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Abstract

High frequency (HF) radars have many critical applications due to the effects that phys-
ical media have on the wave’s propagation. The diffraction of HF radio waves in the
ionosphere allows for long range communication and radar operation. Waves travel over
the horizon where they may be reflected off large scatterers such as ships, or monitor sea
states over large oceanic surface areas. Furthermore, the ionosphere provides key infor-
mation on solar weather. Monitoring RF reflections from the ionosphere (specifically at
the polar regions) is of great importance to the scientific community.

The use of the HF (3-30 Mhz) has been greatly simplified for radar transceivers in recent
decades. Digital hardware can sample and process information fast enough to eliminate
the need for conventional analogue down-converters. The result is an increase in sensitiv-
ity, signal to noise ratio and design simplicity. The primary advantage of digital radars
is versatility. The ability to change parameters and even modes of operation means that
digital radars have become more common, and have replaced or been partly integrated
into most of their analogue counterparts.

The SuperDARN is a network of ionosphere monitoring radars that have been in op-
eration since the 1980s. Since its inception it has undergone multiple improvements and
served the scientific community well. The 4" South African National Arctic Expedi-
tion (SANAE IV) makes use of a digital radar platform based on the third generation
TIGER-3 FPGA boards. The highly adaptable nature of the transceivers provide a host
of secondary applications and improvements to its analogue predecessors. The system
is however not in a state that supports further development. Currently the system is
programmed for a set mode of operation without access to the source software.

This work details the design and implementation process followed to bring the TIGER-3
system to a state that will support further development. In this state, peripheral inter-
faces are designed and implemented to allow for a listening mode of operation. In this
mode, the radar samples a signal from an antenna and effectively communicates the data
to a personal computer via an Ethernet link.

To achieve these outcomes; FPGA code (written in Verilog) was developed to imple-
ment IQ downconversion, digital filtering, and a client interface for the Ethernet link.
The features were tested by recording and analysing digital outputs from the platform,
and finally, by recording signal information obtained through the Ethernet interface.

Supporting literature will lay the groundwork for future projects to build on the base
layer implementation; with the hope of redesigning the current SuperDARN implementa-
tion in the future. Further improvements to the current system could include a range of
scanning patters and multi-frequency operation.

i



Contents

(1__Introductionl
(1.1 Backeground| . . . . . .. .. .. ...

M1l

Preceding Technologies| . . . . . . ... ... ... .. ... .....

Ti2

The Birth of the Digital Radar| . . . .. ... ... ... ... ...

(1.1.3  Preceding Workl . . . . . . .. ... ... ..

[.2 Problem Formationl . . . . . . . . . . . . . ..

(1.7 Technical Requirements| . . . . . ... ... ... ... ... .. ......

(1.8 Plan of Development| . . . . . . ... .. ... ... ... ... ... ...

Supporting Literature)

2.1 HF Propagation and Backscatter in the lonosphere| . . . . . . . . . .. ..

2.1.1 The lonosphere| . . . . . . . . .. .. ... o

2.1.2 Plasma Convectionl . . . . . . . . . . . . ... ..

P13

HF lonospheric Propagation| . . . . . . . ... .. ... ... ....

P14

Additional SuperDARN Data Products| . . . . . .. ... ... ...

2.2 SuperDARN Radar Operation| . . . . . . . . . ... ... ... ... ....

P21 TIGER Digital Radars] . . . « o o o oo

222 An Introduction to Virtex-5 FPGAs . . . . . ... ... ... ...

!

SANSA TIGER-3 Development Plattorm|. . . . ... ... ... ..

225 TIGER Mark-4l . . . ... .00 o

[2.3  Chapter Summary| . . . . .. . .. ...

(3

System Architecture Description|

B.1 Radar Modell . . ... ... ... ...

B.I1

Discrete Analytic and [Q Signal Representation| . . . . . . . .. ..

B.1.2

Basebanding and Decimation| . . . .. .. ... ... ... .....

B.13

The Radar [-QQ Modell . . . . . .. ... ... ... .. ... ....

B.14

TIGER-3 Digital Radar Transceiver Model . . . . . . . . ... ...

B.15

Moving Targets| . . . . . . . . . ...

B16

Doppler Processing| . . . . . . . ... ... ... ... ...

[3.1.7 The Auto-Correlation Functionl . . . . . . . .. ... ... .. ...

B.1.8

SsuperDARN Pulse Sequence| . . . . . . . . ...

[3.1.9  Digital Filtering|. . . . . . .. ... ... ... ... . ...

3.2 Communication Modell . . . . . . . . . .

B21

Ethernet Layer| . . . . . . . . . ... .. ... ..

il



[3.2.2  Network Layer| . . . . .. ... ... .. ... ... 45

[3.2.3  Transport Layer{. . . . . . . ... ... ... ... ... . ... ... 45
[3.2.4  Data Structure and Transmissionl . . . . . .. ... ... ... ... 46

3.3  Virtex-5 Hardwarel . . . . . . .. ... o 47
[3.3.1 Clocking| . . . . . . . . . ... 47
3.32 FPGAIOl . . . .. . . 48
[3.3.3 Basic Verilog Design Elements| . . . . . . ... .. ... .... ... 48
[3.3.4  Primitive Support|. . . . . . . ... 49

[3.4 Chapter Summary| . . . . . . . .. .. . ... 49
[4 Design and Implementation| 51
[4.1  System Design Overview| . . . . . . . . . . . . . ... ... ... ... .. 51
[4.2  Clock Management| . . . . . . . ... ... ... ... .. ... .. ..., 53
[4.3 Input Signal Intertacel. . . . . . . .. .. ... oo 53
4.3.1 RF Board Receiverl . . . . . . ... ... ... ... ......... 53
432 TIGER-3 Receiver] . . . . . . . . ... ... .. ... .. ..... 55

44 DSP Interfacel . . . . . . . . 56
EAT NCOS . . oo 56
[4.4.2  DSP Module Design| . . . . ... ... ... 0000 58

4.5 FEthernet Interfacel. . . . . . . . . ..o 60
[4.5.1 FIFOs and Clock Domain Separationl . . . . . . . .. .. ... ... 60
[4.5.2  EMAC Primitive and Physical Layer| . . . . .. ... ... ... .. 61
[4.5.3 Packet Generationl . . .. .. ... ... ... ... ... . ..., 63
[4.5.4 Interface Designl . . . . . . . .. .. ... o000 64

4.6 PC Receive Interfacel . . . . . .. ... ... oo 66
[4.7  Chapter Summary| . . . . . . . . . .. . ... 67
[> Implementation Results| 69
[5.1 Clocking| . . . . . . . . . . 69
H.2 NCOI . . . e 70
(5.3 RF Interface and ADC Readings . . . . . ... ... ... ... ... ... 72
[5.3.1 RF Board Gain Analysis| . . . . ... ... ... ... ... ..... 72
h.3.2 ADC Noaisel . . . . . . . . 74
[5.3.3  RF System Noise| . . . . ... ... ... ... .. ... ... 75
[>.3.4 ADC Input Signal Sampling| . . . . . . ... ... ... .. ..... 75

[b.4 Base Banding| . . . . .. ... o 76
(5.5 Filtering| . . . . . . . 7
[5.5.1  Wide-Band Filtering| . . . .. ... ... ... ... ... ... . 7
[5.5.2  Narrow-Band Filtering| . . . . .. ... ... .. ... .. ...... 80

[5.6  Wide-Band Signal Samplingl . . . . .. ... ... .. ... ... ... 81
6.7 Data Transmissionl . . . . . . . . oo 82
[>.7.1 ~ Data Transmission Rate and Integrity| . . . . . ... ... ... .. 83

[5.8 Resource Usagel . . . . . . . . . . . .. 84

v



[>.9 Chapter Summary| . . . . .. . . ...

6D . FResulis
[6.1 Clocking| . . . . . . . . .

[6.3 Input Signal Sampling and Processing. . . . . ... ... ... ... ....
...................................
[6.3.2  Signal Sampling| . . . . . ... ... o000
[6.3.3 Base Banding| . . . . . ... ...
[6.3.4  Filtering and Decimation|. . . . . . . . ... .. ... ... ... ..
[6.3.5  System Noise and Interterencel . . . . . . . . .. ... .. ... ...

6.4  Wide-Band Input Signals{. . . . . .. ... ... ... ... 0000

6.5  Ethernet Data Transmissionl . . . . . . . . . . ... ... ... ... .

6.6 FPGA Resource Usage| . . . . . . . .. ... ... o0

F Conclisi IR hiions
[7.1 'The Design Process| . . . . . . . . ... . ..
[7.1.1 Clock Management| . . . . . . . .. ... .. .. ... ........

[7.2  Input Sampling, System Noise and Interference| . . . . . . .. ... .. ..
[7.3 FPGA Resource Usage| . . . . . . . .. ... ... ... ... ... ...,
[7.4  Post-Listening Mode] . . . . . . . . .. ...

APD a

[A Propogation|

BT Sion Wavel: l

[C TIGER-3 Schematic Diagrams|

(D RF Board Schematic Diagrams|

E__MAC Interface
[F FPGA Module Layout|

|G RF Board Schematic Diagrams|

H ADC Results

103

103

103

105

119

126

127

131

132

133



List of Figures

(1.1  Map of the SuperDARN’s nominal coverage,| . . . . . . ... ... .. ... 2
(1.2 HF and VHF ionospheric propagation and backscatter.| . . . . . .. . . .. 3
[2.1 lonospheric electron density height profile.| . . . . . . ... ... ... ... 13

(2.2 Left: Ideal Plasma Convection Cell for the North Pole. Right: An example
of plasma convection readings taken from the SuperDARN for the South

L Polel . oo 15
[2.3  Bragg scatter of point targets. . . . . . . . . ... oL 16
[2.4  Ideal two-hop HF' propagation ray paths for the SuperDARN. . . . . . .. 16
[2.5 Illustration of a SuperDARN T'TFD antenna element.|. . . . . . . . . . .. 18
[2.6 Antenna array formation.| . . . . ... ... ... L. 18
[2.7 Simplified model of a generic FPGA architecture.| . . . . . . . ... .. .. 20
[2.8  Dated TIGER-3 system architecture.| . . . . . ... ... ... ... .... 22
[2.9  Current TIGER-3 system architecture.| . . . . . . ... ... ... .. ... 22

S A’ 1ER- iver box.] . ... ... 23
(3.1 Illustration of the spectral content of a signal at specific processing stages |

for IQQ down conversion| . . . . . . ... 26
13.2  Multiplication of X by a tone signal (X;) to produce Y| . . . . .. .. .. 28
3.3 Baseband demodulation steps.| . . . . . .. ..o 28
[3.4  Typical digital radar transceiver model with baseband demodulation.| . . . 31
[3.5 Doppler spectrum for a truncated pulse sequence.| . . . . . . . .. ... .. 35
[3.6  Left: 3-pulse sequence range-time plot. Right: Pulse sequence lags.| . . . . 37
[3.7  Two-pulse, single sequence return.|. . . . . . . ... ... ... ... .. 37
[3.8 ACEF function outputs aligned with pulse sequence lags for a set range bin.| 39
[3.9 CIC filter diagram showing decimation and integration stages| . . . . . .. 41
[3.10 Eftects of wrapping after CIC filter decimation on the output spectrum.|. . 42
[3.11 Ethernet physical interfaces on the TIGER-3| . . . . . ... ... ... .. 43
[3.12 Detailed Ethernet layer model according to IEEE802.3. . . . . . . . .. .. 44
[3.13 Ethernet layer data fields.| . . . . . .. .. ... ... ... ... 45
[3.14 IPv4 protocol layer fields.| . . . . ... ... ... ... ... ... 45
[3.15 UDP protocol layer fields.| . . . ... ... ... ... ... ... ...... 46
[3.16 Complete data packet structure.|. . . . . . . . . . .. ... ... .. 46
[3.17 Basic always blocks used for Verilog design.| . . . ... ... ... ... .. 48
[4.1 TIGER-3 tull implementation diagram with related peripherals| . . . . .. o1
[4.2  Programming design overview. . . . . . . . . .. ... 52
[4.3  Clocking interface design.| . . . . . . . . . . . ... ... ... ... ... 53
[4.4  RF board peripherals, detailing the digital step attenuator.| . . . . . . . .. 54
[4.5 ADC input peripheral schematic.| . . . . ... ... ... ... ... 55
[4.6  ADC interface module timing diagram.| . . . . . . . .. ... ... ... .. 56
[4.7  Block diagram detailing the internal components of an NCO.|. . . . . . .. o7
[4.8  NCO interface module timing diagram.| . . . . . .. . ... ... ... ... 58

vi



[4.9 Combined multiplier and CIC filter interface module timing diagram.| . . . 59
[4.10 MAC interface block diagram. . . . . . . . ... .. ... ... ... .... 62
.11 EMAC implementation interface for 1 Gb/s operation.| . . . . .. ... .. 63
[4.12 Diagram detailing checksum calculation.| . . . . .. .. ... .. ... ... 64
[4.13 Block diagram illustrating the architecture of the Ethernet intertace mod- |

ule, with respect todata flow.| . . . . . . . ... ... ... 65
[4.14 Combined Ethernet intertace module timing diagram. . . . . . . . . . . .. 65
[4.15 Ethernet interface clocking scheme.| . . . . . . . .. ... ... ... .. .. 66
[5.1 Clocking signals at the input and output of the FPGA| . . . . . . ... .. 69
[5.2  Diagram showing the design implementation to capture NCO results.| . . . 70
5.3 Top: Recorded NCO spectral outputs. Bottom: Simulated spectral results |

for corresponding parameters.| . . . . . . .. ... L. 71
[>.4 Simulated spectral results showing the effect that the LUT size (Bg(,) given |

in bit-length) of the NCO has on the synthesised signal|. . . . . .. . . .. 72
(5.5 Top: Full RF board trequency magnitude response excluding primary input |

filter. Bottom: Corresponding pass-band.|. . . . . . . . .. ... ... ... 73
[.6 ADC input signal for a 12 dB attenuation step.| . . . . . ... .. ... .. 73
[>.7  ADC input signal for switching from receive to transmit.| . . . . . . . . .. 73
[5.8  Top: Time domain output of the ADC with the ADC input pins shorted. |

Bottom: Corresponding spectral domain representation.|. . . . . . . . . .. 74
[5.9  Histogram ot the ADC output with the ADC input pins shorted| . . . . . . 75
[>.10 Top: Time domain output of the ADC with input pins connected to the |

RF board. Bottom: Corresponding spectral domain representation.| . . . . 76
[5.11 ADC sampling spectra from readings for a set of input frequencies. Each |

signal is normalised to its maximum|. . . . . . . . . . ... ... .. L. 76
[5.12 Block diagram showing the design implementation used to capture results |

for the base-banding process.|. . . . . . . . ... oL 77

[5.13 Spectral results for the demodulation of a tone by three discrete trequencies.| 77

[5.14 Top: Simulated results showing the expected pre-decimation spectral out-

put of the filter. Middle: Simulated results after decimation. Bottom:

Recorded results for an input tone measured at the output of the filter.| . . 78

[5.15 Simulation showing the filter’s aliased spectral bands individually,| . . . . . 78
[5.16 Demodulation sweep of an input signal at 11.5 MHz.| . . . . . ... .. .. 79
[5.17 Demodulation sweep of an input signal at 12.75 MHz, showing the aliased |
left sideband.) . . . . . . ... 80

[5.18 CIC filter magnitude response with the decimation factor set to 8000. . . . 80
[5.19 Spectrum of the fully processed ADC input tone with a 10 Hz Doppler shitt |
[ and a filter decimation factor of 8000, . . . . . . . . . . ... ... 81
[5.20 Time-domain signal of the fully processed ADC input tone with a 10 Hz |
Doppler shift and a filter decimation factor of 8000.| . . . . . . . . . . ... 81

[5.21 Top: sampled wide-band signal. Bottom: Corresponding spectral plot. | . . 82
[5.22 Spectral results for an NCO output with one missing sample per packet.| 82

vii



[A.1 SuperDARN ray path simulation with labels.|. . . . . . ... ... ... .. 103

[B.1 SuperDARN mode of operation transmitted sequence (two sequences)|. . . 103
B.2 SuperDARN mode of operation transmitted sequence (single sequences).| . 104
[B.3 SuperDARN mode of operation transmitted sequence (sectional pulse)] . . 104
[C.1 ADC14A/B schematic] . . . . . . . .. ... . ... ... ... ... . ... 105
[C2 ADCI2 schematicl . . . . . . . ... 106
[C.3 ADCIG6 schematicl . . . . . . . . .. .. 107
[C.4 Clocking schematic|. . . . . . . .. .. ... ... ... .. . 108
[C.5 Flash memory schematic.|. . . . . . ... ... ... ... ... ....... 109
[C.6 DAC schematic). . . . . . . . ... 110
[C.7 Ethernet PHY schematic] . . . . ... ... ... ... ... ... .. 111
[C.8 Firewire schematicl . . . . . . . . .. .. ... ... ... 112
[C.9 FPGA banks-part 1. . . .. ... .. ... ... ... .. ... ... 113
(C.10 FPGA banks - part 2. . . .. . ... ... ... ... 0 114
C.11 FPGA banks -part 3. . . . . ... ... ... ... ... . 115
C.12T/0 schematic] . . . . . ... .. ... ... ... 116
[C.13 Power supply schematic.| . . . . . .. .. ... ... ... ... ....... 117
[C.14 VGA schematic). . . . . . . . . . oo oo 118
(D.1 RF to FPGA header schematic) . . . . . ... ... ... ... ... 119
[D.2 RF power supply schematic.| . . . . . .. ... ... ... ... ... ... 120
[D.3 RF receive chain schematic) . . . . . . . . ... ... ... ... .. .... 121
[D.4 RF switching schematic.| . . . . .. ... ... .. ... 0000 122
[D.5 RF board top-level schematic.| . . . . . .. ... ... ... ... 123
[D.6RE transmitter chain schematic]. . . . . ... ... ... . 000 124
[D.7_RF monitor schematic] . . . ... ... ... . ..o oL 125
[E.1 MAC FPGA core interface pins.| . . . . . . . . ... .. ... ... ..... 126
[F.1 Clock management module FPGA schematic| . . . . ... ... ... ... 127
[F.2 TIGER-3 main module FPGA schematic). . . . . ... ... .. ... ... 128
[F.3  DSP module FPGA schematic) . . . .. .. ... .. 00 129
.4 FEthernet interface module FPGA schematic) . . . .. ... ... ... ... 130
|G.1 Complete RF to FPGA block diagram. . . . . . ... ... ... ... ... 131

[H.1 Complete histogram of the ADC output data with the ADC input short- |

circuited (bin size of 412). The vertical axis is truncated to an frequency |

of 1001 . . o o 132

[(H.2 Top: Time-domain data received from the ADC output, reading through |

the RF board with the input terminated by a 50 Ohm impedance. Mid- |

dle: Corresponding histogram of the output data. Bottom: Corresponding |

truncated spectral data (FFT zero padded by 10000 samples).| . . . . . . . 132
[.1 NCO spectral results for different centre frequencies] . . . . ... ... .. 133

viil



List of Tables

[3.1 SuperDARN pulse sequence parameters.| . . . . ... .. ... ... .... 39
[4.1 ADC and related RF board signals.| . . . . . ... ... ... ... .. ... 55
[4.2  Compatible FIFO implementations and features.|. . . . . . . . . ... ... 60
[4.3  GMII interface related signals.. . . . . .. ... ... ... ... ... ... 61
[.1 Duty cycle and period properties ot the input and output FPGA clocking |

signals. . . . .. 70
[5.2  List of parameters used to capture and display NCO results.| . . . . . . .. 70
[5.3  Percentage of packets successfully received at a given output data rate, |

after a set number of packets are successtully collected.| . . . . . . . . . .. 83
[5.4  Summary ot the FPGA’s resource usage for this work.. . . . . . . . . . .. 85

X



Abbreviations and Acronyms

ACF
ASIC
BRAM
CIC
CMOS
CMT
CRI
DCM
DDS
DFT
DSP
EMAC
ESD
FFT
FIFO
FIR
FPGA
GCL
GMII
HDL
HF
IMF
P
IPv4
IQ
ISE

Auto-Correlation Function
Application-Specific Integrated Circuit
Block Random Access Memory
Cascaded Integrator-Comb
Complementary Metal-Oxide-Semiconductor
Clock Management Tile
Cross-Range Interference

Digital Clock Manager

Direct Digital Synthesiser

Discrete Fourier Transform

Digital Signal Processing

Ethernet Media Access Control
Energy Spectral Density

Fast Fourier Transform

First In, First Out

Finite-Impulse Response

Field Programmable Gate Array
Global Clock Line

Gigabit Media Independent Interface
Hardware Description Language
High Frequency

Interplanetary Magnetic Field
Intellectual Property

Internet Protocol version 4

In-phase and Quadrature

Integrated Synthesis



Environment
LB Logic Block
LPF Low-Pass Filter
LUT Look-Up Table
LVDS Low-Voltage Differential Signaling
MAC Media Access Control
MDIO Management Data Input/Output
MII Media-Independant Interface
NCO Numerically Controlled Oscillator
NIC Network Interface Controller
ODDR Output Double Data Rate
PHY Physical Layer
PLL Phase-Locked Loop
PRF Pulse Repetition Frequency
ROS Radar Operating System
RLC Resistor (R), Inductor (L), and Capacitor (C)
SANAE South African National Agency
SM Switch Matrix
SNR Signal-to-Noise Ratio
SoC System-on-Chip
SuperDARN | Super Dual Auroral Radar Network
TIGER Tasman International Geospace Environment Radar
TTFD Twin Terminated Folded Dipole
UDP User Datagram Protocol
ULF Ultra Low Frequency

xi



Introduction

1 Introduction

RAdio Detection And Ranging (radar) is a remote sensing technology that utilises elec-
tromagnetic radio waves. By precise time measurements, the time between transmit and
receive can be measured and converted into range information. Furthermore, frequency
information can be analysed to provide information on a target’s radial velocity, by the
Doppler effect. Radar became a popular topic of research in the 1930s, when detecting
enemies remotely during World War 2 was a priority for many countries. Modern day
radars make use of sophisticated hardware and signal processing to power advances in
self driving cars, landing space crafts, etc [I]. Furthermore, it is integral to research areas
such as studying the ionosphere [2] - which is a primary subject of this study.

Analogue radars traditionally make use of hardware demodulation and filtering tech-
niques to limit and decrease the information within a signal to an amount that allows for
sampling and processing. Recent developments in digital hardware has opened the door to
digital radars that can synthesise and sample radar signals directly at the transmitted fre-
quency. Digital radars can sample at frequencies in the gigahertz ranges [3], but the cost
of hardware capable of doing so is still high. Field Programmable Gate Arrays (FPGAs)
find their place between integrated circuit hardware and traditional CPU processors, and
have become a preferred choice for providing re-configurable, high performance processing
to radar systems [1].

1.1 Background

The Super Dual Auroral Radar Network (SuperDARN) is a global-scale network of phased
array, HF radars used for measuring backscatter from the high-latitude regions of the iono-
sphere. The presence of high density plasma irregularities result in strong coherent-target
radar return power. The motion of these irregularities cause a Doppler shift in the return
signal, which is of particular interest to space weather analysts. The SuperDARN makes
use of a network of coherent HF radars to resolve two dimensional plasma vector maps,
illustrating the motion of large irregularities [4][5].

The network consists of 36 operational radars at the time of writing, of which 23 radars are
located in the northern hemisphere and 13 in the southern hemisphere [6]. The locations
and bearings of the radars are shown in Figure [[.1] The radars are classified according
to their latitudes.

1.1.1 Preceding Technologies

The most successful early studies of the dynamic activity of the earth’s magnetosphere,
ionosphere and neutral atmosphere came from the Scandinavian Twin Auroral Radar Ex-
periment (STARE), in the 1970s and 1980s [5]. These were VHF coherent-scatterer radars
operating in the region of 140 MHz. STARE was used to study plasma instabilities in

Page 1
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Figure 1.1: Map of the SuperDARN’s nominal coverage [6].

the ionosphere - particularly the E-region of the ionosphere (between 90 km and 140 km
altitude).

Coherently spaced ionospheric irregularities are the targets for these radars. Physical
atmospheric effects result in a host of irregularities that appear across all the layers of
the ionosphere with the majority appearing at relatively low altitudes (E-region). At the
equatorial and high latitude regions, the F-region (between 140 km and 400 km altitude)
contain an abundance of irregularities of particular interest [7]. The irregularities pri-
marily appear perpendicular to the earth’s magnetic field lines [2]. Therefore, in order to
maximise backscatter, it is critical that the incident wave is perpendicular to the irregu-
larities and magnetic field lines.

The STARE project was limited by the near straight-line propagation paths of the radio
waves through the ionosphere at these frequencies. The orthogonality constraint limits
its F-region detection abilities to low to mid-latitude regions, where the magnetic field
lines are near perpendicular to the earth.

In 1983, an electronically steered, narrow beam, HF radar (operating at 8 MHz to 20
MHz) was developed at Goose Bay, Labrador and is still in operation today as the oldest
member of the SuperDARN. A second HF radar was built at Schefferville, Quebec in
1989, which then lead to the concept of the SuperDARN [5].

HF radio waves undergo diffraction in the lower altitudes of the ionosphere which produce
strong vector components orthogonal to the F-region of the ionosphere, as illustrated in
Figure (1.2

Page 2
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Figure 1.2: HF and VHF ionospheric propagation and backscatter [2].

This development opened the door to the first HF studies of magnetospheric ULF waves
and atmospheric gravity waves. It was so successful that more radars followed in the north-
ern and southern hemispheres, operating in pairs to eventually provide F-region plasma
convection data [5]. All subsequent SuperDARN radars followed the same base mode of
operation as the original analogue concepts from the 1970s, but improvements were being
made on the radar hardware and software in order to meet the new demands from the
scientific community. To facilitate these changes, the original SuperDARN investigators
drafted an agreement to make use of a common radar operating system (ROS). The ROS
would ensure that all the radars generate the same end-user data packets irrespective of
the underlying technology used to collect the data [§].

1.1.2 The Birth of the Digital Radar

In 2003, the Cooperative UK Twin-Located Auroral Sounding System (CUTLASS) in-
troduced stereo receiver channels allowing for two experiments to run simultaneously.
During this time many of the radars migrated to digital receivers [5]. Another big de-
velopment was the introduction of the new economic antenna array, which makes use
of twin-terminated folded dipole (TTFD) antennas [9]. The most recent digital radar
transceiver, named TIGER-3, was developed by La Trobe University and was first used in
Buckland Park, Australia [10]. All these developments lead to eventual implementation of
aradar at SANAE IV, Antarctica in 2003 [I1]. SANAE makes use of TIGER-3 transceiver
connected to an array of 16 (20 including the auxiliary arrays) TTFD antennas. More
information regarding the SANAE IV radar is given in Section [2.2]
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1.1.3 Preceding Work

This work is related to work done formerly by other authors. Their work is briefly detailed
and referenced here.

Implementation of a Low Cost Demonstrator HF Riometer on a Flexible
FPGA Backend - Thomas Dusterwald [12].

The aim of Thomas’s work was to determine the feasibility of using the TIGER-3 to im-
plement a riometer mode to run simultaneously with its main mode of operation. Thomas
made use of a Red Pitaya FPGA development board in his experiments and successfully
demonstrated its use as a processing unit for a riometer.

Modelling and Resolving of the Ambiguous Angle of Arrival Measurements of
the SANAE IV SuperDARN Radar - Tighe Barris [13].

Tighe set out to resolve the angle of arrival (AOA) for the SuperDARN radar at SANAE,
by using the auxiliary antenna arrays to measure phase differences. Like Thomas, his
work also made use of the Red Pitaya FPGA platform. Tighe’s results showed that (for
the SANAE SuperDARN) an ambiguous AOA can be unwrapped to determine an abso-
lute AOA for up to 70 degrees in elevation. These results were obtained for a single point
source by adapting the carrier frequency - an ideal scenario which sets the groundwork
for determining the AOA for ionospheric radiation.

High Frequency Surface Wave Radar Demonstrator - Johann Burger [14].
Johann’s project focused on a secondary application for the Red Pitaya platform used by
Tighe and Thomas. He set out to build a front-end for the Red Pitaya that would allow
for the detection of ocean clutter and monitoring of the exclusive economic zone. From
Johann’s work, a fully functional HFSWR radar was developed. It was shown that the
radar could feasibly be used to detect large stationary oceanic objects over the horizon
and provide information on ocean features.

1.2 Problem Formation

This project is aimed at developing new software for the TIGER-3 FPGA transceiver plat-
form as it is currently implemented for the SuperDARN, located at SANAE. The radar
underwent substantial development since its original analogue implementation in 1999
[6]. The development of the digital version of the radar is, however, not well documented
and only parts of the software for the SANAE implementation is currently available for
further development.

A radar was first developed for SANAE in 1997 and upgraded in 2013 to the 3rd version
of the TIGER digital radar (TIGER-3) [1I]. The South African National Space Agency
(SANSA) is responsible for the SuperDARN HF radar at SANAE. The agency is inter-
ested in further development of the platform, as its use in the research of the ionosphere
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and HF propagation studies continues to grow.

The digitisation of the TIGER platform was consistently undergoing development by
La Trobe University until around 2015, when its developments were last presented at the
annual SuperDARN workshop [I5]. Before 2015, La Trobe was planning a fourth im-
plementation (TIGER~4) to improve on the existing system by localising the transceiver
racks into a single rack, illuminating a larger area and incorporating the concept of a “self
adapting radar”. To the author’s knowledge, none of these features were ever implemented
and no further development was published.

The problem is therefore that SANSA currently has no support from any of the origi-
nal developers of the radar. When the TIGER-3 was put into effect at SANAE in 2013,
SANSA did not gain access to the editable software for the transceivers and was only pro-
vided with the capability to load the then-current version onto the transceivers. When it
became apparent that La Trobe was ending their support, SANSA requested the software
from La Trobe. Due to intellectual property (IP) constraints concerning certain compo-
nents of the software, La Trobe could only provide SANSA with parts of the transceiver
software that was not under IP protection.

All TP generated modules such as numerically controlled oscillators, filters, clock man-
agement modules, FIFOs and the Ethernet MAC are unavailable and need to be designed
and built. The module responsible for creating the Ethernet packets also appears to be
missing. The interfaces for the modules are given which may in some cases be used to
determine the operation of the IP generated modules.

The C++ software used to receive the data from the FPGA is available but little is
known about the generated Ethernet packets.

It is therefore the aim of this study to research the current implementation of the radar
at SANAE with a focus on developing new software for the platform. It involves gain-
ing an advanced understanding of the transceiver architecture and the reconfiguration of
FPGAs. The new software will be in line with SANSA’s interests, listed below:

e Develop base implementation software for the transceiver to support further devel-
opment.

e Implement a listening mode for the SuperDARN, for which a user defined range of
frequencies can be measured by the transceiver and transferred to a computer.

e Extend the range of peripheral interfaces to support transmission, and configuration
from secondary device such as a computer.

e Develop software for the “timing box” - that is an additional transceiver unit used
to control timing in the radar system.
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e Make use of the TIGER platform for secondary applications such as a sea state
over-the-horizon radar or a coastal monitoring radar.

Not all of the above goals are achieved in this project (the limitations are provided in
Section . In order to work towards the above interests, design aspects include; dig-
ital circuit design, radar signal processing (such as filtering and down-conversion) and
Ethernet interface design. An in-depth understanding of the transceiver box and its pe-
ripherals need to be obtained and the relevant peripheral interfaces need to be designed
for the FPGA. A basic understanding of networking theory is developed to complete the
PC receiver interface.

1.3 Motivation

As mentioned in Section [1.2] only part of the transceiver software was made available
(in editable form) to SANSA, for further development. When referring to the complete
system software, the following is included:

ROS: The radar operating system software is written in C, runs on the main computer
and is responsible for receiving and processing the transceiver data into the standard
SuperDARN data product. It is also used to configure the transceiver from the main
computer. The ROS version is titled “R0OS.3.1.x” and was modified for the TIGER-3 by
La Trobe [16]. The software is currently in use at SANAE and is available for development

[6].

Transceiver Software: The transceivers are reconfigured through HDL (written in
VHDL). The HDL is converted into a bitstream, which is loaded onto the transceiver
hardware [17]. The transceivers are responsible for sampling the received signals from the
antennas, down converting it, and transmitting the resultant data to the ROS [I5]. The
TIGER-3 bitstream is available to SANSA but only a limited set of the VHDL modules
are available.

There are therefore two identified approaches that could be taken in meeting SANSA’s
requirements. The first is to keep the transceiver software as is, and to modify sections
of the ROS to control the transceiver and request the necessary data from it. Although
this approach could be a simple solution to the problem, there are disadvantages: The
limitations of the transceiver software is largely unknown and the operation of it is un-
documented. Limitations may include receiver bandwidth, limited transmitter waveform
control and modes of operation. The second approach is the complete redesign of the
system. This is likely to result in an extended time-line for SANSA’s interests due to the
work load, but the result is a versatile system that is well understood from the ground

up.

In agreement with SANSA, the second approach was taken for this project. This ap-
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proach was identified as a more holistic approach, and if the basic requirements are met;
the outcome can better support versatile development environment for future work.

1.3.1 HF Radar Applications

HF radar is generally considered an ageing technology. It requires large antennas, gener-
ally offers coarse range resolutions and is located in a well occupied spectral range (3-30
MHz). It is however uniquely useful for a specific range of applications. HF radio waves
are largely unaffected by weather and have unique propagation effects when interacting
with the earth’s atmosphere. Two primary use cases are given below.

OTH (Skywave and Surface wave): HF is used for over-the-horizon radars which
can illuminate regions over the earth’s horizon [I8]. This serves military interests in
the form of coastal monitoring and aircraft tracking. It serves the scientific community
through the measuring of sea states and ocean winds [14]. Furthermore, it also serves a
commercial purposes in the form of long range radio communications.

Geospace Monitoring: HF is also the frequency of choice by scientists studying the
ionosphere for plasma convection, atmospheric gravity waves, ULF waves, etc [19]. Fur-
thermore, space weather analysts make use of the radar to predict the impact of solar
storms on the earth.

1.4 Research Statement

This work details the operation of the TIGER-3 transceiver as part of the SuperDARN.
The radar’s operation was researched and detailed from an engineering and scientific point
of view. It details the work done on implementing a listening mode on the platform. In
this mode, the transceiver must sample the RF spectrum up to 30 MHz and perform
the necessary signal processing to transfer relevant information to a personal computer.
Externally variable user parameters should define the centre frequency and bandwidth of
the transferred signal band.

After the design is complete; measurements were taken and compared to simulated re-
sults. The performance of the platform was thus characterised. The simulations take all
the digital signal processing performed by the FPGA into account, to accurately com-
pare the measured data to the expected outputs. Considering the results, this work lists
considerations to be taken into account for future development.

1.5 Scope and Limitations

The current SuperDARN implementation is a complex integration of multiple transceivers
in two-way communication with a central processing unit through network switches.
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Clocking is synchronised in order to perform beam steering and ensure receive data co-
herency, which is just one example of the complexity introduced in working with multiple
transceivers.

The scope of this work is largely limited by the use of a single transceiver, and therefore
beam steering and clock synchronisation is not within the scope of this work. Further-
more, no consideration was given to the Ethernet receive-side, and all other multi-client
networking operations of the SuperDARN system are out of the scope of this project.

The transmission of data from a single transceiver over a set Ethernet standard was
implemented as a base proof of concept for future development. The client (personal
computer) receive-side implementation is processed with minimal effort. The design of an
advanced client receive interface is not included. The effective capturing and storage of
the Ethernet data, for further analysis of results, is within the scope of this project.

The TIGER-3 sports an extensive list of peripherals which are used for the full implemen-
tation of the SuperDARN. Not all peripherals fall within the scope of this work. Flash
memory can be used to store operational parameters and bitstreams, to support changes
in the mode of operation of the FPGA - based on received data from the system computer
over Ethernet. No interface was developed for the use of flash memory. Furthermore, pe-
ripherals DAC were explored briefly, but considering the main outcomes of this work, it
is excluded from the scope. Other out-of-scope peripherals include; all additional ADCs
(apart from the 16-bit ADC used for RF sampling) and all FireWire and VGA related
peripherals (dated technology).

This work therefore makes use of the primary RF sampling ADC and the Ethernet PHY
peripherals as its main interfaces. Switches and push-buttons are used to simulate variable
user input parameters as a proof of concept. Other in-scope peripherals include; clocking
peripherals, digital and analogue 10 peripherals, and RF-side interface peripherals (such
as receiver step attenuators and switches).

The literature reviewed in this report is aimed and setting a basis for future work and
to provide context to the work as a whole. It lists considerations for future work that
is not within the scope of implementation. It does however not go into detail on the
SuperDARN data product and other signal processing done post-capture. Furthermore,
the scientific background of the operation is summarised from an engineering perspective
and does not include the advanced theory of the interaction between RF signals and the
earth’s atmosphere, nor does it detail the complex nature of the atmosphere with respect
to plasma.
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1.6 Software and Hardware

Primarily, this project is based on a single transceiver box, closely based to the transceivers
in use at SANAE at the time of writing. The transceiver includes a Virtex-5 XC5VSX50T
FPGA, and other supporting interface peripherals. The hardware is further detailed
within the main body of this work.

Verilog is used to reconfigure the FPGA and was written and synthesised using ISE
Project Navigator Version 14.7, on Windows 10. ISE is officially only supported for
Windows 7/XP/Server and limited Linux distributions. Apart from small bugs (such
as occasional crashes), the installation of Windows 10 was functional. Xilinx currently
supports a newer design suite which is not compatible with the Virtex-5 family.

A signal generator (Agilent 33250A) was used to produce test signals up to 80 MHz
in frequency. A digital oscilloscope (Agilent MSO9104A) was used to measure up to 16
digital channels and up to 4 analogue channels, rated at 1 GHz and 20 GSa/s.

The capturing of data transferred over Ethernet from the transceiver was done using
Python 3.7, and the processing of the stored data was done using MATLAB 2019. Wire-
shark was used to analyse the header information of the data packets, the transmission
parameters (such as data rate), and for general debugging of the Ethernet interface.

The hardware specifications for the PC in use are given below:

System Model: Dell XPS 13 9370 Laptop
Processor:  Intel(R) Core(TM) i5-8250U CPU @ 1.60GHz (8 CPUs), ~1.8GHz
Memory: 8192MB RAM
OS:  Windows 10 Home 64-bit (10.0, Build 18362) (18362.19h1 release.190318-1202)
GPU: Intel(R) UHD Graphics 620
Storage: SSDPEKKF256G8 NVMe INTEL 256GB

1.7 Technical Requirements

A considerable part of this thesis concerns research of the TIGER-3 radar in its current
state. The thesis also concerns the design of a listening mode. The design aspect of this
project requires a clear set of technical requirements. For this project to be deemed a suc-
cess, the results obtained and detailed in this thesis need to show that all the requirements
were met. The requirements are detailed here.

External Peripherals

External to the FPGA, peripherals are used to provide and alter inputs and outputs to
the FPGA according to the requirements of the radar.
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e The relevant switches must be programmed to enable the RF input path and the
input attenuation must be adjustable to ensure that the ADC’s full dynamic range
is used. The switching and attenuation abilities of the system must be fully char-
acterised for future work.

e The ADC must be programmed to operate given the predefined pin configuration
on the TIGER-3 board.

e The above requirement also applies to the Ethernet physical layer. The configuration
must allow for the full gigabit Ethernet data rates to be achieved.

FPGA resources

There are FPGA hardware limitations in the form of available FPGA fabric space and
dedicated primitives.

e Appropriate primitives must be used in the design to improve results.

e Resource usage must be detailed for the complete design.

Clocking

Implement a digital clock manager (DCM) to make effective use of the clocking periph-
erals.

e The required clocking frequencies need to be generated.
e Generated clocks must be forwarded to the relevant modules.
e Clock errors need to by minimised to ensure that phase errors are suppressed in
synthesised waveforms.
Numerically Controlled Oscillator

A numerically controlled oscillator (NCO) is responsible for the synthesis of sinusoidal
waveform samples.

e [t is a requirement that the synthesised signal will not be constant in frequency, but
rather be adjustable by the user.

e The tuning of the output frequency must account for the base banding of the full

range of transmit frequencies with applied doppler shifts. This approximates to 8
MHz to 17 MHz.
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Digital Filtering and Basebanding

A digital filter must be implemented to to sufficiently allow for clean basebanding and
sample decimation by the suppression of stop-band frequencies. The specific stop-band
suppression required for the SuperDARN in unknown due to the lack of measured data.
Therefore, the requirements will not contain specific values.

e A narrow-band filter must be designed to maximise sample decimation while ob-
taining information for the expected Doppler shift range of 100 Hz.

e In addition to the narrow-band filter, a wide-band filter must be designed and
tested for potential wide bandwidth applications. The requirement is to determine
the maximum bandwidth that could be measured by the system.

System Noise

The two primary sources of noise are introduced into the receive chain are; analogue noise
introduced by components such as the radar’s power supply, and digital noise introduced
by the digitisation of the signals and the basebanding process.

e The analogue noise in the system must be measured and the source of the noise be

identified.

e Where possible, noise must be suppressed and the effects of the noise on the final
output must be analysed.

Ethernet Interface

The capabilities of Ethernet interface determines the maximum data rates available for
the system output.

e An Ethernet protocol should be chosen and implemented to maximise data rates.

e The true maximum data rate should be determined for future work.

Supporting Software

Receiving data from the radar is critical for confirming the working of the Ethernet
interface and many other aspects of the system.

e Software must be developed to run on a personal computer in order to capture and
log data received from the TIGER-3 board.
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1.8 Plan of Development

This report contains seven chapters to detail the supporting literature, the design process
and the final results.

Chapter 2 presents supporting literature to provide context to the project from a sci-
entific and engineering perspective. Propagation theory and an overview of the digital
version of the SuperDARN transceiver is detailed.

Chapter 3 builds on the literature by introducing design models and technical theory.
The mathematical radar model is derived with special attention given to the IQQ demodu-
lation receiver architecture. Related processing techniques such as Doppler processing and
ACF functions are detailed, and is followed by an explanation of the SuperDARN-specific
processing techniques. The mathematical models are followed by the communication
models used for the Ethernet interface - detailing each network layer used. The chapter
ends with further design considerations concerning the FPGA hardware and the reconfig-
uration thereof.

Chapter 4 details the design implementation process. It presents each primary Verilog
module written for the system to operate as a listening mode. A system overview is pro-
vided, followed by a sub-chapter detailing each primary task of the design. The chapter
concludes with a description of the PC receiver interface.

Chapter 5 presents the results that were obtained for each of the design elements. The
measured results are accompanied (where applicable) with simulations to confirm the va-
lidity of the results. The chapter concludes by detailing the FPGA resource usage for this
implementation.

Chapter 6 details the discussion of the results obtained in Chapter 5. Finally Chap-

ter 7 concludes the project by drawing conclusions from the aforementioned discussions
and providing recommendations for future work.
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2 Supporting Literature

This section focuses on the theoretical background of this study. It is divided into two
subsections; the first will detail the physical composition of the ionosphere and the in-
teraction of HF radio waves with it. The second subsection details the working of the
SuperDARN from a scientific point of view, and stating some of its primary use cases.

2.1 HF Propagation and Backscatter in the Ionosphere

Ionospheric propagation, although important for the operation on the SuperDARN, does
not affect the outcome of this study. This section therefore exists to provide context for
the project from a scientific point of view. Backscatter depends on the physical properties
of the transmitted wave and the ionosphere, which is discussed here.

2.1.1 The Ionosphere

The ionosphere forms part of the earth’s atmosphere between 75 km and 1000 km in alti-
tude. High energy particle collisions and solar radiation causes the ionisation of the gasses
in the ionosphere [12]. The free electrons, being much lighter than the ions, characterise
the interaction properties of the ionosphere with HF radio waves. Counter mechanisms
cause recombination of the electrons resulting in varying electron densities in the iono-
sphere. The resulting density layers and their respective altitudes are shown in Figure
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Figure 2.1: Ionospheric electron density height profile.
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During the night, less ionisation occurs and only the E and F (combined F1 and F2) layers
are observed. During the day, more ionisation occurs and all layers are observed. During
the day the F layer divides into two parts [2] [20]. More information on the ionisation
and recombination effects can be found in Thomas Dusterwald’s work on Riometers [12].

Plasma is a fourth state of matter [21] that can be defined as: “a quasi-neutral ionised gas
that exhibits a collective behaviour”. It is “quasi-neutral” because even though it consists
of ions and free electrons; the collective, viewed at a distance, is neutrally charged. Solar
energy forces cause electrons to move away from the nuclei but electrostatic forces counter
that motion. The result is that electrons undergo oscillatory motion. This oscillation is
defined as the plasma electron frequency, wy,. [22]. It is given by

nee?

[rad/s] (2.1)

w =
pe Mme€o
where m, is the electron mass, ¢ is the permittivity of free space and n, is the number
density of electrons per em3. For the ionosphere it approximates to

w

fro = S = 9.98/N, [Hz] (2.2)

where N, is the number density of electrons per m?

Figure shows the plasma electron frequency as “plasma critical frequency”. Radio
waves are reflected if the frequency of the incident wave is less than that of the plasma
electron frequency [20].

2.1.2 Plasma Convection

The geospace is a region around the earth that is directly effected by the solar wind from
the sun [23]. It includes the earth’s magnetic field which protects it from solar wind.
The sun pushes fully ionised hydrogen/helium plasma towards the earth, and with it
comes the interplanetary magnetic field (IMF). The earth’s magnetic field acts as a bar-
rier against the IMF and the interaction between the magnetic fields have complex effects
on the geospace. Phenomena such as magnetic reconnection, plasma waves, ionospheric
convection and aurora are all products of this interaction.

The electric field lines across the magnetosphere are perpendicular to the magnetic field
and point from dawn to dusk. The E x B field results in a Lorenz force driven convection
within the ionosphere [23]. The convection creates two or more global scale convection
regions/cells, the placement and shape of which depends on the direction and state of the
solar wind. The idealised two-cell model for the North pole is shown on the left in Figure
2.2 These and other ionospheric effects occur over 100s to 1000s of kilometres and are
highly variable in both time and space. In order to observe these effects; it is therefore
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Figure 2.2: Left: Ideal Plasma Convection Cell for the North Pole [24]. Right: An example of plasma
convection readings taken from the SuperDARN for the South Pole [6].

critical to have a measurement system that can meet the time and space requirements.
As is discussed further in Section [3, a radar can meet these requirements under certain
circumstances.

2.1.3 HF Ionospheric Propagation

The propagation of radio waves through the ionosphere is not well understood due in-
stability and inconstancy of the ionosphere’s structure. The SuperDARN website makes
use of the IRI model [25] of plasma density to plot predicted ray paths for their radars.
The IRI is a semi-empirical model that makes use of historical data to extrapolate un-
measured properties of the ionosphere. It is commonly used but its reliability (especially
in the Antarctic regions) has been questioned. An example of a ray trace for SANAE is
shown in Appendix [A] A simplified illustration is given in Figure [2.4]

Ionospheric irregularities of interest appear parallel to the magnetic field lines [23]. The
reflections from these irregularities undergo Bragg-scatter interference. Bragg-scatter is
illustrated in Figure 2.3l Given an incident angle 6, the reflection from each surface will
constructively interfere if

nA = 2dsinf (2.3)

where n € N, )\ is the wavelength of the incident wave, and d is the distance between the
reflective ionospheric irregularities.

The conditions are however greatly simplified by the reflective properties of the iono-
sphere for coherent backscatter. The requirement is that the incident wave needs to be
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Figure 2.3: Bragg scatter of point targets.

orthogonal to the magnetic field lines (along which the irregularities occur) to maximise
backscatter [2]. At low latitudes, radars typically make use of ionospheric refraction to
bend the incident wave to meet the orthogonality condition at higher altitudes. UHF and
VHF waves undergo little to no refraction and therefore are not well suited (see Figure
[1.2). In order to receive backscatter from the high-altitude regions of the ionosphere, HF
is very well suited [26].

The angle at which the HF waves enter the ionosphere will effect the altitude that the wave
reaches before becoming orthogonal with the magnetic field lines. Figure illustrates a
simplified overview of the effects that the elevation angle has on propagation.
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Figure 2.4: Ideal two-hop HF propagation ray paths for the SuperDARN.

The electron density variation in the ionosphere and the large vertical beamwidth of the
radar causes multiple ray paths. When HF transmitters are used as communication sys-
tems, they can make use of up to two hops to transfer information thousands of kilometres
over the horizon and back to the earth’s surface [1]. The radar can make use of ionospheric
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backscatter from the second hop, although it was found that this only forms a very small
fraction of the total backscatter [26]. The ground area illuminated by the radar is called
the “footprint” of the radar, and is one of the main sources of backscatter.

The work done by Tighe Barris (see Section allows the radar to determine at what
angle certain types of backscatter is received. This can be used to cancel backscatter
that is not of interest to the operator, or provide valuable information on the state of the
ionosphere. In contrast, Thomas Dustewald’s work on a riometer mode for the Super-
DARN relies only on the natural radiation from the ionosphere directly above the receiver.

The irregularities, providing the backscatter, drift with the background plasma motion.
Therefore Doppler processing is used distinguish between ionospheric convection and
ground scatter in the radar readings. The processed Doppler readings can then be used
to generate plasma convection maps, shown on right of Figure 2.2 Studying these maps
have greatly aided researchers in gaining a better understanding of the earth’s geospace
and the effects of the solar wind [5].

Given all the above conditions to maximise backscatter; it is important for the radar
to be frequency agile in order to adapt to ionospheric changes, and keep with scientific
research requirements.

2.1.4 Additional SuperDARN Data Products

The data obtained from the SuperDARN has provided useful results for research other
than plasma convection [27]. Some of those research areas are mentioned here.

Travelling Ionospheric Disturbances (TIDs): In the case of TIDs, the reflections
from the ground are studied. The non-uniformity of the ionosphere can focus the rays on
specific ground locations producing dominant ground scatter at specific ranges.

Polar Mesospheric Summer Echoes (PMSEs): The Antarctic mesopause is located
at 90km to 110km altitudes. The mesopause’s sensitivity to climate change has made it
a very important research interest in recent years. Backscatter from the mesopause was
first identified from the Syowa east radar in 2002.

Ultra Low Frequency (ULF) Pulsations: Another product of studying the ground
scatter from the SuperDARN, comes from studying the ULF Doppler from the ground
scatter. This low frequency Doppler component originates from the ionosphere’s vertical
motion. It is well monitored by magnetometers but properties such as the morphology,
phase and group velocity can only be determined by the SuperDARN.
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2.2 SuperDARN Radar Operation

Each SuperDARN radar is a monostatic pulsed radar that makes use of antenna arrays
to produce narrow, electronically steerable beams. In the case of the TIGER-3 (discussed
in Section , a 16 element Twin-Terminated Folded Dipole antenna array (shown in
Figure and Figure is used to provide a field of view of ~ 90° in azimuth and
~ 50° in elevation, with each beam providing ~ 3° in azimuth (at 14 MHz). It provides
range in excess of 5000 km with 110 range gates. The effective radiated power in the
main lobe direction is ~ 10 kW at 12 MHz (2.4 kW x 16 transceivers). Typically, the
radar operates in fixed frequency mode but can transmit at 8-17 MHz to accommodate
changing ionospheric conditions [10] [23] [13].
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Figure 2.5: Tllustration of a SuperDARN TTFD antenna element [Provided by SANSA]
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2.2.1 TIGER Digital Radars

The evolution of the digital version of the TIGER radar was first proposed by J. Whit-
tington et al. in 2002 [28] and was in development to around 2015; when support and
development of the radar stalled after the 3¢ generation TIGER-3 radar was implemented.
Much has changed about the radar architecture, and much of the radar’s present hardware
has become obsolete.

A digital version of the existing TIGER radar was proposed in a time when digital signal
processing (DSP) systems, making use of application specific integrated circuits (ASICs),
was becoming the norm for technologies like mobile phones. The initial fabrication cost
of ASICs is far too high to be used for low volume production such as for SuperDARN
radars. An alternative to ASICs is field programmable gate arrays (FPGAs) which, due
to their reconfigurable nature, have more use cases and are therefore more economical to
fabricate and buy for low volume applications [28].

The aim of the TIGER project was to improve on the conventional analogue design in
the following ways: [15] [28]:

e Using a digital signal synthesiser results in greater frequency output control and
higher signal quality.

e Phase adjustments for beamsteering can be controlled and calibrated for each transceiver
during run-time.

e Sidelobes are reduced by using a digital windowing function on the transmitted
signal.

e Digital control panels can keep track of the state of the system.

e High order digital filters are adjustable, reliable and robust.
The TIGER-3 makes use of a Xilinx Virtex-5 FPGA, which is discussed further in the
next section.

2.2.2 An Introduction to Virtex-5 FPGAs

In short, an FPGA device is an integrated circuit containing a large volume of generic
components that can be interconnected through switching networks. The primary logic
components are logic blocks (LBs) which can be used to perform programmable logic
functions based on a set of inputs [29].

The basic architecture of the modern SRAM-based FPGA consists of a matrix of LLBs

and switching matrices (SMs) [29]. I/O pads connect the FPGAs internal blocks to exter-
nal devices. The simplified architecture is shown in Figure[2.7] In the case of the Virtex-5;
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Figure 2.7: Simplified model of a generic FPGA architecture.

LBs contain two ‘slices” which each contain four 6-input look-up tables (LUTS) alongside
other slice elements. Figure shows a functional illustration of a single LUT slice as
an LB. This slice element can be used to perform logic operations as combinational or
clocked (sequential) logic.

LBs and I/O pads are connected through routing channels and SMs. The SMs allow
for each channel to be routed on a specific path. 1/O pads allow for the routed signals to
interact with external devices through buffers, supporting a range of logic standards.

The term ‘primitive’ is used to describe the vendor-specific components of an FPGA.
They may include basic programmable logic components such as LUTs and flip-flops.
Other primitives may include task-specific components such as digital counters, Ethernet
interfaces, high speed DSP tiles and clock management tiles (CMTs) [30].

For clocking purposes, the Virtex-5 is divided into regions. Each region allows for clocking
signals to be connected through global clock buffers to global clocking lines (GCLs). The
GCLs ensure that clocking signals can be transferred between regions optimally, minimis-
ing clock skew and capacitive effects.

The reconfiguration of an FPGA is done by loading a bitstream onto the fabric which fills
the SRAM (labelled as “memory” in Figure and fully defines the operation of the
FPGA [29]. Reconfiguration of FPGAs are commonly done through a hardware descrip-
tion language (HDL). The two major HDLs used are; Verilog (Verification & Logic HDL)
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and VHDL (Very High Speed Integrated Circuits HDL). VHDL is based on Ada which
is an object orientated programming language. Verilog closer resembles C programming.
HDL synthesises into high-level code and optimally maps the hardware according to con-
straints from the manufacturers. A bitstream file is generated after synthesis to load to
the fabric [31].

Integration

Modern FPGA families include higher level fixed silicon functionality built into the fabric.
In the late 1990s it became common for manufacturers to include System-on-chip (SoC)
devices as part of the FPGA fabric to provide CPU processing to designs.

Embedded hardware is often referred to as “hard-cores” and form part of the FPGA
primitives. In addition to CPUs, it may include DSP slices, Ethernet hardware inter-
faces, etc. Hard-cores provide a semi-fixed operational state but offer high speeds and low
space requirements, similar to that of silicon based ICs.

Soft-cores are similar to functions in C-like programming. They are HDL modules that
make use of basic primitives and logic resources to perform specific tasks, based on a
set of inputs and parameters. Soft-cores provide design flexibility and modification, but
are limited by the amount of logic resources and primitives required for synthesis. A set
of soft-cores are made available by manufacturers to perform functional tasks, such as
creating communication interfaces or performing complex mathematical functions [32].

2.2.3 TIGER-3 Platform Architecture

The TIGER-3 transceiver was developed by La Trobe University and the University of
Newcastle and Adelaide [33]. It makes use of a Virtex-5 FPGA on a breakout board con-
taining peripherals, used for radar operations and FPGA reconfiguration. Each transceiver
unit of the radar makes use of an FPGA breakout board and a RF board which connects
to an element in the antenna array.

Much of the design was changed for the current implementation at SANAE. A system-
wide block diagram of the system, as first planned in 2010 [34], is shown in Figure .
The diagram illustrates the hardware chain from the transceiver to the main computer
where the summed receiver data are converted into SuperDARN data.

The system was designed to have interfaces between the transceiver boxes and a main com-
puter. The main computer communicates with a separate “server box”, which contains
its own TIGER-3 board running Linux OS on a SoC CPU. The server box communicates
to the transceivers through switches; transmitting timing and control data and receiving
radar data. It combines the received data and transfers the data to the main computer
through TCP-IP Ethernet and Firewire [34].
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Figure 2.8: Dated TIGER-3 system architecture.

The system architecture underwent multiple changes as development continued. Firewire
was a fast ageing technology that quickly became obsolete. Additionally, hardware lim-
itations rendered the second Ethernet port unusable. The result is that the system im-
plementation changed through the years and the currently implemented at SANAE is
substantially different. The last documented implementation was that of SANAE IV,
shown in Figure 2.9] The current system makes use of a dedicated timing box with an

TrEnsEEvERs (20) | Clock Receiver | _ Ethernet | ciock Distribution o
x20 Board (20 Board Timing Box
uFL : ‘ uFL
»| Switch |«
Connectors (20) Connectors
A
Ethernet 1 |«& p| Ethernet 1
\i
Main
Computer

Figure 2.9: Current TIGER-3 system architecture.

FPGA breakout board identical to the transceiver boards, but housing an oven controlled
crystal oscillator instead of the crystal oscillator used in the transceivers.

The timing signal from the timing box is distributed with equal delay to each transceiver
to ensure that minimal phase error exists between the transceiver boxes. The main com-
puter performs the summing of the receiver data (that was formerly done by the server
box), and communicates with the timing box to initiate timing commands sent to the
transceiver boxes.
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The functions that the TIGER-3 system currently offers are therefore the configuration
of the individual transceivers by the main computer, even clock distribution between re-
ceivers, the triggering of pulse sequences from the main computer and the reception of
the base banded receiver signals.

2.2.4 SANSA TIGER-3 Development Platform

For this project SANSA provided a development platform that includes the Virtex-5, the
TIGER-3 breakout board and the corresponding RF board, and the necessary physical
interfaces to perform as a complete radar transceiver. The transceiver is shown in Figure
2.10L The system is powered through a fan-cooled AC-DC power supply sourced from

Figure 2.10: SANSA’s TIGER-3 based transceiver box.

240 VAC mains. The RF board contains all the periphery used for the SuperDARN on
receive. On transmit; some high power related peripherals are left unconnected. The
peripherals are further discussed in Section [4

2.2.5 TIGER Mark-4

The 4" implementation of TIGER was discussed in a presentation at the 2015 annual
SuperDARN workshop [15]. TIGER-3 was only just implemented and the concept of the
fourth version was only theorised. TIGER-3 largely completed the move to a completely
digital SuperDARN, and TIGER-4 aimed at building on that with new features. A “smart
radar” was proposed - the concept of a self adapting radar that would alter performance
parameters based on real time data analysis.
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2.3 Chapter Summary

Firstly, this chapter detailed the physical properties of the ionosphere with respect to
plasma convection and RF interference. The ionosphere will reflect RF signals given that
the frequency of the incident wave is below that of the critical plasma frequency. In order
to measure plasma convection, relatively large irregularities in the F-region of the iono-
sphere need to be measured. The complex nature of the ionosphere is unpredictable and
not well understood, but it has been shown that the reflected waves will only propagate
back to the radar when the incident wave is perpendicular to the earth’s magnetic field
lines. Furthermore, reflection relies on Bragg-scatter, which means that (for maximum
return) the frequency of the incident wave has to be double that (according to Bragg’s
law) of the spatial frequency of the irregularities. In addition to the above limitations in
frequency, it was shown that only a certain range of frequencies will undergo refraction
in the lower altitude ionosphere. This is important as the refraction of the incident wave
allows for the satisfaction of the perpendicular-wave condition mentioned above. It was
therefore shown that HF (3-30 MHz) is ideal for the measurement of plasma convection.

The second part of this section provides an overview of the physical design of the system.
It briefly covers the antenna formation, corresponding beam parameters, power output,
and operational frequencies of the system. An argument is made for the use of digital
transceivers in stead of analogue transceivers. Digital transceivers provide a host of ad-
vantages, including; system adaptability, accuracy and reliability. The digital transceivers
are based on FPGAs to provide high speed time-accurate outputs. The TIGER-3 plat-
form is the third generation TIGER in a series of developments which aimed to eventually
complete the shift to a fully digital SuperDARN - much has changed in terms of hardware
and software since its inception. An overview of the FPGA architecture was provided,
before the past and present transceiver system designs were detailed. The designs show
the data and clock paths shared between the transceivers and the main processing com-
puter. Finally details were provided regarding the transceiver box supplied by SANSA to
support further development of the system. This box closely resembles that of a single
transceiver used at SANAE at the time of writing,.
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3 System Architecture Description

This chapter concerns the development of supporting models and background theory for
the implementation stages discussed in Section It is divided into three sub-sections
that detail: (1) The development of a theoretical radar model and complex 1Q) signal
representation. (2) The supporting structures for the Ethernet communication link. (3)
The primary FPGA HDL design considerations. The subsections specifically provide
supporting formulae and models according to the hardware on the TIGER-3.

3.1 Radar Model

Directly sampling a radar signal is useful for design simplification and frequency versatility.
In order to make effective use of the sampled signal, a method is required to transfer,
process and store the information. Often a directly sampled signal will contain far more
information than what is required for a band-limited signal. Consider a signal sampled at
8-bits per sample at a rate of 125 MHz; the total data rate is 1 Gb/s. In this section, it is
detailed how the Nyquist Criterion defines the maximum frequency that can be resolved
unambiguously after sampling. Furthermore, it shows how the signal can be manipulated
to minimise the data rate while retaining the frequency band of interest. This simplifies
the transmission and storage stages of the system and is critical to a digital radar’s
operation.

3.1.1 Discrete Analytic and IQ Signal Representation

The Nyquist sampling criterion defines the relationship between the maximum frequency
unambiguously retained after sampling, and the rate at which the signal is sampled. Here,
it is given for a single channel (real) signal, as

_ I

fro =2

(3.1)
where the sampling frequency is given by f,, and fy,, defines the maximum unambiguous
frequency. All frequency components above the Nyquist frequency limit will be aliased
through spectral wrapping - appear as lower frequency components in the sampled sig-
nal. Given a sampled signal (z[n]) with the frequency representation (X|[2]), where
DF {z[n]} = X[Q] denotes the Discrete Fourier transform of the signal x[n];

X[ = X[ + kQnyguist] for kel (3.2)
where (), denotes the discrete frequency samples.

A signal is therefore typically filtered by analogue electronics before being sampled; en-
suring that the high frequency components, which would be aliased after sampling, are
sufficiently suppressed prior to sampling.
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Radar signals are often processed as baseband I() data which makes use of the Hilbert
Transform to produce an analytic signal, which is basebanded through demodulation to
in-phase and quadrature (IQ) data. The process is illustrated in Figure and is further
detailed mathematically below.

[X()| |w()| [Y(F)]

2A 2A
A
f f f
Real Signal Analytic Signal IQ baseband

Figure 3.1: Illustration of the spectral content of a signal at specific processing stages for 1Q down
conversion

A real continuous-time signal (z(t)) is fully described by its spectral representation (X (f))
for f > 0, because of the spectral symmetry; X (—f) = X*(f). The analytic signal (¥(f))
is a mathematical signal representation of a real signal that only makes use of the positive
spectrum [35]. It is given by

2X(f) for f>0

U(f) =4 X(f) for f=0 (3-3)
0 for f<0

In order to write ¢(f) in a format that may be inverse transformed, a second spectral
signal Y (f) is defined such that ¥(f) = X(f) + Y (f) and thus

vin = -xn={ ) o 170 (3.4)

which can also be represented in complex exponential notation as

e I 2X(f) f 0
SR i A (5.5)
A function X (f) is defined for Y(f) = jX(f), and is therefore given by
A —iT/2 X f 0
S0 ={enx ()t 120 5

Making use of the above derivations, a time-signal representation can be derived as
w(t) = F U} = FHX() +iX (N} = 2(t) + ja () (3.7)

where both z(t) and Z(t) are real functions (since z(t) has conjugate symmetry). Z(t)
is known as the Hilbert Transform of z(¢) and can be found by phase shifting x(t) by —90°.
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IQ signals are basebanded analytic signals - where the analytic signal is demodulated
(further discussed below) to be centred about DC. Due to the non-symmetry of the 1Q
signal spectrum; the information is processed in real (I channel) and imaginary (Q chan-
nel) components. The spectral width is halved in the process and therefore the Nyquist
criterion (Equation is relaxed to

fae = fs. (3.8)

Shifting the spectral content of a signal can prove critical for limiting the spectrum and
decreasing the required sampling rate of a signal.

The frequency shifting of a signal z;(¢) can be achieved by multiplication with a complex
exponential signal z5(t), given by

To(t) = ¥t = cos (2m fot) + jsin (27 fot) (3.9)

where f,. defines the frequency of the tone. The Fourier transform of the time-multiplication
of two signals is the convolution of their transforms. The operation is given by

Y (f) = F{zi(t)z2(t)} (3.10)
= Xi(f) ® Xa(f)
=Xi(f)®(f - fe)
=Xi(f = fe) (3.11)

The spectral content of X;(f) is shifted by f.. Note that z;(t) is a complex signal and
therefore y(t) is also complex.

In practice, digital frequency shifting is done by the element-wise multiplication of sam-
pled signals by samples from a digitally synthesised signal. Aliasing from the Nyquist
criterion will result in a circular shift of the spectrum. Consider a sampled signal z[k]
with the DFT pair given by DF{xz[k|} = X[€]. Furthermore, consider Equation
which shows that the spectral domain of X [Q] repeats at Qnyquist (represented here by
N - the number of samples in the transform). The periodic extension of X[()] is given
by [30]

X[Q,] = X[Q, mod N] = X[((Q) )] (3.12)
where n mod N and ( (n) )y are taken to mean n modulo N, which has the value of the
remainder after n is divided by N. Therefore, the discrete equivalent to Equation [3.10]is
given by

1 N-1
Y[Q] = DF {ma[nes[n]} = £ > Xa[Q]Xo(( (k= Q) )x)]. (3.13)

Qs=0

The operation is shown graphically in Figure [3.2] by making use of the fast Fourier
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transform (FFT) to approximate the discrete Fourier transform (DFT).

x,[n] 1 %,[n] x,[nJx,[n]

: J?T%@

-0.5

i
o=

-1

0 10 20 30 40 50 i 0 10 20 30 40 50

X,le]]

Figure 3.2: Multiplication of X; by a tone signal (X3) to produce Y.

3.1.2 Basebanding and Decimation

In Figure a signal (x;) was translated up in frequency. On receive, digital radars
typically down convert to baseband, filter the signal, and down-sample. The process is
illustrated in Figure |3.3]

1) Input Signal (3) Digital Filtering
‘ \ BDLPF
2y e e ™ 0 fi
(2) Basebanded Signal (4) Down-Sampling
R

-2f 0 f, -4f, -3f, -2f -, f 2f 3f, 4,

“hyq o Nyq Nyq_2 Nyq_2 Nya_2 Nyq_2 Nyq_2 Nyq 2 Nyq_2 Nyq_2

Figure 3.3: Baseband demodulation steps.

Each step is discussed here:

1. The input signal is illustrated by the shaded spectral range, limited by a hardware
low-pass filter (LPF). The signal band of interest is highlighted in dark blue. At
the initial sampling rate, the Nyquist frequency fy,, is sufficient to prevent aliasing
after the hardware LPF.
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2. The input signal is then basebanded by an analytical demodulating signal at a
frequency of — fj.

3. Digital low pass filtering removes the image on the left and all other spectral content
that underwent circular convolution in the basebanding process. Only the green
shaded region contains spectral content after the filtering.

4. The band limited signal may then be down sampled without the risk of aliasing. A
new Nyquist rate is set at fnyq2. The result is a low sample rate I-Q) representation
of the band of interest.

3.1.3 The Radar I-Q Model

For a typical radar mode of operation, a signal is transmitted from an antenna and echos
are received from N scatterers. Each individual scatterer (n) produces an echo at 7,, that
is identical to the transmitted signal (vrx), but attenuated by a, and delayed in time.
The transmit-receive relationship is given by

URx(t) = Z aanX(t — Tn) (314)

n=1
for a discrete set of scatterers. 7, is given by

2R,

c

T = (3.15)
where R, is the one way range to the scatterer and c is the propagation speed of the wave.

The attenuation is related by
G20, )2

where G is the gain introduced by the antenna (given that the same antenna is used for
transmit and receive), o is the radar cross section of the scatterer and A is the transmitted
wavelength [35].

The Radar Receiver

The translation of the received signal spectrum by fy to the left is expressed mathemati-
cally as

Vis(f) = Vax(f + fo) (3.17)

Following with the steps illustrated in Figure |3.3} a low pass filter is then applied to
extract the basebanded signal

[ Vbb(f) ]LPF = VRX(f + fo)HLPF(f) (3'18)
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where Hy pr is the transfer function of a low pass filter. In the time domain this operation
is given by

[vw(t) ] pr = vRx (t)e 7™ @ hypp(t)
= vpx (t)[cos (27 fot) — 7 sin (27 f,t)] ® hppr(t)
= [vpx(t) cos (27 fot)] ® hrpr(t) — jlvrx (t) sin (27 f,t)] ® hrpr(t)
= 1(t) +jQ(1) (3.19)

Within a digital radar system, the received signal is typically sampled by one or more
ADCs and basebanded by a demodulation signal that is generated digitally. The digi-
tal signal synthesis component (used to create the digital demodulation tone) is known
as a numerically controlled oscillator (NCO). The demodulation signal is phase shifted
(Hilbert-Transform), which is used as an analytic demodulation tone for basebanding.

Transmission

Frequency translation techniques are also useful for the transmission of signals in radar
systems. A digital radar can make use of analogue signal multiplication to shift a digitally
produced baseband signal to a transmit frequency. The produced (in IQ format) can
be translated up in frequency by multiplication with a (complex exponential) sinusoid.
However, a real signal is required for transmission. Making use of the real component of
the complex signal will result in the spectrum of the complex signal being conjugated and
mirrored about the vertical axis. Mathematically the real signal output is given by

vrr(t) = R {p(t)e” !}
= R{(L,(t) + 7Qp(t)) (cos (2w fot) + jsin (2mf,t)) }
= [,(t) cos (27 fot) — Q,(t) sin (27 f,t) (3.20)

where vrp(t) is the transmitted signal, p(¢) is the complex baseband digital signal, mul-
tiplied by e/27/ot,

Analogue frequency shifting and demodulation is not essential for a radar that can digitally
produce or sample a signal at the transmit/receive frequency. This is further discussed in

Section [3.1.4]

3.1.4 TIGER-3 Digital Radar Transceiver Model

It should be clear from Section that I-Q data signal representation does not add or
remove signal information. Working with real signals is acceptable given that the sampling
criteria are met. Typically, analogue frequency shifting allows for 1Q) analogue-to-digital
conversion (real and complex channels), which means that the total bandwidth in each
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channel is halved. The Nyquist criterion is therefore relaxed at the cost of requiring twice
the sampling hardware.

Further reason to make use of baseband IQ signals, is that digital filtering is simpli-
fied at baseband for digital circuits. The reason for this is that low pass filters are more
efficiently implemented digitally than band-pass filters.

For the Tiger-3 SuperDARN radar, the hardware supports the rate required for direct
sampling on receive and transmit. However, the data product for the SuperDARN is in
IQ format, and therefore this project will make use of IQ) data. The radar model designed
for this project is shown in Figure On transmit, no frequency shifting is required

ADC [ LPF |

Antenna &

RF Switch | K >

<%

fout

| NCO |_| Pulse Shaping |—> pac | e |

Direct Sampling DSP Hardware

Figure 3.4: Typical digital radar transceiver model with baseband demodulation.

and the only task is to ensure that the transmit signal is correctly phased and shaped
according to the mode of operation.

3.1.5 Moving Targets

The radar model has been derived for stationary targets, and the received signal is given
in Equation [3.14 However, the SuperDARN is primarily used to measure Doppler shifts
in the echos received from moving ionospheric irregularities. This section will expand on
the stationary target model to accommodate moving targets [35]. Consider the received
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signal for a signal point scatterer, given by

URx(t) = a UTx(t - td) (321)

where t; is the variable two-way delay introduced by the moving targets during the time
frame that the pulse makes contact with the target. R(t) denotes the target range as a
function of time and is given by

R(t) = Ry + vt (3.22)

where R represents the range of the target at the time (fs.) that the pulse first makes
contact with the target. This occurs when R(t) = ct, and tg.ke 1S given by

Ry

cC—0

(3.23)

Lstrike =

The pulse is compressed or expanded as the time delay (¢;) changes with R(t), during the
time that the pulse interacts with the target. The variable delay (¢4) is therefore given by

_2R(t—ta) _ 2(Ro+v x (t— 1))

t = 3.24
d c—v c—v (3:24)
which, when solving for ¢4, results in
2 2
b= (Ro + vt) _ R(t) (3.25)
c+v c+v
Substitution into Equation |3.21| produces
2(R0 —|— Ut)
t) = t— —=
vpx (1) aUTX( cto )
c—v 2R,
— ¢ _
avrx( [c+v] c+v)
c—v 2R,
= t—
avTX(c#—v{ c—v])
= avrx(alt — 7)) (3.26)
where the time delay (7) is given by
S (3.27)
c—v
and, since v/c < 1, the stretching factor (a) estimates to
_c—v _l-w/c _ 2v (3.28)

c+v  1+v/c c
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Similarly,

~1+ — (3.29)
The energy in the signal theoretically should remain constant for a perfect scatterer.
For the conservation of energy; the return signal amplitude will decrease for a positive

(away) radial velocity and increase for a negative velocity, to accommodate for the time-
compression or expansion. The received energy (Egrx) is given by

RRX —/ |URX< )’ dt
— [ aurx(aft - 7)) Pat
7/ |UTX |2dt

2
E
=X (3.30)
o

The energy in the signal from a stationary target is calculated by changing the received
signal in Equation to
’UR)((t) = CL()UTX(t — 2R/C) (331)

where ag is range dependent. Therefore
Erx = ayErx (3.32)
and since Frx = FEgrx for energy conservation;
a = agya (3.33)

The Fourier Transform of the received pulse is given by

Vex(f) = {GO\/aUTX(Oé[ ])}
= apv/a F {vrx (aft — 7))}

=75 Vix ( i ) et (3.34)

Considering Equation [3.29, and since v < ¢,
2v
Vrx <£> ~ Vrx (f + Cf) (3.35)

The Doppler shift (fp) of the receive signal characterises the radial velocity of a target
and is given by [35]

fp= —fo (3.36)
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3.1.6 Doppler Processing

Section detailed the presence of a Doppler shift in the received signal from a moving
target. It is critical for the SuperDARN to be able to measure the Doppler spectrum
of the ionosphere (see Section . In practice, radar Doppler processing makes use
of multiple echos to better resolve the Doppler frequency of the signal [I]. Consider the
Fourier pair for the frequency representation of a square pulse time-signal. It is given by

F {rect (i)} = Tsinc <a)27> (3.37)

where sinc(z) = sin(z)/x represents the sinc function. A radar transmitter may make use
of a periodic pulses to measure both Doppler and range from the received signal. Practi-
cally, only a finite set of pulses can be processed to obtain Doppler information (five pulses
are considered in the example given in Figure . Consider the frequency convolution
that occurs with time multiplication; the limited sequence of modulated pulses can be
represented as the multiplication of a high frequency continuous signal, a train of small
pulses and one large pulse. The resulting spectrum is shown in Figure [3.5]

The Rayleigh bandwidth of a pulse (given by dd o %d) defines the bandwidth occu-
pied by the pulse’s spectral representation. It can be used to roughly define Doppler
resolution in this case. It shows that Doppler resolution is improved by increasing the

number of pulses processed [1].

Just as range ambiguity depends on the pulse repetition frequency (PRF) of the pulse
sequence, so does the Doppler ambiguity. The Doppler spectrum repeats at the PRF [1].
The choice of PRF therefore introduces a trade-off between Doppler-range ambiguity. It
is for this reason that typical pulsed radars are not well suited for the SuperDARN: The
SuperDARN typically measures backscatter from 100-4500 km in range and the velocity
of the plasma can exceed 2 km/s [37]. If the corresponding Doppler readings of 186 Hz is
required then the PRF needs to be set to at least 377 Hz, which then limits the maximum
unambiguous two-way range to 400 km.

To solve the range-Doppler limitations, the SuperDARN makes use of a pulse sequence
with staggered pulses resulting in unique PRFs (detailed in Section [3.1.8). The signals
are processed using correlation functions, detailed in Section [3.1.7

3.1.7 The Auto-Correlation Function

To determine the presence of an echo in a noisy received signal, a correlation function is
used to maximise SNR at time-delays where the received signal is well correlated to the
transmitted signal. The majority of SuperDARN literature refers to the function as an
auto-correlation function. Strictly this is the incorrect term to use for the function, as
auto-correlation refers to the cross-correlation of a signal with itself. In the case of the
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Figure 3.5: Doppler spectrum for a truncated pulse sequence [I].

SuperDARN the received signal is cross-correlated with the transmitted signal. In order
to stay consistent with supporting literature the terms are used interchangeably. In the
case of the SuperDARN the correlation is performed for a sequence of pulses, as discussed
in Section [3.1.8, The cross-correlation (R, (7)) of two signals (z(t) and y(t)) is given by

o0

Ray(7) = / 2 (#)y(t + 7)dt (3.38)

—0o0

The auto-correlation function (ACF) defines the cross-correlation of a signal with itself.
The ACF of an energy signal is shown to be Fourier pairs with the signal’s energy spectral
Density (ESD) [38]. The ACF of an energy signal x(t) is given by

Ru(r) = / T ()t + 1) db (3.39)

—00
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The Fourier transform produces

F{R.(7)} = / T)e ¥T dr

- /,OO {/ " (t)x(t +7) dt)}e—jwr ir
:/OO {/OO t—|—7—ejwt+7-]d7_)} —

_/ £)X (w)e 77 dt
)X( ) = X (w)f? (3.40)

where | X (w)]? is the energy spectral density of z(¢). The ESD is therefore the squared
magnitude of the Fourier transform of the x(¢), and can be used to measure a Doppler
shift in the spectrum. The SuperDARN makes use of the ACF function to integrate mul-
tiple received pulses. Echos measured by the SuperDARN are received with inconsistent
phase offsets and therefore time-signal pulse integration can not be used. The ESD is
independent of phase and provides an effective method of integration. More details about
the phase inconsistencies are detailed in Section [3.1.8|

3.1.8 SuperDARN Pulse Sequence

The range-Doppler limitations were detailed in Section [3.1.6f The SuperDARN solves
this problem by making use of a pulse sequence. Although not directly relating to the
outcomes of this project; this section provides a detailed description of the pulse sequence
as it forms a critical part of the SuperDARN’s operation. The scope of this study accom-
modates research that may support future development. Future work on the transmit
chain of the transceiver will rely on the theory detailed here.

The SuperDARN pulse sequence is chosen to ensure that the time differences (lags) be-
tween any two pulses in the sequence are unique. The SuperDARN at SANAE makes use
of the katscan-8 pulse sequence [37] which consists of a total of 8 pulses. The transmis-
sion sequence is shown, as measured from the current system, in Appendix [B] Pulses are
transmitted according to a lag pattern and the receiver is enabled between the individual
pulses. Figure illustrates a 3 pulse sequence with lags given as 7 and where dy denotes
the range of interest.

Note that dy is illustrated at a range that results in the reflected pulses returning af-
ter the transmission pulses have all been transmitted. Realistically, the range gates under
test will be close enough for t; to appear well before ¢ty + 37. The grey blocks show
scattering at unwanted ranges that overlap with the echos from the range of interest -
marked in red. The grey reflection are known as cross-range interference (CRI), which is
unavoidable for any pulse sequence.
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Figure 3.6: Left: 3-pulse sequence range-time plot. Right: Pulse sequence lags.

In Figure , a two pulse sequence is shown. The pulses (P11 and P12) are separated

«t
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|
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prol 1%

Figure 3.7: Two-pulse, single sequence return.

by time, t. Now consider two pulse sequences, second sequence having pulses P21 and
P22. The return pulses (S11, S12, 521, S22) of two consecutive pulse sequences can be
mathematically represented by

Sll 512
S21 522

Aqeitr A, el(drtwr)
= [A;Eim A;Gi(@—l-wﬂ (3‘41)
where ¢,, indicated the phase of the returned signal, and A, the amplitude. Note that
¢1 # ¢o, but that wr is assumed to remain constant between the two sequences. w7 di-
rectly relates to the velocity of the plasma being measured. Therefore, simply integrating
pulse sequences would result in the destructive summation of the random phase compo-

nents (¢,).

The ACF is given by R(.p)., where a and b denote the signals being correlated in ref-
erence to pulse sequence c. Hence

[R(ml R(Lz)l} _ [511511 51251‘11

R(171)2 R(1»2)2 B S2155;  S22.55,

A2 Aleier
which allows for integration, after the removal of the random phase factor.

Now, consider the effects of range aliasing. Given two areas of backscatter, such that
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Si1 from the first area arrives at the same time as Sj, from the second area (areas spaced
ct/2 apart). If B, (amplitude) and ¥, (phase) denotes the parameters of the reflection
from the secondary scatterer,

S Sw] _ [ Ayeieen 4 et (3.43)
So1 Saa| A2€i¢2 AZGi(¢2+w7) + 326“92 .
and therefore | |
Rayy, Rag,| _ A} Al + A; Byeih1—91) (3.44)
R, Rz, B A% A%eiw + Ay Byei(P2=¢2) .

The random phases of the second term (containing B,) will statistically tend to cancel
out after multiple integration steps.

Furthermore, consider the extension of the current model to 3 evenly spaced pulses. The
reflections are then given by

Sl Aeid’
Sy| = Aell@terim) 4 BeW (3.45)
SS Aei(¢+2w17) 4 Bei(19+w27') +Cfei§

where R; can be calculated by Ry = S3S57 and R; = S555. Note that range ambiguity for
the sequence is unavoidable. Finally, extend the model to a unique-lag 3 pulse sequence

(shown in Figure where

Ry 535§ A%+ ...
R2 o SQS; - A2etwnT + ...
R3 - SQSS B Aze’?wlf + - (346)

R4 5358 A2€i3w17 + -
with the random phase terms not shown. R, therefore provides the discrete lags for the

ACF function with the random phase terms attenuating after the integration of multiple
readings.

It is therefore shown that an evenly spaced pulse sequence produces all ACF lags but
that the range aliasing exists for every lag. The unique-lag sequence solves the range
aliasing problem at the cost of the following:

e You get missing lags for large pulse sequences (unless there are repeated lags).

e The random phase terms are only effectively removed after multiple integration
steps.

As shown in Section the Fourier transform of the ACF can be used to measure a
Doppler shift in the echos. The SuperDARN does, however, not make use of the Fourier
transform. A FITACF function was developed to estimate the spectral properties directly
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from the ACF phase data [39].

The 3-pulse sequence lag pattern illustrated in Figure is given by P,—3 = [0,1,3].
The typical katscan parameters are detailed in Table The first 24 lags are considered

Table 3.1: SuperDARN pulse sequence parameters.

Number of pulses | 8

Pulse Pattern P,—s =[0,14,22,24,27,31,42, 43]
Lag width 7 1.5ms

Pulse width 0.3ms

for the final ACF data product. For the katsacan sequence lags 6 and 23 are missing in
the first 24 lags. The ACF function is applied around each lag with reference to a spe-
cific range bin. Since the input to the ACF is complex I-QQ data the output is also complex.

An example of the 8-pulse ACF output is shown in Figure 3.8, Two lags are missing
and a further four are not considered (Bad Lags) due to large CRI scatter corresponding
to the range gate under test [37].

Based on: Saskatoon 2011/10/11 02:10:03 UT Beam: 6 Freq: 10501 kHz FitACF Range: 43
1x108

Real
5x107
. \\‘//
. —— =T | Missing Lags
Imaginary glag
-5x107 Rl
Bad Lags
-1x108
lagss 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 6 27 28 29 30
43
42= € 3 — -~ = S
27— I I x
24  ju— I x
5 — 3 I v v
14 p— I A

[ A 4 h 4 A 4

Figure 3.8: ACF function outputs aligned with pulse sequence lags for a set range bin.

The advantage of this approach is the increase of the maximum ambiguous range while
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avoiding Doppler ambiguity. Subsequently, effective transmitted power is reduced due the
delays between pulses, and the introduction of bad lags for certain rage gates results in
longer required integration times to improve SNR [37] [40].

3.1.9 Digital Filtering

Digital filtering is critical to the operations discussed in Section [3.1.2] This section will
provide the models and supporting theory for a specific family of digital filters. It has
been left for the end of this chapter as it directly concerns the implementations chosen
for this project.

Digital filters are often preferred to their analogue counterparts, even for analogue circuits
- where analogue signals may be digitised, filtered and converted back to analogue in an
existing analogue system [36]. Advantages of using digital filters include; higher order
filter capabilities where doing so in analogue would result in large multistage complex
circuitry. Digital filters also ensure a linear phase response unlike their analogue coun-
terparts. The greatest advantage, however, is the versatility of digital filters; allowing
for reprogramming and simple changes based on the user’s needs. Digital filters typically
make use of sampled and stored data, where the output sample for a corresponding input
sample may depend on samples that were received before or after it. This introduces a
latency which could be an application specific disadvantage.

A digital filter is characterised by its difference equation [36]. Finite impulse response
(FIR) filters typically make use of a finite set of coefficients. The z-transform can be
viewed as a discrete-time equivalent of the Laplace transform. By making use of an in-
verse z-transform; a difference equation (z-domain transfer function) can be converted to
the sampled-time domain, where the coefficients indicate the weighting of past and future
input samples for a given output sample. The z-transform of a signal x[n] is defined by

oo

Z{z[n]} = > zn]z™" =X(z) (3.47)

n=—oo

where the discrete-time Fourier transform may be obtained for z = e/“. The transfer
function H(z) is given, for an input X(z) and an output Y(2), as

Y M . —q -1 -2 -M
705 PR P 7 K T R .1 (3.48)
z7Pay, g+ 2zt 2 2ag -+ 2 Nay

p=0
where a finite set of 3, and o, can fully describe a FIR filter.
A sub-class of FIR filters is the cascaded integrator-comb (CIC) filter [41], which strictly

performs low-pass filtering - unlike FIR filters which can be used for low, band and high-
pass filtering. A CIC filter finds its application in filter decimation and interpolation,
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which is a function of its architecture. It only makes use of summation and subtraction,
where a typical FIR filter would require multiplication by coefficients. This allows for
simpler design architecture for digital implementation. Although the filter is typically
implemented in a pipelined form; for simplicity, Figure |3.9| shows the non-pipelined form.

The principles of the CIC filter summarised below is detailed in the core data sheet
[41] and is based on work by Eugene B. Hogenauer [42]. The difference function for a CIC

decimation filter, is given by
RM—1 ]N

H(z) = l kg Z*

which can be described as filtering an input signal by a cascade of N unit-amplitude
rectangular windows of length RM. The filter can be implemented as an interpolator or
a decimator, where R defines the factor at which the output is up-sampled or decimated.

(3.49)

Both implementations are shown graphically in Figure [3.9] where N is the number of

e Integrator Section 1 [ Comb Section ---------------- ]
Stage 1 Stage N Stage N+1 Stage 2N
71 | 71 | »| ZM »| ZM
L B LB B ]
n | n | Y Y
a2 S s e RN YR T
L/ L/ L/ L/
CIC Decimation Filter
[Femrmmmmm e Comb Section ] [ Integrator Section -------------- ]
Stage 1 Stage N Stage N+1 Stage 2N
Z-M ZM 71 | 71|
L "N
Y Y +Y Y
E fs/R fs/R s /T fs /T
D" DD AN
CIC Integration Filter

Figure 3.9: CIC filter diagram showing decimation and integration stages

CIC stages and M is the differential delay in the comb section stages of the filter. In the
case of the decimation filter; the transfer function can be expressed as

e o

H<Z>:<1_Z—1 L
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for the interpolation filter (at the lower sampling rate), or as

H(z) = (%)N _ 4= (3.51)

(1— 2 VRN
for the decimation filter (at the higher sampling rate). The denominator and the numer-

ator defines the integrator and the comb section of the filter respectively. Each section
containing N stages.

The magnitude frequency response (z = ™) of the filter is given by

: N
%‘ at the low sampling rate

. N (3.52)
% at the high sampling rate
Sin N3

|H(2)| =

For decimation, it is important to note the effects of the spectral wrapping detailed
in Equation [3.13] In this case, filter-suppressed high frequency spectral components are
aliased into the output pass-band. For the normalised spectrum, a filter a cut-off frequency
given by f., and where | | denotes the floor function; frequency bands in the interval of

K oir k—19. {RJ . (3.53)

RM 2
alias into the output band. On the left of Figure [3.10, the ideal filter response before
decimation is shown for a decimation factor of R = 8, N = 3 stages and M = 1. Note

CIC Decimator response before downsampling CIC Decimator output spectrum
1 . 1 1 i 1 1 i i

Ideal response :
Input spectrum |1
Output spectrum |
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B o

|
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Figure 3.10: Effects of wrapping after CIC filter decimation on the output spectrum [41].
that the input spectrum contains power in the pass band (up to the cut-off frequency,

fe=1/32 cycles/sample), and in the stop-band at approximately 1/4 cycles/sample. The
vertical dashed lines illustrate the regions that are aliased according to Equation |3.53]
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The plot on the right of Figure illustrates the effect that the wrapping from the
centre of the plot on the left has on the pass-band. Considering the downsampled output
compared to the output before downsampling, indicates a decrease in attenuation for the
corresponding stop-band region.

3.2 Communication Model

Ethernet is a computer networking technology that is commonly used for transferring
data across local to wide area networks [43]. IEEE standards currently support up to
terabit Ethernet (>100 Gb/s). Slower data rate (such as gigabit Ethernet) devices are
well established and commercially available to provide small to large area networking
solutions to clients. Ethernet is best described as a layered protocol stack. The lowest
layer is the physical layer (PHY) which concerns the electrical transmission of bits over
a physical medium. Each layer serves a specific task based on the layers below it. Higher
layers concern the transmitted data, in which case each higher layer’s data set is contained
within a section of a lower layer’s data.

On a hardware level, the layers may cross over different hardware interfaces. Figure [3.11]
illustrates the component-level hardware interfaces that make up the Ethernet communi-
cation chain on the TIGER-3. A client typically interfaces with a Media Access Control

TIGER-3
FPGA Status LEDs
1]
o
. P » PHY @ ~
Client |-t—p MAC <> pgases (IC) <—>§ RJ-45 Port
=

Figure 3.11: Ethernet physical interfaces on the TIGER-3.

(MAC), which is responsible for interfacing with the PHY, which in turn transmits data
over a transmission medium. This project makes use of gigabit Ethernet hardware that
complies to the Ethernet communication standards set by IEEE802.3 [43].

Data in the higher layers are transferred in frames that can make up a larger stream
of data. Each frame makes use of protocol layers which provide information to receiving
devices regarding the content of the frame. Figure illustrates the complete Ethernet
hardware and software interface layers. Above the physical layer, higher layers provide
high level information about the data in the frame. This information is provided in the
protocol layers - detailed here. The following three generalised layers are used for this
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osl LAN
REFERENCE CSMA/CD
MODEL LAYERS
LAYERS HIGHER LAYERS
APPLICATION / LLC (LOGICAL LINK CONTROL) OR OTHER MAC CLIENT
PRESENTATION MAC CONTROL (OPTIONAL)
SESSION MAC — MEDIAACCESS CONTROL
TRANSPORT RECONCILIATION RECONCILIATION |
XMl —p
NETWORK
PCS PHY
DATA LINK PMA
PMD
PHYSICAL VoY
MEDIUM MEDIUM
1 Mbfs, 10 Mb/s 10 Mb/s > 100 Mb/s
AUI = ATTACHMENT UNIT INTERFACE PCS = PHYSICAL CODING SUBLAYER
MAU = MEDIUM ATTACHMENT UNIT PHY = PHYSICAL LAYER DEVICE
MDI = MEDIUM DEPENDENT INTERFACE PLS = PHYSICAL LAYER SIGNALING
MIl = MEDIA INDEPENDENT INTERFACE PMA = PHYSICAL MEDIUM ATTACHMENT

PMD = PHYSICAL MEDIUM DEPENDENT

NOTE—In this figure, the xMII is used as a generic term for the Media Independent Interfaces for implementations of
100 Mb/s and above. For example: for 100 Mb/s implementations this interface is called MIL for 1 Gb/s implementa-
tions it is called GMIT; for 10 Gb/s implementations it is called XGMIT; etc.

Figure 3.12: Detailed Ethernet layer model according to IEEE802.3 [43].

project: The Ethernet layer concerns both the PHY and the data link layer - the latter
is the lowest layer that the client interfaces with. In order to provide networking capa-
bilities, the network and transport layers follow. Higher layers are typically used for
larger networks, and was not required for this project. Each of the generalised layers are
discussed below.

3.2.1 Ethernet Layer

The Ethernet layer is the lowest layer of the Ethernet frame and concerns the interface
between the MAC, and the PHY. This layer contains all the information transmitted
over the transmission media. This implementation makes use of 1000BASE-T half duplex
Ethernet standards [43]. It supports theoretical data rates of up to 1Gb/s (I gigabit
per second) over twisted-pair transmission media. The IEEE 802.3 provides a standard
data frame format which contains all the information that is transmitted to the PHY.
The data structure (with VLAN disabled) is shown in Figure [3.13] Excluding the client
data, the Ethernet header contains 304 bits of information. The preamble contains a
series of alternating binary for synchronising client timing and is ended by the start of
frame deliminator to end the alternating sequence. This is immediately followed by
the destination and source M AC addresses. The length field defines the number of
octets in the subsequent MAC client data. After the data, a frame check sequence is
provided to ensure the integrity of the frame. On the client’s request, the MAC generates
all but the layer 2 Ethernet frame data - which needs to be provided by the client to
the MAC.
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Start of frame MAC Ethertype or | MAC Client | Frame check | Interpacket
Layer Preamble o N MAC source
deliminator destination length Data sequence gap
7 octets 1 octets 6 octets 6 octets 2 octets 42;;20 4 octets 12 octets

Layer 2
Ethernet 64-1518 octets

frame

Layer 1
Ethernet 72-1526 octets 12 octets

frame

Figure 3.13: Ethernet layer data fields.

3.2.2 Network Layer

Within the MAC client data, another protocol standard is used to provide internetworking
capabilities. This project makes use of the IPv4 (Internet Protocol version 4), which is
commonly used for local area networks (LANSs), for which data delivery is prioritised over
sequencing and duplicate avoidance (this can be done on a higher layer). The standard is
defined in the IETF publication RFC 791 [44], and the packet format is shown in Figure
Excluding the payload, the header contains 160 bits of information. The fields

MAC Client Data

< c [ c 0 ko]
c 5 2 = 2 5 . E a o, R 25
S o 8} S o 2] [ - o O] o D 2L S a
2 | [3) 5} o =) cE 0 o o - @ o < 5 T o
n T zZ ] = o] = = I 235 = o <
o L ) ] - = =2 oE ° o9 535 = O >
< a IS 2 o s O o < ] ER- 2 < < @
> & S T IS o T c 3 < I S o

= kel S © 0% | &

26-1480

4 bits 4 bits 6 bits 2 bits | 2 octets | 2 octets [ 3 bits 13 bits | 1 octet | 1 octet | 2 octets | 4 octets | 4 octets .

Figure 3.14: IPv4 protocol layer fields.

include the following: Protocal is used to define the IP protocol being used (in this
case IPv4). The header checksum ensures the integrity of the header information and
is followed by the IP addresses for network routing. The packet payload may be 0
octets in size, in which case the Ethernet layer will pad the transmitted payload. The
remaining header fields are elaborated on in RFC 791 [44].

3.2.3 Transport Layer

The final protocol layer used is the User Datagram Protocal (UDP) which forms part of
the IP suite and is defined in RFC 768 [45]. The UDP layer format is shown in Figure
The UDP header consists of 48 bits. The advantage of using UDP, is that no
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IPv4 Packet Payload

Checksum

Source Port Destination Port Length ;
(optional)

UDP Payload

2 octets 2 octets 2 octets 2 octets 20-1474 octets

Figure 3.15: UDP protocol layer fields.

prior communication is required to set up data paths. A checksum (optional) is used to
confirm data integrity but no handshaking between source and destination is performed.
This optimises data size and rate. Data packets may however be dropped or lost and no
retransmission will be triggered. The UDP layer defines the source and destination ports
which may be used for data multiplexing in complex data systems.

Other transport protocols provide more complex functionality at the cost of retransmis-
sion delays and overhead. TCP-IP is commonly used when handshaking between hosts
are required.

3.2.4 Data Structure and Transmission

From the previous sections, a maximum data size of 1.5 kB can be transported on a
network layer. Alternatively, by making use of jumbo frames (supported by IPv4), the
maximum packet size can be increased to approximately 9 kB - given that the Ethernet
adaptor supports it. Jumbo frames allow for an increase in the ratio between overhead
from the protocol layers and payload data, increasing the total payload data transmission
rate. The existing SuperDARN system makes use of jumbo frames, but it was not imple-
mented in this project as PC hardware limitations did not support it. The complete data
structure used is illustrated in Figure [3.16]

Ethernet IPv4 UbDP Packet Info Payload |I1 Q1 Qn Ethernet

|2|Q2|

22 octets 20 octets 8 octets 6 octets 1396 octets 16 octets

Figure 3.16: Complete data packet structure.

Consider the preamble, header data and the inter-packet gap shown in Figures to
The data are transmitted at 125 MHz (8 bits) according to the standard. The
transmission of header data and the hardware required inter-packet gap, decreases the
total end-user payload data rate over multiple frames. Therefore the payload data rate is
below the rated 1 Gb/s data rate.
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A simple approach was taken for the data layout design (elaborated on in Section ,
where the I-Q data are transmitted in 32-bit sets (16-bit in-phase, followed by 16-bit
quadrature). At the start of the frame one 48-bit dataset is transmitted containing infor-
mation on the packet for debugging and data classification. Given the packet size limit
(L), the number of I-Q data samples (IV), transmitted per packet is given by

N {L—34J

y (3.54)

resulting in a maximum of 366 samples per packet. For debugging purposes, this project
made use of 349 samples per packet.

3.3 Virtex-5 Hardware

The FPGA in use for the current TIGER-3 platform is the Virtex-5 XC5VSX50T. The
Virtex-5 was first introduces by Xilinx in 2006 and is based on 65 nm processing technol-
ogy. The SXT models (includes XC5VSX50T) are designed for DSP intensive applications
as apposed to logic intensive applications (prioritised for the LXT models). The Virtex-5
user guide [46] and data sheet [47] are critical to understanding the limitations associated
with FPGA fabric.

3.3.1 Clocking

Before programming, device properties need to be set for the synthesiser to correctly map
to the fabric. One of these properties, speed grade, is used to define the switching char-
acteristics of the device. The speed grades for the Virtex-5 XC5VSX50T range from -1
to -3, where -3 provides the fastest switching. The speed grade effects properties such as
pin-to-pin delay, maximum clocking frequency of primitives, clock jitter and phase align-
ment. These properties need to be compared to the operational requirements to ensure
that the performance standards are met. It may be important for future timing critical
applications but for this project, a speed grade of -1 was sufficient.

CMTs contain clocking related peripherals. In the case of the Virtex-5 XC5VSX50T;
there are 6 CMTs, each containing two digital clock managers (DCMs) and one phase-
locked loop (PLL). Each CMT has dedicated internal routing to the components within
it, but one component within a CMT can be used individually. Typically a DCM-to-PLL
or PLL-to-DCM configuration is used. DCMs provide clock management tools such as
clock deskew, frequency synthesis and phase shifting, while PLLs provide a wider range
synthesisable frequencies and jitter filtering.
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3.3.2 FPGA IO

FPGA devices are designed to meet a wide range of design requirements, which requires
extensive I/O voltage level control. 10 pins on the FPGA can be sourced or routed to a
specific range of single-ended, differential or tri-state buffers with different logic standards
(specified in the Xilinx Constraints Guide [48]). This project made extensive use of
LVCMOS33 (Low-Voltage CMOS 3.3 V) and LVDS_25 (Low-Voltage Differential Signal
2.5 V). In a Verilog design, the programmer makes use of a user constraints file (UCF)
to provide placement and timing constraints for the synthesis of the project. Although
an extensive range of constraints can be set, this project only made use of pin placement,
simple timing constraints and logic standard definitions - the rest is left to the synthesizer
to optimise.

3.3.3 Basic Verilog Design Elements

The design method used for this project makes extensive use of “always” blocks. In Ver-
ilog, and always block depends on a sensitivity list to define when to run its content.
The two implementations of an always block are shown, as Verilog code and potentially
synthesised logic, in Figure |3.17]

A state-based sensitivity list will synthesise into a combinational logic design; such as
a cascade of logic gates and multiplexers, where the outputs are only dependant on the
inputs. An edge triggered sensitivity list will synthesise into flip-flop clocked logic, where
the outputs only changed based on inputs at clock edge and reset events. Latches are syn-
thesised where outputs are not defined for every condition in an always block - sustaining
the output until a corresponding condition triggers a change.

Combinational always Block Sequential always Block
A — A —
D Q [(—— out
B — B —
C out CLK b
I R R
select reset
1 1 [
reg r_out; reg r_out;
always @(A, B, C, select) begin always @(posedge CLK, posedge reset) begin
if (select) r out = (A & B); if (reset) r out <= 0;
else r out = C; else r out <= (A & B);
end end
assign out = r out; assign out = r out;

Figure 3.17: Basic always blocks used for Verilog design.
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3.3.4 Primitive Support

The primitives available for the specific FPGA device used for TIGER-3 are discussed
here. The primary primitive that distinguishes the model used in TIGER-3 from the other
models in the Virtex-5 family is the XtremeDSP core which makes use of the DSP48E
slices. A DSP48E slice supports multiple independent functions, such as multiplication,
three-input addition, barrel shifting, wide-bus multiplexing, etc. Furthermore, multiple
cascaded DSP48E slices can be used for applications such as digital filtering and other
complex arithmetic common to digital signal processing - without extensive use of FPGA
fabric space. The XC5VSX50T model contains a total of 288 DSP48E slices. For more
details see the manual; Virtez-5 FPGA XtremeDSP Design Considerations [49).

Another primitive integral to this project, is the Embedded Tri-Mode Ethernet MAC.
The Virtex-5 device family contains two physical Ethernet MACs. The MACs support
a host of features, including 10/100/1000 Mb/s full duplex operation. It adheres to the
IEEE Std 802.3-2002 specifications [43]. More information can be found in the Virtez-5
FPGA Embedded Tri-Mode Ethernet MAC User Guide [50)].

Other primitives, such as the SoC, was not used and is therefore not detailed here.

3.4 Chapter Summary

The model design and other design considerations were detailed in this section. First, the
radar model was detailed in terms of digital sampling and analytic signal representation.
Integral concepts such as the Nyquist criterion and Hilbert transforms are detailed along
with illustrations of frequency shifting and down-sampling. The mathematical radar re-
ceiver model is then given for I-Q demodulation, followed by the mathematical definition
of the auto-correlation function for signal identification.

The radar model was further extended to moving targets, with the derivation for the
Doppler frequency given. Doppler processing was further elaborated on in terms of reso-
lution and ambiguity. Integral to Doppler processing, is digital filtering. The implemen-
tation of a CIC filter was detailed due to its efficient digital implementation.

The final DSP model discussed in the section, was the pulse sequence used by the Super-
DARN. The reason for its use was shown mathematically and visually. It was shown how
and why the ACF function is used to extract both Doppler and range information from
a received sequence.

The second subsection concerns the communication model used for this project. The
interface between the FPGA client, the MAC primitive and the PHY was detailed. The
protocols used, includes the Ethernet layer protocol, IPv4 and UDP. Each layer was
detailed in terms of header fields and application context was given for relevant fields. Fi-
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nally, the data packet structure was given, and the size and speed limitations were defined.
This section concludes with other design considerations concerning the reconfiguration

of the FPGA. The clocking-related peripherals were listed along with other design blocks
integral to the final implementation.
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4 Design and Implementation

This chapter concerns the design and implementation of the listening mode on the TIGER-
3 by making use of the models, architectures and signal processing theory detailed in
Chapter [3] The sections within the chapter will detail the implementation of signal pro-
cessing interfaces, followed the Ethernet interfaces. It concludes with details concerning
the implementation of the software interface on the receiving end of the Ethernet com-
munication link. See Section for the technical requirements for the design. Below, a
simplified overview is given to provide further context to the general design process.

4.1 System Design Overview

The purpose of using an FPGA-based platform is to create a processing interface between
peripherals. The design task is to collect data from the main ADC peripheral, process
the data and transfer it to the Ethernet peripheral. The data should then be received on
a personal computer (PC). A block diagram, illustrating the primary data paths through
the most relevant peripherals is shown in Figure The primary physical interfaces
are: The received signal of interest (top-left), the transmission of information to the PC

ADC RF Board < Ethernet
(max: 130 Msps) |-«—] LPFsand Signal of interest: PC DP83865
16-bit Amplifiers »| Physical Layer

A

1’?"“? égssmzps RF Board Interface Gigabit
1 ] Y- b2.oNhz GMII Interface
9 CIC Low-Pass ; y
{ : o Filter Down-Sampling
A hannel il
ADC data Channel Dual Channel Decimation D Mhz 125 Mhz Ethernet Xilinx
capture module 16-bit 125 M 16-bitD M 32-bi a-bit [ Protocol Packet |—»| Embedded
P Quadrature Al Sps HIR D WS Rl Rl Generator TEMAC
Channel
—>®»—>‘ cic I'_:cialré-rPass Down-Sampling FIFO
L‘ Sin
NCO
Cos
250 Mhz System Clock———p
'— y
|—125 Mhz System Clock———p
Clock
Management | —ADC16 125 Mhz Differential Clock————»
Module
|—125 Mhz Differential Clock:
T\ FPGA - Virtex5 (XC5VSX50T)
Programmed in Verilog using ISE 14.7
A
[ A
125 Mhz ULF Connectors
Ethernet Clock
Multiplier
2 External Signal DAC (Dual)
+ Input 275 Msps
14-bit
20 Mhz
Crystal Oscillator

Figure 4.1: TIGER-3 full implementation diagram with related peripherals.
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(top-right), and the management of the input clocking signal (bottom-left). The DAC,
used for signal transmission is not part of the scope of this project but is included as it
is an integral part of the complete transceiver. Further details on the individual process
blocks are provided in its respective sub-sections below.

FPGA software design typically involves building interfaces between peripherals and IP-
cores, where modules within the design provide inputs and outputs as a functional block.
A cascaded modular design approach was taken where top level modules depend on sub-
modules and/or IP-cores. The module structure is shown in Figure . Each top-level

*Input Signal Output Dataf
Key:
Clock Peripheral RF Board »| ADC16 Peripheral Etger_nit P'—IW Y
GTINEE! Peripherals
Top-level Modules
System Sub-Modules
Clocks Xilinx Cores
Clock Manager |—p RF Board IF ADC16 IF - DSP > Ethernet IF
4 4
v ¥ ¥ Y ¥
Base Banding Filter IF MAC IF FIFO IF Packet Compiler
v v v \—+ \—+ \—+
DCM-PLL IP-core DDS IP-core Multiplier IP-core CIC Filter IP-core MAFPZZT;"VE FIFO IP-core

Figure 4.2: Programming design overview.

module provides a data product shared with the other top-level modules. The same ap-
plies to sub-modules within each top-level module.

Figure clarifies which of the design components existed before this project, and which
was designed and implemented for this project. All peripheral components existed as part
of the hardware which remained unchanged throughout the project. Top and Sub-level
modules were fully designed and implemented for this project. Xilinx cores are existing
modules that required configuration and implementation.

The top-level (and subsequent lower level) modules’ operation can be adjusted in two
ways: Parameters can only be changed before synthesis and are therefore set during
operation. Examples include certain Ethernet header content such as IP addresses. Al-
ternatively, module inputs can change module operation during run-time. Module inputs
include properties such as synthesis frequency control.

Appendix [C] and [B] contains the TIGER-3 transceiver and RF interface board circuit
schematics. The schematics were designed by La Trobe University and made available
for this project by SANSA. Appendix [F] contains FPGA HDL design schematics for the
designed modules detailed in this chapter. Due to the design complexity of the lower level
modules; only modules schematics that are parent modules to sub-modules are shown.
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4.2 Clock Management

The external clock is sourced from a 20 MHz crystal oscillator. The 20 MHz clock is
passed through a frequency synthesiser and a fanout buffer to produce a 125 MHz LVDS
signal to a set of the FPGA input pins. A clock management module was designed and
implemented to provide clocking to peripherals modules. A block diagram of the module
is shown in Figure [4.3]

125Mhz OBUFDS

PLL_ADV A <P ) uLE
—o1
Clock CLKINI 0 Q 5 Output
Input IBUFDS 1— D2
CLKFBIN CLKFB CLKO
(I>—|_ ODDR OBUFDS
CLKOUTDCMO CLKIN BUFG
<P
co— CLKFBDCM CLK2X _| > 0—DI Q oupt
. pu
DCM_ADV BUFG 1-{p2
ODDR

DCM Core

Clock Management Module

Figure 4.3: Clocking interface design.

The DCM module makes use of the Xilint DCM-PLL Advanced core to generate two
clocking signals for the rest of the design. The signals are then passed through BUFG
buffers to place the clocks on the FPGA fabric’s global clocking network. It also makes
use of ODDRs for clock forwarding, and output differential buffers (OBUFDS) to provide
stable output clocking to peripherals. Note that the Ethernet interface also makes use
of ODDRs, but is instantiated in the Ethernet interface modules - discussed in Section
4.0.2]

4.3 Input Signal Interface

The transceiver makes use of an “RF board” to process the incoming RF signal before
passing it to the ADC peripheral on the TIGER-3 through a ribbon cable. The receive
side of the RF board is functionally illustrated in Figure .4] Furthermore, the signal is
passed through additional peripherals on the TIGER-3 before connecting to the ADC.
The output of the ADC directly connects to the FPGA pins. The signal path from the
SMA input to the FPGA pins is detailed below.

4.3.1 RF Board Receiver

The complete RF board schematic and a block diagram of the board are shown in Ap-
pendix [Gl An input signal is passed from a SMA connector trough a series of switches,
amplifiers, attenuators and filters on the RF board, to the TIGER-3 board. For the
demonstrator used in this work; the RLC low-pass filter is bypassed. A block diagram
illustrating the receiver chain of the RF board (without the RLC filter) is given in Figure
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[4.4] The first component after the SMA connector, is a single pole double throw voltage

DAC_0_Out 30Mhz RF 30Mhz
U 27dB 27dB
o —— Low Pass ——in out—— .. |— Low Pass ADC16_p
~ Amplifier Filter Amplifier Filter
AG Ng ADC16_n
HMC545 Switch
L c1 c1
Y
c2 c2
RxIn
SMA c4 @ [ FPGA
Cc8 Cc8
AGND Cl6 |- C16
LE | LE
DAT-31A+ SWA
Step
Attenuator
Header
(39)

c2

c4

cs8

C16

DAT-31A+ Step Attenuator — LE

Figure 4.4: RF board peripherals, detailing the digital step attenuator.

controlled switch, which can operate from DC to 3 GHz with a typical insertion loss of
0.25 dB. Based on the bias of SWA from the FPGA; the switch allows the receiver chain
to be connected to the input SMA port, or to the main DAC output (for receiver chain
calibration). SWA is set to connect the receiver chain to the DAC, or reset to connect it
to the input SMA port. A separate output is typically used for transmission and Tx/Rx
switching occurs external to the RF board. Further analysis of the DAC-to-receiver chain
does not fall within the scope of this project.

The RF switch is followed by an amplifier-filter stage before and after a step attenua-
tor. The attenuator allows the FPGA to control the input signal amplitude, in steps, to
ensure that the maximum dynamic range of the ADC is utilised. In the illustration, the
attenuator control pins C2 and C8 are set (totalling -10 dB) to provide a final gain of
approximately 44 dB. The filters ensure that no high frequency components (above 30
MHz), generated by any of the stages are passed to the ADC. Considering the possible
attenuation extremes; the achievable gain ranges from 23 dB to 54 dB (not including the
effects of the ADC peripherals and filters).
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An RF interface module was written, which routes signals to the correct outputs. Once
a change in attenuation is triggered, the module ensures that the latch line to the RF
board is kept high for 16 ns (two 125 MHz clock cycles) to meet the IC requirements.

4.3.2 TIGER-3 Receiver

Once the signal is hardware amplified and filtered, it is passed to the TIGER-3 ADC
circuitry. The main ADC (used for RF sampling) is a 16-bit 130 Msps ADC. It supports
LVDS and CMOS logic standards, and 1’s or 2’s compliment parallel digital outputs.
The ADC modes of operation are elaborated on in the ADC’s data sheet [51]. Figure
4.5 shows the three ADC pins associated with the input signal (VCM, AIN+ and AIN-)
being driven by an RF transformer coupled pair (T5 and T6). T5 has a centre-tapped

C158
|

VCM

SR70
249 9R
R71

5.1R

AIN+

ADCI6 p Lrn

$33R| 160
| —=Cl61
8.2pF

|
SR731000F =

$33R GND

ADCI6 n R75

100nF 5.IR

AIN-

Figure 4.5: ADC input peripheral schematic.

secondary, DC biased by VCM, to set the ADC input DC bias. The disadvantage of using
a transformer is the attenuation of low frequencies (with most small RF transformers
having poor performance at frequencies below 1 MHz) and centre-tapped transformers
often result in large 2°¢ order harmonics [51].

Although possible to use in single ended CMOS output mode, the ADC hardware is
connected on the TIGER-3 to support differential outputs to the FPGA. Important in-
terfacing 1/O pins, associated with the RF board and TIGER-3 board, is shown in Table
4.1l

Table 4.1: ADC and related RF board signals.

Pin Names Functional Names
Cl1, C2, C4, C8, C16 Attenuation Control
RF Board LE Att. Control Latch Enable
ENC_p, ENC.n Differential Encode Inputs
AIN+, AIN- Differential Analogue Inputs
LVDS, MODE, RAND, DITH | Mode Select Input Pins
T-3 ADC16 SHDN Shutdown Power Input
CLKOUT_p, CLKOUT_n Differentail Output Clock
DAO0-DA15 (p and n) Channel A Differential Data Output
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The ADC16 interface module was designed and implemented for the FPGA to control the
input from the main ADC. The module timing diagram is illustrated in Figure The

0r0-0815 7N D1 X D2 X D3 X o4
regouteutdata 2 7 D1 X D2 X D3

Figure 4.6: ADC interface module timing diagram.

“Differential Encode Inputs” from Table [4.1] indicates the start of the encoding process
for the ADC peripheral pins and are driven by the clock lines labelled “ADC Outputs” in
Figure [4.3 The “Differential Analogue Input” pins are the analogue inputs to the ADC
after being passed through the RF stages discussed above. The “Mode Select Pins” for
the ADC are set as pre-synthesis parameters, along with “Shutdown Power”.

The clock and data outputs of the ADC are converted into single-ended signals, using
the FPGA’s IBUFDS primitives, and passed to the ADC16 interface module within the
FPGA. In Figure [4.6, The inputs signals are given under “Phy IF”, and the output data
are registered in the module at the positive edge of the following ENC cycle. This con-
cludes the description of the analogue RF receive module.

4.4 DSP Interface

The next stage in the receiver pipeline is to process the discrete ADC signal to a suitable
output format. Figure [4.1] illustrates this process between the ADC capture module
and the FIFO. The output is a down-sampled signal with a rate compatible with the
Ethernet interface. The data rate should be limited to well below 125MB/s (1Gb/s) for
effective transmission. Figure|3.3|illustrates the spectrum for each stage of the DSP chain,
discussed below.

4.4.1 NCOs

A numerically controlled oscillator (NCO), also known as a direct digital synthesiser
(DDS), is a digital frequency synthesising tool that makes use of a look up tables (LUTS)
to generate and store phase samples. The Xilint DDS Compiler v4 core [52] was used
to generate a NCO that consists of two parts; a Phase Generator and a Sin/Cos Lookup
Table. The simplest form of an NCO makes use of phase truncation, and is shown as a
functional block diagram in Figure [£.7]

The phase increment (Af) is the primary variable input and the clock frequency (fux)

is typically a constant input. The core is synthesised with two primary parameters: the
number of bits in the phase accumulator (By), and the number of bits in the LUT (Beg).
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B
Phase Bag y Bg Bo —s> Cos[O(n)]
Increment — | =f\ > > Q > LUT Bs
A® L/ 8(n) o(n) L > sinO(n)]

[> >
Clock Phase Accumulator

Figure 4.7: Block diagram detailing the internal components of an NCO.

The phase accumulator integrates by A# synchronous to the clock. Therefore, an in-
crease in A# results in an increase in the rate of accumulation in the phase accumulator.

The accumulated phase 6(n) is a function of N accumulations. It is passed through
a quantiser (), which simply truncates the bit-string to a lower precision value ©(n) with
a bit-width of Bg. ©(n) is used to index the LUT for a conversion from phase-space
to time at a bit-width of B, (which may be decreased as a pre-synthesis parameter but
typically Bs = Bog).

The LUT will contain the maximum number of unique phase values that can be rep-
resented by Bg for a single cycle, given by

N = 2Pe (4.1)
and therefore ©(n) is given by
27
On) =n— 4.2
(n) = n— (12)
where n is a sampled time series index. The frequency produced by the NCO is given by
Al fclk
out — 9By (43)

and the output frequency resolution is given by

_ fclk

= 35

Af

(4.4)

Phase and amplitude quantisation errors are observed at the output of the NCO which
affect the spectral purity of the output waveform. The errors are minimised by decreasing
the quatisation at the cost of an increase in resource usage. The effects of quotation are
observed as frequency harmonics, the magnitude of which is primarily dependent on the
number of quatisation levels Bg (as per Equation .
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Alternatively, the effects of quatisation can be further minimised by enabling additional
functionality to the DDS module in the form of Phase Dithering, Taylor Series Correction
[52].

The NCO parameters can be summarised as follows: By influences the frequency pre-
cision of the NCO (see equation . The parameter is limited by a small amount of
resource usage in the FPGA - equivalent to a binary counter of equal bit-width. Bg
influences the occurrence of spurs in the output spectrum. Increasing this parameter will
decrease the spurs at the cost of large storage resource usage compared to By.

4.4.2 DSP Module Design

The design and implementation of the DSP interface (see Figure is detailed here.
It consists of an NCO-multiplier and a CIC decimation filter module discussed in Sec-
tion [3.1.9] This fully implements the down-conversion of any ADC sampled signal by an
adjustable demodulating frequency, and applies a low-pass filter with an adjustable pass
band, with the latter directly determining to the output sampling rate.

The Base-Banding sub-module makes use of an NCO and multiplier IP core to demodu-
late a signal to baseband. The multiplier core was configured to receive a signed 16 bit
(ADC) signal and a signed 9 bit (NCO) signal. The output is truncated to 24 bits. The
timing diagram for the module is shown in Figure 4.8

e L = L L L [+ [_]
NCO ready / //
reset /L/—

pipe delay 0 X + X =2 X 3 X 4 /CX 0

mult data 7X o1 X o2 X b3 X b4 X b5 W

reg data 7 D T D W
data ready / m

Figure 4.8: NCO interface module timing diagram.

The mult data output is the multiplier output. A set latency is introduced by the NCO
and multiplier cores. The NCO core asserts NCO ready when the output is valid, and a
counter with output pipe delay is used to indicate the multiplier’s registered output va-
lidity according to the latency defined by the multiplier core-generator documentation [53].

The Filter IF sub-module makes use of the CIC filter core, which can be set to dual

channel operation to avoid the additional resource space that would result from using a
separate instantiation for each channel.
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The timing diagram for the complete DSP module is given in Figure |4.9|

Mult

The signals

e 44 ¢ 4 L4 [+ L+ [+ L+ [+ |
mult rdy /
mult data % D1 X D2 X D3 X // X X X X X X
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clk out +—| +—
% data rdy /
2 romaou G, L1 X
Q data out 2777277777772 Q_fit 1 X

Figure 4.9: Combined multiplier and CIC filter interface module timing diagram.

in the timing diagram are discussed here. For the CIC core to be able to process N
channels at an input rate of 125 MHz; it has to be driven by a clock with a frequency of
N x 125 MHz, to process each channel input serially. Two multipliers are used to process
the I and Q channels independently at the CIC input. The I and Q channel outputs are
illustrated as one data bus in Figure 4.9} given by D1, D2, D3, etc.

Synchronous to the 250 MHz clock (clk_2z); D1 is divided into 11 and QI and presented
serially to the input lines of the filter. Care was taken to ensure the first data set pre-
sented to the CIC core is the in-phase component, irrespective of when the core is enabled.

The output is similarly produced on a single channel after a latency, and CIC - data
rdy is set after the each output channel is registered. The CIC core supports up to 16
channels and indicates the channel being output on CIC - channel.

By making use of the mult rdy bit (set by the multiplier sub-module) and the output
indicator bits from the CIC core; the latency introduced by both sub-modules can be
accounted for. The mult rdy bit is used to control the reset of the CIC core, ensuring
that the CIC core does not process the data before the multiplication data are valid.
The above design considerations ensure that clk out and Module - data rdy indicates the
output availability of valid filtered data.

To aid in the debugging process; a design decision was made for the module to sepa-

rate the output channels into parallel output lines Module - I data out and Module - ()
data out.
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4.5 Ethernet Interface

Interfacing with the Ethernet peripherals imposes design considerations regarding data
rates and format. The interface operates a standard data rate and width depending on
the Ethernet speed and physical interface. Gigabit Ethernet makes use of a 125 MHz
8-bit data rate structure, which was used for this project. This means that an absolute
maximum rate rate of 1Gb/s is achievable - although this is only a theoretical maximum

(discussed in Section [3.2)).

4.5.1 FIFOs and Clock Domain Separation

The rate at which the data are presented to the Ethernet interface is dependant on the CIC
filter characteristics from Section [4.4.2] which is variable at operation-time (filter band-
width is a user parameter). This introduces a divide between a certain and uncertain
clock domain. Furthermore, the data bit-widths of the two domains do not correspond.
This is common in FPGA design and first-in-first-out (FIFO) cores are commonly used
to manage situations such as these. They are input-output-clocked storage elements that
allow for data to pass through in order, such that the first data set that enters the FIFO
is the first to leave. In special cases this can be done regardless of input/output data
width and clocking rates.

The FIFO IP core generator allows for a variety of different FIFO implementations. The
implementations and the relevant features of each is shown in Table [£.2] Independent
clock domains and data widths are required, as mentioned above, and therefore only the
Block RAM implementation meets all of the requirements.

Table 4.2: Compatible FIFO implementations and features.

Rd/Wr Clock Domains | Memory Type Supported Features
Block RAM FWEFT
Distributed RAM | FWFT
Shift Register

Common Clock

Built-in FIFO FWFT, BFIFO

Block RAM FWEFT, BFIFO, AD
Independent Clocks Distributed RAM | FWFT

Built-in FIFO FWFT, BFIFO

FWEFT: First-Word Fall-Through
BFIFO: Makes use of built-in FIFO primitives
AD: Asymmetric input-output data widths

The FIFO core provides a host of settings and features, which are not all discussed here.
It allows the user to pre-define a data width and depth. During operation-time, the
core can provide information on the amount of stored data from an input and output
size perspective. First-word fall-through allows for the input data to be presented to the
output immediately when clocked, as apposed to being presented after the first output
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clock edge. First-word fall-through was implemented in this design to decrease latency.
The FIFO clock diagram is shown as part of Figure [4.14]

4.5.2 EMAC Primitive and Physical Layer

The Virtex-5 contains a pair of Ethernet Media Access Controllers (EMACs) which can
be configured individually to 10/100/1000 Mb/s full duplex, or 10/100 Mb/s half duplex
operation. Unlike its predecessor (Virtex-4) the Virtex-5 houses stand alone MAC blocks,

greatly improving on its functionality. For more supported features and information, see
the embedded TEMAC user guide [50].

The EMAC communicates to the PHY through a media-independent interface (MII),
variations of which include; gigabit MII (GMII), reduced GMII (RGMII) and serial GMII
(SGMII). The TIGER-3 is connected such that it supports GMII - used for this work.
More information on the MAC and higher Ethernet layers are provided in Section [3.2]
The interface signals from the MAC are listed in Table [4.3] Further information on the
standard can be found in IEEE 802.3-2000 [43].

Table 4.3: GMII interface related signals.

Signal Name ‘ Description Direction
Transmitter signals
GTXCLK Clock signal for 1 Gb/s TX signals (125 MHz) | MAC to PHY
TXCLK Clock signal for 10/100 Mb/s signals MAC to PHY
TXD]7..0] Data to be transmitted MAC to PHY
TXEN Transmitter enable MAC to PHY
TXER Transmitter error (used to corrupt a packet) MAC to PHY
Receiver Signals
RXCLK Received clock signal PHY to MAC
RXDI7..0] Received data PHY to MAC
RXDV Signifies data received are valid PHY to MAC
RXER Signifies data received have errors PHY to MAC
COL Collision detect (half-duplex connections only) | PHY to MAC
CRS Carrier sense (half-duplex connections only) PHY to MAC
Management Signals
MDC Management interface clock MAC to PHY
MDIO Management interface 1/0 Bidirectional

The EMAC’s primary task is to interface between the client and the PHY (Figure [3.11]).
It also provides further functionality through other interfaces, shown in Figure The
host interface provides access to the control registers of the EMAC (set as pre-synthesis
parameters for this project) and the optional management data IO (MDIO) interface pro-
vides access the management registers of the PHY (not used for this project). Finally, a

statistics interface also provides information on the running of the EMAC. The complete
EMAC signal interface is shown in Appendix [E]
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Figure 4.10: MAC interface block diagram [50].

It is important that the MAC is implemented correctly to allow for the signals to in-
terface through the 10 buffers, to the PHY synchronously. Multiple clocking schemes are
available for different modes of operation. The standard clocking scheme used for gigabit
operation is shown in Figure 4.11]

The GTX_CLK signal is sourced from the clock management module and is therefore
already in the global clock net. It is used to clock the T'X client logic block and the
output of the GMII_TX interface. GMII_.RX CLK is used to clock the receive side logic

and incoming data.

An ODDR is used for clock forwarding of the GMII_TX_CLK signal. In this case the
ODDR inputs are inverted to invert the output clocking signal. The delay introduced by
the ODDR is similar to that of a typical register instantiating, and therefore all other
GMII lines are registered to compensate for the output delay of the ODDR clock. This
configuration ensures that the positive clock edge occurs at the centre of the GMII_TXD
data output. No further attention was given to the receiver side as it was not within the
scope of this work.
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1) A regional buffer (BUFR) can replace this BUFG.

In addition, the clock input of IFD can be driven by a BUFIO.

Refer to UG190, Virtex-5 FPGA User Guide for BUFR usage guidelines.
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Figure 4.11: EMAC implementation interface for 1 Gb/s operation.

4.5.3 Packet Generation

The tasks performed by the MAC were discussed in Section [3.2] where it was mentioned
that the MAC generates the Ethernet frames. However, the majority of the header infor-
mation needs to be prepared in the Client Logic Interface from Figure |4.11, This includes
all header information for UDP, IPv4 and layer 2 of the Ethernet frame (see Figure .

The designed method makes use of a FIFO to collect input data to the point where
a certain data storage threshold is met. At this point in time, the MAC is initiated and
the 48-bit packet information header (Section |3.2.4) is registered. Once the MAC is ready
to receiver data; the packet generator provides 8-bit header and packet information data
to the MAC. Once all the header and packet information data have been provided to
the MAC; the data from the FIFO is passed to the MAC until a set amount has been
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transferred. The process repeats once the FIFO’s input threshold is met again. The FIFO
ensures that input data continue to be captured while header information is prepared and
transferred by the client. The process is further discussed in Section [4.5.4]

The workings of the packet generator are complicated by changes that need to be made
to certain header fields before transmission. For example; the packet size may change
based on the user’s needs, in which case the length parameters in the headers need to
change. This in turn also changes the header checksum values. These changes need to be
registered before the data can be processed.

A condensed description of the IPv4 checksum field is given below, with the aid of a
block diagram in Figure [4.12] The checksum is calculated by summing every 16-bit field

IPv4 Header Data 20-bit Register
16-bit Header | 16-hit Header 16-bit 16-bit Header 4-bit 16-bit
Filed Filed e Checksum Field e Filed section section
A
e
+ N+ E
A% v

16-bit
1's compliment

Figure 4.12: Diagram detailing checksum calculation.

in the IPv4 header except for the checksum field itself. There are nine 16-bit fields in
the header, resulting in a maximum summed length of 20 bits. As illustrated, the 20-bit
summed output is summed again as a 4-bit and 16-bit part. The result is at most 17
bits wide. In the unlikely event that the result is 17 bits wide, the summation process is
performed again until the result is 16 bits or less. The 1’s compliment of the 16-bit result
is assigned to the IPv4 checksum field [44].

It is therefore the task of the sub-module to produce a 336-bit register containing all
the header information for a packet, together with the 48-bit packet information, before
transmission. Once the sub-module is enabled, it provides the data to the MAC in or-
der. After providing all the data, the sub-module must once again go into a reset state
while the FIFO collects data for the next packet. The module has an extensive list of
pre-synthesis parameters that need to be set to define the static header details according
to the protocols discussed in Section These parameters can change at run-time with
a few changes to the module.

4.5.4 Interface Design

The Ethernet module brings all that was discussed in the above section together. The
module ensured that the correct block is providing information to the MAC at the correct
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time and that the remaining data-providing blocks remain disabled. This is a time-
sensitive operation that makes use of a counter as a pointer for the module. A functional
block diagram, illustrating the operation of the module, is shown in Figure £.13] The
timing diagram of the module is given in Figure [4.14l With the aid of the aforementioned
figures, a detailed description of the module operation follows.

The first header

Counter's reset and —> Indexer 8-bit
enable depends on ACK Counter indexe
and the counter's output ? data

Header and
read Packet Information -
enable Registers
\ ’—>
32-bit data in —— o] 8-bit data out
FIFO
Write Data
Count (WDC)
%{_/
FIFO WDC sets
DVLD and
triggers header
registers

byte is written after
DVLD is set,
followed by
remaining data
after ACK is set

/_)%

d

EMAC

Dt e Primitive

Data Valid (DVLD) __4

Acknowledge (ACK)

%_J
Counter
thresholds
controls mux
output

Figure 4.13: Block diagram illustrating the architecture of the Ethernet interface module, with respect

to data flow.
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a
\
Preamble Latency

J
L ack (out) :/hb'—\
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( reset —\ /7
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L done /—\
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Figure 4.14: Combined Ethernet interface module timing diagram.

The Client-MAC interface relies on two signals; DVLD (Client to MAC) and ACK (MAC
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to Client). After DVLD is set by the client, the first byte is written to the MAC on
the next positive edge of the shared 125 MHz clock. The following edges are ignored
until ACK is set by the MAC to indicate that the preamble and first byte has been trans-
mitted. The remaining bytes must be made available at the following positive clock edges.

The module is designed to always have the first byte (data-EMAC - H1) at the out-
put before transmission begins. Once the FIFO’s data count is triggered (FIFO - data
rdy); DLVD is set while the counter and all other operation remains reset. At the positive
edge of ACK, the counter is enabled and synchronous operation begins. The synchronous
operation is illustrated in Figure [4.15]

Present Data to EMAC
Write to EMAC (Indexing / FIFO Clocking)

&
Increment Counter All other operations relating
to the counter value

Figure 4.15: Ethernet interface clocking scheme.

It is important that the incrementing of the counter and the operations based on the
counter are separated by at least half a clock cycle. At first the counter values index the
header register (data-prim - H) to provide 8-bit data to the MUX at positive clock edges.
When the counter value indicates the end of the header data, the “packet information
register” is indexed in a similar way (not shown in the timing diagram).

When the counter indicates the completion of all header and packet information (count -
K); it triggers a change in the MUX path, the FIFO’s read functionality is enabled (FIFO
- read en), and the remaining data are transmitted (data-prim - D). Note that FIFO -
data rdy will reset once data are transferred out of it.

Once the counter indicates the end of the packet; a signal (Pkg Module - done) resets
DVLD and all other functionality (including clearing the counter and placing the first
byte at the output). The module remains in a reset state until the FIFO indicates that
the next packet may be sent, through FIFO - data rdy.

4.6 PC Receive Interface

Multiple software packages are used for debugging and processing the received data. The
primary debugging tool was Wireshark, used to directly obtain data from the computer’s
MAC. Python 3.7 was used to capture the data packets and store the information in a us-
able format. Finally MATLAB 2019 was used to process the stored data for the required
visual representation.

Page 66



Design and Implementation

Wireshark proved integral to the capturing of data. A PC typically has a network inter-
face controller (NIC) that contains the circuitry required for a computer to communicate
over a physical layer such as Ethernet. The NIC performs screening, queuing and sorting
of the received packets. If a packet is malformed or contains errors, the NIC will discard
the packet.

Wireshark enables promiscuous mode on the NIC which allows for all packet informa-
tion on a specific interface to be captured regardless of format. This feature is key in
debugging the Ethernet interface of the FPGA. Wireshark provides the majority of the
protocol layer data along with the payload data.

A python script was written for the capturing of data, making use of the socket library for
low-level network interfacing. The socket is set up in UDP mode to capture data from a
specific physical MAC address (belonging to the FPGA). A buffer size is defined, and the
buffer is filled with unformatted binary data and the source address. The source address
is discarded and the data are unpacked in the correct format by making use of the struct
library. Finally, the I, Q and packet information data are separated and stored as arrays
in a CSV file. The formatting is such that three rows are generated in the CSV file for
every received packet. The first containing 6 numbers, formatted as 8-bit unsigned values
- corresponding to the packet information data. The second and third row contains 349
samples each formatted as signed 16-bit data for I and Q respectively.

A MATLAB function was written to read the CSV file and combine the multi-row for-
matted data into a single complex array. MATLAB makes use of the packet information
data to notify the user if a packet was missing in the CSV file. The time data are then
processed according to the user’s requirements.

4.7 Chapter Summary

This chapter has provided the reader with a simplified overview of the listening-mode de-
sign, including the primary components synthesised within the FPGA. The basic task is
to capture data from the ADC sampling at 125 MHz, and perform base-band demodula-
tion, filtering and the down-sampling of the signal. The signal is then buffered in a FIFO
until such a time that enough information is stored for a packet to be transferred to the
computer. In that case, the packet is formatted according to protocol. The information
is passed to the Ethernet MAC and in turn the MAC output is communicated to the
Ethernet PHY for transmission.

To perform the above operations; multiple modules were written, each performing a spe-
cific task or creating a specific interface. The modules were summarised in a top-down
block diagram, showing the module/sub-module structure of the system, and which mod-
ules depend on data from others. The clock management module was discussed first. It is
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responsible for generating clocking signals as required by the rest of the design. Additional
information was provided on the peripheral interface with a 20 MHz crystal oscillator.

Next, the input signal interface was detailed. The path from the antenna, through the RF
board, to the TIGER-3 was shown, along with the physical components on the TIGER-3
that relate to the ADC IC. The primary ADC pins and modes of operation was given.
Finally, a timing diagram was provided to show how the output data of the module relate
to the input signals.

After the sampling of the input signal, the DSP interface is tasked with processing the
data. A description was provided for the design implementation of the NCO core and
important design parameters were derived. The NCO core provides a reference signal
for the demodulation and the output is generated synchronous to the ADC output for
sample multiplication. The output from the multiplication process is transferred to the
CIC filter (the CIC filter theory was provided in Section [3.1.9). Timing diagrams were
used to detail the flow of data and relevant signals in the module.

The buffering and transmission of data through the Ethernet interface were detailed next.
The design options regarding the buffer implementation was listed, followed by the design
steps taken to implement the Ethernet interface. The primary interface lines were detailed
with special attention given to the clocking schemes used for the MAC. A sub-module is
tasked with generating packet headers once enough of the data are available. The header
data are transferred from the packet generator to the MAC after which a multiplexing
design enables the FIFO and the packet data are transferred to the MAC. Once again, a
timing diagram was provided to illustrate the data paths.

Finally, a summary of the PC-side software was given. Multiple software packages were
used to perform debugging, data capture and processing of the Ethernet packets.
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5 Implementation Results

This chapter details the results obtained from the final implementation of the listening
mode on the TIGER-3. Where applicable, results are accompanied by simulations to
provide an ideal reference for the discussion to follow. The discussion of the results are
detailed in Chapter [6] This chapter is organised according to the functional outcomes
of the listening mode: starting with clocking and signal synthesis, followed by signal
sampling and processing. Finally, results are given concerning the transmission of data
through the Ethernet interface.

5.1 Clocking

The operation of the FPGA fundamentally depends on the input clocking signal. Clock
jitter originated from multiple sources, including thermal noise from the crystal and the
internal workings of a PLL circuit [54]. The result is a deviation in the timing between
the falling and rising edges of the signal. Signals are converted between analogue and
digital domains through ADCs and DACs - which depend on input clocking. Jitter can
therefore cause inaccuracies in the sampling frequency. Furthermore, excessive jitter can
corrupt communication links by causing bit errors.

The first set of results will therefore detail the accuracy of the input clocking signal
and the clocking signal generated by the clock management module. Clock forwarding
was used to produce a clock output through the uLLF' connectors on the TIGER-3. Figure
C.4 in Appendix [C|illustrated the circuit schematic counting the measured ports (P10-P9
and P13-P14). Figure shows the signals at both differential pairs.

clock in
clock out

Voltage [V]

time [s] x10°8

Figure 5.1: Clocking signals at the input and output of the FPGA.

The oscilloscope (Agilent MSO9104A) used to take the measurements in Figure record
multiple clock cycles to provide statistics for the clock edges. Table details the clock
properties measured. Each result in the table was obtained for a set of 3000 measurements.
It details the maximum, minimum, average and standard deviation of the duty cycle and
period for both the input and output signal.
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Table 5.1: Duty cycle and period properties of the input and output FPGA clocking signals.

Duty Cycle Period
Input Output Input Output
Mean 50.3 %  49.7 % 8.0002073 ns  8.01993 ns
Min 477 % 488 % 7.91599 ns 8.0005420 ns
Max 53.0 % 50.7 % 8.08547 ns 7.93948 ns

Std Deviation 674 m% 267 m% || 21.4522 ps 17.0399 ps

5.2 NCO

In order to test the spectral purity of the NCO, the module’s outputs are directly trans-
ferred to the Ethernet client module for transmission to the computer and further analysis.
A block diagram, illustrating the configuration of the FPGA for the results obtained be-
low, is shown in Figure 5.2l The “Packet Counter” fills the packet information field of
the Ethernet packet to ensure that there are no missing packets in the output. All of the
results in this section are obtained without the loss of packet information.

Sin (16-bit)
[
NCO 1o

Ethernet Packet
|_ T Generator MAC
Cos (16-bit)

\

Figure 5.2: Diagram showing the design implementation to capture NCO results.

The NCO was set to produce a tone frequency at 2.5 MHz. The complete parameters set
for this trial are given in Table[5.2] The output rate was limited to a frequency significantly
lower than the 125 MHz required for the final implementation of the listening mode. This
ensures that the maximum packet transfer rates of the Ethernet module is not exceeded
when the data are transferred without decimation. Furthermore, decreasing the output
rate ensures that packets are not lost due to the computer’s processing capabilities.

Table 5.2: List of parameters used to capture and display NCO results.

Total Received Samples | 1745
Samples per Packet 349

Sample Output Rate 7.8125 MHz
NCO Output Frequency | 2.5 MHz
NCO Phase Width 32 bits
NCO Output Width 9 bits

FFT Zero-Padding 10000

The results for the parameters given above are shown in Figure [5.3] The first plot shows
the spectral representation of the NCO output, and the second shows the output from a
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simulation. The simulation was done by making use of quantised lookup tables to best
mimic the operation of the NCO. The data are processed as an analytic signal, making
use of the sin and cos outputs of the NCO in the form cos (O(n)) + jsin (O(n)) as it will
be used for the base-banding process.

NCO Output

Normalised Magnitude [dB]

Frequency [Hz] x108
i Output

Normalised Magnitude [dB]
B
I

Frequency [Hz] %108

Figure 5.3: Top: Recorded NCO spectral outputs. Bottom: Simulated spectral results for corresponding
parameters.

The current implementation of the NCO supports one primary input parameter, which
is the phase increment. The NCO core also supports inputs for phase control and phase
modulation which were not used for this work. Multiple results were recorded to ensure
that the NCO parameters are reliably controllable at run-time. To illustrate user control,
the phase increment was assigned to the dip switches on the TIGER-3, and the results for
four discrete phase increments are shown in Appendix (the remaining parameters were
kept constant as given in Table .

The LUT size and phase increment width parameters define the performance of the NCO,
and are set after synthesis. The phase increment width directly relates to frequency res-
olution (Equation and simulations are not shown. However, the LUT size relates to
the output signal purity and has a significant effect on FPGA fabric usage. It is there-
fore important to characterise the effects that the parameter has on the output signal to
choose an optimal value. Figure |5.4] shows the effects that different LUT sizes have on
the output spectrum of a tone.
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Figure 5.4: Simulated spectral results showing the effect that the LUT size (Be(n) given in bit-length)
of the NCO has on the synthesised signal.

5.3 RF Interface and ADC Readings

This section of results illustrates the gain control and filtering of the analogue signal from
the input SMA port. It furthermore details results obtained for the sampling of the signal
to the digital domain.

5.3.1 RF Board Gain Analysis

The fully detailed characterisation of the RF board was left for future work. The gain
parameters of the RF board are controlled by an interface written for this project - the
related results are shown here.

The gain of the RF board was measured for a set of discrete points by feeding a sig-
nal of known frequency (from 5 kHz and 75 kHz) and magnitude from a signal generator
(Agilent 33250A) to the SMA input (see Appendix |G| for the schematic diagrams). The
output amplitude was measured at the connection between the RF board and the TIGER-
3. The results are given in Figure [5.5] Note that the measurements were taken before the
transformer inputs to the ADC IC, and that in this case the step attenuator control was
set to 0 dB attenuation. The input signal was set to 150 mV peak-to-peak. The plot was
normalised from a peak gain of 54 dB.

Following the passive gain analysis; the attenuation control parameters were tested. The
input signal was kept at 150 mV at a frequency of 12.57 MHz. The attenuator was set
to provide 0 dB of attenuation, until a push-button trigger resets the C8 and C4 pins to
add 12 dB of attenuation. The resultant waveform, as measured from an oscilloscope, is
shown in Figure [5.6]
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Figure 5.5: Top: Full RF board frequency magnitude response excluding primary input filter. Bottom:
Corresponding pass-band.
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Figure 5.6: ADC input signal for a 12 dB attenuation step.

Finally, a similar test was performed by triggering the SMA/DAC switch (with no DAC
output). The results for the switching is shown in Figure . For both tests; the input
trigger was also recorded to allow for analysis of the switching time of the peripherals
under test. The “Switch Trigger” signal voltage level was decreased by a factor of 50 in
both cases. This concludes the results that exclusively relate to the RF board. By making
use of the RF board, the next set of results depended on the ADC.
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Figure 5.7: ADC input signal for switching from receive to transmit.
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5.3.2 ADC Noise

The ADC module was tested in a similar way to the NCO. The output was directly
connected to the Ethernet module and therefore the sample rate had to be decreased
significantly. The ADC was clocked by the standard 125 MHz differential signal, but the
Ethernet module was clocked at 1/16 of the ADC output rate - resulting in a sample rate
of 7.8125 MHz. The ADC output was passed to both of the channels of the Ethernet
input, and where required; an input signal was supplied by the signal generator.

The first set of results was obtained to record the errors associated with the ADC. To
measure the ADC’s noise; the input lines of the ADC (before the transformers) were short
circuited and 1745 samples were recorded. The ideal output was expected to be zero but
quantisation and callibration errors typically affect the ADC readings. Figure [5.8] shows
the time and frequency domain data (FEFT zero padded by 10000 samples). Figure
shows histogram of the output data. Note that the ADC outputs were received as two’s
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Figure 5.8: Top: Time domain output of the ADC with the ADC input pins shorted. Bottom: Corre-
sponding spectral domain representation.

compliment binary data and therefore 16-bits may represent integer value from -32768
to 32767. The horizontal axis of the histogram in Figure |5.9f was truncated to show the
majority of the recorded samples, ranging between -8 to -1. The highest amplitude values
were sparsely located and recorded near the maximum binary values. These high ampli-
tude irregularities only exist at high Ethernet throughput rates. Appendix [H| contains
the complete histogram.
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Figure 5.9: Histogram of the ADC output with the ADC input pins shorted

From the results, it is important to note that the sparsely located high amplitude ir-
regularities only appear at high throughput rates. No errors were recorded at a data rate
(and equivalent instantaneous bandwidth) of 3.9 Mhz, which is well above the require-
ment for most HF systems. The FFT results were similar for both data rates, as the
irregularities were infrequent enough not to affect the FFT. Results for the higher data
rate were used for this project as it provides a larger instantaneous bandwidth for noise
and leakage analysis. The results are discussed in further detail in Section [0}

5.3.3 RF System Noise

The spectral components introduced by the ADC was localised and analysed above. The
following results were obtained to analyse the RF leakage and noise associated with the
RF board and the power supply of the system.

A signal generator was used to drive a signal into the SMA connector on the RF board
(at 50 © driving impedance). The signal was sampled by the ADC on the TIGER-3 and
directly passed to the Ethernet module for transmission. The signal generator output
was disabled to attempt to measure the noise introduced by the system. Due to technical
faults an amplifier was bypassed on the RF board, and a maximum gain of 27 dB was
realisable and used. The results for the test are shown in Figure [5.10f The spectrum
shows high power components at approximately 375 kHz. The histogram of the sampled
data is presented in Appendix [H]

Note again that the same information is transmitted through both channels and is shown
separately in the plot as Channel 1 and Channel 2. From the results, it was noted that
the data points do not always correlate for both channels - especially in the case of the
high amplitude irregularities. These results support the statement that the errors are due
to Ethernet related bit errors that were only present with high throughput rates.

5.3.4 ADC Input Signal Sampling

The system parameters were kept constant from the previous set of results, except that
an input signal was introduced at a peak-to-peak voltage of 150 mV with 27 dB gain
from the RF board and. The gain results in an ADC input at the ADC’s full dynamic
range of 3.3 V peak-to-peak. Sampled data was recorded by setting the signal generator
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Figure 5.10: Top: Time domain output of the ADC with input pins connected to the RF board. Bottom:
Corresponding spectral domain representation.

to four discrete frequencies. The results consisted of 1745 samples, for each frequency,
transformed by an FFT with 10000 samples zero-padding. The resultant spectrum for
channel 1 are shown in a combined plot in Figure 5.11

Excluding the spectral components identified in Figure (which are consistently ob-
served in the results in Figure , spurious spectral power components are observed
alongside the expected measured frequencies. The spurious components are observed at
less than -60 dB of the peak output for all measurements.
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Magnitude [dB]

-80
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Figure 5.11: ADC sampling spectra from readings for a set of input frequencies. Each signal is normalised
to its maximum

5.4 Base Banding

To demonstrate part of the base banding process (signal multiplication) implemented
within the FPGA; two NCO signals were generated and input to the demodulation mod-
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ule (without filtering). The first NCO (NCO-1) was set to produce a tone of 2.1 MHz
(representing the ADC input), and the second (NCO-2) had a variable phase increment
(to demonstrate multiplication frequency control). The signals are multiplied and the
output is directly passed to the Ethernet module for transmission. A block diagram illus-
trating the implementation is shown in Figure |5.12l The output for three demodulating
frequencies are shown in Figure m The black arrows (corresponding to each plot’s
legend) illustrates the demodulation frequency, given by e=/27/Nco-2  The spectrum is
expected to shift and be centred about fnco.e after demodulation for each plot.

\N/COb2| Packet Counter
ariable Cos

e ‘
. Sin % Ethernet Packet _
NCo-1 g f Generator = MAC

2.1 MHz

Figure 5.12: Block diagram showing the design implementation used to capture results for the base-
banding process.

fucos = 14 MHz

Normalised Magnitude [dB]

0
Frequency [Hz] x108

Figure 5.13: Spectral results for the demodulation of a tone by three discrete frequencies.

5.5 Filtering

The final step in the listening mode DSP chain is the filtering and decimation of the
signal. It is followed by the transmission of the information to the Ethernet modules in
the final implementation. Here, the sampling frequency is set to 125 MHz (as planned for
the final design). The decimation decreases the output sample rate for compatibility with
the maximum Ethernet rate. For illustration purposes, a low decimation rate of 16 was
initially used for the filter. This corresponds to an output sample rate of 7.8125 MHz.

5.5.1 Wide-Band Filtering

To best illustrate the filter’s output; Figure contains plots of a simulated result (pre
and post-decimation) and the recorded output from the designed system. The param-
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Figure 5.14: Top: Simulated results showing the expected pre-decimation spectral output of the filter.
Middle: Simulated results after decimation. Bottom: Recorded results for an input tone measured at the
output of the filter.

eters for this trial were as follows: 60 packets were recorded, totalling 20 940 samples,
processed with zero-padding for spectral clarity. The input signal was at 10 MHz with
the demodulating frequency also set to 10 MHz. The NCO had a phase width of By = 32,
and a output width of Bg = 9. The CIC filter had a decimation rate of R = 16, with
N = 3 stages and a differential delay of M = 1.

Figure [5.15] illustrated the spectral aliasing that occurs during the decimation process
as per Equation [3.53] Every aliased band is shown individually. The sum of these bands
equates to the simulated result given as the Simulated Decimated Signal from Figure[5.14]

Aliased left sideband\
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o ——— o ki
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Figure 5.15: Simulation showing the filter’s aliased spectral bands individually.

To better understand the source of spurious components in the output signal; the base-
banding module’s demodulation frequency was varied to produce multiple sets of results
that together reproduce a larger spectral range than what can be realised from a single
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reading.

A constant input frequency of 11.5 MHz was provided from the signal generator. A
total decimated bandwidth of 7.8125 MHz was captured for each reading with a -3 dB
pass-band that is 1.35 MHz wide. A 4 MHz bandwidth is shown from each reading as
higher frequencies are attenuated by the filter and not required for the results. The de-
modulation frequencies (fz4s) range from 8 MHz to 13 MHz and are spaced 1 MHz apart.
The results are given in Figure |5.16|
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Figure 5.16: Demodulation sweep of an input signal at 11.5 MHz.

Spurious components were recorded in the results at a maximum of -78 dB of the input
frequency. It was observed that even though the majority of spurs appear consistently in
all of the readings, a spur appeared at 11.5 Mhz for fu4s = 12 MHz which was not present
in other readings. These “moving” spurs appear to be the translated and filter attenu-
ated left sideband, aliased into the pass band after CIC filter decimation. The location
of the sideband after decimation depends on fz4,. The processing of the left sideband is
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simulated in Figures and |5.15|

A second set of readings are shown for smaller demodulation steps. The smaller steps
show the presence and movement of the aliased left sideband. The maximum left sideband
magnitude was recorded for fi5s = 12 MHz at -140 dB of the peak output magnitude.
The results are shown in Figure [5.17]
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Figure 5.17: Demodulation sweep of an input signal at 12.75 MHz, showing the aliased left sideband.

5.5.2 Narrow-Band Filtering

The SuperDARN operates by measuring Doppler shifts close to 100 Hz. In this case the
decimation of the filter can be substantially increased, resulting in a narrower pass-band
of frequencies around the demodulating frequency.

For the next set of results; the decimation factor was set to 8000. The filter supports
a maximum decimation factor of 8192. The resultant low pass filter has a -3 dB cut-off
frequency of approximately 2.7 kHz, The filter’s magnitude response is shown in Figure

B.I8
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Figure 5.18: CIC filter magnitude response with the decimation factor set to 8000.

The demodulation frequency was set to 10 MHz. Readings were taken for a range of input
frequencies, and a near-DC output frequency of 0.5568 Hz was recorded for an input tone
of 10 000 146 Hz. The offset of 146 Hz was expected as simple over-the-counter crystal
oscillators (such as the on-board crystal used by the TIGER-3) have low tolerance values
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that depend highly on temperature. The timing of the crystal may therefore not corre-
spond well with tat of the signal generator, creating an offset in the results.

Decreasing the input frequency to 10 000 136 Hz (corresponding to a Doppler shift of
10 Hz) produced the spectral results shown in Figure The input voltage was set to a
sine wave, 150 mV peak-to-peak with the RF board gain set to 27 dB. The time-domain
signal is shown in Figure [5.20
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Figure 5.19: Spectrum of the fully processed ADC input tone with a 10 Hz Doppler shift and a filter
decimation factor of 8000.
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Figure 5.20: Time-domain signal of the fully processed ADC input tone with a 10 Hz Doppler shift and
a filter decimation factor of 8000.

A total of 60 packets were collected for 20 940 samples. The NCO and filter parameters
remained constant from the previous results apart from the increase in the decimation
factor of the filter. One dominant spur was recorded within the full filter output spectrum,
at approximately 6 kHz, with an amplitude at -118 dB of the output peak. For a total
continuous wave recording time of approximately 1.4 seconds; a -3 dB Doppler resolution
of 0.223 Hz was achieved. The spectral peak of the output was located at -10.5568 Hz.

5.6 Wide-Band Signal Sampling

The input signal was set to repeatedly sweep a total bandwidth of 500 kHz over 4.5 ms
centred at 12 MHz. A decimation rate of R = 16 was used to collect 24 430 samples (3.1
ms of recording). Readings were repeatedly taken until a data set contained the majority
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of the sweep data was captured. The data was truncated to 21 801 samples totalling 2.7
ms in time and containing a sweep of 300 kHz. The base-band output is shown in Figure

B.211

Figure 5.21: Top: sampled wide-band signal. Bottom: Corresponding spectral plot.

5.7 Data Transmission

The results of the Ethernet’s performance is not so easily represented graphically. Its
operation is either functional or not, and at the end, it operated functionally. The packet
integrity in terms of data rate is limited by a bottleneck on the PC receive side - the
results of which are given later in this Section.

Initial results produced many errors, the most notable of which was that the FPGA
programmed packet manager module (designed for this project) lost a single sample at
the end of every packet. The resultant waveforms looked correct but the spectral domain
revealed periodic components indicating a periodic error in the compiled time-data. The
resultant waveform for an NCO output (expected to be similar to the results in Figure
5.3) is shown in Figure m After close inspection, the time-domain signal revealed a
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Figure 5.22: Spectral results for an NCO output with one missing sample per packet.

missing sample at the end of every packet. The fault was attributed to the Ethernet
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implementation which enabled the FIFO’s read functionality for an additional cycle after
indicating the completion of the packet to the MAC. The programming error was fixed
and the Ethernet functioned as expected.

5.7.1 Data Transmission Rate and Integrity

As formerly mentioned in Section [5.7, a bottleneck was detected on the PC receive side.
The Python program tasked with capturing and stitching together packets periodically
loses packets based on the number of packets set to be captured and the packet rate. The
introduction of the packet information header (to indicate the packet number) aided the
PC interface in determining when and how many packets were missed, and parameters
would need to be adjusted for new readings. The missing packets were attributed to
limitations in the processing capabilities of the PC, as an increase in active processes on
the PC would drastically increase the rate at which packets were lost.

The packet rate and the number of received packets were set to a range of values, and the
packets were recorded. The packet information header was used to determine the total
number of packets transmitted to successfully capture the given number of packets. Table
details the percentage of packets successfully received compared to the total number of
transmitted packages. The frequency given in the table corresponds to the rate at which
data (32-bits) were presented to the Ethernet module. The decimation required for an
input data rate of 125 MHz is given in brackets.

For example, if the output data frequency was set to 7.8125 MHz and the Python
script was set to capture and store 100 packets. This total data rate would be given
by 7.8125 MHz x 32-bits = 250 Mb/s. The packet information header would have
indicated a total of 185 transmitted packets, equating to 35% of the total packets being
captured.

Note that the performance varied significantly between readings with the same parame-
ters at different times. This could be attributed to the processing capabilities of the PC
at the time. Each results in Table was calculated by averaging a total of five readings.

Table 5.3: Percentage of packets successfully received at a given output data rate, after a set number of
packets are successfully collected.

Packets Collected
20 \ 50 \ 100 \ 300
Frequency (Decimation) Percentage Received
15.625 MHz (8x) 100% | 59% | 20% | 14%
7.8125 MHz (16x) 100% | 100% | 35% | 23%
3.906 MHz (32x) 100% | 100% | 68% | 45%
1.953125 MHz (64x) 100% | 100% | 100% | 99%
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5.8 Resource Usage

A summary of the FPGA resource usage is given by ISE after synthesis. The summary
for the final design usage is given in Table The highlighted rows indicate the usage
of a certain class of resources, and is followed by sub-classes where applicable. The table
indicates the number of elements utilised and the number of elements available for the
specific device.

5.9 Chapter Summary

The results shown in this section were obtained to confirm the functionality of each design
component. The clock peripherals were tested - as the system’s performance is largely
based on their functionality. These tests were followed by additional tests concerning the
NCO, its parameters, and the effect that those parameters have on the output.

The next set of results concerned the analogue processing and sampling of the input signal.
The gain of the RF board was characterised and attenuation switching was demonstrated.
Sampling results were obtained to aid in characterising the system’s noise, and to demon-
strate the effective sampling of signals by the ADC.

Furthermore, the demodulation module was tested by providing two known signals to
the input of the module and transferring the output to the computer for analysis.

Results were then obtained for the complete processing chain. A signal was sampled by
the ADC, base-banded, filtered and decimated for a range of input frequencies (including
a frequency sweep) to illustrate the functionality of the complete system. Simulations
verified that results were similar to expectations, and were used to identify artefacts in
the output signal.

Additionally, the Ethernet’s functionality was characterised. It was shown how errors in

the interface programming were identified (and corrected) for early results. The perfor-

mance of the Ethernet module was measured based on packet rate and data loss, detailed
in Table (.3

In conclusion, the design’s resource usage for the FPGA device was detailed.
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Table 5.4: Summary of the FPGA’s resource usage for this work.

Slice Logic Utilization Used Available Utilization
Number of Slice Registers 767 32,640 2%
Number used as Flip Flops 767
Number of Slice LUTs 666 32,640 2%
Number used as logic 538 32,640 1%
Number using O6 output only 386
Number using O5 output only 98
Number using O5 and O6 54
Number used as Memory 69 12,480 1%
Number used as Dual Port RAM 32
Number using O5 output only 16
Number using O5 and O6 16
Number used as Shift Register 37
Number using O6 output only 37
Number used as exclusive route-thru 59
Number of route-thrus 160
Number using O6 output only 156
Number using O5 output only 3
Number using O5 and O6 1
Number of occupied Slices 388 8,160 4%
Number of LUT Flip Flop pairs used 1,017
Number with an unused Flip Flop 250 1,017 24%
Number with an unused LUT 351 1,017 34%
Number of fully used LUT-FF pairs 416 1,017 40%
Number of unique control sets 55
Number of slice 're.glster sites lost to 104 32,640 1%
control set restrictions
Number of bonded IOBs 99 480 20%
Number of LOCed IOBs 99 99 100%
IOB Flip Flops 28
IOB Master Pads 2
IOB Slave Pads 2
Number of BlockRAM/FIFO 3 132 2%
Number using BlockRAM only 3
Number of 36k BlockRAM used 2
Number of 18k BlockRAM used 1
Total Memory used (KB) 90 4,752 1%
Number of BUFG/BUFGCTRLs 5 32 15%
Number used as BUFGs 5
Number of DCM_ADVs 1 12 8%
Number of DSP48Es 6 288 2%
Number of PLL_ADVs 1 6 16%
Number of TEMACs 1 2 50%
Average Fanout of Non-Clock Nets 3.04
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6 Discussion of Results

This section concerns the discussion of the results in the previous section. It follows a
similar order to the results section.

6.1 Clocking

Initial clock trials did not provide encouraging results. The interface was incorrectly ini-
tiated without the use of clock forwarding. Signals on the clocking net were connected
through general signal routes to 10 buffers, resulting in large amounts of jitter. Until
clock forwarding was implemented, peripherals such as the ADC performed poorly. Mak-
ing use of differential input buffers further increased performance (initially single ended
clocking sourced from one of the two differential clock lines was used). Finally, making
use of CMTs provided duty cycle stabilisation and synthesis of alternate frequencies.

The performance of the clocking module was characterised by results given in Figure
b.1] and Table 5.1} The clock at the input of the FPGA was compared to the the output
and therefore the results include the performance of the input/output buffer configura-
tion, CMT, and clock forwarding. The results show a stable output clock. The results
shown an improvement in the maximum deviation from a perfect 50% duty cycle, from
3% to 1.2%. These parameters are well within the requirements of the Ethernet PHY
and will result in negligible errors in digital/analogue conversions. The results show the
successful completion of the clock’s technical requirements.

6.2 RF Board and Gain Control

The results in Figures [5.5] and demonstrate the passive and active gain control
and switching provided by the RF board. The passive gain response suggests that the
true pass band for the RF board is not as wide as some of the receive chain components
may suggest. A pass-band gain of 54 dB was recorded, which correlated well with the
expected output from two 27 dB amplifiers with the step attenuator set to 0 dB. The
magnitude response profile suggested optimal operation from approximately 12.5 MHz to
15 MHz.

Even though the low-pass filters used are set at 30 MHz, high signal attenuation was
recorded for signals above 20 MHz. The reason for the attenuation could not be accounted
for, considering that all passive components in the RF board chain are rated to work from
DC to 30 MHz. No further attention was given to the matter, as extensive analysis of
the RF hardware is not part of the scope of this work and the spectral range of interest
is within the pass-band. The transformers at the input of the ADC act as short circuits
at low frequencies, and therefore, attenuation was also measured for signals below 10 MHz.

Attenuation control was also demonstrated with a switching time of approximately 0.2
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us recorded at the output. The component is rated for a typical switch delay of 1 us.
Furthermore, SMA /DAC switching was demonstrated with a switching time just under
0.2 ps.

6.3 Input Signal Sampling and Processing

The trials performed to obtain results for the signal processing modules illustrated the
robust design of the modules. The inputs and outputs of each module was chosen to allow
for integration into other designs, which was evident when modules were configured in
alternate ways to provide the results shown in this work.

6.3.1 NCO

Based on a series of simulations (some of which are shown in Figure [5.4]), module pa-
rameters for the NCO were chosen. Bg was shown to directly influence the presence
of spurious noise in the NCO output. The spurious noise from the ADC (Figure |5.11))
and the CIC filter capabilities (F igure was considered when choosing on a parameter
value. Seeing as resource usage was not a concern for the current implementation; Bg = 9
was chosen to produce a signal with spurs at no more than -130 dB of the peak output.
This means that the NCO spurs appear at similar gain levels to the expected spurious

noise in the system (according to Figure [5.14)).

Considering that the SuperDARN records Doppler readings up to 100 Hz; the frequency
resolution of the NCO had to be high enough to account for the required spectral sensitiv-
ity. An NCO frequency resolution of 0.0291 Hz was chosen to be sufficient - corresponding
to a phase increment bit-width of By = 32. Since the NCO is used for demodulation, a
small offset in frequency could be accounted for in post-processing, given that the base-
banded signal bandwidth falls within the pass-band of the digital filter. The resource
usage associated with By is low, allowing for the luxury of high precision design.

6.3.2 Signal Sampling

With an output data width of 16-bits and a sampling rate of 125 MHz; the ADC produces
data at a rate of 2 Gb/s, which is twice the absolute limit of the Ethernet interface. This
justifies subsequent signal processing. The results in Figure [5.11] shows a spurious free
range as high as -60 dB of the peak output for a sampling frequency of 7.8125 MHz.
It is however important to note from Figure that the signals recorded are strongly
attenuated by the ADC interface at these frequencies. The results show (although at low
sampling frequencies) that the ADC interface module is functional.

Spurious spectral components from the sampling/processing interfaces (such as the aliased

left sideband), may interfere with the received spectrum and may interfere with sensitive
readings. The results given in Figure |5.14] were taken to illustrate a large bandwidth
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recording. In this case a decimation rate of R = 16 produces a -3 dB the pass-band
approximately 2.72 MHz wide, with a total received bandwidth of 7.8125 MHz. These
results are further discussed in terms of filtering in Section and in terms of noise in
Section [6.3.5] Here, it is important to note that an input tone was effectively measured
for an ADC sample rate of 125 MHz.

6.3.3 Base Banding

There is not much to add concerning the results obtained from the demodulation. The
module performed as expected and the output correlated well with the simulated results.
The results in Figure [5.13] show the effects of wrapping as the data in the final two plots
were demodulated by a high enough frequency for left sideband to wrap around to the
positive spectral domain. The filter is responsible for removing this sideband.

6.3.4 Filtering and Decimation

This section of the discussion relates to the results obtained for Figure [5.14 The results
illustrate the functionality of the CIC filter and are accompanied with simulations of the
expected results. It illustrates the filter’s response to the input spectrum for a single
input frequency. As discussed in Section the CIC filter has a sinc function shaped
magnitude response (see Equation [3.52).

Equation [3.53] shows that, in this case, a 2.72 MHz spectral range centred at every fil-
ter magnitude response null, is wrapped into the decimated output spectral band. Note
that the decimated spectrum is 7.8125 MHz wide, and therefore any spectral components
outside of the range of -3.9 MHz and +3.9 MHz will undergo wrapping. The first filter
response side lobe peaks at -90 dB of the maximum. However, the highest gain provided
to components outside of the decimated bandwidth is located at +3.9 MHz. The filter
provides 27 dB of attenuation at these frequencies, which wrap to the outer extremes
of the output spectrum. Any spectral components higher than +3.9 MHz will undergo
increased filter attenuation as per the simulated magnitude response. This is shown as
individual wrapped bands, simulated in Figure |5.15]

For the final set of filter results (Figure , the decimation factor was substantially
increased to a value that would produce an efficient data output rate, and yet allow for
a 100 Hz Doppler shift to be recorded. The demodulation centre frequency and input
signal frequency were both set to 10 MHz. An output Doppler shift of 146 Hz was mea-
sured, suggesting a minor inconsistency between the clocking frequency of the FPGA and
the output frequency of the signal generator. The 146 Hz of error can be reduced by
calibration in pre or post-processing. The results showed how an increase of 10 Hz was
effectively measured by the device, which corresponding well with the requirements of the
SuperDARN. As per the theory in Section [3.1.6] the Doppler resolution is increased by
increasing the number of measured samples.
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6.3.5 System Noise and Interference

Three approaches were taken to analyse the noise from the complete system. The noise
was measured by analysing the readings taken from the ADC. The first approach was
to measure the noise generated by the ADC peripheral. The second was to attempt to
measure the noise or spectral leakage originating from the other electrical components
in the system. Finally the output spectrum is analysed for other sources of interference,
such as noise originating from the signal processing.

The initial results (ADC, power supply and RF board noise) were analysed by making
use of ADC recordings in the case where no signal is fed into the system.

ADC Noise

The result in Figure characterises the performance of the ADC by measuring the out-
put when the input lines shorted. The high amplitude artefacts have been attributed to
the transmission process (see the end of Section [5.3.3]),and are not further discussed here.

The high frequency histogram values (shown in Figure indicate that without the
DC offset, the measured output fluctuates by the three least significant bits. The noise
generated by the ADC was observed to be approximately 72 dB below the maximum
ADC level, corresponding to a peak-to-peak ADC input voltage 0.8 mV. A DC offset of
-4.5 was measured corresponding to an ADC input voltage of -1 mV. The distribution
appears to be normal with the spectral representation suggesting that no RF leakage has
affected the results. The noise can therefore be considered Gaussian white noise.

Power Supply and RF Board Interference

The second set of results were taken with the ADC connected to the RF board and no
signal provided to the input of the RF board (50 €2 source impedance). The results given
in Figure show the influence of the RF board and surrounding peripherals (such as
the power supply) on the ADC input.

Interference was first identified by making a simple wire loop antenna with an oscillo-
scope probe and placing it in close proximity to the power supply. A periodic signal was
observed on the oscilloscope, which was also found to be present in the second second set
of ADC readings which followed. The second set of ADC readings were taken in similar
fashion to the ADC readings formerly discussed in this section.

The second set of readings are given in Figure [5.10] The ADC was sampled at 7.8125
MHz, clearly showing interference centred at approximately 725 kHz. This interference
was the only high power components recorded. Furthermore, according to the histogram,
the interference was approximately centred about zero, with an approximate peak-to-peak
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value of 8000. The interference is therefore at approximately 42 dB below the maximum
ADC level.

These readings were taken with an RF board gain of 27 dB. For an input signal to
occupy a similar ADC dynamic range to that of the recorded noise; the input signal will
need to have an amplitude of

ADCnoise % VADCMM o 8000

27
= 3.3/1020 = 36 mV 6.1
ADOma:cimum G(RF 21671 —1 8 / i o ( )

V;Zn:

where ADC,,.;. is the peak-to-peak value of the noise, ADC,,qzimum is the maximum
peak-to-peak value of the ADC with a corresponding voltage of Vape,..., and Ggp is the
gain provided by the RF board.

Note that at this stage it is unknown what effects extra gain from the RF board would
have on the measured noise. The gain of 27 dB, used here, is half of the typical gain of
the system (one amplifier was bypassed due to technical faults). If the extra gain had no
effect on the noise amplitude (highly unlikely), and a total gain of 54 dB was realised; the
above result would suggest that an input peak-to-peak voltage of 1.6 mV would appear
at the same amplitude as the interference.

It is furthermore noted that that the jumper lead used to bypass the passive filter at
the input of the RF board may be responsible for capturing the majority of the RF inter-
ference from the power supply. The jumper acts as a loop antenna, which is very effective
in capturing noise. The interference added by the power supply can only be analysed effec-
tively for the transceiver once the input passive filter is completely implemented (not the
case for the current system) and the second faulty amplifier is replaced and not bypassed.

Recorded Output Interference

The final analysis concerns the interference in the filtered results. This discussion largely
relates to the results obtained in Figures and [5.17]

The results obtained for Figure [5.14] revealed noise spurs in the output spectrum that
did not correlate well with the simulation. An attempt was made to create a realistic
simulation model that would perfectly model the real system, this was not fully realised
for the complete system. The final output in Figure contains two noise spurs on
either side of the output tone, -125 dB lower than the output tone’s magnitude. Other
noise spurs were observed at approximately -3.5 MHz. It is difficult to determine whether
these spurs originated from the sampling process, or from signal processing.

For the results shown in Figures and [5.17] the base-banding frequency was adjusted
for multiple readings to visualise a larger spectrum. The individual overlapping readings

Page 90



Discussion of Results

provide additional information on the source of the spurious noise in the system. There
are four primary sources of interference: input noise as sampled by the ADC, RF leakage
from the RF board, noise originating from the quantisation of the NCO LUT, and the
filtered left sideband wrapped into the pass-band during decimation.

The results shown in Figure [5.16, show multiple spurs that originated from the sampling
process (as they are present for multiple demodulating frequencies). However, consider
the peak at approximately 12.5 MHz (in the subplot for fqqs = 12 MHz) which is not
present in the adjacent readings. This suggests that it originates from the DSP process.

A single non-symmetric spur such as the one discussed above is likely to be due to the
filter suppressed left sideband. A second set of filter sweep readings were taken for a
smaller filter step size - shown in Figure The input tone for these readings were set
to 12.75 MHz. The readings clearly show the wrapped image move across the decimated
bandwidth as the demodulating frequency is changed. The spur moves by the same spec-
tral increment for each change in the demodulating frequency, confirming its origin as the
left sideband. The magnitude of the left sideband is greater when it is further from the
baseband centre frequency, supporting the simulated results and supporting the theory
given for Figure |5.15]

6.4 Wide-Band Input Signals

This result is shown simply to illustrate that the system is capable of receiving large
bandwidth signals effectively. Theoretically, at a decimation rate of R = 16, the system
supports bandwidths of up to 7.8125 MHz. In this case a sweep frequency input was
recorded, centred at 12 MHz with a bandwidth of 300 kHz.

6.5 FEthernet Data Transmission

To effectively obtain signal information from the FPGA, Ethernet communication proved
to be integral. The results show that the Ethernet module was functional and could trans-
mit packets according to the protocols used. It was however noted from the ADC results
that bit errors exist for transmit frequencies of 7.8125 MHz (250 Mb/s) and more. It is
however critical to note that transferring data at this rate was only necessary for high in-
stantaneous bandwidth readings, which is not the case for typical SuperDARN operation
or most applications of HF receivers. The SuperDARN measures Doppler shifts of up to
100 Hz which requires far lower data rates. The CIC filter is capable of decimating the
input signal to an approximate minimum data rate of 15 kHz (488 kb/s). No bit errors
were measured at transmit rates of 3.9 MHz or less and therefore the Ethernet interface
is deemed to be successfully implemented.

Performance related results were however difficult to obtain due to a bottle neck in on
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the PC receiver-side of the communication link. The processing power of the computer
limited the number of packets that could be recorded without dropped packets, for a given
data rate. Results were obtained specific to the hardware that was in use at the time.
Table [5.3| showed that data can be transferred at 15.525 MHz, corresponding to 496.8
Mb/s. In this case the PC’s processing power limited the number of coherent packets
that could be recorded without loss to approximately 20 packets. The data capturing
capabilities of the PC varied significantly with the CPU usage of the PC.

6.6 FPGA Resource Usage

The resources used for the current implementation show that there is a large amount
of resource space available for further development. The results are encouraging, as the
SuperDARN allows for many features to be added to the current implementation.

It is however worth noting that the I/O buffer usage was not well managed in the fi-
nal design implementation. 3.3 V CMOS logic standards were used as often as possible,
which resulted in a shortage of the corresponding buffers for certain FPGA banks. The
solution was to change the logic standard of individual pins (in the case that the periph-
eral supported other logic levels) to 2.5 V CMOS, for the design to synthesise.

Only 2% of the DSP48E slices are currently utilised for the CIC filter and for multi-
plication. The availability of DSP slices could support extensive DSP features in future
applications.
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7 Conclusions and Recommendations

The project is aimed at detailing a complete implementation of a listening mode for the
TIGER-3 based transceiver box, provided by SANSA. The design task as whole was met
with individual technical requirements adressed in the results given. The individual com-
ponents as well as the system-wide implementation were detailed. Preceding the details
of the design process, this report details the researched literature to support the design
task implementation, and to support future development.

The listening mode allows for the control of the input gain followed by sampling, process-
ing and transmission of the data to a personal computer. The input to output interfaces
consist of the RF board and the TIGER-3. The FPGA modules written for this mode
were designed to be as versatile as possible to support further development for current
and alternate modes of operation.

This section details the conclusions drawn from the discussions in the previous section
and provides recommendations for future work.

7.1 The Design Process

The system design was largely based on current SuperDARN operation, which requires
base-banded IQ output data for an adjustable frequency range of up to 30 MHz. Through
the design process the plan of development changed, eventually taking the form of the
block diagram shown in Figure [4.1 Interfacing with the relevant peripherals proved a
challenge on a hardware and software level. Modules were written to provide interfaces
with peripherals and to perform specific tasks within the FPGA. Results and recommen-
dations for these interfaces and tasks are discussed here.

7.1.1 Clock Management

In its current form, the clock manager simply generates the relevant clocking signals as
required by the rest of the system. It currently generates two 125 MHz ODDR differential
output, a 125 MHz clocking signal, and a 250 MHz PLL-synthesised clocking signal. The
clock management module is shown in Figure [£.3] The technical requirements therefore
were wholly met, with relevant clocking signals generated, improved and forwarded ac-
cording to the needs of other modules.

Critical for future development involving phased array steering, is the functionality of
clock synchronisation. It is important that all transceivers within an array share a com-
mon clock to minimise phase/timing errors. Each transceiver has two rotary switches (on
the TIGER-3 board) which are used to provide each arrayed transceiver with a unique
identity. If the clocks on each transceiver is in phase, further functionality within the
NCO module can allow for phase offsets based on the transceiver box’s identity.
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Currently, a separate timing box provides a global clocking signal to all of the transceivers
through the transceiver uLF interface. This clocking signal can be used to synchronise the
transceiver on-board clock through feedback within the PLL_ADV component in Figure
4.3l Alternatively, the SuperDARN currently makes use of the DCM to switch between
the internal and external clock as the system input. The fourth switch on the transceiver
DIP switch is connected to specific FPGA pin that supports clock switching. It is thus
used for the current SuperDARN implementation.

7.1.2 RF Board Interface

The RF signal captured by the antenna is variable in nature. The signal power is depen-
dent on the backscatter properties of the ionosphere, which is in turn dependent on time
of day and the state of the solar weather. Furthermore, interference signals from external
sources may be captured by the antennas and transferred to the transceiver. The HF
board provides filtering and gain control to compensate for the unpredictable power of
the backscatter signal and the presence of non-HF interference signals.

An FPGA interface for the control of the external RF board was developed and its perfor-
mance was confirmed to be reliable and accurate. The low-pass filtering of the incoming
signal is a passive feature of the RF board, and proved effective in removing unwanted
high frequency components. It is however worth noting that the the primary hardware
filter was not present in the current hardware. Two active features are provided for the
receiver chain: ADC/DAC switching from the SMA port and variable step attenuation.
Both features were tested and performed well, with switching times of approximately 0.2

LS.

Attenuation control is a critical component of the receiver chain, as it is tasked with
ensuring that the full dynamic range of the ADC is utilised. With variable attenuation,
the total gain is adjustable in 1dB steps from 23dB to 51dB as per Figure [4.4]

The technical requirements for this project were therefore met by demonstrating gain
control and switching. Future work could implement automatic gain control for the re-
ceiver. The ADC readings can be analysed during run-time and the gain can be changed
based on the maximum amplitude. The gain would then be communicated to the personal
computer through the Ethernet interface along with the receive signal data.

7.1.3 Digital Signal Processing

The results obtained for each DSP design element were compared to simulations, taking
all digital operations into account. The results show the functionality of each DSP mod-
ule individually and as a complete DSP chain. Furthermore, the results show that each
module’s operation can be adjusted by pre-synthesis parameters or variable input lines.
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Below, conclusions are drawn and recommendations made for each DSP module in terms
of design.

The NCO module was implemented in its most basic form, and performance correlated
well with simulations. The module supports variable demodulation frequencies. Given
the driving clock frequency of 125 MHz, the required tuning range of 8 MHz to 17 MHz is
well within the capabilities of the NCO. Improvements could be considered in the form of
phase dithering and Taylor series implementations of the core. The core’s parameters can
be changed to improve resource consumption if necessary. Additionally, more attention
can be given to the input/output data widths of the NCOs, multipliers and the CIC filter,
to further optimise resource usage.

The filter design offered a larger range of implementation options. The first decision
that was made in the design process was to use dual channel operation for the I and Q
channels. The advantage of dual channel operation is a decrease in resource usage, as
apposed to generating a separate core for each channel. The disadvantage is that the
module complexity was increased in terms of clocking and data handling.

It was shown that the CIC filter provides a resource efficient digital low-pass filter, as
apposed to conventional FIR filters. The filter’'s magnitude response is however limited
to that of a sinc waveform (see Figure and Equation [3.52)).

To meet the technical requirements, the filter must be adjustable in bandwidth and max-
imise the suppression of unwanted noise components. These goals were achieved in full.
All the narrow band results show that noise levels are suppressed to well below -75 dB of
the input signal. The maximum noise amplitude was recorded in Figure [5.16] A bottle-
neck in PC Ethernet receive stage limited the testing of pass bands wider that 300 kHz,
which was shown to be achievable in Figure [5.21]

In order to create a more constant pass-band with a higher roll-off, a compensation filter
can be implemented. More details on the compensation filter can be found in the CIC
filter data sheet [41]. The testing of the compensation filter in PC post-processing or
implemented on the FPGA, is left for future work. Furthermore, attention can be given
to the choice of parameters to attempt to introduce filter response nulls at strategic posi-
tions in the spectrum. Care must be given to the aliased left sideband when considering
the placement of filter nulls.

7.1.4 Ethernet Communications

The implementation of the Ethernet core unexpectedly proved the biggest challenge of
the design process. Exact clocking schemes (see Figure were difficult to debug and
writing a module to generate the packets in the correct format proved a challenge to design
efficiently. The storage of data in the FIFO is integral to dividing clock and data-width
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domains, and proved very effective in doing so. The packet generator module allows for
48 bits of the Ethernet packet data to be reserved for debugging or other information
relating to the packet. Uses may include:

e A packet counter helps the PC to identify missing packets.

e If an automatic gain control module is introduced; the gain can be communicated
to the computer.

e In a network, the transceiver ID can be communicated with to server.
e The demodulating frequency can be indicated for the transmitted set of data, etc.

Future work can look to implement the receiver side of the client-MAC interface, which
will allow for a host of additional functionality. The PC could communicate parameters
such as the demodulating frequency, the decimation factor and the gain control param-
eters, eliminating the need to use external switch and push-button periphery - as in the
current implementation.

If the bottleneck at the PC side can improved, the speed limitations of the communi-
cation link can be optimised for large instant bandwidth operation. Jumbo frames can
further aid the data rate of the communication link. Jumbo frames were enabled for
the current FPGA MAC implementation, but the packets could not be collected on the
PC side for an unknown reason. Debugging the PC networking was out of the scope of
the project. The data could not be captured by the Python script unless Wireshark was
used to force the NIC into promiscuous mode. Along with developing a PC to FPGA
communication link, the development of an improved PC interface would add great value
to the project for future applications.

The conclusion is therefore that the technical requirements were not met in its entirety
due to PC-side constraints. Although it was shown that the Ethernet protocol was imple-
mented successfully, the maximum data rate could not accurately be confirmed and jumbo
frames was never successfully implemented. Strictly, the requirements for the supporting
PC-side software were met but the bottleneck could not be solved which resulted in the
shortfall of some of the other technical requirements for this project.

7.2 Input Sampling, System Noise and Interference

The ADC interface was designed to collect data from the peripheral at a maximum fre-
quency of 130 MHz (125 MHz for the current implementation) according to the hardware
constraints of the ADC. Simulations were used to predict the effects of quantisation on
the ADC readings, but could not account for the spurious noise recorded in the results
(see Figure . The system noise and interference was analysed and three sources were
identified:
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e Noise from the ADC peripheral.
e Sampled interference, from the analogue electronics before digitisation.
e Spurs introduced by the digital signal processing.

All known sources of noise and interference were discussed in Section [6.3.5l The noise
generated by the ADC was measured to occupy approximately a peak-to-peak ADC input
voltage of 0.8 mV. A corresponding DC offset of approximately 0.2 mV was measured.
Gaussian white noise was measured from the ADC and therefore it appears as a “noise
floor” in the output spectrum. Considering the magnitude of the interference from the
RF board, the noise from the ADC can be neglected. From the results it is concluded
that the ADC technical requirements met.

Considering the noise from the RF interface, significant interference was measured with an
ADC input peak-to-peak voltage level of 400 mV. An input signal at the SMA connector
would undergo 27 dB of gain and therefore the RF interference corresponds to a peak-
to-peak SMA input voltage of 17.5 mV. The interference appeared to be band-limited to
approximately 100 kHz centred at 350 kHz. It is expected that the interference will be
sufficiently attenuated by the digital filter after base-banding.

Finally, the processing noise from the DSP was discussed. The typical sources of DSP
noise comes in the form of quatisation and aliasing. The noise introduced by the NCO
was due to the LUT size, which is a pre-synthesis parameter that has a substantial ef-
fect on the resources used by the FPGA. The parameters chosen for the NCO core were
as follows: the phase bit-width was set to By = 32, and the output bit-width was set
to Bg = 9, which results in an output frequency resolution of 0.029 Hz and a spurious
free spectral magnitude range of -130 dB (see Figurdp.4)). The full NCO implementation
only made use of one BRAM (18k) component and no DSP slices. Future implementa-
tions should make use of DSP slices by adding Taylor series correction noise shaping to
the NCO core, and increasing the output bit-width at the cost of additional BRAM usage.

The base-banding process results the suppressed left sideband to alias into the output.
The maximum magnitude of the sideband at the output is dependent on the filter’s deci-
mation rate. At high decimation rates, the image is likely to appear in highly attenuated
side lobes and is unlikely to be identifiable in the output.

By analysing the full ADC output spectrum (Figures and it is clear that addi-
tional noise is introduced by the ADC or related analogue peripherals. For all measured
cases, these noise spurs occur below -75 dB of the peak, are symmetrical and appear
relatively far from the sampled tone frequency. This concludes all technical requirements
for the system’s noise.
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7.3 FPGA Resource Usage

A complete list of resource usage and availability is given in Table It was noted in
Section that the resources could have been managed better. The basic requirements
were met, which is shown by the system’s functionality and the majority of the obtained
results. It is however recommended that future work make better use of the available
resources.

7.4 Post-Listening Mode

The current implementation of the listening mode sets the basis for substantial future
development. Other than improving on current architecture, which was discussed above,
there are many additional features that could be implemented to not only bring the sys-
tem closer to SuperDARN operation, but to open the possibility of a host of secondary
applications such as sea state monitoring or over the horizon communication.

The obvious first step would be the development of the RF transmit chain interface.
The current NCO module allows for agile frequency control and (although not within
the scope of this work) has been configured to generate FMCW chirp signals. Formal-
ising the transmit chain would be a big step towards the realisation of complete radar
modes of operation. The development of a new amplifier front-end would allow for high
power transmission to an antenna, and allow for field tests. This would prove valuable for
confirming the operational limitations of the transceiver. Additionally, the development
of the Ethernet FPGA receiver interface would allow for a host of features to be realisable.

Another peripheral feature of the TIGER-3 that was not implemented, is the use of flash
memory to store information such as filter coefficients or bitstreams for the FPGA to use.
Ethernet can be used to program the FPGA remotely by transferring and storing the
bitstream in flash memory. For remote applications, this feature could prove invaluable.

In conclusion, this work set out to develop a base level for future projects by the im-
plementation of a listening mode. This was realised by providing a detailed literature
review to aid future development, and by meeting the design tasks set forth by UCT and
SANSA.
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Appendices

A Propogation

Segments of computed ray Range markers every 5 gates (1 Ray paths, separated by 1° Ground scatter
paths where aspect condi- gate = 45 km range), starting at  (though the computation is made
tion is satisfied withing 1° gate 0 (180 km range from radar) with 0.1° angular resolution) Magnetic field lines

Figure A.1: SuperDARN ray path simulation with labels.

B Transmission Waveforms

EDU- 10026, CNB7202384: Mon Jan 21 15:02:33 2018

1 20

KEYSIGHT

TEC

Iath

Figure B.1: SuperDARN mode of operation transmitted sequence (two sequences).
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EDU- 10026, CN7202384: Mon Jan 21 15:04:45 2019

KEYSIGHT
TEC 3

Trigger

+0.01
1.00:1

Figure B.2: SuperDARN mode of operation transmitted sequence (single sequences).

EDU-X 10026, ENS7202384: Mon Jan 21 12:07:37 20189

KEYSIGHT
= 3

1.00:1

Figure B.3: SuperDARN mode of operation transmitted sequence (sectional pulse).
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C TIGER-3 Schematic Diagrams
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Figure C.1: ADC14A /B schematic.
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ADC12 schemat

Figure C.2
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FPGA banks - part 1.

Figure C.9
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Power supply schemati

Figure C.13
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Figure C.14
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Figure F.4: Ethernet interface module FPGA schematic.
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G RF Board Schematic Diagrams
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Figure G.1: Complete RF to FPGA block diagram.
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H ADC Results
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Figure H.1: Complete histogram of the ADC output data with the ADC input short-circuited (bin size
of 412). The vertical axis is truncated to an frequency of 100
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Figure H.2: Top: Time-domain data received from the ADC output, reading through the RF board with
the input terminated by a 50 Ohm impedance. Middle: Corresponding histogram of the output data.
Bottom: Corresponding truncated spectral data (FFT zero padded by 10000 samples).
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I NCO Results
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Figure I.1: NCO spectral results for different centre frequencies.
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