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ABSTRACT

With the increase of wireless devices, the wireless spectrum is becoming overloaded
causing users to experience delays and performance degradation. Typically, a device will start
transmitting data on a frequency and continue transmitting on that frequency regardless of the
channel being overloaded or not. Some smarter devices such as routers are able to sense when
their channel is becoming overloaded by observing delays and amount of devices transmitting on
that frequency. Spectrum analyzers are usually very expensive and usually do not provide many
functionalities other than analysis. Utilizing newer alternatives for sensing the spectrum such as
Software Defined Radios (SDR) can address frequency allocation problems and allow users to
decide the best frequency to use for communication. A promising SDR such as GNU Radio will
be covered in this thesis, as well as the hardware components needed for its functionality. In this
thesis, a cognitive radio approach is taken in designing a channel selection algorithm by scanning
and monitoring the wireless spectrum on IEEE 802.11 b/g through the use of GNU Radio and
USRP. Tests are performed as a proof of concept and to help future research with the use of

cognitive radios.
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PREFACE

The importance of radios is essential for wireless communications. Alternatives to
currently marketed devices are necessary for successful data transmission to improve the
wireless spectrum utilization. Using cognitive radios enables one to use the best frequencies
available for communication, and with the help of SDR and its hardware platform USRP, this
process makes it even easier to implement since there is no need to buy several special hardware
platforms.

My professor and advisor, Vinod Namboodiri, was the one who introduced me to this
field, and through his guidance and expertise | was able to expand my knowledge tremendously.
This was quite a challenging task that | am grateful to have taken.

The purpose of this thesis is to provide good information to the reader on Cognitive
Radios, Software Defined Radios, GNU Radio, Universal Software Radio Peripheral, and how to

implement a system that will enable a seamless reliable communication to the user.
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CHAPTER 1

INTRODUCTION

1.1 Motivations: Cognitive Radio

Current wireless devices are restricted to certain frequency bands for data transmission.
These restrictions can create a great impact on a system performance when a demanding task is
given and not being able to comply with the application demands due to limited spectrum and
bandwidth allocation. For example, most computers now have a wireless card which enables a
user to access computers on their network or the internet. Connection speeds can be dramatically
affected by having several users using the same frequency and causing interference between each
other. This creates an underutilization of a channel that can be avoided if users are aware of their
surroundings and have the ability to switch to a channel with the least amount of interference.
Radio systems that are aware of their environment and bandwidth availability and can make
decisions about their operating behavior based on adaptive strategies are called Cognitive Radios
(CRs) [1], [2].

For cognitive radios to have that functionality, they need to change their modulation
techniques and power levels to use the radio frequency (RF) spectrum optimally. Currently,
wireless devices use application specific hardware to communicate over specific frequencies
with a specific modulation scheme. With that in mind, CRs requires a radio that can perform
signal processing, modulation and demodulation schemes on software. This type of radio is
called a Software Defined Radio (SDR) [3].

Implementing such technology requires additional hardware and software. A hardware
module for receiving the data and converting a raw analog signal into a digital signal is required,

such as the Universal Software Radio Peripheral (USRP) from Ettus Research [4]. One of the



available software’s for analyzing the digital signal received by the USRP is GNU Radio, an
open source SDR that allows one to design applications based on the requirements needed for the
individual’s project. By utilizing these tools, a cognitive radio could be implemented to create
networks of devices connecting seamlessly to one another while utilizing the best frequency
channel at any instance of time.

1.2 Challenges

Cognitive radio is an emerging field bringing ideas to improve our current wireless
limitations with a growing community. Some of these challenges are spectrum sensing, spectrum
management, whitespace utilization for secondary users, security, channel selection, self
configuring networks, and real time constrained applications in a multi-processor architecture,
seamless communications, and the biggest challenge of all, to bring the system design from its
application to its implementation. There are also several limitations on hardware that restricts
spectrum scanning to a window of 8 MHz when using a USRP version 1.

Several of the above challenges are addressed in this thesis such as spectrum sensing,
designing a channel selection algorithm with a self configuring network, establishing a seamless
communication and design implementation.

1.3  Contributions

A cognitive radio implementation is developed in this thesis by using GNU Radio
software package and the USRP. Focusing on the IEEE 802.11 b/g wireless spectrum, and
knowing the drawbacks in speed of the USRP, a simple, yet efficient channel selection algorithm
is designed. By scanning the wireless spectrum, the noise for each frequency was calculated and
shared between peers to find the best common frequency among them. This creates a small

network between the devices that will always keep checking for its surroundings to make sure



the currently selected channel is not being overloaded. There is no need for user interaction since
it is an automated process but parameters can be changed for future research and development of
cognitive radios. In this thesis, communication tests are evaluated using several protocols and in
two different VVoice over IP (\VolP) scenarios showing a decent performance while taking into
account the current hardware limitations in speed. This was also implemented as a proof of
concept to stimulate researchers in this prominent field.
1.4  Thesis Organization

First, the background of cognitive radio and software defined radio will be considered. A
detailed explanation on GNU Radio and Universal Software Radio Peripheral (USRP) will be
given followed by related works using cognitive radios, GNU Radio and USRP. Chapter 3 will
discuss a cognitive radio channel selection algorithm for IEEE 802.11 b/g which involves
scanning and monitoring the wireless spectrum for the decision making engine. Chapter 4 will
include the implementation and evaluation of communication for this new channel selection
algorithm. Chapter 5 contains concluding remarks and future work in the field of cognitive

radios and IEEE 802.11 networks.



CHAPTER 2

BACKGROUND

2.1 Introduction

This chapter will review Cognitive Radio (CR) and Software Defined Radio (SDR).
Background information on GNU Radio and Universal Software Peripheral Device (USRP) is
provided.

2.2 Cognitive Radio (CR)

Cognitive Radio is an intelligent radio that is able to adapt to the best frequency
spectrum. This makes it possible to have an autonomous system to detect a spectrum that is
currently not in use or has low usage, and switch to it seamlessly [1], [2].

“Cognitive radio is an enhancement on the traditional software radio concept wherein the
radio is aware of its environment and its capabilities, is able to independently alter its physical
layer behavior, and is capable of following complex adaptation strategies.” [5]

There are basically two types of cognitive radios, spectrum-sensing cognitive radio and
full cognitive radio. For spectrum-sensing cognitive radio, only the radio frequency spectrum is
considered while for full cognitive radio, every possible parameter is taken into account such as
delay, throughput, bit error rate, frequency spectrum and anything else needed for more reliable
communication [6]. A great advantage of using cognitive radios is to reduce the interference
between devices, thus optimizing the available RF spectrum. Nokia’s explanation on cognitive
radios, “Cognitive radios are aware of their surroundings and bandwidth availability and are able
to dynamically tune the spectrum usage based on location, nearby radios, time of day and other
factors. This provides for a more efficient use of the spectrum as well as reducing power

consumption, and enabling high priority communications to take precedence if needed.” [7]
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2.3  Software Defined Radio (SDR)

The principle behind a SDR is to bring software coding closer to radio antennas as much
as possible. Applications are now able to perform demodulation, modulation and other signal
processing of a digitized source signal using software modules running on a computer or other
capable device. SDR replaces analog signal processing with digital signal processing.

A great explanation of what is a SDR given by John P. Mitola, "A software radio is a
radio whose channel modulation waveforms are defined in software. That is, waveforms are
generated as sampled digital signals, converted from digital to analog via a wideband Digital to
Analog Converter (DAC) and then possibly upconverted from Intermediate Frequency (IF) to
Radio Frequency (RF). The receiver, similarly, employs a wideband Analog to Digital Converter
(ADC) that captures all of the channels of the software radio node. The receiver then extracts
downconverts and demodulates the channel waveform using software on a general purpose
processor.” [3]

SDR gives more flexibility, since it can be reconfigured on the fly, can also be upgraded
with increased features without hardware changes, and allows communication with multiple
channels simultaneously. SDR makes it faster to market by giving more flexibility in debugging
a problem, allowing greater advantage for users with restricted resources that now are able to put
their ideas into reality.

SDRs utilize Digital Signal Processor (DSP) which compensates for cheaper Radio
Frequency (RF) devices. With this, better spectrum utilization is accomplished in any wireless
environment, and can be used in many areas such as recording multiple radio stations

simultaneously, cell phone services, cognitive radios (CR) [8].



Of course SDR is not designed to be used everywhere, since there are also some
downsides to it as of now such as higher power consumption, greater initial costs and security.
Higher power consumption occurs mainly because of higher processing power (MIPS — Millions
Instructions per Second) requirements, greater initial costs since the devices are more expensive
due to their complexity, and security restrictions on wireless signal bands due to the Federal
Communications Commission (FCC). Figure 1 illustrates a block diagram that shows how a SDR

works, and the hardware needed to be put in place for it to work properly.

Sender Y

Receiver Y

(Usre]

Figure 1: SDR Process

The USRP (Universal Software Radio Peripheral) is the hardware component and GNU

Radio is the software component used for implementing SDR applications. This will be
explained in section 2.5 of this thesis. On a computer GNU Radio is installed as a software
application for SDR. The computer talks to the USRP via a Universal Serial Bus (USB) port,
which will process the data over a Field Programmable Gateway Array (FPGA) and convert the
digital signal into an analog signal. This signal is sent to a daughterboard, which is a board that

connects to the FPGA motherboard which will have an antenna attached to it to send the RF



signal across. The same procedure is followed on the receiving side, but the analog signal is
converted into a digital signal.
24  GNU Radio

GNU Radio is an open source SDR that supports Linux, Mac OS X, and Windows.

The signal processing blocks are implemented in C++ while the graph structure is defined
in Python. Using GNU Radio enables one to construct radios where the waveforms are generated
by software instead of hardware allowing the user to define and process the waveforms and the
digital modulation schemes in wireless devices [9], [10].

According to Slovati, “GNU Radio software modules support various modulations
(GMSK, PSK, QAM, OFDM), error corrections codes (Reed-Solomon, Viterbi, Turbo Codes),
and signal processing capabilities (filters, FFTs, equalizers, timing recovery)” [11]

Advances in technology, specifically improvements in speed of the central processing
unit (CPU), allows greater ease and speed in processing wave forms.

2.4.1 Applications

There is no limit to what can be done with GNU Radio when thinking of SDR. Some
possible applications are recording multiple stations simultaneously, ad hoc mesh networks,
High-Definition Television (HDTV) transmitter and receiver, radio astronomy, software Global
Positioning System (GPS), Radio Frequency Identifier (RFID) detector and reader, distributed
sensor networks, Multiple Input Multiple Output (MIMO) processing, amateur radio transceiver,
Cognitive Radios (CR) and many more [8], [11].

2.4.2 Testing
The Arizona Near Space Research (ANSR) performed several tests using GNU Radio on

reading data which was captured from a USRP1 module and saved. A basic AM receiver was



implemented on GNU radio that would read a captured file and synchronize the frequency you
would like to hear by making some coding as well. Since a spectrum was captured, it was easy to
find several different stations within the same time slot proving that the concept works. The same
testing was done using a narrow-band FM signals with successful results [12].
2.4.3 GNU Radio Installation on Ubuntu 9.04 (Jaunty) Linux Distribution
With the release of Ubuntu 9.04 (Jaunty) Linux distribution, installing the latest version
of Gnu Radio 3.2 is quite a simple process. Installation procedure for this distribution can be
found on GNU Radio website [13].
To install GNU Radio, make sure to follow the steps below:
1. Add the third-party software sources for the stable release of GNU Radio:
deb http://gnuradio.org/ubuntu stable main
deb-src http://gnuradio.org/ubuntu stable main
2. Update the package list to find GNU Radio packages:
sudo aptitude update
3. Install GNU Radio and GNU Radio Companion (GRC):
sudo aptitude install gnuradio gnuradio-companion
4. To access the USRP hardware, add your username to GNU Radio:
sudo addgroup <USERNAME> usrp
Other operating system installation instructions are present in GNU Radio website [14].
2.5 Universal Software Radio Peripheral (USRP)
USRP is a hardware component made by Ettus Research LLC which enables researchers

to test their software devices using the Field Programmable Gateway Array (FPGA), RF Front-



End Daughter Boards, Programmable Gain Amplifier (PGA), Analog to Digital Converters
(ADC), and Digital to Analog Converter (DAC) [15].

“The USRP consists of a small motherboard containing up to four 12-bit 64M sample/sec
ADCs, four 14-bit, 128M sample/sec DACs, a million gate-field programmable gate array
(FPGA) and a programmable USB 2.0 controller.” [16]. The USRP was also designed to work
with GNU Radio helping researchers around the world implement their ideas. Researchers such
as Virginia Tech with their OSSIE Project, an open source SDR designed to help education and

research on wireless communications and SDR [17].

R¥a CLK 1O

o9
0
| | |

Ettus =

| | L ° Research

USRP

www.etius.com ‘-8 Universal Software Aadio Peripherst

Figure 2: USRP [16]
Figure 3 shows a USRP motherboard, with its FPGA on the middle. On the right side of

the FPGA, an ADC is located and at the bottom are the USB and the power ports. There are four
slots which are used to connect to the daughterboards, two for transmitting data (TX) and two for
receiving data (RX).

Philip Balister and Jeffrey H. Reed from Virginia Tech and the Joint Tactical Radio
System describes in detail the USRP hardware and software [18].
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Altera FPGA
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Analog
Devices
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Processor

DC Power USB 2.0 Port

Figure 3: USRP Motherboard [15]
2.5.1 Field Programmable Gateway Array (FPGA)
The FPGA is the main processing unit of the USRP. The USRP1 uses an Altera Cyclone
FPGA, which enables the USRP1 motherboard to acquire the signal and send it over a USB port.
According to Firas Abbas Hamza, “Basically what it does is to perform high bandwidth math,

and to reduce the data rates to something you can squirt over USB2.0” [19].
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2.5.2 Universal Serial Bus (USB)

USB is what connects the USRP1 to the computer. USRP1 supports only USB 2.0 at a
maximum data throughput rate of 256 Mb/s (megabits per second) or 32 MB/s (megabytes per
second). The USB 2.0 raw signaling rate is 480 Mb/s (megabits per second) or 60 MB/s
(megabytes per second). Unfortunately the USRP cannot use 480 Mb/s due to the overhead from
packet headers, time between packets, etc. [20]. There are also some firmware delays in the 8-bit
processor chipset since it needs to transfer data both ways.

2.5.3 RF Front-End Daughterboards

For the USRP to receive and send signals, it requires daughterboards connected to the
USRP motherboard. Several types of daughterboards are currently available for different
frequency ranges and purposes.

Appendix A lists daughterboards from Ettus Research that are compatible to work with
USRP1 and USRP2 motherboards.

2.5.4 Analog to Digital Converters (ADC)

An ADC is a component that converts an analog signal to a digital signal. Signal is
captured from an antenna, and converted to digital for the FPGA to understand the signal. Four
high-speed 12-bit AD converters, sampling rate is 64 MS/s (mega samples per second).

2.5.5 Digital to Analog Converter (DAC)

A DAC is a component that converts a digital signal to an analog signal. When the USRP
sends a signal out, it sends out a digital signal that needs to be converted to transmit into an
analog signal. Four high-speed 14-bit DA converters, DAC clock frequency is 128 MS/s (mega

samples per second).
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2.5.6 Programmable Gain Amplifier (PGA)

The purpose of a PGA is to amplify the received signal before the ADC to make sure it
utilizes the entire input range in case the signal is weak.
2.6 Related Work on Cognitive Radios

Analyzing the wireless spectrum and deciding which frequency to connect to is not a new
concept. However performing this same task with a USRP and GNU Radio is something quite
new and challenging.

Recent works in this area are vast, and there are several which are helping bringing more
attention to this field such as the work being done by Professor Robert W. Heath Jr. in his project
Hydra developed at UT Austin [21]. Hydra is a software utility which provides a wireless
multihop testbed for researchers using the frameworks of the Click modular router [22] and GNU
Radio. Programming in C++ makes it relatively easy to implement working prototypes of cross-
layer designs that require custom MACs and PHYs. The physical layer is designed around
OFDM and MIMO using PHY algorithms based on the IEEE 802.11n standard.

Marwanto, Sarijari, Yusof and Rashid from the Universiti Teknologi Malaysia conducted
an experimental study on ODFM implementation using GNU Radio and USRP to check the
viability of using GNU Radio as a SDR while checking the Quality of Service (QoS) comparing
to the Packet Received Ratio from the transmitted data [23].

Thomas Schmid, Oussama Sekkat and Mani B. Srivastava from the University of
California, Los Angeles (UCLA), researched the network performance impact on IEEE 802.15.4
in SDR using GNU Radio and the USRP when compared to a dedicated radio. They concluded
that SDR had a poor performance due to its current limitations and showed what the main

reasons for the quality degradation are [24]. Leslie Choong, also from UCLA, implemented a

12



multi-channel IEEE 802.15.4 packet capture using SDR with the help of GNU Radio, USRP and
Wireshark. Choong’s design captured 5 consecutive channels out of the 16 channels due to
current hardware limitations, and proving that GNU Radio could be used as a good packet
capture solution [7].

Feng Ge, Qingin Chen, Ying Wang, and Charles W. Bostian participated on a research at
Virginia Polytechnic Institute and State University on spectrum sharing with adaptive learning
and reconfiguration with the use of GNU radio and USRP. The researchers implemented a
spectrum-scanning scheme, incorporating spectrum monitoring, data transmission, and dynamic
channel switching to utilize the idle time of the primary user [25].

David A. Scaperoth from Virginia Polytechnic Institute and State University conducted
his research on GNU Radio and USRP as a cognitive radio. Scaperoth research displayed the
limitations of USRP and how to configure a cognitive engine to transmit and receive signals to
different radio standards by using eXtensible Markup Language (XML) data files containing the
radio’s physical parameters [26], [27]. Song Wenmiao from North China Electric Power
University conducted a similar research using XML data files that contained the radio’s physical
parameters [28].

The University of Notre Dame is active in the research of SDR and cognitive wireless
networking with their RadioWare project leaded by Professor J. Nicholas Laneman. Their
current research now lies within the field of cooperative diversity and dynamic spectrum access.
“Cooperative Diversity research focuses on the implementation of cooperative networks in
software defined radio to demonstrate their benefits and gain insight into practical considerations
for protocol design. The focus of dynamic spectrum access research is the efficient utilization of

allocated frequency spectrum through opportunistic transmission.” [29].
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A GNU Radio Based Software-Defined Radar, by Lee K. Patton at Wright State
University, was a great thesis involving GNU Radio and SDR. Patton proposed a prototype
software-defined radar by using GNU Radio and USRP as a low cost radar sensor. Their
waveform optimization algorithm was able to improve the signal to interference plus noise ratio
in the presence of a band-limited interferer. Since their algorithm was of low computation
complexity, it would be amenable to be used as a software-defined radar [30].

Tokyo Institute of Technology is also playing a big role on cognitive radios based on
emergency sensor network in disaster areas. Their design and implementation have been
conducted in [31], and current development using GNU Radio and USRP is ongoing [32], [33]
with implementations, prototypes and evaluations [34], [35].

This thesis differs from other research since it utilizes GNU Radio and USRP as a SDR
for scanning and monitoring the entire 802.11 b/g wireless spectrum while at the same time
implementing a channel selection algorithm for establishing a continuous communication with
another peer by exchanging noise tables. The channel selection algorithm depends on each
individual node for the decision process, and does not require a network center or a master unit
to decide what the best transmission frequency is when a channel gets saturated. This enables the
possibility of a user to always be on a clear channel for communication maintaining a stable

connection.
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CHAPTER 3

CHANNEL SELECTION ALGORITHM

In this chapter, a cognitive radio channel selection algorithm for IEEE 802.11b/g will be
discussed. This channel selection algorithm allows a user to use cognitive radio as means of
communication by automatically creating a network between devices either by infrastructure or
ad-hoc networks. Since just creating a network using cognitive radio would not suffice for the
quality of a stable connection, a channel selection algorithm is designed to satisfy those means.
Users would always be connecting with their peers with the best frequencies available based on
the algorithm strategy.

3.1 Motivation

Due to the increase of wireless devices, the wireless spectrum that is already congested is
becoming even more congested. To improve communication on any wireless network or device,
it is necessary to make sure that a channel or frequency is used that does not contain much
interference from other sources. To achieve this, first one needs to analyze the spectrum range of
the protocol to be used. In this case, an analysis is conducted on the 802.11b/g frequency
spectrum under the United States FCC regulations, on which one can use any channel 1 — 11
(2.402-2.4735 GHz) [36], [37], [38], [39]. Figure 4 shows a graphical representation of Wi-Fi

channels in the 2.4GHz band:

4 5 6 7 8 9 10 11 12 13 14 Channel
22 2427 2432 2437 2442 2447 2452 2457 2462 2467 2472 2484 Center Frequency

22 MHz

Figure 4: 802.11b/g Channels [40]
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Using cognitive radio procedures along with the help of SDRs, new procedures for facing
these real world problems are needed. A channel selection algorithm for IEEE 802.11b/g is
needed in CRs due to poor performance when a network gets congested. An implementation to
check the algorithms performance on a real life scenario is a must to prove this concept.

3.2 Channel Selection Algorithm

The purpose of this channel selection algorithm is to improve wireless communication
between devices connected on the IEEE 802.11b/g wireless spectrum using software defined
radio with the use of GNU Radio and Universal Software Peripheral Device (USRP) that can
also be easily adjusted to be used within any frequency desired. With this, a network of devices
can be designed to communicate with each other either on an infrastructure or ad-hoc networks.
The restriction lies on how many antennas the user would have available for communication.

The first step of this algorithm is to create a network for devices to discover one another.
To create a network, a virtual interface ‘grO’ is created and signals are modulated and
demodulated using Gaussian Minimum Shift Keying (GMSK) which is a continuous-phase
frequency-shift keying modulation scheme [41]. As soon as a node comes up, it will connect to a
‘connection frequency’ which can be set to any value, but in this case set to 2.480 GHz since it is
outside of the IEEE 802.11b/g wireless spectrum according to the United States FCC regulations
to avoid unnecessary interference. At the same time it will start to scan the IEEE 802.11 b/g
wireless spectrum. Due to USB bus limitations on the USRP1, a maximum of 8MHz of the
frequency spectrum can be analyzed at each time instant. It is also not recommended to use a
spectral window of 8 MHz due to the linearity response of the Digital Down Converter (DDC)

[15]. Since it is recommended to use a spectral window that is less than 8 MHz, and noting that
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each channel is spaced 5 MHz apart from each other, a spectral window of 5 MHz is used while
scanning IEEE 802.11 b/g wireless spectrum.

The second step of this algorithm is to acquire the wireless spectrum noise of each
frequency. To find the output noise of each frequency, 256 FFT samples are captured per time
instant. Output noise power is stored in a local database table with its correspondent frequency
that is used to decide what the best available frequency is. While acquiring the wireless spectrum
noise, peers connect to one another using an IP address that is statically assigned.

The third step of this algorithm is crucial because peers share their output noise tables to
find the best common frequency. The best common frequency is acquired by simply calculating
the mean of the frequencies and selecting the lowest frequency. Output noise tables are shared
every 5 seconds among peers. Sharing the noise tables every 5 seconds was ideal in this case
since due to delay time required for scanning the spectrum, sharing the noise database table,
acquiring the noise database table, verify if peer is currently connected, compare noise tables,
restart the virtual interface ‘gr0’ with the new frequency parameters, and processing speed of the
computers. Those factors played a big role in deciding to add a delay of 5 seconds for sharing
tables.

The fourth step of this algorithm is to select the best common frequency among the peers.
The first peer to find the best common frequency will alert the second peer to switch to the best
common frequency. Once both devices know which frequency to connect, the devices recreates
the network interfaces switching to the new frequency simultaneously.

The fifth step of this algorithm is to apply a noise threshold of 30 dB to the peers. The 30
dB threshold value was calculated by testing data transmission between devices together with

ICMP messages and applying a noise jamming technique called spot jamming [42]. The
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threshold value of 30 dB value was ideal in this scenario since applications like VolP

would perform poorly due to the delay caused on the network that can be observed on

Figure 5. Therefore, if the threshold value exceeds 30dB, the fourth step has to be repeated.

Otherwise, if staying up to 30 dB, proceed to the next step.

Noise (dB)

Noise vs Ping Samples

66.327

53.762

36.848

14861

15725
13.211 14265 1367  14.034 15054 1495 14931 13669 14138

Ping Samples (ms)

Figure 5: Noise vs Ping Samples

The sixth step of this algorithm checks the status of the connection. If for some reason the

peer gets disconnected, it starts over from the first step. Otherwise the peer keeps communicating

within the same frequency until a noise threshold is reached.

By using this channel selection algorithm, the users are able to achieve the best wireless

channel available at the time independent of which protocol anyone else is using to

communicate. Flowchart process is displayed on figure 6.
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CHAPTER 4

IMPLEMENTATION AND EVALUATION OF COMMUNICATION

This chapter will detail how the channel selection algorithm was implemented using the
USRP with an RFX 2400 daughterboard, in conjunction with computers running GNU Radio
software on them. The hardware specification of the experiments will be given, together with the
methodology used and finalizing with the results obtained for this experiment.
4.1 Methodology

The implementation was developed and tested on a Lenovo IdeaPad S10, a Compag Mini
110 and three USRP1. Both computers had a 1.6 GHz Intel Atom N270 processor with 1GB of
RAM running Ubuntu 9.04 (Jaunty) Linux Distribution with the 2.6.28-18 Linux Kernel. Each
USRP1 was equipped with a RFX2400 daughterboard. Lenovo IdeaPad S10 had one USRP1
connected to it via USB2 port and Compag Mini 110 had two USRP1 connected to it via USB2

port. Figure 7 displays the design diagram for better understanding of how devices are connected

to one another.

< 1 USRP1

w 1 RFX 2400
USB )
|.‘ ~ / ||

Compaq Mini 110 1 USRP1 1 USRP1 Lenovo S10

192.168.200.1/24 1 RFX 2400 1 RFX 2400 192.168.200.2/24
10.0.0.1/24

192.168.200.x/24

Figure 7: Design
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Lenovo IdeaPad S10 used the USRP1 to communicate with the Compaq Mini 110 at the
frequency negotiated. Communication between computers is done through a tunnel program
tunnel.py written in python. Compaq Mini 110 uses the first USRP1 to communicate with the
Lenovo IdeaPad S10 and the second USRP1 to scan the 2.4 GHz wireless spectrum using
program usrp_spectrum_sense.py also written in python. File usrp_spectrum_sense.py which is
provided as an example program installed with GNU Radio is highly modified to meet this

project’s requirements.

™

Figure 8: Implementation

The first step was to set the minimum and maximum frequency that the RFX2400
Daughterboard can handle to reduce human error in case a frequency not supported by the

RFX2400 is used. The spectral window was fixed to scan 5MHz at a time, making the program
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loop itself until the whole spectrum is analyzed. 256 FFT samples are acquired per time instant
to find the output noise of the correspondent frequency.

Signal to Noise Ratio (SNR) would be ideal to use on the decision process, however due
to drivers not being available for the USRP1, | was unable to acquire the signal strength, but was
able to calculate the noise on each frequency. The noise is the threshold measure being used in
the decision process to make sure that the frequency being used is not congested. Noise is
calculated within the same program and outputs file power.dat for sharing and comparing tables.
Sample output of file power.dat, being the first column the frequency in GHz and the second
column the noise power in decibels (dB):

TABLE 1

SAMPLE POWER.DAT OUTPUT

Frequency (GHz) Noise (dB)
2.412 15.3672977462
2.417 14.8606089093
2.422 13.6699055638
2.427 14.2461429574
2.432 13.1010065638
2.437 14.1387745142
2.442 13.7562477048
2.447 15.7258787081
2.452 15.0564015172
2.457 14.950761281
2.462 14.5880649239

This procedure takes around 1.5 seconds and it is set to run every 5 seconds, to always
keep track of how the wireless spectrum is behaving. If the noise threshold is reached, then it
will let its neighbor know that it needs to change the frequency it is currently using since its
being congested by some other signal source. The noise threshold is set to 30 dB based on testing

data transmission between devices and applying a noise jamming technique called spot jamming.
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Spot jamming saturates the receiver with high amounts of noise on a single frequency. Noise
threshold value can be changed if necessary towards other environments, but in the testing
scenario, setting the value to 30 dB was optimal based on trial and error.

The file power.dat is always exchanged and compared between nodes by using the shell
script program lookforfreq.sh. After acquiring the power.dat file, it is examined by
lookforfreq.sh and sent automatically to the neighbor via SCP. If the power threshold is reached,
then the host that noticed the congestion on the channel will select the best common frequency
between the hosts and inform its neighbor which frequency to change to. Changing the frequency
requires stopping the current tunnel communication on the frequency being used and restarting it
on a different frequency. Time consumed during this process is minimal and mostly seamless to
the user. The best common frequency is calculated by adding both noises and dividing by two.
The lowest is best common frequency but will only be considered if both values are above the
noise threshold value.

The scanning speed of the wireless spectrum was improved taking around 1.5 seconds to
scan the whole IEEE 802.11b/g wireless spectrum compared to a previous research conducted in
January 2009 by Antdnio José Costa, Jodo Lima, Lucia Antunes, Miguel Souto and Nuno Borges
de Carvalho from Aveiro University on their project Spectrum analyzer with USRP, GNU Radio
and MATLAB in which the researchers scanned the 2.3 — 2.7 GHz wireless spectrum taking
about 20 minutes to complete the whole process. In other words previous research scanned at
about 20 MHz/min or 333.33 KHz/sec while the research in this project was able to scan at a rate
of 37MHz/sec [43].

Of course the earlier work by Costa, et.al, used more resources from the machine by

utilizing Matlab together with GNU Radio. Consequently scanning speed was not a major
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concern in that research as the focus was to prove that the GNU Radio is a tool that has results
matching with professional spectrum analyzers and can be used as an alternative for it.

4.2 Results

Testing packet transmission was done through several tools to check performance.
Wireshark was used to check whether packets were being transmitted to the device and if they
were reaching destination successfully. This check was done using several protocols such as
ICMP, SSH, Telnet, SCP, FTP, SFTP, and SIP.

ICMP test results were good with an average of 50ms response time. Occasionally when
switching frequencies the ping response time would be higher, about 120ms due to the time
required for both computers to be communicating on the desired frequency. In most cases, the
communication would proceed with a small delay but mainly seamless to the user. A few times
the connection was dropped but restored by itself after a few seconds.

In figure 9, we can observe performance results when using the channel selection
algorithm versus not using the algorithm at all. Both scenarios were put under the same network
conditions by using the USRP and GNU Radio software for network connectivity. Spot jamming
was applied several times when using the channel selection algorithm to verify if indeed the
channel would switch to a less congested channel. There is occasionally a small delay when
switching between frequencies since the network parameters have to be automatically
reconfigured to a different frequency and synchronization between the computers does not
always switch at the exact same time instant but close enough. We can clearly observe that the
channels were switched three times in this test (2.452 GHz, 2.432 GHz, 2.457 GHz, and 2.422
GHz). When the channel selection algorithm is disabled, the system was very vulnerable against

spot jamming techniques by having a high amount of dropped packets. The system was using the
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frequency 2.452 GHz which was overloaded with traffic. Not having an algorithm to switch

between frequencies, it still tried to communicate with its peer on the same channel having a

74% packet loss during this test. The drop ratio is dependent on current network activity and will

perform differently depending on what type of traffic is around.
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Figure 9: Ping vs. Samples vs. Frequency
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SSH and Telnet were tested by accessing computers remotely via command line.

Communication was stable for most of the time and a few times the connection froze for a small

period of time. SCP was tested using the command line and files were transmitted successfully.

This is used intensively to share noise tables between the computers on this thesis. When

transferring small files (up to 10 kB), success rate was at over 99%. When files were of a larger

size (over 50 MB), there would be a higher error rate of about 24% failure when continuously

jamming channels being utilized. Other file sizes would be successfully sent at usually 95% of

the time.
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FTP and SFTP were tested using FileZilla with small and big files [44]. Test results were
similar to results from SSH file transfers, but were not tested so intensely. Files sometimes
stopped being transferred when switching frequencies but displayed really good performance
overall.

SIP was tested in two different scenarios. The SIP client used was Linphone [45]. In the

first scenario, a direct communication was established between the computers using a standard

SIP call.
|l 1USRP1
2 1 RFX 2400
UsB i Y
< USB—_
‘\‘ﬁ—us&&j g} ) *‘\
7
Compag Mini 110 | 1 USRP1 1 USRP1 : Lenovo S10

192.168.200.1/24 1 RFX 2400 1 RFX 2400 192.168.200.2/24
10.0.0.1/24 e s

192.168.200.x/24
Figure 10: Scenario 1
The second scenario was installing Asterisk IP PBX on the Compaqg Mini 110 acting as a

SIP server, while the Lenovo S10 would be the SIP client registering with the server.
g i ‘ 1 USRP1
UsB R g ' RFX;iog
7 N _ - ~J. @
V&. - </ ~. h = /
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Figure 11: Scenario 2
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The server would use two interfaces this time, a USB interface ‘gr0’ for communicating
with the client by using cognitive radio, and a wired Ethernet interface ‘ethO’ to connect the IP
phone on another network. This required more processing unit of the computer but gives more
advanced features such as quality control. In the first scenario, communication was established
and both sides were able to communicate with one another, but when switching between
frequencies, the call would drop most of the time and a call had to be reestablished. A total of
fourteen two minute calls were tested in this case, on which eleven calls were dropped when
switching frequencies, thus giving a success rate of 7.86%.

In the second scenario, the server was tweaked to be more linear in dropping a call while
at the same time giving good voice quality. Calls were rarely dropped and voice communication
was a success. This time, seventeen two minute calls were tested, on which only four dropped
calls, thus a success rate of 76.47%. Some static noise was observed on the calls when switching
frequencies, of course it degraded the quality of the voice however it kept the connection alive.
Having a standalone server would be ideal for testing but would require more USRP devices.

IAX2 is a more efficient protocol with regards to voice rather than SIP when it comes to
slower bandwidth and dropping calls [46], [47]. However it does not have a published standard,
so it is not implemented on many places. This was also tested when using the PBX server using
ZolPer softphone and results were even better compared to SIP with even less dropped calls [48].
Since still using the PBX server in this scenario, a total of seventeen calls were tested again to
make a good comparison against SIP. Out of the seventeen two minute calls, a total of two calls
were dropped, making a success rate of 88.24%. Call quality was far superior compared to SIP in

this scenario and did static sound was not noticeable when changing between frequencies.
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Both scenarios were also tested on a direct communication without using the channel
selection algorithm and jamming the channel being used for communication. Seventeen two
minute calls were tested but unfortunately the success rate in this case was zero percent due to
the fact that the communication would completely break when spot jamming was enabled, thus
not allowing the voice traffic flow.

Figure 12 shows the success call rate for a two minute call using standalone SIP, SIP and

IAX2 with Asterisk implementation:
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Figure 12: VolP Comparison
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

Cognitive radios can be used in many scenarios such as the one described in this thesis.
Software Defined Radio presented a great advantage in this project by using USRP, a hardware
platform for SDR in conjunction with GNU Radio. This made it easier to implement a cognitive
radio alternative on the IEEE 802.11b/g when users need to make sure they are using the best
available frequency for data transmission. This project demonstrated the increase in the scanning
speed, in scanning the whole IEEE 802.11b/g spectrum at a rate of about 37MHz/sec. It also
showed how to have a continuous communication with a peer by being able to find the peer, and
selecting best frequencies to negotiate a communication. In the first scenario, several tests were
performed using different protocols such as ICMP, SSH, Telnet, SCP, FTP, SFTP, and SIP.
Promising results were achieved but tested even further. In the second scenario, a SIP test was
conducted when using Asterisk PBX on one of the nodes to test voice communication with even
better results than using a direct SIP communication such as in the first scenario.

The findings described in this thesis suggest promising improvements in increasing the
scanning speed of the IEEE 802.11b/g wireless spectrum and allowing users to select the best
available frequencies for data transmission based on the noise observed when sensing the
wireless channels. Improvements in hardware and software are still needed to achieve faster and
more reliable communication when using SDR like GNU Radio. A vast amount of work still
needs to be done in this field. Continued research in improving security of connection, using the
signal to noise ratio as a threshold value, using multiple devices to test communication while
exchanging tables, and testing using 802.11n protocol are examples of research needed to

improve potential uses of Software Defined Radios.
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APPENDIX A

RF FRONT-END DAUGHTERBOARDS

BasicTX
1-250 MHz Transmitter, for use with external RF hardware.

BasicRX
1-250 MHz Receiver, for use with external RF hardware.

LFTX
DC to 30MHz Transmitter.

LFRX
DC to 30MHz Receiver.

TVRX
50 MHz to 870 MHz Receiver.

DBSRX
800 MHz to 2.4 GHz Receiver.

RFX400
400-500 MHz Transceiver, 100+mW output, 45dB AGC. Can be changed to cover 200
MHz up to 800 MHz with a hardware mod.

RFX900
800-1000 MHz Transceiver, 200+mW output (can be changed into a RFX1800 with basic
soldering and flash update).

RFX1200
1150-1450 MHz Transceiver, 200+mW output.

RFX1800
1.5-2.1 GHz Transceiver, 100+mW output (can be changed into a RFX900 with a flash
update).

RFX2400
2.3-2.9 GHz Transceiver, 20+mW output (can be changed into a RFX1200 with basic
soldering and flash update).

XCVR2450

Dual-band Transceiver, 100+mW output at 2.4-2.5 GHz and 50+mW output 4.9-5.85
GHz.
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APPENDIX B

PROGRAMS

B-1 usrp_spectrum_sense.py

Description:

This program is used to scan through the spectrum acting as a wideband spectrum
analyzer. Due to the USB bus limitations, the USRP1 cannot examine more than 8 MHz of the
RF spectrum at the same time instant. Due to this limitation, this program tunes the USRP RF
front end in a sequenced step to examine the RF spectrum of an IEEE 802.11b/g (2.402-2.4735
GHz) according to FCC regulations, although not all at the same time instant.

The program will check for the required hardware device, check the noise on all the IEEE

802.11b/g frequencies, and output the results on file power.dat.

#1/usr/bin/env python
Copyright 2005,2007 Free Software Foundation, Inc.
This file is part of GNU Radio

GNU Radio is free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 3, or (at your option)
any later version.

GNU Radio is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with GNU Radio; see the file COPYING. 1If not, write to

the Free Software Foundation, Inc., 51 Franklin Street,

Boston, MA 02110-1301, USA.

HFHRHFHIFHEFHHHFHEHFHFF R

from gnuradio import gr, gru, eng_notation, optfir, window
from gnuradio import audio

from gnuradio import usrp

from gnuradio.eng_option import eng_option

from optparse import OptionParser
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from usrpm import usrp_dbid
import sys

import math

import struct

class tune(gr.feval _dd):

This class allows C++ code to callback into python.

def __init_ (self, tb):
gr.feval _dd. init_ (self)
self.tb = tb

def eval(self, ignore):

This method is called from gr.bin_statistics_f when it wants to
change

the center frequency. This method tunes the front end to the new
center

frequency, and returns the new frequency as its result.

try:
# Use this try block so that if something goes wrong from here
# down, at least we"ll have a prayer of knowing what went wrong.
# Without this, you get a very mysterious:
#
# terminate called after throwing an instance of
"Swig: :DirectorMethodException*
#  Aborted
#
# message on stderr. Not exactly helpful ;)
new_freq = self.tb.set _next_freq()
return new_freq

except Exception, e:
print "tune: Exception: ", e

class parse_msg(object):

def __init___(self, msg):
self.center_freq = msg.argl(Q
self.vlen = int(msg.arg2())
assert(msg.length() == self.vlen * gr.sizeof _float)
t = msg.to_string(Q)
self.raw_data = t
self.data = struct.unpack("%df" % (self.vlen,), t)

class my_top_block(gr.top_block):

def __init__ (self):
gr.top_block. init__ (self)

usage = "usage: %prog [options] min_freq max_freq"
parser = OptionParser(option_class=eng_option, usage=usage)
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parser._.add_option(*"-R",
default=(0,0),

'-—-rx-subdev-spec", type="subdev',

help="'select USRP Rx side A or B (default=A)")
parser.add_option(''-g', '"--gain", type="eng_float", default=None,
help="'set gain in dB (default is midpoint)")
parser.add_option(*""", '"--tune-delay', type="eng_float", default=le-3,
metavar="SECS",
help=""time to delay (in seconds) after changing
frequency [default=%default]')
parser.add_option('""", "--dwell-delay', type="eng_ float", default=10e-
3, metavar="SECS",
help=""time to dwell (in seconds) at a given
frequncy [default=%default]')
parser.add_option("'-F", "--fft-size", type="int", default=256,
help="'specify number of FFT bins
[default=%default]"™)
parser.add_option('-d", "--decim", type="intx", default=16,
help=""set decimation to DECIM [default=%default]')
", "—-real-time", action="'store_true",

parser.add_option(
default=False,
help=""Attempt to enable real-time scheduling")
parser.add_option("'-B", "--fusb-block-size", type="int", default=0,
help=""specify fast usb block size
[default=%default]")
parser.add_option(*'-N", "--fusb-nblocks", type="int", default=0,
help="specify number of fast usb blocks
[default=%default]™)

(options, args) = parser.parse_args()
if len(args) 1= 2:
parser.print_help()
sys.exit(l)

self.min_freq
self.max_freq

= eng_notation.str_to_num(args[0])
= eng_notation.str_to_num(args[1])
if self.min_freq > self.max_Ffreq:
self.min_freq, self.max_freq = self.max_freq, self.min_freq #
swap them

# Manually set the physical limits of the device. In this case the USRP
RFX2400 limits.

if self.min_freq < 2222000000:
print (""The minimum frequency of this device is 2.222GHz")
self.min_freq = 2222000000

if self.max_freq < 2222000000:
print (""The minimum frequency of this device is 2.222GHz™)
self.max_freq = 2222000000

if self.min_freq > 2937000000:
print (""The maximun frequency of this device is 2.937GHz™)
self.min_freq = 2937000000

if self.max_freq > 2937000000:
print (""The maximun frequency of this device is 2.937GHz™)
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self_max_freq = 2937000000

if self_.min_freq == self.max_freq:
print ("'Do not use this program for a single frequency analysis
please™)
exit()

self_fft_size = options.fft_size

if not options.real_time:
realtime = False
else:
# Attempt to enable realtime scheduling
r = gr.enable_realtime_scheduling()
if r == gr.RT_OK:
realtime = True
else:
realtime = False
print "Note: failed to enable realtime scheduling"

# 1f the user hasn"t set the fusb_* parameters on the command line,
# pick some values that will reduce latency.

if 1:
if options.fusb_block_size == and options.fusb_nblocks ==
if realtime: # be more aggressive
options.fusb_block_size gr.prefs().get_long("fusb”,
"rt_block _size", 1024)
options.fusb_nblocks

gr.prefs().get_long("fusb”,
"rt_nblocks", 16)
else:
options.fusb_block_size
"block_size®, 4096)
options.fusb_nblocks

gr.prefs().get_long("fusb”,

gr.prefs().get_long("fusb”,
"nblocks®, 16)

self.u = usrp.source_c(fusb_block size=options.fusb_block_size,
Ffusb_nblocks=options.fusb_nblocks)

adc_rate = self.u.adc_rate() # 64 MS/s
usrp_decim = options.decim
self.u.set_decim_rate(usrp_decim)

usrp_rate = 5000000

self.u.set_mux(usrp.determine_rx_mux_value(self.u,
options.rx_subdev_spec))

self.subdev = usrp.selected_subdev(self.u, options.rx_subdev_spec)

print "Using RX d"board %s"™ % (self.subdev.side_and_name(),)

s2v = gr.stream_to_vector(gr.sizeof_gr_complex, self_fft_size)

mywindow = window.blackmanharris(self.fft_size)
fft = gr.fft_vcc(self.fft_size, True, mywindow)
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# This loop is calculating the gain of the applied window

power = 0O
for tap in mywindow:
power += tap*tap

c2mag = gr.complex_to _mag_squared(self._fft_size)

log = gr.nlogl0_ff(10, self.fft_size,
-20*math.logl0(self.fft_size)-
10*math.loglO(power/self.fft_size))

self.freq_step = usrp_rate
self.min_center_freq = self.min_freq + self.freq_step/2
nsteps = math.ceil((self.max_freq - self.min_freq) / self.freg_step)
self.max_center_freq = self.min_center_freq + (nsteps *
self.freq_step)

self.next_freq = self.min_center_freq

# Define the minimum, maximum and frequency step in a global statement
to use them later.

global min_center_freq, max_center_freq, freq_step
min_center_freq = self._min_center_freq
max_center_freq = self._max_center_freq

freq_step = self.freq_step

tune_delay = max(0, int(round(options.tune_delay * usrp_rate /
self.fft_size))) # in fft_frames

dwell_delay = max(l, int(round(options.dwell_delay * usrp_rate /
self.fft_size))) # in Fft_frames

self.msgq = gr.msg_queue(16)
self._tune_callback = tune(self) # hang on to this to keep it
from being GC"d
stats = gr.bin_statistics_f(self.fft_size, self.msqgq,
self._tune_callback, tune_delay,
dwell_delay)

# Leave out the loglO until we speed it up
self.connect(self.u, s2v, fft, c2mag, log, stats)

if options.gain is None:
# if no gain was specified, use the mid-point in dB
g = self.subdev.gain_range()
options.gain = float(g[0]+g[1])/2

self.set_gain(options.gain)
print 'gain =", options.gain

def set_next_freq(self):
target_freq = self._next_freq
self.next_freq = self.next_freq + self.freq_step
if self.next_freq >= self._max_center_freq:
self.next_freq = self.min_center_freq
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if not self.set_freq(target_freq):
print "Failed to set frequency to", target_ freq

return target_freq

def set_freq(self, target freq):

Set the center frequency we"re interested in.

@param target_freq: frequency in Hz
@rypte: bool

Tuning is a two step process. First we ask the front-end to
tune as close to the desired frequency as it can. Then we use
the result of that operation and our target_frequency to
determine the value for the digital down converter.

return self.u.tune(0, self.subdev, target_ freq)

def set_gain(self, gain):
self.subdev.set_gain(gain)

def mean(data): # Returns the arithmetic mean of a numeric list
return sum(data) / len(data)

def main_loop(tb):
# Basic information about the Spectrum Analysis

print "The start frequency is %s Hz" % min_center_freq
print "The final frequency is %s Hz" % max_center_freq
print "The frequency step is %s Hz" % freq_step

# m.data are the mag_squared of the Ffft output (they are in the
standard order. 1l.e., bin 0 == DC.)

# m.raw_data is a string that contains the binary floats.

# Mechanism to save in a file (power.dat) 2 columns, one for the
frequencies and the other for the mean of the FFT_SIZE points of m.data

power=open(‘'power .dat", "'w™) # 1t will overwrite the power.dat
file

z=0
while z<11:
z=z+1

# Get the next message sent from the C++ code (blocking call).
# 1t contains the center frequency and the mag squared of the fft
m = parse_msg(tb.msgq.delete_head())

# Print center freq to know that something is happening...

print m.center_freq
print mean(m.data)
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power=open(*'power.dat', "a') # Each loop, it adds a dataline
(append)
p=str(m.center_freq) # with a frequency and the mean of
the 256 FFT samples (Power in dB)
media=str(mean(m.data))
todo=p + " " + media + "\n*"
power .write(todo)

# m.data Iin "w" mode: only write, if it exist a file with the same
name, it"ll be overwrite.

# "a" to append
# "r+" for read and write
if _ name_ == " main__":
tb = my_top_block(Q)
try:
th.start() # start executing flow graph in another
thread. ..

main_loop(th)

except KeyboardInterrupt:
pass
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B-2  tunnel.py

an Ethernet device and operates with layer 2 packets to be able to send and receive Ethernet
frames. After creating the TAP interface, the program creates a network tunnel using the TUN
module that is included in the Linux kernel, which acts as a network layer device and operates

with layer 3 packets for IP connectivity. The program gives a static IP address for each computer

Description:

This program creates a “TAP” interface in the Linux kernel named grO which simulates

and assigns which frequency to transmit and receive data from.

Tunnel.py depends on the following python programs:
e usrp_transmit_path.py
e usrp_receive_path.py
* transmit_path.py
» receive_path.py
* pick_bitrate.py
e usrp_options.py

* generic_usrp.py

#1/usr/bin/env python

ST R g T T Y

Copyright 2005,2006,2009 Free Software Foundation, Inc.
This file is part of GNU Radio

GNU Radio is free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 3, or (at your option)
any later version.

GNU Radio is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.
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# You should have received a copy of the GNU General Public License
# along with GNU Radio; see the file COPYING. If not, write to

# the Free Software Foundation, Inc., 51 Franklin Street,

# Boston, MA 02110-1301, USA.

#

L1177 777777777777777777777777777777777777777/7/7//7777//7/77/7/7/7/7777/7/7/7777

This code sets up up a virtual ethernet interface (typically gr0),
and relays packets between the interface and the GNU Radio PHY+MAC

#
/
#
#
#
#
# What this means in plain language, is that if you"ve got a couple
# of USRPs on different machines, and if you run this code on those
# machines, you can talk between them using normal TCP/IP networking.
#

#

/

L1111 7777777777777777777777777777777777777777/777777//7//7777/7/7/7777/7/7/7777

from gnuradio import gr, gru, modulation_utils
from gnuradio import usrp

from gnuradio import eng_nhotation

from gnuradio.eng_option import eng_option
from optparse import OptionParser

import random
import time
import struct
import sys
import os

# From current directory
import usrp_transmit_path
import usrp_receive_path
L1117 777777777777777777777/777/777/777/777/777/777/777/777/77/7/77/7/77/7/77777

Use the Universal TUN/TAP device driver to move packets to/from kernel

See /usr/src/linux/Documentation/networking/tuntap.txt

HHRIFHFHENR

L11717777777777777777777777777777777777777777777777777////77777///7777/7///7777

# Linux specific...
# TUNSETIFF ifr flags from <linux/tun_if_h>

IFF_TUN = 0x0001 # Tunnel IP packets
IFF_TAP = 0x0002 # Tunnel ethernet frames
IFF_NO_PI = 0x1000 # Don"t pass extra packet info
IFF_ONE_QUEUE = 0x2000

def open_tun_interface(tun_device_filename):
from fcntl import ioctl
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mode = IFF_TAP | IFF_NO_PI
TUNSETIFF = 0x400454ca

tun = os.open(tun_device_filename, o0s.0_RDWR)

ifs ioctl(tun, TUNSETIFF, struct._pack(''16sH", "'gr%d', mode))
ifname = ifs[:16].strip(*"\x00")

return (tun, ifname)

#

1117777777777/ 77777777777/777/777/777/777/77//777/777/77//7/7///77////7/7/77/777
# The Flow Graph

#

1177777777777/ 777/7777777/777/777/777/777777//777/777/77//77/7/77//7/7//7/7/7/777
class my_ top_block(gr.top_block):

def __init__ (self, mod_class, demod_class,
rx_callback, options):

gr.top_block. init_ (self)

self.txpath = usrp_transmit_path.usrp_transmit_path(mod_class,
options)

self.rxpath = usrp_receive_path.usrp_receive_path(demod_class,
rx_callback, options)

self.connect(self.txpath)

self.connect(self.rxpath)

def send_pkt(self, payload="", eof=False):
return self._txpath.send_pkt(payload, eof)

def carrier_sensed(self):

return self._rxpath.carrier_sensed()

#

L1717 777777777777777777777777777777777777777/77/777/77/77/77/77/77/77/77/77777
# Carrier Sense MAC

#

L11777777777777777777777777777777777777777777/7777777////77777///7777/7/7//7777

class cs_mac(object):

Prototype carrier sense MAC

Reads packets from the TUN/TAP interface, and sends them to the PHY.
Receives packets from the PHY via phy_rx_callback, and sends them
into the TUN/TAP interface.

Of course, we"re not restricted to getting packets via TUN/TAP, this
is just an example.

def __init__(self, tun_fd, verbose=False):
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self.tun_fd = tun_*fd # File descriptor for TUN/TAP interface
self_verbose = verbose
self_tb = None # Top block (Access to PHY)

def set_top_block(self, tb):
self.tb = tb

def phy_rx_callback(self, ok, payload):

Invoked by thread associated with PHY to pass received packet up.

@param ok: bool indicating whether payload CRC was OK
@param payload: contents of the packet (string)
if self._verbose:
print "Rx: ok = %r Qlen(payload) = %4d" % (ok, len(payload))
if ok:
os.write(self.tun_fd, payload)

def main_loop(self):
Main loop for MAC.
Only returns if we get an error reading from TUN.

FIXME: may want to check for EINTR and EAGAIN and reissue read

min_delay = 0.001 # Seconds

while 1:
payload = os.read(self.tun_fd, 10*1024)
if not payload:
self.tb.send_pkt(eof=True)
break

if self._verbose:
print "Tx: len(payload) = %4d" % (len(payload),)

delay = min_delay
while self.tb.carrier_sensed():
sys.stderr.write("B")
time.sleep(delay)
if delay < 0.050:
delay = delay * 2 # Exponential back-off

self.tb.send_pkt(payload)

#

L1117 777777777777777777777777777777777777777/77777/77/777/77/77/77/7/7/7/7/77/7777
# Main

#

L1117 7777777777777777777777777/777/777/777/777/777/777/77//7/7//7/77/7/7/7//7/7/7/777
def main():

mods = modulation_utils.type_1 mods()
demods = modulation_utils.type_1 demods()

47



parser = OptionParser (option_class=eng_option,
conflict_handler="resolve")
expert_grp = parser.add_option_group("'Expert')
expert_grp.add_option("""', "--rx-freq', type="eng_float", default=None,
help="'set Rx frequency to FREQ [default=%default]",
metavar="FREQ"'")
expert_grp.add_option("", "--tx-freq", type="eng_float", default=None,
help="'set transmit frequency to FREQ
[default=%default]", metavar="FREQ')
parser.add_option(*'-m'", "--modulation', type='choice",
choices=mods.keys(),
default="gmsk",
help="Select modulation from: %s [default=%%default]"

% (", ".join(mods.keys()),))

parser.add_option('-v","--verbose', action="store_true'", default=False)
expert_grp.add_option(''-c', '--carrier-threshold", type="eng_float",
default=30,
help="'set carrier detect threshold (dB)
[default=%default]"™)
expert_grp.add_option(""","--tun-device-filename', default="/dev/net/tun",
help=""path to tun device file [default=%default]')

usrp_transmit_path.add_options(parser, expert_grp)
usrp_receive_path.add_options(parser, expert_grp)

for mod in mods.values():
mod.add_options(expert_grp)

for demod in demods.values():
demod.add_options(expert_grp)

(options, args) = parser.parse_args

if len(args) != O:
parser.print_help(sys.stderr)
sys.exit(l)

# Open the TUN/TAP interface
(tun_fd, tun_ifname) = open_tun_interface(options.tun_device_filename)

# Attempt to enable realtime scheduling
r = gr.enable_realtime_scheduling(Q)
if r == gr.RT_OK:
realtime = True
else:
realtime = False
print "Note: failed to enable realtime scheduling”

# 1f the user hasn"t set the fusb_* parameters on the command line,
# Pick some values that will reduce latency.

if options.fusb_block_size == 0 and options.fusb_nblocks == 0:
if realtime: # Be more aggressive
options.fusb_block _size = gr.prefs().get_long("fusb®,
"rt_block _size®, 1024)
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options.fusb_nblocks
"rt_nblocks", 16)
else:
options.fusb_block_size
"block_size®, 4096)
options.fusb_nblocks

gr.prefs().get_long("fusb®,

gr.prefs().get_long("fusb®,

gr.prefs().get_long("fusb®, "nblocks",
16)

# Instantiate the MAC
mac = cs_mac(tun_fd, verbose=True)

# Build the graph (PHY)

tbh = my_top_block(mods[options.modulation],
demods[options.modulation],
mac.phy_rx_callback,
options)

mac.set_top_block(tb) # Give the MAC a handle for the PHY

if th.txpath.bitrate() !'= tb.rxpath.bitrate():
print "WARNING: Transmit bitrate = %sb/sec, Receive bitrate =
%sb/sec” % (
eng_notation.num_to_str(tb.txpath.bitrate()),
eng_notation.num_to_str(tb.rxpath.bitrate()))

print "modulation: %s" % (options.modulation,)

print "freq: %s" %
(eng_notation.num_to_str(options.tx_freq))

print "bitrate: %sb/sec' %

(eng_notation.num_to_str(tb.txpath.bitrate()),)
print "samples/symbol: %3d"™ % (tb.txpath.samples_per_symbol(),)

th.rxpath.set_carrier_threshold(options.carrier_threshold)
print "Carrier sense threshold:", options.carrier_threshold, "dB"

print
os.system("'sudo ifconfig gr0 192.168.200.1")

th.start() # Start executing the flow graph (runs in separate
threads)
mac.main_loop() # Don"t expect this to return...
th.stop(Q) # But if it does, tell flow graph to stop.
th.wait(Q) # Wait for it to Finish
if _name_ == "_ main__":
try:
main(Q)
except Keyboardlnterrupt:
pass
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B-3  usrp_transmit_path.py

Copyright 2009 Free Software Foundation, Inc.
This file is part of GNU Radio

GNU Radio is free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 3, or (at your option)
any later version.

GNU Radio is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with GNU Radio; see the file COPYING. 1If not, write to

the Free Software Foundation, Inc., 51 Franklin Street,

Boston, MA 02110-1301, USA.

HFHRFHFHEHFHFHFHHEHFHFHFHHHFHFHHR

from gnuradio import gr

import usrp_options

import transmit_path

from pick bitrate import pick_tx_bitrate
from gnuradio import eng_nhotation

def add_freq_option(parser):

Hackery that has the -f / --freq option set both tx_freq and rx_freq
def freqg_callback(option, opt_str, value, parser):
parser.values.rx_freq = value
parser.values.tx_freq = value
if not parser.has_option("--freq"):
parser.add_option("-f", "--freq", type="eng_float",
action=""callback"™, callback=freq_callback,
help=""set Tx and/or Rx frequency to FREQ
[default=%default]",
metavar="FREQ')

def add_options(parser, expert):
add_freq_option(parser)
usrp_options.add_tx_options(parser)
transmit_path.transmit_path.add_options(parser, expert)
expert.add_option(""”, "--tx-freq", type="eng_Tfloat", default=None,
help=""set transmit frequency to FREQ
[default=%default]", metavar="FREQ')
parser.add_option(*'-v', "--verbose™, action="store_true”, default=False)

class usrp_transmit_path(gr.hier_block2):
def __init__ (self, modulator_class, options):
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See below for what options should hold
gr-hier_block2. init__(self, "usrp_transmit_path",
gr.io_signature(0, 0, 0), # Input
signature
gr.io_signature(0, 0, 0)) # Output signature
if options.tx_freq is None:
sys.stderr._write(""-f FREQ or --freq FREQ or --tx-freq FREQ must
be specified\n')
raise SystemExit
tx_path = transmit_path.transmit_path(modulator_class, options)
for attr in dir(tx_path): #forward the methods
if not attr.startswith("_") and not hasattr(self, attr):
setattr(self, attr, getattr(tx_path, attr))
#setup usrp
self._modulator_class = modulator_class
self._setup_usrp_sink(options)
#connect
self.connect(tx_path, self.u)

def _setup_usrp_sink(self, options):
Creates a USRP sink, determines the settings for best bitrate,
and attaches to the transmitter®s subdevice.
self.u = usrp_options.create_usrp_sink(options)
dac_rate = self.u.dac_rate()
if options.verbose:
print "USRP Sink:", self.u
(self._bitrate, self._samples_per_symbol, self._interp) = \
pick_tx_bitrate(options.bitrate,
self._modulator_class.bits_per_symbol(), \
options.samples_per_symbol,
options.interp, dac_rate, \
self.u.get_interp_rates())

self.u.set_interp(self._interp)
self.u.set_auto_tr(True)

if not self.u.set_center_freq(options.tx_freq):
print "Failed to set Rx frequency to %s" %
(eng_notation.num_to_str(options.tx_freq))
raise ValueError, eng_notation.num_to_str(options.tx_freq)
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B-4 usrp_receive_path.py

Copyright 2009 Free Software Foundation, Inc.
This file is part of GNU Radio

GNU Radio is free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 3, or (at your option)
any later version.

GNU Radio is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with GNU Radio; see the file COPYING. If not, write to

the Free Software Foundation, Inc., 51 Franklin Street,

Boston, MA 02110-1301, USA.

HFHRIFHFHEFHFHFHHEHFHFHFHHHFFHHR

from gnuradio import gr

import usrp_options

import receive_path

from pick _bitrate import pick_rx_bitrate
from gnuradio import eng_nhotation

def add_freqg_option(parser):

Hackery that has the -f / --freq option set both tx_freq and rx_freq
def freg_callback(option, opt_str, value, parser):
parser.values.rx_freq = value
parser.values.tx_freq = value
if not parser.has_option("--freq"):
parser.add_option("-f", "--freq", type="eng_float",
action=""callback"™, callback=freq_callback,
help="'set Tx and/or Rx frequency to FREQ
[default=%default]",
metavar="FREQ'")

def add_options(parser, expert):
add_freqg_option(parser)
usrp_options.add_rx_options(parser)
receive_path.receive_path.add_options(parser, expert)
expert.add_option("", "--rx-freq", type="eng_float", default=None,
help=""'set Rx frequency to FREQ [default=%default]",
metavar="FREQ'")
parser.add_option(*'-v', "--verbose', action="store_true', default=False)

class usrp_receive_path(gr.hier_block2):
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def __init__(self, demod_class, rx _callback, options):

See below for what options should hold
gr-hier_block2. init__(self, "usrp_receive_path",
gr.io_signature(0, 0, 0), # Input
signature
gr.io_signature(0, 0, 0)) # Output signature
if options.rx_freq is None:
sys.stderr.write("-f FREQ or --freq FREQ or --rx-freq FREQ must
be specified\n')
raise SystemExit
rx_path = receive_path.receive_path(demod_class, rx_callback,
options)
for attr in dir(rx_path): #forward the methods
if not attr.startswith("_") and not hasattr(self, attr):
setattr(self, attr, getattr(rx_path, attr))
#setup usrp
self._demod_class = demod_class
self._setup_usrp_source(options)
#connect
self.connect(self.u, rx_path)

def _setup_usrp_source(self, options):
self.u = usrp_options.create_usrp_source(options)
adc_rate = self.u.adc_rate()
if options.verbose:
print "USRP Source:", self.u
(self._bitrate, self._samples_per_symbol, self. _decim) = \
pick_rx_bitrate(options.bitrate,
self._demod_class.bits_per_symbol(), \
options.samples_per_symbol,
options.decim, adc_rate, \
self.u.get_decim_rates())

self.u.set_decim(self._decim)
if not self.u.set_center_freq(options.rx_freq):
print "Failed to set Rx frequency to %s" %

(eng_notation.num_to_str(options.rx_freq))
raise ValueError, eng_notation.num_to_str(options.rx_freq)
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B-5 transmit_path.py

Copyright 2005, 2006, 2007 Free Software Foundation, Inc.
This file is part of GNU Radio

GNU Radio is free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 3, or (at your option)
any later version.

GNU Radio is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with GNU Radio; see the file COPYING. 1If not, write to

the Free Software Foundation, Inc., 51 Franklin Street,

Boston, MA 02110-1301, USA.

HFHRHFHFHEHFHFH R

from gnuradio import gr, gru, blks2
from gnuradio import eng_nhotation

import copy
import sys

#

L1177 7777777777777/777/777/777/777/777/777/777/777/777/777/7/7///77///7/7//77/7777
# transmit path

#

L1177777777777777777777777777777777777777777777777777/7/7/77777///7777/7///7777

class transmit_path(gr.hier_block2):
def __init__ (self, modulator_class, options):

See below for what options should hold

gr.-hier_block2. init__ (self, "transmit_path",

gr.io_signature(0, 0, 0), # Input
signature
gr.io_signature(l, 1, gr.sizeof _gr_complex)) # Output
signature
options = copy.copy(options) # make a copy so we can destructively
modify

self._verbose

self._tx_amplitude
amplitude sent to USRP

self._bitrate

self._samples_per_symbol
samples/baud

options.verbose
options.tx_amplitude # digital

options.bitrate # desired bit rate
options.samples_per_symbol # desired
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self._modulator_cl
we are using

ass = modulator_class # the modulator_class

# Get mod_kwargs
mod_kwargs =

self_._modulator_class._extract_kwargs_from_options(options)

# transmitter
modulator = self._modulator_class(**mod_kwargs)
self.packet_transmitter = \
blks2.mod_pkts(modulator,
access_code=None,
msgqg_limit=4,
pad_for_usrp=True)

self.amp = gr.multiply_const_cc(l)
self.set_tx_amplitude(self._tx_amplitude)

# Display some information about the setup
if self._verbose:
self._print_verbage()

# Connect components in the flowgraph
self.connect(self.packet_transmitter, self.amp, self)

def set_tx_amplitude(self, ampl):

Sets the transmit amplitude sent to the USRP in volts
@param: ampl 0 <= ampl < 1.

self._tx_amplitude = max(0.0, minCampl, 1))
self.amp.set_k(self._tx_amplitude)

def send_pkt(self, payload="", eof=False):

Calls the transmitter method to send a packet

return self._packet_transmitter.send_pkt(payload, eof)

def bitrate(self):

return self._bitrate

def samples_per_symbol (self):

return self._samples_per_symbol

def add_options(normal, expert):

Adds transmitter-specific options to the Options Parser

if not normal _has_option("--bitrate”):
normal .add_option(*'-r', "--bitrate”™, type="eng_float",

default=100e3,

normal .add_option(
default=0.250, metavar="AM

< 1 [default=%default]™)

help=""specify bitrate [default=%default].')
, "—-tx-amplitude”™, type="eng_Ffloat",
PL",
help=""set transmitter digital amplitude: 0 <= AMPL
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normal _add_option("'-v'', "--verbose', action="store_true",
default=False)

expert.add_option("-S",
default=2,

‘-—samples-per-symbol", type="int",

help="'set samples/symbol [default=%default]'™)
v, "—--log", action="'store_true', default=False,
help=""Log all parts of flow graph to file (CAUTION:

expert.add_option(
lots of data)'™)

# Make a static method to call before instantiation
add_options = staticmethod(add_options)

def print_verbage(selT):

Prints information about the transmit path

print "Tx amplitude %s" % (self._tx_amplitude)
print "modulation: %s" % (self._modulator_class._name_ )
print "bitrate: %sb/s" %

(eng_notation.num_to_str(self._bitrate))
print "samples/symbol: %3d" % (self._samples_per_symbol)
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B-6 receive_path.py

#1/usr/bin/env python
Copyright 2005,2006,2007 Free Software Foundation, Inc.
This file is part of GNU Radio

GNU Radio is free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 3, or (at your option)
any later version.

GNU Radio is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with GNU Radio; see the file COPYING. 1If not, write to

the Free Software Foundation, Inc., 51 Franklin Street,

Boston, MA 02110-1301, USA.

HFHRHFHFHEFHHFHHEHFEHFHFRHHHFHEHHR

from gnuradio import gr, gru, blks2
from gnuradio import eng_nhotation
import copy

import sys

#

117777777777 77777/777/777/777/777/777/777/777/7777777/777/77//77///7/7//77/7777
# receive path

#

L1177777777777777777777777777777777777777777777777777////77777///7777/7///7777

class receive_path(gr.hier_block2):
def __init__(self, demod_class, rx_callback, options):
gr.-hier_block2. init__ (self, "receive_path",
gr.io_signature(l, 1, gr.sizeof _gr_complex), # Input

signature
gr.io_signature(0, 0, 0)) # Output
signature
options = copy.copy(options) # make a copy so we can destructively
modify

self._verbose

self._bitrate

self._samples_per_symbol
samples/symbol

options.verbose
options.bitrate # desired bit rate
options.samples_per_symbol # desired

self._rx_callback = rx_callback # this callback is fired when
there®s a packet available
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using

self._demod_class = demod_class # the demodulator_class we"re

# Get demod_kwargs
demod_kwargs = self._demod_class.extract_kwargs_from_options(options)

# Design Ffilter to get actual channel we want

sw_decim = 1

chan_coeffs = gr._.firdes.low_pass (1.0, # gain
sw_decim *

self._samples_per_symbol, # sampling rate

trans.

trans.

#

1.0, # midpoint of

band

0.5, # width of

band

gr.firdes.WIN_HANN) # Filter type
self.channel_filter = gr.fft_filter_ccc(sw_decim, chan_coeffs)

# receiver
self_packet_receiver = \
blks2.demod_pkts(self._demod_class(**demod_kwargs),
access_code=None,
callback=self._rx_callback,
threshold=-1)

# Carrier Sensing Blocks

alpha = 0.001

thresh = 30 # in dB, will have to adjust
self.probe = gr.probe_avg_mag_sqrd_c(thresh,alpha)

# Display some information about the setup
if self._verbose:
self._print_verbage()

connect block input to channel Ffilter

self.connect(self, self.channel_filter)

def

def

def

def

# connect the channel input Ffilter to the carrier power detector
self.connect(self.channel_filter, self._probe)

# connect channel filter to the packet receiver
self.connect(self.channel_filter, self_packet_receiver)

bitrate(self):
return self._bitrate

samples_per_symbol (self):
return self._samples_per_symbol

carrier_sensed(self):

Return True if we think carrier is present.

#return self._probe.level() > X
return self._probe.unmuted()

carrier_threshold(self):
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Return current setting in dB.

return self_probe.threshold()

def set_carrier_threshold(self, threshold_in_db):

Set carrier threshold.

@param threshold_in_db: set detection threshold
@type threshold_in_db: float (dB)

self.probe.set_threshold(threshold_in_db)

def add_options(normal, expert):

Adds receiver-specific options to the Options Parser
if not normal _has_option("--bitrate'):
normal .add_option(*-r", "--bitrate", type="eng_ Ffloat",
default=100e3,
help=""'specify bitrate [default=%default].')

normal .add_option(*'-v', "--verbose', action="'store_true",
default=False)

expert.add_option("'-S", "--samples-per-symbol', type="int",
default=2,

help=""set samples/symbol [default=%default]')
v, "—--log'", action="'store_true', default=False,
help="Log all parts of flow graph to files
(CAUTION: lots of data)™)

expert.add_option(

# Make a static method to call before instantiation
add_options = staticmethod(add_options)

def _print_verbage(self):

Prints information about the receive path

print ""\nReceive Path:"

print "modulation: %s"™ % (self._demod _class.__name_ )

print "bitrate: %sb/s"™ %
(eng_notation.num_to_str(self._bitrate))

print "samples/symbol: %3d" % (self._samples_per_symbol)
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B-7 pick_bitrate.py

Copyright 2005,2006 Free Software Foundation, Inc.
This file is part of GNU Radio

GNU Radio is free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 3, or (at your option)
any later version.

GNU Radio is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with GNU Radio; see the file COPYING. 1If not, write to

the Free Software Foundation, Inc., 51 Franklin Street,

Boston, MA 02110-1301, USA.

HFHRHFHFHEHFHFH R

from gnuradio import eng_nhotation
_default_bitrate = 500e3
_valid_samples_per_symbol = (2,3,4,5,6,7)

def _gen_tx_info(converter_rate, Xxrates):
results = []
for samples_per_symbol in _valid_samples_per_symbol:
for interp in xrates:

bitrate = converter_rate / interp / samples_per_symbol
results.append((bitrate, samples_per_symbol, interp))

results.sort()

return results

def _gen_rx_info(converter_rate, Xxrates):
results = []
for samples_per_symbol in _valid_samples_per_symbol:
for decim in xrates:

bitrate = converter_rate / decim / samples_per_symbol
results.append((bitrate, samples_per_symbol, decim))

results.sort()

return results

def _filter_info(info, samples_per_symbol, Xrate):
if samples_per_symbol is not None:

info = [x for x in info If x[1] == samples_per_symbol]
if xrate is not None:
info = [x for x in info if x[2] == xrate]

return info

def _pick_best(target bitrate, bits_per_symbol, info):

60



def

@returns tuple (bitrate, samples_per_symbol, interp_rate_or_decim_rate)
if len(info) == 0O:
raise RuntimeError, "info is zero length!"

if target bitrate is None: # return the fastest one
return info[-1]

# convert bit rate to symbol rate
target_symbolrate = target bitrate / bits_per_symbol

# Find the closest matching symbol rate.
# In the event of a tie, the one with the lowest samples_per_symbol wins.
# (We already sorted them, so the Ffirst one is the one we take)

best = info[O0]
best _delta = abs(target_symbolrate - best[0])
for x in info[l:]:
delta = abs(target_symbolrate - x[0])
if delta < best_delta:
best _delta = delta
best = x

# convert symbol rate back to bit rate
return ((best[0] * bits_per_symbol),) + best[1:]

_pick_bitrate(bitrate, bits_per_symbol, samples_per_symbol,
Xrate, converter_rate, xrates, gen_info):

@returns tuple (bitrate, samples_per_symbol, interp_rate_or_decim_rate)

if not isinstance(bits_per_symbol, int) or bits _per_symbol < 1:
raise ValueError, "bits_per_symbol must be an int >= 1"

if samples_per_symbol is not None and xrate is not None: # completely

determined

return (Float(converter_rate) / xrate / samples_per_symbol,
samples_per_symbol, xrate)

if bitrate is None and samples_per_symbol is None and xrate is None:
bitrate = _default_bitrate

# now we have a target bitrate and possibly an xrate or
# samples_per_symbol constraint, but not both of them.

ret = pick best(bitrate, bits_per_symbol,
_Filter_info(gen_info(converter_rate, xrates),

samples_per_symbol, xrate))

def

print "Actual Bitrate:", eng_notation.num_to_str(ret[0])
return ret

pick_tx_bitrate(bitrate, bits_per_symbol, samples_per_symbol,
interp_rate, converter_rate, possible_interps):
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Given the 4 input parameters, return at configuration that matches

@param bitrate: desired bitrate or None

@type bitrate: number or None

@param bits _per_symbol: E.g., BPSK -> 1, QPSK -> 2, 8-PSK -> 3
@type bits_per_symbol: integer >= 1

@param samples_per_symbol: samples/baud (aka samples/symbol)
@type samples_per_symbol: number or None

@param interp_rate: USRP interpolation factor

@type interp_rate: integer or None

@param converter_rate: converter sample rate in Hz

@type converter_rate: number

@param possible_interps: a list of possible rates

@type possible_interps: a list of integers

@returns tuple (bitrate, samples_per_symbol, interp_rate)
print "Requested TX Bitrate:", bitrate and
eng_notation.num_to_str(bitrate) or "Auto”,
return _pick _bitrate(bitrate, bits_per_symbol, samples_per_symbol,
interp_rate, converter_rate, possible_interps,
_gen_tx_info)

def pick _rx_bitrate(bitrate, bits _per_symbol, samples_per_symbol,
decim_rate, converter_rate, possible_decims):

Given the 4 input parameters, return at configuration that matches

@param bitrate: desired bitrate or None

@type bitrate: number or None

@param bits_per_symbol: E.g., BPSK -> 1, QPSK -> 2, 8-PSK -> 3
@type bits_per_symbol: integer >= 1

@param samples_per_symbol: samples/baud (aka samples/symbol)
@type samples_per_symbol: number or None

@param decim_rate: USRP decimation factor

@type decim_rate: integer or None

@param converter_rate: converter sample rate in Hz

@type converter_rate: number

@param possible_decims: a list of possible rates

@type possible_decims: a list of integers

@returns tuple (bitrate, samples_per_symbol, decim_rate)
print "Requested RX Bitrate:", bitrate and
eng_notation.num_to_str(bitrate) or "Auto-
return _pick_bitrate(bitrate, bits_per_symbol, samples_per_symbol,
decim_rate, converter_rate, possible_decims,
_gen_rx_info)
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B-8 usrp_options.py

Copyright 2009 Free Software Foundation, Inc.
This file is part of GNU Radio

GNU Radio is free software; you can redistribute it and/or modify

it under the terms of the GNU General Public License as published by
the Free Software Foundation; either version 3, or (at your option)
any later version.

GNU Radio is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with GNU Radio; see the file COPYING. If not, write to

the Free Software Foundation, Inc., 51 Franklin Street,

Boston, MA 02110-1301, USA.

HFHRHFHFHEHFHFH R

_parser_to_groups_dict = dict()
class _parser_groups(object):
def __init__ (self, parser):
self.usrpx_grp = parser.add_option_group("'General USRP Options'™)
self.usrpl_grp = parser.add_option_group("'USRP1 Specific Options™™)
self.usrplexp_grp = parser.add_option_group(""USRP1 Expert Options')
self.usrp2_grp = parser.add_option_group(""'USRP2 Specific Options™)

import generic_usrp

def _add_options(parser):
Add options to manually choose between usrp or usrp2.
Add options for usb. Add options common to source and sink.
@param parser: instance of OptionParser
@return the parser group
#cache groups so they dont get added twice on tranceiver apps
if not _parser_to_groups_dict.has_key(parser):

_parser_to_groups_dict[parser] = _parser_groups(parser)
pg = _parser_to_groups_dict[parser]
#pick usrp or usrp2
pg-usrpx_grp.add_option("'-u", "--usrpx', type="string", default=None,

help="specify which usrp model: 1 for USRP, 2 for USRP2
[default=auto]™)
#fast usb options
pg-usrplexp_grp.add_option('-B",
default=0,

'-—fusb-block-size", type="int",

help=""specify fast usb block size [default=%default]')
pg-usrplexp_grp.-add_option('-N", "--fusb-nblocks", type="int", default=0,
help="specify number of fast usb blocks
[default=%default]™)
#lo offset
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pg-usrpx_grp.-add_option("--lo-offset", type="eng_float", default=None,
help="'set LO Offset in Hz [default=automatic].'")
#usrp options
pg-usrpl_grp.add_option("-w", "--which", type="int", default=0,
help="'select USRP board [default=%default]')
#usrp2 options
pg-usrp2_grp.add_option('-e", "--interface', type="'string",
default="eth0",
help=""Use USRP2 at specified Ethernet interface
[default=%default]"™)
pg.usrp2_grp.add_option(‘'-a', "--mac-addr', type=''string', default=""",
help=""Use USRP2 at specified MAC address
[default=None]™)
return pg

def add_rx_options(parser):
Add receive specific usrp options.
@param parser: instance of OptionParser
pg = _add_options(parser)
pg-usrpl _grp.add_option(*'-R", "--rx-subdev-spec", type="'subdev",
default=None,
help=""select USRP Rx side A or B")
pg-usrpx_grp.add_option(*'--rx-gain', type="eng_Ffloat", default=None,
metavar=""GAIN",
help=""set receiver gain in dB [default=midpoint]. See
also --show-rx-gain-range')
pg-usrpx_grp.add_option(''--show-rx-gain-range', action="store_true",
default=False,
help="print min and max Rx gain available on selected
daughterboard'™)
pg-usrpx_grp.add_option(*'-d", "--decim', type="intx", default=None,
help=""set fpga decimation rate to DECIM
[default=%default]"™)

def create_usrp_source(options):

U = generic_usrp.generic_usrp_source_c(
usrpx=options.usrpx,
which=options.which,
subdev_spec=options.rx_subdev_spec,
interface=options. interface,
mac_addr=options.mac_addr,
Ffusb_block_size=options.fusb_block_size,
fusb_nblocks=options.fusb_nblocks,
lo_offset=options.lo_offset,
gain=options.rx_gain,

)

if options.show_rx_gain_range:
print "Rx Gain Range: minimum = %g, maximum = %g, step size =

%g"'%tuple(u.gain_range())

return u

def add_tx_options(parser):

Add transmit specific usrp options.
@param parser: instance of OptionParser
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pg = _add_options(parser)
pg-usrpl_grp.add_option("-T", '"--tx-subdev-spec', type="'subdev",
default=None,
help="'select USRP Rx side A or B")
pg-usrpx_grp.add_option('"--tx-gain', type="eng_float", default=None,
metavar="GAIN",
help=""'set transmitter gain in dB [default=midpoint].
See also --show-tx-gain-range')
pg-usrpx_grp.add_option(''--show-tx-gain-range', action="store_true",
default=False,
help="print min and max Tx gain available on selected
daughterboard')
pg.-usrpx_grp.add_option("'-i", "--interp", type="intx", default=None,
help="'set fpga interpolation rate to INTERP
[default=%defaul t]'™)

def create_usrp_sink(options):

U = generic_usrp.generic_usrp_sink_c(
usrpx=options.usrpx,
which=options.which,
subdev_spec=options.tx_subdev_spec,
interface=options. interface,
mac_addr=options.mac_addr,
fusb_block_size=options.fusb_block_ size,
fusb_nblocks=options.fusb_nblocks,
lo_offset=options.lo_offset,
gain=options.tx_gain,

)

if options.show_tx_gain_range:
print "Tx Gain Range: minimum = %g, maximum = %g, step size =

%g"'%tuple(u.gain_range())

return u
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B-9 generic_usrp.py

#

# Copyright 2009 Free Software Foundation, Inc.

#

# This file is part of GNU Radio

#

# GNU Radio is free software; you can redistribute it and/or modify
# 1t under the terms of the GNU General Public License as published by
# the Free Software Foundation; either version 3, or (at your option)
# any later version.

#

# GNU Radio is distributed in the hope that it will be useful,

# but WITHOUT ANY WARRANTY; without even the implied warranty of

# MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

# GNU General Public License for more details.

#

# You should have received a copy of the GNU General Public License
# along with GNU Radio; see the file COPYING. |If not, write to

# the Free Software Foundation, Inc., 51 Franklin Street,

# Boston, MA 02110-1301, USA.

#

USRP1_TYPE = “usrpl-®

USRP2_TYPE = “usrp2-

DUMMY_TYPE = “dummy*

#usrp2 rates common for decim and interp

_USRP2_RATES = range(4, 128+1, 1) + range(130, 256+1, 2) + range(260, 512+1,

4)

#dummy common rates

DUMMY_XRATES = range(4, 512, 2)

_DUMMY_CONVERTER_RATE = 100e6

#dummy freq result

class _dummy_ freq_result(object):

def __init__ (self, target freq):

self_baseband_freq = target_freq
self.dxc_freq = 0
self.residual_freq = 0

from gnuradio import gr, usrp, usrp2

BHHAHHA AR R R R R R R R R R R R R
# generic usrp common stuff

BHUHBHH AR AR R R R R R R R R R R R R R
class _generic_usrp_base(object):

def __init__(self, which=0, subdev_spec=None, interface="", mac_addr="",

fusb_block_size=0, fusb_nblocks=0, usrpx=None, lo_offset=None,
gain=None):

self._lo_offset = lo_offset

#usrp options

self._which = which

self._subdev_spec = subdev_spec

#usrp2 options

self._interface = interface

self._mac_addr = mac_addr

#fusb options
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self. fusb block size = fusb_block_size
self. fusb_nblocks = fusb_nblocks
#pick which usrp model
if usrpx == "0": self._setup_usrpx(DUMMY_TYPE)
elif usrpx == "1" or self._subdev_spec: self._setup_usrpx(USRP1_TYPE)
elif usrpx == "2" or self._mac_addr: self._setup_usrpx(USRP2_TYPE)
else: #automatic
try: self._setup_usrpx(USRP2_TYPE)
except:
try: self._setup_usrpx(USRP1_TYPE)
except: raise Exception, "Failed to automatically setup a
usrp device."
#post usrp setup
if self._lo_offset is not None:
self.set_lo _offset(self._lo _offset)
self.set_gain(gain)
self.set_auto_tr(True)

def _setup_usrpx(self, type):
Call the appropriate setup method.
@param type the usrp type constant
self._type = type
if self._type == USRP1 _TYPE: self._setup_usrpl()
elif self._type == USRP2_TYPE: self._setup_usrp2()
elif self._type == DUMMY_TYPE: self._setup_dummy(Q

def _ str_ (self):
if self._type == USRP1_TYPE: return self._subdev.side_and_name()
elif self._type == USRP2_TYPE:
return "Interface: %s MAC Address: %s D-Board ID: Ox%.2x"%(
self._u.interface_name(), self._u.mac_addr(),
self._u.daughterboard_id())
elif self._type == DUMMY_TYPE: return "Dummy USRP Device~

def gain(self): return self._gain

def set_gain(self, gain=None):
#automatic gain calculation
r = self._gain_range(Q)
if gain is None: gain = (r[0] + r[1])/2 # set gain to midpoint
#set gain for usrp
self._gain = gain
if self._type == USRP1_TYPE: return self._subdev.set_gain(gain)
elif self._type == USRP2_TYPE: return self._u.set_gain(gain)
elif self._type == DUMMY_TYPE: return True

def gain_range(self):
if self._type == USRP1_TYPE: return self._subdev.gain_range()
elif self._type == USRP2_TYPE: return self._u.gain_range()
elif self._type == DUMMY_TYPE: return (0, 0, 0)

def set_center_freq(self, target_freq):
if self._type == USRP1_TYPE:
return self._u.tune(self._dxc, self._subdev, target freq)
elif self._type == USRP2_TYPE:
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return self._u.set_center_freq(target_freq)
elif self._type == DUMMY_TYPE: return _dummy_ freq_result(target_freq)

def freg_range(self):
if self._type == USRP1_TYPE: return self._subdev.freq_range()
elif self._type == USRP2_TYPE: return self._u.freq_range()
elif self._type == DUMMY_TYPE: return (-10e9, 10e9, 100e3)

def set_lo_offset(self, lo_offset):
if self. _type == USRP1 _TYPE: return
self._subdev.set lo offset(lo_offset)
elif self._type == USRP2_TYPE: return
self. _u.set_lo_offset(lo_offset)
elif self._type == DUMMY_TYPE: return True

def set_auto_tr(self, enable):
if self._type == USRP1_TYPE: return self._ subdev.set _auto_tr(enable)

def _ del__ (self):
try: # Avoid weak reference error
del self._u
del self._subdev
except: pass

WA A A A R A R R
# generic usrp source
HHAH AR R R A R A R R A R R R
class generic_usrp_source_c(_generic_usrp_base, gr.hier_block2):

Create a generic usrp source that represents usrp and usrp2.

Take usrp and usrp2 constructor arguments and try to figure out usrp or
usrp2.

Provide generic access methods so the APl looks the same for both.

def __init__ (self, **kwargs):
gr.-hier_block2. init__ (self, 'generic_usrp_source",
gr.io_signature(0, 0, 0), # Input signature
gr.io_signature(l, 1, gr.sizeof _gr_complex)) # Output signature
_generic_usrp_base. _init__ (self, **kwargs)
self.connect(self._u, self)

BHUBBHH SRR B R R R R R R R R R R
# generic access methods
BHUBHHH B HH B R R R R R R R R R
def set_decim(self, decim):
if decim not in self.get _decim_rates(): return False
if self._type == USRP1_TYPE: return self._u.set_decim_rate(decim)
elif self._type == USRP2_TYPE: return self._u.set_decim(decim)
elif self._type == DUMMY_TYPE: return True

def get_decim_rates(self):
if self._type == USRP1_TYPE: return range(8, 256+1, 2) #default
firmware w/ hb filters
if self._type == USRP2_TYPE: return _USRP2_RATES
elif self._type == DUMMY_TYPE: return _DUMMY_XRATES
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def adc_rate(self):
if self._type == USRP1_TYPE: return self._u.adc_rate()
if self._type == USRP2_TYPE: return self._u.adc_rate()
elif self._type == DUMMY_TYPE: return _DUMMY_CONVERTER_RATE

HHHHHHH R R
# setup usrp methods
HHH R R R
def _setup _usrpl(self):
self. _u = usrp.source_c (self._which,
fusb_block_size=self. fusb block size,
fusb_nblocks=self._ fusb_nblocks)
# determine the daughterboard subdevice we"re using
if self._subdev_spec is None:
self._subdev_spec = usrp.pick rx_subdevice(self. u)
self._subdev = usrp.selected_subdev(self. u, self._ subdev_spec)
self._u.set_mux(usrp.determine_rx_mux_value(self. _u,
self._subdev_spec))

self. _dxc = 0

def _setup_usrp2(self):
self._u = usrp2.source_32fc(self._interface, self._mac_addr)

def setup_dummy(self): self. u = gr.null_source(gr.sizeof _gr_complex)

WA A R A AR A A A A
# generic usrp sink
HH AR A R B A R B A R R R R R R
class generic_usrp_sink _c( _generic_usrp_base, gr.hier_block2):

Create a generic usrp sink that represents usrp and usrp2.

Take usrp and usrp2 constructor arguments and try to figure out usrp or
usrp2.

Provide generic access methods so the APl looks the same for both.

def __init__ (self, **kwargs):

gr.hier_block2. init__(self, 'generic_usrp_sink",
gr.io_signature(l, 1, gr.sizeof _gr_complex), # Input signature
gr.io_signature(0, 0, 0)) # Output signature

_generic_usrp_base._ _init__(self, **kwargs)

if self._type == USRP1 _TYPE: #scale 0.0 to 1.0 input for usrpl
self.connect(self, gr.multiply_const_cc((2**15)-1), self._u)

else: self.connect(self, self._u)

BHHBHHHA R AR R R R R R R R R
# generic access methods
BHHBHHH AR AR HB R R
def set_interp(self, interp):
if interp not in self.get_interp_rates(): return False
if self._type == USRP1_TYPE: return self._u.set_interp_rate(interp)
elif self._type == USRP2_TYPE: return self._u.set_interp(interp)
elif self._type == DUMMY_TYPE: return True

def get_interp_rates(self):

if self._type == USRP1_TYPE: return range(16, 512+1, 4)
if self._type == USRP2_TYPE: return _USRP2_RATES
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elif self._type == DUMMY_TYPE: return _DUMMY_XRATES

def dac_rate(self):
if self._type == USRP1_TYPE: return self._u.dac_rate()
if self._type == USRP2_TYPE: return self._u.dac_rate()
elif self._type == DUMMY_TYPE: return _DUMMY_CONVERTER_RATE

HHH R R R
# setup usrp methods
HHH R R R
def _setup usrpl(self):
self. _u = usrp.sink _c (self._which,
fusb_block_size=self._ fusb block size,
fusb_nblocks=self._fusb_nblocks)
# determine the daughterboard subdevice we"re using
if self._subdev_spec is None:
self._subdev_spec = usrp.pick tx_subdevice(self. u)
self._subdev = usrp.selected_subdev(self. u, self._ subdev_spec)
self._u.set_mux(usrp.determine_tx_mux_value(self. _u,
self._subdev_spec))
self._dxc = self._subdev.which()

def _setup_usrp2(self): self. _u = usrp2.sink 32fc(self._interface,
self._mac_addr)

def _setup_dummy(self): self. _u gr.null_sink(gr.sizeof_gr_comple
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B-10 lookforfreq.sh

Description:

The main purpose of this program is to make sure the devices are always connected to
one another. It examines, share and compares the file power.dat from both machines and makes

sure that the noise threshold does not exceed 30 dB.

#1/bin/bash

freq="'2.480G"
cleanf=""2.480G"
currentnoise=41
pid=9999999

change=0
while [ 1]
do
if [ $change -eq 0 ]
then
if [ -f _/forcednewfreqg.dat ]
then
freq="cat forcednewfreq.dat”
rm forcednewfreq.dat
fi;
kill $pid
/usr/share/gnuradio/thesis/tunnel .py --freq $freq &
pid=$!
change=1
fi;

lowestnoise=$currentnoise
lowestfreq=%$freq

newnoise="cat power.dat | grep $cleanf | awk "{ print $2 }" | awk
*{printf "%.0f\n", $1}""
if [ -z "$newnoise” ]

then
newnoise=41
fi;
if [ $newnoise -gt 30 ]
then

lowestnoise=$newnoise
currentnoise=$newnoise
for newfreq in $(cat power.dat | awk *{ print $1 }");
do
noise="cat power.dat | grep $newfreq | awk "{print $2}-
lawk “{printf "%.0f\n", $1}"°
if [ $noise -1t $lowestnoise ]
then
lowestnoise=%$noise
lowestfreqclean=%newfreq
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lowestfreq=""${lowestfreqclean}G"

change=0
fi;

done
else

change=1
fi;
if [ $change -eq 0 ]
then

echo $lowestfreq > newfreq.dat

freg=$lowestfreq

cleanf=$lowestfreqclean

scp -P 30000 newfreq.dat
192.168.200.2:/usr/share/gnuradio/thesis/forcednewfreq.dat

newnoise=$lowestnoise

fi;
echo "FREQ " $lowestfreq
sleep 2

done
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B-11 getpower.sh
Description:

This program acquires the noise table from remote host every 5 seconds.

#1/bin/bash
while [ 1 1]
do
sudo Zusr/share/gnuradio/thesis/usrp_spectrum_sense.py 2.4095G 2.4625G
scp -P 30000 power.dat
192.168.200.2:/usr/share/gnuradio/thesis/otherpower.dat
sleep 5

done

B-12 modfreq.sh
Description:
This program checks every 5 seconds what frequency the remote peer wants to transmit

information and joins the new frequency.

#1/bin/bash

freq="'2.480G"

currentnoise=41

pid=9999999

echo $freq > forcednewfreq.dat

while [ 1]
do
if [ -Ff ./forcednewfreq.dat ]
then
freq="cat forcednewfreq.dat”
rm forcednewfreq.dat
kill $pid
/usr/share/gnuradio/thesis/tunnel .py --freq $freq &
pid=$!
fi;
echo "FREQ " $freq
sleep 5

done
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