
In-Band Full-Duplex Radios
in 6G Networks:

Implementation and
Applications

Full text available at: http://dx.doi.org/10.1561/1300000067



Other titles in Foundations and Trends® in Networking

Age of Information: A New Concept, Metric, and Tool
Antzela Kosta, Nikolaos Pappas and Vangelis Angelakis
ISBN: 978-1-68083-360-7

Network and Protocol Architectures for Future Satellite Systems
Tomaso de Cola, Alberto Ginesi, Giovanni Giambene,
George C. Polyzos, Vasilios A. Siris, Nikos Fotiou and Yiannis Thomas
ISBN: 978-1-68083-334-8

Duality of the Max-Plus and Min-Plus Network Calculus
Jorg Liebeherr
ISBN: 978-1-68083-294-5

Opportunistic Routing in Wireless Networks
Tara Javidi and Eric Van Buhler
ISBN: 978-1-68083-150-4

Full text available at: http://dx.doi.org/10.1561/1300000067



In-Band Full-Duplex Radios in 6G
Networks: Implementation and

Applications

Haifeng Luo
The University of Edinburgh

h.luo@ieee.org

Abhijeet Bishnu
The University of Edinburgh

abishnu@ieee.org

Tharmalingam Ratnarajah
The University of Edinburgh

T.Ratnarajah@ieee.org

Boston — Delft

Full text available at: http://dx.doi.org/10.1561/1300000067



Foundations and Trends® in Networking

Published, sold and distributed by:
now Publishers Inc.
PO Box 1024
Hanover, MA 02339
United States
Tel. +1-781-985-4510
www.nowpublishers.com
sales@nowpublishers.com

Outside North America:
now Publishers Inc.
PO Box 179
2600 AD Delft
The Netherlands
Tel. +31-6-51115274

The preferred citation for this publication is

H. Luo. A. Bishnu and T. Ratnarajah. In-Band Full-Duplex Radios in 6G Networks:
Implementation and Applications. Foundations and Trends® in Networking, vol. 13,
no. 1, pp. 1–105, 2023.

ISBN: 978-1-63828-215-0
© 2023 H. Luo. A. Bishnu and T. Ratnarajah

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system,
or transmitted in any form or by any means, mechanical, photocopying, recording or otherwise,
without prior written permission of the publishers.

Photocopying. In the USA: This journal is registered at the Copyright Clearance Center, Inc., 222
Rosewood Drive, Danvers, MA 01923. Authorization to photocopy items for internal or personal
use, or the internal or personal use of specific clients, is granted by now Publishers Inc for users
registered with the Copyright Clearance Center (CCC). The ‘services’ for users can be found on
the internet at: www.copyright.com

For those organizations that have been granted a photocopy license, a separate system of payment
has been arranged. Authorization does not extend to other kinds of copying, such as that for
general distribution, for advertising or promotional purposes, for creating new collective works, or
for resale. In the rest of the world: Permission to photocopy must be obtained from the copyright
owner. Please apply to now Publishers Inc., PO Box 1024, Hanover, MA 02339, USA; Tel. +1 781
871 0245; www.nowpublishers.com; sales@nowpublishers.com

now Publishers Inc. has an exclusive license to publish this material worldwide. Permission
to use this content must be obtained from the copyright license holder. Please apply to now
Publishers, PO Box 179, 2600 AD Delft, The Netherlands, www.nowpublishers.com; e-mail:
sales@nowpublishers.com

Full text available at: http://dx.doi.org/10.1561/1300000067



Foundations and Trends® in Networking 
Volume 13, Issue 1, 2023

Editor-in-Chief
Sanjay Shakkottai

The University of Texas at Austin 
United States

Full text available at: http://dx.doi.org/10.1561/1300000067



Editorial Scope
Topics

Foundations and Trends® in Networking publishes survey and tutorial articles
in the following topics:

• Modeling and Analysis of:

– Ad Hoc Wireless
Networks

– Sensor Networks
– Optical Networks
– Local Area Networks
– Satellite and Hybrid

Networks
– Cellular Networks
– Internet and Web

Services

• Protocols and Cross-Layer
Design

• Network Coding

• Energy-Efficiency
Incentives/Pricing/Utility-
based

• Games (co-operative or not)

• Security

• Scalability

• Topology

• Control/Graph-theoretic
models

• Dynamics and Asymptotic
Behavior of Networks

Information for Librarians

Foundations and Trends® in Networking, 2023, Volume 13, 4 issues.
ISSN paper version 1554-057X. ISSN online version 1554-0588. Also
available as a combined paper and online subscription.

Full text available at: http://dx.doi.org/10.1561/1300000067



Contents

1 Introduction 3

2 Self-Interference Cancellation 6
2.1 Introduction to Self-Interference . . . . . . . . . . . . . . 6
2.2 Review of Self-Interference Cancellation Techniques . . . . 9
2.3 Phtonics-Assisted RF Cancellers . . . . . . . . . . . . . . 24
2.4 In MIMO/ Massive MIMO Systems . . . . . . . . . . . . . 29
2.5 High-Mobility Scenarios . . . . . . . . . . . . . . . . . . . 30

3 Beamforming Schemes for IBFD Cellular Networks 34
3.1 IBFD Cellular Network Models . . . . . . . . . . . . . . . 35
3.2 Three Linear Beamforming Schemes . . . . . . . . . . . . 39
3.3 Beamforming for Self-Interference Cancellation . . . . . . 44
3.4 Joint Power Allocation and Beamforming . . . . . . . . . 49

4 Integrated Access and Backhaul Networks 52
4.1 Introduction to Integrated Access and Backhaul . . . . . . 52
4.2 Beam Management . . . . . . . . . . . . . . . . . . . . . 56
4.3 User Selection . . . . . . . . . . . . . . . . . . . . . . . . 58
4.4 Beam Index Determination . . . . . . . . . . . . . . . . . 60

Full text available at: http://dx.doi.org/10.1561/1300000067



5 Integrated Sensing and Communications 63
5.1 Introduction to Integrated Sensing and Communications . 63
5.2 Sensing with OFDM Waveforms . . . . . . . . . . . . . . 64
5.3 Sensing with OTFS Waveforms . . . . . . . . . . . . . . . 69
5.4 Communication Performance . . . . . . . . . . . . . . . . 76
5.5 Backscatter Communication and Sensing . . . . . . . . . . 78

6 IBFD Physical Layer Security 80
6.1 Introduction to Physical Layer Security . . . . . . . . . . . 80
6.2 Physical Layer-Based Secret Key Generation . . . . . . . . 82
6.3 Secrete Key Capacity . . . . . . . . . . . . . . . . . . . . 86

7 Conclusions 94

References 97

Full text available at: http://dx.doi.org/10.1561/1300000067



In-Band Full-Duplex Radios in 6G
Networks: Implementation and
Applications
Luo Haifeng, Abhijeet Bishnu and Tharmalingam Ratnarajah

Institute for Digital Communications, The University of Edinburgh,
UK; h.luo@ieee.org, abishnu@ieee.org, T.Ratnarajah@ieee.org

ABSTRACT
Sixth-generation (6G) wireless communication networks will
transform connected things in 5G into connected intelligence.
The networks can have human-like cognition capabilities by
enabling many potential services, such as high-accuracy lo-
calization and tracking, augmented human sense, gesture and
activity recognition, etc. For this purpose, many emerging ap-
plications in 6G have stringent requirements on transmission
throughput and latency. With the explosion of devices in the
connected intelligence world, spectrum utilization has to be
enhanced to meet these stringent requirements. In-band full-
duplex (IBFD) has been reported as a promising technique
to enhance spectral efficiency and reduce end-to-end latency.
However, simultaneous transmission and reception over the
same frequency introduce additional interference compared
to conventional half-duplex (HD) radios. The receiver is
exposed to the transmitter of the same node operating in
IBFD mode, causing self-interference (SI), which could be
more than 100dB higher than the signal of interest from
other nodes due to the proximity of the transceiver. Due to
the significant power difference between SI and the signal of

Luo Haifeng, Abhijeet Bishnu and Tharmalingam Ratnarajah (2023), “In-Band
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interest (SoI), SI must be effectively suppressed to benefit
from IBFD operation. In addition to SI, uplink users will
interfere with downlink users within the range, known as
co-channel Interference (CCI). This interference could be
significant in cellular networks, so it has to be appropri-
ately processed to maximize the IBFD gain. The objective
of this monograph is to present a timely overview of self-
interference cancellation (SIC) techniques and discuss the
challenges and possible solutions to implement effective SIC
in 6G networks. Then, we investigate beamforming to man-
age the complex interference and maximize the IBFD gain
in cellular networks. Furthermore, we give a deep insight
into the benefits of IBFD operations on various emerging
applications, e.g., integrated access and backhaul (IAB) net-
works, integrated sensing and communications (ISAC), and
physical layer security (PLS).
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1
Introduction

Since wireless communication became a topic of study in the 1960s,
there has been a consensus that it is generally not possible for radios
to transmit and receive simultaneously over the same frequency [67].
Thus, radios have been working in half-duplex (HD) mode (i.e., either
transmit and receive in different time slots or over orthogonal channels,
as Figure 1.1(a) shows) since the first generation (1G) analog radio com-
munication systems. However, the wireless communication society never
gives up pursuing in-band full-duplex (IBFD) radios (i.e., transmit and
receive simultaneously over the same channel, as Figure 1.1(b) shows).
The main driving force for researching IBFD radios is their potential
to double the spectral efficiency compared to existing HD radios. Until
the last decade, researchers from groups in both academia and industry
have demonstrated the feasibility of IBFD radios [13], [30], which has
tremendous implications for wireless communication networks, includ-
ing but not limited to doubling the spectral efficiency and decreasing
the latency. These studies invalidate the above assumption and allow
radios to work in IBFD mode by successfully breaking the barrier, i.e.,
eliminating the significant self-interference (SI).

3
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4 Introduction

channel 1

channel 2

(a) Half-duplex (HD)

channel 2

channel 1

(b) In-band full-duplex (IBFD)

Figure 1.1: Schematic figures of HD and IBFD radios.

IBFD has not been introduced into the fifth-generation (5G) new
radio (NR) protocol yet, but it is regarded as a promising technique
in beyond 5G (B5G) or sixth-generation (6G) networks, complement-
ing and sustaining the evolution of 5G toward denser heterogeneous
networks. Therefore, it is timely and meaningful to discuss the imple-
mentation and applications of IBFD radios in 6G. Existing studies
have proposed various self-interference cancellation (SIC) schemes to
implement effective IBFD radios. We review these techniques in de-
tail and analyze their advantages and disadvantages. According to the
requirements of 6G networks and emerging applications, we discuss
the limitations of existing SIC methods and explore some feasible so-
lutions. Effective SIC techniques can maximize the IBFD gain in a
point-to-point system but are not enough for cellular networks due to
the additional co-channel interference (CCI), which means the downlink
users are interfered with by uplink users within the range. We present
beamforming and power allocation schemes to manage the complex
interference in cellular networks based on 3GPP-specified simulations,
showing the achievable IBFD gain. In addition to the spectral efficiency
improvement, we further illustrate the advantages of IBFD operations in
some emerging applications, i.e., integrated access and backhaul (IAB)
networks, integrated sensing and communications (ISAC), and physical
layer security (PLS). This monograph introduces the reader to IBFD
radios in a structured way.

• Section 2 first introduces the causes of SI, then reviews exist-
ing SIC techniques, followed by the analysis of their advantages,
disadvantages, and limitations. The massive multi-input and multi-
output (MIMO) and high-mobility scenarios, which are likely to

Full text available at: http://dx.doi.org/10.1561/1300000067
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appear in 6G, are further discussed with the associated challenges
of SIC. Some worthwhile research directions are highlighted for
feasible IBFD radios implementation in 6G networks.

• Section 3 discusses beamforming schemes for IBFD cellular net-
works. The performance of extending three common linear beam-
formers (i.e., zero-forcing, maximum ratio transmission and com-
bining, and minimum mean-squared error) in IBFD cellular net-
works is compared via simulations, followed by a discussion of
beamforming cancellation, i.e., utilize beamforming to suppress
SI. Joint power allocation and beamforming designs are further
presented in this section.

• Section 4 introduces an emerging application of IBFD radios:
integrated access and backhaul. The architecture of the IAB
network is given, followed by the mmWave channel model. Then,
the beam management and user selection schemes, which can
provide reliable access and backhaul mmWave links with the help
of large-scale antenna arrays, are given in detail on the basis of
5G NR standards.

• Section 5 introduces a typical application of IBFD radios: inte-
grated sensing and communications. The conventional orthogo-
nal frequency division multiplexing (OFDM)-based ISAC is first
introduced. Then, the sensing and data detection methods for
orthogonal time frequency space (OTFS) systems are investigated
to support high-mobility environments.

• Section 6 discusses the advantages of applying IBFD radios to
physical layer security. We first introduce the benefits and various
implementations of PLS, then focus on the physical layer-based
secret key generation (PHY-SKG) schemes. The advantages and
limitations of applying IBFD are analyzed by deriving the secret
key capacity with practical imperfections.

• Section 7 closes this review and draws conclusions.
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