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ABSTRACT OF THE THESIS

Design Environment

for Rapid Prototyping of Software Defined Radio

by

Tad James Dreier

Master of Science in Electrical Engineering
University of California, Los Angeles, 2006

Professor Mani B. Srivastava, Chair

The design of software defined radios is a challenging task that requires the
expertise of adiverse set of engineers. Communication systems engineers use one set of
tools to explore the modulation and signal processing agorithms, while network
designers use another set of simulators to assess network performance. Implementing
these designs requires embedded software engineers to optimize an implementation for a
particular target, while addressing issues relating to real-time performance and hardware-

software interfaces. Maintaining disparate design environments among these related

Vi



domains incurs significant overhead in moving from concept to implementation, and fails
to exploit the highly flexible nature of software defined radios. In this thesis, we explore
a new design environment for software defined radios that allows designers to quickly
explore design alternatives, simulate behavior, and map designs to an efficient target

implementation.
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Chapter 1

| ntroduction

Wireless communications play an important and rapidly growing role in modern
life, where people are heavily dependent on applications such as television, radio, cellular
telephone, wireless internet, and global positioning system (GPS). The not-so-distant
future promises explosive growth in wireless communications as technologies such as
Bluetooth and wireless sensor networks become ubiquitous. Traditionally,
communications systems have relied on dedicated hardware to perform signal processing
algorithms.  In recent years, a new class of systems centered around software
implementations has emerged as an increasingly important technology choice for many
applications.

Implementing radios in software has the potential to unleash enormous flexibility
and speed design times, but currently remains a difficult and slow task. The design
process for software radios remains rooted and handicapped by the traditional design
flows used for hardware radios. Communication systems engineers use tools such as
Matlab [9] and Simulink [10] to explore the modulation and signal processing algorithms,
while network designers use another set of simulators like QualNet [11] and OPNET [12]
to assess network performance. Once the agorithms and protocols have been finalized,
embedded software engineers design a solution to optimize an implementation for a

particular hardware platform, while addressing issues relating to real-time performance



and hardware-software interfaces. Maintaining disparate design environments among
these related domains incurs significant overhead in moving from concept to
implementation, and fails to exploit the highly flexible nature of software defined radios.
Given the growing importance of software radio systems, we aim to explore new
design tools specifically targeting software. Our goal is to allow rapid development,
reducing the amount of time required to move from system design, to simulation, and

finally, to atarget implementation.

1.1 Softwar e Defined Radio

Whereas contemporary communications are performed largely by dedicated
hardware, software defined radio (SDR) aims to supplant application-specific hardware
and move the role of software much closer to the antenna.  With its significant
performance advantages, dedicated hardware radios will remain a dominant
implementation choice in foreseeable future. However, the tremendous flexibility of
software combined with the rapid advance of commodity processing power makes SDR
an increasingly important choice for many systems.

The terms “software defined radio” or “software radio” do not have a single
precise definitions, and are interpreted differently in many discussions and contexts. In
this discussion we use the terms interchangeably, and refer to communications systems
where a significant amount of signal processing algorithms are performed in software
running on a general purpose processor, which interfaces to hardware that is generic

enough to support a range of frequencies and modulation types. In the most extreme



case, software radio consists of an analog to digital converter (ADC) capable of digitizing
the entire RF spectrum, with all subsequent processing performed in software. A more
practical realization consists of a wideband RF front-end, tunable hardware down-
conversion, with baseband sample processing performed in software. We discount the
loosest definitions of software defined radio, in which hardware performs nearly all data
processing while under the control of software, since this definition is broad enough to
cover nearly all contemporary hardware radios in use today.

The rapid advances in processor computing power have only recently made it
possible to perform useful communications processing largely in software. As with any
other application space, the advantage of choosing software over hardware in a radio
system is flexibility. It isfar easier, and thus faster and cheaper to modify software than
hardware. Some cellular service providers have turned to software defined radio for base
stations in order to deal with rapidly changing standards without incurring the costs and
rigidity associated with deploying hardware [13]. The U.S. Department of Defense has
been a major force behind software radio research and development. Its Joint Tactical
Radio System (JTRS) aims to use software radio to cope with the multitude of
communications modes used across branches of the military and allied forces, without
requiring the proliferation of separate hardware devices and incompatibilities with legacy
systems [14]. Emerging research into “cognitive radio” promises to bring higher level
intelligence down to the physical layer, alowing radio nodes to autonomously adapt to

their surroundings in a decentralized manner [2]. This level of complexity relies on the



availability of software radios, as highly complex hardware is incredibly difficult and

risky to build.

1.2 System Design and Modeling

In this section, we describe some of the important characteristics that an ideal
software radio design environment should possess. Such an environment unifies the
design domains used by communications, networking, and software engineers, providing
integration at design time and simplifying system level simulation. Thisis not to say that
all designers should be forced to work with one tool; there are good reasons for using
different tools and abstractions for different tasks. We do not assert, for example, that all
designers should use Matlab for the sake of tool unification. The desired goal provides
designers the flexibility to choose the most comfortable design abstraction for their
domain, while providing a higher level framework for unifying their designs and
providing the capability to model them together. Current design methods, where
designers work in segregated tools with ad-hoc (or no) integration require a highly
inefficient integration process to perform system level simulation and eventua
implementation. We aim to reduce design cycle times, allowing designers to rapidly try
new design ideas, observe the impact through simulations, and generate red
implementations.

In order to achieve these desired features, we present a design environment built
on other software projects that embody similar goals. We use Ptolemy Il [1] as a

framework to unify design models across different domains. GNU Radio [3] and Click



[4] provide desirable abstractions and libraries of composable elements for simulating
and implementing physical layer and networking designs, respectively. The following
sections describe these systems in more detail, and illustrate their use in our software

radio development environment.

1.2.1 Ptolemy I

Ptolemy 1l is a software framework for modeling embedded, real-time systems,
developed at UC Berkeley. In this document, the term “Ptolemy” refers specifically to
Ptolemy II. Ptolemy’s architecture facilitates modeling of complex systems consisting of
concurrent components, where component behavior may be governed by heterogeneous
models of computation. A graphica interface, called Vergil, provides an easy and

powerful mechanism for building and configuring models.
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Figure 1: Example of Ptolemy graphical modeling interface.

1.2.1.1 Ptolemy Il Architecture

Ptolemy Il iswritten entirely in Java. It provides several basic framework classes

that are common among different models of computation (MoC®), and provide a

consistent interface that allows components with varying internal computational

semantics to seamlessly interact with one another. 1n Ptolemy, MoC®are aso referred to

as domains. In many cases, a domain will provide subclasses for the framework classes,

which implement the appropriate domain-specific behavior. Some examples of existing

domains include discrete-event (DE), process networks (PN), and finite state machine

(FSM).



The processing components, or blocks, of a Ptolemy system are referred to as
actors. Actors may be data sources, sinks, or perform transformations. They may have
any number of input and output ports. Actors may also be domain and/or type agnostic.
For example, the same actor that provides the sum of its inputs as an output might exist in
either a discrete-event or synchronous data flow domain. This actor might aso be
capable of accepting inputs of various data types. On the other hand, not every actor will

fit in every model of computation, nor accept every datatype.

1.2.1.2 Hierarchy

Mode hierarchy is achieved through the use of composite actors. These actors
provide the same top-level interface of an ordinary (atomic) actor, performing some
function on a set of inputs and producing a set of outputs. However, the internal behavior
of a composite actor is defined as a Ptolemy model itself, perhaps with a different model
of computation from its container. One could imagine a system modeled as a discrete-
event simulation, where one subcomponent represents a mechanical process that is best
modeled in a continuous-time domain. Ptolemy enables the discrete-event domain to
contain a composite actor, whose behavior is defined by a continuous-time model.
Model hierarchy can be arbitrarily deep, and mix any number of heterogeneous domains.

Thisis one of the key strengths of the Ptolemy framework.

1.2.1.3 Directors

The director controls the execution of a model, and is largely responsible for

implementing the domain-specific model of computation. A director controls how data



flows through a system and the order of execution. Several specialized directors are
available in Ptolemy, which implement many well known models of computation,
including Process Networks (PN), Finite State Machine (FSM), Synchronous Dataflow

(SDF), and Discrete Event (DE).

1.2.1.4 Ports

Components communicate with one another via ports, which may be inputs,
outputs, or bidirectional. In addition, Ptolemy supports a notion of multiports, which can
be connected to more than one other port. Thisis often referred to as fan-in and fan-out.
A component® ports may be typed or untyped, in which case the type is dynamically
determined by the requirements of a connected port. The base Port class can be
specialized to place further restrictions on numbers or types of connections, or to provide
domain-specific functionality. For example, the Wireless doman defines a
W r el essl OPort class in order to model component connections across a wireless

channel as opposed to wired links.

1.2.1.5 Tokens

In Ptolemy, data is encapsulated in Token objects. Tokens are generated,
transformed, or consumed by actors, and communicated via input and output ports. The
Token base class is speciaized by more specific classes, which encapsulate particular

types of data, such as Doubl eToken, Conpl exToken, and St ri ngToken.



1.2.1.6 Modeling Markup Language (MoML)

MoML is a modeling markup language in XML that provides a way to specify
interconnections and hierarchy for parameterized models. MoML does not imply
anything about the meaning of the model components or their connections. Ptolemy uses
MoML to represent models and model components. A graphical block diagram designed
with the Ptolemy GUI can be saved as a MOML text file, preserving the components,
connections, and configuration parameters. A MoML file is hierarchical, and could
represent an entire complex model containing hundreds of elements, or describe a single
element. MoML files may also refer to, or “include”’, other MoML files, which facilitates

reuse and minimizes text duplication.

1.2.2 GNU Radio

GNU Radio is aframework for developing software defined radios. It provides a
library of signal processing blocks and the glue code necessary for building and

executing systems composed of these modular processing blocks.

1.2.2.1 GNU Radio Architecture

GNU Radio is a hybrid C++ and Python system. Processing blocks are
implemented as C++ classes, while the top-level programs that instantiate, connect, and
configure the system are written in Python. GNU Radio leverages several other libraries
and programs for specific capabilities. Simplified Wrapper and Interface Generator

(SWIG) is used to automaticaly provide a seamless interface between C++ objects and



Python objects. FFTW libraries are used to perform platform-specific optimized
implementations of the Fast Fourier Transform (FFT). The BOOST shared pointer
provides simplified memory management through automatic reference counting for

objects.

1.2.2.2 USRP

The Universal Software Radio Peripheral (USRP) is a generic hardware front-end
designed for software radios. At a bare minimum, any software radio requires hardware
that serves as an analog to digital converter (ADC) to digitize analog signals into digital
samples, and a digital to analog converter (DAC) to perform the complementary function
for transmission in a two-way radio. The USRP provides four ADCs operating at 64
Msps, and four DACs with arate of 128 Msps. USRP hardware also performs digital up-
conversion, down-conversion, interpolation, and decimation. These functions alow
high-rate intermediate frequency (IF) signals to be trandated to baseband, low-rate
signals suitable for transmission across the USRP® Universa Seria Bus (USB) 2.0
interface. Performing the frequency and sample rate conversion in hardware significantly
lowers the software processing burden for GNU Radio, while maintaining the flexibility
to operate on a wide range of communications modes and frequencies. Further hardware
functions, such as RF channd filtering, and power amplification are implemented on the

USRP® customizable daughter boards.
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1.2.3 Click Modular Router

Click isaframework for developing software routers. A Click system consists of
aset of elements (similar to blocksin GNU Radio), which perform simple processing
functions and communicate with other elements by passing packets along input and
output ports. Elements are implemented as C++ classes, and perform functions such as
classification, queuing, or scheduling.

A notable feature of the Click architecture isits support for both push and pull
connections. In apush connection, the source of a packet initiates the transfer to a
destination element. A natural example of apush connection is an Ethernet device that
pushes packets into a queue as they arereceived. A pull connection isthe opposite,
where a destination initiates atransfer by pulling packets from a source. A transmitter
might pull packets from a queue after waiting for access to the channel.

Click systems are defined by writing a configuration file that specifies elements,
their configurable properties, and the connections between them. Thisfileiswrittenina
very simple, Click-specific language. The configuration fileisread by Click’s main
process, which instantiates the relevant elements and performs the actual scheduling and
execution. Click systems can be run as either a user-level process or asaLinux kernel

module.

11



1.2.3.1 Comparison of GNU Radio and Click

In many respects, Click’s goals and motivation mirror those of GNU Radio.
However, Click isaimed at higher level network processing, as opposed to the physical
layer processing targeted by GNU Radio. Assuch, Click elements primarily operate on
packets, whereas GNU Radio blocks typically act on streams of waveform samples.
Click’s architecture is well suited for processing distinct “chunks’ of data, such as
packets. Inthe GNU Radio architecture, continuous streams of data are handled
naturally, while operations on packets are far more cumbersome. Improvements for

packet data flow processing is an active area of development in GNU Radio.
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Chapter 2

Softwar e Radio Design Environment

This chapter describes the architecture and implementation of a design
environment for software radio, named SDRIP, an acronym for Software Defined Radio
in Ptolemy. SDRIP builds on Ptolemy, GNU Radio, and Click, which were described in
genera in Chapter 1. The following discussion assumes a basic understanding of these
systems, and focuses on how they have been adapted and integrated in the SDRiP design

environment.

2.1 SDRIP Architecture

SDRIP provides a mechanism constructing systems from a library of GNU Radio
and Click processing blocks, configuring them, and synthesizing their execution as either
a Ptolemy simulation or standalone implementation. Systems designers often start out by
working at a block diagram level, later transitioning to lower level tools in order to
implement or simulate their designs. In SDRiP, we aim to keep the design interface all
the way up at the graphical block diagram level, using software to transparently translate
between graphica diagrams and implementations.  This section describes the

implementation of such a system using Ptolemy.

13



SDRIP “simulates’ GNU Radio and Click model elements by executing real GNU
Radio and Click programsin separate processes, while using standard techniques of inter-
process communication (IPC) to exchange data with Ptolemy. Software radio blurs the
line between simulation and implementation, since software provides the functionality in
both cases. If we simply run a software radio simulation in real-time on “live” data, the
distinction between simulation and implementation disappears.

This architecture was chosen because it brings severa advantages. Since
simulations are performed with real programs, we have a high confidence that the
simulated behavior is representative of an actual target implementation.  Using real
programs also brings flexibility and insulates SDRiP from changes in GNU Radio and
Click themselves. Both of these are independent projects undergoing active development
and constantly changing. An architecture that relied on emulating GNU Radio within
newly-written Ptolemy code could require frequent updates to track changes in GNU
Radio, making such a design unacceptably brittle and difficult to maintain. Since SDRiP
is very loosely coupled to the external frameworks, we instantly derive benefits from
ongoing GNU Radio and Click development without incurring additional work in SDRIP.
In addition, the use of real programs for simulation purposes makes the task of generating
target implementations trivial. Simulation programs and target implementations are
largely identical, differing only in their external data interfaces, which connect to

Ptolemy in the former case, and external hardware or software in the | atter.
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2.1.1 SDRIiP Design Flow

SDRIP integrates Ptolemy with an external framework, such as GNU Radio or
Click, via three main phases. First, a representation of the external framework’s
processing components is made available to Ptolemy. Next, a graphical Ptolemy model
is mapped to a corresponding program that is executable by the external framework.
Finally, SDRiP Ptolemy code controls and interacts with this external program in order to
perform a simulation. Eventually, a standalone implementation is generated for
execution without Ptolemy interaction. The following figure illustrates the SDRIP design
flow. Clearly, this design flow could be extended to systems beyond GNU Radio and

Click.

Component Libraries

[GNURadio | [ Click install Time

MoML Generation

Gra phir:al System Design Time
in Ptolemy
Target Synthesis
Run Time
Executable Simulation Standalone Implementation
| GNURadio | | Click | | GNURadio | | Click |

Figure 2: SDRIP design flow.
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2.1.2 Composite Actors

In Ptolemy, model hierarchy is achieved through the use of composite actors.
Composite actors allow entire subsystems to be encapsulated as a single actor that
presents a higher level interface via externa ports. Our GNU Radio and Click domains
provide GNURadi oConpositeActor and i ckConpositeActor classes,
which represent subsystems whose implementation consists of a GNU Radio or Click
program, respectively. These composite actors can be placed within a Ptolemy model
using a standard domain, such as discrete event. Inside the composite actor, a GNU
Radio or Click director governs the behavior and interacts with the externaly visible

ports. To the higher level domain, these composite actors are viewed as a“ black boxes’.

2.1.3 SDRIiP Director

As described in Chapter 1, directors are responsible for the coordination of
processing in a particular domain. We provide an abstract Sdri pDi r ect or class,
which inherits from Ptolemy® basic Di rect or class, but provides a simulation
functionality specific to external frameworks such as GNU Radio and Click. This
director is responsible for analyzing a block diagram consisting of connected components
and generating a corresponding executable program. During a simulation, the director
accepts input tokens from externa input ports, feeds the data through the external
program, retrieves data sent by the external program, and sends resulting tokens to
external output ports. A user-configurable parameter gives a designer the option to

perform code-generation only, thus disabling smulation. Sdri pDi r ect or provides

16



for a common interface and implements generic functionality for controlling external
simulation frameworks, whether they are Click, GNU Radio, or something else. Any
particular SDRiP simulation domain must provide a concrete implementation for the

abstract Sdr i pDi r ect or .

2.1.4 SDRiP Wrapper

SDRIP s basic architecture not only supports the interaction between Ptolemy and
awide variety of external systems, but any particular system interface could be achieved
via a variety of inter-process communication mechanisms. We provide another abstract
class, Sdri pW apper , which is based on a facade design pattern and serves to hide IPC
details from higher-level code and provide a basic APl between Ptolemy and external
systems [5]. For example, one hypothetical wrapper might connect Click and Ptolemy
using shared memory for IPC, while another might connect Click and Ptolemy using
sockets.

We have chosen to implement two wrapper classes,
GNURadi oSocket W apper and Cl i ckSocket W apper, which communicate to
GNU Radio and Click using TCP sockets. Sockets were chosen for their wide
availability across platforms, simple interfaces, and their potential to allow transparent
distribution of components across processors. Alternative forms of IPC could easily be
developed by implementing new wrappers, without causing changes to ripple throughout
the system. In fact, an initial implementation of SDRIiP used a named pipe wrapper to

communicate with GNU Radio. The following figure illustrates the static class structure

17



for the main Java classes implemented in Ptolemy. For the sake of clarity, this object
model diagram shows only a subset of features important to convey the high level
structure of SDRIP, and is not a complete documentation of the code. Several methods,
attributes, and classes are not displayed here.

SDRIP s architecture provides a clear path for extension and customization of its
interactions with GNU Radio and Click, and could easily be extended to incorporate

additional externa frameworksin the future.
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Figure 3: Object model diagram for SDRiP Java classes.
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2.1.5 Processing Block Representation

Ptolemy provides a standard actor library containing a variety of elements that can
be used in models, such as data sources, sinks, and processing functions. SDRiP adds the
capability to import libraries of blocks defined in externa frameworks such as GNU
Radio. We provide a base Java class that specifies the visual icon to be used in diagrams.
For each block, a corresponding MoML file further specializes this base class, in order to
provide details particular to a given block. This technique is similar to that used in

Viptos [6], a Ptolemy system for modeling TinyOS [7] components.

2.1.6 MoML File Generation

In order to make SDRIiP simple to maintain as GNU Radio and Click change, we
provide utility programs that automatically scan the source installation and generate the
corresponding MoML file libraries that Ptolemy can use. The utility programs consists of
standalone Python scripts, gr 2nom . py, and cl i ck2nomi . py, that are manually run
as part of the SDRIP installation process. Environment variables are used to indicate the
location of the source installations and the desired destination for generated MoML files.
Several important details about component blocks are captured in the MoML
representations, including formal block names and constructor arguments. MoML files
contain the information necessary for Ptolemy to graphically represent GNU Radio and
Click blocks, while maintaining a link to the actual implementation classes for code
generation. The following figure illustrates the MoML representation for a GNU Radio

block that performs automatic gain control for floating-point data. Note that the rate,

20



reference, and gain properties are specific to this particular block. Other block would be

expected to have a different set of applicable parameters.

<class name="agc_ff" extends="ptolemy.domains.gnuradio.lib. GNURadioComponent">
<property name="source" value="$CLASSPATH/gnuradio-core/src/lib/general/gr_agc_ff.cc" />
<property name="declaration" value="gr.agc_ff" />
<property name="rate" class="ptolemy.data.expr.StringParameter” value="" />
<property name="reference" class="ptolemy.data.expr.StringParameter" value="" />
<property name="gain" class="ptolemy.data.expr.StringParameter" value="" />

</class>

Figure 4: Partial MoML representation for GNU Radio block agc_f f .

2.1.7 Code Generation

MoML files alow designers to bring external blocks into Ptolemy models, where
they can be configured and composed into useful systems. After creating the graphical
design in Ptolemy, a reverse transformation must be performed, which translates the
Ptolemy model into a corresponding external program for execution and simulation.

The executable programs are generated upon initiating a simulation, within the
director®@ini ti al i ze method. The details of code generation are delegated to the
wrapper classes, which further delegate to generator classes. We provide a
GNURadi oSocket Generat or and C i ckSocket Gener at or which generate
programs suitable for communicating with the socket wrapper classes. Implementation
of new IPC mechanisms would typically require the implementation of both a wrapper

class and a generator class, as thisimpacts the interface required by both Ptolemy and the

21



generated external program. Essentially, the wrapper class implements the Ptolemy side
of the process boundary interface, while the generated external program implements the
other. The encapsulation of code generation makes it straightforward for generated code
to be specidized for various IPC mechanisms or other customizations. The
GNURadi oGenerator is given a Ptolemy ConpositeActor object, which
represents the top-level container of the model, and contains information about all
contained actors and port connections.

The Ptolemy model consists of a directed acyclic graph (DAG), where each actor
is a node, and each port connection is a vertex. In this discussion, an external input port
refers to a boundary where data flows into an SDRiP domain from another Ptolemy
domain. Similarly, an external output port corresponds to a boundary where data exits
the SDRIP domain. Starting with external input ports, a depth-first traversal of connected
actorsis performed, eventually terminating at an external output port.

Upon visiting each node for the first time, a block is declared and instantiated.
Syntax for the declaration is provided by information contained in the actor&@ MoML file,
and constructor arguments that have been configured graphically by the designer are
inserted in the declaration. The declared object names are the same as the names used by
the actors in Ptolemy, preceded by an underscore to ensure the name is legal. Ptolemy
already enforces unique actor names, which guarantees the generated code avoids
duplicate object name clashes. However, some lega Ptolemy actor names would be
illegal object names in Python. For example, a Ptolemy actor might be named “in”,

which is a reserved keyword in the Python language. Transforming actor names with a
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leading underscore makes the generated code easily understandable, while also ensuring

that object names are unique and legal.

2.2 GNU Radio Interface

External input and output ports are mapped to special-purpose GNU Radio blocks
that implement the interface between GNU Radio and Ptolemy. In order to provide
flexibility in dealing with data in both streams and packets, as well as connecting directly
to Click, we provide a variety of configuration options for externa ports. These options
govern the precise implementation and behavior of interface code.

In the default configuration, we provide two GNU Radio blocks, named
ptol eny_fd _source and ptol eny _fd_sink, that read and write using file
descriptors to perform the inter-process communication on the GNU Radio side of the
interface. The fact that these blocks use only file descriptors makes them highly reusable
and suitable for a variety of potential IPC mechanisms. Their implementation makes
absolutely no distinction between reading and writing across a socket, named pipe, or
physical file.

Our source and sink blocks closdly resemble GNU Radio® file descriptor source
and sink. However, the interface to Ptolemy requires two modifications. First, we must
ensure that the data values transferred between Ptolemy and GNU Radio are represented
consistently. For portability, Java reads and writes data streams in big-endian, or network
byte order. However, Intel processors typically represent datain little-endian byte order.

The ptol eny_fd_source and ptol eny_fd_si nk blocks are designed to ensure
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that data is always exchanged in network byte order. In order to make the blocks
portable and efficient, we use the standard functions (ht ons, ht onl , nt ohs, and
nt ohl ) defined by the Berkeley Sockets API [8] to perform byte order conversions as
necessary.

The second modification provides a mechanism for synchronizing the execution
of Ptolemy and GNU Radio. When GNU Radio has finished processing a set of inputs, a
signal is generated so that Ptolemy can read any outputs from GNU Radio and advance
the simulation. This signal is implemented by writing to a specia file descriptor that
acts as a control channel, and is generated when GNU Radio is blocked awaiting input.
During initialization, the generated GNU Radio Python program opens the necessary

sockets, and provides the file descriptors to the source and sink blocks.

2.2.1 Accommodations for Packet Data

The file descriptor source and sink described above are well suited for streaming
data, where samples are processed as they arrive, without any logical bundling between
them. However, this paradigm is ineffective for packet-based data, where the processing
must act on chunks of data aslogical units. For example, functions such as data framing,
or block error correction could not be applied to streams, since they require knowledge of
start and end pointsin the data.

We provide a solution for handling packet data that mirrors the techniques
currently used in GNU Radio. GNU Radio supports a notion of messages and message

gueues that are useful for handling packet data. Whereas typical blocks are connected via
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input and output streams, message blocks communicate by inserting and removing
messages from a queue. The connection between a source and destination therefore
consists of exchanging a reference to the shared queue. Tunneling packets inside these
messages alows the recipient to perform processing on logical chunks of data.

We provide the capability to graphically customize port configuration via
checkboxes labeled “msgQ”, “packetQ”, and “frame’. The first option results in the
generation of a message queue and the exchange of its reference to connected blocks.
For input ports, this results in the generation of a gr _nsg_sour ce block. Selecting
“packetQ” additionaly invokes the use of GNU Radio’'s packet utilities functions.
Incoming messages are encapsulated into packets with a synchronization header and
cyclic-redundancy-check (CRC) using GNU Radio’'snmake _packet method. Similarly,
output ports configured as “packetQ” reverse this process using the unnake_packet
method. Finally, the “frame” option indicates that data exchanged across sockets is
preceded by a four byte length value, indicating the number of bytes contained in the
message (including length field). This enables the message structure to be preserved
across socket communications, which are essentially streams of data. Since socket reads
and writes are not atomic, areceiver may not be able to distinguish the beginning and end
of messages without such framing. This four byte framing format is designed to match
that of Click’s socket interfaces. This facilitates the ability to directly connect GNU
Radio programs to Click programs.

Additionally, the task of servicing sockets and message queues is performed by

two Python utility classes we have implemented, queue2socket thread and
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socket2queue thread. The former class spawns a new thread of execution, which reads
from a message queue and writes to a socket. The latter class performs a complementary

function, reading from a socket and inserting messages into a queue.

2.2.2 GNU Radio Code Generation

For each connection between actors in the model, a corresponding connection
must be made on GNU Radio® f | owgr aph object. This is performed by calling the
connect method, with source and destination objects as arguments. Since blocks in
GNU Radio and Ptolemy may have multiple input and output ports, the connect
method takes port index parameters for both source and destination. Ptolemy actors
maintain an ordered list of their input and output ports, and these same index numbers are
used when generating connections in the GNU Radio code.

After traversing the model and its connections, the final section of generated code
simply invokes the flowgraph®r un method, which spawns execution of the GNU Radio
scheduler. At ahigh level, the generated Python program declares blocks, connects them,
then runs the scheduler. The following figure uses a simple model to illustrate the

mapping between a graphical model and Python code.
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inputl

(8) Simple Ptolemy model using GNU Radio.

cl ass the_graph(gr.flow graph):
con_GNURadi o_ctl = ptolemy_utils.socket connect thread(3000)
con__out = ptolemnmy_utils.socket_connect _thread(2002)
con__inputl = ptoleny_utils.socket_connect _thread(2000, Fal se)
con__input2 = ptoleny_utils.socket_connect _thread(2001, Fal se)
con_GNURadi o_ct!.join()
sock GNURadi o_ctl = con_GNURadi o_ctl.get _socket ()
fd_GNURadi o_ctl = sock_GNURadio_ctl.fileno()
con__out.join()
sock__out = con__out.get_socket()
fd out = sock__out.fileno()
con__inputl.join()
sock__inputl = con__inputl.get_socket()
fd__inputl = sock__inputl.fileno()
con__input2.join()
sock__input2 = con__input2.get_socket()
fd_ input2 = sock__input2.fileno()

def __init__ (self):

gr.flow graph. __init__ (self)

_inputl = ptoleny.fd _source(4, the_graph.fd__inputl,
the _graph.fd_GNURadi o_ctl)

_add_ff = gr.add_ff()

sel f.connect ((_i nputl,0), (_add_ff,0))

_out = ptoleny.fd_sink(4, the_graph.fd__out)

sel f.connect ((_add _ff,0), (_out, 0))

_input2 = ptoleny.fd_source(4, the_graph.fd__input2,
t he_graph. fd_GNURadi o_ctl)

sel f.connect ((_i nput2,0), (_add_ff, 1))

if nane_ =="'_nmain__":
t he_graph().run()

(b) Generated Python code for model in (a)

Figure5: Mapping a Ptolemy model to GNU Radio.
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2.3 Click Interface

The high level architecture of the Click domain in SDRIP is identical to that of
GNU Radio. We derive from the base classes critical to any Ptolemy domain, then
provide specific implementations necessary for modeling Click. The implementation of
this domain deals with three basic tasks: generating MoML libraries for Click elements,
generating executable Click configuration files, and providing wrappers to provide the
interfaces for moving data between Ptolemy and Click. Aswith the GNU Radio domain,
Click runs in its own process, and communicates with Ptolemy using sockets. This
architecture provides the same benefits as the GNU Radio domain, insulating SDRiP
from independent changes in Click. SDRIP utilizes Click as a user space process only,
ignoring its capacity to run as akernel module.

Input and output ports at the interfaces to the Click domain are implemented using
Click’s built-in socket elements: ToSocket and FronSocket. These elements are
capable of acting as either socket clients or servers. We have chosen to configure the
ToSocket elements as clients, and the Fr onSocket elements as servers. This
promotes alogical policy in which writers are clients and readers are servers. This same
policy is also followed by the GNU Radio domain, and provides the ability to directly

connect GNU Radio and Click systems in a standalone implementation without Ptolemy.

2.3.1 Click MoML File Generation

As in the GNU Radio domain, SDRIP provides a utility to scan a standard Click

source instalation and generate MoML representations for the library of processing
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elements. MoML generation is performed by a Python program, cl i ck2noni . py, that
is run during SDRIP installation. MoML generation for Click is simplified by the fact
that default Click installation already generates an XML representation of the element
library, stored in afile named el enent map. xm . Parsing this e ement map is much
simpler than parsing individual C++ files, as we must do for GNU Radio. After the
MoML files are generated, Click processing elements can be imported as a Ptolemy

library and used in models.

2.3.2 Click Code Generation

Click programs use a custom language to specify components, connections, and
configuration. A configuration file in this “Click language” is passed to the Click
executable, which parses the file and constructs the underlying implementation from C++
objects. This configuration file is analogous to the Python code used in GNU Radio.
However, the Click configuration language is far less expressive than Python, making it
suitable only for the purpose of instantiating and connecting Click elements. This has the
effect of forcing Click functionality to be performed within elements. GNU Radio, on
the other hand, leaves open the possibility of performing significant functionality within
standard Python code, outside of any GNU Radio blocks.

The Click generation processis very similar to that used for generating Python for
GNU Radio. The traversal of the model follows the same depth-first approach, declaring
elements and their connections. The main implementation difference is ssmply replacing

Python syntax with Click language syntax.
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Strip Print

(a) Simple Ptolemy model using Click.

_in :: FronBocket(TCP, 0.0.0.0, 2001, FRAME 1)

_Print :: Print()

_Strip :: Strip(2)

_out :: ToSocket(TCP, 127.0.0.1, 2000, NODELAY 1, FRAME 1)

_in[0] ->[0]_Strip
_Strip[0] -> [0]_Print
_Print[0] -> [0] _out

(b) Generated Click configuration file for model in (a).

Figure 6: Mapping a Ptolemy model to Click.

2.4 Future |l mprovements

While we believe SDRIP provides a solid starting point for software radio
development using Ptolemy, GNU Radio, and Click, there is significant room for
improvement in a variety of areas. This section details some of the most obvious ways
that SDRiP could be improved.

Increasing the level of automation during design would make the tool more user-
friendly and speed design times. One method for achieving this is through continued
refinement of the MoML generation utilities. We currently extract basic important
component attributes from the Click and GNU Radio source trees that allow us to model

components in Ptolemy. However, the amount of information gathered and represented
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in MoML could be increased. For example, one could imagine gathering default values
for configuration parameters, and using this information to populate the Ptolemy blocks
with these defaults. This would free the user from the need to configure some of the
options. Currently, auser must manually configure all of the parameters.

A related configuration issue relates to the use of sockets for inter-process
communication. Users currently define TCP port numbers for the input and output ports
that use sockets. This process can become tedious for a large model, and is relatively
error prone. It would be desirable for SDRIP to automatically find and assign available
port numbers without user interaction. When generating a standalone implementation,
SDRIP could also assign port numbersto directly link GNU Radio and Click.

Further extension of the GNU Radio code generation process would allow
Ptolemy to model GNU Radio’s hierarchical blocks. It would be straightforward to
detect nested GNU Radio composite actors, perform the typical code generation only for
the top-level actor. Nested composites should be mapped to additional classes that inherit
fromgr. hi er _bl ock.

Enhanced GNU Radio source code parsing could potentially provide the ability to
trandate existing, hand-coded GNU Radio programs into corresponding models. This
would essentially be areversa of the code-generation process. While this feature is not
critical to the basic SDRIP design process, it would provide a level of backwards-
compatibility for GNU Radio systems devel oped before the existence of SDRiP.

In demonstrating SDRiP’ s capabilities thus far, only minor attention has been paid

to aesthetics. Since SDRIiP is agraphical tool, it would be desirable to enhance its visual
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appeal. Ptolemy provides the ability to customize actor icons, however, we currently use
simple generic boxes marked with “GR” or “Click” to denote GNU Radio and Click
actors. Click actors could be customized to display different visual cues to help
distinguish its push and pull ports. The organization of the actor libraries for Click and
GNU Radio components leaves room for improvement. The current layout is overly
monolithic, making it somewhat tedious to browse the list of components and find the
desired block. Idedlly, the actors would be grouped logically by function.

Some final but important improvements relate to pending improvements in GNU
Radio. With the scheduled addition of enhanced message-based blocks, called m-blocks,
some additional work may be required in SDRiP. Exactly what will be needed is
dependent on the implementation of the m-block framework. However, it is expected
that the features of SDRIiP that allow message and packet based flows in GNU Radio will
be useful in dealing with m-blocks. Along with the addition of m-blocks, it is expected
that GNU Radio sample data will also carry timing metadata information. Once this data
is made available, SDRIP could be modified to use GNU Radio’s timing information in

conjunction with Ptolemy’ s simulation time for timing-accurate simulations.
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Chapter 3

Application of SDRiP

This section describes a sample application demonstrating the usage of SDRIP to
design and model a real system using both GNU Radio and Click components that
interact with a Ptolemy simulation. This system models a network of wireless nodes
whose internal behavior is implemented by GNU Radio and Click. GNU Radio provides
physical layer processing, while asimple MAC layer isimplemented in Click.

The physical layer performs Gaussian Minimum Shift Keying (GMSK)
modulation and demodulation to transmit and receive digital data packets. GMSK is the
modulation form used in the Global System for Mobile Communications (GSM), which
iswidely used in cellular phones. GMSK is aform of continuous phase frequency shift

keying, where the symbol stream is shaped using a Gaussian filter.

3.1 Network Model

Our sample application allows the simulation of a network consisting of multiple
wireless nodes. At the highest level, this is accomplished through the use of Ptolemy’s
wireless domain. Ptolemy provides implementations for a wireless director, wireless
channels and ports, and wireless composite actors. The wireless domain is essentially the

same as Ptolemy’s discrete event domain, with the added support for wireless ports.
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Wheress traditional port connections explicitly link one component’ s output to another’s
input, wireless ports connect to a channel. This channel provides the ability to model the
imperfections of a wireless channel. For example, one could implement wireless
channels that prohibit communication between distant nodes, or transform the original
data to model noise sources. For simplicity, we use perfect wireless channel, which
passes input and output data between nodes without modification. More elaborate
channel models could be used in order to achieve any desired level of accuracy, but this
is not critical for demonstrating the use of SDRiP. The figure below illustrates the

network model at its highest level of hierarchy.
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Figure7: Top-level wireless network model.



3.2 Node M oddl

We model individua nodes as instances of Ptolemy’s
W r el essConposi t eAct or, which contain wireless input and output ports, and
whose behavior is defined internally by a discrete event model.

Within a node, the discrete event model makes use of a standard Ptolemy
sequence source, which generates packets at random intervals that are controlled by a
clock firing according to a Poisson distribution. These packets represent data generated
at the node that is intended to be transmitted to the network. This data is connected to
input port on a composite actor whose internal behavior is defined by Click. The Click
system provides a basic medium access control (MAC) function that decides when the
data is actually transmitted over the air. The Click actor connects to another composite
actor that implements the physical layer transmit path in GNU Radio. The output of this
GNU Radio actor is output on the external wireless port of the node, which broadcasts it
on the channel. The channel data consists of complex floating-point waveform samples
at baseband.

On the receive side, sample data is input to a GNU Radio composite actor
implementing the receive path. This actor demodulates the signal and detects packet
transmissions. The output to Click consists of the received packet data, as well as aclear-
channel-assessment (CCA) signa. This signa is used by the Click MAC to perform
carrier sense multiple access (CSMA). The CCA signal provides an indication of
whether or not other nodes on the network are currently transmitting. If a node

determines that others are transmitting, it will wait before transmitting its own data in
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order to avoid a collision. The figure below displays the interna model of a wireless

node.
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Figure 8: Internal node model.

3.2.1 MAC Model

We implement a ssimple CSMA MAC inside a Click composite actor. This
functionality is mainly implemented within a new Click element, named
CarrierSense. Transmit data and CCA indications are placed in separate queues
upon receipt. CCA indications consist of one-byte packets encoded as “1” for a clear
channel, or “0” when the channel is busy, and are emitted upon a change in state. The

CarrierSense element maintains a CCA state by reading these indications, and pulls data
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from the transmission queue only when the channel is clear. When this occurs, the datais
emitted for transmission by the physical layer.

When packets are received by the node, our Click model simply prints them and
immediately forwards them to its output port. A more sophisticated system might make
use of these packets to implement an acknowledgement protocol for reliable

communications.

} A file:/home/tjd/pti5.0. 1/ptolemy/doma. . ./WirelessDemo/wireless.xmi#Node1. _|O/X/
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Figure9: Click MAC moddl.

37



3.2.2 Physical Layer M odel

Our physical layer is implemented by two GNU Radio composite actors. This
implementation mimics the GMSK example code from the GNU Radio project. The
following is abrief description of the processing flow.

The transmission path begins with GNU Radio’s byt e_t o_syns block, which
converts a stream of bytes into non-return-to-zero (NRZ) symbols. Each “1” valued bit
of the input is converted to a“1” floating-point value, while each “0” bit is converted to
“-1". As such, each one byte input produces eight floating point values. The symbol
stream is then passed through a Gaussian filter, using thei nterp_fir _filter fff
block. The taps of this block are configured to provide the Gaussian symbol shaping, and
use an interpolation factor of two. The filter output is the shaped symbol stream with two
data samples per symbol. These samples are then frequency modulated using the
frequency_nodul at or _f ¢ block, configured with a sensitivity value of /4. The
output of the frequency modulator is the final GMSK waveform as two complex floating

point samples per symbol.
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Figure 10: GNU Radio transmit path model.

The receive path reverses the modulation process to recover the transmitted data.
Received complex samples are first passed through aquadr at ur e_denod_cf block,
producing a stream of instantaneous frequency estimates. Any DC offset present in this
signal is detected by a low-pass filter, and removed by subtracting it from the original
signal. Thisdataistheninputtoacl ock_recovery_nmm ff block, which performs
the Mueller and Muller symbol timing recovery algorithm [15]. This block alows the
receiver to synchronize to the symbol timing of the transmitted waveform. After clock
recovery, a stream of symbol soft-decisions is output to a packet sink block. We use a
modified version of the standard GNU Radio packet sink, which adds support for

emitting the clear channel assessments used by our MAC.
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Figure 11: GNU Radio receive path model.
Both the data packet input and output ports have been configured to act as packet
gueues, exchanging messages and using GNU Radio’s packet utilities to frame and strip
packet headers. These options for implementing packet-based data in GNU Radio were

discussed in detail in Chapter 2.

40



Chapter 4

Summary and Conclusion

We present a rapid development environment, SDRIP, targeting the design of
software radios. Our motivations arise from the interdisciplinary nature of software radio
systems, the digoint and repetitive development processes currently used, and the
potential for software tools to shorten design turnaround times.

SDRIP builds on and integrates the strengths of Ptolemy I, GNU Radio, and the
Click modular router. Ptolemy brings a flexible graphical modeling framework, which
we use to incorporate two new design domains. A loosely coupled architecture alows
systems consisting of GNU Radio and Click components to be graphically assembled and
configured in Ptolemy, with the ability to generate real programs that run independently.
These systems can interact with a Ptolemy simulation, or run as standalone
implementations without Ptolemy.

We demonstrate the use of SDRIP by presenting the design of a real software
radio system. This model contains a wireless network of nodes, each of which
implements a MAC layer defined in Click, with physica layer modulation and
demodulation performed in GNU Radio.

SDRiP's architecture is smple and extensible, making it easy to add
improvements and customizations. We have aso presented several potentia

improvements, including visual enhancements, increased automation, and extensions
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beyond the current Click and GNU Radio systems. We believe that SDRIP is a powerful
starting point for design tools that will facilitate the future design of software radio

systems.
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