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Abstract

This project has looked at the possibility of implementing the low-end signal processing needed for
a pulsed radar system on the Universal Software Radio Peripheral 2 (USRP2) board. This board is
an FPGA data capture board developed by Ettus Research for use with the GNU Radio project. The
normal application of this board is in the field of telecommunication, but it was believed that it could
be used for radar applications with minimal alterations to the source code. The board was originally
designed to stream data through itself, do some low-level signal processing, and then transmit. The
original goal for this project was to implement a variable signal storage system as well as a Matched
Filter for that signal.

Three main alterations were attempted. The first was the variable signal storage system. This design
called for the system to receive and store the signal that was to be transmitted. It was also required to
transmit the signal at the given pulse rate. This design did not work; it would not transmit any signals
at all. It was not possible to determine if it was a problem with the storage module or something
else. Therefore, the design of the storage module was changed to one where a hard-coded signal was
stored, and it was found that, if it was installed connected straight to the DAC, then the board would
broadcast signals, but if it was not, then the board would not broadcast any signals. The final change
that was attempted was a Matched Filter implementation; this also caused no signals to be sent back
to the computer, but the TX chain did still transmit.

From these tests, it became clear that the source code for the USRP2 was very sensitive to alterations,
which makes it impractical to work with. To be able to use this board for radar applications, the
board’s code would have to be completely rewritten and, rather than doing this, it would be more
practical to use a board that has a larger amount of processing resources, something such as the
Rhino board.
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Nomenclature

ADC—Analog to Digital Converter, a system for converting analog signals to digital signals.

Bandwidth—The frequency width of a signal, measured from the lowest frequency component of
the signal to the highest component.

Chirp—A signal with an increasing frequency over time.

CPU—Central Processing Unit, the main processing element of computer systems.

DAC—Digital to Analog Converter, a system for converting digital signals to analog signals.

Doppler frequency—A shift in the radio frequency of the return from a target or other object as a
result of the object’s radial motion relative to the radar.

FPGA—Field Programmable Gate Array.

GNU—GNU is the name for a super-set of projects, whose main goal is fully open software.

GPU—Graphic Processing Unit, the data processing element of a graphics card, currently being
used to perform complex computations.

OS—Operating System of a computer.

PRF—Pulse Repetition Frequency.

PRI—Pulse Repetition Interval.

Python—Python is a high-level scripting language.

Range—The radial distance from a radar to a target.

RF—Radio Frequency.

RX—Receiving

Synthetic Aperture Radar (SAR)—A signal-processing technique for improving the azimuth res-
olution beyond the beam-width of the physical antenna actually used in the radar system. This is
done by synthesizing the equivalent of a very long side-looking array antenna.

Swath—The area on earth covered by the antenna signal.

SWIG—SWIG is an open source program that allows connections between C or C++ programs or
libraries with other scripting languages, such as Python.

TX—Transmission

USRP—Universal Software Radio Peripheral, an FPGA based RF front end for use with computers.
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USRP2—Universal Software Radio Peripheral 2, the second generation FPGA based RF front end
board.
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Chapter 1

Introduction

Radars were first developed in the mid 1930’s in Britain for use in protecting Britain from the air
attacks from the German Luftwaffe. At the same time, the first computers were also developed to
break the German Enigma codes. The entire signal processing system on radar systems was done
using analog equipment. This equipment was very specialised and very expensive. These radars
were very limited in how they were able to process the data, mainly being limited to threshold
detection of range and direction, and almost nothing else. Also one other problem with these types
of radars was that they needed a high-powered signal to get a usable signal-to-noise ratio. Page [97]

A lot of the higher level of data processing of radar was held back because of the lack of hardware
that was able to do the needed processing. This all changed in the 1970’s with the development
of digital processing systems with enough processing power to be able to handle the needed pro-
cessing. With the change to digital processing, it became possible to implement more effective data
processing algorithms; the most notable of these being the Matched Filter. This type of filter is de-
signed to give a very strong response when an identical signal is passed through it; at the same time
it rejects signals that are not correctly matched. These two factors together resulted in much lower
power requirements being adequate to get the same level of performance. Richards et al. [111]

One of the main problems with radar systems designed between the 70’s and 90’s was that they were
relatively fixed in their functionality. If the functionality of the radar needed to be changed for any
operational reason, it would take anything from a few hours to a few days. Also, another problem
with these radar systems is the high cost, which makes it impractical for third world countries to
install radar systems to control their air space. With the advances in the last decade or so with
regard to computer processing power, large amounts of the data processing that used to be done on
dedicated digital hardware is moving to more general digital hardware. Debatty [37]

This new concept, called Software-Defined Radar (SDR), is a concept to make a complete radar just
using reprogrammable hardware. With the use of SDR systems it is possible reduce the cost of radar
considerably, which makes it much more affordable for poorer countries. A key components of these
radar systems are Field Programmable Gate Arrays (FPGA), which allow implementation of high-
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speed data processing in a reconfigurable format. Debatty [37] This project will be investigating the
use of one of these FPGA as the data processing base for a radar system.

The main advantage of FPGAs over conventional data processing devices such as CPUs is that they
have a very high level of process parallelism. This allows for effective implementation of many
of the basic radar data processing algorithms. The main processes done in most radar systems are
Matched Filtering, Threshold, and Doppler Processing.

1.1 Hardware Chosen

One of the main goals of this project is to design a low-cost radar system for use in Africa where there
is not a large number of radar systems. To this end there was a need for a low cost processing system
for the radar. For basic air traffic control there is not a need for large amounts of data processing, so
modern computers can be used for a lot of the data processing and display. The only real problem is
that computers are not very good at handling low-level signal processing which is needed in a radar
front end.

To this end, a data capture board is needed. Current designs of these types of boards use FPGAs
as their main processing units. There are a number of different board designs available, all with
different abilities and functionalities. This project was done a small budget; thus only hardware
currently in the possession of the group has been considered. There are four different pieces of
hardware that are currently available in the group; these are the USRP, the USRP2, the Rhino board,
and the Roach board. All of these boards are FPGA-based processing boards. USRP and USRP2
are FPGA only boards, whilst the Rhino and Roach have both FPGA and ARM processors on them.

Table 1.1: Table of the costs of the different boards.
USRP USRP2 Rhino Roach

Cost $700 $1400 ( Has been discontinued) $1750 (Academic price) About R100 000

With regard to the performance and space for systems to be implemented, either the Rhino1 or the
Roach would be the best choice. The main problem with these boards is that their availability is not
that high because of cost and limited run numbers. There has been a previous attempt to implement
a radar system on the USRP board, but it was found that the hardware limitations did not allow for
a working system to be run, this came from the fact that all the data processing needs to be done on
the computer it was attached to.

From the standard specification of the USRP2, it was believed that it would be able to handle the
data rate and data processing requirements. Also, the group already had some of these boards, so
there was no cost in using them. For this reason it was decided that the USRP2 would be the best
board for the project.

1More information about this board can be found Simon Scott’s Masters Dissertation, Scott [119].
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1.2 Project Background

In 2001, work started on computer-controlled radio systems. This project was started under the
GNU licence, and was called “GNU Radio”. The GNU Radio project set out to develop software
that would allow easy setting up of radio applications on a computer. It was originally written in
Pspectra but, in 2004, it was completely rewritten from the ground up in C++ and Python. The
Digital Signal Processing (DSP) is done by the C/C++ modules, because the C/C++ code is one of
the most efficient programming languages, on both processing speed and memory use. Python is
used to connect the high-level code blocks together because of the relatively low amount of data
processing that is needed to connect the blocks, and because it also allows easy implementation of
multi-threading processing.

Figure 1.1: USRP2 board with two daughter boards plugged in, BasicRX and BasicTX.

Originally, GNU Radio used the sound cards of the computer to interact with the exterior world
but, in 2004, Ettus Research LLC was founded. They designed and manufactured the “Univer-
sal Software Radio Peripheral” (USRP) boards. The original USRP board has an Altera Field-
Programmable Gate Array (FPGA) chip as its controller. With the addition of the USRP board to
the GNU Radio line up, high sampling rate systems were possible, mainly because the USRP board
had a sampling rate of 64 MHz, compared to normal sound cards which only sample at 44 kHz.
This speed limitation came from the processing speed of the FPGA chip and the fact that it used the
Universal Serial Bus (USB) 2.0 for its data transfer connection with the computer. In 2008, Ettus
Research LLC brought out the USRP2 board. This system featured a much larger FPGA, and it used
a Gigabit Ethernet connection to communicate with the computer. With these updates, the USRP2
has a sampling rate of 100 MHz.
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1.3 Objectives of the Project

The objectives for this project are to investigate the use of the USRP2 board as a base processing
unit for use in a low cost radar system. To this end evaluation of GNU Radio is planned to determine
it ability to run radar systems, and the processing resources need for it handle such operations. An
evaluation of how the USRP2 FPGA handles data processing is also need to determine how data
flows through the board and if there is any means by which to move some of the data processing
from the computer to the FPGA. Once all the evaluations are done then a Pulsed Radar System will
be implemented.

• Get GNU Radio to work so that it can be used to capture data.

• Determine the computer hardware needed to operate GNU Radio to do radar work effectively.

• Work out how the FPGA code is designed.

• Determine if the FPGA code can be changed easily.

• Implement a Pulsed Radar System using GNU Radio and the USRP2 board.

1.4 Scope and Limitations

The scope of this project is to implement a pulsed radar system on the USRP2 board. Because of
the complexity of the USRP2 systems and the nature of the connection that is used over the Gigabit
Ethernet, it was decided that GNU Radio was to be used to control and capture data off the USRP2
board. It was also the hope for this project to alter the FPGA code to allow more functionality for
the radar system.

1.5 Document Outline

The layout of the remainder of this report:

In Chapter 2, the basic principles of SDR are discussed, as well as the main properties of GNU
Radio and the USRP2 board. This chapter focuses on the basics of SDR and the limitations coming
from the different data processing systems, most notably the limitation of data transfer between
processing systems, such as the CPU and FPGA processor, as well as the data rate at which the
CPU-based processing can be done. It also contains an overview of GNU Radio and how to set it up
for use in radar applications.

Chapter 3 describes how the USRP2 FPGA code works and how it may be changed to get it to
perform radar signal processing. It also shows the problems with the design of the USRP2 board and
the software running on it.
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Chapter 4 discusses the results obtained during experiments run using the USRP2 board. The USRP2
can be run in both streaming and fixed storage mode, with stream storage not being possible because
of the required placement of the storage modules after the DSP section. With a maximum instant-
aneous bandwidth of 25 MHz, this limits the ability of a normal computer to be able to do real-time
applications, but it can store the data for processing later without any problems.

Chapter 5 contains the conclusions and recommendations based on the results of the previous chapters.
It was found that the USRP2 works correctly in a streaming mode where data is constantly being
sent from the computer to the USRP2. Attempts were made to change the FPGA code running on
the USRP2 to allow it to store signals on the board and thereby reduce the amount of processing that
the computer needed to do. It is possible to make the system work in a fixed storage mode, but it
is not possible to save streamed data. The suspected reason for this is the complexity in the control
done in the DSP section, which is very poorly documented. As a result, the USRP2 combined with
GNU Radio is not a practical system for use in operational radar systems but it is passable as a basic
test bench for radar hardware.

5



Chapter 2

Literature Review

2.1 Software Defined Radar

When radars were first developed, they were purely analog systems, which meant they were very
large and complicated, and used very special and expensive components. As the processing power
of computers increased over time, they became more and more used but, until the development of
fast computers, they have only been used for very high-level processing after most, if not all, of
the signal processing has been done. Only in the last decade or so, has the processing power of
computers increased to such a point that it is possible to implement most of the signal processing in
the digital processor. At present, it is not possible to implement a fully functional radar system with
just digital systems, for the following reasons:

• The limits on operational frequencies of Digital to Analogue Converters (DACs) and Analogue
to Digital Converters (ADCs), compared to the required frequency for radar applications. Most
ADCs operate below 1 GHz, whereas radar systems operate between 1 GHz and 40 GHz. This
means that the systems need the use of frequency converters. These are normally implemented
by multiplying the signal by a constant-frequency sine wave at the desired frequency.

• The power output of most DACs is in the mW range, which makes them impractical for radar
applications, requiring power amplification.

• Antennae only operate in limited frequency ranges so they have to be replaced if the operation
frequency is changed by a large enough margin.

For the reasons stated above, it is not possible to make a purely SDR system, but it is possible to
implement much of the signal processing in digital form. This in turn allows for much more complex
types of detectors to be implemented, and for much more complex signal processing functions to be
run.
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2.1.1 Data Processing Method

The type of system being implemented is a pulsed radar system, which means that the radar transmits
a signal intermittently. Consequently, for most of the time, the radar is not transmitting. The rate at
which the radar transmits its signal is known as the Pulse Repetition Frequency (PRF).

Matched Filters

In radar systems, the main interest is to know if there is a target of interest and what its range is
from the radar. The antenna picks up all the signals in its bandwidth, so determining what is a target
and what is noise is very difficult with just the raw data. With radars, we know what signal we
sent out, so we can filter for this particular signal in the received data. This is done with a function
called a ‘Matched Filter’. It should be noted that the Matched Filter has different forms depending
on what type of hardware it is run on. The maths for Matched Filters is shown below. All of the
following maths is done in discrete time; if it was in continuous time, all the summations would
become integrations.

y[n] = tx[n]∗ rx[n] (2.1)

In Eq 2.1, y[n] is the output of the matched filter, tx[n] is the transmitted signal, rx[n] is the received
signal, and ∗denotes the convolution operation. It should be noted that the rx signal is a lot larger
than the tx signal, because the tx signal, is only the length of the sent signal, which is normally
about 100 µs long, and it has no output for the rest of the time. This equation is implemented in the
following way.

y[n] =
∞

∑
k=0

rx[n− k]tx[k] (2.2)

As can be seen in Eq 2.2, it requires summation over all of the signals, which makes it impossible
to implement, but this can be improved by windowing the transmitted signals. Thus, Eq 2.2 can be
rewritten as shown in Eq 2.3, were the tx signal has a length N.

y[n] =
N−1

∑
k=0

rx[n− k]tx[k] (2.3)

This still gives a problem because, to produce a single output it requires N multipliers and N −
1 additions and, since these values are normally floating-point complex numbers, it becomes an
expensive method for implementing the matched filter. It can be made less computationally intensive
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by the use of Fourier transforms because the Fourier transform converts the convolution operation
into a multiplication operation. It is implemented in discrete time with the use of the Fast Fourier
Transform (FFT).

Y [ω] = FFT (rx[n]∗ tx[n]) (2.4)

= RX [ω]T X [ω]

y[n] = FFT−1(Y [ω])

= FFT−1(RX [ω]T X [ω])

As can be seen in Eq 2.4, the use of Fourier transforms has greatly reduced the amount of computa-
tions. The Fourier transform of the tx[n]signal can be pre-worked and stored beforehand, thereby de-
creasing the amount of processing needed. The Fourier method works well on sequential processors
like those used in computers but, for implementation on an FPGA, it is more resource-effective to
use the method shown in Eq 2.3. The reason for this is that an FPGA is able to handle many different
operations during each clock cycle, and therefore it can do all of the multiplications and additions
needed to generate a single data point in one clock cycle. It also uses less memory because it only
needs to hold 2N samples.

Figures 2.1 and 2.2, show the effect of Matched Filtering. The two plots were generated in Matlab
using the chirp generator function and a random number generator.

Figure 2.1, shows a plot of a signal containing two chirp signals both with a bandwidth of 500 Hz
along with noise. A chirp is a signal with linearly increasing frequency with time, very often used
with radar because it gives a large bandwidth and does not normally occur in nature.

As can be seen in Figure 2.2, the matched filter reduced the width of the targets down to a single
point and improved the signal to noise ratio (SNR). Richards et al. [111]

Threshold Detection

After matched filtering, the signal can be put through a threshold detector, which allows the detection
of targets of interest. There are many different detection algorithms but they all have the same basic
goals: to increase the chances of detecting a target and at the same time to decrease the chances
of detecting false targets. Most radars have the requirement of having a probability of detection of
over 0.9 with a probability of false alarm below 10−4. But, to achieve these requirements, there is
a need for high SNR; normally an SNR of over 10dB is needed. There are methods to improve the
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Figure 2.1: A plot of two chirp signals, -250Hz to 250Hz, with noise, sampled at 1 kHz.

probability of detection and false alarms by implementing m-of-n, which is where a target is only
declared a target if there are m or more detections in n sample sets. Richards et al. [111]

Doppler Processing

Another method for improving the chances of detecting a target is to perform Doppler processing
of the data before the data is passed through a threshold detector. However, to perform Doppler
processing, the phase of the returned signals is needed, for which reason the In-phase and Quadrator
are needed for each sample. The Doppler process allows the system to know the range and the speed
of the target. This helps to improve the SNR because most clutter, returns of non-interest targets, is
normally stationary or relatively slow moving.

If the targets of interest are aeroplanes for example, they have a speed that is much higher than
the speed of any clutter objects, so they are moved away from the background clutter. The normal
output of a Doppler process is a 2D data set with intensity at every range and speed point under
consideration. This output is often referred to as a Range Doppler Plot (RDP). To perform the
Doppler processing, an independent FFT is performed for each range bin, because of which it is
only possible to do Doppler processing when the captured signal has both its In-phase and Quadrator
values sampled at the same time. Richards et al. [111]

Whilst relatively little memory is needed for the implementation of the matched filter and basic
threshold detections, the Doppler processing needs to remember large numbers of sample sets and
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Figure 2.2: A plot of the output of a matched filter used on the signal from Figure 2.1 being matched
to the chirp signal, sampled at 1 kHz.

therefore this is not often implemented on FPGAs because of their limited memory capacity. For
example, let us consider the case of a radar that needs to observe a range from 5km to 50km, and the
signal returns are sampled at 25 MS/s. This means that, for each pulse of the radar, there are 3 750
samples that need to be stored, but there is also a need for 50 pulses to be stored to do the Doppler
processing. This means that there are 187 500 samples to be stored before the Doppler process can
be run, and the same number of samples from the output of the Doppler process must also be stored.
Furthermore, all the data points are complex numbers.

2.1.2 Current Thinking in Software Defined Radar Systems

When implementing a Software Defined Radar (SDR) system, there is a need for high speed ADCs
and DACs, which means that a periphery board is needed. Most of the modern types of boards use
an FPGA to control and operate the ADCs and DACs. There are a few ways to connect these devices
to a computer, as shown in Table 2.1:

The data shown in the sample speed column of Table 2.1 shows the sample transfer rate of a complex
signal with the real and complex signal elements both being 16 bits long.

Currently, thinking around SDRs is split into two different sections - FPGA processing, or computer-
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Table 2.1: The speeds of various types of connections, Debatty [37]
Connection Types Connection Speed (Mbit/s) Sample Speed (MS/s)(32bit/s)

PCIe x8 16000 500
(e)SATA 2400 75
PCIe x1 2000 62.5

PCI 1067 33.34
Gigabit Ethernet 1000 31.25

USB2.0 480 15
Fast Ethernet 100 3.125

based processing:

• With FPGA processing, almost all of the processing is done on the FPGA, with the computer
only handling the processing needed to display the radar plots.

• The other approach is to use the computer to do most of the data processing, with the FPGA
board only handing the signal capture and perhaps a small amount of signal processing.

Computer-Based Processing

With the increase in processing power over the last decade, computers have become more able to
handle the processing needs for radar applications in real time. If the radar system needs to run
in real time, there are certain limits that are imposed on the system by the processing speed of a
computer.

Let us assume that the captured data is being transferred to the computer over a Gigabit Ethernet
connection, as used with the USRP2 board, and it is bringing in a 32-bit complex number. Then, a
sample transfer speed of 31.25 Million Samples per second (MS/s) over the Ethernet connection is
the maximum possible transfer speed, as shown in Table 2.1. This means that each new sample has
96 clock cycles in which to be processed. This assumes that the processor is running at 3GHz and
there are no other operations needing to be done by the operating system on that processor. With
only 96 clock cycles between samples, there is not much time to perform the number of complex
operations needed for a real-time radar system. This problem can be mitigated somewhat with
current multi-core processors since these have a maximum of eight cores, which would theoretically
give eight times the processing power. However, this is not the case in practice; with an increase in
the number of cores, there is also an increase in the complexity of the control operations. Also, the
Operating Systems (OS) need to be running on the same set of processors. With these two elements
joined together, the true speed-up would be only around 7 to 7.5 fold.

It is possible to use modern graphic cards to do some of the data processing. These types of pro-
cessors are normally called Graphic Processing Units (GPU), Jimmy Pettersson and Ian Wainwright
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[69]. The main advantage given by a GPU in radar data processing is that it is very parallel in
its data processing architecture, which allows it to do the large numbers of calculations needed for
radar very quickly. With GPUs being originally designed for computer graphic rendering, they have
a large number of floating point processing units, which is exactly what is required for high-level
radar data processing. There are limits to how GPUs can be used because of current memory archi-
tecture. Also, for this project, all of the processing on the computer was done offline, so a GPU was
not used because there were no time constraints for data processing.

With most computers’ OS being non-real-time systems, splitting the operations of one module over
multiple processors is very difficult because of the lack of guaranteed timing between the processors.
This becomes a problem when working at very high sampling rates were any small change to pro-
cessing time has an effect on the processing of the following signal. This problem can be lessened to
some degree by the use of a Real-Time Operating System (RTOS), by allowing the fixing of dead-
line finishing times for the processor, but it does not remove the problem completely. To implement
an RTOS is not as simple as just buying one off the shelf; it takes deep understanding of how the
processes have to run, Mercer and Tokuda [86]. Because of the complexities involved in setting up
an RTOS, it was not part of the scope of this project.

FPGA Processing

The first commercially viable FPGA was produced 1985 by Xilinx Clarke [33], and had about 9000
gates. Since then, the technology has been growing continuously; modern chips have about 2000000
gates. One of the main reasons why FPGAs have become so popular in recent years for radar and
signal processing is their inherently parallel nature.

Unlike the situation with a multi-core die, it is possible to implement very fine-grained timing within
an FPGA chip, allowing multiple modules to work quickly and accurately together. Most FPGA
programs are divided up into small modules, all of which run at the same time on the FPGA because
they are physically independent sections of the FPGA chip. Also, the elements inside each module
are running at the same time, allowing for very high-speed computation. This is very useful for low-
level signal processing, such as filtering and detection, which reduces the required sampling rate of
data.

There are a few problems with FPGAs; they are hard to program because of the complexity involved
in making sure that all the modules talk together correctly and do what they are meant to do, and
they have limited processing resources; mainly the number of multiplication units and the amount
of memory, so these place constraints on the complexity of systems implemented on the FPGA.

Figure 2.3 shows the amount of processing and memory needed for the main stages of a simple radar
application. It is not correct for all the different types of radar systems; it is meant only to give an
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Figure 2.3: Computational types, rates, and storage in a generic radar signal and data processor. The
GFLOPS and MFLOPS stand for billions and millions of Floating-Point Operations Per Second.
Richards et al. [111]

overview of the basic requirements needed in terms of data processing for a radar system. “Data-
independent processing” refers to the use of fixed-function methods on the data, such as matched
filtering and pulse compression. These methods are based on the principle of data streaming struc-
tures. Also, these methods can be implemented using fixed-point numbers, which allows for effective
implementation on FPGAs.

When the data is finished in the data-independent processing section of the system, it is moved
on to the data-dependent processing section. In this section, information in the data is used to
determine how the data is to be processed. An example of this type of processing is “constant false
alarm rate” (CFAR) processing, were the main aim is to get the highest probability of detection
for a given probability of false alarm. There are a few different methods for implementing these
types of systems, but they all need large numbers of samples to be stored at any one time. This
data processing is normally done on FPGAs because of their ability to handle large amounts of
simultaneous processes, but these systems need chips designed to have high memory access abilities.
This is one area where the chip in the USRP2 does not have the basic architecture to achieve this
functionality. No CFAR algorithm was implemented in this project because it was outside the scope
of the project.

The final type of processing before display is mission-level processing. This level of processing
normally involves very complex computational operations, such as matrix inversion. An example of
this is the process used in tracking algorithms that use the data to predict where the target will be,
then check to see if the prediction is correct, and then readjust the process to give better results next
time. These types of algorithms are normally difficult to implement on an FPGA because of their
recursive nature and the large memory needed to implement them. The redeeming feature of these
types of algorithms is that they normally have much lower processing needs, as shown in Figure 2.3.
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2.2 USRP2

As stated in Section 1.1, the USRP2 was chosen since the group had a few available for use in
this project. The USRP2 was originally designed for use in amateur radio systems but there was
a hope that it had the ability to handle basic radar applications. The USRP2 consists of seven
major components namely the FPGA, RAM, ADC, DAC, Gigabit Ethernet, Programmer, and Card
Memory. The FPGA is a Xilinx Spartan 3 chip, clocked to 100 MHz. The default build for the
USRP2 has an emulated CPU running on the FPGA to handle the control of the system. The ADC is
a 14-bit 100 MS/s chip, and the DAC is a 16-bit 400 MS/s chip. The programmer handles loading of
the image onto the FPGA at start up and also passes the instructions for the emulated CPU. It reads
all of this information off the card memory. The card memory can be written after the system has
started up. The ram is 9 Mbit (512K x 18) single read per clock.

The logic layout of the main elements in the USRP2 is shown in the following Figure 2.4.

�

����

DAC 

FPGA 

Gigabit 
Ethernet 

Programmer 

Card 
Memory 

RAM 

Figure 2.4: Data flow paths in the USRP2

In the original design of the USRP2, the FPGA only handled very basic signal processing logic:
adding and removing the dc offset need by the ADC and DAC, and decimation and interpolation of
the data streams being sent between the Ethernet interface and the ADC and DAC.

14



Department of
Electrical Engineering

2.3 GNU Radio

As the name suggests, GNU radio was designed as a software-defined radio application set. To
achieve this, it was mostly written in C/C++ to allow effective use of processing resources. To allow
it to do many different types of jobs without any rewriting of the code, all the processing is spilt up
into small processing modules, such as a filter, modulators, and type converters. Connecting these
modules in C/C++ would be a fiercely complicated job, and also the program would have to be
recompiled each time someone wanted to change how something in the program ran. To get around
that, GNU radio uses Python to connect the modules together because of the small amount of data
processing that would have to be done in the Python code. To allow the Python code to call the
C/C++ modules as if they were normal Python functions, the C/C++ modules are wrapped inside
SWIG (Simplified Wrapper and Interface Generator) code. gnu [3]

With GNU Radio being designed for radio applications, it cannot really handle high data processing
rates because most of the data processing is done on the computer. This is acceptable for radio work
because most radio systems work in a bandwidth range from tens to hundreds of kHz, which allows
most modern processors to keep up with the data processing requirements of the signal. However,
for radar applications, there is a need to get as much signal bandwidth as possible and, to achieve
this, the systems need to be able to handle high sampling speeds, normally in the range of a few
MHz to 100s of MHz. With data rates this high, it is not possible to do the entire signal processing
on computers.

We cannot just wait for the next few generations of processors to come onto the market because
the processing speed of processors has not really increased in the last few years. Although Moore’s
Law is still going strong, with the number of transistors on a chip doubling about every 18 months,
this increase in the number of transistors has only allowed processor chips to gain more independent
processors on each chip. Current generation processor chips have up to 8 physical processing dies
on them, AMD [8]. Because GNU radio uses a modular processing design, it very easily implements
multi-threaded code, were the parallelism is done at the module level. This is very high-level par-
allelism. For real-time application, each module needs to finish all its work on a single signal point
before the next one arrives and there are normally about 100 clock cycles between signals when the
sampling rate is around 10 MS/s.

For this project, GNU radio was only being used to control a USRP2 board and to store the received
data onto the computer for processing later, which means that it does very little processing during
the sending and receiving of the signal. For instructions on how to setup GNU Radio for use in radar
applications, please refer to Appendix A.
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2.4 Academic work done with the USRP2

In this section an overview is given of all currently available academic papers that mention USRP2
and FPGA. These documents were found with the use of Google Scholar, with the key words being
“USRP2” and “FPGA”. It generated a list of 167 documents of which some were copies and some
were not in English, so the number viewed is 137.

Of the 137 papers that were considered, 56 of them only mentioned the USRP2 and did no work with
it. Most of the time, the USRP2 is only mentioned as a system for future work. Another 79 papers
did use the USRP2 as part or whole of the system being considered. All of these papers imply that
they are using the USRP2 unaltered, i.e. streaming the data to and from the USRP2. Also, almost
all of these papers are telecommunication papers. A full list of which papers were looked at can be
found in Appendix D.

Of all of these papers, only two state that they had changed the code running on the FPGA. Negnevit-
sky [92], is a final year undergrad project, the student failed to get the alterations that were made to
the USRP2 to work. This work alone would not count for much but for the fact that another report,
this time from three Masters students, Pucci et al. [105], also failed to get their changes working
with the board. From these reports, a trend is starting to form, which points to the impracticality of
changing the USRP2 operating code.

2.5 Methodology

The objective for this project was to change the USRP2 into a low-frequency RF device to help
with future projects in the group. To this end, there was a need to be able to transmit signals from
the USRP2. These signals could either be streamed from a computer or stored on the FPGA. The
methodology used in this project is as follows:

• First a review of the literature on the USRP2 and GNU Radio was done. From this, a basic
working understanding was developed of how GNU Radio works and, to some degree, how
USRP2 works.

• The first set of tests with USRP2 and GNU Radio were to check that they were all working
correctly. In these tests, no changes were made to how USRP2 works.

• Alterations to the USRP2 FPGA code were made to allow it store signals on the board, see
Chapter 3. Two alterations were evaluated for storing the data on the FPGA, these being hard
coding of the signal onto the board, and the storage location of the data being streamed to
the board. To reduce the amount of processing that the computer needs to do to the received
signal, a matched filter was written to work on the FPGA.
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• The experiments run with the system involved outputting the signal to an oscilloscope or
feeding the signal straight back into the board itself. Also, the system was tested with the
radar front end designed by Stacey Rukezo, Rukezo [115], for her MSc (Eng).

• The experiments were done, plots were saved from the oscilloscope, and the looped-back data
was saved and examined in Matlab. These results can be found in Chapter 4.
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Chapter 3

USRP2 FPGA

The USRP2 FPGA is the second generation of purpose-built signal capture boards for GNU Radio.
It was designed to increase the bandwidth available to GNU radio programs. In this chapter, the
hardware and FPGA code of the USRP2 board will be examined with respect to its use in a radar
application.

3.1 USRP2 Hardware

The USRP2 board is an FPGA-based data capture board designed by Ettus Research LLC that was
first produced in 2008 and was discontinued in 2011. The design for the USRP2 board is very
different from that of the USRP board. These differences come in the form of a much larger FPGA
die, the use of Gigabit Ethernet rather than USB2.0, and the use of an SD card memory to load the
FPGA code onto the FPGA at start up, whereas the USRP had to be written to from the PC at start
up.

Table 3.1: The hardware differences between the FPGAs used in the USRP and USRP2, gnu [3], Xil
[146], Alt [6]

USRP2 USRP
FPGA Type Xilinx Spartan 3 Altera Cyclone

FPGA clock speed 100 MHZ 64 MHz
Logic Elements 46080 12060

Hardware multipliers 40 None
Connection types Gigabit Ethernet USB 2.0

DACs One Double Channel 16 bit 400 MS/s Two Double Channel 14 bit 128 MS/s
ADCs One Double Channel 14 bit 100 MS/s Two Double Channel 12 bit 64 MS/s

(FPGA limited)
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The clock on the USRP2 receives its timing from an Analog Devices AD9510 1.2 GHz Clock Dis-
tribution IC, which is clocking at 100MHz; with a phase noise in the region of -140 dBc/Hz Ana
[9]. It is also possible to sink the systems to a 10MHz external reference clock. Along with this, it is
possible to pass it a 1 Pulse Per Second (PPS) signal used to get the time stamping between multiple
systems to match.

As can be seen in Table 3.1, the USRP2 has much more processing power than the USRP, but this
does not give the full picture of the two systems; the other part of the system is the code running on
the FPGA, and this will be discussed further in the Section 3.2.

When hardware is being considered for use in radar applications, there are few major things that
need to be considered:

• The sampling rate, because it affects the bandwidth of the signal that can be transmitted and
received.

• The bit accuracy of the signal when in digital form, which affects the noise level in the signal.

• The transfer speed to the computer system and the data capture board.

• The processing resources in the FPGA.

3.1.1 Sampling Chips

The USRP2 uses fixed on board converter chips; the LTC2284 chip is used as the ADC and the
AD9777 chip is used as the DAC. The following Table 3.2, shows the specification of the two chips.

Table 3.2: Details on the ADC and DAC chips used in the USRP2. Lin [80]Ana [10]
LTC2284 AD9777

Type ADC DAC
Bit Width 14 bit 16 bit

Sampling Rate 105 MS/s 160MS/s / 400MS/s
SNR 72.4dB 75dB

Crosstalk -110dB Not Given
Impedance Mismatch Not Given Not Given

Dynamic Range 78.26dB 90.30dB

By the Nyquist sampling theorem, if the signal is only being recorded by its In-phase component then
the sampling rate needs to be twice the bandwidth of the signal. If both the In-phase and Quadrator
are being sampled, then it only needs to sample at the same rate as the bandwidth of the signal.
Therefore, with a sampling rate of 100 MS/s on the USRP2 with it sampling both the In-phase and
Quadrator signals, it would appear to be possible in theory to have a signal with a bandwidth of 100
MHz, but this is not possible because the signal is decimated by a factor of 4 on the FPGA, which
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will be discussed further in Section 3.2. Consequently, the effective sampling rate that the system
has an instantaneous bandwidth of 25 MHz, which is above average for the bandwidth of signals
being used in radar systems these days.

One of the problem areas with radars is their need for a large dynamic range because of the effects
of target reflection cross section, and the effect that range has through its R4nature. Consequently,
a radar needs a dynamic range of about 40 to 80 dB. As can be seen in Table 3.2,the ADC on the
USRP2 has a dynamic range of 78 dB, which is good enough for all but the most extreme situations.

The effect of sampling bit count is not as plain as the effect of the sampling rate, but it none the
less plays a very important role on the quality of the data received. A higher bit count allows
differentiation of signal levels that are very similar. This comes from the quantization effect of
digital conversions. It becomes important when implementing threshold systems.

Figure 3.1, shows the effect of different bit counts when sampling a signal. The setup is as follows:
a single 50 MHz sine wave is sampled at 1 GHz. The red information shows the effect of only being
able to detect if the signal is high or low. This number of bits is completely impractical for use in any
system because there is no way to tell large sections of the signal apart. In this figure, bit counts of 8
or greater give very similar results. Increasing the bit resolution even further gives better resolution
between small variations, and also reduces the amount of squareness of the signal, thus reducing the
level of square’s frequency components.

There are limits to the amount of processing that can be done on an FPGA before the data needs
to be transferred to a computer. There are a few ways to do the transferring of the data, and these
can be seen in Table 2.1. Not only does the transfer speed affect the system, but it also affects the
amount of processing resources that the system needs to run the radar.

There are two ways of doing data processing: online and offline data processing. Online processing
is done when the information is needed right away, which is the case in most radar systems. Offline
data processing is processing at some time after the data has been captured. This is normally the
case in research and development of radar systems where different processing methods are being
tested. For this project, offline processing has been used; the computer has only been used to record
the data.

With online processing, a two main system parameters need to be consider. The first is the sample
set length, and the other is the PRF of the system, because this affects how much time is available
for processing the current data set before the next one needs to be processed. Also, there is a need to
choose which type of data is being sent to the computer. This is mostly dependent on the processing
ability of the FPGA. It can be anything from the raw data to the target’s position and speed and
direction. With raw data, all that the FPGA has done is to capture the returned signal and there may
have been some low-level signal processing done on the data, but the FPGA has not attempted to
identify targets in the data. This is the largest amount of data that any system can send because
everything is sent the computer to be processed.
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Figure 3.1: This plot shows the effect of different bit counts. This is the FFT of a 50 MHz sine wave
sampled at 1 GHz.

A few things that need to be considered with FPGAs:

• The amount of logic elements that the FPGA has, because this affects how much data pro-
cessing can be done on the system.

• The number of hardware multipliers, because this affects how much signal processing can be
done on the FPGA.

• The amount of memory the FPGA has and how quickly it can be accessed by the FPGA.

FPGAs are very good at doing signal processing as long as it can be done in fixed point. The only
problem with fixed point numbers is that their bit size is directly proportional to the size of the
number being stored; this is a problem when there is a need to multiply multiple fixed point numbers
together, because the number of bits need to be increased with each multiplication. The solution to
this problem is to use floating point numbers because these are exponential numbers, which means
they have a very large dynamic range over which they interact. Flo [2] The only problem with
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floating point numbers is the complexity of the hardware needed to implement them; this leads to
designs on FPGAs using fixed point designs as much as possible.

3.1.2 Network Interface

The USRP2 uses a Gigabit Ethernet connection to connect the board to a computer. This allows for
a more effective data transfer between the board and the computer than was achieved on the USRP
board, which was USB 2.0. The switch from USB 2.0 to Gigabit Ethernet allows for a higher data
transfer rate as well as full duplex data transfer. The problem with the version of the code that I was
working with was that it only had raw Ethernet implemented. The fact that the system is transmitting
data in raw format is not a problem for streaming continuous low-bandwidth signals such as those
used in radio applications for which the board was designed. With the use of raw Ethernet, it is it
is only possible to connect the board directly into a computer and not be able to pass it through a
switch because of the lack of handling information in the stream. gnu [3]

In versions of the code released after the end of this project, the developers implemented a TCP/IP1

stack on the board. The lack of a TCP/IP system makes programming any program to interpret data
from the board difficult because the program has to handle all of the data being sent from the board
even if there is no real information being sent.

The TCP/IP stack was not implemented as part of this project because it would give no direct im-
provement for the handling of data with the low-level signal processing that was attempted in this
project, namely a Matched Filter. The amount of data produced from a Matched Filter is the same as
the raw data because the filter is only increasing the strength of a given signal. Only something such
as a thresholding function would reduce the amount of data that needs to be sent to the computer.
For this project, it was decided that a Matched Filter would be enough and, since it did not have to
be able to run in real time; implementation of a TCP/IP stack was not needed.

3.2 USRP2 Code

There are two sets of code that run on the USRP2 FPGA. The first is the FPGA code itself, and the
second is the C++ code that is run on the emulated CPU that runs on the FPGA. The emulated CPU
is the Xilinx Microblaze IP core that Xilinx allows free use of, but is not open source. This was done
to allow some alteration of how the board works without having to rebuild the FPGA design because
most people do not know how to program FPGAs, and rebuilding the design can easily take an hour
or more on most computers.

Also, there are limits to what can be done with the free version of the Xilinx ISE program, and the
cost of the commercial version is too high for most people to afford for a program that they will not

1More information on TCP/IP can be found at http://en.wikipedia.org/wiki/TCP/IP_model
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use very often. A change between the USRP and USRP2 is how much the base code of USRP2 has
grown from the USRP; all of the code for the USRP came to 3 megabytes, whilst for the USRP2 it
came to 13 megabytes; these are before the project files are made.

It should also be noted that very little exists in the way of documentation, with most people saying
that the code is the documentation. Examples of how little commenting exists in the code can be
seen in Appendix C, which shows the main DSP module TX chain.

The main sections of code from the FPGA that were examined and attempted to be altered were the
DSP modules for the RX and TX chains. This was done because they give the closest set of modules
to the analog hardware. The RX DSP module does several things to the signal. First, it removes the
DC offset from the ADC, and it decimates the signal by a factor of 4 or more. This gives a maximum
data rate of 25 MS/s and less, depending on the settings passed to the module from the Microblaze
core. The signal is scaled by a scaling factor set by the Microblaze core. Finally it rounds down
the signal to 16 bits for each channel. Some of these functions are done with Xilinx’s IP cores,
but most are custom-written code. The one module that is very useful for signal processing on the
FPGA is the round down module. This is because it mathematically correctly rounds down a twos
complement number very efficiently.

The TX DSP module does a lot less than the RX module because all it has to do is to interpolate
the incoming signal to get it up to 100 MS/s. There are only two settings for the interpolation; it is
either a factor of 4 or more, again set by control signals sent by the Microblaze core. The signal is
also scaled by a scaling factor that is set by the Microblaze core. The output of the multiplier is 36
bits, of which only bits from 28 to 13 are sent to the DAC.

3.2.1 Data Flow Path

The USRP2 has two data flow paths, one for the RX chain and one for the TX chain. For the RX
chain, the basic path that the data follows is the following:

ADC→DC Offset Remover→Scaler→Cordic Module→Fixed Decimator→Rounder→Variable
Decimator→Rounder→ Buffer Memory→ Gigabit Ethernet.

The main modules of interest in this chain are the Fixed Decimator and the Variable Decimator; the
Fixed Decimator always decimates the signal by a factor of 4, whilst the Variable Decimator is set
by signals transmitted to the USRP2 at start up. For the test done for this project, the decimation
rate was set at 4, which meant that only the fixed decimator was used. This was to allow the greatest
instantaneous bandwidth possible for testing as well as to reduce the complexity of the processing
chain.
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For the TX chain, the basic path that the data follows is the following:

Gigabit Ethernet→ Buffer Memory→Variable Interpolator→Cordic Module→ Scaler→DAC.

What is not shown in these flow paths is the control signals sent by the software running on the
Microblaze core; these control signals are used in the Scaler, Cordic, Variable Interpolator, and
Variable Decimator modules to control how they operate.

3.2.2 Changes made to the USRP2

For the reasons stated above, the majority of changes to the FPGA source code were made in the
DSP modules for both the RX and TX chains. A few different methods were tried, but there were
problems with them. The first test to try to work out where the problem came from was to build an
unaltered version of the code, which worked fine; it allowed the signal to be streamed to the USRP2
and recorded on the return to the computer. This showed that there was no problem with the manner
in which the FPGA code was being built.

To make the USRP2 into a system that could be used in radar applications, there is a need to store the
signal that is to be transmitted, and also to signal the analog hardware of the radar when the signal
is going to be arriving so that the systems can be set into the correct configuration. There are two
main methods for doing this: one where the signal that is to be used is transmitted at startup to the
USRP2 from the computer and stored in the memory of the FPGA, and the other where the signal is
hard-coded into the FPGA during the building of the code. There are advantages and disadvantages
to both ways.

With the stream storage approach to the problem, the advantage is that the signal can be changed
mid-process without having to change any FPGA code, but the disadvantage arises because of the
need for a more complex control system, i.e. to know when the signal that needs to be stored starts to
arrive. More on how this was implemented will follow below. For the fixed-signal approach, there is
a lot less complexity in controlling the module because the signal does not need to be captured from
the stream. The disadvantage is that the signal cannot be changed very quickly because the FPGA
needs to be reprogrammed. How this was implemented can be found below.

In radar applications, the pulse length is normally measured in micro-seconds, with pulse length
normally being between 1µs and 10µs. For the USRP2, which has a maximum sample rate of 25
MS/s or 100 MS/s depending which side of the interpolators the memory banks are set, the number
of samples in each pulse would between 25 to 250 for 25 MS/s or 100 to 1000 for 100 MS/s. With
all the data signals being limited to 25 MS/s, it is normally best to put the memory elements before
the interpolators, which means that the memory need only hold 25 to 250 data elements.
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If the radar system only has a single antenna, the longer the pulse is the larger the blind range is.
For a 1µs pulse, the blind range would be 300m. This means that any targets in the blind range
would not be detected because the RX chain needs to be turned off to protect it from the high power
output of the TX chain. This problem can be overcome to some degree by having two antennas that
are shielded from each other such that there is very little direct cross talk between them. With two
antennas, the system can be run in continuous wave form; the signal being changed all the time so
there are no repeats.

Another important variable for a radar system is the frequency in which the pulse is repeated, noted
as Pulse Repetition Frequency (PRF) or its inverse, Pulse Repetition Interval (PRI). The choice of
PRF has a large effect on the radar’s maximum range and Doppler unambiguous velocity. The lower
the PRF the longer the range, but the slower the unambiguous velocity is. The higher the PRF, the
shorter the range but the faster the unambiguous velocity is. For this project, there is no fixed design
limit on what the PRF could be, because the project is intended to be the starting point for any future
work on the USRP2 board for radar, and therefore it is designed to very flexible on what it can
handle. For testing, a PRF of 1 kHz was used, but that could be changed to anything that user wants.

Flexible Signal System

This system type allows signals to be sent to the USRP2 whilst it is running. This is done by using
memory elements: either Block RAM (BRAM) or Verilog reg elements. BRAM is a basic IP core,
free distributed for all current Xilinx FPGA systems. It allows access to small amounts of RAM.
BRAM is a two-port memory, which means that it can be read from or written to with two different
addresses.

There are limits to how large any given BRAM element can be. The limit is normally a few kilobytes,
but multiple units can be connected to allow for larger memory elements. With the FPGA used in
the USRP2, each BRAM module has space for 512 elements with a width of 32 bits. The other
type of memory is the reg element, which is the basic programming element in Verilog, which uses
programming slices to form memory elements. This uses up more of the physical hardware of the
FPGA but, for very small amounts of storage, it can be more effective than BRAM modules because
there is only a limited number of BRAM modules on an FPGA.

For the system to be implemented without a very complex control system, a fixed number of sample
elements needs to be used. For example, if the user wants a system that sends a pulse every second
with a 1µs pulse length, then the FPGA needs to store 25 samples and know to transmit 24999975
samples of nothing. That means that, at start up, the FPGA needs to store the first 25 samples of
the signal being sent from the computer. However, there is no telling if the first 25 that the FPGA
processes are the signal that the user wanted to use for the signal, so there needs to be a code
embedded in the signal sent by the computer to tell the FPGA when to start recording the data. For
reliability, the control signal should be more than one sample long, and the control signal should be

25



Department of
Electrical Engineering

something that is very unlikely to occur normally in the data.

When the system detects the control signal, it starts recording the signal and keeps going until it
fills the memory allocated, after which no signals are stored until it receives the control signal again.
After the signal has been stored, it needs to be read from memory and transmitted. After the short
pulse is sent to the FPGA, it needs to keep sending zeros so the DAC does not transmit anything.
Another option is to put the DAC into a sleep mode, in which only the DAC output current is turned
off; this allows the chip to come back to full operation as soon as it is needed, Ana [10]. This is done
until the next pulse is required to be sent.

Fixed Signal System

This type of system works by hardcoding the signal into the FPGA code; this means that the signal
cannot be changed on the fly but it also reduces the amount of control logic needed for the operation
of the module. There is a way to allow for multiple types of signal to be implemented without having
to recompile the entire FPGA. This is done with the use of dynamic reconfigurable systems, Donthi
and Haggard [41]. Dynamic reconfigurable systems were not considered in this project because of
the restraints placed by the existing software, and time constraints.

If a fixed signal system is programmed correctly, it will come down to just a multiplexer, where
all the signal points are the pre-programmed input to the multiplexer and the control signal selects
which one is passed to the output. This is the most efficient way to implement this sort of design.
Also, this is the simplest system to test because it will keep producing the signal continuously.

The above methods allow for any signal be used, such as a single frequency signal all the way to a
piece of music but, if the signal is simple, such as a single frequency or a chirp signal, it is possible to
use the sine wave generator IP core to produce it. If only one sine wave generator is used, the signal
is a single frequency signal but, if two are used, where the output of one is the frequency control for
the other, it is possible to generate a chirp signal on the board with very little data being sent from
the controlling computer. This was not tested because of time constraints and because of difficulties
faced in getting USRP2 work correctly with changed code; more about this in Chapter 4.

Matched Filter

Another system that was written was a matched filter. This was done to reduce the amount of work
that the computer would need to do to the received data. This matched filter does not use FFTs to do
the work, but rather uses conversion. This was done because of the FPGA’s ability to perform large
numbers of operations at the same time.

Also, the system was designed to work with complex signals, therefore Xilinx’s Complex Number
Multiplier IP core was used because it allowed calculation of complex multiplication with only
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3 multipliers instead of the standard 4 that are normally used, Xilinx [147]. Normally, complex
number multiplication is done as:

pr = arbr−aibi

pi = arbi +aibr

But it is also possible to write it as:

pr = arbr−aibi = ar(br +bi)− (ar +ai)bi

pi = arbi +aibr = ar(br +bi)+(ai−ar)br

This means that ar(br + bi) only needs to be calculated once but used twice. The only drawback
to this method for computing complex numbers is that it increases the amount of additions and
subtractions. On FPGAs, most of the time, signals are used in fixed point notation because floating
point maths is very resource-expensive on FPGAs; therefore the logic to implement addition and
subtraction is very low whilst the logic to implement multiplication is very high, and there is a very
limited number of hardware multipliers on FPGAs.

Consequently, a reduction of a single multiplier is a big gain with an FPGA system. It is unlikely
that there would be any gain from doing it this way on a CPU because most numerical calculations
in radar applications are done using floating point numbers when they are on CPU-based systems
and, with floating point numbers, addition and subtraction are far more complex than multiplication.

With the USRP2 decimating the data by a factor of at least 4 on the FPGA, it is possible to make
the matched filter do the calculation over 4 clock cycles instead of one, thus reducing the number
of complex multiplications that it needs by a factor of 4, but it also means that the signal that it is
matching to must be 4N samples long.

On the USRP2, 16 of 40 hardware multipliers are already being used by the existing hardware, which
means that there are only 24 free multipliers and, if all of them are used, it is possible to have a signal
32 points long. It would be possible to have a longer signal by increasing the amount by which the
signal is decimated, but that would decrease the total bandwidth that is available.

For this project, a C++ program was written that would generate a chirp signal and store it in a format
that could be easily read by GNU Radio. It also generated a Verilog file for the matched filter where
all of the signal data points were programmed from the values calculated when the chirp signal was
generated. Also, the program generates a fixed storage signal as well, but the user has to take into
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account the different sampling speeds of the models based on where they are in the system. These
values were transformed into 16-bit twos complement numbers, which is the same transformation as
that which is done when the data is sent the USRP2.

3.3 Implementation Process

Problems were faced whilst trying to implement the above-mentioned changes to the USRP2; in this
section the various methods that were implemented to try to get the code to work will be examined.

The first method that was tried to change how the USRP2 handles data was with the fixable data
storage system. The reason for this was that it was the closest to what the original design called for.
The module was placed before the start of the interpolators because the amount of memory needed
to store any given signal is a lot less before the interpolator than after it. Another reason to have
this module before the interpolator is that control signals are also being sent in the same data stream
and, if these signals are passed through the interpolator, it becomes more difficult to recognise the
control signals. This was implemented in code and tested, and the USRP2 did not output any signals.
The only signal that could be detected was random noise; this means that no information was being
passed to the DAC. It was then decided to trying a less complex solution on FPGA; the signal would
be stored in a Fixed Signal System.

The Fixed Signal System was first implemented before the interpolators to reduce the memory re-
quirements needed to store the signal. This was implemented with a simple memory array which
was read sequentially; when the memory array was read through, it would output a zero signal until
the end of the current cycle. In Verilog, there is no standard function for a loop such as is available in
C++ with the “for” loop, but there is a useful mathematical solution for producing a continuous loop,
which is often what is needed in FPGA code. The method to implement it is as follows, where “m”
is the counting variable and “x” is the end variable. m = (m+1)mod x This allows “m” to increase
with reach clock cycle until it equals “x”, at which point it resets to zero and starts all over again.

It was subsequently installed after the interpolators, and the entire TX signal processing chain was
disabled; it was then able to transmit the correct signal. There is only one problem with this; the
module has to run at the full speed of the board, 100 MHz. This in turn increases the amount of
data the module needs to store by a factor of four. So a1 µs pulse would need to store 100 samples
instead of the 25 samples that would be needed before the interpolator.

On the RX chain, a Matched Filter was implemented after the decimators and this also failed to
work correctly, leading to no information being passed to the computer. To test this further, a simple
module that took in the data and added one to it was tried, and that also did not work.

Even with the ability to send a stored signal from the USRP2, the inability to make changes to the
RX chain makes it ineffective for radar applications. In a radar application, there is a need to know
the transmission time so that the distance of the target from the radar can be determined. With
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there being no way to change the RX chain without completely rewriting the chain, the computer
would have to be able to handle a sampling rate of 100 MSPS. The only solution that could be found
that allowed the computer to get a timing signal without having to change the RX chain was to
loop the Quadrator channel straight back into the USRP2 ADC from the DAC. By doing this, the
instantaneous bandwidth of the system is halved, going from 25 MHz to 12.5 MHz. It also has an
effect on the ability of the radar to be run as a Doppler radar. Since a Doppler radar needs to be
able to determine the phase difference of the returned signal, it is only possible to measure the phase
difference of the signal if the In-phase and Quadrator of the signal are sampled.
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Chapter 4

Results

In this chapter the results from the experiments are shown, and the implications of what the results
represent are discussed. The chapter is spilt into three sections: firstly streaming data from a com-
puter, secondly storing data on the FPGA, and finally what did not work and why it did not work. In
the test described below, all the signals are linear chirps going from -12.5MHz to 12.5MHz. There is
only the inherent rectangular windowing on the signals. This was done because no real targets were
being considered.

4.1 Streaming data

In this mode, data is streamed from the computer to the USRP2; this increases the amount of pro-
cessing resources that the computer needs. There are two methods for doing the streaming: in the
first, a binary file stores the signal to be sent, and in the second, the GNU Radio module generates
the stream in real time.

The method used in this design was streaming from a file because it reduced the amount of processing
that needed to be done, because the signal could be set up before startup. The problem with this
method is that the system needs to be shut down before the signal can be changed. This can be
overcome with the use of a real-time signal generator module in GNU Radio. The GNU Radio
module approach was not at investigated any further, and the aim of the project was to remove signal
generation from the computer and moving it onto the FPGA.

To help with this method, a C++ program was written that would generate a chirp with the parameters
given to it; these being the sample rate, max and min frequency, and the PRF of the radar. This
program would generate a complex chirp signal and write the values to a binary file, with the file
name being made up of the important parameters for easy identification later. The reason for using
the binary file format was that it requires the least amount of processing to transfer the data to the
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Figure 4.1: Plot of the returned signal when data is streamed from the computer, 25MHz bandwidth
signal, sampled at 25MHz.

program.

4.2 Storing the Data

The USRP2 originally does a large amount of signal processing on the data that it receives from the
computer. These sections of code are very temperamental to change because of the complexity of
how they are controlled, so it was decided to put the data storage module above the DSP section
of code, which allowed it to work without any control from the computer. The main problem with
putting a module in this position in the code is that it runs at the full 100 MHz clock speed of the
FPGA, which means that it needs to store a large amount of data. Consequently, a 1µs pulse requires
100 complex numbers to be stored. The amount of space this takes up is not prohibitive, but it can
become significant if the pulse length becomes long. Even with only a 100 samples, it was necessary
to remove all of the DSP code to prevent a timing error.

In Figure 4.3, the top signal is the real and the bottom signal is the imaginary, the pulse width is
1.02µs, and the amplitude goes from -1v to 1v”. Figure 4.4, shows the PRF of the signal. In this
case, the PRF is 1 kHz, but it can be set to any length so long as it is greater than the pulse length.
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Figure 4.2: Plot of the same signal as in Figure 4.1, captured using an Agilent Technologies
DSO5012A oscilloscope.

For radar operation, it is not enough to be able to transmit; it is also necessary to receive. For that
reason, the output of the USRP2 was looped straight back into the input of itself. This can be safely
done because the BasicTX and BasicRX have no gain and therefore there is no chance that they
would be damaged. At this stage, no alterations were made to the FPGA code but the C++ code
running on the Microblaze was altered to handle complex numbers.

The signal was sent to the computer where the signal was scaled by a factor of 10 to bring it to the
level of the original signal, and then it was written to the RAM disk. That data was then taken and it
was plotted using Matlab, and the shape and nature of the signal were compared with the transmitted
signal. If Figure 4.3 and 4.5 are compared, they are the same shape. There are some differences, but
that is because they have two different sampling rates.

One of the most important operations in a pulsed radar system is the Matched Filter. For this to work
correctly, the transmitted signal needs to be known. The problem with how the system was setup in
these tests was that the transmitted signal was sampled at 100 MS/s whereas the received signal is
only sampled at 25 MHz. This means that the original signal cannot be used as a reference signal
for the matched filter, and that means that a new signal needs to be generated for it.
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Figure 4.3: This plot shows a chirp with a bandwidth of 25 MHz that is 100 samples long and is
sampled at 100 MHz..

The original signal was a 100 samples long and sampled at 100MHz, and needed to be changed
to accommodate the decimation factor used on USRP2, which is a factor of 4. Therefore, the new
signal is 25 samples long and is sampled at 25MHz. The output of the matched filter using this new
signal can be seen in Figure 4.6. The decimation has no effect on the timing between pulses, as can
be seen in Figure 4.7.

4.3 What did not work

It would have been very handy to have been able to save a signal streamed to the USRP2 from the
computer but, if there were any alterations made to the code doing the DSP, it would cause the system
not to output any signal. This mostly probably comes from the complexity of the control of the DSP
section, and with no real explanation of how it works. This makes it impossible to implement a
stream storage system because the storage would need to be put after the DSP section and it would
become very difficult to predict what effect the DSP section would have on any control signal being
sent with the data stream.
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Figure 4.4: This plot shows the PRI of the signal in Figure 4.3, with the PRF of 1 kHz.

The same problem was found on the RX chain, where any alterations to the code after the DSP
section resulted in no signals being passed to the computer. In theory, it would be possible to put
a matched filter before the DSP section, but that would require the matched filter to operate at 100
MS/s and, with the very limited number of multipliers available on the USRP2 FPGA, there are only
34 free multipliers. It would only be possible to implement 11 complex multipliers, and then the
pulse could only be 11 samples long, which is too short a pulse for a radar system to use.

Another problem with not being able to alter the signal after the DSP on the RX chain is that it is
not possible to input a timing flag to tell the computer when the pulse is being sent. Without this,
it is not possible to tell when the signal is being sent and therefore it is not possible to calculate the
positions of target returns with any level of accuracy. This can be overcome to some degree by giving
up the complex channel and using that to send a timing signal back to the computer but, once that
is done, it is not possible to determine the speed of the targets because it is impossible to calculate
their Doppler shifts.
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Figure 4.5: A plot of the time domain of the returned signal, with a pulse length of 1µs.

Figure 4.6: Plot of the output of the matched filter, for 25MHz chirp sampled at 25MHz with a total
of 25 samples in the pulse.
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Figure 4.7: Plot of two consecutive pulses, with a PRF of 1kHz and a PRI of 1ms.
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Chapter 5

Conclusions

The goal of this project was to implement a pulsed radar system using USRP2 and GNU Radio,
either using a fixed storage or a stream storage system. Only the fixed storage system was achieved
in this project. The only reason why the stream storage system was not able to work was that the
only places that changes to the FPGA could be made were after the DSP section. This makes it very
difficult to control because all the signals have gone through an interpolator. The advantage that the
fixed storage system has over the stream storage system is that it does not need to be controlled from
the computer, but it also means that it is continuously transmitting the signal with the given PRF.

The objective of getting GNU Radio to work so that it can be used to capture data was fully achieved.
The computer hardware needed to run GNU Radio to do real-time radar work, is a 2.5 to 3 GHz
quadcore or better system, with a Nvidia graphics card to allow for signal processing. A full under-
standing was not achieved because of the complexity of the system and the lack of documentation.
One of the project’s objectives was to determine if the FPGA code can be changed easily. It was
found that it could not be, and it required a very deep understanding of how the USRP2 works, to get
a useful results out of it. The main objective was to implement a pulsed radar system on the USRP2
and that was achieved to some degree. The USRP2 is able to store a signal, but it was not possible
to get the timing control to work correctly. This means that it cannot accurately calculate the range
of the target.

GNU Radio was written to be an open-source software radio platform, and it performs that function
well. The dominant problem with GNU Radio for radar applications is that it was designed to
work at relatively low sampling rates, normally in the kHz range. It can go all the way to 25 MHz
in combination with the USRP2, but the processing power requirements become very large, and
running complex signal processing algorithms becomes problematic. This problem arises because
GNU Radio’s DSP functions are broken up into modules, with Python being used to connect all of
the modules together. At high data rates, the Python connections start to consume a large amount of
processing capacity.

The USRP2 was designed for use in radio-related projects, for which a relatively low sampling rate is
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acceptable. The low sampling rate allows the computer to work as the main data processing system,
with USRP2 only doing a very small amount of DSP. With the FPGA that is being used on the board,
there is very little in the way of DSP resources such as hardware multipliers and, with the current
USRP2 FPGA code, 16 of the 40 hardware multipliers are already being used. This decreases the
amount of signal possessing that can be done on the board. Making any changes to the code in the
DSP section of the FPGA results in no signals being sent or received. If the changes are made above
the DSP section, i.e. closer to the hardware, then it is possible to do some custom DSP. But the
problem of limited resources is much worse in this section of the FPGA because it is running at the
full clock speed of 100MHz. Consequently, it is not possible to implement even a basic matched
filter because there are far too few multipliers.

For use in a real-world radar system, the USRP2 is completely insufficient, mainly because of the
lack of DSP resources as well as the size of the FPGA. Trying to work within the confines of the
original programming, becomes even harder than programming the whole system from the ground
up, and having to rewrite the entire system would be a large amount of work. If such a rewrite was
needed, then it would be better to use a different board, something like the RHINO board developed
at the University of Cape Town by Simon Scott for his Masters project in 2011, Scott [119]. It should
also be noted that Ettus Research has stopped making the USRP2.

The USRP2 is not an appropriate data capture board for use in radar systems because it has too little
in the way of processing resources. As a basic tool for testing systems, where the timing of the
results is not very important, it has some possibilities.

For the reasons stated above, there is not much future work that can be done to make the USRP2 into
a radar system. It may be possible to implement storage of a signal streamed from the computer but
it would be complex work that would not give a large improvement above the current ability of the
system with fixed signal storage.
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Appendix A

GNU Radio Setup

This section describes the method for getting GNU radio installed and working in a way that allows
it to be used for basic radar applications. The instructions for installing GNU Radio are given on the
GNU Radio wiki. The address is “http://gnuradio.org/redmine/projects/gnuradio/wiki/BuildGuide”.
Follow the instructions for the relevant OS. The page gives the full instructions on how to install the
software. Sometimes there can be problems using the git repository, but a tarball of the git repository
main tree can be found at “http://gnuradio.org/releases/gnuradio/”.

RAM Disk

GNU Radio can be set to write the reserved data to the computer’s hard drive. This allows off-line
data processing, which is important for this project because this is a test bench system not meant
for real time processing. For radar applications, high sampling rates are needed, and there can very
easily be problems with writing to the hard drive fast enough to store all the data being recorded, so
it helps to have a RAM disk setup. A RAM disk is a section of the RAM memory accessible like
any ordinary hard drive on a computer, thus allowing for very quick and easy file handling. For most
Linux OS there are about 15 unused RAM disks on the system at startup, normally with a size of
about 4 megabytes. However, for radar applications, it normally helps to have more space than that.

How to setup a RAM disk:

• The first thing that needs to be done is to increase the size of the RAM disk. To do this, a com-
mand needs to be passed to the kernel at start up. For this reason, a change needs to be made
to the GRUB command. With modern versions of Ubuntu now using GRUB2, it is not recom-
mended to edit the “/boot/grub/grub.cfg” file, but rather to edit “/ect/default/grub”. To do this,
run the command “sudo gedit /etc/default/grub”, then change to GRUB_CMDLINE_LINUX=""
to GRUB_CMDLINE_LINUX="ramdisk_size=100000". The value after the equals sign is the
size of the RAM disk in kilobytes. Then run “sudo update-grub”, to update the grub files with
the new command.
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• With modern computers, the amount of RAM is normally in the gigabytes range, so the loss
of a 100 megabytes is almost unnoticeable to the user, so it is practical to have the RAM disk
mount itself at startup every time. This is done by editing the following file: “/etc/rc.local”.
The following lines need to be added to the file before the exit 0 command. Where <username>
is the username of the person who needs to access the RAM disk.

/sbin/mke2fs -q -m 0 /dev/ram0

/bin/mount /dev/ram0 /mnt/rd

/bin/chown <username>:root /mnt/rd

/bin/chmod 0750 /mnt/rd

• After all of this has been done, restart the computer and it all should work.

How to run GNU Radio program

The USRP2 board, when run through GNU Radio, uses raw Ethernet, which means that there is no
bit error checking and no data packet structure. This means that all the ones and zeroes need to be
processed, which greatly increases the amount of processing done by the CPU. Also, it means that
all the GNU Radio programs need to be run with the sudo command. All GNU Radio programs are
very basic Python scripts, and can be generated by using GNU Radio Companion or written by the
user by hand. They normally detail which modules are to be used and how these modules connect
together. Often the computer does not register a connection with the USRP2 board so it shuts down
the network port that the board is connected to, to save power. The command used to force the port
awake and to stay awake is “sudo ifconfig eth0 up”. Change eth0 to the relevant port for the system
that is being used; it will stay up until the user logs out or restarts the computer but it can be taken
down with the down command.

For use in radar systems, GNU Radio needs to do less of the data processing but, to do that; the data
needs to be processed before it gets to the computer system.
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CD content

• root - A electronic copy of this report

– report folder - has a copy of the lyx files and images to generate this report.

– UHD - has a copy of all the FPGA and Mircoblaze code for the USRP2.

– Generator - has a copy of the C++ file used to generate the chirp signal used in the
experiments. It also generates Verilog modules to store a fixed signal and a matched
filter based on the chirp signal.
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Sample FPGA Code

The following code is code for the DSP block for the TX chains.

Listing C.1: The main DPS block in the TX chain.

1 module d s p _ c o r e _ t x
2 #( parameter BASE=0)
3 ( input c lk ,
4 input r s t ,
5 input s e t _ s t b ,
6 input [ 7 : 0 ] s e t _ a d d r ,
7 input [ 3 1 : 0 ] s e t _ d a t a ,
8
9 output reg [ 1 5 : 0 ] dac_a ,

10 output reg [ 1 5 : 0 ] dac_b ,
11 output c o n t _ s i g ,
12
13 / / To t x _ c o n t r o l

14 input [ 3 1 : 0 ] sample ,
15 input run ,
16 output s t r o b e ,
17 output [ 3 1 : 0 ] debug
18 ) ;
19
20 wire [ 1 5 : 0 ] i , q , s c a l e _ i , s c a l e _ q ;
21 wire [ 3 1 : 0 ] p h a s e _ i n c ;
22 reg [ 3 1 : 0 ] phase ;
23 wire [ 7 : 0 ] i n t e r p _ r a t e ;
24 wire [ 3 : 0 ] dacmux_a , dacmux_b ;
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25 wire enab le_hb1 , e n a b l e _ h b 2 ;
26
27 s e t t i n g _ r e g # ( . my_addr (BASE+ 0 ) ) s r _ 0
28 ( . c l k ( c l k ) ,
29 . r s t ( r s t ) ,
30 . s t r o b e ( s e t _ s t b ) ,
31 . add r ( s e t _ a d d r ) ,
32 . i n ( s e t _ d a t a ) ,
33 . o u t ( p h a s e _ i n c ) ,
34 . changed ( ) ) ;
35
36 s e t t i n g _ r e g # ( . my_addr (BASE+ 1 ) ) s r _ 1
37 ( . c l k ( c l k ) ,
38 . r s t ( r s t ) ,
39 . s t r o b e ( s e t _ s t b ) ,
40 . add r ( s e t _ a d d r ) ,
41 . i n ( s e t _ d a t a ) ,
42 . o u t ( { s c a l e _ i , s c a l e _ q } ) ,
43 . changed ( ) ) ;
44
45 s e t t i n g _ r e g # ( . my_addr (BASE+2 ) , . w id th ( 1 0 ) ) s r _ 2
46 ( . c l k ( c l k ) ,
47 . r s t ( r s t ) ,
48 . s t r o b e ( s e t _ s t b ) ,
49 . add r ( s e t _ a d d r ) ,
50 . i n ( s e t _ d a t a ) ,
51 . o u t ( { enab le_hb1 , enab le_hb2 , i n t e r p _ r a t e } ) ,
52 . changed ( ) ) ;
53
54 s e t t i n g _ r e g # ( . my_addr (BASE+4 ) , . w id th ( 8 ) ) s r _ 4
55 ( . c l k ( c l k ) ,
56 . r s t ( r s t ) ,
57 . s t r o b e ( s e t _ s t b ) ,
58 . add r ( s e t _ a d d r ) ,
59 . i n ( s e t _ d a t a ) ,
60 . o u t ( { dacmux_b , dacmux_a } ) ,
61 . changed ( ) ) ;
62

43



Department of
Electrical Engineering

63 / / S t r o b e s are a l l now d e l a y e d by 1 c y c l e f o r t i m i n g r e a s o n s

64 wire s t r o b e _ c i c _ p r e , s t r o b e _ h b 1 _ p r e , s t r o b e _ h b 2 _ p r e ;
65 reg s t r o b e _ c i c = 1 ;
66 reg s t r o b e _ h b 1 = 1 ;
67 reg s t r o b e _ h b 2 = 1 ;
68
69 c i c _ s t r o b e r # ( .WIDTH( 8 ) )
70 c i c _ s t r o b e r ( . c l o c k ( c l k ) ,
71 . r e s e t ( r s t ) ,
72 . e n a b l e ( run ) ,
73 . r a t e ( i n t e r p _ r a t e ) ,
74 . s t r o b e _ f a s t ( 1 ) ,
75 . s t r o b e _ s l o w ( s t r o b e _ c i c _ p r e )
76 ) ;
77
78 c i c _ s t r o b e r # ( .WIDTH( 2 ) )
79 h b 2 _ s t r o b e r ( . c l o c k ( c l k ) ,
80 . r e s e t ( r s t ) ,
81 . e n a b l e ( run ) ,
82 . r a t e ( e n a b l e _ h b 2 ? 2 : 1 ) ,
83 . s t r o b e _ f a s t ( s t r o b e _ c i c _ p r e ) ,
84 . s t r o b e _ s l o w ( s t r o b e _ h b 2 _ p r e )
85 ) ;
86
87 c i c _ s t r o b e r # ( .WIDTH( 2 ) )
88 h b 1 _ s t r o b e r ( . c l o c k ( c l k ) ,
89 . r e s e t ( r s t ) ,
90 . e n a b l e ( run ) ,
91 . r a t e ( e n a b l e _ h b 1 ? 2 : 1 ) ,
92 . s t r o b e _ f a s t ( s t r o b e _ h b 2 _ p r e ) ,
93 . s t r o b e _ s l o w ( s t r o b e _ h b 1 _ p r e )
94 ) ;
95
96 always @( posedge c l k ) s t r o b e _ h b 1 <= s t r o b e _ h b 1 _ p r e ;
97 always @( posedge c l k ) s t r o b e _ h b 2 <= s t r o b e _ h b 2 _ p r e ;
98 always @( posedge c l k ) s t r o b e _ c i c <= s t r o b e _ c i c _ p r e ;
99

100 / / NCO
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101 always @( posedge c l k )
102 i f ( r s t )
103 phase <= 0 ;
104 e l s e i f (~ run )
105 phase <= 0 ;
106 e l s e
107 phase <= phase + p h a s e _ i n c ;
108
109 wire s ig ned [ 1 7 : 0 ] da , db ;
110 wire s ig ned [ 3 5 : 0 ] p rod_ i , prod_q ;
111
112 wire [ 1 7 : 0 ] bb_ i = { sample [ 3 1 : 1 6 ] , 2 ’ b0 } ;
113 wire [ 1 7 : 0 ] bb_q = { sample [ 1 5 : 0 ] , 2 ’ b0 } ;
114 wire [ 1 7 : 0 ] i _ i n t e r p , q _ i n t e r p ;
115
116 wire [ 1 7 : 0 ] hb1_i , hb1_q , hb2_i , hb2_q ;
117
118 wire [ 7 : 0 ] cpo = e n a b l e _ h b 2 ? ( { i n t e r p _ r a t e , 1 ’ b0 } ) : i n t e r p _ r a t e ;
119 / / Note t h a t max CIC r a t e i s 128 , which would g i v e an o v e r f l o w on

120 / / cpo i f enab le_hb2 i s t r u e , b u t t h e d e f a u l t case i n s i d e h b _ i n t e r p

121 / / h a n d l e s t h i s

122
123 h b _ i n t e r p # ( . IWIDTH ( 1 8 ) , .OWIDTH( 1 8 ) , .ACCWIDTH( 2 4 ) )
124 h b _ i n t e r p _ i ( . c l k ( c l k ) ,
125 . r s t ( r s t ) ,
126 . by pa s s (~ e n a b l e _ h b 1 ) ,
127 . cpo ( cpo ) ,
128 . s t b _ i n ( s t r o b e _ h b 1 ) ,
129 . d a t a _ i n ( bb_ i ) ,
130 . s t b _ o u t ( s t r o b e _ h b 2 ) ,
131 . d a t a _ o u t ( hb1_ i )
132 ) ;
133
134 h b _ i n t e r p # ( . IWIDTH ( 1 8 ) , .OWIDTH( 1 8 ) , .ACCWIDTH( 2 4 ) )
135 h b _ i n t e r p _ q ( . c l k ( c l k ) ,
136 . r s t ( r s t ) ,
137 . by pa s s (~ e n a b l e _ h b 1 ) ,
138 . cpo ( cpo ) ,
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139 . s t b _ i n ( s t r o b e _ h b 1 ) ,
140 . d a t a _ i n ( bb_q ) ,
141 . s t b _ o u t ( s t r o b e _ h b 2 ) ,
142 . d a t a _ o u t ( hb1_q )
143 ) ;
144
145 s m a l l _ h b _ i n t # ( .WIDTH( 1 8 ) )
146 s m a l l _ h b _ i n t e r p _ i ( . c l k ( c l k ) ,
147 . r s t ( r s t ) ,
148 . by pa s s (~ e n a b l e _ h b 2 ) ,
149 . s t b _ i n ( s t r o b e _ h b 2 ) ,
150 . d a t a _ i n ( hb1_ i ) ,
151 . o u t p u t _ r a t e ( i n t e r p _ r a t e ) ,
152 . s t b _ o u t ( s t r o b e _ c i c ) ,
153 . d a t a _ o u t ( hb2_ i )
154 ) ;
155
156 s m a l l _ h b _ i n t # ( .WIDTH( 1 8 ) )
157 s m a l l _ h b _ i n t e r p _ q ( . c l k ( c l k ) ,
158 . r s t ( r s t ) ,
159 . by pa s s (~ e n a b l e _ h b 2 ) ,
160 . s t b _ i n ( s t r o b e _ h b 2 ) ,
161 . d a t a _ i n ( hb1_q ) ,
162 . o u t p u t _ r a t e ( i n t e r p _ r a t e ) ,
163 . s t b _ o u t ( s t r o b e _ c i c ) ,
164 . d a t a _ o u t ( hb2_q )
165 ) ;
166
167 c i c _ i n t e r p # ( . bw ( 1 8 ) , .N ( 4 ) , . l o g 2 _ o f _ m a x _ r a t e ( 7 ) )
168 c i c _ i n t e r p _ i ( . c l o c k ( c l k ) ,
169 . r e s e t ( r s t ) ,
170 . e n a b l e ( run ) ,
171 . r a t e ( i n t e r p _ r a t e ) ,
172 . s t r o b e _ i n ( s t r o b e _ c i c ) ,
173 . s t r o b e _ o u t ( 1 ) ,
174 . s i g n a l _ i n ( hb2_ i ) ,
175 . s i g n a l _ o u t ( i _ i n t e r p )
176 ) ;
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177
178 c i c _ i n t e r p # ( . bw ( 1 8 ) , .N ( 4 ) , . l o g 2 _ o f _ m a x _ r a t e ( 7 ) )
179 c i c _ i n t e r p _ q ( . c l o c k ( c l k ) ,
180 . r e s e t ( r s t ) ,
181 . e n a b l e ( run ) ,
182 . r a t e ( i n t e r p _ r a t e ) ,
183 . s t r o b e _ i n ( s t r o b e _ c i c ) ,
184 . s t r o b e _ o u t ( 1 ) ,
185 . s i g n a l _ i n ( hb2_q ) ,
186 . s i g n a l _ o u t ( q _ i n t e r p )
187 ) ;
188
189 localparam cw id th = 2 4 ; / / was 18

190 localparam zw id th = 2 4 ; / / was 16

191
192 wire [ cwidth −1:0] da_c , db_c ;
193
194 c o r d i c _ z 2 4 # ( . b i t w i d t h ( cw id th ) )
195 c o r d i c ( . c l o c k ( c l k ) ,
196 . r e s e t ( r s t ) ,
197 . e n a b l e ( run ) ,
198 . x i ( { i _ i n t e r p , { ( cwidth −18){1 ’ b0 } } } ) ,
199 . y i ( { q _ i n t e r p , { ( cwidth −18){1 ’ b0 } } } ) ,
200 . z i ( phase [31:32− zw id th ] ) ,
201 . xo ( da_c ) , . yo ( db_c ) , . zo ( )
202 ) ;
203
204 MULT18X18S MULT18X18S_inst
205 ( . P ( p r o d _ i ) , / / 36− b i t m u l t i p l i e r o u t p u t

206 .A( da_c [ cwidth −1: cwidth −18] ) , / / 18− b i t m u l t i p l i e r i n p u t

207 . B({{2{ s c a l e _ i [ 1 5 ] } } , s c a l e _ i } ) , / / 18− b i t m u l t i p l i e r i n p u t

208 . C( c l k ) , / / Clock i n p u t

209 . CE ( 1 ) , / / Clock e n a b l e i n p u t

210 . R( r s t ) / / Synchronous r e s e t i n p u t

211 ) ;
212
213 MULT18X18S MULT18X18S_inst_2
214 ( . P ( prod_q ) , / / 36− b i t m u l t i p l i e r o u t p u t
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215 .A( db_c [ cwidth −1: cwidth −18] ) , / / 18− b i t m u l t i p l i e r i n p u t

216 . B({{2{ s c a l e _ q [ 1 5 ] } } , s c a l e _ q } ) , / / 18− b i t m u l t i p l i e r i n p u t

217 . C( c l k ) , / / Clock i n p u t

218 . CE ( 1 ) , / / Clock e n a b l e i n p u t

219 . R( r s t ) / / Synchronous r e s e t i n p u t

220 ) ;
221
222 always @( posedge c l k )
223 case ( dacmux_a )
224 0 : dac_a <= p r o d _ i [ 2 8 : 1 3 ] ;
225 1 : dac_a <= prod_q [ 2 8 : 1 3 ] ;
226 d e f a u l t : dac_a <= 0 ;
227 endcase / / ca se ( dacmux_a )

228
229 always @( posedge c l k )
230 case ( dacmux_b )
231 0 : dac_b <= p r o d _ i [ 2 8 : 1 3 ] ;
232 1 : dac_b <= prod_q [ 2 8 : 1 3 ] ;
233 d e f a u l t : dac_b <= 0 ;
234 endcase / / ca se ( dacmux_b )

235
236 a s s i g n debug = { s t r o b e _ c i c , s t r o b e _ h b 1 , s t r o b e _ h b 2 , run } ;
237
238 endmodule / / d s p _ c o r e
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Appendix D

Academic work done with the USRP2

Here is the detailed list of the papers that are discussed in Section 2.4. This list was correct as of the
1st of February 2012

In this section an overview is given of all currently available academic papers that mention USRP2
and FPGA. These documents were found with the use of Google scholar, with the key words being
“USRP2” and “FPGA”. It generated a list of 167 documents of which some were copies and some
were not in English, so the number viewed is 137.

The following 56 papers only mention the USRP2 and do no work with it. Most of the time the
USRP2 is only mentioned as a system for future work.

Zheng et al. [155], Li et al. [79], Szegvari and Hentschel [130], Huang et al. [66], Cao et al. [27],
Zhou et al. [157], Qiu et al. [106], Debatty [37], Samoohi and Graff [116], Tappero et al. [135], Kim
et al. [76], You et al. [150], Ringset et al. [114], Sun [128], Luo and Ge [82], Farrell et al. [45], Khair-
atkar [75], Pawelczak et al. [99], Mohammed [88], Shishkin et al. [123], Berger et al. [20], Heinrich
et al. [59, 60], Nakauchi et al. [91], Proano and Lazos [104], Heinrich et al. [61], Levente and Festila
[78], Garcia Reis et al. [48], Jokinen and Tuomivaara [70], Dutta et al. [42], Forde et al. [47], Grimm
[53], Fayez [46], Sanka and Konchady [118], Hirve [63], Yu et al. [151], Dabcevic [34], Bivona and
Camilo [21], Haas et al. [56], Pellegrini et al. [100], Podosinov [103], Hari [57], Azad [15], Rele
et al. [110], Shah [121], Dackenberg [35], Sanfuentes [117], Olivieri [96], Sorby [125], Withers
[143], Artis [13], Zhou et al. [156], Wilhelm et al. [140], Heinrich et al. [62], Basin et al. [17]

The following 79 papers uses the USRP2 as part or whole of the system being considered. All of
these paper imply that they are using the USRP2 unaltered, i.e. streaming the data to and from the
USRP2. Also, almost all of these papers telecommunication papers.

Broekhuis [23], van den Broek [137], Goodspeed et al. [52], Paone [98], Baranda et al. [16], Naeem
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and Durrani [90], Qiu et al. [108], Chowdhury and Melodia [32], Newman et al. [94], Gustafsson
et al. [54], Gutierrez-Agullo et al. [55], Ding et al. [39], Benco et al. [18], Harris [58], Chen et al.
[29], Tabassam et al. [131], Shi and de Francisco [122], Bjorsell et al. [22], Qiu et al. [107], Tabassam
et al. [132, 133], Petri et al. [101], Alvarez et al. [7], Jorgensen et al. [71], Liu et al. [81], Woodbridge
et al. [144], Al-Hassanieh [5], Kelly and Khair [74], Riggs [112], Buccardo [24], Xilinx [147], Ng
[95], Wyglinski et al. [145], Bera [19], Aftab and Mufti [4], Chen et al. [30? ], Chen [28], Trecakov
[136], Glendrange et al. [49], Kashka [72], Dejonghe et al. [38], Song [124], Ingemarsson [67],
Anand et al. [11], Wamicha and Winberg [139], Ellis and Jaris [43], Miyano and Wada [87], Choong
[31], Mahmood [83], Majo [84], de Matos et al. [36], Sreedaranath [126], Myllari [89], Dobbins et al.
[40], Zanetti et al. [152], Buettner and Wetherall [25], Wilhelm et al. [141], Zhang and Shin [154],
Lakshminarayanan et al. [77], Hu [65], Tang and Li [134], Xiong and Jamieson [149], Pinagapany
[102], Sequeira [120], van den Broek [138], Androlewicz et al. [12], Fahnle [44], Gollakota et al.
[51], Stoianovici et al. [127], Sunderland [129], Godana et al. [50], Cabrejos [26], Wilhelm et al.
[142], Ranganathan et al. [109]
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