
Essentials of LTE and LTE-A

This practical, one-stop guide will quickly bring you up-to-speed on LTE and
LTE-Advanced (LTE-A). With everything you need to know about the theory
and technology behind the standards, this is a must-have for engineers and
managers in the wireless industry.

* First book of its kind describing technologies and system performance of
LTE-A

* Covers the evolution of digital wireless technology, basics of LTE and LTE-A,
design of downlink and uplink channels, multi-antenna techniques, and het-
erogeneous networks

* Analyzes performance benefits over competing technologies, including
WiMAX and 802.16m

* Reflects the latest LTE Release-10 standards
* Includes numerous examples, including extensive system and link results
* Unique approach is accessible to technical and non-technical readers alike

AMITABHA GHOSH is a Senior Director and Fellow of the Technical Staff
at Motorola Solutions, where he works in the area of current and future
air-interface technologies for 802.16m, 3GPP LTE, LTE-Advanced, and
other broadband technologies. Since joining Motorola, he has worked
on eight different wireless technologies, and is currently leading
Motorola’s efforts in defining 3GPP LTE and LTE-Advanced physical
layer standards from the concept phase to the adopted baseline.

RAPEEPAT RATASUK is currently a Distinguished Member of the Technical
Staff at Motorola Solutions. He has extensive experience in 3G/4G cellular
system design and analysis (specifically LTE, HSPA,WiMAX, 1xEV-DV, and
W-CDMA technologies), including algorithm development, performance
analysis and validation, physical layer modeling, and simulations.

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-0-521-76870-2 - Essentials of LTE and LTE-A
Amitabha Ghosh and Rapeepat Ratasuk
Frontmatter
More information

http://www.cambridge.org/9780521768702
http://www.cambridge.org
http://www.cambridge.org


The Cambridge Wireless Essentials Series

Series Editors
william webb Neul, Cambridge, UK
sudhir dixit Nokia, US

A series of concise, practical guides for wireless industry professionals.

Martin Cave, Chris Doyle andWilliamWebb, Essentials of Modern Spectrum
Management
Christopher Haslett, Essentials of Radio Wave Propagation
Stephen Wood and Roberto Aiello, Essentials of UWB
Christopher Cox, Essentials of UMTS
Steve Methley, Essentials of Wireless Mesh Networking
Linda Doyle, Essentials of Cognitive Radio
Nick Hunn, Essentials of Short-Range Wireless
Amitabha Ghosh and Rapeepat Ratasuk, Essentials of LTE and LTE-A

Forthcoming
Abhi Naha and Peter Whale, Essentials of Mobile Handset Design
Barry G. Evans, Essentials of Satellite Communications
David Bartlett, Essentials of Positioning and Location Technology

For further information on any of these titles, the series itself and ordering
information see www.cambridge.org/wirelessessentials

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-0-521-76870-2 - Essentials of LTE and LTE-A
Amitabha Ghosh and Rapeepat Ratasuk
Frontmatter
More information

http://www.cambridge.org/9780521768702
http://www.cambridge.org
http://www.cambridge.org


Essentials of LTE
and LTE-A

Amitabha Ghosh and Rapeepat Ratasuk
Motorola Solutions

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-0-521-76870-2 - Essentials of LTE and LTE-A
Amitabha Ghosh and Rapeepat Ratasuk
Frontmatter
More information

http://www.cambridge.org/9780521768702
http://www.cambridge.org
http://www.cambridge.org


CAMBR IDGE UN I VERS I TY PRE S S

Cambridge, New York, Melbourne, Madrid, Cape Town,
Singapore, São Paulo, Delhi, Tokyo, Mexico City

Cambridge University Press
The Edinburgh Building, Cambridge CB2 8RU, UK

Published in the United States of America by Cambridge University Press, New York

www.cambridge.org
Information on this title: www.cambridge.org/9780521768702

© Cambridge University Press 2011

This publication is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without the written
permission of Cambridge University Press.

First published 2011

Printed in the United Kingdom at the University Press, Cambridge

A catalogue record for this publication is available from the British Library

Library of Congress Cataloguing in Publication data

Ghosh, Amitabha, 1958–
Essentials of LTE and LTE-A / Amitabha Ghosh and Rapeepat Ratasuk.
p. cm. – (The Cambridge wireless essentials series)

Includes bibliographical references.
ISBN 978-0-521-76870-2
1. Long-Term Evolution (Telecommunications) I. Ratasuk, Rapeepat. II. Title.
TK5103.48325.G485 2011
621.382–dc22

2011011253

ISBN 978-0-521-76870-2 Hardback

Cambridge University Press has no responsibility for the persistence or
accuracy of URLs for external or third-party internet websites referred to
in this publication, and does not guarantee that any content on such
websites is, or will remain, accurate or appropriate.

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-0-521-76870-2 - Essentials of LTE and LTE-A
Amitabha Ghosh and Rapeepat Ratasuk
Frontmatter
More information

http://www.cambridge.org/9780521768702
http://www.cambridge.org
http://www.cambridge.org


To my parents for their continuous support and teaching me the value of
education and thirst for knowledge; and to my family, Chittarupa, Devika,

and Adit, for their support, encouragement, and love.
Amitabha Ghosh

To Tanita, Alisa, and Paul.
Rapeepat Ratasuk

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-0-521-76870-2 - Essentials of LTE and LTE-A
Amitabha Ghosh and Rapeepat Ratasuk
Frontmatter
More information

http://www.cambridge.org/9780521768702
http://www.cambridge.org
http://www.cambridge.org


Contents

Preface page xi

Acknowledgments xiv

1 Genesis of wireless broadband technology (from 2G

to 4.5G) 1

1.1 Genesis of wireless technology 1

1.2 Key drivers for 4G/4.5G wireless broadband 4

1.3 Radio spectrum for wireless broadband 8

References 9

Additional reading 9

2 LTE overview 10

2.1 Introduction 10

2.2 System architecture 12

2.2.1 E-UTRAN 14

2.2.2 Evolved packet core 16

2.2.3 User equipment 18

2.3 Transmission scheme 20

2.3.1 OFDMA 20

2.3.2 SC-FDMA 25

References 30

3 Downlink transmission and system performance 33

3.1 Introduction 33

3.2 Mapping between transport and physical channels 34

3.3 LTE downlink frame structure 35

3.4 Data transmission 42

3.4.1 Shared data channel 42

3.4.2 Multimedia broadcast multicast service 48

3.5 Control signaling 50

vii

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-0-521-76870-2 - Essentials of LTE and LTE-A
Amitabha Ghosh and Rapeepat Ratasuk
Frontmatter
More information

http://www.cambridge.org/9780521768702
http://www.cambridge.org
http://www.cambridge.org


3.5.1 Physical Downlink Control Channel 50

3.5.2 Physical Control Format Indicator

Channel 55

3.5.3 Physical HARQ Indicator Channel 56

3.5.4 Physical Broadcast Channel 59

3.5.5 Paging Control Channel 62

3.6 Downlink reference signal 63

3.7 Synchronization signals 67

3.7.1 Cell search and synchronization sequences 68

3.8 Performance results 69

3.8.1 Link-level performance 69

3.8.2 System-level performance 70

3.9 Rel-8 interference coordination schemes 72

3.10 LTE FDD vs. TDD comparison 74

References 74

4 Uplink transmission and system performance 77

4.1 Introduction 77

4.2 Transmission scheme and frame structure 77

4.3 Data channel 80

4.3.1 Dynamic uplink scheduling assignment 82

4.3.2 Semi-persistent uplink scheduling

assignment 85

4.3.3 Subframe bundling 87

4.3.4 HARQ processes 87

4.4 Control information 90

4.4.1 ACK/NACK and scheduling request 92

4.4.2 Channel measurement report – CQI/PMI/RI 97

4.5 Reference signals 108

4.5.1 Demodulation reference signal 110

4.5.2 Sounding reference signal 110

4.6 Random access 114

4.6.1 Random-access procedure 118

4.7 Timing advance 119

viii contents

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-0-521-76870-2 - Essentials of LTE and LTE-A
Amitabha Ghosh and Rapeepat Ratasuk
Frontmatter
More information

http://www.cambridge.org/9780521768702
http://www.cambridge.org
http://www.cambridge.org


4.8 Power control 122

4.8.1 Data channel 122

4.8.2 Control channels 125

4.8.3 Random-access channel 126

4.8.4 Sounding reference signal 126

4.9 Interference coordination schemes 126

4.10 Performance results 128

4.10.1 Link-level performance 128

4.10.2 System-level performance 132

References 137

5 MIMO 139

5.1 Introduction 139

5.2 Downlink multi-antenna techniques 139

5.2.1 Transmission mode 2: transmit diversity 142

5.2.2 Transmission mode 3: precoder-based

open-loop spatial multiplexing 142

5.2.3 Transmission modes 4 and 6: closed-loop

spatial multiplexing (single-user MIMO) 143

5.2.4 Transmission mode 5: multi-user MIMO 144

5.2.5 Transmission mode 7: UE-specific

reference-symbol-based beamforming 145

5.2.6 System performance of LTE Rel-8

multiple-antenna schemes 147

5.3 Uplink multi-antenna techniques 152

References 157

6 LTE-Advanced 160

6.1 Introduction 160

6.2 Carrier aggregation 161

6.2.1 Data transmission 167

6.2.2 Control signaling 169

6.3 Downlink multi-antenna transmission 176

6.3.1 LTE Rel-9 downlink spatial multiplexing 177

6.3.2 LTE Rel-10 downlink spatial multiplexing 180

6.3.3 Coordinated multi-point transmission 183

contents ix

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-0-521-76870-2 - Essentials of LTE and LTE-A
Amitabha Ghosh and Rapeepat Ratasuk
Frontmatter
More information

http://www.cambridge.org/9780521768702
http://www.cambridge.org
http://www.cambridge.org


6.4 Uplink multi-antenna transmission 184

6.4.1 Control channels 186

6.4.2 Random-access channel 189

6.4.3 Data channel 190

6.4.4 Coordinated multi-point reception 195

6.5 Heterogeneous network 200

6.5.1 Heterogeneous network overview 201

6.5.2 Indoor distributed-antenna system 202

6.5.3 In-band relays 205

6.5.4 Pico- and femto-cell underlay 210

6.5.5 Interference-management techniques

for heterogeneous network 212

6.6 Miscellaneous 216

6.6.1 Non-contiguous uplink transmission 216

6.6.2 Aperiodic SRS 218

References 218

Additional reading 220

7 Comparison of broadband technologies 222

7.1 Introduction 222

7.2 Feature comparison of wireless broadband

technologies 222

7.3 Performance comparison of LTE/LTE-A and

WiMAX/802.16m 227

7.4 Migration and co-existence scenarios 232

Additional reading 236

Appendix 238

A.1 System analysis and performance metrics 238

A.2 Abbreviations 241

Index 247

x contents

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-0-521-76870-2 - Essentials of LTE and LTE-A
Amitabha Ghosh and Rapeepat Ratasuk
Frontmatter
More information

http://www.cambridge.org/9780521768702
http://www.cambridge.org
http://www.cambridge.org


Preface

The next-generation wireless broadband technology is changing the way

we work, live, learn, and communicate through effective use of state-

of-the-art mobile broadband technology. The packet-data-based revolu-

tion started around 2000 with the introduction of 1x Evolved Data Only

(1xEV-DO) and 1x Evolved Data Voice (1xEV-DV) in 3GPP2 and High

Speed Downlink Packet Access (HSDPA) in 3GPP. The wireless broad-

band fourth-generation technology (4G) is an evolution of the packet-

based 3G system and provides a comprehensive evolution of the

Universal Mobile Telecommunications System specifications so as to

remain competitive with other broadband systems such as 802.16e

(WiMAX). Specification work was started in late 2004 on Long Term

Evolution (LTE) of the UMTS Terrestrial Radio Access and Radio Access

Network intended for commercial deployment in 2010. Two main com-

ponents constitute the LTE system architecture – the Evolved Universal

Terrestrial Radio Access Network (E-UTRAN) and the Evolved Packet

Core (EPC). The goals for the evolved system (E-UTRAN and EPC)

included support for improved system capacity and coverage, high peak

data rates, low latency, reduced operating costs, multi-antenna support,

flexible bandwidth operations, and seamless integration with existing

systems. The standardization work for LTE Rel-8 was completed in early

2009 and commercial LTE systems will be deployed in the 2011–2012

timeframe. LTE Rel-8 is currently evolving to LTE-Advanced (LTE Rel-9

and Rel-10), which will further improve the spectral efficiency, peak rates,

and user experience compared with LTE Rel-8. LTE-Advanced has also

been approved by the International Telecommunication Union (ITU) as an

International Mobile Telecommunications-Advanced (IMT-A) technology.

The book is organized in seven chapters. Chapter 1 gives a timeline and

brief description of the evolution of digital wireless technology starting

with GSM, IS-95, cdma2000 1x, WCDMA Rel-99, HSPA (Rel-5/6),

xi
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WiMAX, LTE, LTE-Advanced, and 802.16m with emphasis on how

supported data rates, throughput, and applications have evolved.

Chapter 2 provides a brief description of LTE requirements and system

architecture together with the basic principles of orthogonal frequency-

division multiple-access (OFDMA) and single-carrier frequency-division

multiple-access (SC-FDMA) technology. Chapter 3 dives into the basic

details of LTE downlink OFDMA transmission including transport and

physical-channel structure, control-channel details, system operations, and

inter-cell interference coordination schemes both for FDD (Frequency-

Division Duplex) and for TDD (Time-Division Duplex) LTE. Aspects of

downlink system performance under various channels and antenna structure

are summarized at the end of the chapter.

Chapter 4 provides the details of LTE uplink transport and physical-

channel structure, control-channel details, random access, system opera-

tions, and fractional power control followed by uplink system performance

under various channels and antenna configurations. The LTE system offers

a rich suite of multiple-antenna techniques that can be used in various

scenarios to improve the performance and user experience. Chapter 5

describes various multi-antenna schemes for LTE downlink and uplink

and provides a system-performance comparison of various multi-antenna

schemes. Chapter 6 is devoted to technologies for LTE-Advanced (LTE-A).

The chapter describes the requirements for IMT-A and how LTE-A will

satisfy those requirements using enhanced technologies. The technologies

include support of wider bandwidth using carrier aggregation, uplink

spatial multiplexing, enhanced downlink spatial multiplexing, coordinated

multiple-point transmission and reception, and heterogeneous networks

including relays, distributed antenna systems, and pico-cells. Aspects of

the system performance of these enhancements are presented and compared

with the performance of the legacy LTE system.

Finally, Chapter 7 provides a comparison of LTE/LTE-A with other

competitive broadband systems such as 802.16e/802.16m. As the name

signifies, this chapter outlines both qualitative and quantitative differences

between the 802.16e/802.16m (WiMAX) system and the LTE/LTE-A

system. System performance comparisons between these systems are pre-

sented for various reuse schemes and antenna configurations.
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At the time of writing, there are ongoing discussions within the oper-

ator and vendor community regarding further evolution of LTE-A tech-

nology. These enhancements will appear in Rel-11 and Rel-12 of 3GPP

and will offer better user experience, lower cost per bit, greener base

stations, and efficient self-organizing networks.
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