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Stream Communication and Computation in the Eight-meter-wavelength
Transient Array (ETA) Radio Telescope

Brian S. Martin

(ABSTRACT)

The Eight-meter-wavelength Transient Array (ETA) system is a unique implementation of
an array-based radio telescope. The instrument is designed to further astronomy by detect-
ing and characterizing dispersed pulses received between 29-47 MHz. To aid data processing
of radio signals received through 24 antennas, the ETA system performs real-time stream
processing as data is passed from antennas to hard disk storage. The processing includes
digital sampling, downconversion, filtering, Fast Fourier Transforms, and beamforming op-
erations and is performed by 28 commercial-off-the-shelf (COTS) FPGA boards. Sixteen of
the FPGA boards constitute the reconfigurable computing cluster (RCC) which performs
the FFT and beamforming operations and is the focus of this thesis. The FPGA-based archi-
tecture allows the RCC to provide the high computational and communication throughput
required by the ETA system. In addition, the FPGA design allows for a custom processing

data path, parallel processing, global synchronization, and rapid development at a low cost.
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Chapter 1

Introduction

1.1 Motivation

Over the past century radio astronomy has been used to study the universe and has resulted
in discoveries which shape scientific understanding and theory. The Eight-meter-wavelength
Transient Array (ETA) radio telescope is designed to provide new insights into the study
of electromagnetic waves emitted from objects in space. The ETA instrument is designed
to detect electromagnetic emissions between 29-47 MHz, a frequency range which until re-
cently has received little attention from radio astronomers [1] [2]. The ETA radio telescope
is capable of detecting transient pulses which may be emitted from the self-annihilation
of primordial black holes (PBHs) [3], prompt emissions associated with gamma ray bursts
(GRBs) [4], explosions, and other unexplored astronomical events. The study of these tran-
sient pulses may further research and theory regarding astrophysics, black holes, and extra

spatial dimensions [5] [6].

ETA is able to observe nearly the entire sky and remain sensitive enough to be limited by
the radio frequency (RF) noise background of the universe. These features are important in

detecting transient pulses from unknown sources across the sky. In order to detect a transient
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pulse, a large amount of processing must be applied to the received RF signal. The ETA
system is capable of performing a portion of this processing in real-time as data is streamed
from dipole-like antennas to PC hard disk storage. ETA is also designed from consumer off-
the-shelf (COTS) components, allowing for low-cost and rapid construction which is scalable
to future technologies. The design and development of the ETA radio telescope is one of the
first systems completed with the intent to observe transient pulses and will further research

and theory in physics and radio astronomy.

1.2 Contributions

Presented in this thesis is an overview of the ETA system design and a detailed description of
the ETA real-time computation network. The main focus will be on the computation network
which is comprised of sixteen FPGA (Field-Programmable Gate Array) development boards
connected with point-to-point gigabit serial links. The collection of development boards and
interconnecting network is referred to as the reconfigurable computing cluster (RCC) and is
capable of performing large amounts of computation while data is streamed through the ETA
system. In developing the RCC several important design factors were considered including
data processing mode and computation, synchronization and partitioning, communication
resources and networking. The RCC implementation demonstrates how processing can be
distributed across a collection of off-the-shelf FPGAs to perform real-time and application

specific processing.

FPGAs are well suited to data streaming and computationally intensive tasks because in-
ternal hardware components and communication devices can be configured to process data
as it passes through the system. Even though general purpose processors and digital signal
processors (DSPs) operate at much higher clock frequencies, they do not allow for custom
hardware processing or communication elements in the data path. Application specific in-

tegrated circuits (ASICs) allow for custom processing but are costly and require excessive
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development time. The RCC processes data from 24 antennas and performs complex op-
erations such as beamforming and fast Fourier transforms (FFTs). The RCC is capable
of performing 66 GMACs/s (giga-multiply-accumulates per second) during burst operation,
but normally operates at 7.9 GMACs/s average. ETA demonstrates that in a short time an

FPGA cluster can be developed to perform meaningful streaming computation at a low cost.

The FPGA cluster is well equipped to handle the computational load and allows for global
and local synchronization throughout processing of the antenna inputs. ETA uses many tech-
niques to source, process, and store data synchronously, creating a systolic system which may
be difficult to replicate in other technologies. Ample routing and communication resources
available in FPGAs also make them desirable for the RCC design. In addition to computa-
tional ability, the RCC is capable of streaming large amounts of data between RCC nodes
and in or out of the RCC itself. FPGA Multi-Gigabit Transceivers (MGTs) along with sim-
ple adapter boards allow the RCC to have sufficient connectivity and bandwidth. The RCC
network streams data at 2.8 GBs/s which is roughly half the full throughput capacity. The
RCC implementation demonstrates how synchronization, connectivity and high throughput

can be maintained across a multi-node stream-processing system.

1.3 Thesis Organization

This thesis is organized into seven chapters. Chapter 1 presents the motivation and con-
tributions of this work. Chapter 2 discusses background and related information used in
the thesis. Chapter 3 provides a system level description of the ETA radio telescope. The
remainder of the thesis focuses on a more detailed description and analysis of the RCC de-
sign. Chapter 4 reviews major design considerations as they apply to the RCC. Chapter
5 gives an in-depth description of the RCC implementation, testing, and functionality. An
analysis of the RCC system design is provided in Chapter 6. Lastly, Chapter 7 summarizes

the accomplishments and discusses future work.



Chapter 2

Background

This chapter discusses relevant background material pertaining to ETA’s purpose and system
design. A portion of the background material is specific to the development of the reconfig-
urable computing cluster, which performs real-time processing and is the focus of this thesis.
Section 2.1 provides a brief introduction to radio astronomy, radio frequency emissions, dis-
persion, dedispersion, and dipole arrays. Section 2.2 introduces the algorithms which are
used to process received radio signals including the Fast Fourier transform (FFT) and digi-
tal beamforming. Section 2.3 describes basic FPGA device resources and development tools
with particular emphasis on the devices used in the RCC implementation. Sections 2.4, 2.5,
and 2.6 discuss the how the use of FPGAs facilitate application specific processing, custom

communication, and synchronization within the ETA system.

2.1 Radio Astronomy

Astronomy has existed for generations as a means of searching for answers to probing sci-
entific and theoretical questions. Commonly people picture astronomers looking through

optical telescopes to pear into the vast expanse of space. However astronomy has evolved
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much beyond the study of what is visibly seen. Astronomical objects and events emit electro-
magnetic waves or pulses. These waves can be caused by many events ranging from normal
molecular interactions to large explosions. A small portion of electromagnetic waves fall
into the visible light spectrum and have been seen or studied with optical devices. Unseen
electromagnetic waves also travel through the sparse gas of space, known as the interstellar
medium, to arrive at the earth. Emitted electromagnetic waves span a large range of fre-
quencies and are studied to further science and astronomy. The study of electromagnetic

waves emitted from celestial objects is known as radio astronomy [7].

An expanded view of the universe and discoveries about physics under extreme conditions
have resulted from the study of emitted electromagnetic waves. Radio astronomy has resulted
in the discovery of pulsars, quasars, and radio galaxies. New theories of the universe and
its formation have also been established. Until recently, a majority of radio astronomy
has been performed with large reflector or dish antennas [7]. At frequencies below 100
MHz, the required size of traditional dish antennas becomes unmanageable. In addition,
traditional radio telescopes have been more focused on looking at a particular object or
region in space rather than doing broad surveys over the entire sky. A new class of radio
telescopes, consisting of many low-cost dipole antennas, are being developed to address these

issues [2].

ETA uses multiple, inexpensive dipole-antennas to create a system sensitive enough for ra-
dio frequency observations between 29-47 MHz. Other low-frequency dipole arrays which
function on a much larger scale are also under construction. The Low Frequency Array
(LOFAR), located in the Netherlands, is in the first stage of construction. The first LO-
FAR site performed initial observations using 96 antennas in October of 2007 [8]. The Long
Wavelength Array (LWA), planned to be constructed in New Mexico, and the Murchison
Widefield Array (MWA), which is to be constructed in Australia, are working with demon-
strator arrays and prototyping systems [9] [10]. While the scale of the ETA radio telescope is
much smaller in size and cost, ETA is capable of providing relevant contributions to the field

of radio astronomy by sensing and characterizing received transient electromagnetic waves.
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2.1.1 Radio Frequency Emissions

Electromagnetic waves are emitted from all objects both in space and on earth. Electro-
magnetic energy emitted in the infrared frequency range can be sensed as heat, while energy
emitted in the visible light spectrum can be viewed in a range of colors. Through the use of
antennas and electronic equipment the ETA radio telescope is able to sense energy from simi-
lar electromagnetic waves at frequencies between 29-47 MHz. Any emission in this frequency
range not emitted from astronomical events is viewed as radio frequency interference (RFI)
or noise. Radio frequency noise limits observation sensitivity and can be caused by a vari-
ety of sources both terrestrial and galactic. The background noise of the universe at 29-47
MHz is significant and can limit the sensitivity of a receiving radio system. A system which
is limited by the RF noise of the universe, rather than instrumentation noise, is referred
to as being Galactic noise-limited [2]. Large-scale astronomical events or explosions are of
particular interest as they release large amounts of electromagnetic energy instantaneously
and across a broad range of frequencies. Current scientific theory supports that detectable

transient events of this nature should occur on a regular basis [3] [4] [5].

2.1.2 Dispersion and Dedispersion

The energy spectrum produced from an instantaneous electromagnetic pulse is composed
of a broad range of frequencies and is shown in Figure 2.1. A pulse generated in distant
space must propagate through the interstellar medium to arrive at the Earth. The ionized
components of the interstellar medium cause the wave velocity to be frequency dependent,
with higher frequency signals traveling faster than lower frequency signals. As result, the
pulse is broadened, and over sufficient distance, can be undetectable unless it is reconstructed.
The dispersed signal has a unique frequency signature that can be used to reconstruct the
original pulse. The spreading of an electromagnetic pulse caused by a frequency dependent
propagation speed is known as dispersion. The amount of dispersion which takes place is used

to determine a dispersion measure (DM). The dispersion measure along with galaxy models
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can be used to estimate distance or draw conclusions about the event and the interstellar

medium through which a pulse traveled [11].

Energy

v

Time

Figure 2.1: Emitted electromagnetic pulse consisting of a broad range of frequencies.

Due to the large distance traveled, the dispersed pulse may be difficult to notice or detect
unless the signal is reconstructed. The process of reconstructing a dispersed electromagnetic
pulse is called dedispersion. To dedisperse a received radio signal, many samples must be
taken over the duration of the dispersed signal. The samples are then divided into sequential
blocks of data on which a Fourier transform is performed. The Fourier transform is used
to determine the amount of energy contained in granular frequency bands or bins. Stacking
many of these frequency snapshots over time is the first step in dedispersing a transient pulse.
Figure 2.2 provides an exaggerated view of what a sequence of frequency spectra may look
like over time. The frequency spectra are then shifted relative to one another and summed
to produce the original pulse. An example of shifted spectra and reconstructed pulse are
shown in Figure 2.3. In practice, dispersed pulses are much less evident and are hidden
amid noise and interference. Signal processing and additional filtering is required produced
a dedispersed signal. To add to the difficulty of identifying a pulse, the amount by which
the spectra should be shifted is unknown. Unless the signal is shifted by nearly the correct

amount, the reconstructed signal will appear as noise.
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Frequency Frequency

EnergyI /\

Time
Figure 2.2: Frequency spectra Figure 2.3: Above: Shifted fre-
series over time. quency spectra over time. Below:

Reconstructed transient pulse.

2.1.3 Dipole Arrays

Traditional dish antennas must increase in size as they become sensitive to lower frequency
radio signals. It is expensive and impractical to construct such antennas to operate at
frequencies below 100 MHz. Dipole arrays however can be used to construct inexpensive
antennas which operate at low frequencies and have a large field of view [2]. A dipole
antenna is created by positioning two center-fed conductors in a line. Positioning multiple
antennas in a grid-like pattern and combining their received signals can produce collective
signal sensitivity. Processing can be done on the multiple antenna feeds to produce accurate
measurements and focus observations to a specific region of the sky. Combining the received

signal from multiple dipole antennas typically requires a significant amount of processing.
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2.2 Algorithms

2.2.1 Fast Fourier Transform

The Fast Fourier Transform is one of the key mathematical operations used in the ETA
radio telescope processing chain. The Fourier Transform is used to transform a time varying
function into a frequency varying function and is defined by the equation below where f
is frequency, ¢ is time, z(t) is a time varying function, and X (f) represents the frequency

varying Fourier transform of the input function z(¢) [12].

oo

X(f) = / z(t) et dt  for every real number f (2.1)

—0o0

An altered form of this equation is used to produce a discrete Fourier transform (DFT). The
DFT is computed on a series of N time-samples, rather than on a continuous input function,
and produces a series of N frequency-samples. The discrete Fourier transform is defined
by the equation below where N is the number of sequential samples on which the DFT is
performed, z(n) is a series of N complex time-samples and X (k) is the DFT of the input
sample stream x(n). X (k) is comprised of a series of N complex frequency-samples. A DFT

which is computed on N time-samples is referred to as an “N-point DFT” [12].

N-1 )
X(k)=3 z(n) e FF  f=01,... N-1 (2.2)
n=0

The fast Fourier transform (FF'T) is an algorithm which can be used to calculate the DFT.
The Cooley-Tukey algorithm is the most common FFT algorithm used for calculating the
discrete Fourier transform and is used in ETA. The Cooley-Tukey algorithm efficiently utilizes
processing resources and storage elements to produce the DFT from a series of input samples
[13]. For the purpose of this thesis, an N-point FFT transforms a series N of time-samples
into a series of N frequency components which are contained within the original sample

sequence. The FFT used in processing for the radio telescope is a 1024-point FFT. Thus
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1024 samples, taken at successive time intervals, provide the input to the FFT operation
and the resultant output is 1024 frequency-samples. Each sample spans a small frequency
band or bin of about 3.7 kHz. The transformed frequency-samples are combined with others

and used for the dedispersion computation.

2.2.2 Digital Beamforming

The process by which multiple antenna signals are combined to select a region of the sky
is called beamforming. Spatial beamforming is done by multiplying complex time-sampled
data with a complex weighting coefficient and then summing the products across M available
elements. A simplified form of the beamforming equation is given below where M is the
number of elements, x,,(n) is a sample stream from the m'* antenna, w,, is the weighting
coefficient for the m'™ antenna, and y(n) is the beamformed or combined sample stream.
The weighting coefficient is used to scale the magnitude of each input stream and to select

or steer the beam direction [14].

y(n) =Y zm(n) - wy (2.3)

m=1
Frequency domain beamforming combines equivalent samples of adjacent antenna data-
streams after an FFT has been performed on the initial time-sampled data. Frequency
domain beamforming also requires that each of the frequency bins produced from the FFT
be multiplied by a separate weighting coefficient. The frequency domain beamforming equa-
tion is given below where X, (k) is the N-point FFT of the complex input stream x,,(n),
W, (k) is the complex weighting coefficient vector corresponding to each antenna and k'
frequency bin, and Y (k) is the beamformed or combined frequency series. The weighting
coefficients are used for scaling the magnitude of individual antenna bins and for selectively

filtering frequency bins [14].
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Y(k)= > Xu(k) - Wy(k)  fork=0,1,...,N—1 (2.4)

2.3 FPGAs

Field Programmable Gate Arrays are semiconductor devices which contain reconfigurable
logic and interconnect. Unlike other semiconductor devices, FPGAs do not have a defined
application at the time of manufacturing. The device’s configurable resources can be used
to implement custom logic or communication functions to fit a specific application. While
the ETA system uses FPGAs from both market leaders, Xilinx [15] and Altera [16], the
discussion of FPGAs will be focused toward the Xilinx Virtex-II Pro 2VP30 FPGA and
associated development board as this is the device used in the reconfigurable computing
cluster. FPGAs are well suited to the ETA radio telescope design because they allow for
rapid development, flexible architectures, real-time stream processing, application specific

computation, and custom communication.

2.3.1 Xilinx Virtex-II Pro 2VP30 FPGA Resources

A majority of an FPGA is comprised of configurable logic elements which consist of a look-
up-table (LUT), a flip-flop, and associated logic. From this basic building block and the
configurable region and interconnect can be used to implement complex stream or state-based
processing. In addition, most FPGAs also provide dedicated resources for commonly used
functions such as multipliers, DSPs, microprocessors, storage elements, clock management
devices, high speed transceivers, and other 1/O resources. The 2VP30 FPGA is one of many

devices produced by Xilinx and is discussed in this section [17].

The 2VP30 FPGA is equipped with 30,816 logic elements, 136 18 x 18 bit multiplier blocks, 2
Power PC microprocessors, 136 dual-port 18-kbit memory elements (BRAMSs), 8 high speed
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serial transceivers (MGTSs), 644 user I/O pads, and 8 digital clock managers (DCMs). An

architecture overview of the 2VP30 FPGA is shown in Figure 2.4.

[—{DCM MGT HDCM MGT| |MGT |—|DCM meT [2EM

Multipliers
Logic
Elements
Power
PC

/"

BRAMSs

Power

[—{DCM MGT HDCM MGT| |MGT ’—|DCM MGT | oo

Figure 2.4: Xilinx Virtex-II Pro 2VP30 FPGA architecture overview.

While not all of these elements are used in ETA’s FPGA implementations, the FPGAs pro-

vide sufficient processing and communication resources for the RCC computation. Multiplier

blocks are used to perform the complex multiplication required by the FF'T and beamforming

computations. The BRAMs are used to store partial computations, compensate for com-

munication protocol delays, and provide adequate buffering when crossing clocking regions.

The MGTs are used to perform the high-speed serial communication between other RCC

nodes. The remainder of FPGA design are implemented in the configurable logic elements

and routing. The two PowerPC processors are not used in the RCC implementation.
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2.3.2 Development Tools

Xilinx also offers a suite of development and debugging tools which were used in the RCC
design and implementation. The Xilinx tools aid designers in developing and debugging
FPGA-based systems. The tools used in the development of the RCC include ISE, CoreGen,

and ChipScope Pro.

ISE is a development environment provided for Xilinx FPGAs. It allows projects to be
managed, updated, compiled, and mapped to FPGA resources more readily. ISE is used in

the design of the RCC to implement the RCC hardware [18].

CoreGen is another Xilinx utility which is normally included with the ISE installation. The
utility allows a user to create common FPGA elements that can be imported into an FPGA
design. CoreGen facilitates the RCC design process by creating processing, communication,
and storage blocks which are easily instanced in FPGA designs and are referred to as IP
blocks. Specifically CoreGen was used to create the FFT, complex multiplication, summa-
tion, Aurora communication, and single-port or dual-port buffers. The use of generated 1P
blocks greatly decreased the design time required to create the RCC hardware implementa-

tions [19].

ChipScope is the final Xilinx utility discussed in this section. The ChipScope development
tool is used for viewing the internal signals and timing of an FPGA design. After a design
is created, a ChipScope module can be added to the design and connected to user-specified
signals. After the design is downloaded to the FPGA, the ChipScope software interface
allows a designer to view the waveforms of the selected signals in a logic analyzer format.
Trigger conditions can be set and allow users to view the occurrence of relevant events.

ChipScope is used in the RCC design for debugging and timing verification [20].
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2.4 Application-Specific Processing

FPGASs can be configured to perform custom processing focused toward a specific application.
While ASICs can also be tailored to a specific application, they are more costly in terms of
production and development time. Furthermore ASICs offer a static design which can not be
modified, updated, or changed. FPGAs provide for rapidly developed, flexible, and custom
processing implementations at an off-the-shelf cost. When compared to general purpose
processors or digital signal processors, FPGAs operate at a much lower clock frequency.
Even at lower clock rates, FPGAs can provide improved performance through increased

parallelism, custom processing blocks, and application specific data paths [21] [22] [23].

Processing in the RCC is well suited to FPGAs because the operations performed are highly
parallel. Processing multiple antenna data streams requires many multiply and accumu-
late operations. These operations are simple and form the building blocks of digital signal
processing. Even though general purpose processors and DSPs use dedicated logic blocks
to perform multiplication and accumulation, neither device can customize the number of
elements or data flow to a specific application. FPGA solutions can implement as many
multipliers or accumulators as needed and mold the processing data path to fit the pro-
cessing algorithm. The increased parallelism achieved with FPGAs gives them a distinct

processing advantage over general purpose and digital signal processors.

FPGAs also improve the RCC performance by enabling custom processing blocks to be added
to the system. Repetitive, frequently used, or complicated operations can be optimized into
a single module and incorporated into a design. The optimized hardware can be instanced
multiple times in a design to speed or parallelize processing. Traditional processors and
cluster-based processing rely on the optimization of software algorithms to improve perfor-
mance. Alternatively, FPGAs optimize the actual hardware to accelerate frequently used or
time-intensive operations. The computation required to perform complex multiplication and
1024-point FFTs are two examples. Designated blocks for multiplication and data storage

are also used to further increase performance and utility within an FPGA design. Tailoring
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logic to the radio telescope application enables stream processing in the RCC design.

FPGAs are also effective at implementing custom data paths which can increase through-
put and are essential to the RCC implementation. As mentioned, traditional processors
do not have a method of processing a stream of data through a series of computational
blocks. Instead intermediate results must be stored and processed sequentially. One of the
benefits of FPGA-based designs is that the entire data path and system architecture can
be designed around the processing performed. In the radio telescope application, multiple
antenna data streams feed into processing nodes and are combined with samples from adja-
cent data streams. Thus the RCC architecture is constructed to reflect this processing path.
Internally each FPGA passes data directly from one processing block to the next rather than
re-processing it in a single block. The ability to create an architecture and processing path
which reflect data flow through the system make FPGAs a desired platform for the RCC

design.

2.5 Custom Communication

To develop custom processing data paths and architectures, FPGAs provide ample commu-
nication resources. Large numbers and a variety of 1/O options allow FPGAs to be used
effectively in many multi-device communication topologies. In addition to processing capa-
bility, ETA also requires routing and communication resources to enable stream-processing.
Low-voltage differential signaling (LVDS), parallel bus, and high-speed serial transceivers are
used in the ETA design to enable high-bandwidth streaming communication and to improve
data flow through the system. Xilinx Virtex-II Pro 2VP30 FPGAs enable the communica-
tion through the use of many LVDS parallel and high-speed serial connections. This section

explains each of these communication methodologies in more detail.
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2.5.1 LVDS Signaling

Single-ended data transmission occurs by transmitting the desired signal through one con-
ductor and using another conductor for ground or common terminal. Single-ended connec-
tions are susceptible to noise and interference from external and adjacent transmissions. In
addition, signal degradation over distances can be severe and limit the effectiveness of trans-
mission links. Differential signaling provides more stable and noise-resistant communications
by transmitting the desired signal through one conductor and sending the inverted form of
the transmitted signal on the adjacent conductor. The two conductors, through which the
signals pass, are tightly coupled through PCB, connectors, and twisted pair cables to pro-
duce a more robust transmission scheme [24]. Figure 2.5 shows the transmission produced

using single-ended and differential signaling.

Single-Ended Transmission

Data /N /N

Ground

Differential Transmission

Data /o N/
Datan N\ '/ N/

Figure 2.5: Single-ended vs differential signaling.

Differential signaling is well known to produce stable communications, resistant to noise and
signal degradation because of close coupling and similar interference effects between lines.
The added stability of differential signaling allow transmissions to function with a lower
voltage difference or swing. The increased stability and decreased voltage swing enable
signals to transition quicker and operate at higher transmission frequencies. The 2VP30
FPGA provides many LVDS I/0 connections to allow data to be transmitted between system
components. Low-voltage differential signaling is used in the ETA design to produce stable

high-frequency data communication links [24].
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2.5.2 Parallel Communications

To increase communication bandwidth, additional data transmission lines can be added to
an interface. Adding data lines to a communication link and maintaining the same control
signals creates parallel or bus communication. For chip-level, board-level, and some system-
level designs, parallel communication enables increased data throughput by sending data in
parallel rather than sequentially. PCI and memory buses are well known examples of parallel
communication. While parallel communication offer greater throughput compared to a single
connection, it is not without its drawbacks. Wide parallel bus connections can be bulky and
physically difficult to manage as transmission distances increase. Links also operate at lower
clocking rates to compensate for differing delay effects between data lines. ETA uses parallel
communication coupled with LVDS signaling to produce robust communication to and from

the RCC.

2.5.3 High-Speed Serial Communications

High-speed serial transmissions often utilize LVDS signaling to enable high-bandwidth links
by increasing the signal rate. High-speed serial links can operate at higher frequencies be-
cause synchronization between data or clock lines is not required. The signal clock is recov-
ered from the serial transmission requiring frequent signal transitions. Furthermore an equal
amount of logic-high and logic-low values must be transmitted to maintain a DC-balance and
reduce inter-symbol interference. Serial communication has developed to operate at clock
frequencies much higher than parallel communication. As serial transmission rates increase,
serial communication is becoming preferred over parallel communication. Serial links require
fewer conductors and are therefor cheaper and more easily managed. In the consumer market
the shift from parallel to serial communication can be seen with the development of the PCI
Express and SATA interfaces, which are comprised of a number of serial communication links
rather than a parallel bus. ETA uses high-speed serial connection between the processing

elements of the RCC to achieve increased throughput using fewer transmission lanes.
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To enable high-speed serial communication the 2VP30 FPGA is equipped with eight Rock-
etIO Multi-Gigabit Transceivers. The transceivers use an LVDS-like serial transmission to
produce high-throughput data links. The Virtex-II Pro MGTs are capable of data transmis-
sion up to 3.125 Gbits/s which is sufficient for RCC communication. The RocketIO MGTs
also offer options for fine tuning the high-speed data links including adjustments to the dif-
ferential voltage swing, pre-emphasis, and 8b/10b encoding. These tuning features along
with the Aurora protocol, used for the serial links and provided as Xilinx IP, are described

below.

Differential swing is the voltage difference between a logic-high and a logic-low signal. The
differential voltage of the Xilinx Virtex-II MGTs can be set to values from 400 mV to 800
mV depending on the application and transmission line length. Typically longer transmis-
sion lines required a higher voltage swing to compensate for signal degradation along the
transmission line. A higher differential voltage also requires a greater transition time and
can limit the operating frequency. The optimal differential voltage is application dependent
but should provide adequate signal quality at the desired frequency. The differential voltage
is adjusted on the RCC high-speed serial links to improve signal quality between FPGA
devices [17].

As digital signals propagate through a transmission line, high-frequency components asso-
ciated with signal transitions attenuate more than lower-frequency components. At trans-
mission frequencies over 1 GHz, the added distortion may prevent correct signal reception.
Pre-emphasis creates stronger transitions in a transmitted signal to compensate for the high-
frequency attenuation which occurs in a transmission line. Properly applying pre-emphasis
to signal transmissions improves the received signal quality over the link. Figure 2.6 shows a
transmitted signal without pre-emphasis, and Figure 2.7 shows the signal with pre-emphasis
added to increase the voltage swing at transition boundaries. The RocketIO MGTs provide
pre-emphasis adjustments between 0% and 33%. Adjustments to pre-emphasis are used to

improve signal quality of the RCC high-speed serial links [17].
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High-speed serial links require evenly distributed logic-high and logic-low values within the
transmitted data. The even distribution creates a signal with little DC bias and frequent
signal transitions. Maintaining a DC-balance across a transmission line reduces inter-symbol
interference, and frequent transitions ensure that the signal clock can be recovered at the
receiver. Since the ETA system data stream is not an evenly distributed signal, 8b/10b
encoding is applied to the data stream converting every 8-bit sequence into a more evenly
distributed 10-bit sequence. The 8b/10b encoding scheme also enables bit-error detection and
allows for additional control characters. The RocketIO MGTs can apply 8b/10b encoding
to guarantee the transmission of evenly distributed signals. The RCC high-speed serial links
utilize 8b/10b encoding to maintain DC-balance and frequent transitions in transmitted

signals [17].

Aurora Protocol

Aurora is a lightweight serial protocol developed by Xilinx and available as a CoreGen-
produced IP block. Aurora is used as the RCC link layer protocol because it creates high-
speed serial links between FPGAs with little protocol or configurable overheads. The Au-
rora protocol automatically initializes the transmission channel and sends idle characters to
maintain the link and clock synchronization at the receiver. The protocol is implemented
in streaming operation such that data may pass through the links as it becomes available.

Periodically the transmission line becomes unavailable for a few cycles in order to transmit a
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clock compensation sequence. The sequence is used to correct for small frequency differences
between the transmitting and receiving end of a link. 8b/10b encoding is also applied to
the transmitted signal to maintain frequent signal transitions and no DC bias. The Aurora
protocol allows for a lightweight interface for communicating between FPGAs in the RCC

design [25].

2.6 Clocking and Synchronization

Customizing the processing path to fit system data flow allows for both data streaming and
synchronization with little overhead. Processing can be performed in parallel and expanded
to perform the required processing as data passes through the system. Processing paths
can also be constructed with equal or similar processing delays to facilitates synchronization
throughout processing. Synchronization is maintained in ETA to produce a system which
is system, source, and self synchronous. These aspects of synchronization are discussed
below. System synchronous refers to global system synchronization while source and self

synchronous provide local synchronization during communication.

System synchronization refers to how data is maintained in a global system. Global synchro-
nization is achieved in the ETA system by sampling the analog antenna feeds at the same
frequency and embedding synchronization data within transmitted signals. Slight differ-
ences in the sampling frequency can prevent system synchronization from being maintained.
Channels which produce samples at slightly different rates cause drift between channels and
inevitably result in the overflow of internal buffers. To maintain an identical sample rate
across all channels, global clock and reset signals are distributed between all of the A/D con-
verters on the S25 receiver boards. The distributed clock enables synchronous data sampling
across all of ETA’s antenna feeds. The distributed reset allows sample and frame counters
to be produced identically across the multiple processing paths. These counters are used to

synchronize samples before they can be combined with those of adjacent channels. The ETA
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design is system synchronous because data is sourced, processed, and stored synchronously

between global system components.

Source synchronous communication occurs when data samples are synchronized according to
a clock and control signals transmitted with the data. Traditionally parallel bus communica-
tion transmits multiple data lines, control signals, and a clock making it source synchronous.
The receiving end of these communications use the clock and control signals to determine
sample boundaries and register incoming data. A dual-clock interface is commonly used to
transition from the receiving clock to a local clock used in the design. Dual-ported BRAMs
available in FPGAs facilitate the transfer of data between clocking domains within an FPGA
implementation. Parallel, source synchronous communication is used in the ETA system de-
sign for communication from the S25 receiver boards to the RCC, and from the RCC to the

PC data acquisition cards.

Communication which embeds the sample clock and control signals within transmitted data
is referred to as self synchronous communication. Since high-speed serial protocols do not
transmit a designated clock, the sample clock must be extracted from incoming data or
recreated at the receiving end of the connection. The high-speed Aurora serial connections

between RCC nodes produce self synchronous communications in the ETA system design.



Chapter 3

System Overview

The ETA radio telescope is designed to detect transient pulses received from celestial emis-
sions. In order to observe unpredicted transient events, the telescope must have a large
viewing area and be limited by the galactic background noise. It has been shown that suf-
ficient sensitivity and viewing area can be achieved at low frequencies through the use of
inexpensive dipole-like antennas [2]. The ETA system also aids data analysis by performing
real-time processing of the received RF signal. System processing is performed by com-
mercially available Altera and Xilinx FPGA development boards. The use of commercially
available parts and FPGAs facilitate ETA system design and reduce development time. The
system must also be capable of recording large amounts of data for an extended period of
time. Data capture and system control must have the capability to be managed off-site as
the ETA system is near Rosman North Carolina a five hour drive from the Virginia Tech
campus. This chapter gives a brief overview of the entire system and then describes the
individual elements in greater detail. The overview contained in this chapter does not dis-
cuss the RCC in detail but is meant to proved a basis for further discussion of the RCC in

Chapters 4 and 5.

22
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3.1 Overview

As described, the ETA radio telescope is designed for low-frequency operation between 2947
MHz, full sky observation, high throughput, real-time digital signal processing, and contin-
uous remote operation. Figure 3.1 provides a graphical representation of the ETA system
architecture as described in this section. The system is comprised of 24 dipole-like antennas
and feed systems, 24 analog receivers, twelve digital receiver Altera FPGA boards, sixteen
Xilinx FPGA boards, four acquisition PCs, one control PC (not shown in Figure 3.1), and

interconnect.
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Figure 3.1: ETA system design overview.

The array of 12 dual-polarized dipole-like stands receive radio frequency signals. Figure 3.2
shows one of the ETA antenna stands. Each stand consists of two orthogonally placed active
antennas with corresponding feed systems. The two orthogonal polarizations provide a total
of 24 radio frequency inputs to the system. The feed system for each of the 24 antennas
is located inside the protective PVC tubing and is comprised of a preamplifier, balun, and

coaxial cable. The coaxial cable carries the signals underground to a central building and
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connects to the analog receivers. The 24 analog receivers amplify and filter the dipole inputs

before they are converted to digital signals in the digital receiver nodes.

Figure 3.2: ETA antenna stand displaying two orthogonal antennas.

The twelve receiver nodes are implemented on Altera Stratix DSP development boards and
are referred to as S25s [26]. Each S25 digitally samples two antenna feeds at 120 Msps.
The digital signal is then processed in the Stratix EP1525 FPGAs to perform the digital
filtering, down conversion, and multiplexing of two antenna data streams. The multiplexed
data stream is then passed through a source synchronous 5-bit parallel connection to the

reconfigurable computing cluster (RCC).

The RCC is a two-level network of sixteen Xilinx ML310 FPGA development boards, referred
to as ML310s [15]. Twelve RCC outer nodes receive digital data streams from the S25 boards,
perform the required digital signal processing, and pass a resulting data streams to two of
four RCC inner nodes. The network between RCC outer and inner nodes is formed using
the Aurora protocol over InfiniBand cables. Aurora provides a light-weight, high speed, self
synchronous, serial protocol well suited to data streaming in the ETA architecture. The
RCC inner nodes complete the required signal processing, provide additional filtering, and

output data for acquisition to one of four PC acquisition nodes.

Each acquisition node is capable of recording data continuously for up to one hour. This

results in approximately 200 GBs of data per PC or 800 GBs aggregate. Data is then
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archived to tape for easy transport, analysis, and long-term storage off site. Not shown
in Figure 3.1 is the control PC. The control PC allows the operation of the system to be
observed, controlled, or modified remotely. The control PC connects to the four acquisition
nodes through a Gigabit Ethernet switch and to the sixteen RCC nodes through two 8-port
serial RS232 PCI cards. Through the RS232 interface, the RCC nodes can be controlled or
monitored with a hardware UART controller. Users can log into the control PC from the
Internet to manage system status and acquisitions. The remainder of this chapter describes

the ETA system elements in more detail.

3.2 RF Antenna and Amplifier Systems

Low-frequency, transient pulse searches require antennas and feed systems that have a wide
field of view and are limited in sensitivity by the radio frequency noise produced in the
galaxy. This can be attained with a simple low cost inverted V dipole-like antenna and
feed system [2]. The dipole antenna arms are constructed from 3/4-in (1.9 cm) x 3/4-in
aluminum L-shaped angle stock that is 1/8-in thick. Angle stock was chosen because it
creates rigid, low-cost antennas with the desired bandwidth and are easily constructed. The
total length of a dipole, including both arms and feed gap is 3.8 m. This gives the dipoles a
resonant frequency centered near the middle of the ETA frequency range at 38 MHz. The
dipole arms are also bent down at a 45 degree angle which broadens the antenna pattern.
Each of the twelve antenna stands has one antenna placed in a north-south orientation and
another placed orthogonally in an east-west orientation. This results in twelve dual-polarized
antenna stands. The antenna terminals are located at the top of a two meter high mast which
corresponds to approximately one-quarter wavelength above the ground at resonance. The
mast is constructed from PVC electrical conduit with a four inch diameter. The antenna
dimensions are shown in figure 3.3 and the twelve stand arrangement is shown in figure 3.4.

[27]
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Figure 3.3: Key dimensions of the Figure 3.4: ETA antenna stand
ETA dipole-like antennas. arrangement.

Each dipole is connected through a preamplifier and balun circuit to a coaxial cable inside
the mast. Figure 3.5 shows the preamplifier and balun circuit [27]. The coaxial cable carries
each signal to a central building and is then processed through an analog receiver. The

analog receiver amplifies and filters the incoming signals and is shown in figure 3.6.

Figure 3.5: Uncovered pream-

plifier and balun circuit board.

Coaxial cable (left) and dipole

(right) connections are also shown. Figure 3.6: Analog receiver for

the ETA system.

The antenna and feed system design has been tested and showed that it is galactic noise
limited and that further design optimizations would provide little if any benefit [27]. Figure
3.7 shows the received signal at the antenna terminals. The figure shows areas of man-

made RFI outside the 29-47 MHz band and that the in-band noise level follows the expected
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galactic noise background curve.
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Figure 3.7: The received signal spectrum at the ETA antenna terminals (solid line)

and the expected galactic noise spectrum (dashed line).

The simple antenna design functions well for the ETA system because the antennas and
amplifiers can be produced easily and cheaply. The antennas achieve the maximum possible
performance in that their sensitivity is limited by galactic noise over the frequency band
of 29-47 MHz. From the output of the analog receivers, each signal passes to the digital

receiver nodes where the signal is digitally sampled and processed further.

3.3 Digital Receiver Boards

The digital receiver nodes digitally sample, filter, and downconvert the analog antenna in-
puts. Since designing custom hardware to perform this function would be costly and time
consuming, receiver functionality is implemented on Altera Stratix DSP development boards

(S25s) [26]. The S25 is used because it contains the necessary hardware elements for the
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design and is familiar to the design team. Each board contains two analog to digital con-
verters (ADCs) capable of sampling at 125 Msps and can therefore process two antenna
inputs. All 24 analog input streams can be digitally sampled using twelve S25 boards. The
on-board Stratix EP1S25 FPGA [28] performs the necessary signal processing to filter and
downconvert the signal. The board also contains ample I/O connectors for data transfers.

The S25 board is shown in Figure 3.8.
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Figure 3.8: The Altera Stratix DSP development board (S25) used as the digital

receiver nodes in the ETA radio telescope.

The on-board ADCs in this design sample the analog stream at a sampling frequency (F%)
of 120 Msps. The digitally sampled signal is then sent to the Stratix FPGA for digital

processing. Figure 3.9 summarizes the processing which takes place in the Stratix FPGA.

Figure 3.10 shows the transfer function of the signal sent to the Stratix FPGA from the
ADCs. In the Stratix chip, the F/4 Shift Left block downconverts the digital signal to
1/4 of the sample frequency, or 30 MHz. This is done because downconversion by F/4 is
a special case, easily implemented in hardware by changing the signs of the sampled data
stream. This downconversion shifts the passband center frequency from 38 MHz to 8 MHz

and maintains the sample rate of 120 Msps. The output transfer function from this block is
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Figure 3.9: Overview of the hardware design implemented on the Altera Stratix

FPGAs.

shown in Figure 3.11 and is then passed through a 21 MHz low-pass FIR filter which also
reduces the sample rate to 60 Msps. The filter reduces aliasing and suppresses out of band
signals which may be aliased into the baseband during subsequent processing steps. The
signal maintains a center frequency at 8 MHz but has a sample rate of 60 Msps. A 60 Msps
numerically controlled oscillator (NCO) and complex tuner are then used to shift the center
frequency from 8 MHz to 0 MHz. The transfer function at the output of the complex tuner
is shown in Figure 3.12 and passes through a second multirate FIR filter. The second FIR is
a 2.5 MHz low-pass filter with an input sample rate of 60 Msps which is reduced to 7.5 Msps
at the output. The transfer function at the output of the second FIR is shown in Figure

3.13 and provides a 5 MHz passband to the rest of the system.

Using this method any 5 MHz band between 29-47 MHz can be selected by making minor
adjustments to the NCO. Since each S25 board process two data streams, a majority of
this circuitry is replicated for a second input. At the end of this process the two signals

are each represented using a complex 7-bit I, 7-bit @) value, giving 28 data bits which are
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transmitted to the RCC outer nodes. The Output Formatter prepares data for transmission
by multiplexing the two streams, a sample counter, and start of frame signal to low-voltage
differential signal outputs. Five data bits along with a clock are transmitted in parallel at
60 MHz, or 37.5 MBs/s, over Precision Interconnect Blue Ribbon brand coaxial cable with
MICTOR connectors [29] to RCC outer nodes. The mini-coaxial ribbon cables were chosen
because they have excellent noise immunity, produce minimal RFI, and provide sufficient

throughput.

Each S25 board performs its signal processing in parallel with the other S25s. It is important
for the boards to synchronously source data at identical sample rates. If data is not sourced
at the same rate, downstream synchronization buffers in the RCC will overflow and result
in synchronization and data loss. To maintain a synchronous system, one S25 generates the
clock and reset signals for all of the S25 boards. The result is increased clock skew between
boards but enables each S25 board to output data at the same sample rate. Multiple data
streams are then synchronized using the embedded counter and start of frame bits after they

are received in the RCC nodes.

3.4 Reconfigurable Computing Cluster (RCC)

The reconfigurable computing cluster consists of sixteen Xilinx ML310 development boards
(ML310s) [15] that are networked using InfiniBand cables [30]. Similar to the S25s, the Xilinx
ML310 is used because it is familiar to the design team and provides sufficient hardware
components and [/O connections. The nodes are divided between twelve outer nodes, which
connect directly to the digital receiver nodes, and four inner nodes, which connect directly
to the acquisition PCs. The purpose of the RCC is to implement signal processing, provide
a reconfigurable network that can be modified as required, and reformat the data stream for
acquisition. Figure 3.14 shows an ML310 board and the two custom adapter boards required

to connect the S25s, RCC network, and acquisition PCs.
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The ML310 boards use Xilinx Virtex-I1 Pro FPGAs which contain eight multi-gigabit transceivers
[31]. The MGTs allow for up to eight InfiniBand connections to each board. The Aurora
lightweight, point-to-point, serial protocol [25] is implemented over the InfiniBand connec-
tions. Using these links, the twelve RCC outer nodes stream processed data to the RCC
inner nodes. The inner nodes combine data from multiple outer nodes and send the resultant
data stream, through a 16-bit parallel connection, to the acquisition PCs. Each RCC node
also communicates with the control PC to send and receive status or control information.
The connections are made through the serial port using a UART and physical RS232 con-
nection and allow the RCC nodes to be observed and updated through the control PC. A

more detailed discussion of the RCC is provided in Chapters 4 and 5.

3.5 Acquisition PCs

The four acquisition PCs serve as temporary data storage which is offloaded to LTO-3 tape
[32] once an acquisition is complete. To accomplish this, the PCs must be able to receive and
store data at a high and continuous rate. Dell SC430 servers running Red Hat Enterprise
Linux are used for the acquisition PCs. Each PC is equipped with an Electronic Design
Team (EDT) PCI CDa LVDS/S600E [33] data acquisition card and two additional hard
drives for rapid data storage. The EDT cards provide 16-bit parallel LVDS data transfers
from the inner RCC nodes. To achieve higher continuous acquisition speeds, the hard drives
are software configured as a RAID Level 0 partition. After testing it was found that the
system could continuously record data at 60 MBs/s for one hour without dropping samples.
One hour corresponds to the ETA viewing duration during which 200 GB of data will be
recorded per acquisition PC. Alternatively, data can also be written at 30 MB/s for 2 hours
in order to extend viewing time. After recording data to the PCs, the information is written
to LTO-3 tapes for easy data removal, transport, and longterm storage. Each acquisition
PC is also connected to the control PC through a Gigabit Ethernet switch. The connection

allows the control PC to view system states, start or stop data acquisitions, and transfer
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data to tape.[34]

3.6 Control PC

The Fedora Linux-based control PC is the central means of accessing, controlling, and ob-
serving the system. The computer can be accessed through the Internet and allows remote
access to both the RCC nodes and acquisition PCs. To access the acquisition PCs, an
additional Ethernet adapter card connects through an Ethernet switch to the acquisition
PCs. The connections to the RCC nodes are made using two Lava Link Octopus-550 Eight
Port Serial PCI cards [35] which were also added to the control PC. Each card allows for
eight serial port connections giving a total of sixteen serial connections. Each serial port
connects to one of the sixteen RCC nodes allowing each of them to be accessed from the
control PC. Scripts run on this PC can update RCC nodes with new coefficients, check status

information, and start or stop data acquisitions.
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Figure 3.14: ML310 board and adapters. The two adapter boards provide connections
to eight InfiniBand cables (bottom left adapter board),“Blue Ribbon” cable (bottom
right adapter board, upper connection), and the EDT cable (bottom right adapter

board, lower connection).



Chapter 4

RCC Design Considerations

The RCC provides real-time, synchronous, stream processing for the ETA radio telescope.
The RCC nodes must be able to process the incoming antenna data streams continuously as
data is passes through the system. RCC computation is performed by sixteen Xilinx FPGAs
which are networked using high-speed serial interconnect using the Aurora protocol. FPGAs
are used in the RCC architecture because they can perform custom, complex computation,
are equipped with high-speed communication resources, and provide a rapid development
environment. The function of the ETA radio telescope imposes a number of design consid-
eration on the RCC. This chapter discusses how the system design is affected by multiple
modes of system operation, networking, synchronization, remote access to system nodes,

data rates and dataset sizes, bit error rates, and FPGA resource utilization.

4.1 System Modes

For incremental development and ETA system flexibility, the RCC must be capable of mul-
tiple operating modes. The first mode, Raw Mode, passes raw data from the S25 digital

receivers to the acquisition PCs without data processing. The next two modes, Beamform-
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ing Mode and FFT Beamforming Mode, process data to compress it and reduce off-line
processing. Beamforming Mode performs time-series or spatial beamforming on the received
data streams, and FFT Beamforming Mode performs frequency domain or spectral beam-
forming on the received data streams. The remaining modes are for testing purposes and
facilitate validation and troubleshooting. The following sections discuss the RCC operating

modes in more detail.

4.1.1 Raw Mode

Raw data acquisition mode allows the system to record the raw digitally sampled data
stream produced at the output of the S25 boards. In this mode of operation the RCC
must decode and multiplex multiple antenna streams. The number of multiplexed antenna
streams is limited by the to disk throughput of the SC430 acquisition PCs. The SC430s are
only capable of recording data at about 60 MBs/s for one hour. Each antenna stream is
composed of 2 bytes (14 data bits and 2 counter bits) sent at 7.5 Msps. The counter bits can
be combined with those of an adjacent antenna stream to produce a 4-bit sample ID counter.
This gives a throughput data rate of 15 MBs/s per antenna data stream. One acquisition
PC can therefore record data from four antenna data streams over the span of one hour. In
this mode ETA as a whole is capable of recording data from sixteen antennas over an hour
at a recording rate of 240 MBs/s aggregate. This yields a data set of nearly 800 GBs or 200
GBs per PC.

Raw data acquisition mode is not computationally intensive but does require system re-
sources for routing, decoding, and multiplexing the incoming data streams in real time. As
discussed above, each acquisition PC will record the data streams of four antennas. A com-
bined data stream can be produced by using two RCC outer nodes which will decode and
forward data to a single RCC inner node. The inner node multiplexes the data streams
and outputs the result to the acquisition PCs. Twelve RCC nodes are required leaving four

outer nodes unused. Since data is not being processed but simply passed through the RCC
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network, the link bandwidth required between outer and inner nodes is 30 MBs/s per link
or 240 MBs/s aggregate. Data sets recorded in Raw mode can be archived to tape and an-
alyzed off-site to search for relevant events which may have been recorded. A more detailed

description of this implementation is given in Chapter 5.

Raw mode can be used to validate system operation by observing known galactic RF pulse
sources such as the Crab Pulsar. Data recorded in this mode is also valuable because it has
not been processed and is simply the digital feed from the digital receiver nodes. Hence the
same data set can be processed using a variety of techniques which may search for specific
or unknown events. In this way the data sets are very flexible and can be used for many
applications. The drawback of storing unprocessed data is that off-line processing time
increases dramatically. A powerful PC may require multiple days to process a 200 GB data
set. A significant amount of processing can take place in the RCC FPGAs during real-time
operation to reduce off-line processing time. Furthermore the initial processing that can be
performed in the RCC reduces the amount of data that must be stored and does not seriously

limit the uses of a recorded data set.

4.1.2 Beamforming Mode

The Beamforming Mode implements spatial beamforming, as described in section 2.2.2, to
transform and combine the incoming data streams. A number of patrol beams covering
the sky are produced and recorded for further analysis and storage. Beamforming increases
system sensitivity in a particular region of the sky and can suppress regions which would
be less likely to produce desirable results, such as near and below the horizon. This section

discusses the impact real-time beamforming has on the RCC system design.

To perform spatial beamforming in real time, the RCC must provide sufficient computation,
routing, and synchronization capability. The digitized antenna streams must be synchro-
nized, multiplied by corresponding beamforming coefficients, and summed with correspond-

ing samples of adjacent antenna streams. Furthermore, this mode must be capable of utilizing
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all 24 antenna inputs to form the individual beams. The beamforming computation is sim-
plified by the fact that the two polarizations remain separate throughout the beamforming

computation.

Twelve antenna inputs form a beam of the north-south polarization, and the remaining twelve
antenna inputs form a beam of the east-west polarization. A pair of beams are referred
to separately as two single-polarization beams or jointly as a single dual-polarized beam.
Since the north-south and east-west polarizations are processed separately, the RCC can be
partitioned and replicated for each polarization. The north-south polarization uses eight of
the RCC nodes and the east-west polarization uses the remaining eight nodes to perform the
beamforming computation. The required computation causes a large amount of bit growth,
and the twelve single-polarization data streams must be combined into one stream. This
makes networking and network bandwidth between the RCC nodes an important design
factor to consider. Due to bit growth through the complex multiply accumulate operation,
the number of bits in the data path increases from 2 bytes to 4 bytes per sample. A link
bandwidth of 120 MBs/s allows four 32-bit data streams to pass through a single link sampled
at 7.5 Msps. The ability to combine twelve streams also requires a multi-connection routing

network. Network and link bandwidth will be discussed further in Section 4.2.

The number of beams which can be formed is again limited by the speed and duration
of writing to disk in the acquisition nodes. Each beam is similar to the raw data format
encoding and throughput. The beamforming computation combines multiple streams but
maintains the same sample rate of 7.5 Msps. A single sample of a single beam consists of 2
bytes (14 data bits and 2 counter bits) and gives a required throughput of 15 MBs/s for each
beam that is formed. Beamforming mode can then record four single-polarization beams
per acquisition PC or sixteen single-polarization beams aggregate before the 60 MBs/s per
PC limitation is reached. Eight beams is desirable in the ETA system because it allows a
majority of the visible sky to be observed. Each of the eight beams require a single complex
multiplier coefficient for each of twelve antenna input stream. Each RCC outer node connects

to two antenna streams, and thus must have a coefficient table containing sixteen complex
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beamforming coefficients. In addition the coefficients must be able to be updated or adjusted

remotely.

While the disk recording speed limits the number of beams that can be formed, other design
factors need to be considered for the hardware implementation of the beamforming algorithm.
Including how many bits represent the beamforming coefficients and which bits to keep after a
hardware multiply and accumulate operations. Both of these factors can greatly effect system
sensitivity and precision. A software model is used to investigate how bit representations
and the maintaining of bit widths effect actual system sensitivity readings. Analysis from
this model showed that little quantization is produced by representing the two beamforming
coefficients as 32-bit signed complex values. Based on the coefficient values and expected
input ranges, the desired output bits shift position. The RCC design is created so that the
output bit selection is variable and can be adjusted by the user. The software model also
revealed that if bit selection is done by either removing the least significant bits or applying
standard rounding rules, an undesirable DC bias is introduced into the system. To avoid
adding a DC bias a convergent rounding scheme is implemented. The actual beamforming

mode implementation will be discussed further in Chapter 5.

4.1.3 FFT Beamforming Mode

FFT Beamforming Mode performs spectral beamforming and requires computation similar
to spatial beamforming. Spectral beamforming is expanded to form beams on frequency
domain samples rather than time series samples. FF'T Beamforming Mode continues to form
eight dual-polarization beams, require a link bandwidth of 120 MBs/s, and disk data rates of
60 MBs/s per PC. Additional capability is added in FFT Beamforming Mode to compute a
1024-point Fast Fourier Transform and expand the number of multiplying coefficients. This

section discusses the impact spectral beamforming has on the RCC system design.

In FFT Beamforming Mode a 1024-point FFT is added to the processing path before the

beamforming computation. The FFT transforms 1024 time-series samples to 1024 spectral or
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frequency channels. Each channel or bin contains the amplitude and phase information for a
corresponding frequency band of the incoming time-sampled series. Thus a sine wave would
produce an output in a single frequency bin corresponding to the frequency of the sine wave.
Spectral beamforming also requires that each bin has a different beamforming coefficient.
Spectral beamforming changes the design by expanding the data width, requiring additional
bit reduction or bit selection modules, and increasing the number of required multiplication

coefficients.

The FFT core increases the required FPGA resources and data width through the RCC
design. The input to the FFT is represented using 14 bits (7-bit I, 7-bit @) and the output
is represented by 38 bits (19-bit I, 19-bit ()). The multiplication and summation blocks cause
additional bit growth after the FFT. Before transmitting data over the network, another bit
selection module is added to the system. The desired bits are selected and transmitted over
the RCC network to be processed further by RCC inner nodes. Convergent rounding is
applied to again avoid introducing a DC bias into the system. The additional bit selection
modules maintain a manageable data width through the design and reduce the amount of
data transmitted through the RCC network. This reduction limits the required RCC link
bandwidth to 120 MBs/s which is the same bandwidth required in the Beamforming Mode.

The spectral beamforming algorithm is more complex because beamforming is performed on
individual spectral bins rather than the antenna streams. Each outer node forms sixteen
beams (eight beams per two input antenna streams). All of the 1024 spectral bins in each
beam must have a separate beamforming coefficient. Therefore the outer node coefficient
tables must be expanded from 16 to 16284 complex coefficients. The added coefficients
requires a large amount of FPGA storage that is still capable of being updated remotely.

4.1.4 Test Modes

The design of any complex system should also assist debugging or troubleshooting. Various

test modes are designed into the RCC which make the design easier to test, validate, and
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debug. A majority of these test modes inject synthesized data into the system at key
locations, confirming that processing blocks are performing the desired computation and
identifying processing blocks which may be causing a problem. This section gives a few

examples of test modes present in the RCC design and how they might be used.

Several test modes are used to verify the operation of the beamforming algorithm, which
performs complex multiplication and summation over twelve input data streams. One of
the initial test modes allow the user to set the inputs of the beamforming module to a con-
stant value through the UART control interface. These constants are then be multiplied and
summed to produce an expected output at the end of the computation. By setting the beam-
forming module inputs to several sets of constants, the computation can be verified. However
this test mode does not check that each sample is being combined with the correct samples
from adjacent data streams. Another mode further tests the beamforming computation and
sends input values, generally counters, to the beamforming module. This test produces a
known output stream that can be verified. If the output stream is incorrect, samples are not
being synchronized properly before they are combined with other data streams. Through
the process of setting new coefficients and input values, errors in the system design become
evident and are corrected. The test modes remain in the final system implementation and

can be used to narrow down the source of problems which may occur under actual operation.

An additional test mode enables the RCC network to be examined for both basic function
and bit errors. Counters are sourced across all of the Aurora data links in the RCC. The
receiving end of each link analyzes the incoming counters and reports any errors which occur.
The link error information can then be read back through the ML310 UART interface to
determine which links produce errors and how frequently. Through the use of this mode,
all of the links in the system can be tested rapidly and problematic links can be repaired
through swapping cables or adapter boards. After stable communication is established, this
mode can be used to measure the bit error rate performance of the network. By periodically
reading back the error information over an extended period of time, the bit error rate can be

estimated with reasonable accuracy. Testing has shown that the RCC network can stream
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data over the period of 5 hours with fewer than 10 bit errors over the entire network. Thus
an 800 GB data set recorded over an hour will have on the order of 2-5 bit errors which is
well within the tolerance range of the noise-dominated received radio signal and is achieved

without data retransmission.

4.2 Networking

The RCC network must be capable of streaming data from multiple outer nodes to a single
inner node at high rates. Due to the limited buffering and continuous data streams which
must pass through the RCC network, it is difficult to implement packet-based protocols which
allow for data retransmission or flow control. Data retransmission is undesirable because a
single retransmission would stall the entire data processing chain. In traditional systems this
is accounted for with the use of flow control signaling which inform the transmitting side of
the link that is should stop sending data. This would back up the system and ultimately
result in data loss unless large amounts of buffering were added to the system. The network

is also highly noise immune and resistant to bit errors.

Each Xilinx XC2VP30 FPGA has eight MGTs allowing for raw data transfer speeds of around
300 MBs/s (2.5 Gbits/s), ideal for data transmission [31]. Normally this data rate is not
achieved due to protocol overhead. The Aurora protocol is used for the RCC design because
it is simple to implement both in terms of protocol signaling and resource requirements. As
discussed previously, the maximum data rate required for each link is 120 MBs/s or one
third of the MGT capability. This being the case additional steps are taken to reduce the bit
error rate with the extra bandwidth. The ETA system RCC data links use 8b/10b encoding
to maintain a zero DC balance and reduce the bit error rate over the transmission line. This
technique requires a larger number of bits to transmit data but can detect and correct minor
errors more readily. The increased signal quality achieved by the use of 8b/10b encoding is

preferred over increased bandwidth because the ETA system utilizes only 120 MBs/s of the
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available link bandwidth.

Other methods including lowering the transmission clock frequency, increasing the differen-
tial voltage swing, and adjusting the pre-emphasis are applied to reduce the bit error rate
and increase noise immunity. Rather than running the RCC network at a maximum clock
frequency of 156.26 MHz, the 125 MHz system clock is applied to the RCC communica-
tion structure. After accounting for Aurora protocol and encoding overheads, the maximum
data transfer rate is then reduced to approximately 250 MBs/s. The system will use ap-
proximately half the available link bandwidth and allow for ample bandwidth overhead to
avoid link contention. As discussed previously in Chapter 2, lowering the communication
clock frequency, increasing the differential voltage, and adjusting the amount of pre-emphasis

produce more stable, error-free, and noise immune communications.

The final considerations which improves network signal quality deals with the physical trans-
mission links between the RCC nodes. In transmission from FPGA to FPGA, care has been
taken to ensure good signal quality in the physical links. Low-voltage differential signal-
ing is used and routed side by side on PCB and or sent on a twisted paired transmission
cable. Both of these design items are taken into account for designing the RCC network.
The ML310 adapter boards were designed according to high speed signaling design rules,
and connect to the ML310 boards through impedance-controlled connectors. The physical
cabling between nodes is done with high speed InfiniBand cables and connectors. Antici-
pating that not all of the ports on the adapter boards would function as desired, redundant
output connections are used. RCC outer nodes send data output to six of the adapter board
InfiniBand ports when only two of them are used at a time. The redundant output ports
allow error-prone ports to be avoided and stable connections selected. Chapter 5 describes

the routing connections made between nodes in more detail.
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4.3 Synchronization

During raw mode operation, synchronization is not required because the inputs simply pass
through the system without being processed. However both of the beamforming modes
require sample-by-sample synchronization throughout system processing to ensure correct
FFT and beamforming computations. The S25 digital receiver boards output a multiplexed
combination of two antenna streams, 4-bit sample ID counter, and start of frame signal. To
enable synchronization across all of the receiver boards, a single master clock and reset is
distributed to the twelve S25 boards which allows the ID counter and start of frame bits to
be synchronous across the S25s. Internal to each S25, the master clock is used to derive the
sample clock transmitted along side a 5-bit parallel bus to the RCC outer nodes. Since the
outer nodes receive a multiplexed data stream, the two antenna samples, ID bits, and start
of frame bits are inherently synchronized after being decoded. Synchronization must then
be maintained as samples are processed through the RCC outer nodes and transmitted to

the inner nodes.

The inner nodes must explicitly synchronize data received from six outer nodes. The ID
counter and start of frame signals, which are synchronously sourced in the S25s, are used
to enable this synchronization. The 4-bit sample ID counter wraps around repeating its
initial value after 16 data cycles. Synchronization must therefore occur to within +8 data
cycles and should probably occur within +4 data cycles to ensure that data from a current
sample is not synchronized with data from a sample which is offset by 16. In practice, if
processing paths and connecting cables have been designed to have identical delays, samples
do not differ by more than 2 data cycles. The start of frame bits are specifically used in
the FFT beamforming mode to signal the start of a 1024 sample sequence which is fed into
the 1024-point FFT processing block. To ensure that data sets do not overlap, the start
of frame signal is transmitted every two data frames or 2048 data cycles. Synchronization
is maintained throughout processing by designing the data paths with identical processing

delays or buffering. Parallel processing paths are well suited for the FPGA development



Brian S. Martin Chapter 4: RCC Design Considerations 45

environment, and enable data computation to occur synchronously and at high data rates.

The RCC registers any loss of synchronization as this will result in data corruption.

4.4 Remote Access to System Nodes

The ETA radio telescope is located near Rosman NC, approximately 260 miles by road from
Virginia Tech campus. The distant location requires remote access through the Internet to
the ETA system. The control PC connects to the Internet, four acquisition PCs, and sixteen
RCC nodes and acts as the gateway to access and manage the ETA system. The following

section discusses the impact remotely observing and updating has on the RCC system design.

The control PC is equipped with two 8-port RS232 expansion cards that interface with the
RS232 ports on the RCC nodes. Each RCC node utilizes a hardware UART interface to send
or receive status information to or from the control PC. These connections allow easy access
to the ML310s through a serial interface such as Minicom [36] or through software programs
or scripting. The remote interface to the RCC nodes allows for both setting new mode or
coefficient information and reading back current mode or system status information. A scan

chain, consisting of a series of shift registers, is used to pass mode information into or out

of the RCC nodes.

Mode information that can be passed into the system includes: the desired operating mode,
complex beamforming coefficients, select bit settings, test mode constants or values, and
reset signaling. Mode and status information that can be read out of the system includes:
all of the mode information that can be passed into the system, link status and error codes,
synchronization status and error codes, test modes and error codes, and system clock coun-
ters. The UART interface and scan chain allow a simple means of viewing or modifying
system operation. The error codes read back from the system help to pinpoint problems
which may occur or certify that no errors have occurred during an acquisition. By viewing

the system status and error codes before, during, and after an acquisition a user can check
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system integrity for each acquisition.

4.5 FPGA Resources

Field Programmable Gate Arrays provide a desirable computing platform for radio telescope
implementations. Computations can be implemented in parallel and with custom hardware
to perform real-time signal processing as data is being streamed through the system. Tra-
ditional and even high-end PCs are not preferred for computationally intensive streaming
applications because they do not have specialized processing resources and may take an in-
determinate number of clock cycles to process data. Another problem with PCs or even PC
clusters is that the routing and protocol stack overhead required. FPGA-based platforms
can create high speed custom networks for passing data directly to other processing nodes.
This network bandwidth, customization, and low overhead is difficult to find in traditional

computer resources.

FPGAs also permit rapid development when compared to that of an ASIC or other custom
hardware components. By using commercially available FPGA-based development boards,
the RCC was designed rapidly and with a large amount of flexibility in both computation and
communication resources. The development of the RCC node implementations were further
accelerated by the use of design tools available from Xilinx. A few of these tools include the
ISE Project Manager for creating and compiling designs, CoreGen for customizing common
computational blocks which exist as Xilinx IP, and ChipScope which adds logic analyzer

observability to a design and aids debug or validation testing.
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Reconfigurable Computing Cluster

5.1 Overview

The reconfigurable computing cluster performs real-time, stream processing and provides
system routing in the ETA radio telescope. The RCC requirements are well suited to FP-
GAs because they provide high real-time computational throughput and multiple high-speed
communication interfaces. The RCC is comprised of sixteen FPGA nodes which are net-
worked using the Aurora protocol over InfiniBand cabling. Each node uses a Xilinx ML310
development board and is equipped with a Virtex-II Pro 2VP30 FPGA. The ML310 devel-
opment board is used because it provides the necessary computational and communication
hardware resources, is familiar to the design team, and is available for a reduced cost through
the Xilinx University Program. The sixteen RCC nodes are divided between twelve outer
nodes, which receive data from the twelve S25 digital receiver boards, and four inner nodes,
which transmit data to the four acquisition PCs. The adapter board shown in Figure 5.1 is
used to create the physical connection to both the S25s and acquisition PCs. The outer nodes
perform a large portion of the required processing and pass data to the RCC inner nodes
through the Aurora over InfiniBand network. The adapter board shown in Figure 5.2 is used

to create the network connections between RCC nodes. The inner nodes synchronize the
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data streams from the outer nodes and combine the streams to form the acquisition output
data stream. The RCC was developed in three stages related to the operating modes dis-
cussed in the Chapter 3. Each of the three implementation stages - raw mode, beamforming
mode, and FFT beamforming mode - are discussed in the following section. Each implemen-
tation has all the functionality of the previous implementations and thus the beamforming
and FFT beamforming sections will focus on the additions that are made to accommodate

the new mode of operation.

Figure 5.1: ML310 to S25
and EDT interface adapter Figure 5.2: ML310 to InfiniBand interface
board. top: ML310 connec-

tion, middle: MICTOR to

adapter board. top: ML310 connection, bot-

tom: eight Infiniband connections.
S25 connection, bottom: EDT

connection.

5.2 Raw Mode

The RCC raw mode allows eight of the S25-sourced data stream to pass directly through
the RCC to the acquisition PCs. Data reduction is not performed but the input stream is
decoded and reformatted for acquisition. The design is further simplified because it does not
implement the UART control interface which is accessed through the control PC. Raw mode

provides a necessary link to complete the ETA system path from antennas to storage and is



Brian S. Martin Chapter 5: RCC 49

used to both certify system operation and store unprocessed data from the S25 digital receiver
boards. This mode is less complex than either beamforming or FFT beamforming modes
and is designed early so that full system integration testing can be performed. The raw mode
implementation allows the full system to be tested and debugged before adding beamforming.
The uncompressed recorded data can be interpreted in a variety of ways to assure system
functionality or search for astronomical events. Recordings are currently processed to search
for dispersed pulses which may have been observed. This section discusses the raw mode

implementation, outer and inner node FPGA designs, and the testing and validation used.

As shown in Figure 5.3, raw mode operation utilizes eight of the RCC outer nodes and all
of the four RCC inner nodes. Each outer node receives an input stream from an S25 digital
receiver; this data stream is a multiplexed output of two antenna data streams, 4-bit sample
ID counter, and start of frame bits. The outer nodes decode this input stream and pass it
through the RCC InfiniBand network to the inner nodes. Synchronization across multiple
data streams is not used in this mode. The sample ID counter is passed through the system
with the antenna data streams, and the start of frame bits are stripped from the signal. The
RCC inner nodes receive data from two outer nodes, multiplex the data streams, and encode
the output acquisition data stream which is then sent to the acquisition PCs. The sample
ID counter is stored to disk along with the antenna data samples and is used in off-line
processing to correlate between data streams. The RCC network in raw mode operation
connects two outer nodes to a single inner node. Figure 5.3 shows the RCC connections
and it is noted that there are no links between adjacent data paths. The system can store
data from any of 4, 8, 12, or 16 antennas simply by enabling or disabling data recording on
the acquisition PCs. The ability to use only a portion of the antennas is beneficial during

development or when not all of the antennas, receivers, and digital receivers are operational.
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InfiniBand EDT
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Figure 5.3: RCC raw mode system operation overview.

5.2.1 QOuter Nodes

The raw mode outer FPGA implementation is shown in Figure 5.4 and is meant to be a
simplified implementation to establish the data path, perform full system integration, and
record digitally sampled but unprocessed antenna feeds. The S25 input stream is received
at 37.5 MBs/s and contains two digitally sampled antenna streams with a corresponding
sample ID counter. The two streams and ID counters are decoded to recreate the 7.5 Msps
data stream produced in the S25 boards. Each antenna stream is represented using a 14-bit
complex value (7-bit I, 7-bit ) and the sample ID is represented using a 4-bit value. The
resulting 32-bit data path matches the width used by the Aurora protocol interface. Data
passes directly from the input decode to the Aurora transmission IP block. Using the Aurora
protocol, data is transmitted at 30 MBs/s to the RCC inner nodes. While only one of the
Infiniband connections is connected to an inner node, the output data stream is sent to all
available Aurora connections. The redundant connections are later used for testing or to

re-route faulty links.



Brian S. Martin Chapter 5: RCC 51

S25 | Input Aurora |, Output to
Input | Decode TX Inner ML310s

A 4

Figure 5.4: Raw mode hardware implementation overview of an RCC outer node.

5.2.2 Inner Nodes

Similar to the RCC outer node implementation, the inner node FPGA design is simplified
for rapid development and system integration. Figure 5.5 shows an overview of the raw
mode hardware implementation of the RCC inner nodes. The Aurora interface receives the
transmitted 32-bit words at a rate of 30 MBs/s. Since an inner node receives data from
two outer nodes the agregate input rate is 60 MBs/s. A buffered multiplexer is used to
combine the two data streams and to account for any cycle by cycle differences which may
occur between the outer node data streams. The two 32-bit data streams feed the inputs of
the multiplexer where they are buffered and read alternating between the two streams. The
output stream maintains the 32-bit data width but has a combined flow rate of 15 Msps.
Data is then streamed to the output encoder which reformats the data for output to an
acquisition PC. The PC’s EDT data acquisition card has a 16-bit parallel LVDS interface
that interleaves sample ID bits with antenna data bits. Data is output continuously through

the EDT connection at a rate of 60 MBs/s and stored to disk by the acquisition PCs.

Inputs from ./ Ayrora \_, Qutput |, Output to

Outer Nodes =™ RXx > Encode SC430

A 4

Figure 5.5: Raw mode hardware implementation overview of an RCC inner node.
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5.2.3 Test and Validation

The raw mode of operation is tested in two ways: using ChipScope to verify internal timing
and signaling is correct, and sourcing various input streams to analyze the results which
are stored to disk. To facilitate testing and development, a workbench portion of the ETA
system is constructed. The test setup for the raw mode implementation consists of one S25
board, two ML310s, and one acquisition PC. In the test setup the S25 sources data to one
of the ML310s which contains the outer node configuration. The data stream is processed
and transmitted through the Aurora connections as described in Section 5.2.1. Since the
output data stream is sent to all available Aurora connections, the two outer nodes are
simulated by connecting two of the output ports to the second ML310 containing the inner
node implementation. Since the inner node does not analyze or compare the two input
data streams, it is irrelevant that they are actually sourced by the same board. The inner
node functionality was tested by evaluating the output of the second ML310 board at the
acquisition PC. The PC uses a C program designed to interface with the EDT PCI adapter

card [33] to record data in the desired block size and verify correct data acquisition.

To certify initial operation, counter data is sourced in the S25, streamed through the outer
and inner ML310s, and recorded on disk. While operating in this test setup, ChipScope
Analyzer cores are added to both the inner and outer node implementations. These cores
allowed critical locations in the design and data path to be observed for timing correctness.
Some of these locations include the output of the data decode, Aurora interface signaling,
buffered multiplexer functionality and timing, and EDT output formating and timing. After
correct timing and signaling are observed, correct data reception is verified manually by
viewing the contents of recorded files. Final testing is performed and demonstrates that the
system can record 200 GBs of data continuously at 60 MBs/s. The C program is updated
to record 200 1-GB files and then read them back to certify that data is recorded correctly.
Any errors found during file verification are tabulated and reported to the user console. This

test requires approximately 1 hour to record data and 1.5 hours to read back and verify
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data correctness. Through the use of scripts, the C program is run and output files are
deleted multiple times to guarantee system operation. Testing beyond this requirement is
also performed and shows that recording data at rates above 65 MBs/s or in quantities larger
than 250 GBs results in lost or dropped data samples. The data rate limitation is due to the
limited to disk throughput available in the acquisition PCs. The 250 GBs limitation results
from a decrease in the throughput rates as the internal hard disks become full and data is
recorded on inner tracks. This testing verifies that the raw mode implementation is stable

and able to be installed at PARI.

5.3 Beamforming Mode

The RCC beamforming mode allows the twelve S25-sourced, time-series data streams to be
processed and combined through the RCC. Each antenna stream is multiplied by a complex
coefficient for each beam formed and then summed with samples having the same sample
ID, beam number, and polarization. The processing requires the synchronous summation
of twelve antenna input streams which are combined into a beam of a single polarization.
Since beams of differing polarizations are formed independently of each other, the design
is simplified by dividing the system between polarizations. Six outer nodes and two inner
nodes are used to perform the beamforming computation on each of the North-South and
East-West polarizations respectively, making use of all sixteen RCC nodes. Eight beams of
each polarization are formed producing a total of sixteen single polarization beams. This
section provides an overview of the beamforming mode implementation, discusses the outer
and inner node FPGA designs, and describes the testing and validation which was performed

on the beamforming mode implementation.

The system overview of the beamforming mode implementation is shown in Figure 5.6.
A majority of the beamforming computation is performed in the RCC outer nodes. The

inner nodes synchronize data streams from six outer nodes and combine them through a
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summation. A UART scan chain interface, which connects through RS232 to the control
PC, is also added to the design. Through the UART interface a user can select between the
raw and beamforming modes, change beamforming coefficients, read back system information
and error codes, and enable various test modes. The UART interface is also helpful during

development to read back system information or test partially implemented modules.
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Figure 5.6: RCC beamforming mode system operation overview.

5.3.1 QOuter Nodes

The hardware implementation of the RCC outer nodes becomes significantly more complex
since a majority of the beamforming computation is added to these nodes. The beamforming
computation may also be bypassed to retain the same functionality as the previous raw mode
implementation. Each outer node forms eight single polarization beams, four of which are
output to an inner node and the remaining four are output to an adjacent inner node. To
match that architecture, the beamforming computation is partitioned between two identical
modules, which form an output stream of four beams and forwards data to the output

select and Aurora interface. Synchronization between the two antenna streams is maintained
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throughout the beamforming computation by passing samples through similar logic and
delays until they are combined. The design overview for the beamforming outer node FPGA
design is shown in Figure 5.7. Also shown in the Figure is the UART control interface
and control signals to internal modules. As inferred by the Figure, the control interface is
used to monitor system function, select between test and S25 inputs, modify beamforming

parameters, and select the desired output.
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Figure 5.7: RCC beamforming mode outer node FPGA implementation overview.

Beamforming Module

The beamforming modules, labeled as Beams in Figure 5.7, perform the complex multipli-
cation and summation of two antenna inputs for each of four beams. An overview of the
beamforming processing path is shown in Figure 5.8. As shown the input is replicated four
times for each of the four beams constructed. The input and output waveforms of the Repli-
cate by 4 block are shown in Figure 5.9. The input rate of 7.5 Msps is thus quadrupled to 30
Msps at the output of the Replicate by 4 functional block. The internal clocking of this block
and subsequent logic must therefore exceed 30 MHz. The ML310 input clock operates at
125 MHz and is divided to produce the 62.5 MHz clock used for the design. The 62.5 MHz
clock frequency provides stable communication over data links and a sufficient margin to

handle the small backlogs occurring as result of communication overheads. Input buffering
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is also provided to ensure that successive samples are not lost as the input is replicated. In
parallel the 4-bit ID counter is augmented to six bits and used to differentiate between the
replicated samples. The two added bits designate each replicated sample to a different beam
and select the correct multiplying coefficient from the Coeff Table. Each coefficient table
contains a 32-bit complex coefficient (16-bit I, 16-bit @) for each of the four beams formed
and cycles through coefficients as samples are streamed into the complex multipliers. After
the replicated samples are multiplied by a corresponding beamforming coefficient, they are
summed and rounded to reduce the number of bits transmitted to the RCC inner nodes. The
partially beamformed samples are then recombined with the original 4-bit sample ID counter
and passed to the output of the module. Even though the replication and multiplication of
the two antenna streams occur through separate physical logic, the delays that occur on each

path are identical and maintain synchronization.

Coeff
32-bit Table 32-bit
Input 14-bit Data | , Output
—+Replicate|14-bit Data|
by 4 Round El;t Data

4-bit Sample ID

| UART Control Interface

i

Figure 5.8: Beamforming module implementation for the beamforming mode. Forms

four beams from two antenna inputs.
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Figure 5.9: Replicate by four input and output timing.
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Rounding is required before the samples can be transmitted over the Aurora connections
due to data width expansion through the multiply and accumulate operations. The two
14-bit (7-bit I, 7-bit @) inputs are multiplied and summed to produce a single 50-bit (25-
bit I, 25-bit @) sample. The 32-bit interface of the Aurora protocol limits the width of
transmitted data and requires bit reduction through rounding. A portion of these bits are
removed without significantly affecting precision especially since only fourteen bits of each
sample will be stored to disk. The rounding module selects 28 bits (14-bits I, 14 bits Q)
from the 50-bit signal and passes them to the output. The remaining four bits contain the
ID counter originally sourced with each sample. Users select the desired 28 bits from the
available 50-bit signal through the UART control interface and may vary the selected bits
based on the chosen multiplication coefficients. To avoid adding a DC bias to the signal path,
rounding-half-up is implemented in this and other rounding modules. Rounding-half-up is
chosen for this implementation because it is easily implemented in hardware by adding .5
and truncating the binary number representation. More complex rounding schemes, such as

convergent rounding, were not needed for the RCC implementation.

UART Control Interface

The UART control interface allows the system to be monitored or updated with new coeffi-
cients and mode information. As shown in Figures 5.7 and 5.8, through this interface input
data can be modified or selected, beamforming coefficients are updated, rounding position
is set, and output data streams are chosen. Additional connections to internal buffers mon-
itor data flow through the system. Buffer overflows are tallied and reported through the
UART control interface with the other system information mentioned. The control interface

is useful for both design and system integration testing.



Brian S. Martin Chapter 5: RCC 58

5.3.2 Inner Nodes

The inner node beamforming FPGA implementation is less complex than that of the outer
nodes. RCC inner nodes synchronize input data from six outer nodes, combine similar time
and beam samples through a summation, and format the data for acquisition. As with the
outer node beamforming implementation, raw mode pass through can be enabled through
an output multiplexer. The inner node FPGA implementation is shown in Figure 5.10. Syn-
chronization is accomplished by buffering samples of all input streams and comparing sample
IDs as values are read from the buffers. The system gains and maintains synchronization
by aligning the ID values of all input streams. Synchronization across the input channels
or loss of synchronization can be monitored through the UART control interface. After the
data streams are synchronized, rounding takes place in the Adder Tree module and is shown

in Figure 5.11.
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Figure 5.10: RCC beamforming mode inner node FPGA implementation overview.

The Adder Tree sums the six 28-bit (14-bit I, 14-bit @)) synchronized values and rounds the
result at a user specified location to produce a 14-bit (7-bit I, 7-bit )) output data stream.
Rounding is implemented as described in Section 5.3.1. Both the 28-bit input and the 14-
bit output signals contain samples from each of the four beams as produced from the outer
nodes. The EDT PCI card on the acquisition PCs has a 16-bit parallel LVDS interface. Each
14-bit output value is combined with two bits of the sample ID. Given that there are four

(one corresponding to each beam formed) values with the same sample ID, the sample ID is
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Figure 5.11: Adder tree module implementation.

transmitted to the acquisition PC twice. The sample ID is used further in off-line processing
to align data across multiple PCs and as an initial data integrity check. When the system

is operating, the sample ID is easily extracted to properly align data.

The UART control interface is also added to the inner nodes and can be used to monitor
received sample ID, buffer overflows, and synchronization errors. Errors received during an
acquisition can be read from the system to ensure that the stored data is not corrupt. The
UART controller is also used to monitor the Aurora link, modify test inputs, select the final

rounding location, and select the data stream transmitted to the acquisition PCs.

5.3.3 Test and Validation

Workbench testing for the beamforming mode is done through the use of a system model
similar to the one described in Section 5.2.3. Two ML310s are used, one simulating six
outer nodes and the other simulating an inner node. The single outer node board sources six
output signals which are tied to the six inputs of the inner node. In the full system the six
inputs are sourced from different outer nodes. ChipScope Analyzer is used to verify timing

through the system as with the previous mode test setup. The UART control interface is also
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used during testing to effectively detect and localize system errors. Following initial testing
through these two interfaces, test data is driven through the system and output results are
inspected. To aid the process of developing test inputs and verifying the output produced, a
software model programmed in C is used. The C model also aids in selecting coefficient bit
widths and rounding implementations. The output results from this model show that 32-bit
multiplying coefficients (16-bit I, 16-bit )) and round-half-up rounding produce sufficient
precision and avoid adding a DC bias to the system. The C model creates an easy way to
develop and verify test input values. As with most system designs, exhaustive testing of all
possible input combinations would be infeasible. Thus several test vector inputs are applied
to the system and ensure proper functionality. System integration is facilitated through
the test inputs and monitoring connections which are accessed through the UART control

interface and control PC.

The ability to identify poor physical connections rapidly and replace them using alternate
cables or adapter boards dramatically reduces installation time. System monitoring of in-
dividual Aurora connections allow poor connections to be identified quickly and redundant
ports allow faulty ports to be left unused. Link integrity is also improved by increasing
the differential voltage to its maximum 800 mV and adjusting pre-emphasis to match cable
lengths. A pre-emphasis of 10% and 20% produced the best signal quality for two and three

meter InfiniBand cables respectively.

Test inputs and test modes also enable rapid system integration and testing. Using the test
modes, counter data can be injected across all of the Aurora connections and verified at the
inner nodes. Any errors in the received data are recorded and can be read from the control
PC. Through this testing procedure, the bit error rate over each Aurora link in the system
is evaluated. In general the links pass data with no detected errors and the worst links
produced a BER on the order of 10~!2. This analysis shows that under normal operation, a
200 GB data set will contain fewer than 10 bit errors caused by the data transmission over
the Aurora connections. All other connection in the system operate at a lower transmission

rates and have a negligible BER. Following initial link validation, additional integration
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testing is performed using the test vectors created from the C simulation and lab testing.
Data sets acquired with this implementation have been recorded and are currently being

evaluated for dispersed pulses.

5.4 FFT Beamforming Mode

The FFT Beamforming mode utilizes all of the RCC nodes in the same beamforming con-
figuration shown in Figure 5.6. FFT beamforming partitions the system between the North-
South and East-West polarizations and forms eight beams of each polarization. The main
additions to this mode is that a 1024-point FFT is performed on the S25 input before the
beamforming operation. The FFT transforms a block of 1024 time samples into 1024 fre-
quency samples. Beamforming is then performed on each of the 1024 frequency spectra
channels separately. To synchronize the FF'T computation across the 12 outer nodes, a start
of frame (SOF) signal is added to S25 input signal. This signal strobes every 2048 cycles and
signals the boundary of FFT operations to the outer nodes. By synchronizing to this signal,
the outer nodes will perform an FFT on the same 1024 block of input time series samples.
Beamforming is then performed on each of the frequency samples across the antenna inputs.
These additions require the outer node FPGA implementation to have start of frame syn-
chronization, a wider data path, larger buffers, and expanded coefficient tables. The inner
node FPGA implementation changes little but utilizes a new synchronization method and
expands the size of storage buffers to accommodate the larger data bursts. This section
describes the outer and inner node implementations and validation testing performed for the

FFT beamforming mode.

5.4.1 QOuter Nodes

The FFT beamforming mode outer node FPGA implementation requires significant modifi-

cations to the design, but the high level description remains very similar the beamforming
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mode description. The previous raw and beamforming modes are implemented as subsets
of the FFT beamforming mode. They are selected by bypassing the FFT and performing
the required computation. The computation required for the beamforming and FFT beam-
forming modes is performed in the same beamforming module. The difference between the
modes is the input selection and the user defined beamforming coefficients. The overview

for the outer node FPGA implementation of the FFT beamforming mode is shown in Figure

5.12.
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Figure 5.12: RCC FFT beamforming mode outer node FPGA implementation

overview.

Following the S25 input decode a 1024-point FFT module is added for each of the two
14-bit antenna input streams (7-bit I, 7-bit )). Due to the blocking nature of the FFT,
1024 consecutive samples are buffered and then streamed into the FFT modules. The least
significant bits of the 38-bit FF'T output (19-bit I, 19-bit @)) are rounded to produce a 36-bit
(18-bit I, 18-bit @)) value which can be input to the Virtex-1I 18x18 multipliers used for the
complex multiplication. This does not affect the final output as the significant bits at this
point are between bits 13 and 6. To accommodate the increased input data width (36-bit
versus 14-bit), the two beamforming modules have expanded data paths. While the system is
operating in beamforming mode, the FF'T is bypassed and the 14-bit input is sign extended

to 36 bits. In addition the beamforming module is modified so that each of the four beams
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are formed in parallel rather than sequentially. Since beamforming is performed on each
of the 1024 frequency channels, the coefficient tables are expanded to contain 1024 32-bit
coefficients for each beam and input signal. A single outer node performs this computation on
two inputs and forms eight beams thus requiring sixteen coefficient tables containing a total
of 16384 32-bit coefficients. To operate in the previous beamforming mode, the coefficients
contained in each table are set to the same value. The FFT output also produces an 11-bit
ID value corresponding to the 1024 frequency channel outputs. This ID value is used to
address the coefficient tables and select the proper multiplication coefficient. Due to the
delay induced by addressing the coefficient tables, delays are added to the multiplier input
paths. The output of the multiply accumulate is then rounded to 30 bits (15-bit I, 15-bit @),
buffered, and multiplexed with three other beams to produce a single stream with alternating
samples from each of four beams. The 30-bit beamformed output is combined with the SOF
signal to be transmitted to the RCC inner nodes and is used for synchronization. The
position of the SOF signal is not tied to a specific FFT sample, but is used to synchronize
data across multiple nodes or PCs. In practice the start of frame strobe is offset by eighteen
samples from the first FFT output. Slight modifications are also made to the UART control
interface to provide additional monitoring and interfacing to the FF'T beamforming mode.

The beamforming module that is used in this mode is shown in Figure 5.13.

5.4.2 Inner Nodes

The inner node FFT beamforming implementation overview is the same as that specified in
the beamforming mode and shown in Figure 5.10. The main modifications to the FFT inner
node FPGA design is the synchronization method and increased data path width. Rather
than synchronizing to the sample ID counter, synchronization is attained using the SOF
signal which was originally sourced in the S25 boards and passed through the outer nodes.
In addition, the adder tree data path is expanded to allow for a 30-bit rather than 28-bit

input. A few modifications were also added to the UART control interface to better detect
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Figure 5.13: Beamforming module implementation for the FFT beamforming mode.

Forms four beams from two antenna inputs.

and report errors.

5.4.3 Test and Validation

Testing for the FFT beamforming mode is similar to the testing of previous modes. Lab
testing is done using two ML310 boards, one for each of the inner and outer node implemen-
tations, and one acquisition PC. The outer node ML310 receives, processes, and sends data
out of the six Aurora connections to the ML310 inner node. The inner node synchronizes
the data streams received through the Aurora connections, combines them, and passes the
result to the acquisition PC. ChipScope is used to view and verify internal signaling and
timing. The hardware implementation is first tested in the beamforming mode of operation
since test vectors are already created to test a large portion of the system’s functionality
including the beamforming computation, data flow through the system, and synchroniza-
tion. Following this, further testing is done to validate added functionality. Test constants

are input to beamforming modules and multiplying coefficients are set to different values to
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certify that coefficient tables are properly cycling and multiplying inputs. Final testing is
done by implementing the FFT beamforming mode and monitoring the output and status
signals through the system. Due to the lack of an accurate FFT system model, test vectors
are not developed to verify system functionality with the FFT operation. While progress

has been made toward creating an FF'T system model this is left for future work.

Full system integration testing is done by following the test procedures listed above on the
complete system. One of the main focuses of full system testing is certifying that synchro-
nization is maintained throughout the entire system. This is facilitated through the control
PC which connects to each of the RCC nodes. Following the initial system validation, phys-
ical testing is performed by connecting the full system, generating an in-band tone, and
viewing the output. Figure 5.14 shows the results from this test. The graph shows the
magnitude of the complex output signal. The broad region in the middle of the figure is the
DC value present in the signal, and the sharp spike to the left is the detected signal tone.
The proper detection of the generated shows correct operation of the FFT beamforming

implementation.

Figure 5.14: Beamforming module implementation for the FFT beamforming mode.

Forms four beams from two antenna inputs.



Chapter 6

Results and Analysis

The ETA radio telescope processes data synchronously in real-time as digitally sampled ra-
dio signals pass through the RCC and are stored on hard disks in the Acquisition PCs. The
RCC implementation decodes 24 antenna data streams, processes, combines, and reformats
the streams for acquisition. Sixteen Xilinx FPGA development boards make up the RCC
which breaks down into a two-level hierarchy of twelve outer and four inner nodes. Outer
nodes synchronously process digitally sampled antenna streams and transmit the result to
RCC inner nodes. Inner nodes receive, synchronize, and sum multiple streams. The resulting
streams are reformatted and transmitted to the acquisition PCs for recording. The RCC
implementation demonstrates how multiple FPGAs can be partitioned to perform real-time,
streaming computation- and communication-intensive application. This chapter analyzes the
RCC implementation and discusses system partitioning, synchronization, computation per-
formance, communicational performance, resource utilization, resource efficiency, scalability,

and design improvements.

66
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6.1 Partitioning

Partitioning is an important consideration in any system level design and specifically to
streaming applications. Data streaming requires that in-line processing occur continuously
and with deterministic latencies. The added processing latency is not important in the ETA
radio telescope, but latency must be compensated for by parallel processing or data buffering.
The RCC data path is partitioned to process data continuously as it is streamed through

the system. This section contrasts RCC partitioning with to other processing platforms.

The RCC implementation uses FPGAs to match data processing with data flow through
the system. Figure 6.1 shows the processing required to perform an FFT and form eight
single-polarization beams on twelve input streams. To complete the processing for the sec-
ond polarization, the processing path is replicated. Each input is processed independently
until the summation and can be thought of as leaf processing. Leaf processing is represented
in Figure 6.1 by the box outlining the FFT and multiplication elements. The FPGA de-
velopment boards used in the RCC allow the processing flow to map directly to physical
hardware. Outer nodes perform the processing for two input streams or two leaves from

Figure 6.1, limited by the available I/O connections and FPGA resources.
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Figure 6.1: Data processing flow for a single polarization.

A hierarchical summation is used to combine signals following leaf processing. In accor-

dance with data flow through the RCC, the outer nodes also sum the two processed leaves.
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Subsequent summation and signal combining takes place in the RCC inner nodes where
input values are received, synchronized, and summed. Ideally the summation shown in 6.1
would take place in a single inner node, but due to physical connection availability and
disk throughput limits, two inner nodes are required to sum the outer node signals. The
actual summations are partitioned between the two inner nodes, each node performing the
summation of beams. FPGAs further allow the direct mapping of the data flow to physical
hardware inside each node as described in Chapter 5. Other processing platforms such as

general purpose processors or DSPs are not as well equipped to handle data flow processing.

Processors by nature perform operations sequentially and have evolved peripherals to fun-
nel operations more quickly through the sequential device. Supercomputer and multi-core
processors have become more parallel, but still rely on the sequential operation of each ele-
ment. Processors in a variety to types provide a static architecture to which data flow must
be adapted. When applied to stream processing, a processor-based architecture must have
sufficient processing elements, bandwidth, and buffering to compensate for indeterminate
process latencies or delays which may be introduced by the complexities of the processor,
communication, and memory interactions. The FPGA architecture used for the RCC design
is more capable of adapting system data flow to physical hardware and thus better than

processor-based architectures for implementing real-time, stream-based processing.

While processor architectures are static, ASICs can be designed for custom applications. An
ASIC can be designed to meet the processing requirements of a system more efficiently in
terms of latency and performance than either processors or FPGAs. Even though ASICs
provide superior performance, they are rarely used in low-production or low-cost applications
due to the required development cost and time. The RCC design uses commercially available
FPGA boards that are readily available at a low cost. The use of FPGAs in the RCC design

also allows the system to be rapidly developed and customized to the application.
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6.2 Synchronization

In addition to aiding system partitioning and data flow, the FPGA architecture chosen for
the RCC facilitates synchronization throughout real-time processing. The digital receiver
boards use globally distributed clock and reset lines to sample and transmit data to the
RCC. Each of the S25 sourced data stream therefore produces and transmits data to the
RCC at an identical rate. The distributed clock used to sample data is vital to synchronizing
data flow through the system because even a small difference in clock or processing rate will
result in buffer overflows and data corruption over time. In order for the RCC to synchronize
the data streams, each S25 uses the global reset to synchronously produce a start of frame
(SOF) signal and sample counter. The RCC uses the SOF signal and sample counter to

synchronize multiple data streams.

Synchronization within the RCC takes place both by virtue of the FPGA processing architec-
ture and by implemented synchronization stages. The encoded stream received by the RCC
outer nodes is by nature a combination of two synchronized antenna streams. To maintain
synchronization through the RCC outer nodes, the streams are processed in parallel and
maintain identical latencies. Samples produced at the output of an outer node are thus
synchronous between beams and beam samples. Multiple signals are then combined in the

RCC inner nodes and synchronization must be done explicitly.

While all of the data streams are generated synchronously in the S25 digital receiver boards,
an unknown and unequal amount of transmission delay is added to each path. The transmis-
sion delay results from a combination of physical transmission line differences, cycle-by-cycle
protocol differences, and jitter. The RCC inner nodes must therefore use the encoded SOF
and sample counter to synchronize the six input data streams. The synchronization is done
by buffering the input data streams and aligning the SOF and counter signals to identical val-
ues. Initially, the synchronization module continuously attempts to synchronize all channels.
While synchronization should not be lost following the initial link setup, a loss of synchro-

nization would result in output data corruption until all of the links are re-established. Any
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loss in synchronization is reported through the UART system interface and can be moni-
tored throughout a data acquisition. The RCC inner nodes are capable of synchronizing
data streams that are offset by less than 40 data cycles (1.28 us). In practice the variance
between data streams is less than 5 data cycles and can be read from the UART control
interface. A variance greater than 5 data cycles likely indicates incorrect system processing

in upstream nodes.

Following synchronization in the RCC inner nodes, the streams are processed, combined, and
stored to disk in the acquisition PCs. The data from multiple beams is stored separately
between the four acquisition PCs and requires synchronization to perform further process-
ing outside the ETA system. To enable synchronization in off-line processing, the SOF
and sample counter are delayed to match inner node processing latency and then stored to
disk with their corresponding data samples. The stored SOF and sample counter are used
in off-line processing to correlate between the stored data from separate acquisition PCs.
Synchronization is done by aligning the SOF and counter values, but differs in that off-line
synchronization and processing is done through software rather than implemented in FPGA

hard logic.

The RCC implementation maintains processing synchronization through the attributes pro-
vided by an FPGA-based architecture. The data path is customized with predictable and
identical latencies and the inner nodes are able to compensate for small transmission delay
differences which occur. The FPGA architecture enables this synchronization by allowing
parallel processing or flow paths and without inversely affecting processing time or data
streaming. Synchronization in processor-based systems would require extra processing time
and may therefore adversely affect performance if there is not sufficient processing headroom

available.
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6.3 Computational Performance

The RCC performs the FFT and beamforming computations which require substantial mul-
tiply and accumulate operations (MACs) and on-chip interconnect. FPGAs are beneficial in
performing the required processing because they allow for greater parallelization, buffering,
and custom on-chip interconnect. FPGAs do however operate at a much lower processing
frequency than processors including DSPs. Furthermore since the FPGA architecture can
be customized to fit the application, fewer hardware overheads are required. This section

discusses the computational performance of the RCC.

In addition to encoding, synchronization, and communications logic; the RCC uses 88
multiply-accumulate blocks per outer node, or 1056 aggregate, to perform the real-time
FFT and beamforming operations. To allow the FFT to operate on 1024 data samples, the
samples are first buffered and then streamed into the FF'T and beamforming logic. The result
is computation which operates in a burst and wait schedule. Under burst operation, each
MAC will perform operations at the processing clock frequency of 62.5 MHz. In aggregate
the RCC is capable of performing 66 GMACs/s under burst operation, but normally oper-
ates at an average rate of 7.9 GMACs/s. The RCC architecture and internal interconnect

allow each of the MAC units to be utilized continuously during streaming operation.

Although high-end processors or DSPs are capable of achieving similar MACs/s performance,
their architectures require extra operations and processing cycles to handle driver-level in-
teractions, memory management, and 1/O interfacing. The processor interactions and calcu-
lations would therefore be much less efficient and require a significant amount of processing
overhead to allow for real-time processing. Conversely, system interfacing and communica-
tion in the RCC do not adversely affect processing performance. Internal to the FPGAsS,
large amounts of routing resources make it possible for processing units to be connected
to many other components with wide data paths. The interconnection matrices available
within FPGAs further aids processing efficiency and streaming in RCC system processing.

Communication between FPGAs utilize separate, customized logic modules and do not af-
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fect processing performance in the RCC. FPGAs achieve high performance by parallelizing

computation modules rather than time-multiplexing computation at high rates.

6.4 Communication Performance

The communication capability of the RCC also aids ETA’s ability to perform stream pro-
cessing in real time. In order to achieve high processing performance, data must be streamed
to and from processing blocks at high throughput rates. The FPGAs used in the RCC design
provide ample I/O connections and allow for parallel, high-speed serial, and LVDS transmis-
sions. Furthermore, due to the complex nature of the FFT and beamforming operations, the
RCC acts as a router to allow processed data to flow and be combined through the system.

This section discusses the communication performance of the RCC.

The connection between the digital receiver boards and the RCC outer nodes uses a source-
synchronous, 5-bit parallel, LVDS link. Both LVDS signaling and the use of shielded Blue
Ribbon cable reduce the effects of interference over the link. The connection allows for a
stable, high-throughput link which transmits data to the RCC at 37.5 MBs/s per outer
node or 450 MBs/s aggregate. The integrity of this link is measured by producing counter
data from the digital receiver boards and using an RCC test mode to verify correct data
reception in the RCC. Data errors are then recorded and read back through the UART
control interface. Throughout testing no bit errors have been detected over this link making

the BER immeasurably small and negligible.

The second high-throughput network connects the RCC outer and inner nodes. As a result
of the FFT, beamforming, and rounding operations in the RCC outer nodes, the data width
is expanded from 14 bits (7-bit I, 7-bit @) to 30 bits (15-bit I, 15-bit Q). In addition, the
number of samples increases by a factor of four to form the eight single polarization beams
produced in each outer node. To accommodate the data expansion of outer node processing,

two 120 MB/s links per outer node (2.88 GBs/s aggregate) are required for connecting
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outer and inner RCC nodes. The FPGA MGTs allow for high-speed, self-synchronous serial
connections which are made with InfiniBand interconnect. The MGTs allow a 32-bit parallel
input to be serialized and transmitted at 20 times the 125 MHz clock rate. The MGTs also
allow adjustments to improve signal quality as discussed in Chapters 2 and 5. The light-
weight Aurora protocol is used over the InfiniBand links because it requires a relatively
small amount of processing resources and communication overhead when compared to other
protocols. The main considerations of the Aurora protocol is that it uses 8b/10b encoding
to avoid a DC bias in the transmission line and requires a periodic clock correction sequence
to be transmitted. Both of these elements are accounted for with normal process buffering
and sufficient bandwidth available. Due to the streaming nature of the ETA system and
hardware resource limitations, protocols which use data retransmission or additional bit-
error correction could not be used. After establishing and tuning system links, testing is
also performed by driving counter data over the links and verifying reception at the RCC
inner nodes. Testing results show that links with increased BERs often result from a poor
connection between InfiniBand cables and adapter board receptacles. Error prone links are
remedied by re-seating connectors or using an alternate port or adapter board. Additional
testing shows that a BER less than 107! is achieved by the RCC network, which is within
the InfiniBand specification and will result in no more than a few bit errors in an entire 800

GB recorded data set.

The final link discussed in this section connects the RCC inner nodes to the acquisition
PCs. Since data is combined through the RCC inner node processing, the PC throughput
requirement is much lower than the RCC network requirement. Each inner node combines
six input streams and rounds the value to extract the most relevant bits which are then
stored to disk. The link from the inner nodes to acquisition PCs is created using a source-
synchronous, 16-bit parallel LVDS connection that transmits 60 MBs/s. Similar to the S25
to RCC outer node connections, the links operate at a slower clock frequency and do not
have a measurable BER. The RCC design takes advantage of the communication resources

available within the Virtex-II Pro FPGA architecture to establish high throughput data
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links between processing nodes. Both parallel and high-speed serial connections are used in
the RCC design and establish reliable communications that enable real-time, stream-based

processing.

6.5 Resource Efficiency

The Virtex-II Pro FPGA provides ample processing and communication hardware for the
outer and inner node implementations. A majority of the real-time processing takes place
in the outer nodes and thus requires more processing resources than the RCC inner nodes.
Table 6.1 summarizes the resources used for the FFT Beamforming outer and inner node
implementations as well as the total resources available in the Virtex-II Pro FPGA. As shown
below the outer nodes use 70% and 82% of the available registers and LUTSs which makes
additional expansion of the outer node design difficult to route. The usage of other FPGA
resources including multipliers, block RAMs, 1/Os, and MGTs is also summarized in Table
6.1. While a large portion of the available resources are used for the outer node imple-
mentation, performance and throughput are limited by the to disk throughput as opposed
to available FPGA resources. This section evaluates the efficient use of logic based on the

resources used for processing rather than communication.

Table 6.1: Resource Utilization for the FFT Beamforming implementation.

FPGA Nodes Registers 4-input LUTs Multipliers Block RAMs 1/0s MGTSs

RCC Outer 19,402 22,505 88 73 28 6
RCC Inner 4,852 8,069 0 5 58 6
Available 27,392 27,392 136 136 256 8

The efficiency of the RCC is determined according to how efficiently logic is used to imple-
ment the required processing and data transmission. While Aurora requires less logic than

other serial protocols, its overhead in terms of logic usage is expected to reduce efficiency.
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Furthermore, the efficiency is further decreased by the two-level architectural design of the
RCC. To determine the RCC logic efficiency, we must first define a single FPGA system that
can be used for comparison with the RCC as a whole. The single FPGA system is defined
by its maximum capability in terms of numbers of inputs and beams formed. Using a single
ML310 FPGA, two antenna streams could be combined to form a maximum of four beams.
These limitations arise from the limited ML310 input connections and EDT bandwidth. It
is important to note that while this is a feasible single FPGA implementation, the quality
of results is vastly decreased by the use of only two antennas. The single FPGA system is
only used for the purpose of evaluating logic efficiency, and it would not be implemented on

an actual system.

The fully implemented RCC functions on 24 antenna inputs to form a total of 16 single
pol beams. The number of antennas used is scaled by 12 and the number of beams formed
is scaled by a factor of 4. To correct for this, the single FPGA system is modified to
form only two beams. This increases the scaling factor of beams formed to eight. Due to
multiplexing and the nature of the beamforming algorithm, the increased number of antenna
streams increases the required implementation logic more rapidly than an increased number
of beams formed. For this reason, the non-ideal system scaling will be ignored and the
RCC functionality will be estimated to increase by a factor of 12 from the single FPGA
implementation. Table 6.2 summarizes the amount of logic required by the single FPGA

implementation and each of the RCC nodes in terms of logic registers per implementation.

Table 6.2: Logic registers required by each implementation.

FPGA Nodes Synchronization Aurora Protocol DSP and System Total Required

Logic Logic Logic Logic
Single FPGA - - 20,055 20,055
RCC Outer - 585 18,817 19,402

RCC Tnner 1,858 1,756 1,238 4,852
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As seen in Table 1, there is a small overhead added to the RCC from the Aurora and
synchronization logic. To compute the scaled logic efficiency of the RCC, the number of
logic registers for a single FPGA design can be taken from Table 1. The total parallel logic

registers is:

parallel logic registers = (12 - outer logic registers) + (4 - inner logic registers) (6.1)
= (12-19,402) + (4 - 4,852)

= 252,232

The scaled logic efficiency will be calculated by dividing the single ML310 logic registers by
the scaled parallel ML310 logic registers:

Scaled Efficiency — single logic registers

6.2
parallel logic registers/functionality increase (62)

20,055
©252,232/12
= .95

Hence the RCC logic is about 95% efficient which is expected given the large amount of
logic required by the FFT and beamforming operations. The existing architecture could
not be modified to increase logic efficiency due to the necessity of Aurora protocol and
synchronization logic. However, the cost of the system could be decreased by combining
the inner node logic on four of the outer RCC nodes. While this would require about the
same amount of logic, it would utilize all eight of the InfiniBand connectors on the four
combined node ML310s. This implementation would not affect the logic usage efficiency
but would decrease the cost of the overall system by requiring the purchase of only twelve
ML310 boards. Furthermore, these combined nodes would require approximately 20,055
logic registers or about 73% of the available FPGA logic on the ML310 board. Combining
the inner and outer node implementations would add a small amount of design complexity

but would lower equipment costs.
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6.6 Scalability

The concept of scalability is important for evaluating systems which may be reproduced or
expanded to incorporate more functionality. Scalability should be considered as this dras-
tically impacts the cost effectiveness of expanding or implementing additional systems. In
evaluating the scalability of the ETA radio telescope, three scalable areas will be discussed.
The number of antennas used, the number of beams formed, and the duration of continuous
observation are key factors in evaluating the scalability of the ETA radio telescope. Expand-
ing the capability of the system in these three areas leads to increased noise immunity and
observation precision, expanded observation area and precision, and improved likelihood of
detecting astronomical events respectively. The following sections describe in greater detail
how the expanding system capability in theses three areas affects the scalability of the ETA

radio telescope.

6.6.1 Scalability of Antennas

As mentioned earlier, increasing the number of antennas can improve noise immunity and
overall precision of a sensing device. However expanding the number of antennas requires
additional connectivity and processing capability. When adding antennas to the system, the
required input and output connections contribute most to the need for additional hardware.
The addition of two antennas requires that an S25 digital receiver node and an ML310 outer
processing node be added to the system. After adding four ML310 outer nodes, the two-
level RCC hierarchy becomes saturated as all of the available FPGA gigabit transceivers and
InfiniBand connections would be utilized. Scaling the system beyond 32 antennas requires
an additional level in the RCC hierarchy. The combination of node and hierarchical growth
means that the cost of adding more antennas to the system increases as n - logg(n), where
n is the number of antennas in the system. (Note: Cost increases as the logs due to the

fact that each ML310 board allows for eight InfiniBand connections.) This shows that while
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the ETA radio telescope design is scalable in terms of increasing the number of antennas, it
would be very costly and at some point become unmanageable due to the number of nodes
in the system. The ETA radio telescope architecture is better suited to systems with fewer

than thirty-two antennas.

6.6.2 Scalability of Beams Formed

Scaling the system in terms of forming additional beams increases the amount of sky which
can be viewed and improves observation precision. Increasing the number of beams formed
through system processing is another key feature that can be scaled. Forming additional
beams requires more logic and system bandwidth. In modes other than FFT beamforming,
only a small amount of the FPGA resources are used. As a result, logic or hardware devices
would not be a limiting factor. While the FF'T beamforming mode utilizes significantly more
FPGA resources, room for additional beamforming components is available. Furthermore
the current and added hardware instances could be multiplexed to form additional beams.
This is possible since the beamforming hardware is active for only one eighth of available
processing cycles. Modifications to form more beams would require a small amount of added
hardware other than the expansion of the current coefficient tables. Based on this analysis,
a large amount of additional processing or beamforming could be performed in the RCC

nodes without adding additional nodes.

While the current RCC hardware can provide sufficient processing for additional beamform-
ing operations, the system bandwidth does not allow for the formation of additional beams
without added system components. Forming additional beams requires more data to be
transmitted through the InfiniBand and EDT links. The transmission of two beams requires
approximately one quarter of the InfiniBand bandwidth and half the EDT bandwidth. The
current implementation of the ETA radio telescope is limited to a total of 16 single-pol beams
by the EDT connection bandwidth. Additional bandwidth and therefore formed beams could

be achieved by increasing the number of inner RCC and acquisition PC nodes. The addition
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of one inner RCC node and one acquisition PC node allows for the generation of an addi-
tional four beams. This proportional increase would continue until a maximum of sixteen
RCC inner and acquisition PC nodes were added to the system giving the capability to form
64 single-pol beams. It would not however be practical to create a system with 64 individual
beams as this would cover the viewable sky many times over and yield little quality increase.
The cost of increasing the number of beams is then proportional to the number of beams
added to the system and results in an order m cost and hardware increase, where m is the
total number of beams formed. The system is thus scalable with respect to the number of

beams that can be formed within a realistic upper bound.

6.6.3 Scalability of Observation Time

The duration of continuous observing time is another important factor to consider when
determining the scalability of the ETA radio telescope. As observation recordings are made
over a longer duration in time, it becomes more likely that interesting phenomenon will
be observed. Extended recording duration can be achieved by increasing the amount of
hard disk space available in the acquisition PC nodes. Currently the ETA radio telescope
acquisition PCs are equipped with three hard drives that provide approximately 600 GB of
disk space on each PC. Upgrading these hard drives to 500 GB and adding a forth hard
drive to each system can increase the available disk space to 2000 GB per PC. A forth disk
would help sustain throughput as data is stored on inner tracks, but testing is required
to establish sustained throughput measures. Assuming sustained throughput capability,
the extra disks would essentially triple the amount of data that could be stored and thus
increasing the acquisition duration. Beyond this, acquisition times could also be increased
by adding inner RCC and acquisition PC nodes as described in the previous section. The
acquisition start times could then be staggered to allow for a continuous stream of data to be
stored on additional PCs. As mentioned previously, a maximum of sixteen acquisition PCs

could be added to the system which is sufficient to provide continuous observation recording.
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Through increasing the disk space of each PC and staggering acquisition start times, more
than eight hours of continuous observation can be recorded without storing data to external
tape drives. By storing the data to tape in a cyclical fashion, one set of acquisition PCs
would always be available to start an acquisition as another set completes one. Through this
method, observation could continue as long as the tape disks were changed frequently. While
continuous recording seems ideal, in practice continuous recording would not be utilized due
to large amounts of daytime radio frequency interference. The best data recordings are taken
during times of little RFI which generally occur between midnight and the early morning.
During this six hour window, little interference is observed in data recordings and continuous
observation would add value to the system. Outside of this time frame, it is likely that a
majority of data would be overrun by RFI and be unusable. For this reason, it is likely that
expanding the acquisition duration to six hours would provide the maximum benefit to the
ETA radio telescope. Six hour observation times could be achieved by increasing hard drive
space and adding four RCC inner and acquisition PC nodes. Due to availability and low
cost of hard drives, the incremental cost of extending observation time is significantly less

than the cost of scaling the system in terms of antennas or beams formed.

6.6.4 Scalability Summary

The ETA radio telescope system architecture is scalable in terms of increasing the number
of antennas, the number of beams, and the length of acquisitions. However the current
implementation allows for sufficient antennas, beams, and observation lengths to produce
accurate and viable recordings. Better noise discrimination would result from replicating this
system in various locations. Using this method, multiple sets of data could then be combined
to confirm observed phenomenon and reject RFI. While reproducing the ETA system is not
considered scalable in the traditional sense, it would provide for additional functionality that
could be used to address any of the three scaling issues presented above. Scaling the number

of ETA systems as a whole could provide additional antenna inputs, beams, or observation
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time and would have an infinite scalability proportional to the number of systems created.
It is important to note that while this system architecture is scalable on its own; the cost of
scaling it is expensive and becomes difficult to manage, as with most cluster architectures.
Scaling the number of systems as a whole is a much better method to improve research

observations and has a linear cost and complexity.



Chapter 7

Conclusions

7.1 Summary and Contributions

The ETA radio telescope is designed to detect transient pulses within the 29 to 47 MHz fre-
quency range and requires a large amount of processing on the 24 antenna inputs. The ETA
architecture is designed from COTS components which enables low-cost, rapid development
and migration to future technologies. The processing is performed by 28 FPGA boards,
sixteen of which constitute the RCC. The RCC is responsible for performing the FFT and
beamforming computations in real-time as antenna data samples are streamed from antennas
to storage disk. The use of FPGAs in the RCC architectures provides the high computa-
tional and communication throughput required by the ETA system. The contributions of

this thesis are summarized and described below.

Thesis Contributions

e Development of a flexible, high performance FPGA cluster from COTS components.

e Partitioning of a multi-FPGA stream-processing system.

82
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e Global and local synchronization using system, source, and self synchronous method-

ologies.

e High performance stream-computation in an FPGA cluster including large amounts of

multiply-accumulates and parallelism.

e High throughput stream-communication in an FPGA cluster including both parallel

and high-speed serial communication.

The RCC implementation demonstrates how an FPGA architecture can be created which
maps directly to the processing data flow of a system. The complex computation performed
by the RCC requires a large amount of processing and communication interconnect capability.
With the use of COTS FPGA development boards, the RCC establishes a tiered hierarchy
of processing nodes and high-bandwidth links which matches the processing data flow. The
FPGA configurations also contain processing modules and structures specific to the ETA
processing flow. Processors and DSPs do not allow for such customized data-paths. ASICs
are also capable of providing custom processing, but are too costly and time-consuming to

develop.

Another aspect of the processing performed in the ETA system is that all samples and
antenna data streams must be sourced, processed, and stored synchronously. The system
functions with both global and local synchronization divided between the processing nodes.
A sampling clock and reset are globally distributed to the digital receivers and ensure identi-
cal sample sampling rates and identification values between boards. The identification value
is then used at various point to synchronize processing through the system or data stored on
disk. The FPGA architecture facilitates synchronization within the ETA system by allowing
parallel processing paths and predictable latencies which differ by less than 5 cycles.

Due to the parallel processing components within the FPGAs, the RCC is capable of per-
forming computation at 66 GMACs/s during bursts and 7.9 GMACs average. Added com-

putation beyond that is performed in each node to synchronize, combine, send, and receive
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data without impacting the computational performance. While high-performance processors
and DSPs are capable of achieving this level of performance, they would required custom
board design and would increase cost and development time. The FPGA-based RCC pro-
vides an architecture that can be customized and developed rapidly at a lower cost than

other custom design solutions.

The computational ability of the RCC is possible only through the high communication
bandwidth available in the RCC. The RCC aggregate input and output data rates of 450
MBs/s and 240 MBs/s is achieved through parallel, source-synchronous connections that are
5-bit and 16-bit parallel connections respectively. The network between RCC outer and inner
nodes consists of self-synchronous serial connections, and streams data at an average rate of
2.88 GBs/s which is about half of the maximum network maximum bandwidth. To allow the
links to be highly noise immune, several precautions are taken on both the parallel and the
serial links. The parallel connections use LVDS signaling over shielded interconnect and the
serial connection implements 8b/10b encoding and LVDS signaling with proper adjustments
to the differential voltage and applied pre-emphasis for the length of cable used. The BER
of the RCC and ETA system is minimal and on the order of 107!2. The RCC also utilizes
a custom control interface for monitoring or changing system status or operation. Through

the control interface fault prone links can quickly be identified and repaired.

The RCC achieves high communication bandwidth without the use of complicated signaling
protocols or overheads. Direct connections for the parallel interfaces only requires a small
amount of data reformatting at transmission. The protocol used over the serial link is a
light-weight Aurora protocol available from Xilinx. This protocol requires little overhead in
terms of both signaling overhead, requiring only periodic clock corrections, and hardware

resources, allowing the processing architecture to be 95% efficient.

It has also been shown that the RCC can be scaled to 32 antennas, 64 beams, or 24-
hour observation with minor adjustments to the RCC architecture. While this is the case,

better quality of results may be achieved through creating multiple ETA systems at different
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locations. Creating multiple telescopes aids scalability in terms of antennas, beams, and
observation time as well as creating results which are independent and thus introduces anti-

coincidence into observed phenomena.

7.2 Conclusions

The ETA radio telescope is successful at employing COTS FPGA technology to performing
useful, real-time computation. The RCC architecture demonstrates how multiple FPGAs
can be used to create custom data processing in an application to achieve high computation
and communication bandwidth. The RCC also demonstrates the use of global and local syn-
chronization through a processing system which is highly parallel and application specific.
The use of COTS FPGASs has enabled the rapid development of the ETA system while keep-
ing development costs down. The reconfigurable architecture also allows for design flexibility

and capability to create custom interfaces for monitoring or changing system operation.

7.3 Future Work

The ETA system has recorded data which is currently being processed to search for transient
pulses. While no detections have been reported to date, the results from the ETA system
have enabled scientific contributions to the study of primordial black holes and low-frequency
radio astronomy. Additional funding has been received to create a second instrument ETA2.
The upgraded instrument currently plans to use more powerful FPGA devices. ETA2 will be
housed in a mobile trailer which will facilitate development and relocation of the telescope.
Ongoing work includes evaluating the recorded results from the ETA system, seeking new

funding opportunities, and completing a second ETA system.

Work has also been done to create a software model of the FF'T operation such that test

vectors can be generated to validate proper FFT and FFT beamforming operations. Com-
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pleting and testing a software model of full system operation would also be beneficial to
the development and validation of ETA2. System improvements to the ETA FPGA design
include using processing resources more efficiently and passing the originally sourced counter
through the entire system. Currently the counter is reproduced at the output of the FFT
block and does not pass directly from the digital receivers to the PC acquisition nodes.
Following this modification, it will be possible to rapidly demonstrate that the digital data

passes correctly through the system from receivers to disks.
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