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Synopsis

Synopsis |

Ground penetrating radar technology is used to provide a fast and accurate method for
target location compare to other geophysical sensing techniques. An existing ground
penetrating radar system developed by OpenFuel (Pty) Ltd is used in the detection and
avoidance of obstacles for a sub-surface horizontal directional drill mechanism. This
ground penetrating radar system could be implemented as a portable surface-based version
of the system for geophysical applications. A factor limiting its implementation is a
personal or a laptop computer required to execute the human-machine interface software
package for the radar system. Thus, there exists a need to produce a radar user interface
to replace the computer required by the current ground penetrating radar system, while
maintaining the original functionality of the radar system.

The purpose of this design project was to develop a user interface for a ground
penetrating radar system in hardware. The radar user interface had to allow for the
autonomous operation of the ground penetrating radar system and the human-machine
interface application software.

The objectives of the design project were to initially review existing ground
penetrating radar systems, generate a system specification for the radar user interface and
then identify a suitable implementation technology for the radar user interface. From this
we would then proceed to design the hardware for the radar user interface and finally
verify, test and integrate the radar user interface hardware.

Thereview of existing ground penetrating radar technology showed that integrating
the human-machine interface and the radar electronics was the optimum design concept to
implement. We generated the system specification for the radar user interface with this
design concept and the current ground penetrating radar electronics system specification
in mind. A survey of the current processor technology in the semiconductor industry
showed us that system-on-chip processor technology would be the ideal solution for the
radar user interface as it provided low-power consumption, increased operating speed,
reduced size and complexity, lower manufacturing costs and increased system reliability

of the end-user product. From a survey of the available system-on-chip processors we
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selected the AMD Alchemy Aul100 MIPS32-Based processor as it had the lowest power
consumption versus relative speed of all processors reviewed.

A concept design for the radar user interface was done based on the system
specification and the system-on-chip processor selected. The hardware design of the radar
user interface was done by initially selecting the required components, capturing the
schematic diagrams based on the concept design and the components selected and then the
printed circuit boards were designed from these schematic diagrams.

The required software and firmware to test the radar user interface was designed
and implemented. The hardware for the radar user interface was verified and tested and
then integrated with the software and firmware developed for testing. The test software
and firmware were then verified and tested and found to be operating as required. The
radar user interface was then tested with the test software and firmware and compared with
the user requirements and system specification to verify that the objectives of the design
project had been reached.

In conclusion, the purpose and objectives of the design project had been satisfied
as a radar user interface for the ground penetrating radar system had been developed

successfully.
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ASIC
BGA
CTL
COTS
CPLD

CPU
DC
DCM
DIP
EMC
EMI
ESD
ESR
FPGA

FSF
FTP
GPR

GPS
HMI

Antenna Controller

Application Specific Integrated Circuit

Ball Grid Array

Communications and Radar Controller

Commercial-of-the-Shelf

Complex Programmable Logic Device - It isa programmable logic device
that supports the implementation of moderately large digital logic circuits
(< 20 000 equivalent gates) using AND or OR planes.

Central Processing Unit

Direct Current

Digital Clock Manager

Dual Inline Package

Electromagnetic Compatibility

Electromagnetic Interference

Electrostatic Discharge

Effective Series Resistance

Field-Programmable Gate Array - It is a programmable logic device that
supports the implementation of relatively large digital logic circuits (> 20
000 equivalent gates) using logic blocks.

Free Software Foundation

File Transfer Protocol

Ground Penetrating Radar - It is radar technology that is adapted for used
in subsurface remote sensing and imaging applications. The radar can
either be located on the surface of the ground or below the surface, i.e.
subsurface.

Global Positioning System

Human-Machine Interface - It is the device through which a human
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IEEE
P’C
IFC
ISP
JTAG
LCD
LED
LVDS
MAC

MIPS

PCB
PCMCIA
PLL
Radar

RFD
RISC
RML
RMS
RTC
RUI

SD
SDRAM
SLIP

operator interacts with a machine. A machine is defined to be any
electronic, electrical or electromechanical system.

Institute of Electrical and Electronic Engineers

Inter-Integrated Circuit

Intermediate Frequency Cancellation Module

In-System Programming

Joint Test Action Group

Liquid Crystal Display

Light Emitting Diode

Low Voltage Differential Signalling

Media Access Controller

Megabits per second

Microcomputer without Interlocking Pipeline Stages - A RISC-based CPU
design that was developed in the mid-80s.

Memory Management Unit

Printed Circuit Board

Personal Computer Memory Card International Association
Phase-Locked Loop

Radio Detection and Ranging - It is a system for detecting the existence,
location and displacement of objects through the transmission and reception
of radio waves.

Receive Demodulator

Reduced Instruction Set Computer

Radar Module Link

Root-Mean-Square

Real-Time Clock

Radar User Interface

Secure Digital

Synchronous Dynamic Random Access Memory

Serial Line Internet Protocol
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SMC
SoC

SRAM
TXS
UART
USB

VHDL

Sampler and Controller Module

System-on-Chip - It is a large scale electronic system, generally
implemented in multiple separate semiconductor wafers, that is integrated
into a single semiconductor wafer and produced as a single integrated
circuit.

Static Random Access Memory

Transmit Synthesizer Module

~ Universal Asynchronous Receiver Transmitter

Universal Serial Bus

Unshielded Twisted Pair

Very High Speed Integrated Circuit (VHSIC) Hardware Description
Language - IEEE standardised language, standardised under IEEE 1164
(1993), used for describing the structure and modelling the behaviour of

complex digital circuits.
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Chapter 1: Introduction

Chapter 1

Introduction

Ground penetrating radar (GPR) technology provides a fast and accurate method for target
location compare to other geophysical sensing techniques. The rapid acquisition of data
is an essential feature of ground penetrating radar technology, since target information must
be acquired and evaluated rapidly. OpenFuel (Pty) Ltd has developed a ground penetrating
radar system used in the detection and avoidance of obstacles for a sub-surface horizontal
directional drill mechanism. In theory, the same basic radar system could be implemented
in a portable surface-based version for geophysical applications. The only factor that
prevents the realisation of this implementation is the requirement for a personal or a laptop
computer to execute the human-machine interface (HMI) software package for the radar
system.

To this end, there exists a need to produce a radar user interface (RUI) to replace
the computer required to execute the radar human-machine interface software package,
- which will allow the current ground penetrating radar system to be industrialised and made
portable for a surface-based version of the radar system, while maintaining the original

functionality of the radar system.
1.1 Purpose and Scope of the Project

The purpose of this design project is the development of a user interface for a ground
penetrating radar system in hardware with suitable software and firmware. The radar user
interface must allow for the autonomous operation of the ground penetrating radar system
and the human-machine interface software package. The scope of the design project can

be defined as follows:

. the review of the existing ground penetrating radar system,
. thereview ofthe existing commercially available ground penetrating radar systems,
» the generation of the system specification for the radar user interface,
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the identification of a suitable technology for the implementation of the radar user
interface hardware,

the design and implementation of the radar user interface hardware,

the design and implementation of the basic radar user interface software and
firmware and

the integration and testing of the radar user interface hardware, software and

firmware.

Project Layout

The design project is divided into seven primary sections that are reflected in this thesis as

chapters and a secondary section containing appendices. Each chapter deals with a specific

section pertaining to the overall scope of the project. The following section briefly

describes each chapter and appendix in order to give the reader an overview of the project

layout.

Chapter 2: Project Background describes the background to the design project
as far as previous work on which the design project is based goes. This section also
describes the basic layout and operation of the current ground penetrating radar
system with which the radar user interface must be integrated. This information is
necessary for the generation of the user requirements and system specification. A
study of commercial ground penetrating radar products is also presented and
discussed. The information gained from this study was also used in the generation
of the system specification.

Chapter 3: User Requirements and System Specification deals with the
requirements of the project as defined by the user and the subsequent system
specification that was generated from the user requirements. An accurate system
specification is vital in order to ensure that the user requirements are met and the
design project is successful. The system specification is used in the initial analysis
and concept design phase.

Chapter 4: Initial Analysis and Concept Design discusses various technology
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related issues that had to be investigated before the hardware, software and
firmware implementation phases of the project could be undertaken. This section
looks specifically at System-on-Chip (SoC) technology for implementation in the
radar user interface. This section also describes the concept design of the radar user
interface that was produced based on the initial analysis of the technology related
issues and the system specification. This concept design shows the radar user
interface hardware implemented as two separate modules to allow for future
expansion and upgrade of the radar user interface.

. Chapter 5: Hardware Implementation describes the design and implementation
of the hardware required for the radar user interface based on the initial analysis
and concept design that was done. The selection of specific hardware devices is
discussed and a detailed schematic hardware design is implemented. This
schematic design is taken to the next step of implementing it on a printed circuit
board. Issues regarding high speed printed circuit board design is also presented
and discussed.

. Chapter 6: Software and Firmware Implementation describes the design and
implementation of the software and firmware required for the radar user interface
based on the hardware design and implementation. Specifically the firmware
necessary for linking the hardware signals in the design and the firmware for the
radar module link (RML) is discussed. The bootloader software used for the radar
user interface and its use is also presented and discussed.

. Chapter 7: Verification, Integration and Testing describe the integration and
testing of the radar user interface hardware, software and firmware. The procedure
for the verification and integration of the hardware design is presented followed by
the firmware. Finally the bootloader software and some of the hardware of the RUI
are tested.

. Chapter 8: Conclusions and Further Studies discuss the significance and end
result of this design project. It also discusses further work that can be done based
on this design project. Specifically the expansion and enhancement of the

hardware implementation of this design project are discussed.

Implementing a Ground Penetrating Radar User Interface in System-on-Chip Technology



Chapter 1. Introduction

1.3

Appendix A: Schematic Diagrams and Parts Lists contains all the schematic
diagrams and parts lists of the design project for reference purposes.

Appendix B: Printed Circuit Board Layouts contains all the printed circuit board
layouts of the design project for reference purposes.

Appendix C: Software and Firmware Source Code Listings and Information
contains the most important parts of the source code, both software and firmware,
of the design project for reference purposes as well as information pertinent to the
use of the software and firmware.

Appendix D: Building a GNU Cross-Platform Development Toolchain for a
MIPS Target under Linux describes the procedure that was developed during this
design project for building the required GNU cross-platform development toolchain

for the SoC processor under Linux.

Conclusions

In this chapter we had a look at a basic introduction to the design project. We examined

the primary purpose for undertaking the design project as well as the scope of the work that

was done. We also had a look at the layout of the thesis which serves as a macroscopic

overview of the design project as well as being useful for indexing specific information or

concepts.
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Chapter 2

Project Background

This chapter provides background to the design project as far as previous work on which
the design project is based goes. The basic layout and operation of the current ground
penetrating radar system with which the radar user interface must be integrated are
discussed. Commercial ground penetrating radar products were studied and the results are

also discusscd.
2.1 Existing Ground Penetrating Radar System Architecture

2.1.1 System Overview

A ground penetrating radar system was developed by OpenFuel (Pty) Ltd for the use in the
detection and avoidance of obstacles for a sub-surface horizontal directional drill
mechanism. The basic architectural layout of the radar system is shown in the block
diagram in Figure 1. It is outside of the scope of this document to provide detailed
information to the specific application of ground penetrating radar technology as was used
in that project, but a brief overview of the operation of this specific system will be given
as it has direct bearing on the design of the radar user interface.

The radar system consists of a human-machine interface (HMI) consisting of a
personal or laptop computer running the radar application software, which is written in
Java to make it portable and hardware independent. The HMI interfaces to the radar
electronics through the communications physical layer. The radar electronics is modular
in design, but is integrated in a single unit which is located on the sub-surface drill
mechanism. The sub-surface radar electronics consists of the communications and radar
controller (CTL) module, sampler and controller (SMC) module, transmit synthesizer
(TXS) module, receive demodulator (RFD), intermediate frequency cancellation (IFC)
module and antenna controller (ANT).
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Figure 1 Openliuel (Pty) Ltd CGround Penetrating Radar System Block Diagram
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The radar electronics modules interface and communicate via a proprietary
communications interface developed by OpenFuel (Pty) Ltd. The communication interface
is known as the Radar Module Link (RML) interface and is based on low voltage
differential signalling (LVDS). The RML interface is shown in red on the block diagram
in Figure 1. The SMC module acts as the network master as the RML interface is based
on a star network topology.

The radar signal transmission path is shown in green and the reception path is
shown in blue on the block diagram. Both these radar signal paths connect to the ANT,
which connect to the antenna. The antenna is a separate unit to the radar electronics;
designed and manufactured by an independent company. Each part of the radar system

outlined above will briefly be discussed to indicate its function in the system.

2.1.2 Human-Machine Interface

The HMI execute the radar application software and also acts as the data storage device for
the capture radar data. The user interacts with and controls or configure the radar via the
HMI. The HMI also display the data captured from the sub-surface radar electronics in

various formats.

2.1.3 Communications Physical Layer

The communications physical layer refers to the communications interface between the
HMI and the sub-surface radar electronics. The main implementation of the physical layer
is full-duplex RS-422 over CATS UTP cable, but there is also a communication-over-
power implementation. The implementation method is transparent to the radar system so
it will not be discussed further.

2.1.4 Communications and Radar Controller Module

The CTL module implements the communications interface which allows the HMI to
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communicate with the sub-surface radar electronics. The CTL also implements some basic
control functions for the radar system, like controlling the power-on sequence and

monitoring the power supply levels.

2.1.5 Sampler and Controller Module

The SMC module performs the sampling of the intermediate frequency signal from the IFC
module. It also controls the rest of the radar electronics through the RML interface. The
SMC also implements the sample averaging and calibration routines for the captured

waveforms as well as monitoring the temperature of the sub-surface radar electronics.

2.1.6 Transmit Synthesizer Module

The TXS module generates the radar signal that is transmitted via the radar antenna. The
TXS module is fully configurable from the HMI as far as the output power, frequency and
gain of the transmitted radar signal go. It can also measure a number of parameters and

pass the information on tho the HMI.

2.1.7 Receive Demodulator

The function of the RFD is to receive and demodulate the radar signal to the intermediate
frequency and then pass it onto the IFC module. The RFD module is fully configurable
from the HMI as far as the input power, frequency and gain of the signal go. Asin the case
of the TXS, it can also measure a number of parameters and pass the information on tho
the HMI.

2.1.8 Intermediate Frequency Cancellation Module

The function of the IFC module is to cancel out any error signal that arises from power

leakage between the transmit section and the receive sections of the radar electronics. This

Implementing a Ground Penetrating Radar User Interface in System-on-Chip Technology
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is done by generating and adding an inverted noise signal to the received radar waveform

before sending it onto the SMC module.

2.1.9 Antenna Controller

The ANT implements a variety of functions pertaining to the radar antenna subassembly.
These include the control of the antenna calibration and matching circuitry. This circuitry
islocated on the antenna subassembly itself. The ANT also providesrelative radar positibn
information to the HMI through a position sensor located in the antenna subassembly. The

control of the antenna subassembly is done via the HMI.
2.1.10 Radar Module Link Interface

The RML interface forms the backbone of the sub-surface radar electronics. The RML
interface forms a virtual memory bus connecting all the modules in the sub-surface radar
electronics and accessing them with unique addressing. The RML interface structure is
based on a star network topology with the SMC acting as the network master. The RML
interface will be discussed further when dealing with the software and firmware

implementations for the radar user interface.
2.2 Commercial-of-the-Shelf (COTS) GPR Systems

A survey of the commercial ground penetrating radar system market yielded a number
(<10) of commercial manufacturers of these systems. All, but one of these systems, are of
a modular design with the user interface being a separate unit; usually an industrialised
personal computer or laptop computer.

One system, produced by Geophysical Survey Systems, Inc. (GSSI), seems to be
the only ground penetrating radar system to integrate the radar user interface with the radar
electronics and not use a standard or industrialised personal or laptop computer in the

process. They also produce évariety of portable handheld radar systems that integrate the
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antenna subassembly into the radar system as well. This design is interesting as a similar
implementation can be done with the OpenFuel (Pty) Ltd radar system and the radar user
interface. Figure 2! shows two views of the GSSI TerraSIRch SIR-3000 GPR system
without an antenna, which is a separate module.[1] The top image shows the display area
and the user control buttons. The bottom image shows the rear view of the system with the
antenna connection and other interfaces being clearly visible. The unit is contained in a
water-resistant, shockproof enclosure.

The key system specifications of the system according to the literature supplied by
GSSI are listed below.
. Processor: 32-bit Intel StrongArm™ RISC Processor @ 206 MHz
. Display: Enhanced 8.4” TFT, 800 x 600 resolution, 64K colours
. Internal Memory: 256 Megabit Flash memory card
. Compact Flash Port: memory up to 1 Gigabyte
. Ethernet interface
o RS-232 interface
o USB interface
o GPS interface
. Operating Temperature: -10°C to +40°C ambient
o Dimensions: 31.5 (L) x 22 (W) x 10.5 (H) cm
. Weight: 4.1 kg, including battery

This commercial ground penetrating radar system served as an excellent example
of what issues had to be considered in the overall design of the radar user interface for this

design project. These issues were defined to be:

. integrated vs. modular design,
. processor selection criteria,

® user interface design,

. data storage medium selection,

1

Figure 2 is reproduced with permission from Geophysical Survey Systems,
Inc. (GSSI), who is the copyright holder of the images.
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Figure 2 GSSI TerraSIRch CIR-3000 Ground Penetrating Radar System
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. interface options and
. added functionahrty.
These issues are discussed further in the chapter dealing with the initial analysis and

concept design of the design project.

2.3 Conclusions

In this chapter we looked at the architecture of the existing ground penetrating radar system
to which the radar user interface must be integrated. [tis important to understand the basic
hardware struciure of the ground penetrating radar system in order to advance to the next
phase which 1s the generation of the user requirements and system specification.

We also looked at commercial ground penetrating radar systems in order to
understand implementation stratcgics and design concepts that can be intcgrated into the
system spectfication. We concluded that a design approach of integrating the HMI and the

rackar electronics was the optinmm toute to follow.
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Chapter 3

User Requirements and System Specification

The first step in the design process is to generate the user requirement for the radar user
interface. The user requirements will be used in the second step of the design process to
generate the system specification for the radar user interface. This design flow is necessary
to ensure that the final product meets the initial user requirements. This chapter deals with

these two aspects of the design project.
3.1 Functional User Requirements

This section details the functional user requirements of the radar user interface (RUT) based

on the project description and background.
3.1.1 Electrical

° The RML high speed serial interface must comply with the TIA/EIA-644 (LVDS)
specification.

° The RUI to external HMI serial interface must comply with the TIA/EIA-422
specification.

e The debugging serial interface must comply with the TIA/EIA-232-F specification.

o The keyboard and mouse interfaces must comply with the USB 1.1 specification.

. The Ethernet interface must comply with the IEEE 802.3 specification.

o The RUI will operate from a +7V to +12V external input voltage and internally
generate any of the supply voltages required by the RUI

° All digital logic components on the motherboard and RUI module must be
compatible with +3.3V systems.

» All efforts must be made to reduce EMI generation and ESD susceptibility.

. The RUI must be designed to be as low power as possible.

Implementing a Ground Penetrating Radar User Interface in System-on-Chip Technology
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3.1.2

3.1.3

3.1.4

Mechanical

The width and length dimension of the RUI must be kept to a minimum.

The RUI must be implemented on a PCB not exceeding 8 layers.

Configuration and Programming

The FPGA must be configurable via a JTAG interface.

A FLASH-based configuration device must be provided for the FPGA to run
stand-alone.

The FPGA configuration device must be configurable via a JTAG interface.

The microprocessor must be programmable via a JTAG interface.

Communication

The RUI interface to the radar electronics must by via an RS-422 communications
channel.

The RUI must also be able to interface to the radar via an LVDS RML link.

The RUI debugging serial interface must be via an RS-232 (no handshaking)
communication channel.

The RUI must be able to act as the network master of the RML embedded network.
The communications interfaces must be capable of handling all data and control
information required to operate the radar in real-time at the maximum sampling rate
of the radar (50 profiles of radar data per second).

The LVDS high speed serial link must be capable of data rates up to S00Mbits/s.
The RS-422 serial link must be capable of data rates up to 10Mbits/s.

The RS-232 serial link must be capable of data rates up to 120kbits/s.

The USB interface must support data rates compatible with the USB 1.1
specification.

The Ethernet interface must support data rates of both 10Mbps and 100Mbps.

Implementing a Ground Penetrating Radar User Interface in System-on-Chip Technology
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3.1.5 Functional

. The RUI shall provide a suitable local HMI in the form of an LCD and USB
peripherals.

. The RUI shall provide sufficient processing power to operate a local HMI for the
control of the radar.

3.1.6 Environmental
o The RUI shall operate from -20°C to +80°C.

. The RUI shall survive storage from -20°C to +80°C.
° All components used in the RUI shall be of industrial temperature range.

3.2 Hardware User Requirements

Based on the functional user requirements, the following hardware user requirements were

drawn.

. A microprocessor capable of handling the HMI and control requirements of the
radar

° Non-volatile memory for the microprocessor program storage

. High density non-volatile memory for data storage

. High density volatile memory for program storage

. An FPGA to implement the RML, RS-422 and RS-232 communication interfaces
. Stand-alone FPGA configuration

. JTAG FPGA, configuration device and microprocessor configuration and
programming
° On-board power supplies

° RML high speed serial interface
® RS-422 transceiver
* RS-232 transceiver

Implementing a Ground Penetrating Radar User Interface in System-on-Chip Technology
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3.3

USB interfaces for a keyboard and mouse
LCD for local HMI display

Ethernet interface

Industrial temperature range components
Real time clock for time stamping

Low power design

Software and Firmware User Requirements

Based on the functional user requirements, the following software and firmware user

requirements were drawn.

RML must be realisable in standard FPGA technology.

The FPGA firmware control logic will be designed and implemented in VHDL.
The system must contain RML master and slave interfaces and be compliant with
the RML specification.

The firmware must be configurable and modular.

The firmware should allow components to be reused for other modules in the radar
and other projects.

The firmware must be flexible and configurable at a high level.

All parameters and control interfaces of the firmware must be readable, modifiable
and controllable.

The firmware must provide an interface to these parameters and control interfaces
via RML.

The RUI must interface to the radar and be compliant with the current HMI

specification.

3.4 System Specification

The following system specification was drawn up based on the user requirements from the

previous section.
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34.1

34.2

34.3

344

345

Electrical

RUI external supply voltage .............................. +7V to +12V
RUI internal power supply voltages and maximum supply currents

» +1.22V @ 1A

. +1.5V@ 1A

. +2.5V @ 1A

. +33V@ 1A

. +5V @ 1A

Mechanical

RUI size must be kept as small as possible

Configuration and Programming

Interface type .. ... it e e e JTAG
Radar Module Link

1 o LVDS
|9 71+ ¢ | (ST < 500Mbit/s
Cablelength .. ... ... i e < 10m
ProtOCOl .. . et RML
HMI Serial Link

TP o et e e e RS-422
Dt FBEE . . . o e e e < 10Mbit/s
Cablelength .. ... i et inee e < 100m
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o Protocol ... e e i SLIP
3.4.6 Debugging Serial Link

° 1 7= RS-232
e Datarate . .. o e < 120kbit/s
o Cablelength . ... . ... i i <3m
e Protocol ... e e e RS232
3.4.7 USB Interface

o 157 1 USB
o ProtoCol ..o i e e USB 1.1
o Cablelength . ...... .. ... i, As per specification
. Protocol . ... e et USB
3.4.8 Ethernet Interface

. 1 = Ethernet
o Datarate . ... i 10 & 100Mbps
o Cablelength ....... ... ... . i, As per specification
» Protocol ... e i e e e TCP/1P
3.4.9 Functional

. Provide local HMI for radar control

3.4.10 Environmental

. Operational temperature . ................vveneroronnnns -20°C to +80°C

Implementing a Ground Penetrating Radar User Interface in System-on-Chip Technology
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. StOrage tempPerature ... .....vvvveennenuennnnnaeneneeens -20°Cto +80°C

3.5 Conclusions

In this chapter we have generated the user requirements and system specification for the
design project. As we now have the system specification for the radar user interface, we
can proceed to the next phase which is the analysis of the system specification and the

concept design of the system that can be done based on the analysis.
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Chapter 4
Initial Analysis and Concept Design

From the system specification we could now generate a concept design for the radar user
interface. The concept design did not include any hardware specific designs point, but it
was rather a visualisation of the system specification. Before we did that though, it was
necessary to do an analysis of the technology available in which to implement the radar
user interface in order to ensure the correct hardware selection for the hardware

implementation phase of the design project.

4.1 Imitial Analysis

4.1.1 Indusiry and Technology Overview

In the last few years with the increased pressure from the mobile computer and wireless
communication applications market, the emphasis on packaging and integration has
increased. Furthermore, the semiconductor industry in general is driven by five major

factors.[2] These factors, in no specific order of importance, are:

o optimizing system performance,
. speed and complexity,

e design to market,

° product size constraints and

. power density.

The optimization of system performance and power density, coupled with the increase of
speed and complexity, coupled with the external pressure from the mentioned market sector
has led to the development of single-chip integration design strategies rather than that of
stand-alone or application specific integrated circuit (ASIC) design strategies. The
advantage of this approach has also led to a reduction in the time it takes to design and

produce a new product, due to the high level of integration of technology.
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4.1.2 The 8oC Revolution

The implementation of an entire electronic system on a single chip through the integration
of multiple components is known as system-on-chip (SoC) technology. The primary
advantages of using SoC technology over the usual integration of components on

conventional printed circuit boards (PCB) are:

. increased operating speeds,

° lower power consumption,

o reduced size and complexity of the end-user product,
o low manufacturing costs and

o increased system reliability.

These advantages enable end-user electronics designers and manufacturers to leverage the
technology and improve the size, cost and performance of end-user products. Another,
even more important advantage, is the opening of new application areas where a PCB
implementation would have been unusable or impossible. Examples of these applications
would include any product from the wireless communication applications’ market.

The development of SoC semiconductor components has led to a revolution in the
semiconductor industry. There has been a steady increase in the revenue generated by SoC
technology. In 1997 the SoC share in the semiconductor market was 5.2% and it has been
increasing to 11.8% in 2002.[3] There has also been a steady increase in the technology,
i.e., logic, SRAM, Flash etc., that has been implemented in SoC technology.

The obvious advantages of SoC technology, coupled with the user requirements
for this design project has led us to pursue SoC technology for the implementation of the

radar user interface.
4.1.3 SoC Processor Selection
There exists a vast number of SoC processors in the current market.[4] These processors

can broadly be classified according to the architecture they implement, as shown below.
. ARM
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£ MIPS

. PowerPC

. x86

. 68000

. Orther (any not listed before)

It was ncccssary to Jay down some key criteria to aid in the selection of the SoC processor

tor the radar user interface, T'hese key criteria were defined to be:

. 500 processor architecture,

- power consumption vs, relative speed,
. peripheral integration and

. design resources and suppert.

The availablc processor architectures were cvaluated first. The results of the evaluation
process are shown in Table 1. The evaluation was done by evaluating the SoC processors

that were commercially available at thal stage.

Table 1 S50C Processor Architecture Selection Crterma
SoC Prﬁ!_:ﬂssur T—'m‘\-‘._;_:r Pcriphcral_ ; Q(:sign Resources
Architecture: Cnnsumﬁ%ﬁﬁn vs. | Integration and Supﬁpft
Relative Speed | :
ARM Giood High High
MIPS Good Iigh High
SPawerPiod . Maoderate Muoderate Muderate
: (KB6 : Modorate Moederate High
“ 63000 See Text” See Text High
© Other See Text™ See Text™ Low

" Processors that fell in the ‘6800 category was not considered as these processors
generally did not have a memory management uni { MMU} and thus could not provide the

processing power needed to execute the radar application soflware. Sinnlarly, processors
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in the “48M’ catepory that implemented the ARMT architecture, generally did not have an
MMU and were thus also excluded from the survey. " Processors that fell in the ‘Other”
category were not considered either, because there tended not to be a lot of design
resources and suppert available for them due to thewr limited and application specific use.
Their availability in limited quantities for development purposes was also a concern.
Looking at the other criteria we can see the ARM and MIPS architectures being
generally better than either PowerPC or x86. The reason for this 1s due to the use of
PowerPC and x86 architectures in more processor intensive areas such as embedded
personal computers and the ASIC market. ARM and MIPS architectures are used mere in
PDA and cellular applications where low power consumption is the major design lactor.
These reasons caused us to only focused on ARM and MIPS archilecture-based SoC
processors that were specifically mtended for low power consumption applications.
Taking the next step, we locked at the critena of power consumption vs. relative
speed and peripheral integration. The critena of design resources and the level of support
were deemed to be equal at this stage. Penpheral integration ol'the 50C processors was
measured against the radar user interface system specification to ensure only processors
that could meet the requirements were evalualed. The following penpherals had to be

present on the SoC processor to qualify it for consideration.

. Integrated 1.CD Controller

- Static Bus Interface

» Separate SDRAM Controller

. Dual USE Interface

. Dual UART Inter(aces

- Ethemnet Interface

- Bulk Storage Interface, like Compact Flash or PCMCIEA

Table 2 shows the ARM and MIPS architecture SoC processors that were evaluated based
on these criteria,

Tt was dilficult to compare the different processors with the information supphed
by the manufacturers, as they implement different architectures. peripherals and operate

at diflerent clock speeds. Nevertheless. we had to assume that all the charactenstics were
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more or less equal in order to proceed, From the table it 1s clear that the AMD Alchemy

Aut100 MIPS32 series of processors had the best power consumplion vs. relalive speed

characleristic, We decided io use this range of SoC processors as it also had added power

reduction featurzs that we will discuss in the chapter on the hardware tmplementation of

the radar user tnlerlace.

Table 2 5o Processor Power Consumption Companson

MOCO3ZEM XL

";__';': Processor SoC Processi]__i‘ Power Consumption vs.
& | %+ ‘Architesture Relative Specd
AMD Alchemy AulGO0 MIT:SHZ <300mW (@ 266MH=z
266MHz
AMD Alchemy Aul{) MIPS32 500mW (& 400MHz
400MIz
AMD Alchemy Aunl 000 MIPS32 2imW @ S00MHz
500MHz
AMD Alchemy Aull0d MIPS32 <200mW @ 333MHz
333MHz
AMD Alchemy Aul 100 MIPS32 250mW @ 400MI 1=
400MHz
AMD Alchemy Aull00 MIPS32 400mW @ 300MIiz
500MHz
Atmel ATOIRM920H) ARMY20T 1Z20mW (& 180MUz
{abs. min, estimate)
Cirrus Mavenick EP%301 ARMOZOT 100 - 675mW (@ 166MHz
Cirrus Maverick FP9302 ARMOZ0T <500mW (@ 200MHz
Cirrus Mavenck EP9312 ARMYZOT 45 - 750mW @ 200MHz
Cirrus Maverick LP9315 ARMO20OT 100 - 750mW (@ 200MHz
Freescale 1.MX1 ARMO20T S00mW (@ 200MHz
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Processor ; SaC Processor Power Gnnsﬁtﬁpiinn VS,

Architecture Relative Speed -

Intel XScale PXA255 ARMSTE 178mW (@ 200Mllz
200MHz

Intc]l XScale PXA2355 ARMSTE 283mW @ 300MHz
300MHzZ

Intel XScale PXA255 ARMSTE 41 1mW (@ 400MHz=
400MHz.

NEC VR4121 131MHz MIPS64 300mW @ 131MHz=

NEC VR4121 losMHz MIPS64 IRSmW @ 168MHz

NEC VR4122 MIPS64 270mW @ 180MHz

NEC VR4131 MIPS 11l & MIPS16 270mW @ 180MHz
NEC VR4181A MIPS 111 & MIPS16 <500mW (@ 131MHz
Samsung 53C2440 ARMYZ0OT J6EmW (@ 400MHz
Sharp LH7A404 ARMO22T 263mW (@ 200MHz

(abs. min. estimate)

4.2 Concept Design

The next task was to generate a concept design for the radar user imterface. It was decided
to divide the radar uscr interface design into two parts, namely the RUI module and the
RUL motherbeard. This was done in order to allow for the upgrade of the processor scetion
of the radar user interface, i.e. RUI module, without having to re-manufacture or redesign

the whole radar user interface.

4.2.1 Radar User Interface Module

The concept design for the RUT maodule is shown in Figure 3. Tt consists of the AMD
Aul 100 Alchemy MIPS32 SoC processor, the non-volatile Flash boot memory and the
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volatile synchronous dvnamic random access memory (SDRAM). It also has the ITAG
programming interface cormector for programming the non-volatile Flash boot memory and
the SoC processor. All the other signals from the processor are taken to a conneclor thal

will allow the RU module 10 interface with the BUT motherboard.

4.2.2  Radar User Interface Motherboard

The ¢concept design for the RUI motherboard s shown in Figure 4. 1 consists of a ficld
-programmable gate array (FPGA), configuration device for the FPGA and interfaces for
the peripherals. It also has the I'TAG programming interface for the FPGA, which is only
used for debugging the FPGA in this application, as well as the programming interface for

the FPGA eonfiguration device, The FPGA was required to implement the radar module

Flash

. RUIMB |
Interface ‘

i JTAG A 111 06

SDRAM

Figurec 3 RUI Module Concept Design
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RS-232

Ethernet |
S0 Card

o RUI Mod.
Interface

P5U
RTC

ISP
Interface

Figure 4 RLI Motherboard and Display Concept Design
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link (RML) interface as well as providing logie interfacing between some of the
componcnts of the RUILmotherboard. Theseinterfacing Amctions arc usnally implemented
in & complex programmable logic device (CPLD) or discrete logic components, but to
reduce components and thus power consumplion the FPGA was nscd {or that funetion as
well. The RML interface was required in the design to allow the radar user interface to
cannect with the radar electronies in the current ground penetrating radar system design.
It was also decided to mclude an R5-422 mterface in the design to allow the radar user
interface to semnlessly inteprate with the cument ground penpetrating radar systcm
implementation that has been deseribed previousiy.

For the peripherals, an Ethernet, two USB mlerfaces and an RS-232 mterface was
mplemented. A real-time clock (R'1TC) was also added to the desipn to allow for the
accurate time-keeping and time-stamping of radar data. Somelight comtting diedes (LEDs)
were added to the design to aid i debugging the hardware.

For the storage olvadar dala, two secure digital (SD) mterfaces were provided that
allow 5D memery cards to be used. Thesc mterfaces also have other implementations ke
global pesiioning systern {GPS) and wireless Ethernet interfaces. This functionality can
thus be added to the radar user interface n the future without redesigning and re-
manufacturing the RUT motherhoard.

It was decided to usea commercial colour hiquid crystal display (LCDY with an
mteprated touch screen to enable optional user interaction with the radar user mterface
through the touch sercen rather than the keyboard or a mousc. A commcreial display unit
from Cogent Computer Systems, Inc. with an inteprated touch sereen controller and power
supplies were selected 1n order not to bind the radar user mterface hardware design to any
specific LOD desim.

The power supplies lor the radar user mierface would be located on the RUIL
motherboard. It would provide power lo the RUI medule and RUI motherboard.  The
LCD module would alse reccive its mam power from the RUT motherboard,

The RUT motherboard would have conneetors that would allow it to interface with
the RUI module, LCD module, the Ethernet and USB peripherals as well as the RML, RS-

232 and RS-422 communications nterlaces.
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4.2.3 Radar User Interface Mechapical Concept Design

The mechanical concept design of the radar user interface 1s shown in Figure 8, The LCD

module fits on tep of the RUI motherboard that alse has the RUT module on top of it. The

radar electronics sits on a separare carricr backplane that interfaces to the bottom of the

RUI motherboard. 1t is net in the scope of this design project to preduce the carrier

backplane for the radar electronics. An implementation of this carrier backplane already

exists in a different form in the current ground penetraling radar dala system.,

RLUT Modile

b T

RLH Moth Erbuard

L2

Rﬂﬂar Efl?ﬁﬂ‘ﬂﬂfﬁs

Figure 5 Radar User Interface Mechanical Concept Design

4.3 Conclusions

It this chapter we firstly had a
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processor technology rmplementation goes. We concluded that SoC processor technology
would be the ideal selection for the radar user interface. Following on from this, we
gelected a suitable SoC processor based mainly on the system specification and other
important crileria tike processor architecture, power consumption vs. refative speed and
peripheral integration. The SoC processor selected was the AMD Alchemy Aull00
MIPS32-based processor as it had the lowest power consumption vs. relative speed of all
the devices that had been evaluated.

Wexl, we did a concept design for the radar user interface based on the SoC
processor selected and the system specification. It was decided to sphit the hardware
implementation mnto two sections to allow for the reuse of the hardware platform. We will
use this concept design to produce the hardware implementation of the radar user interface

in the next chapter.
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Chapter 5

Hardware Implementation

The concept design ol'the radar user mterface that was generated in the previous chapter
allowed us to implement the hardware for the radar user interlace, We started by selecting
the required compenents to optimise the design for low power consumption, followed by
doing the schematic designs of the RUL module and RUT motherboard and finally

implementing the schematic designs in printed eircuit hoards,

5.1 RUI Module Component Seclection

5.1.1 Sof Processor

The microprocessor that was used in the RUI module was the AMD Alchemy
Aul 100-400MBC from AMIDL[5] The processor is @ complete MIPS architecture SoC
processor based on the MIPS32 instruction set. 1t is specitically designed for maximuim
performance with low power consumption for mebile and handheld applications. The
power dissipation for the device 1s less than 230mW for the 460MHz version, which is the
speed version that we selected. The 500MHz version’s power consumption was deemed
too high (400mW) for a specd increase of a 100MHz aver the 400MHz version. The
device 15 lughly intcgrated with on-chip SDRAM, SRAM/Fiush FPROM memory
controllers, an LCD controller, 10/100 Lthernet controller, 1TSB 1.1 host and device
controller, threc UARTS, and general purpose inputs and outputs; up to 48 with 13 being

dedicated.
5.1.2 Non-Volatile Program Memory

The RUI required non-velatile memory for program storage. The memory that was

sclected was an Intel Corporation Stratalflash™ TE28F256J3C- 1235 memory, which is a

Implementing u Ground Perctroting Rader User Interftce tn Sysicom-on-Chip Technology
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125ns (nanosecond) 256-Mbit (megabat) Flash memory [6] The reason for selecting this
specific Flash memory was Intel's use of two-bit-per-cell techoology in the memory
manufacturing. This mcans that the memory provided double the storage density when
comparcd to standard memory devices in the same foolpnnt withont a twofold inerease 1n
power consumption, 1.e. this memory consumes less powcer per Mbit when compared with
one-bit-per-cell technology memory devices,

tt was also decided to implement one of these memory devices to give the RUE
module 32MB (megabyte) of non-volatile program memory storags. This was decmed

gnough memory to store the bootloader and the compressed program imag:.
5.1.3 SDRAM Volatile Program Memory

The RUILrequires SIXRAM fortemporary program, data and variable storage. The Aull00
S0C processor has a separate SDRAM bus intertace. This interface allows the SDRAM
bus to operate at a lower vollage than the static memory bus of the processor. For this
reason we seleeted a Micron Technology, Ine. MT48V | 6M16LFTG-10 Mobile SDR.AM,
which 15 [00MHz 256-Mbit SDDRAM . [7] This memory is specifically design for low
power consumption mobile device appheations and operates from ~2.5V compared to other
devices that eperate from +3.3V.

T was decided 1o implement the maximum amount of SDRAM that the Aul 100
SoC processor was designed for to allow for the maximmm amount of {lexibilily for the
software implementation phase of the design project. This cquated to two of these memory

devices, giving a total of 54MB of SDRAM program memory.

5.2 RUI Motherboard Component Selection

52.1 Tield-Programmable Gate Array (FPGA)

The RUI required un FPGA for the implementation of the RML interfuce and general logic

interfacing. The FPGA that was selected for use in the RUIL motherboard was a Xihinx

Implementing a Grownd Pereivating Radar Usey Inferface in Spitem-on-Chip Technology
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XCIV250-6FG2561 Virtex™-[I Platform FPGA.[B] This FPGA is a 250 000 gate device
which has enough resources to implement the RML interface and general logic interfacing,

The FPGA needed a conliguration device and an Atmel Corporation AT 7LV002-
10CT FPGA Configuration EEPROM Memory was selected. [9] This allows the FPGA to
operate in a stand-alone application, ie. the FPGA does not need lo be manually

reprogrammed every time the RUIL is switched on and used,

5.2.2  10/100Mbps Ethernet Interface

The RUI had to have a 10/100Mbps Lithernet interface. The Aull00 SoC processor had
an integraled Ethemet controller (MAC) and all 1l required was an Ethemet PHY
(transceiver), The AMD Am79CET74VI NetPHYPLILP Low Power 10/100-TX/FX
lithernet Transceiver was selectod. [10] This device was sclected as it was designed for low
power consumption applications and was recommended by AMD for use wilh the Aut 100

SoC processar,

5.2.3 RS-422 HMI Interface

The RUT had to have an RS-422 interface to allow il Lo interface wiih the currenl ground
penctrating radar system, It was devided to use the Sipex Corporation SP3485LN 3.3V
Low Power Hall-Duplex ES-485 Transceiver with 10Mbps Data Rate.f11] These devices
were designed for low power applications and they typically consume only 1mA of supply
current.  These devices also have intemal short-circuit pritection.  Although they arc
designed for R5-485 applications. they can be used for RS-422 applications as well. Two
of these devives will be used to implement a transmnl and a receive communication

channel.

52.4 RS-232 Debug Inierface

The RUI had to have an RS-232 interface for debuggine and any peneral R5-252
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commumcations functions. It was decided to use the Sipex Corporation SP3232EEY True
+3.0V to +5.5V RE-232 Trunscerver.[12] These devices were designed for low power
applications and they typically consume enly 0.3mA of supply current. These devicesalso

tiave intermal short-circust protection.

5.2.5 Real Time Clock and Power-On Reset Circuit

The RUT had to have a real time clock (RTC) {or aceurate time-keepmg and time-siamping
ofradardata. The Xacor, Ing. X1227351-2.7A Real Tvme Clock/Calendar/CPL Supervisor
with EEPROM was selected.[13] The device was selected as it featuwred a R1C with
clock/calendar, two polled alarms with inteerated 512x8 LEPROM, oscillatoer
compensation, CPU supervisor and a baitery backup switch. Thedevice is aceessed viaan

I’C interface and operates from an external 32.768k11z crystal.

5.2.6 Power Supply Units

The RUI would be supplied with +7V to +12V DC and it had to generate the required
mtemal voltages: 1 this case +1.22V, +1.5V, +2.5V, +33V and 13V, ‘lThe current
requirements for the power supplies were calculated as best as possible. Talhle 3 shows the
resulis of the calculations, These values only reflect the current consumption of the major
commponents that will be used i the RUT design. Generally, the rule of thumb for power
supply current design is to design for 80% of the power supply capacity being the load
current with a reserve of 20%. In this case we will design lor 50% of the power supply
current being the load current with & reserve of 50% giving & power supply current
requirement of 1.5A. This was done as we did net have a very accurate power supply
current consumption model. Asan example, the current consumption of the FPGA would
vary dependmyg on the design that would be implemented ip the device. If wasalso decided
to use the same power supply device for all supplies in order to reduce the number of
different compoenents that will be required and so simplify the electronic component

procurement process. It was decided to use the Linear Technology Corporation LT1767
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Table 3 Caleulaled Maxamuem Power Supply Cutrent Consumption
Device +1:22% +1.5Y +2.53V +33V it b
AMTICET4 Ethernet - 13 thmA -
iy
AT17LVG0Z 1TPGA - - amA -
Configuration PROM
Anlli0 460MHz SoC 28TmA - RomA ITmaA
Fihernet Connector - - - 40mA
I'PGA Oscillator - - - 23mA -
L.CD Module (estimaie) - - - S00mA
MI48VIEMIGLITG-10 | - 3 330mA : -
SDRAM (x2)
SD Card (x2) y 3 - 200mA
51’3231_“ RS-232 - - 5 100mA -
Transceiver
SP31485 RE-184 - - din A -
Pravsceiver (x2)
TE28K25003C-125 Flash - L FITIPY -
Memory
LSBY Device (limited) - - - - HmA
TSB1 Device (himited) - - - - 10mA
- XI1227 RTC - 3mA -
XC2¥250 KPGA - 200mA . 150mA -
{]ﬂi]lil:llllm]
1TOTAL A8TmA | 200mA | d16mA | T34mA I F00mA

Monolithic 1.54, 1.25M11z Step-Down Switching Regulators [ 14] These regilators were

fpslemgentiig a Oround Penetrating Radar User fnreface fn Spsrem-on-Chip Techrology



Chapter §5: Hovdware Implementation

high-cfficicney (90% maximum} switching regulators with a large input voltage range
(+3V to +25V) lor battery powered applications that were also available in fixed voltage
versions and were sclected for these reasons.

Table 4 shows a comparison benween linear and switching regulators.[15]
Although hnear regulators have a clear advantage when it comes to reduced complexity,
total cost and output ripple/noise when compared to switching regulators, switching
regulators have the advantage when 1t comes to improved efficiency and reduced waste
heat generated. Reduced size is also an advantage in high power type applications where
a hinear regulator would nezed a heatsink, while a switching regulator would not necd a
heatsink. Linear regulators only really have an advantage over switching regulators 17 the
input and output veltage differenttal of the regulator 15 small. Thig ig not the case in the
RUT implementatron where the input voltage can vary berween 47V and +12V and the
output voltages vary from +1.22V to 153V, Furthermore, a linzar regulator can only step
the input voltage down, so if the RU1 is supplied with an mpul voltage below the mimmum

input voltage for any reason, the linear regulator would not operate correcthy.

Table 4 me:ar v8. Switching R::guldtm Comparison
Comparison L‘rlterla | *  Linear R-::Lulatur S Switching Regulatur
Funetion : Only Steps Down Steps Down, Lip or Inverts
Efﬁ:;:tipnc}r Low/Mednum 1ligh
Waste Heat High Lo
Complexity Low MedmiHigh
Small‘Medium @ Low Larger i@ l.ow Power
; : Power compared to Linear Reg.
Size -
Large (@ 1ligh Power Smaller @ High Power
" {Requires Heatsink) compared to Linear Reg,
Total Cast & Low Medium/High
Ripple/Noise Tow Medium/Lligh
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5.3 RUI Module Schematic Design

An overview of the design of the RUI module is shown in the block diagram in Figure 6.
The schematic dragrams and parts list for the RUImodute is included in Appendix A.1 for

relerence purposes.
5.3.1 SoC Processor Design

The ¢entral component in the RUT module design is the AMD Aul 100 5oC processor, It
hias an intcgrated SPRAM controller thal can operate at a bus voltage of cither +2.53V or
+3.3V that is sclectable by applying the required logic level ((or 1y on the FSEL pin. In
this design the SDEAM bus was configured to operate at +2.5V as the SDRAM used was
ol the +2.5V bus voltage type. 1'or this reason the FSEL pin was tied to ground (logic 0.
The 50C processor has a static bus controller that allows tor the memory mapping of
external memory devices. The SoC processorhad lo be configured to bool from either the
SDRAM or stalic bus controllers by applying the required logic level (} or 1} o the
ROMSEL pim, o this design the SoC processor had to bool from the static bus controller,
For this reason the ROMSEL pin was tied Lo ground (logic ).

The SoC processor was designed to operale from a 12MHz ¢rystal and has an
internal phase-locked loop (P11 ) o generale the required internal clock frequencies. The
power supply connections for the PLIL had to be decoupled with a special chreuit consisting
of a 22uF and a 10nF capacitor and a 10082 resistor. There was ulso a 32.768kHz crystal
connection (hat allowed for the implementation of an R'TC in software in the processor.
It was decided not to use this funetion of the processor as an external RTC was going to be
implemenied on the RUI motherboard. Nevertheless, the unused power supply connections
lor the 32, 768kHz crystal conncetion also had to be decoupled with the same cirewit a3 was
used for the 12MHz crystal. The vnused 32.768k1 [z crvstal connections also had to be tied
3 mnk e

The SoC processor required a ¢ore voltage of +1.22V connected to the D/ pins

und aninterface bus voltage of +3.3V conmected (o the FOOX pins. The mternal SDRAM
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EUI Maotherboard Interface
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Figure 6 RLU1 Module Design Block Diagram
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controller required a voltage of +2.3V connceled Lo the FDDY pins as discussed earlier.
The power supply pins on the processor was decoupled using mainly 100nF capacitors,
A 6 8nF, 10nF and 150F capacitor was also added to provide a broader spectrum ol higl-
frequency noisc filtering. A 10pF capacitor ecninected Lo eacl of the threc supplies were
alzo meluded m the design to filter out nose from the power supplies. The SoC processor
had an output, called PWE _EN, that was used to enable the +1.22V power supply, This
cutpit goes to a logic high level (+3.3V) as soon as the FROXOK mput is asserted high.
The FRDXOK inpnd is used 1o signal to the processor that the +3.3V interface bus voltage
supply (FDDX ping) 18 stable. The VDDYOK mput was tied to the RESETTV input. The
RESETIN input was connected to the F'GA on the RUI motherboard. This allowed for the
control of the power-up sequence of the processor. The SoC processor provided a boffered
cutptil of the RESETIN input, called RESETOUT, that was not used.

The JTAG programming interface that allowed for the programming of the SoC
processor and devices memory mapped to 1t had to be included n the design, It was
decided to connect this interface through to the RUI motherboard and place the JITAG
connector there to reduce the side profile of the RUI module. This wonld also reduce the

overall side profile of the radar wscr intertace.

3.3.2  Flash Non-Volatile Program Memory Design

As stated before, 32ME of Flash memory was added to the design o provide the non-
volatile program memory, This memery would be used to store the bootloader and the
compressed program image. The bus width of the bool memory had to be sclected with the
ROMSIZE input on the Sol processor by applying the required logic level (0 or 1) Lo the
input. The boot size options were 16-bit or 32-bit data bus width memory devices. 11 was
decided to include the option of bonting from either sive option to allow for the maximum
flexibility in the desien. Applying a logic O to the ROMSZE input, boots from a 32-hit
data bus memory device and applying a bogic | to the ROMSIZE input, boots from a 16-hit
data bus memory device. The Flash memory device was configured for a 16-bit data bus

width by connecting the B¥TX ipput to a logic high level In this configuration the 47

Implementing it Ground Penetraging Radur User interface in Svstem-on-Chip Technology
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address imput becomes the teast significan address bit. The A0 address input was not used
and thus connected to a logic high level. The FPEN input was also comnecled to a logic
high level to allow or the device {0 be wnitlen to and crased.

The Flash memory was directly connccted to the static bus contridler with the
RADf24:17, RD{I5:0] and ROE signals. The static bus controller signals RCSf3.:0/,
RBENTI:0], RWE and EWAIT were connecled i the FPGA on the RUI motherboard and
the Flash memory control signals £CS and RWE were connecled lrom the FPGA to the
Flash memory. This allowed for the implementation of the Flash memory mapping and
decoditty logic circuitry in the FPGA, which allowsd for a very flexible design. The stalic
bus controller signals RADf12:60] and RDf7.: 0] were also connecled lo the FPGA on the
RUlmotherboard to allow the So processor in access the RML nterface implementation
in the FPGA as a memory mapped device.

The Flash memory device had an mput, called RESEY, and an output, called
STATUS, that was connected 1o the FPGA vn the RUI motherboard as well. The S¥ATFUS
output indicates 1f the Flash memory is busy with an inlernal operation. The RESET input
resets the Flagh memory and will be controlled during the power-up sequence by the
FPGA.

The power supply pius of the Flash memory deviee were connected to +3.3V with
some 1 00nF decouphng capacitors added to the design to provide noise filtering and power

supply decouphing.

5.3.3 SDRAM Volatile Program Memaory Design

Two 3I2ZMB SDRAM devices were added to the design to provide 64MB of volatile
program mcemory. These deviees were connected o the SDRAM controller of the Sofl
processor as described earlier. The SDRAM controller signals SDAS{2:0f, SDBAfI. 0],
SDRAS, SDCAS, SDWE, SDCS0, SDCLK() and SDCKE wcre conntected to both SDRAM
devices. The 32-bit dala bus of the SDRAM controller was divided between the two
SDRAM devices with the SO0 1547 and SDOMS -0} signals connectimg to the least
significant word SDRAM device and the SDDf3 1 167 and SDOMS3:2] signals connecting
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to the most sigmiicant word SDRAM device.

The address conliguration for the chip scleer signals of the SDRAM devices
{5DC50) can be configured in the Sol processor and this will be done by the bootloadcr
softwarc on start-up.

The power supply pins of the SDRAM devices were connected to +2.5V with somce
100nF decoupling capacitors added to the desion to provide noisc filtering and power

supply decoupling,

5.3.4 RUI Motherhoard Interface Design

The RUE module interfaced to the RUT motherboard through four connectors. Thesc

connectors provided connection for the followmg devices and functinns.

. 17 General Purpose Inputs/Outputs (1 Programmmable Clock Output)
. Ethernet Controlier

. Flash Memory [oterface (OS5, RWIE, STATUS and RESET)

" LCD Controller

. SD Card 0 & SD Card 1

. SoC Processor JTAG Interface

. SoC Processor Resct and Core Power Supply Enable

. Static Bus Controller (RADS12:07, RD{7:.07, RCS{3:0], REENTI O], RWE, ROL,
and WA s1gmals)

v LIARTO & TTATYE

. LISEO & 1ISBI

. +1.22Y Power Supply
. -+ 2.5V Poswer Supply
. +3.3V Power Supply

5.4 RUI Motherboard Schematic Design

An overview of the design of the RUT motherboard 15 shown in the block diagram in
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Figure 7. The schematic diagrams and parts list for the RUT motherbeard is included in

Appendix A.2 for reference purposes,

54.1 Field-Prosrammable Gate Areay (FPGA) Design

The central component in the RUTE motherboard design was the Xilinkg XC2V250 Virtex-T1
FPGA. The FPGA was needed to ymplement the RML interface and general logic
interfacing needed for the Llash interface and reset and power-up ctreutlry. The FPGA has
a core (VCCINT) that operates from +1.53V, while the awaliary circutry (FCCALUX)
operates from +3.3V. The inputs/outputs are arranged in eight banks that can each operate
from a different vollage. Smee all the external circuitry except the RML interface operated
al +3.3V, the inputioutput banks (FCOCO-{3:07 and VOCO-{7:-57) were supplied with
+3.3V. The bank that connected to the RML interface { VOCO-4) was supplied wath +2_ 5V,
The power supply pins on the FPGA were decoupled using [00nF capacitors.

The FPGA had te have an cxicenal oscillator to provide the clock signal to drive the
mternal circuitry, A 32MHz escillator was added 1o the design und connected to one of the
digatal elock managers {DCM) of the FPGA. The oscillator had to have an Inlf and [00nF
decoupling capacitor [or nose {iltening.

The FPGA JTAG interfuce was also mcluded m the design to allow for the
debugging and programming of the 'PGA during the firmware development process. The
Atmel ATITLVH2 configuration device and its in-system programming {1SP) connector
wag meluded in the design to allow the FT'GA to operate in a stand-alone application. On
power-up the [inmware design is uploaded (rom the non-volatile confipuration device to
the I'PGA. Some 100nF decoupling capacitors were added to the power supply
connechions of the configuration device.

Tt wag decided to also inchude cight LED: and some switches in the design to allow
for the debupging of ihe hardware and firmware, These LEDs and switches were
connacted to the FPGA so that they could be accessed via the irmware design in the
IIPGA.

All the static bug controller signals RAD/12:0F, RD{7.0], RCS{3:0], RREN{I(}],
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RWE, ROE, and IFHAIT were connected to the FPGA to allow the S6C processor on the
RUT module to access the RML interface implementation in the I'PGA. The 17 general
purpose inputsioalpuls from the RUI module were also connected to the FPGA 1o be
implemented in (irmware as reqoired. The Flash memory control signals STATES, RESET,
RCS and RWE were connecled 1o the FPGA as the memory control decoding would be
implemented in firmware in the FPGA. The resct sigaals from the RTC, SoC processor and
1is ITAG connector and the Cthernet PHY transceiver were also connected 1o the FPGA
as it forms part of the reset logic firmware design. Vinally, the R1C 1°C signals were
conmected to the FPGA so that it could be routed to some of the general purpose

inputs/outpits in firmware,

54.2  10/100Mbps Ethernet Interface Design

The Lthernet interface consisted of the AMD Am79C874 PHY transceiver conneciled o
the Ethernel MAC on the SoC processor. The Lthernet transceiver also had to have an RJ-
45 FEthermet connector and isolativn transformer to allow il W0 conneet o the external
Ethernet network. 1t was decided to use an Ethernel connecior with inlegraled magnetics
and slatus [ EDs to reduce the number of scparate components nsed in the design and thus
the complexity of the design. ‘The actual detail of the Ethernet interface design will notl be
discussed here as the reference design in the datasheet of the Am79C874 PHY ransceiver

was implemented.

543 RS5-422 HMI Interface Design

The R8-422 HMI design consisted of two Sipex SP3485 RS-485 transceivers that were
implemented as a transmil and a receive eommunications chammel, The SP3485 R5-485
tramsceivers were connected o UARTI of the SoC processor and allowed for the
imertacimg of the RUI to the radar elecitomics of the current ground penetrating radar
system implenentation, These devices had to have 120£) termination resisiors on each

chaunel as well as 1000l decoupling capacitors for power supply decoupling and noise
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filtermyg, The E5-422 1TMI mterface connects to a 9%-Way D-"Type plug that allows it to

terface to the external radar electronics.

5.4.4 RS-232 Debug Interface Desipn

The RS-232 debuy mterface design consisted of the Sipex SP3232 RS-232 transceiver with
its required capacitors and a 9-Way D-TU'ype socket, The SP3232 R8-232 transceiver was
connected to UARTD of the Sol processor and allows for debugging and any general RS-
232 communications functions. The RS-232 debug interface only implemented the TX and

RX signals of the R5-232 specification.

5.4.5 Real Time Clock and Power-On Reset Circnit Design

The Xicor X 1227 real ume clock (RTC) was incloded in the design to perform two
functions. Firstly, it had to scrve a lime-keeping and time-stamping functrion. Secondly,
iLprovided a power-on reset signal as well as a programmable watchidog tmer resel signal.
‘T'his reset signal was connected to the FPGA to allow for the implementation of this signal
by the firmware in the FPGA. The RTC is accessed by the Sol processor via the 7C
niterface, also connecled Ly e FPGA.

The RIC requirted an external 32.7608kHz crystal that provided the clock for the
internal cireuitry as well as requiring a baclkup battery and charging cirewt. This would

allow the RTC to maintain the correct time whern the RUT was switched off.

5.4.6 Power Supply Units Design

The R motherboard and RUL module required lve separate power supplies. The Linear
Technology LT1767 switching regulators were used to implement the power supplies. 1'or
the -2.5V, 133V and 15V power suppliey, lixed voltage versions of the LT1767 were
used, Forthe +1.22V and - 1.5V power supplies, a programmable ontput voltage version

of the LT1767 was used. The output voltage of tlus device 15 progrmmmed with an
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extermal programming resistor which value is calculated with a fixed formula that is shown

helow,

o L0k x (Vory - 127)
EXT 12V — (10k x 0.25u4)

The caleulated valucs of the required resistors are shown in Table 5. As resistors are
manufactured in standard resistance ranges, the closest available resistance value from the
1% tolerance range of resistors to the calculated resistance value had to be chosen. The
percentage error between the required and calculated outpui voltages of the power supplies
are also shown to cnsure that the power supplies do not over- or under-supply the specific
cleetromics circuts. From Table 5 it can be seen that the selected resistor values produce
output voltages with negligibly small crror values.

The +-1.22¥ power supply is controlied from the Sof processor via the shutdown
pirt ont the LT1767 switching reeulator, This allows for the core voliage of the SoC

processor to only be applied once the other power supplies have stabilised.

Tahble 5 Calculated Resistor Values for +1.22V and +1.5V Power Supplics
Required Calculated Selected Calculated %o Error
Voltage Resistor Resistor Output
Value Value Vaoltage
+1.22V 167.0150 169€2 +1.220V 0%
+1.5V 2505.219C 250082 +1.499V 0.067%

The power supplies arc supplicd with +7V to + 12V from an external power supply
or battery. The inputs to these power supplies have 100F capacitors for noise {iltering as

well as multiple LOpF capacitors on the outputs of these supplics for power supply
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decoupling and noisc filtering. The vollage Irom the external power supply s also taken
ier a conneetor thal would allow it to be fed through to the backplanc for the radar
electronics.

An unportant 13suc relating 1o the power supply design 15 to ensure that it can
maintain the required output voltage at the maximum designcd load current over the full
supplied input voltage range. The maximum output current that the power supply design
can supply n relation to the maximum load current of the regulator (f, = 1.34A), the
swilching frequency ol the regulator (= 1.25Ml1z), the input voltage {¥,,), the required
output voltage (V) and the output inductor valuc of the power supply design (L) is given

by the formula shown below.

i - Vora YVELr Vipw)
Sl YT S T I )

Table 6 shows the calculated values of the output curvent of the power supplics for an
gutput induector value of 10pH and a maxinnun continuons current ol | 7A. This specific
inductor value was scleeted as it provides for higher oulput current values than lower
inductor valucs. The trade-ofTis that inductors of larger inductance values are physically

larger that inductors with smaller mductance values,

Table 6 Calculated Power Supply Maximum Output Current vs. Input Voltage
Vi 22y | sy | +ksv | 43av 45V
+TV L4614 1 4334 | 436A 1.430A 1.4434

T12V 1.456A 14484 | 4214 | 4044 1.383A

From Table 61t can be seen that for the full input voltage range of +7V to +12V and the

maximum designed output current of 154 the calculated output current {or a 10ull output
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inductor is in most cases very close to the 1.5A required and only varics with a maximum
of 117mA under this value which is acceptable for this application as the power supplies
were over designed by more than 100%.

Anather important issue relating to the power supply design is to cnsure that the
catch diode used in the power supply design can handlc the required current through it for
the maximum designed load current. The average cateh dinde current {or the power supply
design in relation to the maximum foad current (7= 1.5A), the input voltage (¥,) and

the required gutpul voltage (V) 15 given by the formula shown below.

IUL’T A (Vfir B VOUT)

I T e A T
DIAVG)
Vv

Table 7 shows the calculaied values of the output calch dicde current of the power supplies

for the required input voltage range.

Table 7 Calculated Power Supply Cateh Diode Current vs. Toput Voltage

Voo LIV, +1.5V 2.5V |: 433V 45V
+TV | 2394 11794 0.9644 0.793A 0.429A
VA 1.348A [313A L.1S8A [ 0BSA 0.875A

From Table 7 we can see thal the highesl average current thal will Now through the catch
diode will be 1.348A, so we need to select a diode that is rated to handle this current.
Another important issuc relating to the power supply design is to ensurc that the
inductor used in the power supply design can handle the required current through it for the
maximum desipned load current. The peak inductor current for the power supply design
in relation to the maximum load corrent (/= 1.5A), the mput voltage (F,.), the required

output voltage (V;7), the switching frequency of the regulator (/= 1.25MHz) and the
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output inductor valoe of the power supply design (L) 1s given by the formmla shown below.

Vi By = Vo)
T = Topp + —22 180U
R TR DAY, )

Table 8 shows the caleulated values of the output inductor current of the power supplies

tor the required input voltage range.

Table § Cualculated Peak Power Supply Inductor Current vs. Input Voltage

LT +1.22¥ +1.5V +2.5V +3.3V +5V
+7V 1.540A 1.3474 1.364A 1.370A 1.537A
12V 1.544A Li2533A 15794 1.596A 1.617

Frivm Table § we can see that the peak calculated output inductor current value1s 1.617 A,
which means that the inductor we had previously selected would be adequate for this
gpplhicatiom as 1t has a peak output current ratimyg of 1.7A.

A final unportant 1ssue retating o the power supply design 1s to ensure that the
output ripple current value 1s not excessive as this would negatively influence the operation
of the digital circwits in the design. Torthis end we must caleutate the culput npple current
value for the power supphes for the input voltage range and then ensure that the comrect
type of capacitor was selected lor power supply decoupling and neise filtering as
recoommended by the applications information in the datasheet of the LT1767. The
important factor in selecting the type of power supply decouphng and noise filtenmy
capacitor is the effective series resistance (ESR) of the capacitor which relates to the
atnount of ripple current it can handle and not the actual capacitance value of'the capacitor.
The RMS output ripple current for the power supply design in relation to the input voltage

(V,), the required output voltage (V). the switching frequency of the regulator (f =
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1.25MHz) and the output inductor value of the power supply design (£ = [0pll) is given

by the formula shown below.

0'29(VUUT )(Vw B VOUT)

(LI i)

! RIPPLE{ RMS) —

Table 2 shows the calculated values of the output catch diode current of the power supplics

for the required mput voltage range.

Table ¢ Calcuiated Power Supply Output Rapple Current vs. Tnput Voltage

%Yin +1.22V +1.5V +2.5V +3.3V +5V
+7¥ 23.4mA 27.3mA 37 3mA 40, 5mA 33.1mA
+12V 25.4mA 30.5mA 45.9mA 53.5mA 67.7mA

I'rom Table % we can see that the highest caleulated ripple current value 1s 68mA which
means that a power supply decoupling and neise filtenng capacitor with a maximum ESR
rating ol anything from 0.18) to 0.90} can be selected, according to the applications

information m the LTI767 datasheet.

5.4.7 USB Interfuce Design

The USB mterface design consisted of a dual USB Type-A connector for the two 1ISB
interfaces USBO and USB1. This type of connector was used as 1t had a smaller feotprint
that two separate single USB Type-A connectors. The resistors on the USB signals were
requircd as stated in the USB specification. The power for the USB mterface was going

to be supplied from the +3V power supply on the RUT motherboard. Some 100nF
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decoupling capacrtors were added to the design Lor power supply decoupling and noise

[tltering,

54.8 LCD Interface Design

The LCD mterface design consisted of a commeclor compatible with the commercial colour
LCD that was initially going to be used in the RUL The power Lor the LOCD module was

going Lo be supphed from the =3V power supply on the RUI motherboard.

5.4.9 Radar Module Link Interface Design

The RML nterface will be implemented in firmware in the FPGA and is thus connected
to the FPGA. The RML interface signals also connect to the same 9-Way D-Type plug as
the RS-422 HMT mierface uses. This wall allow the RUI 1o mterface directly to an RML
channel in the radar electromes of the current ground penetrating radar system
implementation.

The RMIL interlace 1 physically implemented wath Jow voltage differential
signalling (LVDS), LVDS 1s a data commumication system that uses a very low voltage
swing of about 350mV, differentially over bwo PCB signal Lraces or over a balunced cable,
This charactenstic of LYDS allows fr high speed, low power, low cost and most
importantly low nolse communication. To maintaim this lovw noise characteristic of LVIDS
some important design rules need to be followed. Lhese rules are briefly outlined below.
. Use a sohd ground plane beneath the LVDS signals to establish a controlled

unpedance lor the transmission hne mlerconnects.

. Isolate LYDS signals from all other signals, especially high speed digital signals
with last edge rates, to mininmze erosstalk that may couple onto the LVDS lines.

. Mimmize the length between the LYDS drivers and receivers and the LVDS
connectors as mush as possible.

. Provade enough power supply decouphng and nose filtering for LVDS devices in

the form of bypass capacitors,
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. Power and pround connections of LVDS devices should be low impedance, 1.e. use
wide PCB traces.
. Mmimuze PCB ground retum paths as mush as possible to nunonmze the loop for

the image currents to return.
. Use two or more vias to commect the power and ground connections lrom bypass
capacitors to mimmize Lhe effects of inductance,
x LVDS sipnal traces shounld be coupled close together and designed for 100€2
ditferential impedance.
As LVDS signal traces must be mmplemented in controlled mpedance PCB traces, ths
means using either Micrasirip, Stripline or Broadside Stripline signal traces, We decided
to use Microstrip stenal traces as we would probably only have one ground plane in the
PCB. The formula for calenlating the LV DS Microstrjr differential impedance (2.} in

relation to the trace separation distance (5), trace width (), trace thickness (23, irace and
ground plane separation distance (A) and PCB material dielectric constant (E€)) 15 shown

below.

Zoe 2% Zol 1= 048

where <\ = b [21]
60 ( 4h ]

7. = Inl J
J0475¢, - 067 L 0.67(08W + 1)

The hest approach to using thas formula 15 to use the nunimum trace separation (5) that is

possible in the PCB manufacturing process, fixed values for the trace thickness (7}, trace
and pround plane separation distance (4 and PCB inaterial drelectric constant (€ ) and then

to mampulate the trace width (i) to obtain the required nominal differential impedance of
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10662 or a valuc in the range of 90€2 to 13062 as stated in the LVDS specification,

A final design poinl on EVDS 15 to terminale the differential signal with «
termmation resistor that hest matches the differential impedance of vour transmission line.
This value should be between S0 and 1308} for poini-to-point connections s stated
befirre from the [.VDS specitication. Furthermore, fail-safe pull-up and pull-down resistors
should be place on the differential signal pairs to force it into a known logic state in the

cevent of a failure.

5.4.10 Non-Volatile Data Memory Design

The RUL required non-volatile memory for radar data storage. The So processor had two
dedicated Sceure Digital (SD) controllers as well as a PCMCIA or Compacel Flagh (CF)
mterface for two devices thal were shared on the static bus and controlled by the static bus
controller and some dedicated signals, The 8D controllers allowed for the dircot
comnection of two SD memory cards or SD slot devices. Tt was decided to rather use the
twor ST slot interfaces mstead of the PCMCIA or CF interfaces in order to reduce the
amount of traflic on the static bus, which would mainly be used for uccessmyg the RMIL
interface after the hoot process. Cuwrently, the memory cards comne 1 different storage
capacitics up to 512MB in size which would provide more that enough storage space for

the acquired radar data.

54.11 RUT Module [ntertace Design

The RUI motherboard interfaced fo the RUL module through four connectors. These
conmeciors have been desenbed before, but are included again m this section on the RUT
motherboard for completenass. These connectors provided connection for the following
devices and functions.

. 17 General Purpose Inputs/Outputs {1 Programmable Clock Output)

. Fthemet Controlier

. Flash Memory Interface (ROS, RWE, 5TATUY and RESET)
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. LCD Controller

: SD Card 0 & 3D Card 1

. Sol’ Processor JIAG lnterface

. so( Processor Reset and Core Power Supply Foable

. Static Bus Contoller (RAD[I2:0]. RD{7:0}, RCS{3:00, RBEN[I:0U}, RWE, RUE,
and EWATT signals)

. UARTO & UARTI
- UsB0 & UsB1

- +1.22V Power Supply
. +2.5V Power Supply
. +3.3V Power Supply

5.5 RUI Module Printed Circuit Board Design

As the RUL module would plug dircetly onto the RUT motherboard we (irst did the PCB
layout for the RUL module as its size would indirectly dictate the size ol the RLUT
motherboard.  The printed cirewt board layout for the RUI module was done once the
schematic diagramys were completed and venfied for correctness. The PCB lavout for the
RL module 15 included in Appendix B.1 for reference purposes.

Ome ol the user requirements of the design project was to keep the size of the PCB
to a uanmum and not to excced cight layers in the PCB design. Tt was dectded to use the
maximum number of PCB layers as was allowed for in the user requirements s it would
allow for a continuous ground plane and supply planes. A continoous ground plane is
important as 4 slot cotinto the ground plane will add inductance to signal fraces running
perpendicular to the slot in the ground plane and increase the indvetance of the signal
traces, incrcase crosstalk between them and slow down the nsing edges of the wignal
fraces. [22] Contimuous power supply planes are also important as segmented power supply
plancs can introduce farge amounts ol self-nductance and mutual inductance n the varous
scctions of the same power supply planc if it is not designed correetly.}23] For these

reasons the eight PCB lavers were functionally divided as shown below,
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. Top Signal Laver

. Ground Plane

. {ntemal 51gmal Layer |
. ~1.22V Supply Plane
. +2.5V Supply Plane

' Tntermnal Signal Layer 2
. +3.3% Supply Plane

. Bottom Signal Planc

Asthe power supply planes were solid, the edges of the power supply planes were masked
back by a few millimeters to minimize PCB resonance cffects as stated by the 20H
rule.[24] The rulc states that the edges ol the power supply planes need to be pulled buck
by a factor of up to 20 times the plane-to-plane separation distance as this reduces the
amount of radiation along the cdpes of the PCB being reflected back into the PCB and
cansing resonance within the PCB. This resonance can adversely influence the signal
guality of high-speed digital signad lmes, The trade-off with the 2001 rule 15 that more
energy will be radiated away from the PCB and will thus nepatively influence EMC
compliance, but then again you can’t have everything i hife.

As far as possible, the smallest surface mount compoenents practically usable were
used 1o the design. Availability of components was also a lirmting Tactor w the package
selection of the components. Four mounting holes were added to the design to allow the
RUI maodule to be secured to the RUI motherbeard although the four conncctors along the
edges of the RUT module will secure it firmly encush. The final size of the RUI module
was G0mm by E0mim.

Once the FCB lavoul waus compleled, it was venfiad for correctmess and then sent
o be mynufaciured and the compoenents placed. The PCB was manufactured from FR-4
based dieleetric matenal as all the signals in the RUT module desiym were digntal and it has
been proven that it is the most suitable material for this speeific type of application [25]
The manufacturing specification of the RUL module PCB was defined as follows with the
layers placed as specificd before.

. 1 vunce Copper Foil (Top Layer)
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. 0.0683mm x 3 Prepreg

. 1 ounce Copper 0.2mm Thin Lamipate (Power Planc 1/8ienal Layer 1)
. 0.063mm x 3 Prepreg

» 1 ounce Copper 0.2mm Thin Laminate (Power Plane 2/Power Plane 3)
% 0.063mm x 3 Prepreg

. 1 ounce Copper 0.2mm Thin T.aminate {Signal Layer 2/Power Plane 4)
* 0.063mm x 3 Prepreg

. 1 ounce Copper Fo1l (Bottom Layer)

This mapufacturing specification gave a nominal PCE thickness o 1.6mm. The copper
layer thickness was specificd at 1 ounce of copper per square fool of PCE to give sullicient
curtent carrying capacity to the PCRB.

Figure 8 shows the top and bottom views of the manulactared RTT module PCB.
Figure 9 shows the top and bottom views of the populated RUT module PCB with the most

imporlant features clearly visible.

5.6 RUI Motherboard Printed Circuit Board Design

The printed circuit board layout for the RUL motherboard was done once the schematic
dragrams were completed and verified for correctness and the RUT module PCB layoul was
completed.  The printed eircwt board layout [or the RUT motherboard is included in
Appendix B.2 [or relerence pumposes.

As stuted before, one of the user requircinents of the desivn project was to keep the
sizc of the PCB to a mimmum and not to cxcecd cight layers in the PCB design. Tt was
decided once again to usc the maxinmun number of PCB layers as was allowed for in the
user requirements as it would allow for a continuous ground plane and supply planes with
the minimum amount of sphit supply planes in them. The reasons thal this is requured have
been stated 1 the previous section. For (hese reasons the eight PCB layers were
functionally divided as shown below.

- Top Signal Laycr

v Ground Plane
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Figure 8 RUI Module Top and Bottom Unpopulaicd PCB View
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Figure 9 RUI Maodule Top and Boitom Popu_ated PCI3 View
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. Internal Signal Layer 1

. —1.22Vi-1.5V Supply Plane
. 1 2.53%715V Supply Plane

. Intemal Signal Laver 2

. +3.3V/V, Supply Planc

s Bottom signal Plane

Az the power supply plancs were solid, the edges of the power supply plancs were masked
back by a few nitllimeters to mnimize PCB resonance effects as stated by the 20H rule and
as was donc with the RUI module PCB layout.

Asg far as possible, the smallest surface mount componenls practically usable were
used in the design as was done in the RUI module PCB layout. Availability of components
were once again also a linmting factor in the package selection of the components. The size
of the RUT motherboard PCB was made the same a3 the dimensions of the LCD and the
four mounting holes of the LCTY were aligned to those on the RUImotherboard. This was
done to conform to the mechanical concept design that was shown previously. The four
mounting holes for the RUT module were also placed and aligned to the RUTmodule PCB
layout. The connectors for the USB, R5-422, R8-232, I:thernet and RML interfaces and
the power conmector were placed at the top of the PCB to allow for casy access and
connection to extemal equipment. The two 51X card slots were both placed on the right-
hand side of the PCB to allow it to be casily accessed from the right-hand side, while the
RUL s being held on the left-hand side.

The arca under the Ethemet connector, which contained integrated magnetics, had
to be cleared on all power supply and ground planes as these magnetics ercated a zone of
high-Irequency noisc that could couple onto any planes in close proximity to it.{26] A
guard trace was place around and betwesn the RML interface signals to reduce crosstalk
between these signals and other signals on the same PCB laver. The final size of the RUL
mwtherboard was 120nmm by 160mm.

Onee the PCB layout was completed, it was verified for correctiess and then sent
to be nanufactured and the components placed. The PCB was also manufactared from FR-

4 based diclectric matcerial as all the signals in the RUI motherboard design were digital and
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it has been proven that it 1s the most suitable matcrial for this specific type of application,
as discussed previously. The same manufacturing specification as was used for the RUL
module PCB was used {or the RUT motherboard PCB. This manufacioring specification

was defined as follows with the fayers placed as specifiad befors.

. 1 ounce Copper Fail (Top Layer)

- (0.063mm x 3 Prepreg

. 1 ounce Copper 0.2mmn Thin Laminate (Power Plans 1/5ienal Layer 1)
. 0.063mm x 3 Prepreg

. 1 ounge Copper 0.2mmm Thin Laminate { Power Plane 2/Power Plane 3)
’ 0.063mm x 3 Prepreg

. 1 ounce Copper 0.2mam Thin Laminate (S1gnal Layer 2/Power Planc 4)
» (LO63mm x 3 Propreg

. 1 ounee Copper Foil (Bottom Layer)

This manufacturing specification also gave a2 nominal PCB thickness of 1.6mm. The
copper layer thickness was also specified at | ounce of copper par square foot of PCB to
give sufficient current carrying capacity to the PCB.

Irigure 10 shows the top and bottom views of the manufactured RUT motherboard
PCB. Figure 11 shows the top and hottom views of the populated RUI motherboard PCB

with the most mmportant features clearly visible.

5.7 Conclusions

In thig chapter we had a look at the handware implementation of the RUL We started by
selecting the components for the RUT module and the RUT motherboard. We then look the
concept design of each section and implemented it in a detalled hardware design. Some
minor changess were made from the original concept designs. The detarlled hardware
designs were captured in schematic diagrams and then converted inte PCBs while
obscrving the censtraints imposed by the user requirements.  These PCBs were
manufactured and the components placed. We can thus conclude that the hardware we had

implemented has met the crilera ol the system specification that was generated before.
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Figure 11 R Mothersoard Top and Bottom Unpopulated PCE View
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Tigure 11 RUI Motherboerc 1 op and Bottom Pooulsted FCB View
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In the next chapter we will look at the software and firmwarce implementation of the
design project in detail, meludmyg the FPGA hardware contfiguration firmware, the RML

miterface I'POA firmware, the sofiware bootloader and the radar apphication software,
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Chapter 6

Software and Firmware Implementation

The hardware implementation of the RUI that was completed in the previous chapter, now
altowed us to shifl our focus to the soltware and firmwarc implementation for the RUL We
started with the FPGA hardware configuration firmeware that linked the hardware signals
m the RUL design. Next we discuss the RML interface FPGA firmware that has already
been developed and used in the current ground penctrating radar systern and adapted for
use in the RUI  Finally, we looked at the bootloader that was used in the RUT and

cxamingd the status of the radar application software.
6.1 FPGA Hardware Configuration Firmware

The function of the FPPGA hardware configuration firmware is to route the required
hardware signals lor the So processor, Flash non-volatile program memory, RTC,
Ethernet transceiver and master reset switch.  Figure 12 and Figure 13 shows the
functional Block diagrums ofithe FPGA hardware configuration firmware. The source code
listing for the FPGA hardware confipuration firmware is included in Appendix C.1 for
reference purposes, The finnware was implemented 1 VHDL.

From Figure 12 and Figure 13 we sce that the signal from the master reset switch
{(#RESET), the RTC reset sicnal (RIC RRESET) and the reset signal from the SoC
processor JTAG connector (JEAG:nRESET) are connected to a 3-input logic AND gate and
provides four output reset signals as well as the Master Reser signal, which is intermally
used in the FPGA., These signals go to the Ethermet interface (1A aRESETY, S0
processor (A UF nRESETD), Flash non-volatile program memory (FLASH: nRESET and one
ofthe general purpose debug LIEDs (ZE08), The RTC reset signal (RIC nitESET) and the
reset signal from the SoC processor ITAG connector (SIAGARESETY are enabled by
signals from the DIP switeh (SWITCHS & SWITCHS vespectively) through iwo OR gates.

This lunction altows the user to cnable or disable these two reset sources as required. The
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three input signals to the ANT) gate are all active low and thus the signal from the AND
pate will be logic low 1f any of the input signals are logic low. This will epsure that the
SoC processor, the Flash non-volatile program memory and the Ethernet interface will be
reset if either the master reset switch is pressed, the R1IC forces the reset signal low or the
reset signal from the SoC processor JTAG conncctor is forced low. The LLD is jast a
visual indication of the state of the reset signal. The R1UC can force the reset signal low if
the watchdag dimer 1s enabled and overflows or when the power-on reset circuit is
activated. The power-on reset signal will keep the system in reset until the power supply
levels have reached a stable state or if the power supply level drops below a certain value
it will force the resel signal low.

The next group of signals deals with more of the Flash non-volatile program
memory contrel signals, The write enable signal (SBUS. nRIVE), byte enable signal for
data bits 0 to 7 (SBUSmRBEN®) and byte enable signal for data bits 8 to 13
(SELS:nREENT) of the static bus controller of the SoC processor are connected to a 3-input
logic OR gate and provides the write enable signal to the Flash non-volatile program
meniory {(FLASH:nRWE). The three input signals to the OR gate are all active low and
thus the signal from the OR gate will be logic low only if all of the input signals are logic
low. The function of this circuit 15 to enable the write function of the Flash non-volatile
program meinery only when it 1s requured. The fivst clnp select signal (SBLS:AR8050) of
the static bus controller is connected to the chip select signal (FLASH nRCS) of the Flash
non-volatile program memery. This chip select signal is active low, 1.e. the Flash non-
volatile program memery will only be enabled in the chip sclect sipnal is driven logic low
by the SoC processor static bus controller. 'Ihe function of this signal i to memory map
the Flash non-velatile program memery to the memory address space of the SoC processor
static bus controller, The status signal from the Flash non-velatile program memory
(FLASH S5TATLU/S) 15 connected to onc of the general purpose debupg LIEDs (LED ). The
user can configure, via the SoC processor application software, the Aunction of the siatus
signal to mdicate what status that the status signal should indicate. The status signal could
indicate the sttus of the Flash non-volatile program memory as far as programming,

crasing and internal functions are cencerned, i.c. the LED wall turtt on or fTash briefly when
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any of these funcuong are performed or remain urned on while these functions are being
performed.

The static bus controller wait access signal (SEUS nEWAIT) 15 not used by the RUI,
but was included in the design for future applications. The function of the wait access
signal 15 Lo sireich the bus aceess time when 1t 1s forced logic low. The signal 1s connecied
o a logic high to prevent 1l from floating and generating wait states in the siatic bus
controller of the SoC processor.

Onz of the external clock signals from the 50C processor (ALP EXTCLKT) is
connecled Lo one of Lhe general purpose debug LEDs (LED2). This allows for the external
clock signal generator in the SoC processor to be programmed to generate a slow clock
signal (1Hz for exampie) that can be used as a visual heartbeat indicator for the Sol
Processor.

The RTC I'C clock signal (RTC:72C SCL) and bi-directional data signal
(RTC:12C_S5Dd4) are connected 1o two general purpose input/output signals (A UP-GPIO2Y
& ALPGPIO30 respectively) on the SoC processor, The function of these signals is to
provide aceess to the R T'C and its internal fimctions. The direction of the bi-directional I*°C
data signal is controlled via a process that 15 triggered by an inpui signal (AUP:GPIO3 1)
from the SoC processor, This process 15 also tizgeered by the FPGA ciock signal
{(FPGA-CLOCK) to make it svachronous as well as the Master Reset signal, which resets
the state ol the process. The SoC processor application software will implement the T°C
dover and necessary RTC access software.

Four of the debug LEDs (LED4, LEDS, LED6 & LEDT) are connected to (our
seneral purpose lnput'output signals (AUP GPIOI, AUP.GPIO7, AUP.GPIOI? &
AUP - GPIO22 respectively) on the SoC processor. The function of these LEDs is to aid in
the development and debugging of hardware and seftware on the RUI. These LEDs are
also individually conirolled via signals from the DIP switch (SWITCHO, SWITCH,
SWITCH2 & SWITCH3 respectively) through four AND gates. This function allows the
user to enable or disable the LEDs as required.

The seven unused general purpose inputioutpul signals {4UP.GPIOH4,
AUEGPIOIS, AUFP-GFIO20!,  AUP.GPIO2G2, AUPGPIO203, AUP-GPIO204,
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AUP-GPIO206, AUP-GPIO208 & ALP:GPIO?14 respectively) from the Sof processor

are set as outputs and driven high, These signals may be used for future applications.

All the signals used in the FPGA hardware configuration firmware and 1ts

respective pin numbers an the FPGA are shown mm Table 10 below.

Table 10 FPGA Hardware Configuration Finnware Signal Definitions

Signal Type ‘Description : Pin Num_hcf
AUPFEXTCLKL lnput Aul 100 Fxterpal Clock N§
(Heartheat)

ATP:GPIO1 Input Aul100 Debug Input 0 Pl
AUP:GPIO14 Input Not Used BI12
AUP:GPIOLS Input Naot Used BI3

ALPGPTOT Input Aul 100 Debug Input 1 L1
AUP:GPTON S Input Aulld)] Debug Input 2 L4
ALIP:GPIO2Z Input Aul100 Debug Input 3 Dl4
ATIE:GPIOZ2Y Bidirectional | RTC I°C Bus Bidirectional Al2

Data Sipnal to Aul 100
AUP:GPIO30 Input RI'C I*C Bus Clock Signal Bl5
from Aul 100
AUP:GPIO3] Input RTC I*C Bus Data Direction Cl6
Caontral
ATIP:GPTO20] Input Not Used B3
ATTP:GPIO202 Input Not Used A3
AP, GPIOZ03 Input Not Used B4
AUP:GPIOZ204 Input Not Used 12
AUP:GPTO206 input Mot Lsed C4
AUP:GPIO2 08 Input Not Used Dle
AUIT-GPTO214 Input ot Used Rl6
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Signal Type Deseription | Pin Nonmber
AUPRESET Oulput Aul 100 Reset M2
LTHmRESET Ouipyt Ethemet Intertace Reset Hlé

FLASH:nRESET Output Flash Memory Resel D8
FLASIInRCS Oulput Flagh Memory Chip Select C8
FLASH:nRWE Output Flash Memory Write Enable N3

FLASH:STATUS Input Flash Memory Conligurable M3

Status Input
FPGACLOCK Input 32MHz I'PGA Clock RE
JTAG:nRESET Input Aull00 JTAG Lxternal Resct All
Input |

LLEDO Output Reset Debug LED (31

LEDI Outpul Flash Status Debug LLED 2

LED2 Qutput Aul [00 External Clock Fi

(ITeartbeat) LED

L1:D4 Cutput Debug LED 0 E1

LLDS Cuatput Pebug LED 1 D2

LLD6 Culput Debug LED 2 Dl

LEDT Culput Pebug LET) 3 Cl

nRESLET Input Master Reget Switch €12

RTCI2E SCL: Output RTC [*C Bus Clock GlS

RTC:12C SDA Bidirectional | RTC 7 Bus Data (1l6

RTC:RESET Input RT{ Reset Input I1L5

SBUS:nl{WAIT Output Aull100 Static Bas Controller NI
Bus Wait Access

SBUS:nRBLENO Input Aul 100 Static Bus Controller A9

Enable for Data Bits RD|7:0]
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= =

Pin Numher

S_ig_'nﬂ Tvpe ; -_'.Ii;zjgﬁi;iptiunx. Hﬁ‘ |
SBUSnRBEN! lnput Auli100 Static Bus Controller D9
Enablc for Data Bits RD[15:%]
SBUSRCS0 Input Aul 100 Static Bus Controller D10
Chip Select 0
SBUS:nRWE Tnpaut Aul 100 Static Bus Controller El0
Write Fnable
SWITCIID Input Debug LED 0 LEnalle RS
SWITCH! Inpul Diebug LED | Enable T5
SWITCH2 Inpur Dchug LED 2 Enable Re
SWITCII3 Tnput Debuyg LED 3 Enable 16
SWITCI4 Tnpaut Enable RTC Reset R7
SWITCHS Inpaat Enable JTAG reset T7

6.2 FPGA RML Interface Firmware

The RML interface firmware has already been developed for the current ground penetrating

radar system by Opentuel (Pty) Lrd.[27] It was thus only necessary to port the RML

interface lirmware to the RUT by changme the interface signal pin number assignments.

Since the RML interface iz a propristary developed interface and a patent is stll pending

on its design [28], we will only present the signals that are used in interfacing the SoC

processor with the RML interface [inmware through the FPGA.

All the signals used in the RML intertace fmmware and its respeetive pin numbers

ot the FPGA are shown m Tahle 11 below,

Table 11 FPGA RML Interface Firmware Signal Definitions

Signal -

Type

£y

Desceription

Pin Number

FPGA:CLOCK

Input

320z FPzA Clock

RS
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Pin Number

Signal Type Deécfiptinu
LVDS.CLK N Outpul RML Tnterface Clock RY
Inverting
LYDS:CLK P Crutput KML Interface Clock Non- T9
Imverting
LCDS:DATA N | Bidiectional | RME Interface Data Inverting R12
LVDS:DATA P | Bidirectional | RML Interface Non-inverimg T2
LED3 Output EML Link Actve LED H2
SBUS:nRBEND Input Aull00 Static Bus Controller AD
Hnable for Data Bits RD[7:0]
SBUS:EADD Input Anl100 Static Bus Controller 9
Address 13us Bit 0
SEUS:RADI Input Aul104 Static Bus Controller AT
Address Bus Bit 1
SEUS:RADZ Tnpat Aul 100 Siatic Bus Controller AR
Address Bus Bit 2
SBUS:RAD3 Input Aul100 Static Bus Controller Ab
Address Bus Bit 3
SRUS:RADY Input Aul 100 Static Bus Controlier 137
Address Bus Bit 4
SEUS:RADS Input Au1100 Slatic Bus Controller 338
Address Bus Bit 5
SBUS:RADA Input Aul 100 Static Bus Controller D3
Address Bus Bit 6
SBUS:RAD7 Tnput Aull00 Static Bus Controller D6
Address Bus B3it 7
SBUS:RADS Input Aul 100 Static Bus Controller B9

Address Pus 13it &
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| Description

Pin Number

Signal Type
SBUS:RAD9 Input Aul 108 Static Bus Controller C5
Address Bus Bit 9
SBUS:RADID Input Anl 160 Static Bus Controlicr D7
Address Bus Bit 10
SBUS:RADII Input Aull100 Static Bus Controller 7
Address Bus Bit 11
SBUS:RADI2 Input Anl 100 Static Bus Controller Bt
Address Bus Bit 12
SBUSnRCS1 Input Anl 100 Static Bus Controller AlQ
Chip Select 1
SBUS:RIDO Bidirechienal | Aul 100 Static Bus Controller J4
Data Bus Bit 0
SBUS:RID Bidirechenal | Aul 100 Static Bus Controller K4
Data Bus Bit 1
SBUS:RID2 Bidirectional | Aull{0 Static Bus Controller K3
Data Bus Bit 2
SBUS:RID3 Bidrectienal | Aull00 Static Bus Controller K1
Data Bus Bit 3
SBUS:RI4 Bidirectional | Aull100 Static Bus Controller K2
Data Bus Bit 4
SBUS:RI}; Bidirectional | Aul100 Static Bus Controller L4
Data Bus Bit 5
SBUS:RDG Budirectional | Aul100 Static Bus Controller L3
Pata Bus Bil 6
SBUS:RID? Bidirecitonal | Aul 100 Static Bus Conlroller M1
Data Bus Bit 7
SBUS:ROE Input Aul |00 Static Bus Controller N2

Quiput Enablc
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Signal Type Description Pin Number

SBLUS nRWE Input Aul 1040 Static Bus Controller E10
Wrile Enuable

6.3 Bootloader Software

The hootloader that was used for this project was MicroMomior [29] The bootloader
provides an environment onto which a developer can develop and deploy a variety of
different types of apphcations.  The bootleader can be ported (o & vanety of different
hardware targcts, because it is not inhibited by the use of an overlaving operating system
or file system,

Lior this reason, the bootloader will only be used for initially testing the operation
of the SoC processor. The complexity of using the USB interfuce, LCD interfuce,
10/100Mbps Lthernet interface and BML interface, will have to be handled by anoporating
syvstern.  Sirmlarly, the storage of the radar data on the SD memory cards via the SD
interfaces will have to be hund]ed by the operating system’s file system. As MicroMomtor
does not allow for the use of g sutable overlaying operating system, a different bootloader
will have 1o be used onece a swtable operating system has been selected and ported to the
RUI hardware plattorm.

The MicroMonitor bootloader was portad and compilad with a MIDS32 target GNU
cross-platforin toolchain that was built for the RUI hardware under Linux. The whole
process that was followed to build the toolchain is documented in Appendix D). The detail
of porting the bootloader soflware to a specific target platform is well documenied in the

reference.

6.4 Radar Application Software

The original radar application sollware for the ground penetrating radar system 15 wrillen

in Java and 1s thus eusily portable between hardware and soflware platforms. 1118 outside
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of the scope of this design project to deal with the radar application software or the
software plattonm on which it would be used. 'The radar application software will be ported

and a soltware platform develaped for the RUD at a later stage as a separate project.

6.5 Conclusions

Inthis chapter we had a look at the software and firmware unplementation of the RUI. We
started wath the design and implementation of the FPGA hardwarc configuration firmware
that linked the hardware signals in the RUT design. The implementation of the RML
interface FPGA. firmware that has already been developed and used in the current ground
penetrating radar system and adapted for use i the RUT was brizfly discussed. We bricfly
introduced and examined the operation of the RUT bootloader and boefly discussed the
status of the radar applhication soltware. In the nextchapter we will look at the verification.

testing and integration of the RUI hardware, firmware and sofiware.
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Chapter 7

Verification, Integration and Testing

Once the hardware implementaiion and the soltware and firmware implementation phase
of the design project was completed we proceaded to the next phase of the design project.
Thig was the verification, integration and testing phase of the design project. In this phase,
we first verified and tested the hardware components and theniniegrated the hardware with
the software and fimaware. We concluded this phase by verifying the operation of tha

software and {irmware with the hardware.
7.1 Verification, Integration and Testing Procedure

The following steps were followed in the verilication, miegration and testing procedure of

the RUI hardware, software and firmware.

. (General Hardware Verification and Testing of the RUI Module

. (eneral Hardware Verification and Testing of the RUI Motherboard

¢ (reneral Power Supply Verrlication and Testing of the RUI Motherboard

. Integration of the RUI Module with the RUI Motherboard

. Power Supply Veriiication and Testing with the RUI Module and RUL Motherboard

(Minimum/Maximum External Supply Voltage Range and Full Load Testing)
- FPGA Verification and Testing

. RUI Hardware Configuration Firmware Verification and Testing
. 50C Processor Venfication and Testing
» RUI Bootloader Verification and Tesling

. 10/100Mbps Ethemet Interface Testing
. RS5-422 HMI Interface Testing

. R5-232 Debug Interface Testing
. Real Time Clock and Power-Cn Reset Ciruit Testing
. USB Interface Testing

Smprlementing g Grownd Penetrating Radar Urer Inferfoce i Surtem-on-Chip Technology
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. LCD Interlace Testing
. Radar Module Tink (RML) Interface Testing
. Non-Volatile Data Memory Interface Testimg

7.2 Verification, Integration and Testing Procedure Results

7.2.1 General Hardware Verification and Testing

We started by domg a generul hardware verification by taking the blank RUI module and
RUI motherboard PCBs and measuring the resistance between the ground plane and the
power supply planes on the PCBs in order to ensure (hat there was no short-circut
condition between them. Although a Hying probe test was conducted by the PCB
manufacturer after the PCBs were manutaciured to venify themanufactunng process, errors
could still have occurred in the design process. No short-cirenit condinons were found to

exist between the ground plane and the power supply planes.
7.2.2 TPower Supply Verification and Testing

The exiernal power supply was connected to the RUT motherboard and +7V applied. The
current draw by the RUI motherboard was monttored {o ensure there was no excessive
current bemg drawn that would indicate & possible problem with the hardware. The output
voltages of the power supply units on the RUI motherboard were meuasured at the test
points anpd found to be within normal operating parameters. The peak-to-peak ripple
voltages for the power supply units very also measured and noted.

MNext, the RUI module was plugged into the RUT motherhoard and the same
procedure as before was followed. The output and ripple voltages of the power supphes
were measured on the RUT module test pointls und noted and found to be within normal
operating parameters.

Finally, the full load capacity of ithe power supplies was measured by commecting

high-power resistors to the test points and drawing approximately 20% less than the
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maximum designed load current of the power supplics. ‘That cquates to approximately
1.2A for each of the power supplics. This figure is less than the maximum outpat current
capacily of the power supphes {1e 1. 3A), but still {ar above the projected maximum output
current required by the RUI as previously calculated inTable 3 in Chapter 5. 'The ontput
and ripple voltages were measured and noted and [ound to be within normal operating
paramaters. These measurements were done with only the RUT motherboard swith nothing
else comnected Lo 1. Table 12 shows the test resistance values and the resultant test

cuirents used to perform she full load capacily test of the power supplies.

Table 12 Power Supply Full Load Capacity Test Parametcrs
Required Resistor
: Test
P51 Voltage | Resistance (@ Test Current Power
Hesistance

1.2A Dissipation
+1.22¥ 10176 162 1.220A 1. 488W
+1.5V 1.25€2 1,280 1.250A 1.B75W
+2.5V 2.083€2 215 1.I90A 2.976W
+3.3V 2.750 2.770 1.191A 3931w
+5V 4.167CG 4,2€2 1.190A 5.952W

The whole process as outhned above was repeated with +12V apphed [rom the
external power supply. This was donc as the system specification delined the external
supply voltage to be +7V to — 12V Table 13 shows the results ol all the measurements that
were taken and noted as described previously,

We can see that the output voltages ol the power supphies under all external input
voltage and load conditions remain relatively stable. The nipple voltages ol the power
supphies do increase with an increase in load current ag expected, bul the levels remain at
acceptable levels,

We further also monitored the power supplies lor excessive heat generation over

a period of iime, bt it also remained at acceptable levels.
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Table 13 Measured RUT Power Supply Output and Ripple Voltages

V. | L2y | 1.5¥ r2.5Y +3.3Y +3Y
RUI1 : i
LT +1.226Y | +1.507V | +2.514Y | 43313V +5.02%
Matherboard
Test Point
+12% | ~L.228Y | +1.507V | 42514V | 43313V +5.02%
Voltage
RL1 £
+7 —-15mV +15mV | +17.5mV | +17.5mV ~EimV
Motherboar
Ripple
+12% | +22.5mV +20mV +20mV | HELAmV | T SmV
Vallage
RUI Module! 0 : . y :
|5 +—1.226V | 1.507% P EAY 3312V =502V
Muotherboard
T'est Point
) HI2Y | 1226V | +1.507Y | 25148 | 3313 +5.02V
Voltage
RUT Madule/ ; ) _
+7% | +32.5mV | F32.5mY | F22.5mY | +32.5mY | +22.5mY
Maotherboard
Ripple
! +12% | 32.5mV | +32.5mY | +25my | -37.5mV | ~17.5mV
Vaoltage
Complete +3% | 1226 | 1507V | 2513V | 43312 +5.02%
RUI Test
Paint Voltage | +12V | +1.226V | +1.507V | +2.513V | 43313V | +5.02V
Complete IV | H3T5mY | H42.5mV | £27.5mV | +H40mV +30mV
RII Ripple
Voliage +12% | +37.5mV | +47.5mV | +30mV | +42.5mV L 45mV
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Vi, | +122v | +15V | +25v | 433V +5Y
Full Load +7V +12¥ +1 48V +2.47V +3 28V -4 98V
Test Point
Voltage +12V | +1.22V +1.49V | 4240V | #3729V +5.01V
Full Load +7¥ | H47.5mV | S37.5mV | 167.5mY § H47.5mV |+l lmV
Ripple
VYaltage F2V | H47.5mV | —40mV +H5mV 1 45mY Fl4lmV

The power supply data needed to be reduced further to express it in standardised terms.

The effectivensss of the power supply filtering is indicated by the ripple factor of the power

supply. The ripple factor {in %) o terms of the RMS ripple voltage (F) and the power

supply output voltage (7)) is given by the formula shown below:.

e L‘*’100%
V

e

Table 14 RUT Power Supply Ripple Faclors

Na | s123v [ 4usy $2.5V +3.3Y +5V
ST 2.8% 1.79% 1.93% .02% 2%
+12V 2.75% 1.9% 1.85% 0.97% 1 99%

Table 14 shows the calculated ripple factors for the power supplies over the external

supply voltage range o +7V to +12V as defined by the system speeification. The ripple
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factors are for the full load condition as tins represents the worsl case scenario for the
desipn of the power supplies. The RMS nipple voltage values are taken as 0.707 times that
of the peak-to-peak ripple voliage values.

The effectiveness of the power supply to produce a constant output volluge with a
chunge 1 the inpul voltage to the power supply, under a no load condition, 15 defined as
the line regulation of the power supply. The hne regulation {in Y4) in terms of the change
in output voltage (AV,,7), output voltage {F,,.-) and change in inpul vollage (A¥,,) is

given by the formula shown below.

AV . IV,
( OUT GLT) *100% |
AV,

Laneg =

Tahle 15 RUI Power Supply Line Regulation

Vix +1.22V HL.5V 2.5V 13AV LSV
+7V o
0.02% 0% 0% 0% 0%
+12V

Table 15 shows the caleulaled line repulation values for the power supphbes over the
external supply voliage range of =7V to +12V as defined by the system specification.
The effectrveness of the power supply to produce a constant output voltage across
a varying load with a resultant change in the current through the load, 15 defined a5 the load
regulation of the power supply. The load regulation (in %) in terins of the no load cutput
vpltage (V) and full load output voltage (V) is given by the formula shown below.
Table 16 shows the calculated load regulation values for the power supplies aver
the external supply voltage range of +7V 1o 12V as defined by the system specification

and the full load condition as stated before.
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Vi = V.
Lood = : NLV ) . 100% [32]

Table 16 B Power Supply TLoad Regulation
Vi +1.22V +1.5V 12,5V 133V | 45V
TV 2.17% ].82% 1.78% 1% 0. 8%
+12V {1.66% 1.14% 0.96% 0. 7% (r.2%%

T we examine the data in Table 14, Table 15, and Table 16 we see that the
performance of the power supplies 13 very good, even taking into consideralion that the
power supplies are switchung regulators, which are more eflicient than a linear regulator,
but does nol have good performance fipures when comparing ripple factors, The +1.22V
power supply has the worst perlormance (igures compared to the other power supplies and
this is probably due to the fact that the power supply 1s operating very close o the
mimmum outpul voltage, being +1.2V, of that speaific switching regulator. Nevertheless,
these figures are lor a load condition in excess of what the system will normally operate

at and is thus not & major concem.

7.2.3 Integration of the RUI Moduie with the RUI Motherboard

During the power supply testing phase of the verification, intepration and testing phase of
the design projeet, the RUI module was inteprated with the RUI motherboard.

Figure 14 shows the top view of the integrated RUI module and RUI motherboard
after the general hardware and power suppiy verilication and testing was done, to illustrate

how the two parts of the RUL mtegrate.
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Figure 14 Integrated RUI Module and Motherboazd

7.2.4 FPGA Verification and Vesting

Thenext phase of the RULhardware verification and testing was the verification and testing
of the FPGA. The FPGA was packaged in an 1.0mm pitch BGA package, which meant
that 1t was a highly technical process to place 1l on the PCB. Fur this reason we {irst had
to pexfurm an milial iest to verify wheiher the FPGA was place correctly.

The FPGA verification and testing were done by scanning the FPGA JTAG port
using an FPGA TTAG programmer and the iMPACT programming software from Xilinx
(http:fwww xilinccom). The software successlully detected the FPGA in the TTAG chain,

which meant that the FPGA was receiving the correct supply veltages and could now be
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configured.
The FPGA configuration PROM was configured with the FPGA hardwarc
configuration [irmware, as discusscd in Chapfer 6, using an ATDH2225 ip-system

programming cable and AT17 CPS software from Atmel (http:/'www atmel.com).

‘The test LEEDs on the RUI matherboard were enabled with the DIP switch and the
LEDs switched on as expeeted.  This was an indication that the FPGA had been
successfully comfigured. At this stage we concluded that the FPGA was operating

correctly.

7.2.5 SoC Processor Verification and Testing

The nextphase ofthe RULhardware venification and testing was the venification and testing
of the Aul 100 SoC processor. The Aulldd SoC processor was packaged i a 0. 8min pitch
BGA package, which meant that it was a highly techmcal process to place it on the PCB.
For thig reason w lirst had to perform an initial test to verify whether the Aul [00 50l
processor was place correctly, belore we could atiempt 10 download any softwarc to the
system for execution.

The verification and testing were done by scanming the Aul H00 SoC processor
JTAG port with a Wiggker programmer and the OCDemon Flash Memory Programmner

saftware from Macraigor Systems LLC (http/www macraigor.com). The software

successtully detected the Aul 100 SeC processor and Flash memory and 1t was possible to
read the contents vl'the mtemal registers in the Aull00 SoC processor and read and write
valpes to the Flash moemory. This indicated that the Aul 100 SoC processor and Flash

MEmeTy was operaling correctly.

7.2.6 RUI Boaotloader Verification and Testing

The next phase of the RUT hardware verification and testing was the integration and then
verification and testing of the bootloader with the RUI hardware. The following procedure

was lollowed to intepgrated the bootloader with the RUI hardware.
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4 Download the bootloader to the SDRAM on the RUI madule,

. Run the bootloader form the SDRAM on the RUI medule across the RS-232 debug
port on the Aull00 SoC processor.

- Download the Flash image of the bootloader to the RUI hardware across the RS-
232 debug port on the Aul 100 So¢ processor.

. Program the Flash image of the bootloader into the Flash inemory.

This procedure was done by using the Aul 100 50C processor JTAG port with a Wiggler

programmer and the OCD Commander software from Macralgor Systems 1LLC

{httpo/fwww macraigor.com).

The procedure discussed in the previous paragraph is tcchnically more complex
than alluded te m the discussion. For this reasen a detailed cxplanation of how to
integrated the bootloader with the RUIL hardware 15 included m Appendix C.2. In
Appendix .3 the macro that was used to set up the Aul 100 SoC precessor, as required

by the procedure outhned in Appendix .2, 1s shown

7.2.7  10/100Mbps Ethernet Interface Testine

The 10/100Mbps Ethernet interface was not tested past testing the digital control lines, as
the software effort required to implement the required device driver, TUP/P stack and port
a suitable operating system to the RUI hardwarc platform was outside of the scope of this

design project.

7.2.8 RS5-422 HMI Interface Testing

‘The basic hardware functionality of the RS-422 HMT interface was tested and found to be
operating correcily. The RS-422 HMI interface can be used to communicate with the
current ground penetrating radar systenn, but it requires that the radar application software
and a suitable operating system be ported to the RUI hardwarc platform, which 1s outside

of the scope of this design project.
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7.2.9 RS-232 Debuyg Tnterface Testing

The RS-232 debug interface was tested with the bootloader, as the bootloader operated via

this interface, and found fo be operating correctly.

7.2.10 Real Time Clock and Power-On Reset Circuit Testing

The basic functionality of the Real Time Clock (RTC) was tested. The RTC also provide
a power-on reset signal, 250ms after the supply voltage reaches a predetermined value, to
the rest ofthe RUT hardware via the FPGA. This powcr-om resct cirenit was also tested and

found to be functioning correctly,

7.2.11 USB Interface l'esting

The mtegrated USB mterface of the Anl 10U SoC processor was not tested, as the software
effort required to implement the required TISE device driver and port a suitable operating

systent to the RUT hardware platform was cutside of the scope of this design project.

7.2.12 LCD Tnterface Testing

The integrated 1.CI interface of the Aul100 SoC processor was not tested past testing the
digital control lines, as the sottware etfort required to iniplement the required LOCD device
driver and pori a suitable operating systent 1o the RUI hardware platferm was outside of

the seopc of this design project.
7.2.13 Radar Muodule Link (RML) Inlerface Testing
‘The radar module link (RML) interfacc was not tested past testing the physical interface

lines, as it required the radar application sollwarc and a suitable operating system to be

ported to the R hardware platform. The RML finnware has been used before in the
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current ground penetrating radar system, so its operation has been verified,

7.2.14 Non-Volatile Data Memory Interface Testing

The basic hardware functionality of the two non-volatile data memory interfaces was

tested. The software effort required to implement the required file systom and port a

suitable operating systern to the RUT hardware platform was outside of the scope of this

design project.

7.3 Verification, Integration and Testing Procedure Summary

The results of the verification, intcgration and testing procedure are summarnised in Table

17 below,

Table 17 Venfication, Integration and Testing Procedurs Summary

JE‘_mqediirﬂ Step - 'l‘ést;ﬁtﬁﬁé Result/Reason
(reneral Hardware Venfication and Testing ol

Yos Pass
the RUI Modulc
(reneral Hardware Venfication and Testing of

Yes Pass
the RUT Motherboard
{zeneral Power Supply Verificahon and Testing

Yes Pass
of the RUL Motherboard
Integration of the RUI Module with the RUI

Yes Pass
Maotherboard
Power Supply Verification and Testing with the
RUI Module and RUT Motherboard

o . Yes Pass

{ Minimum/Maximum External Supply Voltage
Range and Full Load Testing)
FP:A Veniication and Testing Yes Pass
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Procedural Step Test Status Resuft/Reason
RUT Hardware Configuration Firmware
Vs Pass
Venfication and Testing
SoC Processor Vertfication and Testing g il I*ass
RUI Bootloader Verification and Testing Yes I*ass
Eequires
_ Device Driver,
10/ 100Mbps LEthernet Interface Testing Parlial
TCP/IP Stack
& OS
R5-422 HMI Interface Testing Y Pasy
R5-232 Debug Interface [esting L Pagy
Real Time Clock and Power-On Reset Circuit
_ Yes Pass
Testing
Regqures
USB Interface Testing No Device Driver
& OS
Reguires
[.CD Interface Testing Partial Device Diver
& OS
Eequires Radar
Radar Module Link (RML} Interface Testing Partial Apphication
Software
Pass/Requires
_ : Device Dnver
Non-Valatile Data Memory Interface T'esting G Ui

& OS for File

System
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7.4 Conclusions

In this chapter we had a look at the verification, testing and integration of the hardware,
sottwarc and tirmware of the RUL. We started wath the miegration and testing of the
hardware, tollowed by the ntegration and testing of the firmware. We concluded this
phasc of the des:gn project with the integration of the software with the hardware and
firmware. In the next chapter we will look at what conclusions can be drawn form this
desten project. We will also be looking at further studies that can be undertaken based on

the work completed and the knowledge gained from this design project.
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Chapter 8

Conclusions and Further Studies

With the objectives of the design project successlully achieved, we will cenclude by

discussing what conclusions can be drawn form this design project. We will also present

and discuss further studies that can be undertaken based on the work completed and the

knowledge gamed from this design project.

8.1 Conclusions

Lhe suceessful achievement of the objectives of this design project allows us to draw some

conclusions based on what we have expericnee and the knowledge we have gained in

achieving these objectives. We will also show that the orimnal aim of the design project

has becn met. The conclusions we have drawn and a brief discussion of each conclusion

wil follow next.

In reviewing the existing ground penetrating radar system, we concluded that its
maodular design is optimal for implementation ina surface-based ground penctrating
radar systen.

in reviewing the existing commercially available ground penetrating radar systems.
we concluded that the inteoration of the 1IMI and the radar electronics is not the
most common design implementation, but from an engineening point of view 1t is
the most optimal.

In generating the system specification for the radar userinterface, we concluded the
detail that needed to be implemented in the design of the RUL

In the identification of a suitable technology for the implementation of the radar
uscrinterface hardware, we concluded that SoC processor technology was the most
spitable technology to use.

In the design and implementation phase of the tadar user iterface hardware, we

concluded that we had met the system specilication for the hardware that was
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gencrated before by selecling the correct componenis and payng a great deal of
atlention lo the deta] of the design and the design practices used.

. In the design and miplementation phase of the radar user interface firmware, we
concluded that we had met the system specification for the hardware that was
generated betore by correctiy desigmung the configuration firmware that hinked the
hardware signals in the RU! design, We further concluded that the RML interface
lirmware Lthal was only briefly presented, due to a pending palent apphcalion, only
needed io be ported to the RUT as it already had been designed and used before in
the curent ground pengtrating radar system.

. In the design and tmplementation phase of the radar user inlerface soflware, we
concluded Lhat a less complex and easily portable bootloader was most sutable for
the inilizl iesiing of the basic functionality of the RUI hardware. We further
comcluded Lhat the radar application software had to be ported and a software
platform developed for the RUTI as a separate project at a later stape, as it was
outside of the scope of this design project Lo do so.

5 In the verification, integration and lesting phase of the radar user interface
hardware, software and firmware, we concluded that the basic operation of the RUL
had been verified. We further concluded that a suitable bootloader and operating
system had to be ported to the RUI to allow for the development of the required
drivers for the RUIL hardware that would be needed by the radar application
software.

From these conclusions we can conclude that the design project has been successtul and

all the objectives of the design project have been achieved.

8.2 Further Studies

Asthe design project has been concluded successfully we can finally look at further studigs
that can be undertaken based on Lhe work completed and the knowledge gained from this
design project.

In order to produce & colnmercially viable surface-based ground penerrating radar
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system, two phases ol the design process still needs to be completed. The first phase would

involve the implementation ol the ground peretrating radar system application software on

the RUI. This requires a number of steps to be completed as outlined below,

. 1dentify a suitable operating system for usce with the Aul 100 50C processor; most
likely this would be Linux.

. Identily a suitable bootloader that is compatible with both the AuligG0 SoC

processor and the operating system, most likely this would be the U-Boot

bootloader.
. Port the selected bootloader to the RUL hardware platform,
. Port the selected operating svstem o the RUE hardware platform.
. Develop the hardware drivers for the RUI hardware plaiform thatis required by the

current ground penetrating radar sysiem application sofrware.

’ Port the cwrent ground penetrating radar system application software to the RUT
hardware platform,

. Verify and test the operation of the ground penetrating radar system application
software.

The secomd phase of the design process would involve the hardware design and
implementation of the RUT radar electronics backplane. Figure 15 shows a possible
concepl design of the RUT radar electronics backplane that could be mmplemented in
practice. It 1s based on the current ground penctrating radar electronics that had been
described betore. The RUI would interface tothe RU radar electronics backplane through
the RML interface to the SMC module. 1 this speeific implementation the CTL module
would notl be used and its lunctionality would be implemented in the ground penetrating
radar svstem application software. The antenna and the RY part of the ANT module would
be intcgrated into an external unil, This antenna assembly will interface 10 and be
controlled by the RUT through the ANT interface via the ANT module and an RML
inferface. Power would also be supplied v the antenna assembly through the ANT
interface. The power supplies lor the RUT radar electronics backplane would also be
implemented on the RUI radar electromies backplane.

This design process only presents one possible concept design for the RUIT radar
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electromics backplane. Tts function 1s to tllustrate what could possibly be achieved m the
near future based on the design of the current oround penetrating radar system and curment
RUT desigm. As technology is advancing al an ever increasing pace, one hag to [ook at
other possible implementations and innovatiens in the ground penetratmyg radar field when

considening further studies based on this design project.
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Appendix A

Schematic Diagrams and Parts Lists

Al

The schematic diagrams and parts st of the RUT Moduale 1s shown in this appendix.

L 3

RUI Module

Figure 16 RUI Modulc Schematic Diagram - Sheet 1 of 8
Figure 17 RUI Module Schematic Diagram - Sheet 2 of 8
Figure 18 RUI Module Schematic Diagram - Sheet 3 of 8
Figure 19 RUT Module Schematic Diagram - Sheet 4 of 8
Figure 20 RUI Module Schematic Diagram - Shect 5 of 8
Figure 21 RUI Module Schematic Diagram - Sheet 6 of §
Fioure 22 RUI Module Schematic Dhasram - Sheet 7 of 8
Figure 23 RUI Module Schematic Dhapram - Sheet 8 of &
Table 18 RUI Modulc Parts List
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Figure .21] RUI Module é-c};ématic Diagram - Sheet 5 of 8
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Table 18 R1UT Module Parts List

=

Designator ~ Value/Part F‘{mtprintf_ ; J]}Em'i'iptmn
i © Number | fackage A hE
Cl-C36 100nF 0402 Ceramre Capacitor, 10%, XTR, 10V
C37, C38 20F 352%B | Tantalum Capacitor, 10%, X7R.
16V
39 - C43 10nk 0402 Ceramic Capacitor, | 0%, X7R, 10V
C44 - Cdo &.8nk 0402 Ceramic Capacitor, 10%, X7R, 10V
C47 - 49 13nk 402 Ceramic Capacitor, 10%, X7R, 10V
C50-C52 10uF 3528B Tantalum Capacitor, 10%, X7R,
16V

R1-R21 4.7kL2 0402 Carbon $ilm Resistor, 5%, 0.125W

R22 2.5k2 0402 Carbon Film Resistor, 5%, 0.125W
R23 R24 100l (402 Carbon Film Resistor, 3%, 0.125W

J1-7J4 FX6-60P-0.85V1 - [Trrose 60-Way SMD Plug
Ul AUL00-400MBC | LF-PBGA- | AMD Alchemy MIPS32 SoC
399 Processor
U2, U3 MT48V1eMI6LEF | TSOPS4 | Micron 256-Mbit Mobile SDRAM
TG-10
U4 TE28F25613(C- TSOP36 | Intel 256-Mbit Stratalilash® Flash
125 Memory (I3}
%1 HCM49- IICM49 123Hz Crystal
12.000MAIIT
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Appendic A0 Schematic Diaarams and FPorte Livis

A.2 RUI Motherboard

‘The schematic diaprams and parts Hst of the RUI Motherboard is shown in this appendix.

]

Figure 24
Figure 25
Fiesure 26
Tigure 27
Figure 28
Figure 29
Figure 3
Ficure 31
Figure 32
Figure 33
Figur¢ 34
Figure 35

RUT Moetherboard Schematic Diagram - Sheel | of 12
RUI Metherboard Schematic Diagram - Sheet 2 of 12
RUT Motherboard Schensatie Diagram - Sheet 3 of 12
RUT Motherbeard Schematic Diagram - Sheet 4 of 12
RUI Moiherbeard Schematic Diagram - Sheet 5 of 12
RUI Motherbeard Schematic Diagram - Sheet 6 of 12
RUI Maotherboard Schematic Diagram - Sheet 7 of 12
RUI Meotherbpoard Schemiatic Diagram - Sheet 8 of 12
RUI Metherboard Schematic Dragram - Sheet & of 12
RUT Motherboard Schematic Dhagram - Shect 10 of 12
R Motherboard Schematic Diagram - Sheet 11 of 12
RUI Motherboard Schematic Diagram - Sheet 12 of 12

Table 19 RUI Motherboard Parts List
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Appendix A, Schematic Digorams and Ports Dists
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LA Z I - Al 2 |

Figure 29 RUI Motherboard Schematic Diagram - Sheet 6 of 12
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Figure 31 RUI Motherboard Schematic Diagram - Shect B of 12
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Figure 34 RU! Motherbeard Schematic Diagraim - Sheet 11 of 12
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Appendiv A: Schematic Digerowms wid Parts Fists

Table 13 RUL Motherboard Parts List

Designator | ValuaFPaﬁw;f 'anntprmtf | Description
% _ Bt ;*-Iumber e | _Pacﬁﬂge: ; R A e
Bl V0L621-FoD - Panasomic Batlery
1 InF 0402 Ceramic Capacitor, 10%, X7R, 10V
C2 - Cho6 100nF (3402 Ceramic Capacitor, 10%, X7R, 10V
Co67, Co8 30pF 0402 Ceramic Capacitor, 10%, X7R, 10V
6D -C73 2.2uF 1210 Ceramic Capacitor, 10%, Y3V, 16V
C74-C78 1.3nF 0402 Ceramic Capacilor, 10%, X7R, 10V
C79- (83 10uF 1210 Ceramise Capaciior, 10%, X7R, 16V
CR4 - C97 22nF 35288 Tantalum Capacitor, 10%, X7R,
16V
DI - D8g L62401CT 0803 Clear Red Light Emitting Diode
DS -Dl4 SD103BW SOD-123 | Schottky Diode, 30V, 400mW
DI5-DI9 INSB19HW S0D-123 | Schottky Diede, 40V, 1A
D20 IN4148WS SOD-323 | Switch Diode, 75V, 200mW
1,116 1DC10 DILIO 10-Way IDC Header
12,13 DMIAA-SE-PEJ - Hirose SD Memory Card
Connector, Standard Type
T4 1IDC40 DIL40 H-Way 1DC Header
13 mallD2IB - Pulse RI45 Pulselack Integrated
Connector
16 TR7617-1 - Tyco Amp Shielded Siacked USB
Type A Connector
I7 DBS5-RA - 9-Way D-Type Socket, Righi
Angle, PCB Mount
IR 1314 DIL14 14-Way |DC Header

Implementing o Ground Perefrating Rador User Taterface in System-on-Chip Technology
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Appendix A: Sehemaiic Diagrons and Povts Lists

19 DBYP-RA - 9-Way D-Type Plug, Right Angle,
PCB Mount
IO PI-002B-5MT - 2.5mm 5M7) Power Jack
ThE 7 151210-R422-TH DIL10 10-Way 2Zmm x 2mm Vertical Plug
JI2-115 FXa-605-0.85V - Hirose 60-Way S5MD Socket
L1 CTM211102NE 0805 Samsung 1kC) 200mA Chip
Inductar, EMI Suppression
L2-1Lab CDRIIGE2 5- - Sumida 10pH 65mE2 1.7A Power
INONC Inductor
051 STCA-05433 - 32MHz Oseiilator
Eil, K2 00 0402 Carbon Film Resistor, 5%, 0.125W
E3-R32 4.7k02 0402 Carbon Film Resistor, 3%, 0.1253W
R33 224) 0402 {Carbon Film Resistor, 3%, (0.125W
R34 - R44 3300) 0402 {arbon Film Resistor, 5%, 0.1253W
R45 - RaZ 10K 0402 Carbon Film Resistor, 5%, 0.125W
Ra63 -Ras DNP 0402 Carbon Film Resistor, 5%, 0.125W
Ra66-R70 15k€d {402 Carbon Film Resistor, 5%, 0.125W
R71 -R74 49.9¢€2 0402 Carbon Film Resistor, 1%, 0.125W
R73 |.5kQ 0402 Carbon Film Resistor, 5%, 0.125W
R76-R78 10KkL2 0402 Curbon Film Resistor, 19, 0.125W
R79 1k 0402 Carbon Film Resistor, 5%, 0.125W
RRO - RE3 2082 {402 Carbon Film Resistor, 1%, 0.125W
RE&4, RRS 12062 0402 Carbon Film Resistor, 3%, 0.125W
R86, RY7 1000 0402 Carbon Film Resistor, 5%, 0.125W
E®%8 - R91 1,21 0402 Carbon Film Resistor, 3%, 0.125W
R92 16502 (402 Carbon Film Resistor, 1%, 0.125W
R93 2.5%0 o402 Carbon Filim Resistor, 1%, 0.123W
EP] 506) RP4-0402 | Resistor Pack. 1%, 0.125W

Tmplementing a (Frownd Penetroting Radar User Inferfiice in Systenr-on-Chip Technalagy
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Appendix 4 Schematic Diagrams awd Ports Lists

SWl CHS06B S0OP12 6-Way SMD Slide Switch
SW2 FSMSM - Tactile Switch 6 x 3.5mm SPST
1 XC2IV250- BGA256 | Xilinx 250k System Gate Virtex™-
oF (G2561 1T Platform FPGA
U2 AMTCE7AVI POTEO AMD NetPHYT™-1LP Low Power
10/100-TX/FX Ethemnet
Transceiver
3 X1227581-2.7A SOPS Xicor Real Time Clock/Calendar/
CPU Supervisor with EEPROM
U4 MAX3232CUL TSSOP16 | Maxim +3.3V Multichannel RS-232
Transceiver
us, Us ST3485EBDR SOICE ST Microelectronics RS-485/422
Transcerver
usz LT1767LENMEB-5 SOPS Linear Teehnology +5V Monolithic
1.2A, 1.25MHz Swep-Down
Switching Regulator
Ug, U9 LTI767ENMRSE SOPR Linear Technology Adjustable
Monalithic 1,54, 1.25MHz Step-
Down Switching Regulator
ulo LT1767EMSE-3.3 S0OPE Linear Technology +3.3V
Monaolithic 1.5A, 1.25MHz Step-
Deown Switching Regnlator
Ull LT1767LEMSB-2.5 SOPR Lincar Technology +2.5V
Monolithic 1.5A, 1.25MHz Step-
Down Switching Repulator
12 ATITLV0O02-10CT LAPE Atmel 2-Mbit FPGA Configuration
EEPEOM Momory
X1 HCM49- HCM49 | 25MHz Crystal
25.000MABIJT

Implementing o Ground Penetrating Rodor User Interface i Svstem-on-Chip Techinolopy
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x2

STCA-05583

32.768kHz Crystal
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A.3 Misccllancous Schematic Diagrams

The miscellancous schematic diagrams of the design project is shown in this appendix.
s Figure 36 RUI RS-232 Cuble
: Table 20 RUI R5-232 Cable Parts List

Implementing a Ground Penetrating Readur User Tnrerfuce in System-on-Chip Technology
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: Table 20 RUI RS-232 Cable Paris List
Eﬁﬁgﬂafﬂk" £ :f;i;e;l‘art F“?rtPW= DESEﬁPti'E:l'.I E
i g AR 5
Ji DBYS-RA - 9-Way D-Type Socket, Solder Type
12 DBEY9P-RA - 9-Way D-Type Plug, Solder Type

Tmplementing o Grownd Penetrating Rodor User Inferfoce in Spstem-on-Chip Techmalogy
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Appendit 8 Primied Civenit Board Lenvonss

Appendix B
Printed Circuit Board Layouts

B.1 RUI Module

The prinied eirenit board layout of the RUIL Module is shown in this appendix.
. Figure 37 RUI Module PCI3 Layout - Top Overlay Layer

. Iigure 3§ RUI Module PCRB Layout - Top Signal Layer

= Figure 39 RUI Module PCB Layout - Ground Plane

« Figure 40 RUI Module PCB Luyout - Internal Signal Layer 1
. Figure 41 RUI Module PCB Layout - +1.22V Supply Planc

. Figure 42 RUI Module PCH Laveout - +2.5V Supply Plane

. Figure 43 RU! Module PCI3 Layout - Internal Single Layer 2
. Figure 44 RUI Module PCD Layout - +3.3V/V; Supply Plane
A Figure 45 RUI Module PCB Layoul - Boitom Sianal Layer

. Figure 46 R Module PCB Layoul - Bottom Overlay Layer

Implementing a Grownd Penetrating Radar User Interfuce in Syster-on-Chip Techaolagy
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L0

Figure 37 RUI Module PCB Layout - Top Overtlay Layer
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Appendiz B: Printed Cirenit Boord Layayts

Figure 38 1117 Module PCB Layout - Top Signal Layer
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Appendiv #: Printed Cirenit 8oard Layouts

Figure 39 RUI Module PCB Layout - Ground Plune

Iwrplementing o Ground Penetrating Rodor User Interface tn Systent-on-Chip Technalooy
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Figure 40 BT Module PCE Layoul - Intermal Signal Layer |
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Apperdix B, Printed Circult Board Laveurs

Figure 41 RUI Module PCB Layout - +1.22V Supply Plane
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Appemedix B: Printed Cirenit Bogrd Layvouis

Figure 42 RU! Meodule PCB Layout - +2.5V Supply Plane
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Figure 43 RUI Module PCB Layout - Intzmal Signal Laver 2
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Figure 44 RUI Module PCH Layout - -1 3.3% Supply Plane
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T L

Fignre 45 RUI Module PCE Lavout - Bottom Sipnal Laver
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SR

Figure 46 RUI Module PCDL Lavout - Bottem Overlay Layer
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Appendic B: Printed Cirenit Boord Loyous

B.2

RUI Motherboard

The printed circuit board layout of the RUI Motherboard is shown in this appendix.

Figure 47 RUI Motherboard PCB Layout - Top Overlay Layer

Figure 48 RUT Motherboard PCB Layout - Top Signal Layer

Figurce 49 RUI Motherboard PCB Lavout - Ground Plane

Figurc 50 RUI Motherboard PCB Layout - Internal Signal Layer 1
Figure 51 RUI Motherboard PCB Layout - +1.22V/41 .5V Supply Plane
Figure 52 RUI Motherboard PCB Lavout - -2.5V/=5V Supply Plane
Figure 53 RUI Motherboard PCB Layout - Inlernal Single Layer 2
Figure 54 RU! Motkerboard PCB Lavout - +3 3V/V, Supply Plane
Figure 35 RUI Motherboard PCB Lavout - Bottom Signal Layer
Figure 56 RUI Motherboard PCB Layout - Bottom Overlay Layer

Implementing a Ground Peonctrating Radar User Interface fn Systcw-on-Chip Techedogy
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asEpy Snmam

Figure 50 RUI Motherboard PCI3 Layout - Internal Signal Layer 1
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Figure 35 RUI Motherboard 'CH Tayout - Botlom Sigmal Layer
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Appendix C
Software and Firmware Source Code Listings and

Information

C.1 FPGA Hardware Configuration Firmware Listing

library ieee:
use ieee.std logic E164.all;

enlity RUL 15

port(
nReset, ITAG nReset, R1C uReset “in std_logic;
SEUS nRBEND, SBUS_nRBLNI, SBUS nRCS0, 5BUS nRWE in gl Jogic:
FLASH Srams, FPGA_Clock Lin std_logie;
AUP GPICL, AUP GPIOT, AUP GPIOTY, AUP GPIO22 tin sid_logic,
AUP_GPIO30, ALP_GPIO3!, AUP. FXTCIK] o sid_logic;
Switch - sid logic vecion(S downto 0;
AUP_oRESLT, 'TH oRESET, FLASH nReset coat sid_logic;
FLLASH nRCS, FLASH oRWE, RTC_[2C_SCL, SBUS nEWait cout  std_logic;
AUP_GPIOI4, AUP_GPIOIS, AUP_GPIO20), AGP GPIO202 cout  std_logic:
AUP GPIO203, ALP_GPIO204, AUP_GPIO206, AUP_GFIO208  -out  std lowic,
AUP GPIOZ14 cout  wtd lowic;
LED rout std Inge veetor(7 downta 0,
AUP GPIO29, RTC_[2C_SDA sinout st Jowic

IR

end RLUT;

architecture Hardware Confie of RUL is

signal Master_nReset, RML_Link ard logie;

begin
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blaster nlleset <= nHeset and (RTC nResot or Switch{4)) and (JTAG nlceset uor Swilch{5));
AUP nReset <= Master nlieset;

ETH nReset == Master nReuset;

FLASH nHesetl <= Master nHesct;

T.ED{{l) == Wiaster nResct;

LED(1) <= FT.ASH Siatus;

LED2 == AUPF LXTCLEL

LED3) <=RML Link; --RML Firmware vses LEDI for RML Link Indicator
R4l Link=="1" --Force Link Indicarar (Hf

LEIW4) == ALP GPLO] and Switeh({1],

LEBS) == AUP GFLO7 and Switeh(1],

LEIME) == AUP GPLOLY and Saritch{Z);

LEIMT) <= AUP GPIO22 and Switch{3],

SBUS_nliwait <="";

FLASH nRWE <= 8BUS nRBEND or SBUS nRRENI or SBUS nRWE;
FLASH nRCS <= 5BUS nRCS0;

AUP GPHN4 =="1", =-Unused ['Cr set as outpuds and difven high
AUP GPICH S <=1

AUT GPIC2{(] <="1"

AUFP GPRO202 <="1",

AU GPIO203 =="11

AUP GPEO204 <=1

AL GPRG206 =="1

AL GPIG20R =17

AUP_GPIZ14 <="17

T2C : process (Master_nReset, FPGA Clock)
begin
i Masier nResel="1"then
RTC 2C SCL =="1",
RTC J2C SDA =="Z
AUP GPIO29 =="2",
elsif fsing_ edge(FPOA_ Clock) then
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RIC [2C SCL =='1Y
RTC 120 SDA == 2%
AUP GPLOZY <=7,
if AU G031 — 'O then
RTC I2C S04 == AUP GPIO29,
elze
AU GPIOZS == RTC T2C 5DA,
end if
RTO 1200 5L <= AUP GPIO30;
end if!

end process;

cnd Hardware Config,

C.2 Bootloader Download Procedure

C.2.1

Hardware and Software Requirements

Ta install the MicroMonitor bootloader on the RUY hardware you will need the following

hardware and sofltware.

Macraigor Systems LLC or compatible Wiggler JTAG programmer
Macraigor Systems LLC OCTD Commander soflware (Available for free download
at http://www.anacraigor.com}

RUI hardware

Serial cable as outlined in Appendix A3

RUI power adapter (+7V to +12V @ 1A)

Terminal emulator software similar to Hyper Terminal that is supplied with
Windows

MicroMlomtor bootloader SDRAM file for the RUI hardware in ELF fornat
MicroMonitor bootloader Flash memory file for the RUT hardware in BIN format
Macraigor OCD Conmmander macro file for configuring and downloading the

MicroMonitor bootloader file to the RUI SDRAM (Thc contents of the filc is
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shown in Appendix C.3.)

{.2.2 File Location Setup Procedure

All the files required for installing the MicroMoniter bootloader on the RUI hardware

should be placed m the following location en the PC:

Co/RUT

If the files are in any other leocation then the procedurs outlined below will not work.
Another location can be used, but the Macraigor OCD Commander macro file must then

he edited to reflect this new location.

€.2.3 RUI Hardware Setup Procedure

- Connect the Macratgor Systems LI.C or compatble Wiggler ITAG programmer
between the Aul 100 SoC processor JTAG connector (J8} on the RUI and the PC
parallel port (generally LPTI).

. Note the placement of Pin 1 on the JTAG header {(J8) and ensurc that the Macraigor
Systems LLC or compatible Wiggler JTAG programmer 1s conmected correctly.

. Connect the serial cable between the RUI RS-232 connector (J7) and the PC serial
port. Either COMI1 or COMZ can be used as the serial port used will be defined in
the terminal emulater software configuration in Appendix C.2.5.

2 Connecct the power adapter to the RUI hardware power connector {J10).

v Press the reset switch (SW2) on the RUIT hardware.

C.2.4 Macraigor Systems LLC OCD Commander Software Configuration

Procedure

Start the Macraigor Systems LLC OCD Commander software.
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. Selcet the confipuration from the “Cennection Dialog” window as shown in Table

11.

Table 21 Macraipor Systems LLC OCD Commander Software Configuration

Taréé’t’ Processor Alchemy - Aul100
(This confipuration must be selected from two different
: S « | drop-down menus.)
OCD Interface Device | Wiggler
:_f\_{_'ifi:‘]tiple Beselected
Py Numitier 1

{This configuration is dependant op the parallel port the
Macraigor Systems LLC or compatible Wiggler ITAG

programmer 18 connected to.)

OCD Speed

[

Sthr;t'.}yith logging on

Desclected

Pop-up API errors

melocied

. Clip the *OK” button.

5 The main Macraigor Systems L1.C OCB Commander program screen should now

be displayed.

. If at this point apy crror messages are display in the main program screen the

Macraigor Systems LLC or compatible Wiggler JTAG programmer could not

establish a connection with the RUI hardware. Repeat the procedures as descnibed

in Appendix €.2.3 and Appendix C.2.4.

C.25

MicroMonitor Bootloader SDRAM Download

. Continue with the MicroMonitor hootloader SDRAM download while still in the

OCD Commander program window,
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. Click the “starus” button (7th from the left above the output screen) The

following message should be displayed in the ouiput screen:

>STATUS

aticd on the next Iine

Target RUNNING

should be digplayed.
. Click the “halt” button (dth trom the left above the output screen). The following

message should be displayed in the output screen:

>Halt

. Click the “status” button (7th from the left above the output screen). The

following message should be dispiayed in the output screen;

>S5TATUS

and on the next line

In DEBUG Mode

should be displayed.

. Sclect the “Commands” followed by the “Macre” option ftom the drop-down
imenus at the top of the screen.

- Go to the location of the Macraiger Systems L1L.C OCD Commander macro file
and sclect the macro file. The location of the file was specified m Appendix C.2.2.

- At this point the macro will execute and the download will start,
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.2.6

An indication that the download is taking place are sequential “." (period)
characters heing displayed on the last line of the output screen. If this does not
happen then terminate the Macraigor Systems LLC OCD Commander software and
repeat the procedures as descnbed in Appendix C.2.3 and Appendix C.2.4.

At the end of the download procedure an error message should be displayved which
can be ignored.

Proceed to the next section without terminating the Macraigor Systems LLC OCD

Commander software.

Terminal Emulator Software Configuration Procedure

Start the terminal emulutor software,

Setup a semal connection with the parameters shown in Table 22.

Table 22 Termwmal Emulator Software Conlguration Parameters
Baud Rate 384400
DataBits . |8
Parity - | None
StopBits . 1
Handshaking | Hardware

C.2.7

Drefine the serial port as the one the RUTI hardware 13 connected to as described m
Appendix C.2.3.

Proceed to the next section without terminating the terminal emulator software.

MicroMonitor Bootloader FLASH Memory Programming

Return to the Macmigor Systems LLC OCD Commander sottware.
Click the “ge” button (3rd from the lefl above the output sereen). The following
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message should he displayed in the output screen:

=>rp

. Proceed to the next point without terminating the Macraigor Systems LLC OCD
Commander softwarc.

. Rcturn to the terminal emulator sofiware.

. Some text should be displayed in the termmal emulator window similar to the

example helow;

TES Scanning /Flash_Block A/..

TES Scanning /Flash_Block B/..
MICRO MONITOR

CPU: AMD Aulig0

Platform: RUT

Buile: Feb 09,2004 @ 12:08:18

Monitor RAM: Oxa002a000-Oxalii47434
Application RAM Base: Oxati3 06000
uMON>

. If this does not happen then either the senal connection 1s not correctly configured
or the download process has failed. 1If this docs not happen then terminate the
Macraigor Systems LLC OCED Commander software and repeat the procedures as
described in Appendix C.2.3 and Appendix C.2.4.

s In the terminal emulator wimdow type:

xaodem -B

{note that this 15 case sensitve) followed by the “Enfer” key.

: At this point consecutive “§” characters should start appeaning on the sereen.
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Send the MicroMonitor bootloader file for the RUI FLASH memory Lo the RUI
hardware using the terminal emulator software. Note that the protocol specified lor
this procedure must be “XMODEM",

Wait until the download has completed.

The following message or something similar should be displayed in terminal

emulator window once the download lias compleled:

Revd 1353 phits (173184 bytes)
Repragramming boot (@) Oxbfc00000 from Oxa300000, 173184 bytes.
OK?

Press “¥" to program the bootloader into the RUI Flash memory.
The Flash status debug LED (D2} on the RUI hardware should come on for a few
seconds {on average 10 seconds) and then go off.
This message should be followed by the bootloader rebooting and some text should
be displayed in the terminal emulator window simtlar to the example below:
TFS Scanning #Flash_Block_A/..
TFS Scanning #Flash Block B/..
MICRO MONITOR
CPU: AMD Auilif
Platform: RUI
Built: Feh 092004 @ 12:08:18
Monitor RAM: (xa02a000-0xal47434
Application RAM Base: Uxaf3 00000
uMON>

At this pomt the MicroMonitor bootloader should have been successfully
progranuned into the RUI FLASH memory and should reside there even with the

power removed.

The lest as to whether the MicroMonitor bootloader has been successfully
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programmed into the RUL FLASH memory, involves cyching the power to the RUT
hardware and sceing if the baotloader start-up sequence 1s displayed in the terminal
emulator window followed by the “eMON>" prompt.

’ I this happens then the MicroMonitor bootloader RUIL Flash memory programming

procedure had been successful.

C.3 Bootloader Configuration Macro

The Macraigor OCD Commander macro file 1s used for confignring and downloading the
MicroMonitor bootloader file to the RUI SDRAM. This section lists the contents of the
macro file, The last line of the macro file lists the location and filename of the
MicroMonitor bootloader image to be downloaded into the SDRAM of the RUI with the
Macraigor Wiggle ITAG programmer. This location and filename can be changed if
required,

:Configure the CPU PLL to produce 392MHz CPU clock

word OxB 19006060 = Gx0000002 |

;Set the system bus divider to 3

word 0xB150003C = 0x 00000001

;Configure the AUX PLL to produce 96MHz Auxiliary clock

word Ox131 200064 — Ox00000008

:Enable the 32kHz Oscillator

word (xB1900014 = 0x000001 00

;Configure the FLASH for 16-bit Big Lindian operation

word 0xB4001000 = Ox00000243

word 0xB4001008 = 0x1 LFE3FED

:Configure the SDRAM Controller

word 0xB4000000 = 0x00352229

word 0xB400000C = Ox001003F8

word OxB40GDGTE = 0x74000C30

word 0xB400001C = Ox00000000
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word OxB4G00020 = 0x0G00006G0
word OxB4000020 = Ox 00006000
word (xB4000018 = (7600030
word (xB4000024 = OxG0G00023
Download bootloader to SDREAM

downlead C\RUI'rui ram
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Appendix D
Building a MIPS32 Target GNU Cross-Platform

Development Toolchain under Linux

D.1 List of Resources

The procedure that was developed durnmig this design project for building the required GNU
cross-platform development toolchain for the MIPS32 SoC processor under Linux was

bused on the wformaton trom the tesources shown below,

. Yaghmour, K.: “Building Embedded Linux Systems”, First Edition, G'Reilly &
Associates Inc., Sebastopol, USA, pp. 107-155, 2003
. LaRonde, B.D.: “Building a Modern MIPS Cross-Toolehain for Linux™, Version

2.4, http://laronde.org/~brad/mips/mips-cross-toolchain/, 2001,

+ A website of resources and information aimed at the Linux/MIPS development

communily: hitp://www lipux-mips org

. The FTP site of the FSF and the location of the most recent components of the

GNU toolchain: fip:/fip. pnu.org/onu/

. The FTP site of the Kernel Org Orgamzalion, Tuc, and the location of the Linux

kemel archives: hip/ifip. kernel org!

D.2 Required Source Components

The componenis that were required in the building of the GNU cross-plattorm development

tpelchain for the MIPS32 SoC processor under Linux and its onigins are shown below.

. tinutils-2.13.90.0. 10 tar.bz2 - Version from H.J. Lu wilh patch that had to be

Oore/pubdinoy/develbinuilsd

applied and available from hittp://fip.kernel

. pec-3.2-7. Lsre.rpm - Patched version from H.J. Lu and only available in SRPM
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format from pgredhat’? 3est/SRPMS/
. glibc-2.2.5.tar.gz - fip.//fip. enu.ore/cmu/slibed
- glibe-2.2, 3-mips-build-gmon.diff- MIPS patch that had to be appliedto ghbe-2.5.5

and available from hitp:/kezel.com/crosstool/ current/patches/elibe-2 2.5/

. glibe-lmuxthreads-2 2.5 tar.gz - lip:/ftp. enu org/ cnudelibe/

. linux-2.4.28.tar.gz - hitp://ftp kernel orgfpub/hnux/kermel/v2 4/

D.3 Toolchain Building Procedure

The GNU cross-platform development toolchain was built on an 1686 host running Red Hat
Linux 8.0 {Kemnel 2.4.18) while being logged on to Linux a3 reef (ie. su). The first step
was to make the project directory structure as shown below in the user’s home directory.
This project directory structure was as described by KanmYaghmour in Building
Embedded Limex Systems (scc Appendix D.1). With this project directory structure the
tonlchain was built in the ~/mips/build-tools directory and mstalled in the ~/mmips/tools

directory.

A miips S bootldr

/ huild-fools
A Breeild-Binutils
A build-boot-gee
A build-pec
/ build-plibe

/debug

/doe

A images
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/ kernel
/ project
/ reolfs
/ sysapps
L imip

L rouly

At this point it is important to decide Tor what type of endian the toolehain must be built,
MIPS processors can be configured for either big or little endian operation, If a big endian
target 1% requited then the term mips will be used as the top directory name and in all
configuration commmands, If a little endian target 18 requited then the levm mipsef will be
used as the top directory name and in all configuration commands. These ternis were used
a5 they are recogmzed command line options for the GNU C-compiler. The previcus
project directory sfructure was thus obviously made for a big endian target. Any toolchain
that will be built wall also retleet the type of cndian configuration in its name. A big cndian
tool in the toolchain will be nuned mips-Haux-fteolname] and a hitle endian tool m the

toolchain will be named mipsel-finux-floolname].

The final part of the firsi step was to make a senpl file 1o set up the required
cnvironmental variables, This script file was as described by KarimYaghomour in Buwilding
Fmbedded Linux Systems (see Appendix D.1). The seript file was placed in the user’s

home directory. The contents of ihe senpt file, called deveipy, 15 shown below.

export PROJECT=mips

export PRIROQOT=/hromelfusernamel/SIPROJECT}
export TARGE T=mips-linux

export PREFIN=8{PRIROOT}/tools

export TARGET PREFIX=${PREFIX)/SITARGET}
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export PATH=SPREFIX}/bin: ${PATH)

cd SPRIROOT

Take note that if a little endian tarp et was required then mipselfinxcwould have beenused
as the value for TARGET and the value of PROJECT  the lop directory name, would have
been mipsef. Also take note that fusernamef would be the name vsed when the user lopped
on to Linux, The script file has to be executed each time the user logs on to Linox and

before the toolchain 15 used by typing the following on the command line in the user's

horae direciory,

$ . devmips

The second siep was setting up the Linux kemel headers. This was daone by
copving the pzip-compressed kernel source tar file to the ~mipsiernel directory. 1t was

extracted by typing the following on the command line.

¥ tar xvyflinwee-2.4.28.tar.22

If the kernel source tar file was in a bap2-compressed format then o would have been

gxtracted by {yping ihe following on the command hine.

§ tar xvif linux-2.4.28.tar b2

The kernel source file was extracted in a directory named ~/mripshkerneltinux-2.4.28.
Wext the kernel needed to be configured for the MIPS processor. This was done by
changing to the ~AnipsdinwcTinax-2.4.28 direciory and typing the following on the

cormnmund line,
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$ make ARCH=mips CROSS COMPILE=mips-linux- menuconfig

Take note that if'a little endiun target was required then the ARCH optien would have been
mipsel and the CROSS COMPILE option would have been mipsel-firpux-. Thiscommand
displayed the menu for configuring the kernel. The mostimportant configurations that had
to be sct was the processor and systein type, The configuration was saved and the kemne]
counfiguration utihty exited. The newly configured kernel headers had to be copied to the
location required by the toolchain. This was donc by typing the following commands on

the command line.

§ mkdir -p ${TARGET PREFIX}include
S cp -r includedinuy/ ${TARGET PREFIX}include
§ cp -r includesasm-mips/ S TARGET PREFIX}/include/usm

§ ep -r includesusm-generic/ ${TARGET PREFIXinclude

Take note that if a little endian target was requirad then the thnrd command would hayve
stayed exactly the samc as the kernel configuration headers are the same for both big
endian and little endian targets,

The third step was sctting up the binary utilities. This was donc by copying the
bzip2-compresscd inary utilitics source tar file to the ~/mipsbuild-teols directory. It was

extracted by Lyping the following on the command linc.

S tar xvif binutils-2.13.90.0.10.tur 522

The binary utibitics source file was extracted in a directory numed ~mips/build-tools/
Binnrils-2,13.90.0.18. Next a MIPS processor specific patch was applied. This was done
by changing to the ~/mips/duild-teols/binutils-2. 13, 90. 0 10/mips dircctory and typing the
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following on the command line.
$ ehmod 744 README
3 ed.

8 /mips/README

The next procedure was to configure the binary utilities for cross-platform development.
This was done by changing to the ~/mrips/buitd-tools/build-binutils divectory and typing

the following on the cormmand line.

8. /binntils-2.13.90.0. I configure - -target=STARGET - -prefix=8{PREFIX]}

Next we bl the binary uttlines by typing the following on the command line.

$ make

Finally the binary utihities were mstalled by typing the following on the command line.

3 malke inxtall

The fourth step was setting up the boetstrap comptler for compiling the C library
1 the next step. This was done by copying the bzip2-compressed GNU compiler source
tar file to the ~/miips/build-tools dircctory. This file was rebuill from the original source

RPM format file, named gee-3.2-7. Lsreorpm, by typing (he following on the command line.

¥ rpmbuild - -rebuild -v gec-3.2-7. Lsrc.rpm
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After therebuild process, the baip2-compressed GNU compaler soorce tar file will end up
in the /usrsroredhat’SOURCES directory from where 1t can be copied. The GNU

compiler source tar file was extracted by typing the following on the comunand ling.

8 tar xvif gec-3.2-20020903.1ar.b22

The GNU compiler source Nle was extracted m a directory named ~mips/build-tools/gec-
3.2-20020903. The next procedure was to configure the bootstrap compiler for cross-
platform development. This was done by changing to the ~/mips/build-tools/build-boot-

pee directory and typing the followmg on the cormmand line.

§ . Sece-3.2-20020903/configure - -target=8STARGET - -preftx=8{PREFTX]
- ~without-headers - -with-newlil - -enable-lanpuages=c - -disable-shared

- ~disable-threads

Next we built the bootstrap compiler by typing the following on the command line.

§ make all-gee

Finally the bootstrap comipiler was installed by typing the following on the commmand line.

$ make install-gec

The fifth step was sctting up the C library.  This was done by copying the gzip-
compressed C hibrary soarec tar files and the C library patch file to the ~/amips/build-rools

directory., The C library source tar files were extracted by typing the following on the
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cominand line.

8 tar xvef glibe-2.2.5.tar.p12

§ tar xevf ghibc-linuxthreads-2.2.5.5ar.87 - -directory=glibc-2.2.5

The C library source files were extracted in a directory named ~/mips/build-fools/elibe-
2.2.5. The next procedure was to patch the C library source files. This was done by
changing to the ~/ipy/build-toals/glibe-2,.2,5 directory and typing the following on the

command line.

5 pateh -pl -i . /glibe-2.2. 5-mips-build-gmon. diff

The next procedure was 1o conligure the C library for cross-plutform development. This
was done by changing o the ~Anips/buitd-fools/build-glibe directory and typing the

following on the command line.

$ CFLAGS="-02 -g -finline-limit=10001" CC=mips-linnux-gce
Selibe-2.2.5/configure - -host=STARGET - -prefix="/usr" - -enable add-onys

- ~with-headers=3{TARGET PREFIX}Vincinde

Take note that 1f a little endian target was required then the CC option would have been
mipsel-linux-gee. Next we compiled the C library by typing the followmyg on the

commaned line.

5 make
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Finally the C Hbrary was installed by tymng the following on the command hing.

S make install root=3{TARGET PREFIX} prefix="" install

The final procedure inthas step was to (inalise the installation of the C hibrary by modifying
the link script located in the ~nips/tools/mips-linux/Aib directory. Take note that ifa hittle
endian targel was required then the location of the link senpt would have been located
the ~mipselfools/mipsel-lintlib directory, Tlus was done by first making a baclup of

the original link script as shown below.

8 cd SITARGET PREFIX}/Iib

5 cp Aibeso Aibe.so.orig

The original ink senpt, named Hibe,xo, was modilied by replacing the last hine in the script

file with GROLUP ( libc.so.0 libe _nonshared.a ),

The sixth step was setting up the {ull compiler, This was donc by changimg to the

~/mips/build-tools/build-gec directory and typing the followmg on the commmand hine.

§ .. gec-3.2-20020903/configure - -targer=8TARGET - -prefix=§{PREFIX}

- -enable-languages=c,c++

Next we built the Tull compiler by typing the following on the command linc.

§ miake afl

Finally the full compiler was installed by typing the followmg on the command line.
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§ make instalf

The seventh and final step was to move the host binary utilities to a separate directory than

that of the targef binary utilities. This was done by typing the following on the command

line.

$ cd ${PREFIX})/S{TARGET/bin

5 mv as ar goe 1d nm ranlib strip S{PREFIX)Aib/goc-tib/mips-linux/3.2.1

Take note that if a little endian target was required then the command would have been $
my as gr goe id nmn ranlib strip S{PREFIX]Aib/gee-Hib/mipsel-finwx/3.2.1. Finally,
symbaolic links were made to the new location of the host binary utilities by typing the

following script on the command line.

S for file in as ar gee 1d wm ranlih strip
= do
= In -5 $IPREFIX} fib/oce-Tib/mips-finux/3. 2. 1/8file .

= dane

Take note that if a hittle endian target was requared then the second hine of the senpt would
have been = In -s §PREFIX)/iib/gee-lib/mipsel-linux/3.2. 13 file ..

The full MIPS32 tarpet GNU cross-platform development tooicham under Linux

has now been built and can be used as required.
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