiled in the kernel. The controller can be a soft-core 
processor such as Microblaze, or it could be a hard-core processor such as PowerPC. 
Many of the fine-grained tiles will be available in abundance on a typical FPGA. 
Coarse–grained tiles may have to be constructed from fine-grained or medium-
grained tiles if they have not already been designed as a discrete IP. This diagram 
shows the elements that may be used in a given configuration. Some devices such as 
the Hard-wired modules are not reconfigurable, but form part of a reconfigurable 
system. They can be dynamically activated and deactivated (or removed) as they are 
needed or to minimise energy usage.  
 
The 4S Consortium is currently investigating the DRM and MPEG4 applications as 
implementations on their test platform, the BCVP [35]. 
 
University of Queensland intends to add investigations of DAB as a target, to the 4S 
Consortium knowledge base. Research pathways that emerge from the 4S 
Reconfigurable Platform model include what form the Reconfigurable Network will 
take and what types of communications will be needed among the different tiles, 
processors and peripherals. 

3.2 Basic Concept Verification Platform (BCVP) 
 

The Basic Concept Verification Platform (Figure 17) has been designed to allow 
development and verification of various DRM and MPEG4 (digital video) algorithms.  
 

 
Figure 17 Block Diagram of BCVP (from [35]) 
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The DAB receiver uses a number of Viterbi decoders according to reception mode 
and user requirements. See Figure 32 below for a visual description of the DAB 
receiver model.  

 

3.3 Montium 
The Montium Architecture is part of the Chameleon Project of the 4S Consortium. 
The Montium is named after the mountain chameleon, which is indigenous to 
Cameroon [47].   The CHAMELEON is a heterogeneous reconfigurable System on 
Chip, with a control CPU, a general FPGA area and reconfigurable hardware area, 
ostensibly occupied by Montium tiles. See Figure 18 below. 
 
 

 
 
Figure 18 CHAMELEON Architectural template [47] 
 
The Chameleon “ contains a general-purpose processor (i.e. an ARM core), a fine-
grained reconfigurable part (consisting out of FPGA tiles) and a course-grained 
reconfigurable part (i.e. MONTIUM tiles). The reconfigurable parts execute highly 
regular computational kernels. The irregular parts of an algorithm run on the 
general-purpose processor.”  [47] 
 



Architectural Mapping for Coarse-Grained Heterogeneous Reconfigurable System on Chip 

Ian Clough 22 13/12/2005 

 
Figure 19 Montium Tile Processor  [48] 

 
According to [48], “The hardware organisation within a tile is very regular and 
resembles a very long instruction word (VLIW) architecture. The five identical 
arithmetic and logic units (ALU1…ALU5) in a tile can exploit spatial concurrency to 
enhance performance. This parallelism demands a very high memory bandwidth, 
which is obtained by having 10 local memories (M01…M10) in parallel. The small 
local memories are also motivated by the locality of reference principle. The ALU 
input registers provide an even more local level of storage. Locality of reference is 
one of the guiding principles applied to obtain energy-efficiency in the MONTIUM.”  
 
The lower part of the Figure shows the Communication and Configuration Unit 
(CCU) and the upper part shows the reconfigurable Tile Processor (TP). The CCU 
implements the interface for off-tile communication. The definition of the off-tile 
interface depends on the interconnect technology that is used in the SoC.. 
 
DSP algorithms that have been mapped to the Montium include: 
 

·  Correlation 
·  Finite Impulse Response Filter 
·  Matrix/Vector multiplication 
·  8x8 DCT algorithm 
·  Fast Fourier Transform 

 
. 
 
Lessons learned by the authors include: 

·  Hardware design is complex but straightforward 
·  Software design flow/methodology is non-trivial 
·  Hardware and software should be developed hand-in-hand 
·  Some standard compiler optimizations ruin the regularity of the original 

algorithm.  
·  Turning off redundant clocking can reduce energy consumption significantly. 
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3.4 Hardware Acceleration 

3.4.1 Energy Efficiency and Speedup 
 
In [36], the authors state, “Coarse-grain reconfigurable systems offer high 
performance and energy-efficiency, provided an efficient run-time reconfiguration 
mechanism is available.”  
 
This reconfiguration depends on the control/operating system and the reconfiguration 
methods of the intended platform. 

 
 
Figure 20 Coarse-Grained Reconfigurable blocks [36] 
 
The Coarse-Grained blocks are described as Register-Mapped (C1), Memory-Mapped 
(C2) or Network-Mapped (C3) and have different communication methods. 
 

·  The Register-Mapped option can be based on an extended Instruction Set at 
the register access level, with the instruction execution happening in the CPU 
with an inbuilt Coarse-Grained block.  

 
·  Memory-Mapped is occurring off-CPU, but over a high-speed interface, 

effectively as a co-processor.  
 

·  Network-Mapped processing occurs completely off-CPU and is accomplished 
through communication primitives. This gives the best energy-efficiency 
improvement and gave the authors the best speedup result as well. See TCP/IP 
results in Table 5 below 

 
 

Table 4 below shows the coupling between data-flow and control-flow. The less 
coupling there is between data-flow and control-flow, the more efficient and faster the 
processing becomes. 
 
Table 5 also shows the speedup factor for Hardware implementations versus the same 
function on a Software processor.
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Table 4 Coarse Grain Reconfiguration Mechanisms [36] 

 
 
 
Table 5 Compar ison of Hardware Speedups [36] 
 

 
 

3.4.2 Co-Processor speedup 
 
In [17], the authors investigated the effect of running certain algorithms on re-
configurable co-processors. The algorithms were Square Root, Multiply and Divide. 
 

 
 
Figure 21 Coprocessors execution time versus number  of per formed operations [17] 
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Figure 21 shows both the setup time required for a reconfiguration and the number of 
operations performed in the two targets of software and hardware. The breakeven 
points for the three implementations are at 200, 260 and 750 consecutive operations. 
 
The results were obtained from an R8R processor, which is an R8 processor with 
extended instruction set and reconfigurable coprocessor [17]. 
 
Table 6 operations / msec 
 

Method Worst ratio  Best ratio 
Software ops/msec 67 28 18 
Hardware ops/msec 530 450 750 
HW/SW ratio 8 16 42 
Breakeven point ops 750 260 200 
Function Multiply Divide Square root 
 
This table shows the effect of hardware implementations of certain algorithms. The 
best speedup occurs for the Square Root function but is only useful in hardware if it 
will be utilised for more than 200 consecutive operations. Although the worst case 
speedup ratio is for the Multiply function and for more than 750 consecutive 
operations, the authors suggest that this will be suitable for continuous multiply 
operations such as those used in digital filters [17]. 
 
The reconfiguration time must be taken into account by the designer in determining 
the suitability of using a hardware option for computation. These figures would need 
to be available to the runtime controller or operating system. Continuous 
reconfiguration might not be the best option due to the setup time, but if the 
reconfiguration only happens once before a continuous set of operations is run, then 
this might be the better option. 
 

3.4.3 DSP implementations 
 

 
 
Figure 22 Block diagram of ear ly DAB Decoder , 1993 [37] 
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Figure 22 shows the block diagram of an early DAB decoder. The key processing 
elements were DSP devices and the picture below shows the physical size of the 
implementation. There were no FPGA devices used. This system was designed using 
Gate Array Logic GAL devices and consumed about 2.5 watts.  

 

 
Figure 23 Physical implementation of ear ly DAB decoder , 1993 [37] 

3.5 OSYRES 
 
OSYRES - Operating System for Reconfigurable Embedded Systems is a 
product being developed by WMC, the Twente Institute for Wireless and 
Mobile Communications in The Netherlands.  
 
WMC describes the product as “a control and communication framework” , 
which “ includes application task management and provides an inter-task 
communication platform within a heterogeneous multi-processor system” [38]  
 

 
 

Figure 24  OSYRES Implementation diagram (from [38]) 
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Under OSYRES, Task Graphs describe the structure of an application and each Task 
Graph consists of functional processes connected by channels. The functional process 
(FP) can be implemented on one or more processing units (PU). The FPs are self 
contained and communicate only via the connected channels. 

 

 
Figure 25 OSYRES Environment [39] 

  
The modular design methodology used in OSYRES combines a platform-independent 
application structure with a platform dependent functional process implementation. 
 
The Platform Definition describes the structure of the Multi-processor platform. An 
OSYRES operating platform consists of processing units such as DSP, GPP and 
reconfigurable devices connected by a physical connection network, like busses, point 
to point connections or complete network on chip. A processing unit is defined as 
processing capacity, memory space and its physical connections to other processing 
units. 

 

 
Figure 26. Functional Process relocation concept [39] 

 
In the above figure, a functional process B is to be moved from one processing tile to 
another. Functional Process A produces data for B which produces data for C. 
 
Relocating B to another processing tile involves moving any pending input for B, any 
current processing states and any pending data for C. 
 
OSYRES currently only works with stateless switching. Part of my research will be to 
look at how relocation can be carried out, what role the Operating System plays and 
how the functional processes deal with relocation. 
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3.5.1 Task Graphs 
 

Task graphs consist of Edges and Nodes. Information exists in an entity which can be 
transformed at each node. The information can be data, control or both. The channel 
must suit the method of transporting the entity.  

 

 
Figure 27 Multiple Task Graphs [39] 

 
In the figure above, Process A is instantiating and connecting tasks 1 and 2.  
 
Process A could be running on the controlling CPU as part of the RTOS or a User 
Mode program. The nodes of the tasks, Processes A through F, can be conceptually 
independent and do not have to be physically co-located. Process B could be a 
software process while C and D could be hardware.  
 
Tasks 1 and 2 could be concurrent, semi-concurrent or sequential. 
 
As the task graphs are a generic form of description, there are no hard and fast rules 
about what they represent. The edges (or lines with arrows) can be a data/control path. 
The nodes can also represent any part of the algorithm or control flow. 
 
I will be investigating what the edges and nodes represent in terms of coarse-grained 
HrSoC. This will be partly achieved through use of the OSYRES evaluation system 
and through modelling of the partial DAB receiver algorithm in MATLAB. 
 
 
 



Architectural Mapping for Coarse-Grained Heterogeneous Reconfigurable System on Chip 

Ian Clough 29 13/12/2005 

3.6 Task Migration (relocation) 
At some point, a task may require migration from one processing element to another. 
As it is possible this could happen part way through processing some data, it will be 
necessary to migrate the current processing state as well so that the new processing 
element can continue the former process without needing to restart it. 
 
A number of approaches have been taken towards this. 
 

 
Figure 28 Task M igration Sequence [40] 

 
These two figures show the approach taken by the authors in [40]. They have chosen 
to use debug registers in the on-chip controller in order to reduce overhead. Their 
method involves the use of Instruction Address Compare (IAC) registers. 
 
Whenever the Program Counter reaches a value present in one of the activated IAC 
registers, an exception is generated, which activates the migration signal handler. 
If a migration request is pending, the logical task state is captured by the Operating 
System and eventually passed on to the new processing element. 
 

 
Figure 29 M igrating by using debug registers [40] 

 
The drawbacks of this system are:  
 

·  a task cannot have more migration points than the number of available debug 
registers 

·  potential interference with debuggers and the lack of compiler support for 
setting migration points. 

  
A second approach taken by IBM [41], regarding Shared-Memory Multiprocessor 
Scheduling concerns itself with load balancing and the costs of dealing with data 
remaining in a processor’s cache. 
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They state,”  migrating a task that has already started execution poses 
considerable difficulties in many distributed systems. Moreover, task migration 
has been shown to offer modest performance benefits at best over simple but 
effective non-migratory load sharing policies. In shared-memory multiprocessors, 
however, there are no inherent difficulties in migrating a task that has already 
commenced execution”  [41]. 
 
The basic premise explored in this paper is that an idle processor will not wait for 
a task, but will instead search the job queues of other processors for waiting jobs 
and migrate a task to itself under certain circumstances. 
 
Although the system described by the authors concerns homogeneous processor 
arrangements and a desire to avoid idle processors and overloaded processors, 
Heterogeneous Reconfigurable System on Chip can exploit the flexibility of 
dynamic loading and unloading of processing elements to avoid both overloaded 
and idle processing elements.  
 
The shared-memory model offers possibilities of reducing Operating System load 
by locating processor states and intermediate results in a shared memory. Instead 
of discretely “capturing”  the state and then passing it on to a new processing 
element, the Operating System could simply keep track of the locations of the 
resources of each processing element and pass the address to the new processing 
element. It would require the resources to be stored in a generic format. 
 
If a process which is located on the CPU is to be migrated to the reconfigurable 
area of the chip and is not currently sharing the same memory as the 
reconfigurable area, then the RTOS will have to make a decision about the best 
placement in the processing chain. 
 
It may be possible that something like a linked list can be used to keep track and 
control of resource placement. The RTOS would be responsible for maintaining 
the list. Processes could co-operate by means of a semaphore, to notify their 
current state, such that a process waiting for data can check to see if its 
predecessor has data available. In this way the processes can mutually synchronize. 
 
I will be investigating how a task can migrate from software to hardware and vice 
versa. It will be necessary to understand specific software and hardware 
implementations of tasks and then to use the common elements to derive a generic 
method for communication and resource management. 
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3.7 DAB Receiver Model 

 
Figure 30 DAB Receiver  Concept [15] 

 
The figure above shows a conceptual DAB receiver. The Fast Information Channel 
(FIC) contains critical information for the controller, which uses this information to 
control the distribution, decoding and presentation of the remaining information in the 
Main Service Channel (MSC). The FIC must be decoded first and must always exist 
in the runtime system. Information from the FIC can be used to control configuration 
and reconfiguration of the remainder of the system, including changes in the encoding 
rates of received information in the MSC. 

 

 
 

Figure 31 Example DAB Baseband Frame [37] 
 

 
Figure 31 shows the time position of the FIC, immediately after the Sync symbol. 
These roughly 800 bits of information determine what happens to the following 55 
kbits of information, every 24 ms. 
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Figure 32 Digital Audio Broadcasting Receiver  model [49] 
 

This figure shows the DAB receiver algorithm in pictorial form. The Transmission 
Frame Demultiplexer splits the FIC from the MSC. The Stream Demultiplexer is 
controlled by information from the FIC. The system controller uses the information 
from the FIC to decide which parts of the MSC to decode.  
 
If there is no application to use the Stream or Packet Mode Data, then resources can 
be saved by not implementing them. Alternatively, if the user chooses to Mute the 
audio, then the MPEG Audio decoding chain could be suspended to conserve energy. 
 
It is also possible that if some Packet Mode data is received, but the Packet Mode 
chain is not implemented at the time, then partial reconfiguration of the Stream Mode 
chain could be used temporarily if that chain was not receiving information. 
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4 Aims of the research 
 
As the size of some existing DAB receivers makes them less portable than most 
analogue radios, and their energy consumption means frequent battery charging or 
replacement (or simply bulkier battery packs), there is an obvious need to reduce 
these two attributes. As there is a justification for research in this area and HRSoC 
shows the potential to reduce both size and energy needs, I will be aiming to seek 
answers to several questions. 
  

·  How can HRSoC reduce the energy requirements of the implemented receiver 
system? 

 
·  To investigate the trade-off between H/W acceleration of S/W functions and 

the energy demands, communication overhead, area requirements and any 
increased control complexity. How does farming out processes to H/W affect 
throughput, footprint, communications overhead etc? 

 
·  How does Network on Chip (NoC) architecture affect system performance in 

dynamically mapped systems, such as Bus versus point-to-point and mux 
versus packet-switch? 

 
·  Assuming all modules can be run in S/W, what clock speed does a particular 

operating environment (O/S and overlaying API extensions) require to process 
the expected inputs in a specified time? 

 
·  Can conventional algorithms be partitioned and mapped on to HRSoC to 

optimise their use on a given architecture? 
 
·  What sorts of Inter Process Communications (IPC) are better suited to certain 

functions/processes or communication channels? 
 

·  How effective are the pre-existing mapping tools (SMIT etc)? 
 

·  How can we exploit module or configuration reuse to simplify design or 
reduce reconfiguration overhead or perhaps share memory resources? 

 
·  What form of scaling is possible to optimise the fit between algorithm and 

intended architecture? 
 

·  How do the peak and average execution rates affect the suitability of a 
particular mapping? 

 
·  How can processing elements be arranged to optimise the data throughput. 

How can they synchronise data and control flow? 
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5 Method to be used in the Research 
 
The basic workflow of this research is to model and simulate certain parts of the DAB 
Eureka 147 algorithm to allow physical implementation on a number of platforms. 
System characteristics such as memory usage, data path size, throughput, functional 
processing requirements, communication complexity, area, speed, power, etc will be 
measured and then compared between different implementations and the models. This 
will allow refinement of the models and an understanding of improvements to 
methods of architectural mapping. 
 
The DAB Algorithm will be partitioned as far as possible for implementation on 
different platforms. Simulating the algorithm sections in MATLAB, Task Graphs and 
in software on PC, will allow me to confirm correct operation of the algorithm 
modules before testing them on FPGA platforms. Certain interprocess communication 
methods available in Linux on PC can be observed to provide a comparison of 
likewise implementation in uCLinux on FPGA. 
 
Some parts of the algorithm will have higher memory requirements than others. Some 
may have higher control requirements. It will be necessary to determine whether 
resource sharing is possible and under what circumstances. 
  
Some parts of the algorithm are sequential by nature and others are parallel. I intend 
to gain an understanding of how best to map these according to their possibly multiple 
classifications. 
 

 
 

Figure 33 General workflow 
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Once I have tasks operating correctly in a static configuration I will manually migrate 
selected modules from software to hardware and again confirm correct operation. 
The results of this will give insights into Dynamic Task Migration that will eventually 
be carried out by the operating system. 
 
Modules implemented in hardware will need to communicate both data and control. I 
will determine what control signals are necessary and how they can be communicated. 
The physical data paths will be explored to determine what sort of network is suitable. 
 
Once correct operation of modules and chains of modules has been established I will 
determine how the Task Graphs can change or be linked, with a view to their 
automated linking in the future. 

5.1 System modelling in MATLAB and Task Graphs 
 
Starting with small related modules in a processing chain and then increasing the 
module integration, sections of the algorithm will be modelled using SIMULINK / 
MATLAB and checked for correct operation. Expected results will include memory 
usage, processing time and communication linkage between modules and chains. 
 

 
Figure 34 Fast information Channel chain 

 

 
Figure 35 DAB Audio decoding chain 

 
Using the OSYRES simulator for Windows, small sections of the algorithm will be 
translated to Task Graphs and then increased module integration will occur until a 
reasonable portion of the algorithm can be described. 
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5.2  Coding modules and testing software on PC 
 

 
 
Figure 36  Coding up DAB modules on conventional PCs and O/S 

 
SIMULINK / MATLAB can generate C code, which can then be compiled to run on a 
PC. The OSYRES simulator comes with an XML to C converter.  
 
Exper imental setup: 
 
Platform 1 will be a Windows or Linux box producing fixed test vectors 
 
Platform 2 would be setup as a Linux box running the decoder program as a Software 
option first to allow the controlled integration and testing of modules. 
 
Exper imental measurements:  
 
Individual modules will be converted to software and implemented on the PC to 
confirm correct operation. Modules will be incrementally integrated and confirmed 
until a correct working chain is established. 
 
The FIC chain will be measured first, then the DAB audio chain. 
The SIMULINK/MATLAB C code will be tested first, then OSYRES C code. 
 
Analysis: 

·  Confirmation of correct operation of individual and chains of modules. 
·  Memory usage, processing time, throughput.  
·  Results from software implementation can be used to compare with the models. 

Some model refinements may be possible. 
 

5.3 Implementation of DAB modules on Static Allocation 
platforms  

 
Exper imental Setup: 

 
 
 
 
 
 

Platform 2 
PC 

DAB Decoder 
Software only 

 

Platform 1 
 

DAB Encoder 

Audio 

Data 

Test Vectors 

Platform 2 
FPGA with MicroBlaze. 

DAB Decoder  
Software only 

Platform 1 
 

DAB Encoder 
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Exper imental measurements: 
 
After confirmation of correct software operation on the PC, the FIC and DAB Audio 
chains can be incrementally transferred to an FPGA development platform running 
MicroBlaze and subsequently to the BCVP running on the on-chip processor. A 
comparison can be made of the S/W implementation of both systems, as well as the 
results of the PC system. 
 
Analysis: 

·  Confirmation of correct operation of individual and chains of modules. 
·  Memory usage, processing time, throughput, energy consumption, area.  

 
 

5.4 Software / Hardware mapping 
 
This will involve comparing both hardware and software implementations of the same 
parts of a decoder chain. A selected software module will be removed and its task/s 
will be manually transferred to the hardware equivalent. This can be repeated for all 
relevant modules in the chain individually, and then combinations can be tested. 
 
 
 
 
 
 
 
 
 
 
 
 
This will produce results of real-time hardware substitution and the various 
combinations can be compared against software only, mixed mode and hardware only. 
Exper imental Setup: 
 

·  Individual hardware modules will be preloaded on the FPGA or BCVP 
platform 

·  Individual software module/s removed from software chain and replaced with 
hardware accesses.  

 
 

Platform 2 
FPGA with MicroBlaze. 

DAB Decoder with on-chip 
H/W accelerator/s 

Platform 1 
 

DAB Encoder 

Platform 3 
BCVP with microController 

DAB Decoder  
Software only 

Platform 1 
 

DAB Encoder 

Platform 3 
BCVP 

DAB Decoder with on-chip 
H/W accelerator/s 

Platform 1 
 

DAB Encoder 
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Exper imental measurements: 
 
Processing time for hardware and software will be measured. 
Shared memory usage. 
 
 

 
Will the result be linear or non-linear? 

 
Analysis:  

·  Hardware configuration time plus processing and communication time 
·  Software processing time. 
·  Memory requirements 
·  Area, energy 

 

5.5  Task relocation  
 
Exper imental Setup: 
 
A processing chain will be converted as far as possible to hardware processing with 
the intent of minimising the intervention by the operating system. Using the results of 
the previous section on software/hardware mapping, a shared-memory setup will be 
attached to the hardware devices.  
 

 
Figure 37 Processing chain with shared-memory 

 
At a predetermined point through the processing, the resources of one process will be 
reassigned to a copy of that process to determine if seamless process continuation can 
occur.   
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Exper imental method: 
 

·  Zero the chain 
·  Single step the processes for a fixed number of cycles 
·  “capture”  the process state of one element for later comparison  
·  transfer the resource location of that processing element to a new processing 

element and continue for a set number of steps (Sx) 
·  assign the captured process states to the original processing element and single 

step it for Sx to confirm correct continuation 
 
Analysis: 

·  Comparison of states, resources and communications during single stepping, 
before and after relocation. 

·  Comparison of software and hardware implementations 
 

6 Conclusion 
 
Heterogeneous Reconfigurable System on Chip is a flexible platform for research, 
development and implementation of existing and novel algorithms and concepts. 
 
This very open field presents many opportunities and challenges. There are many 
differing requirements to be satisfied in terms of reliable operation, energy efficiency, 
conversion from abstract concept to real-time operation, design and modelling tools, 
programming, etc. There are no “golden” tools, such that the designer can move from 
concept to fully compact and energy efficient implementation. A lot of hurdles still 
have to be overcome. 
 
Most current Digital Radio receivers are single format, either DRM or DAB, although 
Radioscape is due to demonstrate a multi-format unit in September, 2005[51].  
 
By understanding how Digital Radio algorithms can be modelled, partitioned, 
classified and implemented, I will express how commonality between standards can 
be exploited and how differences can be overcome. 
 
As part of our collaboration with the 4S Consortium I intend to achieve the following 
outcomes: 
 

·  Partitioning of DAB receiver modules onto HRSoC 
·  Knowledge of partial DAB implementation on BCVP  
·  Likely extensions to OSYRES API and connection concepts 

 
In the process I intend to make these original contributions: 
  
New methods of Modelling  
 
Several methods of modelling exist, each of which tends to select either software or 
hardware representation. These generally result in a strong bias towards software 
running on some hardware, or some hardware being closely controlled by software.  
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I intend to model (where possible) the algorithms in both software and hardware, so 
that decisions about how best to implement them, spatially and temporally, can be 
made. The results of the implementations will be used to refine and simplify the 
modelling process. 

 
Hardware/software mapping: 
 
The choice of implementation for a designer is still quite open and presents so many 
options at times, that a thorough optimisation may not be reached in a reasonable time 
due to exponential explosion in search paths. Considerable time can be saved by 
focussing on individual implementations of key components in hardware and software. 
 
I will investigate the convergence of flexible hardware choices with the different ways 
of classifying algorithms. By understanding how coarse-grained elements can be 
implemented on-chip and their communication methods, we will be able to more 
effectively partition algorithms to match the software and hardware resources 
available. 
 
Hardware/software Process management: 
 
 A number of communication and synchronisation methods exist for hardware and 
software management. Because hRSoC allows such flexibility in implementation it 
will be necessary to look at strong structuring to limit the options to a sensible number 
of realisable outcomes. Through this research we will be better able to understand the 
links between hardware and software communication and process assignment, which 
will improve RTOS management of resources and decoupling of data/control flow. 
 
Task migration/relocation  
 
Due to limitations in FPGA area, memory, energy usage and clock speed, it may not 
be possible to implement a complete algorithm at once. Some compromise between 
software tasking and hardware tasking will have to be reached. This may involve 
dynamic allocation/reallocation of tasks and between hardware and software 
processes. 
 
We will be better able to understand how to move partially processed data and states 
intact to another process/function which can continue processing as required. A 
couple of options have emerged and their relative merits will be explored. Particularly 
important will be the ability to move tasks between software and hardware 
implementations. 
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7 Timeline and Resources  
Basic Concept Verification Platform  
FPGA Platforms (ML401) or equivalent 
Multi-ICE JTAG interface for BCVP 
 
Activity Feb 

04 
Jun 
04 

Sep 
04 

Dec 
04 

Mar 
05 

Jun 
05 

Sep 
05 

Dec 
05 

Mar 
06 

Jun 
06 

Sep 
06 

Dec 
06 

Mar 
07 

Jun 
07 

P/T Lit 
Review 

              

Literature 
Review 

              

Confirmation  
Preparation 

              

Modelling 
and Task 
Graphs 

               

Software on 
PC, Linux 

              

FPGA and 
BVCP test 

                   

Software/ 
Hardware 
mapping 

                   

Task 
relocation 

                    

Analysis               
Thesis 
Writeup 
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