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Summary

Cognitive radio technology is a promising solution for addressing the increasing demand in
reliability, connectivity, bandwidth, and quality of future wireless communication systems. This
is achieved through continuously and intelligently adapting the radio’s operating parameters
to current conditions and learning from the past. However, there are many open research
questions in this area. Experimental research will play an important role if these questions
are to be answered in a manner that convinces the sceptics of the potential of cognitive radio

technology.

This thesis proposes methods for enabling and simplifying experimental research in the
field of cognitive radio. It presents the cognitive radio development framework, Iris-FPGA,
as an effective solution for testing theories and algorithms in real-world scenarios. Further,
it proposes a model-based cognitive radio design technique that significantly simplifies the

development process of radio prototypes for experimentation.

The framework, Iris-FPGA, is built on a field-programmable gate array (FPGA)-based
platform with the software part executing on an embedded general purpose processor (GPP),
combining high flexibility with high performance. The software part is based on Iris, a cognitive
radio framework developed and maintained at Trinity College Dublin. Cognitive radio proto-
types in Iris-FPGA are constructed based on a signal flow diagram of processing components
and a radio controller responsible for cognitive decision-making. The components can be im-
plemented in software or FPGA hardware and combined arbitrarily within a radio. Iris-FPGA
supports run-time reconfiguration, whether the portion to be reconfigured is implemented
in hardware or software. It makes it easy to exploit the processing power of FPGAs, thus,
simplifying the development of cognitive radio prototypes for experimentation. A number of

realistic radio demonstrators are developed to illustrate the capabilities of the framework.

The experience from developing the demonstrator radios is then compared to radio design

approaches taken by a number of existing cognitive radio implementation frameworks and
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hardware platforms. It is found that designing cognitive radios is generally ad-hoc, as every
framework follows a different approach, which generally requires detailed platform knowledge.

This makes cognitive radio experimental research a cumbersome task.

A novel model-based design technique is proposed as a solution to simplify the develop-
ment of cognitive radio prototypes for experimentation. This allows platform-independent
design of radios, abstracting low level details and focusing on the system composition and
dynamic behaviour. The underlying model is the first that fully captures the reconfigurability
of cognitive radios. It includes the radio composition from functional components, the radio
reconfiguration options, and the interface to the cognitive engine. Synthesis steps for automati-
cally generating real implementations for arbitrary target platforms from a model are outlined
in the thesis. A case study, developing a radio from the idea to a working implementation,
demonstrates the advantages of the proposed cognitive radio design technique by comparing
with traditional methods. It becomes apparent that the proposed technique simplifies the

development of cognitive radio prototypes for experimentation significantly.

While the model-based design technique is designed to be used on any cognitive radio
implementation framework and hardware platform, i.e., it is platform-independent, the more
systematic approaches and the theoretical foundation can also influence the design of the
implementation frameworks themselves. These can be made more flexible and more efficient
by applying techniques from the proposed model-based design approach. This is illustrated on
the example of Iris2-FPGA, an improved version of Iris-FPGA.

By enabling and simplifying systematic experimental research with cognitive radios, this
thesis represents a significant step towards answering many of the open research questions in
the field of cognitive radio. It further places a stronger onus on those conducting research in
the area to validate their ideas experimentally. This is essential if cognitive radio is to mature

as a technology.
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Albert Einstein, when asked to describe radio, once said:

You see, wire telegraph is a kind of a very, very long cat. You pull his tail in New
York and his head is meowing in Los Angeles. Do you understand this? And radio
operates exactly the same way: You send signals here, they receive them there. The

only difference is that there is no cat.

There are two possibilities to extend that description to cognitive radio: “cognitive radio ensures
you hear the meow, no matter what the circumstances are,” or “cognitive radio can make the cat
talk like a human?” In other words, “it can make radios better” or “it can make better radios.”
However, cognitive radio technology is still a young research field and many open questions

still need to be answered before it can become reality.

This thesis contributes to the field of cognitive radio through contributions that better
enable experimental research. It attempts to answer the question: “How can cognitive radio

experimentation be simplified for researchers, so that algorithms and ideas can be tested in the



2

| Introduction

real world?” It proposes a framework for developing cognitive radio systems for experimenta-
tion, identifies key challenges, and proposes a novel, simpler radio design methodology. This
allows researchers to test their algorithms in the real world with considerably reduced effort. It

can drive the research area forward and bring cognitive radio technology closer to reality.

The Concept of Cognitive Radio

Joseph Mitola coined the term cognitive radio in 1999 [1]. Further, he defines different levels of
cognitive radios in his thesis [2]. Today, many different, sometimes contradicting definitions

can be found in the literature. The IEEE Standard 1900.1 gives the following definition:

A type of radio in which communication systems are aware of their envi-
ronment and internal state and can make decisions about their radio operating

behaviour based on that information and predefined objectives. [3]

In other words, it is a radio that can intelligently adapt itself to the current conditions in order
to achieve an objective. Possible objectives could be, for instance, to maximise the link quality

or to minimise the power consumption.

In this thesis, cognitive radios are viewed as physical layer (PHY) radios with meters and
knobs, following a definition commonly used by Virginia Tech (e.g., [4]). The meters are used
to obtain information about the state of the radio and the environmental conditions. Example
meters are the current bit error rate (BER), frame error rate (FER), or signal to noise ratio (SNR).
The knobs can be adjusted to tune the radio’s behaviour. Examples are the applied modulation

scheme, coding scheme, or transmission frequency.

The entity reading the meters and adjusting the knobs is commonly called cognitive engine.
It executes the cognitive cycle of observe, decide, and act (a simplified version of the cycle
introduced in [1]). During the observe stage, it reads the meters of the radio to become aware of
the current state of the radio and environment. This information is used in the decide stage, to
decide which actions to take in order to achieve some predefined objective, e.g., to maximise
the throughput. Optionally, this stage might include machine learning, enabling the cognitive
engine to learn from the past in order to make better decisions in future. During the act stage,
the decided actions are affected on the radio, changing its behaviour and ideally achieving the
objective. After that, the cognitive engine goes back into the observe stage and continues the

cognitive cycle.
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As opposed to cognitive radios, cognitive networks [5] involve the full network protocol stack
from the physical (PHY) layer and medium access control (MAC) layer up to the application.

This thesis is mainly concerned with PHY layer aspects.

A cognitive radio is typically built upon a software defined radio (SDR) platform,i.e., a radio
platform where most functionality can be (re-)programmed. This is in contrast to traditional
hardware radios, where the radio’s function cannot be changed after it is manufactured. SDR is
a solution to enable the reconfigurations required to achieve the objective of a cognitive engine,

i.e., it provides a large number of knobs.

As suggested in the beginning, cognitive radio technology has two possible uses: 1) it can
make existing radios work better, or 2) it can make new and better radios. The former can be
achieved, for example, by allowing a radio to constantly connect to the best wireless access
technology available, possibly switching between the IEEE 802.11 WiFi [6], UMTS [7], and
WiMAX [8] standards. As an example for the second option, radios that opportunistically use
unoccupied spectrum and adapt their operating frequency to changes in the spectrum usage
are made possible by cognitive radio technology (this is an example of dynamic spectrum
access (DSA) [3, 9]).

On the Importance of Experimentation

Often experiments are regarded as a secondary scientific method and theories or analytical
studies are preferred. However, experimentation is one of the most fundamental principles
in science; the ultimate test of all knowledge is experiment. It provides proof for theories and

analytical studies.

In engineering, there are two types of experimentation: simulations on a model of the reality,
or experiments in the real world. Simulations typically require significantly less effort than real-
world experiments but there is a danger that the used model neglects important aspects. Then
the simulation results are in no relation to real experimental results. For example, neglecting
the imperfections of a realistic radio front-end in a simulation can lead to algorithms proved
in simulation which may not work in the real world. Thus, the ultimate test of an algorithm is

real-world experimentation.

The research area of cognitive radio is relatively new and forward-looking. There are many
sceptics who doubt the feasibility of the concept as a whole. Experimental demonstrators

provide a way to convince the sceptics and to establish the field, as experimental proof cannot

3
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be ignored.

For all these reasons, it is important for researchers to experiment with cognitive radios.
This thesis helps researchers to accomplish this task by enabling and simplifying experimental

research with cognitive radios.

Design of Cognitive Radios for Experimentation

In order to conduct experiments with cognitive radios, prototypes have to be physically built.
This involves a physical hardware platform and a cognitive radio framework, aiming to help
implementing cognitive radios for experimentation. In this thesis, the term platform describes
the physical hardware used for processing, while the term framework describes the combination
of a software architecture, design tools, and techniques for development. A framework might

optionally include a hardware platform.

In the context of this thesis, the term cognitive radio design describes the process of de-
veloping a plan for implementing an idea or specification of a radio on an experimentation
framework or platform. This involves, among other things, the concept of the radio, archi-
tectural considerations, mapping to physical resources, algorithm design, and the choice of a

target implementation framework or platform.

The stage following the design in the development process is the implementation, resulting
in a realisation of the original radio concept. This can then be executed in order to conduct

experiments.

Contributions

This thesis provides a number of contributions to the subject. The two key contributions
are a novel cognitive radio framework for building prototypes for experimentation, and a
novel platform-independent model-based design technique that simplifies desiging prototypes
significantly.

All contributions are listed in the following, categorised into three main groups.
Experimentation with real-time cognitive radios

1. An field-programmable gate array (FPGA)-based cognitive radio framework is proposed,

called Iris-FPGA, based on the existing software-only framework Iris. It combines the
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benefits of software and hardware and provides mechanisms to implement key cognitive
radio concepts seamlessly in software and hardware. The FPGA implementation details

are largely abstracted from the developer.

2. A series of demonstrators implemented on Iris-FPGA gives many insights into the
development of cognitive radios for experimentation. They show the key concepts of

cognitive radios implemented using the proposed framework.

Analysis of cognitive radio design approaches

3. A representative selection of existing cognitive and software defined radio platforms
and frameworks is reviewed from the literature and key strengths and weaknesses are
identified. It is found that the applied design approaches vary greatly, require in-depth
understanding of the low-level platform architecture, and lack a structured way of dealing

with radio reconfiguration and a cognitive engine.

4. An analysis of the proposed Iris-FPGA framework is performed and key strengths
and weaknesses are identified. A key weakness is that the dynamic behaviour of the
radio is not included in the radio description. That is, the possible reconfigurations the
cognitive engine may trigger are not included in the description of the radio. Users have

to implement this in the source code of the cognitive engine, which is prone to errors.

Model-based cognitive radio design

5. Model-based design is proposed as a solution to simplify cognitive radio design in a
platform-independent fashion. A review of model-based design in general and of specific
models for signal processing is given. Their suitability to cognitive radio, a special case

of signal processing systems, is assessed.

6. A model of cognitive radios is proposed. It fully describes a cognitive radio, including its
reconfiguration options and the connection to the cognitive engine. It allows designs to
be understood and computationally verified without being first implemented. The model
abstracts the radio design from the implementation platform, capturing the important

aspects and omitting the implementation details.

7. The cognitive radio model is applied for model-based design. Real radio implementations

can be generated largely automatic for arbitrary target platforms. This reduces design
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effort, provides higher reliability, and aliows easy deployment on different target platforms.

8. It is shown that the theory and concepts of the proposed model can improve the imple-
mentation of target platforms themselves. This results in a theoretically substantiated
platform architecture with well-understood execution semantics and allows a more

direct synthesis of the proposed model.

9. A case study applying the proposed model-based design approach is presented. An
example cognitive radio is developed, from the idea to the execution on the target
platform. This demonstrates the advantages of the model-based design approach. It
allows radio designers to focus on the radio applications without the need to understand

low-level platform details.

Thesis Outline

To represent this work’s topics and to reflect the reasoning behind the proposed ideas and
concepts, this thesis is organised into two main parts. Part I (chapters 2 to 4) deals with cognitive
radio experimentation, i.e., the platforms, the architectures, the development of a number of
real demonstrators, and the insights gained. It proposes Iris-FPGA, a new framework for the
development of cognitive radio prototypes for experiementation. The experience from the first
part and a thorough analysis of radio design approaches leads to the proposal of a model-based
design technique for cognitive radios, the topic of Part II of this thesis (chapters 5 to 7).

The flow of the thesis begins with a review of a representative selection of existing cognitive
and software-defined radio frameworks and platforms in Chapter 1. The shortcomings of these
serve as a basis for the proposal of the new cognitive radio framework Iris-FPGA, described in
Chapter 2. This is followed by a series of experiments in Chapter 3, focusing on demonstrating
the key aspects of cognitive radios with Iris-FPGA. The insights and experience gained are
highlighted in Chapter 4 and the different approaches to radio prototype design and the key
challenges are analysed. This forms the basis for the second part of this thesis.

Chapter 5 proposes model-based design as a solution for the cognitive radio design chal-
lenges identified. It reviews a number of suitable models for designing signal processing systems
from the literature, and assesses their suitability to cognitive radio design. The chapters that
follow use this analysis and review. A new model for cognitive radios is introduced in Chapter 6,

which can be synthesised to arbitrary target platforms in order to create real implementations,
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i.e., it is used for model-based design of cognitive radios. Implications of this model for the
implementation of the target platforms themselves are illustrated on the example of Iris-FPGA.
Finally, the proposed cognitive radio design technique is tested and evaluated in a case study
in Chapter 7, where a full radio is developed from the idea to the running implementation.
Iris-FPGA is employed as a target platform. This demonstrates that the proposed model-based
design technique can simplify the development of cognitive radios significantly, i.e, it simplifies

experimental research in this field.

The literature review and the required background information for this thesis is split into
two parts in order to provide the information close to where it is required. Existing experimental
cognitive and software radio platforms are reviewed in Chapter 1, where this serves as a basis
for designing a new cognitive radio framework in Chapter 2, and later for analysing the existing
radio design methods in Section 4.2. The basics of model-based design as well as existing
models for signal processing systems are reviewed in Chapter s, as the cognitive radio model

proposed in Chapter 6 uses many of these concepts.

Publications Record
The following publications directly or indirectly relate to this thesis:

Journal Articles

o J.LoTzE,S. A. FAHMY, ]. NOGUERA,and L. E. DoYLE, “A model-based approach
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1 Existing Cognitive and
Software-Defined Radio
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Theoretical and analytical computations, simulations, and modelling are an important part
of research on cognitive radio networks. Many researchers follow that route and contributed
to the field significantly in recent years, e.g. in [1, 9-12]. However, to bring cognitive radio
systems closer to reality, testbeds are required for real experiments. Only a combination of

theory, simulations, and experiments can truly drive research forward.

This chapter reviews a selection of existing frameworks for experimenting with cognitive
and software-defined radios in a research environment. It identifies their key strenghts and
weaknesses for comparsion. Recall from the introduction that in this thesis, the term ‘platforny’

refers to physical hardware for processing, while ‘framework’ refers to a combination of a soft-
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ware architecture, design tools, and techniques for development. A framework may optionally

include a hardware platform.

First, the Joint Tactical Radio System (JTRS) Software Communications Architecture (SCA) is
reviewed (Section 1.1, as this is one of the most widely adopted architecture for software defined
radios (SDRs) in industry. It is a standardised architecture designed for interoperability with
many implementations available. An open source example that is widely used in university
research and teaching is Open Source SCA Implementation::Embedded (OSSIE), reviewed within

the SCA section. Some more examples for SCA implementations from industry are outlined.

Second, the most widely used SDR framework in research is reviewed: GNU Radio (Sec-
tion 1.2. This is an open source toolkit for use on standard PCs and off-the-shelf hardware that
has a large community of developers and users. The easy availability and large code base makes

this the platform of choice for many researchers.

Then Iris, a framework designed for cognitive radio experimentation from the start, in-

cluding dynamic reconfiguration, is reviewed in Section 1.3.

A good example for a complete cognitive radio system developed by university researchers
is KUAR. It combines hardware, from antenna to digital processing, and the supporting software
within a portable package, making it an attractive solution for experiments. This platform is

reviewed in Section 1.4.

As examples for hardware-oriented academic frameworks with innovative concepts, the
WINLAB Network Centric Cognitive Radio (WiNC2R) by Rutgers University, the Stalion pro-
cessor by Virginia Tech, and the Wireless Open-Access Research Platform (WARP) by Rice

University are reviewed in sections 1.5 to 1.7, respectively.

Finally, the strengths and weaknesses of all discussed platforms are summarised in Sec-

tion 1.8.

The selection reviewed here is by no means exhaustive. Rather, it reviews platforms and
frameworks representing different design approaches for cognitive radios. Many more frame-

works and platforms exist, but most are similar to one of those discussed here.
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1.1 Joint Tactical Radio System: Software Communications

Architecture

Joint Tactical Radio System (JTRS) is the US military’s ongoing software radio architecture
program. The main objectives of JTRS are to solve the military’s interoperability problems
between different devices and standards and to supportlegacy radio systems. The JTRS program
develops an open platform-independent software radio architecture, the SCA, not limited to

military use [13]. The current revision is 2.2.2 (May 2006) [14].

1.1.1 SCA Overview

JTRS designed its SCA to meet the following goals [15]:

1. Allow building an interoperable and affordable family of radios by using existing com-

mercial off-the-shelf technology.

N

Allow (re-)programming of radios, including over-the-air.
Promote portability and re-use.
Software is independent from specific hardware solutions.

Extensible to new waveforms and/or hardware components.

Allow rapid insertion of new hardware and software technologies that become available
over time.

7. Scalable from hand-held equipment to fixed stations.

8. Include embedded programmable information and security.

9. Industry acceptance as an open, commercial, international standard.

The SCA is an object oriented software architecture, defining all services and interfaces for
the radio applications in Common Object Request Broker Architecture (CORBA) Interface
Description Language (IDL). CORBA is a language-independent and platform-independent
middleware, used to allow different parts of a distributed application to communicate through
common interfaces. It allows software components to be executed as separate processes, possibly

on different machines, and form a single distributed application.

The core of the SCA is the Core Framework. It consists of the Base Application Inter-
faces, managing all software components, the Base Device Interfaces, managing the hardware
devices, the Framework Control Interfaces, controlling the instantiation, management and de-
struction/removal of software components, and the Framework Services Interfaces, providing

additional support functions and services [14, Sec. 2.2.2].
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The SCA is designed to run on a Portable Operating System Interface (POSIX) compliant
operating system [16], and provides a subset POSIX functionality to Application Components.
This ensures portability of applications across different operating platforms. The system-specific
System Components have direct access to the operating system, since they are not required to
be portable.

The core processing component in the SCA is the Resource, a software class that implements
a set of radio functions. Communication with the other parts of the system, including other
Resource classes, is performed via the Core Framework. If a Resource does not provide a
CORBA interface, e.g., if it runs on an field-programmable gate array (FPGA) or if it is a
legacy component, an Adaptor has to be created. This translates the SCA interface to the
non-SCA component, effectively hiding the actual resource implementation from the system.
This mechanism allows to integrate hardware and digital signal processing (DSP) resources

into an SCA system.

To allow maximum flexibility and portability, typically all resources in an application are
running asynchronously (as separate processes). That means that data needs to be buffered
between resources and synchronisation is required for safe access to these buffers by the two

processes.

Currently, the JTRS program is extending the SCA to allow interfacing to specialised hard-
ware processors (SHPs), such as FPGAs or DSPs, via CORBA [17, 18]. Each SHP is represented
to the SCA compliant radio system by a Logical Device and an Application Resource Proxy.
Both of these components implement CORBA interfaces. The Logical Device represents the
actual SHP device and its capabilities to the radio system. It loads or creates the task to run
on the SHP directly, without a CORBA interface. The Application Resource Proxy is used to
configure and control the SHP, i.e., it sets configuration parameters and provides ports for

data input and output.

SHPs are typically used for tasks with a high computational complexity. For performance
reasons, it is often required to connect hardware components directly, as opposed to use a
separate Logic Device for each task running on the SHP. Therefore one Logic Device can
handle multiple tasks on the SHP, or even on multiple SHPs. The remainder of the radio
system only has access to the Logic Device, and not to the tasks therein, which allows for direct

connections between tasks by the Logic Device.

Another approach to integrate FPGAs and DSPs into the SCA is using the commercial
ORBexpress by Objective Interface Systems [19, 20]. This is a native implementation of CORBA
for FPGAs and DSPs, where all CORBA handling is handled directly in hardware without the
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requirement of a general purpose processor (GPP).

Many implementations of the SCA exist today, most of which are commercial or military
systems. A freely available open source implementation is the Open Source SCA Implemen-
tation::Embedded (OSSIE), which is reviewed in the following. A brief overview of some

commercial implementations is given thereafter.

1.1.2 Open Source SCA Implementation::Embedded (OSSIE)

OSSIE is a lightweight SCA implementation maintained at Virginia Tech [21, 22]. It is primarily
intended to enable research and education in SDR and wireless communications. OSSIE
includes a core framework for rapid development of SCA-based SDRs as well as a library of
pre-built components and waveforms. It is licensed under GNU General Public License (GPL),

making it free to use and open for modifications.

The OSSIE architecture is the based on the JTRS SCA. It uses the free cross-platform
CORBA implementation omniORB [23] as middleware.

All OSSIE processes follow the procedures given in the SCA [14]. However, notall of the SCA
interfaces are implemented in OSSIE. The developers decided to neglect the implementation of
the Aggregate Device, a Device which consists of a list of child devices, and some of the SCA
exceptions [24]. This has not been considered necessary for the range of applications targeted
by OSSIE.

OSSIE provides two graphical user interfaces to design radio applications. Designers can
choose to use the Eclipse plug-in OSSIE Eclipse Feature (OEF) or the standalone graphical user
interface (GUI) OSSIE Waveform Developer (OWD) [22]. Both provide the same functionality.
Designers can browse the library of pre-compiled components, assign processing devices,
compose waveforms, and set component parameters. If the library does not provide all the
components needed, new components can be created using either GUI. The required source
code templates and project files are generated automatically, so that the radio designers can

start developing the component’s core functionality immediately.

OSSIE has been ported to platforms different from x86 PCs, e.g., a Texas Instruments C64
DSP platform [21, 25, 26], or the embedded ARM processor portion of the Texas Instruments
OMAP processor [27]. Significant modifications were required to deal with the limited resources
and capabilities of the embedded platforms, e.g., the TI C64 platform lacks C++ STL containers,
exception handling, and non-volatile storage. In [28], an architecture for integrating FPGA

processing components with OSSIE is presented. It uses a software wrapper component and

15
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memory-mapped input/output for hardware interfacing, similar to the method applied for the
audio transmission demonstrator developed for Iris-FPGA, as presented in Section 3.1 and

Appendix C.1.

1.1.3 Other Frameworks Implementing The JTRS SCA

Lyrtech

Lyrtech is a company that offers a variety of SDR development platforms, together with software
and hardware development kits [29]. An SCA-based radio architecture is applied, which has
been extended to support FPGA and DSP components [30]. Lyrtech’s hardware platforms,
e.g. the SFF SDR development platform, are modular systems consisting of antennas, a radio
front-end module, an interface module, a baseband processor and optional expansion modules.
The baseband processor is a hybrid system with a DSP processor, an ARM processor, and a
Xilinx FPGA. A software development kit for DSP and processor development is provided,

along with an extension of Xilinx System Generator [31] for model-based design.

PrismTech

PrismTech is a US software company specialised in productivity tools and middleware solutions
for industry clients in telecommunications. Their product Spectra is a “complete package of new
products, services, and partner programs for Software Defined Radio (SDR) OEMs, system

integrators and independent software vendors.” [32].

The Spectra software package allows for design, development and test of SCA compliant
waveforms for various hardware platforms, including Rockwell Collins SCA WDS, the Spectrum
Signal SDR-4000, and Gumstix miniature computers. PrismTech does not provide a radio
hardware platform with radio front-end itself. It benefits from the portability of SCA-based
SDRs by providing a development framework for software components then can be exeucted

on a variety of hardware, including standard PC systems.

Spectrum Signal Processing by Vecima

The company Spectrum Signal Processing by Vecima, part of Vecima Networks Inc., develops
SDR solutions for communications and intelligence gathering applications [33]. The company
provides a set of hardware platforms and software solutions for SCA-based SDR development.
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Among their products is the SDR-4000 family of black-side wireless modem solutions
for tactical military communications systems. Powerful hardware systems are combined with
the hardware abstraction layer and software library quicComm.This is a real-time operating

system with integrated development environment and CORBA middleware.

1.1.4 Discussion

The SCA offers high levels of portability and connectivity to third-party components, which
makes it an attractive architecture for industries developing or using radio subsystems. It is
possible to sell parts of a software radio with SCA interfaces to other companies for integration

into their radio systems.

On the other hand there are objections towards the overhead of CORBA for all communi-
cations, opposed to the direct communication links possible when software components are
implemented in one system and one programming language, e.g., [34]. The default transport
layer protocol for CORBA messages is TCP. This has a significantly higher overhead compared
to passing pointers to memory between components, the approach used in single-machine
applications without middleware. Furthermore, since SCA components are executed in sepa-
rate asynchronous processes, scheduling their execution is handled by the operating system at
run-time. For some radios it is possible to compute synchronous schedules before execution,
avoiding the overhead of the run-time scheduler [35]. SCA implementations cannot avail
of these techniques for optimised performance. The integration of SHPs is controversially
discussed, as can be seen from the approach proposed within JTRS [17, 18], the incompatible
proprietary extension of the SCA by Lyrtech [30], and Objective Interface Systems’s proprietary
implementation of CORBA for FPGAs and DSPs [19, 20].

The target application domain for the SCA is SDR. Therefore it lacks support for features
required for cognitive radios, i.e., run-time reconfiguration of components and applications, a
controller to implement cognitive decision-making, and mechanisms to obtain the state of
the radio and the environment. It is possible to implement these features for a radio platform
conforming to the SCA, but this requires to add components and interfaces which are not

specified in the SCA, therefore diminishing the portability advantage.
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1.2 GNU Radio

GNU Radio is an open source software development toolkit for software radio applications [36,
37]. It is designed to run on GPPs, allowing for easy, low-cost software radio experimentation
and development. Radio applications are primarily written using the Python language, while
the performance-critical signal processing components, provided, are compiled from C++.
GNU Radio is licensed under the GPL and is therefore accessible, usable and alterable by
everyone. Supported operating systems range from various Linux distributions to Mac OS X

and Windows (in a Cygwin environment).

GNU Radio has a large number of academic, military, and private users, for instance the
Cognitive Wireless Technology group of Virgina Tech [38] or the Institute for Defense Analyses
(IDA) / Center for Communications Research (CCR) in Princeton, NJ, USA.

1.2.1 Architecture

The GNU Radio architecture consists of three main parts: the signal processing components, a
framework to control and instantiate radios, and a scheduler controlling the execution. All
performance critical blocks, i.e., the signal processing components and parts of the scheduler,
are implemented in C++. They define an interface to Python, the language used to develop radio
applications and control execution. A radio is composed by creating a graph of signal processing
components, setting their parameters, and specifying the data path between components in
Python. Hence, GNU Radio is a dataflow abstraction.

Each of the signal processing components has a number of defined input and output ports,
as well as parameters to ease re-using them in different contexts. GNU Radio radios are built
by connecting these port together to a graph. Each link between input and output ports is
associated with a first in, first out (FIFO) buffer of a limited size. The dynamic scheduler
executes components according to the state of the associated input and output buffers (input
data available and enough space left in output buffer). In the current version of GNU Radio,
two different schedulers exist, one for single threaded execution (one thread per graph), and
one for multi-threaded execution (one thread per component). The multi-threaded version
allows exploiting multi-core architectures. Hierarchical blocks, i.e., blocks that contain other

flow graphs, are possible.

Recent additions include a message passing interface for each component to allow pro-

cessing packet-based data associated with header information. This interface also allows to
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exchange control messages with other components in the radio chain, or with Python objects.
Another addition is a GUI called the GNU Radio Companion, which allows to browse avail-
able components, connect them to a flow graph and configure the component parameters
graphically. This eases the radio design process significantly and lowers the barrier for new

users.

To allow users to run GNU Radio applications without being reliant on Python, an aim
for the next release is to allow users to build flow graphs entirely in C++. After compilation
this results in a single application to run the radio. This is particularly attractive for embedded

systems, where installing a Python interpreter may not be practical.

Run-time reconfiguration is supported by GNU Radio by pausing the radio chain, modify-
ing the flow graph (component parameters, connections, etc.), and resuming the execution.
All components that were not modified keep their internal states during reconfiguration. The
reconfiguration can be triggered from within the radio chain itself, by setting up a message
queue with the Python application as the message receiver and some processing component(s)
are the message transmitters. For instance, if a component detects a change in the environment,
it can send a message to a message queue. The Python radio application, on receiving that
message, can then perform the necessary reconfigurations. It should be noted that this feature
is rarely used and often requires modification of the C++ signal processing components to set

up the message queue and send messages.

1.2.2 Radio Design

To design a new radio with the GNU Radio software, the user has to describe a dataflow graph.
Traditionally this is done using Python. Since recently, the GNU Radio Companion GUI can be
used as an alternative. Each of the components of the flow graph come with a set of parameters

for configuration. A typical design flow involves the following steps:

1. Locate required components in the GNU Radio component library.
Decide the parameter set for each of these components.

Instantiate the components (in Python).

Connect the components (in Python).

Start the execution (in Python).

SAlE-UE ST

Wait for user input to stop the radio (in Python).

When using the GNU Radio Companion, the steps 3-6 can be done graphically. The GUI

also comes with a library browser which simplifies Step 1 significantly.
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To realise cognitive or adaptive radios, i.e., radios that change their behaviour at run-
time triggered by some external event or by the radio itself, the user has to implement the

reconfiguration routines in Python.

1.2.3 Discussion

GNU Radio is an extensive software radio toolkit allowing to build a vast variety of software
radio implementations on standard hardware. It is flexible and easily usable at the same time,

making it a powerful tool for software radio experimentation and research.

A major advantage is the extensive and well-maintained library of signal processing com-
ponents, enabling fast prototyping. Many of the processing components are highly-optimised,
utilising single instruction, multiple data (SIMD) vector processor features where possible (e.g.
SSE, 3DNow!, AltiVec). A simple application programming interface (API) is provided for
developing new processing components if required. Re-using and modifying existing process-
ing components is allowed and encouraged by the GPL licensing scheme. Using Python to
develop radio applications is advantageous due to its high flexibility and portability. The GUI,
message passing interface, and multi-threaded scheduling enhances the usability, flexibility,

and performance of GNU Radio.

GNU Radio was originally designed for SDR applications. Support for a cognitive engine
and high run-time reconfigurability was not an original design goal. However, today cognitive
radios can be implemented or GNU Radio. The cognitive cycle is managed by the Python

script which also sets up the radio configuration.

To observe the radio and environment, the script can obtain information about the running
radio (the flow graph and parameter settings) through the Python interface of the signal pro-
cessing components. Message queues can be setup between a C++ signal processing component
and the Python script, so that the component can inform the script of events and send infor-
mation. In the decide stage, the Python script can perform whatever form of decision-making
is required. The vast number of numerical and optimisation libraries available from Python
may be used were required. To act, the radio is paused, components or the flow graph are

reconfigured, and the radio is restarted again, all from the Python script.

The message queue setup required for the observe stage needs to be explicitly setup from
the C++ component code in order to allow the Python script to receive this information. That
is, often the source code of the components need to be modified to setup the required message

queue, reducing the re-usability of the component in other configurations. This is less efficient



1.3 The Iris Cognitive Radio Framework | 21

for a cognitive engine compared to publishing events, the mechanism used in Iris. Here, an
event can be subscribed to multiple times, or never. The connection is more loose, allowing
components to publish a whole series of events, enabling use without source code modification
in different radio setups. Thus, it can be said that using GNU Radio for cognitive radios is

more an add-on rather than a built-in feature.

GNU Radio is of limited use for embedded systems due to the large number of external
library dependencies and the overhead of a Python interpreter. For embedded systems, it is

desirable to minimise the dependencies and footprint of an application.

Another disadvantage is that it takes a considerable amount of learning and experimentation
to be able to design efficient radios with GNU Radio. Designing radio flow graphs often requires
an in-depth understanding of the implementation details of the components and GNU Radio in
general. The documentation often does not provide a solution, and the user might be required

to read the source code or consult the mailing list.

Thus, GNU Radio is a capable and feature-rich SDR framework with a large user and
developer community. Although it can be used for cognitive radio implementations, its ca-
pabilities in this domain are limited and radio designers often need detailed knowledge of

implementation details.

Designing a cognitive radio using the GNU Radio toolkit requires a good working knowl-
edge of Python, since reconfiguration can only be handled through Python scripts. Reconfigu-
ration and connection to a cognitive engine is performed using Python, with environmental
information retrieved from the radio via message queues. This often requires changing the
processing component’s implementation, so that messages are sent to the message queue, hence,

this feature is used rarely.

1.3 Thelris Cognitive Radio Framework

Iris has been under development at Trinity College Dublin since 1999 [39]. It is a flexible frame-
work for developing physical layers of cognitive radios, including mechanisms for cognitive
decision-making and run-time reconfigurability. The building blocks of a radio in Iris are signal
processing components with a specific function, e.g., a pulse-shaping filter or a convolutional
encoder. These may have parameters for adjusting their behaviour, for example, for setting the
roll-off factor of a pulse-shaping filter. A radio is composed by connecting these processing

components together, where data is passed between components along these connections. This
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is the description of the processing part of the system. Additionally, every component can trig-
ger events which a radio controller can subscribe to. Whenever such an event is triggered, the
controller has the opportunity to reconfigure the running radio, either by changing component

parameters or by replacing components.

Iris, in the version of 2006, is written in C++ for execution on the Windows operating system.
Components are compiled into dynamically loadable libraries (DLLs) so that no recompilation
is required for new radio designs from existing components. The radio controller is also written
in C++, using a simple API to the running radio for subscribing to events and for reconfiguring
the radio. Radios configurations are described in an Extensible Markup Language (XML) file,
listing the used components with their parameter settings. This describes the data plane of
Iris, i.e., the part where the data processing takes place. Optionally, a radio controller can
be specified in the XML file, which together with the Iris run-time system forms the control
plane, i.e., the part where the execution of the data plane is controlled. This XML file is parsed
by Iris during setup, components are loaded, linked, and initialised, the controller is loaded
and subscribes to events, and the radio is executed by continuously passing data between

components and processing it.

The cognitive cycle of observe, decide, and act is executed as follows. Component events are
triggered by a component to inform the controller of the state of the radio or the environment.
This represents a meter of the radio from the controller perspective, read during the observe
stage. A callback function in the controller is executed in response to the event, performing
decision-making and possibly machine learning. This is the decide stage. The controller may
then act by reconfiguring the radio, for instance, by tuning a component parameter or by
replacing a component with a different one. This reconfiguration possibilities represent the
knobs of the radio.

In the following we will take a closer look at the architecture and design flow of Iris. This

information is largely based on [39].

1.3.1  Architecture

The Iris architecture is illustrated in Figure 1.1. As can be seen, the basic building blocks of Iris
are the Iris run-time system, the component library, the data plane (described by the XML radio
description), and the radio controller. In the following each of these parts is examined in more
detail.
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Figure 1.1: The Iris architecture. A radio with four components A, B, C, and D is shown as an example.
The user describes the radio in an XML file and writes the radio controller in C++.

Component library

The component library holds a set of Iris components, used as building blocks for radio con-
figurations. Each component is responsible for performing one specific processing step on a
stream of data. Examples are a modulator or a pulse shaper component. Radios are constructed
by connecting these components and configuring them. Components are written in C++ and
compiled into dynamic libraries loadable by the Iris run-time system. They have input and
output ports, for connecting them into a radio components, and parameters for adjusting the

component behaviour without recompilation.

Events are used by components to trigger a call to the radio controller and provide informa-
tion to it. For instance, a decoder component might estimate the current bit error rate (BER)
and report it to the controller using an event. This event interface is key to achieve dynamic

reconfiguration of the radio based on the current environmental and radio-internal conditions.

A wide variety of different components have been implemented for Iris so far, ranging from
simple signal scaling components to complex orthogonal frequency division multiplex (OFDM)
modulators. The component library holds all these compiled components, ready to be used in

a cognitive radio.
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Data Plane

The data plane of Iris is specified in an XML file (see Figure 1.1). It is composed from components
contained in the component library, with all parameters set to specific values and all inputs and
outputs connected to other components. This XML syntax allows to describe a wide range of
radio configurations typically used in cognitive and software radios in a simple and efficient way.
Various different radio configurations can be created easily by connecting and configuring the
components of the component library; no source code compilation is required. The full syntax

of the Iris XML format as well as some illustrative examples are described in Appendix A.

The radio’s execution semantics, i.e., how the radio configuration is executed, is simple and
efficient. The Iris scheduler, part of the run-time system, calls each of the components in a
sequence from source to sink, once in each scheduling cycle. That is, the scheduler executes
a simple loop with each component executing once. It provides each component an input
block of data to process, and passes the computed output block on to the next component.
Every block of data is associated with a valid signal; components may use this to signal other

components down the chain that the output data is invalid and can be ignored.

This simple radio execution requires no buffers between components since there is no
concurrency and output data blocks are immediately consumed by the next component. This
allows fast execution of the radio, without reallocating memory, managing buffers, etc. Block
sizes are fixed during normal execution and components have no control about the size of
the input data block they are given. If a reconfiguration happens, either triggered by the radio
controller or by a change in the XML file (see the following sections), the block sizes are

recomputed and memory is reallocated as required.

Radio Controller

A radio controller is the decision-making part of the radio, i.e., it executes the cognitive cycle
of observe, decide, and act. It can access information about the currently running radio as well

as reconfigure it.

Information about the components currently executing and their parameter values can be
accessed by the radio controller and are provided by the run-time system. This is one method
to observe the status of the running radio. Further, radio controllers can subscribe to events that
are published by components, in order to get informed about changes in the environment or the
radio itself. Components can trigger these events during radio execution, sending information

to the radio controller. For example, a spectrum sensing component might send estimated
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spectrum occupation data to the controller. When the controller subscribes to an event, it
registers a callback function which is invoked when the event is triggered. This is the second
method for the controller to observe. Both the component information interfaces and the

published events can be considered the meters of the cognitive radio.

For the decide stage, radio controllers are free to implement any decision-making algorithm
they choose. For example, they can implement a simple state machine, switching different
radio operation settings based on predefined conditions, or a genetic algorithm optimising a

multi-objective function to determine optimal settings for the radio.

During the act stage, the radio controller can reconfigure the radio through various different
methods. Parameters of components can be adjusted, e.g., setting the gain parameter of a scaling
component. Components can be replaced with different ones from the component library, for

example replacing one modulator for another.
The controller to be used with a radio is specified in the XML description (see Appenix A).

This simple mechanism allows for adaptation of the radio to changes in the environment,
a concept central to cognitive radio. Controllers from simple decision tables or state ma-
chines to ones employing learning using artificial intelligence principles are possible with this

architecture. Hence, it is a clear enabler for implementing cognitive radio systems.

Iris Run-Time System

The Iris run-time system is the core of Iris. It parses the radio XML description, loads and
manages radio components, manages memory, handles radio execution, loads and initialises
radio controllers, etc. It provides simple interfaces to the radio components, controllers, and

the user and manages all low level tasks.

The lifecycle process of a radio is as follows. On start-up, the XML file describing the radio
is parsed and the Iris run-time engine creates the radio. It instantiates, connects, and initialises
the specified components. In the next step, it loads the radio controller, also given in the XML
file, and invokes a function let it attach to the components (i.e., retrieve radio information and
subscribe to events). Finally, the radio is started and blocks of data generated by the source
component are processed by each of the components in the radio chain in sequence. When one
of the events the radio controller has subscribed to is triggered by a component, the controller
can react in many ways, as described above. The user can stop the radio execution, or pause

and resume via a simple text-based interface.
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Figure 1.2: The Iris design flow.

In addition to the radio controller, the user can also reconfigure the radio by manipulating
the XML file of the running radio and telling the Iris run-time system to reconfigure. The XML
is parsed, differences are identified, and the changes are applied to the radio. This provides a
simple mechanism for run-time reconfigurations without developing a controller which many

users find convenient for development and experimentation.

1.3.2 Radio Design

Typically, a radio is designed in Iris following the steps illustrated in Figure 1.2. The first step
in every radio design is to divide the radio into components and sketch a block diagram
describing the radio’s functionality (@ in the figure). This step is independent of Iris and
typically involves a sheet of paper or a white board. In @, the components of the sketched
diagram are mapped to the ones existing in the Iris component library. This mapping might
require some variation of the original diagram, depending on component granularity and
availability. If one or more components are not in the library provided by Iris, the radio designer
has to implement them using the simple API described in Section 1.3.1 (@ in the figure). If a
radio controller is required, the radio designer has to implement it as the next step (@), using
the API described in Section 1.3.1. Now all the implementations are ready. All that is left to do
is writing the radio description in XML format (@) and running the radio with Iris (6)N

The Iris architecture and component library allows for high levels of re-usability. That is,
components can be used in a variety of different radio configurations without recompilation.

Modifications with a particular radio design can be made in the XML file, making it easy and
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fast to experiment with a particular radio. Even if a component is missing in the library and
must be implemented manually, this is only a small part of a full radio system, with simple

interfaces. All other parts of the radio system can be used ‘out of the box’

1.3.3 Discussion

Iris has proved very efficient and easy to use for various cognitive radio applications (see for
example [40-42], where it has been used for dynamic spectrum coexistence experiements,
for experimenting with cyclostationary signatures as an innovative rendezvous technique in
dynamic spectrum scenarios, and for exploring various reconfigurability opportunities for
multi-carrier CDMA). Its strengths are reconfigurability, ease-of-use, simple APIs, and rapid
prototyping. On the other hand, it is bound to the Windows operating system running on
GPP hardware, which severely limits its usability for setups requiring more compute power
and smaller form factors. Other weaknesses include the limited flexibility of the scheduler
and the lack of support for parallel hardware architectures. Nevertheless, it is a complete and

ready-to-use cognitive radio framework with a clever architecture and concept.

1.4 Kansas University Agile Radio (KUAR)

The KUAR is a compact, powerful, and flexible software radio development and experimenta-
tion platform developed at Kansas University [43]. It is primarily aimed to enable advanced
research in the areas of cognitive radio, cognitive networks, and dynamic spectrum access. The
KUAR is an integrated hardware and software platform, including antennas, radio frequency
(RF) components, digital baseband processing hardware, and a control PC. Due to its small
form factor and the optional battery pack it is mobile and therefore allows experiments in the
field.

1.4.1 Architecture

Hardware

The radio consists of a power supply, a digital board, and a RF board within a shielded box of
approximately 17.8 x 7.6 x 15.2 cm. The transmit and receive patch antennas are active (include
amplifiers) and mounted outside of the shielded box. This is the default antenna configuration,

however, other antenna configurations are possible. The power supply can be either battery
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driven or mains driven. The digital board contains an embedded PC for diagnosis and control
and a Xilinx Virtex-II Pro FPGA for high-speed signal processing. The embedded PC is
equipped with a 1.4 GHz Intel Pentium M processor, 1 GB RAM and a 8 GB MicroDisk running
the Linux operating system, which allows implementing sophisticated radio controllers using
standard tools. To ease the integration of a KUAR node into an existing network it is equipped
with a gigabit Ethernet port. To simplify development and debugging, the KUAR can be used
as a standard PC with graphical desktop using the USB and VGA connectors. The FPGA can
be accessed and configured from the Linux PC via PCI Express, PCI, or USB, depending on
the required performance and available FPGA resources. The fastest connection is through
PCI Express, but this requires the largest footprint in the FPGA. The slowest connection
is via USB with the lowest resource requirements, and PCI is a solution providing average
performance with average resource requirements. The RF board is responsible for tuning the
frequency and power (maximum bandwidth is 30 MHz), up/down conversion, filtering, and

analog-to-digital/digital-to-analog conversion.

Software

The KUAR platform is a hybrid system of heterogeneous processing elements. The FPGA
logic provides high-speed parallel signal processing, typically used for all low-level baseband
processing of a radio. The two embedded PowerPC processors in the Xilinx Virtex-II Pro
FPGA can be used for radio and FPGA control functions and for basic signal processing. They
also allow to run a secondary Linux for standard operating system features directly on the
FPGA device. The powerful Pentium host processor runs the main radio control, i.e., it is the
“glue” for all processing elements. Linux drivers and tools for accessing the other parts of the
system are provided. The host processor can also execute signal processing and networking
functions and run diagnostics and configuration tools. All these elements are programmable
with standard tools, i.e., Xilinx tools (ISE [44], SystemGenerator [31]) for FPGA programming
and standard compilers (GCC, etc.) for the PowerPC and Pentium processors. The software
architecture is modular, using a custom middleware to interface between all software and

hardware components of the system. An illustration is given in Figure 1.3.

A radio configuration is created based on a library of pre-compiled modules for the various
processing devices available inKUAR. When booting the radio, these modules are loaded onto
the appropriate subsystem of the KUAR platform, configured, and started. During execution,
test data can be generated and the radio performance is measured and logged for offline ac-

cess [45]. Modules communicate with each other via a custom middleware, which is composed
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Figure 1.3: The KUAR software architecture (based on [43]).

of a set of software APIs and hardware interfaces. Software APIs are available for RF front-end
control and for FPGA control and data access. The FPGA hardware interface is called the
KUAR Memory Interface, which is a set of VHDL modules that provide an abstraction for
interaction with software. These include registers, FIFO buffers, and memories shared between
FPGA and software. Data to and from the RF board is always passed through the FPGA. Using
these abstractions it is possible to freely decide which parts of the KUAR platform should
be used for which parts of a radio design. Typically most physical layer signal processing is
implemented on the FPGA while networking and control is implemented in software on the

host processor.

1.4.2 Radio Design

A typical design flow for the KUAR is presented in [43]. Radio designers model and simulate
their design with high-level tools, e.g., MATLAB and Simulink. Once convinced that the design
is functionally correct, they browse the component library that is provided with KUAR for
re-usable components. If required components are missing, they are implemented by the
designers using standard FPGA design tools, e.g., VHDL, Verilog and Xilinx ISE [44]. Once
these designs are loaded onto the FPGA, designers can use a set of test and debugging tools
provided with KUAR. These support, for instance, signal generation, interoperability with
MATLAB or Simulink, linking with other KUAR radios via Ethernet or wirelessly, or displaying

diagnostic plots like eye diagrams or BER curves.

An abstraction layer for easy transfer of data to and from the FPGA allows implementing

control, networking, and higher layer functionality from Linux without in-depth knowledge
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of the FPGA implementation.

To provide maximum flexibility, no radio design toolkit is provided with KUAR, i.e., no tools
for connecting flow graphs of components, execution scheduling, etc. are provided. Designers
may run GNU Radio (Section 1.2), OSSIE (Section 1.1), any other software radio framework,

or their own custom radio applications on the KUAR.

Reconfiguration and control is performed by the components Policy, Ops, and QoS (see Fig-
ure 1.3). The QoS component keeps track of changes in the signal quality and the environment
and signals those to the Ops component. This adjusts the radio operation settings accordingly,
e.g., by changing the modulation type, the frequency, or the forward error correction technique.
All changes have to run through the Policy component, which ensures that the operation

parameters are permitted [45].

1.4.3 Discussion

The KUAR platform is a complete and portable hardware solution for cognitive radio experi-
mentation. Its capabilities are vast, enabling a wide variety of applications. On the other hand
the library of pre-compiled radio modules and configurations is still small; only a small number
of implementations for point-to-point communications are available thus far [45-47]. The
software architecture and radio design methodology is handled at a low level, i.e., no high
level toolkit for constructing radio dataflow graphs, monitoring its execution, and handling

reconfiguration is provided.

Radio designers have to implement the scheduling and synchronisation techniques, the
radio life-cycle management, and the control of the radio reconfiguration manually. This offers
high flexibility, with the drawback of decreased portability of radio modules and increased
development times. Most of the designs proposed in [45-47] are pure hardware designs using
Xilinx FPGA design tools. The software API is used for loading the FPGA configuration, testing,
debugging, and diagnostics only.

The KUAR platform is developed and built within Kansas University. It is not available for
purchase, making it difficult for other researches to get access to the platform and use it for

their own experiments.
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1.5 Rutgers University WiNC2R

The WiNC2R is a cognitive radio platform developed by Wireless Information Network
LABoratory (WINLAB) at Rutgers University [48]. It uses flexible hardware accelerators
to achieve programmability and high performance at each layer of the protocol stack. The
prototype consists of one or more baseband modules, each connected to an RF module, a
networking module, and a central processing unit (CPU). The performance intense radio
functions are executed on dedicated hardware accelerators (implemented in FPGA logic),
while less processing intensive functions are performed by data processors (implemented as
soft CPUs on the FPGAs). The data transfers between those elements are performed using fast
direct memory access (DMA) techniques. A system scheduler manages the synchronisation of
all the processing elements as well as the data transfers. The external CPU manages the system
reconfiguration; it can reconfigure hardware accelerators, data processors, and the systems

scheduler if required.

The WiNC2R is still at an early stage, i.e., the prototype is not fully developed yet. Early tests
show encouraging results, but no reference designs have been demonstrated yet [48]. Thus,
no information about approaches for designing radios for the WiNC2R framework could be

found in the literature.

High level and easy-to-use design tools for the WiNC2R are key to allow other researchers
using this platform for their experiments. According to the website [49], the WINLAB is

currently working on such tools and software support.

1.6 Virginia Tech Stalion Processor

The Mobile and Portable Radio Group (MPRG) at Virginia Tech developed a layered radio
architecture for software radios [50] and proposed the Stalion processor for the implementation
of its physical layer [51]. The Stalion uses the stream-based processing concept, i.e., streams of
packets containing either programming information or data are pipelined through functional
blocks. If a programming packet arrives, the functional block is reconfigured with this new
information. Data packets are processed with the current programming information. This
architecture allows reconfiguration of hardware blocks on a per-packet basis. The Stalion
consists of an interconnected array of functional blocks (an arithmetic logical unit (ALU) with
some flow control logic), which can be reconfigured on the fly. A cross-bar switch connects

all functional blocks and can be programmed to reflect the required data path through the
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system. The ALUs support addition, subtraction, bit shifts and logic operations on the 16 bit
inputs. Some of the functional blocks are multipliers. This architecture makes the device highly
parallel, with a lower granularity than FPGAs (functional blocks instead of look-up tables and
flip flops). The performance levels lie between those of GPPs and FPGAs.

The Stalion architecture is a powerful concept for on-the-fly reconfiguration of radio

functionality.

However, the programming tools available are low-level, requiring in-depth understanding
of the underlying hardware. In [51], a set of low-level graphical programming tools are described
for the Stalion, which set the programming bits of each functional unit as well as switching
cross-bar configurations directly. This developing cognitive radios for the Stalion a difficult

task requiring considerable effort and in-depth architecture knowledge.

1.7 Rice University WARP

The WARP is a scalable, extensible, and programmable hardware platform using an FPGA
as its baseband processor and up to four RF daughter boards [52]. The physical layer of a
radio is implemented in the FPGA logic fabric, while medium access control (MAC) layer
functionality can be implemented in C using the two embedded PowerPC processor cores
(without an operating system). The first version of the WARP uses a Xilinx Virtex-II Pro FPGA
with two embedded PowerPC processor cores for baseband processing. In October 2009 a
new version of the WARP board was released, featuring, among other capabilities, the more

powerful Virtex-4 FPGA and gigabit Ethernet connectivity [53].

Various reference designs and tutorials are available detailing a variety of radio imple-
mentations on the WARP board. Standard Xilinx tools are used to program the WARP board
(typically System Generator [31]), allowing efficient software radio implementations. WARPLab,
a framework for interaction with the WARP board from MATLAB, allows signals generated
from MATLAB to be transmitted using the WARP board or analysis of signals received from
the board. This can aid the design of radio applications and facilitates rapid prototyping.

To implement a full radio application on the WARP board, requires significant low-level
hardware design experience. No framework for composing radios from functional blocks,
e.g., modulators or filters, is provided. The Simulink-based System Generator tool provides a
graphical methods for designing hardware, but designers still have to understand low-level
details to be able to design radios for the WARP.
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The WARP board is primarily designed for SDR experimentation. No standard methods or
interfaces for implementing cognitive radios are provided. That is, implementing a cognitive
decision-making process, obtaining information about the environment and reconfiguring the
radio during run-time requires cuambersome low-level implementation from the ground up.
Cognitive radios adapting the operation of the physical layer of a radio on-the-fly have not
been demonstrated on the WARP board yet.

1.8 Summary

A number of different cognitive and software-defined radio frameworks and platforms have
been reviewed in this chapter. They range from an abstract software architecture (SCA), over
pure software implementations (OSSIE, GNU Radio, Iris), and combined hardware and software
solutions (KUAR), to pure hardware boards and devices (WiNC2R, Stalion, WARP). The
selection reviewed is believed to be representative for the full range of platforms available

today.

Each of the discussed frameworks follows a different approach to designing and executing
cognitive radios in a testbed, with advantages and disadvantages. Summaries of the strengths

and weaknesses for each of the reviewed frameworks are given in tables 1.1 to 1.7.
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Strengths

Weaknesses

« portable open royalty-free standard

» many implementations available (proprietary
[29, 32, 33] and open source [21])

« Different implementations can be combined

« proprietary solutions for integrating DSPs and
FPGAs available

« widely adopted by the industry

« high flexibility

« asynchronous communication between com-
ponents (inefficient on a single processing de-
vice)

« communication overhead due to CORBA mid-
dleware

« often too complicated architecture for simple
applications

« target domain: SDRs, not cognitive radio

« no mechanisms for cognitive cycle and run-
time reconfiguration

Table 1.1: Strengths and weaknesses of JTRS SCA [14].

Strengths

Weaknesses

« accessible open-source toolkit

« high performance on standard hardware

« large number of optimised processing compo-
nents

« flexible radio application development in
Python

« easy of use through GUI

» not suited for embedded platforms
 cannot use FPGAs or DSPs

« mainly for SDRs

« cognitive radio development cumbersome
+ poor documentation

Table 1.2: Strengths and weaknesses of GNU Radio [36].

Strengths

Weaknesses

« built-in support for cognitive cycle (radio con-
trollers)

« ease of use (component-based appraoch, XML
configuration)

o plug-in based approach simplifies adding new
components

« Windows only

« not suited for embedded platforms

 cannot use FPGAs or DSPs

« limited flexibility in radio configurations
(branching/mergin/feedbacks are difficult or
impossible)

« simple sequential execution ignores parallel
hardware

Table 1.3: Strengths and weaknesses of Iris [39].
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Strengths Weaknesses

» complete and portable hardware (PC, FPGA, « low-level development, detailed platform
front-end, antennas) knowledge required

« capable of advanced high-performance radio « limited availability to other researchers
implementations « small number of provided waveforms and re-

« high flexibility through custom low-level de-  usable components
sign

» APIs for common functionality provided

Table 1.4: Strengths and weaknesses of KUAR [43].

Strengths Weaknesses
« complete hardware platform (networking, e still early prototype
baseband, RF, and CPU modules) « no reference designs demonstrated
« network stack support « no information about design approach
« uses high-performance hardware (FPGA) « non-standard hardware — requires custom de-

« efficient parallel architecture, streaming data ~ sign methods
through processing elements

« run-time reconfigurable processing elements

« fast data transfers between elements

Table 1.5: Strengths and weaknesses of WiNC2R [48].

Strengths Weaknesses

« stream-based processing concept suits cogni- e« low-level programming, requiring in-depth
tive radios understanding of hardware

« reconfiguration of functional blocks on per- « custom hardware design, i.e., standard devel-
packet basis (highly reconfigurable) opment tools cannot be used

« highly parallel hardware device (performance « high development effort
lies between GPPs and FPGAs)

Table 1.6: Strengths and weaknesses of the Stalion [s1].

Strengths Weaknesses
» complete hardware platform (including base- « low level design, using standard FPGA design
band processing and radio front-end) flow
« support for higher layers (networking) « FPGA design experience required
« leverages high-performance hardware (FPGA) « networking implementation on bare PowerPC
« a number of reference designs available without operating system requires advanced
 good documentation software programming skills
« available off-the-shelf « implementing cognitive cycle difficult
« WARPLab, a Matlab-based tool, aids design of
radios

Table 1.7: Strengths and weaknesses of WARP [52].
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2 An FPGA-based Cognitive Radio
Framework

Contents
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The previous chapter reviewed various existing frameworks and platforms for experimenting
with cognitive radios. It could be seen that a variety of different approaches exists, all with
strengths and weaknesses. None of the reviewed frameworks however provided an easy-to-use
methodology for radio design and at the same time a hardware platform that is capable to run
complex radios in real-time. The software-centric frameworks (Software Communications
Architecture (SCA), Open Source SCA Implementation::Embedded (OSSIE), GNU Radio, Iris)
cannot not deal with real-time hardware without major difficulties. The frameworks with real-
time hardware (Kansas University Agile Radio (KUAR), WINLAB Network Centric Cognitive
Radio (WiNC2R), Stallion, Wireless <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>