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Chapter 1
Introduction

This thesis describes the investigation into, the design, the implementation, and
the testing of a reconfigurable accelerator card to be used for high performance
computing. The content of this thesis is almost entirely practical, and thus it reads
like a journal, in that it describes in a somewhat chronological order, the work that
was carried out during the course of the project.

In this chapter we describe our objectives and motivation, after which we sum-
marise each of the remaining chapters. A background to the project objectives is
presented in detail in Chapter 2.

1.1 Objectives

In this project, the main objectives were to:

build a reconfigurable accelerator card® to be used for high performance com-

puting
« provide a basic set of gateware to test the functionality of the design
o test the card’s interfaces using the developed gateware

« make recommendations for future work to develop the card into a more com-

plete computing platform

In order to accomplish these primary objective they were broken down into the

following sub-objectives, listed from 1 to 6:

1. Identify the key requirements of a reconfigurable accelerator
In order to define the specifications of a new accelerator card, we required a

thorough investigation of the similar devices currently in production and what

1A reconfigurable accelerator card is an adaptor card for a traditional host computing system.
The card is populated with one or more reconfigurable devices, such as an FPGA, which can be
used by the host to offioad various computational tasks. A detailed explanation is given in Section
2.4
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switch interfacing. We present scenarios where such a feature would be useful and
we illustrate these ideas.

The choice of reconfigurable logic is discussed, and we conclude that the latest
and most resourceful FPGAs are without doubt the ideal type of reconfigurable logic
for the accelerator card.

The latency between the co-processor and its host node is identified as an im-
portant issue, and we decide that the expansion standard with the lowest latency
would make a compelling choice as the standard on which to base the accelerator
card’s main interface. We argue against using high capacity high latency RAM on
the accelerator card itself due to the card’s direct coupling to systemn RAM, and
instead suggest that a low-latency, high-throughput RAM is chosen for on-board
memory.

Furthermore, we discuss the issue of power consumption, mostly focused on
dealing with the power dissipated by the on-board FPGAs, and the limitations this
places on the possible designs for the card. Lastly, we briefly consider the cost of the
accelerator card, mentioning why cost is an unreliable metric in such a cutting-edge
field.

Chapter 5 presents the decision making that went into producing the conceptual
hardware design, with a break down on reasons for including the various interfaces
and silicon devices. The inclusion of each device and interface is supported by an
explanation of it’s capabilities in light of the requirements specified in Chapter 4.

The convenience of choosing Xilinx FPGAs is discussed in light of their availabil-
ity in South Africa and the Xilinx University Donation Program. We move on the
describe the exact devices (Xilinx Virtex-5 LX50 and Virtex-5 LX110T) that were to
be used on the card, and the paired configuration that they would be implemented in.
We point out how this concept was borrowed from Celoxica’s RCHTX-XV4 board,
and how it allows the LX110T FPGA to be reconfigured via the LX50 FPGA during
run-time. We show how the LX50 FPGA device can be configured at power-up using
a Xilinx PROM device. The JTAG debugging and programming chain is presented,
along with a diagram and explanations as to its path around the hoard.

Next, we demonstrate how a HTX HyperTransport port will be used to interface
the card to its host node. The card will consist of a 16-lane HyperTransport link
directly connecting the on-board FPGAs to the host machine. This HTX standard
connector also delivers a 12V supply directly to the card from the host motherboard.

This optional source of power is discussed more accurately in section 5.2.

to the requirements. We show how the QDRII4 devices are connected to the two
FPGAs, and why we chose to use six memory devices with 18 bit interfaces. We
move on to present the 10GBASE-CX4 interfaces that couple the large LX110T
FPGA to the board’s back-end, illustrating how these ports can in future be used

to construct a reconfigurable cluster, as well as allow the streaming of large data







of boards required to be assembled was two, the difference being to allow for one
PCB for a pre-assembly destructive test, and additional PCBs to assemble at a later
stage.

The process of assembling the components onto the board was carried out by
Tellumat, based in Cape Town. The full assembly was done after the power reg-
ulators had been soldered onto and tested with one of the PCBs, and the various
voltage points had been measured to insure voltage compliance.

Chapter 7 runs through the process of preparing gateware controller cores for
the testing of the accelerator card’s different interfaces, and presents the findings
from individually running these cores on the card.

Initially we needed to check the functionality of the FPGAs, by trying to config-
ure them with simple gateware that toggles the on-board LEDs in a manor which
could also test the operation of the crystal oscillators. Both FPGAs were configured
using a JTAG programming cable. This test showed that the FPGAs themselves, the
LEDs and the clocks were working as specified. The same test was then repeated,
but instead the PROM device was successfully programmed with the bit-stream
for the LX50, and the hoard was power cycled, to test the programming interface
between the LX50 and the PROM device.

Next we consider the basic serial UART interface for use in debugging the board.
We present the open-source core that was used to control this interface. We created
gateware that implements the Serial UART core, and connected the physical serial
pins on the accelerator card to a host serial port on another machine. An attempt
to transmit serial data across the link in both directions was made and the interface
was found to be functional.

We look at testing the HT-link between the two FPGAs. The link consists of 32
differential tracks or 64 single parallel tracks between the two devices. We created
simple user gateware to transmit data across this interface in both directions without
preparing an actual HyperTransport core. The data-rates achieved are discussed.

Next we move to the QDRI+ core, which is an extension of Xilinx’s free Memory
Interface Generator 2.0 core. We show how the original QDRII core was changed
to produce a QDRII+ capable core. The FPGAs were programmed with gateware
which implements QDRII+ cores and a test bench on each of the QDRII4+ memory
interfaces. We attempted to write data to the memory devices, and then read the
data back again, comparing the result with the original data to determine any error
rates. We incrementally increased the clock rate until such time as the link failed,
and found that all of the QDRII+ banks bar one were running correctly at 150MHz.

Xilinx’s XAUI proprietary core was used to test the CX4 back-end interfaces.
We discuss the configuration options of the GTP_DUAL Virtex-5 primitives and
how they effect the interface’s performance. A simple loop-back test was carried
out by implementing XAUI gateware on each of the interfaces (A & B), and then
continuously transmitting data frames from A to B, as well as from B to A. By




reading off the status bits of the core, as well as reading off the error count on a simple
comparator, we could determine that both interfaces were locked and synchronised
to their incoming data streams.

The University of Mannheim’s Computer Architecture Group has developed an
open-source 16bit HyperTransport core that we can use to implement the HT inter-
face. The core was targeted at the Virtex-4 range of FPGAs, and as such requires
the manipulation of HDL code to re-target it towards Virtex-5 FPGAs. The devel-
opment of the HT core, as well as the software drivers was bundled as a separate
project for another student, Nicholas Thorne, who has taken on the task of imple-
menting the HT core.

The test results are tabulated to give a summary of the functionality of the
board, along with the various significant measurements taken during the tests.

Chapter 8 describes the future work that is recommended for the development
of this project. The chapter is broken down into two separate sections: crucial
work that needs to be undertaken to transform the accelerator card into a usable
device, and other extensions to the product that will make it usable in foreseen
circumstances and applications.

Initially, we consider all the identifiable problems with Revision 1 accelerator
card, and suggest that a Revision 2 card is released in order make the necessary
corrections.

Next we discuss the further development of an API suite that will provide C-
style routines for transferring blocks or streams of data to the accelerator card and
back again. In addition to this, we will require a mechanism to reconfigure the
larger LX110T FPGA by configuring it with a new bit-stream using a configuration
controller implemented in the LX50 FPGA. As with most APIs, we will require a
fair amount of documentation to make it user-friendly.

Some additional extensions to the project are hinted at towards the end of the
chapter. We present different cluster configurations under which the card could
operate with the appropriate 10GbE switches.
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Chapter 3
A Technology Review

This chapter describes the investigation carried out into the existing technologies

that are applicable to a reconfigurable accelerator card.

3.1 Existing Accelerator Cards

3.1.1 Celoxica’s RCHTX-XV4

This successful accelerator card is designed to be used in AMD Opteron systems
[16]. It uses the HyperTransport Extension (HTX) standard to allow it to connect
to a host system. The card contains two Xilinx Virtex-4 FPGAs, one of which
acts as a “kernel” device which is used to implement a HyperTransport interface to
the host machine, and to allow dynamic reconfiguration of the other “user” FPGA.
The kernel FPGA is interfaced with a flash storage device that provides non-volatile
storage for bit-streams and software files. Each FPGA is interfaced to multiple QDR
memory devices which serve as high speed local SRAM storage space. The excess
pins available on the user FPGA are made available via a LVDS expansion port.
For flexibility, the card also has a VGA/DVI port and a Gigabit-Ethernet port (see
Figure 3.1).

Celoxica currently advertises the card as an accelerator for financial instrument
calculations, oil and gas and life sciences, but there is no reason for it to be limited
to these applications. It is provided with various APIs for uploading bit-streams
and for transferring data to/from the card’s memory. There are also various HDL

controller cores that come preset for the cards interfaces.

3.1.2 University of Mannheim HTX-Board

Another AMD Opteron targeted accelerator card is the HTX-Board [1]. Its core
component is a Virtex-4 FX60 FPGA that interfaces to a variety of useful devices.
The card makes use of the HTX standard, but unlike the RCHTX-XV4 card, its

HyperTransport interface and user logic are implemented on the same FPGA. This

15
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3.1.4 Pico Computing E-16 LX50

The previously discussed cards have all been a similar form factor; that is they are
all adaptor cards that are meant to be plugged into a host motherboard. The E-
16 LX50 offers the simple architecture of a single Virtex-5 LX50 FPGA connected
via a l-lane PCI Express bridge to the host laptop machine (see Figure 3.4). To
do this it uses the FzpressCard form factor standard. The card also contains two
PSRAM banks offering 32MB of storage, as well as an internal JTAG chain. Software
utilities include PicoUtil (Pico’s proprietary FPGA management software), as well
as ImpulseC’s CoDeveloper Platform for C-to-HDL compilations. This card has
limited power supply because of the limitations of the ExpressCard standard and
thus the LX50 cannot be fully utilised, a limitation which may or may not affect
a given application. Physical design of this device was clearly more difficult and

constrained by its very slim form factor.

X1 Lane . ITAG
PCI 5 PEX8311 Virtex-5 < &
Express Differentials
PSRAM PSRAM

Figure 3.4: Pico Computing E16 architecture, from [18§]

3.2 Top-End FPGA Technology

Xilinx? and Altera® are the two leading producers of high performance FPGA
devices. Currently Xilinx produces its Virtex-5 range of FPGAs with the largest
specimen (the Virtex-5 LX330T-FF11738) having approximately 330,000 logic cells.
Altera’s top of the range Stratix-IV FPGA has 640,000 logic cells. This is by no
means their only measure of performance. Each FPGA comes with it’s own type
of on-board static RAM, high speed serial transceivers, hardwired multipliers, 10
Buffers, digital clock management circuits, and various hard-wired ASIC-type units
such as PCI Express endpoints and embedded processors such as the PowerPC. Pin-
outs range from approx 300 pins to more then 1700 pins on the largest devices, giving
them huge I/O capabilities. It's important to note the the high speed transceivers
built into the latest FPGAs are a primary reason why they have become so popular

to design with, as this reduces PCB complexity drastically.

2http://www.xilinx.com
Shttp://www.altera.com
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Another noteworthy producer of FPGA products is Lattice Semiconductor?.During
the course of writing this thesis, Lattice have started to produce a high performance
range of FPGA devices that compete favourably with the lower end Stratix-1V
and Virtex-5 devices, especially considering their reduced cost (as much as 4 times
cheaper®).

Each producer of FPGAs ships it’s own compilation suite to allow generation of
bit-streams to configure their devices. The pros and cons of the different offerings

often prove an important decision when selecting which manufacturer to use.

3.3 Expansion Card Interfaces

There are currently two competing standards for expansion cards that are suit-
able for high performance computing®: HyperTransport Extension (HTX) and PCI-
Express. Both support multiple clock rates, and have their advantages and disad-

vantages as shown below.

3.3.1 HTX vs PCI Express

The HyperTransport standard is used predominately by the processor manu-
facturer AMD as a high-speed parallel chip-to-chip interconnect standard for it’s
Opteron CPU range. The specification allows for 32 bit links running at speeds
ranging from 200MHz to 2.6GHz [19]. The standard’s governing body, the Hyper-
Transport Consortium”, specifies an extension standard known as HyperTransport
Extension (a.k.a. HTX) [20] which is a 16-lane® expansion card connection on a
AMD Opteron based motherboard that consists of a 1x and a 16x PCI Express
socket (arranged in reverse to avoid confusion). This link offers clock rates of 800
MHz (DDR) and couples the external card into the host’s HyperTransport chain - es-
sentially including it in the front side bus. This allows an HTX-based expansion card
to have direct access to the host CPUs and system DRAM (via the CPU memory
controllers). Figure 3.5 demonstrates this concept. HyperTransport has benefits in
improved throughput compared to alternative approaches such as PCI,PCI-X and
improved latency over PCI Express whose links operate on a secondary bus, and
require bridging to the CPU/RAM Front Side Bus.

HyperTransport is considered a mixed serial/parallel link since it has numerous
lanes and but is also driven at a high clock rate (400MHz+), giving it both low

latency and high throughput. Data signals and control signals travel down separate

‘http://www.latticesemi.com

®According to prices from distributor Awnet Electronics, and the Lattice’s online store http:
//www.latticestore.com

®The older PCI and PCI-X technologies do not offer nearly the same throughput as these two
newer standards and as such have been neglected.

visit http://www.hypertransport.org

8Here 16-lanes refers to 16 lanes in either direction (i.e. 32 data signals).

19






























http:http://w.;r.;.ska.ac.za






http:Par.llellntert.ce



http:Ebay.com



















Chapter 6
Hardware Implementation

This chapter describes the process of

capturing the design of the accelerator card

» drawing up a bill of materials

« arranging the outsourcing of the layout design

« performing simulated signal integrity tests on the layout design
» preparing the design for PCB fabrication

« arranging the component placement and assembly of the card

6.1 CAD Suite

The CAD Suite used to implement our design was the Mentor Graphics PADS
Solutions software package!. This suite included the following programs which each

played a vital role in the PCB design:

I/0O-Designer A software tool that helps manage the large numbers of pins that
are available on FPGAs.

DxDesigner The complete environment for capturing and creating a schematic of

an electronic system.

HyperLynx A simulator and with associated analytical tools that help discover

layout design problems such as low signal integrity and crosstalk.

'For more information visit http://www.mentor.com/products/pchb/pads/
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Chapter 8

Future Work and

Recommendations

8.1 Further Work

8.1.1 Gateware Library

It would be convenient for a set of gateware components to be defined in a library
for future developers to use. These would include the various controller cores used
to implement the card’s interfaces, as well as serial debug mechanisms that have
been used in this project. Most of this gateware is already prepared, but will need
to be packaged and documented correctly to make future development faster and
more efficient. One important piece of missing gateware is a configuration controller
on the LX50 that will allow the I.X110T to be reconfigured during run-time, as per
the design’s intended purpose.

8.1.2 Drivers and API Tool Set

To make procedure calls to the card from a host machine, an API tool set along
with drivers are required. This is envisaged to form part of Nicholas Thorne’s work
in preparing the card to be usable in a HTX-enabled host machine. The API should

include:

« Routines for transmitting and receiving blocks/streams of data to/from the
card via either a 10GbE network or over the HTX interface.

« Routines for reconfiguring the LX110T during run-time with new bit-streams
« Simple demonstration applications for the card

» Documentation for the above resources
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