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ABSTRACT

DVB-T2 (The second generation Digital Video Broadcasting) is a
system enhancement compared to the DVB-T system. The main
motivation of DVB-T2 is to provide broadcasters with more reliable,
advanced and efficient alternative to DVB-T standard. The cyclic Q
delay, cell interleaver and time interleaver are optional modules
employed in the DVB-T2 system. The main purpose of these modules is
to increase the overall performance of the DVB-T2 system. The cell
mapper module is used to build the T2 frames and hence the T2 super
frames. The frequency interleaver module which applies a permutation to
the T2 frames is employed in the system to increase the ability of data

recovery when faces the channel noise.

Combining Cyclic Q delay, cell interleaver, time interleaver, cell
mapper and frequency interleaver modules into one single module is the
thesis goal. The combination is to decrease the system complexity,
hardware usage and the overall system delay and hence increase the
overall DVB-T2 system performance. In this thesis we propose a new
module to combine these modules. The new module is simulated and

hardware implemented.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The analog to digital video broadcasting conversion started to take place
gradually with the birth of the ISDB (Integrated Services Digital Broadcasting),
ATSC (Advanced Television Systems Committee) and Digital Video Broadcasting
(DVB) organizations.

DVB-T which is a standard for digital terrestrial television broadcast
transmission is first published in 1997 and was firstly used in Sweden and UK in1998.
The DVB-T standard is the most successful digital terrestrial television standards in
the world [1]. Since the publication of the DVB-T standard, however research in

transmission technology has continued.

The second generation DVB standard aims to replace the current standard
DVB-T or to enter the new market in the countries where analogue to digital TV is
not been introduced [2], [3].

1.2 General Background

In the past few years, there has been a tremendous amount of research in the
DVB-T2 area. The main motivation of digital broadcasting is to provide broadcasters
with more advanced, efficient over analog in the regard of bandwidth efficiency,

robustness improvement against propagation, as well as reception stability.

For the DVB-T2 system simulation, the authors in [4], [5] proposed a new
error correction techniques which is a combination of both LDPC (Low density Parity
Check) and BCH (Bose-Chaudhuri-Hocquengham) employed in DVB-T2. The
combination technique was aimed to replace the traditional convolutional and Reed
Solomon coding employed in DVB-T. In [6], [7] the authors mainly focused on
researching, simulating and testing the BICM (Block Interleaving and Coding

1



Modulation) block in the DVB-T2 system. In their simulation and testing the authors
included all possible interleaving, coding and modulation present in any BICM block
carried out on a single PLP (Physical Layer Pipe). In [8] the Constellation rotation
technique was analysed which is one of the features employed DVB-T2 system. The
constellation rotation is known to increases system robustness. DVB-T2 standard
includes two methods for PAPR (Peak to Average Power Ratio) reduction techniques
which are ACE (Active Constellation Extension) and TR (Tone Reservation). The two
techniques adopted for PAPR in DVB-T2 system are investigated in details in [9],
[10].

For the system implementation, the implementation guidelines are illustrated
in [11]. The authors in [12] designed and developed forward error correction (FEC)
part for better performance DVB-T2. In [13], [14] they designed the rotated QAM
Mapper/De-mapper for the DVB-T2 Standard. The authors in [15] started to design
the DVB-T2 modulator modules supporting multiple PLP. In [16], [17], [18] the
authors start to create new algorithms for increasing BICM performance.

1.3 Research Objective and Thesis Outline

In this research, we implement an efficient integrated hardware module that
combines cyclic Q delay, cell interleaver, time interleaver, cell mapper and frequency
interleaver modules for the DVB-T2 system transmitter. As a preliminary step and for
verification purposes we write a Matlab program for the combined modules and then
we write a VHDL code. Comparing the results of both programs is the following
step. Finally synthesizing is applied using Quartus 11.2 program to check that the

module is synthesizable.

Thus, this thesis is organized as follows:

Chapter 2 we give a brief overview of digital television and its related
standards which are ATSC, ISDB and DVB. Afterwards the DVB system is discussed
showing the basic DVB block diagram. Finally, the different standards of the DVB

are mentioned briefly indicating the similarities and differences between them.



Chapter 3 we introduce the DVB-T2 system (transmitter and receiver).The
system's principal features and key technologies are mentioned such as error
protection, mapping, modulations, and interleaving. The algorithm of every block
within the system is fully discussed.

Chapter 4 we present the Matlab simulation of the cyclic Q delay, cell
interleaver, time interleaver, cell mapper and frequency interleaver modules of the

DVB-T2 system in transmitter and receiver.

Chapter 5 we show the hardware implementation steps of these five
modules. A VHDL program is written for every module using the FPGA Adv.Pro 8.1
program. Synthesizing is then applied showing complexity and processing time speed
using Quartus 11.2.

Chapter 6 we conclude our work and also this chapter contains the future
work to be done on the DVB-T2 system.



CHAPTER 2

DIGITAL VIDEO BROADCASTING

2.1 Introduction

Digital television (DTV) has become the world's very exciting topic in the
television broadcasting through years. DTV along with high definition television
(HDTV) services empowered by advanced digital broadcasting technologies the

viewers to have the excellent watching experience with respect to the analog TV.

Thus, this chapter is divided into two sections. In section one, the different
widely used digital television terrestrial broadcasting standards (DTTB) are
mentioned briefly. In section two, we introduce the different DVB standards like
DVB-T, DVB-T2, DVB-C and DVB-C2, focusing on the similarities and differences

between them.

2.2 Digital Television Standards

2.2.1 Advanced Television System Committee (ATSC)

The Advanced Television Systems Committee (ATSC) is a standards
organization created in 1982 as part of the Advanced Television Committee (ATV)
[19]. The ATSC is created to promote the establishment of technical standards for all
aspects of advanced television systems. ATSC has grown from 25 original
organizational members to an international membership of over 200, including

broadcasters, motion picture companies, telecommunications carriers, cable TV



programmers, consumer electronics manufacturers, and computer hardware and

software companies.

The ATSC signals are designed to use the same 6 MHz bandwidth as analog
NTSC television channels. Figure 2.1 shows the ATSC block diagram. The system
consists of three main parts: Video Subsystem (or audio subsystem), Service
Multiplex and Transport system and RF/Transmission System.

The Digital Television Standard is the system used to transmit high quality
video and audio and ancillary data over a single 6 MHz channel. This means that
encoding a video source whose resolution can be as high as five times that of
conventional television (NTSC) resolution requires a bit rate reduction by a factor of
50 or higher. To achieve this reduction, the system is designed to be efficient in
utilizing available channel capacity by exploiting complex video and audio
compression technology. The objective is to maximize the information passed through

the data channel by minimizing the amount of data required to represent it.

Service Multiplex and Transport RF/Transmission System
Video Subsystem r P ¥
Video
Video - — Source Coding -
and Compression
F——®~ Transport - %r:;nel
Audio Subsystem ing
Audio . Service Multiplex
Audio - Source Coding -
and Compression
Modulation
Ancillary Data ———— i
\«rl/
Control Data —— = —"g“—

|
Receiver Characteristics

Fig. 2.1: ATSC Block Diagram [19]



The “Source coding and compression” refers to the bit rate reduction methods.
The purpose of the coder is to minimize the number of bits needed to represent the
audio and video information. On the other hand the “Service multiplex and transport”
is a means of dividing the digital data stream into packets of information. The digital
television system employs the MPEG-2 transport stream syntax for the packetization
and multiplexing video, audio and data signals compression. The MPEG-2 transport
stream syntax is used in applications where channel bandwidth or recording media
capacity is limited. The “RF/transmission” block refers to channel coding and
modulation. The channel coder takes the data bit stream and adds additional
information that is used by the receiver to reconstruct the data from the received
signal which, due to transmission, may not be represented accurately from the

transmitted signal.

2.2.2 Integrated Services Digital Broadcasting (ISDB)

The Integrated Services Digital Broadcasting (ISDB) is a Japanese standard for
digital television (DTV) and digital radio (DAB). Figure 2.2 shows the block diagram
of the ISDB system.

Video systom

o
Video SoUrce >
r— cover
and comprrssion

Audio system ((( )))

ENC » MOD -

<
Audio SouIce
— codor B

and compression

Datn
— ENC

Fig 2.2 ISDB Block Diagram [20]




The ISDB is divided into three different types of systems; ISDB-C (Cable),
ISDB-S (Satellite) and ISDB-T (Terrestrial) [20]. They are developed to provide
expandability, flexibility and multimedia broadcasting commonality. MPEG2-TS
(transport streams) can be handled by the system by employing a frame structure.

Besides audio and video transmission, ISDB also defines data connections (Data
broadcasting) with the internet as a return channel over several media (10Base-
T/100Base-T, Telephone line modem, Mobile phone, Wireless LAN (IEEE 802.11)
etc.) and with different protocols. This is used, for example, for interactive interfaces
like data broadcasting (ARIB STD-B24) and electronic program guides (EPG).

2.2.3 Digital Video Broadcasting (DVB)

The DVB project is an industry led consortium of over 270 television
broadcasting associated companies world-wide. The DVB is being adopted as the
standard for digital television in many countries. The committee structure of the
project was committed to design an open interoperable technical standard for the

global delivery of digital media and broadcast services.

The DVB system's three key standards and most commonly used standards
were DVB-S for satellite networks, DVB-C for cable networks and DVB-T for
terrestrial networks for data distribution. DVB then moved to embrace network
convergence through the development of standards using innovative technologies that
allow the delivery of DVB services over fixed and wireless telecommunications
networks (e.g. DVB-H and DVB-SH for mobile TV). 2009 saw the completion of the
family of second generation delivery standards; with DVB-T2 (terrestrial) and DVB-
C2 (cable) joining the already published and deployed DVB-S2 (satellite). These
distribution systems differ mainly in the modulation schemes used and error

correcting codes used, due to the different technical constraints [21].
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Fig. 2.3: DVB Block Diagram [21]

The basic block diagram of all DVB system is shown in figure 2.3. The system
starts with a source encoder which is one of the MPEG families. The DVB-T standard
uses MPEG2 while DVB-T2 uses MPEG4. The MPEG passes the video and audio
packets of the programs through the multiplexer. The multiplexer uses the input
packets to form 188 byte transport packets, which are eventually scrambled. After the
data is packetized, it passes through a forward error correction technique (channel

coding).

To increase the coding efficiency all standards use a concatenation of two
encoders. The data is then mapped producing the in-phase (1) and quadrature (Q)
signals. The DVB-S standard uses the QPSK scheme while the DVB-T uses the QAM
(cable) or COFDM (terrestrial) and IF carrier (intermediate frequency of the order of
70 MHz).This IF carrier is then up-converted into the appropriate frequency band

(depending on the medium) for transmission to the end users.

2.3 Different DVB Standards
2.3.1 Digital Video Broadcasting- Satellite (DVB- S)

The DVB-S is an abbreviation for Digital Video Broadcasting — Satellite. It
was first introduced in 1993. At its core, DVB-S is a simple mechanism. Digital
transmitters beam sets of channels to an area, and they are received by antennas aimed
at the transmitter [22].
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The DVB-S is used in both Multiple Channel Per Carrier (MCPC) and Single
channel per carrier modes for Broadcast Network feeds as well as for Direct

Broadcast Satellite services.

The DVB-S system is based on QPSK modulation and convolutional forward

error correction (FEC), concatenated with Reed—Solomon coding.

Figure 2.4 illustrates the block diagram of DVB-S. The System is directly
compatible with MPEG-2 coded TV signals. The total packet length of the MPEG-2
transport Multiplex (MUX) packet is 188 bytes as shown in figure 2.5(a). The data of
the input MPEG-2 multiplex is then randomized [22], in order to comply with ITU
Radio Regulations. The data stream passes through the Reed Solomon encoder as a
first step of encoding. Reed-Solomon RS shortened code, from the original RS code,
is applied to each randomized transport packet (188 bytes) of figure 2.5(b) to generate

an error protected packet as in figure 2.5(c).

Sync
1 byte 187 Bytes

Fig. 2.5(a): MPEG-2 Transport Mux Packet [3]

PRBS period = 1503 bytes
/7 7/ /7
" Sync1 R Sync2 R " Sync8 R Synci R "
Y 187 Bytes Y 187 Bytes Y 187 Bytes Y 187 Bytes
[/ ryi i

rr I’
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Fig. 2.5(b): Randomized Transport Packets [3]

204 bytes
< >
Synci R
RS(204,188,
or 187 Bytes (204.188.8)
Sync n

Fig. 2.5(c): (204, 188, 8) Reed Solomon error protected packets [22]

The data stream passes through the convolutional interleaving process which
is based on the Forney approach. The interleaved frame is composed of overlapping

error protected packets and is delimited by inverted or non-inverted MPEG-2.

After the interleaving stage the data stream passes through punctured
convolutional codes. This allows selection of the most appropriate level of error
correction for a given service or data rate. The System shall allow convolutional
coding with code rates of 1/2, 2/3, 3/4, 5/6 and 7/8 [22].

2.3.2 Digital Video Broadcasting- Satellite Second Generation
(DVB- S2)

The DVB-S2 stands for digital video broadcasting-satellite second generation.
The standard is developed in 2003 by the DVB Project and ratified by ETSI in March
2005 [24]. DVB-S2 Standard represents a major step forward compared to the DVB-S

one.

Figure 2.6 represents the DVB-S2 block diagram. DVB-S2 is based on a
Forward Error Correction technique of BCH encoder and LDPC encoder
concatenated. Furthermore, the standard encompasses a wide range of coding rates
and modulation formats to achieve the best performance-complexity trade-off. DVB-
S2 benefits from more recent developments in channel coding and modulation. It uses
QPSK, 8PSK, 16APSK and 32APSK. The result is typically a 30 % capacity increase
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over DVB-S under the same transmission conditions. This enables DVB-S2 to operate
over a signal-to-noise range exceeding 18 dB exceeding by far the QPSK based DVB-
S operating range which is restricted to less than 5 dB. Table 2.1 gives a comparison

between both DVB-S and DVB-S2 systems.

MODE ADAPTATION BB
f DAT.
Singie - CLLLEELEELY FRLLELELEET o Signalling CELLRLRLR LI P LT LET TR IT D .
Input Input gpu\smm INull-packetf| creg @ BottttUY : Dotted sub-systems are =
Stream | _{y/interfacery ""d"""'“'n.. Rg:";g i Encoder _! Buffer S = not relevant for :
CoMMAND Fenmeemnand i (ACM, TS) )z _l_: """" = single transport stream
Merger|_g i broadcasting

Slicer

: applications

Multiple FITLLL] -.---- ------.. ....... y EmEmnmn

Input '|" Input '|npu\ Smmm Null packet: ' CRC-8 H :r
Streams __’,lnterfal:e lSynchronlSir Deletion “Encoder. -
: (ACM 15):: :
B, "Lasnssnana" mEnnnnnn Ll
%Eg& PL Signalling & o=0,35, 0,25,
rates 1/4,1/3,2/5 16APsK, ||| Pilot insertion 0.20
112, 3/5, 2/3, 314, 4/5, 32APSK
5/6, 8/9, 9/10
....... Bit
| L BB Filter
PADDER: BB BCH LDPC Bit e -
7 SCRAM [ Encoder ([« Encoder J inter- in ‘:el Quadrature [ ™
:| BLER (Necy,Kacn) (MidpesKiape) | leaver "-i::;zns' Modulation
J
STREAM ] H £ Inaertion ;
ADAPTATION FEC ENCODING H MAPPING PL FRA\II\I(“ MODULATION

LP stream f* to the RF
gﬁlrli‘?EEL% > BBFRAME BC modes | PLFRAME » satellite

Fig.2.6: DVB-S2 Block Diagram [22]

Table 2.1: DVB-S vs. DVB-52

DVB-S DVB-S2
Input Single Transport Stream Multiple Transport Stream and
Interface (TS) Generic Stream (GSE)
Modes Constant Coding and Variable Coding and Modulation
Modulation and Adaptive Coding and Modulation

FEC Reed Solomon (RS) LDPC + BCH

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

5/6,8/9,9/10
Modulation Single Carrier Single Carrier QPSK with Multiple
QPSK Streams

Modulation BPSK,QPSK, BPSK,QPSK, 8PSK,
Schemes 8PSK, 16QAM 16APSK,32APSK
Interleaving Bit-Interleaving Bit-Interleaving
Pilots Not Applicable Pilot Symbols
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2.3.3 Digital Video Broadcasting-Cable (DVB-C)

DVB-C stands for Digital Video Broadcasting-Cable. The standard was first
published by the ETSIin 1994, and subsequently became the most widely used
transmission system for digital cable television in Europe. Figure 2.7 shows the DVB-
C block diagram. The DVB-C transmitter is similar to the DVB-S standard transmitter

in most of its stages [25].

Programme

R Transport

Video Encoder MUX
Audio Encoder ! \

n
Source coding and MPEG-2 multiplexing

MUX
adaptation, Channel Interl Byte/m-tuple Differential L QAM Base-band DA{?
energy [7| encoder [ nerleaver 1= conversion coding wrapper [ shaping [T 1‘r a? d
dispersal ont-en

Cable channel adapter

Figure 2.7: DVB-C Block Diagram [25]

The operation starts when video, audio, and data streams are multiplexed into
MPEG-2 transport stream. The MPEG-TS is identified as a sequence of data packets,
of fixed length (188 bytes). A first level of protection is then applied to the
transmitted data, using a non-binary block code, a Reed-Solomon RS (204, 188) code,
allowing the correction of up to a maximum of 8 wrong bytes for each 188-byte

packet.
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The data sequence passes through the external interleaver, where
a convolutional interleaving is used to rearrange the transmitted data sequence, such
that it becomes more rugged to long sequences of errors. After that data bytes faces
the Byte/m-tuple conversion block so that the data bytes are encoded into bit m-tuples
(m=4,5,6,7,o0r8).

In order to get a rotation-invariant constellation, the data passes through
Differential coding unit. This unit applies a differential encoding of the two Most
Significant Bits of each symbol. Then the bit sequence is mapped into a base-band
digital sequence of complex symbols. The system allows five modulation modes: 16-
QAM, 32-QAM, 64-QAM, 128-QAM, 256-QAM. Then in order to remove mutual
signal interference at the receiving side, base-band shaping block is employed, where

the QAM signal is filtered with a raised-cosine shaped filter.

Finally, the digital signal is transformed into an analog signal, with a digital-
to-analog converter (DAC), and then modulated to radio frequency by the RF front-

end.
2.3.4 Digital Video Broadcasting-Cable Second Generation (DVB-C2)

DVB-C2 stands for Digital Video Broadcasting- Cable Second generation.
The final DVB-C2 specification was approved by the DVB Steering Board in April
2009. Figure 2.8 shows the DVB-C2 transmitter. The DVB-C2 transmitter is similar
to the DVB-T2 standard transmitter in most of its stages.

R 0 S 0 0 0 0 O S A B B AR S N B NN R

— Bit )
Input | | Interleaved Data Slice OFDM
eyt PFOCESSING Coding & + Frame generation %
—_— Modulation Builder
TSor i DVB-C2
s H C2 system 5

Fig. 2.8: High level C2 Block Diagram [25]

Input Mull . BB
inii;fl;;e Stream Packet » eisc?dgr Haadas sv:a?r%:]ler T
TSIGSE 0O Synchroniser Deletion insertion F BB
rame

Fig. 2.9(a): Mode adaptation for single input stream (PLP) [25]
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Map cells to
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- e o [+ interleaver [—* bits to cells [—» constellations L Header I—r
BB encoding encoding (Gray mapping) Insertion

Frame Data

Demux Map cells to
FEC encoding bits ta |—# constellations L,
L1 L1= cells (Grey Mapping)

signalling header
generation

—
L1 Config

FEC encoding Bit Demux Map cells to
{Shortened/punciured [—M interleawer —» bits to ™ constelations ————»
Li-data LDPC/BCH) cells {Gray mapping)

Fig. 2.9(b): Bit Interleaved Coding and Modulation (BICM) [25]

PLPO
————» Data Slice Time Freguency
PLP1 1 ™ Interdeaver % Interleaver [—*
Builder Frame Builder
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| the cells of
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into armrays generation
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—» Data Slice - Frequency OF DM symbols. ——»
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L1 header | L1 Block r=———
S
L1 data Header
Time insertion
Interdeawver
Fig. 2.9(c): Data Slice + Frame builder [25]
| Guard
PFilot
—b Inselr?inn —  FFT L 3l interval —3 DAC —»
, insertion
From data slice To RF
& frame builder converter

Fig. 2.9(d): OFDM Generation [25]
The input to the transmitter consists of one or more logical data streams [26].

These data streams are carried by Physical Layer Pipes (PLP). DVB-C2 uses the same
Forward Error correction technique as DVB-T2 which is a concatenation of two
encoders, a LDPC encoder and a BCH encoder. Then the data is interleaved, coded
and modulated through the BICM stage as shown in figure 2.9(b). Each stream is de-
multiplexed into N sub-streams. These N sub-streams pass through a cell mapper
using a Quadrature Amplitude Modulation Scheme. The OFDM generation is the last

stage which is a very simple OFDM transmitter as in figure 2.9(d) illustrates.

DVB-C2 offers greater than 30% higher spectrum efficiency under the same
conditions compared to DVB-C standard, and the gains in downstream channel
capacity is greater than 60% for optimized HFC networks. DVB-C2 allows bitrates up
to 83.1 Mbit/s on an 8 MHz channel bandwidth when using 4096-QAM modulation;
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future extensions allow up to 97 Mbit/s and 110.8 Mbit/s per channel using 64QAM

and 265AQAM modulation. Table 2.2 summarizes the main differences between

DVB-C and DVB-C2.

Table 2.2: The main differences between DVB-C and DVB-C2

DVB-C DVB-C2
Input Interface Single Transport Stream Multiple Transport Stream and
(TS) Generic Stream (GSE)
Modes Constant Coding Variable Coding and
and Modulation Modulation and Adaptive
Coding and Modulation
FEC Reed Solomon (RS) LDPC + BCH
1/2,2/3,3/4,5/6,7/8 1/2, 213,3/4,4/5,5/6,8/9,9/10
Modulation Single Carrier Absolute
QAM OFDM
Modulation 16- to 256- 16-to 4096-
Schemes QAM QAM
Interleaving Bit-Interleaving Bit-Time and Frequency
Interleaving
Pilots Not Applicable Scattered and Continual

2.3.5 Digital Video Broadcasting-Handheld (DVB-H)

DVB-H stands for Digital Video Broadcasting- Handheld. DVB-H standard is
formally adopted as ETSI standard in November 2004. Figure 2.10 shows the DVB-H

block diagram. DVB-H technology is a superset of the successful DVB-T system,

with additional features to meet the specific requirements of handheld, battery-

powered receivers.
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Figure 2.10: Additions brought to the DVB-T system by DVB-H [27]

DVB-H is a physical layer specification designed to enable the efficient
delivery of IP-encapsulated data over terrestrial networks. DVB-H present four main
requirements: broadcast services for portable and mobile usage with acceptable
quality; a typical user environment, and so geographical coverage, as mobile radio;
access to service while moving in a vehicle at high speed; and as much compatibility
with existing (DVB-T), to allow sharing of network and transmission equipment [27].

DVB-H uses a mechanism called multi-protocol encapsulation (MPE), making
it possible to transport data network protocols on top of MPEG-2 transport streams. A
forward error correction (FEC) scheme is used in conjunction with this multi-protocol
to improve the robustness and thus mobility of the signal. In addition to the 2k and 8k
modes available in DVB-T, a 4k mode is added to DVB-H increasing the network
design flexibility. A short in-depth interleaving process is introduced for 2k and 4k
modes that lead to better tolerance against impulsive noise. DVB-H uses Time

slicing technology to reduce power consumption for small handheld terminals.

2.3.6 Digital Video Broadcasting — Terrestrial (DVB- T)
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DVB-T (Digital Video Broadcasting-Terrestrial) which is a standard for
digital terrestrial television broadcast is first published in 1997. It is first used in
Sweden and UK in1998. Figure 2.11 shows the DVB-T system. The main key is to
transmit digital signal to offer high definition television services as efficiently and

effectively as possible.

Programme

MUX

Transport

_______

M Guard DAC
adaptation, External External Internal Internal Frame .
[l encoder [T} { [l encoder Interleaver [] Mapper M adaptation [ OFDM [ interval and
insertion front-end

|m-—== |
1 < 1! 1 |
y adaptation, ] External o External a Internal
ener 1 encoder interleaver encoder TPS and pilot
signal

Terrestrial channel adapter

Fig. 2.11: DVB-T Block Diagram [28]
DVB-T system transmits compressed digital audio, digital video and other

data in an MPEG transport stream, using coded orthogonal frequency-division
multiplexing (COFDM or OFDM) modulation. There  are  three
valid modulation schemes: QPSK, 16-QAM, 64-QAM adopted by the DVB-T [28].

The DVB-T process starts with compressed video, compressed audio, and data
streams then multiplexed into an MPEG program streams (MPEG-PSs) using Source
coding and MPEG-2 multiplexing (MUX) block. The resulting data stream passes
through splitter where the two different MPEG-TSs are transmitted at the same time,

using a technique called Hierarchical Transmission.

A first level of error correction is applied to the transmitted data, using a non-
binary block code, a Reed-Solomon RS (204, 188) code, allowing the correction of up
to a maximum of 8 wrong bytes for each 188-byte packet using an external encoder.
The data coming out of the external encoder are then interleaved by convolutional

interleaver. It is used to rearrange the transmitted data sequence.

A second level of error correction is done by the means of convolutional code

used as internal encoder. The data sequence is rearranged again through an internal
17


http://en.wikipedia.org/wiki/Video_compression
http://en.wikipedia.org/wiki/Digital_audio
http://en.wikipedia.org/wiki/Digital_video
http://en.wikipedia.org/wiki/MPEG_transport_stream
http://en.wikipedia.org/wiki/Orthogonal_frequency-division_multiplexing
http://en.wikipedia.org/wiki/Orthogonal_frequency-division_multiplexing
http://en.wikipedia.org/wiki/Modulation
http://en.wikipedia.org/wiki/QPSK
http://en.wikipedia.org/wiki/QAM
http://en.wikipedia.org/wiki/MPEG_program_stream
http://en.wikipedia.org/wiki/Source_coding
http://en.wikipedia.org/wiki/Source_coding
http://en.wikipedia.org/wiki/Multiplexing
http://en.wikipedia.org/wiki/Block_code
http://en.wikipedia.org/wiki/Reed-Solomon
http://en.wikipedia.org/wiki/Convolutional_code

interleaver, aiming to reduce the effect of burst errors. The digital bit sequence is
mapped into a base band modulated sequence of complex symbols. The complex
symbols are grouped into blocks of constant length (1512, 3024, or 6048 symbols per
block). A frame is generated, 68 blocks long, and a superframe is built by 4 frames.
Pilot signals are used during the synchronization and equalization phase. In order to
simplify the reception of the signal being transmitted on the terrestrial radio channel,
additional signals (Guard intervals) are inserted in each block. The sequence of blocks
is modulated according to the OFDM technique (2k or 8k mode).

Finally, the digital signal is transformed into an analogue signal, by the means

of a digital-to-analogue converter (DAC), and then modulated to radio frequency.

2.3.7 Digital Video Broadcasting — Terrestrial Second Generation
(DVB- T2)

DVB-T2 (The second generation DVB) standard is mainly aimed to replace
the current standard DVB-T. The DVB-T2 is standardized by ETSI in September
2009. The DVB-T2 is a redefined system that allows a more efficient usage
substituting the extremely large DVB-T cost. The main motivation of DVB-T2 is to
provide broadcasters with more advanced and efficient alternative to DVB-T

standards.

The DVB-T2 system introduces a new modulation and coding technigues in
comparison with DVB-T. In addition, the standard range of COFDM (Coded
Orthogonal Frequency Division Multiplexing) parameters has been extended with
respect to DVB-T in order to provide a greater flexibility [29].

A new error correction technique which is a combination of both LDPC (Low
density Parity Check) and BCH (Bose-Chaudhuri-Hocquengham) is employed in the
DVB-T2 system, aimed to replace the traditional convolutional and Reed Solomon

coding employed in DVB-T.
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DVB-T2 system supports different types of mapping schemes as QPSK,
16QAM, 64QAM and 256QAM. For better performance the constellations rotation
and cyclic Q delay are used to uncorrelate between the in-phase and quadrature

components.

DVB-T2 standard includes two new methods for PAPR (Peak to Average
Power Ratio) reduction techniques, which are ACE (Active Constellation Extension)
and TR (Tone Reservation) with respect to DVB-T standard. Table 2.3 gives a
summary of comparison between the DVB-T and the DVB-T2 systems.

Table.2.3: The differences between DVB-T and DVB-T2

DVB-T DVB-T2
Input stream Single stream Multiple stream
Coding and Modulation Constant Variable
FEC Convolutional coding + Reed LDPC + BCH
Solomon

1/2, 2/3. 3/4, 5/6, 7/8 1/2, 3/5, 213, 3/4, 4/5, 5/6

o crox qam i | o BO,
Modulation OFDM OFDM

Guard 1/4, 1/8, 1/4, 19/256, 1/8, 19/128,
Interval 1/16, 1/32 1/16, 1/32, 1/128
Scattered Pilots 8% of total 1%, 2%, 4%, 8% of total
Continual Pilots 2.6% of total 0.35% of total
DFT 2k, 8k 1k, 2k, 4k, 8k, 16k, 32k

2.4 Conclusion
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As a conclusion this chapter covers the different digital television standards in the

world like ATSC, ISDB, and DVB. In addition to each standard operation. Finally,
the different DVB standards were overviewed along with the similarities and
differences between them.

CHAPTER 3

DVB-T2 System

3.1 Introduction

In this chapter, we discuss the details of the DVB-T2 system specifications.
Thus, this chapter is divided into two main sections. In the first section, we introduce
the DVB-T2 standards. The discussion of this section is based on the DVB-T2
standard book. We discuss in details the functions of each block in the transmitter
separately. In the second section, we briefly discuss the DVB-T2 receiver as it is

considered the inverse of the transmitting process.

3.2DVB-T2 transmitter

The DVB-T2 transmitter consists of four main blocks: Input processing, Bit

interleaved coding and modulation (BICM), Frame builder, and OFDM generation
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blocks as shown in the high level architecture of the transmitter figure 3.1. The input
preprocessor which is not part of the T2 system includes a Service splitter or de-
multiplexer for Transport Streams (TS) used in separating the services into the T2
system inputs. The preprocessor output is then carried in individual Physical Layer
Pipes (PLPs). Figure 3.2 is the detailed DVB-T2 system architecture.

111

Fig.3.1: High level T2 block diagram

Input Processor

Input CRC BaseBand Padding Baseband
—P Interface > > Header —>  Insertion —>| Scrambler
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Rotation
/ Frame Builder OFDM Generation
Fr-ame Frequency Pilot Dummy Tone IFFT PAPR Guard DAC
Builder —>| Interleaver [ | Insertion —>| Reservation || N Reduction > Ilnterval >
nsertion

Fig. 3.2: DVB-T2 Block diagram

3.2.1 Input processor

The input processing block performs two functions as figure 3.3 shows. The
first function is the mode adaptation whereas the second function is the stream
adaptation.
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Mode Adaptation Stream Adaptation

Fig.3.3: Input Processor

3.2.1.1 Mode Adaptation

The mode adaptation operates separately on the contents of each PLP. It slices
the input data stream into data fields. This data field after stream adaptation will form
baseband frames (BBFRAMEsS).

The first block of the mode adaptation function is the Input Interface block.
The input interface subsystem maps the input into internal logical-bit format. The first
received bit is defined as the Most Significant Bit (MSB). The input interface reads a
data field, composed of DFL bits (Data Field Length) with the condition of:

0 < DFL < Kgey

where, KscH is the number of bits protected by the BCH encoder.

The second block of the mode adaptation module is the Cyclic Redundancy
Check (CRC-8) block. It is an error-detecting code commonly used in digital
networks and storage devices to detect accidental changes to raw data. Blocks of data
entering the CRC encoder get a short check value attached, based on the remainder of
a polynomial division of their contents; on retrieval the calculation is repeated, and
corrective action can be taken against presumed data corruption if the check values do
not match. The systematic cyclic codes are used to encode messages by adding a
fixed-length check value, for the purpose of error detection in communication

networks.
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Cyclic codes are very simple to be implemented and they are well suited for
the detection of burst errors. This is important because burst errors are common
transmission errors in many communication channels, including magnetic and optical

storage devices.

The CRC calculation is performed by means of a shift register containing n
register stages, equivalent to the degree of the polynomial as figure 3.4 shows. The
stages are denoted by b0 to bn. For CRC-8, the polynomial is (g0 +g1 ......... +gn-1)
[29].

Data Inp ut*
e - H<—

g1 L2} 9n- 9n-1

LSb b bn-2 b1 MSb

Fig. 3.4: CRC Algorithm [29]

The last block of the mode adaptation function is the Baseband header (BB-
header) block. The term header refers to supplemental data placed at the beginning of
a block of data being stored or transmitted. The DVB-T2 system uses a fixed length
BB HEADER of 10 bytes. This header is inserted in front of the baseband data field
in order to describe the format of the data field. The BB HEADER takes one of two
forms: normal mode (NM) as shown in figure 3.5 (a) or high efficiency mode (HEM)

as shown in figure 3.5 (b).

In the header, the input stream format and the type of Mode Adaptation is
given in the MATYPE part, while the user packet length and the data field length are
given in UPL and DFL parts. A copy of the User Packet Sync-byte is given in the
Sync part. The distance in bits from the beginning of the DATA FIELD to the
beginning of the first transmitted UP which starts in the data field is given in the
SYNCD part.
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The CRC-8 MODE is the XOR of the CRC-8 (1-byte) field with the MODE
field (1-byte). The result of the XOR process indicates the mode used, that is if the
result OD then it indicates that we have normal mode while on the other hand if the
result is 1D it indicates that we have high efficiency mode [29]. ISSY1 (1 bit), (Input

Stream Synchronization Indicator) is active when it contains one.

MATYPE UPL DFL | SYNC | SYNCD Eﬁ:}%ﬁ @
(2 bytes) (2 bytes) (2 bytes) (1 byvte) | (2 bytes) El byte)
MATYPE |ISSY2MSB| DFL Eg‘é SYNCD 5%%; »
(2 bytes) (2 bytes) (2bytes) [(1byte)| (2 bytes) El byte)

Fig. 3.5: (a) NM header format, (b) HEM header format [29]

3.2.1.2 Stream Adaptation

The first block of the stream adaptation is the Padding block. Padding is
adding zeros at the beginning of the data or at the end. It is an optional feature in
many communication systems. Padding does not affect the data when added. It is
applied in circumstances when the user data available for transmission is not
sufficient to completely fill a BBFRAME. The resulting BBFRAME after the padding
operation is of a constant length of KBCH bits.

The second block of the stream adaptation is the BB scrambler block. In
telecommunications, scrambler is a device that encodes or randomizes messages at the
transmitter to make it unintelligible at receivers that are not equipped with appropriate
descrambling device. Scrambling is widely used in satellite, radio relay
communications and PSTN modems. In the DVB system the complete BBFRAME is

randomized. The randomization sequence is synchronous with the BBFRAME
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starting from the MSB and ending with KBCH bit. Figure 3.5 the scrambling
sequence is generated by the feed-back shift register. The polynomial for the Pseudo

Random Binary Sequence (PRBS) generator is:

1+ X14 +x15

Initialization sequence
i 0 0 1 O 1 0 1 0 0 0 0 0 0 0

™1 2|3 4 5 6 7|8 9101112'131415)

00000011 ... I
o

EXOR

clear BBFRAME input @ >

Randomised BBFRAME output

Figure 3.6: PRBS Implementation [29]

3.2.2 Bit Interleaved Coding and Modulation (BICM)

The Bit Interleaving Code Modulation is the second block of the DVB-T2
system. It consists of seven blocks as shown in figure 3.7.

Time Cell Cyclic Q- Mapping & Demux Bit FEC
Interleaver (€] Interleaver <] delay € Constellation € (€| Interleaver €

Rotation

Fig. 3.7: BICM Block Diagram

3.2.2.1 FEC encoding

This sub-system shall perform outer coding (BCH), Inner Coding (LDPC) and
Bit interleaving. The input stream shall be composed of BBFRAMESs and the output
stream of FECFRAMEs.
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Each BBFRAME (K, bits) is processed by the FEC coding subsystem, to
generate a FECFRAME (Nigpe bits). The parity check bits (BCHFEC) of the
systematic BCH outer code is appended right after the BBFRAME, and the parity
check bits (LDPCFEC) of the inner LDPC encoder shall be appended after the
BCHFEC field, as figure 3.8 illustrates.

Npen= Kiape

Kien Noen-Kuiben MNape-Kiape
- > - — - .
BEFRAME BCHFEC LDPCFEC
(Niape bits) _

Fig. 3.8: format of data before bit interleaving [29]

e Outer encoding (BCH)
The outer coding BCH (Nbch, Kbch) code is the first encoding stage. It is

applied to each BBFRAME for an error protected packet generation.

In coding theory, the BCH codes form a class of cyclic error-correcting codes
that are constructed using finite fields. BCH codes are invented in 1959 by French
mathematician Alexis Hocquenghem, and independently in 1960 by Raj Bose and D.
K. Ray-Chaudhuri. The acronym BCH comprises the initials of inventors' names [29].

One of the key features of BCH codes is that during code design, there is a
precise control over the number of symbol errors correctable by the code. In
particular, it is possible to design binary BCH codes that can correct multiple bit
errors. Another advantage of BCH codes is the ease with which they are decoded,
namely, via an algebraic method known as syndrome decoding. This simplifies the
design of the decoder for these codes, using small low-power electronic hardware.
BCH codes are used in applications such as satellite communications, compact
disc players, DVDs, disk drives, solid-state drives and two-dimensional bar codes.

e Inner Encoding (LDPC)

The LDPC concept is developed by Robert G. Gallager in 1960.
(LDPC) code is a linear error correcting code. It is the second encoding stage. LDPC
codes are capacity-approaching codes which means that practical constructions exist
that allow the noise threshold to be set very close to the theoretical maximum. The
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noise threshold defines an upper bound for the channel noise, up to which the
probability of lost information can be made as small as desired. Using iterative belief
propagation techniques, LDPC codes can be decoded in time linear to their block
length [2].

LDPC codes are finding increasing use in applications requiring reliable and
highly efficient information transfer over bandwidth or return channel-constrained
links in the presence of corrupting noise. Implementation of LDPC codes has lagged

behind that of other codes, notably turbo codes.

3.2.2.2 Bit Interleaver

Interleaving is a technique for making forward error correction more robust
with respect to burst errors. The output of the LDPC encoder is fed through a bit
interleaver. The bit interleaver consists of parity interleaving followed by column

twist interleaving. The bit interleaver is the second BICM stage.

In the parity interleaving part, parity bits are interleaved by [2]:

ui = fi for 0 < i< kgy (information bits are not interleaved)
U k|de + 360t + S = fkldpc +Q|dpc *S + t,fOF 0 S ) < 360, OS t < Q|dpc

where u is the parity interleaving output and Qi is defined in table 3.1

Table 3.1: QLDPC values for normal frames

Code Rate Qidpc
1/2 90
3/5 72
2/3 60
3/4 45
4/5 36
5/6 30

In the column twist interleaving part, the data bits ui from the parity
interleaver are serially written into the column-twist interleaver column-wise, and

serially read out row-wise (the MSB of BBHEADER is read out first) as shown in
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Figure 3.9, where the write start position of each column is twisted by t. according to

table 3.2. This interleaver is described by the following [2]:

The mput bit #; with mdex 7, for 0 <7 < Ny, 1s written to colunm ¢;, row r; of the mterleaver, where:

CI' =7 dl\7 4NT?.

. — T
1 =i+1, mod N,
The output bit v with index j, for 0 <j < Nldp o~ 1s read from row v column < where
o — 7 b 7
r,=jdivN,

. T
¢, =jmodN,

MSB

f BBHeader F=le
I B : e SR ER Bt O
1 4N /, B N . -
E E . E\\ertestart : T r- 11" 1 - —==77"
i ! I positionis | " T
H ! V| | twisted by t f ____,_-_»_'__________j____j__
Row 8100 | .| ([ !] f P [l Sk o o R - |
v L v i > /
Column 1 Column 8 of FEI(-:sI‘;??AME
Fig.3.9: Bit interleaving scheme [29]
Table 3.2: Column twisting parameter tc [2]
. Columns Twisting parameter t
Modulat N c
ocuation |, dpe "Col0 1123 4[5 |6 |7 [8 |9 [10 [11 [12 [13 [14 |15
64800 | 0 [0 20al4a|5 [7 |7 [-1-[-T-T1T-T-1T-T-
16-0AM 8 6200 0 001 7]20 (20 [21 - |- |- |- |-
64800 | 0 (02234 [4 |5 |5 |7 [8 |9 |-
64-QAM 2 ea0| 0 [0l022]2 1331316717 -1-1-1-
16 |64800 | 0 |2 02[202|3 |7 |15 |16 |20 |22 [22 |27 |27 |28 | 32
256-0AM 8 16200 | 0 [0 |01 (72020 [21 |- |- |- |- |- [-1-1-

3.2.2.3 Bit to cell word de-multiplexer

The input bit-stream from the bit interleaver is de-multiplexed into N-
substreams, as in figure 3.10. The number of N-substreams depends on the
modulation employed as in table 3.3.

Table 3.3: Number of sub-streams in de-multiplexer [1]
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Number of sub-st ;
Modulation N‘,dpc um efz:;ﬁ::ea:sreams
QPSK Any 2
16-QAM Any <
64-QAM Any =
256-QAM f‘g ggg 186
b0 0- bo1-boo- -
b10-611-0120
1"0.9 "‘1.9 "‘29 D ] >
> emux
DN s 1.0° DN 115+
Input Outputs

Fig. 3.10: De-multiplexing of bits into sub-streams [29]

3.2.2.4 Mapping and Constellation Rotation

The demux output for Each FECFRAME (which is a sequence of 64 800 bits
for normal FECFRAME, or 16 200 bits for short FECFRAME) is then mapped into a
constellation diagram as shown in figure 3.11.The input bits are grouped into cell of

nmod bits. Every modulation has a certain number of bits per cell as table 3.4 shows.

Table 3.4: Parameters for bit-mapping into constellation [29]

LDPC block length : Number of output

(N’dpc) 9 Modulation mode 7TMOD data cells P
256-QAM 8 8100
64-QAM 6 10 800
64 800 16-QAM 4 16 200
QPSK 2 32 400
256-QAM 8 2025
64-QAM 6 2700
16200 16-QAM 4 4050
QPSK 2 8100
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Figure 3.11: 16 QAM constellations [29]

When a constellation signal is transmitted in fading conditions, both real (1)
and imaginary (Q) face the same fading. Thus, in case of severe fading, the
information transmitted on | and Q channels suffer from an irreversible loss. In case
of the rotated constellation, a certain rotation angle is applied in the complex plane to

a classical signal constellation to uncorrelate between the two components.

The rotating of the constellation is done by the output cells G, where

G= (9o, 91, ---» Oncelts-1) are given by [1]:

Go = RE(RRQDfO) + j”n(RRQD f""-;'etrs -1)

44 = RE{RRQDJ{[J +}I“m(RRQD q—l)

where f, and f, are the first and last cells respectively within the constellation
diagram, RRQD is the phasor rotation angle and @ is the rotation angle. Values of
different @ for different modulation techniques are in table 3.5. Figure 3.12 illustrates

the classical constellation diagram and a rotated constellation diagram.

Table 3.5: Rotation angle for each modulation Type

Modulation | QPSK | 16-QAM | 64-QAM | 256-QAM
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| @(in degrees) | 29.0 | 16.8 | 8.6 | Atan(1/16) |

P 168AM

e
-
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L " IePAM * ‘.

)

(a) (b)

Figure 3.12: a) Classic 16-QAM constellations with projections in axis (2x 4-PAM).
b) Rotated 16-QAM constellations with projections in axis (2x16-PAM) [29].

3.2.2.5 Cyclic Q-Delay

Cyclic Q delay is one of the optional modules that is used in DVB-T2. The
cyclic q delay input is a stream of cells that represents the constellation rotation
output. The main role of the cyclic Q delay module is to uncorrelate the real and
imaginary parts (in-phase (1), quadrature (Q)) components of every constellation point

especially in severe fading environment. The cyclic Q- Delay works on the
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constellation rotated data Ciy = (Cint, Cinz, -..., Cin neenis) @nd it delays the imaginary
part by one cell. The output of the cyclic Q delay is referred to as Co = (Co1, Co2, ...,
Co neells), Where C,, is given by:

Co =Re (Cini) + ] Im(Cini+1)

Where i takes on the values 1, 2, 3 ... Nees. Fig.3.13 gives an illustration for the

operation taking place in cyclic Q delay.

Cell a Cell 5 Cell s Cell 7
la Qs Is Qg le Qs 17 Qe

Fig.3.13: Cyclic Q-delay process [28]

3.2.2.6 Cell Interleaver

The main goal of the interleaving process is to spread the content in the
time/frequency plane, such that neither impulsive noise nor frequency-selective fading
would cause a long sequence of the original data stream to be erased. The cell
interleaving process applies a pseudo-random permutation in order to uniformly

spread the cells in the FEC code word.

The input cells to the cell interleaver take a new index generated from the
pseudo random process. The Pseudo Random Cell Interleaving process that is done by
the cell permutation is used to ensure an uncorrelated distribution of channel

distortions in the receiver.

The input to the cell interleaver is the data cells Co= (Co 1, Co 2..., Co Neells) 1S
generated by the constellation rotation and cyclic Q delay process. The output of the
cell interleaver is a vector referred to as Clo(j) = (Clo j1, Cloj2, Cloj3,.... Clo jncelts)-
The vector is defined by: Clo jsji)= Co ji ;where i= 1,2,...,Nceis and Sj(i) is the
permutation function applied to FEC block j of the Time interleaver block
Sj(i) = [S1(i) +P()] mod Neeis, Where Sq(i) is the basic permutation function and P(j)
is the shift value to be used in FEC block j.
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For example for Ngs= 10800, 64 QAM, the shift P(j) is to be added to the
permutation for j =1, 2, 3, etc. is 1, 8 193, 4 097, 2 049, 10 241, 6 145, 1 025, 9 217,
etc. Figure 3.14 illustrates the cell interleaving process.

Fecoosk | =0 /=1 =2 =3
index -

Modulatian
order J

-~

Vewi=Mopc/ Hinad 4\

FECframe
length:
G4800
16200

Fig. 3.14: Cell Interleaver process [29]

3.2.2.7 Time Interleaver

The cell interleaved data is introduced as an input to the time interleaver. The
time interleaving process is similar to the bit interleaving process. In DVB-T2, the
Forward Error Correction (FEC) blocks, for each PLP, are grouped into interleaving
frames for time interleaving purposes. Each TI block contains a dynamically variable
integer number of FEC blocks that are interleaved before transmission. The Time
Interleaver (T1) operates at the PLP level. The parameters of the time interleaving are
different for different PLPs within a DVB-T2 system. Each Interleaving Frame is
either mapped directly onto one T2-frame or spread out over several T2-frames. There
are three options for time interleaving for each PLP. First, each Interleaving Frame
contains one Tl-block and is mapped directly to one T2-frame. This gives limited data
rate. Second, each Interleaving Frame is divided into several Tl-blocks and each
Interleaving Frame is mapped directly to one T2-frame as in Single PLP case. This
gives maximum data rate. Third, each Interleaving Frame contains one TI-block and
is mapped to more than one T2-frame as shown in figure 3.15.
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Figure 3.15: Time Interleaving Implemented in DVB-T2 [29]

The Time Interleaver is a row-column block interleaver. The number of bits of
LDPC coded block Nldpc is 64 800 bits for normal FECFRAME, or 16 200 bits for
short FECFRAME. The number of rows Nr in the interleaver is equal to the number
of cells in the FEC block (Ncells) divided by 5 as table 3.6 shows [29].

Table 3.6: The number of rows for different modulations [29]

LDPC block length Modulation Number of cells Number of rows N,
(Ngpe) mode per LDPC block
(NeLLs)
256-QAM 8100 1620
64-QAM 10 800 2160
64800 16-0AM 16 200 3240
QPSK 32400 6 480
256-QAM 2025 405
64-QAM 2700 540
16200 16-QAM 4050 810
QPSK 8 100 1620

3.2.3 Frame Builder

The frame builder block consists of 2 stages. It starts by cell mapping followed

by frequency interleaving stage as shown in figure 3.16 .The cell mapper maps cells
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coming from the BICM for each PLP and the signaling cells into frames of equal
number of cells according to the IFFT length. The frequency interleaver then

distributes the information as randomly as possible to all the DVBT2 OFDM carriers.

OFDM Generation
BICM Cell Mapping Frequency

Interleaver

Fig. 3.16: Frame Builder

3.2.3.1 Cell Mapper

Figure 3.17 shows the Frame Structure of the cell mapper. It shows a generic
T2 frame structure. At the top level, super frames define the frame structure, which

are divided into T2-frames further divided into OFDM symbols.

Fig. 3.17: Cell Mapper Frame Structure

The super frame contains T2-frames as well as it contains FEF (Future
Extension Frames). The number of T2-frames contained in a super frame is a variable
parameter configured in the L1 pre-signaling data, NT2 (NUM_T2_FRAMES).
These, are marked from 0 to NT2-1. The actual frame is signaled in the dynamic L1
post-signaling. Many FEF parts can be inserted between T2- frames in a super frame.
FEF parts should not be adjacent to each other. Thus the super frame duration Tgg:

Tsk = N72* Tr +Nrer * Trer
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where Negr is the number of FEF parts in a super frame, Teer is the duration of the
FEF parts signaled by FEF_LENGTH.

In case where FEF are used, the super frame is finished by a FEF part. The
maximum value for the super frame length (TSF) is 64s if FEF are not used
(equivalent to 256 frames of 250ms) and 128s if FEF are used. The indexing of T2
frames and NT2 are independent of FEFs. The beginning of the first preamble symbol
(P1) marks the beginning of the T2-frame. The number of P2 symbols in a T2-Frame
is determined by the FFT size whereas the number of data symbols L1 data in the T2-
frame is a configurable parameter signaled in the L1 pre-signaling. The maximum
value for the frame duration TF is 250ms .The total number of symbols (LF) in a
frame (excluding P1) is given by:

LF = Lpata + Np>
Thus, the maximum number for L is as Table 3.6 (for 8MHz bandwidth)
shows.
Table 3.7 Maximum frame length LF in OFDM symbols for different FFT sizes and
guard intervals (for 8 MHz bandwidth) [29]

. Guard interval

FFT size | 7, [msl 17128 1732 1716 197256 78 157128 174
35K 3.584 56 56 64 54 0 60 NA
T6K 1792 138 135 131 159 123 121 111
8K 0.896 276 270 262 250 247 242 223
K 0448 NA 540 504 NA. 495 NA 346
2K 0.224 NA 1081 1049 NA. 591 NA. 802
1K 0.112 NA NA 2 098 NA, 1082 NA 1784

Thus the T2 frame duration is:
Te=Le*Ts+ Tps

where Ts is the total OFDM symbol duration and T, is the duration.

The frame builder maps the output cells of both the time interleaver (for the
PLPs) and the constellation mapper (for theL1-pre and L1-post signaling) onto the
data cells Xm,, of each OFDM symbol in each frame, where: m is the T2- frame
number, | is the index of the symbol within the frame.

The number of active carriers, i.e. carriers not used for pilots, in one normal

symbol is denoted by Cgaa. Table 3.7 gives values of Cyq, for each FFT mode and

scattered pilot pattern for the case where tone reservation is not used. The values of

Caata When tone reservation is used are calculated by subtracting the value in the TR
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cells column from the Cgya, Value without tone reservation. For 8K, 16K and 32K two

values are given corresponding to normal carrier mode and extended carrier mode.

Table 3.8: Number of available data cells in one normal symbol [29]

- TR

EET Size Cdata (no tone reservation) cells
PP1 PP2 PP3 PP4 PP5 PP6 PP7 PP8

1K 764 768 798 804 818 10

2K 1522 1532 1596 1 602 1632 1646 18

4K 3 084 3092 3228 3234 3298 3 328 36

8K Normal 6 208 6 214 6 494 6 498 6 634 6 698 6 698 72
Extended | 6 296 6 298 6 584 6 588 6 728 6 788 6 788 72

16K Normal 12418 12436 | 12988 |13 002 |13272 |13 288 | 13416 | 13 406 144
Extended | 12678 | 12698 |13 262 |13276 | 13552 |13 568 | 13698 | 13 688 144

29K Normal 24 886 26 022 26 592 |26 836 |26 812 288
Extended 25412 26 572 27 152 |27 404 | 27 376 288
NOTE: An empty entry indicates that the corresponding combination of FFT size and pilot pattern

is never used.

3.2.3.2 Frequency interleaver

The frequency interleaver is the second stage in the frame building process.
The purpose of the frequency interleaver, is to map the data cells from the frame
builder onto the available data carriers in each symbol Ngata, Ngata = Cpo for the P2
symbol(s). The interleaved vector Ami= (@m0, @m11, am,2---8mINdata-1) 1S defined by:
amIHp) = Xmp for even symbols of the frame (I mod 2 = 0) in mode 32K for
p=0,...,Ndata-1. @m,1, p= Xm,,H(p) for odd symbols of the frame (I mod 2 = 1) in mode
32K for p = 0,...,Ngaa-1. The frequency interleaver then generates a permutation
function on both the even and the odd sequence simultaneously. The permutation
function employed is the same one used in cell interleaver. The frequency interleaver
then combines the even and odd sequence in one output frame. The schematic block

diagram of the algorithm used to generate the permutation function is as figure 3.18

presents.
11 10 a a 7 6 5 4 3 2 1 ] R
Unit e I I I I I I I I I I I I
F Y | Wires Permutation | R
13
114

skip Addr
Check

H(p)
Figure 3.18: Frequency interleaver algorithm for the 16k mode [29]
3.2.4 OFDM generation
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The OFDM generation is the last stage in the DVB-T2 transmitter architecture
.The OFDM block consists of 6 blocks as figure 3.19 shows. The frame builder data
output is fed into the OFDM generation stage. The first step is the pilot insertion
which is added for channel estimation. DVB-T2 uses four kinds of pilots; Scattered,
Continual, Edge, P2 and Frame Closing pilots. Data (carriers + pilots) is then fed to
the IFFT process through dummy tone reservation step. Peak to average power
reduction is then applied to every symbol. Finally, guard intervals are inserted to the
data. Guard interval ensures that distinct transmissions do not interfere with one

another. Note, The dummy tone reservation block reserves cell for PAPR.

Figure 3.19: OFDM generation Block

3.2.4.1 Pilot Insertion

The pilots belong in the system as a reference information, which allow the
receiver to detect and compensate for the distortions introduced by the transmission
channel, and to produce from this the basis for the time domain signal for
transmission. Pilots also are wused for frame synchronization, frequency
synchronization, time synchronization, and channel estimation. The value of the pilot
information is derived from a reference sequence. The pilots are modulated according
to a reference sequence, rx, where | and k are the symbol and carrier indices. The
reference sequence is derived from a symbol level PRBS(wy)and a frame level PN-
sequence,(PN;). The output of the symbol level sequence, wy, is inverted or not
inverted according to the frame level sequence, PN, as figure 3.20 shows.

Carrier clock

S bol t
M&| PRBS sequence

Reference
sequence, Mg

Symbol clock

Frame reset
4-1 PMN-sequence




Figure 3.20: Formation of the reference sequence [29]

The symbol-level PRBS is mapped to the carriers such that the first output bit
(w0) from the PRBS coincides with the first active carrier (k= Kmin) in 1K, 2K and
4K. In 8K, 16K and 32K bit w0 coincides with the first active carrier (k=Kmin) in the
extended carrier mode. In the normal carrier mode, carrier k=Kmin is modulated by
the output bit of the sequence whose index is Kext. This ensures that the same
modulation is applied to the same physical carrier in both normal and extended carrier
modes. A new value is generated by the PRBS on every used carrier (whether or not it

is a pilot).

3.2.4.2 IFFT-OFDM Modulation and Guard Interval

This section specifies the OFDM structure used for transmission. The
transmitted signal is organized in frames. Each frame has duration of TF, and consists
of LF OFDM symbols. Each symbol is constituted by a set of Ktotal carriers
transmitted with a duration TS. It is composed of two parts: a useful part with
duration TU and a guard interval with duration A. The guard interval consists of a
cyclic continuation of the useful part, TU, and is inserted before it. The allowed

combinations of FFT size and guard interval are in Table 3.8.

Table 3.9: Duration of the guard interval for different FFT sizes [29]

. Guard interval

FFTsize | T,msl i—rmp 1732 1716 19/256 78 19/128 174
2K 3584 68 56 64 54 60 B0 NA
6K 1,792 138 135 131 129 123 121 11
8K 0,896 276 270 262 259 247 240 223
2K 0.448 NA 540 524 NA 295 NA 446
2K 0,224 NA 10871 1049 NA 991 NA 892
K 0,112 NA NA 2098 NA 1982 NA 1784
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The symbols in an OFDM frame (excluding P1) are numbered from 0 to Lg—1.
All symbols contain data and reference information. Since the OFDM signal
comprises many separately-modulated carriers, each symbol can in turn be considered
to be divided into cells, each corresponding to the modulation carried on one carrier
during one symbol time. The carriers are indexed by k that belongs to Knin and Kpax.
The spacing between adjacent carriers is 1/TU while the spacing between carriers
Kmin and Knpax are determined by (Kiowa—1)/TU. Some combinations of guard interval
fraction and FFT size shall not be used and are marked 'NA" in the table. The emitted
signal includes the insertion of guard intervals when PAPR reduction is not used. If

PAPR reduction is used, the guard intervals are inserted following PAPR reduction.

3.3 DVB-T2 Receiver

In this section we introduce an overview of the DVB-T2 receiver. Figure 3.21
illustrates the block diagram of the DVB-T2 receiver. The DVB-T2 receiver consists
of four main blocks as the DVB-T2 transmitter. These four blocks are the OFDM
receiver block, the Frame builder block, the bit de-interleaver and decode de-

modulation block and the output processor block.

|

Cell de- Frequency Pilot Dummy Tone FFT PAPR Guard ADC
mapper <— de- > a Removal Removal < < Reduction < Interval <
\ Interleaver Remaval
\w
Time de- Cell de- Cyclic Q- DE-Mapping Mux Bit de- FEC
interleaver T interleaver [ delay & > >| interleaver [~
ramoval Consteallation
Z
output CRC BaseBand Padding Baseband
<H  interface (<] < Header (< removal (€—  Scrambler
decoder Remaval 1

Figure 3.21: DVB-T2 system Receiver
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3.3.1 OFDM Receiver Block

Pilot Dummy Tone FFT PAPR Guard ADC
=+ Removal <— Removal < < Reduction < Interval <

Remnval

Fig 3.22: OFDM receiver block diagram

The OFDM receiver consists of 6 blocks as figure 3.22 shows, similar to that
in the transmitter. The guard intervals inserted in the transmitter is removed. Guard
intervals location is known to the receiver as they are between every OFDM signal. A
fast Fourier transform is used to demodulate the OFDM signal. DVB-T2 is
compatible with many FFT lengths like 2K, 4K, 8K...... 32K like that used in the
IFFT process. If Peak to average power reduction is used in the transmitter dummy

tone cells will be removed. Finally pilots are removed.

3.3.2 Frame Builder Block

Cell de- Frequency
mapper e de-

Interleaver

Fig 3.23: Frame builder at the receiver

Figure 3.23 shows the frame builder block which consists of two blocks. The
OFDM data carriers output are deinterleaved by the frequency deinterleaver. The
frequency deinterleaver is performed by two stages:

1) First, data carriers of every OFDM signal is deinterleaver, where data carriers of
the even symbol is interleaved with a pattern different than that used for the data
carriers of the odd symbol.

2) Second, the permutation function P(r) mentioned earlier in this chapter is
performed on all data carriers. The output of the frequency deinterleaver is then fed to

the cell de-mapper.
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The cell de-mapper is responsible for de mapping the cells from the frequency
deinterleaver that are gathered into the super frame to T2-frame which consists of a

number of FEC blocks. These blocks are then deinterleaved by the time deinterleaver.

3.3.3 Bit Deinterleaved and Coded Demodulation Block

1

N
Time de- Cell de- Cyclic@- DE-Mapping Mux Bit de- FEC
interleaver interleaver > delay & interleaver
remnval Constellation

)

Fig 3.24: Bit De-interleaved and Coded Demodulation Block Diagram

The BDCD consists of 7 blocks as figure 3.24 shows.The Time De-Interleaver
is the first step where it performs the inverse Time interleaver (TI) process. The frame
builder output is fed into the time de-interleaver in the form of frames. Every frame is

de-interleaved where data is written row-wise with column-wise output.

The cell de-interleaver, de-interleaves the received cells of each de-interleaved
frame of the time de-interleaver. These cells are permutated using the same
permutation function P(r) done on the cells used in the transmitter. Every output cell
from the cell de-interleaver consists of two components the in-phase (1) and
quadrature (Q). These two components are fed to the cyclic delay block. The cyclic
delay removal will return the Q component shift happened on the transmitter back by
one cell, such that it returned to its original position. The constellation rotation will
rotate the constellation with the same angle as the transmitter returning to be a regular
QAM constellation. Afterwards, every cell in the constellation will be de-mapped into
bits forming the data stream ready to be multiplexed by the multiplexer. The
multiplexer block first de-interleaves every cell word within each sub-stream. Then,
these sub-streams are multiplexed into a single stream. The output of the stream of the
multiplexer block is decoded by the BCH decoder which removes the parity bits
added to the information. The output of the BCH is fed to the LDPC decoder which
uses two decoding techniques knows as soft decision decoding and hard decision
decoding. Finally the 80 bits of the header are removed from the received message
from the LDPC decoder. Data is then descrambled and the CRC-N decoder calculates

the number of errors received. Finally the original data is received at the destination.
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3.4 Conclusion

As a conclusion, on this chapter we give an overview of the main funtions of
the DVB-T2 system transmitter and receiver modules. We start the chapter by
discussing the main block diagrams in the DVB-T2 system transmitter, where we
mention the four main sub-blocks which are the input processor, BICM, the frame
builder and the OFDM generation. The system's transmitter and receiver are

thoroughly described.
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CHAPTER 4

Matlab Simulation of the
DVB-T2 system modules

4.1 Introduction

In this chapter, we give the details of the Matlab simulation of the DVB-T2
cyclic Q-delay, cell interleaver, time interleaver, cell mapper and frequency
interleaver modules in transmitter and receiver. Thus, this chapter is divided into three
sections. In the first section we describe the simulation details of these transmitter
modules within the system. The second section we describe the simulation details of
their receiver modules within the system. The third section we present the results of
the simulated modules. The proposed module is built assuming 64 QAM is employed
and hence the input to the proposed module is 10800 cells. The simulation is made

using Matlab program version R2008.

4.2 Transmitter Simulation

The transmitter simulation is made on the cyclic Q delay, cell interleaver, time
interleaver, cell mapper and frequency interleaver modules. The simulation shows the
input output of these combined modules. Figure 4.1 shows the transmitter combined
module. The cyclic Q delay is the first proposed module operation on the module's

input stream.

'! ic Cell Time Frame Frequen ‘
Q-delay Interleaver Interleaver Builder Interleaver [
= ]
L1-
Signalling

Fig.4.1: Transmitter proposed module

Transmitter proposed
module
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4.2.1 Cyclic Q-delay

The cyclic Q delay main job is to increase the overall DVB-T2 system
performance by making the real and imaginary components uncorrelated to each
other. The constellation rotation output which is the proposed module input is
Cin=(Cin1, Cinz, -++s Cin ncents)- The output of the cyclic Q delay which faces the cell
interleaving operation IS referred to as Co=(C01,Co2«+sConcells)
where Co is given by:  Co = Re(Cini) +j Im(Cini+1)

Figure 4.1 gives an illustration for the operation taking place in cyclic Q delay.

Fig.4.2: Cyclic Q-delay operation

The input to the cyclic delay block is a stream of cells of dimension (10800*1)
and the output is a stream of cells of dimension (10800*1) as figure 4.3 shows. Tables
4.1 (a) and 4.1 (b) show the first and last 10 input cells respectively to the cyclic Q
delay module. The first and last 10 cyclic Q delay outputs are in tables 4.1 (c) and
4.1 (d) respectively.
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10800*1

—

112
Cyclic 10800%1
Q-delay ‘

Fig.4.3: Cyclic Q-delay module input output dimensions

Table 4.1 (a): The first 10 input cells to the cyclic Q delay module

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell

1 2 3 4 5 6 7 8 9 10
024+ | 598+ |-7.96+ | -3.71 |-192 |341+ |6.77—|-6.1+ |192+ | 3.1+
6.17] | 5.8j 4.49] | +7.36j | -2.51j | 2.03] | 5j 7.36] | -0.5] 0.73j

Where L = 10800
Table 4.1 (b): The last 10 input cells to the cyclic Q delay module

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
L-9|L-8, L-7|L-6|]L-5|L-4]L-3|L-2]|L-1 L
7.96- | 0.83- 371+ | -341 | 401- | 251+ | 054- | -64+ | -1.73 | -14+
1.13) | 4.49) | 251 | -6.4) | 3.41) | 3.11 4j 4.79j +2j 5.09j
Table 4.1 (c): The first 10 cyclic Q delay outputs
Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
1 2 3 4 5 6 7 8 9 10
024+ | 598+ |-7.96+|-3.71 |-192 |341 |6.77+|-6.1- |192+ |31
509 |6.17) |5.8] +4.49j | +7.36j | -2.51j | 2.03] | 5j 7.36] | -0.5
Table 4.1 (d): The last 10 cyclic Q delay outputs
Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
L-9|L-8, L-7|L-6|]L-5|L-4]L-3|L-2]|L-1 L
7.96- | 0.83-|371—-| -341 | 401- | 251- | 054+ | -64- | -1.73 | -14+
0.01j | 1.13j | 4.49] | +251j | 6.4) | 3.41j | 3.11j 4j +4.79j 2
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Comparing between tables 4.1 (a) with 4.1 (c) and 4.1 (b) with 4.1 (d) it is
clear that the Q components to the cyclic Q delay module are delayed showing that
the cyclic Q delay module is working as required. The Q delayed output cells is then
fed into the cell interleaver module.

4.2.2 Cell interleaver

The cell interleaving is the second process on the Q delayed output. The cell
interleaving process applies a pseudo-random permutation in order to uniformly
spread the cells in the FEC code word. The input cells to the cell interleaver take a
new index which is generated from the pseudo random process to ensure an

uncorrelated distribution of channel distortions in the receiver.

The input to the cell interleaver is the data cells Co= (Co1, Coz..., Concells)
which is generated by the constellation rotation and cyclic Q delay process. The
output of the cell interleaver is a vector referred to as Cl, (j) = (Clgj,1, Clgj2, Clgjs,...,
Clojneenis)- The vector is defined by: Clgj sji)= Coji where i=1,2,...,Ncens and S;j(i) is the
permutation function applied to FEC block | of the time interleaver block
Sj(i) = [S(i) +P(J)] mod Ncenis where S;(i) is the basic permutation function and P(j) is
the shift value to be used in FEC block j.

The permutation function is based on a maximum length sequence, of degree

(Qn), which is given by the following equation.

Worth mentioning that, the address is discarded when it is generated with a
value greater than Ngis. The basic permutation function Si(i) is defined by the
following algorithm:

a) For initializing the pseudo random generator of the basic permutation,
1) The toggling of the most significant bit of binary word Xi is attained by the
following equation
For h=1: 29"
Xn(Qn)=h mod 2
2) Initialization of the first two is done by filling Xh(1:Qn-1) by zeros.
For h=1:2
Xn(1:Qn-1)=0,0,0,...,0
3) While the initialization of the third count is produced by filling the most significant

bit by one and the rest of the bits by zeros.
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For h=3
Xn(1:Qn-1)=1,0,0,...,0
b)1) The rest of the counts after the third is obtained by shifting the bits from 2 to Q,-
1 of the present count to take place in location 1 to Qn-2 bits in the following count.
This is defined by the following equation.
For h=4:2°"
Xh(1:Qn-2)= X4-1(2:Qn-1)
where Q-1bit is the result of Xoring different taps depending on the value of Q,
employed as illustrated in table 3.
2) For all X if Xp > Ny, it is discarded from the output of the pseudo random
generator.
3) For every new Ncys the pseudo generator adds a new value to the basic
permutation Sj(i).It starts by giving a zero value to a variable k also a value of N¢gs is
given to the permutation S;(i). While S;(i) is greater than Nees-1, the permutation will

be as shown in the following equation:

PG) =20 ke [l/27] /27 %297

For example using 64 QAM and hence 10800 is the number of input cells, so
the shift P(j) to be added to the permutation for j = 1, 2, 3, etc. is 1, 8193, 2049,
10241, 6145, 1025, 9217, etc.

Thus the output of the cyclic Q delay is interleaved by the algorithm

summarized above as figures 4.3(a-d) show.

Generator
) Process
Cyclic

Fig.4.4 (a): Cell interleaving process
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1+2i 3+4i 5+6i 7+8I

Fig.4.4 (b): Input to the cell interleaver (example)

3 2 4 1

Fig.4.4 (c): Pseudo random generator output (example)

7+8i 3+4i 1+2i 5+6i

Fig.4.4 (d): The cell interleaving output (example)

The input of the cell interleaver is a stream of cells of dimension (10800*1)
and the output is a stream of cells of dimension (10800*1) is as in figure 4.4. An m-
file is written for the cell interleaver module. Tables 4.2 (a) and 4.2 (b) show the
pseudo random permutation outputs for the first and last 10 counts respectively.

Table 4.2 (a): The first 10 pseudo random permutation output counts

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
1 2 3 4 5 6 7 8 9 10

1 8193 | 4097 | 10241 | 5121 | 10753 | 1281 | 8833 | 4417 | 10401

Table 4.2 (b): The last 10 pseudo random permutation output counts

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
L-9|L-8|L-7|L-6|L-5|L-4|L-3|L-2]|L-1 L

963 | 8674 | 241 | 8313 61 8223 16 8200 4 8194

Al
10800*1 Cell 10800*1

' interleaver '

Fig.4.5: Cell interleaver input output dimensions
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Tables 4.2 (c) and 4.2 (d) show the cell interleaver module outputs.
The Q delayed cell interleaved cells then face the second interleaving stage by passing

through the time interlaving module.

Table 4.2 (c): The first 10 cell interleaver outputs

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
1 2 3 4 5 6 7 8 9 10

024+ | 417- |-711 |-01 |-551 |-15+|403- |-02+ |6.28+ | 1.01+
500j |6.22j |-48] |+1.89j|-6.34j | 1.08) |7.05 |0.98j |1.9j |0.73j

Table 4.2 (d): The last 10 cell interleaver outputs

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
L-9|L-8|L-7|L-6|L-5|L-4|L-3|L-2|L-1 L

218+ | 6.7+ | 001 | 427- | 2.7+ | 111 | 5.24- | -4.3— | 26+ | 407+
087j | 4.48j | —2.3j | 7.74j | 6.64] | 3.86j | 491j | 5.01j | 3j | 6.43]

4.2.3 Time interleaver

After the first interleaving stage the stream is presented to a second
interleaving stage which is the time interleaving process. The time interleaver is
responsible for increasing the system immunity against long burst errors. The time
interleaver input is filled column wise, while the output to the time interleaver is row
wise as in figure 4.5. The time interleaver dimensions depend on the modulation
scheme employed in the system, so as we designed our system using 64 QAM

modulation scheme, a 2160 * 5 time interleaver is employed.

The input to the time interleaver module is a data stream of dimension
(10800*1) and the output is a data stream of dimension (10800*1) as in figure 4.6.
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10800*1 Time 10800*1
' interleaver —

Fig.4.6: Time interleaver input output dimensions

Figure 4.6 shows the time interleaver output operation which is the data
address 0, 2160, 4320, etc.

o/p

Sequence
Cell(0)
Cell(2160)
Cell(4320)

Fig.4.7: Time interleaver operation for 64 QAM

The delayed and interleaved data streams for a single PLP are then grouped with the
second PLP for the frame building stage before OFDM generation stage. Tables 4.3(a)

and 4.3 (b) respectively show the time interleaver output for the first PLP.

Table 4.3 (a): The first 10 time interleaver module output

0.92j | 538 | —0.1j | 6.69) | 0.64j | 0.06j | -5.9) | 3.5j | 4.91]

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
1 2 3 4 5 6 7 8 9 10
024+ |539+ |3.01-|-65—-|251+|-25+|4.02—-|114+ |529—- |-4.01+
5.09j |1.22j |487j |1891 |6.33j |3.08) |205 |0.08 |1.74j |0.37]
Table 4.3 (b): The last 10 time interleaver module output
Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
L-9|.L-8, L-7|(L-6|]L-5|L-4]L-3|L-2]|L-1 L
-1.11+ | 574+ | -0.05 | 316+ | 4.7+ |222—| -7.19 |483-|208-| -39+
1.3j
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4.2.4 Frame Builder

The frame builder as figure 4.8 is used to assemble the cells produced by the
time interleavers for each of the PLPs and the cells of the modulated L1 signalling
data into arrays of active OFDM cells corresponding to each of the OFDM symbols

which make up the overall frame structure.

| 1
| Assembly of!
PLPO | common !
! FLF cells !
Cell Mapper
PL_,F” 1= ) (assembles
. 1 modulated cells of
i Sub-slice 1 PLPs and L1
: processor 1 signalling into To OFDM
————————— ! arraydsr . generation
,,,,,,,,, corresponding to
1 i Frequency
. >
| Assembly of]| OFDM symbols. =¥ ;e feaver
| dataPLP ! Operates
_ | cells | according to
PLPn I 1 dynamic
scheduling
information
produced by
1TTT T | scheduler)
.................. p| compensating | ____ | |Assembly °fi
del 1 L1 cells
L1 Signalling a H i

Compensates for
frame delay in input

maodule and delay in
time interleaver

Figure 4.8: Frame builder [29]

4.2.4.1 Cell Mapper

The time interleaved data stream coming from both PLPs is introduced to the
cell mapper, where it assembles modulated cells of PLPs and L1 signalling into arrays
corresponding to OFDM symbols. The first and last 10 input cells to the cell mapper
are as tables 4.4 (a) and 4.4 (b) show. Each time interleaver of both PLPs have a
10800 output cells and hence the cell mapper input is 10800 cells from PLPs in
addition to 642 L1 signalling bits as figure 4.9 shows.
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Table 4.4 (a): The first 10 cell mapper module output

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
1 2 3 4 5 6 7 8 9 10

024+ | 539+ |301— |-65— | 251+ |-25+|402— | 1.14+ | 529 | -4.01+
509] |1.22j |487j |1.891 |6.33j |3.08j |2.05 |0.08j |1.74j |0.37]

Table 4.3 (b): The last 10 cell mapper module output

Cell | Cell | Cell | Cell | Cell | Cell | Cell | Cell | Cell | Cell
L-9|L-8|L-7|L-6|L-5|L-4|L-3|L-2|L-1]| L
111+ | 574+ | -005 | 316+ | 47+ | 222 | -719 | 483_ | 208_ | -39+
092j | 538 | —0.1j | 6.69j | 0.64j | 0.06j | -5.9j | 3.5j | 4.91j | 1.3]

BN  Cell Mapper )

642 bits

Fig. 4.9: The cell mapper input output dimensions

4.2.4.2 Frequency Interleaver

The frequency interleaver is the last interleaving stage in the DVB-T2 system.
It is responsible for interleaving the data carriers of every OFDM symbol. Frequency
interleaver divides the input data stream into even and odd sub-streams as figure 4.10
shows. These two sub-streams face the same permutation operation of the cell
interleaver and then grouped together for transmission operation preparation done by

the OFDM generation module. Figure 4.11 shows the frame builder output.
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To OFDM
Generation

Cell

interleaver

Odd Sequence

Fig.4.10: Frequency interleaver operation

Fig 4.11: The frame builder output
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4.3 Receiver Simulation

In the receiver part the inverse transmitter operation is applied on the received
data stream. Figure 4.12 shows the receiver proposed module. The receiver proposed
module starts by frequency de-interleaving operation followed by the cell de-mapper.
The cell de-mapper output data stream is then time de-interleaved followed by the
inverse permutation operation done on the transmitted data stream by the cell de-
interleaver module. The cyclic Q delay removal module is the last stage in the

proposed receiver module.

Cell De- Time De- Inverse

Interleaver Frame

removal Interleaver

Builder

L1-

Receiver propose
prop Signalling

module

Fig.4.12: Receiver Proposed Module

4.3.1 Inverse frame builder

The inverse frame builder as figure 4.13 shows applies the reverse operation
done on the transmitter. It consists of two concatenated operations. The first operation

is the frequency de-interleaving operation followed by the cell de-mapping operation.

Fig. 4.13: The inverse frame builder
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4.3.1.1 Frequency De-interleaver

The frequency de-interleaver is responsible for de-interleaving the received
data carriers of every OFDM symbol. The input of the frequency de-interleaver is a
stream of L1 signalling bits followed by 21600 cells as figure 4.14 shows. The
frequency de-interleaver first divides the received data of each symbol into two 10800
cell sub-streams. The frequency interleaver then applies the inverse permutation
fuction done on the data stream in the transmitter. After that it divides the sub-streams
into odd and even streams before being directed into the cell de-mapper module.

Fig 4.14: The frequency de-interleaver input data stream

4.3.1.2 Cell de-mapper

The cell de-mapper as figure 4.15 shows is used to separate the input data
stream coming from the frequency de- interleaver into the original data PLPs and L1

signalling data. Its operation is the opposite one done on the transmitter side.

L1-signalling data

Frequency
. Ce” Data PLP 1
de-interleaver de_
mapper

Data PLP 2

Fig.4.15: The cell de-mapper module
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4.3.3 Time de-interleaver

After separating the data of both PLPs the time de-interleaver which works on
PLP level has an input data stream of dimension (10800*1). The time interleaver
output is a data stream of dimension (10800*1) as in figure 4.16. The time interleaver
internally consists of 5 columns each column consists of 2160 rows as the same used
in the transmitter side. The data input to the time interleaver is filled row wise with a

column wise output. Tables 4.5 (a) and 4.5 (b) illustrate the input output data stream

of the first and last 10 cells.

Time 10800*1

10800*1
' De-interleaver —

Fig.4.16: Time de-interleaver input output dimensions

Table 4.5 (a): The first 10 time de-interleaver outputs

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
1 2 3 4 5 6 7 8 9 10

024+ | 417- |-711 |-01 |-551 |-15+|403— |-02+ |6.28+ | 1.01+
500j |6.22j |-48] |+1.89j|-6.34j | 1.08 |7.05 |0.98j |1.9f |0.73j

Table 4.5 (b): The last 10 time de-interleaver outputs

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
L-9|L-8, L-7|L-6|]L-5|L-4]L-3|L-2]|L-1 L
218+ | -6.7+ | -0.01 | 427- | 27+ |111— | 524-|-43—-|-26+ |4.07+
0.87) | 4.48] | —2.3) | 7.74) | 6.64] | 3.86] | 4.91j | 5.01j 3 6.43]

Comparing the time interleaver input with the time de-interleaver output both

of them having the same values ensuring that the time de-interleaver have made its

role as required.
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4.3.4 Cell de-interleaver

The cell deinterleaver main purpose is to recover the input data stream from
the permutation done on the transmitted data stream using the same pseudo random
permutation employed in the transmitter. The input is a data stream of dimension
(10800*1) and the output is a data stream of dimension (10800*1) as shown in figure
4.17. The first and last 10 cell de-interleaver outputs are in tables 4.6 (a) and 4.6 (b).

Al
10800*1 Cell 10800*1

' De-interleaver ‘

Fig.4.17: Cell de-interleaver input output dimensions

Table 4.6 (a): The first 10 cell de-interleaver outputs

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell

1 2 3 4 5 6 7 8 9 10
0.24+ | 598+ | -7.96+ | -3.71 |-1.92 |341 6.77+ | -6.1- [192+ |31

5.09 6.17) | 5.8 +4.49j | +7.36j | -2.51j | 2.03j | 5j 7.36] | -0.5j

Table 4.6 (b): The last 10 cell de-interleaver outputs

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
L-9|L-8| L-7|L-6|L-5]L-4|L-3|L-2]|L-1 L

7.96- | 0.83- |371— | -341 | 401- | 251- | 054+ | -6.4- | -1.73 | -1.4+
001j | 1.13j | 4.49j | +2.51j | 6.4j | 3.41j | 311 | 4f | +479 | 2j

Comparing the cell interleaver input with the cell de-interleaver output it is
found that the values of the data stream are the same and hence proving that the cell

de-interleaver is working as required.
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4.3.4 Cyclic Q-delay removal

The cell de-interleaver output faces the cyclic Q-delay removal which is

performed only over the (Q) components. This is done in order to return the Q)

components to their original position, where it was delayed by one Q component in
the transmitter. The input data to the cyclic Q delay removal module is a stream of
cells of dimension (10800*1) and the output is a stream of cells of dimension
(10800*1) as in figure 4.18. Tables 4.7 (a) and 4.7 (b) show the cyclic Q delay
removal output. Comparing tables 4.7 (a) and 4.7 (b) with the cyclic Q delay module
inputs, both of them have the same value concluding that the cyclic Q delay removal

is as required.

10800*1 ’

Cyvclic Q-delay

Removal

10800*1

)

Fig.4.18: Cyclic Q-delay Removal input output dimensions

Table 4.7 (a): The first 10 input cells to the cyclic Q delay module

Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
1 2 3 4 5 6 7 8 9 10
024+ | 598+ | -7.96+|-3.71 |-192 |341+ |6.77—|-6.1+ | 192+ | 3.1+
6.17) |5.8j 4.49) | +7.36j | -2.51j | 2.03] |5j 7.36) |-0.5] |0.73j
Table 4.7 (b): The last 10 input cells to the cyclic Q delay module
Cell Cell Cell Cell Cell Cell Cell Cell Cell Cell
L-9|L-8, L-7|L-6|]L-5|L-4]L-3|L-2]|L-1 L
7.96- | 0.83- | 3.71+| -341 | 401- | 251+ | 054-|-64+ | -1.73 | -14+
1.13j | 4.49) | 251 | -6.4) | 3.41) | 3.11j 4j 4.79j +2j 5.09j
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4.4 Conclusion

In this chapter a simulation of the proposed module in the transmitter and in
the receiver is made. The simulation is made on cyclic Q delay, cell interleaver, time
interleaver, cell mapper and frequency interleaver modules in the transmitter side as a
one module. In the receiver side simulation is made on frequency de-interleaver, cell
de-mapper, time de-interleaver, cell de-interleaver and cyclic Q delay removal
modules as a single module. The simulation of the proposed module is done for each
module passing through the reverse module and then comparing the input of the
transmitter with the receiver output. The results show that the transmitter module
works as required and the receiver module has the reverse operation in recovering the
data stream. The simulation is a verification step to show that these modules can be

hardware implemented as a single module.
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CHAPTER FIVE
Hardware Implementation

5.1 Introduction

VHDL stands for VHSIC (Very High Speed Integrated Circuits) Hardware
Description Language [28]. In the mid-1980’s the U.S. Department of Defense and
the IEEE sponsored the development of this HDL (Hardware Description Language)
with the goal to develop very high-speed integrated circuit. It has become now one of
industry’s standard languages used to describe digital systems. The other widely used
hardware description language is Verilog. Both are powerful languages that allow
describing and simulating a complex digital systems. A third HDL language is ABEL
(Advanced Boolean Equation Language) which was specifically designed for
Programmable Logic Devices (PLD). ABEL is less powerful than the other two
languages and is less popular in industry. Although these languages look similar as
conventional programming languages, there are some important differences. A
hardware description language is inherently parallel, i.e. commands, which
correspond to logic gates, are executed (computed) in parallel, as soon as a new input
arrives. A HDL program mimics the behavior of a physical, usually digital, system. It
also allows incorporation of timing specifications (gate delays) as well as to describe

a system as an interconnection of different components [30].

This chapter presents the hardware part in this dissertation. It is divided as
follows: in section 5.3 the modules description of the system is presented. The QCT
module which is the first system module consists of three sub-modules; Cyclic Q
delay, Cell interleaver and Time interleaver where this module resembles the function
of these combined sub-modules. The second module which is the frame builder
consists of two sub-modules; the cell mapper and frequency interleaver. The second
section presents the integrations of these five modules cyclic Q delay, cell interleaver,
time interleaver, frame builder and frequency interleaver into only two modules. The

third section presents the design synthesis and mapping.
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5.2 DESIGN AND IMPLEMENTATION STEPS

The design and implementations steps are in figure 5.1. The first
implementation step is the design entity step. The design entry tools are tools use a
high-level language to describe the detailed function and actions by the designed
blocks in response to different inputs. Five technigues are implemented, which are the
cyclic Q-delay, cell interleaver, time interleaver, cell mapper and frequency
interleaver techniques. The five techniques were implemented in only two

concatenated modules.

The verification and simulation of the VHDL code representing the design is
an essential step. The role behind these steps and the tool used to perform them is to
verify the design's operation before a prototype is built. Simulators reduce
development time by stating the errors in an early stage in the design cycle. FPGA

Advantage Pro8.1 ModelSim simulation tool is used to simulate the design.

The functional simulation is done after writing the VHDL code of the
designed module. It is used to test the functionality of the design in which external
inputs are applied to the module and the design outputs are observed. The inputs are
given in a form of a test bench of force by the user running the ModelSim software.
The outputs are obtained in the form of a waveform. The functional simulation is

done to whole system.

Adding design constraints comes as the design next level. Synthesizing comes
after that showing if the design is synthesizable or not using Quartus Il which is used
in our designing steps. The synthesizing step also shows the design performance and

design size.
Placing and routing the design comes after checking the design size and

performance. The downloading to the device is in the end of the design

implementation steps.
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Fig. 5.1: Design and implementation steps
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Fig. 5.1: Design and implementation steps [9]
5.3 Implementation of the QCTCF Module

The system main goal is to reduce the hardware area of the DVB-T2 system
and hence reducing the overall cost as well as the overall system delay. The QCTCF
module as in fig. 5.2 consists of two modules the QCT (Q delay, Cell interleaver and
Time interleaver) module and CF (Cell mapper and frequency interleaver) module as
in fig. 5.3. The QCT module is the first stage. The QCT module consists of three sub-
modules the cyclic Q delay, the cell interleaver and the time interleaver. It makes the
function of these three modules, in the same time decreases the overall system delay.
The input data stream to the QCT module format as figure 5.4 shows. The data stream
then faces the second stage which is the frame builder module. The frame builder

module makes the role of both the cell mapper and the frequency interleaver.

Tin

imin

Figure 5.2: QCTCF Module
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Figure 5.3: QCT and CF Module
1 Sign 5 Integer 10 Decimal
Rit Rits Rits

Figure 5.4: The data input format for each clock for | and Q components

5.3.1 The QCT Module

The QCT module stands for Q delay, Cell interleaver and Time interleaver. It
is the first module which makes three different operations within the DVB-T2 system.
The QCT module applies cyclic Q delay, cell interleaving and time interleaving
operations on the input data stream. Both cyclic Q delay and cell interleaver
operations are applied to the input data stream with time interleaving operation QCT
output. The QCT module depends on a RAM of 10800 * 2 size. The QCT module has
four input ports with three output ports. The first two ports are the | and Q
components data stream (ri, and im;,). The other two ports are the reset and the system
clock. The QCT module output then passes through the frame builder module.
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“Tin

imin

clk

st p—
Fig. 5.5: QCT Module

5.3.1.1 Cyclic Q delay

Cyclic Q-delay is the first operation of the QCT module done on the input data
stream which is the constellation rotation output. The Q delay operation is to
uncorrelate the real and imaginary parts I and Q components of every constellation
point. The input data stream Ci, = (Cin1, Cin2, ..., Cin ncelts) @nd it delays the imaginary
part by one cell. The cyclic Q delay operation output is referred to as C, = (Coy,
Co2..., Concells), Where Co is given by:

Co = Re(Cini) +j Im(Cinis1)

where i takes on the values 1, 2, 3 ... Nceys. Figures from 5.6 (a) to 5.6 (c) give a full

illustration for the operation taking place in cyclic Q delay.
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Figure 5.6 (a) shows the input data stream to the cyclic Q delay operation for the first
clock. As in the figure it is clear that the first | component is saved in the first RAM

address while its Q component is saved delayed by one Q component.

Fig.5.6 (a): Cyclic Q delay operation for the first clock

For the second clock the I component is saved in the second RAM address
while its Q component is saved in delayed in the third RAM address as figure 5.6 (b)

shows.

Fig.5.6 (b): Cyclic Q delay operation for the second clock



For the last input cells figure 5.6 (c) shows the completion operation for the
means of the word cyclic in cyclic Q delay operation by saving the | component in
address number 10799 while its Q component is cycled to be saved in the first

imaginary RAM address.

Fig.5.6 (c): Cyclic Q-delay operation for clock number 10799
To show the combination process of both the cyclic Q delay with the cell
interleaver operation, the cell interleaver operation is fully explained in the following

section.

5.3.1.2 Cell Interleaver

The cell interleaver operation combined with the cyclic Q delay operation both
of them are applied on the input data stream on the same saving clock. The cell
interleaving process is to spread the content in the time/frequency plane, such that
neither impulsive noise nor frequency-selective fading affect the data stream. The cell
interleaving process applies a pseudo-random permutation in order to uniformly
spread the cells in the FEC code word as figures 5.7 (a) to 5.7 (c) show. The input
cells to the cell interleaver take a new index which is generated from the pseudo

random process.
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Figure 5.7 (a) shows the cell interleaving operation for the first clock. The
pseudo random permutation produces the new address the data entering on the same
clock to be saved in.

Fig 5.7 (a): Cell interleaving process for the first clock

Fig 5.7 (b): Cell interleaving process for the second clock



10799

Fig 5.7 (c): Cell interleaving process for the clock 10799
5.3.1.3 Combining cyclic Q delay with cell interleaver operations

Combining the cyclic Q delay operation with the cell interleaving operation as
figures 5.8 (a) to 5.8 (b) show. The first I input component as figure 5.8 (a) shows is
saved in the cell interleaver permutation operation output address while its Q
components are saved in the next new permutation output address and hence it is

saved in front of the following | component of the next clock.

Fig. 5.8 (a): The combined operation for the first clock
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For the second clock the input I component is saved in address number 8192
while its Q component is saved in address number 4096 which is in front of the

following | component of clock number 3.

Fig. 5.8 (b): The combined operation for the second clock

For clock number 10799 which is the last clock for receiving inputs the I
component is saved in address 8193 which is the last cell interleaver output address
while its Q component is saved on address number 0 to complete the cyclic operation

of the Q delay as figure 5.8 (c) shows.

10799 10799

Real(10799) C 0D ——New

Imag(10799)

Fig. 5.8 (c): The combined operation for clock number 10799
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5.3.1.4 Time interleaver

The Time interleaver is a row-column block interleaver. The time interleaving
process is applied to the output data stream. The time interleaver starts its operation
after the first 10799 saving clocks. The time interleaver instead of filling the input
stream column wise with row wise output as in the ordinary DVB-T2 system, it
reduces the delay by starting its output from address 0 as figure 5.9 (a) shows then
adding 2160 to the previous address number for five times as figure 5.9 (b) shows. So
it works as it is a 2160 * 5 RAM, while it works on the already saved data cells and
hence reducing the delay and the hardware of the time interleaver module of the

current DVB-T2 system.

Fig. 5.9 (a): The time interleaving operation for the first clock

Cell(2160)

Fig. 5.9 (b): The time interleaving operation for the second clock



5.3.1.5 Combining cyclic Q-delay, cell interleaver and time
interleaver (QCT module)

The time interleaving operation is added to the combination of cyclic Q delay
and cell interleaving operations to form the QCT module. The QCT module applies
both the cyclic Q delay with cell interleaving operations on the input data stream as
explained, while the output sequence depends on the time interleaving operation.
Figures 5.10 (a) to 5.10 (c) show the QCT module output for the first three clocks
after the 10799 saving clocks.

Fig. 5.10 (a): The first QCT module output after 10799 saving clocks
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Real(2160)

Imag(2160)

Fig. 5.10 (b): The second QCT module output after 10799 saving clocks

Real(4320)

Imag(4320)

Fig. 5.10 (c): The third QCT module output after 10799 saving clocks
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5.3.1.6 Implementation of the QCT module

The QCT module internally is as figure 5.11 shows. It consists of four input

ports; the constellation rotation output (as an input to the cyclic q delay process)

where it is divided into two ports (I and Q components), the reset port and the system

clock.

Pseudo random
generator for |
Components

Pseudo random
generator for Q
Components

The first
Mux to
manage
between
the upper
and lower
modules

RIS The Q

T ———

RS RAM

For saving
the second
10800
input
stream
While
processing
the first
10800
input
stream

The
second

Figure 5.11: The internal QCT Module

MUX to
manage
between
the upper
and lower
modules




The detailed simulation of the QCT module is in figures 5.12 (a) to 5.12 (e).
The simulation is done using the ModelSim 8.1 program. The input values to the QCT

module are referred to as ri, and imjp.

The input takes the first 10800 clock as shown in figure 5.8(a) and (b). The
input to the module is directly saved in the module memory using both g-delay with

cell interleaving process at the same time.

TR |

49 [qteffrin X 190 24535 3901 5035 p76L
9 [qctefimin X Q006 4026 4065 14l PSS

|
" loefs

* foctefu_0/u_2/a 0 §192 409 1040 5120 (1072
! oceffu_0fu_3/a 0 b 4096 1040 510 10752 [1280

' et done3
[+ Jactefroutd LUUUUUUUUULER UuUUUIUULUBUULY
B octef{moutd L
" [qccffu_0/u_0/address_temp [0 2147483648
& [oddlgs 0

Cursor 1 300 ns |
L ]

D[S
[0 nstn 1830 ne [ Wow: 1.080200 ns Delta: 3

Figure 5.12 (a): The first 5 inputs to the QCT module

As the arrows on figure 5.12 (a) show the new addresses of the inputs r;, and
imj, to be saved in. Figure 5.12 (b) shows that the operation of saving using both
cyclic Q delay and cell interleaving operations is done as required in the right
addresses. As figure 5.12 (b) the first real input is saved in address O while its
imaginary is saved in address number 8192 using both operations of cyclic g-delay

and cell interleaving.
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¥ /qadrin
4 ¥ /qctcf/imin
* lqad/rst
° - faet/u_o0/u_2/s
* . feadiu_0/u_3/a
* . qad/done3
“ - Jqad/routs
-~ [octcffimouty.

1080200 4| ) A 34

Layout [Simulste v 23:

[ 22:

‘ - = = = | 21:

v|Instance {Range Depth  |width | 20:

° _Jgatcf/u_0/u_8/ram 10799:0] 10800 16} }g

& /qad/u_0/u_9frem  [10799:0) 10800 16 17:

[10799:0) 10800 16 16:

[10799:0) 10800 16 15:

& /qad/u_tju_dfram  [10799:0) 10800 16 14:

& /qacf/u_1/u_Sfram  [10799:0] 10800 16 }g
¥ /qcteffu_1/u_6/ [10799:0) 10800 16 1: 7
& /qad/u_ju_7/rem  [10799:0) 10800 16 10: 17

OHNWAWVNON®O

Figure 5.12 (b): The saving operation of cyclic Q delay with cell interleaving
operations of the first input 1 and Q components

Figure 5.12 (c) shows the last five input data stream to the QCT module. The
arrows on the figure show the new addresses for the last ri, and im;, to be saved in.

Figure 5.12 (d) proofs that both of them are saved in right addresses.

" qetef/ck
44 [qctci/rin _ 103142214 B o426 /lse6s0
49 Jqctclfimin 13986 {12762 49101 19638
L
* Jdteffu_0/u_2/a
* [qdtcffu_0/u_3/a

! Jqcic/done3
B [qctci/routd
B /qctci/imouts

lE Cursor 1

B BE e

1079832 ns to 1081662 ns | Howe: 1.087.200 ns  Delta: 3
Figure 5.12 (c): The last 5 inputs to the QCT module
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*Jqctctfu_0/u_2/a
*  leadfu_0/u_3/a

* . [qctcf{done3
* - fqcct/routd
v

IBH& ARh@ED2 AFES | =g

XX
Layout [Simulate v
Workspace 2
v|Instance |Range Depth  [width | b r
¥ /qad/u_0/u_8/ram  [10799:0] 10800 16
¥ /ot m  [10799:0] 10800 16

¥ /qc [10799:0] 10800 16
¥ /ot (10799:0) 10800 16
¥ /qax m  [10799:0] 10800 16
¥ /qa m  [10799:0] 10800 16
< /ot m  [10799:0] 10800 16
¥ /qcu fram  [10799:0] 10800 16

Figure 5.12 (d): The saving operation of cyclic Q delay with cell interleaving
operations of the last input | and Q components

The module starts its output after 1080500 ns from its input as figure 5.12(e)
shows. The time interleaving operation starts its job on the QCT module RAM. The
outputs are 0, 2160 with adding 2160 to each pervious address for five counts then
add one to the first address of each five pervious counts and so on for 2160 times as
figure 5.12 (f) shows.

‘" Jqctef/ck
B [qctcffrin
B’ [qctef/imin
‘ Jqctcffrst
* qetcf/u_0/u_2/a
* [qeteffu_0/u_3/a
* [qctcf/done3
qetcf/routd
qetef/imoutd

B
Rl

i EE Cursor 1

500 ns

$ &l (X3 3

B 4 EE e

1080192 ns to 1082029 ns | Now: 1,082,200 ns Delta: 3

Figure 5.12 (e): The time of QCT module produce its first input
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‘ [qetcfck
B [qctcf/rin
B [qetcf/imin
¢ Jqctcf/rst
* [qcteffu_0/u_2/a
¢ [qctcffu_0/u_3/a

“  [qctcf/done3
& 9 [qctcfroutd
+ @ [qctcf/imoutd

4096 10240 0

LS L S
X

110240 J5120

 d

X
11538 X

N, T4

“ _ Jqctcffu_0/u_0/address_temp [4320 0 J2160

B [qctcf/q a

UUBEUOEEEEEN Uy UUUUUUUUUUUUY

First output Fifth output Sixth outimt

address in the address in the address in the
RAM RAM RAM

Figure 5.12 (f): The QCT module output sequence

Figure 5.12 (g) shows the first memory output using time interleaving

operation.

- [qctet/imin
° [qad/rst

° Jqctcffu_0fu_2/a
© /qctct/u_0/u_3/a

“  /qctct/done3
“ Jqcct/routd
©  Jactet/imoutd

OHENWAVNON®RY

Figure 5.12 (g): The time of QCT module produce its first input

Comparing the VHDL output with the Matlab output they are the same which

shows that the QCT module has made its operation as required having the advantage
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of the delay and hardware reduction. The data stream output is then derived into the

CF module.
Table 5.1: QCT Matlab output
Cell 1 Cell 2 Cell 3 Cell 4 Cell 5
lin 990 34125 27738 48346 65301
im;p, 11538 10314 57201 34125 47122

Comparing VHDL simulation output with the Matlab output we find that both
outputs are the same concluding that QCT module operation is done as required.

5.3.2 The CF Module

The CF module stands for combining cell mapper with frequency interleaver.
The CF module as in figure 5.13 has seven input ports with one system output (q_a)
port. The system is built assuming two input PLPs. The two input PLPs have four
ports for the I and Q components. The CF module makes the operation of both cell
mapper and frequency interleaver at the same time cutting down the overall system

delay.

imout4 - (15:

done3

clk
et
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Figure 5.13: The CF module

5.3.2.1 The cell mapper

The cell mapper maps the input stream into T2 frames. The T2 frames are
grouped together into T2 super frame. The cell mapper has two input PLPs each has
its I and Q components. The cell mapper in the proposed CF module makes the
operation faster than in the current DVB-T2 system. The cell mapper saves the input
from both PLPs on the same RAM unlike the current DVB-T2 cell mapper which
saves all of them before combining both of them. Figures 5.14 (a) and 5.14 (b) show
the cell mapper of the proposed module operation for the first clock and clock number
5400.

Figure 5.14 (a): The cell mapper operation of the first clock

rin1(5400)

imin1(5400)

Tin2(5100)
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Figure 5.14 (b): The cell mapper operation of clock number 5400

5.3.2.2 The frequency interleaver

The frequency interleaver makes an interleaving process similar to that in the
cell interleaver module. It divides the input data stream from multiple PLPs saved by
the cell mapper into even and odd steams. The frequency interleaver then applies the
same permutation function used in the cell interlaver module on both streams. The
output is then grouped together for the OFDM generation operation. Figures 5.15 (a)
and 5.15 (b) show the frequency interleaver operation of the CF module.

Figure 5.15 (a): The frequency interleaving operation of the first output
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X(8192)

Figure 5.15 (b): The frequency interleaving operation of the second output
5.3.2.3 Combining the cell mapper with the frequency interleaver

Combining the cell mapper with the frequency interleaver to reduce the
overall system delay, in addition to the large hardware reduction. Figure 5.16 shows

the combination of the two operations to be held by one module.

Figure 5.16: The combination of cell mapper with frequency interleaver operations



5.3.2.4 Implementation of the CF module

The implementation of the cell mapper and frequency interleaver integration is
figure 5.17. It has five input ports with one system output port.
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Fig. 5.17: The CF module internally

The cell mapper and frequency interleaver integration module starts to take its
input after 10800 clocks from the start of the system input. It takes the QCT output
data stream as an input. The QCT module takes 10800 clocks in the beginning of the
system input stream for saving, delaying and interleaving then starts its output. The
cell mapper and frequency interleaver integration module is then employed after QCT
operation starts its output. It makes both operations of cell mapping and frequency
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interleaving in 10800 clocks before it starts its output which is our system output.
After 2160500 clocks from the system start up the system output begins. Figures 5.18
(a) and 5.18 (b) show the first two system outputs.

* . fqctef/clk

*  [qctctirin

* _ Jqctcf/imin

- [qctffrst
*Jqcecf/u_0ju_2/a

*  fqctef/u_Ofu_3/a

“ Jqetcf/done3

?  Jqctel/routd

? _ jqatci/imoutd

‘ _ fqctet/u_0/u_O/address_temp
? _ fqctef/u_1/u_0/o_sddress
“ _ Jqact/q

9:
8:
7:
6:
53
4
23
L3
0:

E Qrsorl 2150500 s —

Fig. 5.18 (a): The QCTCF module first output

The system output begins by the data of addresses 0, 8192, 4096 of the first
column of the RAM as shown in figures 5.18 (a) and 5.18 (b).

86



“ [qatc/clk

* _ /qctct/rin

‘ Jqcteffimin

*  Jqccf/rst

7 [qad/u_0/u_2/a

? _ [qcteffu_0fu_3/a

“  Jqccf/done3

* _ Jqctcf/routd

¢ Jqactfimoutd

? _ Jqcteffu_0/u_0/address_temp

*  [actceffu_1/u_0fo_sddress
B [qacf/q_a

Fig. 5.18 (b): The QCTCF module second output

Table 5.2: QCTCF Matlab output

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5
lin 990 34125 27738 48346 65301
im;, 11538 10314 57201 34125 47122

Comparing VHDL simulation output with the Matlab output we find that both
outputs are the same concluding that CF module operation is done as required and
hence the QCTCF module.

Jactef/clk ]
“ - fqckef/rin 59650
“  fqcteffimin
* fqctefirst
facteffu_0fu_2/a
* - factcffu_0fu_3/a
“ _ fqctef/done3
“  fqctef/routs
*  fqctef/imoutd
* - fqcteffu_0fu_0/address_temp
* - factcffu_1/u_0/o_address
“  focteffq_a

EE Cursor 1

[ [

54213 ns
4| [ »

Figure 5.19: Simulation of DVB-T2 without using QCTCF module
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Comparing between figure5.19 which shows the output starting at 54600ns
with the system using QCTCF module, a large delay is noticed when using the
ordinary system with respect to using the one with QCTCF module whose output
starts at 21600ns showing the large delay cut off happens when using the QCTCF
module in the DVB-T2 system.

5.4 Synthesis

In this dissertation the QCTCF module was synthesized. Synthesis
was performed using Quartusll 13 to be downloaded on an FPGA. The
Design has fitted on Cyclone IV GX EP4CGX22CF19C6. Results as
shown in fig. 5.14 show that in the uses 4% of the total logic elements
from the chip size where the number of input/output pins is 50, while the

number of registers used are 365. The total memory bits used are 45%.

Table of Cortents i85
=] Flow Summary Flow Status Success ful - Fri Oct 31 11:39:23 2014
=7 Flow Settings Quartus I 64-Bit Version 13.0.0 Build 156 04/24/2013 5] Web Edition
9 Flow Non-Default Global Settings Revision Hame QCTCF
= Flow Elapsed Time Top-level Entity Name QCTCF
=1 Flow 05 Summary Family Gydone IV 6X
| Flow Log Total logic elements 820 /21,280 (4 %)
21 Analysis & Synthesis Total combinational functions 775/ 21,280 (4% )
] Fitter Dedicated logic registers 365/ 21,280 (2%)
Total reg 365
iming Analyzer Total pins S0/ 167 (30%)
Total virtual pins L]
Total memory bits 345,600 / 774,144 ( 45 % )
D Flow Suppressed Messages Embedded Multiplier 5-bit elements  0/80 (0 %)
Total GXB Receiver Channel FCS 0/4(0%)

Total GXB Receiver Channel PMA 0/4(0%)
Total GXB Transmitter Channel PCS  0/4(0% )
Total GXB Transmitter Channel PMA 0/ 4( 0% ]
Total PLLs 0/4(0%)
Device EP4CGX22CF18CH
Timing Models Final

Figure 5.19: QCTCF Module synthesizing flow summary
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5.5 Conclusion

As a conclusion, this chapter introduces the hardware part of this
thesis. This chapter presents five integrated modules. The first module
implemented is the integration of g-delay, cell interleaver and time
interleaver, the second module is an integration of the cell mapper and
frequency interleaver modules. A VHDL code was written for every
module using the FPGA ADV.PRO 8.1, the modules were also simulated
using the MODEL SIM, finally the integrated modules techniques were
synthesized. Synthesis shows that the integration done on these five
modules into a single module decreases both the overall system delay in
addition to the DVB-T2 system hardware.
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Chapter 6
Conclusions and Future Work

6.1 Conclusions

This thesis is divided into four chapters. The first chapter is
considered an introduction to the Digital television standards. The 3 main
television standards were mentioned with the brief description of their
data processing. The DVB standard was the main focus for the rest of the
chapter. The different standards of the DVB system were discussed

showing the differences and similarities between them.

In chapter three, the Digital video broadcasting terristrial Second
Generation was introduced. The key features of the system were fully
described. The DVB-T2 system uses for forward error correction
technique two concatenated encoders which are the BCH encoder and the
LDPC encoder. There are a lot of modulation schemes available like 16
QAM- 64 QAM and 256 QAM. DVB-T2 uses four interleavers to ensure
that the system is highly protected against burst errors. From these feature
the DVB-T2 system has increased its channel capacity to 30% than that
reached by the DVB-T standard. In chapter four, the simulation of the
proposed DVB-T2 system is introduced .The simulation was done on the
Matlab program. Every block within the system was discussed showing
the input and output dimension. The values of parameters used are

mentioned.

The system was discussed for 64 QAM mapping. Finally the
results of the system are presented. The results focused on the cyclic Q-
delay, cell interleaver, time interleaver, cell mapper and frequency

interleaver. In chapter five, five modules have been integrated into one
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module. A VHDL code has been written for every module using the
FPGA 8.1 ADV.Pro. Every module was simulated by the Modelsim 5.3
program and verified with the results of the Matlab program. Finally

synthesizes is introduced using Quarus 13.

6.2 Future Work

The future work will be the whole DVB-T2 system implementation.
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