




IoT Signal Detection



IEEE Press
445 Hoes Lane

Piscataway, NJ 08854

IEEE Press Editorial Board
Sarah Spurgeon, Editor-in-Chief

Moeness Amin
Jón Atli Benediktsson
Adam Drobot
James Duncan

Ekram Hossain
Brian Johnson
Hai Li
James Lyke
Joydeep Mitra

Desineni Subbaram Naidu
Tony Q. S. Quek
Behzad Razavi
Thomas Robertazzi
Diomidis Spinellis



IoT Signal Detection

Rui Han
Beihang University

Jingjing Wang
Beihang University

Lin Bai
Beihang University

Jianwei Liu
Beihang University



Copyright © 2024 by The Institute of Electrical and Electronics Engineers, Inc. All rights
reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any
form or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise,
except as permitted under Section 107 or 108 of the 1976 United States Copyright Act, without
either the prior written permission of the Publisher, or authorization through payment of the
appropriate per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923, (978) 750-8400, fax (978) 750-4470, or on the web at www.copyright.com. Requests to
the Publisher for permission should be addressed to the Permissions Department, John Wiley &
Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201) 748-6011, fax (201) 748-6008, or online at
http://www.wiley.com/go/permission.

Trademarks: Wiley and the Wiley logo are trademarks or registered trademarks of John Wiley &
Sons, Inc. and/or its affiliates in the United States and other countries and may not be used
without written permission. All other trademarks are the property of their respective owners.
John Wiley & Sons, Inc. is not associated with any product or vendor mentioned in this book.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best
efforts in preparing this book, they make no representations or warranties with respect to the
accuracy or completeness of the contents of this book and specifically disclaim any implied
warranties of merchantability or fitness for a particular purpose. No warranty may be created or
extended by sales representatives or written sales materials. The advice and strategies contained
herein may not be suitable for your situation. You should consult with a professional where
appropriate. Further, readers should be aware that websites listed in this work may have
changed or disappeared between when this work was written and when it is read. Neither the
publisher nor authors shall be liable for any loss of profit or any other commercial damages,
including but not limited to special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please
contact our Customer Care Department within the United States at (800) 762-2974, outside the
United States at (317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in
print may not be available in electronic formats. For more information about Wiley products,
visit our web site at www.wiley.com.

Library of Congress Cataloging-in-Publication Data applied for:
Hardback ISBN: 9781394183081

Cover Design: Wiley
Cover Image: © Yuichiro Chino/Getty Images

Set in 9.5/12.5pt STIXTwoText by Straive, Chennai, India

http://www.copyright.com
http://www.wiley.com/go/permission
http://www.wiley.com


To our families and friends





vii

Contents

List of Figures xi
List of Algorithms xvii
About the Authors xix
Foreword xxi
Preface xxiii
Acknowledgements xxv
Acronyms xxvii

1 Introduction 1
1.1 IoT in 5G 1
1.1.1 What Is IoT 1
1.1.2 Applications of IoT 2
1.1.3 Future of IoT 3
1.2 IoT Networks 4
1.3 Characteristics of IoT Signals 6
1.4 Outline 8

2 Background of IoT Signal Detection 11
2.1 Random Access 11
2.1.1 Grant-based Random Access 11
2.1.2 Grant-free Random Access 14
2.2 Signal Detection Methods 16
2.2.1 System Model 17
2.2.2 ML Detection 18
2.2.3 ZF Detection 22
2.2.4 MMSE Detection 25
2.2.5 MCMC Detection 28



viii Contents

2.2.6 VI Detection 31
2.2.7 CS Detection 34
2.3 Conclusion and Remarks 38

3 Sparse Signal Detection for Multiple Access 39
3.1 System Model 39
3.2 Sparse Signal Detection 41
3.2.1 Tree Search-based Approach 41
3.2.2 VI Detection Algorithm 44
3.3 Performance Analysis 48
3.3.1 Complexity Analysis 48
3.3.2 VI Detection Performance Analysis 49
3.4 Simulation Results 55
3.5 Conclusion and Remarks 61

4 Collided Signal Detection for Multiple Access 63
4.1 System Model 63
4.2 Automatic Modulation Classification-based Detection 66
4.2.1 Preamble Sequence Detection 66
4.2.2 HOCs-based AMC Approach for Collision Recognition 68
4.2.3 Data Decoding with SIC 69
4.3 Performance Analysis 71
4.4 Simulation Results 78
4.5 Conclusion and Remarks 86

5 Multiple Delay Estimation for Collided Signals 89
5.1 System Model 89
5.2 Multiple Delay Estimation 92
5.2.1 ML Detection Algorithm 92
5.2.2 CAVI Detection Algorithm 95
5.2.3 MCMC Detection Algorithm 99
5.3 Signal Number Estimation and Channel Estimation 100
5.4 Simulation Results 102
5.4.1 CAVI Simulation Results 102
5.4.2 MCMC Simulation Results 109
5.5 Conclusion and Remarks 115

6 Detection and Division for Backscatter Signals 117
6.1 System Model 117
6.2 Central Limit Theorem-based Signal Detection 122
6.2.1 Activity Detection Algorithm 123



Contents ix

6.2.2 Signal Detection Algorithm 126
6.2.3 Performance Analysis 127
6.3 Simulation Results 128
6.4 Conclusion and Remarks 134

7 Analysis and Optimization for NOMA Signals 137
7.1 System Model 137
7.2 Throughput and Power Consumption Analysis 139
7.2.1 Throughput Analysis 139
7.2.2 Power Consumption Analysis 140
7.3 Energy Efficiency Performance Optimization 141
7.4 Simulation Results 145
7.5 Conclusion and Remarks 148

8 Signal Design for Multicluster Coordination 149
8.1 Multi-cluster Coordination in IoT 149
8.2 Multi-cluster Coordination with NOMA 152
8.2.1 Multi-cluster Coordination NOMA Design 152
8.2.2 Multi-cluster Coordinated NOMA Resource Allocation 153
8.3 CI-aided Multi-cluster Coordination with Interference

Management 156
8.3.1 CI Signal Design 156
8.3.2 CI Design for Multi-cluster Coordination 158
8.4 Future Works 161
8.5 Conclusion and Remarks 162

9 Conclusion of the Book 163

References 165
Index 175





xi

List of Figures

Figure 1.1 Architecture of IoT 5
Figure 2.1 The contention-based RA 12
Figure 2.2 The contention-free RA 12
Figure 2.3 The grant-free RA 14
Figure 2.4 The compressed sensing 15
Figure 2.5 A M × N MIMO system 17
Figure 2.6 The constellation of 64-QAM system with ML 21
Figure 2.7 BER of ML detector in 4-QAM 2 × 2 MIMO system 22
Figure 2.8 The constellation of 64-QAM system with ZF 24
Figure 2.9 BER of ZF detector in 4-QAM 2 × 2 MIMO system 25
Figure 2.10 The process of MMSE detection 25
Figure 2.11 The constellation of 64-QAM system with MMSE 27
Figure 2.12 BER of MMSE detector in 4-QAM system 28
Figure 2.13 Comparison between ZF detector and MCMC detector when

SNR = 5 dB 31
Figure 2.14 BER of MCMC detector in 4-QAM 2 × 2 MIMO system 32
Figure 2.15 BER of VI detection in 2 × 2 MIMO system 35
Figure 2.16 The process of compressive sensing 35
Figure 2.17 The reconstruction residual with different observation vector

sizes 38
Figure 3.1 Structure of NGMA systems 41
Figure 3.2 The tree search for the presence of (sparse) signals in a block 42
Figure 3.3 Complexity ratio: (a) as a function of D with p = 0.04; (b) as a

function of p with D = 8 49



xii List of Figures

Figure 3.4 J-divergence and its approximation in Eq. (3.59) when N = 128,
M = 512, and Es

N0
= 20 dB: (a) as a function of D with p = 0.04;

(b) as a function of p with D = 8 55

Figure 3.5 Performance of Stage 1 for various SNRs with M = 512,
(K,D) = (128, 4), N = 128, p = 0.02, and p𝜏 ∈ (Pr (xk = 1), 0.5):
(a) the probabilities of FA and MD of the CAVI algorithm as
functions of SNR; (b) J-divergence as a function of SNR 56

Figure 3.6 Performance of Stage 1 for various values of p with M = 512,
(K,D) = (128, 4), N = 128, SNR = 16 dB, and p𝜏 ∈ (Pr (xk = 1),
0.5): (a) the probabilities of FA and MD of the CAVI algorithm as
functions of p; (b) J-divergence as a function of p 57

Figure 3.7 Performance of Stage 1 for various values of D with M = 512,
N = 128, p = 0.02, SNR = 16 dB, and p𝜏 ∈ (Pr (xk = 1), 0.5): (a) the
probabilities of FA and MD of the CAVI algorithm as functions of
D; (b) J-divergence as a function of D 58

Figure 3.8 Performance of Stage 1 for various values of N with M = 512,
(K,D) = (128, 4), p = 0.02, SNR = 16 dB, and p𝜏 ∈ (Pr (xk = 1),
0.5): (a) the probabilities of FA and MD of the CAVI algorithm as
functions of N; (b) J-divergence as a function of N 59

Figure 3.9 Performance of TS approach and SS approach for various values
of SNR with M = 512, (K,D) = (128, 4), N = 128, p = 0.02, and
p𝜏 = 0.5 59

Figure 3.10 Performance of TS approach and SS approach for various values
of p with M = 512, (K,D) = (128, 4), N = 128, SNR = 16 dB, and
p𝜏 = 0.5 60

Figure 3.11 Performance of TS and SS approach for various values of N with
M = 512, (K,D) = (128, 4), SNR = 16 dB, p = 0.02, and
p𝜏 = 0.5 61

Figure 4.1 A typical uplink massive MIMO System 64

Figure 4.2 Flowchart for classifying Cases 1–3 67

Figure 4.3 Feature f versus OSNR with M = 400 and 𝜖 = 0.7 80

Figure 4.4 Probability of correct estimation of |𝜁1| versus OSNR with
M = 400 and 𝜖 = 0.7 80

Figure 4.5 Probability Prc,CB (1) of resolving a two-UE collision versus OSNR
with CB, various M, 𝛾Th = 0 dB, 𝜖 = 0.7, and K = 10 81

Figure 4.6 Success probability P2,resolved versus the total number of UEs in the
cell with CB, 𝛾Th = 0 dB, OSNR = 30 dB, and 𝜖 = 0.7 82



List of Figures xiii

Figure 4.7 Probability Prc,CB (1) of resolving a two-UE collision versus 𝜖 with
CB, M = 400, OSNR = 80 dB, and 𝛾Th = 0 dB 83

Figure 4.8 Probability Prc,ZF (1) of resolving a two-UE collision versus OSNR
with ZFB, various M, 𝛾Th = 0 dB, 𝜖 = 0.7, and K = 10 84

Figure 4.9 Success probability P2,resolved versus the total number of UEs in the
cell with ZFB, 𝛾Th = 0 dB, OSNR = 30 dB, and 𝜖 = 0.7 84

Figure 4.10 Probability of correctly estimating || via SORTE versus OSNR
with ZFB, M = 400, 𝜖 = 0.7, K = 10, and D = 60 85

Figure 4.11 Achievable probability of resolving a three-UE collision versus
OSNR with 𝜖 = 0.7 and K = 10 86

Figure 5.1 System model of two active devices with different RTDs 91

Figure 5.2 Normalized frequencies of d̂k of the CAVI algorithm and the
correlator-based detector when K = 2 (d1 = 5, d2 = 8), L = 64,
P = 16, Q = 3, M = 2, SNR = 10 dB, and (𝜇,Niter) = (1, 20) 103

Figure 5.3 Performance of the CAVI algorithm to estimate RTDs for different
numbers of iterations when K = 2, L = 64, P = 16, Q = 3, M = 2,
SNR = 10 dB, and 𝜇 = 1 105

Figure 5.4 Performance of the CAVI algorithm to estimate RTDs for different
values of step size 𝜇, when K = 2, L = 64, P = 16, Q = 3, M = 2,
SNR = 10 dB, and Niter = 20 106

Figure 5.5 Performance of the CAVI algorithm and the ML approach for
different values of SNR when K = 2, L = 64, P = 16, Q = 3, M = 2,
and (𝜇,Niter) = (1, 20) 107

Figure 5.6 Performance of the CAVI algorithm and the ML approach for
different numbers of multipaths, Q, when K = 2, L = 64, P = 16,
SNR = 10 dB, M = 2, and (𝜇,Niter) = (1, 20) 108

Figure 5.7 Performance of the CAVI algorithm and the ML approach for
different numbers of antennas, M, when K = 2, L = 64, P = 16,
SNR = 10 dB, Q = 3, and (𝜇,Niter) = (1, 20) 109

Figure 5.8 Conditional normalized MSE of the estimated composite CIR
(without CIR overlapping) when K = 2, L = 64, P = 16, and
(𝜇,Niter) = (1, 20): (a) as a function of SNR with Q = 3 and M = 2;
(b) as a function of Q with SNR = 10 dB and M = 2; (c) as a
function of M with SNR = 10 dB and Q = 3 110

Figure 5.9 Conditional probabilities of correct estimation of K for given
K ∈ {0,… , 3} as functions of SNR when L = 64, P = 16, Q = 3,
M = 2, and (𝜇,Niter) = (1, 20) 111



xiv List of Figures

Figure 5.10 Conditional probabilities of correct estimation of K for given
K ∈ {0,… , 3} when L = 64, SNR = 10 dB, M = 2, and
(𝜇,Niter) = (1, 20): (a) as functions of the number of multipaths, Q,
when P = 16; (b) as functions of the length of CP, P, when
Q = 3 112

Figure 5.11 Pc with numbers of samples under L = 64, P = 16, Q = 3, M = 2,
and SNR = 10 dB 114

Figure 5.12 Pc with numbers of mutations under L = 64, P = 16, Q = 3,
M = 2, and SNR = 10 dB 114

Figure 5.13 Pc with SNR under K = 2, L = 64, P = 16, Q = 3, and M = 2 115
Figure 6.1 Backscatter communication system 118
Figure 6.2 Ambient backscatter communications for parasite devices 121
Figure 6.3 Pe versus number of host devices, K, with M = 200, SNR = 15 dB,

D = 100, L = 64, 𝜌 = 0.4, and 𝛾 = 1 129
Figure 6.4 Pe versus SNR, with M = 200, D = 100, L = 64, 𝜌 = 0.4, and

𝛾 = 1 130
Figure 6.5 Pe versus number of antennas, M, with SNR = 15 dB, D = 100,

L = 64, 𝜌 = 0.4, and 𝛾 = 1 131
Figure 6.6 Pe versus channel correlation coefficient, 𝜌, with M = 200,

SNR = 15 dB, D = 100, L = 64, and 𝛾 = 1 131
Figure 6.7 BER versus number of host devices, K, with M = 200,

SNR = 15 dB, D = 100, L = 64, 𝜌 = 0.4, and 𝛾 = 1 132
Figure 6.8 BER versus SNR, with M = 200, D = 100, L = 64, 𝜌 = 0.4, and

𝛾 = 1 133
Figure 6.9 BER versus number of antennas, M, with SNR = 15 dB, D = 100,

L = 64, 𝜌 = 0.4, and 𝛾 = 1 133
Figure 6.10 BER versus channel correlation coefficient, 𝜌, with SNR = 15 dB,

M = 200, D = 100, L = 64, K = 10, and 𝛾 = 1 134
Figure 7.1 NOMA system with two IoT devices 138
Figure 7.2 The stylized relationship of EE maximization, power

minimization, and throughput maximization problems 145
Figure 7.3 Impact of the normalized distance between the BS and the SU on

the value of EE and throughput, with p3,max = 20 × 10−3 mW.
(a) normalized distance between the BS and the SU and
(b) normalized distance between the BS and the SU 146

Figure 7.4 Impact of the maximum constraint p3,max at the SU on the SIC’s
failure probability, where the SU is in the middle of the BS and the
WU 147



List of Figures xv

Figure 8.1 Low energy consumption, high energy efficiency, and low
complexity techniques are preferable to enable an energy-efficient
multi-cluster coordinated IIoT system 150

Figure 8.2 Transmission power consumption and EE performance with
5 MHz bandwidth. (a) transmission power consumption
performance and (b) EE performance with different coordination
designs 155

Figure 8.3 (a) An elementary example of CI exploitation with BPSK
constellation; (b) A quadrature phase shift keying (QPSK)
constellation example with CI precoding exploits interference as a
beneficial element; (c) A schematic representation of 16-QAM
constellation points 157

Figure 8.4 The performance gain of the FJT-CI and PBF-CI designs over the
conventional coordination techniques 159

Figure 8.5 The symbol error rate and execution time of different precoders in
the FJT scenario. (a) Symbol error rate of different precoders and
(b) execution time of different precoders 160





xvii

List of Algorithms

Algorithm 2.1 ML Detection 20
Algorithm 2.2 ZF Detection 23
Algorithm 2.3 MMSE Detection 26
Algorithm 2.4 Gibbs Sampler 30
Algorithm 2.5 VI Detection 34
Algorithm 2.6 CS Detection 37
Algorithm 3.1 VI Detection for Sparse Signal 47
Algorithm 5.1 The GA-MCMC Gibbs Sampler 101
Algorithm 7.1 EE Oriented FD Cooperative NOMA Algorithm 143




