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ABSTRACT

EUROPEAN TERRESTRIAL DIGITAL TELEVISION RECEIVER
PERFORMANCE COMPARISON STUDY UNDER STRONG
MULTIPATH INTERFERENCE

The main purpose of this thesis is to implement a complete simulation of the
European Digital Terrestrial Broadcasting standards known as “Digital Video
Broadcasting — Terrestrial” (DVB-T) and “Second Generation Digital Video
Broadcasting — Terrestrial” (DVB-T2). These standards have been developed primarily
for Europe (especially DVB-T in early 90s), but these two standards are in the process
of getting wider acceptance among several countries in Africa, Asia, Middle East and
Oceania as well as Europe. One of the most important aspects of these standards is the
Orthogonal Frequency Division Multiplexing (OFDM) which has been simulated in this
thesis. A comparative study between DVB-T and DVB-T2 has been provided in detail
when both of these transmission standards are exposed to strong multipath interference.
Various strong multipath scenarios have been created and simulated with respect to
different power delay profiles and mobility conditions. The strong multipath indicates a
channel profile whose scattered paths have strong power and relatively high delay
spread. It has been shown that DVB-T2 standard outperforms DVB-T standard under
strong multipath interference and achieves nearly from three to nine decibels power

gain according to applied channel profile, code rate and modulation parameters.



OZET

GUCLU COKYOLLU GIRISIM ETKISINDEKI AVRUPA KARASAL
SAYISAL TELEVIZYON ALICI PERFORMANSININ
KARSILASTIRMA CALISMASI

Bu tezin en temel amaci, Avrupa Sayisal Karasal Televizyon Yayin standartlar
olarak bilinen Sayisal Karasal Televizyon Yaymi (DVB-T) ve Ikinci Nesil Sayisal
Karasal Televizyon Yaymi (DVB-T2) ile ilgili genel bir benzetim gergeklestirmektir.
Bu standartlar oncelikli olarak, 6zellikle 9011 yillarin baslarinda, Avrupa iilkeleri icin
gelistirilmisti ancak suanda bu iki standart Afrika, Asya, Orta Dogu ve Okyanusya
tilkelerinde de en az Avrupa iilkelerindeki kadar kabul gorme siirecinden gegmektedir.
Bu yaymn standartlarinin en temel Ogelerinden biri olan Dikgen Frekans Bdlmeli
Cogullama (OFDM) kavramiin bu ¢alisma igerisinde benzetimi yapilmistir. Ayrica
DVB-T ve DVB-T2 standartlarinin giliglii ¢ok yollu girisim etkisi altindaki
karsilastirmasi1 detayli olarak islenmektedir. Cesitli giiclii ¢okyollu kanal senaryolari,
degisik gii¢-gecike profillerine ve gezginlik kosullarina baglh kalinarak olusturulmus ve
benzetimi yapilmistir. Giiglii cokyollu kanal, geciken yollardaki sinyallerin gliglerinin
fazlahgimi ve gecikme siirelerinin yiiksekligini isaret etmektedir. Bu karsilastirmalar
1s1¢inda, DVB-T2 standardinin, gii¢lii ¢ok yollu girisim etkisinde, DVB-T standardina
gore ¢ok 1yi sonuglar verdigi ve uygulanan kanal profili, kod oram1 ve modiilasyon
teknigi parametrelerine gore degisiklik gosteren bes ila dokuz desibel gii¢c kazanci elde

edildigi gosterilmistir.
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CHAPTER 1

INTRODUCTION

Television can be defined as a “best friend” for the people in the world
nowadays. People organize their lives according to television programs such as football
matches, entertainment programs, films and etc. This story begins with first television
picture broadcast from one room to another in 1926 by John Logie Baird. After this big
step, in 1927, he used telephone cables to transmit a moving image from London to
Glasgow and in 1928 he succeeded first trans-Atlantic television broadcast (Burns
1998).

Digital television appeared as a natural evolution of analog television. Early on
all the parts of television use sound and image which are generated in the studios as
analog. Every improvement in technology enables the creation of new possibilities for
the transition from analog to digital.

Depending on the rapid advancement of the technology in recent years,
significant improvements are observed in the television broadcasting standards. The
current technologies allow broadcasting in High Definition (HD) and 3-Dimension (3D)
and watching the content at fixed or mobile locations. In addition to these, development
on every area of the wireless communications, affects terrestrial broadcasting used
analog standards, and gives rise to an idea of digital terrestrial television broadcasting.
With these developments, since the beginning of the nineties, digital terrestrial
television broadcasting became an important study area in the whole world.

Digital Video Broadcasting (DVB) project started to prepare specifications
about terrestrial television in Europe in 1993. DVB can be defined as an industry-led
consortium of broadcasters, manufacturers, network operators, software developers and
regularity bodies committed to designing open technical standards for the digital
television and data services (DVB Organization 2003). For this purpose, DVB firstly
published specifications for three different standards which are DVB-C (ETSI EN 300
429 1998) for cable systems, DVB-S (ETSI EN 300 421 1997) for satellite systems and
DVB-T for terrestrial systems. DVB-H (ETSI TR 102 377 2001) for handheld systems

can be defined as a derivative of DVB-T and it is meant for handheld mobile terminals.



DVB-T specification was firstly published in 1997. In this document a baseline
transmission system is described for digital terrestrial television broadcasting (ETSI EN
300 744 2009). DVB-T offers efficient use of available frequency spectrum and also it
can be defined as a flexible system because it offers many services such as Limited
Definition Television (LDTV), Standard Definition Television (SDTV), Enhanced
Definition Television (EDTV) and High Definition Television (HDTV) and also it
supports fixed, portable reception.

Although DVB-T deserves a great success in digital broadcasting area, it is
thought that DVB-T requires some improvements. However DVB-T systems are
developed for the stationary and portable devices, by the vast increase in the mobile
communication technology, it requires adaptation for the portable devices that moves
faster and that is inside of the buildings. These facts provide a new and updated
standard for DVB-T and this led to the standardization of DVB-T2. DVB-T2
specification was firstly published in September 2009 and in this document, new
baseline transmission system is described (ETSI EN 302 755 2011).

In addition to European-based standards DVB-T and DVB-T2, there are also
three more Digital Terrestrial Television Broadcasting (DTTB) standards which are
used in the world. These are;

e USA-based ATSC (Advanced Television System Committee) standard.

e Japan-based ISDB-T (Integrated Services Digital Broadcasting — Terrestrial)

standard.

e Chinese-based DTMB  (Digital  Terrestrial/Television  Multimedia

Broadcasting) standard, which is also known as GB206.
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Figure 1.1. Digital Terrestrial Systems
(Source: DVB Organization 2003)

1.1. Thesis Objective & Background

The main purpose of this thesis is to make a comparison between European
terrestrial television standards DVB-T and DVB-T2 where our main focus is to
investigate their performance under strong multipath and mobility conditions. The main
parts in transmitter and receiver for both standards will be implemented by using
computational software program Matlab®.

In addition to implementation of transmitter as described in DVB-T and DVB-
T2 standards, various channel conditions has been simulated and a receiver has been
implemented which is capable of receiving T/T2 signals. The system performance has
been compared with respect to Bit Error Rates (BER) for the measured Carrier-to-Noise
Ratio (C/N) in decibels (dB) at the input of the receiver under strong multipath
interference.

After the comparison, it is expected that the 2" generation standard DVB-T2 to
achieve better performance than DVB-T, for all the parameters such as code rate,
modulation type, guard interval, etc., under various multipath channel and mobility

effects.



In literature, some studies focus on DVB-T systems and its performance, some
of the studies focus on DVB-T2 (Jiang et al. 2009), (Ulovec and Vysin 2010), (Onet et
al. 2010), (Stukavec and Kratochvil 2009), (Stukavec and Kratochvil 2010), (Polak and
Kratochvil 2010) and (Hiittl and Kratochvil 2009).

1.2. Thesis Outline

This thesis is comprised of seven chapters. OFDM principle of DVB-T and
DVB-T2 is discussed in Chapter 2. Then, transmitter structures of these two standards
are explained in Chapter 3 that provides sufficient background about DVB-T and DVB-
T2 systems. Chapter 4 provides the detailed study of multipath channel that are
simulated throughout the rest of the thesis.

Since DVB-T and DVB-T2 standards have no definitions with respect to how
the receivers should be implemented, the receiver structures and simulation scenarios
are studied in Chapter 5. In Chapter 6, simulation performance results are presented
under various channel conditions. Finally, Chapter 7 concludes and summarizes the

main contributions of this thesis.



CHAPTER 2

THE OFDM PRINCIPLE

Orthogonal Frequency Division Multiplexing (OFDM) is used in many modern
digital communication systems and various applications such as DVB-T, Digital Audio
Broadcasting (DAB), Worldwide interoperability for Microwave Access (WiMAX) and
Wireless Local Area Networks (WLAN). This chapter is organized to describe the basic
principles of OFDM and to show why it has a widespread usage area in communication
systems.

2.1. Multi Carrier Modulation

The basic idea of multicarrier modulation is very simple, and it follows naturally
from the competing desires for high data rates and InterSymbol Interference (ISI) free

channels. To overcome this, in multi carrier modulation, the available bandwidth W is

divided into N; number of sub-carriers, separated by Af = NK This idea was firstly
Cc

proposed in sixties and forms a basis for OFDM concept. The subdivision of the
bandwidth is illustrated in Figure 2.1 (Engels 2001).

e W bandwidth

N¢ Subcarriers
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Figure 2.1. Subdivision of Bandwidth into Nc Subcarriers
(Source: Engels 2001)



Instead of transmitting symbols serially, the multi-carrier transmitter partitions
the data into blocks of N, data symbols that are transmitted in parallel by modulating

the N carriers. The symbol duration for a modulated carrier is Tg = %

The multi-carrier signal can be written as a set of modulated carriers as (Engels
2001)

s(t) = Tplo  Xi(t) (2.1)

Where s(t) is the multicarrier modulated signal, x; is the data symbol modulating the
k™ carrier and 1, is the modulation waveform at k™ subcarrier.
A simple implementation of multicarrier transmission is given in Figure 2.2 and

receiver version of it is given in Figure 2.3 (Bingham 1990).
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Figure 2.2. Multicarrier modulation
(Source: Bingham 1990)
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Figure 2.3. A Basic Multicarrier Receiver
(Source: Bingham 1990)



The multicarrier technique has an interesting interpretation in both the time and
frequency domains. In the time domain, the symbol duration on each subcarrier has
increased to T = N.. Ts, so by letting N, grow larger, it can be assured that the
symbol duration exceeds the channel delay spread, i.e. T > 7, which is a requirement

for ISI-free communication. In the frequency domain, the subcarriers have bandwidth

W/ N, <« W¢, which assures “flat fading”, the frequency domain equivalent to I1SI-free

communication (Andrews 2006). This can be clearly seen in the Figure below.

()

Z

fn-l fn | fNC
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Figure 2.4. The Transmitted Multicarrier Signal Experiences Approximately Flat Fading on each Sub
channel. (Source: Andrews 2006)

2.2. OFDM and Its Implementation

OFDM s a specific version of multicarrier modulation. First of all, to achieve
high spectral efficiency, sub-carriers must have overlapping transmit spectra. So they
need to be orthogonal for enabling simple separation of these overlapping sub channels
at the receiver. Multicarrier modulation that fulfills these conditions is called OFDM
(Engels 2001).

To have orthogonally separated sub-carriers, Discrete or Fast Fourier Transform
(DFT or FFT) is the main solution for this purpose. The sinusoids of the DFT form an
orthogonal basis set, and a signal in the vector space of the DFT can be represented as a

linear combination of the orthogonal sinusoids. One view of the DFT is that the
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transform essentially correlates its input signal with each of the sinusoidal basis
functions. If the input signal has some energy at a certain frequency, there will be a
peak in the correlation of the input signal and the basis sinusoid that is at that
corresponding frequency. This transform is used at the OFDM transmitter to map an
input signal onto a set of orthogonal subcarriers. Similarly, the transform is used again
at the OFDM receiver to process the received subcarriers. The signals from the
subcarriers are then combined to form an estimate of the source signal from the

transmitter.
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(@) Nc =4 Sub-Carriers (b) N¢ = 64 Sub-Carriers
Figure 2.5. Overlapping Spectrum of an OFDM Signal

The orthogonal and uncorrelated nature of the subcarriers is exploited in OFDM
with powerful results. Since the basis functions of the DFT are uncorrelated, the
correlation performed in the DFT for a given subcarrier only sees energy for that
corresponding subcarrier. The energy from other subcarriers does not contribute
because it is uncorrelated. This separation of signal energy is the reason that the OFDM
subcarriers’ spectrums can overlap without causing interference.

The N¢ point DFT and its inverse DFT are defined as; (Andrews 2006)

.2mnm

gialx[n]e_] N¢ (2.2)

DFT{x[n]} = X[m] 2 J%C Z



IDFT{X[m]} = xln] & 7= SNeL yimle) Mo 2.3)

2.2.1. Cyclic Prefix

The key to making OFDM realizable in practice is the utilization of the FFT
algorithm, which has low complexity. If a cyclic prefix is added to the transmitted
signal, it can be shown as in Figure 2.6, and if it’s thought that the channel impulse
response is h[n] and the transmitted signal is x[n], then the received signal y[n] is equal
to convolution of x[n] and h[n].(y[n] = x[n] ® h[n])

Cyclic Prefix OFDM Data Symbols

1
XNV XNevet - X Xo Xy Xp 0 Xy EXNC-V XNV -+ XNl
1

A

Cut and Paste last v symbols

Figure 2.6. The OFDM Cyclic Prefix
(Source: Andrews 2006)

If the maximum channel delay spread has a duration of v + 1 samples, then by
adding a guard band of at least v samples between OFDM symbols, each OFDM
symbol is made independent of those coming before and after it, and so just a single
OFDM symbol can be considered. Representing such an OFDM symbol in the time

domain as a length N, vector gives (Andrews 2006)
X = [xO xl xNC_l] (24)

After applying a cyclic prefix of length v, the actual transmitted signal is

xcp = xNC_,, xNC_v_l_l xNC—l Xg X1 «es xNC—l (25)

Cyclic Prefix Original Symbol



The output of the channel is by definitiony., = h * x.,, where h are a length
v + 1 vector describing the impulse response of the channel during the OFDM symbol.
The output y,,, has (N¢c +v) + (v+1) — 1 = N¢ + 2v samples. The first v samples
of y.,, contain interference from the preceding OFDM symbol, and so are discarded. The
last v samples disperse into the subsequent OFDM symbol, so also are discarded. This
leaves exactly N samples for the desired output y, which is precisely what is required

to recover the N data symbols embedded in x (Andrews 2006).

2.2.2. OFDM Block Diagram

As mentioned in the previous sections, OFDM process has some important
blocks such as IDFT, DFT and Cyclic Prefix. A discrete time model for such an OFDM
system is illustrated in Figure 2.7 (Engels 2001).

BT Wm0
No—3} Nep
X, — )\ —— Y,
MUX | —{ by |-G~ ooy | ——3 —
IDFT | - s(w) . |orr | .

é 'ﬁ
> _ —_—

Xy N —/ — Yy

Figure 2.7. Discrete Time Model of an OFDM System
(Source: Engels 2001)
Step-by-Step OFDM system is;
1.) The data bits are grouped into blocks of N, symbols. These symbols are called
OFDM Symbol and they construct a vector X = (X, X; ... XNC_l)T.
2.) To achieve orthogonally separated subcarriers, an IDFT is performed on each
data vector X and N.p length cyclic prefix added.
3.) The transmitted signal s(n) is passes through a discrete channel h(n).
4.) After channel effect, signal is corrupted by a zero mean, ¢2 variance Additive

White Gaussian Channel noise z(n).
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5.) At receiver, received signal firstly converted into parallel from series to obtain

data vectors back.

6.) Cyclic prefix removed.

7.) A DFT is performed so that N symbols are obtained back.

2.3. Advantages and Disadvantages of OFDM

Advantages of OFDM (YYao 2009);

Makes efficient use of the spectrum by allowing overlap

By dividing the channel into narrowband flat fading sub-channels, OFDM is
more resistant to frequency selective fading than single carrier systems are.
Eliminates ISI and IFI through use of a cyclic prefix.

Using adequate channel coding and interleaving one can recover symbols
lost due to the frequency selectivity of the channel.

Channel equalization becomes simpler than by using adaptive equalization
techniques with single carrier systems.

It is possible to use maximum likelihood decoding with reasonable
complexity, as discussed in OFDM is computationally efficient by using FFT
techniques to implement the modulation and demodulation functions.

In conjunction with differential modulation there is no need to implement a
channel estimator.

Is less sensitive to sample timing offsets than single carrier systems are.
Provides good protection against co-channel interference and impulsive
parasitic noise.

Disadvantages of OFDM (YYao 2009);

The OFDM signal has a noise like amplitude with a very large dynamic
range; therefore it requires RF power amplifiers with a high peak to average
power ratio.

It is more sensitive to carrier frequency offset and drift than single carrier

systems are due to leakage of the DFT.
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CHAPTER 3

TRANSMITTER ARCHITECTURES

Transmitter structures of DVB-T and DVB-T2 systems are defined and
published by DVB organization.

DVB-T standard for this purpose is named as “Digital Video Broadcasting
(DVB); Framing structure, channel coding and modulation for digital terrestrial
television” and coded as “ETSI EN 300 744”.

DVB-T standard is named as “Digital Video Broadcasting (DVB); Framing
structure, channel coding and modulation for a second generation digital terrestrial
television broadcasting system (DVB-T2)” and coded as “ETSI EN 302 755”.

In this chapter, main important blocks of transmitters of both systems will be
briefly explained according to the standards, (ETSI EN 300 744 2009) and (ETSI EN
302 755 2011) with versions of v1.6.1 and v1.2.1 respectively.

3.1. DVB-T Transmitter

DVB-T systems are designed to perform adaptation of the baseband TV signals
from the output of the MPEG-2 transport multiplexer to terrestrial channel
characteristics. Data stream which is the output of MPEG-2 block is processed in
following processes;

e Transport multiplex adaptation and randomization for energy dispersal

e Outer coding

e Outer interleaving

e Inner coding

e Inner interleaving

e Mapping and modulation

e OFDM transmission

Each of these will be explained further sections.
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There are two modes of operations, “2K mode” and “8K mode”, for DVB-T
transmission. Exclusively for use in DVB-H systems, a third transmission mode, “4K
mode”, is defined and addressing the specific needs of handheld terminals.

The system allows different levels of QAM modulation and different inner code
rates to be used to trade bit rate versus ruggedness. In Figure 3.1, the functional block
diagram of the DVB-T system is illustrated.

MUX
Adaptation
Energy
dispersal

Inner
Interleaver

Outer
Interleaver

To Aerial

e N Y
Fisiing Guard
Mapper : OFDM Interval D/IA Front End
Adaptation -
Insertion

N\ J J

Pilots &

TPS

Signals

S

Figure 3.1. Functional Block diagram of the DVB-T Transmitter
(Source: ETSI EN 300 744 2009)

The Baseline System is delimited by the following interfaces.

Table 3.1. Interfaces for the Baseline System
(Source: ETSI EN 300 744 2009)

Location Interface Interface Type Connection
Transmit Station | Input MPEG-2 transport stream(s) multiplex | From MPEG-2 multiplexer
Output RF signal To aerial
Receive Station Input RF From aerial
Output MPEG-2 transport stream multiplex To MPEG-2 demultiplexer
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3.1.1. MUX Adaptation and Energy Dispersal

The system input stream is an MPEG-2 transport MUX packet with same length
188 bytes. The first byte of the packet is SYNC sequence which is equal to 474ex or
B8uex. In order to ensure adequate binary transitions, the input data shall be randomized

according to the system which is configured as in Figure 3.2.

Initialization Sequence
1 0 0 1 0 1 0 1 0 0 0 0 0 0 0

—1 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15

XOR
AND
_-I— XOR —\ﬂdomized/de-randomized
data output
Enable Clear/randomized
data input

Figure 3.2. Scrambler/descrambler Schematic Diagram
(Source: ETSI EN 300 744 2009)

This system is called Pseudo Random Binary Sequence (PRBS) generator and this
systems polynomial shall be;

1+ X1+ x15 (3.1)

This process is repeated for eight transport packets and the sequence
“100101010000000” initialized into the PRBS registers to provide an initialization for
descrambling. This process is referred to as “transport multiplex adaptation” as seen in

Figure 3.4b.
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3.1.2. Outer Encoder and Interleaver

Outer encoding and interleaving processes uses the packet structure as seen in
Figure 3.4a. DVB-T system uses Reed-Solomon Encoding as its outer encoder. The
main purpose is to generate an error corrected packet as seen in Figure 3.4c.

The outer encoder has a Code Generator Polynomial, g(x) and a Field

Generator Polynomial, p(x) which is;

gx) = (x+ 2D+ AD(x+ 22) ... (x+ 115 (3.2)

p(x) = x84+ x*+ x3+ x2 +1 (3.3)

The encoding process of Reed-Solomon encoder is;

1. Original code RS(255,239,t = 8) shall be applied to each randomized
transport packets with length of 188 bytes by adding 51 bytes all set to zero,
before information bytes.

2. The 51 null bytes discarded from original RS code and obtained shortened
RS(204,188,t = 8) code with length N = 204.

Outer interleaving process is a convolutional byte-wise interleaving with
interleaving depth I = 12. The input packets is RS outputs with length of 204 bytes
and the resulting sequence is as seen in Figure 3.4d. Interleaving will be applied
according to conceptual scheme of Figure 3.3.

The interleaver may be composed of 12 Branches which is cyclically connected
to the input stream by the input switch. Each branch j shall be a First-In-First-Out
(FIFO) shift register.

i | "]?x”” | ¥ |_L1=I—l i 1=1-1,
2 ¢
;

FIFO shifl register ! Quter Interleaver Outer Deinterleaver

Sync byte always passes through branch 0

Figure 3.3. Conceptual diagram of the outer interleaver and deinterleaver
(Source: ETSI EN 300 744 2009)
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SYNC MPEG Transport MUX data
1Byte 187Bytes

a) MPEG-2 transport MUX Packet

8 Transport MUX packets

PRBS period = 1503 bytes

SYNC1L Randomized SYNC2 Randomized SYNCS Randomized SYNC1 Randomized

Data 187 Bytes Data 187 Bytes Data 187 Bytes | Data 187 Bytes

b) Randomized transport packets: Sync bytes and Randomized Data Bytes

204 Bytes

SYNC1 or

SYNCn 187 Bytes Randomized Data 16 Parity Bytes

¢) Reed-Solomon RS(204, 188, 8) error protected packet

SYNC1 or SYNC1 or

SYNCn 203 Bytes SYNCn 203 Bytes

d) Data structure after outer interleaving; interleaving depth I =12 Bytes

Figure 3.4. Steps in the process of adaptation, energy dispersal, outer coding and interleaving
(Source: ETSI EN 300 744 2009)

3.1.3. Inner Encoder

DVB-T system uses punctured convolutional encoder as its inner encoder block.
Inner encoder process has two steps.

1. Encoding with mother convolutional encoder with code rate of 1/2

2. Puncturing according to system code rate.

Mother convolutional code concept is illustrated in Figure 3.5. The generator
polynomials of mother code are G1 = 171, for output X, G2 = 133, for output
Y.

In addition to mother code with code rate of 1/2 the system shall allow

punctured rates of 2/3, 3/4, 5/6 and 7/8. The punctured convolutional code shall be
used as given in table 3.2.
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Table 3.2. Puncturing pattern and transmitted sequence after parallel-to-serial conversion for possible
code rates. (Source: ETSI EN 300 744 2009)

Code Rate | Puncturing Pattern | Transmitted Sequence
1/2 X1
X1Y,
Y:1
2/3 X:10
X1Y1Y;
Y:11
3/4 X:101 NEVEVRY
Y:110 P
5/6 X:10101 NEVEVERVRY
Y:11010 P eme AT
7/8 X:1000101
X1 Y2 Y3 YsXs Yo X5
Y:1111010

Modulo-2 Addition

X Output (G, =171 Octal)

L

Modulo-2 Addition

Y Output (G; =133 Octal)

3.1.4. Inner Interleaver

Figure 3.5. The Mother Convolutional Code of Rate %
(Source: ETSI EN 300 744 2009)

Inner interleaving in DVB-T systems consists of three main blocks before

mapping and constellation block as seen in Figure 3.6. These are;

Demultiplexer

Bitwise Interleaver
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e Symbol Interleaver

Firstly, the input of the inner interleaver is demultiplexed in v sub-streams,
where v = 2 for QPSK, v = 4 for 16QAM and v = 6 for 64QAM.

The Demultiplexing is defined as a mapping of the input bits, x,; onto the output
bits b, 4, according to bit mappings as seen in table 3.3 where the indices are;

di = Input bit number

e -> The demultiplexed bit streams (0 < e < v)

do —> The bit number of a given stream at the output of the demultiplexer

Table 3.3. Demultiplexing bit mappings
(Source: ETSI EN 300 744 2009)

QPSK X0 maps to b0,0
x1 maps to b1,0
16QAM X0 maps to b0,0

x1 maps to b2,0

X2 maps to b1,0

x3 maps to b3,0
64QAM X0 maps to b0,0

x1 maps to b2,0

X2 maps to b4,0

x3 maps to b1,0

x4 maps to b3,0

x5 maps to b5,0

Each sub-stream from the demultiplexer is processed by a separate bit
interleaver up to six interleavers depending on v. The block size of bit interleaver is 126
bits. This process is a repeated process according to OFDM symbol size.

For each interleaver the input bit vector B(€) = (be,o, be 1, be 2, -+ » De125)-

The interleaved output vector A(e) = (e, Ge1) ez -+ Ae25) IS;

Aew = be,He w) (3.4)

The permutation functions H, (w) are different for each interleaver and defined
as;
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Ho(w) = w,

H;(w) = (w + 63)mod 126,
H,(w) = (w + 105)mod 126,
H;(w) = (w + 42)mod 126,
H,(w) = (w + 21)mod 126,
Hs(w) = (w + 84)mod 126.

(3.5)

The purpose of the symbol interleaver is to map v bit words onto the 1512(2K
Mode) or 6048(8K Mode) active carriers per OFDM Symbol. Firstly, the output of the

bitwise interleaver converted to v bit word y" which is;
yv’v = (ao,w' A1ws s av—l,w) (3-6)
The interleaved vector Y = (yo, ¥1, Y2, -, ¥n,, 1 )is defined by;

VH(q) = yé for even symbols forq= 0,...,Npax — 1
(3.7)
Vg = yl’q(q) for odd symbols forq = 0,...,Npgr — 1

Where N, = 1512 in the 2K mode and N,,,, = 6048 in the 8K mode. H(q) is a

permutation function defined according to the Figure 3.7.

om0
Bit

A0,05 9,15 -+
Interleaver

~——
Yo.00 2,05 -2-
Bit . a UULETENS
Interleaver _1u1=_\_>

1

| S S— Symbol Yo, Yy, e M .
Interleaver apping

SRR

Bit
Interleaver

Y1,00 V3,00 ---

TR
Bit
Interleaver

\;}

Figure 3.6. Mapping of input bits onto output 16QAM modulation symbols
(Source: ETSI EN 300 744 2009)
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Figure 3.7. Symbol interleaver address generation scheme for the 2K mode
(Source: ETSI EN 300 744 2009)

3.1.5. Constellation and Mapping

The system uses OFDM transmission and all data carriers in one OFDM frame
are modulated using QPSK, 16QAM or 64QAM. The constellations and the details of
the Gray mapping applied to them are illustrated in Figure 3.8.

The exact values of the constellation points are z € {n + jm} with values of n,
m given in the table 3.4 for the various constellations.

The data stream at the output of the inner interleaver consists of v bit words.
These are mapped onto complex number z, according to Figure 3.8.

The complex constellation points are normalized with the factors which are
given in table 3.5 according to the modulation alphabet used for data. The normalization

factorsyield E = [cx c*] = 1.

Table 3.4. Values of the constellation points
(Source: ETSI EN 300 744 2009)

Modulation n m
QPSK {-1, 1} {1, 1}
16Q0AM | {-3,-1,1,3} {3,-1,1,3}
64QAM {7,-5,-3,-1,1,3,5 7} |{7,-5-3,-1,1,3,5 7}

20



Table 3.5. Normalization factors for data symbols

(Source:

ETSI EN 300 744 2009)

Modulation

Normalization factor

QPSK

1

Cc =

16QAM

64QAM

NI
CRERE

Im{z} Conveyy,,
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rF Q
e 41 e . .
10 00 Bit ordering:
—+——T—+» Reiz} Convey Yo Yoq Yig
-1 1
o J.1 e
11 01
Im{z} Convey y,q. ¥sq 16-QAM
F 3
. e 13 e . i S
1000 1010 0010 0000 Bit ordering:
Yoa Yia Yoo Yog
. 1 e [
1001 1011 001 1
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1100 1110 0110 010a
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1101 110110 111110 11100 011100 011110 01011 010100
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Figure 3.8. The QPSK, 16QAM and 64QAM mappings and corresponding bit patterns

(Source:

ETSI EN 300 744 2009)




3.1.6. Pilots & TPS Signals

An OFDM Frame consists of data symbols and pilot symbols. In DVB-T
systems three types of pilot symbols transmitted which are;

e Scattered pilots

e Continual Pilots

e Transmitter Parameter Signaling (TPS) pilots
The pilots can be used for the frame synchronization, frequency synchronization, time
synchronization, channel estimation, transmission mode identification and can also be
used to follow the phase noise.

The continual and the scattered pilots are modulated according to a PRBS
sequence, wy, Where k is the carrier index. The PRBS sequence is generated according

to Figure 3.9. The polynomial for the PRBS generator shall be;

X1+ X241 (3.8)
Initialization Sequence
1 1 1 1 1 1 1 1 1 1 1
> sy [P acay [P e [P ity [P iy [P sty [P it [P s [P aciy [P ot [P e >
XOR

Figure 3.9. Generation of PRBS sequence
(Source: ETSI EN 300 744 2009)

Pilots have some specific locations in the OFDM frame depending on frame
length and transmission mode. It’s mentioned in previous sections, all the data cells are
isnormalizedsothat E = [cxc*] = 1.

All cells which are continual and scattered pilots are transmitted at boosted
power so that for these E = [c x ¢*] = 16/9. According to this, modulation of pilot

cells is given in the table 3.6.
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Table 3.6. Modulation of Pilot Cells
(Source: ETSI EN 300 744 2009)

Re{cmx} 4 X 2 (1 )
= ——w
Scattered Pilots bk 3 2 Uk
Im{Cm,z,k} 0
4 1
Re{cm,, —x2 (_ — )
Continual Pilots {em] 3 2 Wk
Im{cp i} 0
1
Reic 2 (_ — )
TPS Pilots {ema] G
Im{cp i} 0

The TPS carriers are used for purpose of signaling parameters related to the
transmission scheme. Every TPS carrier in the same symbol conveys the same
differentially encoded information bit.

The TPS carriers convey information on;

e Modulation

e Hierarchy information

e Guard interval

e Inner code rates

e Transmission mode

e Frame number in a super frame
Each OFDM symbol conveys one TPS bit. So each OFDM frame contains 68 bits,
defined as follows;

e linitialization bit

e 16 Synchronization bits

e 37 information bits

e 14 redundancy bits for error correction
The 53 bits containing the TPS synchronization and information bits are extended with
14 parity bits of the BCH(67,53,t = 2) shortened code, derived from the original
code BCH(127,113,t = 2). Code generator polynomial,h(x) is;

h(x) = x4+ x4+ x84+ x°+ x5+ x*+ x2+x+1 (3.9)
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3.1.7. OFDM Process

The transmitted signal is organized in frames. Each frame has duration of TF

and consists of 68 OFDM symbols. Four frames constitute one super frame. Each

symbol is constituted by a set of 6817 carriers for 8K mode and 1705 carriers for 2K

mode and transmitted with duration of Ts.

An OFDM symbol is composed of two parts, a useful part with duration Ty and

a guard interval with duration A. The guard interval consists in a cyclic continuation of

useful part Ty and inserted before it. Four values of guard intervals and usage of these

are in table 3.7.

Table 3.7. Duration of symbol part for the allowed guard intervals
(Source: ETSI EN 300 744 2009)

Mode 8K Mode 2K Mode
Guard
1/4 1/8 1/16 1/32 1/4 1/8 1/16 1/32
Interval
Ty 896 us 224ps
A 224 s 112 ps 56 us 28 us 56 us | 28 us 14 us 7 us
Ts=Ty+tA | 1120 ps 1008 ps 952us | 924 pus | 280pus | 252 pus | 238pus | 231ps

The carriers are indexed by k € [Kyin; Kmaxl @and determined by K,,,;,, = 0and

Kmax = 1704 for 2K mode and Ky,

OFDM parameters for 8K and 2K modes are given in table 3.8.

Table 3.8. Numerical values for the OFDM parameters for the 8K and 2K modes

(Source: ETSI EN 300 744 2009)

Parameter 8K mode 2K mode
Number of carriers, K 6817 1705
Value of carrier number, Ky 0 0
Value of carrier number, K 6816 1704
Duration Ty 896 us 224 us
Carrier Spacing, 1/Ty 1116 Hz 4464 Hz
Spacing between carriers K, and Kpax 7,61 MHz 7,61 MHz

6816 for 8K mode. The numerical values for
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The emitted signal is described by following expression:

67 Kmax

s(t) = Re{ e/?met Z Cmik X Wmik () (3.10)

m=01=0 k=0

Where
Kk
l[)m'l'k(t) _ {e]2nﬁ(t—A—l><T5—68><m><TS)’ S x TS <t< (S + 1) T, (3.11)
0, else
Where:

> The carrier number
> The OFDM symbol number
m > The transmission frame number
> The total number of symbols, S =1 + 68 x m
> The number of transmitted carriers
Ts , Ty = the symbol duration - the inverse of the carrier spacing
A -> The duration of the guard interval
fe -> The central frequency of the RF signal
k' > The carrier index relative to the center frequency, k' = k —
(Kimax + Kmin) /

cmox —>Complex symbol for carrier k of the data symbol no.1 in frame m

cm,67.k 2 Complex symbol for carrier k of the data symbol no.68 in frame m
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Figure 3.10. OFDM signal spectrum
(Source: ETSI EN 300 744 2009)

3.2. DVB-T2 Transmitter

DVB-T2 system’s general high level block diagram is represented in Figure
3.11. The inputs of the system may be one or more;

e MPEG-2 Transport Streams (TS)

e Generic Streams (GS)

The systems output can be a single signal to be transmitted or optionally can be
two signals to be conveyed two sets of antennas in what is called MISO transmission
mode. All input data streams are then carried in individual Physical Layer Pipes (PLPSs).

A DVB-T2 system mainly consists of four blocks which are;

e Input Processing

e Bit Interleaved Coding & Modulation

e Frame Builder

e OFDM Generation

DVB-T2 system is designed to provide a “Quasi Error Free (QEF)” quality
target. The meaning of QEF can be defined as “less than one uncorrected error event per

transmission hour at the level of a 5 Mbit/s single TV service decoder”.

26



Bit
Input Interleaved Frame OFDM /_' S
Processing Coding & Builder Generation |+
Modulation %
Y

Figure 3.11. High level T2 Block diagram
(Source: ETSI EN 302 755 2011)

Each of these blocks will be explained in next sections of this study.

3.2.1. Input Processing

The input of the system shall be one or more logical data streams. Here there
occurs an important word for DVB-T system. This is PLP, which carries one logical

data stream.
Input processing block consists of two main sub block which are;

e Mode Adaptation

e Stream Adaptation
The first three blocks in Figure 3.12 form as “Mode Adaptation” and the other

two of them form as “Stream Adaptation”.

BB :
Input 5 CRC-8 | Header " Paddl.ng 5 BB _—
Interface Encoder . Insertion Scrambler
Insertion

Figure 3.12. Input processing module block diagram
(Source: ETSI EN 302 755 2011)

3.2.1.1. Mode Adaptation

The mode adaptation block operates separately for each PLP and slice the input
data into data fields. The mode adaptation block comprises three main blocks which are;

e Input Interface

e CRC-8 Encoder

o BB Header.
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The input interface sub-block slices input data into internal logical bit format. If
there are more than one PLP, input interfacing is applied separately for each of these
PLPs. The input interface shall read a data field, composed of Data Field Length (DFL)

bits where;

0 < DFL < (Kpen — 80). (3.12)

The maximum value of DFL depends on the chosen LDPC code, carrying a protected

payload of Kj,., bits.

80 Bits DFL
BBHEADER DATA FIELD
II" ~~~~~~~~~~~~~~
S .
/' ~~~~~~~
MATHTYPE UPL DFL SYNC SYNCD CRC-8

Figure 3.13. Stream format at the output of the MODE ADAPTER
(Source: ETSI EN 302 755 2011)

Base Band Header (BBHEADER) is a fixed length of 10 bytes and inserted in
front of the baseband data field. The main purpose to add this to the data field is to
describe the format of the data field.

BBHEADER consists of some specific bit field as seen in Figure 3.13. This field
values change according to input packet type, user packet length, data field length and
etc.

3.2.1.2. Stream Adaptation

The input stream of the stream adaptation block shall be a BBHEADER
followed by a DATA FIELD. The output stream shall be a BBFRAME, as shown in
Figure 3.14.

Stream adaptation provides;

e Padding —> It is used to complete a constant length BBFRAME.
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e Scrambling —> It is used for energy dispersal.

80 Bits DFL Kgcu— DFL- 80
BBHEADER DATA FIELD PADDING
Kpgcx bits

Figure 3.14. BBFRAME format at the output of the STREAM ADAPTER
(Source: ETSI EN 302 755 2011)

3.2.2. BICM Block

Bit Interleaved Coding & Modulation (BICM) block provides some important
parts as seen in Figure 3.15. These parts will be explained in the sections below.

Constellation
PLP FEC Encoding Bit ’ Mapping into Cell Time
(LDPC/BCH) Interleaver Demux Constellation ] (!f::?:l:; (::::v ] Interleaver ] Interleaver

Figure 3.15. Bit Interleaved Coding and Modulation (BICM)
(Source: ETSI EN 302 755 2011)

3.2.2.1. FEC Encoding

Forward Error Correction (FEC) Encoding is a subsystem of BICM block. This
subsystem shall perform;

e Outer Encoding (BCH)

e Inner Encoding (LDPC)

e Bit Interleaving.

The input to the subsystem is a BBFRAME and the output is a FECFRAME with length
of Kpcn and Ngp, bits respectively.

The encoding process starts with appending the parity check bits (BCHFEC) of
the BCH outer code after BBFRAME. Then the parity check bits (LDPCFEC) of the
LDPC inner code is appended after the BCHFEC. As a result, Error correction coded
FECFRAME is obtained output of the inner encoder. This process is shown in Figure
3.16.

29



Kippc= Ngcu

KBCH NBCH' KBCH NLDPC - KLDPC

BBFRAME BCHFEC LDPCFEC

Figure 3.16. Format of data before bit interleaver
(Source: ETSI EN 302 755 2011)

There is two different length values for FECFRAME which are the normal
FECFRAME (N4, = 64800) and the short FECFRAME (N4, = 16200). FEC
encoding parameters according to length of FECFRAME is given in table 3.9a and 3.9b.

Table 3.9. FEC Encoding parameters, (a) for Normal FECFRAME Ny, = 64800, (b) for Short
FECFRAME Ngc = 16200 (Source: ETSI EN 302 755 2011)

(a)
LDPC BCH BCH coded block Ny, BCH LDPC
Code Uncoded LDPC Uncoded Block t-error Noch - Kbeh Coded
Block Kycn Kidpe correction Block Nigpe
1/2 32208 32400 12 192 64800
3/5 38688 38880 12 192 64800
2/3 43040 43200 10 160 64800
3/4 48408 48600 12 192 64800
4/5 51648 51840 12 192 64800
5/6 53840 54000 10 160 64800
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(b)

LDPC BCH BCH coded block Nyep BCH LDPC
Code Uncoded | LDPC Uncoded Block t-error Noch - Koeh Coded
Block Kph Kidpe correction Block Nigpe
1/2 7032 7200 12 168 16200
3/5 9552 9720 12 168 16200
2/3 10632 10800 12 168 16200
3/4 11712 11880 12 168 16200
4/5 12432 12600 12 168 16200
5/6 13152 13320 12 168 16200

3.2.2.1.1. Outer Encoder

Bose — Chaudhuri — Hocquenghem (BCH) code is one of the most important

error correcting codes which were firstly discovered by Hocquenghem in 1959 and

independently by Bose and Chaudhuri in 1960.

BCH codes can be defined as a member of cyclic codes. Bose, Chaudhuri,

Hocquenghem just discovered the code not the decoding algorithm. First decoding

algorithm was discovered by Peterson in 1960. After this, it’s revised by Berlekamp,

Massey, Chien, Forney and etc.

Table 3.10. BCH polynomial, (a) for Normal FECFRAME, (b) for Short FECFRAME

(Source: ETSI EN 302 755 2011)

(a)
g1(x) |1+ x2+4 x3+ x°+ x°
g2(x) |14+ x+ x*+ x5+ x®+ x84+ x1©
g3(®) | 14+x2+ 23 +x*+ x5+ 27+ x84+ x%+ x10 4 x4+ x16
9a() | 14+x2+ x* + x5+ x%+ x11 4 x12 4 x1* 4 x16
gs(x) [ T+x+x2+ x4+ x4+ 28+ x%+ x10+ x4 x12 4 16
gs() | 1+x2+ x* + x5 +27 + 2%+ 1%+ 20+ 22+ x4 x4 x5 4 116
gr() [ 14+x%2+ x5 +x0+ x84+ x%+ 210+ x1 + 13 4+ x5 4 x16
gs(@) |14+ x+ x2+ x5+ x®+ x%+ x° + x12 + x13 4 x1* 4 x1©
Jo(x) |14+ x>+ x7+ x°+ x0 + x4+ x16
G100 [ 14+ x+ 22+ x5+ x7+ 28+ x10 + x12 4+ x13 4 x1* 4 x16
g11(0) | 1+x2+ 3 +x54+ 2%+ x4 x12 4+ x13 4 x16
g12(0) [ 14+ x+ x°+ x84+ x7 4+ x°+ ' + x4+ x16
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(b)

gi(x) | 14+x+ x3+ x5+

g2(x) | 14+ x4 x84+ 21 + x4

gs(x) | 14+x+ x2+ x5+ x% 4+ x10+ x

ga(x) | 14+x*+ x7+ x8+ 210+ x12 + x4

gs(@) | 1+x%2+ x*+ x®+ x8+ x%+ 211+ x13 4+ x4

ge(@) | 1+x3+x7 + x®+ x%+x13 + £

gr(x) | 14+x2+ x>+ x4+ x7 + x10 4+ x11 + x13 + x4

gs(®) | 14+ x5+ x8+ x°+ x10 4 x11 4 x4

Go(x) | 1T4+x+ x4+ x3+x% 4+ x10+ x™

G10(@) | 14+ 23+ x®+ x% +x11 4+ x12 + x1

g11(x) | 14+ x*+ x11 + x12 4 x

G2 | 14+x+x%+ x3+x°+ x4+ x7 +x8 +x10 + x13 + x4

A t-error correcting BCH code shall be applied to each BBFRAME to generate
an error protected packet. The generator polynomial of the encoder is obtained by
multiplying first t polynomials in table 3.10a for normal FECFRAME and in table 3.10b
for short FECFRAME.

3.2.2.1.2. Inner Encoder

Low Density Parity Check (LDPC) codes were invented by Robert Gallager
(1963) in his Ph.D. Thesis. After the invention of this code, it’s totally forgotten and
never used nearly 30 years of time. Their comeback is really interesting because there
reinvented two codes from different areas but they are very similar to Gallager’s LDPC
Codes.

In DVB-T2 systems LDPC encoder is used as inner encoders because of its high
error correcting performance. The output of the inner encoder block has the form which
is shown in Figure 3.16 with a length of N4, bits which changes according to normal
or short FECFRAME.
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3.2.2.1.3. Bit Interleaver

The output of the LDPC bit interleaving consists in a parity interleaving
followed by a twist column interleaving, and it’s only applied for 16QAM, 64QAM and
256QAM modulations, in the case of the QPSK modulation, the bit interleaving block is

not performed. Firstly the parity bits are interleaved by;

u; = AifOTOSiSKlde
(3.13)

UK gpc+360t+s = /11<1de+ Quape-s+t

Where Qqp. is defined in table 3.11, A is the output of LDPC encoder and U is the

output of the parity interleaver.

Table 3.11. Qygpc values
(Source: ETSI EN 302 755 2011)

Code Rate Qigpc for Normal FECFRAME Qigpc for Short FECFRAME
1/2 90 25
3/5 72 18
2/3 60 15
3/4 45 12
4/5 36 10
5/6 30 8

The configuration of the column twist interleaving for each modulation format is
specified in table 3.12.

Table 3.12. Bit Interleaver structure
(Source: ETSI EN 302 755 2011)

. Rows N,
Modulation Columns N,
Nldpc = 64800 Nldpc =16200

16QAM 8100 2025 8
640QAM 5400 1350 12
4050 -- 16

256QAM
-- 2025 8
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Finally, the output of the parity interleaver is written into column-twist
interleaver as column wise by using the twisting parameter t. as the starting index of

the column. After that, data read out row-wise as seen in Figure 3.17.

Table 3.13. Column twisting parameter t.
(Source: ETSI EN 302 755 2011)

) Twisting parameter t.
Modulation | N, Nidpe
0[1|2|3|4] 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15
64800 (0| 0| 2| 4|4 5 7 7
16QAM 8
16200 (0| O0|( 0| 21| 7| 20 | 20 | 21
64800 | 0| 0| 2| 2|3 4 4 5 5 7 8 9
64QAM 12
16200 (0| 0| 0| 2] 2 2 3 3 3 6 7 7
16 | 64800 (0| 2| 2| 2|2 3 7 15 | 16 | 20 | 22 | 22 | 27 | 27 | 28 | 32
256QAM
8 | 16200 |0| 0| 0|17 20| 20 | 21
READ
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| ! | . 1
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Figure 3.17. Bit interleaving scheme for normal FECFRAME length and 16QAM
(Source: ETSI EN 302 755 2011)

3.2.2.2. Mapping Bits onto Constellations

After bit interleaving of FECFRAMES, they shall be mapped to a coded FEC
block. Firstly, the input bits are demultiplexed into parallel cell words and then mapping
these cell words into constellation values. Table 3.14 defines the number of output data

cells and the effective number of bits per cell (Wmop).
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Table 3.14. Parameters for bit-mapping into constellations

(Source: ETSI EN 302 755 2011)

LDPC block . Number of
Modulation MNmop
length (Njgpc) output data cells
256QAM 8 8100
64QAM 6 10800
64800
16QAM 4 16200
QPSK 2 32400
256QAM 8 2025
64QAM 6 2700
16200
16QAM 4 4050
QPSK 2 8100

In Demux process, the output bit stream of the bit interleaving is demultiplexed
INt0 Ngypsereams SUD-streams as shown in Figure 3.18 and the values of Ngpstreams 1S
defined in table 3.15.

Table 3.15. Values of parameter Ngypstreams
(Source: ETSI EN 302 755 2011)

Modulation Nigpe Naubstreams
QPSK Any 2
16QAM Any 8
64QAM Any 7
64800 16
2o0QAM 16200 )
bO 07 bo 17 bO 2 i
Vg, V1, V3, ...
s DEMUX bl,O' bl,ll bl,Zl o
bNgubstreams'l'O’ b,Nsubstreams R S

Figure 3.18. Demultiplexing of bits into sub-streams
(Source: ETSI EN 302 755 2011)
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Each cell word at the output of the demultiplexer is modulated by using the
constellations of QPSK, 16QAM, 64QAM or 256QAM to give a constellation point.
Constellations for first 3 of them are the same as in DVB-T system which is showed in
Figure 3.8. In addition to them 256 QAM constellation is shown in Figure 3.19.

Every constellation point is normalized according to table 3.16 to obtain the

correct complex cell value.

Table 3.16. Normalization factors
(Source: ETSI EN 302 755 2011)

Modulation Normalization

QPSK 1l 7

16QAM L /1o

64QAM L iz

1
256QAM / 170

Im{z} Convey yiq, ¥sq: Ysa, ¥7a

A

. . . . . . . o '3 . . . . . . . .
L0000 10000010 10001010 10001000 10101003 10101010 10100010 1000000 OO100000 DOIOG0I0 COLOTOL0 D0 101000 00001000 00001010 ODH00LO 00000000
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L] . L] . . L] L] LI L] L] L] L] L] L] L] L]
10010000 10010010 10011010 10011000 1011 1000 10111010 10110010 10710000 00110000 00110010 00111010 0011 1000 00011000 0007 1010 00010010 GCO10000
-5 -13 -11 -0 -7 5 3 -1 1 3 5 7 9 11 13
-1 - .

. . . . . . . . . . . . .
11010000 11010010 11011070 11011000 11111000 11111010 11110010 11110000 O1110000 01110070 01111010 01111000 01011000 01011010 01010010 01010000
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Figure 3.19. The 256QAM mapping and corresponding bit pattern
(Source: ETSI EN 302 755 2011)
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3.2.2.3. Cell Interleaver

The Pseudo Random Cell Interleaver shall spread the cells in the FEC code word
uniformly. The main purpose of this process is to ensure an uncorrelated distribution of
channel distortions and interference along the FEC code word in the receiver.

The Cell Interleaver (CI) process is defined below where "g, ," is the input of
the system, d is Cl output, N..;s IS given in table 3.17, L,.(q) is the permutation
function, and r represents the incremental index of the FEC block within the TI-block

(Time Interleaver) and is reset to zero at the beginning of each TI-block.

dri.(q) = 9rqforeachq=0,1,..,Neys — 1 (3.14)

L,.(q) is based on a maximum length sequence of degree (N; — 1), where
Ng = [log, (Neeus)] Which is defined as;

L(q) = [LO (@) + P(T)] mod Neeys (3.15)

Where L, (q) is the basic permutation function and P(r) is the shift value to be used in
FEC block r of the TI block. Definition of these parameters is examined deeply in
(ETSI EN 302 755 2011).

With those specifications for the cell interleaver, a scheme for the cell

interleaver is shown on Figure 3.20.
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Figure 3.20. Cell Interleaving Scheme
(Source: ETSI EN 302 755 2011)

3.2.2.4. Time Interleaver

The time interleaver (T1) shall operate at PLP level. The cell interleaved FEC
block at the input of TI, shall be grouped in Interleaving Frames which are mapped onto
one or more T2-Frames. Each interleaving frame contains a dynamically variable whole
number of FEC blocks. The maximum number of a FEC block is 1023.

There are three options for time interleaving for each PLP. These options are
shown in Figure 3.21.

1) Optionl; (one TI-Block) - (one Interleaving Frame) - (one T2 Frame)

2) Option2; (one TI-Block) = (one Interleaving Frame) - (more T2 Frame)

3) Option3; (more TI-Block) - (one Interleaving Frame) - (one T2 Frame)
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Figure 3.21. Time Interleaving Options, (a) Option 1, (b) Option 2, (c) Option 3

(Source: ETSI EN 302 755 2011)
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The Time interleaver can be defined as a row-column block interleaver. The

cells which creates TI blocks, firstly written in a N,. X N, matrix where the number of

rows N, in the interleaver is equal to the number of cells in the FEC block (N, ;)

divided by 5, the number of columns N, = 5 * Npgc and Nggc is the number of FEC

blocks in a TI-block. TI parameters are given in table 3.17.

Table 3.17. Parameters for time interleaver

(Source: ETSI EN 302 755 2011)

LDPC block Modulation Number of cells Number of rows
length Mode Per LDPC block N,
(Nldpc) (Ncells)

256QAM 8100 1620
64QAM 10800 2160
64800
16QAM 16200 3240
QPSK 32400 6480
256QAM 2025 405
64QAM 2700 540
16200
16QAM 4050 810
QPSK 8100 1620

Time interleaver process is shown in Figure 3.21. The first FEC block is written

into first 5 columns of the time interleaver, the second FEC block is written into first 5

columns of the time interleaver and so on. After writing process the cells are read out

row-wise.
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Figure 3.22. Time interleaver
(Source: ETSI EN 302 755 2011)

3.2.3. OFDM Generation

DVB-T2 systems’ OFDM generation block is simply indicated in Figure 3.22.
As seen in figure, there are 7 sub-blocks and some of these are optional blocks which
are not used in all the cases. These blocks are MISO Processing and PAPR Reduction.

The function of the OFDM generation block is to insert the reference
information which is described in text as pilots and allow the receiver to compensate for
distortions introduced by the channel, and to produce time domain signal for
transmission. After that process, guard interval is inserted and if possible PAPR

reduction is applied and finally completed T2 signal is produced.

MISO Pilot insertion & PAPR Guard P1
5 —> Dummy tone > IFFT —>j 5 —> Interval [—> Symbol [—> DAC —>
Processing . Reduction 5 «
reservation Insertion Insertion

To
Transmitter(s)

Figure 3.23. OFDM Generation
(Source: ETSI EN 302 755 2011)

Some important blocks of OFDM generation will be explained in next sub-sections.
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3.2.3.1. MISO Processing

In DVB-T2 systems, Multiple-Input Single-Output (MISO) processing may have
been applied to all symbols of the DVB-T2 signal. It is assumed that all DVB-T2
receivers shall be able to receive signals with MISO processing applied.

MISO processing can be defined as taking the input data cells and producing
two similar sets of data cells at the output. As encoding technique, a modified Alamouti
encoding is used.

The encoding process is done as it shown in equation below where a is the
OFDM cell, e is the output of the MISO processing, * denotes the complex conjugation

operation and Np,., IS the number of data cells at the input of MISO processing block.

em,l,p(Txl) = Amlp em,l,p+1(TX1) = Qmip+1
em,l,p(sz) = _a:n,l,p+1 em,l,p+1(Tx2) = a:n,l,p (3.16)

where p € {0,2,4,6, ..., Nygtqa — 2}

The MISO processing process is also illustrated in Figure 3.23.

OFDM a, —( )*—>e \_A?))
P p+1

Payload

Cells Ape 1O D & "))

A

Figure 3.24. MISO processing of OFDM cells
(Source: ETSI EN 302 755 2011)

If MISO is not used, the input cells shall pass directly to the output as;

emip = Amip fOrD=0,1,2,.. ,Nygeqg — 1 (3.17)
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3.2.3.2. Pilot Insertion

Some various cells in OFDM frame are modulated with reference information
and this reference information’s transmission value is known to the receiver. There
different types of pilots in DVB-T2 systems which are; scattered, continual, edge, P2
and frame-closing.

Pilots are located into the frames just because they can be used for frame
synchronization, frequency synchronization, time synchronization, channel estimation,
transmission mode identification and can also be used to follow the phase noise.

The reference sequence 1, where [ and k the symbol and the carrier indices
respectively. Reference sequence is derived a symbol level PRBS sequence w, and a
frame level PN-sequence pn;. After derivation, this reference sequence is applied to all

pilots of each symbol of a T2 frame. This process is illustrated in Figure 3.24.

Symbol Reset
PRBS Sequence
Frame Reset
PN-Sequence

Figure 3.25. Formation of the reference sequence from the PN and PRBS sequences
(Source: ETSI EN 302 755 2011)

XOR

\l/ Reference

Sequence, 1y

L.J

The PRBS sequence generator has the same configuration with DVB-T’s
reference sequence generator which is illustrated in Figure 3.9 in section 3.1.6. The PN
sequence which is used in reference sequence formation is defined in table 3.18. The
used length of this sequence is changed according to the transmission mode such as 1K,
2K, etc.
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Table 3.18. PN-sequence (up to 2624 chips) in Hexadecimal description

(Source: ETSI EN 302 755 2011)

4DC2AF7BD8C3C9A1E76CI9A090AF1C3114F07FCA2808E9462E9AD7B712D6F4AAC8A59BB069CC50
BF1149927E6BB1C9FC8C18BB949B30CD09DDD749E704F57B41DECT7E7B176E12C5657432B51B0B8
12DFOE14887E24D80C97F09374AD76270E58FE1774B2781D8D3821E393F2EAQOFFD4D24DE20C05D0
BA1703D10E52D61E013D837AA62D007CC2FD76D23A3E125BDEBAIA7C02A98B70251C556F6341E
BDECB801AADSDIFB8CBEA80BB619096527A8C475B3D8DB28AF8543A00EC3480DFF1E2CDA9F9
85B523B879007AA5D0CE58D21B18631006617F6F769EB947F924EA5161EC2C0488B63ED7993BASEF
4E552FA32FC3F1BDB19923902BCBBESDDABB824126E08459CA6CFA0267E5294A98C632569791E6
OEFG659AEE9518CDF08D87833690C1B79183ED127E53360CD86514859A28B5494F51AA4882419A25A
2D01A5F47AA27301E79A5370CCB3E197F

3.23.3. IFFT

In DVB-T2 systems there are six different transmission modes which are 1K,
2K, 4K, 8K, 16K and 32K. Transmission mode is also named as FFT size.

A DVB-T2 transmitted signal is organized in frames. Each frame has duration of

Te and consists of OFDM symbols. N, frames constitute one super frame. Each symbol

is constituted by a set of Ky carriers and has duration of Ts. A carrier is composed of

two parts which are useful part with duration Ty and guard interval with duration A.

Some important OFDM parameters are given in table 3.19.

Table 3.19. OFDM parameters
(Source: ETSI EN 302 755 2011)

Parameters 1K 2K 4K 8K 16K 32K
Ktotal 853 1705 3409 6817 13633 | 27265
Kmin 0 0 0 0 0 0
K max 852 1704 3408 6816 13632 | 27265
Ty in ps 112 224 448 896 1792 3584
Carrier Spacing 1/Ty
(H2) 8929 4464 2232 1116 558 279
Spacing between carriers 7,61 7,61 7,61 7,61 7,61 7,61
Kimin and Kijax MHz MHz MHz MHz MHz MHz
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Figure 3.26. Theoretical DVB-T2 signal spectrum
(Source: ETSI EN 302 755 2011)

The emitted signal of DVB-T2 when PAPR reduction is not used is given in the

equation below.

s(t) = Re{ eJ?m/et z p1(t —mTg) ...

Where
lnbm,l,k (t) = q€
Where:
k ->
[ ->
m ->

!
Zn';f—u(t— A=Tyy~IXTs~mXTF)

m=0

Lot Ko (3.18)

5

I — z Z Cm,Lk X lpm,l,k(t)
\/27X—Ktoml =0 k=0

T +HITg <t <TT+ (1 + DT (3.19)
0 , else

The carrier number
The OFDM symbol number

The T2 transmission frame number
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Krotar =2 The number of transmitted carriers

Lg > Number of OFDM Symbols per frame

T > The symbol duration

Ty > The inverse of the carrier spacing

A > The duration of the guard interval

fe > The central frequency of the RF signal

k' > The carrier index relative to the center frequency, k' = k —

(Kmax + Kmin) /2
TP1 - The P1 symbol duration
TF - The duration of a frame
T > The duration of frames and P1 symbols, TT = mTy + Tp,
pl(t) > The P1 waveform

3.2.3.4. Guard Interval Insertion

DVB-T2 systems have seven guard interval fractions. For each combination of
FFT size and guard interval fractions, the absolute guard interval fractions are given in
table 3.21 expressed in multiples of the elementary period T which is also given in table
3.20.

Table 3.20. Elementary Period as a Function of Bandwidth
(Source: ETSI EN 302 755 2011)

Bandwidth 1,7 MHz 5MHz 6MHz 7TMHz 8MHz | 10MHz
Elementary period T 71/131ps | 7/40 ps 7148 ps 1/8 ps 7/64 us | 7/80 ps
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Table 3.21. Duration of Guard interval in terms of elementary period T

(Source: ETSI EN 302 755 2011)

FET Size Guard Interval fraction (A/Ty)

1/128 1/32 1/16 19/256 1/8 19/128 Ya
32K 256T | 1024T | 2048T | 2432T | 4096T | 4864T NA
16K 128T 512T | 1024T | 1216T | 2048T | 2432T | 4096T
8K 64T 256T 512T 608T | 1024T | 1216T | 2048T
4K NA 128T 256T NA 512T NA 1024T
2K NA 64T 128T NA 256T NA 512T
1K NA NA 64T NA 128T NA 256T

Guard interval usage depends on the usage of PAPR reduction. If

reduction is used, the guard intervals shall be inserted following PAPR reduction.

PAPR
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CHAPTER 4

MULTIPATH CHANNEL PROFILES

DVB organization has developed many channel profiles to obtain reasonable
results in off-line computer simulations and real time simulations. Some information is
given in different DVB- standards such as DVB-T, DVB-T2, DVB-H and etc.

Some of the channels which are used in this study’s simulations are developed
and defined by European Cooperation in Science and Technology (COST) and is a part
of COST207 project which is finished and published in 1989 in Luxemburg.

COST is an intergovernmental framework for European Cooperation in Science
and Technology, allowing the coordination of nationally-funded research on a European
level. COST has a very specific mission and goal. It contributes to reducing the
fragmentation in European research investments and opening the European Research

Area (ERA) to cooperation worldwide (COST Organization n.d.).

4.1. Channel Models

In this study, for both of the systems (DVB-T and DVB-T2) they are going to be
used seven different multipath channels which are divided into three there groups such
as fixed, portable and mobile. These seven channels are;

e Additive White Gaussian Noise (AWGN) Channel
¢ Ricean Channel

e Simple 2 Path Channel, 3 dB Echo

e Portable Outdoor Channel (PO)

e Portable Indoor Channel (PI)

e Typical Urban Channel (TUG6)

¢ Rural Area Channel (RA6)

The information about these seven channels and some specific properties such as
power-delay profiles, of them will be examined in this chapter. Also channel modeling

characteristics will take place in further sections.
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4.1.1. AWGN Channel Profile

In this type of channel models, just white Gaussian noise is added to the
transmitted signal. It is thought that there will be just one path which is given in table

4.1.
Table 4.1. AWGN Channel Model

Path Number Attenuation Delay (ps) Phase (radians)
1 1 0 0

4.1.2. Ricean Channel

Ricean channel is described both in DVB-T standard (ETSI EN 300 744 2009)
and DVB-T2 standard (ETSI EN 302 755 2011) to describe the fixed, outdoor rooftop-
antenna reception conditions. There is no Doppler effect and also this channel has 21
taps. This model is defined by where y(t) and x(t) is output and input signal of the

channel respectively;

N e T0ix(t—1;
pox(t)+ Xi_q pie x(t—1;) (41)

t) =
y(t) s

Where
e pox(t) represents LOS (Line of Sight) ray
e N is the number of echoes and is equal to 20
e 0, is the phase shift from scattering of the ith path (Table 4.2)
e p; is the attenuation of the ith path (Table 4.2)
e 7; is the relative delay of the ith path (Table 4.2)

The Ricean factor K, is given as;

Po (4.2)

= SN 2
21‘:1 P
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In DVB simulations, K is chosen as 10 dB and in this case, attenuation factor of the

LOS path shall be calculated as;

Po = /10-2?21 Pi2 (4.3)

According to the values which is given in table 4.2, power delay profile of
Ricean channel is illustrated in Figure 4.1.

Ricean Channel Power Delay Profile
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Figure 4.1. Ricean Channel Power Delay Profile
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Table 4.2. Attenuation, Delay and Phase Values for Ricean Channel

(Source: ETSI EN 302 755 2011)

NE:l:]er Attenuation Delay (ps) Phase (radians)
1 0.057662 1.003019 4.855121
2 0.176809 5.422091 3.419109
3 0.407809 0.518650 5.864470
4 0.303585 2.751772 2.215894
5 0.258782 0.602895 3.758058
6 0.061831 1.016585 5.430202
7 0.150340 0.143556 3.952093
8 0.051534 0.153832 1.093586
9 0.185074 3.324866 5.775198
10 0.400967 1.935570 0.154459
11 0.295723 0.429948 5.928383
12 0.350825 3.228872 3.053023
13 0.262909 0.848831 0.628578
14 0.225894 0.073883 2.128544
15 0.170996 0.203952 1.099463
16 0.149723 0.194207 3.462951
17 0.240140 0.924450 3.664773
18 0.116587 1.381320 2.833799
19 0.221155 0.640512 3.334290
20 0.259730 1.368671 0.393889
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4.1.3. Simple 2 Path Channel, 3 dB Echo

This channel profile is described in DVB-T2 standard (ETSI A133 2010). It only
includes 2 paths. In this study, a different version is used. Original version has 0 dB
echoes for both paths. The corresponding paths are defined by their delay, phase,
frequency shift and attenuation values in table 4.3.

Table 4.3. 3 dB Echo Profile

Path number | Attenuation | Delay (ps) | Phase (rad) | Frequency Shift (Hz)
1 1.0000 0 0 0
2 0.7079 0.9A 0 0

The parameter ‘A’ denotes the guard interval duration in ps.
According to the values which are given in table 4.3, power delay profile of

simple 2-path channel, 3 dB echo is illustrated in Figure 4.2.

Simple 2 Path Channel 3 dB Echo Power Delay Profile
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Figure 4.2. Simple 2-path Channel 3 dB Echo Power Delay Profile for % Guard Interval in 2K Mode
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4.1.4. Portable Indoor and Outdoor Channel

Portable indoor (PI) and Portable outdoor (PO) channel profiles are described in
DVB-H (ETSI TR 102 377 2001) standard. They have been developed by the Wing TV

project to describe the slowly moving hand held reception indoors and outdoors.

Definitions about Pl and PO are given in table 4.4. The Doppler frequency of these

channel are chosen as 1.69 Hz which is corresponding 3km/h velocity at 666 MHz

carrier frequency.

Table 4.4. Definitions of Pl and PO Channels

Pl PO
Doppler
NlFJ)ritEer Delay Power Delay Power Spectrum Fd (Hz) Nsc;l;?n.
(ks) (dB) (1s) (dB)
1 0.0 0.0 0.0 0.0 Classical 1.69 0.08
2 0.1 -6.4 0.2 -15 Classical 1.69 0.08
3 0.2 -10.4 0.6 -3.8 Classical 1.69 0.08
4 04 -13.0 1.0 -7.3 Classical 1.69 0.08
5 0.6 -13.3 1.4 -9.8 Classical 1.69 0.08
6 0.8 -13.7 1.8 -13.3 Classical 1.69 0.08
7 1.0 -16.2 2.3 -15.9 Classical 1.69 0.08
8 1.6 -15.2 34 -20.6 Classical 1.69 0.08
9 8.1 -14.9 4.5 -19.0 Classical 1.69 0.08
10 8.8 -16.2 5.0 -17.7 Classical 1.69 0.08
11 9.0 -11.1 5.3 -18.9 Classical 1.69 0.08
12 9.2 -11.2 5.7 -19.3 Classical 1.69 0.08
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Figure 4.3. Portable Indoor (PI) Channel Power Delay Profile

Portable Outdoor (PO) Channel Power Delay Profile
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Figure 4.4. Portable Outdoor (PO) Channel Power Delay Profile

54



4.1.5. Typical Urban Channel

The Typical Urban (TU6) channel profiles are described in DVB-T2 standard
(ETSI A133 2010). It was originally defined by COST207 as describing a typical urban
profile and has 6 paths. These paths have wide dispersion in delay and relatively strong
power. GSM and DAB services have also used this channel in their tests. The
parameters of this channel are given in table 4.5.

Table 4.5. Typical Urban (TU6) Channel Profile
(Source: ETSI A133 2010)

Path Number Delay (ps) Power (dB) Doppler Spectrum
1 0.0 -3 Classical
2 0.2 0 Classical
3 0.5 -2 Classical
4 1.6 -6 Classical
5 2.3 -8 Classical
6 5.0 -10 Classical
Where the Classical Doppler Spectrum is K(f; fp) = ;2

Typical Urban (TU6) Channel Power Delay Profile
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Figure 4.5. Typical Urban (TU6) Channel Power Delay Profile
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4.1.6. Rural Area Channel

The Typical Rural Area (RA6) channel profiles are described in ETSI TR 101
290 document (ETSI TR 101 290 2001). It was originally defined by COST207 as

describing the terrestrial propagation in a rural area and has 6 paths. These paths have

relatively short delay and small power. GSM and DAB services have also used this

channel in their tests. The parameters of this channel are given in table 4.6.

Table 4.6. Typical Rural Area (RA6) Channel Profile
(Source: ETSI TR 101 290 2001)

Path Number Delay (us) Power (dB) Doppler Spectrum
1 0.0 0 Classical
2 0.1 -4 Classical
3 0.2 -8 Classical
4 0.3 -12 Classical
5 0.4 -16 Classical
6 0.5 -20 Classical

The Classical Doppler Spectrum is described in section 4.1.5.
Rural Area (RA6) Channel Power Delay Profile
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Figure 4.6. Rural Area (RA6) Channel Power Delay Profile
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4.2. Simulation of Multipath Fading Channels

There are many methods which are used to simulate multipath fading channels
accurately such as Filtered Gaussian Channel, Jakes’ Model, etc. Since it is desirable to
assess the system performance over all ranges of expected channel conditions, controls
of the channel characteristics are essential. For this reason, channel simulators are of
interest that is derived from theoretical principles (Stiiber 1997).

In this study, Jakes’ Model is used as channel simulator and main principles of

this method will be explained in next sub-section.

4.2.1. Jakes’ Method

Jakes has suggested a very effective channel simulator. The description of this
method begins with assumptions of stationarity and equal strength multipath
components. In this case, the received complex low-pass envelope is (Stiiber 1997);

r(t) = Zg=le—j($n+2nfmtcosé)n)' (4.4)
Where

(ﬁn =2n(fe + fm)Tn- (4.5)

Suppose that an isotropic scattering channel is modeled. Then the N components are

uniformly distributed in angle (Stiiber 1997),
6,==—",n=1,2..,N. (4.6)

Then equation 4.4 can be rearranged in the form (Stiiber 1997)

N =

-1

[e—j(a»_n+21tfmtcos 6,) + ej($n+21rfmtcos Bn)]

r(t) 4.7)

+ e‘j(@—N"‘Z”fmt) + ej($N+2”fmt)

=
1]
[y
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M ~ .
—j(P_n+2mfint cosBy) j(Pn+2mfint cosby)
r(t) = V2 E le o et [ 4.8)
] + e J(@-nt2nfmt) 4 pi(Pn+2mfint)
Where
1 (/N

After obtaining this, by using some trigonometric identities and further algebra,

equation 4.8 can be expressed as (Stiiber 1997)

M
{[ZZ cos B, cos 2mf,t + V2 cos a cos anmt] \|
r(®) = \/7{ o w } (4.10)
| +j|2 ) sinp,cos2nf,t + V2si th] I
k ] ;Sln cos 27 f, sin a cos 21 f, J
Where,
q = = n (4.11)

is an arbitrary phase. From the above development, the Rayleigh fading simulator

shown in Figure 4.7 can be constructed. With this simulator, M low-frequency

oscillators with frequencies f,, = f,cos (2%) n=12... M, where M = %(g— 1),

and with one oscillator at frequency f,, are used to generate waveforms that are added
together to produce r;(t) and r, (). It follows from the Figure 4.7 that (Stiiber 1997)

r(t) = 2¥M | cos B, cos 2mf,t + 2 cos a cos 2mf, t (4.12)

ro(6) = 23M sin B, cos 2nf,t + V2sina cos 2mfpt . (4.13)
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Figure 4.7. Jakes’ Rayleigh fading simulator that generates a faded envelope by using a number of low
frequencies oscillators (Source: Stiiber 1997).
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CHAPTER5

SIMULATED END-TO-END SYSTEM STRUCTURES

DVB-T and DVB-T2 systems have specific transmitter implementations
according to their standards (ETSI EN 300 744 2009) and (ETSI EN 302 755 2011).
These transmitter structures are explained briefly in chapter 3.

The main problem arises for these standards when trying to implement a
receiver. Because there is no specific configuration for both systems and they are
available for adding some extra blocks or reversely removing some parts.

For this purpose, to show the way to the designers of DVB systems, DVB
organization published documents with name “Implementation Guideline” for all their
systems such as DVB-T, DVB-T2, DVB-S2 and etc. (ETSI EN 300 744 2009) (ETSI
EN 302 755 2011) (ETSI EN 302 307 2009) In these documents, there is not a specific
configuration about receiver, there are ideas and some alternative designs about the
systems.

In this study, two different end-to-end systems are designed according to the
principles in standards and these systems are implemented by using the technical
computing program Matlab®.

When implementing the systems, in the name of simplicity, just the main parts
of the systems are selected as the core systems.

In this chapter, implemented end-to-end system structures will be explained and

given some extra information about how they are simulated on computer.

5.1. DVB-T System

The main blocks of DVB-T transmitter are explained in chapter 3. In this sub-
section, simulated transmitter and receiver structures of DVB-T and object oriented
coded Matlab®™ instructions will be explained. The simulated end-to-end DVB-T system
block diagram is illustrated in Figure 5.1.
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5.1.1. Outer Encoder/Decoder

Encoder block of DVB-T system is implemented by constructing a class whose
name is “OKY DVBT RS Enc”. This class has some properties and member functions
with its original constructor function. When creating an OKY_DVBT_RS_Enc class
object, constructor is automatically called and creates an empty vector whose name is
“RS_Coded Data”. The encoding part is happening when “process” function is called.
The codification procedure of input data which is coded in function “process” is
explained below;
e The hexadecimal input is divided into parts whose length is equal to
shortened uncoded length of encoder which is 188.

e Zeros of length 51 bytes is prepended to every part to obtain original
uncoded message length of 239.

e By using Matlab built-in function “gf” data vector is converted into Galois
Fields.

e By using Matlab built-in function “rsenc”, these Galois Fields are encoded

and the encoded data with length 255 is obtained.

e Prepended zeros removed and 204 bytes encoded data is obtained at the

output of the function.

This procedure is applied every subpart with length 188 bytes, so at the output
it’s obtained an integer number of Reed-Solomon packets with length 204 bytes.

At the decoder part, a class whose name is “OKY RS Decoder” is constructed.
The codification procedure is applied in reverse order in this class. To decode the Galois
Fields, Matlab built-in function “rsdec” is used.

The list of used Matlab built-in function in this process is below;

e hex2dec()

e dec2hex()

e reshape()

o size()

62



5.1.2. Outer Interleaver/Deinterleaver

Outer Interleaving stage of DVB-T system is implemented by constructing a
class whose name is “OKY DVBT Outer Interleaver”. This class has some properties
and member functions with its original constructor function. When creating an
OKY_DVBT_Outer_Interleaver class object, constructor is automatically called and
creates an empty vector whose name is “Outer_Interleaver out”. This class is also has a
member function named “process” to succeed interleaving procedure. This procedure is;

e The input for the systems is an integer number of RS-coded data with length

204 bytes.
e A matrix with size of 12x17 is constructed.
e Every 204 byte input data, written serially to this matrix column-wise.

e After written process, the output data is read from this matrix row-wise.

The De-Interleaver procedure is implemented by constructing a class whose
name is “OKY DVBT Outer Delnterleaver”. In this class, interleaver process is

applied in reverse order.

5.1.3. Inner Encoder/Decoder

Inner Encoder stage of DVB-T system is implemented by constructing a class
whose name 1s “OKY_DVBT Conv_Enc”. This class has some properties and member
functions with its original constructor function.

When creating an OKY_DVBT _Conv_Enc class object, constructor is
automatically called and creates an empty vector whose name is “Conv_Coded_Data”,
puncturing patterns changes according to code rate value and generator polynomials of
mother convolutional encoder in octal form.

This class is also has a member function named “process” to succeed the
encoding procedure. This procedure is;

e Because this process is a bit-wise process, first of all, the input hexadecimal

data is converted into bits by using “hex2bit” function which is created when

designing this class.
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e After obtaining a vector that consists of bits, by using Matlab built-in
function “poly2trellis” trellis pattern of encoder object is obtained. This
function uses generator polynomials and constraint length of encoder when
creates trellis patterns.

e By using this obtained trellis pattern and puncturing pattern as its inputs,
Matlab’s built-in function “convenc” creates punctured and encoded data, as

its output.

At decoder side of the system, the same procedures are applied in reverse order.
A class whose name is “OKY Viterbi Decoder2” is constructed. By using the same
trellis pattern, Matlab built-in function “vitdec” is used to decode the data. In this study,

in the name of simplicity, “Hard-Decision Decoding” concepts are used.

5.1.4. Inner Interleaver/Deinterleaver

Inner Interleaver stage of DVB-T system is implemented by constructing a class
whose name is “OKY_ DVBT Inner_Interleaver”. This class has some properties and
member functions with its original constructor function. Demultiplexing of coded bits
into sub-streams is also succeeded in this class.

When creating an OKY_DVBT _Inner_Interleaver class object, constructor is
automatically called and creates an empty vector whose name is “Inner Int out”.
Demultiplexing indexes changes according to modulation type and sub-stream numbers.

This class is also has a member function named “ll_process” to succeed
interleaving procedure. This procedure is;

e First of all, the permutation functions, H,(w),R;, R;and H(q) which are
used in both Bit-wise and Symbol interleaving processes obtained according
to the algorithms which are given in standard’s page from 18 to 21 in section
4.34.

e The input data is demultiplexed into v sub-streams according to the
demultiplexing patterns which are defined in constructor.

e By using permutation function H.(w), and demultiplexed data, Bit-Wise

Interleaving is applied.
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e By using other permutation functions R;, R;and H(q), Symbol interleaving
process is applied

At the Deinterleaver side, this two interleaving parts are applied in reverse order
in a class whose name is “OKY DVBT Inner Delnterleaver2” by using “Idel process”
member function of this class. The list of used Matlab built-in function in this process is
below;

e strcmp()

e Xxor()

e mod()

e sum()

e floor()

* log2()

5.2. DVB-T2 System

The main blocks of DVB-T2 transmitter are explained in 3 groups in chapter 3.
In this subsection, simulated transmitter and receiver structures of DVB-T2 and object
oriented coded Matlab® instructions will be explained. The simulated end-to-end DVB-

T2 system block diagram is illustrated in Figure 5.2.

5.2.1. BCH Encoding/Decoding

In DVB-T2 systems, BCH Encoder is used as outer encoder whose main
principles are explained in chapter 3. In this study, a class whose name is
“OKY_DVBT2 BCH Enc2” is created for encoding process. When this class’
constructor is called, all the encoding processes are applied in it. So encoding procedure
Is;

e The applied BCH code is the same for all the code rates and frame type.

e First of all, zeros are prepended to the input data to obtain coded data length

of 65535 bits.
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e By using zero added data length and 65535, Matlab’s built-in class
structured function “fec.bchenc” is constructed an object with properties of
BCH encoding.
e By using Matlab function “encode” encoding process is succeed and added
zeros are removed from BCH encoded data.
Decoder side is the same with other blocks. The encoding process is applied in
reverse order in a class whose name is “OKY DVBT2 BCH_Decoder” with specified

Matlab functions “fec.bchdec” and “decode”.

5.2.2. LDPC Encoding/Decoding

In DVB-T2 systems, LDPC Encoder is used as inner encoder whose main
principles are explained in chapter 3. A class whose name is
“OKY_DVBT2 LDPC Enc2” is created for encoding process. When this class’s
constructor is called, all the encoding processes are applied in it. So the encoding
procedure is;

e In Matlab, there is a built-in function named “dvbs2ldpc” which is designed
for specifically DVB-S2 LDPC encoding process. By using this function
whose input is code rate value, the parity-check matrix of LDPC code is
obtained. This parity-check matrix is a sparse logical matrix.

e By using parity-check matrix as input of Matlab built-in structured class
function “fec.ldpcenc” an encoder object is obtained.

e The LDPC output is obtained by using Matlab’s “encode” function.

Decoder side is the same with other blocks. The encoding process is applied in

reverse order in a class whose name is “OKY_ DVBT2 LDPC Decoder” with specified
Matlab functions “fec.ldpcdec” and “decode”. For the decoder input either Hard-

Decision or Soft-Decision outputs of Demapping block can be used.

5.2.3. Cell-Time Interleaver/Deinterleaver

DVB-T2 systems have 2 cascaded interleaving blocks which are described in

chapter 3. These blocks are Cell and Time interleaving blocks respectively.
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Figure 5.2. DVB-T2 Simulated End-to-End System Block Diagram




In simulations these blocks are implemented in a class whose name is
“OKY _DVBT2 Interleaving”. This class has 6 member functions except its
constructor. By using these 7 functions, both of the interleaving blocks are simulated.
These functions are;

e OKY_DVBT2_ Interleaving() - Important parameters which are used in all
functions are set in this main function.

e Set S(), Set LO(), Set Pr() - By using these functions, some important
sequences and functions which are used in Cell Interleaving block are
defined.

e Cl_process() = Cell Interleaver procedure is applied in this function.

e TI _process() > Time interleaver procedure is applied in this function.

e process() > This function is used all the functions above to succeed
Cascaded Interleaving process.

In receiver, Cell and Time Deinterleaving are succeeded by applying this

procedure in reverse order. By doing this, “OKY DVBT2 Delnterleaving” class is

created and all the sub-functions run in this class.

5.3. Common Blocks

Some processes are same for the both system. In this sub-section, these common

blocks will be explained.

5.3.1. Mapper/Demapper

Mapper blocks of DVB-T and DVB-T2 systems work with the same purpose.
The main difference between them is DVB-T2 has extra 256QAM modulation type.

For the both system, Mapper is implemented by constructing classes whose
names are “OKY_DVBT Const Mapping2” and “OKY_DVBT2_Mapping_Const2”.
These classes have some properties and member functions with their original
constructor functions.

When creating an OKY_DVBT_Const_Mapping2 class object, constructor is

automatically called and creates an empty vector whose name is “Y_mapped” and
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mapping parameters. When creating an OKY_DVBT2_Mapping_Const2 class object,
constructor creates an empty vector whose name is “Const_out” and mapping
parameters

According to modulation type, by using Matlab built-in class structures’
function of “modem.qammod”, the simulation environment which is the same as the
facts which are explained in chapter 3 is defined.

These classes also have a member function named “process” to succeed
interleaving procedure. This procedure is;

e In constructor of the class, the modulating parameters are defined and

according to these parameters, a modulation object of modem.gammaod class
IS constructed.

e By using modulation object and inner interleaved data as inputs of Matlab’s
built-in function “modulate”, mapping of input bits into output modulation
symbol.

e Modulation symbols are normalized according to the values in table 3.5.

In receiver, Demapping procedures are the same for both systems except one
difference. DVB-T system in this study is designed to work just for Hard-Decision data
and the corresponding Demapper is designed according to this concept. In DVB-T2
system, decoders can use either Hard-Decision or Soft-Decision data. The simulations
are run in the classes QAM_DeMapping2 and T2_QAM_DeMapping for the systems
respectively DVB-T and DVB-T2 by the help of Matlab built-in functions

“modem.qamdemod” and “demodulate”.

5.3.2. OFDM Modulation/Demodulation

OFDM is maybe the most important common ground of both systems. These
concepts are explained deeply in chapter2 and transmitted signal structures for both
systems are given chapter 3.

According to this information, it’s known that OFDM procedure can be obtained
by applying Fast Fourier Transform (FFT) and Inverse FFT (IFFT) to the input signal
with appropriate FFT length.

In simulations two different Matlab functions are used for this purpose. These
functions are “ifft(x)” and “fft(x)”. Zeros added to the input data to obtain FFT length

69



data. Outputs of these functions are multiplied and divided by a specific number to
obtain the total signal energy is equal to 1.

5.3.3. AWGN Channel

AWGN is added to the transmitted signal according to the Signal to Noise Ratio
(SNR) value. Matlab built in function “awgn” is used for this purpose. This function
uses SNR value in dBs, transmitted data and AWGN option as its inputs. AWGN option
is used as ‘measured’. This means that, function first of all measures the power of input
data and according to this value and SNR value, then it calculates the noise variance. By
using this calculated noise variance, functions create a normally distributed random

number with zero mean and add this number to the symbol.

5.3.4. Multipath Channel

Multipath channel effect for both systems is applied with the same class whose
name is “Multipath Channel Model”.

This class constructs complex channel impulse response from chosen channel’s
power, delay, phase and Doppler frequency parameters by using the theory which is
explained in chapter 4.

By performing fft of this complex impulse response, Frequency response of the
chosen channel is obtained. This Frequency response is used to equalize the channel.
(See 5.3.5)

Sample number representation of the tap delays can be calculated from the
division of tap delays in seconds to the input sample period.

In this part, it’s generated a single fading coefficient with the “sum of sinusoids”
concepts. Jakes model has 32 oscillators according to the design. So this generates 140

incident waves for each fading coefficients. (See 4.2.1)
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5.3.5. Channel Estimation

There are many channel estimations techniques which can be used in DVB-T
and DVB-T2 systems such as Least Squares (LS) Method, Minimum Mean Square
Error (MMSE) Method and etc. but in the name of simplicity, in this study Perfect
Channel Estimation concept is used.

One of the most important rules in theory says that “The convolution in time

domain is equal to multiplication in frequency domain”.

Fourier Transform (5 l)

y(t) = x(t) ® h(t) + n(t) Y(jQ) = X(jQ).H(jQ) + N(jQ)

Where y is received signal, x is transmitted signal, h is channel impulse response and n
is the additive noise.

According to this rule, in perfect channel estimation, the channel equalized
signal is obtained as the OFDM demodulated signal is divided directly by the FFT of

channel impulse response.
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CHAPTER 6

SIMULATION AND RESULTS

This chapter includes the main purpose of this study. Simulated system
performance results will be given both on tables and on Figures. In this chapter, also a
comparison between DVB-T and DVB-T2 will be performed according to the changing

effects of seven different channels.

6.1. Simulation Properties & Interfaces

The DVB-T & DVB-T2 Simulation v1.0 offers a simulation of European Digital
Terrestrial Television Broadcasting Standards by selecting their most important
parameters such as code rate, modulation type etc. In the name of simplicity, the GUIs
are designed to be user-friendly. There are three main interfaces. First one is Main

Menu.

[ DVB-T & DVB-T2 Simulation v1.0 l = -Zhj [
Select the Simulation Type
DVB-T
DVB-T2
Close
IYTE, 2011
Designed by
OKTAY KARAKUS

Figure 6.1. Simulation Main Menu
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In addition to main menu, DVB-T and DVB-T2 main menus are designed and

given in Figures 6.2 and 6.3.

DVBT_Test [E=NEES)
I DVB-T SIMULATION I
— Transmission Mode — — Modulation Type— - Viterbi Decoder ——— Channel Sirulation control
Hard Decision (Choose.) v [ start | e ;
(Chooee) i {Clices=). i ‘ ‘ Soft Decision SNR Value \ Close \ Elg ital Video
roadcastin
fror 0 ,Rff,’,‘,ij 9
W i . Step 0
; Code Rate OFDM Plottings Ready... &
‘ (Choose..) v (Choose.) v (Choose...) v to 0 M .T
: ; TERRESTRIAL
08 08
06 06
04 04
02 02
0 . n " n \ 0 " . . . :
0 02 04 0.6 08 1 0 02 04 0.6 0.8 1
IVYTE, 2011
Designed by
OKTAY KARAKUS
Figure 6.2. DVB-T Main Menu
"B DVBT2 Test [E=HEE ")
DVB-T2 SIMULATION
Mode Code Rate —— Modulation Channel Siraulation Simulation Control
" Type . . .
(Choose.) v (Choose... = (Choose..) + (Choose..) - . i — | Dlglta| Video
(ot — —_— 1
ooz T e | | Broadcasting
| | SNR Value Selected C
Simulation Close |
AR Decision Type Guard Interval — from | EdtText Type is Cose
a2 ©
(Choose..) ¥ (Choose... ¥ (Choose... v SEn ol Ready... m
to Edit Text
1 1
08 0.8
06 06
04 04
0.2 02
0 L L n n s 0 n n L L s
0 0.2 04 06 08 1 0 02 04 06 08 1
IVTE, 2011
Designed by
OKTAY KARAKUS

Figure 6.3. DVB-T2 Main Menu
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By the help of main menu, user can select the desired simulation platform or can
close the main menu window by clicking the Close Button.
In simulation sub-menus, user can select the important parameters of simulation
and starts the simulation. There designed two different simulation options which are;
e BERVvs. SNR
e Required C/N for Target BER

6.1.1. BER vs. SNR

This simulation option offers two Bit Error Rate vs. Signal-to-Noise Ratio (BER
vs. SNR) curves for selected parameters. User can select parameters by using related
parameter menus. After selecting parameters, by using simulation control buttons,
simulation will be started. Close button closes simulation window and Reset button
clears the graphic axes which are located in the window. There are two example

screenshots for both systems in Figures 6.4 and 6.5.

"I OVBT Test et
I DVB-T SIMULATION I
— Transmission Mode — — Modulation Type Viterbi Decoder ——— Channel - - Simulation control -
© Hard Decision AWGN v 1 Start _— .
LS At OBsk Z Soft Decision SNR Value [ cose | D|9|ta| Vldeo

Broadcasting

from 1 { s

Step | 05

Plottings
‘ SNR vs. BER -
.

Finished...

TERRESTRIAL

- Code Rate - [ OFDM

‘ 2/3 - 1/4 -

SNR in dBs SNR in dBs

IYTE, 2011
Designed by

OKTAY KARAKUS

Figure 6.4. DVB-T Simulation Option 1
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DVBT2_Test

I DVB-T2 SIMULATION I I ) ! ;

_ Simulation Sirulation Control——
e Digital Video
Broadcastmg

SNRvVs... ¥

Channel

Mode —— Code Rate—— Modulation

QPSK v 6-Tap Rural Area v

3/5 -

2K v
Reset

SNR Value Selected -
Simulation —
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- PrameType—— pecision Type— - Guard Interval Con 2 B
- e SNR vs. BER o
NormalF.. v Soft-Dec.. ¥ 1/4 - st=p b Finished... M-
to 55

SNR vs. BER graphic Before LDPC Decoder o SNR vs. BER graphic After LDPC Decoder

2 i i i i i i i j i ;
2 25 3 35 4 45 5 55 2 25 3 35 4 45
SNR in dBs SNR in dBs

IYTE, 2011
Designed by

OKTAY KARAKUS

Figure 6.5. DVB-T2 Simulation Option 1

6.1.2. Required C/N for Target BER

This simulation option offers required C/N value in dBs for selected parameters
of selected DVB system. The parameters of the simulation are selected by using the
same interface which is given in Figure 6.2 and 6.3. In this simulation option just one of
the two axes is used for plotting the transmitted signal spectrum. Another axis is not
used for this option. Two examples for both systems are given in Figures 6.6 and 6.8.

The resulting C/N value in dBs is declared to the user with a dialog box
appeared when the simulation finishes. In this dialog box, there are also selected
important systems parameters which are Code Rate value of inner encoder, Modulation
type and selected channel type for the environment. Two examples of these dialog

boxes for both systems are given in Figure 6.7 and 6.9.
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6.2. Log-Files

If simulation option 1 “BER vs. SNR” is selected, the related values of the
simulation which are drawn into the both figures are written and saved in a text file.
This log-file is named as “LogFile DATE TIME”. The formats for data and time are;

e Date Format - dd-mm-yyyy
e Time Format = hh-mm

An example log-file is given in Appendix A whose name is “LogFile 04-11-

2011 17-02.txt”.

6.3. Simulation Environment

As indicated in the sections above, there are many different parameters of both
systems. Some of these are common and some of these are distinct. In the name of
simplicity, it’s created a simulation environment from these parameters. In this
environment, some of the parameters are always taken the same and these parameters’
effects are not mentioned in this study. By changing some parameters, systems’
performance is simulated. There will be given this simulation environment below.

Common Parameters;

e Transmission Mode 2> 2K

e Transmission Type - SISO
e Channel Bandwidth - 8 MHz
e Channel Estimation - Perfect
e Synchronization - Perfect
e Guard Interval 2> Y

e Channel Model —> Jakes Model
e Jakes Model Oscillator Number - 32

e Doppler Frequency 2> 20 Hz
e Target BER after Inner Encoders - 2x10™
e Target BER after Outer Encoders > 0

Specific DVB-T Parameters;
Viterbi Decoder Traceback Length - 136
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e Viterbi Decoder Decision Type —> Hard Decision
Specific DVB-T2 Parameters;

e Frame Type/Length -> Normal/64800 bits
e LDPC Decoder Decision Type —> Hard Decision
e Unused Modulation Type - 256 QAM.

6.4. Comparison Results

DVB-T and DVB-T2 systems and simulation environment are explained in
previous sections. As indicated in this study, main purpose is to measure the
performance of both systems under the effects of different channel models. In this

section the theoretical comparison and simulated comparison values will be given.

6.4.1. Theoretical Comparison

Before introducing the simulation results, as it’s told in previous chapters, DVB-
T and DVB-T2 use the same processes in some cases. But as might be expected, DVB-
T2 has some additional features and new systems than DVB-T. DVB-T2 can offer a
much higher data rate than DVB-T or a much more robust signal. For comparison, the
last two rows of the table show the maximum data rate at a fixed C/N ratio and the

required C/N ratio at a fixed useful data rate.
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Table 6.1. DVB-T vs. DVB-T2
(Source: ETSI DVB Fact Sheet 2011)

DVB-T

DVB-T2 (new/improved

options are bold)

Convolutional Encoding +

LDPC + BCH Encoding

FEC Reed-Solomon
1/2, 3/5, 213, 3/4, 4/5, 5/6
1/2, 2/3, 3/4, 5/6, 7/8
) QPSK, 16QAM, 64QAM,
Modulations QPSK, 16QAM, 64QAM

256QAM

Guard Interval

1/4,1/8, 1/16, 1/32

1/4,19/128, 1/8, 19/256,
1/16, 1/32, 1/128

FFT Modes

2K, 8K

1K, 2K, 4K, 8K, 16K, 32K

Scattered Pilots

8% of Total

1%, 2%, 4%, 8% of Total

Continual Pilots

2.6% of Total

0.35% of Total

Typical Data Rate

24 MBits/s 40 MBits/s
(UK)
Max. Data Rate ) ]
29MBits/2 47.8 MBits/s
(@20 dB C/N)
Required C/N
Ratio (@ 16.7 dB 8.9dB
22MBits/s)
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6.4.2. Simulation Results

6.4.2.1. BER vs. SNR Results

In this section, a comparison will be performed on SNR-BER curves whose
values are found according to the simulation option one. These values are combined and
plotted on a figure for each combination of parameters. Only the common values are
used for Modulation Type and Code Rate. These common values are;

e Modulation - QPSK, 16QAM, 64QAM
e CodeRate > 1/2,2/3,3/4,5/6

Twelve figures are selected for this comparison each simulated in one channel
type which is selected randomly from the seven simulation channels and given in
Figures from 6.10 to 6.21.

SNR-BER Curve for QPSK, 1/2 Code Rate, TU6 Channel
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SNR-BER Curve for QPSK, 1/2 Code Rate, TU6 Channel
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SNR-BER Curve for QPSK, 5/6 Code Rate, PO Channel
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BER after Inner Decoders

BER after Inner Decoders
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o SNR-BER Curve for 16QAM, 5/6 Code Rate, Ricean Channel
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BER after Inner Decoders

BER after Inner Decoders
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SNR-BER Curve for 64QAM, 5/6 Code Rate, Ricean Channel
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6.4.2.2. Required C/N Values Results

In this section, a comparison will be performed according to the required C/N
values which are found according to the simulation option two for Target BER 2.10™.
These values are combined and written on a table for each simulation channels.

In addition to the tables, also seven figures plotted for comparison. First four
figures (Figure 6.22-6.25) give Required C/N values in figures. Other three figures
(Figure 6.26-6.24) give comparison results for DVB-T’s gain in dBs. Only the common
values are used for Modulation Type and Code Rate. These common values are;

e Modulation - QPSK, 16QAM, 64QAM
e CodeRate - 1/2,2/3,3/4,5/6

Seven different tables are drawn with simulated values are given in tables below.
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Table 6.2. DVB-T vs. DVB-T2 under the effects of AWGN Channel

AWGN Channel Comparison in C/N dBs

Modulation Code Rate DVB-T DVB-T2
QPSK 1/2 4.1 -0.4
QPSK 3/5 --- 0.8
QPSK 2/3 5.7 1.7
QPSK 3/4 6.8 2.6
QPSK 4/5 3.3
QPSK 5/6 7.9 3.8
QPSK 7/8 8.1 ---

16QAM 1/2 10.5 4.8
16QAM 3/5 --- 6.2
16QAM 2/3 121 7.2
16QAM 3/4 13.3 8.5
16QAM 4/5 --- 9.3
16QAM 5/6 14.7 10.0
16QAM 7/8 14.9

64QAM 1/2 15.9 94
64QAM 3/5 11.1
64QAM 2/3 17.8 12.3
64QAM 3/4 19.1 13.9
64QAM 4/5 14.9
64QAM 5/6 20.7 15.7
64QAM 7/8 21.1
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Table 6.3. DVB-T vs. DVB-T2 under the effects of Ricean Channel

20 Taps Ricean Channel Comparison in C/N dBs

Modulation Code Rate DVB-T DVB-T2
QPSK 1/2 4.9 0.2
QPSK 3/5 --- 1.5
QPSK 2/3 6.6 2.5
QPSK 3/4 7.9 3.6
QPSK 4/5 - 4.2
QPSK 5/6 9.7 4.9
QPSK 7/8 10.4 ---

16QAM 1/2 11.2 54
16QAM 3/5 --- 6.9

16QAM 2/3 13.2 8.1

16QAM 3/4 14.5 94
16QAM 4/5 --- 10.1
16QAM 5/6 16.6 10.9
16QAM 7/8 17.3

64QAM 1/2 16.6 10.0
64QAM 3/5 11.9
64QAM 2/3 19.0 13.2
64QAM 3/4 20.6 14.8
64QAM 4/5 16.0
64QAM 5/6 22.3 16.6
64QAM 7/8 23.1
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Table 6.4. DVB-T vs. DVB-T2 under the effects of 3 dB Echo Channel

Simple 2Path, 3dB Echo Channel Comparison in C/N dBs

Modulation Code Rate DVB-T DVB-T2
QPSK 1/2 8.9 4.5
QPSK 3/5 --- 5.5
QPSK 2/3 12.8 7.4
QPSK 3/4 141 8.6
QPSK 4/5 9.6
QPSK 5/6 15.9 10.0
QPSK 7/8 16.8 ---

16QAM 1/2 14.1 9.5
16QAM 3/5 --- 111
16QAM 2/3 18.2 12.6
16QAM 3/4 20.2 13.9
16QAM 4/5 --- 14.8
16QAM 5/6 23.3 15.7
16QAM 7/8 24.2

64QAM 1/2 19.4 13.8
64QAM 3/5 15.8
64QAM 2/3 23.7 17.4
64QAM 3/4 25.8 19.2
64QAM 4/5 20.4
64QAM 5/6 28.4 21.2
64QAM 7/8 29.6
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Table 6.5. DVB-T vs. DVB-T2 under the effects of PO Channel

12 Taps Portable Outdoor Channel
Comparison in C/N dBs (Fq = 1.69 Hz)

Modulation Code Rate DVB-T DVB-T2
QPSK 1/2 6.9 2.7
QPSK 3/5 4.0
QPSK 2/3 9.5 5.6
QPSK 3/4 115 6.5
QPSK 4/5 7.3
QPSK 5/6 14.0 8.4
QPSK 7/8 15.2

16QAM 1/2 13.2 7.7
16QAM 3/5 --- 9.6
16QAM 2/3 15.8 11.1
16QAM 3/4 17.9 12.0
16QAM 4/5 --- 13.0
16QAM 5/6 20.7 14.1
16QAM 7/8 22.0 -

64QAM 1/2 18.5 12.1
64QAM 3/5 --- 14.2
64QAM 2/3 21.5 15.6
64QAM 3/4 23.6 17.5
64QAM 4/5 --- 18.7
64QAM 5/6 26.1 19.5
64QAM 7/8 27.4

91



Table 6.6. DVB-T vs. DVB-T2 under the effects of Pl Channel

12 Taps Portable Indoor Channel

Comparison in C/N dBs (Fq = 1.69 Hz)

Modulation Code Rate DVB-T DVB-T2
QPSK 1/2 8,6 4,5
QPSK 3/5 58
QPSK 2/3 11,7 8,0
QPSK 3/4 14,3 9,4
QPSK 4/5 --- 10,4
QPSK 5/6 17,6 11,2
QPSK 7/8 19,7 ---

16QAM 1/2 14,7 10,0
16QAM 3/5 --- 12,0
16QAM 2/3 18,1 13,6
16QAM 3/4 21,2 14,7
16QAM 4/5 --- 15,4
16QAM 5/6 24,6 16,6
16QAM 7/8 26,4 -

64QAM 1/2 20,1 14,4
64QAM 3/5 --- 16,4
64QAM 2/3 23,6 18,2
64QAM 3/4 26,4 19,7
64QAM 4/5 --- 21,1
64QAM 5/6 30,1 22,0
64QAM 7/8 32,0
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Table 6.7. DVB-T vs. DVB-T2 under the effects of TU6 Channel

6 Taps Typical Urban Channel Comparison in C/N dBs

(Fg = 20 Hz)

Modulation Code Rate DVB-T DVB-T2
QPSK 1/2 9.1 5.4
QPSK 3/5 6.6
QPSK 2/3 125 8.8
QPSK 3/4 14.7 10.1
QPSK 4/5 10.7
QPSK 5/6 18.0 11.4
QPSK 7/8 19.2

16QAM 1/2 14.9 10.2
16QAM 3/5 --- 12.3
16QAM 2/3 18.7 14.0
16QAM 3/4 21.2 15.2
16QAM 4/5 --- 16.2
16QAM 5/6 24.2 17.0
16QAM 7/8 25.5 -

64QAM 1/2 19.9 14.9
64QAM 3/5 --- 17.0
64QAM 2/3 23.7 18.7
64QAM 3/4 26.3 20.3
64QAM 4/5 --- 21.7
64QAM 5/6 30.2 22.6
64QAM 7/8 313
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Table 6.8. DVB-T vs. DVB-T2 under the effects of RA6 Channel

6 Taps Rural Area Channel Comparison in C/N dBs

(Fg = 20 Hz)

Modulation Code Rate DVB-T DVB-T2
QPSK 1/2 7.6 3.0
QPSK 3/5 45
QPSK 2/3 9.7 5.3
QPSK 3/4 10.8 6.3
QPSK 4/5 6.9
QPSK 5/6 12.2 7.4
QPSK 7/8 12.5

16QAM 1/2 14.0 7.8
16QAM 3/5 --- 94
16QAM 213 16.0 10.6
16QAM 3/4 17.3 12.0
16QAM 4/5 --- 12.9
16QAM 5/6 19.1 13.6
16QAM 7/8 19.7 -

64QAM 1/2 19.3 12.6
64QAM 3/5 --- 14.4
64QAM 2/3 21.6 15.7
64QAM 3/4 23.3 174
64QAM 4/5 --- 18.6
64QAM 5/6 24.8 19.4
64QAM 7/8 25.3
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3/4 Code Rate

AWGN Ricean Simple PO Pl TU6 RA6
Channel Channel 2-Path Channel Channel Channel Channel
Channel

Channel Type

30
a 2 Av%
o°
£
@ 20
r_su e=@=—T2-QPSK
> 15
E =f—T2-16QAM
Q
5 wte=T2-640AM
o 10
'S == T-QPSK
<3
® 5 ’/( —¥=T-160AM
=0—T-64QAM
0
AWGN Ricean Simple PO Pl TU6 RA6
Channel Channel 2-Path Channel Channel Channel Channel
Channel
Channel Type
Figure 6.24. Required C/N Values for 3/4 Code Rate
5/6 Code Rate
35
- /\/ \
o
£ 75
(7]
g
E 20 =@=T2-QPSK
2 =f—T2-16QAM
S 15
- / —de=T2-640AM
[J] M
L 10 =>=T-QPSK
> \
€ s —=#=T-160AM
=0—T-64QAM
0

Figure 6.25. Required C/N Values for 5/6 Code Rate

96



These four figures are defined as the graphical representations of tables given in
this section. With these figures, DVB-T2’s great performance can be easily seen. So on
next three figures this success of DVB-T2 will be shown according to Gain values in
dBs.

Also in these figures a channel comparison can be applied according to the
reference channel profile “AWGN Channel”.
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Figure 6.26. Gain values of DVB-T2 in dBs for QPSK Modulation
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CHAPTER 7

CONCLUSIONS

In this thesis, we studied on European Digital Terrestrial Television
Broadcasting standards which are DVB-T and DVB-T2, and their receiver performance
under the strong multipath interference of seven different channels. We expected to
achieve better performance results as expected in DVB-T2 systems because of its better
design and more accurate error correcting structures.

In chapter 6, comparison values are given in two different forms which are
figures and tables. Shortly, it can be said that these two forms both show the same
result. DVB-T2 system performance is better than DVB-T at every combination of
parameters and channels. If C/N is slightly decreased, for example, to 0.5 dB, the LDPC
bit error rate will be much greater. This is consistent with typical steep performance
curves of LDPC codes.

As expected, systems need higher values of C/N in dBs by increasing order of
Modulation and Code Rate. These results are seen in all the comparison figures.
Increasing the core rate decreases performance because the less redundant information
by coded blocks, making the system more sensitive to the errors and channel fading.
Modulation increasing decreases performance because the reduction of the decision
areas corresponding to each symbol when modulation order is increased causes that at
the same noise levels, the symbol error rate is worse.

Another aim of this thesis is to measure the performance of the systems under
different types of channel effects. At the beginning, simulated seven channels are

classified into three groups. These groups are;

e Fixed -> 20-tap Ricean and 3db Echo
e Portable - Pland PO
e Mobile - TU6 and RA6

AWGN channel is used as the reference channel and did not classify into these
groups. As the result of the simulation for the both systems, 20-tap Ricean channel is

the best channel and its required C/N values are very close to the AWGN Channel.
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Mobile channel TU6 and Portable channel PI are the worst channels according

to their required C/N values as expected. Despite the bad effects of this channel, the
DVB-T2 was able to achieve better results in 3 to 9 dBs than DVB-T.

As future work;

Simulated Core system structures can be expanded and a full simulation can
be simulated.

Channel Estimation Methods can be studied.

Synchronization of time and frequency can be studied.

By adding some new features and elaborating some blocks, fully mobile
versions of DVB-T and DVB-T2 can be simulated. These mobile versions
are DVB-H and DVB-T2 Lite respectively.

Mobility affect can be increased and system performance can be compared
under the effect of high Doppler spread.

Stronger mobile channels which are described in COST207 document
(COST Organization n.d.), HT12 (12-tap Hilly Terrain) and BU12 (12-tap
Bad Urban) channel can be added simulated channel models.

With a new type of structure that can be used instead of the TS packets, a
new and unique transmission media can be created.

LDPC Encoding/Decoding block can be deeply studied by using different
decoding algorithms.

LDPC decoder performance can be measured under the effects of “Non-
Gaussian Noise”.

DVB-T system performance with LDPC Encoder as its inner encoder
instead of Punctured Convolutional Encoder.

MISO (Defined in Standards) or MIMO (New Idea) concepts can be applied
and studied.
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DVB-T SIMULATION LOG FILE
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APPENDIX A

LOG-FILE EXAMPLE

e: 04-11-2011

e: 17:02

ULATION PARAMETERS;

Transmission Mode: 2K

Modulation: QPSK

Code Rate: 2/3

Guard Interval: 1/4

Channel: AWGN

Decision Type: Hard-Decision

ULATION RESULTS;

BER
Before
Viterbi

9.499%e-002

8.260e-002

7.254e-002

6.024e-002

4.931e-002

4.09%9e-002

3.250e-002

BER
After
Viterbi

3.342e-001

2.607e-001

1.908e-001

1.11%e-001

5.901e-002

2.807e-002

1.056e-002

BER
After

3.338e-001

2.607e-001

1.894e-001

1.11%e-001

5.904e-002

2.439%9e-002

5.336e-003
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4.5 2.470e-002 3.030e-003
5.0 1.931e-002 1.418e-003
5.5 1.369e-002 2.945e-004
6.0 9.838e-003 3.720e-004
6.5 6.805e-003 0.000e+000
7.0 4.671e-003 0.000e+000
SIMULATION RESULTS;
SNR NumofErr NumofErr
in Before After
dBs Viterbi Viterbi

1.0 18384 43123

1.5 15987 33631

2.0 14039 24618

2.5 11658 14439

3.0 9544 7614

3.5 7933 3622

4.0 6290 1363

4.5 4781 391

5.0 3737 183

5.5 2650 38

6.0 1904 48

6.5 1317 0

7.0 904 0
Designed by OKTAY KARAKUS... IzMIR,

2011

8.669e-004

2.104e-004

0.000e+000

0.000e+000

0.000e+000

0.000e+000

NumofErr
After
RS

39666

30973

22498

13294

7015

2898

634
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