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Abstract

The principle of universal shipborne automatic identification system (AIS) is to
allow automatic exchange of shipboard information between one vessel and another.
Saab TransponderTech AB has an operating AIS transponder on the market and the
purpose of this report is to investigate alternative technologies that could result in a
highly integrated replacement for the existing hardware.

Design aspects of a system-on-chip are discussed, such as: available system-on-chip
technologies, intellectual property, on-chip bus structures and development tools.
This information is applied to the existing hardware and the integration possibilities
of the various parts of the AIS transponder is investigated.

The focus will be on two main transponder parts that are possible to replace with
highly integrated circuits. The first of these parts is the so-called digital part where
system-on-chip platforms for different technologies have been investigated with a
special interest in a highly integrated FPGA implementation. The second part is the
radio frequency receivers where alternatives to the existing superheterodyne receiver
are discussed.

The conclusion drawn is that there exist technologies for developing a highly
integrated AIS transponder. An attractive highly integrated transponder could consist
of a FPGA system-on-chip platform with subsampling digital receivers and
additional components that are unsuitable for integration.
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Chapter 1

Introduction

1.1 Background

This report is a feasibility study on highly integrated system-on-chip alternatives to
existing transponder hardware and the work has been carried out at Saab
TransponderTech AB together with the division of Electronics System at Linköping
University.

Universal shipborne automatic identification system (AIS) was developed with the
purpose of enhance safety of life at sea, increase efficiency of navigation and to aid
in the protection of the marine environment. The principle of AIS is to allow
automatic exchange of shipboard information from a vessel’s sensors - such as
identification, position, course, speed and more - between one vessel and another or
between a vessel and a shore station(s).

Today Saab TransponderTech AB has an operating AIS transponder on the market.
This product is composed of three printed board assemblies that have a considerable
amount of discrete components such as processors, memories, passives, external
interfaces, amplifiers, filters, mixers and more. In total there are more than 2000
components mounted on the three boards.

1.2 Purpose and Method

The purpose of this report is to investigate alternatives that could result in a highly
integrated replacement for the existing transponder hardware. A number of
alternative technologies are presented and a few hardware architectures are proposed.
These are then analyzed with respect to parameters such as integration level,
development time and cost.
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The purpose will be achieved by first studying AIS and the existing hardware
architecture; secondly by obtaining information on different technologies and design
methods via published documents and articles; and finally apply this information to
the existing hardware and propose a number of architectures and draw some
conclusions on the feasibility of these.

1.3 Prerequisites

The reader should have some previous knowledge of basic telecommunications
concepts such as channels and modulation. The reader should also be familiar with
the many problems that can arise during radio receiver design and understand the
purpose of common components of radio transceivers. Besides this the reader should
be familiar with common concepts such as: application-specific integrated circuits
(ASICs), field-programmable gate arrays (FPGAs) and digital signal processing
(DSP) processors.

1.4 Restrictions

The transponder supports two types of transmission schemes, one for AIS channels
and one for digital selective calling (DSC). Focus will lie mainly on the basic AIS
functionality. Also, as this report targets hardware alternatives for the transponder the
low-level functionality will be described in more detail than the more abstract,
software oriented, layers.

1.5 Outline

This report will initially, in chapter 2, give a short introduction to the AIS system and
the technical characteristics that define it. After this, in chapter 3, the hardware
components of the existing transponder will be presented and described.

Following this, in chapter 4, available system-on-chip technologies and design
methods for these are discussed. Chapter 5 combine the knowledge about system-on-
chip technologies with that of the transponder and results in a discussion on
integration possibilities for the various parts of the system.

The following chapters target specific parts of the transponder. Chapter 6 and 7
discuss on the replacement for the majority of the remaining functionality, the so-
called digital part, in FPGA and ASIC technologies respectively. Chapter 8 gives a
detailed description of radio receiver front-end replacements.

The final part, chapter 9, draws a number of conclusions based on the results from
the previous chapters and tries to answer which technologies that are suitable for
replacing the existing hardware.
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Chapter 2

Universal Shipborne Automatic
Identification System

2.1 Overview

Figure 2.1    Information exchange with AIS

The universal shipborne automatic identification system (AIS) is an autonomous and
continuous broadcast system, meaning that vessels carrying AIS transponder systems
communicate continuously with each other without influence of an operator (see
Figure 2.1). The purpose of AIS is to aid in identifying vessels, assisting in target
tracking and assisting in situational awareness in order to enhance safety at sea and
enhance safety and efficiency of navigation.
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Figure 2.2    Overview of AIS messages

The principle of AIS is to allow automatic exchange of shipboard information from a
vessel’s sensors  - such as identification, position, course, speed and more - between
one vessel and another or between a vessel and a shore station(s). Figure 2.2 shows
the various types of messages that are transmitted in an AIS system.

The AIS transponders operate in the VHF maritime mobile band at frequencies
around 160MHz. To be able to meet requirements on high broadcast rates and ensure
a reliable and robust operation AIS uses a self-organising time division multiple
access (SOTDMA) transmission scheme. This scheme divides time into a number of
transmission slots, using the global positioning system (GPS) co-ordinated universal
time (UTC) as a reference, and depending on received transmissions the transponder
decides on which slots it should use for its own transmissions. Radio frequency
discrimination is used to shrink radio cell sizes, meaning that weak far-away
transmissions are suppressed in favour of strong nearby transmissions.

The AIS equipment should be able to operate in a number of modes:
• An “autonomous and continuous” mode for operation in all areas;
• An “assigned” mode where the system is subject to a competent authority

responsible for traffic monitoring such that the interval and/or the time slots
may be set remotely by that authority and

• A “polling” or controlled mode where data transfer occurs in response to
interrogation from a ship or a competent authority.

The basic operational and functional requirements of AIS are described further in
[21].

The following chapters will present the technical characteristics of AIS and a short
discussion on the future of AIS.

Static Data
MMSI number
Call sign & name
IMO number
Length and beam
Type of ship
Location of pos. antenna

Dynamic Data
MMSI number
Position (lat/long)
Course and speed over ground
Heading
Rate of turn
Navigation status
Position accuracy
Time stamp (UTC)

Voyage Related Data
Ships draught
Hazardous cargo (type)
Destination and ETA
Route plan (optional)

Short Safety Related Data
Addressed messages
Broadcast messages
Regional messages
International messages
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2.2 Technical Characteristics

Application Layer

Presentation Layer

Session Layer

Transport Layer

Network Layer

Link Layer LME Link Layer LME
Link Layer DLS Link Layer DLS
Link Layer MAC Link Layer MAC

Physical Layer Physical Layer
Rx A Tx A/B Rx B

Figure 2.3    Protocol stack of AIS

The AIS protocol stack (Figure 2.3) is based on the open system interconnection
(OSI) model. This report will have its main focus on the lower, hardware-oriented,
levels of this structure but also give a short introduction to the higher levels. The
protocol structure of AIS is defined in ITU-R M.1371 [20].

2.2.1 Physical Layer

The physical layer is responsible for the transfer of a bit-stream from an originator
out on the data link. It is required to support operation on two parallel channels, by
default AIS 1 (161.975 MHz) and AIS 2 (162.025 MHz), where data should be
received simultaneously and where data also should be transmitted. It should also be
possible to use other regional VHF frequencies. Two different channel bandwidths
are supported, 25 kHz (on the high seas) and 12.5 kHz (where defined by appropriate
authority in territorial waters) and the bit-rate of AIS channels should be
9600 bits/s.

The modulation scheme used is bandwidth-adapted frequency modulated gaussian
minimum shift keying (GMSK) [3] since it is robust, has good discrimination
possibilities, is bandwidth efficient and has a widespread use in mobile digital
communications. The communication integrity is maintained in overload situations
by means of retaining report rates but shrinking cell sizes and reusing slots through
radio frequency (RF) discrimination, weak signals are repressed by strong signals.
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2.2.2 Link Layer

The Link layer specifies how data is packaged in order to apply error detection and
correction to the data transfer. The link layer is divided into three sublayers: medium
access control, data link service and link management entity.

2.2.2.1 Sublayer 1: Medium Access Control

The medium access control sublayer provides a method for granting access to the
data transfer medium, the VHF data link. The method used is a time division
multiple access (TDMA) scheme with a common time reference (usually UTC time).

60 seconds
2250 time slots

AIS 1

AIS 2

Figure 2.4    AIS medium, division into frames and slots

The system uses the concept of a frame. One frame equals one minute of
transmission and is divided into 2250 slots (see Figure 2.4) and access to the data
link is, by default, given at the start of a slot. Each slot consists of 256 bits, which
gives the required data rate of 9600 bits/s.

2.2.2.2 Sublayer 2: Data Link Service

Based on the medium access control sublayer the data link service will listen,
activate or release the data link. The sublayer is also responsible for data transfer,
error detection and control. To achieve this a bit-oriented protocol is used that is
based on the high-level data link control (HDLC) defined in [23].

Ramp up Training
Sequence

Start
flag

Data CRC End
flag

Buffering

Figure 2.5    AIS Packet structure

The AIS packets (Figure 2.5) are 256 bits, or one slot, long. For packet detection and
synchronisation to work properly some of the fields of the packet are subject to bit-
stuffing (a zero is inserted after five consecutive ones).
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The fields of an AIS packet are:
• Ramp up (8 bits), during RF-transmitter power up
• Training sequence (24 bits), alternating ones and zeros (0101010101… ) used

for packet and symbol synchronisation
• Start flag (8 bits), HDLC flag that not is subject to bit-stuffing (01111110)
• Data, payload (168 bits)
• CRC (16 bits), cyclic redundancy check as defined in [23]
• End flag (8 bits), identical to start flag
• Buffering (24 bits)

2.2.2.3 Sublayer 3: Link Management Entity

The link management entity controls the operation of the other link layer levels (data
link service and medium access control). To control access to the data transfer
medium four TDMA schemes are used: SOTDMA (Self-Organising TDMA);
Random access TDMA, Incremental TDMA and Fixed access TDMA.

The purpose of each of these is:
• SOTDMA is the normally used protocol and allocates slots three to seven

frames ahead;
• Random access TDMA is used to access the radio link and randomly

selecting a slot, used when changing the update rate and for safety related
messages;

• Incremental TDMA is used to allocate slots in the next minute and prepare
for SOTDMA and

• Fixed access TDMA reserves fixed slots and is used by AIS shore stations.

2.2.3 Network Layer

The purpose of the network layer is to:
• Establish and maintain channel connections;
• Manage and assign priorities to messages;
• Distribute transmission packets between channels and
• Resolve data link congestion.

The two frequency channels that are reserved for AIS use worldwide, are AIS 1
(161.975 MHz) and AIS 2 (162.025 MHz). In normal mode of operation the system
should simultaneously receive on both of these channels in parallel and to achieve
this two TDMA receivers are required. Message transmissions should alternate
between the two channels except when responding to requests, where the reply
should be sent on the same channel as the request was received.

The network layer is also responsible for the reporting rate of the system. The
reporting rate indicates the number of slots that should be used for transmission
during a frame and it is influenced by speed and course changes of a vessel. The
speed and course information is reported to the transponder by the ships sensors.
Congestion resolution is achieved by intentional slot reuse, meaning that slots used
by remote (weak) stations could be used for transmission of data when the channel is



Technologies and Design Methods for a Highly Integrated AIS Transponder

8

heavily loaded. It is up to the network layer to decide which slots that should be
reused.

2.2.4 Transport Layer

The transport layer is responsible for converting data, received from the presentation
interface, into transmission packets of correct size. It is also responsible for handling
addressed packets, adding sequence number to them and making sure that they arrive
safely. The transport layer also acts as an interface to the presentation layer.

2.2.5 Session, Presentation and Application layers

These high-level layers are responsible for communication sessions (session layer),
presentation of information to application layer (presentation layer) and applications
(application layer).

2.2.6 Digital Selective Calling

Besides the AIS functionality presented in the in the previous chapter there are
additional requirements on support for digital selective calling (DSC). DSC is a
system for transmitting distress alerts in the VHF frequency band. The AIS system
should be capable of performing limited AIS-related DSC operations and to
accomplish this the AIS device should include a dedicated DSC receiver, implying
that three dedicated receivers are required (two for AIS channels and one for the
DSC channel). Basic requirements of DSC are specified in [20].

The technical characteristics of DSC differ from that of AIS. Another modulation
scheme called automatic frequency shift keying (AFSK) is used; it is always tuned to
the frequency 156.525 MHz (called channel 70) and the transmission rate is
1200 bits/s.

2.3 Future

Today, according to SOLAS Regulation V/19 (see [21]), it is required that ships of
more than a certain gross tonnage and passenger ships on international voyage
irrespectively of size shall be fitted with AIS Class A transponder system. The future
of AIS products lie not only in equipping existing and new ships that comply with
these requirements but also in the development of the standard for Class B
transponders.

Class B transponders are intended for ships and boats than are not required to carry a
Class A transponder system, including fishing vessels and leisure boats. It will not be
a mandatory requirement worldwide (as opposed to Class A equipment) to have
Class B equipment even though it might be required in some regional areas. Class B
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transponders will not necessarily be fully compliant with Class A transponders but
they are required to be system-compatible.

The standard for Class B transponders is under development, but there are some
proposed features:

• The Class B transponder will be divided into three groups: Basic, Standard
and Professional;

• The Basic class will have relaxed requirements on radio receiver performance
and radio transmitter power;

• The Basic class will not be required to support the SOTDMA algorithm and
instead use a simpler algorithm (carrier sense TDMA);

• The Standard and Professional transponders are similar to the Class A
transponder when it comes to performance and

• The Class B transponders should have a polite behavior against Class A
transponders, implying that they should decrease their data link usage if the
link is heavily loaded.

The standard for Class B transponders, which is estimated to be complete in the first
quarter of 2004, could open up a large market for AIS products with millions of
potential customers. This development could be a good motive for designing highly
integrated and cost efficient AIS transponders.
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Chapter 3

Transponder Hardware Description

3.1 Overview

Figure 3.1    Today’s transponder architecture

The main components of the AIS transponder (Figure 3.1) are three printed board
assemblies (PBAs): communication processor (CP) card, baseband (BB) card and
radio frequency (RF) card. The CP card, and its mounted PowerPC, is responsible for
the upper layers of the protocol stack and for communication with external sensors
and GPS. The baseband card is responsible for performing some low-level digital
signal processing on data that goes between the CP and RF cards. The RF card is
responsible for the upconversion of baseband signals to the VHF frequency band and
for down conversion of RF signals to baseband.
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3.2 Communication Processor Card

The communication processor (CP) card provides the upper protocol layers and
control facilities of the AIS transponder. The upper layers of the protocol stack,
which in this case basically means everything above the data link service sublayer of
the link layer (see Figure 2.3 in chapter 2.2). These levels are:

• Link layer link management entity (access methods);
• Network layer (channel connections, packet distribution);
• Transport layer (sequencing, interface to higher levels) and
• Higher-levels (presentation, applications).

The majority of this functionality is implemented as software running on a PowerPC.
Besides this functionality the CP card also features a programmable logic device
(PLD) for slot-clock timing (corresponding to the medium access control layer, see
chapter 2.2.2.1), I/O interfaces (RS422 together with UARTs) and a GPS receiver.

3.2.1 PowerPC

Figure 3.2    PowerPC and connections

The Power PC (IBM PPC405CR), which is a 32-bit microprocessor operating at
200 MHz, is the heart of the system and it implements high-level protocol structure
and control functions of the AIS system.

The PowerPC has two busses, one peripheral bus and one high-performance bus. The
peripheral bus is connected to two internal UARTs (UART1 and UART2) and one
IIC interface (connected to an IIC PROM). The high-performance bus is connected
to an external SDRAM and to a number of external peripherals (FLASH, UARTs,
Timing PLD and baseband interface). The processor peripherals (Figure 3.2) are:

• SDRAM - program memory (32-bit wide bus, 8 Mbytes)
• FLASH - store program during power-off (16-bit wide bus, 4 Mbytes)
• UART1 and UART2 - GPS interface
• Quad UARTs - external I/O
• Timing PLD - slot-clock timing
• BB interface - baseband (and RF) control, also has a host port interface for

interaction with digital signal processing (DSP) processors on the BB card
• IIC Prom - stores configuration data for the AIS system

Power PC

Oscillator

SDRAM

IIC PROM

FLASH

Quad UART1

Quad UART2

Timing PLD

BB interface

UART1

UART2
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The application program for the Power PC, which is stored in the FLASH memory,
is copied into the SDRAM at boot-up. All external and internal peripherals, including
the SDRAM, are memory-mapped into a single memory area, which allows for easy
read/write access from the Power PC.

3.2.2 Timing

The slot-clock timing circuitry (implemented in an PLD) receives an exact time-
pulse from the GPS from which it generates control signals (e.g. the slot-clock) that
are used to synchronise the CP and baseband cards. It is also responsible for
controlling LEDs and some other peripheral functions.

3.2.3 GPS

The GPS is a small PBA that is mounted on the CP card. It communicates with the
PowerPC through the two internal UARTs. The GPS provides the transponder with
detailed positioning, velocity and an exact time synchronisation. The transponder
currently supports two types of GPS modules:

• Superstar II OEM Module, first supplier
• IBM, IBM43GAENGP0002, second supplier

3.2.4 UART and RS422

The external I/Os, used e.g. for connecting external sensors, are based around two
quad universal asynchronous receivers/transmitters (UARTs) and therefore supports
eight channels. Each UART is connected to a RS422, which is a serial differential
point-to-point interface that removes the problem of different ground levels when
connecting external components. One problem with the RS422 is that the channels
have to be optically isolated which leads to expensive components that are hard to
integrate.
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3.3 Baseband Card

Figure 3.3    Baseband card overview

The purpose of the baseband card is to implement the lower layers, except from the
some RF functionality, of the AIS protocol stack. This includes packaging the data
and modulating/demodulating baseband signals.

The baseband card (Figure 3.3) is made up of four DSP-processors, three analog-to-
digital converters (ADCs), one digital-to-analog converter (DAC) and one field-
programmable gate array (FPGA). It also holds the transponders power supply unit
(PSU) and a FLASH-memory, which stores the DSP-processor programs when the
transponder is off-line. One of the DSP-processors acts as a transmitter (Tx) and the
other three acts as receivers (Rx)

The baseband card can communicate with the RF card through the data converters
(data transfer) and through a number of control signals generated by the FPGA
(control).

3.3.1 DSP-Processors

The hardware used for all four of the DSP-processors is a circuit called
TMS320VC5402 (that operates at approximately 100 MHz) that is a high-volume
DSP-processor used in e.g. audio applications. The instruction set of the DSP-
processors has mainly ordinary 16 and 32-bit arithmetic operations but also some
specific DSP operations such as finite impulse response (FIR) filter calculations.

The DSP-processors configured as the transmitter also acts as a master to the
remaining three DSP-processors. During power-on this processor is booted from a
4 Mbit FLASH and when done, it will control the boot procedure of the three
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remaining processors. The transmitter DSP-processor can communicate with the
other processors through an inter-processor serial bus.

Two of the three receiver DSP-processors are configured for AIS channels (usually
AIS1 and AIS2) and the third is configured as a DSC receiver.

The CP can control the DSP-processors through an 8-bit host port interface, which is
the external control interface supported by the DSP-processors.

3.3.1.1 Transmitter DSP

The task of the transmitter DSP is to perform two types of modulation (GMSK for
AIS, and AFSK for DSC) and to control the receiver DSP-processors (including
requests for bit-error rate measurement, status requests, synchronisation and debug
functionality). Of the two modulation types only GMSK modulation will be
considered further in this report.

Figure 3.4    GMSK modulation

The GMSK modulation (Figure 3.4) includes HDLC-framing (e.g. appending
training-symbols, adding start/stop-flags, bit-stuff, adding CRC), NRZI-coding (ones
are coded as previous value, zeros are coded as the negation of the previous value),
gaussian filtering, phase accumulation and IQ-signal generation. Basically the
change of the phase (the frequency) of the modulated signal represents the
information in the original data sequence. In the final step the IQ-signals are passed
on to the DAC after generation.

3.3.1.2 Receiver DSPs

The receiver DSP-processors can be configured to handle two types of demodulation
corresponding to the possible types of modulation (GMSK and AFSK). The main
demodulation scheme is GMSK and only this scheme will be considered further in
this report. Beside the signal processing the receiver DSP-processors are capable of
replying to requests, from the transmitter DSP-processor, on the inter-processor
serial bus.
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Figure 3.5    GMSK demodulation

The GMSK demodulation (Figure 3.5) starts by removing DC-offsets from IQ-
signals received from the ADC. After this the signals are passed through low-pass
IQ-filter and into an arctan function, which produces a phase. This phase is then
differentiated to produce an approximation of the frequency and from this frequency
value it can be determined if the received signal should be a one or a zero. To get a
better approximation of the frequency a stage of integrate and dump (a moving
average) is used.

The start-detection detects symbols and packets. To compensate for the gaussian
filters in the transmitter a matched filter is applied to the frequency signal before it is
processed in the start-detection block. Symbol detection is achieved with a timing
filter that detects the switching between zero and one in the training sequence of an
AIS packet. Packet detection is achieved with the use of symbol detection and
detection of the training sequence and the start flag (see chapter 2.2.2.2). The start-
detection produces a sequence of outputs when the start-flag has been detected.

After the start-detection the sequence of outputs is passed through a decoder that
translates the sequence of samples into ones and zeros. This sequence is then NRZI-
decoded and HDLC-deframed in order to recover the payload of the received packet.
The HDLC-deframing also detects the end of packets (using the stop-flag), removes
bit-stuffing and performs error control through checksum calculations.

Besides this demodulation some additional calculations such as automatic gain
control (AGC), which is passed to amplifiers on the RF card, and received signal
strength indication are made.

3.3.2 Data Converters

The ADCs and DAC transform the baseband signal from analog to digital and from
digital to analog respectively. The converters operate in a 16-bit mode at 96 ksps.
The required clock signals for the interface between the DSP-processors and the
converters are generated by the FPGA, which in turn receives clock signals from the
slot-clock timing circuit on the CP card.
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3.3.3 Power Supply Unit

The power supply unit generates all supply rails required by the transponder. The
power is distributed to the other cards through signalling ribbon cables.

3.3.4 FPGA and Glue Logic

The purpose of the FPGA is mainly to generate control-signals to the devices on the
baseband and RF cards and to present an interface to the BB card to the CP card. The
FPGA (Xilinx Spartan XCS05XL, 3.3V) is configured from a dedicated Xilinx serial
PROM. A few of the functions performed by the FPGA are: bandwidth control,
ADC-DAC control, RF transmission control and LED control.

3.4 Radio Frequency Card

The purpose of the radio frequency card is to downconvert RF signals to baseband
(the receivers) and to upconvert baseband signals to RF (the transmitter). The radio
frequency card is made up of one direct conversion quadrature modulation
transmitter and three superheterodyne receivers.

3.4.1 Transmitter

Figure 3.6    RF transmitter

The transmitter (Figure 3.6) is a direct conversion quadrature mixer. It consist of a
quadrature modulation, that modulates RF carrier frequency with the IQ-signals,
followed by an amplification stage and a harmonics filter. The amplification stage,
with a power amplifier as the main component, should be able to deliver 12.5W of
output power at the antenna and to transmit in a large number of frequency bands
between 155MHz and 163MHz. The output power of the transmitter is also estimated
and fed back to the system. Furthermore, the transmitter and the receivers are
connected to the same antenna through a RF-switch.
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3.4.2 Receivers

Figure 3.7    RF receivers

The three receivers (Figure 3.7) are superheterodyne receivers. Common for all the
receivers is the first bandpass filter (which selects the AIS frequency band of
155-163MHz), the low-noise amplifier and a harmonic rejection bandpass filter.
After this stage there are three similar subsystems; two for AIS channels or regional
channels and one for the DSC channel. Each subsystem consists of a tuneable
channel filter (that is able to select a range of frequencies), IF-mixer, IF-amplifier,
bandwidth bandpass filter (12.5 kHz or 25 kHz for AIS channels and 25 kHz for
DSC channel), automatic gain control (AGC) amplifier and IQ-demodulator. Each
IQ-demodulator consists of a complete IF-subsystem (AD6459) that includes
IF-mixer, IF-amplifier, AGC amplifier and IQ-demodulator. The outputs from the
RF-receivers, which are passed to the ADCs on the baseband card, are baseband
IQ-signals.
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Chapter 4

System-On-Chip

4.1 Introduction

System-on-chip (SoC) is the ability of packing all necessary electronic circuits and
parts of a system on a single integrated circuit. Some reservations have to be made, a
system-on-chip in this report does not necessarily mean that everything is integrated
on a single chip; a certain amount of external logic is usually required.

Today advanced application-specific integrated circuits (ASICs) and FPGA
technologies allow for integration of complex systems on a single chip [29] featuring
embedded standard processor devices, dedicated processing blocks, interfaces to
various peripherals, on-chip bus structures and perhaps even analog blocks in a
mixed-signal device. Moving away from the use of traditional components towards
SoC technology will help satisfying the increasing demands for high processing
performance while reducing physical size, power consumption and cost.

With increasing complexity, the design methodology has changed from being gate-
level oriented to the integration of complex building blocks, intellectual property (IP)
cores. IP-cores give the possibility of reuse but it also requires systems for
connecting the cores to each other and with this traditionally considered system-
design tasks, such as interface specification and bus throughput assessment, become
a part of the chip design. To aid the designer in these tasks a large set of developing
tools are required.

This chapter will introduce the SoC technologies available today and tools needed to
be successful in a SoC design (IP-cores, on-chip bus structures and development
tools).
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4.2 Available Technologies

The traditional way to develop an ASIC for a SoC solution is becoming outdated [2].
Development time for an ASIC is long and since the gate counts of integrated
circuits are rapidly growing the time and cost of developing an ASIC is drastically
increasing. This makes ASIC-based SoC profitable only to use for high-volume
products. To help these problems and achieve highly integrated products with short
development time there are a number of modern SoC technologies available. These
technologies include field-programmable gate arrays (FPGAs), gate array ASICs and
application-specific standard products.

4.2.1 FPGA

One alternative to ASICs that is good for low-, to medium-volume products is
programmable logic devices (PLDs), including FPGAs. This technology gives
flexible designs with relatively short design time and at the same time maintain some
of the good properties of ASICs, such as relatively high performance and low power
consumption. However, the same level of integration cannot be achieved with an
FPGA as with an ASIC.

An FPGA is usually built up of a large number of logic cells, each one consisting of
a look-up-table and some routing logic, which are able to perform simple gate
operations. These logic cells can be combined to produce more complex instructions,
e.g. arithmetic operations or filters. One trend [5] is that FPGA vendors add ASIC
multipliers or even complete processor blocks to their FPGA designs in order to
achieve better performance and a higher level of integration. In this way they can
compete with ASIC vendors for really high performance applications.

The biggest problem with advanced FPGAs is the high prices on the individual
devices but if the market continues to grow as it has done the last couple of years
FPGAs could become very competitive for SoC solutions. There exist a large number
of competing FPGA vendors, e.g. Xilinx and Altera, that all provide a wide range of
predefined IP-cores.

4.2.2 Gate Array ASIC

Gate array ASICs is a way to make large ASIC designs more viable and competitive
to FPGAs. They feature high-density, high-performance benefits of ASICs as well as
relatively fast time-to-market and good customisation possibilities of FPGAs. Gate
array ASICs are designed by connecting well-tested IP-cores and customisable logic.
These cores are implemented in the lower physical layers of the chip-process and
then connected with high-level metal layers. One problem with this is that the
designer could get restricted to one or a few vendors that supply the IP-cores.

These gate array ASICs gives very predictable design schedules for high-
performance chips, although the flexibility is obviously not as high as with FPGAs,
as the ASIC layout cannot be re-routed after implementation. To acknowledge the
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strengths of FPGAs and compete for the common market ASIC vendors are
beginning to add programmable logic partitions [5] to their ASIC designs, just as
FPGA vendors are adding ASIC blocks to their designs.

Gate Array vendors include e.g. IBM and LSI Logic, which both provide a large
number of IP-cores.

4.2.3 ASSP

An application-specific standard product [x40] is an integrated circuit that is
dedicated to a specific application market and sold to more than one user. Compared
to general-purpose products ASSPs are marketed to a smaller number of customers
as it is for a specific applications. Like an ASIC, the ASSP is for a specific
application, but it is sold to any number of companies while an ASIC is designed and
built for one specific company.

An application-specific standard product (ASSP) might be a suitable alternative for
highly integrated circuits. For medium or low volumes ASSPs will be more
economical than custom chips. On the other hand, they will provide only limited
flexibility and the chance of finding an ASSP that suits the purpose of ones needs
could be difficult.

Modern ASSPs are becoming more and more integrated and are targeting more and
more complex design. A complex ASSP can include e.g. an embedded processor, a
bus-structure and a large number of peripherals. Some modern ASSP even include a
programmable area for user-defined logic.

4.2.4 Summary of Technologies

Best Worst
Time to market ASSP FPGA ASIC
Performance ASIC ASSP FPGA
Integration level ASIC ASSP FPGA
Power
consumption

ASIC ASSP FPGA

Flexibility FPGA ASIC ASSP
Table 4.1    Technology comparison

When choosing technology for a SoC it is important to take a number of parameters
into account, e.g.: time-to-market; product volume; performance requirements;
integration level and power consumption. Some of these characteristics are
summarised in Table 4.1.
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4.3 Intellectual Property Cores

Figure 4.1    IP-cores

Today designers have to rely on pre-existing building blocks, intellectual property
(IP) cores, which ideally have already verified functionality. IP-cores (Figure 4.1) are
an increasingly important part of modern system-on-chip designs since they allow
reuse, which can shorten the time-to-market and lower the design costs. There exist
IP-cores for a wide range of applications; these can be anything from
microprocessors to common peripherals. IP-cores can be hard, firm or soft and the
different types are suitable for implementation in different technologies.

But there are also problems with IP-cores; different cores from various origins imply
different coding styles, documentation and verification levels. Their interoperability
and compliance to the overall SoC specification ultimately has to be verified on chip-
level. Besides this, core-based design is also a challenge on the legal side. When it
comes to the integration of IP-cores from various origins that are bound to different
licensing conditions, prices and non-disclosure agreements. To solve this problem
there is an initiative that works for development of open cores.

4.3.1 Hard Cores, Firm Cores and Soft Cores

Hard cores are physical manifestations of the IP design, with predefined placement
data. These are best for plug-and-play applications and for ASIC designs. Hard cores
are often efficient when it comes to power consumption, performance and area; the
problem is that they are less portable and flexible than the other two types of cores.

Like the hard cores; firm (sometimes called semi-hard) cores also carry placement
data but are configurable for various applications. Firm cores are mainly used in
ASIC design.

The most flexible of the three cores are the soft cores. These exist either as a netlist
(a list of the logic-gates and associated interconnections) or as hardware description
language code such as (VHDL or Verilog). Soft cores are common in FPGA design,
where special synthesis tools handle placement, but they could also be used in ASIC
designs.
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4.3.2 Open Cores

Currently most IP-cores available for integration are proprietary and must be
purchased from established vendors, often at high prices. These costs can be difficult
to motivate, especially if the product is designed for a small series and there is a
limited funding. Other problems with these cores are that they often lack adequate
documentation and can be difficult to integrate because of incompatible design and
test tools.

To solve these problems the non-profit organisation OpenCores [26] is to design and
publish cores under a license based on the General Public License (GPL) for
software. This implies freely available, freely usable and re-usable open source
hardware. The benefit of this is that; there could be a large user base, the core source
is available to the developer, there is no charge of using the core and that eventually
cores can be more standard compliant than proprietary cores.

Currently there exist a number of working IP-cores on the OpenCores website [26],
these span from processor cores to UARTs and memories. These cores are available
as process-independent VHDL- or Verilog code and can be used for both FPGA and
ASIC implementations.

Even though there are a few companies already using OpenCores today the range and
quality of the cores today is limited compared to that of commercial cores. In the
future, however, it is likely (according to OpenCores themselves) that open cores
will be one of the most important sources of reusable cores, just like the open-source
community is when it comes to source code.

4.4 On-Chip Bus Structures

Figure 4.2    System-on-chip platform with on-chip bus structure

For a seamless integration of IP-cores on a system-on-chip it is important to use an
interconnect standard and a well-defined bus structure. The bus structure can be seen
as the glue that keeps the IP-cores together. A general SoC platform (see Figure 4.2)
often consists of a bus structure together with processor and peripherals cores. A lot
of effort should be put in designing the hardware platform, as a well-designed
platform could allow for a highly programmable chip and a flexible design.
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When it comes to bus structures there are three commonly used standards [12]: IBM
CoreConnect, ARM AMBA and Wishbone. All of these serve the purpose of easing
the integration and reuse of IP-cores. They all provide basic handshaking
functionality and variable bus sizes.

IBM CoreConnect [9] supports two types of busses: one high-performance processor
local bus (PLB) and one low-performance on-chip peripheral bus (OPB).
CoreConnect is a complete bus structure solution but it might be overkill for simple
applications. The bus structure is free without royalty but licensing is required. ÍBM
CoreConnect is e.g. used in IBM’s ASIC solutions and in Xilinx’s FPGA solutions.

ARM AMBA is very similar to CoreConnect and includes specifications for one
high-performance bus and one peripheral bus. AMBA is common in a number of
ASIC solutions, e.g. from LSIlogic, and in Alteras FPGA solutions.

Wishbone is a bus structure that has been released to the public domain and is
maintained by OpenCores. It supports only one bus architecture for all applications,
which in turn makes it easy to use. Should two buses be desired, e.g. one for high-
speed and one for peripherals, two wishbone interfaces could be used. Wishbone is
intended for use in open cores and is not very common in commercial solutions.

The choice of which bus to use very much depends on which technology and which
IP-cores that is to be used. If one is to use Xilinx’s FPGA products then IBM
CoreConnect seems like the best choice since many of its existing cores already have
support for that bus structure. If required, however, bridges could be used to combine
different bus structures, e.g. AMBA and CoreConnect. AMBA seems to be a bus
structure that is widely accepted.

When deciding on a bus structure it is also important to consider the bus throughput
and try to optimise the performance of the bus by selecting which peripherals that
should be connected to which bus, e.g. microprocessor and SDRAM controller on a
high-performance bus and UARTs on a peripheral bus.
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4.5 Development Tools

Figure 4.3    Example of a development tool flow for a FPGA system-on-chip

The development of a SoC requires a large set of development tools for both
hardware and software and for their combined verification. A good development
environment [1] consist of a single integrated system for logic simulation and system
emulation along with the concurrent debugging capabilities of both hardware and
software. This provides the best platform to get the project done in the shortest
amount of time. Ability to transition between hardware and software models is
important to provide flexibility and control over the entire verification process.

Figure 4.3 shows an example development flow of a FPGA system-on-chip (see also
Xilinx Virtex-II Pro development flow [34]); it differs from the development flow of
an ASIC in the way that hardware and software can be developed somewhat more in
parallel, while in the ASIC case the possibility of combining hardware and software
basically only exist in the end of the development process. In the rest of this chapter
focus will lie on the FPGA development tool flow, however much of this can also be
applied to the ASIC case.

One of the first things the designer should look at is the hardware platform. This
implies selecting a suitable device for implementation and to analyze which bus
structure, IP-cores and custom logic that will be required. This platform will then be
used as a starting-point for software and hardware implementation. FPGA vendors
provide special tools for platform generation, e.g. Xilinx Platform Studio [36] and
Altera SOPC Builder [13].  The designer should also investigate if there exist
development boards that could be used for testing purposes of the desired platform.
FPGA development boards often have different features when it comes to off-chip
memory, UARTs and data converters.
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On the hardware side a large number of tools are required, e.g. for hardware
generation, logic simulation, synthesis (generates a logical or physical representation
of the HDL code) and implementation (place and route).

For hardware generation FPGA vendors provide good high-level development tools,
one of them is System generator for DSP [28] from Xilinx. System generator for
DSP extends Simulink (from The MathWorks, Inc.) to support bit and cycle accurate
system level simulation, and automatic HDL code generation for Xilinx FPGAs.
System generator for DSP presents a high level and abstract view of the design, but
also exposes key features in the underlying silicon, making it possible to build high-
performance FPGA implementations. The System Generator libraries include math
and DSP functions, basic building blocks, high-level communication functions,
memories, microprocessors and other functions for constructing sophisticated high-
performance systems.

FPGA vendors provide a large set of tools for more or less automatic generation of
the remaining steps (after HDL code) of the hardware design flow. There also
usually exist a number of third party tools.

When it comes to the software another set of tools are required, e.g. methods to
abstract the hardware, hardware diagnostic test suite, real-time operating system
(RTOS), RTOS hardware device drivers and application software. Compilers are
required that can target the embedded processors of the hardware platform.

After completed hardware and software generation the system has to be tested. If the
development tools support co-verification the hardware and software can be verified
even before implemented in the prototype. To be able to debug the hardware logic of
the prototype, FPGA vendors provide embedded logic analyzers that are able to
communicate with internal nodes of the FPGA and query them for information.

In the future it is probable that design tools will work at even higher design
abstraction level for system design. One example of a system-level description
language is SystemC [8] which purpose is to allow design exploration and to allow
mapping to candidate architectures to proceed more effectively. Automatic synthesis
from these levels is however premature and much focus lies today on hardware
description language synthesis and verification.
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Chapter 5

Integrating the Transponder

5.1 Motivation

The existing AIS transponder hardware is made up of three printed board assemblies:
CP card, baseband card and radio frequency card. Each of these cards holds a
significant amount of discrete components (more than 2000) ranging from processors
to peripherals and passives

The reason for looking on a system-on-chip solution is mainly to increase the level of
integration of the transponder; a decrease in the number of components and the
number of cards could reduce component and assembling costs. The gain of
removing components could be even greater as it results in leverage effect where
even more external components, e.g. passives, could be removed. More than 80% of
the components in the transponder are passives such as pull-up/pull-down resistors
and capacitors. Removing a large number of components at the same time increases
the reliability of the system.

5.2 Integration Overview

When deciding on which parts that should be integrated many aspects of the design
has to be considered. Parameters that influence the decision are: new components
cost compared to original component, flexibility, size, power consumption, future
price development of components and if there exist successful designs in the same
area of application. This chapter discuss on the integration possibilities of the various
parts of the AIS transponder.

The lower levels of the transponder consist of two important parts: the RF and the
baseband modulation/demodulation. The modulation/demodulation is presumed to be
best performed using digital signal processing, which gives a natural division
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between the RF part (analog) and the rest of the transponder (the baseband and CP
parts). The baseband and CP parts will hereby be referred to as the digital part.
System-on-chip development for the analog part involves a form of more classical
ASIC or discrete component design where bus-structures and IP-cores (chapters 4.3-
4.5) are not very applicable; while in the digital part this form of development is
attractive.

For more complex systems, as with the AIS transponder, the best choice is probably
to separate the analog and the digital parts [11]. This allows for the use of different
technologies in the two parts, e.g. the RF could be implemented in BiCMOS or
CMOS using ASICs or discrete components while the digital part could use another
CMOS technology ASIC with finer geometries or a FPGA. If the digital part can use
finer geometries than the analog part the power consumption and used chip-area of
the complete designed could be decreased.

To design a new highly integrated transponder two cases could be considered; either
just the digital part is integrated, creating a digital card (that replaces the baseband
and CP cards) together with the existing RF card; or both digital part and the RF part
can be integrated on the same card.

The following chapters will discuss the possibility of integrating the various parts of
the transponder. The transponder will be divided into three parts: digital part,
external components (components from the baseband and CP cards that are difficult
to integrate) and RF part.

5.3 Digital Part

The digital part of the transponder could consist of a number of functions previously
found on the CP and baseband cards. This part could be implemented in a FPGA
(chapter 7) or in an ASIC or ASSP (chapter 8). Suitable components to include in a
one-chip solution are processor, timing, old FPGA functions, UARTs and DSP
functionality.

5.3.1 PowerPC

The possibility of implementing the upper levels of the protocol stack in some other
form than that of a microprocessor can be completely ruled out. The problem is how
the processor should be integrated with the rest of the design. Some flexibility exists
in the choice of integrated processor, e.g. PowerPC, ARM or MIPS processors.

To embed a processor on a chip can be difficult but there do exist a number of
options on how to do this. With FPGAs there exist two possibilities: either a soft
processor core could be implemented on the programmable surface or an FPGA with
hard processor core such as Xilinx Virtex-II Pro [36] or Altera Excalibur [13] could
be used. The ability to embed one or many processors on a single chip proves on
some very interesting design possibilities. In gate array ASICs it is common that hard
processor cores are available for integration and in the case of ASSPs, there exist a
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number of interesting products with integrated SoC platforms (including processor,
bus and peripherals).

The difference between an integrated PowerPC processor core and the PowerPC
processor (405CP) chip used in the AIS transponder is that the 405CP includes a
number of busses and peripherals while this has to be added to the integrated
processor core to achieve the same function.

The existing hardware platform with the baseband and CP of transponder is based
around the PowerPC, its CoreConnect busses and its peripherals. A system-on-chip
platform could be very similar to the original structure.

5.3.2 Timing

The timing circuitry on the CP card requires some custom logic, which is easily fitted
into a SoC FPGA. In an ASIC design, however, it will require either a certain
amount of custom “hard” logic or a programmable area for implementation. In an
ASSP device it is even more difficult if the device does not have an amount of
programmable logic.

5.3.3 FPGA and Glue Logic

A lot of the required glue logic will be removed as a result of integration, as the
decrease of discrete components removes the need for e.g. voltage regulators. If an
implementation is made in an FPGA then the functionality of the previous FPGA
functions (e.g. LED-control and RF control-signals) can be easily transferred. In an
ASIC implementation it would require either some custom “hard” logic or an area of
programmable logic. Just as with timing (in the previous chapter) an ASSPs
implementation can be hard to achieve.

5.3.4 UARTs

The UARTs found on the CP card that connect to the RS422s, are common IP-cores.
These IP-cores can be hard or soft and can be integrated in an ASIC or a FPGA
without to much effort. In SoC platform ASSPs it is common that one or perhaps two
UARTs are available.

5.3.5 DSP Functionality

One of the biggest problems when integrating the transponder is the DSP
functionality found on the baseband card, due to the fact that it requires four parallel
processing units. This amount of high-performance processing is seldom available in
ASSPs, which usually only have a processor and perhaps a small amount of
configurable logic for computations. Relevant SoC alternatives [6] include either
replacing the DSP-processors with an ASIC DSP, FPGA-based DSP or with on-chip
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DSP-processor cores. These alternatives are suitable for different technologies. For
simple connection to the on-chip bus structure some interfacing logic might have to
be added to the DSP implementation.

5.3.5.1 ASIC DSP and FPGA-Based DSP

An ASIC implementation of the DSP can be achieved using arithmetic logic blocks
and state machines. However, this gives a very inflexible design that requires a lot of
design effort. Using pre-designed IP (such as multipliers, filters and registers) can
decrease the design effort but the problem of inflexibility and integrating the ASIC
with the rest of the design remains. The ASIC solution is therefore only attractive
when the volume is high enough to justify the nonrecurring-engineering cost or when
performance is of extreme importance.

A more flexible alternative is an FPGA-based DSP for implementation in an FPGA.
This corresponds to the ASIC implementation except the processing blocks are
implemented on a programmable surface. An FPGA-based DSP implementation is
not quite as low power, fast or dense as a custom ASIC but it is superior in flexibility
and in development time. Many of the new chips from FPGA manufacturers even
have special support for high-performance digital signal processing, such as
embedded dedicated multipliers.

The design of digital signal processing for an FPGA is similar to that of creating
hard-wired ASICs, so if the designer is used to creating ASICs it should not a big
problem to implement low power and high performance DSP logic in a FPGA. If the
designer, on the other hand, comes from a software background and is used to
developing software for DSP-processors the DSP algorithm has to be mapped into
hardware, which can be a time-consuming task. FPGA vendors tackle this by
offering high-level DSP design tools to make the entry into FPGA-based signal
processing easier.

FPGA-based DSP has a number of advantages compared to using DSP-processor. It
does not require any, or just a small amount of memory, while a DSP-processor
could require a large amount of program memory. Also the ASIC-based DSP
implementation allows for easy communication between the DSP blocks and the
processor, instead of complex procedures with inter-processor communications, as is
the case with DSP-processors. It also gives a simpler booting procedure, without the
need for master or slave DSP-processors, since each receiver can be targeted
individually and less DSP configuration is needed.

5.3.5.2 DSP-Processor Cores

If the process of converting a software implementation of the DSP into hardware
should be considered to time-consuming or if the final design becomes to area
consuming or inflexible, then DSP-processor cores or general-purpose processor
with extended DSP functionality cores could be used. These processor cores could be
hard cores implemented in ASIC technology or soft cores implemented on the
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programmable surface of an FPGA giving a solution that is closer to that of the
original baseband solution.
A range of DSP-processor cores are available both for ASIC and FPGA
implementations; usually these are cores that are instruction set compatible with
common standard DSP products.

When it comes to ASICs using hard DSP-processor cores is superior because of the
serious lack of flexibility in a typical ASIC implementation. But when considering
FPGAs the gain of programmability in a soft DSP-processor core is not as great and
at the same time a large amount of memory and high clock frequencies could be
required to be able to support advanced DSP functions. To some extent it might be
possible to use embedded memory for software.

One advantage with DSP-processor cores is that it is easy to switch between different
modulations/demodulations; it is just a matter of changing the software. Another
advantage is that DSP-processors could consume less area in the FPGA than a
complex FPGA-based DSP, but this very much depends on the modulation and in
some cases the FPGA-based DSP could be much more area efficient than a general
DSP-processor. Also using a standard DSP-processor core could make it easy to
transition to an ASIC after FPGA prototyping, since the same DSP-processor could
be used in both implementations, without the loss of programmability.

An alternative, especially in the FPGA case, is to use a standard general-purpose
processor core extended by high-performance DSP-blocks (e.g. filter calculations).
This way a custom DSP-processor supporting high-performance DSP functions could
be achieved.

5.4 External Components

A large number of components on the baseband and CP cards of the original
transponder cannot be integrated, or are very difficult to integrate. These components
include: memories, GPS, RS422, data converters and PSU.

5.4.1 Memories

The memory components associated with the AIS transponder is a problem when it
comes to integration. The FLASH memories and the IIC PROM are difficult to
integrate and the program memory, the SDRAM, is difficult to integrate but in some
ASIC solutions a certain amount of RAM can be integrated on the chip. In ASSP and
FPGA solution there is usually the possibility of embedding a small amount of
memory (usually less than 100 kb) and these memories could be used for e.g. the
program memory of integrated DSP-processors.
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5.4.2 GPS

The GPS module is already a highly integrated product and difficult to integrate with
the rest of the design and will function best as a stand-alone component. The GPS
currently use two UARTs to communicate with the PowerPC; these UARTs can
easily be integrated in an ASIC or FPGA solution.

5.4.3 RS422

The RS422s requires optical isolation for high sensitivity, which makes them
extremely difficult to integrate.

5.4.4 Data Converters

Data converters are tough to integrate but to some extent they can be integrated in
some ASIC solutions. The possibility of this has not been investigated further in this
report.

5.4.5  Power Supply Unit

A PSU is difficult to integrate but increasing the rest of the transponder could result
in a simplified PSU. Higher integration leads to lower power consumption, which in
turn relaxes the requirements on the PSU. The most power consuming part of the
design is however the power amplifier of the RF transmitter, which should be able to
deliver 12.5W to the antenna; in an integrated version the PSU this problem still
remain. In Class B transponders (see chapter 2.3) the requirements on transmission
power might be relaxed, in this case it might be possible to use a smaller PSU.

5.5 Radio Frequency Components

The RF card and its components is one of the biggest challenges when moving the
AIS transponder to a SoC, much because of the large amount of passive filters and
analog components that are tough to integrate. The RF card has about 1200
components where over 1000 are passives, so relaxing filters and integrating the
components could have a large effect on the overall number of components and the
overall cost. The technologies that are relevant for RF replacements are ASICs,
ASSPs and using discrete components.

Different RF architectures could place the ADCs and DAC at different places in the
downconversion chain (not necessarily at baseband frequency); this fact implies less
functionality in the RF and more in the digital parts. It is important to early decide
which architectures that should be used so that the interface between RF and digital
parts is well defined and so the digital part can support the functions that are moved
from RF into the digital part.
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The RF card could be divided into three parts: transmitter, power amplifier and
receivers. The following chapters will give an introduction to problems concerning
these parts.

5.5.1 Transmitter

For radio transmitters high integration is somewhat easier to achieve than with
receivers and the direct conversion quadrature transmitter used is a simple
architecture with a high level of integration. Further integration is probably not
necessary and would most certainly imply custom ASIC development, which is not
desired.

5.5.2 Power Amplifier

The power amplifier is difficult to integrate because it has to be able to deliver a
substantial amount of power to the antenna, thus giving high leakage to the
transmitter unless they are well separated.

5.5.3 Receivers

Deciding on which RF receiver architecture to use is a complex task, they all have
their advantages and disadvantages. The main problem is to fulfil all the performance
requirements on the receiver (e.g. noise and linearity) and still achieve a high level of
integration. Superheterodyne is the receiver type used today, but there exist
alternatives that all have better integration possibilities, e.g. low-IF receivers, zero-IF
receivers and subsampling receivers (chapter 8 is dedicated to bringing some light on
different receiver architectures).

5.6 Proposed Transponder Architecture

Figure 5.1    Proposed architecture for an integrated AIS transponder
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As mentioned in the previous chapters the transponder functionality could be
implemented in three parts: RF, digital (baseband and CP) and external components
that are not possible to integrate further.

Figure 5.1 shows a system view of a proposed implementation of the transponder.
The timing and custom logic includes the blocks previously found on the FPGA on
the baseband card and the timing PLD on the CP card. This might not seem like a
highly integrated solution but one has to keep in mind that having highly integrated
RF and digital part components could drastically decrease the amount of required
external components.

The following chapters will discuss implementations and proposed architectures for
the digital, baseband and CP, part (FPGA implementations in chapter 6 and ASIC
and ASSP implementations in chapter 7) and the RF receivers (chapter 8).
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Chapter 6

FPGA Digital Part Implementations

6.1 Introduction

Xilinx products have been chosen for this report although the other big FPGA
vendors, such as Altera, have similar technologies available and equally well could
be used for a realisation. When it comes to advanced products with embedded
processors, which are the main focus of this chapter, there are small differences
between the products from different vendors. Xilinx use IBM CoreConnect bus
structure while Altera uses the ARM AMBA bus structure and Xilinx has an
embedded PowerPC while Alteras product has an ARM processor. Another
important difference between vendors is the set of available development tools for
the various products, this fact should be considered further before making a final
decision on which devices to use.

A FPGA SoC replacement for the digital, i.e. baseband and CP, part of the
transponder is a good alternative when it comes to development time, non-recurring
engineering costs, integration and also performance. The biggest problem is probably
the cost of individual FPGA devices. This chapter will introduce Xilinx Virtex-II Pro
FPGAs [30] and show how the baseband and communication processor functionality
could be integrated in such a device. Since the amount of programmable logic
required for such an implementation is an important parameter (that has a high
impact on device size and therefore also the device cost) an estimation of
programmable logic usage will be made. To be able to estimate the logic usage of the
DSP functionality an FPGA-based DSP implementation has been made. The chapter
also gives a discussion on the suitability of FPGA SoC platforms for replacing the
digital part of the AIS transponder.
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6.2 Xilinx Virtex-II Pro FPGAs

In this chapter the Xilinx Virtex-II Pro devices are introduced. An overview is given
and then the applications and pricing of the devices is discussed.

6.2.1 Overview

Xilinx is one of the world’s biggest suppliers of programmable logic and have two
main series of FPGAs, Virtex and Spartan. Virtex is designed for high-performance
and high-density applications while Spartan on the other hand is designed for low
cost consumer applications.

The most interesting FPGA for the purpose of transferring the digital part of the AIS
transponder to a SoC is the Virtex-II Pro [30], which was introduced in 2002. A
Spartan device could also be used but then a soft processor core has to be used in
place of the hard PowerPC of the Virtex-II Pro, which would consume a large
amount of the programmable area and at the same time decrease the cost-efficiency
of the Spartan device.

The Virtex-II Pro FPGA in many aspects seems like the ideal choice for a SoC
version of the digital part of the transponder. It features up to four PowerPCs,
implemented as hard cores, and operating at 300+ MHz. This simplifies things a
great deal since most of the program code of the original design could be reused
(same target processor core) without too much effort. The Virtex-II Pro FPGA also
has support for digital signal processing including a large number of dedicated, hard
core, 18x18 multipliers and embedded block RAM. It also includes a large amount of
programmable logic, which is necessary if a large part of the transponder hardware is
to be implemented in the FPGA.

Another attractive feature of the Virtex-II Pro is the XCITE digitally controlled
impedance that provides controlled impedance drivers and on-chip termination. This
eliminates the need for external resistors by adjusting the I/O impedance to match
two external reference resistors. Also available is a digital clock manager that
support clock multiplication/division and distribution delay compensation.

Device PowerPC
blocks

Slices Dedicated
multipliers

Max Block
RAM (kb)

User I/O
Pads

XC2VP4 1 3,008 28 504 348
XC2VP7 1 4,928 44 792 396
XC2VP20 2 9,280 88 1,584 564
XC2VP30 2 13,696 136 2,448 644
XC2VP40 2 19,392 192 3,456 804
XC2VP50 2 23,616 232 4,176 852
XC2VP70 2 33,088 328 5,904 996
XC2VP100 2 44,096 444 7,992 1,164
XC2VP125 4 55,616 556 10,008 1,200

Table 6.1    Virtex-II Pro devices
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There is a number of different ways to measure the amount of programmable logic
used by a special core and this can sometimes be very confusing. Usually the size of
a programmable logic device is measured in the number of gate equivalents, however
this measurement could be misleading since a large amount of gates become
unusable during routing, and another measurement called slices is used to represent
the size of the Xilinx FPGAs. The number of slices in a Virtex-II Pro device range
from 1,408 to 55,616 and the amount of programmable logic in the largest Virtex-II
corresponds to approximately 10 million gate equivalents. Table 6.1 shows the
Virtex-II Pro family members and their characteristics.

6.2.2 Applications and Core Availability

Today different companies have used the Xilinx FPGAs in a large number of
successful implementations resulting in a wide range of applications. However, most
of the designs target simple physical layer circuits and generally small designs [33],
e.g. packet-processing circuitry, gigabit optical interfaces, single ASIC-chip
replacements and other small high-speed designs. Complete protocol stack (from
physical layer up to application layer) implementations are still very uncommon,
even though it seems possible and likely that these products will increase in the
future.

On the Xilinx website [35] and on third-party websites there are many interesting
soft cores intended for use in the Virtex-II Pro FPGA. These range from
microprocessor cores (e.g. Xilinx PicoBlaze and Xilinx MicroBlaze) to processor
peripherals (e.g. UARTs and memory controllers) and bus structures. Many cores,
such as microprocessor cores and peripherals, have support for the IBM
CoreConnect bus structure, which simplifies integration of these cores together with
the “hard” PowerPC core.

6.2.3 Device Pricing

One of the biggest downsides of the Virtex-II Pro is that devices with a large amount
of programmable area are quite expensive. According to Xilinx [31] the XC2VP4
will be available for less than $30 at the end of 2004 (volume pricing of 100,000
units) and XC2VP20 for less than $100 at the end of 2004 (volume pricing of 50,000
units).

According to [32] the FPGA producers have been able to drop their prices at an
annual rate of 30%, especially for the first few years after a family’s introduction. It
does not seem impossible that prices could drop even faster [32] (it could be as much
as a 50% drop annually or more) much because of the fact that FPGA vendors put a
large effort into adopting new technologies and because production volumes
continue to increase.

Another initiative that tries to make the Xilinx FPGA alternative more affordable is
called EasyPath. EasyPath is a procedure where unused gates of the most expensive
Xilinx Virtex-II Pro FPGAs are removed (a form of FPGA to ASIC conversion).
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With this it should, according to Xilinx, be possible to achieve a cost reduction of 30-
80% at the expense of loss of programmability and a one-time conversion cost.

This information makes the FPGA alternative promising even though the price of
large devices is currently very high.

6.3 Virtex-II Pro Implementation

 

Figure 6.1    Virtex-II Pro system-on-chip platform and external components
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core (not a complete system with a number of internal peripherals like with the
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UART and IIC) is required. Some of these controllers and interfaces have been left
out for simplicity.

The presented architecture is a flexible design that allows for additional processing,
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PowerPC).
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The remaining components are easier to integrate. The PowerPC is already integrated
on the chip; timing consists of some simple logic, which can easily be implemented
(one problem is that it requires a CoreConnect interface); and there exist UARTs and
memory controllers with IBM CoreConnect interfaces that could be implemented on
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the chip. The four DSP-processors could be replaced either with soft DSP-processor
cores or as an FPGA-based DSP (see chapter 5.3.5.1).

To determine one of the most important properties of the FPGA, the amount of
required configurable logic, an implementation of the DSP functionality (GMSK
modulation and GMSK demodulation, see chapter 3.3.1) has been made and typical
logic usage of common peripherals have been investigated.

6.3.1 DSP Implementation

For this implementation System generator for DSP has been used to produce FPGA-
based DSP, mainly because of the fact that the environment in Simulink (Matlab) is a
good tool for rapid prototyping and logic estimations but also because the FPGA-
based DSP does not require an embedded software development environment. An
FPGA-based implementation could also give an indication on how difficult it would
be to transform a software, DSP-processor, solution into a hardware, FPGA-based,
DSP flow.

The FPGA-based DSP implementation follows the signal processing flow in chapter
3.3.1 and basically performs the same functions (except for some functionality that
have intentionally been left out) as the software in DSP-processors does today. The
following chapters describes some implementation details on the GMSK modulator
and demodulator FPGA-based DSP.

6.3.1.1 GMSK Modulator Implementation

Figure 6.2    FPGA-based implementation of GMSK modulator

The System generator for DSP implementation of the GMSK modulator (Figure 6.2)
basically follows the modulation scheme presented in chapter 3.3.1.1.

The gaussian filters are FIR-filters implemented using multiply-and-accumulate
units. The FIR-filter has 37 taps (filter coefficients), implying that 37 multiplications
should be carried out per sample. This filter structure is quite low performance (in
the 37 tap case it is clocked at 37 times the sample frequency) but it uses a small
amount of configurable logic (tap-memory, multiplier, adder and register). Two
multiply-and-accumulate units are used, one for 25 kHz channel filters and one for
12.5 kHz channel filters.
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The two look-up tables have 8-bit addresses (256 values) and contain sine and cosine
representations. These tables are used to generate IQ-signals from the accumulated
phase.

Component Estimated
slices

Dedicated
multipliers

NRZI-encode 27 0
Gaussian Filters (2x37 tap MAC) 407 2
Phase accumulator 46 0
Look-up tables 0 0
Total Modulator 480 2

Table 6.2    Logic usage of GMSK modulator

Besides this functionality some additional functionality is required, e.g.: buffering,
bit-stuffing, control-logic and bus structure interfacing logic. From the results in
Table 6.2 and the lack of a certain amount of functionality it is assumed that a
GMSK modulator could be implemented in a Virtex-II Pro device using
approximately 750 slices and two dedicated multipliers.

6.3.1.2 GMSK Demodulator Implementation

Figure 6.3    FPGA-based implementation of GMSK demodulator

The GMSK demodulator (Figure 6.3) is a System generator for DSP implementation
of the demodulation scheme presented in chapter 3.3.1.2.

The IQ filters are 38 tap FIR-filters implemented by as multiply-and-accumulate
units (see previous chapter). Two filters are required for 25 kHz channel IQ-signals
and two for 12.5 kHz channel IQ-signals, giving a total of four filters.

A CORDIC (Coordinate rotation digital computer) algorithm is used for the arctan
function. The algorithm is an iterative approach to finding an approximation of a
geometric function (in this case arctan) and this implementation uses only one
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computation unit. The computation unit does ten sequential iterations during one
sample clock cycle giving a good approximation to the arctan function.

The most area consuming components of the clock recovery unit is a multiply-and-
accumulate FIR-filter and a shift-register. The filter is a compensation for the
gaussian filters in the GMSK modulator and the shift-register is used for detection of
start-sequence (training sequence and start flag).

Component Estimated
slices

Dedicated
multipliers

IQ-Filters (2x2x38 tap MAC) 580 4
Arctan (CORDIC) 313 0
Differentiation 16 0
Integrate and Dump 72 0
Clock recovery 417 0
Decoder 378 1
NRZI Decoder 16 0
Total Demodulator 1792 5

Table 6.3    Logic usage of GMSK demodulator

In the GMSK demodulator implementation there is some functionality missing e.g.:
DC-removal; AGC and signal strength calculations; stop-detection; checksum
calculations; bit-destuffing; additional control logic and bus structure interfacing
logic. In addition to this, the model has to be pipelined to increase the performance.
Together with the results from logic usage estimations (Table 6.3) a total slices usage
of 2000 is assumed as an approximation of the GMSK demodulator. In addition to
the dedicated multipliers in e.g. filters, a few multipliers are needed for signal level
calculations; the demodulator is presumed to require 7 dedicated multipliers.

6.3.1.3 Connecting Custom Peripherals

Figure 6.4    Peripheral with custom data path

A short note is in place on how to extend a custom data path, e.g. the modulator or
demodulator in the previous chapters, into a CoreConnect peripheral. For this a few
extra components are required (Figure 6.4):

• Interface to the CoreConnect Bus signals;
• Address decoding logic;
• A memory mapped register interface to the I/O ports of the data path and
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• Logic to manage bus transaction handshaking.

The bus interface logic is needed to bridge the gap between peripheral I/O ports and
the CoreConnect bus; the address decoding logic determines addresses on the bus
and decides if the address is within the memory space of the peripheral; the memory
mapping logic maps the I/O ports of the data path to specific addresses in the
peripherals memory space and the handshaking logic generates bus transaction
signals.

Using this format for custom peripherals makes them modular and easy to connect to
the on-chip bus. This functionality has not been implemented but for more
information on how to do this see [18].

6.3.2 Peripherals Implementation

Besides the digital signal processing a range of peripherals are required to fully
replace the digital part of the AIS transponder hardware, e.g.: 10 UARTs; Timing
and custom logic; SDRAM memory controller; FLASH memory controller and IIC
controller. Besides the peripherals some components of the IBM CoreConnect bus
structure is also required.

Component Estimated
slices

10 UARTs 550
Timer and custom logic 450
32-bit SDRAM memory controller (PLB) 200
16-bit FLASH memory controller (OPB) 200
IIC controller (OPB) 250
PLB Bus Structure 300
OPB Bus Structure 100
PLB to OPB bridge 400
OPB to PLB bridge 550
Total peripherals and bus structure 3000

Table 6.4    Logic usage of peripherals and bus structure

Table 6.4 shows some estimates of slice usage for required components. The
estimations are made mainly through datasheets for existing core found at [35] and
also by comparison with similar cores. The UARTs used in this case are UART Lite
cores from Xilinx that consume only approximately 55 slices each, there are also
UART cores from e.g. cast-inc [19] that are more general but consume as much as
400 slices each. Whether the UART Lite cores are sufficient for this application is
not included in this report.
It is assumed that the peripherals and bus structure required in the transponder
requires approximately 3000 slices in a Virtex-II Pro, (UART Lite cores are
assumed).

Also, it should be mentioned that there is an uncertainty in these number, due to the
confusion of different concepts describing logic usage in a Xilinx FPGA. A good
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way to get an approximation to the logic usage is to calculate the exact number of
look-up tables and flip-flops used in the design, however this is difficult because this
information is not always present in core data-sheets.

6.3.3 Implementation Summary

Component Estimated
slices

Dedicated
multipliers

Transmitter (GMSK modulation) 750 2
Transmitter (AFSK modulation) 750 2
Receiver (GMSK modulation) x 2 4000 14
Receiver (AFSK modulation) 2000 7
Peripherals 3000 0
Total digital part 10500 25

Table 6.5    Logic usage of FPGA system-on-chip platform

The previous chapters present some estimates on how much programmable logic a
FPGA system-on-chip implementation of the transponder could require. Table 6.5
shows programmable logic usage of the various components and for the total design.
When it comes to the DSP another modulation scheme (AFSK for DSC) is also
required; in Table 6.5 this functionality is assumed to require the same amount of
logic as the GMSK counterpart. This implies that the transmitter requires twice the
amount of logic (GMSK and AFSK modulation) and that the three receivers (two
GMSK and one AFSK) require three times the amount of logic compared to a single
GMSK receiver.

It should also be noted that an FPGA-based DSP implementation is possible to
achieve, without too much effort, with DSP-processor software as a starting point.
This much because of the high-level tools available for FPGA-based DSP.

6.3.4 Alternative Implementations

An alternative to using FPGA-based DSP could be to use soft embedded DSP-
processor cores (see chapter 5.3.5.2) instead. One example of such a soft DSP-
processor core is the C32025 from cast-inc [19]. It can be implemented on a Xilinx
FPGA and it consumes approximately 2000 slices in a Virtex-II device (which is
comparable to a FPGA-based DSP implementation) but it also requires a certain
amount of embedded memory. The C32025 is able to operate at a frequency of more
than 50MHz in a Virtex-II Pro device.

Another alternative is to use a general-purpose process, e.g. a Xilinx MicroBlaze
processor, with an extended data path for DSP functions. A MicroBlaze processor
consumes less than 1000 slices in a Virtex-II Pro device.
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6.4 Discussion and Conclusion

When it comes to replacing the baseband and CP card functionality with an FPGA
there exist many vendors with many different FPGA technologies. The Virtex-II Pro
FPGA from Xilinx has been chosen as the target architecture to introduce a system-
on-chip platform with peripherals that is very similar to that of the original design.
One should have in mind that most applications for these FPGAs are low-level
protocol implementations such as packet-processing circuitry and gigabit interfaces
while complete protocol stacks, for e.g. complete wireless systems are not very
common. Despite this it seems very possible, provided good development tools and a
large FPGA, to fit a design such as the original digital part of the AIS transponder
into a FPGA SoC.

The results from the previous chapter indicate that a XC2VP30 device (with 13,696
slices) could be enough for an implementation. However, when selecting device one
should consider the fact that routing and placement of logic results in a certain
amount of unusable logic and that some extra logic could be required if additional
functionality is added. One should probably go for a larger device in the Virtex-II
Pro family, at least during development. The implementation also shows that FPGA-
based DSP is an alternative to DSP-processor cores.

The requirement on a large FPGA is a serious problem when it comes to device cost.
All measures to reduce the cost have to be taken: optimizing the design with respect
to logic usage to be able to use a smaller device; consider removing unnecessary
logic using EasyPath or waiting for device prices to, hopefully, reduce by time.

Another alternative to reduce device cost could be to perform a FPGA to ASIC
conversion on the completed design (see chapter 7.5).
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Chapter 7

ASIC Digital Part Implementations

7.1 Introduction

ASIC devices are usually much cheaper than their FPGA counterparts. However, the
main drawbacks are the long development times, high non-recurring engineering
costs and less flexibility. Gate arrays try to make ASICs more competitive by
allowing customers to combine complex IP-cores and therefore reduce development
time. The flexibility of a gate array can be high if a well-defined platform is used,
one that is highly programmable and perhaps one that also include a small amount of
programmable logic.

In this chapter IBMs BlueLogic [22] technology will be introduced and used as a
basis for an example ASIC SoC platform. There are many other alterative vendors
that also target advanced system-on-chip architectures and provide similar solutions.
One example is LSILogic [24] that focuses on ARM AMBA bus and ARM
embedded processors instead of the IBM CoreConnect and PowerPCs.

The chapter will also discuss application-specific standard products and FPGA to
ASIC conversions before some conclusions are drawn.

7.2 IBM BlueLogic ASICs

IBM Microelectronics [22] is one of the world’s biggest ASIC vendors with state-of-
the-art semiconductor and interconnect technologies. IBM Microelectronics focuses
on custom ASICs, PowerPC-based standard chip products and high-tech foundry
services. When it comes to ASICs IBM offers a wide-spread set of design services
where the customer can decide on the level of involvement depending on e.g. cost,
resources and time-to-market.
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IBM Blue Logic Cu-08 ASIC is a process technology that can achieve high
performance and a gate density of up to 72 million gates while targeting low-power
applications. To reduce the time-to-market pre-designed cores should be used. IBM
has an extensive portfolio of cores that implement a wide range of standard
functions.

These cores include hard processor cores such as PowerPC, ARM and ZSP400.
ZSP400 is a DSP-processor core that is developed by LSILogic and licensed by
IBM. Other hard cores that are available are processor peripherals (e.g. UARTs and
memory controllers); bus structures (IBM CoreConnect and bridges to other bus
structures); interfaces; and data converters (ADC and DAC). Interesting is also the
possibility of embedding memory which makes it possible to integrate a large
amount of DRAM. Besides this IBM has an agreement with Xilinx that allows them
to use embedded FPGA technology (with up to 400,000 programmable gates) in their
ASICs, which can add some level of hardware flexibility to the ASIC.

7.3 IBM BlueLogic Implementation

Figure 7.1    ASIC system-on-chip platform and external components

An ASIC SoC platform (Figure 7.1), for replacing the baseband and CP cards
functionality, could be very similar to the FPGA implementation in the previous
chapter. Differences could be that the program memory (previously SDRAM) might
be possible to integrate on the chip as embedded DRAM and that the DSP
functionality is difficult to implement as an ASIC DSP. Perhaps also the ADC and
DAC converters could be integrated but the performance of dataconverter cores is
not specified on the IBM website.

The ASIC DSP flow has very low flexibility and it requires much effort to verify it’s
functionality; it could be implemented on an embedded FPGA surface but this
functionality is, as seen in the previous chapter, quite area-consuming even for large
FPGA devices. A better choice is probably to use four embedded DSP-processor
cores with individual memories. An ASIC implementation with ZSP400 DSP-
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processors should be quite capable of performing everything required for GMSK
modulation and demodulation.

The timing and custom logic peripheral is a customized component that requires
either a custom ASIC design or a piece of programmable logic for implementation.

7.4 ASSP Implementations

Another alternative for creating a SoC platform is to use an application-specific
standard procuct (ASSP). These are intended for a certain application and are already
developed and ready for purchase. ASSPs have the same good properties as custom
ASICs including high performance and low power consumption but the big problem,
however, is to find an ASSP that is suitable.

SoC platforms are becoming a more and more popular ASSPs and a number of
vendors, such as NEC [17] and QuickLogic [27] are targeting this market.

NEC SoCSmart is a product under development that is intended for mid-, to high-
performance application and it is based upon an ARM946E processor core. It
features an on-chip memory controller, boot ROM, UART, Timer and embedded
RAM. All of these peripherals are connected to high-performance and low-
performance AMBA busses. Also available is user-defined logic with up to 600
kgates that is connected to both the high performance and the low-performance bus.
NEC also has a SoC platform that is available now, SoCLite, but the performance of
this ASSP is limited to quite low-performance applications.

QuickMIPS is a SoC platform from QuickLogic that is similar to the NEC products.
It features a 32-bit MIPS processor core with memory controllers, two ethernet
controllers, PCI-bus interface, interrupt controller, embedded RAM, two UARTs,
timers and programmable logic. The bus structure used is AMBA.

These platforms, both the ones from QuickLogic and the ones from NEC are very
similar to the example FPGA and ASIC implementations. They could most certainly
be used for a SoC replacement of the original digital design if it were not for the lack
of DSP possibilities and I/O interfaces (e.g. they have just a few UARTs). Basically
these solutions could be used to replace e.g. processor and timing logic, but to
replace all functionality of the digital part it has to be extended by some additional
circuitry for DSP and I/O.

7.5 FPGA to ASIC Conversions

FPGAs have established themselves as a useful entry tool for system design. They
offer a valuable flexibility during the system prototyping phase. But as mass
production the advantage of the FPGA could be removed. At this point a gate array is
usually a cheaper solution. One way to take advantage of the rapid prototyping
possibilities of FPGAs and the low unit cost, assuming large volumes, of gate array
AISCs is to consider FPGA to ASIC conversion. This way one could develop for
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FPGA and if a more profitable solution is needed it could be converted. In order to
accelerate conversions from FPGAs to gate array ASICs one should take this
possibility into account right from the start and create a design that are easy to
convert. By choosing a bus structure and IP-cores that could be used for both ASIC
and FPGA implementation the conversion could be simplified. Another thing to
consider is if pin-compatibility could be achieved during conversion.

Conversions such as the Xilinx EasyPath or Altera Hardcopy basically mean that
unnecessary logic (and also the programmability) of FPGAs is removed. This is a
simple FPGA to ASIC conversion that generates pin-compatible chips; the cost and
performance of the resulting device is, however, not as cost-efficient as a custom
ASIC.

There are many companies, e.g. NEC [17], which can perform conversion on
working FPGA designs and generate an ASIC. Problems with FPGA to ASIC
conversions are high conversion costs and licensing problems with cores (certain
cores could be licensed for use only in certain devices, e.g. in a Xilinx device).

7.6 Discussion and Conclusions

If the pure FPGA implementation, usually because of high device costs, is not
satisfactory then an ASIC implementation should be considered. Depending on
restrictions on time-to-market, development time and device cost different ASIC
solutions are suitable.

If the product is produced in a large volume and very low device cost is required a
custom ASIC platform is desired. The problem with this is that the development
process is very demanding and it has a high associated development cost. Designing
an ASIC SoC platform from scratch also implies a difficult verification process but if
successful it has a large advantage against the expensive FPGA devices.

If the risks associated with ASIC development is to be minimized an ASSP could be
used; the problem with these, however, is that they very seldom suits the specific
needs of an application.

Another way to reduce the device costs compared to FPGAs is to convert an existing
FPGA design to an ASIC. This way the low development time of FPGAs can be
combined with a low device cost, at the expense of conversion time and cost.

The development of the Class B standard for AIS transponders (see chapter 2.3) can
have a large impact on the market and the results of this could be a base for deciding
on which technology to use.
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Chapter 8

Radio Frequency Receiver
Architectures

8.1 Introduction

There are two main types of receivers used in telecommunication systems based on
phase or frequency modulation: homodyne (or zero-if) and heterodyne receivers [4].
Heterodyne use at least one intermediate frequency in the downconversion while
homodyne downconvert directly to baseband (or zero frequency). The choice of
receiver architecture has a large impact on integration level and performance.

This chapter will explain why the superheterodyne receiver (presented in chapter
3.4.2) is a poor choice for SoCs. Then three alternatives to the superheterodyne
architecture are introduced: zero-IF, low-IF and subsampling digital receivers.
Finally some conclusions will be drawn on which RF architectures that are best
suited for SoC implementations.

Most of the design methods for SoC (chapter 4), including IP-cores and bus
structures, are not very applicable to RF receiver design. The technologies used
during RF design is usually custom ASICs, ASSPs or by using discrete components.

8.2 Superheterodyne Receiver

Figure 8.1    Superheterodyne receiver architecture
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The superheterodyne receiver (Figure 8.1), which is the base for the receivers in the
AIS transponder, is a commonly used receiver type in radio applications.
Superheterodyne receivers will normally have the best performance regarding
selectivity, robustness and linearity; much because of the fact that it use passive
external filters, which quality cannot be matched by on-chip circuitry.

Figure 8.2    Downconversion in an IF receiver

The main disadvantages with this receiver type, and the reason why a replacement
architecture is desired, is the low level of integration that can be achieved and the
associated cost and physical size of required external components. This problem
arises because the filters have to be of very high quality to be able to suppress
undesired mirror frequencies (Figure 8.2) and adjacent channels.

One way in which the superheterodyne receiver could be integrated further, with
discrete components, is to use a complete downconversion solution (an ASSP). The
problem generally consists of finding a standard product that fulfills all the
requirements on noise, gain and linearity of the RF downconversion. Such standard
products are generally difficult to find for application-specific frequencies such as
the VHF frequency band while they are common for e.g. mobile phone or wireless
Ethernet frequency bands.

One standard product that might be used for VHF frequency downconversion is
AD6459 from Analog Devices [14]. This circuit includes an IF-mixer, an AGC
amplifier and IQ-demodulation. AD6459 is already in use in the original transponder
design where it is used for a second IF downconversion and IQ-demodulation, it
might however be possible to remove the first IF-stage and replace it with an
AD6459, thus decreasing the IF-frequencies from two to one. There are even
standard products, such as the very interesting AD9870 from Analog Devices [14],
which include a LNA and provide a digitized output (thus removing the need for
additional ADCs). However, these components are generally quite expensive.

To be able to determine if a certain standard product can be used for an RF-
downconversion it would require an analysis of the complete receiver front-end to
determine noise, gain, linearity and adjacent channel suppression.
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8.3 Zero-IF Receiver

Figure 8.3    Zero-IF receiver architecture

The zero-IF (Figure 8.3) [4], or direct conversion, receiver converts the RF signal
directly to baseband by using a mixer with a local oscillator (LO) frequency equal to
the carrier frequency of the RF signal.

Figure 8.4    Downconversion in a zero-IF receiver

In the low-IF receiver an IQ-mixer, where the input signal is mixed by both a sine
and a cosine and then combined, has to be used to create the desired output (Figure
8.4). If this is done correctly the problems with mirror frequencies will be removed,
which in turn will relax the requirements of filters and decreases the needs for
passive components. These relaxed filters are much simpler to integrate than the high
quality filters of the original superheterodyne architecture.

However, this architecture also has some serious drawbacks that to a large extent
prevent it from being used, including low-frequent (1/f) noise and DC-offset. The
DC-offset is a result of cross talk between RF and LO (as they operate around the
same frequency) and because the LO is subject to self-mixing. This will cause a DC
(or almost DC) signal to super-imposed on the desired baseband signal. Another
problem is that IQ-paths, after the IQ-mixer, have to be properly matched to maintain
the precision of the original signal.

There are however successful zero-if designs that use DSP algorithms to determine
the DC-offset dynamically and adjust analog parts accordingly.

LOLOdesired
signal

desired
signal

a) RF-spectrum with desired signal

c) Baseband-spectrum after downconversion with IQ-mixer

b) Baseband-spectrum after downconversion with single-sine mixer

RF
Filter

LNA I         Q

LO

LPF Rx
IQ



Technologies and Design Methods for a Highly Integrated AIS Transponder

52

8.4 Low-IF Receiver

Figure 8.5    Low-IF receiver architecture

The idea behind the low-IF architecture (Figure 8.5) [4] is to combine the advantages
of the superheterodyne and the zero-IF receivers. Basically by postponing the
removal of mirrors (by using an IQ-mixer instead of an IF-mixer) until after the IF
stage. This way a high-quality mirror-rejection filter after the LNA is not necessary
and could be replaced by a broadband filter, which is easier to integrate. The IF
frequency of a low-IF receiver could be between a few hundred kilohertz and a few
megahertz; it should be chosen so that a suitable balance between the requirements of
the RF and IF stages of the receiver is achieved. The IQ-mixer should be followed by
image removal and downconversion to baseband and with this it is important that the
IQ-paths are properly matched to maintain the quality. This could be done with the
use of analog components or digitally, where matching could be made exact.

Since the low-IF receiver uses an intermediate frequency it does not suffer the same
problems with DC-offset and low-frequent noise as the zero-IF receiver. The gain of
using a low-IF architecture compared to a superheterodyne is not so great with
designs consisting of only discrete components. However, a fully integrated low-IF
ASIC solution should be a good alternative although there are many obstacles to
overcome, e.g. to fulfill the requirements of overall gain, noise, linearity, adjacent
frequency suppression and not to mention the high non-recurring engineering costs.
These requirements should, however, be possible to overcome, at least the ones
concerning performance. An ASSP low-IF receiver could be used, but such receivers
that operate at VHF frequencies and have adequate performance are difficult to find.

8.5 Subsampling Digital Receivers

The whole idea of the receiver is to amplify and downconvert a bandpass RF signal
to its baseband representation. This process involves, in the superheterodyne case, a
number of mixing and filtering stages that performs a step-wise conversion of the RF
signal down to a baseband signal. In the transponder this is implemented solely with
analog parts with a low level of integration.

A digital radio [7] implies that the ADC should, as soon as possible, convert the
incoming waveform into a digital representation and that the removed analog parts
should be replaced with digital processing. In the current transponder architecture the
ADCs are placed at baseband but it could be placed at IF or perhaps even at RF
frequency. In this report it will be assumed that the ADCs could be placed at RF
frequency, without any analog mixing, since VHF frequencies are not unrealistically
high for sampling.
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A digital implementation has many advantages compared to analog counterparts:
• Good integration possibilities;
• Linear phase filters;
• Flexible bandwidth selection;
• Multiple modulation support and
• High level of determinism.

Direct sampling implies that RF frequency is sampled directly and it requires the
ADCs to operate at a minimum of two times the sampled frequency (Nyquist
criterion). Although direct sampling might be possible for VHF frequencies it would
require very high sampling frequencies and DSP. One way to relax the requirements
on the ADCs and still be able to retain all necessary information from the received
signal is called subsampling.

8.5.1 Subsampling Theory

The Nyquist criterion specifies the minimum sampling rate of the ADC to be twice
the bandwidth of the baseband signal [7]. Therefore a low speed ADC could
potentially be used to recover the baseband information, this concept is referred to as
undersampling or subsampling.

The idea behind subsampling is that a band limited signal with bandwith ? f, (fH-fL),
can be translated to a lower band if sampled at a rate to or greater than 2? f. If this
operation is performed correctly it will produce replicas of the desired spectrum in a
lower frequency range (between 0 and sample frequency divided by two).

For noise purposes it is a good idea to oversample the signal, by choosing a sampling
frequency that is greater than required. The sampling frequency should be selected as
an integer multiple of the desired symbol frequency, in this case 96 ksps, to simplify
the last stages of the downconversion.

Subsampling the whole AIS band (fH = 163 MHz and fL = 155 MHz) would give an
? f of 8 MHz and require a sampling frequency of at least 16 Msps.

Figure 8.6    Downconversion through subsampling
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Figure 8.6 shows how the original spectrum is transformed when subsampling. It will
translate an input frequency to fout = fin - m.fS, where m.fS is the integer multiple of
the sampling frequency found closest below fin. One problem with subsampling is a
phenomenon called aliasing, which means that noise found at the frequencies fout =
fin - m.fS where m ?  desired will be translated to the desired frequency. To avoid
aliasing good filters that reject these frequencies are required before the ADC.

Figure 8.7    Digital downconverter

Since a large number of analog stages in front of the ADC are removed some digital
signal processing has to be added. This processing includes a final downconversion
from IF (where the desired signal lies after subsampling, which will between 0
frequency and the sample frequency divided by two) to baseband. For this a digital
downconverter (DDC) is needed. The DDC (Figure 8.7) has three components:
numerically controlled oscillator, low pass filter and decimation. The oscillator
modulates the desired frequency down to baseband; the LP-filter removes undesired
frequencies and the decimation filter decreases the sampling frequency (in this case
more than 16Msps) to the desired sampling frequency of the baseband frequency (in
this case 96ksps). One interesting thing is that there exist DDCs as ready-to-use
IP-cores, e.g. from Xilinx.

8.5.2 Receiver Architecture

Figure 8.8    Subsampling receiver architecture

A subsampling digital receiver (Figure 8.8) [7] could have very few analog parts,
filters and amplifiers. The filters and amplifiers required are quite common ASSPs.
A very high integration level could be achieved compared to the original
superheterodyne receiver and this without the need for custom ASIC design.

A number of problems are avoided as analog components are removed, e.g. self-
mixing and mixer linearity, on the other hand digital mixing will probably consume
more power than analog mixing.
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In the subsampling receiver a high gain is needed in the amplification stages, this
could possibly be a problem. Another big problem with digital radio receivers is the
limitation in dynamic range of the ADCs. To avoid overflow at the ADC inputs good
rejection of undesired frequencies (that could be occupied by very strong signals) is
needed in the filters before the ADCs. These filters have to be of very high quality
and most certainly they have to be external. Another thing that is required for a high
dynamic range is a large control range in the AGC amplifiers to be able to receive
both weak and strong signals.

By changing the sampling rate the properties of the receiver could be altered. As the
sampling rate increases the amount of noise aliased (see previous chapter) into the
desired spectrum is decreased but at the same time it requires higher performance
ADCs and DSP. Requirements on high performance ADC converters can be a
problem. It is not uncommon with converters that handle a sample rate of 100Msps
but if a large number of bits (which is needed for a high dynamic range) is required
the price and power consumption of the converters can be hard to motivate. A 14-bit
ADC is realistic but a 16-bit ADC capable of sampling at 16MSPS is probably, due
to power consumption and price, not an alternative.

Interactive Circuits and Systems LTD. has an interesting application note [15] that
introduces a design similar to the one discussed in this chapter (with four parallel
VHF channels that are subsampled and digitally downconverted). The application
note also includes basic estimations on performance for a multi-channel digital radio
VHF receiver. In the application note a product called ICS-554 PMC is used; it is a
board containing four ADCs (14-bits with up to 105MHz sampling rate), four
optional DDCs and a Xilinx FPGA for DSP.

Basically what the subsampling digital receiver architecture does is to relax the
restrictions on mixers and mirror-suppression and instead put high demands on
ADCs and filters. It is a very attractive architecture when it comes to integration and
flexibility, but it can be difficult to fulfill all requirements on the receiver front-end.

8.6 Discussion and Conclusions

As long as the transponder is produced in small volumes the superheterodyne
receiver is a good choice because it has good performance and the knowledge of this
architecture is good. Some minor modifications can however be considered if the
receivers is to be updated, e.g. using a complete IF-subsystem solution with a
digitized output.

The subsampling receiver, if performance requirements could be fulfilled, is a very
attractive choice because of its high level of flexibility and especially for its high
level of integration only requiring a small amount of standard discrete components.
The biggest problems are high performance requirements on ADCs and that high
quality filters are required. If class B transponders get relaxed requirements on the
performance of the radio, then maybe this receiver type could be used even if it
cannot handle the performance of Class A transponders.
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If in the future the market for the AIS transponder (see chapter 2.3) should increase
and the subsampling receiver cannot fulfill the performance requirements a low-IF or
zero-IF solution could be interesting. In this case the low-IF seems like the best
choice since it avoids a lot of problems of the zero-IF receiver. A low-IF receiver
usually requires the development of a custom ASIC, but an ASSP with suitable
characteristics could perhaps also be found.

Both the subsampling digital receiver and the low-IF receiver could require some
digital processing and this should be taken into account when deciding on RF and
digital part implementations. Using an FPGA for implementation of the digital parts
could allow for transition between different RF architecture since DSP functionality
could relatively easy be added or removed.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

The future development of AIS is an important factor when it comes to developing a
highly integrated AIS transponder. Class B transponders can be a good motive to put
extra effort into designing a low-cost product.

The existing hardware architecture consists of three PBAs: RF, baseband and CP.
These cards hold a large number of discrete components, e.g. passives, which to a
large extent can be removed as a result of replacing a number of components with
more integrated alternatives. A natural division is to split the transponder into one
analog RF part, one digital part (baseband and CP) and a number of external
components that are hard to integrate. Components that are not investigated further,
when it comes to integration, are e.g. PSU and FLASH memories. The alternatives
on which the focus of this report mainly lies are: one-chip digital part replacements
and integrated RF receiver architectures.

With the digital part of the transponder there are a number of alternative technologies
available for a SoC implementation, the main alternatives being FPGAs or ASICs.
Both of these are usually used for implementing smaller applications but it should be
possible to use them for a large SoC platform implementation such as a digital part
replacement. FPGAs are very attractive when it comes to development time and also
good when it comes to performance and integration. The biggest downside with
FPGAs is that the large amount of logic is required that demands a very large FPGA
device which therefore has high cost. It is probable that the prices on these large
devices will drop to competitive prices, but when they do so is a difficult question to
answer. Using a well-defined structure in the FPGA SoC platform with processor,
interconnect bus structure and peripherals give a flexible platform for both hardware
and software. For DSP implementations soft DSP-processor or an FPGA-based
implementation could be used. For peripherals most common components are
available as soft cores.
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An ASIC could also be a good alternative if large volumes are required and an ASIC
SoC platform could be similar to that of a FPGA platform. An ASIC SoC platform
could perhaps include memory and data converters on the chip. When it comes to
DSP, on-chip DSP-processor cores are probably better than ASIC DSP because of
the serious lack of flexibility in ASIC DSP (see chapter 5.3.5.1). For peripherals
most common components are available as hard cores. One alternative, if a custom
ASIC seems too risky, is to develop a prototype in an FPGA and then perform an
FPGA to ASIC conversion.

For the RF receivers there are a large number of available radio architectures that
could be used to replace the existing superheterodyne receivers. The superheterodyne
receiver present in the AIS transponder is the simplest architecture when it comes to
fulfilling the performance requirements but it is poor when it comes to integration.
The most interesting receiver types are probably the subsampling digital receiver and
the low-IF receiver architectures. The subsampling receiver is a very flexible
architecture, because it has a large amount of digital processing, and it only requires
a small amount of standard discrete components for implementation. However, there
are high requirements on external filters and most of all on the ADCs. The low-IF is
better choice when it comes to fulfilling the performance requirements but the design
of a highly integrated low-IF receiver is more complex and requires either a custom
ASIC or a difficult to find ASSP. Both of these alternative receiver architectures
could require a certain amount of digital signal processing and this has to be taken
into account when deciding on RF and digital part implementations.

Today the AIS transponder product volume is probably to small to consider
expensive ASIC solutions. A good replacement could be to use the same RF card as
the original design but to replace the baseband and CP cards with a combined digital
card consisting of a FPGA and external components (under consideration that it
could compare in price with the original design). Should a subsampling digital
receiver be feasible when it comes to performance and price it could be an attractive
replacement for the superheterodyne receivers. If the product volume should
drastically increase the alternative of using other RF architectures in conjunction
with a FPGA or an ASIC digital part should be considered. Using a FPGA for the
digital part has the advantage of making a transition from one RF receiver to another
relatively easy since it gives flexibility to the DSP.

9.2 Future Work

Future work can be made in two fields: either targeting the digital part (baseband and
CP) implementation or RF receiver replacements. Especially interesting areas are
FPGA implementations for the digital part and subsampling digital radio
performance measurements.

9.2.1 Digital Part

This report indicates that it should be possible to create a highly integrated SoC
platform for a FPGA implementation. An estimation of required resources for such
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an implementation has been made and a part of the DSP functionality has been
designed for a Xilinx FPGA implementation. Suitable tasks for future work could be
to develop a complete SoC platform with embedded processor, interconnect bus
structure and peripherals (including a custom DSP implementation).

Figure 9.1    FPGA system-on-chip platform development setup

The main components required for a FPGA SoC platform implementation (Figure
9.1) are: development-board with a large FPGA device (e.g. a large Virtex-II Pro
device); embedded processor development kit; hardware development tools (e.g.
System generator for DSP together with simulation and synthesis tools) and
evaluation/licensed IP-cores such as peripherals and/or embedded processors. Also
needed is some way to generate simulation input; this could be done on a serial
interface or generated in the FPGA. To connect to the FPGA a JTAG interface is
commonly used and monitor the FPGA, hardware analyzer tools or some basic
methods of indication (e.g. development-board LEDs) could be used.

9.2.2 RF Part

For RF receivers a particularly interesting future project is to measure the
performance of subsampling digital radios in the VHF frequency band. Should this
receiver architecture prove to satisfy all requirements it could be a cost efficient
replacement for the superheterodyne receivers.

For this project the designer should require some high quality amplifiers, filters and
ADCs. These could be used to build a simple subsampling receiver. Also needed is
some mean of generating signals in the VHF band (could be a AIS transponder or a
signal generator) and some means of collecting the data from the ADCs. The
received data can then be analyzed using e.g. Matlab. If the signal is generated by an
AIS transponder the information could be downconverted to baseband and
demodulated, using the GMSK demodulation implemented in chapter 6.3.1.2, to
determine e.g. the bit-error rate.
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