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Abstract

Throughout this work, channel estimation techniques have been analyzed and proposed for
moderate and very high mobility DVB (digital video broadcasting) receivers, focusing on
the DVB-T2 (Digital Video Broadcasting - Terrestrial 2) framework and the forthcoming
DVB-NGH (Digital Video Broadcasting - Next Generation Handheld) standard. Mobility
support is one of the key features of these DVB specifications, which try to deal with the
challenge of enabling HDTV (high definition television) delivery at high vehicular speed.

In high-mobility scenarios, the channel response varies within an OFDM (orthogonal
frequency-division multiplexing) block and the subcarriers are no longer orthogonal, which
leads to the so-called ICI (inter-carrier interference), making the system performance drop
severely. Therefore, in order to successfully decode the transmitted data, ICI-aware detectors
are necessary and accurate CSI (channel state information), including the ICI terms, is
required at the receiver.

With the aim of reducing the number of parameters required for such channel estimation
while ensuring accurate CSI, BEM (basis expansion model) techniques have been analyzed
and proposed for the high-mobility DVB-T2 scenario. A suitable clustered pilot structure has
been proposed and its performance has been compared to the pilot patterns proposed in the
standard. Different reception schemes that effectively cancel ICI in combination with BEM
channel estimation have been proposed, including a Turbo scheme that includes a BP (belief
propagation) based ICI canceler, a soft-input decision-directed BEM channel estimator and
the LDPC (low-density parity check) decoder. Numerical results have been presented for
the most common channel models, showing that the proposed receiver schemes allow good
reception, even in receivers with extremely high mobility (up to 0.5 of normalized Doppler

frequency).
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Resumen

Esta tesis doctoral analiza y propone diferentes técnicas de estimacion de canal para recep-
tores DVB (Digital Video Broadcasting) con movilidad moderada y alta, centrandose en el
estandar de segunda generacion DVB-T2 (Digital Video Broadcasting - Terrestrial 2) y en
el proximé estandar DVB-NGH (Digital Video Broadcasting - Next Generation Handheld).
La movilidad es una de las principales claves de estas especificaciones, que tratan de lidiar
con el reto de permitir la recepcion de senal HDTV (high definition television) en receptores
moviles.

En escenarios de alta movilidad, la respuesta del canal varia dentro de un simbolo OFDM
(orthogonal frequency-division multiplexing) y las subportadoras ya no son ortogonales, lo
que genera la llamada ICI (inter-carrier interference), deteriorando el rendimiento de los
receptores severamente. Por lo tanto, con el fin de decodificar correctamente los datos trans-
mitidos, detectores capaces de suprimir la ICI y una precisa CSI (channel state information),
incluyendo los términos de ICI, son necesarios en el receptor.

Con el objetivo de reducir el nimero de parametros necesarios para dicha estimacion
de canal, y al mismo tiempo garantizar una CSI precisa, la técnica de estimacion BEM
(basis expansion model) ha sido analizada y propuesta para identificar el canal con ICI en
receptores DVB-T2 de alta movilidad. Ademas se ha propuesto una estructura de pilotos
basada en clisters, comparando su rendimiento con los patrones de pilotos establecidos
en el estandar. Se han propuesto diferentes sistemas de recepcion que cancelan ICI en
combinaciéon con la estimacion BEM, incluyendo un esquema Turbo que incluye un detector
BP (belief propagation), un estimador BEM soft y un decodificador LDPC (low-density parity
check). Se han presentado resultados numéricos para los modelos de canal més comunes,
demostrando que los sistemas de recepciéon propuestos permiten la decodificacién correcta
de la senal incluso en receptores con movilidad muy alta (hasta 0,5 de frecuencia de Doppler

normalizada).
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Laburpena

Doktoretza tesi honetan, hainbat kanal estimazio teknika ezberdin aztertu eta proposatu
dira mugikortasun ertain eta handiko DVB (Digital Video Broadcasting) hartzaileentzat,
bigarren belaunaldiko Lurreko Telebista Digitalean DVB-T2 (Digital Video Broadcasting
- Terrestrial 2) eta hurrengo DVB-NGH (Digital Video Broadcasting - Next Generation
Handheld) estandarretan oinarrututa. Mugikortasuna bigarren belaunaldiko telebista es-
tandarrean funtsezko ezaugarri bat da, HDTV (high definition television) zerbitzuak abia-
dura handiko hartzaileetan ahalbidetzeko erronkari aurre egiteko nahian.

Baldintza horietan, kanala OFDM (ortogonalak maiztasun-zatiketa multiplexing) sinbolo
baten barruan aldatzen da, eta subportadorak jada ez dira ortogonalak, ICI-a (inter-carrier
interference) sortuz, eta sistemaren errendimendua hondatuz. Beraz, transmititutako datuak
behar bezala deskodeatzeko, ICI-a ekiditeko gai diren detektagailuak eta CSl-a (channel state
information) zehatza, ICI osagaiak barne, ezinbestekoak egiten dira hartzailean.

Kanalaren estimazio horretarako beharrezkoak diren parametro kopurua murrizteko eta
aldi berean CSI zehatza bermatzeko, BEM (basis expansion model) teknika aztertu eta pro-
posatu da ICI kanala identifikatzeko mugikortasun handiko DVB-T2 eszenatokitan. Horrez
gain, pilotu egitura egokia proposatu da, estandarrean proposatutako pilotu ereduekin al-
deratuz BEM estimazioan oinarritua. ICI-a baliogabetzen duten hartzaile sistema ezberdin
proposatu dira, Turbo sistema barne, non BP (belief propagation) detektagailua, soft BEM
estimazioa eta LDPC (low-density parity check) deskodetzailea uztartzen diren. Ohiko
kanal ereduak erabilita, simulazio emaitzak aurkeztu dira, proposatutako hartzaile sistemak
mugikortasun handiko kasuetan harrera ona dutela erakutsiz, 0.5 Doppler maiztasun nor-

malizaturaino.
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Capitulo 1

Introduccion

La posiblilidad de disponer de informacién en cualquier momento y lugar, ha transformado
los habitos de consumo y ha dado lugar a nuevas posibilidades de comunicaciéon. En cuanto
a la transmision de senal de television, la evolucion de la electronica y el procesamiento
digital de la senal ha dado lugar a la demanda de servicios de mayor capacidad y a nuevos

escenarios de alta definicién, tanto en equipos portatiles como moviles.

En este sentido, uno de los sistemas inaldémbricos méas populares para la difusion de
contenidos sigue siendo la television terrestre, la cual es ya exclusivamente digital en Espana
debido al apagon analdgico de abril de 2010, siendo DVB-T (Digital Video Broadcasting -
Terrestrial) el estandar adoptado. La television digital aporta numerosas ventajas frente
a la analogica, mejorando notablemente la calidad en la recepciéon y siendo méas inmune a
interferencias. Ademas, se pueden transmitir un mayor ntimero de programas en el mismo
canal, hasta 4 de definicion sencilla SDTV (standard-definition television) por cada canal
analogico, y es posible disponer de servicios adicionales tales como subtitulos, informaciéon

meteoroldgica, emisoras de radio o servicios interactivos.

Con el objetivo de proporcionar una mayor capacidad, en 2009 surge DVB-T2 (Digital
Video Broadcasting - Terrestrial 2), extension natural de DVB-T, el cual fue inicialmente
disenado con el fin de proporcionar television de alta definicion HDTV (high definition televi-
sion) para dispositivos fijos y portatiles. Para hacer frente a estos nuevos servicios, DVB-T2
incorpora una serie de herramientas que permiten un aumento de la capacidad y una mejora
sustancial de la robustez. En concreto, la correcciéon de errores mediante codigos LDPC
(low-density parity check), la incorporacion de nuevos patrones de pilotos, nuevos intervalos
de guarda, mayores longitudes de FFT (fast Fourier transform), mayores 6rdenes de modu-
lacion y la introduccion de multiples tuberias de capa fisica o PLPs (physical layer pipe),
hacen posible que el estandar se adapte a los requisitos de diversos modos de transmision,
dando como resultado un sistema mucho méas flexible. Sin embargo, la movilidad en el re-
ceptor se ha convertido en una cuestion clave y por lo tanto de cara a futuros estandares,
tales como DVB-NGH (Digital Video Broadcasting - Next Generation Handheld), el reto es

permitir la recepcién en sistemas portatiles y especialmente moviles.



Capitulo 1. Introduccién

1.1 Motivaciéon y Objetivos

El principal problema derivado de los requerimientos de movilidad de DVB-T2 y DVB-
NGH es la interferencia interportadora o ICI (inter-carrier interference), la cual destruye
la ortogonalidad entre las subportadoras de datos y degrada el rendimiento del sistema.
Actualmente en Reino Unido se esta utilizando la modalidad de 32K para maximizar la tasa
de datos para HDTV en receptores estacionarios. Aunque la configuracion elegida sea més
robusta frente a la interferencia intersimbolica o ISI (inter-symbol interference) en redes de
frecuencia tnica SFN (single frequency network) y en tultima instancia ofrezca una mayor
cobertura, también supone desventajas. En concreto, implica una mayor vulnerabilidad
frente a la ICI debido al menor espaciado entre las subportadoras, lo que significa que los
receptores moviles no pueden recibir la senal de forma tan fiable.

Sin embargo, DVB-T2 permite proporcionar servicios con diferente proteccion mediante
multiples PLPs, que permiten que los servicios tengan diferente modulacién, tasa de codi-
ficacion o entrelazado temporal. Asi, recientemente se ha creado un nuevo pérfil, DVB-T2
Lite, que permite emitir con niveles de proteccion distintos y mediante los FEFs (future ex-
tension frame), permite combinar DVB-T2 con futuras tecnologias en un mismo multiplex
mediante una multiplexacion por divisién en el tiempo. Ademés, de esta forma es posible la
convergencia entre redes fijas y moviles sin necesidad de desplegar una red especifica para
los servicios moviles.

Por todo ello, la movilidad en el receptor se ha convertido en una cuestion clave. Dicha
movilidad provoca ICI, y esto afecta negativamente al sistema. Por lo tanto, para decodificar
correctamente los datos transmitidos, es necesaria una adecuada estimacion de la ICI y del
propio canal, para contrarestar la distorsion introducida. Esta estimaciéon es més compli-
cada en canales altamente variantes en el tiempo, lo que hace necesario disenar algoritmos
eficientes y de baja complejidad. En consecuencia, esta tesis se centrara en la estimacion
del canal, incluyendo el término de ICI y en el diseno de receptores que permitan un buen
rendimiento del sistema a altas velocidades.

Por lo tanto, los objetivos principales de esta tesis son:

e Analisis comparativo de los estdndares DVB-T y DVB-T2 con canal perfectamente

conocido en diferentes escenarios de movilidad.

e Estudio del efecto de los diferentes modos de DVB-T2 en escenarios méviles, analizando
especialmente la robustez ofrecida por los nuevos entrelazadores y los nuevos patrones

pilotos.

e Analisis y evaluacion del rendimiento de técnicas de estimacion de canal en diferentes

escenarios, especialmente en canales de alta movilidad.
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e Analizar las diferentes estructuras de patrones piloto de DVB-T2 y comparar los

rendimientos conseguidos para diferentes estimadores de canal.

e Proponer arquitecturas de recepcion, compuestos por estimadores de canal y cance-
ladores de ICI, para DVB-T y DVB-T2 en escenarios de movilidad.

e Proponer receptores capaces de funcionar en escenarios severos de movilidad, ej. hasta

fa = 0.5 de frecuencia de Doppler normalizada.

1.2 Contribuciones de la Tesis

En esta seccion se describen las contribuciones principales del trabajo de investigacion de-

sarrollado. Asimismo, se indican las publicaciones asociadas a las diferentes aportaciones:

e Anaélisis del rendimiento de diferentes esquemas de estimacion e interpolacion de canal
sobre la cadena de transmision-recepcion de DVB-T2 en escenarios de recepcion fija y
movil. Ademés se ha evaluado el efecto de la estimacion de canal frente a la profundidad
del entrelazado temporal comparando diferentes longitudes de bloque. Este trabajo ha
sido publicado en [Martinez10b].

e Anaélisis del comportamiento de diferentes técnicas de estimacion e interpolacion de
canal para transmisiones MISO (multiple-input single-output), tanto para canales fijos

como moviles. Este trabajo ha sido publicado en [Martinez10b, Mendicutel0].

e Propuesta de un algoritmo optimizado de estimacion de canal guiada por decisiones
para DVB-T2, basado en el algoritmo CD3 (coded decision directed demodulation)
[Mignone96|. Dicho algoritmo mejora el original propuesto para DVB-T, empleando el
esquema de pilotos PP8 de DVB-T2. El algoritmo propuesto supera notablemente a la
estimacion de canal basada exclusivamente en pilotos, mientras que introduce pérdidas
aceptables en canales poco variantes en el tiempo. Este trabajo ha sido publicado en
[Martinez10al.

e Analisis de diferentes agrupaciones de pilotos en escenarios de alta movilidad para
DVB-T2, comparando resultados con los patrones de pilotos propuestos en los estén-

dares de television digital terrestre.

e Se ha analizado el rendimiento de la capa fisica de DVB-T2 en condiciones de alta
movilidad y para bloques OFDM (orthogonal frequency-division multiplezing) largos,
conluyendo que no se puede obtener una recepcion libre de errores a frecuencias de

Doppler elevadas, es decir, mayores que f; = 0.3 de frecuencia de Doppler normalizada.
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e Propuesta de un receptor que combina la estimacion de canal BEM (basis expan-
sion model) con la cancelacion MAP (mazimum a-posteriori) de ICI, proporcionando
buenos resultados y eliminando el suelo de error a frecuencias medias de Doppler. Sin
embargo, se demuestra que, a medida que la frecuencia de Doppler aumenta, son nece-
sarios métodos mas adecuados para mejorar la estimacion de canal y eliminar la ICI

residual. Este trabajo ha sido publicado en [Martinez11].

e Se ha propuesto un novedoso esquema que combina un estimador de canal BEM con
un detector BP (belief propagation). El citado modelo sustituye el ecualizador MAP

de ICI por un detector BP y mantiene el entrelazador de tiempo [Ochandianol2].

e Se ha propuesto una arquitectura de receptor iterativo, que consta de un estimador
BEM y un detector BP. El esquema propuesto elimina el entrelazador de tiempo e
incorpora un receptor turbo con el objetivo de mantener una complejidad similar.
Este esquema cancela la ICI con muy buenos resultados en alta movilidad y longitudes
de bloque FF'T elevados. El buen funcionamiento del algoritmo se ha probado a través
de simulaciones que muestran una mejora del BER (bit error rate) en canales como
TUG6 (Typical Urban channel - 6 paths) y RA6 (Rural Area channel - 6 paths). Se han
mostrado resultados para un sistema BICM-OFDM (bit interleaved coded modulation-

OFDM) genérico.

e Se ha analizado el receptor trubo en el marco de DVB-T2. Se ha combinado un esti-
mador CE-BEM (complex exponential BEM), el detector BP y el decodificador LDPC
de una forma iterativa para obtener buenos resultados en alta movildiad. Ademaés se
ha propuesto una estructura de pilotos adecuada para identificar el canal afectado por
ICI en DVB-T2, obteniendo buenos resultados en canales TU6 y RA6 a frecuencias
Doppler normalizadas de hasta f; = 0.5. El receptor propuesto se puede aplicar para
mejorar el rendimiento de los estandares moviles terrestres, asi como al préximo estén-
dar DVB-NGH, en entornos exigentes de alta movilidad [Martinez12, Ochandiano12].

1.3 Estructura de la Tesis

La memoria de la tesis consta de 6 capitulos. En el primero de ellos se introduce la tematica
de la tesis y se presenta la motivacion que ha llevado a la realizacion de este trabajo. Ademas,
se exponen los principales objetivos de este trabajo de investigacion y se resumen brevemente
las contribuciones del mismo.

El capitulo 2 realiza una descripcion general de los estandares de television digital terres-
tre de primera y segunda generacion, DVB-T y DVB-T2, haciendo hincapié en las mejoras

mas significativas introducidas por este ultimo en comparacién con su predecesor. Ademas
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analiza la idoneidad de DVB-T2 en sistemas de movilidad. Por otro lado, se analizan los
modelos de sistema y de canal escogidos realizando un breve repaso de los sistemas variantes
en el tiempo. A su vez se describe brevemente la transmision MISO en DVB-T2.

El capitulo 3 examina las principales técnicas de estimacion de canal existentes para
canales OFDM inaldambricos, poniendo especial énfasis en la estimacion basada en portadoras
piloto. Se han analizado diferentes técnicas de estimacion de canal, presentando resultados en
diferentes escenarios y con diferentes profundidades de entrelazado. En cuanto a las técnicas
semi-ciegas, se ha propuesto un método de estimacion de canal dirigida por decisiones o DD
(decision directed) para DVB-T2, bajo el supuesto de un canal con desvanecimiento lento.
Dicho algoritmo mejora el rendimiento del algoritmo CD3, obteniendo mejores resultados
para canales fijos.

El capitulo 4 propone la utilizacion de la estimacion BEM en DVB-T2 y propone dos
esquemas de recepcion que combinan la estimacion del canal y la cancelacion de ICI. El
primero es un sistema que combina la estimacion BEM y la deteccion MAP, eliminando
eficazmente el suelo de error que surge en sistemas de movilidad con frecuencias de Doppler
del orden de f; = 0.045, en canales TU6. El segundo esquema propuesto consiste en un
estimador de canal BEM y un detector BP, eliminando completamente el suelo de error
incluso para frecuencias normalizadas de Doppler de f; = 0.5. El comportamiento de los
algoritmos propuestos se ha probado para diferentes frecuencias de Doppler y diferentes
modelos de canal.

El capitulo 5 evalua el rendimiento de la capa fisica de DVB-T2 en alta movilidad, con-
cluyendo que no es capaz de proporcionar una recepcion libre de errores en altas frecuencias
Doppler, especialmente cuando se utilizan bloques OFDM largos. Con el fin de resolver
este problema, se ha analizado la utilizaciéon de la arquitectura mas eficiente propuesta en el
capitulo 4, es decir, BEM mas BP. Haciendo uso de la selectividad frecuencial y temporal de
los canales doblemente selectivos, se han propuesto dos esquemas de recepcion diferentes. El
primero (PS1), emplea el detector BP y mantiene el entrelazador de tiempo, mientras que
el segundo (PS2), elimina el entrelazador e incorpora el principio turbo, de tal manera que
la complejidad total se mantiene. Finalmente, se ha analizado el rendimiento sobre canales

TU6 y RAG6 para diferentes frecuencias normalizadas de Doppler.



Chapter 2

Background and system model

2.1 Introduction

In recent years there has been a noteworthy growth in the demand of wireless communica-
tions. Smartphones, laptops and other communications devices have become essential in our
daily lives.

Considering television broadcasting, there have not been many revolutionary advances
until the end of the late 1990s. However, with the age of digitalization, and after the analog
switchover in Europe, it was necessary to develop new terrestrial digital television standards,
leading to the Digital Video Broadcasting - Terrestrial (DVB-T) specification. Currently,
with the deployment almost finished in most European countries, a second generation stan-
dard Digital Video Broadcasting - Terrestrial 2 (DVB-T2) has been developed due to the
need for new services that require greater capacity, such as high definition television (HDTV),
and improved coverage.

This chapter provides a theoretical background of DVB-T and DVB-T2, as well as a
general comparison between them. In addition, special emphasis is done on the improvements
introduced by the new standard, since it is the specification that has been taken as a reference
for the implementation of the case studies and simulation results presented in this thesis.
Propagation channel characteristics and channel models are then analyzed, specially focusing
on mobile environments. Since multiple-input single-output (MISO) transmission is one of
the novelties of DVB-T2, it will be also considered in Chapter 3 for the channel estimation

review, and basic concepts will also be explained.

2.2 First generation digital terrestrial television:
DVB-T

Digital Video Broadcasting (DVB) is the agency responsible for creating and submitting
standardization procedures for digital television, with more than 270 members all over the

world including broadcasters, network operators, software developers and regulatory bod-

6



Chapter 2. Background and system model

ies. The following digital video broadcasting techniques have been defined: Digital Video
Broadcasting - Cable (DVB-C), adopted in 1994 [ETSI94b|, Digital Video Broadcasting -
Satellite (DVB-S), in 1995 [ETSI94a|, and DVB-T [ETSI97]|, in 1997. DVB has also devel-
oped an adaptation of the DVB-T standard for handheld (portable) devices, named Digital
Video Broadcasting - Handheld (DVB-H) [ETSI04|, which reduced battery consumption by
90%. Subsequently, enhanced versions of these systems, such as DVB-C2 [ETSI10], DVB-S2
[ETSI05], DVB-T2 [ETSI09] or DVB-SH [ETSI07], have been developed.

Both terrestrial DVB specifications have adopted orthogonal frequency-division multiplex-
ing (OFDM), which is recognized as one of the most efficient modulation schemes and has
been widely developed in wireless communications. With the joint use of OFDM and channel
coding, the main problems of analog television, such as poor use of the spectrum and noise
effects, are solved. For example, in DVB-T, it is possible to broadcast multiple programs
(4 in Spain) simultaneously in the same bandwidth used by a traditional analog channel
(8 MHz). Moreover, digital television enjoys a better picture and sound quality, access to
new digital services, such as digital radio, and interactive applications accessible through the

multimedia home platform (MHP) technology, namely weather forecast, contests or surveys.

________________________________________________________________________________________

Channel Coding

Outer coder Outer Inner coder Inner

|

|

|

|

MPEG :
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stream |
1
|
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Figure 2.1: Block diagram of a DVB-T transmitter.

Fig. 2.1 shows the DVB-T transmission scheme, where it can be seen that the data bit
stream is scrambled and then processed by an outer Reed-Solomon (RS) coder, an interleaver
and an inner convolutional coder. The RS code removes the error floor at high signal to
noise ratio (SNR) values and the convolutional code reduces the bit error rate (BER) at
the receiver by including redundant information. The coded information is again interleaved
and thereafter, the input bits from channel coding stage are mapped onto a quadrature
amplitude modulation (QAM) constellation and modulated using OFDM, which will be
briefly explained in the next section.

While the deployment of DVB-T is still ongoing in some countries, the industry and the

scientific community have already published its second generation specification. DVB-T2,
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which was published in 2009, will be explained in the following section.

2.3 Second generation digital terrestrial television:
DVB-T2

The development of DVB-T2 has been given by the need for new services that require greater
capacity, such as HDTV. A single HDTV channel or service in DVB-T would occupy the
bandwidth of a multiplex of 8 MHz. Nevertheless, DVB-T2 improves this and enables
simultaneous transmission of multiple high-definition services in a terrestrial multiplex, thus
improving its predecessor. The first regular transmissions already started in the UK at the
end of 2009, showing a significant performance increase compared to DVB-T. DVB-T2 is
compatible with its predecessor in some physical-layer aspects, since the signal has to be

received with existing DVB-T equipment.

2.3.1 DVB-T2 chain

The block diagram of a DVB-T2 transmitter is depicted in Fig. 2.2. As it can be seen, it
is divided into four main parts; input processing, bit interleaved coded modulation (BICM),

frame builder and OFDM generation.

DVB-T2 SYSTEM

I
I
| Bit :
TSorGS ' Input Interleaved 1, Frame L, OFDM
| Processing Coding and Builder Generation !
. Modulation
I
I
I ’» <’
Similar to DVB-S2 FEC: the same as New Based on
DVB-S2 DVB-T

Modulation:
based on DVB-T

Figure 2.2: High level DVB-T2 block diagram.

This dissertation focuses on the physical layer of DVB-T2 standard, leaving aside input
processing and signaling. The entrance to the system consists of randomly generated bits
while the output is a radio frequency signal. Regarding frame architecture, DVB-T2 imple-
ments a very flexible time interleaving and, in this case, the simplest frame scheme defined in
the standard was chosen. The model considers all frames as data regardless of the different

types of existing signaling frames. Furthermore, DVB-T2 includes the concept of physical
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layer pipe (PLP), that is to say, parallel streams with different parameters, so that it is
possible to have different services in the same frequency channel. In order to simplify the
simulations, a single PLP was considered in this research work.

In Fig. 2.3, the system block diagram at the transmitter side is shown in detail, being
the reverse process performed at the receiver side. These blocks will be briefly described in

the following subsections.
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Figure 2.3: Block diagram of a DVB-T2 transmitter.

The most important blocks of the model are the following:

2.3.1.1 Channel Coding

The purpose of the channel encoder is to introduce redundancy in the information sequence
that can be used in the receiver to overcome the effects of noise and interference, therefore
improving the transmission reliability. DVB-T2 has to face the challenge of increasing the
capacity without increasing the power and bandwidth consumption, in order to be compatible
with its predecessor. This enhanced capacity is mainly obtained from the inclusion of channel
codes with higher correction error capability. DVB-T2 uses a powerful coding scheme based
on the combination of low-density parity check (LDPC) and Bose-Chaudhuri-Hocquenghem

(BCH) error correcting codes.

2.3.1.2 Interleavers

Interleaving is used to combat signal fading by spreading out adjacent data over multiple
blocks and subcarriers. This way, error bursts do not affect consecutive bits and can be
easier corrected by the channel decoder. DVB-T2 has three different interleavers: bit, time
and frequency. Frequency-interleaving ensures that symbols that have suffered deep fading
are spread out across frequency subcarriers. Likewise, time-interleaving ensures that several

consecutive bits are transmitted separately. The latter is very advantageous and achieves
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significant performance improvements in fast fading channels, where the variations of the
channel can provide diversity through interleaving and coding. Finally, the bit interleaver

avold burst errors within a code word.

2.3.1.3 OFDM Generation

OFDM is a frequency-division multiplexing (FDM) scheme used as a digital multi-carrier
modulation method. OFDM is very robust against multi-path, frequency selective fading and
radio-frequency (RF) interference. As it is well-known, OFDM divides the available band-
width into many narrow bands and the data is modulated over multiple parallel subcarriers,
each of which transmits at a lower rate. The subcarriers used for transmission are chosen so
they are orthogonal to each other (see Fig. 2.4), allowing to perform the modulation easily
by means of an inverse fast Fourier transform (IFFT). OFDM has been recognized as one
of the most efficient modulation schemes and has been widely adopted in wireless commu-
nication standards, including DVB-T and DVB-T2. As can be seen in the last part of Fig.
2.3, OFDM involves an IFFT operation and the addition of a cyclic prefix (CP) in order
to provide time spacing between symbols to prevent inter-symbol interference (ISI). Thus,
the CP introduced in OFDM allows the deployment of single frequency networks (SFN),
where several transmitters and repeaters can operate in the same frequencies, improving the

spectral efficiency and coverage.

——ﬁ—k— Subcarriers spacing Af

Figure 2.4: Simplified diagram of OFDM subcarriers
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2.3.2 Improvements over DVB-T

The DVB-T2 specification includes several new features and improvements with respect
to its predecessor DVB-T. Most of these enhancements concentrate on the physical and
transport layers, providing a capacity improvement of 30%, greater efficiency in the use of
the spectrum, improved robustness against interference and greater flexibility over the former
DVB-T specification.

As it has been previously stated, the capacity enhancement is mainly due to the LDPC
codes that provide higher performance than convolutional codes. Furthermore, DVB-T2
offers higher-order modulation schemes, lower code rates, longer fast Fourier transform (FFT)
modes (16K and 32K) and 8 different pilot patterns (form PP1 to PP8) to adapt channel
estimation to system requirements. Table 2.1 summarizes the main features that have been

changed at the physical layer.

DVB-T DVB-T2

FEC Convolutional + Reed-Solomon LDPC + BCH

1/2,2/3,3/4,5/6,7/8 1/2,3/5,2/3,3/4,4/5,5/6
Modes QPSK, 16QAM, 64QAM QPSK, 16QAM, 64QAM, 256QAM
Guard intervals 1/4,1/8, 1/16, 1/32 1/4, 19/256, 1/8, 19/128
1/16, 1/32, 1/128

FFT size 2K, 8K 1K, 2K, 4K, 8K, 16K, 32K
Scattered pilots 8% of total 1%, 2%, 4% and 8% of total

Continual pilots 2.6% of total 0.35% of total

Table 2.1: Available modes in DVB-T and DVB-T2.

Another important difference lies in the input formats. While DVB-T only supported
MPEG transport stream (TS), the second generation also includes generic ways to transport
variable length packets, known as generic streams (GS), which were first introduced in Digital
Video Broadcasting - Satellite 2 (DVB-S2) to improve IP transport, aiming at carrying data
sequences without specifying time restrictions.

Furthermore, DVB-T2 includes novel functions within the frame builder module, offering
the possibility of working with several PLPs so that each of the PLPs can be modulated and
encoded differently to meet the needs of each service, and hence increase the robustness and
flexibility of the system.

While in DVB-T external encoding (RS) and inner encoding (convolutional) were carried
out, this has changed in DVB-T2 and the same encoding schemes that were selected for
DVB-S2 are being used. Therefore, once the adaptation frame has been made, the data

is sent to the BICM module responsible for linking the external encoding BCH with the
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inner, LDPC. The latter offer better performance in the presence of high levels of noise and
interference although encoding schemes for DVB-T2 require more processing power at the
receiver. Thanks to the forward error correction (FEC) capability of LDPCs, in addition
to the three modulation schemes that are also available at DVB-T (QPSK, 16QAM and
64QAM), DVB-T2 provides a higher order modulation scheme, 256(QQ AM.

After FEC encoding, the interleaving processes are carried out (bit, time and frequency
interleaver) that make transmission more robust against burst errors. In terms of efficiency
and flexibility of DVB-T2, another important change is the introduction of 8 different pat-
terns of scattered pilot carriers that give rise to a greater flexibility. Regarding the improve-
ment on robustness, DVB-T2 added new optional techniques such as peak-to-average power
ratio (PAPR) reduction and constellation rotation. These two techniques have been omitted
in the model considered in this research work.

DVB-T?2 also specifies a transmit diversity method, known as the Alamouti coding, which
improves the coverage in single frequency networks and is explained in more detail in Section
2.6.2. This technique is optional, allowing the network to adapt to different environments.

Fig. 2.5 shows the BER performance over additive white Gaussian noise (AWGN) and
Typical Urban channel - 6 paths (TU6) channels for DVB-T and DVB-T2, using identical
modulation schemes and coding rates. It can be seen that the second generation standard

has a much better performance mainly due to the LDPC codes.

10"

T T T T
=—©— DVB-T 16 QAM CR 5/6 =—©— DVB-T 16 QAM CR 5/6
—+— DVB-T2 16 QAM CR 5/6 —+— DVB-T2 16 QAM CR 5/6,

1 1 1 1 1 1 1 1
6 8 10 12 14 16 18 25 30 35 40 45
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Figure 2.5: BER performance for DVB-T and DVB-T2 for AWGN (a) and TU6 (b) channels.

It can also be seen that the gain of DVB-T2 over DVB-T is larger with a TU6 channel,
where a 14 dB gap is achieved at BER of 10~*, while for the AWGN channel, the improvement
is of 5 dB. This is mainly due to the combination of the LDPC decoder and the interleavers,
whose effects are negligible in the case of AWGN.
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2.4 The suitability of DVB-T2 to mobile reception

DVB-T2 was initially designed to provide increased capacity in terrestrial transmissions, in
order to allow HDTV services for fixed and portable receivers. However, the convergence
of the fixed and mobile paradigms, and the significant changes that have taken place in
the delivery and consumption of multimedia content in recent years, have prompted the
simultaneous distribution of the same content in different formats. In order to target mobile
scenarios, the technical requirements for the upcoming Digital Video Broadcasting - Next
Generation Handheld (DVB-NGH) specification have been constituted, encompassing the

following key issues:
e Wide coverage: in order to allow a user to access services across an entire territory.

e Robust reception: to make reception possible in all possible scenarios: indoor or out-

door, stationary, walking or traveling at speed.

e Responsive: quick to start up and to access audio-visual or interactive services, enabling

fast channel change times.

e System end to end delay: important for Live events; e.g. use of the NGH system during

sports events.

HDTV LDTV

64/256 QAM DIGITAL TV MOBILE TV QPSK

FIXE MOBILE

DVB -T2
DVB - NGH

ROBUSTNESS

Figure 2.6: Dilema: bitrate vs robustness

DVB-T2 offers the possibility of transmitting multiple PLPs, assigning a specific robust-
ness, and provides flexibility with a great amount of different configurations in order to satisfy
different commercial requirements. Therefore, DVB-T2 is emerging as a strong candidate
to become the starting point for DVB-NGH. One of these configuration has to do with the
use of long OFDM blocks, as considered in Chapters 4 and 5, which makes the system more
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robust against ISI in SFN networks, which ultimately provides wide coverage. In addition,
the throughput is maximized and also allows networks convergence of fixed and mobile ser-
vices, since 32K-length symbols are being used for fixed terrestrial digital television (DTV)
in UK.

The use of long OFDM blocks entails challenging disadvantages as well. On one hand,
the effects of inter-carrier interference (ICI) become greater, and that restricts the use of
higher constellations. On the other hand, long OFDM blocks can due to a smaller subcarrier
spacing, cause increased latency in the receiver. In any case, it is all about getting a trade-off

between larger bitrates and robustness as is depicted in Fig. 2.6.

2.5 System and channel models

This section presents the system model that has been considered throughout this disserta-
tion. Likewise, a brief overview on multi-path channels is carried out, selecting the channel
models with which to work. In addition, time-varying models and the ICI channel model

are considered.

2.5.1 System model

Let us consider a single-input single-output (SISO) system with one transmit and one receive
antenna. The system model that has been considered, which focuses on the physical layer
of DVB-T2, is the following one. Considering OFDM blocks of length N are transmitted,
the effects of multi-path propagation in the received signal after the removal of the CP can

be represented in matrix form as

r = HF"x + z, (2.1)

where z is the N x 1 AWGN noise vector with zero mean and covariance F {zzH } = 0?1y,
while r and x are the NV x 1 received and transmitted vectors in time and frequency domains,
respectively. The N-point discrete Fourier transform (DFT) matrix F, which is also used at

the receiver to translate the symbols into frequency, is defined as

Flyy = —— - cap(—j2mpa/N), (2.2)

VN

where [F], , indicates the (p, ¢)th entry of matrix F. The N x N time-domain channel matrix
H has N x L nonzero elements, being L the length of the channel impulse response (CIR),

and is given by
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Eo,o 0 o hog ho 1
hi hi o e hig hi 2
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H-= - (2.3)
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where the CIR at lag [ and time sample n corresponds to En’mod(nJrL Ny, with 0 < I < L —1
and 0 < n < N—1. Applying the DFT to the received symbol vector leads to the frequency-

domain received symbols

y = Fr = FHF”x + Fz = Hx + w, (2.4)

where H = FHF? is the N x N frequency-domain channel matrix for each OFDM symbol
m, and w = Fz is the frequency-domain noise vector which has the same statistics as
the time-domain vector z. If the channel is considered time-invariant, it does not change
during the transmission of one OFDM symbol and the receiver is able to compensate for
the effects of the channel by a single tap equalizer, since H is a circulant matrix and, hence,
H becomes diagonal. Considering each transmitted OFDM symbol, the channel frequency
response (CFR) matrix for each OFDM symbol m is represented as H,,, and the main

diagonal of this matrix is represented by means of the vector h,, = diag(H,,).

2.5.2 Multi-path channel

The path between the transmitting and receiving antennas is the so-called communication
channel. Free-space transmission occurs when the received signal is only the result of the
direct path propagation. This is not the case for real transmissions, since it does not take into
account many terrestrial effects that lead to multi-path propagation and affect the quality of
communications. The channel may experience different effects like absorption, attenuation,
Doppler effect and ISI.

When it comes to a mobile multi-path channel, the complexity of the system increases due
to the presence of obstacles and movement of the receiver. There are three basic mechanisms
that impact signal propagation in a mobile communication system: reflection, diffraction,
and scattering. The most important effects that may occur are time and frequency disper-
sion. The transmitted signal generally propagates to the receiver antenna through many
different paths, thus, due to reflectors and scatterers as cars, buildings, trees, the receiver

antenna will receive multiple delayed and scaled copies of the transmitted signal leading to
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Receiver

®

Figure 2.7: Multi-path transmission in a broadcasting application.

Transmitter

temporary dispersion. On the other hand, the movement at the receiver produces frequency
dispersion. These effects lead to frequency and time-domain selectivity, respectively. In
order to determine the effects that are present in the signal, it is necessary to consider their
characteristics and the ones of the channel, such as the coherence time and bandwidth. In
general terms, two types of fading effects that characterize mobile communications can be

distinguished: large-scale and small-scale fading.

1. Large-scale fading:

Explains the behavior of the signal at distances much greater than the wavelength
(km). Large-scale fading represents the average signal power attenuation or path loss
due to motion over large areas. The normal distribution is the one that best fits this

fading and for this reason is also called "log-normal fading".

2. Small-scale fading:

Explains the behavior of the signal at distances as small as a half-wavelength (m).
Small-scale fading refers to the fluctuations in the received signal envelope that can
be experienced as a result of scattering (small changes) from surrounding objects.
Numerous studies have shown [Liu01, Gross05] that the multi-path channel is statis-
tically described by a Rayleigh probability density function (PDF) when there is non
line-of-sight (NLOS) between the transmitting and receiving antennas, whereas, in
cases which there is line-of-sight (LOS), is consistent with Rice statistical distribution

[Rappaport96|.
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Within the small-scale fading, different types can be distinguished according to the

multi-path dispersion:

(a) According to the delay spread (multi-path)

1.

11

Flat fading: This fading occurs when the channel frequency response is flat
comparing with the frequency of the transmitted signal, i.e., the coherence
bandwidth (B,.) is greater than the bandwidth of the signal (B,s), i.e. (B>
Bys). If this happens, the channel multi-path characteristics preserve the
quality of the signal at the receiver. All the frequency components of the
received signal undergo almost the same attenuation and delay, therefore the
channel is said to be non-selective in frequency and the effects of ISI does not
appear.

Frequency-selective fading: The channel is said selective in frequency if B,
is smaller or comparable to B,.. This means that the frequency components
of the received signal separated by more than the coherence bandwidth can
suffer significantly different levels of attenuation and delay. Thus generating
ICL

(b) According to the temporal variance (movement on the receiver)

1.

11.

Fast Fading: This fading is characterized by fast fluctuations on the envelope
of the signal for short distances when the coherence time of the channel is
small relative to the delay constraint of the channel. The channel is said to
be selective in time if the coherence time (7,) is smaller or comparable to the
sampling time (7).

Slow Fading: This fading is characterized by slow variations in the average
signal value. The coherence time is long relative to the channel delay, i.e.,
the signal can be assumed stationary within one or more transmitted pulses,

hence non selective in time.

To reduce the effects of multi-path, equalization, diversity and channel coding tech-

niques are used. In order to identify the radio channel modeling is necessary to consider

first the propagation area and mobility models with which to work. There are multi-

ple models in the literature depending on the propagation environment, either in free

space, indoors or in environments with small or large scale fading [Kim02.

2.5.2.1 TU6 and RAG6 channel models

These channel models have been chosen to analyze the performance of the proposed schemes

throughout this work, as they reproduce the terrestrial propagation in certain areas for mo-

bile reception [COST207]. Additionally, these channel profiles have been adopted as reference
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both in DVB-T and DVB-T2 standards. The Rural Area channel - 6 paths (RA6) channel
profile consists of 6 paths having relatively short delay and small power, aiming at repro-
ducing a rural area with LOS and NLOS, and hence, following a Ricean or Rayleigh channel
model, respectively. TUG6 profile consists of 6 paths having wide dispersion in delay and
relatively strong power, reproducing an urban environment with NLOS, and consequently,
following a Rayleigh model.

Since mobile reception will be one of the key aspects of this thesis, the time-varying

channel model will be analyzed in the following section.

2.5.3 Time-varying channel models

A lot of literature has been published on mobile channels [Patzold02, Proakis95, Jakes74,
Matz06]. In a time-varying and frequency selective channel, there are four variables: time
(t), denoting variability in the channel, the transmitted and received signals, the delay (7),
the frequency (f) and the Doppler shift (6).

The two classical functions of time-invariant channels (impulse response and transfer
function), are transformed into four when combined with the variables mentioned above.
These functions are called system functions or Bello functions [Bello63]. The four functions
are the following ones: input delay spread function (IDSF): h(t,7), time-varying trans-
fer function (TVTF): T'(f,t), delay-Doppler spread function (DDSF): S(7,6) and output
Doppler spread function (ODSF): H(f,0). These functions are linked together through DFT
and inverse discrete Fourier transform (IDFT). Fig. 2.8 shows the relationship between these

variables:

IFT;

DFT, hlt,7) DFT,
j o

S(z, 9 7(7,1)

IFT; Vv
DF;T\\. H(f,9) A

Figure 2.8: Fourier relations between the system functions.

In order to simulate time-variant Rayleigh fading channels, different models are usually
considered in the literature. The most widely used ones are Clarke’s fading model [Clarke68§],
or a simplified version known as Jakes spectrum [Jakes74|, but there are also different ver-
sions of these models like sum of sinusoids (SOS) [Xiao06, Zheng03|, autoregressive (AR)
[Baddour05] and autoregressive-moving-average (ARMA) [Turin01, Schathuber01] schemes.
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If the receiver is moving at a constant velocity and the omnidirectional antenna receives an
infinite number of reflected waves, with a uniformly distributed angle of arrival, the received
signal will have a spectrum known as the Jakes spectrum, represented by the autocorrelation

in time

R.(At) = Jo(zmm%), (2.5)

where Jj is the zero-order Bessel function of the first kind, f. is the carrier frequency and ¢

is the speed of light. The corresponding Doppler spectrum is given by

S.(f) = S < Fy (2.6)

7TFd2 1-— (Fid)2

fe

where Fy = v<¢, is the maximum Doppler frequency and v denotes the vehicle velocity.

2.5.3.1 ICI channel model

Following the model previously described in Section 2.5.1, the ICI channel model will be
introduced here. In a time-varying channel the orthogonality among subcarriers is destroyed
and therefore, the resulting channel matrix in the frequency-domain is no longer diagonal.
As the Doppler Frequency F} increases or the subcarrier spacing is smaller, the ICI becomes
more important and these off-diagonal terms must be taken into account in order to have
an accurate estimate of the channel. Therefore, it is crucial to estimate and cancel that
interference in order to obtain a good performance of the system. To do so, appropriate
detectors and channel estimation methods able to counteract this effect are needed. The

input-output relation for the k-th subcarrier is obtained as

N-1

Yk = hg ey + Z Pk Ty +w.- (2.7)
n=0,n#k

ICT term
The term on the left of the condition in (2.7) is the desired signal, while the term on
the right is the interference signal. This loss of orthogonality seriously degrades the system
performance, hence suitable techniques to estimate and remove ICI are needed. Furthermore,
the estimation techniques that were used effectively in time invariant channels are no longer
appropriate as they do not take into account the off-diagonal terms of the channel matrix H,
and more accurate techniques to keep the performance are necessary. Furthermore, as the
Doppler frequency increases, these terms become more relevant and the channel estimation

is more challenging. The ICI power is obtained through the following formula [Speth99]

Pror = (7%/6) f3, (2.8)
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and depends on the normalized Doppler frequency f; as well as on the subcarrier spacing
Ay as given in this formula: f; = Fy/Ay.

With respect to the number of non-zero off-diagonal elements that should be considered
for equalization purposes, a limit must also be set, since taking the entire matrix is not
affordable (for complexity reasons) and a trade-off between complexity and performance
must be accomplished. Examples where the channel is considered strictly banded can be
found in [Kannu05, Schniter04, Rugini05a].

Fig. 2.9 depicts a portion of the channel matrix H in order to show that the main
diagonal is expanded and the terms in the off-diagonals are no longer negligible. Many
research works have been published about this topic [Russell95, Diggavi97, Robertson99].
On one hand, some works ignore the ICI completely and take into account only the main
diagonal of the channel matrix. Thus, there are many components of the signal that are
obviated, and therefore generate detection errors. Some others view this channel matrix as
banded, that is to say, the power is mostly concentrated in the main diagonal, but some
other neighboring diagonals are also taken into account for the purpose of ICI cancellation
and channel estimation. The simulation results in this thesis are obtained by taking into

account two adjacent diagonals (the firsts to both sides of the main diagonal).

0.4
0.35
0.3
0.25
0.2
0.15
0.1

0.05

Figure 2.9: First 11x11 values of the H matrix.

2.6 MISO transmission in DVB-T2

Although it has not been the cornerstone of the thesis, MISO transmission has been consid-
ered in the first chapters, in order to analyze the full potential offered by the standard. In

addition, it has also been considered in the channel estimation review results in Section 3.3.
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2.6.1 Introduction to multi-antenna systems

Fig. 2.10 shows a M,;;xNg,; multiple-input multiple-output (MIMO) system, where M,
is the number of transmitting antennas and N,,; is the number of receiving antennas. The
channel matrix Hy,ry0 represent the path gains measured between different antenna gains,
whose element h;; represents the complex transfer function between the transmitter antenna
j and receiver antenna i. Therefore, a flat fading MIMO system can be expressed by using

the following equation

Y = HyoX + W, (2.9)

where Y is the set of received signals in the N,,; antennas, X is the set of transmitted signals

and H /70 is the channel matrix of dimensions M, XN gpn:-

PM e Nane

YNane

Figure 2.10: My, X Ngpg MIMO channel scheme.

Thus, a new dimension, space, comes into play offering diversity and multiplexing gains
without increasing the transmitted power nor the bandwidth. Generally, multi-path prop-
agation experienced by the signals passing through the medium impair the signal due to
reflections, solid objects (obstacles such as buildings) and weather, and hence, it has been
considered negative because it causes fading. However, if this feature is used efficiently,
by deploying multiple antennas at both transmitter and receiver side, the capacity of wire-
less channels can be greatly increased. Thus, the multi-path propagation provides spatial
diversity and allows the combination at the receiver side of several signals that have expe-
rienced different fadings. Multi-antenna systems can be classified in single-input multiple-
output (SIMO), MISO and finally MIMO.
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MIMO systems offer a number of gains compared to conventional systems: diversity, array
and multiplexing gains. The diversity gain in a MIMO system represents an improvement
in the slope of the SNR, and corresponds to the average number of independently faded
paths a symbol passes through. Therefore, in a system of M,,, transmission and N,
reception antennas, the diversity gain is the product of M,,,;x N, being necessary to encode
the signals to obtain this gain at the transmitter without the knowledge of the channel.
Regarding the array gain, it is obtained through signal processing in the transmitter and the
receiver side. Since the transmitted and received signals are weighted on each antenna, the
array gain is also known as beamforming.

An implementation of multi-antenna MIMO communications is the spatial multiplexing
system [Foschini96, Wolniansky98|, which is effective to increase the data transmission rate.
Thus, the signal is divided into several lower bandwidth flows where each signal is spread
over different transmit antennas. Such flows are recovered at the receiver using different
decoding techniques.

Another implementation is the so-called space-time coding (STC) architecture |[Vucetic03,
Liu01], in which the coding is done both in space and time domains in order to introduce
correlation between transmitted signals from multiple antennas in different temporary peri-
ods [Berenguer03]. This space-time correlation is used to make the most of MIMO channel
fadings in order to minimize the errors introduced by the channel. The most important STC
approach are the space-time Trellis codes (STTC) [Tarokh98, Tarokh99|, and the space-time
block codes (STBC) proposed by Alamouti [Alamoutid8|. The following section will ex-
plain in more detail the Alamouti STBC code, which is the unique multi-antenna technique

included in DVB-T2.

2.6.2 Alamouti

This space-time coding scheme introduced by Alamouti, and generalized by Tarockh, is
known for its simplicity and effectiveness and for that reason, it has been used in the second
generation digital television standard, and is explained in detail below. Alamouti proposed
a transmit diversity scheme for channels with flat fading where no inter-symbol interference
occurs assuming the channel does not vary between two consecutive symbols. The Alamouti

matrix is the following one

*

Xu = [xl —2 ] , (2.10)

where x; and x5 are the two symbols transmitted in the codeword X,;, and (*) denotes the
complex conjugate operation. The rows correspond to the items sent by the first and second

antennas, respectively, and each column corresponds to a symbol period. In the case of two
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transmitting and two receiving antennas, the signal at the receiver side is derived as follows

Z/l(l) y1(2) _ hir  hia ‘ Ty —T5 I w1 W2 7 (2‘11)
y2(1) 2(2) ha1  hoo To T] w3 Wy
T T
MIMO

where Hjy;rp0 is the channel matrix, and W the matrix representing the AWGN noise
samples. If the channel is multiplied by the first period symbol and then by the second, the

received signals are obtained for both antennas y; and ¥, in each of the instants

y1(1) = ha1 (1) - 21 + hya(1) - 22 + wy, (2.12)
y1(2) = h11(2) - =25 + h12(2) - 27 + wo, (2.13)
ya(1) = hor (1) - @1 + hoo(1) - 2 + w, (2.14)
Y2(2) = ho1(2) - —25 + hoa(2) - 27 + wy. (2.15)

The estimates at both antenna 1 and antenna 2 are obtained as follows using a maximum

ratio combining (MRC) receiver

T = h (1) - 91 (1) + haa(2) - 97(2) + by (1) - 92(1) + haa(2) - 45(2), (2.16)

Ty = hip(1) - 91 (1) = hia(2) - 41(2) + has(1) - 92(1) = han (2) - 12(2). (2.17)

Thus, taking into account that each of the components of the channel has an amplitude

and a phase

hip = ay; - &9, (2.18)
hiy = g - 69912, (2.19)
ho1 = gy - €991, (2.20)
hoy = ugg - €922 (2.21)

Replacing each of the components in the equation we get
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T = (ozfl + a%Q + oz%l + a§2) -1 + hiy - wy + hig - wi + hiy - w3 + ho - Wy, (2.22)

:I?Q = (Oé%l + CY%Q + Oégl + Q%Q) . .Cfg — hll . ’LU; + hTQ cWp — hgl . ’LUZ + h;z * Ws. (223)

That is, the decoding is equivalent to performing two SISO detections. At the receiver
side, MRC combines the received signals by each receiving antenna by weighting the different

branches depending on the quality of its received signal.

2.7 Chapter Summary

This chapter has explained the main features of DVB-T2 standard and it has also highlighted
the most significant differences introduced with respect to the previous DVB-T standard.
All these improvements concentrate on physical and transport layer, providing a capacity
improvement of 30%, greater efficiency in the use of the spectrum, improved robustness
against interference and greater flexibility over the former specification. All this has been
given to meet the needs of new services that require greater capacity as HDTV. These
improvements are the result of a set of key techniques that have been included in the new
standard, such as LDPC codes, higher order modulation schemes, lower code rates, longer
modes and 8 different pilot patterns.

Regarding the channel model, this chapter gives an overview of channel models with
special emphasis on multi-path and time-varying channel models. It also has described
MIMO systems in DVB, focusing on the performance of the Alamouti space-time coding

approach, which has been included in DVB-T2 as an optional technique.
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Chapter 3

Channel estimation in OFDM systems

3.1 Introduction

Most communications systems require accurate channel state information (CSI) at the re-
ceiver side in order to detect the transmitted information properly. This information is ob-
tained by channel estimations that minimize some criterion, e.g. mean squared error (MSE),
while using the minimum resources as possible to achieve a simple computational implemen-

tation.

In this chapter, the main techniques for blind, supervised and semi-blind channel estima-
tion will be reviewed, with special emphasis on the last two. Firstly, pilot-based techniques
will be addressed, and for this purpose the set of pilots used in DVB-T and DVB-T2 will be
explained in detail. In addition, taking the pilot scheme used in the DVB-T2 standard as
reference, different channel estimation and interpolation techniques are analyzed for SISO
and MISO systems, with and without mobility. Furthermore, the effect of time interleaving
in this schemes is also studied.

Secondly, regarding semi-blind techniques and based on the coded decision directed
demodulation (CD3) algorithm, originally proposed for DVB-T, a proposal for improved
channel estimation will be made and applied to DVB-T2. This scheme does not require the
transmission of so many pilots and thus the spectral efficiency is higher. This technique
can also be applied to both static and mobile scenarios, taking into account that when the
channel variations are slower (fixed receivers), the channel estimation loop can accept higher

delays than in the reverse case.

The chapter is organized as follows. Section 3.2 briefly highlights the most relevant
literature on channel estimation for slow and moderate time-varying fading channels. Section
3.2.2 explains the pilot patterns in DVB-T and DVB-T2 and presents the least squares (LS)
and minimum mean squared error (MMSE) estimators. Section 3.2.3 proposes and improved
channel estimation technique under a DVB-T2 framework, based on the CD3 algorithm
originally proposed for DVB-T by [Mignone96|. Finally, numerical results are provided

in section 3.3 to show the performance of several interpolation algorithms which have been
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previously analyzed, showing that the best performance is achieved with the two-dimensional
channel estimator. In addition, these algorithms are also tested for MISO with one and two
receive antennas applying the above techniques to DVB-T2. Performance results are also
provided for the proposed modified CD3 algorithm, which shows only a small performance
loss compared to the ideal channel knowledge and outperforms the original CD3 algorithm,
for which the PP8 pilot scheme of DVB-T2 was originally designed.

3.2 Channel estimation techniques

In order to achieve a successful reception and decoding of the transmitted data, accurate
channel estimation is necessary. Three main kinds of channel estimators can be consid-
ered: blind, supervised or training based (TB) and semi-blind, e.g. decision-directed (DD)
schemes. The former do not require training sequences, being specially suitable for applica-
tions where the bandwidth is a scarce resource. However, they are computationally intensive
and hence not appropriate for real-time: implementation in complex systems or for low-cost
receivers. The second, in contrast, may impose an unacceptable overhead that limits the
effective data throughput, so it is necessary to minimize the number of pilot symbols in a
data packet. However, a longer amount of pilot symbols implies a better channel estimation.
These two premises are contrary to each other, so it is essential a trade-off between both.
Semi-blind, such as DD techniques, which are based on a reduced number of pilots, can

bridge the gap between blind an supervised techniques.

3.2.1 Blind channel estimation

The increased need for higher data rates has prompted blind identification methods because
their more efficient bandwidth use. Therefore, much research has targeted on blind channel
estimation in recent years and many works can be found in the literature on this topic.
The most widely used methods are based on second and higher order statistics [Muquet99,
Zheng93, Tong94, Cai00]. Other blind channel estimation techniques take advantage of the
redundancy introduced in OFDM systems by the CP to identify the channel [Muquet02,
Tureli98|, and some others [Roy02| perform a subspace blind channel estimation method.
However, statistical blind channel estimation approaches are not suitable for mobile radio
channels due to their slow convergence rate. [Chotikakamthorn99| tackle this problem ap-
plying a deterministic approach by means of amaximum likelihood (ML) channel estimator
producing a channel estimate obtained over one OFDM symbol, being the main disadvan-
tage the high computational complexity involved in it. In the case of channel estimation in
DVB-T, this method is modified in [Necker04| and applied to a modified DVB-T system,

maximizing the spectral efficiency removing the pilot symbols and maintaining a low com-
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plexity. In order to avoid the need for reference symbols, they applied a combination of

modulation schemes to resolve the absolute phase of the channel transfer function.

3.2.2 Pilot assisted channel estimation

Supervised (pilot-based) techniques simplify the receiver design, reduce the computational
load and can be quite easily applied in wireless communications. In addition, these techniques
outperform the aforementioned blind techniques in highly time-varying channels. There are
two main issues in the analysis of pilot assisted channel estimators in wireless OFDM systems:
The first one is the placement of the pilot carriers [Tong04|, whereas the second one is the
design of efficient estimators. Pilot assisted channel estimation can be performed in three
different ways: Firstly, preamble based training, in which a training sequence is included at
the beginning of a data burst; secondly, by means of pilot-symbol aided modulation (PSAM)
[Cavers91|, where training symbols are inserted periodically during transmission (also known
as block-type scheme); and finally, through pilot tones inserted in different frequencies of each
OFDM symbol (also known as comb-type scheme). The former two are more appropriate
for slow fading channels, since they assume that the channel does not change over the
transmission of a few OFDM symbols. On the other hand, the latter can withstand better
the channel variations [Slock04].

Depending on whether the channel is invariant in time or not, different channel estimation
techniques and pilot arrangements are applied in order to obtain a suitable performance.
Therefore, a study on the optimal placement of the pilot carriers is necessary. In time-
invariant channels, or when the channel transfer function changes slowly, some studies have
shown that pilot tones should be equi-spaced [Negi98|. In such cases, the estimation of the
channel parameters for the block-type scheme is generally based on LS or MMSE techniques,
from which the latter has been shown to clearly outperform the former at the expense of
greater complexity [vandeBeek95]. The MMSE estimator requires a real-time N x N matrix
inversion, which implies a high complexity when N grows. To overcome this problem, plenty
of works have been presented. In [vandeBeek95| the MMSE estimator is modified, given a
certain knowledge about the channel statistics. In [Li98| the channel correlations in both
the time and frequency-domain are exploited, so the performance improves compared to the
estimator in [vandeBeek95|. In [Edfors98|, a low-rank approximation is proposed, which
makes use only of the frequency correlation of the channel, thus, reducing the complexity.

On the other hand, a comb-type scheme is more appropriate when it comes to a time
varying frequency-selective fading channel, since the channel transfer function changes across
subcarriers and OFDM symbols. The best pilot placement is accomplished by uniformly
distributing them in both time and frequency [Nilsson97| and channel estimation can be
again based on LS and MMSE;, the best performance being achieved with the MMSE as in

the previous case. The channel estimation is performed at pilot frequencies and thereafter
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interpolation techniques are applied. In [Hsieh98| a low-rank approximation using singular
value decomposition is derived to reduce complexity. Two one-dimensional Wiener filtering
estimation is performed in [Hoeher97] and [Flament02, Sanzi03| have enhanced this method
using decision-directed information. In [Ozbek05], instead of using hard-detected symbols,
their reliability is used by means of the a posteriori probability (APP) provided by the
channel decoder, in order to improve the channel estimates.

The interpolation can be linear, second-order, low-pass, spline cubic and time-domain
interpolation. In [Hsieh98|, second-order interpolation has been shown to perform better
than linear interpolation. Low-pass interpolation is the one with the best performance
among all, as is stated in [Coleri02], where all the mentioned techniques are compared with
each other. Block-type and comb-type pilot-based channel estimators are also compared
in [Coleri02|, showing that the former scheme with decision feedback performs better than
the comb-type scheme for low Doppler frequencies as pointed out in |Li00], except for the
low-pass and spline interpolation.

When dealing with multiple antennas, different systems have been discussed. In [Li99] a
channel estimator for MIMO has been developed, which requires a large matrix inversion. In
order to simplify this, two reduced-complexity channel estimation techniques are presented
in [Li02]. In [Barhumi03|, the optimal pilot placement sequence with respect to the MSE is

proposed, showing that it must be equipowered, equispaced, and phase shift orthogonal.

3.2.2.1 Pilot patterns in DVB-T and DVB-T2

An OFDM symbol consists of N elements, each corresponding to a carrier. In DVB-T,
there are two possible FFT modes, 2K and 8K, with 1705 and 6817 used carriers respec-
tively, of which only 1512 in the first case and 6048 in the second are active data carriers.
The remainder are pilot carriers used for synchronization and channel estimation. These
pilots are divided into three groups: continual (which are present in all symbols in the
same positions), scattered (their positions vary in different symbols) and transmission pa-
rameter signaling (TPS) carriers, which are used to signal the parameters for the employed
transmission scheme, i.e., to report information on channel coding and modulation used in
transmission.

DVB-T2 introduces several differences, as it incorporates new reference signals. In this
case, several groups of pilot carriers have been defined: Continual, scattered, edge, P2 and
end of frame pilots. The placement and amplitude of the pilot carriers differs from the
previous standard. Furthermore, DVB-T2 offers higher-order modulation schemes, lower
code rates, more FFT sizes (1K, 2K, 4K, 8K, 16K and 32K) and 8 different pilot patterns
(form PP1 to PP8) to adapt channel estimation to system requirements. Thus, depending
on the FFT size, guard interval (GI) length, pilot pattern and mode being used (SISO or

MISO), the number of pilots and data carriers vary. As in DVB-T, continual carriers, unlike

28



Chapter 3. Channel estimation in OFDM systems

the scattered, always occupy the same positions. In addition, the positions of the continual
carriers are chosen from one or more groups depending on the FFT size, belonging to each

of the groups depending on the pilot pattern. For example, the following figure shows the

positions of different pilot carriers for pilot pattern PP1 and SISO mode.

—— Frequency (carrier number)

o 12 24 3B
1l == | R R m
[ae]
e || || ||
S | | |
2 || || ||
! || || ||
5 | || |
| | |
I | HN | I | HN | I | HN |

Frame closing symbol fwhen used)

. Scattered pilot . Edge pilat I:‘ Data cell

Figure 3.1: Scattered pilot pattern PP1 defined in DVB-T2 standard for SISO transmission.

3.2.2.2 One-dimensional estimation

The most common channel estimators for comb-type schemes are based on LS and MMSE

algorithms, the best performance being achieved with the latter. These techniques are briefly

explained next.

1. Least Squares:

The symbols vectors can be divided into two sets, corresponding to the data and the
pilot symbol positions. In the following, all the algorithms are described based on a
single OFDM symbol and, consequently, the symbol index m is dropped out. The
subscript p indicates symbols at the pilot positions, so the channel estimate at pilot

carriers can then be estimated as shown in the following equation

~ LS _
hp = Xpl ' yp7 (31)

where y,,, X, and Hp stand for the received signal vector, transmitted signal vector and

the estimated channel frequency response for the pilot positions, respectively.

. Minimum Mean Squared Error:

Once a first LS estimate is obtained, a filter matrix W,.ss can be applied, leading to
Wiener estimation [Hoeher97]. Thus, the filter coefficients are used to interpolate the

channel response in data subcarriers as follows
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. LS
h=W.s-h, . (3.2)
Given the design criteria presented in [Hoeher97|, the filter coefficients are derived from
the cross-correlation of the channel Rpy, = £ {hhf } and the autocorrelation at the
pilot symbol positions Ry, n, = E {hphf } Once both autocorrelation matrices are

obtained, filter coefficients W ,.ss are calculated as follows

Wcoeff = Rh,hp (th,hp + 031)71, (33)

where I denotes the identity matrix.

3.2.2.3 Two-dimensional channel estimation

More accurate channel estimates can be obtained if the channel estimator operates in both
time and frequency, thus following a two-dimensional channel estimation approach. Al-
though this estimator, based on a two-dimensional Wiener filter interpolation, is the optimal
in MSE terms, one-dimensional channel estimators are typically used to achieve a better
trade-off between complexity and accuracy. However, even though this structure of a two-
dimensional estimation is too complex for practical implementation, it is possible to replace
the two-dimensional filters with two cascaded one-dimensional filters, i.e. one in time (OFDM
symbols) and another one in frequency (carriers), so that it can mitigate more effectively

the effect of Doppler spread in channel estimation [Hoeher97].

Focusing on the DVB-T2 specification, one can see that only the transmission parameters
are defined, so the receiver side is open for any possible improvement. As DVB-T2 is designed
for fixed and mobile scenarios, the reception needs can be very diverse. In the case of
multi-antena transmissions, the estimation is performed every two OFDM symbols, as two
symbols are required to estimate the channel, being the pilot carriers defined in this way
in the standard. Hence, the channel estimation has to be somehow adapted. In the case
of adopting the pilot pattern PP1, an adaptive estimation is performed so that every four
OFDM symbols a window is taken as shown in Fig. 3.2. This way the value of each carrier
is updated and therefore the changes in the channel are taken into account. In the following
figure one can observe the transmitted and received OFDM symbols for MISO when 3FEC
or 8 OFDM symbols are transmitted. As it can be seen the first filtering is performed in
time, and thereafter when more values are availvable, a frequency filtering is performed in
order to estimate the values of the unknown data carriers. This process is performed every

4 OFDM symbols in order to update the channel estimate of the time-varying channel.
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Figure 3.2: Transmitted and received symbols.

3.2.3 Semi-blind channel estimation

Blind methods can also be used together with training symbols in order to improve perfor-
mance [Muquet02, De Carvalho97|, being them referred as semi-blind methods. One of these
approaches are the DD channel tracking schemes, which have been successfully tested in slow
fading environments [Wilson94, Mignone96|. These methods transmit known pilot symbols
at the beginning of each frame for synchronization and initial channel estimation, and then
feed the decoded symbols back to the channel estimator updating the earlier estimate. How-
ever, the performance is not comparable to that of pilot assisted channel estimation as the
Doppler frequency, and thereby, the speed of the receiver increases.

As already been pointed out, both DVB-T and DVB-T2 use OFDM modulation and
comb-type pilot patterns. However, DVB-T2, unlike its predecessor DVB-T, allows a choice
between different pilot patterns, of which one of them (PP8) is designed to carry very few
pilots. In this case, channel estimation is based on a minimum number of pilots, thus getting
increased spectral efficiency and a gain of 8%. If this pilot pattern is used, the channel can
not be properly estimated from training sequences only, so it is necessary to estimate the
channel using other techniques. This specific pilot pattern will be used to analyze and

propose DD channel estimation methods for DVB-T2 in the following section.

3.2.3.1 Channel estimation for DVB-T2’s PP8 pilot mode

The effects of multi-path propagation on OFDM (if the maximum excess delay is shorter

than the GI length and the channel is slowly varying) can be modeled as
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Ym,k = Tmk * hm,k + Wi ks (34)

where z,, ;, is the transmitted signal in frequency-domain in OFDM symbol m at subcarrier
position k, with the channel transfer function h,,; and the additional noise term w,, . The
task of the channel estimator within the receiver is the estimation of the channel transfer
function lAzm,k, which is normally achieved first by means of frequency-domain pilots that
are transmitted at specific OFDM subcarrier positions. The receiver then interpolates the
channel transfer function, for which a large number of algorithms exist [Hanzo03]. Hence,

the receiver gets the equalized QAM symbols 7y, k

ym,k hm,k wm,k
o = Lk Dk gy Sk (3.5)
hmJﬂ hmJﬂ hm,k

If the channel is estimated correctly, the receiver is able to correct the channel distortions
completely, whereby the noise may be amplified, depending on the absolute value of iLmk
Once the symbol 2, has been detected, it is possible to re-estimate the channel assum-
ing it has been correctly detected, which is the basis of the CD3 algorithm introduced in
[Mignone96| for DVB-T.

7 m hm * T Wm
P = Ymk _ Nmk ko Wk (3.6)

Tm k T,k T,k
Naturally, the value of Z,, j is unknown to the receiver before the decoding process. However,
it is known after the decoding process with a latency of one FEC block, and can then be used
for the estimation process. The block diagram of the CD3 algorithm using this principle is
given in Fig. 3.3. The first step is to compute ﬁmk by means of frequency-domain pilots or a
reference sequence. Then, the OFDM symbols are equalized and this sequence is re-encoded

and re-modulated in order to obtain the estimated transmitted data Z,, .

OFDM 1 Channel Mod=1 Data output
B S > 0 >
input OFDM Yok Equalization Yk FEC™!
Delay Frequency
(1 Symbol) Filter
2 1k FEC
A1k = Ym-1,k g
Y1k moLE T Fn 1 Mod

Figure 3.3: Principle of the CD3 equalization process.
The receiver regenerates the complete data of each OFDM symbol after the decoding
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process, and hence, is able to use this information for channel estimation. If the channel is
assumed to be time-invariant or changes slowly, the effect of the delay can be neglected and
one is able to estimate the channel using the approximation

izmk ~ Bm_Lk. (3.7)
In order to start this process, the receiver has to obtain the channel transfer function by
other means, i.e., a reduced number of pilot subcarriers or a short preamble sequence. In
case of DVB-T2, the P2 symbol within the preamble of each DVB-T2 frame can be used for
this purpose. Afterwards, the decision-directed mode can be applied. However, a problem
of this algorithm is the error probability when inner QAM constellation points are used.
Fig. 3.4 depicts this problem for 16QAM. If a mean power of 1 is assumed for the symbols,
the energy of the inner constellations points are |:101|2 = 0.2, while the values for the outer

constellation points are |Jc2|2 = 1.8, which correspond to a difference of 9.54dB.
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Figure 3.4: 16QAM constellation diagram and absolute values for inner and outer constel-
lation points.

Hence, the inner constellation points increase the noise-induced errors in (3.6) due to their
small amplitude, while the noise term is reduced if the constellation points in the edges of
the diagram are used. This estimation noise can be reduced by filtering the estimated signal
as depicted in Fig. 3.3. However, only the filtering within one OFDM symbol is practically

possible, because the use of future OFDM symbols would further increase latency.

3.2.3.2 Proposal for improved channel estimation

As already mentioned, the amplification of the noise term in the estimation of the channel of
an individual OFDM subcarrier depends on the absolute value of x, i.e. the transmitted QAM
constellation symbol. That is why, transmission systems as DVB-T or DVB-T2 use boosted
pilots, which are transmitted at higher amplitude compared to normal data. Therefore, a
promising approach is just the use of the outer constellation points for channel estimation,

establishing a threshold on the power of a detected symbol in order to include it in the
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CD3 decision-directed estimation. This principle is depicted in Fig. 3.5, where a value of &
is used for channel estimation only if the absolute value of the constellation point exceeds
a threshold value, i.e. |Z|>%i,. Otherwise, it is linearly interpolated between two valid
neighboring positions that exceed the threshold. As only a few OFDM subcarriers have to
be typically interpolated, the loss in estimation accuracy is quite limited compared to the
performance gain it provides. After the interpolation process, the normal CD3 algorithm
can be applied. Additionally, it is also possible to filter the signal on the OFDM symbol to
reduce the remaining estimation noise as for the CD3 algorithm.

A

|| -7

Lmin

/) !
7/ >k
Figure 3.5: The channel is linearly interpolated over inner constellation points

Furthermore, the same principle can be applied if the LDPC decoder is not able to decode
all subcarriers of an OFDM symbol. This effect occurs if an LDPC codeword is split over
two OFDM symbols, which makes it practically impossible to correct the codeword before
demodulating the following OFDM symbol.

3.3 Simulation results

Based on the DVB-T2 simulator developed by the Signal Theory and Communications re-
search group, the channel estimation and interpolation techniques explained in the previous
sections have been implemented for fixed and mobile reception, including LS channel esti-
mation with linear interpolation, one-dimensional and two-dimensional Wiener estimation.
In addition, this section also presents the simulations results that show the performance of
the original CD3 algorithm and the improved threshold enabled decision-directed algorithm
proposed in this chapter.

3.3.1 Effects of interpolation

The simulation parameters shown in Table 3.1 have been used for the results provided in
this section. Before analyzing the performance of the channel estimation approach, the

performance of the interpolation techniques will be shown.
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Table 3.1: Simulation parameters

Parameter Value
Carrier frequency 760 MHz
Bandwidth 8 MHz
Length of LDPC block 16200 bits
Code rate 2/3
Number of LDPC blocks per realisation (V) Nrge =3
Constellation size 16QAM
FFT size 2048 carriers (2K)
Length of one OFDM block (T3,) 224 s
Length of the GI (T, /4) 56s
Pilot pattern PP1 or PP2

Fig. 3.6 depicts the real part of the frequency-domain channel response at the pilot sub-
carriers. As expected, two-dimensional channel estimation is the one that offers the closest
performance compared to the ideal CSI, being also the one that involves more computational
complexity. However, one can see that one-dimensional Wiener estimation obtains good re-
sults with a straightforward implementation and less computational complexity than in the

previous case, while linear estimation shows the worst performance, being the simplest of
all.

Therefore, once it has been shown in Fig. 3.6 that one-dimensional Wiener estimation is
the one that achieves the best trade-off between computational complexity and performance,
and that two-dimensional Wiener filtering is the most precise of all, the following sections
present the performance assessment of the aforementioned channel estimation techniques for
DVB-T2, in both fixed and mobile scenarios. In addition, as MISO transmission can be
beneficial in certain environments, and has been included in DVB-T2 the channel estimation
techniques mentioned above have also been simulated for MISO (Alamouti with a single
receiver) and MISO (Alamouti with two receive antennas) in the referred scenarios in order to
verify the suitability of these techniques in different situations. The DVB-T2 implementation
guidelines document [DVB09| proposes several channel models, from which the COST 207
TUG6 has been chosen to analyze the performance of these techniques in fixed and mobile
reception [COST207|. The results are compared to the perfect CSI case and the gain between
BER curves is evaluated at BER=1075.
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Figure 3.6: Performance of the considered interpolation schemes showing all (a) and a subset
(b) of the subcarriers.

3.3.2 Fixed reception

Fig. 3.7 depicts the results corresponding to the parameters described in Table 3.1. When
it comes to fixed reception, the most widely used channel estimation techniques have been
compared (LS and MMSE). In order to measure the degradation suffered by these systems in
different environments when applying the aforementioned channel estimation techniques, the
ideal channel estimation with perfect CSI has also been depicted and taken as a reference.
The following cases have been considered; perfectly known channel, LS channel estimation

with linear interpolation and one-dimensional Wiener channel estimation.

It can be seen in Fig. 3.7 that, for each of the configurations, either SISO, MISO with
a single receiver or MISO with two receivers, Wiener estimation is the one that obtains
the best performance, with 1 dB difference approximately in comparison to linear channel
estimation. For a BER of 1075 it can also be observed that the use of Alamouti for MISO
provides 1 dB SNR gain over the SISO case, while when compared to MISO with two receive
antennas, not specified in the standard, the gain grows up to 5 dB. As mentioned before,
the latter case is more complex in the receiver side but may be convenient due to its good
performance and the increase in channel capacity. Linear interpolation algorithm suffers
a degradation of approximately 1.5 dB compared to the ideal estimation, whereas Wiener
channel estimation outperforms the former, moving up to 1 dB closer to the ideal channel

case.
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Figure 3.7: BER performance comparison of different channel estimation and interpolation
schemes for SISO, MISO with a single receiver and MISO with two receivers in the TUG6
channel. DVB-T2 parameters 2K mode, GI = 1/4, 16QAM, CR = 2/3, 16K LDPC, pilot
pattern PP1, 48 FECs

3.3.3 Mobile reception

This section presents the simulation results of DVB-T2 including the proposed channel esti-
mation algorithms in mobile reception. This time, the time variation of the channel must also
be tracked and, consequently, two-dimensional Wiener estimation has to be applied. There-
fore, in order to see the performance of the algorithm under consideration for a f; = 0.022
of normalized Doppler frequency, this scheme is also assessed assuming perfect CSI with
and without Doppler. In the following figures a comparison of BER vs. SNR is shown for
SISO, MISO with a single receiver and MISO with two receivers, and the following cases are
included; perfectly known time-invariant channel, perfectly known channel with f; = 0.022

and two-dimensional channel estimation with f; = 0.022.

Moreover, each case has been simulated using two FEC (18 and 48 FEC) block sizes, so
the effect of temporal interleaving depth can be evaluated in the simulations. Under such
conditions, fq = 0.022 corresponds to about 142 km /h of vehicular speed. Fig. 3.8, 3.9 and
3.10 show the results for SISO, MISO with a single receiver and MISO with two receivers,
respectively. In all three cases the Doppler frequency in conjunction with time-interleaving
added diversity. Note that, in the simulation results provided in this chapter, the ICI term
has not been either estimated nor taken into account for detection, as it will be the case in

the following chapters.
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3.3.3.1 SISO case

Fig. 3.8 depicts the comparison of the BER performance results for different time interleaving
depths for ideal CSI and two-dimensional Wiener channel estimation. Focusing on the ideal
channel case with no Doppler, 0.5 dB difference can be seen between the 18 and 48 FEC
cases. It is also interesting to note that the ideal CSI with f; = 0.022 outperforms the time-
invariant case. It may seem contradictory at first glance as time-variations introduce ICI,
and consequently, the greater the ICI, the greater the distortion. OFDM systems become
more susceptible to time-variations as symbol length increases, which means densely spaced
subcarriers, and for the very reason, the 2K mode provides increased robustness against ICI.
Although there will come a point at which the Doppler frequency will be detrimental to the
system and the performance will get worse, this does not happen here because the Doppler
frequency is not high enough and a benefit is obtained due to the diversity introduced by

the combination of the Doppler frequency and the time interleaver [Sklar01].

The higher the Doppler frequency, the higher is the obtained gain when introducing time
interleaving, and this can be observed in Fig. 3.8, where a gain of 1 dB is obtained between
the 18 FEC and 48 FEC cases. Furthermore, the time-variant case outperforms the time-

invariant case in 1 dB. When Wiener channel estimation is performed, an error floor comes
out both for 18 and 48 FECs.
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Figure 3.8: BER performance versus SNR for SISO scheme in different scenarios in the time
variant TU6 channel with f; = 0.022. DVB-T2 parameters 2K mode, GI = 1/4, 16QAM,
CR =2/3, 16K LDPC, pilot pattern PP2, 18 and 48 FECs
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3.3.3.2 MISO transmission with a single receiver

When another transmission antenna is added, similar results are obtained as shown in Fig.
3.9. In the same way as in the SISO case, the best performance is achieved when perfect
CSI is assumed and the channel variation is introduced in the system. The use of multiple
antennas introduces diversity in the spatial-domain and its exploitation makes possible to
remove the error floor suffered in the case shown in Fig. 3.8 for SISO.

When two-dimensional channel estimation is performed, a degradation of approximately
1.5 dB in SNR is observed between the perfectly known channel with f; = 0.022 and the

two-dimensional channel estimation by Wiener filtering for 48 FECs, as can be seen in Fig.

3.9.
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Figure 3.9: BER performance versus SNR for MISO scheme with a single receiver in different
scenarios in the time variant TU6 channel with f; = 0.022. DVB-T2 parameters 2K mode,
GI =1/4, 16QAM, CR = 2/3, 16K LDPC, pilot pattern PP1, 18 and 48 FECs

3.3.3.3 MISO transmission with two receivers

When another receive antenna is added to the system, more diversity gain is obtained as
shown in Fig. 3.10, where the performance outperforms the MISO case with a single receiver.
The inclusion of two-dimensional channel estimation leads to a degradation of 1 dB compared
to the ideal estimation with f; = 0.022, which still remains acceptable since the error floor

disappears completely.

39



Chapter 3. Channel estimation in OFDM systems

-1 2x2, Ideal CSl, 18 FEC

10 T T
2x2, Ideal CSI, 48 FEC
—+— 2x2, Ideal CSl, 170.022, 18FEC
—0— 2x2, Ideal CSlI, fd=0.022, 48FEC
1072 =—f— 2x2, Two—dim. est., E:0.0ZZ, 18FEC
—6— 2x2, Two—dim. esti., E=0.022, 48FEC
10°F .
e
i
)
107 E
10°F 4
10° i L L & L ‘

SNR (dB)

Figure 3.10: BER performance versus SNR for MISO scheme with two receivers in different
scenarios in the time variant TU6 channel with f; = 0.022. DVB-T2 parameters 2K mode,
GI =1/4, 16QAM, CR = 2/3, 16K LDPC, pilot pattern PP1, 18 and 48 FECs

3.3.4 Analysis on the effect of time interleaving

To test the effect of the use of time interleaving, different simulations have been carried out
in MISO with one and two receive antennas with 3, 9, 18 and 48 FEC blocks. Note that for
the considered time interleaving configuration and transmission parameters, the maximum
number of FEC blocks in the TI-block is limited to 137, as set by the standard. However,
it has only been simulated up to 48 FECs in order to limit the latency of the system.
In addition, it can be seen in Fig. 3.11, that no significant performance improvement is
obtained from 18 to 48 FEC blocks. More specifically, an improvement of 0.5 dB and 2.5
dB is observed at BER—=10"* between the first and the latter cases for two receive and one

receive antennas, respectively.

3.3.5 Simulation results for the proposed improved

decision-directed algorithm

This section presents the results obtained through simulations of the DVB-T2 system in-
cluding the proposed CD3 algorithm for channel estimation. Different channel models have
been evaluated: the AWGN channel and the time variant TU6 channel [COST207]. The
DVB-T2 parameters employed for the simulations focus on stationary reception and high
effective bit rates, as these are the intended modes for DVB-T2’s PP8 scheme.

Realistic assumptions have been made for the different simulation blocks. For example
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Figure 3.11: Time interleaving performance for MISO with a single receiver and MISO with
two receivers in the time variant TU6 channel, 16QAM, CR = 2/3, 16K LDPC, 2K FFT,
GI =1/4, PP1 for 3, 9, 18 and 48 FECs

the genie-aided demapper defined in the DVB-T2 Implementation Guidelines has not been
used. Therefore, simulation results may also vary for the ideal channel estimation from
the values given in the DVB-T2 Implementation Guidelines. Additionally, only the non-
rotated QAM constellations of DVB-T2 were used. However, the proposed algorithm is also
applicable to rotated constellations. On the other hand, in order to limit the simulation
time, the results were compared at a BER=10"%. The simulation parameters described in

Table 3.2 have been considered for the simulation results shown in this section.

3.3.5.1 AWGN channel

In order to set a proper threshold value of x,,;, for the improved decision-directed algorithm
provided in this chapter, simulations have been first carried out for the AWGN channel. Fig.
3.12 depicts the required SNR to achieve a BER<107* for the DVB-T2 parameter set listed
in Table 3.2.

Fig. 3.12 shows clearly the gain of the proposed algorithm compared to the original CD3
algorithm (x,,;, = 0). The avoidance of the inner constellation points reduces the required
SNR by more than 1 dB, while the optimum threshold is located at z,,;, = 0.7. If the value
of x,,;n 1s chosen too large, the required SNR increases again, as only few constellation points

are used for the estimation of the channel.

A direct comparison of the analyzed channel estimation techniques (CD3 and the pro-
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Table 3.2: Simulation parameters for the proposed modified CD3 algorithm

Parameter Value
Carrier frequency 760 MHz
Bandwidth 8 MHz
Length of LDPC block 64800 bits
Code rate 3/5
Constellation size 256QAM
FFT size 16K
Length of one OFDM block (T},) | 1792us
Length of the GI (7,/4) 44815
Pilot pattern PP8

19

1851

18

175\

Required SNR for BER < 10 ~* after LDPC

16.5f

al ~__—

0.1 0.2 0.3 0.4 0.5 0.6

0.7 0.8 0.9 1

Figure 3.12: Required SNR for BER<10~* in the AWGN channel for different values of @,
where x,,;,=0 corresponds to the original CD3 algorithm with no threshold.
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Figure 3.13: Comparison of BER vs. SNR for different channel estimation methods in the
AWGN channel, z,,;, = 0.7 for the proposed algorithm.
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Figure 3.14: Comparison of BER vs. SNR for different channel estimation methods in the
AWGN channel, z,,;, = 1.0 for the proposed algorithm.
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posed algorithm) is shown in Fig. 3.13 for the parameters listed in Table 3.2. Naturally, the
ideal channel estimation shows the highest performance, as it knows the channel perfectly.
The pilot based channel estimation using the DVB-T2 pilot pattern PP1, which is also the
pilot pattern used in DVB-T, shows a degradation of more than 1 dB, while the original
CD3 algorithm only provides a slightly better performance. In contrast, the improved algo-
rithm proposed in this chapter suffers a degradation of only 0.5 dB compared to the ideal
estimation, and hence outperforms the rest under consideration.

Similar results can also be obtained for 64QAM constellations, as Fig. 3.14 shows for the
following DVB-T2 parameter set: 8K FFT, 64QAM and LDPC short code. However, as the
ratio of the amplitudes between the inner and outer constellation points is smaller, the gain

of the proposed algorithm is reduced to 0.4 dB.

3.3.5.2 TUG6 channel

Fig. 3.15 shows simulation results for different channel estimation methods at normalized
Doppler frequency of f; = 0.0089, which corresponds to approximately 14 km/h receiver
velocity at 760 MHz signal frequency. This simulation has been carried out for the following
DVB-T2 parameter set: 8K FFT, GI 1/8, 64QAM (normal) and LDPC long code.

Ideal Estimation

% Pilot Based (PP2)
=+ Original CD3
—¥— Proposed Alg.

-
oI
~
T

BER after LDPC

19 195 20 205 21 215 22 225 23 235 24
SNR [dB]

Figure 3.15: Comparison of BER vs. SNR for different channel estimation methods in the
time variant TUG6 channel with f; = 0.0089, x,,;, = 0.7 for the proposed algorithm.

A time-variant channel has increased demands with respect to channel estimation. This
specially holds for CD3 and the proposed algorithm, as the channel equalization uses the
channel transfer function of the previous OFDM symbol. While the degradation is negligible

for lower Doppler frequencies (i.e. low receiver speeds), this degradation gets very important
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for high-mobility scenarios. As expected, the ideal channel estimation offers the highest
performance. The degradation of the pilot-based estimation is approximately 1 dB, while
the pilot pattern PP2 has been used, which is especially optimized for higher receiver speeds.
The CD3 and the proposed algorithm show an additional degradation, while the proposed
algorithm still outperforms the original CD3 algorithm. However, the degradation compared

to the pilot-based channel estimation still remains in an acceptable range.

3.4 Chapter Summary

This chapter has reviewed the main channel estimation techniques for wireless OFDM chan-
nels, with particular emphasis on pilot assisted estimation in DVB-T and DVB-T2. Several
channel estimation and interpolation techniques and their effects on DVB-T2 systems have
been assessed. Accordingly, two-dimensional Wiener interpolation has been proven to be the
optimal. Numerical results have been presented under different scenarios and with different
interleaving depths for SISO and MISO transmission. It is worth noting that short OFDM
blocks are less susceptible to ICI and combined with a suitable Doppler frequency, provide a
remarkable performance improvement. Simulation results show that the additional diversity
exploited by means of the inclusion of higher Doppler frequency and the combination with the
time interleaving can enhance the performance of the system with the proposed parameters.
In addition to considering perfect channel estimates, the two-dimensional Wiener filtering
has been applied to DVB-T2, studying the behavior of the system making a more realistic
assumption and analyzing the effect of channel estimation errors on the BER performance.

The last part of the chapter has focused on decision-directed techniques. A novel scheme
has been proposed under the assumption of a slow fading channel in a DVB-T2 framework.
The proposed algorithm is designed for channel estimation with a reduced number of pilots in
DVB-T2 or similar OFDM-based transmission systems. The proposed algorithm outperforms
the original CD3 algorithm [Mignone96| and the pilot-based channel estimation in stationary
channels, while the loss in the time-variant channel remains acceptable. Note that the PP8
pilot pattern, in addition to the proposed algorithm, offers an increased spectral efficiency
of approximately 8%, as the number of pilots is reduced significantly in comparison to pilot
patterns PP1 and PP2. This increased spectral efficiency could also be converted to a lower
code rate (CR) of the LDPC code, which will furthermore increase the robustness at similar

payload bitrates.
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Chapter 4

Basis Expansion Model channel
estimation for ICI cancellation in OFDM

systems

4.1 Introduction

The first purpose of this chapter is to briefly review the most relevant works that have been
published in recent years on channel estimation and equalization in mobile environments,
and then analyze the improvements that can be done in these two fields. Regarding channel
estimation in DVB-T2, much work has been done in fixed environments, but when it comes
to mobile scenarios with rapid time variations, there are only few studies addressing the per-
formance of mobile receivers. In fact, although DVB-T2 was originally designed to support
fixed reception, it must also have a positive trend in mobile scenarios. In such case, as it
has previously been pointed out in Chapter 2, the channel suffers from ICI, and the channel
estimation techniques that were used for time invariant channels are no longer appropriate.
Therefore, with the aim of having an efficient performance in mobile environments, the first
thing to do is to estimate the complete channel, including ICI, in order to be able to cancel it.
Different techniques have been proposed in the literature but basis expansion model (BEM)
channel estimation has prevailed in high-mobility scenarios because of its effectiveness and

computational affordability.

This chapter makes two proposals to combine ICI detection and channel estimation al-
gorithms. The first one focuses on the use of BEM channel estimation in combination with
a maximum a-posteriori (MAP) ICI mitigation algorithm in order to remove the error floor
experienced with mid-range normalized Doppler frequencies (from f; = 0.045 to f; = 0.18),
with both TU6 and RA6 channels. The second proposed scheme goes further, being able
to remove the error floor for much higher normalized Doppler frequencies such as f; = 0.5.
This approach is based on the belief propagation (BP) algorithm that has recently been

presented in [Ochandianollb]. Based on the latter and including clustered pilot structures,
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which have not ever been proposed for DVB-T and DVB-T2, a joint channel estimation and
equalization scheme is proposed, which effectively cancels the ICI with very good results for
high-mobility and large FFT modes.

To the author’s knowledge, no ICI compensation algorithm has been considered with
channel estimation for high-mobility DVB-T2 receivers. Nor has the mentioned BP ICI
cancellation algorithm been applied with any technique to track the channel. Therefore,
this chapter shows two novel schemes for channel estimation and ICI compensation for high-
mobility DVB-T2 receivers. Furthermore, simulation results are provided that show the

performance of the system over TU6 and RA6 channels.

4.2 1ICI and channel estimation in mobile OFDM

Channel estimation in mobile OFDM systems is a challenging problem. The most useful
techniques to combat the ICI and obtain an accurate estimate of the channel in time-varying
scenarios, rely on TB or DD methods.

When no a priori knowledge of the channel is available and robust channel estimation
has to be achieved, parametric models with a priori knowledge on time-varying multi-
path channel model parameters can be used. In order to reduce the dimensionality of
the problem, these channel estimation schemes assume that the variation of the channel
can be described using a finite number of parameters. This issue has been addressed in
[vandeBeek95, Hoeher97, Edfors96]. These methods use pilot symbols in order to perform
channel estimation with one and two-dimensional filtering imposing a parametric structure
on the channel. Other algorithms, require knowledge of some channel parameters that are
unknown in general, i.e. in [Yang01|, a channel estimation scheme based on the parametric
channel modeling which require knowledge of the channel is proposed. High-accurate chan-
nel estimation can be achieved if the time-varying channel parameters are known or at the
expense of introducing many pilot symbols in the transmitted signal. These assumptions
are rarely enforced, because the parameters are unknown and because a trade-off between
complexity and performance has to be reached. In [Rom07, Rom08|, a study of how the
estimation errors in the channel model influences the performance of the system is assessed.

Another parametric models rely on Kalman filter [BanelliO7|, LS [Cannizzaro06] and
MMSE [Barhumi05] channel estimators based on BEM and Slepian basis [Zemen05|. Taylor
series are used in [Tomasin05] to counteract the effect of ICI using derivatives of the chan-
nel amplitudes. Other channel estimation algorithms are based on second-order statistics
[Schniter06| and adaptive channel estimation [Rousseaux04]. The latter exploits all the re-
ceived symbols that contain contributions from the training sequences and filters out the
contribution of the unknown surrounding data symbols.

Many of the above techniques are based on BEM because of its accuracy in doubly-
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selective channels. In addition, this model maintains a trade-off between complexity and
performance, since the channel can be estimated with a limited number of parameters.
Consequently, this model has been chosen and applied to the scenario considered in this

thesis to obtain the results provided in this chapter.

4.3 BEM channel estimation

In order to reduce the number of parameters required for channel estimation in time-varying
channels, the BEM channel estimation was originally introduced in [Giannakis98|. The latter
and |Tsatsanis96a, Tsatsanis96b, Ma03, Kannu05| represent the doubly selective channel
by means of a complex exponential BEM (CE-BEM). Thenceforth, several authors have
used BEM to successfully model the time-varying channel [Ma03, Gorokhov04|. For block
transmissions, [Ma03| has modeled the channel using BEM and has shown the optimality of
time-domain training pilots in terms of MSE for PSAM. In [Kannu05| the same criterion
was considered in the frequency-domain, that is to say, instead of using zero-guarded time-
domain pilot symbols, pilot carriers surrounded by zeros were used in a pilot scheme referred
to as frequency-domain Kronecker delta (FDKD). These frequency guard bands surrounding
the pilots are necessary to keep the orthogonality between data and pilots. Nevertheless,
non orthogonal designs can also be used [He08|.

Apart from CE-BEM, several BEM methods are proposed in the literature: Polynomial
BEM (P-BEM) [Borah99|, Legendre polynomials [Hrycakll]|, (DPS-BEM) [Zemen05| and
complex exponentials oversampled in the frequency-domain [Leus04|, also called General
Complex Exponential BEM (GCE-BEM). In [Tang07a|, the modeling error of several BEM
bases is evaluated, analyzing the criterion to select the interference to be taken into account
for different channel estimators. Among all BEM bases, the best performance is obtained
via DPS sequences as is explained and tested in |Zemen03a, Zemen03b].

As it has been described in Section 2.5.3.1, as the ICI becomes more important, the ICI
power is spread out throughout the matrix with most of its power concentrated around the
main diagonal. For that reason, in order to obtain a perfect estimate, the full frequency ma-
trix should be taken into account [Gorokhov04, Cui05|. The simplest approach is to view the
frequency-domain channel matrix as approximately banded instead, that is to say, to consider
a channel matrix where most of its power is located around the main diagonal [Tang07al.
This approach is not followed by the CE-BEM technique since it views the matrix as strictly
banded, selecting ()/2 subdiagonals at each side of the main diagonal. Although taking
the matrix as strictly banded may induce a larger error than in the approximately banded
case, CE-BEM is considered in this thesis due to its algebraic ease and its performances at
high-Doppler frequencies.

On the other hand, in |Giannakis98] blind techniques are reviewed and applied to esti-
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mate the BEM parameters and the model orders. Blind techniques using a basis expansion
approach are also studied in [Tsatsanis96a, Cirpan99, Leus03, Tugnait02|. These methods
provide high spectral efficiency, since they do not require known reference signals to be
inserted at the transmitter for subsequent channel estimation and therefore do not have
overhead loss. Besides, these techniques rely on statistical information and hence, long data
records are required.

Considering that DVB-T2 always carries a minimum amount of pilots, pilot-aided BEM
channel estimation has been chosen in this thesis for mobile DVB receivers due to its lower

computational complexity and better performance in time-varying environments.

4.3.1 BEM model

A very efficient way to approximate the banded channel response is using a BEM model,
where the relation between BEM channel coefficients and the full channel response can be

defined as

h;=B-h,, (4.1)

where h;, is an N x 1 vector that contains the channel coefficients for the I-th channel
tap over the N samples of an OFDM symbol. This way, instead of estimating the N
channel coefficients for each tap, we only need to estimate the (Q + 1) BEM coefficients
h,; = [hoy, -+ ,ho,]", resulting in a significant reduction of the number of parameters to be
estimated, namely (Q + 1) x L for each OFDM symbol. B = [by,--- ,bg] isan N x (Q + 1)
matrix that contains @ + 1 basis functions b, as columns, where b, = [by0, " ,byn-1] .
Stacking all the channel taps, i.e. h, = [hoo, - ,hor-1, - »hQo, -, hg.r-1], ylelds

0= (B®I,)h,, (4.2)

For the case of the CE-BEM algorithm analyzed in this chapter, the elements of the matrix

B at indexes o and 3, i.e. b, g, are defined as

ba,g = exp(j2ma/N)(5 — (/2). (4.3)
Substituting (4.2) in (2.4), yields
Q

y=FHF'x+Fz=) D, A, -x+w, (4.4)

q=0
where D, is a circulant matrix containing the frequency response of the ¢th basis function

as its first column. This matrix is graphically shown in Fig. 4.1 and can be expressed as
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D, = Fdiag {b,} F". (4.5)

On the other hand, A, is the frequency response of the ¢g-th BEM component and is calcu-
lated as
A, = diag {Fp[hg0, - hera]"}, (4.6)

where Fy, consists of the first L columns of the matrix v NF. The columns of D, correspond
to the positions of the data and pilot symbols, whereas the rows contain the observation

samples.

In order to estimate ICI and isolate data symbols from pilots, the latter are grouped into
C' clusters, each containing L, pilots, as it will be explained in the next section. Stacking

together all the transmitted and receive samples for each cluster c¢ yields

Q Q
y. = Z DY) AW . x®) 4 Z DY . AW . x@ fw,. (4.7)
q=0 q=0
. d.

The term p, reflects the effects of known pilot carriers on the received samples of a cluster,
while d. reflects the effect of unknown data, which is neglected and regarded as interference.
More specifically, D((fc) is a (L, + 2B.) x CL, submatrix of D, that contains information
concerning the relationship between the positions of the pilot carriers and the received sam-
ples for cluster ¢, and is represented by the striped areas in Fig. 4.1. In contrast, Dg‘fg is a
(L, +2B.) x (N — CL,) is a submatrix related to the data carriers represented by the light
shaded areas, where the vertical axis represents the contribution of the g-th component to
the received sample and the horizontal axis is A, - x.

A pilot cluster of length L, is defined as xﬁp ) — [xbc, Cee L Tpt Lp_l}T, where b, is the first

position in the cluster. The observation samples considered for channel estimation can then

be expressed as

Y. = [ybc—Bc7 e 7ybc+Lp+Bc—1] . (48)

The B, parameter controls the amount of receive subcarriers that are going to be taken into
account. A negative B, means that fewer observation samples than transmitted pilots are
going to be considered for estimation purposes, so the interference of data symbols is reduced.
An example of this can be seen in Fig. 4.4, where L, = 5 and B. = —1. On the other hand,
a positive B, means that samples affected wholly or partially by unknown information are

also used for channel estimation, resulting in severe performance degradation.

In order to obtain the BEM coefficients, (4.7) can be rewritten as a function of h,, (see

[Tang07a| for further details), yielding
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Figure 4.1: Relationship between transmitted pilots and received symbols for the ¢-th basis.

y, = DEP)X(P)hu +d, + w,, (4.9)
with,
D — [Dgg, . ,Dgﬂ , (4.10)
and
X =T, @ (diag [x®) F<Lp>> , (4.11)

where F(Lp) are the rows of the matrix Fj, corresponding to the position of the pilots. Similarly,

applying the same process to all the observation vectors leads to the following expression

y® = D@x®h, +d + w® =ph, +d + w®, (4.12)
where all the pilots have been stuck together, i.e., y® = [yg, e ,yg_l}T, d= [dg, e ,dg_JT,
wi) = [wl, - ,wg_l}T and P = D®X® have been defined, with
. o o
D& — [DgD)T, L ,Dg{ﬂ — : (4.13)
(») (p)
Doz,jcfl T Dé),cfl

The same analysis can be done for the interference term d in 4.12 as follows
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d =DWx@n, (4.14)
where
d d
oo o
D@ = [D@T ... ,D(Cd)_ji] — : : . (4.15)
d d
Dé,)cfl e DEQ,)Cfl

However, for CE-BEM the matrix is assumed strictly banded, and hence, this term d is
neglected. Consequently, this approach will induce an error since the channel matrix is not
actually strictly banded. Now, the goal is to estimate h, from (4.12) through a MMSE esti-
mator. Note that, although this technique requires a matrix inversion, it does not involve so
much computational complexity, as the channel has been modeled with BEM and, therefore,
has less parameters. Hence the estimation of the channel coefficients in the BEM basis can

be obtained as

Hu = WMMSEy(p)7 (4-16)

where

Winse = P (PPY + Rq(f,o))_l. (4.17)

The covariance matrix of the noise is R?) = E {wP)wPH1 By substituting h, in (4.2),
the full channel matrix H in time-domain is obtained. This way, taking the FFT of H leads
to the CFR. Note that there is no need to calculate the entire H matrix, which would add
a prohibitive complexity, as the power is mostly concentrated around the main diagonal.

Therefore, only the main and two neighboring diagonals are estimated for ) = 2.

4.3.1.1 Complexity considerations

The complexity of the considered CE-BEM channel estimation technique is briefly analyzed
here, where it is important to distinguish between offline and online complexity. Offline
complexity accounts for the computation that is not performed in real-time. In this case,
some matrices, such as B, D and Fj, can be precomputed and stored. That is why the
online complexity of the estimator is mainly related to the matrix inversion involved in
(4.17). Consequently, it is conditioned by the total pilot carriers in an OFDM symbol and
implies a cubic complexity order with O (((L, + 2B.)C)?). Once Wyysg has been obtained
through a matrix product, the BEM coefficients for all the channel taps h, are calculated,
for which the number of channel taps L and the number of basis function ) 4+ 1 are the key

parameters. Finally, in order to obtain the time-domain channel matrix H, the number of

52



Chapter 4. Basis Expansion Model channel estimation for ICI cancellation in OFDM systems

adjacent diagonals used to estimate the ICI, i.e. (), are decisive in the final calculation.

4.3.2 Proposed pilot clustering for high-mobility DVB-T2

The problem of combating the ICI that arises in time-varying channels has been addressed in
[Stamoulis02, Dai07], where they addressed the problem of different pilot placement schemes
for a given number of pilot carriers, showing that it is beneficial and therefore necessary to
group the pilots together into different clusters in order to obtain a good estimate of the
channel. Recently in [Tang07b| a comparative study of different clustered pilot schemes with
GCE-BEM was carried out. Three different pilot schemes were presented (block-type, comb-
type and mixed-type), the latter being a combination of the previous two, in order to assess
the effects of the pilot schemes on the estimation performance for different channel conditions
and Doppler frequencies. In a less frequency selective channel, the comb-type pilot scheme
outperforms the other two. However, when the channel varies faster, the mixed-type works
better. This has been tested for a very small normalized Doppler frequency (f; = 0.004) and,
as long as the Doppler frequency gets higher, this no longer holds true due to the stronger
variation between different OFDM symbols, being the comb-type scheme the one that works
best as it carries pilot clusters in each OFDM symbol [Nilsson97].

In order to estimate the channel correctly, we adapt the pilot structure of DVB-T2 so

that pilots have to be clustered in C' groups of L, pilots as illustrated in Fig. 4.2.

mn  mw I e

o) o o,

Figure 4.2: Proposed pilot placement for BEM-based ICI and channel estimation.

Inside each cluster x((;p ), where ¢ = 0,1, -+ ,C' — 1, the scheme that has been adopted

is the FDKD structure mentioned in the previous section, where a nonzero pilot is placed
in the middle of the cluster with zero guard bands on both sides [Kannu05]. Stacking all
the pilot clusters together into a pilot vector yields x® = [x(()p )T, e ,xg)j T. By keeping
constant the number of pilots carriers, these pilots can be grouped in different ways to
address intercarrier interference caused by the Doppler effect. Put in other words, for a
given amount of pilot subcarriers, the performance changes depending on the size of the
clusters being used.

Fig. 4.3 shows the evolution of channel estimation accuracy for different cluster lengths
for high Doppler frequencies. However, when this Doppler frequency remains small (up to f4
= 0.1), the common pilot pattern scheme with L,=1, that is to say, with only one pilot per
cluster, outperforms the L,—3 case. That makes sense, because when there is no ICI or this
is very low, it is more advantageous to have equally spaced pilots in order to estimate the

channel better in the frequency-domain. In contrast, when the channel varies faster due to
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the motion of the receiver, the orthogonality between the subcarriers is broken and the pilot
carriers receive interference from neighboring data carriers. For that reason, it is necessary

to use larger clusters when estimating the channel in mobile environments.
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Figure 4.3: NMSE performance versus normalized Doppler frequency for TU6 channel in
32K mode for high SNR (60 dB).

Although the best performance is obtained with L,=7 and 5 observation samples, in
order to achieve a trade-off between complexity and performance and to follow the same
criterion for all the simulations, the parameters that have been chosen are L,=5 and 3
observation samples, i.e. B, = —1. The transmitted signal is formed by pilot (PC) and data
carriers (DC), as can be seen in Fig. 4.4. Some observation samples are affected by unknown
information (data carriers), some others are affected by known pilot carriers and the rest
are affected by both (pilot and data carriers). In order to have an accurate estimation, it is
simpler to take into account only the samples affected by pilot carriers, so the effect in each
observation is known and can be easily removed. In the case of 5 pilot carriers in each cluster,
this condition is fulfilled with 3 observations, as are those that are free from interference as
is depicted in Fig. 4.4. Note that, if the FDKD pilot structure is used, only P3 would have

a non-zero value in Fig. 4.4.

As can be seen in the Fig. 4.3, the results with L,=5 are satisfactory and a great saving
in computational effort is achieved when adding the improvements that will be explained

later on, in Chapter 5.
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Figure 4.4: Transmitted and received samples.

4.4 ICI cancellation techniques

Many research works have addressed ICI cancellation in the literature. In general, ICI
suppressing techniques can be classified into two different groups. The first ones estimate
the interference produced by the ICI and subtract it from the signal [Peng06, Hwang09|,
and the other ones use ICI as an advantage to exploit the frequency diversity it introduces
[Liu09, Ochandianolla)l.

On one hand, linear equalizers have been widely used, specially zero forcing (ZF) [Hsu09]
and MMSE algorithms [RuginiO5b, Fang08, Rugini06, Jeon99|. These equalization tech-
niques require a large matrix inversion, so they are prohibitively complex. Hence, these
problem has been solved by taking into account only some off-diagonal elements of the chan-
nel matrix, which is pretty accurate since most of the power is concentrated around the main
diagonal.

If joint detection and decoding are done at the receiver, the soft information coming
from the decoder can help ICI cancellation and the BER performance can be significantly
improved. This scheme, called turbo ICI equalization [Douillard95, Tuchler(2], is explained
in more detail in Section 4.4.3.2. In [Schniter04| this approach is applied through an iter-
ative MMSE serial linear equalizer (SLE) in time-domain and in [Fang08| this approach is
outperformed by a block linear equalizer (BLE).

On the other hand, non-linear equalizers are more complex but have a better performance.
Following these approaches, the ICI is removed by serial interference cancellation (SIC) in
[Hwang09|, and parallel interference cancellation (PIC) in [Molisch07]. The sphere decoder
(SD) has also been applied to suppress inter-carrier interference in [Kou05].

This chapter presents two novel schemes that have been proposed to deal with ICI can-
cellation with BEM channel estimation. The first one uses a MAP ICI canceler whereas
the second one addresses a belief-propagation or factor-graph based ICI detection. The for-
mer is directly addressed over a DVB-T2 framework whereas the latter is evaluated over a
BICM-OFDM system model, although its results will extended to DVB-T2 in the following

chapter, where a fully iterative receiver is proposed for very high mobility.

55



Chapter 4. Basis Expansion Model channel estimation for ICl cancellation in OFDM systems

4.4.1 ICI cancellation in DVB-T and DVB-T2

If we focus more specifically on DVB systems, many research works have addressed the
issue of ICI cancellation for DVB-T [Tomasin05, Wilhelmsson07, Poggioni09], but not much
attention has been put on DVB-T2 [Ochandianol0, Baraccall|. In [Baraccall| they focus on
systems with very long OFDM blocks and propose a pre-equalizer to combat time variations
of the channel for the DVB-T2 standard. The main disadvantage of the latter is that pilot
carriers can not be used for channel estimation purposes. In [Ochandianol0|, the impact
of using a MAP ICI compensating scheme [Peng06|, and an iterative turbo version of it
is analyzed for DVB-T2, showing its good performance in realistic scenarios and assuming
perfect knowledge of the channel. Nevertheless, their efficiency in realistic DVB-T2 reception
including channel estimation remains an open issue.

The following sections describe the two ICI canceling algorithms that have been consid-

ered as candidate for their combination with BEM estimation.

4.4.2 Tterative MAP ICI canceler

Once the ICI parameters are estimated, a low-complexity MAP detector [Peng06]| can sup-
press it profiting from the frequency diversity it provides. The detection process consists of
two stages: the first one estimates the transmitted signal X,, in frequency-domain through
a pseudo-Viterbi algorithm. The second one improves the detection process by suppressing
the effects of ICI based on the estimated signal.

Ui L STAGE 2 Lg
— STAGE 1 ICI suppressing »  LDPC decoder
and MAP detection
? La

Figure 4.5: Structure of the iterative ICI suppressing soft MAP detector.

This iterative soft demapper, shown in Fig. 4.5 and introduced in [Ochandiano10] for a
DVB scenario, uses the extrinsic likelihood values provided by the LDPC decoder as a priori
information (L,4) for the demapping process. Thus, it is no longer assumed that all states of
the constellation are equiprobable. In the implementation guidelines of [DVB09], an iterative
receiver scheme based on feeding the extrinsic information generated by the LDPC decoder
back to the demapping process as a priori information is suggested. This can be achieved
with the proposed ICI detector, where 3 external (information exchange between the LDPC
decoder and the MAP suppressing demapper) and 50 internal (iterations within the LDPC

decoder) iterations are carried out.
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4.4.3 Belief Propagation ICI detection algorithm

Although the previous scheme, presented in [Martinez11| for DVB-T2 reception with channel
estimation, provides good results for a normalized Doppler frequencies of up to f; = 0.045
at urban (TU6) scenario for a 16QQAM constellation, more suitable techniques are needed
to counteract this effect as the Doppler frequency increases. Hence, new ICI detection
techniques are required to provide good reception in high-mobility DVB receivers.
Recently, a novel ICI mitigating approach based on the so-called BP algorithm has been
presented in [Ochandianollb]. When the ICI power is high or large FFT sizes are being
used, very good performance is achieved with the proposed iterative equalizer. The proposed

receiver has the following architecture:

SN BP | LLR N Bit L LDPC
OFDM L detector calculator deinterleaver decoder
[
|
I Channel Soft . Bit
: estimator : mapper interleaver

Figure 4.6: Simplified block diagram of the proposed iterative BP-based receiver.

As it can be seen in the figure, this receiver comprises a BP detector, a LDPC decoder
and a BEM channel estimator. In addition a turbo approach is applied exchanging soft infor-
mation between the decoder and the detector. For this scheme, 2 iterations are performed
in the BP detector and 20 iterations in the LDPC decoder. 5 turbo iterations (extrinsic
information exchange between the LDPC decoder and the BP detector) are performed.

This proposal encompasses a new iterative receiver, combining BEM channel estimation
and a BP algorithm for ICI cancellation in DVB systems with very high mobility. The high
ICI power can provide diversity if it is correctly processed by the detector, which requires
a good knowledge of the complete channel, including ICI. Simulation results show the very
good performance of the proposed novel joint algorithm that not only cancels the ICI, but
also greatly benefits from the diversity it introduces, providing specially good results under
high mobility scenarios. In the approach of Fig. 4.6, channel estimation is only calculated
once, and then introduced in the BP detector. This architecture will be extended to a fully

iterative scheme in the last chapter of this PhD dissertation.

4.4.3.1 Belief propagation algorithm

This algorithm is based on the application of the sum-product algorithm (SPA) algorithm
to a factor graph (FG), representing the joint APP of the transmitted symbols. Following
the Bayesian theory, the transmission of a random signal over an AWGN-affected channel

can be modeled as
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P(x,y)=Ply)P(y) = P(ylx) P(x), (4.18)

where P(-) refers to the probability density function, and x and y are the transmitted and
received vectors in frequency-domain, respectively. In order to minimize the BER, a MAP

symbol detection strategy can be performed, which is formulated as

2 = argmax P (z|y) . (4.19)
Tk

The calculation of the marginal APP P (x,|y) is a quite challenging task and it is here where

FGs offer an elegant solution. The factorization of P (y|x) is given by

N

P (y|x) H fr (Tp—1, T, Tpet1) (4.20)
k=1

where NN is the number of subcarriers in the model and hence, z;, =0 for £k < 0 and kK > N

and

2
k+1
Yk — Zn:k—l Hynzp

fre (@1, Tpy Tpi1) < exp | — 2 : (4.21)
i

where Hy, is the (k-th, n-th) value of the frequency-domain channel matrix H. Fig. 4.7
depicts the equalizer’s factor graph considering two neighboring subcarriers involved in ICI,
one at each side of a subcarrier, where variable nodes z;, are associated with factor nodes fy.
Applying the SPA algorithm (the same as the one used in LDPC decoding) to this graph
allows us to compute marginal APPs after iterating between function and variable nodes.
As it is pointed out in [Ochandianol1b], this iterative process not only corrects the ICI, but

also exploits the frequency diversity introduced by it.

Figure 4.7: Structure of the ICI detector factor graph corresponding to factor
Jie(Tho1, Tk, Tryr).

Simulation results show that this new iterative detection strategy achieves good perfor-
mance when ICI power is high, which can be due to high mobility or the use of large FFT
sizes. Its application to the new DVB-T2 broadcasting standard has been tested for different
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realistic mobile scenarios, allowing good reception even in receivers with very high mobility,
up to fg = 0.5 of normalized Doppler frequency. These results will be discussed at the end
of this chapter, in Section 4.5.3.

4.4.3.2 Turbo receiver

An iterative turbo receiver exchanges soft information between the detector and the decoder,
in order to reduce the BER, as shown in Fig. 4.8. More specifically, a LDPC decoder and

the BP detector described in Section 4.4.3.1 have been considered in this research work.

T T

Decoder

Decoder

LLR;, 5LLRmng
Deinterleaver
\ LLRcyt
Deinterleaver Interleaver
LLRcyt
Demapper
T
a priori
LLRout information

(a) (b)
Figure 4.8: Block diagram of Single-tap equalization (a). Turbo-equalization (b).

As can be seen in Fig. 4.8, the LDPC decoder requires soft estimates of the transmit-
ted information bits, which are provided by the soft output detector. This information is

calculated through the APP of the received symbols as:

Plbo=tly)= 3. Pblyy= > ° y|by ) (4.22)
Vi :bp=b Vi :bp=b
where b = (by, by, -+ ,b,)T is a sequence of independent data bits b, and P(b) is the a
priori probability that enters the detector depicted in Fig. 4.8. The a priori information is
provided by the decoder and hence, in the initial equalization step, no a priori information
is available.
This APP is expressed with the log-likelihood ratio (LLR)’s or L-values [Hagenauer96],

which can be defined as:
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Py b, = +1]

L(b) = l”m>

(4.23)

where positive and negative LLR mean logical 1 and 0, respectively. Hence, the absolute
value of each LLR corresponds to the reliability of that particular bit. Given the received

symbol y, the a posteriori information L(bg|y) can be expressed as follows:

L(bly) =t =0 = Lotuly) + Lib), (1.24)

The a priori information L(by) is substracted from the a posteriori information to obtain

the extrinsic information, that is to say, the information about b, contained in y.

4.5 Simulation Results

In this section, the performance of the systems previously described has been analyzed in
terms of BER. Firstly, simulations results for the MAP detector are shown with BEM chan-
nel estimation. This novel receiver, provides good results at high Doppler frequencies in
both TU6 and RA6 channels. The performance of the algorithm is tested through com-
puter simulations showing a BER improvement with respect to single-tap equalization in
several commonly used channels. Moreover, the combination of ICI cancellation and BEM
channel estimation algorithms outperforms the perfect channel knowledge case with low and
moderate Doppler frequencies (ideal channel with no ICI cancellation), and the error floor
experienced with the latter is removed.

However, although this results are good enough, e.g. for a normalized Doppler frequency
of f; = 0.045 at urban TUG6 scenario and 16QQAM constellation, more suitable techniques are
needed to counteract this effect as the Doppler frequency increases. This limitations can be
overcome if the second proposed scheme is used. Provided results show that the proposed BP
ICT detector with BEM channel estimation receiver outperforms the former scheme, having
an excellent performance in very demanding high-mobility environments, e.g. for f; = 0.5.
Given results prove that the proposed receiver could also be used to boost the performance

of the forthcoming DVB-NGH standard in very demanding high-mobility environments.

4.5.1 Accuracy of BEM channel estimation

The normalized mean square error (NMSE) and the BER performance results will be exam-
ined in this section with respect to Doppler spread and the SNR, respectively. The NMSE,
defined as shown in the following equation, has been used as mismatch measure between the

perfect channel and the BEM estimation
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SN (0) — Ba(n)||
NMSE = = i (4.25)
Y o [ (n)]

Fig. 4.9 depicts the evolution of the NMSE as the Doppler frequency grows for the considered

CE-BEM estimation. The solid line represents the main diagonal while the dashed one
represents a secondary diagonal. It is observed that with low Doppler frequencies, the error
is negligible in the main diagonal, and therefore the estimate is better. Likewise, as the
Doppler frequency increases, the error is greater. Nonetheless, the BEM estimate works
very well and the NMSE remains within an acceptable range. The second diagonal does not
get as accurate results as the main one but it helps the detector to obtain very important

information for ICI cancellation.
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Figure 4.9: NMSE performance versus Doppler frequency for the main and secondary diag-
onals in the time variant TU6 channel. DVB-T2 parameters: 8K mode, GI = 1/4, 16QAM,
CR =2/3, 16K LDPC.

4.5.2 MAP ICI canceler with BEM channel estimation

In order to see the behavior of the first proposed scheme, simulations under different sce-
narios have been carried out. For this purpose, commonly used channels models in digital
video broadcasting standards, such as TU6 and RA6 have been chosen in order to test its

performance.
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4.5.2.1 TUG6 channel analysis

In order to evaluate the performance of the proposed DVB-T2 receiver, commonly used
channel models are considered. In the first place, a 6-taps Typical Urban TU6 channel
is considered in 8K mode, thus having N = 8192 subcarriers, with a CR of 2/3 and a
constellation of 16QAM.

T T
=== Fd=0 Hz Ideal Channel 3FEC
=—©— Fd=0 Hz BEM Estim. 3FEC
Fd=80 Hz Ideal Channel 3FEC
= Fd=80 Hz BEM Estim. 3FEC
Fd=80 Hz Iterative canceller 3FEC
=—RP— Fd=80 Hz Iterative canceller+BEM 3FEC
Fd=80 Hz Iterative canceller+BEM 10FEC
—<€— Fd=0 Hz Wiener Estim. 3FEC

BER

10 105 11 115 12 125 13
SNR (dB)

Figure 4.10: BER performance versus SNR for different channel estimation methods in the
time variant TU6 channel with 80 Hz Doppler. DVB-T2 parameters 8K mode, GI = 1/4,
16QAM, CR = 2/3, 16K LDPC.

Fig. 4.10 shows the performance of the proposed receiver and the ones described in
Chapter 3, specially the ones based on Wiener filtering. In the case of BEM, a CE-BEM with
) = 2 was used to model the time-varying channel up to two interfering adjacent subcarriers.
The number of pilots is the same as those used in DVB-T2 for pilot pattern PP1. However,
in this case they are clustered in C' = 122 groups, each containing L, = 5 pilots. The
Doppler frequency (F,) values that have been taken as references for mobile environments
are 80 Hz and 50 Hz, equivalent to speeds of 114 Km/h and 71 Km/h, respectively, with
760 MHz carrier frequency. It can be seen that channel estimation by Wiener filtering
performs better than BEM estimation when there is no Doppler. However, when Doppler is
added to the system, BEM channel estimation and the proposed ICI canceler obtain better
performance, behaving close to the ideal channel knowledge case. We can also observe that
the combination of the proposed algorithms, the ICI canceler and the BEM estimator, is the
best solution and outperforms the perfect channel knowledge case with Doppler. This is so
because the MAP detector profits from the frequency diversity ICI provides.

When testing with less severe Doppler frequencies, the system performance is even better
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Figure 4.11: BER performance versus SNR for different channel estimation methods in the
time variant TU6 channel with 50 Hz Doppler. DVB-T2 parameters: 8K mode, GI = 1/4,
16QAM, CR =2/3, 16K LDPC.

through the combination of the proposed ICI canceler and BEM estimator. Consequently
there is more diversity gain due to the ICI cancellation, and the error floor experienced with
the ideal channel knowledge disappears, as is depicted in Fig. 4.11. 3 FECs have been
considered for all the cases except for the iterative canceler and BEM estimator, which has

also been simulated for 10 FECs, obtaining a significant performance increase.

4.5.2.2 RAG6 channel analysis

Simulations have also been carried out for less frequency-selective propagation environments,
such as the RA6 channel, in order to assess the behavior of the proposed scheme when the
effects of pilot clustering are less severe. The tested parameters are the same as in the
previous cases, but with a more robust code-rate of CR = 1/2 and a F; = 200 Hz, equivalent
to a speed of 284 Km/h with 760 MHz carrier frequency.

Fig. 4.12 depicts the BER performance of DVB-T2 for the combination of the proposed
algorithms. For a time interleaving depth of 3 FEC blocks, the BEM channel estimation
is very close to the ideal channel knowledge case. Nevertheless, although the proposed
algorithm does not remove the existing error floor for ;=200 Hz, it remains very close to
the ideal channel case, which suffers from error floor too. In order to solve this problem,
more complex receivers, as the one based on BP detection, are needed to remove the error

floor with high Doppler frequencies.
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Figure 4.12: BER performance versus SNR for different channel estimation methods in the
time variant RAG6 channel with 200 Hz Doppler. DVB-T2 parameters: 8K mode, GI = 1/4,
16QAM, CR =1/2, 16K LDPC.

4.5.3 BP ICI detector with BEM channel estimation

As in the case of the first proposed scheme, in order to see the performance improvement
provided by the second proposed scheme, simulations under different scenarios have been

carried out.

4.5.3.1 TUG6 channel analysis

The performance of the proposed joint scheme has been analyzed over a TU6 channel model
using 32K-subcarrier transmission mode with CR = 2/3 and QPSK modulation. Different
normalized Doppler frequencies have been simulated to show the good performance of the
proposed receiver with very high mobility and large FFT sizes. Regarding the CE-BEM
algorithm used for channel estimation, ()=2 has been selected to model the time-varying
channel up to two interfering adjacent subcarriers. As for the previously proposed scheme,
the pilot structure has been modified to include C'=122 pilot clusters, each containing L,=5
pilots.

Fig. 4.13 depicts the evolution of the BER for various SNR values, showing the perfor-
mance of the proposed joint channel estimation and BP detector scheme. Naturally, except
for the case of no ICI, the ideal channel estimation shows the highest performance. The
higher the Doppler frequency, the greater the difference becomes with respect to the ICI-

free case, since only two neighboring subcarriers are taken into account and the power of
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the residual ICI increases. However, although considering more adjacent subcarriers would

improve the performance, it would also increase significantly the complexity of the proposed
scheme.

The results in Fig. 4.13 clearly show that a huge profit is obtained with this scheme. The
error floor disappears completely even with channel estimation. Furthermore, in the case
of f4=0.13, the performance of the BP detector with ideal channel knowledge, outperforms
the ICI-free case, since it is able to exploit the frequency diversity introduced by ICI. If
instead of considering the ideal channel, a more realistic approach is considered, and hence
the channel estimate is taken into account, the degradation is negligible with respect to the
[CI-free case, being of only 0.3 dB.
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Figure 4.13: BER performance versus SNR for the joint turbo BEM channel estimation and
BP detection in the time variant TUG channel for different values of f;. System parameters
32K mode, GI = 1/4, QPSK, CR = 2/3, 64K LDPC.

It can be observed that the gaps between the BP detector with the ideal channel and
the joint scheme with channel estimation become larger as the Doppler frequency increases.
Thereby, the degradation compared to the ideal channel case is of 0.6, 0.9, 1.3 and 1.4 dB
for f;=0.13, f4=0.3, f4=0.4 and f;=0.5, respectively. Nevertheless, the results in Fig. 4.13
clearly show an excellent performance for all cases, since the error floor disappears completely
even with channel estimation. In addition, even for the most severe case (f; = 0.5), the joint
scheme performs well, with only 2 dB degradation with respect to the free ICI case. On the

other hand, a huge profit is obtained when compared with the MAP canceler considered in

the previous section.
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4.5.3.2 RAG6 channel analysis

The proposed scheme has also been analyzed for a RA6 channel, as it is shown in Fig. 4.14.
In contrast to the previous case, the proposed joint scheme with BEM channel estimation
and BP detection has a significantly better performance than the ICI-free case, depending
on the normalized Doppler frequency, removing the error floor completely except for f;=0.13
and f;=0.5. This happens because the proposed novel joint algorithm, not only cancels the
ICI, but also can benefit from the diversity it introduces. Therefore, the higher the Doppler
frequency is, better results are obtained in the case of ideal channel knowledge up to a
certain limit, thus providing specially good results under high mobility scenarios. In this
case, fq = 0.3 obtains the best performance of all, and thereafter is degraded. However, Fig.
4.14 shows that up to f; = 0.5, very good results are obtained, significantly improving the
ICI-free case. When channel estimation is added to the system, the introduced errors are
detrimental to the detector and there is a lower performance as long as the errors become

more important.
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Figure 4.14: BER performance versus SNR for the joint turbo BEM channel estimation and
BP detection in the time variant RA6 channel for different values or f;. System parameters
32K mode, GI = 1/4, QPSK, CR = 2/3, 64K LDPC.

The diversity introduced by the whole system is given by the channel frequency diversity,
the frequency-domain diversity introduced by ICI and the time-domain diversity introduced
by time-interleaving. The first of them is determined by min(dy,c.;L), where dj... is the
Hamming distance of the channel code and L is the number of channel taps. The Hamming
distance of the LDPC code is very high, and therefore the diversity order of the system is
limited by the total number of channel taps, i.e. 6 for RA6 and 47 for TU6. Consequently,
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the frequency diversity that can be achieved with a TU6 channel is much greater than that
provided by a RA6 channel.

The diversity introduced by the time-varying channel is the same regardless of the channel
model being used. Therefore, in a RA6 channel, the frequency diversity introduced by the
Doppler is most noticeable than in a TU6 channel. For this reason, the BP detector has
a better performance in a RA6 channel and with f; = 0.3, where the diversity benefit it

introduces is larger.

4.6 Chapter Summary

This chapter deals with the problem of combating ICI and emphasizes the importance of
its proper characterization, for the subsequent task of channel estimation in a time-varying
scenario. The most important works that have addressed this issue have been reviewed and
analyzed, concluding that it is necessary to group the pilots together into different clusters in
order to obtain a good estimate of the channel in mobile environments. Therefore, the design
of optimized pilot clusters is analyzed for high-mobility scenarios, comparing the results with
the distributed pilot patterns proposed in the standards, showing a remarkable improvement
when 5 or 7 pilots are clustered together. In order to obtain a trade-off between complexity
and accuracy, L, = 5 has been chosen for the simulation results proposed in this dissertation.

In order to reduce the number of parameters required for channel estimation, the most
promising method in the literature, named basis expansion model (BEM), has been se-
lected, which represents the doubly selective channel by means of CE-BEM, which has been
parametrized to model the time-varying channel up to two interfering adjacent subcarriers.

Moreover, this chapter has proposed two different schemes to combine ICI suppression and
BEM channel estimation. The first one combines BEM and a MAP ICI equalizer, removing
effectively the error floor experienced with mid-mobility systems, such a f; = 0,045 over a
TUG6 channel. However, as long as the Doppler frequency increases, more suitable methods
are needed to counteract the effect of channel estimation and residual ICI.

No ICI-aware channel estimation and detection algorithm has been proposed so far for
very high mobility systems in the literature. Even for other standards, the use of a turbo
receiver combining channel estimation and ICI detection has not been addressed for high-
mobility systems with large FFT orders. Therefore, an iterative (turbo) receiver architecture
has been proposed as the second scheme in this chapter, which consists of a BEM channel
estimator and a BP detector.

The last part of the chapter has provided novel simulations results for high-mobility
DVB-T2 receivers, showing the suitability of the proposed schemes. Within this context,
the behavior of the proposed algorithms has been shown for different normalized Doppler

frequencies and for different channel models (i.e. TU6 and RA6). The results clearly show
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that the second scheme outperforms the first one and the ones in the literature significantly,
since it removes the error floor even for a normalized Doppler frequency of f; = 0.5 in TU6
channels and for f; = 0.4 in RA6 channels.

68



Chapter 5

Iterative BEM channel estimation and

ICI cancellation in very high mobility
DVB

5.1 Introduction

This chapter proposes a novel receiver combining BEM channel estimation and a BP-based
algorithm for signal detection in an iterative (turbo) architecture for high-mobility DVB
systems. As it has been previously stated, OFDM transmission suffers from ICI in time-
varying channels, due to the loss of orthogonality among subcarriers. At high mobility, i.e.
high Doppler frequencies, the distortion caused by ICI is so strong that a classical receiver
is not able to provide quasi-error free (QEF) reception. To deal with this problem, two
different reception schemes are here proposed in order to achieve the best solution in terms
of performance, complexity and latency.

The first proposed scheme, named PS1, substitutes the frequency-domain one-tap equal-
izer in conventional DVB-T2 receivers by the BP detector and maintains the time interleaver.
In the second proposed scheme, named PS2, the time interleaver is subtracted out and the
turbo approach is applied exchanging soft information between the decoder, the detector and
the channel estimator. Therefore, in addition to the BEM channel estimation considered in
the previous chapter, soft data estimates are taken into account and the system performance

can be further improved moving closer to the ideal channel case.

Throughout this chapter, the behavior of the proposed channel estimators and receivers
will be shown for several Doppler frequencies and for the classical channel models, (i.e. TU6
or RAG6), in order to see how the exploitation of soft information affects the performance of the
system. Simulation results show the very good performance of the proposed novel receivers,
that not only cancel ICI, but can also benefit from the diversity it introduces, providing
specially good results under very high mobility scenarios, even up to 0.5 of normalized

Doppler frequency.
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5.2 Soft-input Channel Estimation

Soft-input BEM channel estimation involves that, not only the pilot carriers are used to
estimate the channel, but also soft data estimates are considered in order to obtain a more
accurate estimate of the channel. Unlike the case of only taking into account the pilots
for channel estimation purposes, in which having a positive B, was detrimental due to the
interference introduced by unknown data, the B, parameter must now have a positive value,
in order to exploit the greater amount of reliable samples as possible. However, this B,
parameter must be carefully chosen in order to achieve a trade-off between complexity and
performance. Although it may seem at first glance that the larger B., the greater benefit
is obtained, this does not happen in practice, because in the case where the reliability of
the samples is not good enough, increasing B, means a growing number of unreliable terms,
leading to interference in the estimation. Therefore, taking into account a positive B, the

matrix D, previously depicted in Fig. 4.1, is transformed into the matrix shown in Fig. 5.1

—>Lpe—r —>Lpe— —»Lpe—0

(Lp +2B¢)

Dy

(Lp +2B¢)

Do

Figure 5.1: Diagram with the elements of matrix D, for a positive B,.

The dark shaded areas refer to the widening that occurred when considering a positive
B., that is, a larger amount of observation samples considered for channel estimation. The
received signal can then be expressed as a function of the vector of soft data estimates m
[Fangl0] as
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Q Q
yC:ZDq,C-Aq-m—%ZDq,C-Am(X—m) +w,, (5.1)
q=0 q=0
dggft

where D, . is a (L, + 2B.) x N matrix represented by the colored areas in Fig. 5.1 and
the second term can be regarded as interference. Assuming QPSK modulation, the ith soft

symbol value of m can be computed as

- tanh(L(z;1)/2) + v/—1 tanh(Lc(z;2)/2)
7 T \/§ ,

where L.(x;1) and L.(x; ) are the extrinsic LLRs of the two bits that compose the symbol

(5.2)

obtained from the LDPC decoder. After some algebraic operations, (5.1) can be rewritten

as
y. = D X.opihy, + A2 + w,, (5.3)
with,
d*f" = D, 1o ® (diag {x — m}F;)] h,, (5.4)
and,
Xsoft = IQ—H ® (dlag {m} FL) : (55)

Substituting (5.5) and (5.4) in (5.3), and stacking all the clusters together, the received

signal can be expressed as follows:

y = D [Ig4 ® (diag {m} F1) h, + D [Ig;, ® (diag {x — m} F.)| b, + w

(5.6)
= Psofthu + dsoft +w,

where Py, = DXgopr and D = [Dg, e ,Dg_l]T, and D, has been previously defined in
(4.10) for pilot positions. In addition, y = [y§,--- ,yg_l}T, dsort = [dZ:)ftD? e adgoft,C—l]T
and zy = [z}, - - ,zrﬁc_l]T are column vectors of length C(L, + 2B.).

In order to update the soft symbol value, the soft data at the output of the LDPC decoder
L. are taken into account. This can be done in each iteration of the equalizer, provided that
a trade-off between complexity and performance is accomplished. The generated soft symbol

estimates can now be used as pilots, and (4.17) is transformed into

Winse = Ru, Pl (Peose R, Py + Ra,,;, + Ru) ™, (5.7)

where Rq,,,, = F {dsof tdgﬁ} and can be obtained as stated in [Fangl0O], and R, =
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E {WWH } Since a first channel estimate has already been obtained by means of BEM
using (4.16) and (4.17), the channel autocorrelation function Ry can be used to obtain the

covariance matrix of BEM coeflicients as

R‘hu = E(huhf) = Rhu,l ® diag(og, T 70%/71)7 (58)

where,

Rp,, = E(h,hl) = BTRTAIZBTH. (5.9)

u,l

5.2.1 Complexity considerations

When soft data estimates are taken into account to perform channel estimation, the B,
parameter must be carefully chosen, in order to achieve a trade-off between complexity and
performance. Compared to the case of only taking into account pilot carriers to perform
channel estimation, a greater B, means that the observation vector is enlarged and hence
the complexity increases.

This time, not only the CE-BEM channel estimation has to be carried out, but also the
soft channel estimation has to be taken into account. In order to compute the complexity
of the whole channel estimation process, as in the previous chapter, it is important to
distinguish between offline and online operations. In the first case, some matrices, such
as B, D and F, can be precomputed and stored. That is why the online complexity of
the estimator is given mainly by the matrix inversion involved in (5.7), which involves cubic
complexity order with O (((L, + 2B.)C)?). In addition, the calculation of the autocorrelation
function Rﬁz’ needed to obtain the covariance matrix Ry,,, also involves a complexity of order

O(N?) [Golub9s.

5.3 Proposed receivers for very high mobility reception

In this section, numerical results are provided to show the performance of the proposed
algorithms for several mobile broadcasting scenarios. Fig. 5.3 depicts the simplified block
diagram of the three reception schemes analyzed in this chapter; from top to down: CONV
stands for the conventional DVB-T2 receiver, PS1 for the first proposed scheme and PS2
for the second proposed scheme. PS1 substitutes the frequency-domain one-tap equalizer in
the conventional DVB-T2 receiver by the BP detector and maintains the time interleaver.
In PS2, the time interleaver is subtracted out and the turbo approach is applied exchanging
soft information between the decoder, the detector and the channel estimator. The aim of
both proposed schemes is to achieve a reasonable trade-off among performance, complexity

and latency. The combination of the turbo approach and the inclusion of the time interleaver
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would cause excessive delays in signal reception, having been therefore dismissed.

The mechanism behind the proposed ICI combating schemes is the exploitation of the
frequency and time-diversity caused by the time-varying channel. PS1 makes use of both
frequency-domain diversity (frequency correlation in the received signal due to ICI) and time-
domain diversity (due to the use of a time interleaver along with error correction coding
in a time-varying channel) to provide error-free reception. In PS2, the lack of the time
interleaver is replaced by the performance gain offered by the turbo approach. Optional signal
processing stages included in the standard (e.g., constellation rotation) are not considered

in this chapter.
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Figure 5.2: From top to down: simplified block diagrams of the conventional DVB-T2 receiver
(CONV), the first proposed receiver scheme (PS1), and the second proposed receiver scheme
(PS2).

5.4 Simulation results

The DVB-T2 implementation guidelines document [DVB09| proposes several channel models,
from which two have been chosen to analyze the performance of the proposed detection
techniques in mobile environments: COST 207 TU6 and RA6 channels [COST207]. We

consider two very high values for normalized Doppler frequency: f; = 0.5 and f; = 0.4.
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Table 5.1: Simulation parameters

Parameter Value
Carrier frequency 760MHz
Bandwidth SMHz
Number of subcarriers (V) 32784
Subcarrier spacing 280Hz

Length of one OFDM block (7,) 3584 s
Length of the guard interval (T;,/4) | 896us

Modulation QPSK
FEC length 64800
Code rate 2/3

Table 5.1 describes the simulation parameters adopted for the results depicted in this chapter.
Under such conditions, f; = 0.5 and f; = 0.4 correspond to about 200 and 160 km/h of
vehicular speed, respectively. All the results are obtained running Monte Carlo simulations
based on 232 trials of 1 FEC block each. Note that, 32K is the highest FFT size used in
DVB-T2 and, hence, the most sensitive to ICI.

Simulation results are organized as follows: Section 5.4.1 analyzes the performance of
conventional DVB-T2 reception (CONV) for different number of FEC blocks per TI-block.
In Section 5.4.2 and 5.4.3 the performance of the proposed schemes, PS1 and PS2, is assessed

and compared to their respective ideal CSI cases.

5.4.1 DVB-T2 performance at high-mobility scenarios

Mobile reception of DVB-T2 signals is assessed according to the number of FEC blocks con-
sidered in the TI-block in order to evaluate the robustness provided by the time interleaving
at very high Doppler scenarios. Note that, for the time interleaving configuration and trans-
mission parameters adopted in this chapter, the maximum number of FEC blocks in the
TI-block is limited to 17, as set by the standard.

According to Fig. 5.3, error-free reception is possible for the RA6 channel up to f; =
0.3 without the inclusion of any specific signal processing technique for ICI suppression.
However, beyond this Doppler frequency, the performance crashes giving rise to a high error
floor. The BER curves for TU6 channel follow similar trends. In this case, the maximum
Doppler frequency for error-free communication is even lower. These results clearly show
that the ICI canceling algorithms and the channel estimation architectures provided in this

thesis are necessary if DVB-T2 reception is required in very high mobility scenarios.
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Figure 5.3: DVB-T2 performance for different number of FEC blocks in the TI-block (Time
Interleaving depth) at high SNR regime (SNR=30 dB).

5.4.2 Performance with ideal channel estimation

Thorough simulation results not included in this chapter show that the best BER perfor-
mance in broadcasting channel conditions is achieved by the next turbo strategies [Ochandianollal:
for PS1 reception scheme, 3 iterations are carried out in the BP detector and 50 iterations in

the LDPC decoder. For PS2 receiver, 2 iterations are performed in the BP detector and 20
iterations in the LDPC decoder for each of the 5 outer turbo iterations (extrinsic information
exchange between the LDPC decoder and the BP detector).

5.4.2.1 Proposed scheme one (PS1)

Fig. 5.4 and Fig. 5.5 show the BER performance of PS1 for TU6 channel assuming ideal
channel knowledge. As it was mentioned, this scheme makes use of both frequency-selectivity
(BP detector) and time-selectivity (time interleaver). In Fig. 5.4 BER results are depicted
for 1, 2, and 3 iterations in the detector considering 10 FEC blocks per TI block. As it
can be seen, the second iteration is able to remove the error floor caused by the Doppler
spread, and the third iteration gives a tight performance gain of about 0.3 dB at BER= 107%,
approaching the ICI-free curve up to 1 dB. This corroborates the efficiency of the proposed
BP detector in such channel conditions.

In turn, time interleaving performance is assessed in Fig. 5.5 by keeping the number of
iterations fixed and varying time interleaving depths (1, 5 and 10 FEC blocks per TI block).

As it is shown, the maximum performance gain that time interleaving can offer is around 0.5
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Figure 5.4: PS1 BER performance comparison for different BP iterations, with f; = 0.5 over
TUG6 channel, considering ideal and partial CSI. 10 FEC blocks per TI-block are assumed.
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Figure 5.5: PS1 BER performance for different number of FEC blocks per TI block, with
fa = 0.5 over TUG6 channel, considering 3 BP iterations.
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dB. Consequently, for the TU6 channel model, the frequency-selectivity exploitation by the
ICI-aware BP detector is much more efficient than the effects of the time-selectivity provided
by the time interleaver.

Fig. 5.6 and 5.7 show an analogue analysis for the RA6 channel model. As it is well-
known, the BER behavior of a BICM-OFDM scheme is substantially different in less selective
channels. Therefore, it is interesting to extend the simulation results of Fig. 5.4 and 5.5 to
the RA6 channel model. The high correlation in frequency-domain due to the short delay
spread of the channel can largely degrade the BER performance, that is, the lower delay
spread leads to frequency-diversity loss. Therefore, as it is shown in Fig. 5.6, PS1 scheme
produces a remarkable impact on the BER, giving a performance gain of about 4 dB with
respect to the ICI-free case at BER= 10~*.

—+— CONV ICl-free, Ideal CSI

1 —8— PS1, 3 BP iterations, 10 FEC, Ideal CSI
T T L

—6— PS1, 2 BP iterations, 10 FEC, Ideal CSI
PS1, 1 BP iterations, 10 FEC, Ideal CSI ]
PS1, 3 BP iterations, 10 FEC, BEM channel estimation |
=% CONV, Ideal CSI 1

v v v v

4

‘ ‘ \

8 9 10 11
SNR (dB)

Figure 5.6: PS1 BER performance comparison for different BP iterations, with f; = 0.5 over
RAG6 channel, considering ideal and partial CSI. 10 FEC blocks per TI-block are assumed.

On the other hand, comparing Fig. 5.5 and 5.7, we can observe that the contribution
of the time interleaver is higher in RA6 than in TU6. The reason behind this behavior is
that spreading out symbols by means of the time interleaver emulates an ergodic channel,
offering a high diversity order gain with respect to the RA6 channel. Besides, it is worth
noting that there is no performance gain beyond 5 FEC blocks per TI-block.

5.4.2.2 Proposed scheme two (PS2)

Fig. 5.8 and 5.10 show BER results for PS2 reception scheme and f; = 0.5 over TU6 and
RAG, respectively. Note that comparing Fig. 5.8 and 5.4, PS1 outperforms PS2 up to 0.5 dB
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Figure 5.7: PS1 BER performance for different number of FEC blocks per TI block, with
fa = 0.5 over RA6 channel, considering 3 BP iterations.

over TU6 channel. In the same way, an analogue behavior can be seen over RA6 comparing
Fig. 5.10 and 5.6, where PS1 presents a gain of 1.2 dB with respect to PS2. Therefore, PS1
turns out to be the best solution in terms of performance for both channel models when
ideal CSI is assumed. It is worth noting that due to the higher contribution of the time
interleaver, the conjunction of BP detector and time interleaver (PS1) provides higher gains

with respect to PS2 in less selective channels.

5.4.3 Performance with channel estimation

Regarding the CE-BEM algorithm proposed for channel estimation, () = 2 has been selected
to model the time-varying channel up to two interfering adjacent subcarriers as it has been
stated in the previous chapter. The pilot structure of DVB-T2 has been modified to include
C' = 122 pilot clusters, each containing L, = 5 pilots. For the PS2 scheme, B. = 1 has been
set in order to estimate the channel correctly without increasing the complexity too much.
Note that the total amount of pilots has been maintained identical to the PP1 pattern in

DVB-T2 specification in order to provide a fair comparison.

5.4.3.1 Proposed scheme one (PS1)

The performance of PS1 scheme has also been tested including the BEM channel estimator
for both TU6 and RA6 channels. As expected, PS1 offers the highest performance when 3

BP iterations are performed, and hence, this configuration has been chosen for simulating
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PS1 with channel estimation. Regarding TU6 channel, Fig. 5.4 shows a performance loss of
1.5 dB compared to the ideal channel. Nevertheless, the degradation still remains acceptable
since the error floor disappears completely.

On the other hand, regarding RA6 channel model (Fig. 5.6), the inclusion of channel
estimation leads to a degradation of only 0.3 dB compared to the ideal CSI. This is because
the channel is less selective in the frequency-domain and the estimate turns out to be more

accurate.

5.4.3.2 Proposed scheme two (PS2)

This scheme has been tested for both TU6 and RA6 channel models and for different nor-
malized Doppler frequencies, f; = 0.5 and f; = 0.4, in order to analyze the behavior of the
proposed scheme under different scenarios. Although f; = 0.4 can still be considered as high
mobility, estimation errors are considerably reduced. Fig. 5.8 depicts the evolution of BER
for various SNR values over TU6, showing the performance of PS2 scheme with two different
approaches for channel estimation. The first one combines solely the BEM channel estimator
and the BP detector, while the second reconstructs soft symbols using extrinsic information
from the decoder to re-estimate the channel in the turbo process. The results in Fig. 5.8

clearly show that a huge profit is obtained when compared with the no ICI compensation
case (CONV scheme).
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Figure 5.8: PS2 BER performance comparison for 3 BP iterations, with f; = 0.5 over TU6
channel, considering ideal and partial CSI.

The degradation of PS2 considering BEM estimation is approximately 1.3 dB compared

to the ideal CSI case. Moreover, when soft data estimates are taken into account, the system
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performance can be even improved up to 0.5 dB, moving closer to the ideal channel case.
Note that considering higher values of ) would improve the performance at the expense of
increased complexity.

Similar results are depicted in Fig. 5.9, for f; = 0.4 of normalized Doppler frequency. In
this case, a degradation of 0.7 dB can be seen when comparing PS2 with BEM estimation and
the ideal CSI case. This degradation is smaller than in the previous case because the Doppler
frequency is lower, and hence the introduced estimation error is also lower. When soft data
estimates are taken into account, the performance is again closer to the ideal channel case,

showing an improvement of 0.4 dB.

10° = CONV free ICI, Ideal CSI | _
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Figure 5.9: PS2 BER performance comparison for 3 BP iterations, with f; = 0.4 over TU6
channel, considering ideal and partial CSI.

Fig. 5.10 and Fig. 5.11 show results for RA6 channel. In this case, the soft data
estimates are not taken into consideration since the BEM channel estimation itself is good
enough, and adding soft estimates would only increase complexity. PS2 including the BEM
channel estimation algorithm suffers a degradation of 0.2 dB compared to the ideal channel
knowledge case with f; = 0.5. In the case of f; = 0.4, the degradation is negligible, losing
only 0.1 dB with respect to CSI.

To sum up, the overall system performance of both schemes is compared: regarding TUG6
channel (Fig. 5.4 and 5.8), due to the performance gain introduced by the inclusion of soft
data estimates in BEM channel estimation, PS2 shows a performance improvement of 0.3
dB over PS1. Therefore, although PS1 outperformed PS2 in the case of ideal CSI, when
channel estimation is assumed, PS2 turns out to be the most effective solution. In contrast,

since channel estimation is much more accurate in RA6 channel (Fig. 5.6 and 5.10), PS1
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Figure 5.10: PS2 BER performance comparison for 3 BP iterations, with f; = 0.5 over RA6
channel, considering ideal and partial CSI.
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Figure 5.11: PS2 BER performance comparison for 3 BP iterations, with f; = 0.4 over RA6
channel, considering ideal and partial CSI.
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outperforms PS2, and hence we conclude that PS1 is better suited to less selective channels.

5.5 Chapter Summary

This chapter deals with the problem of joint channel estimation and signal detection for high
mobility reception when long OFDM blocks are employed. First of all, the performance of a
classical DVB-T2 receiver has been assessed in high-mobility channel conditions, concluding
that it is not able to provide error-free reception at high Doppler frequencies when using long
OFDM blocks. In order to solve this problem, a novel approach has been proposed which
consists of the combination of a BP detector and a powerful channel estimation technique
based on the well-known BEM algorithm. The proposed algorithms have been assessed over
the DVB-T2 physical layer in realistic broadcasting channel conditions. For this purpose,
two different reception schemes have been proposed which make use of both frequency and
time selectivity available in time-varying OFDM systems. The first proposed scheme (PS1)
substitutes the one-tap frequency-domain equalizer by the BP detector and maintains the
time inteleaver, whereas the second proposed scheme (PS2) removes the time interleaver and
incorporates the turbo principle instead. The performance has been tested over TU6 and
RAG6 channel models for a range of normalized Doppler frequencies.

No ICI-aware channel estimation and detection algorithm has been proposed so far for
very high mobility DVB systems in the literature. Even for other standards, the use of a turbo
receiver combining channel estimation and ICI detection has not been addressed for high-
mobility with large FFT sizes. In this chapter, we have proposed an iterative (turbo) receiver
architecture which consists of a BEM channel estimator and a BP detector, both of which
exchange soft information with the LDPC decoder, exploiting soft data estimates to improve
the performance of the BEM channel estimator, showing very good results. Furthermore,
an information exchange and iteration strategy is proposed, as well as a more suitable pilot
structure for identifying the ICI channel.

Provided simulation results show that the proposed receivers can be used to boost the
performance of DVB-T2 and the forthcoming DVB-NGH standards in very demanding high-
mobility environments. We conclude that, from the two proposed schemes, the second one is
better suited to highly-selective channels, while the first one performs better in less-selective
channel environments with f; = 0.5. In addition, the soft BEM channel estimator applied
to the second proposed scheme achieves a gain of 0.5 dB in average over the classical BEM
estimator in TU6 channels, while it is not worthwhile to use it in RA6 channels due to the

good behavior of the non-iterative BEM estimator.
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Summary and Conclusions

This PhD dissertation deals with channel estimation architectures for mobile reception in
emerging DVB standards. As a first step, a Matlab based DVB-T2 transmission-reception
chain was developed in order to test the performance of the new digital terrestrial television
standard under different conditions. Chapter 2 explains the main features of DVB-T2 and
also highlights the most significant differences introduced in comparison to DVB-T. All these
improvements concentrate on physical and transport layer, providing a capacity improvement
of 30%, greater efficiency in the use of the spectrum, improved robustness against interference
and greater flexibility over the former DVB-T specification. These improvements are the
result of a set of key techniques that have been included in the new standard, such as LDPC
codes, higher order modulation schemes, lower code rates, longer modes and 8 different pilot
patterns.

Chapter 3 reviews the main channel estimation techniques for wireless OFDM channels,
with particular emphasis on pilot assisted estimators. Regarding comb-type channel estima-
tion, different algorithms for multi-antenna transmissions and mobile reception have been
tested based on the DVB-T2 specification. Numerical results have been presented under dif-
ferent scenarios and with different interleaving depths. It is worth noting that short OFDM
blocks are less susceptible to ICI and combined with a moderate Doppler frequency, provide a
remarkable performance improvement. Simulation results show that the additional diversity
exploited through the combination of higher Doppler frequencies and the time interleaver can
enhance the performance of the system with the proposed parameters. In addition to con-
sidering perfect channel estimates and the classical one-dimensional estimation techniques,
two-dimensional Wiener filtering has been applied to DVB-T2, analyzing the behavior of
the system under channel estimation errors. Furthermore, a decision-directed scheme has
been developed under the assumption of a slow fading channel in a DVB-T2 framework.
The proposed algorithm is designed for channel estimation with few pilots for DVB-T2 and
other OFDM-based transmission systems. It shows only a small performance loss compared
to the ideal channel knowledge and outperforms the reference CD3 algorithm, for which the
PP8 pilot scheme of DVB-T2 was originally designed. Furthermore, the proposed algorithm

outperforms the pilot-based channel estimation in stationary channels, while the loss in the
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time variant channel remains acceptable.

Chapter 4 proposes the use of BEM channel estimation with two different schemes to
combat ICI and clustered pilot patterns are proposed for DVB-T2. The first scheme, where
BEM is combined with a MAP equalizer, effectively removes the error floor experienced with
mid-mobility systems, such a f; = 0,045 and TUG6 channel. As long as the Doppler frequency
increases, more suitable methods are needed to counteract the effect of channel estimation
and residual ICI. Therefore, the second scheme consists of a BEM channel estimator and a
BP detector, assessed under a BICM-OFDM framework, and the results clearly show that
this scheme outperforms the first one and the ones in the literature significantly, since it
removes the error floor completely even for a normalized Doppler frequency of f; = 0.5 in
TUG6 channels and for f; = 0.4 in RA6 channels. Within this context, the behavior of the
proposed algorithms has been shown for different normalized Doppler frequencies and for
different channel models (i.e. TU6 and RAG).

Chapter 5 deals with the assessment of the performance of the classical DVB-T2 receiver
with one-tap frequency-domain equalization in high-mobility channel conditions, concluding
that is not able to provide error-free reception at high Doppler frequencies when using long
OFDM blocks. In order to solve this problem, a novel approach has been proposed which
consists of the combination of a BP detector and a powerful channel estimation technique
based on the well-known BEM algorithm. The proposed algorithms have been assessed over
the DVB-T2 physical layer in realistic broadcasting channel conditions. For this purpose,
two different reception schemes have been proposed which make use of both frequency and
time selectivity available in time-varying OFDM systems. The first proposed scheme (PS1)
substitutes the one-tap frequency-domain equalizer by the BP detector and maintains the
time inteleaver, whereas the second proposed scheme (PS2) removes the time interleaver and
incorporates the turbo principle instead. The performance has been tested over TU6 and
RAG6 channel models and for different normalized Doppler frequencies. It is concluded that
PS2 is better suited to highly-selective channels, while PS1 performs better in less-selective

channel environments.

6.1 Thesis Contributions

The main contributions of this research work are the following:

e Performance analysis of different channel estimation and interpolation schemes under
a DVB-T2 framework for SISO, in both fixed and mobile scenarios. The effect of
extending the time interleaving has also been assessed for different number of FEC
blocks. This work was published in [Martinez10b].

e Analysis of the behavior of two-dimensional channel estimation techniques based on
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Wiener filtering for the new DVB-T2 standard. Simulations results with MISO trans-
mission are provided for both fixed and mobile receivers. This work was published in
[Martinez10b, Mendicutel0].

e An optimized algorithm for decision-directed blind channel estimation in DVB-T2 has
been presented. This algorithm shows a small performance loss compared to the ideal
channel knowledge case and outperforms the original CD3 algorithm, for which the
PP8 pilot scheme of DVB-T2 was originally designed. Furthermore, the proposed
algorithm outperforms the pilot-based channel estimation in stationary channels, while
the loss in the time variant channel remains acceptable. This work was published in
[Martinez10a).

e The design of optimized pilot clusters is analyzed for high-mobility DVB-T2 scenarios,
comparing the results with the distributed pilot patterns proposed in the standards.

e The performance of the physical layer of DVB-T2 has been assessed in high-mobility
channel conditions, concluding that it is not able to provide error-free reception at high

Doppler frequencies when using long OFDM blocks, e.g. 32K and f; = 0.5.

e The combination of a BEM channel estimator and a MAP ICI detector has been
proposed for mid-mobility DVB systems. The proposed receiver architecture is assessed
with new pilot designs, showing the effectiveness of this technique by removing the
error floor experienced with mid-mobility systems, such a f; = 0.045 and TUG6 channel.
However, as long as the Doppler frequency increases, more suitable methods are needed
to counteract the effect of channel estimation and residual ICI. This work was published
in [Martinez11].

e A novel scheme has been proposed, which combines a BEM channel estimator with a
BP detector. This scheme substitutes the one-tap MAP equalizer by the BP detector in

the conventional DVB-T2 receiver, and maintains the time interleaver [Ochandianol2].

e An iterative receiver architecture has been proposed, which consists of a BEM channel
estimator and a BP detector. The proposed scheme removes the time interleaver and
incorporates the turbo principle instead. This scheme cancels the ICI with very good
results for high-mobility and large FFT modes. The performance of the algorithm
is tested through computer simulations showing a remarkable BER improvement in
several commonly used channels, such as TU6 and RA6. This scheme is based on a

BICM-OFDM system model.

e The previous scheme has been assessed over a DVB-T2 framework. In addition, an
iterative receiver architecture has been proposed, in order to provide good results under

high mobility scenarios over TU6 and RA6 channel models for very-high normalized
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Doppler frequencies (f; = 0.4 and f; = 0.5). The proposed receiver can be used to
boost the performance of mobile terrestrial standards, such as the forthcoming DVB-

NGH, in very demanding high-mobility environments [Martinez12, Ochandiano12|.

6.2 Suggestions for Further Research

Many issues described in this PhD dissertation can be addressed in the future as an im-
provement and extension of the current work. These are some of the suggestions for further

research:

e The application of the CD3 algorithm for MISO transmission remains an open issue,

as MISO requires the estimation of two separate channel transfer functions.

e Under a BICM-OFDM framework, the proposed receiver (BEM estimation and BP
detection) suffers an error floor for f; = 0.5 in RA6 channel. However, when the same
conditions are applied to DVB-T2, this error floor disappears for both PS1 and PS2
schemes. Therefore, thorough analysis of how interleavers affect the channel estimation

should be necessary.

e Although the complexity of the considered receiver architecture has been briefly ana-
lyzed, a real-time hardware implementation (in rapid prototyping environments) should
be the next step in order to prove the validity and applicability of the proposed re-

ceivers.

e The forthcoming DVB-NGH specification, which will be probably based on the DVB-
T2 specification considered in this research work, should be the scenario where these

techniques should be applied.
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The research work that has been carried out during the development of this thesis has been

published in the following refereed conference contributions and journal articles:

Book Chapter:

e M. Mendicute, I. Sobrén, L. Martinez and P. Ochandiano, “Digital Video” chap. DVB-
T2: New Signal Processing Algorithms for a Challenging Digital Video Broadcasting
Standard, pp. 185-206, InTech, Feb. 2010.

Journal papers:

e [. Sobrén, M. Barrenechea, P. Ochandiano, L. Martinez, M. Mendicute and J. Altuna,
“Low-Complexity Detection of Space-Frequency Block Codes in LDPC-Based OFDM
Systems”, IEEE Transactions on Communications, vol. 60, n. 3, 626-631, March
2012. ISSN: 0090-6778.

e P. Ochandiano, H. Wymeersch, M. Mendicute, L. Martinez and I. Sobrén “Factor graph
based detection approach for high-mobility OFDM systems with large FFT sizes”,
submitted to EURASIP Wireless Communications and Networking (under review).

e P. Ochandiano, L. Martinez, I. Sobrén, M. Mendicute, “Iterative Detection and Channel
Estimation for Mobile Terrestrial TV with Long OFDM Blocks”, submitted to IEEE

Transactions on Broadcasting (under review).
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Shanghai, China, Mar. 2010.

e P. Ochandiano, I. Sobrén, L. Martinez, M. Mendicute and J. Altuna, “Analysis of
ICI compensation for DVB-T2”, in Proc. 7th International Symposium on Wireless
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2010.

e [. Sobrén, M. Barrenechea, P. Ochandiano, L. Martinez, M. Mendicute and J. Altuna,
“Low-Complexity Detection of Golden Codes in LDPC-Coded OFDM Systems”, sub-

mitted to IEEFE International Conference on Acoustics, Speech and Signal Processing
(ICASSP ’11), Prague, Czech Republic, May 2011.
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e P. Ochandiano, H. Weymeersh, M. Mendicute, L. Martinez and 1. Sobrén, “Iterative ICI
cancellation based on factor graphs for large FF'T sizes”, In Proc. EURASIP European
Signal Processing Conference (EUSIPCO 2011), Barcelona, Spain, August 2011.

e L. Martinez, P. Ochandiano, I. Sobrén, and M. Mendicute, “Iterative BEM channel
estimation and BP detection for ICI cancellation in DVB systems with very high mo-
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