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Abstract

The aim of this thesis is to �nd an a�ordable and upgradeable manner of increasing the data

rate of current satellite systems. The compression, modulation and ampli�cation techniques and

telecommunication regulations restrict the data rate, which are bypassed by designing a parallel

channel con�guration.

In order to test this solution a system is developed that is based on the existing standards of

DVB-S and MPEG-2. The combination of these standards protect the data from interference,

package the data for ease of storage, modulate the data to more e�ectively radiate the signal and

shape the spectrum to adhere to telecommunication regulations.

The spacing between the channels is reduced and the transmitted signal is ampli�ed to inject in-

terference into the system. The e�ect of this interference on the receiver is shown by transmitting

image data and comparing the received image with the original.
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Opsomming

Hierdie tesis poog om 'n bekostigbare en opgradeerbare metode te vind om die datatransmis-

sietempo van 'n bestaande satellietstelsel te verbeter. Die kompressie-, modulasie- en versterk-

ingstegnieke en telekommunikasie regulasies beperk die datatempo, wat omseil word deur 'n

parallelle kanaal kon�gurasie te ontwerp.

Om hierdie oplossing te toets, is 'n stelsel gebou wat gebaseer is op die bestaande standaarde

van DVB-S en MPEG-2. Die kombinasie van hierdie standaarde beskerm die data teen steuring,

verpak die data vir maklike berging, moduleer die data meer vir verbeterde uitstraling van die

sein en vorm die spektrum volgens die vereistes van telekommunikasie regulasies.

Die spasiëring tussen kanale is verminder en die uitgaande sein is versterk om steuring binne

die stelsel te veroorsaak. Die e�ek van steuring op die ontvanger word getoon deur beelddata te

versend, en die ontvangde beeld te vergelyk met die oorspronklike.
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Chapter 1

Introduction

Wireless communication is as old as or older than the �rst lighthouse or smoke signal, however

man's desire for fast and accurate information greatly exceeds the capabilities of these primitive

systems and shows every sign of continuing to demand for better, faster and more cost e�ective

communication systems, of which satellite imaging systems is an example.

Satellite imaging systems require a wide-bandwidth, high-speed transmission link to cater for

large high-resolution images. A better transmission link allows for more images to be downloaded

and makes the system more productive. An investigation is made into current systems, which

have the functions depicted in Figure 1.1, to �nd an a�ordable and upgradeable manner to

increase the system's payload.

Limitations on
Frequency Spectrum

Data Protection
Against Interference

Data Packaging
for Classification

Limited Link Time
for Downloads

Fig. 1.1. Satellite System Functions

Imaging satellites are in Low Earth Orbit (LEO), they circle the earth in approximately 90

minutes taking pictures as they go along. Images are only downloaded while the LEO satellite

is in line-of-sight of the ground station. The amount of data that is downloaded is de�ned as

payload = data rate [bits per second]× link time [seconds] (1.1)

The link time is determined by the orbit and link budget of the system, with the orbit chosen

within the LEO range for a given type of image and time between revisiting a location. Therefore

the link time is �xed and the only variable in Equation 1.1 is the data rate.

1



CHAPTER 1. INTRODUCTION 2

1.1 Problem Statement

The various processes within a satellite system are examined, with a block diagram of a simpli�ed

version depicted in Figure 1.2, to look at their e�ect on the data rate.

Antenna

Data
In

Up ConvertModulate

IF RF

Amplify

Antenna

Amplify

RF

Down Convert

IF

Demodulate Data
Out

Transmitter Receiver

Transmission

Encode DecoderCompress Decompress

Fig. 1.2. Simpli�ed Satellite System

The level of signal ampli�cation required to obtain a given Signal-to-Noise Ratio (SNR) at the

receiver is directly proportional to the signal's bandwidth [1]. The level of output power that

devices can deliver decreases as the input signal's frequency increases. Therefore the available

output power levels of existing components restrict an increase in data rate.

A transmitted signal's frequency, bandwidth and shape must conform to the telecommunication

regulations set down by the International Telecommunication Union (ITU). These regulations

limit health risks, prohibit encroachment into other signals' bands and divide the spectrum into

bands for speci�c usages [2]. Therefore an increase in data rate is restricted by the maximum

bandwidth within available frequency bands.

The form of modulation and the modulation devices' input frequency ranges limit the signal's

data rate. Existing models have a maximum input frequency, which cannot be bypassed until new

models are developed. Modulation techniques increase the system's baud rate by transmitting

more symbols per carrier signal change, with a limit as to how miniscule the changes can be

for the signal to be demodulated. Therefore existing modulation devices restricts an increase in

data rate.

Data compression can be used to reduce the size of the images, thereby increasing the amount of

information downloaded to the ground station for a given data rate. But, powerful compression

algorithms are complex and work on multiple frames of data, with the risk of losing large chunks

of irrecoverable data if the decoding process fails. Therefore the level of any compression used

to increase the data rate is limited.

Unless linked to technological advances, any improvement in the devices that perform ampli�-

cation, modulation and compression will only result in an extension of the system's capabilities

and will not solve the data rate's reliance on these components. Therefore a solution is needed

that is not based on improving upon existing devices, but rather on a technique that bypasses

the limit places on the system by existing devices.



CHAPTER 1. INTRODUCTION 3

1.2 Proposed Solution

The chosen method is a parallel channel con�guration, as depicted in Figure 1.3, designed in such

a way that any demand for a further increase in the data rate would require little more than

duplication of the existing architecture, thereby creating a system that supports an unlimited

maximum data rate. A developer would be able to use the system to �nd the optimal number

of channels for a speci�c application.

∑

Antenna

Data
In

Up ConvertModulate

IF RF

Amplify

Antenna

Amplify

RF

Down Convert

IF

Demodulate

Data
OutTransmission

Encode DecoderCompress Decompress

Up ConvertModulate

IF RF

AmplifyEncodeCompress

Up ConvertModulate

IF RF

AmplifyEncodeCompress

∑

Amplify

RF

Down Convert

IF

Demodulate Decoder Decompress

Amplify

RF

Down Convert

IF

Demodulate Decoder Decompress

Fig. 1.3. Proposed Solution

Decreasing a channel's bandwidth reduces the required signal level to achieve a certain SNR. This

makes available the options to use cheaper ampli�ers and to place channels at higher frequencies.

Whereas a single-channel system requires a high level of signal ampli�cation, each channel in a

multi-channel system would require only a fraction of this ampli�cation.

The channels can be split up into di�erent frequency bands thereby bypassing any regulatory

limit on a speci�c band. A single-channel system cannot be made larger than the largest available

bandwidth, whereas the next channel within a multi-channel system can be allocated to another

band, as depicted in Figure 1.4.

Single Channel
Solution

Multi-Channel
Solution

BW BW BW BW

Available Bands

BW

Fig. 1.4. Frequency Band Limitation Bypass

The con�guration does not rely on any current modulation devices, therefore the system can

always be upgraded with the latest available devices. The number of channels can be adjusted

according to the price di�erence between a single wide-band device and multiple narrow-band

devices.

The decrease in the frequency range per channel reduces the required circuitry sophistication,

such as matching networks and ampli�er gain �atness, thereby resulting in a cheaper system

that is easier to design.
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1.3 Implementation

To minimise costs and reduce development time only a subset of the whole system is implemented,

as depicted in Figure 1.5.

IF

Transmission

Data
In

Modulate

IF

Amplify Demodulate Data
Out

Transmitter Receiver

EncodePack DepackDecoder

Fig. 1.5. Implemented System

The antennae, frequency up-converters and frequency down-converters are excluded as no signal

radiation is performed. The Radio Frequency (RF) stages and transmission link are simulated

by the ampli�er and attenuator placed between the transmitter and receiver.

The digital processing and modulation stages are duplicated for each channel, the results of

which are combined before transmission. The signal ampli�cation position is alternated between

being before and after the signal combination to determine the best con�guration.

In order to be compared to current systems the system makes use of existing standards and is

built from readily-available components, as depicted in Figure 1.6.

multiplexer
service

information

error protection modulation

MPEG-2 Standard DVB-S Standard MPEG-2 StandardDVB-S Standard

off-the-shelf
component

demultiplexer
service

information

Transmission

LVDS Standard DVB-SPI Standardmultiple
programs

multiple
programs

Fig. 1.6. System Block Diagram

Digital Video Broadcasting for Satellite (DVB-S) [3, 4] is the chosen method of data protection,

signal modulation and signal dispersal. DVB-S combats internally created and externally en-

countered interference a�ecting satellite transmission, determines the modulation technique and

shapes the signal to adhere to telecommunication regulations.

The DVB-S compliant [5] Motion Pictures Expert Group (MPEG-2) [6, 7, 8] is the chosen method

of data packaging. Only the subset of the MPEG-2 standard that sorts the data according to

type and the basic functions for operation are implemented, while the components that compress

the audio, video and other data streams are excluded.

Low Voltage Di�erential Signalling (LVDS) [9, 10] and Digital Video Broadcasting - Synchronous

Parallel Interface (DVB-SPI) [11] are the chosen method of data transfers. These standards are

used to transfer digital signals between components in the system to prevent signal degradation.
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1.3.1 System

The system implementation is depicted in Figure 1.7.
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Fig. 1.7. System Implementation

The transmitter' digital processing is implemented within a Field-Programmable Gate Array

(FPGA) [12] and the analogue modulation is performed by modulators [13]. The DVB-S decoding

is performed by a DVB-S Receiver [14] and the MPEG-2 decoding is implemented within the

FPGA.

The e�ect of the spacing between channels and the non-ideal properties of the ampli�er [15, 16]

on the DVB-S data correction abilities are visible as a degradation in the receiver's image data

displayed on the Video Graphics Adapter (VGA) screen.

Three boards, containing components useful for debugging and testing purposes, are used to

speed-up the realisation of a working model of the system. The FPGA Development Board

(DevBoard) [17] contains external memory [18], video [19] and audio [20] devices. The DVB-S

Evaluation Board (EvBoard) [21] contains an output interface. Malan's Board [22] contains a

synthesizer [23] and mixer [24].

The FPGA DevBoard does not contain the necessary connectors and transmission lines to con-

nect to the DVB-S EvBoard output interface of DVB-SPI. Malan's Board is not designed to

directly port external data to the modulators. Therefore additional Printed Circuit Boards

(PCB) containing components [25, 26] based on the LVDS standard were designed to implement

these data transfers.

The current set-up of multiple boards is bulky and cumbersome. It would be wise to design

a streamlined version of the system for use outside of this academic purpose. This improved

version would be void of all the unnecessary components on the boards and would not require

the additional boards and cabling due to the FPGA's support for LVDS [27, 28].
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1.3.2 MPEG-2

The functional block diagram of the MPEG-2 encoder and decoder is depicted in Figure 1.8. The

encoder converts the source data into Elementary Streams (ES), which are placed in Transport

Stream (TS) payloads together with Program Speci�c Information (PSI) and passed onto the

DVB-S encoder. The decoder uses the PSI to separate the received DVB-S decoded data into

the respective ES for conversion back into source data.

Elementary
Stream Packer

Transport
Stream Packer

Program
Specific

Information

Source
Data

MPEG-2
Encoded

Data

MPEG-2 Encoder MPEG-2 Decoder

Elementary
Stream

Unpacker

Program
Specific

Information

DVB-S
Decoded

Data
Source

Data
Transport
Stream

Unpacker

Fig. 1.8. MPEG-2 Block Diagram

1.3.3 DVB-S

The functional block diagram of the DVB-S encoder and decoder is depicted in Figure 1.9. The

encoder scrambles, encodes and modulates the received MPEG-2 encoded data. The decoder

performs a reverse process on the received RF signal and passes the result onto the MPEG-2

decoder.
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Fig. 1.9. DVB-S Block Diagram

1.3.4 LVDS

The LVDS drivers and receivers are used as depicted in Figure 1.10. LVDS driver-receiver pairs

are used to transfer data between the FPGA DevBoard and Malan's Board and a LVDS receiver

is used in the data transfer from the DVB-S EvBoard to the FPGA DevBoard.

DVB-S
Decoder

LVDS
Format FPGA

DevBoard

LVDS
Format

LVTTL
Format

LVDS Encoder LVDS Decoder

FPGA
DevBoard

LVTTL
Format

LVDS
Format Malan's

Board

LVDS
Format

LVTTL
Format

Fig. 1.10. LVDS Block Diagram
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1.4 Thesis Outline

The �rst three chapters discuss the standards that the communication system is based on. Chap-

ter 2 concentrates on the sections of the MPEG-2 standard that are implemented while only a

brief overview on the sections that are not used is given. Chapter 3 explains each of the DVB-S

processes with examples to help clarify the mathematical �elds that they are based on. Chapter 4

explains the basics of the LVDS technology and the DVB-SPI standard and their implementation

in the system.

The next three chapters discuss the audio, video, storage and synchronism mechanisms used

within the system. Chapter 5 explains how the screen and audio coder-decoder (codec) are

controlled to display the images and broadcast the audio. Chapter 6 describes the various

memory units used, both the units within the FPGA and the units external to it, as well as the

mechanism used to initialise the internal memory units with the audio and video data. Chapter 7

describes the processes within the FPGA with speci�c emphasis on their interconnections and

synchronism.

The last three chapters discuss the completed system. Chapter 8 explains how the components

are connected together and operated in order to complete the system. Chapter 9 discusses the

system's successfulness based on measurements taken of the system. Chapter 10 is a summary

of the system, stating conclusions and giving recommendations.

The appendices contain the PCB layouts, information about the kits and the environment settings

on the FPGA DevBoard. Appendix A contains the pin assignments for the connections between

the components on the FPGA DevBoard. Appendix B contains the manufactured PCB layout

�les. Appendix C contains information about the FPGA development kit. Appendix D contains

information about the DVB-S evaluation kit.

The attached CD contains the Quartus source code for the program on the FPGA and the Delphi

source code for the programs used to convert the image and audio �les to a compatible format

to be used to initialise the FPGA's internal memory units.



Chapter 2

MPEG-2

The Motion Pictures Expert Group (MPEG-2) standard [5, 6] is explained in this chapter. As

MPEG-2 is only used as a packaging mechanism, which is explained in depth, the compression

of the data streams is only brie�y discussed. While only still pictures are used in this design,

the system can be upgraded to moving pictures as MPEG-2 accommodates both data types.

2.1 Overview

The Transport Stream (TS) contains separate programs each with their own set of data streams,

as depicted in Figure 2.1. The encoder assigns each data stream an identi�er which is transmitted

in Program Speci�c Information (PSI) tables along with the programs. The decoder distinguishes

between the programs, and groups their related data streams by making use of these tables [7, 8].

16017 18 17 1817

video
packet

audio
packetPAT PMT

lists PID for PMT:
Channel One = 16
Channel Two = 19

Channel Three = 22

lists PID for Channel One:
video = 17
audio = 18

Fig. 2.1. TS Format

2.2 Elementary Stream

An Elementary Stream (ES) is a succession of Access Units (AU), which are encoded Presentation

Units (PU). Di�erent PU types and complexities lead to varying levels of compression and varying

bit-rates. The most detailed information is selectively discarded to minimise the impact on

quality and to obtain a �xed bit-rate [8].

8
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2.2.1 Video Compression

Video compression [29] exploits the chrominance and luminance sensitivity of the human visual

system: the eye's inability to see quantisation noise under conditions of visual masking. Temporal

masking removes the redundancy of pixel replication in successive frames and spatial masking

removes the redundancy of pixel replication within a single frame, as depicted in Figure 2.2.

Temporal redundancy (inter-frame)

Spatial redundancy (intra-frame)

Fig. 2.2. Video Redundancy

The more similar subsequent images are the more references between images are possible and

the better the level of compression.

2.2.2 Audio Compression

Audio compression [30, 31] exploits the psychoacoustic properties of the human auditory system:

the ear's inability to hear quantisation noise under conditions of auditory masking. Faint sounds

are frequency masked by louder spectral neighbours and weak sounds are temporal masked by

stronger temporal neighbours, as depicted in Figure 2.3.

Masker

Masking
Threshhold

Masked
Sound

Inaudible Signal

Audible Signal

Fig. 2.3. Audio Masking

The more similar subsequent frames are the more references between frames are possible and the

better the level of compression.

2.2.3 Implementation

Compression is excluded from the system and the PU are directly mapped to AU of equal size,

due to the complexity of implementing compression in the FPGA exceeding the criterion of this

thesis.
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2.3 Packetised Elementary Stream

A Packetised Elementary Stream (PES) is a succession of PES-Packets made up of 6-byte headers,

3-byte optional headers and variable-length optional �elds and payloads, as depicted in Figure 2.4.

header
6 bytes

optional header
3 bytes

optional fields payload

Fig. 2.4. PES-Packet

The payload contains data from one ES, the header contains information about the ES and the

optional header indicates which optional �elds containing additional information are present.

2.3.1 Implementation

As compression is not performed and PES primarily contains information about audio and video

decoding packing of ES to PES is not implemented and the ES are fed directly to the TS.

2.4 Program Association Table

A Program Association Table (PAT) is 21-bytes long and contains a 1-byte pointer �eld, an

8-byte header and a 12-byte payload, as depicted in Figure 2.5.

header
64 bits

168 Bits

payload
96 bits

pointer
8 bits

Fig. 2.5. PAT-Section

The header contains information about the PAT-Section, the payload links the program numbers

to their associated program and the pointer speci�es the number of bytes between the pointer

and the rest of the PAT-Section, namely zero.

2.4.1 PAT-Section Header

The header contains the following implemented �elds, as depicted in Figure 2.6.

table ID
0..7

64 Bits

length
12..23

Fig. 2.6. PAT-Section Header

table id is assigned the value 0016 to identify that this is a PAT-Section. length is assigned

the value 01116, the number of bytes in the PAT-Section less 3 bytes.
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2.4.2 PAT-Section Payload

The payload contains the following two �elds for each program, as depicted in Figure 2.7.

program number
0..15

96 Bits

PMT PID
19..31

channel one channel two channel three

program number
32..47

PMT PID
51..63

program number
64..79

PMT PID
83..95

Fig. 2.7. PAT-Section Payload

program number is assigned the program that the PMT Packet Identi�er (PID) is associated

with, as de�ned in Table 2.1.

TABLE 2.1

Program Number Assignments

Program Number Assignment

000116 Channel One
000216 Channel Two
000316 Channel Three

pmt pid is assigned the TS-Packet PID that contains the PMT-Sections, as de�ned in Table 2.2.

TABLE 2.2

PMT PID Assignments

PMT PID Assignment

001016 Channel One - PMT
001316 Channel Two - PMT
001616 Channel Three - PMT

2.5 Program Map Table

A Program Map Table (PMT) is 29-bytes long and contains a 1-byte pointer �eld, a 12-byte

header and a 16-byte payload, as depicted in Figure 2.8.

header
96 bits

232 Bits

payload
128 bits

pointer
8 bits

Fig. 2.8. PMT-Section

The header contains information about the PMT-Section, the payload links the ES to their

associated program and the pointer speci�es the number of bytes between the pointer and the

rest of the PMT-Section, namely zero.
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2.5.1 PMT-Section Header

The header contains the following implemented �elds, as depicted in Figure 2.9.

table ID
0..7

96 Bits

length
12..23

program number
24..39

Fig. 2.9. PMT-Section Header

table id is assigned value 0216 to identify that this is a PMT-Section. length is assigned

the value 01916, the number of bytes in the PMT-Section less 3 bytes. program number is

assigned the program to which the PMT PID is applicable, as de�ned in Table 2.1.

2.5.2 PMT-Section Payload

The payload contains the following implemented �elds for each ES within the channel, as depicted

in Figure 2.10.

128 Bits

video descriptor
40..63

audio descriptor
104..127

ES type
0..7

ES Info length
28..39

ES PID
11..23

audiovideo

ES type
64..71

ES Info length
92..103

ES PID
75..87

Fig. 2.10. PMT-Section Payload

es type is assigned the ES type within the TS-Packet payload, as de�ned in Table 2.3.

TABLE 2.3

ES Type Assignments

ES Type Description ES Type Description

C116 Audio Stream One E116 Video Stream One
C216 Audio Stream Two E216 Video Stream Two
C316 Audio Stream Three E316 Video Stream Three

es pid is assigned the TS-Packet PID carrying the ES, as de�ned in Table 2.4.

TABLE 2.4

ES PID Assignments

ES PID Indication ES PID Indication

001116 Channel One - Video ES 001216 Channel One - Audio ES
001416 Channel Two - Video ES 001516 Channel Two - Audio ES
001716 Channel Three - Video ES 001816 Channel Three - Audio ES

es information length is assigned the value 01816, the number of bytes in the descriptors.
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Video Stream Descriptor

The video stream descriptor identi�es the coding parameters of the video ES. The video stream

descriptor has the following implemented �elds, as depicted in Figure 2.11.

tag
0..7

24 Bits

still picture flag
23

length
8..15

Fig. 2.11. Video Stream Descriptor

tag is assigned the value 0216 to identify that it is a video stream descriptor. length is

assigned the value 0116, the number of bytes in the descriptor less 2 bytes. still picture

flag is asserted to indicate that the video ES contains only still pictures.

Audio Stream Descriptor

The audio stream descriptor identi�es the coding version of an audio ES. The audio stream

descriptor has the following implemented �elds, as depicted in Figure 2.12.

tag
0..7

24 Bits

length
8..15

Fig. 2.12. Audio Stream Descriptor

tag is assigned the value 0316 to identify that it is an audio stream descriptor. length is

assigned the value 0116, the number of bytes in the descriptor less 2 bytes.

2.6 Conditional Access Table

The Conditional Access Table (CAT) lists the PID of the Entitlement Management Messages

(EMM) used in conditional access systems. The PID and Table ID are assigned the value 0116

to identify that it is a CAT-Section. The CAT is optional, is not de�ned by MPEG-2 and is not

implemented in this system.

2.7 Network Information Table

The Network Information Table (NIT) is used to describe the physical network parameters, such

as the channel frequencies, satellite transponder details and modulation characteristics. The

PID and Table ID are assigned the value 0316 to identify that it is a NIT-Section. The NIT is

optional, is not de�ned by MPEG-2 and is not implemented in this system.
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2.8 Transport Stream

A TS is organised into 188-byte packets made up of a 4-byte header and 184 bytes divided

between the payload and Adaptation Field (AF), as depicted in Figure 2.13.

header
4 bytes

188 Bytes

adaptation field
(if present)

payload
(if present)

Fig. 2.13. TS-Packet

Each payload contains the data from a PES-Packet; the header contains information about this

PES-Packet and the AF contains additional information about this PES-Packet.

2.8.1 TS-Packet Header

The header contains the following implemented �elds, as depicted in Figure 2.14.

sync byte
0..7

32 Bits

indicator
9

packet ID
11..23

control
26..27

counter
28..31

Fig. 2.14. TS-Packet Header

sync byte is assigned the value 4716 to synchronise the depacking of the TS. payload unit

start indicator is asserted to indicate the start of a PES-Packet payload or the start of a

PSI-Section. packet id is assigned the payload's data type, as de�ned in Table 2.5.

TABLE 2.5

PID Assignments

PID Indication PID Indication

000016 PAT 001016 Channel One - PMT
000116 CAT 001116 Channel One - Video ES
000316 NIT 001216 Channel One - Audio ES
001316 Channel Two - PMT 001616 Channel Three - PMT
001416 Channel Two - Video ES 001716 Channel Three - Video ES
001516 Channel Two - Audio ES 001816 Channel Three - Audio ES

af control is assigned the payload's contents, as de�ned in Table 2.6.

TABLE 2.6

AF Control Assignments

AF Control Indication AF Control Indication

002 Reserved 102 AF only
012 Payload only 112 AF followed by Payload
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continuity counter is incremented with each TS-Packet payload with the same PID. If

sequential TS-Packets contain continuity counter with a di�erence of greater than one,

as depicted in Figure 2.15, an error state is reached as at least one TS-Packet has been lost in

transmission.

0 1 2 5

Continuity DiscontinuityContinuity

Fig. 2.15. Continuity Counter

2.8.2 TS-Packet Adaptation Field

If present the AF is inserted between the packet's header and payload. The AF contains the

following implemented �elds, as depicted in Figure 2.16.

length
0..7

16 Bits

Fig. 2.16. Adaptation Field

length is assigned the number of bytes in the AF less 1 byte.

2.8.3 TS-Packet Payload

The PES and PSI are broken up into 184-byte blocks and placed sequentially in TS-packet

payloads, as depicted in Figure 2.17.

PES-Packet

PES

TS

TS-packet header and
adaptation field

payload extended adaptation
field

PSI-Section

PSI

TS

TS-packet header and
adaptation field

payload stuffing bytes

Fig. 2.17. Conversion of PES and PSI to TS

For PES-Sections that do not �ll an integral amount of TS-Packet payloads the AF of the last

TS-Packet is extended to �ll this gap, thereby aligning the end of the PSI-Section with the end

of the TS-Packet. The AF length is incremented appropriately in order for the decoder to

skip these bytes and the bytes are assigned the value FF16.

For PSI-Sections that do not �ll an integral amount of TS-Packet payloads the remainder of

the last TS-Packet payload is �lled with bytes assigned the value FF16. The PSI-Section header

length is not incremented and the decoder skips these bytes.
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2.9 Implementation

Transmitters and receivers based on the subset of the MPEG-2 system described in this chapter

are coded for use in the FPGA.

Transmitter

Each channel continually transmits the data stream depicted in Figure 2.18. The TS-Packet

payloads are image pixels read in from the FPGA's internal memory and the PSI-Sections and

TS-Packet headers are dynamically generated to describe the structure of the current payload.

The synchronisation of these processes is discussed in Section 7.2

Video TS-Packets

PAT TS-Packets

PMT TS-Packets

MPEG-2 TS

16

17171717

17 17 170000 0 16

16 16 16

170 16

Fig. 2.18. Transmitter Implementation

Receiver

The receiver uses the TS-Packet header's PID �eld to separate the payload types, as depicted in

Figure 2.19. The PAT decoder's output helps to decode the PMT, the PMT decoder's output

helps to decode the video payloads and the video decoder's output is stored in external memory.

Header Decoder

PAT Decoder

PMT Decoder

Video Decoder External Memory
MPEG-2 TS

17 17 170 16 170 16

Fig. 2.19. Receiver Implementation

2.10 Summary

This chapter described the implemented subset of the MPEG-2 standard used to package the

source data to facilitate the receiver's reconstruction of the original images for storage and post-

processing. The MPEG-2 encoded data in the source data for the DVB-S standard. The DVB-S

standard is discussed in the next chapter.



Chapter 3

DVB-S

The Digital Video Broadcasting for Satellite (DVB-S) standard [3] is discussed in this chapter.

DVB-S is used to counter interference, modulate the data and shape the signal to adhere to

telecommunication regulations. How the various processes perform these functions, the mathe-

matical �elds that they are based on and their implementation in the system are described. Each

section contains examples to help clarify the processes' purposes.

3.1 Transport Multiplex Adaptation

The DVB-S encoder's input is the MPEG-2 encoder's output and the DVB-S decoder's output is

the MPEG-2 decoder's input, as depicted in Figure 3.1. In the transmitter the sync byte of every

eighth Transport Stream (TS) packet is bit-wise inverted to B816 for synchronisation purposes.

In the receiver this inversion is mirrored to regain the original sync byte value of 4716.

sync
1 byte

188 Bytes

payload
187 bytes

Fig. 3.1. TS-Packet

3.2 Energy Dispersal

A transmitted signal with a �xed pattern creates line components in the Radio Frequency (RF)

carrier's spectrum that causes power �ux-density peaks to occur at the surface of the Earth that

exceed the International Telecommunication Union's (ITU) recommended level. Therefore an

energy dispersal technique [32] is required to adequately randomise this signal to disperse the

RF carrier's energy, while not degrading the quality of the data stream.

17
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3.2.1 Spectra of PSK Digital Signals

The power spectrum of a carrier modulated by ideal phase reversals consists of lines separated

by 1
Nt Hz, where N is the number of symbols of the pseudo-random sequence and t is the seconds

per symbol. The power spectrum of these lines is given by Equation 3.1

W (f) ≈ 1
N

{
sinπ (f − fc) t

π (f − fc) t

}2

δ
(
f − fc −

n

Nt

)
(3.1)

where n is an integer, fc is the RF carrier frequency and δ is the Dirac-delta function.

The largest line is at n = 1. As the sequence length approaches in�nity the line separation

approaches zero, the power spectrum becomes continuous and the maximum spectral-density

occurs at the carrier frequency. Equation 3.2 refers to the idealised situation of a random

sequence, while an actual modulating signal may be far from random.

W (f) = t

{
sinπ (f − fc) t

π (f − fc) t

}2

(3.2)

To ensure the desired degree of dispersal a sequence of Nt duration is added to the informa-

tion stream. For a reference bandwidth of x Hz the energy dispersal factor, D, is de�ned by

Equation 3.3.

D = 10 log
total power

maximum power per x Hz
(3.3)

The degree of dispersal is estimated by Equation 3.1 and Equation 3.3 when 1
Nt ≥ x Hz and by

Equation 3.2 and Equation 3.3 when 1
Nt < x Hz. The degree of dispersal is proportional to N

as long as the sequence duration is less than the reciprocal of the reference bandwidth. Little

additional dispersal is gained after the sequence duration passes this point.

3.2.2 Implementation

A scrambler generates a sequence to convert the data stream, as depicted in Figure 3.1, into a

pseudo-random pattern, depicted in Figure 3.2.

7 8 9 10 11 121 2 3 4 5 6 13 14 15

1 0 0 1 0 1 0 1 0 0 0 0 0 0 0

Enable Data Input Data Output

Initialisation Sequence

Fig. 3.2. Energy Scrambler Diagram

The polynomial 1 + X14 + X15 organises the exclusive-or gate connections and the initialisation

sequence 1001010100000002 is loaded into the shift register after every eighth TS-Packet.
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The �rst bit of the sequence is applied to the �rst bit of the �rst byte following the inverted sync

byte. For synchronisation purposes the sequence's output is disabled for the subsequent seven

sync bytes thereby leaving these bytes unchanged. Thus the sequence has a 1503-byte period, as

depicted in Figure 3.3.

Sync1

1 Byte
Randomised Payload

187 Bytes

Pseudo-Random Sequence Period = 1503 Bytes

Sync2

1 Byte
Randomised Payload

187 Bytes
Sync8

1 Byte
Randomised Payload

187 Bytes
Sync1

1 Byte

Fig. 3.3. Randomised Transport Packets

A descrambler of identical design is used to remove the energy dispersal to recover the original

data stream.

Example

The energy scrambler in Figure 3.2 is used to scramble the �xed pattern data stream of 1111

1111 1111 11112. The sequence 0000 0011 1111 01002 is generated and converts the data stream

into the random pattern 1111 1100 0000 10112. Instead of the 16 consecutive `1' bits a more

evenly distributed signal is transmitted.

An identical descrambler is used to descramble the random pattern. The descrambler generates

the same sequence of 0000 0011 1111 01002 to convert the random pattern back into the original

data stream of 1111 1111 1111 11112.

3.3 Reed-Solomon Coding

Reed-Solomon (RS) [33, 34] is a form of Forward Error Correction (FEC) that is used in data

transmission to counter burst errors by handling errors on a symbol-length basis.

The RS encoder breaks the digital data into equal-sized blocks and appends parity symbols to

each block. The RS decoder attempts to recover the original block by �nding and correcting any

errors that occurred during transmission.

RS is speci�ed as RS(n, k, t) with m-bit symbols, where n is the codeword length, k is the number

of data symbols, t is the number of errors that can be found and corrected, 2t = n − k is the

number of parity symbols and n ≤ 2m + 1, as depicted in Figure 3.4.

Data

n

Parity

k 2t

Fig. 3.4. Reed-Solomon Codeword
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If a continuous burst of errors is bound within t symbols in a block the RS decoder is able to

decode that block. This is depicted for a RS(7, 3, 2) decoder with 3-bit symbols in Figure 3.5.

Symbol0 Symbol1 Symbol2 Symbol3 Symbol4 Symbol5

6-bit error

Symbol6

Fig. 3.5. Retrievable Codeword

If the errors occur in a random fashion where more than t symbols are a�ected, then the RS

decoder is unable to decode that block. This is depicted for a RS(7, 3, 2) with 3-bit symbols in

Figure 3.6.

Symbol0 Symbol1 Symbol2 Symbol3 Symbol4 Symbol5

1-bit error

Symbol6

1-bit error 1-bit error

Fig. 3.6. Irretrievable Codeword

Therefore RS coding is used in conjunction with convolutional coding, as discussed in Section 3.5,

which performs well with random errors.

3.3.1 Galois Fields

RS coding is based on an area of �nite �elds known as Galois Fields (GF). In �nite �elds

the arithmetic operations of addition, subtraction, multiplication and division on �eld elements

results in an element in the �eld.

For any prime number, p, there exists a �nite �eld, GF (p), that contains p elements. The

extension �eld, GF (pm), extends this to a �eld of pm elements, where m is a nonzero positive

integer and GF (pm) contains the elements of GF (p). RS symbols are constructed from GF (2m).

Each nonzero element in GF (2m) can be represented by a power of α. An in�nite set of elements,

F , is formed by starting with the elements
{
0, α0, α1

}
and generating additional elements by

progressively multiplying the last entry by α, which yields

F =
{
0, α0, α1, α2, . . . , αj , . . .

}
(3.4)

To obtain the �nite set of elements of GF (2m) from F the condition α2m−1 = α0 is imposed on

F to limit it to only 2m elements. Therefore any �eld element with a power greater than 2m − 1

is reduced to an element with a power less than 2m − 1. This reduces F to the �nite �eld F ∗,

with

F ∗ =
{
0, α0, α1, α2, . . . , α2m−2, α0, α1, α2

}
(3.5)

and the elements of GF (2m) are

GF (2m) =
{
0, α0, α1, α2, . . . , α2m−2

}
(3.6)
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Each of the 2m elements of GF (2m) can be represented as a distinct polynomial of degree m− 1

or less. Each of the nonzero elements of GF (2m) is a polynomial, ai (X), where at least one of

the m coe�cients is nonzero. For i = 0, 1, 2, . . . , 2m − 2,

αi = ai (X) = ai,0 + ai,1X + . . . + ai,m−1X
m−1 (3.7)

Addition (with subtraction being equivalent) of two elements of GF (2m) is modulo-two sum of

each of the polynomial coe�cients of like powers, therefore

αi + αj = (ai,0 + aj,0) + (a1,1 + aj,1) X + . . . + (ai,m−1 + aj,m−1) Xm−1 (3.8)

Multiplication of two �eld elements is the addition of the exponents modulo 2m − 1.

Primitive polynomials de�ne the extension �nite �elds that de�ne the RS codes. An irreducible

polynomial, f (X), of degree m is said to be primitive if the smallest positive integer n for which

f (X) divides Xn + 1 is n = 2m − 1, yielding a nonzero quotient and a zero remainder.

Example

GF
(
23

)
is de�ned by f (X) = 1 + X + X3. There are 2m = 8 �nite elements and m = 3 roots.

To solve for the roots of f (X) the values of X that correspond to f (X) = 0 must be found.

The binary elements of 1 and 0 do not satisfy f (X) since f (1) = 1 and f (0) = 1. Therefore the

roots lie in GF
(
23

)
. De�ne α, an element of GF

(
23

)
, to be a root of f (X). Therefore

f (α) = 0

1 + α + α3 = 0

α3 = −1− α

(3.9)

Since in the binary �eld +1 = −1 α3 can be represented as

α3 = 1 + α (3.10)

Similarly the other powers are determined to be

α4 = α× α3 = α + α2

α5 = α× α4 = 1 + α + α2

α6 = α× α5 = 1 + α2

α7 = α× α6 = α0

(3.11)

As α7 = α0 the eight �nite �eld elements of GF
(
23

)
are

GF
(
23

)
=

{
0, α0, α1, α2, α3, α4, α5, α6

}
= {0, 1, 2, 4, 3, 6, 7, 5} (3.12)
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3.3.2 Reed-Solomon Encoding

The generator polynomial, g (X), for a RS code takes the form of

g (X) = g0 + g1X + g2X
2 + · · ·+ g2t−1X

2t−1 + X2t (3.13)

There are 2t successive powers of α that are the roots of the polynomial, α, α2, . . . , α2t. We

describe g (X) in terms of its 2t roots as

g (X) = (X − α)
(
X − α2

)
. . .

(
X − α2t

)
(3.14)

The codeword polynomial, U (X), for a RS encoder is

U (X) = p (X) + Xn−km (X) , (3.15)

where m (X) is the message polynomial, Xn−k is the algebraic manipulation to right-shift m (X)

n− k positions in the codeword and p (X) is the parity polynomial that is placed in the leftmost

n− k stages of the codeword. p (X) is de�ned as

p (X) = Xn−km (X) mod g (X) (3.16)

Example

A RS(7, 3, 2) encoder is used to encode the data stream 1110110102 = α5 + α3 + α1, which is

equivalent to m (X) = α5X2 + α3X + α1. From Equation 3.14 g (X) is calculated to be

g (X) = (X − α)
(
X − α2

) (
X − α3

) (
X − α4

)
=

(
X2 − α4 + α3

) (
X2 − α6 + α0

)
= X4 − α3X3 + α0X2 − α1X + α3

(3.17)

Since in the binary �eld +1 = −1 g (X) can be represented as

g (X) = α3 + α1X + α0X2 + α3X3 + X4 (3.18)

From Equation 3.16 m (X) is multiplied by X4 to yield α5X6 + α3X5 + α1X4 and then divided

by g (X) in Equation 3.18 to yield a p (X) of

p (X) = α6X3 + α4X2 + α2X + α0 (3.19)

From Equation 3.15 U (X) is

U (X) = α5X6 + α3X5 + α1X4 + α6X3 + α4X2 + α2X + α0 (3.20)
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3.3.3 Reed-Solomon Decoding

The RS decoder's received polynomial, r (X), is the sum of the transmitted codeword and any

error-pattern, e (X), encountered in transmission, therefore

r (X) = U (X) + e (X) (3.21)

Non-binary symbols require that both the error locations be found and the correct symbols at

those locations be determined. If there are v errors in the codeword at location Xj1 , Xj2 , . . . , Xjv

e (X) would be

e (X) = ej1X
j1 + ej2X

j2 + . . . + ejvX
jv (3.22)

where the indices 1, 2, . . . , v refer to the �rst, second, . . ., vth errors and the index j refers to

the error location. To correct the corrupted codeword each error value ejl
and its location Xjl ,

where l = 1, 2, . . . , v, must be determined. An error locator number is de�ned as β1 = αjl .

U (X) and g (X) have the same roots as U (X) is a multiple of g (X). Therefore a parity check

performed on r (X) results in a zero value to indicate a valid members of the codeword set and

a nonzero value to indicate the presence of errors. The syndrome, S, is the result of this parity

check and is computed as

Si = r
(
αi

)
= ej1β

i
1 + ej2β

i
2 + . . . + ejvβ

i
v (3.23)

with i = 1, 2, . . . , 2t.

There are 2t unknowns, made up of t error values and t locations, and 2t simultaneous equations.

These equations can not be solved in the conventional way as they are non-linear. To �nd the

location of these errors an error-locator polynomial, σ (X), is de�ned as

σ (X) = (1 + β1X) (1 + β2X) . . . (1 + βvX) , (3.24)

where its roots are 1/β1, 1/β2, . . . , 1/βv. Using autoregressive-modelling techniques a matrix is

formed from S, where the �rst t syndromes are used to predict the next syndrome:

σt

σt−1

...

σ2

σ1


=



S1 S2 · · · St−1 St

S2 S3 · · · St St+1

...

St−1 St · · · S2t−3 S2t−2

St St+1 · · · S2t−2 S2t−1



−1 

−St+1

−St+2

...

−S2t−1

−S2t


(3.25)

We determine these roots by exhaustive testing of σ (X) with each of the �eld elements. An

element X that yields σ (X) = 0 is a root and its reciprocal is the location of an error.
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Substitution of the location values into the syndrome equations yields the values of the errors.

As the RS decoder is limited to �nding t error locations and correcting t errors, t syndrome

equations are required. This results in the estimated error polynomial, ê (X), where

ê (X) = ej1X
j1 + ej2X

j2 + . . . + ejvX
jv , (3.26)

The estimated codeword polynomial, Û (X), is the combination of r (X) and ê (X) and is equal

to U (X) as long as r (X) does not contain more than t errors.

Example

In Section 3.3.2 a RS(7, 3, 2) is used to encode a data stream that resulted in the codeword in

Equation 3.20. During transmission the maximum number of symbols, t = 2, are corrupted to

create the received codeword

r (X) = α5X6 + α3X5 + α6X4 + α0X3 + α4X2 + α2X + α0 (3.27)

From Equation 3.23 the four syndrome symbols are found to be

S1 = r
(
α1

)
= α3

S2 = r
(
α2

)
= α5

S3 = r
(
α3

)
= α6

S4 = r
(
α4

)
= 0

(3.28)

From Equation 3.25 the autoregressive model is found to be[
σ2

σ1

]
=

[
α1 α0

α0 α5

] [
α6

0

]
=

[
α0

α6

]
(3.29)

From Equation 3.24 and Equation 3.29 σ (X) is found to be

σ (X) = α0 + α6X + α0X2 (3.30)

From Equation 3.30 the roots and the error locations are found to be

σ
(
α3

)
= 0 ⇒ β1 = α4

σ
(
α4

)
= 0 ⇒ β2 = α3

(3.31)

From Equation 3.22 and Equation 3.31 the error values are found to be[
e1

e2

]
=

[
α2 α5

α0 α4

] [
α3

α5

]
=

[
α2

α5

]
(3.32)

From Equation 3.26 ê (X) is found to be

ê (X) = α2X3 + α5X4 (3.33)

From Equation 3.33 and Equation 3.27 Û (X) is found to be

Û (X) = α5X6 + α3X5 + α1X4 + α6X3 + α4X2 + α2X + α0 (3.34)

This estimated codeword is equal to the transmitted codeword in Equation 3.20.
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3.3.4 Implementation

The RS(255, 239, 8) shortened code RS(204, 188, 8) with f (X) = X8 + X4 + X3 + X2 + 1 and

g (X) =
(
X − α0

) (
X − α1

)
. . .

(
X − α15

)
is implemented.

The compiler [35] encodes each randomised transport packet, as depicted in Figure 3.3, to gen-

erate an error protected packet, as depicted in Figure 3.7. The decoder decodes the RS encoded

packets and outputs the randomised transport packets to the descrambler.

204 Bytes

Syncn
Randomised Payload

187 Bytes
RS(204,188,8)

16 Bytes

Fig. 3.7. Reed Solomon Error Protected Packet

3.4 Interleaving

The data stream is interleaved to reduce the chance of a burst error from a�ecting consecutive

symbols. A convolutional interleaver scrambles the symbols as a periodic function of time.

3.4.1 Convolutional Interleaving

Convolutional interleaving [4, 36] is created by diagonally splitting a B-by-N rectangular array

into two halves, where B is the number of shift registers and N is the error protection frame

length, as depicted in Figure 3.8. One half is the interleaver and the other half is the deinterleaver.

Interleaver

Deinterleaver

B

(B-1)M

M

2M

(B-1)M

Interleaver

C
h
a
n
n
e
l

From
Reed-Solomon

Encoder

To
Convolutional

Encoder

From
Sync

Decoder

To
Reed-Solomon

Decoder

2M

(B-1)M

Deinterleaver

Clocked every B symbols

M

Fig. 3.8. B-by-N Convolutional Interleaver

At the transmitter the coded sequence is fed into a B-by-N triangular array of shift registers.

The ith shift register has a depth of (1− i) M stages, where 1 ≤ i ≤ B and M = N/B. The

registers are clocked once every B symbols and the oldest symbols in the registers are shifted

out to the channel.
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The received sequence is restored to its original ordering using an inverse structure of shift regis-

ters. Symbols that are delayed by (i− 1) M stages at the transmitter are delayed by (B − i) M

stages at the receiver. All symbols receive a total delay of (B − 1) M stages and the total memory

space requirement is N (B − 1) symbols.

A B-by-N convolutional interleaver increases a random error correction code's e�ciency as any

channel burst of γM symbols a�ects no more than γ of the B register output sequences at a

time. The deinterleaver spaces these sequences to give bursts of γ symbols spaces by (B − γ) M

error free symbols.

3.4.2 Implementation

A 12-by-204 convolutional interleaver processes the error-protected packets, as depicted in Fig-

ure 3.7, to create the interleaved frame of overlapping error-protected packets, as depicted in

Figure 3.9.

Syncn 203 Bytes Syncn 203 Bytes Syncn

Fig. 3.9. Interleaved Frames

To preserve the 204-byte periodicity the sync bytes are routed to the i = 1 shift register, which

corresponds to a null delay, as depicted in Figure 3.10. Similarly the �rst byte following the

sync byte is routed to the i = 2 shift register, resulting in a 204-symbol delay, the second byte

following the sync byte is routed to the i = 3 shift register, resulting in a 408-byte delay, etc. . .

sync
byte

12 Bytes

204 Bytes

sync
byte

204-Byte Delay

408-Byte Delay

Input Signal
to Interleaver

Output Signal
from Interleaver

sync
byte

sync
byte

Fig. 3.10. Encoder Implementation

The deinterleaver routes the �rst recognised sync byte to the i = 1 shift register, which cor-

responds to a 1224-symbol delay and a total interleaver-deinterleaver delay of 1224 symbols.

Similarly the �rst byte following the sync byte is routed to the i = 2 shift register, resulting in

a 2004-symbol delay and a total interleaver-deinterleaver delay of 1224 symbols, the second byte

following the sync byte is routed to the i = 3 shift register, resulting in a 1836-byte delay and a

total interleaver-deinterleaver delay of 1224 symbols, etc. . .
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3.5 Convolutional Coding

Convolutional encoding [37] is a form of FEC that is used in data transmission to counter random

errors. Convolutional codes operate on serial data at up to a couple of bits at a time.

Convolutional codes are de�ned by their code rate, k
n , and constraint length, K, where k is the

input length, n is the output length and K is the number of k-bit stages in the encoder. Code

generator polynomials de�ne the interconnections within the encoder.

Viterbi is the chosen form of decoding algorithm as it has a �xed decoding time, which makes it

well suited for hardware implementation.

3.5.1 Convolutional Encoding

A simple convolutional coder is depicted in Figure 3.11. For each bit arriving at C two bits

are transmitted, at X and Y , therefore k
n = 1

2 . Each input bit passes through three stages in

consecutive clock cycles, C to B to A, therefore K = 3. Y is the sum of A and C and X is the

sum of A, B and C, therefore the code generator polynomials are 1012 and 1112.

B A

58

78

data

X

Y

C

Fig. 3.11. Convolutional Encoder

The state diagram for this circuit is depicted in Figure 3.12.
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Fig. 3.12. State Diagram

The transitions from each state, BA, are depicted in the trellis diagrams in Figure 3.13.
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Fig. 3.13. Trellis Diagram of Possible States
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Encoding Example

The convolutional encoder in Figure 3.11 encodes the data stream 1001110112. The circuit

starts in the state BA = 002. When the �rst bit (`1') arrives CBA = 1002 produce the symbol

XY = 112. When the circuit is clocked the new state BA = CB = 102. Similarly when the

second bit (`0') arrives CBA = 0102 produce the symbol XY = 102. When the circuit is clocked

the new state BA = CB = 012.

This process is repeated for each input data bit, with extra zeros appended to the data stream to

�ush the circuit back to the state BA = 002, as depicted in Figure 3.14. The output data stream

carves a distinct path through the trellis from which the original data stream can be extracted.
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Fig. 3.14. Trellis Diagram

3.5.2 Convolutional Decoding

Upon reception the data is recovered by identifying the path through the trellis de�ned by the

symbol sequence. If there are no errors the process of decoding is readily accomplished.

Error-Free Decoding Example

Figure 3.13 is used to create a trellis diagram from the output stream of the encoding example

in Section 3.5.1. For example the �rst symbol 112 represents either the data bit `1' on a path

from state 002 to state 102 or the data bit `0' on a path from state 012 to state 002. When

the possibilities for all the received symbols are shown together, as depicted in Figure 3.15, a

distinct path through the trellis is identi�ed and gives the correct data stream, as depicted in

Figure 3.14. This path is continuous as there are no errors in the incoming symbols.
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Fig. 3.15. Trellis Diagram of Possible Paths
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If there are errors, a decoding technique is required to identify the path through the trellis.

Viterbi decoding is the chosen method for hardware implementation.

The Viterbi decoder builds up a trellis stage-for-stage of all the possible paths. Each path has an

error allocated to it, the di�erence between the path's symbol and the received symbol. When

two paths arrive at the same state the one with the higher cumulative error is discarded.

After a �nite amount of symbols the path that gives the lowest cumulative error is assumed to

correspond to the initial data stream. The cumulative error is equal to the number of errors that

were encountered and corrected along this path.

Error-Correcting Decoding Example

The data stream 11101001011001000101112 is received, which has two errors when compared to

the output stream of the encoding example in Section 3.5.1.

Two paths are de�ned leading o� from the initialised state BA = 002. The initial error is

the di�erence between the received symbol, 112, and the symbol associated with the new path

segment, as depicted in Figure 3.16.

Path Error = 2

Path Error = 0

11

00

BA

01

10

11

00

BA

01

10

11

0 2

0

Fig. 3.16. Step One

Four paths are de�ned leading to the next stage, two from each state in Step One. The accu-

mulated error is increased by the di�erence between the received symbol, 102, and the symbol

associated with the new path segment, as depicted in Figure 3.17.

Path Error = 3

Path Error = 3

Path Error = 0

Path Error = 2
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0

Fig. 3.17. Step Two

Eight paths are de�ned leading to the next stage, two from each state in Step Two. The accu-

mulated error is increased by the di�erence between the received symbol, 102, and the symbol

associated with the new path segment. Where two paths arrive at the same state, the one with

the lower cumulative error is retained and the other is discarded, as depicted in Figure 3.18.
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Path Error = 1

Path Error = 1
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Fig. 3.18. Step Three

In the following steps the four best paths are retained and the four non-productive paths are

discarded. Once the trellis has been traversed, the path that gives the lowest cumulative error

is assumed to correspond to the correct data, as depicted in Figure 3.19. The cumulative error

is equal to the number of errors that were encountered and corrected along this path.
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Fig. 3.19. Trellis Diagram of Viterbi Decoder

If two paths arrive at the same state with equal cumulative errors either one is retained, but if

this ends up being the path with the lowest cumulative error it is possible that there is an error

in the recovered data stream.

3.5.3 Implementation

A convolutional encoder with code rate k
n = 1

2 , constraint length K = 7 and code generator

polynomials 1338 and 1718, as depicted in Figure 3.20, encodes the interleaved frames, as depicted

in Figure 3.9.

data

X

Y
1318

1718

Fig. 3.20. Convolutional Encoder

A Viterbi decoder capable of automatically detecting the code rate is used. The Viterbi decoder's

output is aligned into bytes by detecting the sync byte, 4716, within the data stream, which is

the �rst byte in a RS codeword. The data is inverted if a 180◦ phase shift is detected in the

framed byte stream.
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3.6 Puncturing

The convolutional encoded data can be punctured to increase the data rate, with the range for

a k
n = 1

2 code rate, K = 7 constraint length convolutional encoder de�ned in Table 3.1, where a

`1' indicates a transmitted bit and a `0' indicates a non-transmitted bit.

TABLE 3.1

Punctured Code Definition

Code Rate

1/2 2/3 3/4 5/6 7/8

X:1 X:10 X:101 X:10101 X:1000101
Y:1 Y:11 Y:110 Y:11010 Y:1111010

I = X1 I = X1Y2Y3 I = X1Y2 I = X1Y2Y4 I = X1Y2Y4Y6

Q = Y1 Q = Y1X3Y4 Q = Y1X3 Q = Y1X3X5 Q = Y1Y3X5X7

3.6.1 Implementation

The k
n = 1

2 code rate is used in this system implying that no puncture architecture is implemented

and the output of the convolutional encoder, see Section 3.5, is directly mapped to the input of

the modulator, see Section 3.8. The Viterbi decoder is capable of automatically detecting the

puncturing pattern.

3.7 Baseband Shaping for Modulation

To decrease inter-symbol interference between channels and to comply with existing regulations

concerning outer-band power transmission it is necessary to limit the transmitted power to the

allocated frequency band. The baseband square root raised cosine �lter [38, 39] is de�ned by

H (f) =


1 |f | < fN (1− α)(

1
2 + 1

2 sin π
2fN

[
fN−|f |

α

]) 1
2

fN (1− α) ≤ |f | < fN (1 + α)

0 |f | > fN (1− α)

(3.35)

where fN = 1
2TS

is the Nyquist frequency and α = 0.35 is the roll-o� factor.

3.7.1 Implementation

No �ltering is implemented in the transmitter, which leads to an imbalance between the trans-

mitter and receiver as the receiver contains a complementary �lter.
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3.8 Phase Shift Keying Modulation

Phase Shift Keying (PSK) modulation [40, 41] varies the phase of a cosine carrier while keeping

the amplitude and frequency constant and is de�ned as

s (t) = A cos (ωct + φi) (3.36)

where φi = (2i + 1) π
M , i = 1, 2, . . . ,M − 1,M , M = 2n and n ≥ 1. The smaller the phase shifts,

φ, the more bits, x, that are transmitted per phase change. Therefore PSK can increase the bit

rate without increasing the bandwidth.

3.8.1 Implementation

The modulators [13] perform Quadrature Phase Shift Keying (QPSK) modulation, which has

four possible phases (φi = 45◦, 135◦, 225◦, 315◦), as depicted in Figure 3.21, each of which convey

n = 2 bits of information.
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Q=0

I= 0
Q=0

I=1
Q=1

I=0
Q=1

I

Q

-A +A

-A

+A

θ

Phase Between
Symbols

Fig. 3.21. QPSK Constellation

AQPSK demodulator is used that includes the following: Analogue-to-Digital Converters (ADC),

imbalance correctors, notch, decimation and matched �lters, equalisers, Automatic Gain Con-

trols (AGC), automatic acquisition, fade recovery sequencers, carrier o�set estimation and a

soft-decision decoder.

3.9 Summary

This chapter discussed the DVB-S standard which is used to protect and modulate the MPEG-2

coded data and shape the transmitted signal. As the system is implemented on three separate

boards, devices based on LVDS technology are used to transfer the data between the boards.

LVDS technology and its implementation are discussed in the next chapter.



Chapter 4

LVDS

The Low Voltage Di�erential Signalling (LVDS) standard [9, 10] and the Digital Video Broad-

casting - Synchronous Parallel Interface (DVB-SPI) standard [11] are explained in this chapter.

This includes the technology fundamentals and how the standards are used to transfer data

between the three boards.

4.1 LVDS

LVDS devices transmit high-speed data streams over copper wire. LVDS o�ers common mode

rejection as equally-coupled noise on both signals is ignored. This gain in noise tolerance allows

for smaller signal swings, and therefore faster data rates due to short rise-times and fall-times.

4.1.1 Con�guration

The LVDS con�guration requires a matched external resistor to terminate the receiver input

signals to complete the current loop, as depicted in Figure 4.1. This prevents re�ections, reduces

unwanted electromagnetic emissions and provides the optimum signal quality.

Driver Receiver

3.5mA

3.5mA

350mV

Fig. 4.1. LVDS Driver and Receiver Con�guration

The receiver's high input impedance forces the driver's current to �ow across the receiver's

termination resistor. This will generate either a positive or negative voltage across the receiver's

inputs depending on the direction of current �ow.
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4.1.2 Functional Table

The operation of the LVDS devices are de�ned in Table 4.1 [25] and Table 4.2 [26]. Failsafe mode

places the outputs in a known state when the receiver inputs are under certain fault conditions.

TABLE 4.1

LVDS Driver Functional Table

Enables Output
Input

EN+ EN− Positive Negative

Data H/X X/L Data+ Data−

Open H/X X/L L H
X L H Z Z

TABLE 4.2

LVDS Receiver Functional Table

Input Enables
Positive Negative EN+ EN− Output

Data+ Data− H/X X/L Data
Failsafe Failsafe H/X X/L H

X X L H Z

4.1.3 Electrical Characteristics

LVDS only de�nes the driver output and receiver input characteristics, as de�ned in Table 4.3

and Table 4.4. This allows for its adoption into many applications that complete the interface

by specifying the necessary functional speci�cations, protocols and cable characteristics.

TABLE 4.3

LVDS Driver Output Characteristics

Parameter Description Min Value Max Value

VOD Di�erential Mode Voltage 247mV 454mV
VOS Common Mode Voltage 1.125V 1.375V
Z0 Impedance 100Ω
tr/tf Rise and Fall Times 0.26ns 1.5ns

TABLE 4.4

LVDS Receiver Input Characteristics

Parameter Description Min Value Max Value

VTH Threshold Voltage -100mV 100mV
VIN Voltage Range 0V 2.4V
ZIN Input Impedance 90Ω 132Ω
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4.1.4 Implementation

A PCB containing two LVDS drivers is mounted onto the FPGA DevBoard and a pair of PCB

containing a LVDS receiver each is mounted onto Malan's Board. The layouts are given in

Appendix B.2. These LVDS driver-receiver pairs are used to transfer the data between the

transmitter's convolutional encoder and modulator via twisted-wire pair cables.

4.2 DVB-SPI

The DVB-SPI standard speci�es the synchronous parallel interface for the interconnections of

devices within the DVB-S/MPEG-2 format via LVDS devices, as depicted in Figure 4.2.

Transmitter Receiver

1

8

1

1

CLOCK

DATA[0..7]

DVALID

PSYNC

Fig. 4.2. Synchronous Parallel Interface

Both the head-end equipment's physical interface and the signal formats are de�ned.

4.2.1 Signal Format

The data, control and synchronisation signals are transmitted in parallel and are synchronous to

the clock signal, as depicted in Figure 4.3.

DATA

DVALID

PSYNC

CLOCK

203 sync 1 187 188 203 sync 1

Fig. 4.3. Signal Format

clock is a square wave signal that is active for all 204-bytes of the MPEG-2 TS-Packet.

data is the DVB-S decoded data for input to the MPEG-2 decoder.

dvalid is asserted to indicate valid data at the interface. This signal is asserted during the

transmission of the sync byte, 4716, and the 187-byte DVB-S payload, but cleared during the

transmission of the parity data.

psync is asserted to indicate the beginning of a DVB-S codeword. This signal is asserted during

the transmission of the sync byte, 4716.
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4.2.2 Mechanical Details

The interface's 25-pin Type-D Connector pin assignments are de�ned in Table 4.5.

TABLE 4.5

DVB-SPI Pin Assignments

Pin Signal Line Pin Signal Line Pin Signal Line

1 Clock+ 3 Data7
+ 16 Data7

−

14 Clock− 4 Data6
+ 17 Data6

−

11 DValid
+ 5 Data5

+ 18 Data5
−

24 DValid
− 6 Data4

+ 19 Data4
−

12 PSync
+ 7 Data3

+ 20 Data3
−

25 PSync
− 8 Data2

+ 21 Data2
−

2 Ground 9 Data1
+ 22 Data1

−

13 Ground 10 Data0
+ 23 Data0

−

15 Ground

4.2.3 Implementation

A PCB board containing three LVDS receivers is mounted onto the FPGA DevBoard with the

layout given in Appendix B.2. These receivers are used in conjunction with the DVB-S decoder's

DVB-SPI output to transfer the data between the decoder's DVB-S decoder and MPEG-2 decoder

via twisted-wire pair cables.

4.3 Summary

This chapter discussed the method of transferring the data between the three boards in the

system and thereby completes the communication system. Some form of broadcast method of

the transmitted data is required to test this system. The chosen data and broadcast methods

are discussed in the next chapter.



Chapter 5

Audio and Video

The processes involved in displaying images and broadcasting audio are explained in this chapter.

This includes explanations of the components used to display images and broadcast audio and

how to control them. The images are used to show any signal degradation in the system caused

by interference.

5.1 Video

The images are displayed on a Video Graphics Adapter (VGA) screen with 640-by-480 resolution,

16-bit colour quality and 60Hz refresh rate. A video Digital-to-Analogue Converter (DAC) [19]

converts the digital image data into analogue signals, as depicted in Figure 5.1.

DAC

SYNC

BLANK

GRN

BLU

RED

CLOCK

IOS

IOG

IOB

IOR

DAC

DAC

SYNC

8

8

8

Fig. 5.1. Video DAC Block Diagram

5.1.1 VGA Screen

The VGA standard [42] uses separate wires to transmit the three colour signals and four syn-

chronisation signals to co-ordinate the display. VGA video is a stream of frames made up of a

series of horizontal lines, with each line made up of a series of pixels. The lines in each frame are

transmitted from top to bottom, and the pixels in each line are transmitted from left to right.

Each pixel is made up of the three colours of red, green and blue.
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blank forces the outputs to their blanking level and sync forces the green output to a special

synchronisation level below the normal blanking level. The position of the Cathode Ray Tube

(CRT) is control by the synchronisation signals vsync and hsync, as depicted in Figure 5.2.

VSYNC

HSYNC

Fig. 5.2. CRT control

Horizontal Sweep

Each horizontal sweep takes 32µs, as depicted in Figure 5.3. hsync is cleared for 3.84µs to

indicate a new line and asserted for the remainder of the line. hen is cleared for a further

1.92µs. hen remains asserted for 25.6µs, corresponding to 640 pixels, and then is cleared. hsync

is cleared 0.64µs later.

3.84µs 1.92µs 25.6µs 0.64µs

HSYNC

GRN

Active Video Front PorchSync Pulse Back Porch

HEN

Fig. 5.3. Horizontal Sweep

Vertical Sweep

Each vertical sweep takes 16.8ms, corresponding to a 60Hz refresh rate, as depicted in Figure 5.4.

vsync is cleared for 64µs to indicate a new frame and asserted for the remainder of the frame.

ven is cleared for a further 1.056ms. ven remains asserted for 15.36ms, corresponding to 480

lines, and then is cleared. vsync is cleared 320µs later.

64µs 1.056ms 15.36ms 320µs

VSYNC

GRN

Active Video Front PorchSync Pulse Back Porch

VEN

Fig. 5.4. Vertical Sweep

When both hen and ven are asserted the corresponding pixel is transmitted to the video DAC.

The mechanism that controls the correct addressing of the pixels is explained in Section 6.3.3.
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5.2 Audio

The audio is broadcast by a stereo audio coder-decoder (codec) [20] with 44.1kHz sample rate

and 16-bit resolution. The codec contains a DAC to convert the digital audio data into analogue

signals, as depicted in Figure 5.5.

CS

SDIN Control
InterfaceSCLK

MODE

DIN

Digital
Audio

InterfaceBCLK

LRCIN

Digital
Filters

ROUT

LOUT

DAC

DAC

MCLK

16

16

Fig. 5.5. Stereo Audio Codec Block Diagram

5.2.1 Control Interface

The codec registers are programmed using a serial peripheral interface (SPI). sdin carries the

serial data, sclk is the serial clock and cs latches the data word into the codec. Starting with

the MSB the data bits are latched on the rising edge of sclk after which a rising edge on cs

latches the data word into the codec, as depicted in Figure 5.6.

SDIN

CS

LSBMSB

SCLK

15 14 1 0

Fig. 5.6. SPI Timing

The register values are de�ned in Table 5.1.

TABLE 5.1

Audio Codec Register Assignment

Address Register Assignment Description

016 Input Volume Control 10716 -24dB volume
216 Headphone Volume Control 1E116 -24dB volume
416 Analogue Audio Path Control 01216 DAC enabled
516 Digital Audio Path Control 00416 44.1kHz de-emphasis �lter
616 Power Down Control 00016 Power all functions
716 Digital Audio Interface Format 00116 16-bit, left-aligned data
816 Sample Rate Control 02016 44.1kHz sampling rate
916 Digital Interface Activation 00116 Activates the interface
F16 Reset Register 00016 Triggers reset
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5.2.2 Digital Audio Interface

The two DACs are controlled by a left-justi�ed interface. din is the DAC input, bclk is the

serial clock and lrcin latches the data word into the DAC. Starting with the MSB the data

bits are latched on the rising edge of bclk after which a falling edge on lrcin latches the left

channel data word into the DAC and a rising edge latches the right channel data word into the

DAC, as depicted in Figure 5.7.

DIN

LRCIN

BCLK

Left Channel Right Channel

1/fs

LSBMSB LSBMSB

15 14 1 0 15 14 1 0

Fig. 5.7. Left-Justi�ed Mode Timing

5.3 Summary

This chapter describes the chosen method to display images and broadcast audio. The images

show the signal degradation by displaying the original images permanently stored in the FPGA's

internal memory next to the decoded images being continually refreshed in the external memory.

The process of storing the images and audio is discussed in the next chapter.



Chapter 6

Memory

The types of memory used within the system are discussed in this chapter. This includes the

internal memory units within the FPGA and the external memory units connected to the FPGA.

The mechanism for initialising audio and video �les in the internal memory units is also discussed.

6.1 Memory Initialisation File Format

The audio �le format, wave [43, 44], and image �le format, bitmap [45, 46], are not compatible

for initialisation of FPGA internal memory units, therefore they are converted to hexadecimal

object �le format [47] by the two Delphi programmes given on the attached CD.

6.1.1 Bitmap File Format

The bitmap �le format consists of a 14-byte �le header, a 40-byte information header and a

9600-byte payload of video data, as depicted in Figure 6.1.

9654 Bytes

File Header
14 Bytes

Information Header
40 Bytes

RGB Data
9600 Bytes

Fig. 6.1. Bitmap File Format

The �le header contains information about the �le, the information header describes the image

and the Red-Green-Blue (RGB) data is the image data. The video data is stored in 24-bit blocks

equally divided between red, green and blue data.

The video data is stored in consecutive equal-length scan-lines from left to right and from bottom

to top, which is rearranged to top to bottom for usage within the FPGA internal memory units.

The 24-bit blocks are reduced to 16-bit blocks for usage with the 16-bit VGA screen.
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6.1.2 Wave File Format

The wave �le format consists of a 12-byte RIFF chunk, a 24-byte format chunk and a 22920-byte

payload of audio data, as depicted in Figure 6.2.

22956 Bytes

RIFF Chunk
12 Bytes

Format Chunk
24 Bytes

Data Chunk
22920 Bytes

Fig. 6.2. Wave File Format

The RIFF chunk contains information about the �le, the format chunk describes the audio format

and the data chunk contains the audio data. The audio data is stored in 32-bit blocks equally

divided between left and right channel data.

6.1.3 Hexadecimal Object File Format

A hexadecimal object �le is blocked into records each containing the following �elds, as depicted

in Figure 6.3.

mark
1 byte

80 Bits

length
1 byte

offset
2 bytes

type
1 byte

data
4 bytes

checksum
1 byte

mark
1 byte

64 Bits

length
1 byte

offset
2 bytes

type
1 byte

data
2 bytes

checksum
1 byte

Audio Files Video Files

Fig. 6.3. Hexadecimal Object File Format

mark is assigned the value 3A16, the ASCII code for the colon (`:') character, to indicate the

start of a record.

length speci�es the number of info/data bytes in the record. length is assigned the value

0216 for video data records, the value 0416 for audio data records and the value 0016 for end of

�le records.

offset speci�es the 16-bit starting load o�set of the data bytes. offset is assigned the address

of the audio or video data for Data Records and the value 0016 for End of File Records.

type speci�es the record type. type is assigned the value 0016 for audio and video Data

Records and the value 0116 for End of File Records.

info/data length and contents are determined by the record type. info/data contains a

16-bit image pixel for video Data Records, a 32-bit audio sample for audio Data Records and is

non-existent for End of File Records.

checksum is assigned the two's complement of the result of the addition of the other bytes

within the record excluding mark.



CHAPTER 6. MEMORY 43

6.2 Internal Memory

The FPGA has a 52.5kB embedded memory structure [48] that is implemented as dual-clock

First-In, First-Out (FIFO) bu�ers [49] to transfer the video data between the external memory

and the VGA screen and as Read Only Memory (ROM) [50] to store the video data.

6.2.1 ROM Mode

The ROM units are controlled as depicted in Figure 6.4. q is updated to contain the data

addressed by addr at each rising edge of clock.

ADDR

Q

CLOCK

000016 000116 000216 000316

61E216 724416 518116 59A216

000416

Fig. 6.4. Internal Memory ROM Control

Due to the limited size of the embedded memory structure a 16-bit 80-by-60 image is stored on

the FPGA in ROM for each channel, resulting in a total of 28.125kB. Audio storage is impractical

as the remaining embedded memory can only store a total of 0.3 seconds of 16-bit audio.

6.2.2 FIFO Bu�er Mode

The FIFO bu�ers are controlled as depicted in Figure 6.5. data is read into the FIFO at the

�rst rising edge of wrclk after wrreq is asserted. q is the oldest entry in the FIFO at the �rst

rising edge of rdclk after rdreq is asserted. aclr is used to clear the FIFO.

RDCLK

WRCLK

RDREQ

WRREQ

DATA

ACLR

Q 61E216 61E216

... ... ... ... ...

Fig. 6.5. Internal Memory FIFO Bu�er Control

Due to the di�erent clock rates of the VGA screen and external memory the FIFO bu�ers are

used as a bridge between the two subsystems. For each channel one line of the 16-bit 80-by-60

image is stored in the FIFO bu�er for each horizontal sweep of the VGA screen, resulting in

a total of 480B of memory. The bu�er is �lled up during the display of the source image and

emptied to display the �nal image.
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6.3 External Memory

A 256MB Random Access Memory (RAM) module [18] is used to store the received data for later

display. A DDR2 SDRAM Controller [51] translates read and write requests into the necessary

commands and handles the other aspects of interfacing with the external memory module using

the FPGA's dedicated external memory interface [52] at a data transfer rate of up to 334Mbps.

6.3.1 Write Process

The write process is depicted in Figure 6.6. wrreq is asserted to request a write operation. size

contains the burst size and addr contains the start address. These signals remain constant until

the controller asserts ready, indicating that the request has been accepted. wdata and the

data masking control, be, are provided one clock cycle after the controller asserts wdreq.

WRREQ

READY

SIZE

ADDR

WDATA

BE

CLOCK

WDREQ

17016

00116

1F116

216

Fig. 6.6. Write Process

6.3.2 Read Process

The read process is depicted in Figure 6.7. rdreq is asserted to request a read operation. size

contains the burst size and addr contains the start address. These signals remain constant until

the controller asserts ready, indicating that the request has been accepted. rdata is valid for

one clock cycle after the controller has asserted rdvalid.

RDREQ

READY

SIZE

ADDR

RDATA

CLOCK

RDVALID

1F116

17016

00116

Fig. 6.7. Read Process
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6.3.3 Synchronisation

The external memory, VGA screen and MPEG-2 decoder are clocked at di�erent rates. Therefore

some form of bu�ering process is required to facilitate the data �ow between these components.

The possibility of concurrent read and write commands to the external memory is also investi-

gated.

FIFO Bu�er Control

The FIFO Bu�ers are used to transfer the image data between the clock rates of the external

memory and VGA screen, as depicted in Figure 6.8.

3.84µs 1.92µs 25.6µs 0.64µs

Source Image

RDREQ

Active Video Front PorchSync Pulse Back Porch

Final Image

WRREQ

ACLR

Fig. 6.8. FIFO Bu�er Transfer

During the display of the internal memory's image the VGA controller supplies the starting

address of an image's line, which the external memory controller writes pixel for pixel to the

FIFO Bu�ers. During the display of the external memory's image the VGA controller reads the

image's line pixel for pixel into the video DAC.

MPEG-2 Decoder Control

The external memory control is used to transfer the image data between the clock rates of the

external memory and the MPEG-2 decoder, as depicted in Figure 6.9.

DDRCLK

RXCLK

RXADDR

RXDATA 1F116

00116

DDRADDR

DDRDATA

...

...

Fig. 6.9. MPEG-2 Decoder Output Transfer

The MPEG-2 decoder supplies rxdata to be stored at rxaddr, which the external memory

controller temporarily stores until the external memory is ready to be written to.
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If concurrent read and write commands to the external memory are performed the possibility

of data contention arises, as depicted in Figure 6.10. rdreq and wrreq are simultaneously

asserted, with rdaddr andwraddr to be written concurrently to the external memory's addr.

This leads to ambiguity surrounding the assertion of ready.

DDRCLK

READY

RXCLK

RDREQ

WRREQ

simultaneous
requests

ambiguity over which
request is cccepted

Fig. 6.10. Read and Write Contention

Figure 6.11 illustrates a possible repercussion of rdreq having precedence over wrreq. Two

images are transmitted and data contention occurs during the storage of the second image. As

not all of the second image pixels are written to memory and are therefore lost, the displayed

image contains sections of the �rst image.

Second Image Displayed ImageFirst Image

Fig. 6.11. Read and Write Contention with Read Commands having Precedence

Figure 6.12 illustrates a possible repercussion of wrreq having precedence over rdreq. One

image is transmitted and data contention occurs during the display of the image. As rddata

is not updated for each rdreq yet is still written to the FIFO bu�ers, the displayed image will

contain multiples of the same pixel.

Transmitted Image Displayed Image

Fig. 6.12. Read and Write Contention with Write Commands having Precedence

Therefore data transmission is suspended while displaying images and vice versa to prevent data

contention.

6.4 Summary

This chapter discussed the various memory units used to store the image data. The synchroni-

sation of these units with the rest of the system is discussed in the next chapter.



Chapter 7

FPGA Implementation

This chapter is used to detail the parts of the FPGA code that are used to control the system

and synchronise the various processes.

7.1 Controllers

7.1.1 System Timing Control

A Phase-Lock Loop (PLL) [53] sourced from the on-board 100MHz oscillator [54] has three out-

puts, as depicted in Figure 7.1. usrclk clocks the user input and output interface components,

spdclk clocks the transmitter components and vgaclk clocks the VGA components.

TOPCLK USRCLK100MHz
o

o

o
SPDCLK

VGACLK

100MHz, 0

160MHz, 0

25MHz, 0

Fig. 7.1. System Timing Controls

7.1.2 External Memory Timing Control

A PLL, sourced from the on-board 100MHz oscillator, has three outputs, as depicted in Fig-

ure 7.2, which are the clock inputs for the external memory controller.

BOTCLK DDRCLK100MHz
o

o

o
WRTCLK

SYNCLK

167MHz, 0

167MHz, -90

167MHz, 292.5

Fig. 7.2. External Memory Timing Control

ddrclk clocks the majority of the external memory's functions. wrtclk lags ddrclk by 270◦

to o�set wdata and dm from dqs operations. synclk lags ddrclk by 292.5◦ to o�set the

resynchronisation processes from dqs operations.
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7.1.3 User Input Control

The four push-buttons select the FPGA function, as de�ned in Table 7.1. Data transmission is

suspended while the images are being displayed and the screen receives no data while transmission

is active to prevent data con�ict as the transmission and display components share the same

memory space, as discussed in Section 6.3.3.

TABLE 7.1

FPGA Push-Button Command Table

PB Command

00012 Transmit Source Image
00102 Display Source Image
01002 Display Final Image
10002 Display Source and Final Image

The octal Dual In-line Package (DIP) switch selects the transmission speed and channel, as

de�ned in Table 7.2. The selected channel is decoded and stored for future display, while the

other channels are ignored.

TABLE 7.2

FPGA DIP-Switch Command Table

SW3..0 Symbol Rate SW7..5 Channel

00012 40Mbaud 0012 One
00102 20Mbaud 0102 Two
01002 10Mbaud 1002 Three
10002 5Mbaud

7.1.4 User Output Control

The Liquid Crystal Display (LCD) segments display the chosen transmission speed and receiver

channel settings and the Light Emitting Diodes (LED) indicate any error encountered by the

MPEG-2 decoder, as de�ned in Table 7.3.

TABLE 7.3

MPEG-2 Decoder Error Indication

LED Description LED Description

LED0 Missing TS-Packet LED3 Missing Video ES
LED1 Missing PAT LED4 Missing Video ES
LED2 Missing PMT LED5 Missing Audio ES

LED6 Missing Audio ES
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7.2 MPEG-2/DVB-S Synchronisation

Synchronisation between the MPEG-2 and DVB-S encoders is implemented on multiple levels.

The TS-Packet needs to be built up of its various components, the DVB-S synchronisation

requirements need to be met and the various TS-Packets need to be combined to form the TS.

7.2.1 MPEG-2 Initialisation

The initialisation of the MPEG-2 processes to create a PAT, PMT and image is controlled by

the signals depicted in Figure 7.3.

NEWUNT

NEWFRM

NEWPKT

NEWPAT

NEWPMT

ENDUNT

Unit

Frame

Packet

Fig. 7.3. MPEG-2 Initialisation Synchronisation

For each TS-Packet newpkt is asserted to update the continuity counter. For every DVB-S

frame newfrm is asserted to bitwise invert the TS-Packet sync byte. For each unit newunt

is asserted to indicate the start of a payload unit, newpat is asserted to indicate the start of

a PAT-Section, newpmt is asserted to indicate the start of a PMT-Section and endunt is

asserted to indicate that the current TS-Packet contains an AF.

7.2.2 MPEG-2 Activation

The activation of the MPEG-2 processes to create a PAT, PMT and image is controlled by the

signals depicted in Figure 7.4.

ACTPAT

ACTPMT

ACTAF

ACTPLD

ACTHDR

Unit

Packet

Fig. 7.4. MPEG-2 Activation Synchronisation
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For each TS-Packet acthdr is asserted to create a TS-Packet header and actpld is asserted

to create a payload from the image data read from ROM. For each unit actpat is asserted to

create a PAT-Section, actpmt is asserted to create a PMT-Section and actaf is asserted to

create an AF.

7.2.3 DVB-S Initialisation

The initialisation of the DVB-S processes to encode the TS-Packets is controlled by the signals

depicted in Figure 7.5.

STRTED

STRTRS

STRTCI

STRTCC

STRTPUNC

Frame

Packet

Fig. 7.5. DVB-S Initialisation Synchronisation

For each TS-Packet strtrs is asserted to start encoding a new RS codeword. For each DVB-S

frame strted is asserted to initialise the energy scrambler. At the start of transmission strtci

is asserted to start the convolutional interleaver. strtcc is asserted to start the convolutional

encoder. strtpunc is asserted to start the puncturer.

7.2.4 DVB-S Activation

The activation of the DVB-S processes to encode the TS-Packets is controlled by the signals

depicted in Figure 7.6. For each TS-Packet eden is asserted to enable the scrambler's output

and edoe is asserted to scramble the scrambler's input.

EDOE

EDEN

Frame

Packet

Fig. 7.6. DVB-S Activation Synchronisation

7.3 Summary

This chapter discussed the various control and synchronisation processes required to make the

FPGA function. The requirements to get the system functional are discussed in the next chapter.



Chapter 8

Set-Up

The combination and operation of the system's components are discussed in this chapter. This

includes the connections between components, the power requirements of the di�erent compo-

nents and the various settings of these components, as depicted in Figure 8.1.
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Fig. 8.1. System Set-Up

8.1 Frequency Selection

The frequency ranges of the various components are depicted in Figure 8.2, thereby setting the

system's frequency range from 1000MHz to 2000MHz.

800MHz-2500MHzModulator

1000MHz-2000MHzMixer

950MHz-2150MHzDVB-S Receiver

1000MHz-2000MHzCombined

800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Fig. 8.2. Component Frequency Ranges

Signal generators [55, 56] provide the carrier frequencies for the channels. Channel One is set to

the Marconi 2019A's maximum frequency of 1040MHz to �t the channel's maximum bandwidth

of 40MHz within the system's frequency range. Channel Two is set to 1120MHz and Channel

Three is set to 1200MHz to space the channels double the maximum bandwidth apart.
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8.2 Power Requirements

The signal generators and the VGA screen are connected to a 240V, 60Hz power supply. The

FPGA DevBoard [17] is connected to a 240V, 60Hz power supply via a power supply adapter.

Malan's Board [22] is connected to a 25V DC power supply. The MAR6 ampli�er [15] is connected

to a 10V DC power supply. The ZX60 ampli�er [16] is connected to a 5V DC power supply. The

DVB-S EvBoard [21] and LVDS-to-TTL Board are connected to a 3.3V DC power supply.

8.3 Connections

The various components in the system are connected as depicted in Figure 8.3.

EvBoard

DevBoard

Malan's Board

VGA
ScreenPower

Supplies

Signal
Generators

PC

Fig. 8.3. System Connections

The FPGA DevBoard is connected to the VGA screen via connector J21, the Personal Computer

(PC) via connector J9, the TTL-to-LVDS Board via connector J22 and the LVDS-to-TTL Board

via connector J15, as depicted in Figure 8.4.

J21 J22

J15

J9

Fig. 8.4. FPGA DevBoard Connections
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Malan's Board is connected to the signal generators via connectors LO2, LO3 and LO4 and the

Add-On Boards via connectors U16-U19 and U20-U23, as depicted in Figure 8.5.

U16

U17

U18

U19

U20

U21

U22

U23

LO2

LO3

LO4

OUT

Fig. 8.5. Malan's Board Connections

The DVB-S EvBoard is connected to the PC connector J7, as depicted in Figure 8.6.

J7 J4

J3

Fig. 8.6. DVB-S EvBoard Connections

The FPGA DevBoard and Malan's Board are connected together via twisted wire pair cables

inserted in connectors JP2 and JP3 on the TTL-to-LVDS Board and JP6 and JP7 on the Add-On

Boards, as depicted in Figure 8.7.

JP6 JP3 JP7JP2

Fig. 8.7. FPGA DevBoard to Malan's Board Connections

Malan's Board and the DVB-S EvBoard are connected via two ampli�ers, an attenuator and a

DC block inserted between connector OUT on Malan's Board and connector J3 on the DVB-S

EvBoard, as depicted in Figure 8.8.
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OUT J3

Fig. 8.8. Ampli�er and Attenuator Connections

The DVB-S EvBoard and the FPGA DevBoard are connected via a twisted wire pair cable

inserted between connector J4 of the DVB-S EvBoard and connector JP5 on the LVDS-to-TTL

Board, as depicted in Figure 8.6 and Figure 8.9.

JP5

Fig. 8.9. DVB-S EvBoard to FPGA DevBoard Connections

8.4 Software

A PC is connected to the FPGA DevBoard to program the FPGA [12] with the Quartus .sof �le

and to the DVB-S EvBoard to control the DVB-S Receiver [14] with the Si2110-EVB software.

8.4.1 Quartus Software Set-Up

The following instructions are used to program the FPGA with the .sof �le.

• Select programmer in the tools Menu

• Select hardware setup

� Select hardware settings Panel

∗ Set currently selected hardware to usb-blaster

∗ Select close

• Select add file

� Select sys_time_limited.sof

� Select open

• Select program/configure

• Select start
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8.4.2 Si2110-EVB Software Set-Up

The following instructions are used to decode the received RF signal and transmit the decoded

data to the FPGA DevBoard via the DVB-SPI Interface. Refer to [14] for more information

concerning these parameters.

• Select easy start Panel

� Set system to dvb

� Set modulation to qpsk

• Select blind scan Panel

� Set symbol rate to 5Mbaud-40Mbaud

� Set frequency to 950MHz-1300MHz

� Select start blind scan

� Select the channel corresponding to the DIP-Switch setting de�ned in Table 7.2 in

confirmed transponders

• Select easy start Panel

� Select tune

• Select register read/write Panel

� Set ts valid clock edge to falling edge

� Set ts clock mode to continuous

� Set ts sync polarity, ts valid polarity and ts error polarity to

active high

� Set ts parity gate to zero lines

� Set ts parallel clock smoother to 50% duty

� Set ts data delay and ts clock delay to normal

� Select update ts configuration

8.5 Summary

This chapter discussed how the various components were assembled and initialised in the system.

The system needs to go through a series of tests to determine its performance level. These tests

involve combining and amplifying the signals and reducing the spacing between channels. The

test results are discussed in the next chapter.



Chapter 9

Measurements

The various measurements that are performed on the system are discussed in this chapter. This

includes measurements in the time domain and the frequency domain, with an analysis of the

system's possible breakdown points.

9.1 Time Domain Measurements

The time domain measurements are performed on an oscilloscope [57] at the points depicted

in Figure 9.1, for a symbol rate of 40Mbaud. These measurements look at the distortion of

individual signals and the imbalance between associated signals.

LVDS-to-TTL
Board

FPGA
DevBoard

DVB-S
DevBoard

Measurement
Point C

LVDS TTL

Measurement
Point D

Transmitter Receiver

TTL-to-LVDS
Board

Add-On
Board

Malan's
Board

FPGA
DevBoard

Measurement
Point A

Measurement
Point B

TTL LVDS LVDS TTL

Fig. 9.1. Time Domain Measurement Points

Point A is the reference for the transmitter Q and I signals and is measured at the connections

between the FPGA DevBoard and the TTL-to-LVDS Board. Point B is the destination for the

transmitter Q and I signals and is measured at the modulator inputs. These measurements show

the e�ect of the transmitter LVDS transmission, the line driver corrections to signal distortion

and signal imbalance and the connections between the Add-On Boards and Malan's Board.

Point C is the reference for the DVB-SPI format signals and is measured as TTL signals at

header JP8 of the DVB-S EvBoard. Point D is the destination for the DVB-SPI format signals

and is measured at the connections between the LVDS-to-TTL Board and the FPGA DevBoard.

These measurements show the e�ect of the receiver LVDS transmission.

56



CHAPTER 9. MEASUREMENTS 57

The sequences of I = 10012 and Q = 11002, as de�ned in Equation 9.1 and depicted in Figure 9.2,

are used to show the e�ect of both distortion and imbalance on the modulated signal.

I (t) =

{
−A

+A

|t| < T

|t| > T

Q (t) =

{
−A

+A

t > 0

t < 0

(9.1)

Symbol Symbol Symbol Symbol

Q

I

+A

-A

+A

-A

t

t

Sample

I

Q

-A +A

-A

+A

θ

Phase Between
Symbols

-T-2T +2T+T

Fig. 9.2. Initial Sequence

9.1.1 Signal Distortion

The physical implementation of the various connections and components within the system cause

the digital signals to become distorted from the ideal of a perfect square wave, as depicted in

Figure 9.3.

Pulse Duration

Baseline

Undershoot

Overshoot

Rise Time Fall Time

90%

50%

10%

90%

50%

10%

Droop

Fig. 9.3. Signal Distortion

Apart from droop, the signal's distortion is transient and only occurs at symbol changes. If the

transient period falls between DVB-S Receiver samples the distortion will have no e�ect on the

system. However the possibility exists that the transient period will be sampled by the DVB-S

Receiver which would negatively e�ect the decoding process.
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Rise-Time and Fall-Time

A perfect square wave switches instantaneously between symbols, while practical signals have

�nite rise-times and fall-times, τ , as de�ned in Equation 9.2. This results in gradual symbol

changes.

I (t) =

{
2Ae−σ|t+T | −A

A− 2Ae−σ|t−T |

|t| < T

|t| > T

Q (t) =

{
2Ae−σt −A

A− 2Ae−σ(t+2T )

t > 0

t < 0

(9.2)

with σ ≈ ln(9)
τ .

The phase di�erence between samples, φ, decreases as the length of the transient, τ , increases,

as depicted in Figure 9.4. As φ approaches φmin = 0◦ the symbol changes become too gradual

for the original data stream to be recovered.

Symbol Symbol Symbol Symbol

Q

I

+A

-A

+A

-A

I

Q

θ
t

t

Fall-Time

-A +A

-A

+A

Sample

I

Phase Between
Symbols

τ

φ
Phase Difference
Between Samples

-T-2T +2T+T

Fig. 9.4. A�ects of Rime-Time and Fall-Time Distortion

Overshoot and Undershoot

A perfect square wave settles instantaneously at the desired level, while practical signals have

�nite overshoot and undershoot, ρ, as de�ned in Equation 9.3. This results in transient symbol

positions for τ -length periods.

I (t) =

 2Ae−σ|t+T |
[
cos (ωd |t + T |) + σ

ωd
sin (ωd |t + T |)

]
−A

A− 2Ae−σ|t−T |
[
cos (ωd |t− T |) + σ

ωd
sin (ωd |t− T |)

] |t| < T

|t| > T

Q (t) =

 2Ae−σt
[
cos (ωdt) + σ

ωd
sin (ωdt)

]
−A

A− 2Ae−σ(t+2T )
[
cos (ωd (t + 2T )) + σ

ωd
sin (ωd (t + 2T ))

] t > 0

t < 0

(9.3)

with ln (ρ) = − πζ√
1−ζ2

, ωn = 1.8
τ , σ = ζωn and ωd = ωn

√
1− ζ2.
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The phase deviation, φ, increases as the magnitude of the overshoot and undershoot, ρ, increases,

as depicted in Figure 9.5. As φ approaches φmax = ±45◦, the phase di�erence between symbols,

θ, approaches θ = 0◦ and θ = 180◦ and the point is reached where the original data stream is

irrecoverable.

Symbol Symbol Symbol Symbol
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Q

I
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Transient
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Deviation

Sample
Phase Between

Symbols

τ
ρ

ρ

-T-2T +2T+T
-A

Fig. 9.5. A�ects of Overshoot and Undershoot Distortion

Droop

A perfect square wave remains at the desired level for the whole symbol, while real signals have a

�nite droop, ρ, as de�ned in Equation 9.4. This results in shifting symbol positions for T -length

periods.

I (t) =


A− ρ

[
eσ(t+2T ) − 1

]
ρ

[
eσ(t+T ) − 1

]
−A

ρ
[
eσt − 1

]
−A

A− ρ
[
eσ(t−T ) − 1

]
t < −T

t < 0

t < T

t < 2T

Q (t) =


A− ρ

[
eσ(t+2T ) − 1

]
A− ρ

[
eσ(t+T ) − 1

]
ρ

[
eσt − 1

]
−A

ρ
[
eσ(t−T ) − 1

]
−A

t < −T

t < 0

t < T

t < 2T

(9.4)

with σ = ln(2)
T .

The phase deviation, φ, increases as the magnitude of the droop, ρ, increases, as depicted in

Figure 9.6. As φ approaches φmax = ±45◦, the phase di�erence between symbols, θ, approaches

θ = 0◦ and θ = 180◦ and the point is reached where the original data stream is irrecoverable.
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Fig. 9.6. A�ects of Droop Distortion

Measurements

In the transmitter the LVDS components maintain the signals' shape and the line driver poten-

tiometers are adjusted to reduce the overshoot and undershoot, as depicted in Figure 9.7.
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Fig. 9.7. Comparison between Transmitter Distortion Measurements

In the receiver the LVDS components maintain the signal's shape, as depicted in Figure 9.8.
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Fig. 9.8. Comparison between Receiver Distortion Measurements



CHAPTER 9. MEASUREMENTS 61

9.1.2 Signal Imbalance

The physical implementation of the various connections and components within the system cause

the paired signals to become imbalanced from the ideal of perfectly matched signals, as depicted

in Figure 9.9.
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Fig. 9.9. Signal Imbalance

The e�ects of the three kinds of signal imbalances are investigated below.

Amplitude Imbalance

Perfectly matched signals have equal amplitudes, while in practice there is an amplitude im-

balance between the signals, ρ, as de�ned in Equation 9.5. This results in expanded symbol

positions for ρ > 0 and contracted symbol position for ρ < 0.

I (t) =

{
− (A + ρ)

+ (A + ρ)

|t| < T

|t| > T

Q (t) =

{
−A

+A

t > 0

t < 0

(9.5)

The phase deviation, φ, increases as the magnitude of the amplitude imbalance, ρ, increases, as

depicted in Figure 9.10. As φ approaches φmax = ±45◦, the phase di�erence between symbols,

θ, approaches θ = 0◦ and θ = 180◦ and the point is reached where the original data stream is

irrecoverable.
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Fig. 9.10. A�ects of Amplitude Imbalance
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Phase Imbalance

Perfectly matched signals have equal phase, while in practice there is a phase imbalance between

the signals, κ, as de�ned in Equation 9.6. This results in misaligned Q and I sequences.

I (t) =

{
−A

+A

|t|+ κ < T

|t|+ κ > T

Q (t) =

{
−A

+A

t > 0

t < 0

(9.6)

The phase imbalance, κ, spreads the Q and I sequences out from one another resulting in incorrect

symbol being decoded, as depicted in Figure 9.11, with the possibility of decoding more symbols

than are transmitted.
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Fig. 9.11. A�ects of Phase Imbalance

DC-O�set

Perfectly match signals have equal mean values, while in practice there is a DC-O�set between

the signals, ρ, as de�ned in Equation 9.7. This results in right-shifted symbol positions for ρ > 0

and left-shifted symbol position for ρ < 0.

I (t) =

{
−A + ρ

+A + ρ

|t| < T

|t| > T

Q (t) =

{
−A

+A

t > 0

t < 0

(9.7)

The phase deviation, φ, increases as the magnitude of the DC-O�set, ρ, increases, as depicted in

Figure 9.12. As φ approaches φmax = ±45◦, the phase di�erence between symbols, θ, approaches

θ = 0◦ and θ = 180◦ and the point is reached where the original data stream is irrecoverable.
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Fig. 9.12. A�ects of DC-O�set

Measurements

In the transmitter the line driver potentiometers are adjusted to reduce the amplitude imbal-

ance and the modulator potentiometers are adjusted to reduce the DC-O�set, as depicted in

Figure 9.13.
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Fig. 9.13. Comparison between Transmitter Imbalance Measurements

9.1.3 Distortion and Imbalance Correction Measures

Apart from the already mentioned potentiometers, the system contains other components that

reduce the various forms of distortion and imbalance. The LVDS receiver ampli�ers and the

line driver ampli�ers force the signals to the rail voltages to minimise droop distortion and the

DVB-S Receiver contains imbalance correctors, �lters, equalisers and gain controls to correct

droop distortion, amplitude imbalance and DC-O�set.

However the system does not contain any components that correct rise-time distortion, fall-time

distortion and phase imbalance. This is because the DVB-S Receiver is only able to correct

errors present in multiple samples and not errors present in singular samples.
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9.2 Frequency Domain Measurements

The frequency domain measurements are performed on a spectrum analyser [58] at the points

depicted in Figure 9.14, for a symbol rate of 40Mbaud.
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Fig. 9.14. Frequency Domain Measurement Points

The Local Oscillators (LO) are measured at Point A to look at the purity of the carrier and to

adjust their power level settings to maximise and balance the modulator outputs. The signal �ow

of the separate channels and their combination are measured at Point B, Point C and Point D to

look at the e�ect of combining and amplifying the channels and overlapping their bandwidths.

Starting from a channel spacing of double the maximum bandwidth, as discussed in Section 8.1,

the channel spacing is gradually decreased until the DVB-S Receiver is no longer able to lock

onto and decode the channels.

9.2.1 Local Oscillators

A comparison is made between the on-board synthesizer [23] and the three external signal gen-

erators to decide which to use as the LO for the three channels, as depicted in Figure 9.15. The

sources are set to a frequency of 1GHz and a power level of +0.6dBm. The on-board synthesizer

is rejected as it is the only source with sidebands above the noise �oor.
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9.2.2 Signal Flow

A combined, unampli�ed signal with a channel spacing of 80MHz is input to the DVB-S Receiver.

This signal contains no intermodulation products and has separated channel bandwidths.

DVB-S Receiver

The Si2110-EVB Software performs a blind scan of the frequency spectrum, as depicted in

Figure 9.16. All three are detected with similar power levels and Carrier-to-Noise Ratios (CNR).

Fig. 9.16. Blind Scan Panel Screenshot for Unampli�ed 80MHz Channel Spacing

The DVB-S Receiver is able to output an error-free data stream for Channel Two even though

the QPSK Bit Error Rate (BER) is high, as depicted in Figure 9.17.

Fig. 9.17. Easy Start Panel Screenshot for Unampli�ed 80MHz Channel Spacing
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Modulators

The modulator outputs are depicted in Figure 9.18.

0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
−70

−60

−50

−40

−30

−20

−10

frequency [GHz]

A
m

pl
itu

de
 [d

B
m

]

Unmodulated Carrier

−41dB Leak Through

0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
−70

−60

−50

−40

−30

−20

−10

0

frequency [GHz]
A

m
pl

itu
de

 [d
B

m
]

Modulated Carrier

−14.0dB −12.0dB
−9.5dB

Channel One
Channel Two
Channel Three

Fig. 9.18. Modulator Outputs for 80MHz Channel Spacing

In the unmodulated graph, the leak through of Channel Three into the input of Channel Two's

modulator is above the noise �oor. In the modulated graph, the outputs have an amplitude

mismatch of 4.5dB.

Combiner

The combiner's output for each channel is depicted in Figure 9.19.
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Fig. 9.19. Combiner Outputs for 80MHz Channel Spacing

In the unmodulated graph, the combiner has an insertion loss of between 7.5dB and 9.0dB. In

the modulated graph, the input mismatch of the combiner maintains the amplitude mismatch

between the channels at 4.5dB.
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The combiner's output for all three channels is depicted in Figure 9.20.
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Fig. 9.20. Combiner Output for 80MHz Channel Spacing

In the unmodulated graph, the combination of channels alters the insertion loss to between 8.0dB

and 9.0dB. In the modulated graph, the channels are spaced far enough apart to be distinguished

from each other.

The combined signal is ampli�ed into saturation to create intermodulation products and spurious

signals. The e�ect of this injected interference on the DVB-S Receiver's ability to decode the

signal is investigated.

DVB-S Receiver

The DVB-S Receiver is able to output an error-free data stream for Channel Two even though

the QPSK BER is high, as depicted in Figure 9.21.

Fig. 9.21. Easy Start Panel Screenshot for Ampli�ed 80MHz Channel Spacing
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Ampli�er

The ampli�er's output for each channel is depicted in Figure 9.22.
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Fig. 9.22. Ampli�er Outputs for 80MHz Channel Spacing

In the unmodulated graph, the ampli�er raises any leak through above the noise �oor and creates

spurious signals within the multi-channel band. In the modulated graph, the ampli�cation

decreases the amplitude mismatch between the signals to 2.5dB.

The ampli�er's output for all three channels is depicted in Figure 9.23.
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Fig. 9.23. Combined Ampli�er Output for 80MHz Channel Spacing

In the unmodulated graph, the ampli�cation of the combined channels creates spurious signals

and large intermodulation products within the multi-channel band. In the modulated graph, the

intermodulation products and spurious signals have increased the out of band power levels and

the combination of the channels increases the amplitude mismatch between the signals to 6.0dB.
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The channel spacing is reduced to investigate the e�ect of overlapping bands. The DVB-S

Receiver continues to output an error-free data stream until the channel spacing decreases below

45MHz, where the DVB-S Receiver loses lock of the signal. Measurements are performed with

the channel spacing set to 45MHz.

DVB-S Receiver

The DVB-S Receiver is able to output an error-free data stream for Channel Two even though

the QPSK BER is high, as depicted in Figure 9.24.

Fig. 9.24. Easy Start Panel Screenshot for Unampli�ed 45MHz Channel Spacing

Modulators

The modulator outputs are depicted in Figure 9.25.
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Fig. 9.25. Modulator Outputs for 45MHz Channel Spacing

In the modulated graph, the outputs have an amplitude mismatch of 4.0dB.
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Combiner

The combiner's output for each channel is depicted in Figure 9.26.
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Fig. 9.26. Combiner Outputs for 45MHz Channel Spacing

In the unmodulated graph, the combiner has an insertion loss of between 8.0dB and 10.5dB. In

the modulated graph, the input mismatch of the combiner increases the amplitude mismatch

between the channels to 5.0dB.

The combiner's output for all three channels is depicted in Figure 9.27.
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Fig. 9.27. Combiner Output for 45MHz Channel Spacing

In the unmodulated graph, the combination of channels alters the insertion loss to between 7.5dB

and 8.5dB. In the modulated graph, the channels are spaced to close together to be distinguished

from each other.
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The combined signal is ampli�ed to create intermodulation products and spurious signals to

investigate the e�ect of interference on the DVB-S Receiver's ability to decode the signal.

DVB-S Receiver

The DVB-S Receiver is able to output an error-free data stream for Channel Two even though

the QPSK BER is high, as depicted in Figure 9.28.

Fig. 9.28. Easy Start Panel Screenshot for Ampli�ed 45MHz Channel Spacing

Ampli�er

The ampli�er's output for each channel is depicted in Figure 9.29.
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Fig. 9.29. Ampli�er Outputs for 45MHz Channel Spacing

In the unmodulated graph, the ampli�er raises any leak through above the noise �oor and creates

spurious signals within the multi-channel band. In the modulated graph, the ampli�cation

decreases the amplitude mismatch between the signals to 2.5dB.
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The ampli�er's output for all three channels is depicted in Figure 9.30.
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Fig. 9.30. Combined Ampli�er Output for 45MHz Channel Spacing

In the unmodulated graph, the ampli�cation of the combined channels creates spurious signals

and large intermodulation products within the multi-channel band. In the modulated graph, the

intermodulation products and spurious signals have increased the out of band power levels and

the combination of the channels increases the amplitude mismatch between the signals to 5.5dB.

Observations

The close proximity of the channels and the ampli�cation of the signals results in a frequency

domain littered with spurious signals, intermodulation products and overlapping bandwidths.

This noisy environment is indicated by the high QPSK BER.

Yet the DVB-S Receiver is able to output an error-free data stream even though 87.5% of Channel

Two's bandwidth is �lled with either the main band of Channel One or Channel Three when the

channel spacing is set to 45MHz.

The frequency domain contains less spurious signals and no intermodulation products when the

channels are ampli�ed separately, thereby implying that the signal quality would be higher if the

power ampli�ers were part of the parallel con�guration in the system.

9.3 Summary

This chapter discussed the measurements performed on the signals to show the DVB-S Receiver's

ability to decode an error-free data stream from a signal in a noisy environment. The conclusion

and recommendations of the system are discussed in the next chapter.



Chapter 10

Conclusion and Recommendations

10.1 Summary

In this thesis a simpli�ed multi-channel transmission system was developed with o�-the-shelf

components and software based on existing standards implemented on a FPGA. The system

demonstrates that a parallel channel con�guration can bypass the technological limitations that

impede an increase in the data rate of satellite systems.

The system consists of a packaging mechanism and coding algorithms, with the transfer of

data between the components handled by devices based on the LVDS standard. The packaging

mechanism is a subset of the Systems part of the MPEG-2 standard and is implemented on a

FPGA. The coding algorithms are based on the DVB-S standard, with the digital sections of the

encoder implemented on a FPGA, the analogue sections of the encoder performed on Malan's

Board and the decoding sections performed on a DVB-S EvBoard.

The system is tested by displaying transmitted images alongside the originals to show any quality

degeneration caused by interference encountered in the system and the transmission link.

10.2 Results

The system was tested under various conditions to gauge the implemented standards' capabilities

to protect and correct the data stream from the non-idealities inherent in the system and the

interference injected into the system.

The tests were performed and documented to demonstrate that the system does work and that

it is capable of performing well in non-ideal situations.
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10.3 Recommendations

The implemented system serves two purposes.

Firstly, it is a working model of the proposed solution. This proves that the aim of this thesis

was met: to design a con�guration that bypasses the limit existing devices and regulations place

on the system's data rate.

Secondly, it served as the �rst iteration in the development of a more complex system. The

components are not optimised or customised for any speci�c usage, but are building blocks

based on existing standards. Therefore, each section of the system can be tested, modi�ed and

improved upon to meet a developer's unique needs.

The system was designed as a measurement and development tool and is not a commercial

product. The components in the system that are only useful for testing purposes can be removed.

Also, the transmitter's correction of signal distortion and signal imbalance can be automated.

As the system was designed from o�-the-shelf components, it is not customised for use within any

speci�c framework. No time was spent on matching networks for speci�c frequency ranges and

no �ltering or punctured code were implemented in the transmitter. Incorporation of these com-

ponents would lead to better signal quality and would result in less interference from surrounding

channels.

The parallel con�guration can be used to improve the sustainability and e�ciency of satellite

systems. The incorporation of channel selection would give the option of only activating the

required amount of channels to meet a speci�c download's bandwidth, thereby reducing the

power consumption. If any channel malfunctions, its data could be rerouted to the other channels,

thereby resulting in a functional system albeit one with a slower data rate.

10.4 Conclusion

The aim of this thesis was to �nd an a�ordable and upgradeable method of increasing the data

rate of current satellite systems. The compression, modulation and ampli�cation techniques and

telecommunication regulatory standards restrict the data rate, which are bypassed by designing

a parallel channel con�guration. This solution can be implemented with cheaper components

and can easily be extended and upgraded to meet the ever increasing need for fast and accurate

information.
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Appendix A

FPGA Pin Assignments

The FPGA pin assignments are detailed in this appendix. This includes the pin locations [17],

I/O standards [59] and load capacitances [60].

A.1 User Interface

The Push-Buttons and DIP-Switch pins have an I/O standard of 1.8V and the clock, LED and

LCD pins have a I/O standard of LVTTL. The LED and LCD pins have an output load of 0pF.

TABLE A.1

Timing Control Pin Assignments

Device Location Device Location

Top Clock N2 Bottom Clock N25

TABLE A.2

Push-Buttons Pin Assignments

Device Location Device Location

Push-Button0 AC18 Push-Button1 AE16
Push-Button2 AE22 Push-Button3 AE14

TABLE A.3

DIP-Switch Pin Assignments

Device Location Device Location

DIP-Switch0 AC13 DIP-Switch1 A19
DIP-Switch2 C21 DIP-Switch3 C23
DIP-Switch4 AF4 DIP-Switch5 AC20
DIP-Switch6 AE18 DIP-Switch7 AE19
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TABLE A.4

LED Pin Assignments

Device Location Device Location

LED0 E5 LED1 B3
LED2 F20 LED3 E22
LED4 AC3 LED5 AB4
LED6 AA6 LED7 AA7

TABLE A.5

LCD Pin Assignments

Device Location Device Location

U32A Y21 U33A K2
U32B T7 U33B U25
U32C AB23 U33C AA3
U32D Y50 U33D V1
U32E E1 U33E V7
U32F U1 U33F U23
U32G W21 U33G AC2
U32DP V3 U33DP P7

A.2 VGA Interface

The pins have an I/O standard of LVTTL and an output load of 0pF.

TABLE A.6

VGA Control Pin Assignments

Device Location Device Location

Blank U6 Sync AE2
Horizontal Sync H21 Vertical Sync F21

Clock T4

TABLE A.7

VGA Colour Pin Assignments

Device Location Device Location Device Location

Red0 T20 Green0 R7 Blue0 W2
Red1 AC23 Green1 U5 Blue1 H2
Red2 U21 Green2 R6 Blue2 W1
Red3 P4 Green3 AA4 Blue3 U4
Red4 Y25 Green4 T6 Blue4 U2

Green5 V4
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A.3 LVDS Interface

The pins have an I/O standard of LVTTL, the output pins have an output load of 10pF and the

enable pins have a current strength of 4mA.

TABLE A.8

LVDS Device Control Pin Assignments

Device Location Device Location

Enable5 L2 Enable4 G1
Enable3 L6 Enable1 L4
Enable0 J6

TABLE A.9

LVDS Driver Pin Assignments

Device Location Device Location

I1 K5 Q1 L3
I2 K8 Q2 H4
I3 K4 Q3 K6

TABLE A.10

LVDS Receiver Pin Assignments

Device Location Device Location Device Location

Data0 J8 Data1 F4 DValid G5
Data2 F1 Data3 J1 PSync V2
Data4 J3 Data5 J2 Clock E2
Data6 M3 Data7 M2

A.4 External RAM Interface

The pins have an I/O standard of SSTL-18 Class I, the address and control pins have an output

load of 24pF, the clock pins have an output load of 10pF and the mask, strobe and data pins

have an output load of 4pF.

TABLE A.11

External RAM Clock Pin Assignments

Device Location Device Location

Clock+
0 AC21 Clock−0 AD19

Clock+
1 AB20 Clock−1 AD21

Clock+
2 AD22 Clock−2 AA20
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TABLE A.12

External RAM Address Pin Assignments

Device Location Device Location

Bank Address0 Y18 Bank Address1 AF23
Address0 AE4 Address1 AC8
Address2 AD6 Address3 Y10
Address4 AF5 Address5 AD7
Address6 AC6 Address7 AB8
Address8 AD5 Address9 AE11
Address10 AE5 Address11 AD4
Address12 Y12

TABLE A.13

External RAM Control Pin Assignments

Device Location Device Location

Column Address Strobe AC22 Write Enable AA17
Row Address Strobe AE20 Clock Enable0 AE21
On-Die Termination0 AE23 Chip Select0 AF22

TABLE A.14

External RAM Data Mask Pin Assignments

Device Location Device Location Device Location

Data Mask0 AC15 Data Mask1 AA12 Data Mask2 AC9

TABLE A.15

External RAM Data Strobe Pin Assignments

Device Location Device Location Device Location

Data Strobe0 AF19 Data Strobe1 AE15 Data Strobe2 AE13

TABLE A.16

External RAM Data Bus Pin Assignments

Device Location Device Location

Data Bus0 AD16 Data Bus1 AF17
Data Bus2 AE17 Data Bus3 AC17
Data Bus4 AD17 Data Bus5 AA16
Data Bus6 Y16 Data Bus7 AF18
Data Bus8 AD12 Data Bus9 AE12
Data Bus10 AC14 Data Bus11 AA13
Data Bus12 Y13 Data Bus13 Y14
Data Bus14 Y15 Data Bus15 AA15
Data Bus16 AE9 Data Bus17 AF94
Data Bus18 AD10 Data Bus19 AC11
Data Bus20 AE10 Data Bus21 AF10
Data Bus22 AB12 Data Bus23 AD11



Appendix B

Additional Boards

The additional Printed Circuit Boards (PCB) designed for this system are detailed in this ap-

pendix. This includes the schematics, layouts, bill of materials and modi�cations.

B.1 Modi�cations

The following modi�cations were made to rectify the additional PCB.

B.1.1 Power Supply Modi�cations

The FPGA logics pins should have su�cient power capabilities to supply the LVDS devices [59],

but this was not found to be the case and the power routing on both of the additional PCB

connected to the FPGA had to be modi�ed.

TTL-to-LVDS PCB Modi�cations

A wire is soldered on between pin1 of capacitor C1 and pin1 of header JP2 to connect to the 3.3V

supply at pin2 of J22 of the FPGA DevBoard. The track connected between pin1 of capacitor

C1 and pin7 of header JP2 is broken.

LVDS-to-TTL PCB Modi�cations

A wire is soldered on pin1 of capacitor C9 to connect to an external power supply delivering

3.3V. The track between pin1 of capacitor C5 and pin2 of JP4 is broken. The track between pin1

of capacitor C7 and pin13 of JP4 is broken. The track between pin1 of capacitor C9 and pin30 of

JP4 is broken.
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B.1.2 Data Signal Modi�cations

The usage of incorrect footprints for connector JP5, unit U3 and unit U4 resulted in the pin

switching of the DVB-SPI depicted in Figure B.1.2.

1 2 3 4 5 6 7 8 9 10 11 12

14 15 16 17 18 19 20 21 22 23 24 25

13

13 12 23 10 22 8 7 19 18 4 16 2 1

25 24 10 9 21 20 6 5 17 3 15 14

Fig. B.1. Corrected DVB-SPI Pin Assignments

This was corrected by inserting an adapter at connector JP5 that reroutes the incoming data

signals. This adapter is made up of a male 25-pin D-Type connector, a female 25-pin D-Type

connector and interconnecting wires.

B.2 Schematics

The PCB that converts the DVB-S Receiver's DVB-SPI signals to TTL signals for use in the

FPGA is depicted in Figure B.2. This PCB is inserted in connector J15 of the FPGA DevBoard.
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Fig. B.2. LVDS-to-TTL Board Schematic
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The PCB that converts the FPGA's TTL signals to LVDS signals for transfer to Malan's board

is depicted in Figure B.2. This PCB is inserted in connector J22 of the DevBoard.
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Fig. B.3. TTL-to-LVDS Board Schematic

The PCB that convert the LVDS signals to TTL signals for use on Malan's board are depicted in

Figure B.2 and Figure B.2. These PCB are inserted in connectors U16 to U23 of Malan's board.
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Fig. B.4. Add-On Board Schematic

8 4 3 5 9

2 7 6 1

LVDS
Receiver

2

1

6

7

10

9

14

3

5

11

13

16

15

8

U14

JP7

4

12

R57

R58

R59

R60

C36

C35

Line Driver

2

3

5

6

1

7

8

4

U15

C27

C26

C25

C24

+

-

R42 R44

R41 R43R45

R46

R37

R40

R39 R38

Line Driver

2

3

5

6

1

7

8

4

U16

C31

C30

C29

C28

+

-

R52 R54

R51 R53R55

R56

R47

R50

R49 R48

2x8 Header

U19

15 14 13 12 11 10

2 3 4 5 6 7

1

2x8 Header

U20

15 14 13 12 11 10

2 3 4 5 6 7

1

2x8 Header

U21

15 14 13 12 11 10

2 3 4 5 6 7

1

2x8 Header

15 14 13 12 11 10

1

U222 3 4 5 6 7

+16

-9

+16

-9
+16

Regulator1 2

3

U21

+

C34 C32

Fig. B.5. Duplicate Add-On Board Schematic



Appendix B � Additional Boards 87

B.3 Bill of Materials

The substrate is a 1.6mm thick double-sided RF4 board with 35µm copper cladding manufactured

to IPC standards Class 2 by W.H. Circuit [61].

TABLE B.1

Devices

Board Reference Part Number Description

U1-U2 SN65LVDS31D [25] LVDS Driver
U3-U6,U14 SN65LVDS32D [26] LVDS Receiver

U7-U8,U15-U16 AD8017AR [62] Line Driver
U9-U12,U17-U20 2x8 Socket Voltage Divider

U13,U21 LM2937-3.3 [63] 3.3V Voltage Regulator

TABLE B.2

Connectors

Board Reference Part Number Description

JP1 2x7 Header DevBoard Connector
JP2-JP3,JP6-JP7 9-Pin D-Type Connector LVDS Connectors

JP4 2x20 Header DevBoard Connector
JP5 25-Pin D-Type Connector DVB-SPI Connector

U9-U12,U17-U20 2x8 Socket Voltage Divider Connector
U9-U12,U17-U20 1x8 Socket Malan's Board Connector

TABLE B.3

Capacitors

Board Reference Part Number Description

C11-C12,C15-C16,C24-C25,C28-C29 SMD Capacitor 1µF Capacitor
C20,C32 SMD Capacitor 10µF Capacitor

C1,C5,C7,C9,C13-C14,C17-C18

C21,C23,C26-C27,C30-C31,C34,C36
SMD Capacitor 100nF Capacitor

C2,C6,C8,C10,C22,C35 SMD Capacitor 1nF Capacitor

TABLE B.4

Resistors

Board Reference Part Number Description

R1-R5,R7-R12,R19-R20,R29-R30

R33-R36,R43-R44,R53-R54,R57-R60
SMD Resistor 100Ω Resistor

R15-R16,R25-R26,R39-R40,R49-R50 SMD Resistor 1kΩ Resistor
R13-R14,R17-R18,R23-R24,R27-R28

R37-R38,R41-R42,R47-R48,R51-R52
SMD Resistor 560Ω Resistor

R21-R22,R31-R32,R45-R46,R55-R56 Potentiometer 20kΩ Potentiometer
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B.4 Board Layouts

Fig. B.6. Top Layer
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Fig. B.7. Bottom Layer



Appendix B � Additional Boards 90

Fig. B.8. Top Silkscreen Overlay
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Fig. B.9. Bottom Silkscreen Overlay



Appendix C

FPGA Development Kit

The FPGA Development Kit is detailed in this appendix. This includes the kit's hardware and

software contents, the board's components and modi�cations made to the board.

C.1 FPGA Development Kit Contents

• Hardware Contents

� Cyclone R© II EP2C35 DSP DevBoard [17]

� Anti-Aliasing Filter (Mini-Circuits SLP-50) [64]

� SMA Cable

� USB-Blaster
TM

Download Cable (Altera PL-USB-BLASTER-RB) [65]

� USB Cable

� Power Supply Cables (UK, US and Europe)

� Power Supply Adapter (GlobTek TR9KT3750LCP-Y)

• Software Contents

� DSP Development Kit, Cyclone II Edition v1.0.0

� DSP Builder v5.0.0

� Matlab v7.0.4

� Simulink v6.2

� Quartus R© II DKE v5.0

� Nios R© II Embedded Processor Evaluation Edition v5.0

� MegaCore R© IP Library v5.0

92
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• Documentation

� Cyclone II EP2C35 DSP Development Board Reference Manual [17]

� Cyclone II EP2C35 DSP Development Board Schematic [66]

� DSP Development Kit, Cyclone II Edition Getting Started User Guide [67]

� Quartus R© II Installation & Licensing for PCs [68]

C.2 FPGA DevBoard Modi�cations

The choice of voltage level at pin2 of header J22 is determined by the presence of a resistor at

either R21, for 5V, or R20, for 3.3V. As the FPGA DevBoard is produced with the resistor at

R21 and as the LVDS devices require a 3.3V supply, this resistor is moved to R20.

C.3 FPGA DevBoard Components

The FPGA DevBoard, depicted in Figure C.3, contains the component listed below:
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Fig. C.1. FPGA DevBoard Functional Diagram

• Programmable Devices

� Cyclone
TM

II FPGA (Altera EP2C35F672-C6) [12]

� 8MB Flash (Altera EPCS64SI16N) [69]
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• Analogue I/O

� 12-bit, 70dB SNR, 125Msps ADC (Texas ADS5520) [70]

� 14-bit, 70dB SNR, 165Msps DAC (Texas DAC904E) [71]

� 24-bit, 180Msps, RGB VGA DAC (Fairchild FMS3818) [19]

� 8-96kHz Stereo Audio Codec (Texas TLV320AIC23) [20]

• User I/O

� Eight User-De�ned LEDs

� Two User-De�ned Seven-Segment LCD Displays

� Octal User-De�ned DIP-Switch

� Four User-De�ned Push-Buttons

• Memory Components

� 256MB DDR2 SDRAM DIMM (Micron MT8HTF3264AY-40E) [18]

� 1MB SSRAM (Cypress CY7C1360B-166AC) [72]

• Expansion Connectors

� Altera Daughter Card Connections

� TMS320C6416 DevBoard Connections

• General Connectors

� JTAG Connector for FPGA Con�guration

� Mictor Connector for Hardware and Software Debugging

� ASI Connector for EPCS64 Programming

� Line-In Audio Jack

� Line-Out Audio Jack

� Headphone Jack

• Indicators

� Power Indicator LED

� Con�guration Indication LED

• Switches

� Power Switch

� DevBoard Reset Push-Button

� Hardware Reset Push-Button



Appendix D

DVB-S Receiver Evaluation Kit

The DVB-S Receiver Evaluation Kit is detailed in this appendix. This includes the kit's contents

and the board's components.

D.1 DVB-S Receiver Evaluation Kit Contents

The DVB-S Receiver Evaluation Kit contains the following items:

• Hardware Contents

� Si2110USB-EVB EvBoard

� USB Cable

• Software Contents

� Si2110 EVB Device Driver Set

� Si2110 EVB v0.81

• Documentation

� Si2110 - Satellite Receiver for DVB-S with QuickLock and QuickScan [14]

� Si2110USB-EVB - EvBoard for Si2110 SiRX
TM

DVB Receiver IC [21]

D.2 DVB-S Receiver EvBoard Components

The DVB-S Receiver EvBoard, depicted in Figure D.2, contains the component listed below:

• DVB-S Satellite Receiver (Silicon Si2110-D-FM)

95
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Fig. D.1. DVB-S EvBoard Functional Diagram

• User Interface

� RF Input Connector

� Microcontroller (Silicon C8051F321) [73]

� LVDS Line Driver (Texas SN75LVDS387DGG) [74]

• General Connectors

� DVB-SPI Connector

� MPEG-2 TS Header

� I2C Connector

� USB Type-B Connector

� Balun

• Indicators

� DVB-S Signal Lock Indicator

� Reset Indicator

� I2C Write Activity Indicator

� I2C Read Activity Indicator

� USB Interface power Indicator

� 3.3V Power Indicator

� LNB Power Indicator

• Switches

� Reset Button
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