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Full-Duplex Communications and Networks

Learn about the key technologies and understand the state of the art in research
for full-duplex communication networks and systems with this comprehensive and
interdisciplinary guide. Incorporating physical, MAC, network, and application layer
perspectives, it explains the fundamental theories on which full-duplex communica-
tions are built, and lays out the techniques needed for network design, analysis, and
optimization. Techniques covered in detail include self-interference cancellation and
signal processing algorithms, physical layer algorithms, transceiver design, resource
allocation, networking and game theory for full-duplex systems. Potential applications
and networking schemes are discussed, including full-duplex cognitive radio networks,
cooperative networks, and heterogeneous networks.

The first book to focus exclusively on full-duplex communications, this is an indis-
pensable reference for both researchers and practitioners designing the next generation
of wireless networks.
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Preface

Overview

With more and more new multimedia-rich services being introduced and offered to a
rapidly growing population of global subscribers, there is an ever-increasing demand
for higher data rate wireless access, making more efficient use of this precious resource
a crucial need. As a consequence, new wireless technologies such as Long Term Evolu-
tion (LTE) and LTE-Advanced have been introduced. These technologies are capable of
providing high-speed, large-capacity, and guaranteed quality-of-service (QoS) mobile
services. With the technological evolution of cellular networks, new techniques, such as
small cells, have also been developed to further improve the network capacity by effec-
tively reusing the limited radio spectrum. However, all existing wireless communication
systems deploy half-duplex (HD) radios which transmit and receive the signals in two
separate/orthogonal channels. They dissipate the precious resources by employing either
time-division or frequency-division duplexing.

Full-duplex (FD) systems, where a node can send and receive signals at the same
time and frequency resources, can offer the potential to double spectral efficiency; how-
ever, for many years it has been considered impractical. This is because the signal
leakage from the local output to input, referred to as self-interference, may overwhelm
the receiver, thus making it impossible to extract the desired signal. How to effectively
eliminate self-interference has remained a long-standing challenge. Recently, there has
been significant progress in self-interference cancellation in FD systems, which presents
great potential for realizing FD communications for the next generation of cellular
networks.

This book provides state-of-the-art research on FD communications and cellular net-
works covering the physical, MAC, network, and application layer perspectives. The
book also includes fundamental theories based on which FD communications will be
built. In addition to the self-interference cancellation signal processing algorithms,
the book discusses physical layer algorithms, radio resource allocation and network
protocols in the practical design and implementation of centralized and distributed
FD wireless networks. Main applications such as FD cognitive radio networks, FD
cooperative networks, and FD heterogeneous networks are explored.
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The key features of this book are as follows:

A unified view of FD communications and networking;

A comprehensive review of the state-of-the-art research and key technologies of FD
communications networks;

Coverage of a wide range of techniques for design, analysis, optimization, and
application of FD communications networks;

An outline of the key research issues related to FD communications and networking.

To the best of the authors’ knowledge, this is the first book on FD communica-
tions and networking. This book intends to provide background knowledge on FD
communications, discuss the research challenges, review the existing literature on
FD communications, and present techniques for analysis, design, optimization, and
application of FD communications systems under given objectives and constraints.

Motivation and Objectives

Mobile data traffic, especially mobile video traffic, has dramatically increased in recent
years with the emergence of smart phones, tablets, and various new devices and applica-
tions. It is therefore crucial to increase wireless network capacity to accommodate these
bandwidth-consuming applications and services. FD communication is a promising con-
cept to improve link efficiency, user experience, and resource utilization in cellular
networks. However, design, analysis, and optimization of FD communications and net-
working require multidisciplinary knowledge, namely, knowledge of signal processing,
communication theory, wireless communications and networking, artificial intelligence
(e.g., for learning), decision theory, optimization, and economic theory. Therefore,
a book containing the basic concepts/theories for addressing the research advances
that enable FD communications for wireless networks, as well as the state-of-the-art
research and development and related information, will be very useful for researchers
and engineers. This is the primary motivation for writing this book.
There are three main objectives in writing this book:

1. The first is to provide a general introduction to FD-based wireless communications
and networking from physical, MAC, networking layer requirements, and system
design.

2. The second is to introduce the key techniques in enabling FD communications
systems, and to present the related design, algorithms, analysis, and optimization
problems in a comprehensive way.

3. The third is to present the state of the art of FD communications and networking
schemes along with possible applications. This will include classifications of the
different schemes and the technical details in each scheme.

The above objectives will be achieved as follows:

1. Starting with an introduction to wireless communications (including radio propa-
gation and channel models), different wireless access technologies (e.g., cellular
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wireless, WLAN, WMAN, and WPAN technologies) will be briefly reviewed. This
will include their basic components, features, and potential applications. Then,
advanced wireless communications technologies in the physical layer, such as
cooperative communications, network coding, and cognitive radio, will be also
discussed.

2. The requirements and main characteristics of FD communications will be discussed.
Specifically, we will briefly describe the history, requirements, and physical-layer
techniques, which enable interference cancellation, resource allocation, and possible
applications.

3. Different self-interference cancellation and signal-processing techniques for FD
communications will be discussed and analyzed. In this context, various cancellation
methods, including antenna design, analog and digital methods, will be discussed.

4. Other physical-layer techniques are also critical for FD communications. To achieve
FD transmission, the state-of-the art physical-layer approaches, such as channel esti-
mation, synchronization, etc., should be adopted, and theoretical analysis on the
performance limits will be investigated. FD system design issues will be explained
in detail.

5. We will describe resource management techniques, which are required by FD
communications systems for distributed spectrum sharing. Specifically, we will dis-
cuss methods for realizing efficient resource allocation, such as time, frequency,
space, and device allocation, which can be developed based on optimization and
game-theoretic models.

6. Game theory techniques will be discussed in the context of optimizing radio
resources. Game theory is an attractive tool for modelling the spectrum-sharing
problem in an FD communications network. The basics of different game theoretic
models, namely, non-cooperative game, auction game, matching game and coalition
game models, will be explained and modeled for FD communications and networks.

7. Then we discuss major research issues and possible extensions of FD communica-
tion and networks. Starting with FD MIMO networks, heterogeneous networks and
cooperative networks, we then elaborate FD cognitive radio networks from physical
to network layers: for example, FD-enabled WiFi, which realizes better co-existence
of multiple distributed systems in the ISM bands.

Market and Readership

The reasons why this book is timely are based on the following observations:

e Boosts of mobile data traffic and scarcity of spectrum: Mobile data traffic has dra-
matically increased in recent years with the emergence of smart phones, tablets, and
various new applications. It is hence crucial to increase network capacity to accom-
modate bandwidth-consuming applications and services. However, the frequency
spectrum is the scarcest radio resource, and its efficient usage is crucial in the next
generation of wireless communications systems. FD communication is a promising
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concept to improve link efficiency, user experience and resource utilization in wire-

less networks. This new type of communication allows an additional communication

dimension, and thus significantly improves network capacity and resource utilization.

Interdisciplinary principles: Designing FD communications networks requires knowl-

edge of multiple science and engineering disciplines to achieve the design objectives.

These disciplines include traditional signal processing, wireless communications and

networking, optimization and game theory, and network economics. Therefore, a

unified treatment of this subject area is required.

Emergence of FD-based wireless applications and services: Emerging wireless

applications, a few of which are described below, can take advantage of FD

communications:

1. Future-generation cellular cooperative networks: Next-generation wireless net-
working is likely to include the features of device cooperation to enhance users’
quality of experience (QoE). FD communication will facilitate provisioning of
these future-generation wireless cooperative networks.

2. FD cognitive radio networks: In traditional cognitive radio networks, secondary
users (SUs) typically access the spectrum of primary users by a two-stage “listen-
before-talk” protocol, i.e., SUs sense the spectrum holes in the first stage before
transmitting in the second. With a FD radio, SUs can simultaneously sense and
access the vacant spectrum. As a result, research topics such as spectrum-sensing
algorithms, dynamic spectrum access, communication protocol design, etc., need
to be redeveloped. Understanding the key concepts and design techniques for FD
communications networks is fundamental for researchers, communications engi-
neers, and application developers to implement the above FD-based applications.

Integration of FD concepts in traditional wireless systems: FD communications tech-
niques can be integrated into traditional wireless communications systems to achieve
better flexibility of radio resource usage so that system performance can be improved:
for example, load balancing/dynamic channel selection in traditional cellular wire-
less systems and WLANS, distributed subcarrier allocation in orthogonal frequency
division multiplexing (OFDM) systems, etc.

The primary audience for this book consists of:

Researchers and engineers interested in studying the new paradigm of FD communi-
cations overlaid with traditional cellular communications.

Researchers and engineers interested in the state-of-the-art research on FD commu-
nications.

Engineers in the field of LTE/LTE-Advanced for anticipating the emerging standards
of FD communications.

Graduate students interested in obtaining comprehensive information on design,
evaluation, and applications of FD communications networks.

We sincerely hope this book can bring audiences new perspectives on the design of

future communication and network systems, based on the new paradigm of full-duplex

communications.



Preface XV

Finally, we would like to thank our collaborators for contributing to our full-
duplex research: Yun Liao, Tianyu Wang, Kaigui Bian, Radwa Sultan, Karim G.
Seddik, Hongyu Cui, Bingli Jiao, Mingxin Zhou, Boya Di, Kun Yang, Yunxiang
Jiang, Francis Lau, He Chen, Siavash Bayat, Taneli Riihonen, Mikko Vehkaperi,
Mikko Valkama, Dani Korpi, Lauri Anttila, Katsuyuki Haneda, Clemens Icheln, Emilio
Antonio Rodriguez, and Stefan Werner.






Contents

Preface

Basics of Communication Systems

1.1

1.3

Advanced Wireless Communication Technology
1.1.1 OFDM/OFDMA Technology

1.1.2  Multiple Antenna System and Massive MIMO
1.1.3 Mmwave Communication

1.1.4 Cognitive Radios

1.1.5 Relay Networks

Wireless Heterogeneous Networks

1.2.1 3G Cellular Networks

1.2.2 4G Cellular Network: LTE and WiMAX
1.2.3  5G Cellular Networks and Beyond

1.2.4 Femtocell/Small Cell Networks

1.2.5 Device-to-Device Networks

1.2.6 LTE-Unlicensed

1.2.7 WiFi Networks

1.2.8 Wireless Personal Area Networks

1.2.9 Wireless Ad Hoc Networks

1.2.10 Wireless Sensor Networks

Full Duplex

1.3.1 Self-Interference Cancellation

1.3.2 Current State of the Art

1.3.3 Key Application Scenarios

Signal Processing and Theoretical Limits

2.1

2.2

System Modeling

2.1.1 Non-Orthogonal Multicarrier Modulation
2.1.2 Time-Domain Modeling

2.1.3 Modeling of Self-Interference Channel
Modeling of Self-Interference

22.1 Dynamic Range

page Xi

B I S

16
16
18
24
25
30
35
38
41
42

SEES

47

50
51
54
56
57
61
62



viii

Contents

2.2.2 RF Impairments

2.2.3 System Calculations
2.3 Self-Interference Cancellation Mechanisms
2.4 Algorithms for Self-Interference Cancellation

2.4.1 Time-Domain Cancellation

2.4.2  Frequency-Domain Cancellation

2.43 Spatial Suppression

2.4.4 Spatial Suppression and Time-Domain Cancellation

2.4.5 Channel Estimation

2.4.6 Adaptive Interference Cancellation
2.5 Key Challenges

Full-Duplex System Hardware Implementation
3.1 Full-Duplex Technology Used in Wireless Systems
3.2 Antenna Design
3.2.1 Antenna Geometry
3.2.2 Polarization
3.2.3 Wavetraps
3.3 Analog Cancellation Techniques
3.3.1 Shared Antenna Design
3.3.2 RF Cancellation Techniques
Advanced Digital Cancellation
System Architecture
3.5.1 Pure RF and Digital Cancellation
3.5.2 Hybrid RF and Digital Cancellation
3.5.3 Analog Baseband and Digital Cancellation
3.6 Key Challenges

W W
TN

Full-Duplex MIMO Communications
4.1 FD MIMO Signal Processing
4.1.1 Mode Switching between Full-Duplex and Half-Duplex
4.1.2 Antenna Pairing
4.1.3 FD MIMO Communications
4.2 X-Duplex: Flexible Switching between SISO and FD
4.2.1 Maximum Sum-Rate Criterion
4.2.2 Performance Analysis
4.2.3 Simulation Results
4.3 Summary and Key Challenges

Full-Duplex OFDMA Communications

5.1  FD-OFDMA Model
5.1.1  System Model

5.2 Centralized Resource Management: User Pairing, Subcarrier and Power
Allocation

64
67
71
73
13
74
76
80
84
85
89

90
90
91
92
93
94
95
96
97
99
103
104
105
107
107

109
109
109
114
120
130
132
132
136
136

138
138
138

140



Contents iX

5.2.1 Problem Formulation 140

5.2.2 Resource Management with Full Channel State Information (CSI) 142
5.2.3 Resource Management with Local CSI 147
5.2.4 Simulation Results 152

5.3 User Pairing and Resource Management Based on Matching Theory 160
5.3.1 Matching Theory Basics 160
5.3.2 Joint User Pairing, Subcarrier Allocation and Power Control 160

5.3.3 Matching Algorithm for FD-OFDMA Resource Allocation 164

5.3.4 Simulation Results 170

5.4 Concluding Remarks 176
Full-Duplex Heterogeneous Networks 179
6.1 Full-Duplex Small Cell Networks 180
6.1.1 System Model 181

6.1.2 Problem Formulation 184

6.1.3 Numerical Results 186

6.2 Full-Duplex HetNet and MU-MIMO Switching 188
6.2.1 System Model 189
6.2.2 Switching Criterion between Full-Duplex and Half-Duplex 191

6.2.3 Numerical Analysis 197

6.3 Summary 204
Full-Duplex Cooperative Networks 205
7.1 Cooperative Communication Basics 205
7.2 Full-Duplex Amplify-and-Forward Relay Systems 208
7.2.1 System Model 208

7.2.2 Performance Analysis of FD AF Relaying 209

7.2.3 Relay Location Optimization 210

7.2.4 Simulation Results 212

7.3 X-Duplex Relay Systems 214
7.3.1 System Model of X-Duplex Systems 214
7.3.2 Performance Analysis of X-Duplex Relay Systems 217

7.3.3 Average SER Analysis 220
7.3.4 Average Sum Rate 221

7.3.5 Simulation Results of X-Duplex Relay Systems 224

7.4 Full-Duplex Relaying with Joint Relay and Antenna Mode Selection 228
7.4.1 System Model 228
7.4.2 Performance Analysis of RAMS 232

7.4.3 Simulation Results 240

7.5 Concluding Remarks 245
Full-Duplex Cognitive Radio Networks 247
8.1 Cognitive Radio Basics 247

8.2 Listen-And-Talk Protocol

251



Contents

8.2.1 System Model
8.2.2  Protocol Description
8.2.3 Key Parameter Design
8.2.4 Performance Analysis: Power-Throughput Trade-Off
8.2.5 Numerical Evaluation
8.3 Cooperative Spectrum Sensing
8.3.1 Cooperation Scheme
8.3.2  Analysis of FD Cooperative Spectrum Sensing
8.4 Dynamic Spectrum Access
8.4.1 Infrastructureless Spectrum Access
8.4.2 Infrastructure Spectrum Access
8.5 Key Challenges
8.5.1 Signal Processing Techniques
8.5.2 Coexistence of Multiple Systems

Full-Duplex Random Access Networks
9.1 Spectrum Access Models
9.1.1  Exclusive-Use Model
9.1.2  Shared-Use Model
9.1.3 Spectrum Commons Model
9.2 Traditional Half-Duplex MAC
9.2.1 Carrier Sensing Multiple Access
9.2.2 Hidden Terminal/Exposed Terminal Problems and RTS/CTS
9.2.3 1EEE802.11 MAC
9.3 Full-Duplex MAC Protocol Design
9.3.1 System Model
9.3.2 MAC Protocol Design
9.3.3 Performance Analysis
9.3.4 Simulation Results
9.4 Summary

References
Index

291
292
293
295
295
297
298
298
300
302
302
303
305
309
310

312
331



