
mdpi.com/journal/applsci

Special Issue Reprint

Trends and Prospects in 
Applied Electromagnetics

Edited by 

Yating Yu and Baolin Nie



Trends and Prospects in Applied
Electromagnetics





Trends and Prospects in Applied
Electromagnetics

Guest Editors

Yating Yu

Baolin Nie

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Yating Yu

School of Mechanical and

Electrical Engineering

University of Electronic

Science and Technology of

China

Chengdu

China

Baolin Nie

School of Mechanical and

Electrical Engineering

University of Electronic

Science and Technology of

China

Chengdu

China

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Applied Sciences

(ISSN 2076-3417), freely accessible at: https://www.mdpi.com/journal/applsci/special issues/

L77J2F25K1.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-5435-6 (Hbk)

ISBN 978-3-7258-5436-3 (PDF)

https://doi.org/10.3390/books978-3-7258-5436-3

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Yating Yu and Baolin Nie

Special Issue: Trends and Prospects in Applied Electromagnetics
Reprinted from: Appl. Sci. 2025, 15, 10279, https://doi.org/10.3390/app151810279 . . . . . . . . 1

Jinsheng Yang, Yanhong Wei, Xuan Zhao, Chulin Wang and Pingan Du

A Peak Absorption Filtering Method for Radiated EMI from a High-Speed PWM Fan
Reprinted from: Appl. Sci. 2025, 15, 4568, https://doi.org/10.3390/app15084568 . . . . . . . . . 6

Kartik Tripathi, Mohamed H. Hamza, Madeline A. Morales, Todd C. Henry, Asha Hall

and Aditi Chattopadhyay

Electromagnetic Interference Shielding Analysis of Hybrid Buckypaper-Reinforced Polymer
Matrix Composites: A Quantum Tunneling-Informed Equivalent Circuit Approach
Reprinted from: Appl. Sci. 2024, 14, 8960, https://doi.org/10.3390/app14198960 . . . . . . . . . 21

John B. Schneider and Robert G. Olsen

Observations about Propagation, Attenuation, and Radiation of EMI from HVDC
Converter Stations
Reprinted from: Appl. Sci. 2024, 14, 6740, https://doi.org/10.3390/app14156740 . . . . . . . . . 44

Radu F. Damian and Romeo Cristian Ciobanu

Modeling Absorbed Energy in Microwave Range for Nanocomposite Hot Melts Containing
Metallic Additives
Reprinted from: Appl. Sci. 2025, 15, 541, https://doi.org/10.3390/app15020541 . . . . . . . . . . 63

Tanju Yelkenci

Analysis of the Matching Media Effects by Microwave Field Distribution Simulations for the
Cylindrically Layered Human Arm Model
Reprinted from: Appl. Sci. 2025, 15, 268, https://doi.org/10.3390/app15010268 . . . . . . . . . . 80

Alexander Abramovitz, Moshe Shvartsas and Alon Kuperman

Nonlinear Analysis and Solution for an Overhead Line Magnetic Energy Harvester with an
Active Rectifier
Reprinted from: Appl. Sci. 2024, 14, 11178, https://doi.org/10.3390/app142311178 . . . . . . . . 95

Ding-Bing Lin, Mei-Hui Wang, Aloysius Adya Pramudita and Tjahjo Adiprabowo

Design of a Novel Ultra-Wideband Common-Mode Filter Using a Magnified Coupled Defected
Ground Structure
Reprinted from: Appl. Sci. 2023, 13, 7404, https://doi.org/10.3390/app13137404 . . . . . . . . . 109

Xiangsuo Fan, Xiaokang Chen, Wenhao Xu, Lingping Feng, Ling Yu and Haohao Yuan

A Filtering Switch Made by an Improved Coupled Microstrip Line
Reprinted from: Appl. Sci. 2023, 13, 7886, https://doi.org/10.3390/app13137886 . . . . . . . . . 126

Quanzhen Liang, Kuisong Wang, Xiao Wang, Yuepeng Yan and Xiaoxin Liang

An S–K Band 6-Bit Digital Step Attenuator with Ultra Low Insertion Loss and RMS Amplitude
Error in 0.25 μm GaAs p-HEMT Technology
Reprinted from: Appl. Sci. 2024, 14, 3887, https://doi.org/10.3390/app14093887 . . . . . . . . . 136

Ceyhun Karpuz, Mehmet Cakir, Ali Kursad Gorur and Adnan Gorur

Design of N-Way Wilkinson Power Dividers with New Input/Output Arrangements for
Power-Halving Operations
Reprinted from: Appl. Sci. 2023, 13, 6852, https://doi.org/10.3390/app13116852 . . . . . . . . . 151

v



Masanori Okada, Keishi Miwa, Sachiko Kodera and Akimasa Hirata

Compliance Assessment of the Spatial Averaging Method for Magnetic Field Leakage from a
Wireless Power Transfer System in Electric Vehicles
Reprinted from: Appl. Sci. 2024, 14, 2672, https://doi.org/10.3390/app14072672 . . . . . . . . . 172

Yong Xie, Yating Yu and Liangting Li

Discrete Wavelet Transform—Based Metal Material Analysis Model by Constant Phase Angle
Pulse Eddy Current Method
Reprinted from: Appl. Sci. 2023, 13, 3207, https://doi.org/10.3390/app13053207 . . . . . . . . . 191

vi



About the Editors

Yating Yu

Yating Yu is a full professor in the School of Mechanical and Electrical Engineering, the

University of Electronic Science and Technology of China, in Chengdu, China. Her main research

interests include electromagnetic nondestructive testing and evaluation as well as structure health

monitoring. She was selected as a “Outstanding Reviewer” for the journal NDT &E international in

2024.

Baolin Nie

Baolin Nie is an associate professor in the School of Mechanical and Electrical Engineering, the

University of Electronic Science and Technology of China, in Chengdu, China. His main research

interests include electromagnetic compatibility, signal and power integrity, and multi-physics

modeling and simulation in electronic and electrical systems.

vii





Editorial

Special Issue: Trends and Prospects in Applied Electromagnetics

Yating Yu * and Baolin Nie

School of Mechanical and Electrical Engineering, University of Electronic Science and Technology of China,
Chengdu 611731, China; blnie@uestc.edu.cn
* Correspondence: wzwyyt@uestc.edu.cn

1. Introduction

With the rapid advancement of information technology, humans are living in an
increasingly intricate electromagnetic environment [1–3]. Applied electromagnetics, a
crucial branch of electromagnetics, serves as a link between theoretical electromagnetics
and engineering requirements. It focuses on applying the fundamental theories and
principles of electromagnetic fields and waves (characterized by Maxwell’s equations) to
address practical engineering issues, design diverse devices and systems, and develop
novel technologies. These applications span a wide range of fields, including electrical
engineering [4], communication engineering [5,6], railway transportation engineering [7,8],
nondestructive testing and evaluation [9,10], and biomedical engineering [11].

In recent years, applied electromagnetics has witnessed significant progress in various
domains, such as computational electromagnetics [12], Electromagnetic Compatibility and
Interference (EMC&EMI) [13], electromagnetic nondestructive testing and evaluation [14],
electromagnetic wave propagation [15], and bio-electromagnetics [16]. This Special Issue,
entitled “Trends and Prospects in Applied Electromagnetics,” aims to present the latest
research findings in applied electromagnetics.

2. Overview of Contributions

2.1. Electromagnetic Compatibility and Interference

Yang et al. [17] carried out an analysis of the mechanism and coupling paths of
radiation interference in a high-speed PWM axial flow fan. An integrated and non-inductive
filtering circuit was put forward. This circuit was designed to absorb the peak voltage that
enters the windings and to determine the filter parameters. The findings indicate that the
filtering method has been proven to decrease overall electromagnetic interference. The
maximum peak reduction reaches 41.9 dB, and this method does not affect the desired
signals. Tripathi et al. [18] developed a numerical model to explore the ability of bucky
paper (BP), a porous membrane composed of a highly cross-linked network of carbon
nanotubes, to enhance the electromagnetic interference (EMI) shielding properties of
carbon-fiber-reinforced polymer (CFRP) composites. The numerical simulation results
showed that the incorporation of BP significantly improves the EMI shielding effectiveness
(SE) of CFRP composites above 2 GHz, attributed to its high conductivity within that
frequency range.

To address the EMI generated by switching operations in high-voltage DC (HVDC)
converter stations, Schneider et al. [19] proposed a finite-difference time-domain method
to study the characteristics of single switching events. They utilized a realistic model
of an HVDC converter station, with a particular focus on determining the influence of
the valve hall on EMI shielding. The investigation revealed that the valve hall does not

Appl. Sci. 2025, 15, 10279 https://doi.org/10.3390/app151810279
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restrict high-frequency electromagnetic fields within the valve hall. Instead, it delays
their exit through the bushings in the wall and spreads them out over time. Fortunately,
incorporating electromagnetic absorbing materials into the design of the valve hall can
significantly reduce the EMI outside the converter station.

2.2. Computational Electromagnetics

Tripathi et al. [18] explored a quantum tunneling-based equivalent electrical circuits
and Monte Carlo method to predict the frequency-dependent electrical conductivity and
EMI shielding effectiveness (SE) of the hybrid BP/CFRP composites. Damian et al. [20]
described a simulation approach for the S (scattering)-parameters and the absorbed energy
of polymeric nanocomposites with metallic inclusions (iron and aluminum, with two
particle sizes) by considering the Nicolson–Ross–Weir procedure in infinite media. The
results showed that due to higher conductivity, nanocomposites with Al particles could
absorb a greater amount of energy compared to those with Fe particles in the composite
materials, at both inclusion sizes. The significant reduction in transmission confirmed that
for composites with added metallic powder, microwave energy was extensively absorbed
by the materials. Yelkenci et al. [21] proposed a method to determine the matching media
parameters that maximize the electromagnetic energy penetrating into a human arm
modeled as a radially stratified cylinder. The accuracy of this approach was demonstrated
by calculating the electric field amplitudes inside and outside the layers for the determined
parameters. The numerical results indicated that when a matching medium was considered,
the penetrating field increased by a factor of 1.3 to 13.96 compared to the case without a
matching medium. Due to the nonlinear nature in energy harvesting, Abramovitz et al. [22]
developed a clamped-type overhead line magnetic energy harvester equipped with a
controlled active rectifier, which can generate a significant DC output power. Moreover,
a piecewise nonlinear analytical model of the magnetic harvester was derived. This
research presented a closed-form solution that takes into account both the nonlinearities
of the core and rectifiers, enabling an accurate quantitative prediction of the harvester’s
key parameters.

2.3. Design of Key Electrical Devices

To mitigate electromagnetic interference (EMI) in radio frequency (RF) and Wi-Fi
(wireless fidelity standard) 5 and 6E wireless communication applications, Lin et al. [23]
devised an ultra-wideband common-mode (CM) filter for a gigahertz (GHz) data rate signal.
This filter employed an asymmetrical magnified coupled DGS to generate a second-order
transmission zero, thereby extending the suppression bandwidth. The results showed that
the CM noise was suppressed by over 10 dB within the frequency range of 2.9 GHz to
16.2 GHz. In the time domain measurement, the proposed filter was able to block 62.3% of
the CM noise magnitude. Fan et al. [24] put forward a new filtering switch with outstanding
working performance, which was fabricated using an optimized coupled microstrip line.
The switching device was connected to the microstrip circuit to achieve the filtering and
shutdown functions.

To reduce the insertion loss, Liang et al. [25] proposed an ultra-wideband, low-
insertion-loss, and high-precision 6-bit digital step attenuator (DSA). In the proposed
DSA, a series inductive compensation structure (SICS) was designed to address the high-
frequency attenuation values, and a small bit compensation structure (SBCS) was intended
for large attenuation bits. Using the 0.25 μm GaAs p-HEMT process, it exhibited the
highest attenuation accuracy, the lowest insertion loss, the best IP1dB, and good matching
performance within the 2–22 GHz range.

2
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In addition, Karpuz et al. [26] developed a novel single/double-layer N-way Wilkinson
power dividers (WPDs) by employing slow-wave structures to downsize them. Based
on the proposed methods, two-, four-, and eight-way power dividers were designed and
measured at the center frequencies of 2.03, 1.77, and 1.73 GHz. Leveraging meandered
transmission lines, three- and five-way WPDs with new input/output port configurations
were designed, enabling the input power to be halved at the next output port.

2.4. Electromagnetics in Interdisciplinary

Aiming at the threat posed by the highly leaked magnetic field from electric vehicles
(EVs) charging to humans, Okada et al. [27] investigated the suitability of spatial averaging
methods for non-uniform exposure and made contributions to the smooth assessment
in Wireless Power Transfer (WPT) systems. To enhance the identification accuracy of
metal information, Xie et al. [28] proposed a metal material analysis model based on the
discrete wavelet transform, using a Constant Phase Angle Pulse Eddy Current (CPA-PEC)
sensor. The experimental analysis shows that the stability of the quantitative evaluation
index of eddy current features reaches 97.1%, and the comprehensive accuracy error is less
than 0.32%.

3. Conclusions

The articles compiled in our Special Issue spotlight the significant progress achieved in
electromagnetic compatibility and interference, computational electromagnetics, the design
of key electrical devices, and electromagnetics in interdisciplinary domains. These articles
offer a valuable frontier perspective and technical guidance for applied electromagnetics.

Currently, applied electromagnetics still confronts numerous challenges. As the num-
ber of applied electrical devices continues to grow, the active and passive electromagnetic
fields render the electromagnetic environment intricate. In the future, several valuable
topics include how to control electromagnetic interference from passive sources to achieve
electromagnetic compatibility, and how to utilize the active electromagnetic fields for the
benefit of humanity. For instance, advanced electromagnetic materials such as metama-
terials will be employed; higher accuracy and resolution electromagnetic nondestructive
testing and evaluation are needed; new computational electromagnetics models will be
established due to the application of new materials or novel electronic devices; EMC and
EMI models, EMC standards, and EMC measurement methods can be developed to address
the more complex magnetic environment; and an increasing number of artificial intelligence
techniques will be introduced into electromagnetic applications.
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A Peak Absorption Filtering Method for Radiated EMI from a
High-Speed PWM Fan

Jinsheng Yang 1, Yanhong Wei 1, Xuan Zhao 1,2, Chulin Wang 1 and Pingan Du 1,*

1 School of Mechanical and Electrical Engineering, University of Electronic Science and Technology of China,
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2 AECC Aero Engine Control System Institute, Wuxi 214000, China
* Correspondence: dupingan@uestc.edu.cn

Abstract: Axial flow fans are widely used for heat dissipation in electronic devices. Due to
its frequent speed-regulation to adapt to the change in heat load, a fan can cause significant
electromagnetic radiation interference. In this study, a peak absorption filtering method is
proposed to address the radiation interference issue in a high-speed PWM axial flow fan.
The mechanism and coupling paths of radiation interference were analyzed, and a radiation
interference calculation using finite integration technique by a hybrid field-circuit model
and experimental measurement were conducted to identify the winding as the main source
of radiation in PWM fan. Considering the limited space inside the fan, an integrated, non-
inductive filtering circuit was designed to absorb the peak voltage entering the windings
and the filter parameters are determined via circuit simulation. The measurement results
indicate that the filtering method can reduce overall electromagnetic interference with a
maximum peak reduction of 41.9 dB, without affecting the useful signals.

Keywords: filter design; finite integration technique; interference suppression; peak
radiated interference; radiated modeling; radiated source

1. Introduction

Axial flow fans are extensively employed in electronic devices for thermal manage-
ment due to their compact structure, high efficiency, and reliable airflow generation. A
typical axial flow fan comprises three key components: a brushless DC (BLDC) motor, an
impeller, and a fan frame, as illustrated in Figure 1. The impeller is directly coupled to the
motor shaft, and when energized, the motor drives the impeller to rotate, producing an
axial airflow that enhances convective heat dissipation within electronic enclosures.

Figure 1. Structure of the axis flow fan.

Appl. Sci. 2025, 15, 4568 https://doi.org/10.3390/app15084568
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To accommodate varying thermal loads under different operating conditions, axial
flow fans often employ dynamic speed regulation. The most prevalent control method is
pulse width modulation (PWM), which adjusts the motor’s rotational speed by modulating
the duty cycle of the input voltage. While PWM ensures efficient thermal management, it
introduces rapid switching transients in the motor windings, leading to abrupt changes in
current and voltage. These high-frequency switching actions generate conducted and radi-
ated electromagnetic interference (EMI), manifesting as distinct spectral peaks at specific
harmonic frequencies [1–4], as evidenced by the measurement results in Figure 2.

El
ec

tri
c 

fie
ld

(d
Bu

V)

Frequency(MHz)

Figure 2. Radiated interference generated in the axial flow fan.

The EMI emissions from BLDC motors pose a critical challenge in modern electronic
systems, particularly in applications where electromagnetic compatibility (EMC) is strictly
regulated. In industries such as aviation, aerospace, and medical electronics, even minor
EMI disturbances can disrupt sensitive communication systems, navigation equipment,
or diagnostic instruments [5,6]. Consequently, regulatory bodies have established strin-
gent EMI limits for cooling fans and other electromechanical components. Additionally,
standardized testing methodologies, including MIL-STD-461G, CISPR 25, and DO-160,
have been developed to assess and mitigate EMI risks in critical environments. Given the
increasing demand for high-performance and low-EMI cooling solutions, a thorough inves-
tigation into the generation mechanisms, propagation paths, and suppression techniques
of motor-induced EMI is imperative. It is of great significance to study the mechanism of
motor radiated interference and develop effective suppression methods.

At present, research mainly focuses on the mechanism of conducted interference,
focusing on the modeling and suppression of conducted interference in electrical machines.
Conducted interference models for switch devices were established in [7], and a numerical
model of a power transfer system was developed and used in simulation [8]. The conducted
interference of a motor drive system was analyzed and modeled in [9–11]. The EMI
suppression method of the DC motor was studied in [12,13] to attenuate both common-
mode (CM) and differential-mode (DM) interference.

Research on radiated interference has mostly focused on modeling and predicting
the radiated interference from components in power systems [14,15]. Ref. [16] presents
an equivalent modeling method for the electromagnetic radiation of PWM fan. Many
publications analyzing EMI sources and propagation provide a better understanding of
the EMI generation mechanism [17–19]. For suppression of radiated interference, the
main methods include changing the PWM control strategy and optimizing the system
structure [20–23]. The design process of the methods above is complex due to the redesign
of the system structure.

7



Appl. Sci. 2025, 15, 4568

Designing EMI filters is an effective approach to mitigate radiated interference.
Chuang C [24] designed the filter to attenuate both conducted and radiated interference.
And the installation location and topology of the filter are also a problem worth investi-
gating. The prevalent filter topologies often incorporate inductive components, leading to
bulky filter designs that are not suitable for small-sized axial flow fans.

Therefore, this paper focuses on the radiated interference exceeding the standard
of a small axial flow fan. The generation mechanism of the radiated interference and
the coupling path were analyzed based on the principle of PWM motor speed control.
The main radiation source of the fan was clarified through the calculation of the radiated
interference model by the finite integration technique (FIT) [25]. Taking into consideration
the spatial structure of the fan and the frequency characteristics of the interference, a non-
inductive filter circuit was designed. The measurement results showed that the filter circuit
can effectively suppress the radiated interference without increasing the effective signal
insertion loss and meet the standard limit requirements.

2. Circuits Structure and Radiated EMI Measurement

2.1. Drive Circuit Structure and Speed Control Strategy

The axial flow fan is driven by a PWM permanent magnet brushless DC motor. The
drive circuit mainly consists of a control chip, a MOSFET drive circuit, an inverter circuit, a
protection circuit, and a winding coil, as shown in Figure 3.

 

DC Power Lines Inverter circuit

Winding

Q1

Q5 Q6

Q2 Q3

Q4

Cdc

Control 
Chip

MOSFET Drive
Circuit

Hall 
Signal

Gate drive signal

DC power 
supply

PWM Wave

Control PCB

Protection circuit

Figure 3. Schematic diagram of the fan drive system.

The inverter circuit adopts a three-phase half-bridge inverter topology consisting of six
power MOSFETs. The control chip outputs a gate drive signal by recognizing the duty cycle
of the modulated square wave to control the switching of the MOSFETs, thus changing
the winding terminal voltage to adjust the motor speed. In this paper, the fan adopted
the HPWM-LON modulation mode, i.e., the power MOSFETs in the upper bridge arm
were controlled by the PWM signal, while the MOSFETs in the lower bridge arm were
continuously conducting within one cycle of phase alternation. The modulation frequency
was 15.5 kHz. Figure 4 shows the waveforms of each bridge arm drive signal in the time
domain during the modulation process. Q1, Q2, and Q3 are the drive signals for MOSFET
in the upper bridge arm, and Q4, Q5, and Q6 are the drive signals for the ones in the lower
bridge arm.
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Time

Q4

Q2

Q5

Q3

Q1

Q6

Figure 4. Driving signal of each bridge arm.

2.2. Radiated EMI Measurement and Analysis of Results

According to MIL-STD-461G, the radiated emission measurement configuration of the
fan was as is shown in Figure 5. The measurement layout consisted of a DC power supply,
two DC line impedance stabilization networks (LISN), two power lines, a receiver antenna,
an EMI receiver, and the fan under test. The measurement environment was a shielded
dark room, and the receiving antenna was placed 1 m away from the device under test, as
shown in Figure 6. Within the rated operating range of the fan, the EMI receiver antenna
measured the amplitude of the electric field in the frequency range of 10 kHz–30 MHz.

EMI Test 
Receiver

 Receiving 
Antenna

Ground Plane

+

DUTDC power 
supply

LISN

LISN

DC Power Line

DC Power Line

 

Figure 5. Radiation emission measurement configuration.

 
Figure 6. Radiation emission measurement site.

The measurement procedures were as follows:
a. Ambient Condition Check: Confirm that the environmental conditions comply with

the specified standards to prevent any impact on test accuracy.
b. Equipment Initialization: Power on the measurement instruments and allow

adequate stabilization time.
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c. Device Preparation: Switch on the test equipment and ensure it stabilizes properly
before proceeding.

d. Emission Assessment: Following the configuration in Figure 5, measure the radiated
emissions from the test device and its connected cables.

The fan under test had a rated voltage of 24 V, a rated power of 103.8 W, a peak speed
of 10,500 rpm, and a pole pair number of 2. Under the PWM condition, the results of the
electric field radiation measurement on the fan were as shown in Figure 7. At the frequency
of 15.5 kHz, the intensity of the radiated electric field measured was 72.41 dBμV/m, which
was higher than the limit value of 57.02 dBμV/m required by the standard. According to
the measurement results, it can be seen that there were a number of peaks of interference
exceeding the standard limits in the measurement band at a series of peaks with a funda-
mental frequency of 15.5 kHz, which is consistent with the modulation frequency of the
PWM, indicating that these frequency peaks were indeed caused by the switching of the
MOSFETs in the inverter circuit with their frequency harmonics.

El
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tri
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fie
ld

(d
Bu

V)

Frequency(MHz)

Figure 7. Measurement results of radiated interference.

3. Mechanism of Fan Radiation and Analysis of Radiated Source

3.1. Generation Mechanism and Path Analysis of Conducted Interference

In EMC design, the three elements of interference sources, propagation paths, and sen-
sitive equipment are included. Radiated interference is generated externally by conducted
interference in circuits through components with an antenna effect. The generation of
conducted interference in the fan is closely related to the high-speed on/off characteristics
of power MOSFETs. Assuming that the amplitude of the PWM wave is U, the period is T,
the rising and falling edge times are t, and the turn-on time of the switching device in one
cycle is ton, the duty cycle can be expressed as

d = ton/T (1)

According to the Fourier transform, the amplitude-frequency characteristics of the
interference source can be obtained:

|V( f )| = 2dU
∣∣∣∣ sin(nπd)

nπd

∣∣∣∣∣∣∣∣ sin(πt f )
πt f

∣∣∣∣ (2)

where n is the harmonic number. According to Equation (2), the PWM signal contains
many high harmonics in addition to the fundamental waveform for normal operation, and
these harmonics propagate through the conduction path to other components.

The conducted paths of EMI can be divided into common mode conducted paths and
differential mode conducted paths. Each time a switching action occurs, the voltage at the
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midpoint of the bridge arm relative to the negative line of the power supply changes rapidly,
thus generating common mode interference; at the same time, the switching process of the
switching device also causes a sharp change in the current of the bridge arm, resulting in
differential mode interference.

The common mode interference conduction path is shown as the red dashed line
in Figure 8. Common mode interference is generated by transient voltage trips during
switching dynamics, and the resulting current to ground forms a closed loop through the
windings, ground, and DC line.

 
DC Power Line

Ground Plane

DC Power Line Control PCB

Q1

Q5 Q6

Q2 Q3

Q4

Cdc

RU LU

RV LV

RW LW
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LMOS LMOS LMOS
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CM
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CM CM
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Winding

UCM-U
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Figure 8. Paths of CM interference.

The differential mode interference conduction path is shown by the dotted line in
Figure 9.
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Figure 9. Paths of DM interference.

Path 1: Assuming that the switching state is that Q1 and Q5 are open, the differential
mode current flows into the DC side from the U phase; flows through the DC cable, LISN,
and flows out from the V phase; and finally passes through the winding, forming a closed
loop.

Path 2: Differential mode current flows from the U phase into Cdc and out from the V
phase, and it finally passes through the winding, forming a closed loop.

In the conducted path of electromagnetic interference, the DC power lines, windings,
and PCB have antenna effects and can be highly efficient sources of electromagnetic radia-
tion, and the interference current will radiate energy outward through these pathways, as
shown in Figure 10. Therefore, before investigating the suppression methods of radiated
interference, the intensity of radiated interference from the components in the loop needs
to be further analyzed to target the proposed interference suppression methods.
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Figure 10. Schematic diagram of radiated emissions from a fan.

3.2. Analysis of Radiated Interference from DC Power Lines

To analyze the electric field radiation intensity of the DC line, the UL1332 20# power
lines without shielding layer were replaced by a double shielded line of RG316D, and the
shielding layer was well grounded. The results of the radiated emission measurement are
shown in Figure 11. There was no significant decrease in the amplitude of the peak field in
the tested frequency band, which indicates that shielding the DC cables did not reduce the
system radiated interference, i.e., for lower frequency bands, the DC power lines were not
the main source of radiation for the axial flow fan.

Figure 11. Comparison of radiated interference before and after the use of shielded lines.

3.3. Analysis of Radiated Interference from Winding and Control PCB

The windings and PCB were integrated inside the axial flow fan, and it was imprac-
tical to experimentally measure their radiation intensity separately. Hence, the radiated
interference from the winding and control PCB was modeled, calculated, and analyzed by
finite integration technique in the time domain, respectively.

According to the finite integral theory, the Maxwell mesh equation was obtained as

Ce = − d
dt

b, C̃h = iC + iS +
d
dt

d (3)

where C and C̃ are the discrete curl matrices of the main grid and the dual grid, e is the
voltage along the edge, and b is the magnetic flux through the face elements in the main
grid. h is the magnetic field along the edge of the dual grid. d, iC, and iS are the electric
flux, loss current, and external current, respectively.
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Using the central difference discretization as well as the frog-leaping scheme for the
time derivative terms of the two spinodal equations in the above equation, the explicit
time-domain recursive equation of the finite integration method is given by⎧⎪⎨⎪⎩ en+1 = CAEen + CAH

(
C̃hn+ 1

2 − i
n+ 1

2
S

)
hn+ 1

2 = hn− 1
2 − ΔtD−1

μ Cen
(4)

where ⎧⎪⎨⎪⎩
CAE =

(
Dε
Δt +

Dσ
2

)−1(Dε
Δt − Dσ

2

)
CAH =

(
Dε
Δt +

Dσ
2

)−1 (5)

where Dε, Dσ and Dμ are the permittivity matrix, electrical conductivity matrix, and
magnetic reluctivity matrix, respectively. The transient electromagnetic process of the
winding and PCB can be calculated according to Equations (4) and (5) by CST Studio Suite.
To achieve field-circuit coupling, the excitation current is represented by adding the current
iL to the right side of Ampere’s law, i.e.,

C̃hn+ 1
2 = Dσ

en+1 + en

2
+ Dε

en+1 − en

Δt
+ iL

n+ 1
2 (6)

The field-circuit coupled transient process can be calculated according to (6).
The axial flow fan has a winding structure with a three-phase star structure and six

slots. To assess the radiated interference of the winding, this paper employed a hybrid
modeling approach that integrated field and circuit elements. Specifically, during the
winding modeling process, 3D modeling was conducted based on the actual winding layout.
The R and L parameters of the winding were then compensated using a circuit model, as
illustrated in Figure 12. As CST’s computational algorithms have difficulty in precisely
modeling the influence of magnetic poles on winding parameters, we intentionally omitted
the material properties of this component during the 3D modeling phase. Consequently,
parameter compensation was applied in the circuit domain with R = 0.287 Ω and L = 250 μH
according to reference [16]. This approach not only aligns with the actual 3D layout of the
winding but also ensures that the circuit parameters of the winding meet the requirements.

Figure 12. Hybrid modeling approach for windings.

The stator winding was fabricated using 0.71 mm diameter enamel-coated copper
wire, with each slot containing 25 precisely wound turns. The 3D modeling process was
carried out in SolidWorks 2021, which included detailed representations of the stator
slots, coil windings, and permanent magnet components. For the electrical connections,
a star-type arrangement was implemented for the three-phase winding system, with the
completed 3D winding assembly illustrated in Figure 12. The magnetic circuit incorporated
high-performance NdFeB permanent magnets, while the core structure was assembled
from stacked silicon steel laminations to optimize magnetic effects. The components in the
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circuit were linked to the field model through an external circuit, where the FIT method in
the time domain with field-circuit coupling was employed for a numerical solution. The
full-wave field-circuit simulation model of the winding and inverter circuit was established
in CST, as shown in Figure 13.

 
Figure 13. Field-circuit radiation simulation model for winding-inverter circuits.

The control PCB was then imported into CST Microwave Studio in ODB++ format.
The winding port Touchstone model obtained through parameter extraction was imported
into CST Design Studio as a circuit block to establish the field-circuit radiation simulation
model of the PCB and the inverter circuit, as shown in Figure 14.

 

Figure 14. Field-circuit radiation simulation model for control PCB-inverter circuits.

The influence of the fan frame and fan impeller on the radiation of the internal winding
and PCB was also not negligible. Therefore, the 3D model of the fan was imported into CST
for combined calculations. The HPWM-LON control strategy for the fan drive system was
implemented using MATLAB/Simulink2021b to generate the gate signals for the MOSFETs.

The simulation conditions were configured according to the experimental measure-
ment setup. The measurements were conducted in an anechoic chamber, with the boundary
conditions set as a “Conducting Wall” for the bottom surface and “Open” for the remain-
ing boundaries. An adaptive meshing method was employed, with the convergence of
electromagnetic energy serving as the stopping criterion for the simulation iterations. A
time-domain solver was used for the simulation, and the accuracy threshold was set to
−35 dB, meaning the iterations stopped once the post-calculation energy decay fell below
−35 dB. The electric field probe was set at the same position as the receiving antenna in
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the measurement. Considering the influence of the impeller and the fan frame on the
internal radiation, the full-wave simulation models of the winding and the control PCB as
the radiation sources are shown in Figure 15, respectively. A comparison of the winding
and PCB radiation simulation results was obtained as shown in Figure 16.

Figure 15. Full-wave simulation models of the winding and the control PCB with the impeller and
the fan frame.
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Figure 16. Comparison of the simulation results of the winding-radiated EMI and the PCB-radiated
EMI with the measurement results.

According to the simulation results, the peak frequency point of the radiated electric
field was consistent with the experimental measurements. The radiated electric field
intensity of the windings was much higher than that of the control PCB, which was close to
the radiated electric field measurement results of the overall fan. The calculated surface
current of the PCB at f = 15.5 kHz is shown in Figure 16. The position of maximum surface
current is where the PCB was connected to the three-phase winding, i.e., the output side of
the inverter circuit, marked by the red box in Figure 17. Therefore, it can be concluded that
the windings were the main component that caused excessive radiated interference from
the fan.

The input voltage to the ground of the three-phase winding was measured using an
oscilloscope, and the time-domain measurement results are shown in Figure 18. Each time
the MOSFET turned on and off, there was a significant voltage peak, as marked by the red
circle in the figure. Therefore, a filter circuit was able to be designed at the winding input
port to absorb voltage peaks and prevent them from entering the winding and causing
radiated interference.
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Figure 17. Simulation results of PCB surface current.

 
Figure 18. Voltage at three-phase winding ports in the time-domain.

4. Filter Suppression of Radiated Interference

According to the analysis of the interference path and the main source of radiation, the
interference voltage was generated by the switching device in the inverter circuit, which
entered the windings of the fan and caused radiated interference.

The voltage for the port of the windings was calculated via the field-circuit simulation
model shown in Figure 13. Taking the U phase as an example, the simulation results are
presented in Figure 19, compared with the spectrum of the voltage at the winding port
obtained by FFT. The calculation results demonstrate a consistency between the simulation
and measurement. Therefore, the circuit simulation model can effectively guide the design
of EMI filters.

50

 

50

(a) (b) 

Figure 19. Comparison of the simulation results of the winding voltages with the measurement
results. (a) Measurement results; (b) simulation results.

For the filter circuit topology design, if the low-pass filter includes an inductive
component, the inductance value of the selected device will be at the mH level due to the
lowest frequency of the interference peak of 15.5 kHz, resulting in a large filter size. As a
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miniaturized motor, axial flow fans have limited internal space, which makes it challenging
to accommodate larger-sized components. Hence, this paper proposes a non-inductive
RC snubber circuit connected in parallel between the drain and source of each MOSFET,
absorbing the voltage peaks due to high-frequency switching. The circuit topology is
shown, and the RC snubber circuit in parallel with the MOSFET is marked in red in
Figure 20.

 

Winding

Q1

Q5 Q6

Q2 Q3

Q4
Cdc

DC power 
supply

RC snubber circuit in parallel with the MOSFET 

Figure 20. RC filter circuit topology.

The determination of RC parameters was achieved through circuit simulation. By
adding parallel resistor and capacitor elements in the circuit simulation of Figure 13, the
parameter combinations of resistors and capacitors in the filter were varied separately,
and the absorption effect of the filter was measured by calculating the frequency-domain
voltages of the winding. Using this simulation model, we calculated the winding voltage
under two scenarios:

1. With a fixed capacitance of C = 10 μF, the resistance values were varied as R = 1 Ω,
10 Ω, and 100 Ω.

2. With a fixed resistance of R = 10 Ω, the capacitance values were varied as C = 1 μF,
10 μF, and 100 μF.

As depicted in Figures 21 and 22, the comparison of peak voltages with the voltage
without filter across the winding terminals revealed that a smaller resistor and a larger
capacitor yielded a more effective suppression of peak voltages. Additionally, to preclude
overcurrent in the circuit, the resistance should not be chosen to be excessively small.
Furthermore, considering the spatial constraints of the PCB, the capacitor value should
also not be excessively large. The parameters of the filter were determined as R = 10 Ω,
C = 10 μF.

Figure 21. Simulation results of winding voltages with different R when C = 10 μF.
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Figure 22. Simulation results of winding voltages with different C when R = 10 Ω.

The device met the space size requirements of the fan and can be integrated into the
PCB as shown in Figure 23. The red squares mark where the RC devices were installed, in
parallel with each MOSFET. The control PCB was designed and directly processed by the
authors for the integration of the complete fan, which is a four-layer board including key
components such as MCUs, inverter circuits, and RC filter circuits.

 

Position of RC snubber circuit. 

Figure 23. Control PCB with integrated RC filter.

The comparative results before and after filtering for the fan radiated interference
measurement are shown in Figure 24. The measurement results show that the designed
RC filter had a significant absorption effect on the radiated interference in the frequency
band. Radiated interference attenuation reached a maximum of 41.9 dB. Peak radiated
interference in the frequency band was reduced below the standard limits. Meanwhile,
during the experimental measurements, the speed of the fan was not affected by the access
to the filter, which indicates that the designed filter can suppress radiated interference
without affecting the effective signal insertion loss.
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Figure 24. Comparison results of radiated interference before and after filtering.

5. Conclusions

EMC standards require stricter radiated emission limits for a PWM axial fan and its
drive system. Meanwhile, due to the limited internal space of the small fan, there are also
certain size requirements for the interference suppression measures. Therefore, this paper
aimed to identify the main sources of radiated interference in PWM-regulated fans through
measurements and simulations of radiated emissions. Additionally, a radiated interference
suppression method that can be integrated into a PCB was proposed.

The propagation paths of the interference were determined through the study of the
fan speed control mechanism. By modeling the radiated interference of individual compo-
nents in the fan, the primary sources of radiated interference were identified. Subsequently,
a small-sized peak-absorbing circuit was designed to address the issue. Experimental veri-
fication was conducted to assess the effectiveness of the radiated interference suppression
measures. The experimental results demonstrate that the integrated non-inductive RC filter
effectively suppressed peak radiated interference from the fan without impacting the fan’s
speed. The insertion loss achieved by the designed filter for radiated interference reached
41.9 dB.
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Abstract: A novel modeling approach is developed for investigating the effectiveness of buckypaper
(BP), a porous membrane made of a highly cross-linked network of carbon nanotubes, in improving
the electromagnetic interference (EMI) shielding properties of carbon fiber-reinforced polymer (CFRP)
composites. The methodology uses quantum tunneling-based equivalent electrical circuits and Monte
Carlo simulations to predict the frequency-dependent electrical conductivity and EMI shielding
effectiveness (SE) of the hybrid BP/CFRP composites. The study examines a signal frequency range
of 50 MHz to 12 GHz that includes the very high and X-band. The results show that at a frequency
of 12 GHz, the transverse conductivity increases to approximately 12.67 S/m, while the longitudinal
conductivity decreases to about 3300 S/m from an initial value of 40,000 S/m. These results are
then integrated into the ANSYS High-Frequency Structure Simulator to predict SE by simulating the
propagation of electromagnetic waves through a semi-infinite composite shield element. The numerical
simulations illustrate that incorporating BP significantly improves the SE of CFRP composites beyond
2 GHz owing to its high conductivity in that frequency range. For instance, at 12 GHz signal frequency,
adding a single BP interleaf enhances the SE of a [90, 0] laminate by up to ~64%.

Keywords: carbon nanotubes; buckypaper; EMI shielding; electrical conductivity; quantum tunneling;
CFRPs; polymer composites

1. Introduction

The increased use of electronics in aerospace structures and other applications under-
scores the need to develop effective electromagnetic interference (EMI) shielding strategies
for protecting sensitive electronic systems from external electromagnetic signals. Carbon
nanotubes (CNTs) have emerged as a promising material due to their remarkable properties,
such as high tensile strength (100 GPa) and stiffness (1 TPa), excellent thermal conduc-
tivity (~3500 W/m/K) and electrical conductivity (~105 S/m) and have many potential
applications in aerospace such as de-icing and lightning strike protection [1,2].

For EMI shielding applications at the structural scale, harnessing the full potential
of CNTs poses a substantial challenge [3]. Researchers have explored the utilization of
CNT-doped resins as a matrix in composite material systems to attain desired electrical
properties [4–9]. Du et al. [5] utilized a coagulation technique to fabricate a nanocomposite
consisting of single-walled carbon nanotubes (SWCNT) and polymethyl methacrylate
(PMMA), achieving an electrical conductivity of 10−3 S/m with a 2% SWCNT weight
fraction. Sawi et al. [6] extensively investigated the electrical conductivity of double-
walled carbon nanotubes within an epoxy-based RTM6 matrix, analyzing its frequency and
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temperature dependence. Although the doping approach enhances overall properties, it is
limited in harnessing the full potential of CNTs due to challenges in incorporating high
CNT weight fractions. Primarily, CNTs tend to agglomerate due to van der Waals forces,
resulting in property variations at larger scales [10–14].

Additionally, high CNT weight fractions elevate resin viscosity, impeding resin flow dur-
ing fabrication. Porous membranes composed of interconnected CNTs, known as buckypaper
(BP), offer a viable solution by enabling the incorporation of high weight fractions of CNTs
and ensuring their uniform dispersion throughout the composite structure [15]. These films
facilitate strong interlaminar bonds, making them compatible for integration into laminate
structures, hence this approach overcomes the issues associated with CNT-doped resin in
composite applications [16]. Due to its high electrical conductivity, homogenous dispersion
through the resin microstructure, and carbon fiber reinforced polymer (CFRP) stiffness and
strength enhancement [17], BP is selected as a promising candidate to investigate its EMI
shielding performance within various CFRP laminate configurations.

The most common EMI shielding strategy involves utilizing conductive barriers to
block unwanted external electromagnetic signals that might disrupt the internal circuitry.
CFRP composites, which are increasingly being used in aerospace applications, are capa-
ble of EMI shielding due to the presence of electrically conductive fibers [18]. However,
unidirectional CFRP composites exhibit significant anisotropy in electrical conductivity,
attributed to the distinct mechanisms manifesting in the longitudinal and transverse direc-
tions. Along the fiber direction, the electrical conductivity of the lamina closely aligns with
that of the fibers, whereas in the transverse direction, obtaining consistent conductivity
values is challenging.

In contrast to longitudinal conductivity, transverse conductivity exhibits significant
variability and unpredictability, which is primarily attributed to the stochastic arrangement
of fibers and the variability in fiber volume fraction. The existing literature demonstrates
a notable lack of consensus, as diverse studies offer dissimilar predictions for transverse
conductivity values ranging from 10−5 to 30 S/m [8,9,19–22]. Banerjee et al. [19] used a
tunneling model based on thermal activation energy and reported a transverse conductivity
of ~0.04 S/m. Wasselynck et al. [20,21] used a theoretical model of impedance analysis with
Monte-Carlo simulations to account for microstructure variability and predicted transverse
conductivity to be approximately ~8 S/m. Accounting for the variability in microstructure
and quantum tunneling phenomena is crucial for the accurate prediction of transverse
conductivity [23]. When estimating the EMI shielding effectiveness (SE) at high frequencies
(>1 GHz), relying on DC conductivity leads to inaccuracies due to the significant rise of the
skin effect in an AC field as a result of induced eddy currents [24]. This phenomenon limits
the flow of current to the outer surface of the conductor rather than a uniform distribution
across the cross-section. Hence, an accurate prediction of the EMI shielding effectiveness of
composites across a broad frequency spectrum is achievable solely through AC conductivity,
and very limited work is reported in this area. Mohan et al. [8] employed a micromechanics
model to predict the electrical conductivity in CNT-doped epoxy composites, showing
a direct correlation between transverse electrical conductivity and frequency. The lack
of a comprehensive model for predicting AC conductivity necessitates the need for a
more accurate modeling approach that accounts for both microstructure variability and
frequency dependence.

Various techniques have been investigated to enhance the EMI shielding performance
of composite structures. Some researchers have used metallic layers or conductive coatings
to enhance the reflective component of EMI shielding [24–26]. As observed in a previous
study by the co-authors [24], the incorporation of copper mesh improves the reflection
component of EMI shielding effectiveness. Yazdi et al. [25] have characterized the EMI
shielding effectiveness of glass fiber reinforced polymer composites coated with aluminum,
aluminum bronze and zinc. Their investigations show an enhanced SE of up to 60 dB from
the baseline value of 7 dB. The major drawback associated with including metallic layers is
that the structural strength is compromised due to its poor bonding with the composite ply.
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The use of a modified epoxy with magnetic or conductive filler materials such as CNTs has
been investigated [27,28]. Liu et al. [27] studied the EMI SE of nanocomposites by varying
the weight fractions of different filler materials, including multi-walled carbon nanotubes
(MWCNTs), Fe3O4, and Fe within the epoxy resin. Their work reported an upward trend
of shielding effectiveness with increasing frequency by using CNTs, while the Fe and
Fe3O4-doped composites showed a less frequency dependence. Zhang et al. [29] explored
strategies for assembling two-dimensional metal carbide sheets (MXenes) to improve
electromagnetic interference (EMI) shielding. They found that rGO/CoNi nanosheets
exhibited a high absorption shielding effectiveness, achieving a value of 54.1 dB. Although
these methods can be beneficial in enhancing both the electrical and mechanical properties
of composites, they do not harness the full potential of carbon nanotubes at the laminate
level [10–14]. This paper presents a novel approach for modeling the AC conductivity of
BP-reinforced CFRP laminates accounting for quantum tunneling and skin effects.

The paper is structured into two main sections: the first section introduces an equiva-
lent circuit method for characterizing the frequency-dependent electrical conductivity of
carbon fiber lamina. The CFRP microstructure is transformed into an equivalent circuit, and
the effective impedance is analyzed to estimate the longitudinal conductivity. The trans-
verse conductivity is determined using Monte Carlo simulations informed by quantum
tunneling principles. The second section focuses on coupling the estimated conductivity
values with electromagnetic wave propagation simulations to investigate the EMI SE of
hybrid BP/CFRP samples. Finally, the EMI SE results are compared with an alternative
shielding technique using copper mesh layers.

2. Materials and Methods

To assess the AC conductivity, each CFRP lamina is modeled using polyacrylonitrile-
based unidirectional IM7 carbon fiber and EPON-862 epoxy system comprising diglycidyl
ether of bisphenol F (DGEBF) resin and diethylenetriamine (DETA) hardener. In the case of
hybrid samples, Miralon S-T01AVB-12 sheets provided by Nanocomp Technologies (Merri-
mack, NH, USA) were employed as BP interleaves between the CFRP plies. A schematic of
the hybrid composite and the BP morphology is shown in Figure 1 [17]. Relevant properties
of fiber, resin, and BP are summarized in Table 1 [30–33]. For constructing the transverse rep-
resentative volume element and establishing the equivalent circuit model, various parameters
outlined in Table 2 were used. Table 3 contains some physical constants used in this study.

Figure 1. Hybrid laminate schematic showing BP microstructure obtained through SEM [17].

Table 1. Constituent electrical properties [30–33].

DC Resistivity
ρDC (Ω-m)

Relative
Permittivity

εr

Refractive
Index

n

Relative
Permeability

μr

Fiber
Longitudinal: 1.5 × 10−5

1 1.6 1Transverse: 9.3 × 10−5

Epoxy 108 3 1.55 1
BP 1.3 × 10−5 1 - 1
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Table 2. Relevant composite sample parameters used in the study.

Parameter (Unit) Value

Fiber mean diameter (μm) 5.24
Fiber diameter standard deviation (μm) 0.295

Fiber volume fraction 0.6
CFRP lamina thickness (mm) 0.25

BP thickness (mm) 0.1

Table 3. Physical constants used in this study.

Parameter (Unit) Value

Electron charge (C) 1.6 × 10−19

Electron mass (kg) 9.11 × 10−31

Permittivity of free space (F/m) 8.854 × 10−12

Permeability of free space (H/m) 4π × 10−7

Reduced Planck’s Constant (Js) 1.05 × 10−34

Speed of light (m/s) 3 × 108

2.1. Electrical Conductivity Characterization of CFRPs

To characterize the frequency-dependent electrical conductivity of individual CFRP
plies, longitudinal and transverse CFRP representative volume elements (RVE) are trans-
formed into an equivalent electrical circuit consisting of inductors, capacitors, and resistors.
Next, the impedance is analyzed, which is subsequently converted into complex conductiv-
ity based on the RVE dimensions.

2.1.1. Longitudinal Conductivity

For the longitudinal case, the analysis is based on the premise that in addition to their
internal electrical resistance, the fibers also possess inductive effects, while the matrix acts
as an insulating material. Figure 2 presents a graphical depiction of a unidirectional (UD)
CFRP lamina, showcasing its microstructure and the associated equivalent circuit for the
longitudinal orientation. As depicted, individual fibers are represented as a combination of
a resistor (R) and an inductor (L) arranged in series. For the N parallel fibers, the overall
circuit consists of N parallel resistor-inductor elements.

Figure 2. Microstructure of a unidirectional CFRP lamina and its equivalent electrical circuit in the
longitudinal direction consisting of the N fibers, each having their own resistance (Rf ) and inductance
(Lf ).
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The resistance of each wire R f can be expressed in terms of fiber resistivity ρ f , length
len f , and radius r f as follows:

R f =
ρ f len f

πr2
f

(1)

The inductance of each fiber, denoted L f , is expressed as a sum of its self-inductance
and the mutual inductance of the neighboring fibers. The self inductance represented as(

L f

)
S

can be expressed in terms of the fiber dimensions and vacuum permeability μo [34]:

(
L f

)
S
=

μolen f

2π
log

(
2len f

r f
− 1

)
(2)

For mutual inductance estimation, drawing upon the principles of Faraday’s law
of electromagnetic induction and Lenz’s law when an alternating current flows through
two parallel wires separated by a distance d, a counteracting current is induced. This
happens because the changing current gives rise to a changing magnetic field through
the surrounding wires. Consequently, a current is generated that resists this magnetic
field change. This phenomenon within the CFRP microstructure is depicted in Figure 3a.
The direction of the magnetic field can be determined using the right-hand rule, and its
magnitude can be expressed as below:

B =
μo I
2πd

(3)

where I is the electric current traversing the fiber and d denotes the radial distance from the
fiber to the point of interest. Figure 3b depicts magnetic field vectors within a small region
of the ply cross-section and illustrates the influence of surrounding fibers on the magnetic
field intensity at any given fiber location. For illustration, the fibers are color-coded to
correspond with their respective magnetic field vectors, with an ‘X’ symbol denoting the
direction of current flow into the plane. It should be noted that the effective magnetic field
at the arbitrary fiber experiences significant cancellation due to the influence of surrounding
fibers. However, it remains nonzero owing to the nonuniform distribution of fibers within
the microstructure. Finally, using the relation between magnetic flux ϕ and wire inductance
L, the final form of mutual inductance denoted by

(
L f

)
M

can be expressed as follows:

(
L f

)
M

=
ϕ

I
=

B.A
I

=
2Blen f r f

I
(4)

Figure 3. (a) Magnetic fields due to parallel fibers separated by a distance d and (b) color-coded
magnetic field vectors due to the current carrying neighboring fibers.
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Utilizing a transverse CFRP RVE as depicted in Figure 4a, assuming that the fibers are
connected in parallel, the inductance for each fiber and ultimately the overall inductance(

L f

)
net

was estimated by summing
(

L f

)
M

and
(

L f

)
S
.

Figure 4. (a) Transverse microstructure showing the fiber distribution used for estimating the overall
inductance, (b) Interconnected RVE with straight line connections between pairs of fibers within the
threshold distance.

The magnitude of total impedance in the longitudinal direction can be expressed in
terms of fiber resistance R f , total inductive reactance XL, and the number of fibers N using
the relation given below: ∣∣∣Zlong.

∣∣∣ =
√(

R
N

)2
+ X2

L (5)

where XL is further expressed in terms of the total inductance
(

L f

)
net

and signal frequency
f as follows:

XL = 2π f
(

L f

)
net

(6)

Finally, the AC conductivity in the longitudinal direction σL can be expressed using
the following equation:

σL =
len f

A
∣∣∣Zlong.

∣∣∣ (7)

where A is the cross-sectional area of the CFRP lamina perpendicular to the fiber direction.

2.1.2. Transverse Conductivity

In the context of transverse conductivity, two primary mechanisms come into play.
First, during the fabrication process, the likelihood of fiber-to-fiber contact can give rise
to a conductive pathway within the sample. Second, when the gap between two fibers is
within a threshold distance, quantum tunneling through the highly resistant epoxy barrier
becomes a possibility. This section presents an in-depth explanation of a probabilistic
conductivity model that encompasses both of these phenomena in conjunction with Monte
Carlo simulations.

Figure 4a illustrates the transverse microstructure of a CFRP lamina. Based on the
morphology, a maximum fiber–fiber separation of 100 nm was selected for generating the
RVE. A square RVE with 23 fibers was generated, accounting for the mean and standard
deviation of fiber radius, range of fiber spacing, and fiber volume fraction. For a 60% fiber
volume fraction, the resulting RVE size was ~28.75 μm. To gain insights into the spatial
relationships between fibers and potential conductive pathways, a connectivity matrix
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based on a threshold fiber pair distance (T) was established. It was observed that the
tunneling probability was insignificant for fiber—fiber separation greater than 50 nm and
was therefore chosen as the threshold for this study. This assumption is verified by the
results presented in Section 3.2. Figure 4b illustrates the resulting connected RVE with
doubly periodic boundaries, wherein all fiber pairs deemed potentially conductive are
linked by straight lines.

Next, the connected RVE is analyzed to identify the shortest conductive pathway
across the RVE. This pathway holds significance since electrical charges follow the route of
least resistance. Subsequently, this shortest conductive path is subjected to a more in-depth
analysis using principles of quantum tunneling to compute the transverse conductivity.
The details of this methodology are presented in Figure 5. Finally, the Monte Carlo method
was employed, which involved conducting 1000 simulations of the process outlined in
Figure 5. The results were used to calculate the mean transverse conductivity.

To quantify the tunneling probability between each fiber pair within the conductive
path, the one-dimensional, time-independent Schrödinger equation was solved, as given
by Equation (8).

− h̄2

2me

∂2Ψ(x)
∂x2 + U(x)Ψ(x) = EΨ(x) (8)

where h̄ is the reduced Planck’s constant, me is the mass of the electron, and Ψ(x) denotes
the wave function of the particle at a given location x. The terms U and E represent the
barrier potential energy and the particle energy, respectively. A schematic of fiber pairs
with an enlarged view of the contact region is displayed in Figure 6. As illustrated in the
figure, the fiber–fiber contact is divided into three regions. Regions A and C represent the
fiber space, and region B represents the insulating matrix. By solving Equation (8) for each
region individually, the unique wave functions ΨA, ΨB, and ΨC were computed.

The solutions to these wave functions, along with the derivation of the tunneling
probability, is detailed in Appendix A. The final expression for the tunneling coefficient CT
is expressed as follows:

CT =

(
1 +

sinh2(kba)
4η(1 − η)

)−1

(9)

where η represents the ratio of the particle’s energy (E) to the barrier potential energy
(U) and kb is a constant. Equation (9) reveals that the likelihood of tunneling is directly
proportional to the energy of the electrons and inversely proportional to the barrier size
a. The potential energy of the barrier is estimated by an equivalent circuit approach. As
depicted in Figure 7a, the contact impedance can be translated into an equivalent circuit
comprising a resistor-capacitor parallel circuit pair. The magnitude of this impedance |Zc|
is expressed below:

|Zc| = 1√
1

R2
c
+ 1

X2
c

(10)

where Rc and Xc are the resistance and capacitive reactance of the matrix region at the
contact. For a curved matrix geometry, as illustrated in Figure 7b, the contact resistance and
capacitive reactance is estimated by discretizing the matrix region and integrating. Their
simplified expressions are as follows:

Rc =
ρm

len f I
(11)

Xc =
1

2π f Cc
(12)

The contact capacitance Cc can be further expressed in terms of the material’s relative
permittivity Er and permittivity of free space Eo as follows:

27



Appl. Sci. 2024, 14, 8960

Cc = εoεrlc I (13)

The term lc denotes the fiber contact length, which is defined as the total length of
the segment along the fiber direction where fibers consistently remain in close proximity.
It’s important to distinguish this term from the sample length along the fiber direction,
as fibers exhibit a wavy, nonlinear nature, as illustrated in Figure 8. lc was chosen as a
percentage of the overall RVE length for which the wavy fibers maintain proximity. In
Equations (11) and (13), the term I is a constant and can be expressed as shown below:

I =
∫ π

2

0

cos θdθ(
T

2r f
− cos θ

) (14)

Figure 5. Transverse conductivity model outline.
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Figure 6. Fiber pair schematic with an enlarged view of the contact region showing the wave functions
(Ψ) for different regions along the particle tunneling path.

Figure 7. (a) Equivalent circuit of a fiber–fiber contact pair and its equivalent contact impedance (Zc) and
(b) contact region discretization for determining effective contact resistance (Rc) and capacitance (Cc).

Figure 8. Schematic showing the fiber contact length (lc) due to fiber waviness.

The energy required to transmit an electron through the matrix barrier is calculated
from the energy, current, and voltage relationship as follows:

U = I2
rms

∣∣∣Zc

∣∣∣Δt (15)

where Irms is the RMS current of the signal, and Δt is the time taken by the particle to
pass through the barrier. Upon simplifying Equation (15) further, we obtain the following
expression for the barrier potential energy U:

U =
qe

2c
∣∣Zc

∣∣
anm

(16)
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where qe, c, and nm are the electron charge, speed of light, and refractive index of the matrix,
respectively. The term c/nm denotes the speed of electrons in the matrix medium. The
energy of the particle E is expressed as follows:

E = 2πh̄ f (17)

The shortest conductive path is analyzed next to determine the effective transverse
impedance. Using Equation (9), the specific tunneling probabilities (P link)n associated
with each nth fiber–fiber link within the conductive path can be calculated. Figure 9
visually represents the electron tunneling process along the shortest route. The cumulative
tunneling probability across the RVE, denoted as Pnet, can be expressed as the product of
individual tunneling probabilities for all links as shown below:

Pnet =
Nl

∏
n=1

(Plink)n (18)

where Nl corresponds to the total number of fiber–fiber links in the conductive path. In a
hypothetical scenario where all the fibers along the conductive path are touching ( Pnet = 1),
the overall RVE impedance can be determined by summing the resistance across each fiber
cross-section within the conductive path. This cumulative impedance, denoted as Rnet, can
be mathematically represented as follows:

Rnet =

Nf

∑
n=1

(
R f t

)
n

(19)

where Nf denotes the total number of fibers in the conductive path and (R f t

)
n

is the

resistance across the nth fiber cross-section. Here, the subscript f t refers to the transverse
fiber resistance. Finally, the RVE impedance |Zc|RVE and transverse conductivity σT are
determined by the following relations:

|Zc|RVE =
Rnet

Pnet
(20)

σT =
1

lz|Zc|RVE
(21)

where lZ is the length of the RVE along the fiber direction, as labeled in Figure 8.

Figure 9. Quantum tunneling schematic including tunneling probabilities (P link)n and resistance

across the nth fiber cross-section (R f t

)
n

for the shortest conductive path.

2.2. Electrical Conductivity of BP

The electrical conductivity of BP at the macroscopic level is generally considered
transversely isotropic, primarily because CNTs within BP are randomly oriented and lack
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any inherent directional bias. Additionally, in this research, the BP conductivity is assumed
to be independent of frequency. While this simplification is not entirely precise, it is
reasonable for two main reasons. First, the CNTs in BP are short (~10 μm) and nonmagnetic
and thus possess negligible inductance, and second, they are separated by only a few
nanometers (~10 nm), as illustrated in Figure 1. At this length scale, the probability
of quantum tunneling between nanotubes is notably high, facilitating the movement of
electrons along many suitable conductive paths. In the through-thickness direction, due to
the presence of a relatively thick matrix region, the electrical conductivity is considered
similar to that of the DC transverse conductivity of the carbon fiber ply. The BP DC
conductivity values used for this study are outlined in Table 1.

2.3. EMI Shielding Model

The longitudinal and transverse conductivity estimated from the equivalent circuit
models explained above is used to predict the EMI SE of hybrid BP/CFRP laminates. The
EMI shielding in materials is a consequence of three fundamental phenomena: reflection,
absorption, and internal reflections. In the case of composites, the absorption-based shield-
ing effect exceeds 10 dB; hence, the effect of shielding through multiple reflections is safely
ignored. The EMI SE of the samples was determined using an ANSYS high-frequency
structure simulator (HFSS), which uses a full-wave electromagnetic simulation technique to
calculate the scattering parameters (S-parameters). The software employs the finite element
boundary integral method (FEBIM) to solve Maxwell’s equations that govern electromag-
netic fields within each mesh element and account for interaction with exterior regions.
Although the constituent properties employed for the EMI simulations are obtained from
the micro-scale model explained in Section 2.1, the electromagnetic simulations themselves
are conducted at the lamina scale and do not address the effects of multiple scattering at
the constituent scale. For this reason, experimental testing using an appropriate setup and
vector network analyzer is required to validate the ANSYS simulations.

In the modeling of each lamina, the material properties, including conductivity, per-
mittivity, and permeability, are provided as inputs. The electrical conductivity for a lamina
oriented at an arbitrary angle θ is represented in tensor form, as depicted in Equation
(22) [24]. σL and σT denote the longitudinal and transverse conductivities. Due to the
transversely isotropic nature of the lamina, the through-ply conductivity is assumed to
be the same as the transverse conductivity. A semi-infinite representative shield element
was simulated, and the scattering parameters (S-parameters) S11 and S21 were obtained for
each sample under study, which allow for calculating the amplitude of the reflected and
transmitted wave. A pictorial representation of a 10 mm × 10 mm rectangular waveguide
used for the analysis is shown in Figure 10. To prevent boundary reflections/radiations
and ensure precise results, periodic boundary conditions were applied along the walls,
and Floquet ports [24] were employed at both the Inlet and Exit ports. The fundamental
transverse electric mode of propagation TE10 was considered for the analysis due to the
simplicity of the geometry and nonmagnetic nature of the specimen. This approach allowed
for a comprehensive analysis of the electromagnetic response of the representative shield
element under investigation.

σθ =

⎡⎣σLcos2(θ) + σTsin2(θ) σL−σT
2 sin(2θ) 0

σL−σT
2 sin(2θ) σLsin2(θ) + σTcos2(θ) 0

0 0 σT

⎤⎦ (22)

Using S-parameters obtained from the simulations, the shielding effectiveness due to
reflection SER and absorption SEA were calculated using the following relations:

SER = 10log10

(
1

1−∣∣S2
11

∣∣
)

[dB] (23)
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SEA = 10log10

(
1−∣∣S2

11

∣∣∣∣S2
21

∣∣
)

[dB] (24)

Finally, the total shielding effectiveness SE can be expressed as follows:

SE = SEA + SER (25)

Figure 10. Waveguide model schematic showing the composite sample under study.

3. Results and Discussion

3.1. Longitudinal Electrical Conductivity

The CFRP plies exhibit high electrical conductivity in the longitudinal direction due
to the long and continuous nature of fibers. Using the procedure detailed in Section 2.1,
the frequency-dependent longitudinal conductivity (σL) of a unidirectional CFRP lamina
in the 60 Hz to 50 GHz frequency range was calculated. The results are compared with
experimental results obtained by Kim et al. [35] and are shown in Figure 11a. At frequencies
above 0.5 GHz, the inductive reactance becomes notably pronounced, resulting in an overall
reduction in conductivity. A slight variation in the location of the point where conductivity
begins to reduce is observed with changes in ply size, as depicted in Figure 11b. Lamina
with more fibers exhibit an earlier onset of the declining trend, while those with lesser
fibers experience this decline at a later stage. This behavior can be attributed to the inverse
relationship between the overall inductance of a ply in the longitudinal direction and the
number of fibers within the ply, coupled with a direct proportionality to the ply length.
Figure 12 depicts the overall inductance

(
L f

)
net

as a function of total number of fibers N,
for a 1 cm long ply.

The decrease in overall inductance is a consequence of two primary factors. First,
the effective inductance significantly reduces when more fibers are connected in parallel.
Second, with an increasing number of fibers, the influence of mutual induction becomes
negligible due to the cancelation of magnetic fields. Beyond ~5000 fibers, the net inductance
saturates, which is attributed to the limited influence of distant fibers on the inductance of
a given fiber.
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For the case of a 10 mm × 10 mm × 0.25 mm ply with a 60% fiber volume fraction,
comprising roughly 70,000 fibers, an overall inductance of ~2.5 pH was obtained. This
value translated to an average fiber inductance of ~17.5 μH, which falls within the range
published by other researchers [36]. Subsequently, employing this result, the frequency-
dependent longitudinal conductivity σL can be calculated. The response obtained is cross-
referenced with values documented in existing literature to validate the model [35,37]. Kim
et al. [35] conducted experiments to investigate the AC conductivity of USN-150R prepregs
with fiber conductivity between 600–660 S/cm. Their findings confirm the accuracy and
technique of the model proposed in this study, as depicted in Figure 11a.

Figure 11. (a) Longitudinal CFRP conductivity declining at higher frequencies due to the rise of
inductive reactance and (b) shift in conductivity decline point for different square ply sizes showing
an early decline in conductivity in larger plies.
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Figure 12. Overall inductance versus number of fibers on a log–log scale showing the saturation of
the induction.

3.2. Transverse Electrical Conductivity

For fibers separated by a distance of less than 50 nm, the barrier potential energy is
relatively low, resulting in a significant tunneling probability. Figure 13 depicts the trend of
tunneling probability with signal frequency for various barrier sizes. It is observed that
the tunneling probability rises with an increase in signal frequency. This holds true for all
barrier sizes, as the particle’s energy elevates with frequency according to Equation (17). As
the barrier size diminishes, the charge can be conducted even at lower frequencies due to
the reduced barrier potential energy required for passage. This observation underscores the
closely packed fibers forming efficient conductive pathways along the transverse direction,
leading to high electrical conductivity.

Figure 13. Tunneling probability versus signal frequency for different barrier sizes.

Another important parameter that dictates the transverse conductivity arises due to
fiber waviness. The term lc, as explained in Figure 8, is crucial in estimating the transverse
conductivity of a lamina. In laminas with increased waviness, fibers tend to have multiple
contacts with adjacent fibers along the longitudinal direction, thereby enhancing the proba-
bility of tunneling. The outcomes illustrated in Figure 13 correspond to a 20% fiber contact
length along the fiber direction employed for this study. To understand the effect of fiber
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contact length lc, three varying degrees of fiber contact along the longitudinal direction
were considered, and the results are plotted as shown in Figure 14.

Figure 14. Tunneling probability versus signal frequency for different fiber contact lengths (contact
length shown as a percentage of the entire fiber length).

The quantum tunneling-based Monte Carlo model described in Section 2.1.2 is used to
generate 1000 datasets for the transverse conductivity (σT) in the frequency range 100 MHz
to 1 GHz. Utilizing the mean and standard deviation from the dataset, σT was plotted with
a 95% confidence interval, as shown in Figure 15. A consistent finding across all datasets is
the negligible conductivity up until ~400 MHz. Beyond 450 MHz, an average transverse
conductive of ~12.67 S/m and standard deviation ~1 S/m was observed, aligning with the
broad spectrum of experimentally measured and simulated transverse conductivities as
documented in existing literature. At frequencies above ~10 GHz, as the longitudinal con-
ductivity rapidly declines, the transverse conductivity becomes comparatively significant
and plays a crucial factor in dictating the EMI SE of CFRP composites.

Figure 15. Transverse conductivity with a 95% confidence interval obtained from the quantum
tunneling-based Monte Carlo simulations.
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3.3. EMI Shielding of BP/CFRP Hybrid Composites

This study examines the effect of BP placement and relative CFRP ply orientation to
understand the EMI SE of hybrid composites. All the specimen configurations used for
the study are detailed in Table 4. Initially, the BP position is varied within a simple [90,0]
baseline configuration to understand the effect of BP placement. Subsequently, to assess
the influence of adjacent ply orientation, BP is introduced between two plies and one of the
ply orientations is modified. Finally, the effects of BP in a composite with a [90, 0, ±45, 0,
90]s stacking sequence are investigated.

Table 4. Specimen configuration.

Label Configuration

Case 1
(BP Placement)

[90, 0]
[BP, 90, 0]
[90, BP, 0]
[90, 0, BP]

Case 2
(Adjacent Ply)

[0, BP, 0]
[45, BP, 0]
[90, BP, 0]

Case 3
(Standard Configuration)

[90, 0, ± 45, 0, 90]s
[90, 0, BP, ± 45, 0, 90]s

The total SE, along with its reflection and absorption components for a single BP film
and a [90,0] baseline laminate, are shown in Figures 16a and 16b, respectively. These results
show good agreement with the available literature [38–40]. At 2 GHz, the total shielding
effectiveness (SE) for the BP is predicted to be approximately 43 dB, which aligns with the
manufacturer’s reported value of 40 dB [32]. Additionally, the total EMI SE for a [90,0]
laminate with a thickness of 0.5 mm in the X-band (8 GHz to 12 GHz) is predicted to
range from 62 dB to 57 dB, which is consistent with the experimental data reported in the
literature. A dominant absorption effect was observed in the shielding effectiveness of the
[90,0] laminate when contrasted with the BP film, owing to its thickness. It was observed
that the presence of BP significantly enhances the overall SE of a composite. Particularly at
frequencies exceeding 1 GHz, wherein the electrical conductivity of CFRP experiences a
significant decline, the corresponding EMI SE also drops. The incorporation of BP interleaf
proves effective in sustaining elevated electrical conductivity, even at higher frequencies,
thereby preventing a reduction in the overall shielding effectiveness. The effect of BP
location within the baseline [90,0] laminate is depicted in Figure 16c–e. By varying the
position of BP within the composite, the SE also varies slightly. It was inferred that due to
the complex reflection and absorption shielding mechanisms, the stacking sequence of the
hybrid BP/CFRP composites greatly influences the overall shielding effectiveness.

Figure 17 illustrates the effect of ply orientations adjacent to the BP on its EMI SE.
Optimal shielding against undesired radiation is attained by integrating two unidirectional
plies with the greatest variation in orientation angles. The inclusion of more uniformly
oriented plies aids in transitioning towards a quasi-isotropic laminate, resulting in a notable
decrease in the anisotropy of electrical conductivity and enhancing the overall SE. Moreover,
the isotropic nature of BP further enhances the EMI shielding performance by reducing the
anisotropy in electrical properties. In the case of thicker balanced symmetric laminates, as
the frequency increases, the effect of BP is more pronounced due to the drop in the CFRP
conductivity. The use of BP interleaves can help significantly improve the EMI SE of thick
CFRP laminates. This behavior can be observed in Figure 18, which shows the EMI SE of a
12-ply sample with and without the BP.
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Figure 16. Shielding effectiveness in the 50 MHz–12 GHz frequency range for (a) buckypaper (BP),
(b) [90,0], (c) [BP,90,0], (d) [90,BP,0], and (e) [90,0,BP].

Finally, the shielding effectiveness of BP is compared to other techniques, such as
incorporating copper mesh [24]. Figure 19 illustrates that the EMI shielding effectiveness of
BP composites remains significantly high beyond 1 GHz. This is credited to the increased
electrical conductivity of the BP layer at high frequencies, in contrast to copper, which
experiences a gradual decline in conductivity with frequency due to the skin effect. At
elevated frequencies, instead of flowing uniformly, the current tends to concentrate on
the surface of copper, thereby restricting the penetration of electromagnetic waves. The
current density decreases exponentially as the wave penetrates the material, and the depth
at which it falls to approximately 37% of its surface value is known as the skin depth. The
skin depth decreases with increasing frequency. As a result, the effective area available for
current flow is reduced, leading to a decrease in EMI SE. Additionally, BP offers a crucial
advantage over metallic layers by seamlessly bonding with carbon fiber lamina without
compromising mechanical performance, thereby rendering it suitable for high performance
in various aspects [17].
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Figure 17. Effect of ply orientation on the shielding effectiveness: (a) [90,BP,0], (b) [45,BP,0], and
(c) [0,BP,0].

Figure 18. Effect of buckypaper (BP) on the shielding effectiveness of a 12-ply laminate showing the
percentage enhancement in SE by incorporating BP.
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Figure 19. Comparison between the shielding effectiveness exhibited by composites with buckypaper
(BP) and copper mesh interleaves [24].

4. Conclusions

This study investigates the electromagnetic interference shielding properties of hybrid
buckypaper/carbon fiber-reinforced composites. A novel quantum tunneling-based equiv-
alent circuit approach combined with Monte Carlo simulations was introduced to predict
the frequency-dependent electrical conductivity of unidirectional carbon fiber lamina. The
model provides an accurate approach for estimating both longitudinal and transverse
electrical conductivity of unidirectional plies of arbitrary size, morphology, and constituent
electrical properties. Subsequently, effective electrical properties were employed to evalu-
ate the shielding performance of buckypaper against external electromagnetic radiation in
the 50 MHz–12 GHz frequency range. The findings demonstrate a significant improvement
in the overall shielding effectiveness of carbon fiber-reinforced polymer composites with
the inclusion of buckypaper interleaves at high frequencies. This enhancement is attributed
to the consistent electrical conductivity of buckypaper, even as the conductivity of carbon
fiber lamina declines beyond 1 GHz. The integration of buckypaper into fiber-reinforced
composites leads to a comprehensive improvement in both the electrical and mechanical
properties, making them an ideal choice for use in composite structures.
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Nomenclature

ρ f Fiber resistivity
ρm Matrix resistivity
Eo Vacuum permittivity
Er Relative permittivity of medium
μo Vacuum permeability
μr Relative permeability of medium
nm Refractive Index of matrix
R f Fiber resistance
len f Fiber length
r f Mean fiber radius
XL Fiber inductive reactance
L f Fiber inductance
f Signal frequency
Tavg Average fiber separation∣∣∣Zlong.

∣∣∣ Longitudinal CFRP impedance

N Number of fibers
σ11 Longitudinal AC conductivity
h̄ Reduced Planck’s constant
me Electron mass
Uo Barrier potential energy
E Particle’s energy
a Barrier size
CT Tunneling coefficient
|Zc| Contact impedance
Rc Contact resistance
Cc Contact capacitance
T Separation between neighboring fibers
XC Contact capacitive reactance
lc Total fiber contact length
S RVE length transverse to the fiber
lz RVE length along the fiber
c Speed of light
qe Electron charge
σ22 Transverse AC conductivity
SEA Absorption shielding effectiveness
SER Reflection shielding effectiveness
SE Total shielding effectiveness

Appendix A

The general solutions for wave functions ΨA, ΨB, and ΨC obtained from Equation (8)
are given below:

ΨA(x) = C1eiko x + C2e−iko x (A1)

ΨB(x) = C3ekbx + C4e−kbx (A2)

ΨC(x) = C5eiko x + C6e−iko x (A3)
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where C1, C2, C3, C4, C5, and C6 are solution coefficients. Constants ko and kb can be further
expressed as follows:

ko =

√
2meE
h̄

(A4)

kb =

√
2me(U − E)

h̄
(A5)

In the present case, the second term in ΨC(x) (Equation (A3)) can be ignored because
there is no interface to induce reflection; the particle is moving unidirectionally to the right.
Additionally, the solution coefficient C1 associated with the probability density of particle
incident on the barrier is one. In the matrix region, denoted by B, the wave function exhibits
a decaying behavior, as represented in Figure A1. Upon enforcing C1 continuity at the two
fiber matrix interfaces (x = 0 and x = a where ‘a’ represents the barrier size), a deterministic
system of equations involving four unknowns is obtained.

Figure A1. The wave function in the three different regions.

At the incident interface (x = 0):

1 + C2 = C3 + C4 (A6)

iko(1 − C2) = kb(C3 − C4) (A7)

At the transmitted interface (x = a):

C3ekba + C4e−kba = C5eikoa (A8)

kb

(
C3ekba − C4e−kba

)
= ikoC5eikoa (A9)

Solving Equations (A6)–(A9), the coefficient C5, which is linked to the tunneling
probability, can be obtained. Subsequently, the transmission coefficient CT is computed
using the following equation:

CT =
Pt

Pi
(A10)

where Pt and Pi are the probability density of finding the particle as it exits the barrier in
region C and the particle incident on the barrier in region A, respectively. Pt can be further
expressed as a product of the wave function ΨC and its complex conjugate Ψ∗

C using the
following expression:

Pt = ΨC Ψ∗
C (A11)

Upon further simplification, Pt is found equivalent to C2
5. Given that C1 equals one, Pi

also equals one, resulting in a streamlined tunneling probability formulation and yielding
the ultimate tunneling coefficient as shown below:

CT =

(
1 +

sinh2(kba)
4η(1 − η)

)−1

(A12)
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where η represents the ratio of the particle’s energy (E) to the barrier potential energy (U).
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Featured Application: Given the increased use of high-voltage DC (HVDC) systems and the

conversion of AC to DC using power electronics with faster switching times, the issue of electro-

magnetic interference (EMI) is receiving more attention. In this paper, the origin and evolution of

EMI to the outside of HVDC converter stations is examined along with measures for managing

this EMI.

Abstract: The electromagnetic interference (EMI) generated by switching operations within high-
voltage DC (HVDC) converter stations is an issue that has been addressed by CIGRE, and methods to
manage EMI should be considered in the design phase using electromagnetic modeling techniques.
It is shown that the methods of the moments-based techniques that have been used in many previous
studies may not be sufficient. Here, a finite-difference time-domain method is used to study the
properties of single switching events using a realistic model of an HVDC converter station with a
special emphasis on determining the impact of the valve hall on shielding EMI. It is shown that the
valve hall does not confine high-frequency electromagnetic fields to the valve hall; rather, it delays
them from exiting through bushings in the wall and spreads them out in time. Further, it is shown
that incorporating electromagnetic absorbing material into the valve hall’s design can significantly
reduce EMI outside the converter station.

Keywords: HVDC; converter station; valve hall; EMI; RFI; FDTD; MoM

1. Introduction

Electromagnetic interference (EMI) due to high-voltage direct current (HVDC) con-
verter stations or flexible alternating current transmission system (FACTS) installations
has been a subject of interest for many years. There are several distinct sources of EMI
associated with these systems, including corona-initiated noise from conductors and other
hardware, spark discharges due to arcs between hardware at different space potentials,
and commutation noise due to the current-switching operations of power electronic de-
vices. Here, the emphasis will be on the EMI that is the result of switching operations
in HVDC converter stations. Limits on the EMI generated by these stations have been
proposed by CIGRE [1]. Further, these limits have often been adopted by companies that
employ HVDC converter stations within their electrical transmission network [2]. Hence,
without measures to suppress EMI, these stations may not comply with the limits required
by the companies that purchase them. One possible consequence is a significant economic
impact in terms of delays and contractual penalties.

Over the years, the technology used in power electronics has evolved. For example,
many modern converter stations are based on modular multilevel converter technology
that uses insulated gate bipolar transistors (IGBTs) to switch currents. These IGBTs have
switching times in the order of 100 ns; much shorter than those of the thyristors they
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have replaced. Although the CIGRE EMI limits are defined up to 18 GHz, the IGBT
switching speed will limit the frequencies of interest to below approximately 30 MHz. This
assumption has been validated by a statement in a later CIGRE paper [3]. “Above 30 MHz
it is not possible to distinguish the level generated by the installation from the background
noise level”.

Along with proposing EMI limits, the CIGRE Guide has described the methods to be
used to measure EMI (e.g., antenna and detector types, including their peak and quasi-
peak) [1]. In addition, guidance is provided for interpreting measurements, since EMI
from other sources generally exists and must be separated from that generated by HVDC
converter stations [1].

Generally, when HVDC converter station vendors propose equipment for these fa-
cilities, they are required to predict its EMI and will want to ensure that the EMI meets
CIGRE limits at this stage. Further, since these stations are expensive and time-consuming
to construct or modify, modeling EMI is required to reduce the cost and time needed to
meet EMI limits.

Given this background, a considerable amount of research has been published in the
area of the electromagnetic modeling of HVDC converter stations. As a necessity, these
models utilize numerical modeling techniques, given the complexity of the stations. In fact,
in Sec. 6.1 of the CIGRE Guide, it is noted that [1], “Describing an electromagnetic complex
environment like the one of an electric substation is very complicated not only for the
model itself, but mainly for the difficulty in knowing, even with rough precision, all the
sources of electromagnetic field contained inside the fence circumscribing the area relevant
to the substation . . .”

There are three components to constructing a model. The first is to define the fun-
damental source(s) of the EMI. The second is to construct a model that accounts for the
propagation of EMI currents throughout the HVDC converter station. This model will
account for various components such as transformers, the smoothing reactor, and the filters
(if any). Appropriate techniques (e.g., circuit theory, transmission line theory, and full-wave
theory) are used depending on the distances involved relative to the appropriate wave-
length. Finally, the resulting currents can be used for calculating the electric and magnetic
fields in the vicinity of the HVDC converter station. This model should include the effect
of shielding provided by the valve hall.

The specific characteristics of EMI sources within a station are not the subject of this
paper because they are usually proprietary to a given manufacturer. Rather, the disposition
of the electromagnetic energy generated by these sources will be carefully examined. (For a
transient source voltage with no DC component, energy inserted into the non-radiating near
field is reabsorbed by the source by the time the transient voltage ends. What remains is the
radiated field.) One specific issue of interest is the impact of the valve hall’s construction.
Part of the reason for this comes from the comment in Sec. 5.2 of the CIGRE Guide [1]: “If the
power electronic equipment is installed in a metallic building, or a building with metallic
structures, the building will screen the radiation from the power electronic equipment
by the induced compensating currents in the conducting metallic parts. The level of RFI
[radio frequency interference] is reduced”. In this statement, there is no discussion about
the attenuation or frequency variation of the shielding, the effect of openings in the shield
for connecting the AC and DC sides to the outside, or the ultimate disposition of the
electromagnetic energy confined within the valve hall. Yet, these topics are critical issues in
determining the measured EMI at specified distances from the installation. They are also
the major issues discussed in this paper.

Previous Research

Given the purpose of this paper, the following discussion of previous research identi-
fies the relevance (or not) of each paper in determining the impact of valve hall shielding
or other aspects of reducing EMI. The earliest reported research on this topic is that of
Hylten-Cavallius and Olsson in 1962 [4]. The next was the work reported by Annestrand in
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1972 [5]. There, measurements were reported of EMI in the switchyard and along transmis-
sion lines. In addition, the attenuation of a valve hall was measured before equipment was
installed. From [5], “The effectiveness of the valve hall screen at Celilo was verified before
equipment was installed in the valve hall. A noise generator, essentially a vertical electric
dipole, was erected in the valve hall and the noise level measured as a function of distance
from the source. The dip in the profile at the wall screen was taken as a measure of the
attenuation. . . In the frequency range from 0.15 to 5 MHz an attenuation of 40 to 45 dB was
measured”. Soon after this, Sarma and Gilsig reported their work on calculating the EMI
from HVDC converter stations [6]. (Maruvada P. Sarma also publishes under the names P.
Sarma Maruvada and P. S. Maruvada.) They discussed the source of EMI as the transient
change in voltage across the terminals of a valve. Then, they calculated the high-frequency
transient currents in the converter station using the appropriate high-frequency equivalent
circuits for different elements of the network. Comments were made about the effectiveness
of inductive filters (15 to 20 dB reduction). These currents were then used to calculate the
EMI fields in the vicinity of the station.

In the 1980s, a large EPRI project was conducted to better understand the EMI from
HVDC converter stations [7–10]. In this project, a scale model of an HVDC converter
station was developed and used for measurements. Further, an EMI prediction program
was developed using wideband circuit equivalents as components [8]. One relevant result
was that [9] “the study showed that if the smoothing reactor is in the HVDC bus, it does
attenuate the RF signal on the HVDC bus significantly”. There was no attempt to model
the shielding of the valve hall.

In 1989, Dallaire and Maruvada [11], rather than producing a full analysis of a con-
verter station, applied full-wave analysis using the method of moments to evaluate the
effectiveness of traditional shielding and filtering techniques. This is a useful reference
for at least two reasons: (1) specific high-frequency equivalent circuits of components are
identified and (2) the results could potentially be used to identify the relative effectiveness
of shielding and filtering. It was shown that there are situations in which the radiated field
in a particular direction may actually be enhanced because of a shielding enclosure [11].
This stands in contrast, for example, to the blanket statements in [5,12] that indicate a valve
hall will provide at least 40 dB of reduced radiation. The statements in [5,12] are based on
measurements and the authors do not provide a full-wave analysis of an electromagnetic
environment representative of an actual valve hall. Later, Maruvada, Malewski, and Wong
reported measurements of the electromagnetic environment, but no modeling [13].

In 1999, Murata et al. built a 1/400 scale model of an HVDC converter station and
analyzed it using the method of moments in the frequency range 200–1000 MHz [14].
Included in the model were busses, the equivalent circuits of devices such as DC reactors,
the valve hall, and other buildings. No details were provided about the meshing or about
how the openings in the valve hall through which the busses passed were (if they were)
modeled; however, the calculated and measured fields were reasonably close.

In 2006, Juhlin et al. provided useful information about background noise as well as
the characteristics of different sources of EMI attributable to HVDC converter stations [3].
These include coronas and sparking, as well as commutation noise. Several measurement
results are given for points near HVDC converter stations, but no modeling was performed.

In two papers that appeared in 2007, and another in 2009, Yu and various colleagues [15–17]
described a complete circuit of a converter station including wideband equivalent circuits
for components such as the smoothing reactor and parasitic elements. The entire circuit
was evaluated using lumped circuit theory. Hence, the results are not likely to be valid at
higher frequencies, since at 30 MHz the wavelength is 10 m and distances are no longer
small compared to a wavelength. No attempt was made to model the shielding of the valve
hall. Similarly, no attempt was made to model the valve hall shielding in a 2016 paper by
Sun, Cui, and Du [18] or in the 2020 work of Wei, Wang, and Zou [19].

In a 2019 ABB review article, it was reported that “ABB’s smart simulation models,
or digital twins, reproduce the entire converter stations including valves, valve hall, con-
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verter reactors, wall bushings, converter transformers, high frequency (HF) filters and
the entire wiring in the AC- and DC-yards” [20]. While details of the modeling are not
given in this article, some information about their models has been published in [2,21,22].
Their simulations were performed in the CST Studio Suite using the transmission line ma-
trix (TLM) time-domain solver with broadband circuit models for the smoothing reactors
and transformers. It was noted in [2] that the highest frequency of interest was 10 MHz.
However, while the comparison between the simulation and measurements reported in
their Figure 17 was generally good, there are significant differences at some frequencies
below 10 MHz and the measurements in the range above 10 MHz suggest that some at-
tention being paid to modeling in this range is warranted. Further, in [20] it is noted that
bushings, doors, vents, and possible deficiencies in wall construction will reduce shielding
efficiency because they create openings in the Faraday cage. These issues will be addressed
in this paper.

Most recently, Ning et al. developed a model for calculating the electromagnetic
radiation of the converter valve based on the method of moments [23]. This model has
been used to study the interaction between the converter valve and its operating system. It
does not report any calculations of the EMI outside the station.

2. Materials and Methods

Simulations were performed using the method of moments (MoM) and the finite-
difference time-domain (FDTD) method. The MoM simulations employed the NEC-5
software [24,25]. The FDTD code was developed in-house. The software that was used is a
variant of that described in [26] and is available from GitHub [27].

3. Results

3.1. The Method of Moments: Attributes and Limitations

One approach to modeling a substation, as suggested by CIGRE, is to use a large
number of dipoles [1]. However, surfaces, such as the metallic shielding surfaces that
surround a valve hall, are not readily modeled merely by dipoles. Given this, several
authors have modeled substations using the method of moments (MoM), which provides a
method for describing the electromagnetic fields of a collection of conductors with specified
sources [12,14–18,28–30]. The conductors are divided into small segments (effectively acting
like dipoles) or surface patches (thus permitting the modeling of conducting enclosures such
as those associated with a valve hall). The MoM is inherently a frequency-domain technique
and thus the transient nature of the sources in an HVDC station must be accounted for by
specifying the correct magnitude and phase of the spectral components of the excitation and
transforming them to the time domain. The MoM does have several compelling attributes
in terms of its modeling abilities. First, it permits the simple and accurate modeling of
thin conductors such as those one would find throughout an HVDC converter station.
Additionally, one can easily incorporate lumped elements at a point on a line or distribute
a load over some portion of a line. However, caution must be exercised when modeling
using a lumped circuit, since the modeling may require that the physical elements of the
structure responsible for its lumped circuit behavior be eliminated. Finally, one need only
determine the currents that flow on wires and surfaces. Once these are obtained, the fields
can be obtained throughout the space.

MoM was used by Dallaire and Maruvada [11] to show that it is critically important to
create a full-wave model of the enclosure with the associated conductors passing through
the shielding. As mentioned, they showed that there are situations in which the radiated
field in a particular direction may be enhanced because of the shielding enclosure [11]. As
also mentioned, this contrasts, for example, with the statements in [5,12] that indicate a
valve hall provides at least 40 dB of reduced radiation. Again, the statements in [5,12]
are based on measurements and the authors do not provide a full-wave analysis of an
electromagnetic environment representative of an actual valve hall.
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Because MoM has frequently been used to model emissions from converter stations,
the authors decided to explore the degree to which the most recent version of the MoM-
based NEC code, i.e., NEC-5, could be expected to yield meaningful results for scenarios
related to HVDC converter stations [24,25]. More specifically, a simple test was created
where a dipole source was enclosed in a simplified valve hall represented by a hollow
metallic cube with 10 m sides. The dipole was aligned with the axes of the cube and
centered in two of the dimensions but offset from the center by 3 m in one of the dimensions.
The valve hall was “perfect”, in that there were no holes in its walls nor conductors passing
from the inside to the outside. The magnitude of the electric field was recorded over a circle
that was 200 m in radius and centered about the z axis. If the numeric code was performing
perfectly, the exterior fields would be identically zero at all points throughout the space
exterior to the cube. However, that was not the result that was obtained.

Since the MoM is a numerical method and the currents on the patches that represent
the walls of the enclosure are discretized, the currents are always approximations and
one would not expect perfect cancellation beyond the enclosure. Realistically, the best
that one could hope for is that the exterior fields would be “small”, but what constitutes
“small”, and the degree to which MoM can achieve that, appears open to question. In many
applications, when comparing numerical results to either theoretical or measured results,
an error of one percent is quite acceptable. Another way of thinking of one percent is as two
orders of magnitude or 40 dB. But in the scenario described above, with a source in a perfect
valve hall, where the exterior field should be zero, the difference between any non-zero
field and the correct value is infinite on a dB scale. Alternatively, one might compare the
“numerically leaked” field at the exterior to the field when no valve hall is present. This
was carried out for excitation frequencies of 200 kHz, 1 MHz, 5 MHz, and 25 MHz. Table 1
shows the reduction of the measured field caused by the valve hall compared to that when
the valve hall is not present (a finitely conducting ground beneath a perfect valve hall is
present for all calculations with εr = 15 and σ = 10 mS/m).

Table 1. The shielding effectiveness of a “perfect” valve hall as determined by NEC-5. The measure-
ment point was 200 m from the center of a 10 × 10 × 10 m cubic hall.

Frequency Change Caused
by Valve Hall

200 kHz −41.94 dB
1 MHz −49.12 dB
5 MHz −58.84 dB
25 MHz −7.96 dB

Because the hall has no apertures, the correct change is −∞ on a dB scale, i.e., the lower
the value the better. At 200 kHz, we note that the reduction is in the order of 40 dB, which is
the value often given as the effect of the valve hall. Recall that a 40 dB reduction appeared
in [5,12] and was based on measurement. However, the approximate 40 dB reduction
observed at 200 kHz with this NEC-5 simulation is purely a numeric artifact. The fact
that this may agree with the measurements should be considered coincidental and not
indicative of this software capturing the full physics of the effect of the valve hall. In [25],
the authors also report a “shielding effectiveness” at 15 MHz of −59.6 dB. That matches
the value of 5 MHz in Table 1 remarkably closely. But, again, this is mere coincidence.
If one continues to higher frequencies (up to 100 MHz), ref. [12] reports that the shielding
effectiveness further increases to −74.54 dB, whereas the MoM results mysteriously drop to
−7.96 dB at 25 MHz (the highest frequency that was considered). In contrast to the behavior
at these frequencies, the results obtained at 25 MHz are unacceptably high (predicting only
about −8 dB of shielding from the perfect valve hall) and apparently nearly immune to
an increase in the discretization of the valve hall walls. This is a cause for concern and at
present we have no suitable explanation for this behavior.
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The results in Table 1 were obtained using a discretization that adheres to the rec-
ommendations in the NEC-5 user’s manual [25]. Nevertheless, keeping in mind that any
non-zero field represents an error and observing that the results ran into difficulties at
25 MHz, the test was run using a finer discretization. The results in Table 1 were ob-
tained using 400 patches per face of the cube (i.e., 20 patches along a side of the cube for
20 × 20 = 400 patches). There was no significant difference in the results.

3.2. The Finite-Difference Time-Domain Method: Initial Insights from Simple Geometries

The finite-difference time-domain (FDTD) method [31,32] employs a fundamentally
different approach. One must discretize not only the sources themselves, but also the space
in the vicinity of the sources and the space that surrounds any physical features that might
affect the field of interest. In addition to discretizing space (where the discretization assigns
the appropriate material properties to each point in the discretization), the FDTD method
also discretizes time. In this way, all the derivatives in Maxwell’s equations (specifically the
curl equations) are replaced with central differences. This yields a set of equations where
future (unknown) fields are expressed in terms of past (known) fields. One then advances
by incremental steps in time, revealing the time-domain behavior of the fields. While the
MoM is a frequency-domain technique that allows one to obtain fields throughout space
at a single frequency, the FDTD method is a time-domain technique that can potentially
yield results over a broad spectrum with a single simulation. However, the FDTD method
will only directly yield the fields within the space that has been discretized. If one is
interested in fields outside of the discretized space, one must carry out a transformation of
the known fields to the point of interest. The FDTD method is generally considered to be
quite computationally demanding. Furthermore, special consideration is needed to handle
any number of features of a particular scenario, such as a relevant physical structure that is
small compared to the discretization that is used.

Several FDTD simulations were run using code developed in-house that explored
various aspects of HVDC converter station modeling with an emphasis on the effect of
the valve hall. The first considered was a “perfect” valve hall. As with the initial MoM
testing, this hall had no openings or any conductors running from the interior to the exterior.
However, instead of using a cube with 10 m sides, the dimensions were based on those
of an actual converter station. The valve hall dimensions were (x) 42 m by (y) 68 m by (z)
19 m. The hall and surrounding space were discretized with a step size Δs of 0.5 m. Initial
simulations, which incorporated part of the AC yard and the DC hall (reactor hall), used a
computational domain of 340 × 211 × 107 cells in the x, y, and z directions, respectively.

The computational domain is depicted in Figure 1, where the scale is in terms of FDTD
cells (one can divide by two to convert to meters). Red lines correspond to conductors
and the rectangular structure near the center of the figures corresponds to the valve hall.
Conductors are modeled as a line of electric field nodes set to zero. Several researchers have
reported that the “effective” radius r0 of such a line of cells is approximately 0.2Δs [33–37],
ranging from 0.135Δs [33] to 0.23Δs [35]. In [33,35–37], the researchers proposed ways to
modify the FDTD update equations to model wires that had radii that were either smaller
or larger than this effective radius. In [38], Taniguchi et al. reexamined the effective radius
in the context of surge impedance and compared FDTD results to the theoretical work of
Chen [39]. They obtained an effective radius of r0 = 0.199Δs. This is taken to be the most
accurate value of the effective radius. Applying that to the modeling performed here yields
an effective conductor radius of roughly 10 cm.

The green plane on which the valve hall sits is a perfectly conducting ground plane.
Figure 1a shows its projection onto the xy plane (the green ground plane has been removed
from this view). The AC yard is to the left (west) of the valve hall. The three lines in the
AC yard ultimately are shorted together at what would be, in practice, the location of a
transformer. Although this is a crude approximation of the electromagnetic behavior of the
transformer at these frequencies, it is not an unreasonable one given the lack of a validated
model of such a transformer in the open literature. Nevertheless, because of the shorting of
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the lines at this location, the model presented here could not predict the high-frequency
currents on the AC lines exiting the AC yard.

The conductors to the right (east) of the valve hall correspond to several of the lines
that exist in the DC hall. The walls of the DC hall are not modeled. The 18 rectangular con-
ductors seen within the valve hall serve as coarse approximations of the valves themselves.
No attempt was made to model the detailed physical structure of the valves, but rather we
modeled their overall size and shape to approximate how electromagnetic energy might
propagate in their presence. A horizontal line passes through the center of each of the six
sets of three “valves”, moving from the AC to the DC side of the hall. Figure 1b shows a
projection of the computational domain onto the xz plane while Figure 1c shows an oblique
perspective projection of the computational domain.

0 50 100 150 200 250 300
0

50

100

150

200

0 50 100 150 200 250 300
0

50

100

(a) (b)

0
300

200

50

200

100

100

100

0 0

(c)

Figure 1. Computational domain showing (a) a projection onto the xy plane, (b) projection onto
the xz plane, and (c) an oblique perspective view. The red lines represent conductors, the shaded
box corresponds to the valve hall, and the green-shaded plane on which the hall sits is a perfectly
conducting ground plane.

Energy is introduced into the computational domain by specifying the electric field
at a particular FDTD node along one of the conductors. Specifically, the value of an Ex
node along a line that transits from the AC to the DC side of the hall is specified by a
source function at each time step of the simulation. This is the equivalent of specifying
the voltage at that location. The source function was a unit-amplitude Ricker wavelet.
(A Ricker wavelet is obtained by taking the second derivative of a Gaussian. In this way,
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the Ricker wavelet has somewhat similar spectral properties to a Gaussian pulse, but no
DC component.) The Ricker wavelet had its peak spectral content at 10 MHz. This source
can be thought of as introducing energy over a range of frequencies that can be associated
with commutation events. But, the simulations are performed with a single “firing” of the
Ricker pulse at a single location. For this analysis, the source location is near the right edge
of the center “valve” at the northern-most (greatest y) side of the valve hall, as shown in
Figure 1a.

Although the computational domain is finite, an infinite space is approximated by
surrounding the computational domain with a perfectly matched convolutional layer [40].
Simulations were typically run for 65, 536 time steps. Using the computational domain
mentioned above (340 × 211 × 107 cells), simulations took approximately one hour and
49 min to complete on Apple Mac Studio with an M1 Ultra processor and 128 GB of memory.
For the discretization that was used, where the time step Δt was 962.25 ps, 65, 536 time
steps correspond to a total of 63.06 μs. (The Courant number cΔt/Δs was the 3D limit of
1/

√
3.)
In the FDTD method, boundary conditions at material interfaces “take care of them-

selves”, as one merely specifies the material properties at all points throughout the dis-
cretized space, i.e., throughout the FDTD grid, and then advances in time via the discretized
version of Maxwell’s equations. However, perfect electric conductors (or nearly perfect
conductors), such as those that pertain to the metal walls of a valve hall, are realized not
by specifying material values per se, but rather by setting the electric fields tangential to
such conductors to zero and leaving them at zero. (This is similar to the way in which
conductors are realized, where a line of electric field nodes is set to zero.)

Simulations were performed of a perfectly intact valve hall where the conductors
(red lines) shown in Figure 1 were present but terminated by unbroken conducting walls.
The FDTD model of such an intact valve hall yields results consistent with our expectations:
(1) In contrast to the MoM solution, the fields exterior to the hall are identically zero.
(2) Once energy is introduced into the valve hall, either in the form of fields that radiate
away from the source or currents induced on the line in which the source is embedded
(and the fields associated with such currents), this energy simply oscillates inside the hall
until the simulation is terminated. (3) Strong resonances occur owing to the structure of
the hall and its associated interior conductors. When the model consists solely of perfectly
conducting wires and walls, there is no loss mechanism and the fields resonate indefinitely
in this rectangular cuboid. (The simulation does allow for “loss” in the form of radiation
and subsequent absorption in the perfectly matched layer that surrounds the computational
domain. However, such a loss can only take place if fields escape the valve hall. And,
with the hall intact, no fields escape.)

Nine holes were then introduced into the valve hall walls corresponding to the loca-
tions of each of the lines seen in Figure 1 that transitioned from the interior to the exterior of
the valve hall (three on the AC side of the hall and six on the DC side). The size of the holes
was not the minimum possible, but rather the minimum possible that would subsequently
let us model a conductor passing through the hole. For the somewhat coarse discretization
that was used (Δs = 0.5 m), the hole could be said to be approximately 1 m in diameter.
Given that the peak spectrum of the pulsed excitation was at 10 MHz, i.e., a wavelength of
30 m, the holes were small compared to the wavelength of the bulk of the excitation.

With the holes thus created, multiple simulations were performed with various modi-
fications. First, in addition to introducing the holes, a 2 m section of each conductor passing
through the walls was removed which was centered about the valve hall walls, i.e., a 1 m
section of each conductor was removed to either side of the wall it passed through. Second,
the conductors were left intact and merely passed through the holes. For both simulations,
the magnitude of the electric field at two points was recorded, one point inside the hall and
one point outside. These points were selected somewhat arbitrarily. Relative to the hole
that was introduced to accommodate the northern-most line in Figure 1a, which passes
from the valve hall to the DC hall, the “inside point” was 4 m away in x (i.e., 4 m further
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into the hall relative to the wall with the hole), 3 m away from the hole in y (3 m closer to
the center of the hall), and 2 m below the hole in the z direction. The outside point was 4 m
away in x (i.e., 4 m away from the wall), but, as with the inside point, 3 m away in y and
2 m away (below) in z. Thus, each observation point was approximately 5.39 m away from
the center of the hole. This northern-most line is also the one along which the commutation
event is simulated.

Figure 2a shows the field measured (for the remaining discussion of the results ob-
tained via the FDTD method, measured and measurement should be considered synonyms
for calculated and calculation) at the inside and outside points when the 2 m segments
are removed from each line. The fields are plotted on a log scale over the first 5 μs of the
simulation. Note that the field inside the hall becomes non-zero prior to the field outside
the hall due to its closer proximity to the source. The field inside the hall varies in the
vicinity of roughly −45 db, while the field outside the hall varies in the vicinity of roughly
−95 db, i.e., a reduction in the field of approximately 50 db.

(a)

(b)

Figure 2. The log magnitude of the electric field measured inside and outside the valve hall when
(a) 2 m segments of the conductors that nominally pass through the valve hall walls are removed and
when (b) the conductors that pass through the walls are intact.

Figure 2b shows the field at the same two points, using the same excitation and the
same geometry, but with the conductors that transition through the holes in the valve hall
walls now intact. Again, the field arrives at the exterior point after arriving at the interior
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point. However, in this case, the fields are almost comparable in magnitude. The inside
field is generally larger, as would be anticipated, but only slightly so, and there are instances
where the field at the point outside the hall is greater than inside the hall. Another way
to think about the contrast between Figure 2a,b is that having intact conductors raises the
field exterior to the hall by approximately 50 dB.

The simulation in Figure 2b merely had the conductors passing through holes sur-
rounded by free space. Another simulation was performed that modeled the bushings
associated with each hole. These bushing were assumed to be cylindrical, extend 1 m to
either side of the wall, and have a relative permittivity, εr, of 3. The radius of the bushings
was such that they filled the holes through which the conductors passed. The bushings
made essentially no difference to the overall observed behavior seen without the bushings.
Another simulation was performed where, in addition to having the bushings present,
lumped-element inductors were incorporated into the FDTD grid to represent the smooth-
ing reactors found in the DC hall. The inductance used was 0.98 mH (in keeping with
the inductance provided in [21]; its implementation followed the work described in [41]).
Again, this made effectively no difference to the roughly similar field observed inside and
outside the valve hall.

In Figure 2a, note that after about 1 μs, the fields decrease very little. Contrast this
to the slight, but clearly evident, decrease in the field as time progresses in Figure 2b.
In both simulations there are nine holes in the valve hall walls, but only in the simulation
for Figure 2b do conductors pass through the holes. In the case of Figure 2a, given the
relatively small size of the holes compared to the wavelength, the fields escaping the hall
are primarily evanescent. These fields can couple onto the conductors that are present
outside the hall, but this represents a nearly vanishingly small radiation of the fields, which
explains why there is seemingly no decay (with time) of the fields in Figure 2a. (Figure 2
only displays the first 5 μs of the simulation, but this persistence of the field is evident
for the entire 66.03 μs simulation.) On the other hand, when the conductors are intact,
they serve to create what is effectively a transverse electromagnetic (TEM) transmission
line for the fields to pass from the interior to the exterior of the valve hall. There is no
cut-off frequency for this transmission line (which needs to be the case to move DC and
low-frequency energy in and out of the hall).

A conductor above the ground plane serves as a TEM transmission line. The lines
in the AC yard can be thought of as segments of such lines. As a line passes through the
valve hall wall, one might envision this transit as a very short co-axial line, where the
conductor is the inner core of the co-axial line and the wall is the outer conductor. There is
an impedance mismatch going from one form of transmission line to another, but given
the short extent of the intervening “co-axial” line, this mismatch does not cause significant
reflections, i.e., fields directed out of the hall largely continue to exit the hall, a point which
will be returned to when the currents in the conductors are considered.

The Ez component of the electric field at these observation points when the conductors
are intact will now be considered. Figure 3a shows the log magnitude (which is twenty
times the log base 10 of the magnitude) of the Fourier transform of the Ez component
of the electric field, measured at the points inside and outside the hall over a range of
frequencies from 0 to 35 MHz. For reference, the Fourier transform of the source function
is also provided. One can see that peak energy occurs at 10 MHz. Note that below
approximately 14 MHz, there is very little difference between the fields inside and outside
the hall and, at several frequencies, the field outside the hall is greater than that inside
the hall. For frequencies greater than 14 MHz, the field inside the hall is generally larger
than that outside the hall. This appears to indicate that the valve hall is serving as a filter.
However, such an assertion can be called into question, as discussed below. Note that the
lowest-order resonant frequency for a valve hall of this size is 4.20 MHz. The strongest
resonances generally occur below this frequency. Thus, these resonances must be associated
with the overall structure of the station, including the conductors in the AC yard and DC
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hall, and not merely with the valve hall itself. As will be seen, these “low-frequency”
resonances remain rather persistent regardless of what is done to the valve hall.

(a)

(b)

(c)

Figure 3. The log magnitude of the spectral content of the Ez component of the field, measured at
two points when (a) the observation points are inside and outside the valve hall. The reference curve
shows the Fourier transform of the source function. (b) Fields at the observations points normalized
by the source function. (c) The valve hall has been removed, with no other changes to the simulation.
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Consider the fields normalized by the spectral content of the source function, as shown
in Figure 3b. Here, the similarity of the fields below 14 MHz and their apparent filtering
above 14 MHz are somewhat easier to discern. However, also consider the results shown
in Figure 3c, which are identical to those of Figure 3b, except that now the valve hall has
been removed. (These curves will be labeled “Inside” and “Outside”, although in Figure 3c
there is no valve hall present to distinguish inside from outside while the location of the
observation points have not changed.) Several of the peaks, especially those below about
7 MHz, remain nearly unchanged. The persistence of these resonances, independent of the
existence of the valve hall, indicates that they are associated with the conductors throughout
the model. For frequencies above this, the results in Figure 3c are much “quieter” than they
are when the valve hall is present. Consider the “outside” curves in Figure 3b,c; although
the curve in Figure 3b is much noisier than that of Figure 3c, the fluctuations in Figure 3b
appear to be roughly about the “baseline” shown in Figure 3c. The same cannot be said of
the results for the “inside” curves. It is certainly true that the results for the inside point in
Figure 3c are quieter than those for Figure 3b, but one would not say that the fluctuations
in Figure 3b are roughly about the curve present in Figure 3c. Instead, when the valve hall
is present, rather than filtering the outside field, its presence tends to elevate the interior
field.

Putting these observations together, we can say that the valve hall does not diminish
the exterior field but rather enhances the interior field. Note, however, that this claim
pertains to these two particular observation points, and both are in relatively close proximity
to the line on which the source pulse exists. Were one to consider an exterior point located
close to one of the two walls with no conductors passing through them, the field measured
with the presence of the valve hall would certainly be reduced relative to having no hall
present. Nevertheless, the interior field is enhanced by the presence of the valve hall
(independent of where the field is observed in the interior). This enhancement may not be
evident at a particular time or at a particular frequency. Rather, if one integrates the square
of the field over time, the overall value will be higher when the hall is present due to the
way in which it hinders the radiation of energy in all directions except via the transmission
lines that pass out of the hall. Because there is no loss present within the valve hall, the only
place energy can go after it is introduced into the valve hall is out along the conductors that
pass through the valve hall walls, i.e., along the transmission lines out of the hall. At these
frequencies, these lines serve as antennas which then radiate fields into the surrounding
environment (as will be considered below).

Instead of a component of the electric field, consider the current on a conductor
measured both inside and outside the valve hall. The current is obtained by taking the
line integral of the magnetic field around the conductor at the desired measurement point.
The current was calculated on the same line on which the source exists (the northern-most
line exiting the valve hall to the right in Figure 1a). The inside and outside measurement
points are each 2 m from the wall (with one being inside the valve hall and the other
being in the DC hall). Temporal plots of the currents at these points reveal a difference
in the arrival time of fluctuations, which is consistent with the different locations of the
observation points. There are some other differences in the currents, but these are relatively
minor. Rather than showing a temporal plot, Figure 4a shows the log magnitude of the
normalized spectrum of the currents when the valve hall is present. Figure 4b is the same
scenario as Figure 4a, except the valve hall has been removed. Although there are some
slight differences in the features observed in Figures 3 and 4, overall, the results in Figure 4
serve to confirm the statement made in connection to the measurement of the electric field:
the valve hall does practically nothing in terms of confining high-frequency energy to the
interior of the valve hall. One could say that the hall serves to redirect energy while not
eliminating it (i.e., delaying energy’s eventual escape from the hall). Once a current has
been established on a line within the valve hall, if that line exits the valve hall, the current
found outside the hall will be nearly the same as that inside.
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(a)

(b)

Figure 4. The log magnitude of the normalized spectrum of the current measured at two points
along the top-most line from the valve hall to the DC hall. (a) The hall is present. (b) The hall has
been removed.

Having established that the valve hall does little in terms of reducing the ultimate
escape of high-frequency currents and fields, attention is turned to measurements more
aligned with those related to compliance. CIGRE [1] is frequently concerned with the
fields that exist “200 m from the closest active part of the station”. The computational
domain was extended 200 m (400 cells) in the y direction (simulations of 65, 536 time steps
now required approximately five and half hours to complete on the Apple Mac Studio
mentioned before) and the field was measured at several observation points that were
200 m “south” of the southern-most valve hall wall depicted in Figure 1a (i.e., 400 cells
away from the valve hall wall in the y direction). Recall that the entire computational
domain sits atop a perfectly conducting ground plane. All components of the electric and
magnetic fields were measured at 15 different locations with varying x and z values. The
observation points were separated 15 m in x and had vertical displacements (z values)
either 2, 3, or 4 m above the ground plane. In the discussion that follows, any, or all, of these
points could have been selected and would lead to the same observations. For the sake of
concreteness, however, an observation point was selected that is 20.5 m to the “west” of
the western-most valve hall wall (i.e., the one leading to the AC yard), 200 m south of the
southern-most wall, and 2 m above the ground plane.
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Figure 5a shows the electric field magnitude over the initial 5 μs of two simulations,
one when the valve hall is present and the other where all the conductors are unchanged
but the valve hall has been removed. Unsurprisingly, when the valve hall is not present,
the initial fields are stronger than when the hall is present (please refer to the interval
between 1 and 2 μs). This is a consequence of the fields being free to directly radiate in all
directions (other than “down” into the perfectly conducting ground) from the commutation
event. However, after this initial burst, the fields without the valve hall drop below those
observed when the hall is present. This is because without the hall present much of the
energy is quickly lost to radiation throughout the surrounding environment. On the other
hand, with the hall present (and there being no loss mechanisms contained within the hall)
and the energy unable to radiate in all directions, the energy confined to the hall can only
escape slowly via the conductors which, in turn, serve as antennas to radiate the field to the
surrounding environment. As previously mentioned, including inductances (which model
the smoothing reactors) and bushings in the simulation has little effect on the radiated field
(affecting mostly its phase but not its magnitude).

(a)

(b)

Figure 5. The electric field magnitude measured approximately 200 m from the converter station.
(a) Field observed when the valve hall is and is not present. (b) Fields observed when there is and is
not a lossy dielectric slab placed in the valve hall.

Two other scenarios were considered. In one, the walls of the valve hall remained in
place, but the roof was removed. Potentially, this could have directed significant amounts
of energy “up” so that this energy would not be present for terrestrial measurements, such
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as at the observation point being considered. However, at the frequencies being considered,
it appears that the height of the valve hall walls was not sufficient to direct the energy up.
Instead, the fields largely diffract over the walls so that the observed fields, in this case, are
similar to having no valve hall present at all, and thus these results are not shown here.

The other scenario we considered introduced absorption loss into the valve hall. This
took the form of a 2 m thick (in the z direction) dielectric slab adjacent to the ceiling of the
intact valve hall. The slab nearly spanned the x and y extents of the hall and was displaced
from the walls and roof by 0.5 m. The slab had a relative permittivity, εr, of 1.5 and a
conductivity, σ, of 13.8 mS/m. Figure 5b again shows the electric field magnitude at the
observation point over the initial 5 μs of two simulations. The results are again shown
for an intact valve hall (the same as in Figure 5a) but also for the case in which the lossy
dielectric slab is in the valve hall. In this case, the initial fields in the interval from 1 to
1.5 μs are nearly identical, but with the lossless case having slightly higher peaks. However,
beyond that, the field for the lossy hall decreases significantly relative to the lossless case.

Figure 6 shows the log magnitude of the normalized spectrum of the x component
of the magnetic field for the three scenarios considered in Figure 5. (If Hx is scaled by the
impedance of free space, nearly identical results are obtained compared to plotting the
spectrum of Ez. In practice, the horizontal component of the magnetic field is measured
using a loop antenna, which is what motivated the plotting of Hx in Figure 6). Across much
of the spectrum, when the lossy slab is present, the field is smaller than in the other two
scenarios and, over certain ranges of frequencies, significantly so. Above approximately
14 MHz, the lossy results are below those of the intact hall by roughly 10 dB. Between 7 MHz
and 14 MHz, the difference between these results varies, but the lossy hall consistently
out-performs the intact hall in terms of having lower fields. Below 5 MHz, the results are all
quite similar. Again, this range of frequencies is largely below the lowest-order resonance
for a cuboid the size of the valve hall.

Figure 6. The normalized spectrum of the Hx field (in dB), measured approximately 200 m from the
valve hall. The results are shown for an intact valve hall, when no valve hall is present, and when the
valve hall is intact but contains a lossy dielectric slab.

4. Discussion

The electromagnetic interference (EMI) generated by switching operations within high-
voltage DC (HVDC) converter stations is an issue that has been addressed by CIGRE, and
methods to manage EMI should be considered in the design phase using electromagnetic
modeling techniques. More specifically, CIGRE has proposed guidelines for the maximum
values of EMI fields.

Investigations into the modeling of high-frequency (e.g., 9 kHz–30 MHz) EMI emis-
sions from an HVDC converter station leads to the conclusion that one must use a full-wave
model to be able to capture the complicated physics of the problem over the broad spectrum
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of excitation that exists. However, work with MoM and the FDTD method points to the fact
that there are numerous ways in which such a full-wave model might lead one astray or be
rather limited in the information it can provide. For example, it is shown here that MoM
calculations of the small fields outside a shielded valve hall may be numerical artifacts
rather than accurate results. Although there are various papers that purport to characterize
the radiation from or into a shielding structure (e.g., [42,43]), to our knowledge there does
not appear, in the open literature, to be a thorough analysis in which one can be confident
that the effects of a valve hall are fully captured.

Here, a realistic model of an HVDC converter station has been developed and analyzed
using the FDTD method. The model consists of a (shielded or unshielded) valve hall as
well as the conductors within it, the AC yard, the DC hall, and the territory surrounding
the station so that the EMI can be predicted at distant points.

It is often claimed that a valve hall provides perfect (or near-perfect) shielding because
it is assumed to be a Faraday cage. This is shown here to be true even if there are holes
(small compared to a wavelength) in the shield, despite the claims that small (compared to
a wavelength) seams from valve hall construction can cause significant leakage [20]. It is
also shown that the spectrum of the field inside the valve hall is greatly influenced by the
cavity resonances associated with the cuboid geometry of the valve hall shield.

If, however, conductors penetrate the valve hall wall, significant leakage of the electro-
magnetic fields within the valve hall occurs. And, in practice, there must be conductors
that pass through bushings uninterrupted, from the interior to the exterior, to carry the AC
and DC currents into and out of the valve hall. Hence, the valve hall must be considered
“leaky”. It is shown here that the difference between the fields inside and outside the valve
hall with and without conductors that make holes in the shield can be to the order of 50 dB.

To understand what happens to the high-frequency electromagnetic energy generated
by commutation events in a valve hall, it must first be noted that this energy is dissipated
only by its absorption into lossy materials or radiation to infinity. A shielded valve hall by
itself (i.e., without absorbing material or conductors penetrating its walls) merely serves
to trap radiated fields; it is shown here that they reflect around the valve hall indefinitely.
If conductors inside the valve hall that penetrate its walls are introduced into the model,
the interior fields can and will eventually couple onto these conductors as a means of
escape. Once a current is induced on a line, the valve hall does little to filter the current
passing out of the hall. The result of this process is that the original pulse of EMI energy
is spread over a significant amount of time. After it exits the valve hall, it is radiated to
infinity. It is this radiation that is the subject of CIGRE guidelines.

A converter station can be envisioned as a source of high-frequency energy (owing to
these commutations), where this source is surrounded by a lossless shield (the valve hall)
that redirects the flow of this energy. Rather than radiating directly away from the source,
the valve hall walls redirect any radiated energy back into the interior until it eventually
manages to escape via the conductors that pass through the walls. The energy could be
said to be temporarily trapped within the hall. However, if a loss mechanism exists within
the hall, it becomes possible to absorb this trapped energy before it has a chance to escape
and radiate to the surrounding environment.

It is shown here that adding electromagnetic absorbing material only in the vicinity of
the ceiling of the valve hall can considerably reduce the EMI energy present in the valve
hall before it exits via the conductors that penetrate its walls. As a result, the radiated EMI
outside the valve hall is significantly reduced. It should be noted that this calculation is
simply an illustration of what can be done. No attempt has been made to optimize either
the electrical properties of the absorbing material, its geometry, or its location within the
valve hall. This would be a fruitful endeavor.

Note that the results presented here concerned a single “commutation event”, and the
focus was on the high-frequency radiation associated with that. No definitive claims were
made about the precise field that might be measured for such an event. Rather, the goal
was to better understand the degree to which the valve hall does or does not prevent the
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fields generated from such an event escaping to locations where their presence may be
problematic. In practice, in a modern voltage source converter (VSC) station, thousands of
commutations may be occurring in ways that have overlapping and interacting fields. The
issue of multiple and interacting commutations will be the subject of future work.

Given all the complexity of an HVDC station, although full-wave modeling is nec-
essary, it is by no means sufficient. It can provide clues and insights into the behavior of
various aspects of a converter station, but it cannot be trusted, by itself, to tell the full story.
The base-level modeling of sufficiently complicated structures that mimic the relevant
interacting components of an HVDC converter station needs to be validated by actual
measurements. Having validated the model, some level of changing the components of
the models to guide design is certainly reasonable. However, it would be completely
unreasonable, as appears to have been the case in some previous works, to obtain results
from a model and then assume that the introduction of a valve hall that was not previ-
ously included in the model will provide a further reduction of, for instance, 40 dB in the
radiated fields.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating current
CIGRE Conseil International des Grands Réseaux Electriques (Council on Large Electric Systems)
DC Direct current
EMI Electromagnetic interference
EPRI Electric Power Research Institute
FACTS Flexible AC transmission systems
FDTD Finite-difference time domain
HVDC High-voltage direct current
IGBT Insulated gate bipolar transistors
MoM Method of moments
NEC Numerical Electromagnetics Code
RFI Radio frequency interference
TEM Transverse electromagnetic
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Abstract: This paper describes the simulation of the S (scattering)-parameters and absorbed
energy for polymeric nanocomposites with metallic insertions (iron and aluminum, with
two particle dimensions). The considered frequency domain, 0.1–3 GHz, is specific for
a wide range of applications in microwave technologies. The actual limitations of elec-
tromagnetic simulations are described, along with an application related to the Nicolson–
Ross–Weir procedure in infinite media, which opens new perspectives in nanocompos-
ite electromagnetic modeling. It was demonstrated that, due to a higher conductivity,
nanocomposites with Al particles can absorb a larger amount of energy compared to Fe
particles within composite materials, at both insertion dimensions. At higher frequencies,
the power loss density increases for both metals. The significant reduction in transmission,
linked to a minimal reflection, verifies that for composites with added metallic powder,
microwave energy is extensively absorbed by the materials, particularly at frequencies
above 1.5 GHz, confirming their potential functionality as hot melts for advanced reversible
bonding technologies.

Keywords: microwave domain; Nicolson–Ross–Weir procedure in infinite media;
S-parameters; absorbed energy; polymeric nanocomposites; metallic insertions

1. Introduction

Currently, hot melt bonding methods are significantly influential in the market, with
the hot melt adhesives industry expected to increase from USD 10.07 billion in 2024 to
USD 13.42 billion by 2032, reflecting a 4.33% annual growth rate during the forecast
period [1]. Hot melt adhesives, glues made of polymers that are melted before application,
transition from liquid to solid over a narrow temperature range. After cooling, the hot melt
solidifies and forms a sticky bond between two chosen surfaces [2]. Hot melt adhesives
are advantageous for bulk production at a low cost because of their easy application, fast
bonding, and the ability to bond with just one component, eliminating the need for extra
materials or catalysts. Hot melts can adhere to various materials including plastics, paper,
wood, metal, and fabrics, leading to a variety of application possibilities. Conventional
bonding techniques with hot melts may include thermal, electrical, or laser methods,
either individually or in combination [3]. The electromagnetic field-activated adhesive
bonding technology is a unique and modern alternative to the current thermal bonding
methods utilized in various manufacturing industries. The primary benefit of this is the pre-
heating of the hot melt prior to heating the surfaces being bonded, ensuring the thorough
heating of the hot melt. A more recent technique involves utilizing microwave radiation
at frequencies over 1 GHz [4–6], but this addresses mainly fluid hot melts, with limited
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applicability. The difficulty with microwave technologies lies in creating new solid hot
melt materials and related bonding processes that are multifunctional, highly reliable, and
can create a strong, energy-efficient joint. On the other hand, the joints should be able to
be disassembled by a specific electromagnetic field trigger too, allowing for a reversible
bonding process in line with the circular economy concept [7,8]. Developing new hot melt
adhesives with specialized micro-/nanosized fillers can enhance the mechanical strength
of adhesives, improve joint performance, increase adhesion to various substrates, and
accelerate heating through electromagnetic fields. Different materials have been extensively
researched as inserts in dielectrics due to their current application in microwave absorber
technology [9–12], or for their impact on electromagnetic energy [13–15], particularly by
enhancing absorption in the microwave frequency range. But there is no current research
on using MW-activatable adhesives with metallic functional particles, and the present
study demonstrates, by modeling with specialized software, that adding metal particles
to thermo-plastic formulations may create MW-activatable adhesives with lower energy
usage. The main focus of this paper is on developing the concept of polyethylene-based
hot melt adhesives with metallic inserts of Al and Fe, which may offer advantages like
long-term stability, improved heat resistance, a broader range of bonding capabilities, and
no potential for charring or producing unpleasant odors.

Analytical methods were initially used to determine the parameters of a material with
inserts from another material, Lord Rayleigh and Lewin, cited in [16,17], being among the
first to investigate these issues. The interest in theoretical approaches has remained constant
as new dielectric/insert combinations have been found to obtain adequate behavior at
microwave frequencies [18–21]. However, analytical approaches have only been successful
for simple structures and are generally ineffective in the microwave frequency range
where the wavelength starts to become comparable to the interparticle distances and/or
particle size.

To estimate the electrical parameters, some methods for estimating the relative per-
mittivity of a composite material, e.g., the Kraszewski, Landau, Lifshitz, Looyenga, and
Lichtenecker equations are available [22]. A quick method of determination, especially valid
from an energetic point of view, starting from the observation that the energy is dissipated
in the dielectric with inserts which affects the material density, is the weighted method (1),
where ε—equivalent dielectric permittivity of a composite material, εi—dielectric permittivity
of each component, and vi—mass ratio of the respective component.

ε = ∑
i

vi · εi (1)

Figure 1 shows that in the case of composite materials with a polymer matrix (here,
polystyrene), the weighted relation (1) can be used with minimal error because, typically,
such materials have a low content of functional ingredients. However, if nanocomposites
contain materials that interact with electromagnetic fields (mainly metal-based insertions)
all results, shown in Figure 1, with their different macroscopic methods of estimating losses
in materials are found to be inaccurate.

The electromagnetic simulation is based on the working procedure originally proposed
by Nicolson, Ross, and Weir (NRW procedure), improved, as presented, e.g., in [23–26], in
order to eliminate the instability of the NRW procedure in the case of low-loss materials, in
which situation measurement errors decisively affect the accuracy of the results. The NRW
method provides an accurate direct calculation of both the permittivity and S-parameters
(mainly reflection and transmission parameters, S11 and S21, respectively). This procedure
aims to replace a dielectric material with inserts with an equivalent material in terms of
behavior in the electromagnetic field, in both cases, the excitation being in the form of a
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plane wave. Volumetric energy losses (W/m3) can be determined directly in the case of
the analysis of polymeric materials with metal inserts, as the only source of heat is the
dissipation of electromagnetic energy inside the structure.

Figure 1. Equivalent permittivity of a composite material (with polystyrene matrix).

The software for electromagnetic simulation was chosen as CST Studio Suite [27].
The primary electromagnetic analysis is based on the calculated electromagnetic field
values within the composite structure, as described, e.g., in [28–30]. The simulation
illustrated below for metallic additive-containing nanocomposite hot melts is innova-
tive and aims to determine the optimal selection regarding particle size and power loss
across various frequencies, as a prerequisite for developing bonding technology in the
microwave spectrum.

2. Electromagnetic Simulation

The boundary conditions (Figure 2) aimed to investigate the interaction of a plane
wave with the considered sample.

The generation of plane wave characteristics of the electromagnetic field was deter-
mined by choosing the conditions of the electric wall (xmin and xmax) and magnetic wall
(ymin and ymax). The conditions for the input and output ports are labeled “open”. The
generation of the interaction of the analyzed structure with a plane type wave is presented
in Figure 3. Details about the procedure and related conditions can be found in [29].
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Figure 2. Boundary conditions.

 

 

Figure 3. Plane wave configuration: Electric and magnetic field lines at the entrance port.

The polymer matrix that will host the inserts was low-density polyethylene (LDPE),
for which CST Studio Suite software [27] does not have models in its own library. As a
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result, a new model was made based on 1st-order Debye Equation (2) (where ω represents
the angular velocity), and on the physical characteristics of LDPE, listed in Table 1.

ε∗(ω) = ε∞ +
εS − ε∞

1 + j · ω · τ
(2)

Table 1. LDPE matrix properties.

Matrix LDPE

Model type Normal

Thermal conductivity 0.48 [W/K/m]

Density 945 kg/m3

Electrical permittivity ε∞ 2.2

Electrical permittivity εS 4

Relaxation time 0.2 s

Magnetic permeability 1

Specific heat 1.9 kJ/K/kg

As regards the metal inserts (iron and aluminum) the software has predefined models
in libraries, as presented in Table 2.

Table 2. Metal insert properties.

Material Fe Al

Model Lossy metal Lossy metal

Electrical conductivity 1.04 × 107 [S/m] 3.56 × 107 [S/m]

Thermal conductivity 79.5 [W/K/m] 237.0 [W/K/m]

Density 7870.0 kg/m3 2700.0 kg/m3

Specific heat 0.45 kJ/K/kg 0.9 kJ/K/kg

This study analyzed the electromagnetic energy loss enhanced by the presence of
inserts inside the polymer matrix. For this, the SAR (specific absorption rate) was calculated
by integrating the entire volume of the considered domain (matrix and particles), at various
frequencies in the microwave domain. The modeling is more accurate if considering
quasi-cubic/parallelepipedal particles, equating the volume of particles of different shapes,
because, in the case of metallic materials, we expect the electromagnetic energy losses to be
superficial rather than volumetric. As a result, in all the following stages of the simulation,
parallelepipedal particles equivalent to spheres with radii of 50 nm and 800 nm, respectively,
were taken into account, the mathematical equating methodology being largely described
in [29,30]. The edge of the reference cubic particle with the same volume as the ideal
spherical particle will be Rref = R·(4π/3)1/3. To account for detected irregularities in the
size of the nanoparticles, we allow every side of every cube to variate between half and
twice the reference cubical edge, resulting in a randomly shaped parallelepipedal particle,
also randomly placed.

By decreasing the dimensions of the inserts, a limitation of the capacity of the comput-
ing systems may be reached relatively quickly if working with larger simulated volumes. A
reasonable solution adopted was to reduce the total volume of the structure as the particle
size decreases, so that the total number of particles is approximately constant for both
particle dimensions, at around 500 (variations appear due to their random distribution).
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For the random generation (spatial/size) of the particles, a VB macro was implemented,
for which CST has an interpreter, counting the total generated volume and the number of
particles. The generation of particles continues until the volume reaches the predefined
limits. As a result, the typical simulated structures are similar to those shown, e.g., in
Figures 4 and 5 (MR—mass ratio; VR—volume ratio).

 

Figure 4. Example of simulated structure, 405 parallelepipeds, Fe, L = 800 nm, MR = 8%,
VR = 1.00024%.

 

Figure 5. Example of simulated structure, 394 parallelepipeds, Al, L = 50 nm, MR = 8%, VR = 2.8048%.

The particle sizes in the nanometer area involving simulations in smaller cubic struc-
tures, associated with the frequency domain used (0.1–3 GHz), were determined to display
difficult convergence. The frequency domain solver (FEM) was employed despite the
limitation of being unable to create cells within the lossy metals. However, this drawback
is not significant because previous research [30] has found that the losses in the metals are
minimal, with the inserts mainly affecting the losses by altering the surrounding fields.
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3. Results and Discussion

3.1. Reference Structure

A reference analysis was carried out upon a cubic layer of LDPE without inserts, with
the size of the composite similar to that to be further used for LDPE with Fe and Al inserts.
The results are presented in Figure 6 and show, as expected, a uniform power loss density
across the layer. The parameters S11 (reflection coefficient) and S21 (direct transmission
coefficient and power loss density) were simulated and analyzed.

 

 

Figure 6. Reference structure and related volumetric distribution of power loss density (uniform).

3.2. Analysis of Composites with 50 nm Al Inserts

For the composite with 50 nm aluminum (equivalent) inserts, the edge of the cubic
layer of the LDPE matrix was 2086.1 nm, as shown in Figure 7. The simulations of the
volumetric distribution of the power loss density, as the absorption intensity inside the
material, are plotted in Figures 8 and 9 at 0.1 GHz and 3 GHz, respectively, showing the
effect of the randomly placed metallic inserts as a nonuniform power loss distribution
inside the material. Significantly higher values for the exposure at 3 GHz were emphasized,
with an average of 4.145 × 1013 W/m3, compared to 2.204 × 1011 W/m3 for 0.1 GHz.
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Figure 7. Analyzed structure: LDPE composite with 50 nm Al inserts.

 

Figure 8. Volumetric distribution of power loss density at 0.1 GHz: LDPE composite with 50 nm Al inserts.

 

Figure 9. Volumetric distribution of power loss density at 3 GHz: LDPE composite with 50 nm Al inserts.
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3.3. Analysis of Composites with 800 nm Al Inserts

For the composites with 800 nm aluminum (equivalent) inserts, the edge of the cubic
layer of the LDPE matrix was 33,377.7 nm. The structure is plotted in Figure 10, and the
volumetric distribution of the power loss density is displayed in Figures 11 and 12, showing
a similar nonuniform absorption inside the material. Here, we reconfirmed the significantly
higher values for the exposure at 3 GHz, with an average of 4.717 × 1011 W/m3, compared
to 2.507 × 109 W/m3 for 0.1 GHz, but the values are about 100 times lower compared to
the composite with aluminum 50 nm (equivalent) inserts.

 

Figure 10. Analyzed structure: LDPE composite with 800 nm Al inserts.

 

Figure 11. Volumetric distribution of power loss density at 0.1 GHz: LDPE composite with 800 nm
Al inserts.
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Figure 12. Volumetric distribution of power loss density at 3 GHz: LDPE composite with 800 nm
Al inserts.

3.4. Analysis of Composites with 50 nm Fe Inserts

As regards the composites with 50 nm iron (equivalent) inserts, the edge of the cubic
layer of the LDPE matrix was 2961.0 nm, and the model is plotted in Figure 13. The
volumetric distribution of the power loss density is presented in Figures 14 and 15 at
0.1 GHz and 3 GHz, respectively. Referring to the power loss density values, significantly
higher values for the exposure at 3 GHz were found, with an average of 2.475 × 1013 W/m3,
compared to 1.318 1011 W/m3 for 0.1 GHz. Compared to the composite with aluminum
50 nm (equivalent) inserts, the values for the composite with iron 50 nm (equivalent) inserts
are about 50% lower, showing a higher technological efficiency in using Al inserts.

 

Figure 13. Analyzed structure: LDPE composite with 50 nm Fe inserts.

72



Appl. Sci. 2025, 15, 541

 

Figure 14. Volumetric distribution of power loss density at 0.1 GHz: LDPE composite with 50 nm
Fe inserts.

 

Figure 15. Volumetric distribution of power loss density at 3 GHz: LDPE composite with 50 nm
Fe inserts.

3.5. Analysis of Composites with 800 nm Fe Inserts

Finally, the composites with 800 nm iron (equivalent) inserts are presented, with the edge
of the cubic layer of the LDPE matrix being 47,518.0 nm, and the model is plotted in Figure 16.
The volumetric distribution of the power loss density is presented in Figures 17 and 18 at
0.1 GHz and 3 GHz, respectively. Regarding the power loss density values, significantly
higher values for the exposure at 3 GHz were found, with an average of 2.949 × 1011 W/m3,
compared to 1.568 × 109 W/m3 for 0.1 GHz. Compared to the composite with 50 nm
iron (equivalent) inserts, the values are about 100 times lower at both frequencies. In
comparison to the composite containing 800 nm aluminum (equivalent) inserts, the values
for the composite with 800 nm iron (equivalent) inserts are approximately 30% lower,
indicating greater technological efficiency when utilizing Al inserts.

73



Appl. Sci. 2025, 15, 541

 

Figure 16. Analyzed structure: LDPE composite with 800 nm Fe inserts.

 

Figure 17. Volumetric distribution of power loss density at 0.1 GHz: LDPE composite with 800 nm Fe inserts.

 

Figure 18. Volumetric distribution of power loss density at 3 GHz: LDPE composite with 800 nm Fe inserts.
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4. Final Remarks

Based on the simulations presented above, at first glance, it appears that the com-
posites with metallic ingredients with a lower dimension are more adequate for usage.
At higher frequencies, the power loss density is larger for both metals, so the usage of
higher frequencies is recommended for technological applications. The particles with a
larger dimension (800 nm) absorb a much lower energy compared to the ones with a small
dimension (50 nm), at the same mass ratio, because the equivalent external surface exposed
to microwave radiation is lower. On the other hand, due to a higher conductivity, Al
particles within composite materials can absorb a larger amount of energy compared to
Fe particles, at both insertion dimensions. However, the impact of the metallic type might
lose significance when considering the energy consumption that is just 30% more for Fe,
and/or the technological productivity, alongside the expense of powders, as Al powders
are considerably more expensive than Fe powders.

Figures 19 and 20 compare the S11 reflection coefficient parameters, and Table 3
presents some data considering the most relevant frequencies for microwave technology.

Figure 19. S11 reflection coefficient comparison for composites with 50 nm inserts.

The reflection coefficient is influenced by the dimension of the insertion, decreasing for
higher-dimensional cases. It also relies on frequency, decreasing as the frequency increases.
Concerning the effect of the metal type, the Al-containing composite shows a marginally
lower reflection at both sizes or analyzed frequencies (a less than 5% difference). Overall,
based on the data, the reflection phenomena are minimal; however, it is important to also
examine these phenomena when taking into account the types of insertion and frequency
dependence, as it confirms that the key factor for bonding technology is the absorption of
radiation energy.

Analyzing the S21 transmission parameters, the findings are shown in Figures 21 and 22,
which illustrate that incorporating nanometric inserts will reduce transmission through the
material. It is clear that the transmission significantly declines as the frequency rises in the
GHz range, yet a saturation effect was observed after 2–2.5 GHz. The significant reduction
in transmission, linked to minimal reflection, verifies that, for composites with added
metallic powder, microwave energy is extensively absorbed by the materials, particularly
at frequencies above 1.5 GHz, confirming their potential functionality as hot melts.
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Figure 20. S11 reflection coefficient comparison for composites with 800 nm inserts.

Table 3. S11 magnitude [dB] vs. insertion type.

Frequency Al—50 nm Al—800 nm Fe—50 nm Fe—800 nm

1 GHz 83.5 60 86 62

3 GHz 73 49 76 51.5

Figure 21. S21 transmission coefficient comparison for composites with 50 nm inserts.
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Figure 22. S21 transmission coefficient comparison for composites with 800 nm inserts.

The reduction in transmission shown in Figures 21 and 22 may not appear signifi-
cant, but it is important to note that the simulated layers are here merely 2 μm thick for
50 nm insertions, and 33 μm thick for 800 nm insertions, respectively. However, when
transforming the absorption into dB/unit length, notably high values for composite layers,
such as those 1 or 2 mm in thickness, are achieved, which is the typical dimension in
bonding applications utilizing hot melt technology. The figures in Table 4 are pertinent in
this manner.

Table 4. Attenuation [dB] vs. frequency for 1mm layer, 8% mass ratio, Al and Fe inserts.

Insertion Type 1 GHz 2 GHz 3 GHz

Fe—800 nm 14.8 38.7 40.5

Al—800 nm 25.7 61.2 64.4

Fe—50 nm 47.3 81.8 86.6

Al—50 nm 51.5 98.2 104.1

Overall, a value exceeding 80 dB is regarded as adequate for a hot melt layer of 1 mm
thickness; however, it can be noted that the peak values are attained for Al insertions and,
respectively, for both metallic particles at a size of 50 nm, reaffirming the results obtained
from the power loss simulations.

Furthermore, the volumetric distribution of the power loss density within the material
containing inserts continues to exhibit a significantly nonuniform loss distribution. One
could attempt to manage the spatial arrangement of the inserts during manufacturing to
direct the waves toward an area with superior absorbent qualities; however, this could lead
to greater technological complexity and higher material expenses.

5. Conclusions

This article outlines a simulation for S-parameters and absorbed energy in polymeric
nanocomposites containing metallic inserts (iron and aluminum, featuring two particle
sizes). The examined frequency range of 0.1–3 GHz is tailored for numerous applications
in microwave technologies. The electromagnetic simulation software selected was CST
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Studio Suite, analyzing the power loss at different frequencies, serving as a necessary step
in advanced bonding technology within the microwave range. The real constraints in the
electromagnetic simulation are detailed, including a related application of the Nicolson–
Ross–Weir method in infinite media, which unveils new perspectives in modeling the
behavior of nanocomposites.

It was shown that, because of their greater conductivity, Al particles can capture
more energy than Fe particles in composite materials, at both insertion scales. At elevated
frequencies, the power loss density increases for both metals. Overall, based on the data,
the reflection phenomena are minimal. It was demonstrated that adding nanometric inserts
will decrease transmission across the material. It is evident that the transmission drops
considerably as the frequency increases in the GHz spectrum, although a saturation effect
was noted after 2–2.5 GHz. In general, a value over 80 dB is considered sufficient for a
1 mm thick hot melt layer; nonetheless, it is observed that the highest values are reached for
Al insertions and, correspondingly, for both metallic particles sized at 50 nm, reinforcing
the findings from the power loss simulations.

The substantial decrease in transmission, associated with a slight reflection, confirms
that composites containing metallic powder absorb microwave energy effectively, especially
at frequencies exceeding 1.5 GHz, validating their possible use as hot melts for innovative
reversible bonding applications.
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Abstract: In this study, a method is presented to determine the matching media parameters
that maximize the electromagnetic energy penetrating into the human arm modeled as a
radially stratified cylinder. In this context, first, the electromagnetic scattering problem
related to the layered cylindrical model in question was solved analytically using cylindrical
harmonics. Then, based on this solution, a frequency-dependent functional in terms of the
electromagnetic parameters of the matching medium was defined, and the parameters that
minimize this functional were determined through the graphs of this functional. In this
functional, which depends on the permittivity, conductivity and frequency of the matching
medium, one parameter was kept constant at every turn while the other two parameters
were optimized. The accuracy of the approach was demonstrated by calculating the
electric field amplitudes inside and outside the layers for the parameters determined by
the proposed method. The numerical results given in this context demonstrate that if
a matching medium is used, the penetrating field increases between 1.3 to 13.96 times
compared to the case where the matching medium is absent.

Keywords: matching medium; electromagnetic scattering; multilayered human arm; Debye
model; microwave arm imaging; method of moments

1. Introduction

One of the important applications of electromagnetic imaging problems is the detection
and imaging of the localized pathological changes in human organs or tissues [1,2]. In
recent years, many studies have been carried out on various parts of human body such as
the head, breast, arm, etc., which are non-homogeneous and have frequency-dependent
electromagnetic parameters [3–6]. When such structures are placed in free space for
imaging purposes, due to their constitutive parameters with high dielectric contrast and
loss, there will be a problem with the relative poor penetrating of the incident field into
the structure and a considerable part of the field will be reflected back. To overcome this
difficulty, one of the measures may be taken is the existence of a background space with
appropriate parameters. If the contrast difference between the inhomogeneous structure
under examination and the medium in which the structure is placed can be reduced enough,
as a result of the usage of an appropriate background medium, better transmission and
lesser reflection of the incoming field into the structure will be possible, and the field will
interact with the structures to be detected and imaged. These types of media are called as
“matching media” and a relatively limited number of studies exist in the literature [1–13]
since medical microwave imaging is a new developing technique compared to conventional
approaches such as MR, X-ray, etc.
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Microwave imaging applications have largely concentrated on the head (brain) [4,7,10–12]
and female breast [2,3,9,11], but microwave imaging of the arm [1,5,7], limb [1] and
bone [6,13] have also drawn interest. The satisfactory imaging quality of the human
arm with microwave-based alternative medical technologies requires a background space
(matching medium) to directly decrease the reflected field and to transmit the incident
field by a sufficient amount at the arm boundary. In recent years, several contributions
concerned with microwave imaging of human arm and matching medium have been
reported in the literature. For instance, Jofre et al. [7] used a microwave tomographic
scanner for biomedical applications using deionized water for matching purposes and
presented tomographic slices of an in vivo human forearm. In [1], the authors outlined a
process for an appropriate matching fluid and generated images of a human forearm using
an experimental microwave tomography system designed for limb imaging. Gilmore et al.
[5] presented a pilot study using a microwave tomography system with a matching fluid of
deionized water and table salt, and they imaged the forearms of five adult male and female
volunteers between the ages of 30 and 48. Amin et al. [6] investigated the application of
microwave imaging to monitor the in vivo dielectric properties of human bones and, hence,
aid in the monitoring of osteoporosis. Alkhodari et al. [13] conducted a study to evaluate
the use of microwave tomography for imaging human bones with varying parameters,
where the authors proposed the use of an ultrasound gel instead of the more traditional
glycerin/water solution as a matching medium.

Different studies related to the human arm may also be mentioned. Faktorova et al. [14]
showed that metamaterial structures can increase the focusation of electromagnetic energy
in the human arm to larger deep areas without the undesired radiation of the surrounding
area. Azizi et al. [15] studied the behavior of an ultra-wideband antenna and tested the
antenna in free space, outside and inside of a numerically modeled human arm.

In the literature, there are studies on layered cylindrical structures that can be ana-
lytically solved and human arm models built with these structures. The aim of all these
models is to reveal the interaction of electromagnetic waves with the relevant structures,
that is, to solve a scattering problem. As an example of the analytical solution methods of
the stratified cylinders in the literature, one can mention the work of Yeh and Lindgren [16].
They worked out multilayered cylinders having an arbitrary number of layers, They intro-
duced calculations of the scattering coefficients using successive matrix multiplications.
The non-stratified circular cylindrical human arm model implementation can be found
in Jensen et al. [17], where they used the recursive Green’s function method for the com-
putation of fields scattered by a cylindrical arm model consisting of a circular cylinder
representing the muscle and two smaller cylinders representing the bone. The analytical
solution presented in this article is quite parallel to that reported by Kai and D’Alessio [18].
Kai and D’Alessio [18] carried out the scattering problem, without matching medium,
using a finely stratified cylinder model.

The research reported by Scapaticci et al. [4] is closely similar to the presented study,
in which a simple planarly stratified structure was analyzed by the transmission line
method for a head phantom having human tissue characteristics, and the matching medium
parameters were determined. Catapano et al. [3] investigated a study on microwave
tomography of the female breast by similarly exploiting a simple planarly layered breast
model. These cited research groups justified the adoption of a such simplified model by
reasoning that the scanning wavelength should be small compared to the size of the body,
in order to allow the detectability of small tumors and tissue details.

In this study, a new method has been proposed to determine the background medium
parameters, which has the main purpose to minimize the energy loss, that is, to maximize
the electromagnetic energy passing inside. In this regard, a five-tissue layered cylindrical
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arm model is illuminated with a line source located outside the arm structure. This
classical electromagnetic scattering problem is solved analytically, and the reflected and
transmitted wave amplitude coefficients are obtained. A functional is defined in terms of
the reflection coefficients of the cylindrical harmonics in the analytical solution depending
on the electromagnetic parameters of the background medium, which is also known as
matching medium. The constitutive parameters and operating frequency that minimize
the functional will be decisive in the choice of the matching medium with optimum
characteristics. Through the image plot of the functional, the parameter pairs that minimize
this functional are determined. Using these parameters, comparisons of the scattered and
transmitted fields are carried out for the cases with and without the matching medium.
Testing the accuracy of the approach is based on observing the amplitude of the field in
different regions with the calculated parameters. Thus, the numerical results obtained are
verified within themselves and their consistency is demonstrated. The numerical results
obtained indicate the success of the method.

The remainder of the paper is organized as follows. The modeling of the human
arm is presented in Section 2. Green’s function formulation of the problem is outlined in
Section 3. Section 4 discusses minimizing of the reflection coefficient Rn. Formulation of
the five-layered arm model with an internal object is given in Section 5. Section 6 is devoted
to numerical results. Finally, concluding remarks are given in Section 7. Throughout the
study, a time factor e−iωt is assumed and omitted.

2. Modeling of the Human Arm

It is assumed in this research that the human arm is modeled as a radially stratified
cylinder of 50 mm radius. The geometry of the arm model consists of five concentric
cylindrical layers, of which thicknesses are 1.5 mm (skin), 8.5 mm (fat), 27.5 mm (muscle),
6 mm (bone) and 6.5 mm (bone marrow) [19–21], as shown in Figure 1.

Figure 1. Geometry of the problem with an internal object D.
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As it is well known, the electromagnetic properties of human tissues depend generally
on frequency and, hence, they are characterized as dispersive media. The constitutive
parameters of frequency-dispersive biological tissues are commonly evaluated by a variety
of relaxation simulations including Debye and Cole–Cole models. The suitability of the
Debye model for fast evaluation of wideband fields was reported in [22] by comparing
with the Cole–Cole model. Taking into account the dispersive nature of the tissues in the
layers of the arm model, their dielectric properties are determined in this study according
to the three-pole Debye model expressed by

εr(ω) = ε∞ +
3

∑
k=1

Δεk
1 − i ω τk

, (1)

where ω is the angular frequency, ε∞ is the high frequency permittivity, Δεk is the mag-
nitude of the dispersion and τk is the relaxation time constant. These parameters for five
tissues considered in this work are extracted for each tissue from the data set reported
in [23,24] for the frequency range from 100 MHz to 2 GHz and listed in Table 1.

Table 1. Debye parameters of the arm tissues for the frequency range from 100 MHz to 2 GHz [23,24].

Tissue ε∞ Δε1 Δε2 Δε3 τ1 × 10−9 τ2 × 10−9 τ3 × 10−9

Marrow 4.162 1.321 0.4162 26.08 0.02899 0.501 10.14
Bone 6.915 5.487 1.653 94.31 0.03378 0.4537 13.19

Muscle 31.45 23.27 6.746 3101 0.02212 0.5729 39.26
Fat 4.113 1.341 0.2853 119.3 0.02728 0.4887 29.28

Dry skin 27.44 12.73 17.1 417.9 0.0366 0.5684 7.581

3. Green’s Function Formulation of the Problem

We consider the two-dimensional electromagnetic scattering problem for a human
arm model composed of concentric cylindrical layers of skin, fat, muscle, cortical bone
and bone marrow. Figure 1 shows the cross-sectional reference geometry of the cylindrical
structure, which is located in the transverse direction. The wavenumber of the background
medium is kb. The stratified model is irradiated by a monochromatic electromagnetic wave
having the frequency ω excited by an infinitely long line source parallel to the structure.
The Green’s function Gb(x, y) of the structure satisfies the equation

∇2Gb(x, y) + k2
bGb(x, y) = −δ(x − y) (2)

and has the solution

Gb(x, y) =
i
4

H(1)
0 (kb|x − y|), (3)

which is simply the field of the line source located at an arbitrary point y ∈ R
2 outside the

structure. Here, H(1)
0 denotes the zeroth order Hankel function of the first kind and can be

replaced by using the addition theorem for Hankel functions as follows [25]:

H(1)
0 (kb|x − y|) = i

4

⎧⎪⎪⎨⎪⎪⎩
∞
∑

n=−∞
H(1)

n (kbρ) Jn(kbρ′) ein(φ−φ′), if ρ > ρ′

∞
∑

n=−∞
H(1)

n (kbρ′) Jn(kbρ) ein(φ−φ′), if 0 < ρ < ρ′
(4)

where the vectors �ρ = (ρ, φ) and �ρs = (ρ
′
, φ

′
) denote the observation and the source points,

respectively. The line source is assumed to be located outside the cylindrical structure. The
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zeroth order Hankel function appearing in this expression can adequately be replaced by
using the addition theorem for Hankel functions as follows:

H(1)
0 (k1|x − y|) =

∞

∑
n=−∞

H(1)
n (k1ρ>) Jn(k1ρ<) ein(φ−φ′) (5)

where ρ> = max(ρ, ρ
′
) and ρ< = min(ρ, ρ

′
) [25].

The line source situated at ρ = ρ0, φ = φ0 has the current density

J(ρ, φ) =
I0

ρ0
δ(ρ − ρ0) δ(φ − φ0), (6)

where I0 denotes the current strength. In the TM case, the incident electric field generated
by the line source has only a x3-component, given by

�Ei(x) = ui(x)�e3, �x = (x1, x2) ∈ R
2 (7)

with

ui(x) = − kb I0

4 ω ε0
H(1)

0 (kb|�ρ −�ρs|) (8)

where H(1)
0 denotes the Hankel function of the first kind with order zero and kb is the

wavenumber of the background medium, and the vectors �ρ = (ρ, φ) and �ρs = (ρ0, φ0)

denote the observation and the source points, respectively. In what follows is the line
source assumed to be located outside the cylindrical structure. The Green’s functions in the
relevant layers are

G(ρ, ϕ, ρ
′
, φ

′
) =

i
4

H(1)
0 (kb|�ρ −�ρ

′ |) +
∞

∑
n=−∞

RnH(1)
n (kbρ) ein(φ−φ

′
), ρ > r1 (9)

and, for respective indices � = 2, 3 and 4,

G(ρ, φ, ρ
′
, φ

′
) =

∞

∑
n=−∞

[
T� n H(1)

n (k� ρ) + S� n Jn(k� ρ)
]

ein(φ−φ
′
), r� < ρ < r�+1 (10)

and
G(ρ, φ, ρ

′
, φ

′
) =

∞

∑
n=−∞

T5 n Jn(k5 ρ) ein(φ−φ
′
), ρ < r4 (11)

The unknown wave amplitude coefficients Rn, T2n, S2n, T3n, S3n, T4n, S4n and T5n in the
above expressions can be obtained by imposing the continuity and the jump conditions

G(ρ = ρ
′
+ 0, φ, ρ

′
, φ

′
)− G(ρ = ρ

′ − 0, ρ
′
, φ

′
) = 0 (12)

and
∂G
∂ρ

(ρ = ρ
′
+ 0, φ, ρ

′
, φ

′
)− ∂G

∂ρ
(ρ = ρ

′ − 0, ρ
′
, φ

′
) = − 1

ρ
′ e−inφ

′
(13)

on each layer surface S, respectively, Ref. [26]. The resulting expressions, when continuity
and jump conditions are applied, are as follows:

i
4

Jn(kbr1)H(1)
n (k1ρ

′
) + Rn H(1)

n (kbr1) = T1n H(1)
n (k1r1) + S1n Jn(k1r1) (14)

i
4

Jn
′
(kbr1)H(1)

n

′
(k1ρ

′
) + RnH(1)

n

′
(kbr1) = T1n H(1)

n

′
(k1r1) + S1n Jn

′
(k1r1) (15)

and, for respective indices � = 1, 2 and 3,

T� nH(1)
n (k� r�) + S� n Jn(k� r�) = T�+1 n H(1)

n (k�+1 r�+1) + S�+1 n Jn(k�+1 r�+1) (16)
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T� n H(1)
n

′
(k� r�) + S� n Jn

′
(k� r�) = T�+1 n H(1)

n

′
(k�+1 r�+1) + S�+1 n Jn

′
(k�+1 r�+1) (17)

and T4 nH(1)
n (k4 r4) + S4 n Jn(k4 r4) = T5 n Jn(k5 r5) (18)

T4 n H(1)
n

′
(k4 r4) + S4 n Jn

′
(k4 r4) = T5 n Jn

′
(k5 r5) (19)

where derivatives are considered with respect to the entire argument. The values of the
scattered and transmitted wave amplitude coefficients appearing in Equations (14)–(19)
will be determined alphanumerically in numerical implementations.

4. Minimizing of the Reflection Coefficient

In the choice of the matching medium, one of the desired issues is the maximization
of the incident wave energy that penetrates into the arm structure. This matter assures
the interaction of the transmitted field with the arm tissues, which is of major significance
for the microwave imaging purposes. A small value of amplitude reflection coefficient
will certainly allow more energy to be transmitted into the tissue model [12]. In order to
determine the lowest value of the reflection coefficient Rn, one can start from the radar cross
section (RCS) definition. For the case of TM polarized incident plane wave, the bistatic
cylinder RCS expression with far scattered field approximation is given by

σ(φ) =
2λ0

π

∣∣∣∣∣ ∞

∑
n=−∞

Rn( f , εr mm, σmm) ein(φ−φ0)

∣∣∣∣∣
2

(20)

where φ denotes the observation angle [27]. In this expression, Rn is assumed as a function
depending on the operating frequency and the constitutive parameters of the matching
medium, i.e., relative permittivity and conductivity, respectively. To reduce the total RCS
of the cylindrical structure of the arm model, one can define a functional as an integral of
the function σ(φ) with respect to the observation angle φ :

F( f , εr mm, σmm) =

2 π∫
0

σ(φ) dφ = 4 λ0

∣∣∣∣∣ ∞

∑
n=−∞

Rn( f , εr mm, σmm)

∣∣∣∣∣
2

(21)

While obtaining this functional, taken into account was the multiplication of the open
form of the infinite series in Equation (20) by their conjugate. Regarding one of the three
parameters, namely, frequency, relative permittivity and conductivity, as constant and the
other two as variables at certain intervals, the image plot of the F( f , εr mm, σmm) functional
can be easily obtained. The parameter pair that minimizes the functional F( f , εr mm, σmm)

obtained from the image plot will be the sought-after solution of the problem.

5. Formulation of the 5-Layered Arm Model with an Internal Object

In order to investigate the differences between scattered and transmitted fields in
healthy and unhealthy human arms, an unhealthy arm model with an abnormal region (e.g.,
bleeding, clot or tumor) is created by placing a dielectric structure D with a rectangular
cross-section inside the concentric cylindrical arm model. The configuration is illustrated
in Figure 1. Now, assume the unhealthy arm model is illuminated by a line source located
outside the inhomogeneities. Let us introduce the field u0(x), which would be observed in
the absence of the body D. When the contribution of the unhealthy tissue D is denoted by
us(x), the total field u(x) can be expressed at any point as the following sum:

u(x) = us(x) + u0(x). (22)
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The

∇2us(x) + k2
b us(x) = −k2

b v(x) u(x), (23)

where the function v(x) is the so called object function and defined by

v(x) =

⎧⎨⎩
k2(x)

k2
b

− 1, if x ∈ D
0, if x /∈ D

(24)

In this study, the object D representing the abnormal tissue is placed in the innermost
layer of the cylindrical structure; therefore, in numerical implementations, k(x) is arranged
for a medium with the wave number k5, as depicted in Figure 2. The scattering problem
under consideration can be formulated equivalently to the problem of solving the Lippman–
Schwinger integral equation

u(x) = u0(x) + k2
b

∫
D

G(x, y) v(y) u(y) dy, x ∈ D (25)

for u, which is a second-kind Fredholm integral equation. The numerical solution of this
equation can be obtained by a method of moments (MoM)-based technique given in [28].
For the numerical evaluation, the dielectric object D is divided first into M sufficiently
small rectangular cells Dm, m = 1, 2, . . . , M assuming the field u(x) constant over each cell.
Consequently, the problem can be reduced to the solution of a system of linear equations
for the unknown u(xn):

u(xn)− k2
5

M

∑
m=1

u(xm) Cnm = u(xn), n = 1, 2, . . . , M (26)

where

Cnm = v(yn)
∫
Dm

G(xm, ym)dy (27)

is substituted. In the implementation of the MoM-based method, the integration of the
singular part H(1)

0 (kb|xn − ym|) of the Green’s function over the rectangular cells in Dm can
be obtained by the equivalent circular cell approach given in [28] as follows:

Cnm =

⎧⎨⎩1 − i
2 [πkbaH(1)

0 (kba) + 2i] v(ym), n = m
−iπkba

2 J1(kba)H(1)
0 (kb|xn − ym|) v(ym), n �= m

(28)

where a is given by

a =
√

Δx Δy/π (29)

denoting the radius of the equivalent circular region where Δx and Δy represent the side
lengths of a rectangular cell.
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Figure 2. Amplitude variation of the functional F( f , εr mm) with σmm = 0.

6. Results and Discussion

The numerical results are based on the computations of the analytically formulated
scattered and transmitted fields for a radially stratified cylindrical human arm model
outlined in the previous sections. The human arm model is illuminated by a line source
located at the point (x1, x2) = (0.13, 0) m at a single frequency. The scattered field outside
the arm model is calculated on a circle of radius 0.3 m and inside the arm model on a circle of
radius 0.025 m. An unhealthy arm model having bleeding or a tumor is simulated with an
object D representing the abnormal region placed on the origin in the innermost layer. The
object D is assumed to have a square cross-section and its wave number is taken as 1.5 times
the wave number of the innermost layer, i.e., kobj = 1.5 k5. The added object is chosen of
the size 1 × 1 cm and it is divided into 10 × 10 cells. The first three examples are devoted to
the analysis of the background, which is, in our study, taken as the matching medium, by
taking into account its constitutive parameters, namely, its permittivity and conductivity,
and the frequency of the source. Here, as a basic approach in our computations, one
of the three parameters is supposed to be constant, and the amplitude variation of the
functional F( f , εr mm, σmm) depending on the other two parameters, which are defined on
the appropriate ranges, is depicted as an image plot. Points selected from the relevant
colored regions in the image plot will indicate the lowest and the highest amplitude values
of the functional. To accurately simulate the electrical properties of the human arm tissues
at the frequencies from 100 MHz to 2 GHz, the data generated using the three-pole Debye
equation provided in Equation (1) are employed in numerical calculations.

6.1. Analysis for Frequency and Permittivity (Conductivity Is Fixed)

In the first example, the conductivity of the matching medium is taken as σmm = 0.
The image plot depicted in Figure 2 represents the amplitude variation of the functional
F( f , εr mm) as a function of the frequency and relative permittivity of the matching medium.

87



Appl. Sci. 2025, 15, 268

The frequency is varying in the range from 0.2 to 2 GHz and the relative permittivity
from 1 to 50, respectively. The points in the yellow-colored regions of the image plot display
the frequency and the relative permittivity pairs that correspond to the highest reflected
field coefficient values, while the darker blue-colored regions of the image plot comply with
( f , εr mm) pairs and appropriate the lowest reflected field values. As labeled on Figure 2,
two pairs with values ( f , εr mm) = (1.7 GHz, 5.9) from the yellow-colored region and
( f , εr mm) = (0.5 GHz, 3.45) from the darker blue-colored region are arbitrarily chosen
and they comply with respective highest and lowest amplitude values of the functional
F( f , εr mm). In order to illustrate the matching medium effect in terms of the penetrated
field, two different background spaces regarding the values from Figure 2 are taken into
account. Figure 3 shows graphically the amplitude changes of the total transmitted electric
field versus observation angle in the innermost layer of the arm structure along a horizontal
line through the origin depending on the respective matching medium parameters.

Figure 3. Comparison of the total transmitted field amplitude variations along the line x2 = 0 in the
innermost layer of the model for the ( f , εr mm) pairs.

It is evident from Figure 3 that the presence of the matching medium owning appro-
priate parameters from Figure 2 has increased the amplitude of the penetrating electric field
in the arm structure. To be able to give a more quantitative measure for the correspondence
of two curves, as how close one curve is to the other curve, one of the possibilities is the
comparison of the areas under these curves. When the definite integrals of the curves
shown in Figure 3 are evaluated via the trapezoid method, the ratio of the areas under
the curves gives the value 13.96, which indicates that the considerable part of the energy
penetrates into the arm structure. Figure 4 shows the amplitude variation of the scattered
field by the internal object placed in the innermost layer of the arm model in the presence
and absence of the matching medium.

The scattered electric field |Es| is calculated outside the arm model on a circle of radius
0.3 m and inside the arm model on a circle of radius 0.025 m. The amplitude changes
versus observation angle are plotted in Figure 4 adapting the values of the pair ( f , εr mm) =

(0.5 GHz, 3.45) in the presence and ( f , εr mm) = (0.5 GHz, 1) in the absence of the matching
medium, both values from Figure 2. As can be seen from Figure 4, the scattered field
changes differ for different background spaces. In this example, when the dielectric
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permittivity of the matching medium increases, the scattered field amplitude decreases
and, hence, the amount of the energy penetrating into the arm structure becomes larger.

Figure 4. Total scattered field computed outside and inside the arm model having an internal object
in presence and absence of the matching medium at f = 0.5 GHz.

6.2. Analysis for Frequency and Conductivity (Permittivity Is Fixed)

In the second example, the relative permittivity of the background medium is chosen
as εr mm = 40. Figure 5 represents the image plot of the amplitude variation of the functional
F( f , σmm) as a function of the frequency and conductivity of the matching medium, where
the frequency is altering in a range from 0.8 to 2 GHz and the conductivity from 0.01 to
0.03 S/m.

Figure 5. Amplitude variation of the functional F( f , σmm) with εrmm = 40.

As can be seen from Figure 5, two pairs with values ( f , σmm) = (1.375 GHz, 0.028 S/m)

from the yellow-colored region and ( f , σmm) = (1 GHz, 0.012 S/m) from the darker blue-
colored region are chosen. These pairs are the corresponding respective highest and lowest
amplitude values of the functional F( f , σmm).

Figure 6 represents the amplitude changes of the transmitted electric field in the
innermost layer of the arm structure along the line x2 = 0 depending on the respective
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matching medium parameters taken from Figure 5. The ratio of the areas under the curves
plotted in Figure 6 yields in 4.67, from which one can conclude that a noticeable part of the
field energy can enter the arm construct. The scattered electric field by the internal object
located in the innermost layer of the arm structure is computed on the observation circles
of radii 0.3 m and 0.025 m. The amplitude variations versus observation angle are depicted
in Figure 7 using the pair ( f , σmm) = (1 GHz, 0.012 S/m) from Figure 5, with εrmm = 40 in
the presence and εrmm = 1 in the absence of the matching medium, respectively.

Figure 6. Comparison of the total transmitted field amplitude variations along the line x2 = 0 in the
innermost layer of the model for the ( f , σmm) pairs.

Figure 7. Total scattered field computed outside and inside the arm model having an internal object
in presence and absence of the matching medium at f = 1 GHz.

It is observed from Figure 7 that the scattered field changes both inside and outside
the arm model vary for different background spaces.
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6.3. Analysis for Permittivity and Conductivity (Frequency Is Fixed)

The final numerical example is devoted to the case where the amplitude variation
of the functional F(εr mm, σmm) depends on the relative permittivity and conductivity
parameters of the matching medium, which is illustrated in Figure 8.

Figure 8. Amplitude variation of the functional F(εr mm, σmm) with f = 0.1 GHz.

This image plot is obtained by assuming a constant frequency f = 0.1 GHz. The
relative permittivity is varying in the range from 1 to 50 and the conductivity from
0.01 S/m to 0.03 S/m, respectively. As labeled in Figure 8, two pairs reading (εr mm, σmm) =

(45, 0.028 S/m) from the yellow-colored region and (εr mm, σmm) = (15, 0.012 S/m) from
the darker blue-colored region, corresponding to respective highest and lowest amplitude
values of the functional F(εr mm, σmm), are chosen.

Variations of the transmitted electric field in the innermost layer of the arm model
along the line x2 = 0 are calculated using two parameter pairs from the image plot of
Figure 8 and represented in Figure 9. The ratio of the areas under the transmittance curves
presented in Figure 9 is 1.34, which demonstrates that the energy penetration into the arm
structure is rather poor. Figure 10 shows the amplitude change of the scattered field by the
internal object placed in the innermost layer of the arm model in the presence and absence
of the matching medium.
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Figure 9. Comparison of the total transmitted field amplitude variations along the line x2 = 0 in the
innermost layer of the model for the (εr mm, σmm) pairs.

Figure 10. Total scattered field computed outside and inside the arm model having an internal object
in presence and absence of the matching medium at f = 0.1 GHz.

The scattered electric field |Es| is calculated on the observation circles of radii 0.3 m and
0.025 m. The amplitude changes versus observation angle are plotted in Figure 10 adapting
the values of the pair (εr mm, σmm) = (15, 0.012 S/m) in the presence and (εr mm, σmm) =

(1, 0.012 S/m) in the absence of the matching medium, both from Figure 8. The scattered
field changes both inside and outside the arm model are shown in Figure 10 and they are
dissimilar for different background spaces.

7. Conclusions

In this study, which is essentially theoretically based, by exploiting a simplified human
arm model, the factors affecting influence and effectiveness of matching media are analyzed.
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The matching medium design was implemented numerically based on the analytical
solution for a five-layered cylindrical human arm model. The numerical results have
shown that it is inevitable to use a matching medium so that incident electromagnetic waves
sufficiently penetrate and interact with the tissues in question. From the results obtained
in the preceding analysis, one can draw some useful consequences. For example, the
numerical results may contribute to the development of a microwave tomography device
by providing the appropriate range of constitutive parameters and operating frequency.
The results obtained have demonstrated the accuracy of the method and approach within
itself. Undoubtedly, experimental verification of the results and the method of this study is
an important problem.

Although this cylindrical model does not perfectly reflect the real human arm ge-
ometry, the advantage of this arm model is that it is suitable for analytical calculations.
On the other hand, since this model is suitable for analytical solution, which is easy to
implement and capable of producing fast solutions from the computational point of view, it
can provide advantages over other existing methods [5,19]. It should also be mentioned as
a final note that the results obtained by the presented approach can be compared by using
commercial softwares, which is left as a future study.
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Abstract: Recently, there has been a significant focus on developing various energy harvesting
technologies to power remote electronic sensors, data loggers, and communication devices for
smart grid systems. Among these technologies, magnetic energy harvesting stands out as one
straightforward method to extract substantial power from current-carrying overhead lines. Due to
the relatively small size of the harvester, the high currents in the distribution system quickly saturate
its magnetic core. Consequently, the magnetic harvester operates in a highly nonlinear manner.
The nonlinear nature of the downstream AC to DC converters further complicates the process,
making precise analytical modeling a challenging task. In this paper, a clamped type overhead
line magnetic energy harvester with a controlled active rectifier generating significant DC output
power is investigated. A piecewise nonlinear analytical model of the magnetic harvester is derived
and reported. The modeling approach is based on the application of the Froelich equation. The
chosen approximation method allowed for a complete piecewise nonlinear analytical treatise of the
harvester’s behavior. The main findings of this study include a closed-form solution that accounts
for both the core and rectifiers’ nonlinearities and provides an accurate quantitative prediction of
the harvester’s key parameters such as the transfer window width, optimal pulse location, average
DC output current, and average output power. To facilitate the study, a nonlinear model of the core
was developed in simulation software, based on parameters extracted from core experimental data.
Furthermore, theoretical predictions were verified through comparison with a computer simulation
and experimental results of a laboratory prototype harvester. Good agreement between the theoretical,
simulation, and experimental results was found.

Keywords: magnetic cores; analytical models; saturation magnetization; magnetic flux; magnetic
energy harvesting

1. Introduction

Electrical power transmission systems are, perhaps, the world’s largest technical
installations. Transmission lines span over vast distances, often pass through remote and
hardly accessible locations, and are prone to the forces of nature. To alleviate the task of
inspection of power systems, monitoring equipment based on smart sensors [1–3], remote
cameras [4,5], etc., have recently been developed. To power such electronic devices, several
types of magnetic energy harvesters have been proposed [6]. Compared to other energy
harvesting methods, a magnetic energy harvester is a mechanically rugged device that has
the advantage of higher reliability and greater power density.

An overhead line magnetic energy harvester (OLMEH) is designed to clamp onto
a transmission line and convert the magnetic energy generated by the line current into
DC power. The OLMEH aims to power electronic equipment or, in most cases, charge a
battery. The concept of an OLMEH is similar to that of a current transformer (CT) [7]. Yet,
the operational conditions of a CT and an OLMEH are quite different. The CT is operated
under a short circuit (or very low impedance) load to keep the core within the linear region,
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whereas the OLMEH operates with a constant voltage load. To exploit the full range of
B-H characteristics, OLMEH’s core is usually allowed to run into the saturation regions.
The inherent nonlinearity of the magnetic core makes the OLMEH’s analysis and design
a challenging problem [6–9]. Furthermore, extracting the full available power that the
OLMEH can provide requires properly matching the OLMEH parameters to attain the
maximum power point conditions [10].

An additional advantage of an OLMEH is that it can harvest the energy from a multi-
kV level AC transmission line to power electronic devices operating at a low DC voltage of
only a few volts [11–14] while avoiding the application of bulky high-voltage step-down
transformers, thus saving hardware and installation costs.

To derive the DC voltage, an OLMEH requires a suitable power electronics interface,
which can be either passive or active. Passive OLMEHs utilize uncontrolled diode bridge
rectifiers to implement the AC-DC conversion, offering simplicity and higher reliabil-
ity [10,15]. To maximize the power density, the OLMEH should be matched to the load
(typically of a constant voltage type) by appropriate selection of cross-sectional area of the
core and number of secondary winding turns. Therefore, such an approach is referred to
as “maximum power point matching” (MPPM) and allows for maximizing the harvested
OLMEH power for a wide range of primary current magnitudes [16]. Yet, in cases where
the CVL is a battery, its voltage is expected to vary depending on its charging state. Thus,
only near-optimal matching can be attained.

Active rectification is another viable approach to attain DC power at OLMEH’s output.
One possible configuration of an OLMEH-based charger with an active rectifier operating
under a constant voltage load (CVL) is illustrated in Figure 1. The idea behind this circuit is
to short-circuit the OLMEH’s secondary winding so to preserve the stored magnetic energy
and then release it towards the load under optimal conditions. This helps to increase the
power output of the circuit, allows control over the depth of saturation, and, enables the
implementation of overcharge and overcurrent protection features. Moreover, the active
rectifier allows the application of better maximum power point tracking (MPPT) [17–19],
which can help attain a higher power under variable line current conditions.

Vbi1

ib

Line 
Current

H, B

Active 
Rectifier

CVL
N turns vin

iin

M1 M2

D1 D2

Figure 1. Overhead line magnetic energy harvester with an active rectifier feeding a constant
voltage load.

The circuit in Figure 1 was investigated in the recent literature [19–22], which suggests
several approaches to deal with the challenging problem of core nonlinearity. For instance,
its earlier counterpart [19] applied a cot(*) function to accurately model core nonlinearity.
Yet, due to the complex nature of such an approximating function, after a few theoretical
steps, the final solutions were obtained only numerically.

This article aims to develop an approximated, yet complete, nonlinear analytical
model and solution for an overhead line magnetic energy harvester with an active rectifier
(OLMEH-AR), under a constant voltage load, as shown in Figure 1.

The proposed model is derived by applying piecewise nonlinear analysis, relying on
the Froelich equation to model the B-H characteristics of the magnetic core. The Froelich
approximation is based on a first-order rational function. The advantage of the offered
approach is that it lends itself to the analytical treatise. The result is a complete closed-form
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analytical solution to the problem that is quite accurate, simple, and suited for engineering
applications.

The rest of the paper is as follows: simulated waveforms, state analysis, and derivation
of equivalent circuits are given in Section 2; also, this section presents the analytical model
of the OLMEH-AR and derives the expressions for the power transfer window, output
current, and the output power and the conditions for maximum power. Experimental
measurements of a laboratory prototype are reported in Section 3 and stand in good
agreement with the proposed theoretical predictions.

2. The Applied Methodology

2.1. State Analysis and Equivalent Circuits

Analysis of the OLMEH-AR started with computer simulation (PSIM v. 9.1). Deriva-
tion of the computer model of the magnetic core in PSIM v9.1 software is a tedious trial-
and-error process; however, the computer simulation model proved to be an indispensable
tool in the undertaken study.

Examination of the simulated waveforms of the OLMEH-AR in Figure 2 reveals that its
operation period comprises two symmetrical half cycles. The positive half-cycle commences
when the secondary current becomes positive, i2(t) > 0 and comprises four states. Note that
during the negative half-cycle, a similar order of events occurs (with M2 interchanging its
function with M1 and D2 interchanging its function with D1). Therefore, it is sufficient to
analyze only the positive half-cycle.

Figure 2. Typical simulated waveforms of an OLMEH-AR under CVL.

State 1 [0, t1], see Figure 3a, commences at t = 0. Here, both active switches conduct
and effectively short the secondary winding.

State 2 [t1, t2], see Figure 3b, commences at t = t1, when, by the controller’s command,
the M1 switch is turned off but M2 remains on. Here, the rectifier diode D1 turns on and
allows the current to charge the battery. Since a constant battery voltage is applied to the
secondary winding, the flux density in the core starts ramping up linearly, while causing
the magnetizing current to rise in a nonlinear fashion.

State 3 [t2, t1 + tpw], see Figure 3c, commences at t = t2 when the rectifier currents drop
to zero, iin = ib = 0. Here, the anti-parallel diode of the M1 switch starts conducting and
shorts the secondary winding.
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Figure 3. Semiconductor conduction states during State 1 (a); State 2 (b); State 3 (c); and State 4 (d).

State 4 [t1 + tpw, T/2], see Figure 3d, commences when, by the controller’s command,
switch M1 is turned on again and helps its anti-parallel diode to keep the winding shorted.
Under short circuit conditions, the flux density in the core remains constant until the end
of the positive half cycle.

The OLMEH-AR model based on a simplified cantilever model with a saturable
magnetizing inductance, Lm, placed on the secondary winding, while neglecting the leakage
inductance, is shown in Figure 4a. The ideal transformer 1 : N acknowledges the fact
that the line conductor acts as a single-turn primary winding, while the secondary one
consists of the N turn wound on the OLMEH’s core. The simplified equivalent circuit of
the short-circuit (SC) state (States 1, 3, and 4) is shown in Figure 4b, and the simplified
model of State 2, the only charging state (CS) that allows current to the load, is presented in
Figure 4c.

(a)

(b) (c)

Figure 4. General model of the overhead line magnetic energy harvester with an active rectifier
(OLMEH-AR) with a constant voltage load (a); its equivalent short circuit States 1, 3, and 4 (b) and
the equivalent charging State 2 (c).
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2.2. The Froelich Equation Review

To facilitate the analysis approach, the following simplifying assumptions are adopted.
Firstly, ideal (lossless) rectifiers and ideal switches are assumed with no voltage drop

and zero ON resistance. Secondly, the core is assumed to be un-hysteretic (lossless), whose
nonlinearity can be described by the Froelich equation:

B(H) =
aH

b + H
, (1)

Here, the parameter a is the saturation flux density at infinite field intensity:

Bsat = lim
H→∞

aH
b + H

= a, (2)

whereas b is related to the magnetic permeability of the core at the low field intensity
(linear) region

μ(H 	 b) =
a
b

(3)

2.3. Analysis: Power Transfer Window

The following definitions are introduced: N is the number of OLMEH secondary
turns, I1m is the line (primary) current amplitude, and I2m = I1m/N is the amplitude of the
secondary current. As usual, f = 1/T = ω/2π is the line frequency.

Examining the waveforms in Figure 2 reveals that the magnetic flux density swings
from its initial negative saturation value B(t1) = −Bs towards the positive saturation value
B(t2) = +Bs. The transition is linear since it results from the application of the constant
voltage Vb to the secondary winding; see Figures 3b and 4c. Therefore

B(t2) = +Bs =
1

NAc

∫ t2

t1

Vbdt − Bs, (4)

whence
Bs =

Vb
2NAc

(t2 − t1), (5)

The practical saturation level that the core can reach, Bs, is presumed to be lower than
the heavy saturation flux density level, Bs < Bsat, defined by (2).

The time interval that appears in (5)

Tw = (t2 − t1), (6)

is defined as the power transfer window. To allow the charging current pulse to terminate
naturally, the pulse width, tpw, set by the controller, see Figure 2, has to be appropriately
matched so that tpw > Tw. Switching the MOSFET on, see Figure 3d, decreases the
resistance of the conductive path, minimizes the conduction losses during the SC states,
and so increases the OLMEH’s conversion efficiency.

Combining (5) with the Froelich Equation (1) yields the magnetic field intensity
attained by the core at the peak of saturation:

H(t2) = H(Bs) =
bBs

a − Bs
=

b Vb
2NAc

(t2 − t1)

a − Vb
2NAc

(t2 − t1)
=

N
lc

im(t2), (7)

The right-hand side of (7) was attained by Ampere’s law.
Further examination of the waveforms in Figure 2 suggests that charging State 2 is

terminated when the magnetizing current equals the secondary current:

im(t2) = i2(t2) = I2msin(ωt2), (8)
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Hence, substituting (8) into (7) yields

b Vb
2NAc

(t2 − t1)

a − Vb
2NAc

(t2 − t1)
=

N
lc

I2msin(ωt2), (9)

Since t1 is set by the controller and assumed to be known, (9) is an equation of a
single variable t2. Yet, (9) is difficult to solve. A straightforward approach to obtain the
solution of (9) is to proceed with numerical analysis. An alternative approach offered
here is obtaining an analytical solution through approximation of the sine function on
the right-hand side of (9) by a rational function, considering that the range of interest lies
somewhere in 2

3 π < ωt < 5
6 π. As a compromise between complexity and accuracy, it is

suggested to approximate the falling segment of the sine function using

sin(ωt) ≈ K1(π − ωt)
K2 − ωt

, (10)

With K1 = 3.232 and K2 = 6.003, (10) agrees with the sin(ωt) function at 120◦, 150◦, and
180◦, thus providing good accuracy within the range of interest. A comparison plot of the
sin(ωt) function to the chosen approximation function (10) is shown in Figure 5.

sin( )

Figure 5. Comparison plot of the sin(ωt) function to the chosen approximation function (10) (for K1 =
3.232 and K2 = 6.003).

Substitution of (10) into (9) yields

lc
N

b
[

Vb
NAc

(t2 − tZ)
]

a −
[

Vb
NAc

(t2 − tZ)
] = I2m

K1(π − ωt2)

K2 − ωt2
, (11)

Introducing the definitions of the normalized time

tN =
ω

π
t, (12)

the normalized secondary current

IN =
I2m

Ibase
=

NI2m

blc
=

I1m
blc

, (13)

the normalized load voltage

VN =
Vb

Vbase
=

πVb
ωaNAc

, (14)
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and applying (12)–(14) to (11) yields the normalized equation:

VN(t2N − t1N)/2
1 − VN(t2N − t1N)/2

= IN
K1π(1 − t2N)

K2 − πt2N
, (15)

which, after some manipulation, can be written in the form of a standard quadratic equation:

αt2
2N + βt2N + γ = 0, (16)

where the coefficients are
α =

π

2
VN(1 + K1 IN), (17)

β = −
[

πK1 IN +
π

2
K1(1 + t1N)VN IN +

1
2
(πt1N + K2)VN

]
, (18)

γ = πK1 IN +
π

2
K1t1NVN IN +

K2

2
t1NVN , (19)

Only the solution for t2N < 1 (i.e., t2 < T/2) has a physical meaning, therefore:

t2N =
−β −√

β2 − 4αγ

2α
, (20)

Translating (20) from the normalized time to the real-time, see (12), gives the termina-
tion instant of charging State 2:

t2 =
T
2

t2N , (21)

Since the firing instant t1 is set by the controller and is known and the extinction
instant t2 can be obtained from (21), the power transfer window can be found by (6). This
allows for the calculation of the output power of the OLMEH-AR as shown next.

2.4. Analysis: Output Current and Power

The rectifier’s input current is the difference between the secondary current, i2(t), and
the magnetizing current, im(t); see Figure 4c. Therefore, the charge delivered to the CVL
during a half cycle is

qb =
∫ t2

t1

(i2(t)− im(t))dt, (22)

Examining the waveforms in Figure 2 reveals that in the steady-state, the magnetizing
current is symmetrical. This means that the charge drawn by the magnetizing current is
zero: ∫ t2

t1

im(t)dt = 0, (23)

This also complies with the principle that for the lossless system in the steady state,
the energy captured by an ideal magnetizing inductance is fully recycled.

Combining (22) and (23), the average output current can be found as:

Ib =
2
T

∫ t2

t1

I2msin(ωt)dt =
I2m

π
(cos (ωt1)−cos(ωt2)), (24)

whence the average output power delivered to the constant voltage load is

Po = Vb Ib =
2
√

2
πN

Vb I1rms(cos (ωt1)−cos(ωt2)), (25)

2.5. Analysis: Maximum Power Conditions

Recall again that the delay time, t1, in (25) is an independent variable set by the
controller’s command, whereas t2, given by (20), (21) is a function of t1 as well as the
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OLMEH’s parameters and operation conditions. Thus, the question arises regarding
the proper choice of the delay time to optimize/maximize the OLMEH’s power output.
Symmetry considerations, see Appendix A for details, suggest that the maximum output
power can be attained when the power transfer window is aligned symmetrically to the
line current peak:

t2mpp =
T
2
− t1mpp , (26)

Substituting (26) into (25), the maximum power that can be obtained from the OLMEH-
AR under the MPP condition is

Pompp =
4
√

2
πN

Vb I1rmscos
(
ωt1mpp

)
, (27)

Whereas the optimum delay time, t1mpp , required to implement the MPP condition is
found by normalizing the condition (26) and substituting it into (15). Further manipulation
of the expression leads to the following quadratic equation:

αmppt2
1Nmpp + βmppt1Nmpp + γmpp = 0, (28)

where
αmpp = −2πVN(1 + K1 IN), (29)

βmpp = −[(2K2 − 3π)VN + πK1(2 − VN)IN ], (30)

γmpp = (K2 − π)VN , (31)

Only the positive solution for t1Nmpp has a physical meaning:

t1Nmpp =
−βmpp −

√
β2

mpp − 4αmppγmpp

2αmpp
, (32)

Translating the normalized time (32) to the real-time yields:

t1mpp =
T
2

t1Nmpp, (33)

The results of (32), and (33) allow for optimally locating the power transfer window
for optimal energy harvesting; see (27).

3. Comparison with the Experimental Results

An experimental laboratory OLMEH prototype, as shown in Figure 1, and its power
processing unit were built and tested. The OLMEH’s core was constructed by stacking to-
gether three pairs of 10H10 C-cores made of silicon steel (EILOR MAGNETIC CORES). The
magnetic path length was lc = 120 mm, and the total core cross-section of Ac = 1800 mm2.
The total number of secondary turns was N = 40.

NTP011N115MC MOSFETs and Schottky rectifiers STP80H100TV were used. The
prototype controller was developed and built to allow for adjustment of the delay time, t1,
and the controller’s power transfer window width, tpw, independently.

The Froelich parameters of the core a and b were established by curve fitting to the
experimental data. Measured B-H characteristics of a silicon steel core sample vs. the fitted
BH curve, drawn by using the extracted Froelich parameters, are shown in Figure 6. Here,
a = 2.05 [T] and b = 109.4 [At/m] were found, the same as in [10].

Typical waveforms of the experimental OLMEH with an active rectifier at line current
I1 = 100 A rms under constant voltage load, Vb = 45 V, are shown in Figure 7. Here, the
waveforms shown are: line current i1(t), the rectifier input current iin(t), and the gating
signal of the M1 switch, vg(t), generated by the controller. The math channel shows the
instantaneous output power po(t). Recall that energy transfer to the CVL occurs during the
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high level of the v1(t) waveform. Note that the primary voltage, v1(t), was measured across
the line conductor segment of only about 10 cm long. Also, it is worth noting that (during
the positive half cycle), the saturation of the core manifests itself by the rapidly falling edge
of the iin(t) current. The energy stored by the magnetizing inductor manifests itself by the
offset segment seen in the iin(t) waveform, when the v1(t) is at its zero level. The release of
the stored energy is manifested by the down-going step in the iin(t) waveform.

Figure 6. Comparison of the measured BH curve of the silicon steel core sample (EILOR MAGNETIC
CORES) to its Froelich approximation [10].

(a) (b)

(c) (d)

Figure 7. Cont.
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(e) (f)

(g)

Figure 7. Typical waveforms of the experimental OLMEH with an active rectifier at line current
I1 = 100 A rms: Vb = 45 V. Delay time: (a) t1 = 1 mS; (b) t1 = 1.5 mS; (c) t1 = 2 mS; (d) t1 = 2.5 mS;
(e) t1 = 3 mS; (f) t1 = 3.5 mS; (g) t1 = 4 mS.

The theoretical derivations were first verified by simulation. Figure 8 shows the
comparison of the calculated vs. the simulated results for the output power. Here, the
assumed line current was Iline = 100 A rms and Iline = 200 A rms (also N = 40, Vb = 45 V).
Good agreement between the results was found.

Figure 8. Comparison of the simulated vs. calculated OLMEH’s output power as a function of the
delay time, t1, for line current of Iline = 100 A rms and Iline = 200 A rms, (here, N = 40 and Vb = 45 V).

Comparison of the experimentally measured vs. calculated by (33) and (27) output
power as a function of the delay time t1, for line current Iline = 100 A rms and constant
load voltage Vb = 45 V, as shown in Figure 9. A good match between the experimental and
theoretically predicted power can be observed.
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Figure 9. Comparison of the experimentally measured vs. calculated output power as a function of
the delay time t1. (For Iline = 100 A rms; Vb = 45 V).

The experimental work revealed that handling the OLMEH prototype brought about
variations in its magnetic properties, primarily due to variations in the technological air
gap between the two halves of the C-core, which depend on factors like mounting force
and surface imperfections. Therefore, some inaccuracies can be seen in the presented
comparison plots.

The view of the experimental prototype OLMEH and its test bench are shown in
Figures 10a and 10b, respectively, and they are similar to that used in [10].

(a) (b)

Line OLMEH

Line

VARIAC

Iso. Transf.

OLMEH

CVL

Scop

Figure 10. View of the experimental prototype OLMEH (a) and its test bench (b) [10].

4. Conclusions

This paper aims to offer a closed-form solution for an overhead line magnetic energy
harvester with an active rectifier (OLMEH-AR) operating under a constant voltage load.

The article initially examines the Froelich equation, which is subsequently utilized
as a fundamental instrument to scrutinize the OLMEH-AR’s functionality. The selection
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of the Froelich equation as the approximation function to characterize the core BH curve
is crucial and has been demonstrated to be well suited for facilitating the derivation of
a comprehensive analytical model of an OLMEH-AR. The offered model allowed for
an extensive analytical study of the OLMEH-AR which yielded approximate analytical
solutions for charging and idle periods, the power transfer window, the mean output
current, and the mean output power.

An important note drawn from the experimental work is that manipulating the
OLMEH-AR prototype affects the magnetic core parameters. This is primarily due to
variations in the technological air gap remaining between the two halves of the C-core,
which depend on factors such as misalignment, mounting force, and surface imperfections.
Therefore, the authors believe that developing a more precise and complex theoretical
model, including hysteresis effects, temperature effects, etc., is of limited practical value
because of the unavoidable core parameter variations.

As compared to the passive rectifier case, the application of an active rectifier sig-
nificantly increases the harvester’s output power [10]. This comes as a result of two key
features, which the passive rectifier does not possess. First is that the controlled rectifier
allows for the storage of magnetic energy by short-circuiting the OLMEH’s secondary
winding, and, secondly, the active rectifier allows aligning the power transfer window to
track the optimal power point. The output characteristics of the OLMEH and its proper
matching, considering variable line current and load voltage conditions, have also been
reported in recent papers [23–25].

While the advantage of the uncontrolled rectifier is its simplicity and robustness, the
advantages of the active rectifier are the ability to control the CVL charging current as well
as providing overcharge and line overcurrent protection features. However, realizing the
active rectifier functions requires a somewhat sophisticated approach, synchronized to the
line current control circuit.
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Nomenclature

Throughout this paper, the following definitions of key parameters were adopted.

Time (continuous) t
State 1 termination instant t1
State 2 termination instant t2
Flux density zero crossing instant tZ
Power line angular frequency ω

Flux density B(t)
Saturation flux density Bs
Field intensity H(t)
Saturation field intensity Hs
Froelich coefficients a, b
Number of turns N
Magnetic path length lc
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Magnetic core area Ac
Line (primary) current instantaneous i1(t)
Line (primary) current amplitude I1m
Secondary current instantaneous i2(t)
Secondary current amplitude I2m
Magnetizing current, (instantaneous) im(t)
Rectifiers’ input (AC side) voltage vin(t)
Rectifiers’ input (AC side) current iin(t)
CVL voltage Vb
CVL current ib(t)
Average output power Po

Appendix A

In our case, the delay angle is θ = ωt1 and the extinction angle is ϑ + δ = ωt2. We
found the condition on ϑ maximizing the function cos (ϑ)−cos(ϑ + δ).

Applying the classical extremum finding procedure:

d
dϑ

(cos (ϑ)− cos(ϑ + δ)) = −sin (θ) + sin(ϑ + δ) = −sin ϑ + sinϑcos δ+cos ϑsin δ = 0 (A1)

whence

tan ϑ =
sin δ

1 − cos δ
=

2sin δ
2 cos δ

2

2
(

sin δ
2

)2 = cot
δ

2
= tan

(
π

2
− δ

2

)
, (A2)

Comparison of the argument on the left hand-side and the right hand-side yields the
delay angle:

ϑ=
π

2
− δ

2
, (A3)

whence the extinction angle is

ϑ+δ =
π

2
+

δ

2
. (A4)

Hence, to attain the MPP condition, the pulse edges should be aligned symmetrically
relative to π/2; thus, (26) follows.
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Abstract: An ultra-wideband common-mode (CM) filter for a gigahertz (GHz) data rate signal is pro-
posed in this paper. The proposed filter was designed only on the printed circuit board (PCB) ground
plane; no additional components wererequired. We took advantage of producing second-order
transmission zero by an asymmetrical magnified coupled DGS to extend the suppression bandwidth.
Full-wave simulations and equivalent circuit models of the DGS resonator were established to predict
the suppression performance. The measured differential-mode insertion loss (Sdd21) from direct
current (DC) to 12.35 GHz was obtained within the −3 dB definitionin the frequency domain. The
CM noise was suppressed by more than10 dB in the frequency range from 2.9 GHz to 16.2 GHz. The
fractional bandwidth (FBW) reached 139.3%. The proposed filter blocked 62.3% of the CM noise
magnitude in the time domain measurement. In addition, the eye diagram measurement proved that
good transmission quality was maintained. The proposed filter can be widely implemented to reduce
electromagnetic interference (EMI) in radio frequency (RF) andWi-Fi (wireless fidelitystandard) 5 and
6E wireless communication applications.

Keywords: bandstop filter (BSF); common-mode noise; defected ground structure (DGS);
electromagnetic interference (EMI); signal integrity (SI)

1. Introduction

At present, electronic products tend to operate at high data rates and complexi-
ties. Transmission at a GHz data rate is widely used in modern digital circuits, such as
serial advanced technology attachment (SATA) III/6 Gbit/s, universal serial bus (USB)
3.2/10 Gbit/s, and peripheral component interconnect express (PCIe or PCI-e)
4.0/16 GT/s. Differential transmission is the most suited for high-speed data raterequire-
ments. Differential pairs should be symmetrical to maintain good signal integrity (SI) and
avoid electromagnetic interference (EMI). However, asymmetric routing is unavoidablein
practical situations, even when using smooth bend structures [1], as it results in common-
mode (CM) noise because of an imbalanced amplitude or a timing skew on the differential
signal paths. CM noise may generate unwanted radiation and cause severe EMI problems,
which results in a decreased performance of high-speed circuits [2]. Therefore, we expect
the common-mode filter to maintain a good SI and EMI to avoid interfering with the sensor
signals in the system.

The conventional method is to use CM choke coils with high-permeability ferrite
cores [3] or compact CM filters that were built on multilayer, low-temperature, co-fired
ceramics [4]. They suppress the CM noise in the megahertz frequency domain. However,
CM chokes do not work well in the frequency domain above 2 GHz. Furthermore, they are
not practical for compact circuit designs.

The differential-mode bandpass filter (BPF) and CM noise bandstop filter are better
suited for GHz digital circuit systems; several methods are discussed in [5–18]. First,
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the stopband-extended balanced BPF [5] and balanced dual-band BPF [6] were proposed
as design concepts of the resonator for differential signaling. They achieved narrow
passbands using adequately designed resonators. Next, wideband or ultra-wideband
differential-mode BPFs were proposed in [7–9]. The results showed that differential-mode
BPFs were limited in high-speed digital circuit applications because the BPFs did not pass
low-frequency terms.

In addition, the authors of [10–18] proposed many CM suppression filter designs
using defected ground structures (DGSs). The primary design concept differed from the
differential-mode BPF introduced earlier; CM filter designs can pass both passband and
low-frequency differential signals. Theoretically, the differential signals were propagated
on two coupled microstrip lines in the odd mode. The signal current traveled through one
trace and returned through the other trace. In other words, the DGS on the ground plane
was negligible in the odd propagation mode because the return current passed through
the opposite line of the coupled microstrip line. On the other hand, the CM noises were
propagated in the even mode; the return current of the CM noises flowed through the
ground plane. Therefore, we designed an inductance (L) and capacitance (C) resonant
circuit using the DGS on the ground plane. It acted as an ideal open circuit and reduced
the magnitude of CM noise because the DGS blocked the return current.

First, a dumbbell-shaped DGS in [10] obtained a bandstop frequency range from
3.3 GHz to 5.7 GHz using a −20 dB definition. In [11], quarter-wavelength open-circuit
stub resonators with 8.5 mm and 6.5 mm lengths achieved a broadband-frequency-range
performance from 4.27 GHz to 8.2 GHz using a −20 dB definition.

Next, DGSs in [12–17] obtained a bandstop range using a −15 dB definition. The DGS
in [12] used one H- and two C-shaped units to achieve a bandstop frequency range of
3.68 GHz to 8.43 GHz. Similarly, the DGS in [13] obtained a bandstop frequency range of
5.4 GHz to 11.4 GHz. In [14], a CM suppression filter design using two quarter-wavelength
resonators in multiple sets of differential pairs achieved a bandstop frequency range of
3.75 GHz to 6.95 GHz. The authors of [15] proposed a reconfigurable filter based on three
varactor-loaded compactDGSs, in which the bandstop frequency range was adjustable
from 1.8 GHz to 2.9 GHz and from 2.9 GHz to 8.1 GHz. In the design described in [16],
the authors symmetrically etched the DGS filter using a UH-shaped patterned ground
plane to form three mutually coupled resonators for wideband CM noise suppression.
It effectively reduced the CM noise in the frequency range from 3.6 GHz to 9.1 GHz.
In [12–16], these designs took advantage of a simple structure and a low fabrication cost,
but none could achieve an ultra-wide bandstop frequency range, even with three DGS units.
Furthermore, the authors of [17] designed a three-pole DGS filter to reduce the CM noise in
the frequency range from 3.2 GHz to 12.4 GHz. However, the physical size of the filter was
10 mm × 10 mm, which is not practical for a compact circuit design. Details of the CM
suppression filters are listed in Table 1, including the lower frequency (fL), upper frequency
(fH), central frequency (fC), and fractional bandwidth (FBW), where the FBW is defined as
the absolute bandwidth divided by the central frequency and is expressed as a percentage
of the central frequency. It is given by [19]

FBW = 2 × f1 − f2

f1 + f2
(1)

where f 1 and f 2 are the upper frequency (fH) and lower frequency (fL) of the stopband,
respectively.

After that, CM suppression filters in [18–20] obtained a bandstop range using a
−10 dB definition. In CM rejection filters based on a complementary split-ring resonator
design [18], the authors proposed three glide symmetry implementations to achievea
maximum FBW of 26.8%. A reconfigurable common-mode (CM) filter with a wide tunable
bandwidth and frequency range was proposed in [19]. It obtained three tunable CM
suppressions of frequency range from 1.9 to 3 GHz, 2.5 to 5.9 GHz, and 3.3 to 7 GHz,
achieving a maximum FBW of 75.5%. In the enhanced coupled DGS design [20], the
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filter used only two C-shaped DGSs to achieve wideband CM noise suppression. Two
C-shaped DGSs were the same size and in opposite directions on the ground plane and
were symmetrical to the centerline of the differential microstrip. The simulation results
for each half-structure indicated two resonant frequenciesclose to 8 GHz. The enhanced
coupling mechanism of the two C-shaped DGSs shifted the first-order resonant frequency
to 4.5 GHz and the second-order resonant frequency to 7 GHz. They suppressed the CM
noise in the frequency range from 3.7 GHz to 10.8 GHz using the definition of −10 dB, as
shown in the simulated result; the stopband FBW reached 97.9%. The physical sizes were
7 mm × 7 mm. However, the simulated results showed that the second-order transmission
zero did not bring an extended stopband to suppress the CM noise in the higher-frequency
domain due to an insufficient coupling magnitude between the two DGS units. As an
extension design of [20], we propose an ultra-wideband CM suppression filter with an
asymmetrical magnified coupled DGS in this paper. We take advantage of the second-order
transmission zero produced by the asymmetrical magnified coupled DGS, which provides
a more pronounced coupling effect than [20].

Table 1. Details of the bandstop filters.

Ref. fL (GHz) fH (GHz) fC (GHz) FBW (%)

[12] 3.68 8.43 6.1 78.4
[13] 5.4 11.4 8.4 71.4
[14] 3.75 6.95 5.35 59.8

[15]
1.8 2.9 2.35 46.8
2.9 8.1 5.5 94.5

[16] 3.6 9.1 6.35 86.6
[17] 3.2 12.4 7.8 117.9

Next, the proposed CM suppression filter’s design details are presented in Section 2,
including full-wave simulations using high-performance electronic design automation
(EDA) software ANSYS HFSS 2022 R1 and equivalent circuit modelsusing the circuit
simulation tool Agilent ADS. Section 3 presents measurements to validate the simulated
results, including frequency and time domain measurements. Section 4 presents discussions.
Finally, the conclusion is providedin Section 5.

2. Methods

2.1. Full-Wave Simulation

The ultra-wideband CM suppression filter was simulated on a standard FR4
( r = 4.4) substrate; the loss tangent was 0.02. The printed circuit board (PCB) thickness was
1.035 mm. We used 1 oz copper on the top layer and layer 2, where layer 2 was ground
plane. The computer configurations include Intel i7 CPU, 8 GB RAM, and 500 GB solid-state
drive (SSD).

Figure 1 shows the PCB stack-up. Two microstrip lines were on the top layer; their
width (W) and spacing (S) were 0.18 mm and 0.36 mm, respectively. We designed W and
S to meet a 100 Ω differential pair to maintain good SI in the differential mode. Figure 2
shows the PCB top view. Two DGS units were placed close to each other on the ground
plane to form long and narrow bridges on that plane. The detailed geometry parameters of
the DGS resonators are also summarized in Table 2.

We first simulated the two half-structure DGS units of the proposed suppression filter
using ANSYS HFSS; they are referred to as “Left DGS” and “Right DGS” to simplify the
following analysis. Next, we simulated the proposed ultra-wideband CM suppression
filter.
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Figure 1. PCB side view.

Figure 2. PCB top view.

Table 2. Detailed list of geometry parameters.

Parameters Value Parameters Value Parameters Value Parameters Value Parameters Value

W 0.18 S 0.36 t 0.035 h1 0.1 h2 0.865
Wt 5.2 Ws 2.5 Wb 0.2 Lt 5.04 Wg1 0.2

Wb1 2.4 Wb2 4.6 Lb1 0.56 Lb2 0.4 Wg2 0.3

Unit: mm.

Figure 3 demonstrates the full-wave simulations of the differential-mode insertion
loss (Sdd21) by the blue curve and the common-mode insertion loss (Scc21) by the red curve
in the Left DGS. From the Scc21 simulated result, we obtained a −3 dB cut-off frequency
(fCL) at 2.72 GHz and a resonant frequency (f 0L) at 7.3 GHz.
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Figure 3. Full-wave simulated insertion loss for the Left DGS.

Similarly, Figure 4 shows the full-wave-simulated Sdd21 and Scc21 in the Right DGS.
The simulation results of the −3 dB cut-off frequencies fCR1 and fCR2 of Scc21 were 2.6 GHz
and 9 GHz, respectively; the resonant frequencies of the first-order frequency (f 0R1) and
second-order frequency (f 0R2) of 6.6 GHz and 13.7 GHz, respectively, were also obtained.

Figure 4. Full-wave simulated insertion loss for the Right DGS.

Finally, Figure 5 shows the Sdd21 and Scc21 of the proposed suppression filter using
the magnified coupled DGS. Three resonant frequencies, f 01, f 02, and f 03, were identified,
which were 3.2 GHz, 10.3 GHz, and 14.2 GHz, respectively. Since the two DGS units, the
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Left DGS and the Right DGS, were placed close to each other to produce a mutual coupling
effects, it was easy to determinethe frequency separation and the ultra-wide stopband. All
the frequencies of the Left DGS, the Right DGS, and the proposed suppression filter are
listed in Table 3.

Figure 5. Full-wave-simulated insertion loss for the proposed suppression filter.

Table 3. Cut-off and resonant frequencies of Left DGS, Right DGS, and the proposed suppression filter.

Left DGS fCL 2.72 f 0L 7.3
Right DGS fCR1 2.60 fCR2 9.0 f 0R1 6.6 f 0R2 13.7

The proposedfilter f 01 3.20 f 02 10.3 f 03 14.2
Unit: GHz.

2.2. Circuit Simulation

In this section, we report the results of characteristic frequencies to derive the circuit
parameters. We built the equivalent circuit model for the Left DGS, the Right DGS, and
the proposed CM filter in Agilent ADS, represented to be consistent with the full-wave
simulation results.

We considered characteristic impedance (Zeven) in an even-mode cascading parallel LC
circuit to the ground plane when the CM noise passed through to the DGS. Then, we could
extract the equivalent circuit parameters from the simulation results in Section 2.1. First,
we modeled a parallel LC-equivalent circuit from a transmission zero in the Left DGS. The
parameters of the parallel LC resonator were derived by the resonant frequency (f 0L) of
7.3 GHz and the −3 dB cut-off frequency (fCL) of 2.72 GHz. We calculated the parameters of
the parallel capacitance (C) and inductance (L) using Formulas (2) and (3), as given by [21],

C =
1

4π × Zeven

(
fC

f02 − fC
2

)
(2)

L =
1

4π2 f02C
(3)
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since
f0 =

1
2π

√
L × C

(4)

The equivalent circuit model of the Left DGS is shown in Figure 6. The even-
mode impedance Zeven equaled 49.46 Ω. The equivalent circuit model of the Left DGS
resulted in the following parallel capacitance and inductance parameters: CL1 and LL1 were
0.095 pF and 4.98 nH, respectively. Figure 7 shows the comparison of the full-wave
simulation parameter Scc21 for the red curve and the equivalent circuit model for the black
curve.

Figure 6. The parallel LC-equivalent circuit model of the Left DGS.

Figure 7. S-parameter of equivalent circuit model and full-wave simulation for the Left DGS.
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Similarly, the equivalent circuit model of the Right DGS is shown in Figure 8. It
consists of two LC elements in parallel, since two transmission zeros were obtained from
the Right DGS simulation. We obtained the circuit parameters CR1, CR2, LR1, and LR2,
which were 0.114 pF, 0.136 pF, 5.12 nH, and 0.99 nH, respectively. Figure 9 shows the
comparison of the insertion loss of the full-wave simulation and the equivalent circuit
model.

Figure 8. The parallel LC-equivalent circuit model of the Right DGS.

Figure 9. S-parameter of equivalent circuit model and full-wave simulation for the Right DGS.
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Following this, we used the general formulation (5) for extracting the coupling co-
efficient k, regardless of whether the coupling was electric, magnetic, or mixed; kx is the
mixed coupling coefficient and is given as Formula (6), where km and ke are the magnetic
and electric coupling coefficients, respectively. The coupling coefficient k is given by [22].

k = ±1
2

(
f02

f01
+

f01

f02

)√√√√(
fp22 − fp1

2

fp22 + fp1
2

)2

−
(

f022 − f01
2

f022 + f01
2

)2

(5)

kx = ke − km (6)

We analyzed the coupling characteristics of the DGS resonator using a single-ended
microstrip line model [21], as shown in Figure 10. The peak frequencies corresponding
to the resonant characteristics are obtained by S21 simulation in Figure 11; three peak
frequencies, fp1, fp2, and fp3, were at 4.9 GHz, 7.7 GHz, and 13.1 GHz, respectively. In
addition, we obtained the resonant frequencies of the Left DGS and the Right DGS—6.6 GHz,
7.3 GHz, and 13.7 GHz for f 0R1, f 0L, and f 0R2, respectively—as reported in Section 2.1.

 

Figure 10. The single-ended microstrip line model.

The coupling coefficients kx1 and kx2 of the asynchronously tuned coupled resonators
were obtained as 0.413534 and 0.612251, respectively, for which kx is a crucial design
parameter. Using kx and Zeven, we built the equivalent circuit model of the proposed
suppression filter. Figure 12 shows the equivalent circuit model of the proposed suppression
filter. Figure 13 compares the insertion loss of the equivalent circuit model and the full-
wave simulation. Finally, we summarize the detailed parameters of the equivalent circuit
model in Table 4. From the results, this equivalent circuit model still effectively predicted
the ultra-wide stopband produced by the proposed suppression filter.
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Figure 11. The S21 simulation of the single-ended microstrip line model.

Figure 12. The equivalent circuit model of the proposed suppression filter.

Table 4. Parameters of the equivalent circuit model.

Zeven 49.46 Ω CL1 0.095 pF LL1 4.98 nH
CR1 0.114 pF LR1 5.12 nH CR2 0.136 pF LR2 0.99 nH
f p1 4.9 GHz f p2 7.7 GHz f p3 13.1 GHz

f 0R1 6.6 GHz f 0L 7.3 GHz f 0R2 13.7 GHz
kx1 0.413534 ke1 0.202218 km1 0.211316
kx2 0.612251 ke2 0.261125 km2 0.351126
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Figure 13. S-parameter of equivalent circuit model and full-wave simulation for the proposed filter.

3. Results

We fabricated four PCB test samples using a chemical etching process to verify our
proposed design. The PCB size was 60 mm × 40 mm. First, two PCBs are shown in
Figure 14a,b: a reference board with a solid ground plane and a proposed filter board. As
shown in Figure 14b, the proposed filter was located in the center of the PCB. Later, we
used the Keysight E5071C ENA Vector Network Analyzer to measure the S-parameters in
the frequency domain. We also measured and observed the differences in the eye diagrams
in the time domain. Additionally, we measured and observed the noise magnitude for
time-domain performance verification using another two PCBs with a 5 mm delay line, as
shown in Figure 15a,b.

  
(a) (b) 

Figure 14. Photographs of the fabricated prototype: (a) the reference board and (b) the proposed
filter board.
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(a) (b) 

Figure 15. Photographs of the fabricated prototype with a 5 mm delay line: (a) the reference board
and (b) the proposed filter board.

3.1. Frequency-Domain Performance

As shown in Figure 16, we obtained the Sdd21 measurement from DC to 12.35 GHz
within the −3 dB definition. In addition, the CM noise stopband is shown as the Scc21
measurement. The frequency range was from 2.9 GHz to 16.2 GHz using a −10 dB
definition.

Figure 16. S-parameter of measurements and full-wave simulation.

3.2. Time-Domain Performance

In the following, we also used an eye diagram and a CM noise magnitude (Vcommon)
measurement to verify the capability of the proposed filter in the time domain. We mea-
sured the eye diagram to verify the proposed suppression filter that maintained good SI
for differential signal transmission. First, we excited an 8 Gbps signal to ports 1 and 2 with
a 27−1 pseudo-random binary sequence (PRBS), where the amplitude was ±0.5 V and the
rise time was 50 ps. The eye diagram measurement is shown in Figure 17 from ports 3 and 4.
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(a) 

 
(b) 

Figure 17. Measurement of the eye diagrams: (a) the reference board and (b) the proposed suppres-
sion filter board.

Table 5 summarizes the detailed parameters of the eye diagram, including the eye
height, width, and timing jitter. As shown by the results, this system still maintained a
good transmission quality, although there was a small amount of degradation on the filter
board measurement.

Table 5. Detailed parameters of the eye diagram.

Eye Height Eye Width Timing Jitter

Reference Board 807.8 mV 117.4 ps 3.125 ps
Filter Board 762.3 mV 116.8 ps 2.344 ps
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Furthermore, we excited CM noise to one of the differential lines with an implemented
5 mm delay line using a two-step function to measure the CM noise magnitude. Figure 18
shows the CM noise magnitude measurements for the reference and the proposed suppres-
sion filter boards with a 5 mm delay line. The results showed that the peak voltage was
138 mV and 52 mV, respectively. The measurement results of the CM noise showed that the
proposed filter suppressed 62.3% of the magnitude.

Figure 18. Measurements of CM noise magnitude.

4. Discussion

A parallel resonant circuit stores circuit energy in the inductor’s magnetic field and
the capacitor’s electric field. Currents through inductors and capacitors are always equal
and opposite. We can adjust the geometry parameters of the capacitor (Wg1) and inductor
(Wb, Wb1, and Wb2) in Figure 2 to obtain the resonant frequency. The smaller Wg1 has larger
capacitance. Thinner Wb or longer Wb1 and Wb2 produce larger inductance. In addition,
larger capacitance or inductance leads to lower frequency from Formula (3) in Section 2.2.
As seen in Figures 7, 9 and 13, the Scc21 of the equivalent circuit model agrees very well
with the full-wave simulation result. It shows differences in the high-frequency domain
since the full-wave simulation is realistic and different from the equivalent circuit model; it
should be considered in additional parasitic capacitances and inductances, such as PCB
vias. In addition, the equivalent circuit model does not include some distribution effects,
such as complex boundary conditions.

In Section 2.2, we quickly predict the first- and second-order transmission zero using
the circuit simulation tool Agilent ADS. The Left and Right DGS are considered asyn-
chronously tuned coupled resonator circuits [22] because two DGSs obtain three different
resonant frequencies. The coupling coefficient changes and affects the frequency char-
acteristics because of the stored electromagnetic field distributions. In other words, the
bandwidth is extended due to the asynchronously tuned coupling.

According to the Scc21 measurement in Section 3.1, from 2.9 GHz to 16.2 GHz, the
fractional bandwidth (FBW) of the proposed design reaches 139.3%, where the stopband’s
central frequency is 9.55 GHz. The filter’s physical size is 5.04 mm × 5.2 mm. The filter’s
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electrical size is only 0.292 λg × 0.302 λg, where λg is the guided wavelength of the stopband
central frequency. The guided wavelength is given by

λg =
λ0√
εre

, (7)

where λ0 is the free space wavelength at operation frequency. The effective dielectric
constant (εre) is obtained by the dielectric constant (εr), PCB thickness (h), and trace width
(W). This work fallsunder the case of W/h � 1; the εre is given by [23],

εre =
εr + 1

2
+

εr − 1
2

1√
1 + 12 h

W

. (8)

The measured value has ripples and attenuations in Figure 16, possibly due to
impedance mismatch between the PCB and connector; additionally, there are tolerances in
PCB manufacturing, and the FR4 substrates have limited performance at high frequencies
above 10 GHz. However, Scc21 still shows a good agreement between the measurements
and simulations. This demonstrates that the CM noise is suppressed in an ultra-wide
stopband.

We asymmetrically etched the DGS filter in the proposed filter to form three mutually
coupled resonators, resulting in a pronounced ultra-wideband suppression effect. Table 6
lists the detailed comparison with [17–20]. The proposed work reveals the smallest physical
size; compared with [19], the physical size is reduced by 85%. The area at the stopband
central frequency is the most compact. In addition, the CM noise suppression band is the
most extensive range, and a high frequency reaches 16.2 GHz. Compared with previous
research [20], the FBW is increased by 41.3%.

Table 6. Detailed comparison with related DGSs.

[17] [18] [19] [20] This Work

Physical size
(mm × mm) 10 × 10 — 9.2 × 19 7 × 7 5.04 × 5.2

Electrical size
(λg × λg) — — 0.22 × 0.46 0.305 × 0.305 0.292 × 0.301

Area 100 mm2/
—

—/
—

174.8 mm2/
0.1012 λg

2
49 mm2/

0.0929 λg
2

26.21 mm2/
0.0881 λg

2

Scc21 < −10 dB
(GHz) 3–13 2.4–3.15 1.9–7.3 3.7–10.8 2.9–16.2

FBW 125% Max. 26.8% Max. 75.5% 98% 139.3%

Table 7 compares the noise magnitude with previous research. Compared with [20],
the suppression ratio increases by 20.3%. This demonstrates that the proposed suppression
filter possesses a more excellent CM noise-reduction capability.

Table 7. Comparison of the noise magnitude.

[20] This Work

Reference Board 170 mV 138 mV

Filter Board 98.6 mV 52 mV

Suppression Ratio 42% 62.3%

5. Conclusions

This paper proposes an ultra-wideband CM noise suppression filter using a magnified
coupled DGS. We appropriately designed the resonant frequency using an asynchronously
tuned coupled resonant circuit. In the frequency domain, the measurements demonstrated
that the Sdd21 from DC to 12.35 GHz was measured within the −3 dB definition and that
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the CM noise could be reduced by more than −10 dB from 2.9 to 16.2 GHz. In addition,
the FBW of the stopband reached 139.3%. In the time domain, the measurement of the CM
noise magnitude was reduced by 62.3%.

Although most high-speed interfaces use stripline routing, we could still place the
proposed filter near the connector. The proposed filter is characterized by having two
simple geometry structures, no additional components, the most compact size on the
PCB, and a considerable FBW. As far as we know, this is the first filter to achieve CM
noise suppression exceeding 130% FBW in ultra-wideband. Finally, the proposed filter
can be widely implemented to reduce the electromagnetic interference in RF and wireless
communication applications with Wi-Fi 5 and 6E. In addition, it can be used in satellite and
microwave telecommunication applications with the C and X bands, as part of the Ku band.
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Abstract: In this paper, we propose a new filtering switch with excellent working performance
made using an optimized coupled microstrip line. Upon analyzing the RF (radio frequency) front-
end’s system structure, the switching device was simplified to a diode, which was connected to the
microstrip circuit we designed to become a filter switch with both filtering and shutdown functions.
First, we obtained an equivalent schematic of this filtering switch based on the relevant microstrip
line theory. This switch consists of two coupled microstrip circuits, parallel-coupled feed lines
and coupled-line stub-load resonators (CLSs), and a PIN diode. Second, the operating principle is
described by the switching of the operating states, with ideal shutdown performance in the off state
and considerable selectivity and excellent out-of-band rejection performance in the filtered state.
Finally, a prototype filtering switch with a center frequency of 0.8 GHz was designed and tested.
After subsequent optimization and improvement, the simulation and test performance results were
noticeably consistent, consequently verifying the performance requirements of this filtering switch in
two operating states in the center frequency band.

Keywords: filtering switch; coupled microstrip line; working performance

1. Introduction

As enhancements in communication technology become increasingly mature, the
working performance and integration necessities of RF (radio frequency) systems’ front-
end devices are also increasing [1–3]. In modern communication systems, an RF (radio
frequency) system’s front end is usually composed of filters and switches designed sepa-
rately and then cascaded. This cascading method will cause matching distortion, which
undoubtedly increases the production cost and design difficulty of the RF (radio frequency)
system’s front-end circuit structure. The solution to this problem is to design an inte-
grated circuit with the required performance, i.e., a filtering switch with both filtering and
shutdown functions [4].

Figure 1 depicts our idea for the RF (radio frequency) front-end system, namely,
integrating the filter and switch modules in the RF (radio frequency) front-end system to
form a filtering switch. The filtering switch is a microwave-integrated circuit, which can
change the circuit’s working state by changing the external diode’s on/off state. This design
method aims to improve the circuit’s integration, avoid the matching distortion of the filter
and switch cascade in the RF (radio frequency) front end, and reduce the integrated circuit’s
design cost. There are different types of filtering switches, such as those designed with
external PIN diodes for harmonic filter switching [5], those designed with cavity-coupled
bandpass filters for switching between filter and switch functions [6], and those with an
integrated divider and filter as one circuit [7,8]. There are filter switches that are integrated
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after designing a triplexer using the aggregate component theory [1] and integrated filter
switches based on the fractal stub-loaded resonator (F-SLR) design [9]. In our paper, we
combine a theoretical analysis of a coupled microstrip line and PCB fabrication process to
design and produce a filtering switch with two functions of being switched between filter
and off.

Figure 1. RF (radio frequency) front-end system diagram.

Previously, many researchers have labored on the design and commissioning of
filtering switches. The filtering switch proposed in [10] has a compact size and clear
passband selectivity; however, it has a relatively high insertion loss (IL) in pass-state
operation and less than optimal filtering operating performance. Although the view that
the transmission zeros (TZs) generated by the filtering switch enhance the filtering switch’s
through-state selectivity to some extent was introduced in [11], the selectivity impact
exhibited by using the filter switch in the filtered state is still relatively unsatisfactory.
Although the filtering switch mentioned in [2] exhibits excellent shutdown rejection, it is
not the best for use in the filter function, and while the filtering switch designed in [12] has
excellent turn-off rejection performance and excessive integration, its relative bandwidth
(FBW) is only 8.96%, with a connection insertion loss of 1.72 dB, which indicates an
unsatisfactory band pass filtering effect.

To avoid the above filtering switch problems and to fill knowledge gaps in the related
fields, in this paper, we combine an improved filter response theory of coupled microstrip
lines [13] with the basic design techniques of filtering switches [14–16]. We also studied
related research in similar fields, such as MEMS switch-based filters [17], ferrite resonant
filters [18], and enhanced gain in waveguide antennas [19]. Based on these theoretical
approaches, we propose a filtering switch designed according to the filtering effect of
coupled microstrip lines.

Our design idea is to choose parallel-coupled feeder lines and coupled-line stub-load
resonators (CLSs). At a wider operating bandwidth, the parallel-coupled feeder lines can
reduce the insertion loss (IL) and return loss (RL), and the coupled-line stub-load resonators
(CLSs) can produce symmetrically controllable transmission zeros (TZs).

Compared to the design idea of using aggregate elements in [1], the design using
these two coupled microstrip lines is easier to implement. There is no need to consider the
specific length setting of the short route, and the design is less difficult. Compared to the
design using a fractal stub-loaded resonator (F-SLR) proposed in [9], coupled-line stub-
loaded resonators (CLSs) are able to achieve good bandwidth more easily while providing
transmission zeros. Moreover, the results achieved with the help of simulation and the
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actual performance of the work performed will match a bit better and be easier to optimize
and adjust.

Combining the benefits of the two coupled microstrip lines for the design ensures the
reduction in insertion loss under the filtering effect, as well as the filtered state’s selectivity
through the symmetrical transmission zeros (TZs). When the diode is in on-state bias, the
filtering switch is in the filter state with excessive frequency selectivity, extensive rejection
band, and extraordinarily low IL. When the diode is in off-state bias, the filtering switch is
in the off-state mode with true off-state suppression.

2. Materials and Methods

We first perform a theoretical analysis of the coupled microstrip line given in Figure 2.

Figure 2. Parallel-coupled feed lines (left); coupled-line stub-loaded resonators (right).

Figure 2 shows the equivalent schematic diagram of the coupled microstrip lines
required to compose the filtering switch, where the parallel-coupled feed lines exhibit
bandpass filtering effects, and where the coupled-line stub-loaded resonators mainly
produce transmission zeros to enhance the passband selectivity in the filtered state.

First, the Z-parameter matrix of the parallel-coupled feed line is obtained primarily
based on the coupled microstrip line’s parity mode analysis principle:

Z =

[
Z11 Z12
Z21 Z22

]
= (1)

⎡⎢⎢⎣−
j
2
(Zoe1 + Zoo1)cotθ1 − j

2
(Zoe1 − Zoo1)cscθ1

− j
2
(Zoe1 − Zoo1)cscθ1 − j

2
(Zoe1 + Zoo1)cotθ1

⎤⎥⎥⎦ (2)

It is easy to see that the enter impedance Z1 of this coupled microstrip line is:

Z1 =

√
Z2

11 −
Z11Z2

21
Z22

= (3)

√
(Zoe1 − Zoo1)2 − (Zoe1 + Zoo1)2cosθ2

1

2sinθ1
(4)
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The ABCD matrix M1 of the parallel-coupled feed lines can be obtained from the
Z-parameter matrix:

M1 =

[
A1 B1
C1 D1

]
= (5)

⎡⎣ Z11

Z21

Z11Z22 − Z12Z21

Z21
1/Z21 Z22/Z21

⎤⎦ (6)

The ABCD matrix M2 of the coupled-line stub-load resonators (CLSs) is:

M2 =

[
A2 B2
C2 D2

]
= (7)

⎡⎢⎢⎣
Zoe2 + Zoo2

Zoe2 − Zoo2
cos2θ2

j
2
(Zoe2 + Zoo2)

2

Zoe2 − Zoo2
sin2θ2 −

j2Zoe2Zoo2

(Zoe2 − Zoo2)sinθ2
j2

Zoe2 − Zoo2

Zoe2 + Zoo2

Zoe2 − Zoo2
cos2θ2

⎤⎥⎥⎦ (8)

The equal impedance Z2 of the coupled-line stub-load resonators can be acquired from
the M2 matrix:

Z2 =
B2

D2
= (9)

j
2
(Zoe2 + Zoo2)tanθ2 −

j2Zoe2Zoo2

(Zoe2 + Zoo2)sinθ2cosθ2
(10)

According to [13], the transmission zeros ( fa, fb) of the bandpass filter in the skip state
are acquired from the equal impedance at Z2 = 0.

fa =
2
π

arcsin
√

1 − K2
2 < f0 (11)

fb = 2 f0 − fa > f0 (12)

where f0 is the center frequency at which the device operates, and K2 is the coupling
coefficient of the coupled-line stub-load resonators. Compared with the traditional quarter-
wavelength stub, the coupled-line stub-load resonators (CLSs) can produce two symmetric
transmission zeros to improve the passband selectivity. Compared to stub-loaded res-
onators, coupled-line stub-load resonators (CLSs) can exhibit better passband effects at the
same operating frequency.

Figure 3 shows the equivalent schematic of the filter switch based on the above analysis
of coupled microstrip lines. The physical structure of the proposed filtering switch consists
of two coupled microstrip lines, a parallel-coupled feed line, and coupled-line stub-load
resonators (CLSs), where the coupled microstrip line TL1 is connected to a PIN diode to
achieve a good on/off control effect. The equivalent schematic diagram that makes up this
filtering switch is given in Figure 3.

Figure 4 depicts the equal circuit used for the filtering switch’s PIN diode and the
bias’s specific states. The filtering switch behaves as a bandpass filter characteristic when
the switch is in on-state bias, and as a shutdown characteristic when it is in off-state bias.

First, based completely on the impedance evaluation and response of the coupled
microstrip lines cited above, we conclude that the return loss (RL) of this filtering switch
underneath on-state bias is the main decision, with the aid of the parallel-coupled feed
lines TL1 and TL2; this is proven in Figure 2, while the transmission zero and out-of-band
rejection are decided with the aid of the coupled-line brief-reduce loading resonators TL3
and TL4.
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Figure 3. Equivalent circuit schematic.

Figure 4. Equivalent circuit of Skyworks SMP1345-079LF PIN diode.

Second, according to our analysis of the individual coupled microstrip lines [13], we
derive the final system matrix Md.

Md =

[
Ad Bd
Cd Dd

]
= (13)

[
1 0

1/Z2 1

][
A1 B1
C1 D1

][
D1 B1
C1 A1

][
1 0

1/Z2 1

]
(14)

Finally, the filtering switch’s S-parameters are calculated from the system matrix Md.

S11 =
Ad + Bd/Z0 − CdZ0 − Dd

Ad + Bd/Z0 + CdZ0 + Dd
(15)

S21 =
2

Ad + Bd/Z0 + CdZ0 + Dd
(16)

3. Results

3.1. Design and Measurement

Figure 5 shows the physical layout of our proposed prototype filter switch based on
the performance analysis of the selected microstrip line (Figure 2) and the construction
of the schematic diagram (Figure 3). Based on the physical layout of Figure 5, the filter
switch’s physical prototype is fabricated (Figure 6).
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Figure 5. Filtering switch’s physical layout.

Figure 6. Photograph of the fabricated filtering switch.
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To effectively control the implementation of the on- and off-state function of this
filtering switch in practical engineering, PIN diodes are connected to the parallel-coupled
feed line. Figure 5 depicts the typical design of the filtering switch, with the complete circuit
used being fabricated on a Rogers _RT_Duroid5880 (εre = 2.2, h = 0.8 mm, tan δ = 0.0009)
substrate. Murata capacitors Cb = 470 pF are used for DC blocking off and RF sign pass
devices. In this paper, a PIN diode (SMP1345-079LF) from Skyworks is used, and the equal
circuit [10] is given in Figure 4, i.e., Ls = 0.7 nH, Rs = 2 Ω, Cs = 0.15 pF. An external DC
voltage equal to 16 V is applied to the diode through a 1 kΩ resistor, which adjusts the
on-state or off-state of the diode, thus achieving the filtering switch’s on-and-off effect.

Under the simulation and debugging of the ADS 2019 software , the impedances of
the coupled microstrip lines we chose to analyze in even and odd modes are Zoe1 = 205 Ω,
Zoo1 = 83.7 Ω, Zoe2 = 186.1 Ω, and Zoo2 = 76 Ω. According to the actual situation, the external
equivalent switching device will produce an excitation effect on the filter circuit using the
ADS software to optimize the overall circuit, and the physical dimensions obtained after
the system processing are as follows: W1 = 2.38, L1 = 17.8, W2 = 0.25, L2 = 73.1, g1 = 0.193,
W3 = 0.30, L3 = 68.828, g2 = 0.17, W4 = 0.33, L4 = 71.45, g3 = 0.18, W5 = 0.4, L5 = 70.98, and
g4 = 0.14 (unit: mm).

3.2. Simulated and Actual Measured Data

The simulated and measured parameters of the filtered changes are proven in Figure 7.
Figure 7a indicates the simulated and measured transmission and reflection coefficients in
the filtered state. Figure 7b indicates its corresponding off state. In this paper, we measured
the frequency response of the fabricated filtering switch by using a Keysight E5071C. The
outcomes are in suitable agreement with the ADS simulation results.

The measured results, inclusive of the impact of the I/O SMA connector, show that
the in-band return loss is higher than 15 dB for a core frequency of 0.8 GHz, while the
IL = 0.65 dB has a −3 dB FBW of 44.5%, and the measured turn-off rejection is higher
than 27 dB in the passband of the filter state. Out-of-band rejection indicates that the filter
change has state-of-the-art frequency selectivity and overall performance in the on state.

Figure 7. Cont.
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Figure 7. Simulated and actual measured filtering switch S-parameters’ (a) on state (b) off state.

4. Discussion

On the one hand, the coupling of the microstrip lines is adjusted by the bandpass filter
response of the parallel-coupled microstrip lines to gain an accurate bandpass filter effect.
The g1 and g2 values in Figure 5 decide the bandwidth of the filtering effect. However,
the coupling of the brief reduce-load resonator can be adjusted to generate the preferred
passband transmission zeros (TZs) to enhance the filter function’s passband selectivity.
The microstrip line coupling decided via the g3 and g4 values in Figure 5 can similarly
manipulate the vicinity of the transmission zeros. So, when the filtering switch is operating
in the on-state filter state, it has good passband selectivity and out-of-band rejection.
When the filtering switch is operating in the off state, the input and output ports are
approximately fully reflected, and good off-band rejection is easily obtained by changing
the PIN diode’s bias.

Because we chose to design a lower center frequency, the physical size of the prototype
shown in Table 1 is inevitably too large; however, this is only at the prototype stage, and we
will conduct more research to further reduce the size and production cost while ensuring the
operating performance. Due to our limited experimental resources, unavoidable tolerances
occurred during the fabrication of the prototype. The prototype in Figure 7b showed
differences between the out-of-band simulation and the actual measurement in the off state,
but it did not affect the operating condition in the operating bandwidth. In addition to this,
the filtering switch prototype operates at a 0.8 Ghz center frequency and 44.5% FBW in
the on state. In this case, part of the passband range is within the low frequency band of
700 MHz, and the relative bandwidth of 44.5% can cover most of the band; therefore, the
prototype is expected to be applied to the 700 MHz band in 5G communication.

Table 1. Comparison with other reported works. −: not given.

Ref. CF (GHz) IL (dB) FBW (%) RL (dB) OSS (dB) SIZE (λ2
g) Feasibility of 5G Band Operation

[2] 0.903 1.58 10.6 20 37.6 0.0355 Yes
[2] 0.914 1.36 11.4 − >40 0.0355 Not

[10] 1.246 1.9 15.3 <15 32.8 0.0201 Not
[10] 0.901 1.8 14.3 <15 27.8 0.0191 Not
[11] 0.991 1.08 14.73 20 48.2 0.029874 Not
[12] 0.994 1.72 8.96 − >40.6 0.033115 Not

This work 0.8 0.65 44.5 16.3 27.3 0.1178 Yes
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For the uncontrollable losses that appear above, we will refer to the work on LQG
control of linear lossless positive-real systems [20] in our subsequent work to optimize
and improve our prototype design, so that it can achieve better operating performance in
the future.

5. Conclusions

The performance of the filtering switch made with the PCB fabrication technique
was compared with that of the filtering switch discussed earlier, and the information is
summarized in Table 1. In comparison with the performance of the filtering switches
reported in [2,10–12], the suggested filtering switch in this study exhibits strong selectivity
in the on state, as well as a high degree of in-band insertion loss. In the off state, it possesses
good out-of-band rejection capabilities. Furthermore, this filtering switch has a low in-band
insertion loss. In this paper, we proposed a filtering switch based mainly on coupled
microstrip lines, and we experimentally verified its theoretical overall performance. The
proposed filtering switch has good frequency selectivity, low insertion loss in the on state,
and good overall rejection performance in the off state. Its operating frequency also satisfies
the specific 5G frequency band, which means that it has good application prospects for
future 5G communication systems.
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Abstract: In this paper, new single/double-layer N-way Wilkinson power dividers (WPDs) were
designed by using slow-wave structures such as narrow-slit-loaded and meandered transmission
lines. For size reduction, the slit-loaded and meandered lines were used instead of the quarter-
wavelength transmission lines of a conventional WPD. Based on the proposed approaches, two-,
four-, and eight-way power dividers were designed, simulated, and fabricated. The fabricated 2-,
4-, and 8-way circuits were measured at the center frequencies of 2.03, 1.77, and 1.73 GHz, which
are in excellent agreement with the predicted ones. The meandered transmission lines were also
used to design WPD types with novel input/output port arrangements. For this purpose, two
three-way WPDs were located on both sides of the same board to have different power-splitting
ratios at different inputs and outputs in order to provide alternative solutions for antenna arrays.
Furthermore, a five-way dual-layer WPD was introduced by locating the meandered transmission
lines into two layers. The most important advantage of the proposed 3- and 5-way WPDs is that they
allowed the input power at the next output port to be halved, in the order of P/2, P/4, P/8, P/16,
and P/16. All the designed power-halving WPDs were simulated, fabricated, and successfully tested.

Keywords: N-way; Wilkinson power dividers (WPDs); meandered transmission line; power halving

1. Introduction

There are different design approaches for WPDs, such as tapered transmission lines [1],
three-section [2], dual-band structures [3], dual-lines [4], and triple lines [5]. In addition
to these, open-/short-circuited stubs and defected ground structures are used to achieve
improved isolation [6–8]. Single- or multi-band WPDs operating in a wide frequency band
have also been studied. Among these, semi-lumped-element power dividers with dual-
band characteristics in the UHF/SHF bands [9], flexible design schemes for single− and
dual−band power-dividing operations [10], dual-band unequal WPDs [11], multi-T-section
characterization of high-impedance transmission lines [12], multi-band reconfigurable
differential power dividers [13], multiband WPDs based on multisection LC ladder cir-
cuits [14], and single/multi-band WPDs with transversal filtering sections [15] stand out.
Such WPDs may find application areas especially in multifunctional communication sys-
tems. Moreover, the placement of power dividers in antenna arrays is one of the main
focuses for researchers. Therefore, size reduction is another important parameter for WPDs,
since it is required for feeding the elements of the antenna array within a relatively reduced
area. To date, slow-wave structures have been especially used for size reduction. For this
purpose, capacitively loaded stubs [16,17] and narrow-slit-loaded and meandered transmis-
sion lines [18,19] are largely employed for WPD designs. Periodically, loaded slow-wave
structures are modified for different targets, including dual-band applications [20,21], SiGe
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BiCMOS processes [22], filtering power dividers having resonant LC branches [23], etc.
In some structures, coupled lines are used to suppress undesirable harmonics so that the
signal can be transmitted within the desired frequency region [24]. On the other hand, in
order to adjust the directivity, antenna array elements may need different power ratios
at different elements. Therefore, unequal power dividers may also find applications in
antenna arrays to meet the asymmetric power division requirement [25–27]. There are two
types of equal WPDs: N-way and cascaded models. N-way WPDs have an input port and
N output ports with the impedance of Z0

√
2, whereas cascaded model WPDs divide the

input power by 2 at each cascaded path [28].
In this paper, two-, four-, and eight-way cascaded WPDs are designed by using slow-

wave structures. For this purpose, the two-, four-, and eight-way WPDs constructed by
using narrow-slit-loaded transmission lines in [28] were first taken into account. Next,
they were replaced with meandered transmission lines to improve the compactness. Two-,
four-, and eight-way WPDs having meandered transmission lines were also fabricated
and successfully measured for demonstration. Based on the meandered transmission
lines, three- and five-way WPDs with new input/output port arrangements were designed,
fabricated, and successfully measured for demonstration. The proposed three- and five-way
circuits allow halving the input power at the next output port.

2. Materials and Methods

2.1. Analysis of WPDs

The S-parameters of a WPD can be calculated by using even–odd mode analysis.
An equivalent circuit model for a conventional 2-way WPD is shown in Figure 1a. As
can be seen from the figure, quarter-wavelength transmission lines having characteristic
impedances of Z0

√
2 are used in both output paths. Furthermore, an isolation resistor of

2Z0 is located between the two output ports. Based on this model, slow-wave transmission
lines can be employed instead of the conventional quarter-wavelength transmission lines.
Therefore, these models are the starting point of the entire design procedure.

 
(a) 

 
(b) 

Figure 1. (a) Equivalent circuit model of a 2-way WPD. (b) Equivalent circuit model for the calculation
of S11.

The S parameters of the WPD given in Figure 1a can be obtained by different ap-
proaches. In order to obtain S11, the circuit model should be considered as illustrated in
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Figure 1b, since no current will flow through the isolation resistor. As can be seen from
Figure 1b, S11 can be calculated from the following set of equations:

S11 =
Zin − Z0

Zin + Z0
(1)

Zin =
ZLine

2
(2)

ZLine = Z0
√

2
Z0 + jZ0

√
2tan θ

Zo
√

2 + jZ0tan θ
(3)

θ =
2π
λ

.
λ0

4
(4)

For equal power splitting, S21 and S31 can be obtained from S11. Furthermore, the
isolation between the output ports can be calculated by using even–odd mode analysis. For
this purpose, the even- and odd-mode half-circuits can be obtained by locating the magnetic
and electric walls, respectively, on the symmetry axis shown in Figure 2a. Figure 2b,c
illustrate the even- and odd-mode half-circuit models, respectively. It should be noted
that the isolation resistor can be neglected for the even-mode circuit since the symmetry
axis is open-circuited. In addition, the isolation resistor is Z0 for the odd-mode circuit
due to the short-circuited symmetry axis. The isolation between the output ports, S32, can
be found by deriving the even-mode and odd-mode input impedances. Here, the circuit
model shown in Figure 1a should be considered a 2-port network, with the input port as
port 2 and the output port as port 3. Thus, under the even- and odd-mode excitations, the
input impedance seen from port 2 or 3 will be the even- and odd-mode input impedances,
so that the isolation can be expressed as

S32 =
(Zeven − Zodd )Z0

(Zeven − Z0 )(Z0 + Zodd )
(5)

The even-mode input impedance shown in Figure 2b can be expressed as

Zeven = Z0
√

2
2Z0 + jZ0

√
2tan θ

Zo
√

2 + jZ0tan θ
(6)

The odd-mode input impedance can be calculated as

Zodd =
ZxZ0

Zx + Z0
(7)

Zx = jZ0

√
2tan θ (8)

Similar analyses can also be applied to 4- and 8-way WPDs. Since 2 and 3 quarter-
wavelength transmission lines should be used in each output path for 4- and 8-way WPDs,
respectively, they will excite 2 and 3 transmission poles within the power-dividing fre-
quency band.

2.2. N-Way Wilkinson Power Dividers Based on Slow-Wave Structures

As is well known, 1-to-N-way WPDs consist of N branches which have characteristic
impedances of Z0

√
N, as shown Figure 3. Although they provide better size reduction

than that of the cascaded structures, they suffer from the narrow band and poor isolation
between output ports [28].
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(a) 

 
(b) 

 
(c) 

Figure 2. (a) Equivalent circuit model for the calculation of S32. (b) Even-mode half-circuit model.
(c) Odd-mode half-circuit model.

 

Figure 3. Conventional 1-to-N-way WPD.

Equivalent circuit models for conventional 2-, 4-, and 8-way cascaded WPDs are
illustrated in Figure 4a–c, respectively. As can be seen from Figure 4, conventional 2-way
WPDs comprise 2 quarter-wavelength (λ/4) transmission lines with the characteristic
impedances of Z0

√
2. The same transmission line length and impedance values are also

valid for 4- and 8-way WPDs, as depicted in Figure 4b,c. In order to obtain high isolation
between the output ports, an isolation resistor of 2Z0 is connected between 2 output ports.
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In addition, the input/output ports must have characteristic impedances of Z0 for good
impedance matching [28].

(a) 

(b) 

(c) 

Figure 4. Conventional cascaded WPDs: (a) 2-way; (b) 4-way; (c) 8-way.

In order to reduce the overall circuit size, quarter-wavelength transmission lines can
be capacitively or inductively loaded by different approaches, as shown in Figure 5. Due
to the increase in the capacitance or inductance per unit length of the transmission line,
the phase velocity on it decreases, so such a transmission line can be called a slow-wave
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structure. Among the slow-wave structures shown in Figure 5, slit-loaded and meandered
transmission lines are widely preferred for different kinds of microwave circuits because
of their easy fabrication processes. However, the fabrication of interdigital capacitor-
loaded transmission lines are more difficult than the others since they may need extra via
connections. The number of narrow slits and meandered sections can be determined with
respect to the desired center frequency. Here, it should be taken into consideration that a
transmission line with narrow slits and meandered sections should exhibit similar behavior
to a quarter-wavelength transmission line having the characteristic impedance of Z0

√
2.

Thus, the designed WPD would have optimum performance in terms of return loss and
isolation. For this purpose, all dimensions and the number of narrow slits and meandered
sections were determined by using the parameter sweep in Sonnet Software. Investigations
into the related parameters are described in the following sections.

   
(a) (b) (c) 

Figure 5. Slow-wave structures. (a) Slit-loaded. (b) Meandered. (c) Interdigital.

2.2.1. WPDs with Narrow-Slit-Loaded Transmission Lines

A 2-way WPD was constructed by loading narrow slits as shown in Figure 6 [28].
An RT/Duroid substrate with a relative dielectric constant of 10.2 and a thickness of
1.27 mm was used in all design processes. The number of slits and the location of the
isolation resistor affect the frequency response as depicted in Figure 7a,b, respectively. It is
clear that the center frequency decreases as the number of narrow slits increases. Therefore,
a very compact size can be achieved by using the maximum number of slits. Since 50-ohm
port impedances were utilized, the isolation resistor was chosen as 100 ohm.

 
 

(a) (b) 

Figure 6. (a) Conventional 2-way WPD-loading with narrow slits, and (b) location of the
isolation resistor.

The proposed slit-loaded transmission lines in [28] were also used to design 4- and
8-way WPDs. Figure 8 illustrates the layouts of the 4- and 8-way WPDs in a cascaded
model. It is clear that 2 more paths have been added instead of output ports for the 4- and
8-way power dividers.
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(a) (b) 

Figure 7. (a) Effects of narrow slits on the frequency response. (b) Effects of locations of the isolation
resistor on the frequency response.

 
(a) (b) 

Figure 8. (a) Four-way WPD loading with narrow slits. (b) Eight-way WPD loading with narrow slits.

2.2.2. WPDs with Meandered Transmission Lines

The meandered line model taken into consideration in this paper is shown in Figure 9.
According to the even or odd number of meandered sections, the equivalent circuit model
is depicted in Table 1 [29].

Figure 9. Meandered line model.
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Table 1. Meandered line models and their equivalent circuits.

Odd line
  

Even line
  

In a similar manner to the slit-loaded transmission lines, meandered sections can also
be used for size reduction. Figure 10a illustrates a 2-way cascaded WPD constructed by
meandered transmission lines. An RT/Duroid substrate with a relative dielectric constant
of 10.2 and a thickness of 1.27 mm was used in all design processes. Effects of the number
of meandered sections on the frequency response are depicted in Figure 10b. Here, the
number of meandered sections is changed, starting from the middle of the transmission
line. Depending on the proposed approach, a size reduction of 20.14% can be achieved.

 
(a) (b) 

Figure 10. (a) Conventional 2-way WPD having meandered transmission lines. (b) Effects of WPD
meandering on the frequency response.

In addition to 2-way WPDs, more than 2 power-dividing operations can be necessary
for the antenna arrays to be used in multi-way systems. For this purpose, the designed
2-way WPDs can be enhanced to 4-and 8-way circuits by means of meandered transmission
lines, as shown in Figure 11a,b. As can be seen from Figure 11a, two two-way WPDs were
connected in cascade for the four-way design. In this case, two reflection zeros can be
observed since there are two identical transmission lines. In the eight-way WPDs, three
reflection zeros appear due to the three cascaded transmission lines shown in Figure 11b.
Here, the dimensions of the transmission lines, the isolation resistor and the resistor
position are same as the 2-way WPDs. Accordingly, it is possible to achieve power-dividing
operations in wider frequency bands by using more cascaded sections. The size reductions
for the proposed 4- and 8-way power dividers are 16.62% and 9.99%, respectively. Electrical
lengths of the proposed 2-, 4-, and 8-way WPDs are 0.20 λg × 0.078 λg, 0.56 λg × 0.25
λg, and 0.63 λg × 0.57 λg, respectively, where λg is the guided wavelength at the center
frequency. Frequency responses of the designed circuits are given with the experimental
studies in the following section.

158



Appl. Sci. 2023, 13, 6852

 
 

(a) (b) 

Figure 11. Conventional WPDs with meandered transmission lines: (a) 4-way; (b) 8-way.

2.2.3. Alternative Input/Output Port Arrangements for Various Power-Division Processes

In order to introduce various types of WPDs to be used for different feeding schemes
of antenna arrays, new WPD configurations with different power-division ratios and
input/output port arrangements were proposed by using meandered transmission lines.
For this purpose, 3 different circuit topologies, including 3-way, 3-way double-layer, and
5-way double-layer WPDs were proposed. The main challenge of the proposed circuits is
their power-halving property. Hence, the input power is halved at the next output ports
and equal power-dividing ratios are achieved at the last two output ports.

Figure 12 illustrates the circuit for two three-way WPDs located at the same side of the
board. As can be seen from Figure 12a, there are two input ports located at the upper left
and bottom right. The upper output ports belong to the upper circuit, whereas the bottom
output ports are for the bottom circuit. Both these WPDs perform the same operations in
different paths, so the proposed arrangement actually behaves like a power-divider bank
to be used for a multi-input—multi-output (MIMO) system. They are useful for different
antenna arrays serving different operations. Moreover, the input power is halved at output
port 2, while the power at output ports 3 and 4 is equal. The simulated frequency responses
are demonstrated in Figure 12b. The magnitude and phase differences are also shown in
Figure 12c,d, respectively.

The second WPD configuration was created for double-layer applications, as shown
in Figure 13a. Here, a common ground plane was located between two layers, where
both layers included two three-way power dividers for utilization in MIMO systems. The
power divider in the upper layer is completely similar to the one in the bottom layer, so the
proposed approach can be useful for bidirectional MIMO systems. The bottom and upper
power dividers exhibit similar circuit performances. The S parameters of one of the two
proposed WPDs are given in Figure 13b. Figure 13c,d represent the simulated magnitude
and phase differences, respectively.

The last configuration was a 5-way WPD, as shown in Figure 14a. As can be seen from
the figure, two layers were combined so as to have a common ground plane. The input port
was located at the upper layer, and there were five output ports for power splitting. Two
of the outputs are in the upper layer, whereas the remaining ports are in the bottom layer.
The designed 5-way WPD halves the input power at the next port in a similar manner
to the previous configuration. Hence, port 2 has 1/2, port 3 has 1/4, port 4 has 1/8, and
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ports 5 and 6 both have 1/16 of the input power. This phenomenon can be seen from the
simulated frequency responses shown in Figure 14b. The |S21|, |S31|, |S41|, |S51|, and |S61|
parameters were approximately 3, 6, 9, 12, and 12 dB at the center frequency, respectively.
Figure 14c,d show the magnitude and phase difference of the simulated S parameters.

 
(a) 

 
(b) (c) 

 

 
(d) 

Figure 12. (a) Two 3-way WPDs with different inputs and outputs: (b) simulation results,
(c) magnitude differences of S-parameters, and (d) phase responses.
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(a) 

 
(b) (c) 

 
(d) 

Figure 13. (a) Two 3-way WPDs with a common ground plane: (b) simulation results, (c) magnitude
differences of S-parameters, and (d) phase responses.
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(a) 

 
(b) 

  
(c) (d) 

Figure 14. (a) Layout of a 5-way dual-layer WPD: (b) simulation results, (c) magnitude differences of
S-parameters, and (d) phase responses.

3. Results

To demonstrate the proposed approaches, all the circuits designed with narrow-slit-
loaded and meandered transmission lines were fabricated and tested. All circuits were
simulated by using a full-wave electromagnetic simulator, Sonnet.

First, experimental studies of the power dividers having narrow-slit-loaded transmis-
sion lines introduced in [28] are presented. Photographs of the manufactured N-way WPDs
having narrow slits in [28] are shown in Figure 15. Figure 16 illustrates a measurement
view, where 50-ohm loads were used to match the idle output ports for 4- and 8-way power
dividers since the measurement device has only four ports. The measured results of the
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power dividers having narrow-slit-loaded transmission lines were compared with the
simulated results in Figure 17 [28]. It is obvious that the measured and simulated results
are in very good agreement. In Figure 17a, the center frequency was 2 GHz at the 15 dB
fractional bandwidth (FBW) of 36.26%. As can be seen from the figure, the return loss
and isolation level were better than 15 and 20 dB within the FBW, respectively. Within the
FBW, the minimum isolation level and insertion loss were approximately 29.56 dB at 2 GHz
and 3.29 dB, respectively. The measured and simulated results of the 4-way WPD are
illustrated in Figure 17b, with the return loss and isolation level of better than 15 and 20 dB,
respectively. The center frequency was 1.8 GHz at the FBW of 94.44%, and the insertion
loss was better than 3 + 0.5 dB. Moreover, the center frequency of the 8-way WPD was
measured at 1.9 GHz at the FBW of 81.05%. The measured results were compared with
the simulated ones in Figure 17c, where the insertion loss, return loss, and isolation level
obtained were better than 9 + 0.5, 15, and 20 dB, respectively.

 
 

 
(a) (b) (c) 

Figure 15. Photographs of N-way WPDs with narrow-slit-loaded transmission lines: (a) 2-way;
(b) 4-way; and (c) 8-way.

 

Figure 16. Measurement setup for an 8-way WPD.

Meandered-transmission-line-based two-, four-, and eight-way WPDs were also man-
ufactured and tested. Photographs of the fabricated circuits are shown in Figure 18.
The simulated and measured frequency responses for the 2-way WPD are compared in
Figure 19a, where the return loss and isolation level are better than 15 and 30 dB, respec-
tively. Frequencies of the minimum isolation and return loss levels are different because of
fabrication errors. The measured center frequency was 2 GHz at the FBW of 75%. It should
also be noted that there was only one reflection zero within the related frequency band. The
measured magnitude and phase difference can be observed from Figure 19b,c, respectively.
The center frequency of the 4-way power divider was measured at 1.77 GHz at the FBW
of 73.09% as depicted in Figure 19a. At that frequency, the measured return and insertion
losses were 24 and 3.1 dB, respectively. Isolation levels between the output ports were
measured as better than 26 dB. In the frequency response of the four-way power divider,
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there are two reflection zeros, since the circuit is composed of two cascaded sections. The
measured magnitude and phase differences are also shown in Figure 20b,c, respectively.
The simulated and measured results of the eight-way WPD are compared in Figure 21a
and were found to be in very good agreement. In this case, three reflection zeros can
be observed due to the utilization of three cascaded sections. The center frequency was
measured at 1.73 GHz at the 15 dB FBW of 87.86%. Isolation levels between the output
ports were better than 15 dB, 26 dB, 24 dB within the FBW, where the minimum insertion
losses were 3.6 dB, 6.5, and 9.6 for 2-, 4-, and 8-way WPDs, respectively. The measured
magnitude differences are shown in Figure 21b, with acceptable values smaller than 1 dB,
and the phase differences can be observed in Figure 21c.

  
(a) (b) 

 
(c) 

Figure 17. Comparison of the measured and simulated results of the WPDs having narrow-slit-loaded
transmission lines for a (a) 2-way WPD; (b) 4-way WPD; and (c) 8-way WPD.

  
(a) (b) 

 
(c) 

Figure 18. Meandered transmission line-based WPDs: (a) 2-way, (b) 4-way, and (c) 8-way.
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(a) (b) 

(c) 

Figure 19. (a) Comparison of the measured and simulated results of the WPDs having meandered
transmission lines for a 2-way WPD; (b) magnitude differences of S-parameters for a 2-way WPD;
and (c) phase responses.

 
(a) (b) 

 
(c) 

Figure 20. (a) Comparison of the measured and simulated results of the WPDs having meandered
transmission lines for a 4-way WPD; (b) magnitude differences of S-parameters for a 4-way WPD;
and (c) phase responses.
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(a) (b) 

(c) 

Figure 21. (a) Comparison of the measured and simulated results of the WPDs having mean-
dered transmission lines for an 8-way WPD; (b) magnitude differences of S-parameters; and
(c) phase responses.

Meandered-transmission-line-based WPDs with alternative input/output port con-
figurations were manufactured and tested for demonstration. A photograph of the two
fabricated three-way WPDs is shown in Figure 22a. The frequency response of the designed
power divider is depicted in Figure 22b. As can be seen from the figure, the designed
circuit can serve within the frequency band of 1.5–2.0 GHz. Within this frequency region,
the isolation level between the output ports is better than 19.96 dB, the return loss is better
than 17.71 dB, and the insertion loss is better than 3 + 0.5 dB. Figure 22c shows the magni-
tude differences, which are better than 4.4 dB. The phase responses corresponding to the
S-parameters are also illustrated in Figure 22d.

The multilayer three-way WPD was implemented as shown in Figure 23a,b. It is
obvious that the implemented circuit is different from the previous one, since two WPDs
are located at both sides of the structure with a common ground plane. Comparisons of the
simulated and measured results in terms of the return loss, insertion loss, and isolation level
are depicted in Figure 23c. Within the frequency band of 1.5–2 GHz, the return loss was
observed as better than 15 dB with an insertion loss of better than 3 + 0.5 dB at each output
port. Furthermore, the isolation levels between all output ports were better than 19 dB.
Figure 23d,e show the measured magnitude differences and phase responses, respectively.
Unwanted differences for the measured results result from the fabrication errors which
especially appeared during the combination of two layers. Two layers were combined by
using copper tape to transfer the ground plane into the upper/down plane. Because of the
small circuit size and the laboratory conditions, two circuit boards could not be combined
by using screws.
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(a) (b) 

 
(c) (d) 

Figure 22. (a) Photograph of the meandered transmission lines based on two three-way WPDs.
(b) Measured and simulated S-parameters, (c) magnitude differences of S-parameters, and
(d) phase responses.

  
(a) (b) 

  
(c) (d) 

(e) 

Figure 23. Meandered-transmission-line-based multilayer WPDs having a common ground plane:
(a) front view, (b) back view. (c) Measured and simulated results. (d) Magnitude differences of
S-parameters, and (e) phase responses.
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A meandered-transmission-line-based multilayer five-way WPD was manufactured and
successfully tested. Photographs of the front and back views of the fabricated circuits are
shown in Figure 24a,b, respectively. The measured and simulated return and insertion losses
of the proposed five-way power divider are compared in Figure 24c, with an acceptable
agreement. The measured and simulated isolation levels between the output ports are also
depicted in Figure 24d. It is clear that the proposed multilayer 5-way WPD can be used for
different communication systems. Within the frequency band of 1.5–2 GHz, the return loss,
insertion loss, and isolation levels are better than 16.52, 3 + 0.5, and 14.47 dB, respectively.
The differences between the measured and simulated responses resulted from the fabrication
errors and especially from the layer-combining process. Magnitude differences between the
insertion losses and the phase responses are shown in Figure 24e,f, respectively.

  
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 24. Meandered-transmission-line-based multilayer 5-way WPD: (a) front view and (b) back
view. (c) Measured and simulated return and insertion losses and (d) isolation levels. (e) Magnitude
differences of S-parameters and (f) phase responses.

Table 2 summarizes and compares the measurements of the proposed designs with
the work published in the literature. The proposed configurations in this work introduce
WPDs with new input/output configurations that may be used in front of antenna arrays to
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be used for different personal and mobile communication systems. For this purpose, WPDs
based on single- and dual-layer slow-wave structures providing equal power division have
been introduced for the first time in this paper. The proposed circuits in this work also
have promising circuit sizes.

Table 2. Performance comparison of the proposed WPD with previous works.

Ref fo (GHz) Size (λ2
g) FBW (%) Structure Topology

[2] 1.32 - 103.60 Three-section TL lines &
three resistors

[6] 2.1 0.6386 80 Two-stage
with coupled lines

[10] 2.6 0.096 18.2 ITPD

[28] 2 0.0156 36.26 Slit-loaded transmission
lines

Meandered line (this work) 2.03 0.0156 56.79 Meandered transmission
lines

3-way WPDs (this work) 1.95 0.12 52.5 Microstrip transmission
lines

3-way WPDs with common
ground plane (this work) 1.74 0.079 52.29 Microstrip transmission

lines

5-way WPDs with common
ground plane (this work) 1.97 0.073 51.26 Microstrip transmission

lines

4. Conclusions

In this study, various types of WPDs have been developed and experimentally investi-
gated by using slow-wave structures. For this purpose, WPDs having narrow-slit-loaded
transmission lines were investigated, and novel meandered-transmission-line-based WPDs
were introduced for the first time. The proposed meandered-line-based two-, four-, and
eight-way power dividers have been fabricated and measured successfully. The proposed
meandered transmission lines have also been used to design new types of WPDs with
new input/output port arrangements. In this context, two three-way WPDs have been
located on the same plane for similar power-splitting processes. Next, this circuit has been
developed by locating one of the power dividers to another layer. The proposed circuits
can behave like a power-divider bank to be used for alternative antenna array applications.
Moreover, a five-way WPD has been designed by using meandered transmission lines in
two layers. These alternative WPD topologies allow halving of the input power at the
next output port. These WPDs have been implemented and their measurements show an
acceptable agreement with the simulated results.
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Abbreviation

Smm Reflection coefficient at port m.
Smn Transmission coefficient from port n to port m.
WPD Wilkinson power divider.
Meas Measured.
Sim. Simulated.
f0 Center frequency.
FBW Fractional bandwidth.
λg Guided wavelength.
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Abstract: Wireless power transfer (WPT) via magnetic resonance offers efficient electrical power
transfer, making it an increasingly attractive option for charging electric vehicles (EVs) without
conventional plugs. However, EV charging requires a transfer power in order of kW or higher,
resulting in a higher-leaked magnetic field than conventional wireless systems. The leaked magnetic
field is nonuniform, and the assessment in terms of the limit prescribed in the guideline is highly
conservative because it assumes that a person standing in free space is exposed to a uniform field. In
such cases, an assessment should be performed using the limits of the internal electric field, as it is
more relevant to the adverse health effects, whereas its evaluation is time-consuming. To mitigate
this over-conservativeness, international product standards introduce a spatial averaging method for
nonuniform exposure assessment. In this study, we investigate assessment methods, especially for
measurement points of nonuniform magnetic field strength leaked from the WPT system. Various
spatial averaging methods are correlated with the internal electric field derived from electromagnetic
field analysis using an anatomically based human body model. Our computational results confirm a
good correlation between the spatially averaged magnetic and internal electric fields. Additionally,
these methods provide an appropriate compliance assessment with the exposure guidelines. This
study advances our understanding of the suitability of spatial averaging methods for nonuniform
exposure and contributes to the smooth assessment in WPT systems.

Keywords: compliance assessment; electric vehicles; human protection from electromagnetic field;
wireless power transfer

1. Introduction

Wireless power transfer (WPT) technology relies on the principle of magnetic resonant
coupling between two coils, enabling the efficient transmission of electrical power over
distances ranging from several tens of centimeters to a few meters [1–5]. This technology is
increasingly gaining interest as a streamlined method for charging electric vehicles (EVs)
without conventional plugs [6]. However, EV charging requires a significant amount of
power, reaching several kilowatts, leading to the leakage of strong electromagnetic fields
during charging [7]. Concerns about the potential adverse effects for WPT continue to exist,
which require further investigation [8].

The International Commission on Non-Ionizing Radiation Protection (ICNIRP) [9–11]
and IEEE International Committee on Electromagnetic Safety Technical Committee 95 [12,13]
have published international guidelines and standards (hereafter referred to as “guidelines”)
limiting exposures to electromagnetic fields for human protection. These guidelines were de-
signed to protect humans from electrostimulation up to 5–10 MHz and heating above 100 kHz.
In these guidelines, the operational threshold for adverse health effects is identified [9–12]. A
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reduction (safety) factor [11], basic restriction (BR) [9,10], or dosimetric reference limit [12]
(hereafter referred to as BR), which is the electrical quantity related to the health effect, is then
derived. For practical assessment, permissible external field strength (hereafter referred to as
reference level (RL)) [10] or exposure RL is derived under a worst-case exposure scenario.
In the IEEE C95.6-2002 standard [13], the RL, permissible external field strength is derived
based on an analytical formula using homogeneous ellipsoidal induction models, which
differ between the limb and trunk [13].

International standards for product conformity [14], such as International Electrotech-
nical Commission (IEC) 61980-1 [15], SAE J2954 [16], and ISO 19363 [17], have been es-
tablished for WPT in EVs, all of which consider the international exposure guidelines.
Computational assessments using human body models have been widely used, including
international standardization, because in vivo measurements cannot be performed for the
assessment of an induced electric field (e.g., IEC 61980 and SAE J2954). Numerous studies
have pointed out the limitation of RL in highly nonuniform environments, such as those
emitted from WPT [18–21]. These results consistently showed that, although the spatial
peak magnetic fields at the human body parts exceeded RL, the internal electric fields in
the human body were one or two orders of magnitude smaller than the limit of induced
physical quantities (see Section 2).

The IEC Technical Committee 106 is an international standardization body that pro-
vides compliance assessment methods corresponding to international exposure guide-
lines/standards. The spatially averaged method defined in IEC 62110 was discussed
and extended to assess nonuniform fields [22]. The spatial averaging for the magnetic
field strength measured (computed) at some points confirms compliance with RL. The
assessment of the spatial averaging method is also included in IEC TR 62905 and IEC
PAS 63184 [23,24], wherein various measurement points inside and outside the vehicle
are considered.

Several studies have evaluated the location of the magnetic field measurement point
in realistic vehicle models [25–32]. As summarized in Section 2, recent studies conducted
measurements at designated test points near the vehicle and within the driver’s seat.
However, the relationship between these measurement points and the internal electric
field, which should be assessed computationally, has not been clarified. Appropriate
measurement locations that can effectively capture their coupling quantities have not
been considered in the current product standards. In addition, the exposure scenarios are
different for different studies, and thus, straightforward comparison was difficult.

At the IEC JWG 63184 meeting, the methods for assessing EV WPT are discussed. For
practical assessment, the correlation between the spatially averaged magnetic field strength
and permissible exposure levels defined by ICNIRP and IEEE is required for justification.
However, in [18], this correlation was only discussed between the spatially averaged
magnetic field value and internal electric fields assuming a standing posture. Additionally,
there has been no study discussed measurement point for compliance assessment to relate
the induced electric field and magnetic field in the cabin for realistic postures such as those
of a driver situated inside the vehicle. Scientific data considering the scenarios discussed in
the standardization meeting would provide insight for reliable measurement procedure.

This study aims to clarify the measurement (evaluation) points for nonuniform mag-
netic field strength leaked from the WPT system for a realistic EV cabin environment. To
provide the rationale for the averaging points, we considered different spatial averaging
methods to correlate with the internal electric field, which is the metric in the human
exposure guidelines.

2. Related Studies

2.1. Evaluation of Leaked Magnetic Field

Laakso validated the leaked magnetic field from WPT coil for a simplified vehicle
model [33]. Che et al. evaluated the conformity at several measurement points inside and
outside the vehicle according to the electromagnetic field test procedure in SAE J2954 [25].
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Mohamed et al. conducted testing on a WPT system installed in a heavy-duty electric
shuttle [26]. El-Shahat evaluated the external magnetic field from different WPT coils and
derive a distance compliant with the ICNIRP guidelines [27]. The magnetic field inside
and outside the vehicle cabin has been measured [28]. The magnetic field leaked from the
wireless power transfer system is analyzed for heavy duty vehicles [29].

2.2. Computational Dosimetric Study for EV WPT Systems

Numerous compliance assessments have been conducted for exposure resulting from
the WPT system. For example, Laakso et al. evaluated the compliance of three human
body models beside a vehicle at different human–vehicle angles [18]. Shimamoto et al.
considered various postures, such as lying on the ground with the right arm extended
toward the coils, to consider worst-case scenarios [19]. Wen et al. predicted the magnetic
field leakage generated from parallel WPT systems operating with a phase difference,
including assessing the internal electric field and the specific absorption rate in a human
body near these systems [34]. De Santis et al. investigated the influence of vehicle materials
and human body posture on compliance assessment in compact EVs [21,35,36]. Liorni
et al. developed and validated a numerical model of inductive power transfer systems in
a heavy vehicle and compared the exposure of passengers in public vehicles with light
vehicles [37]. Lan et al. investigated the effect of ferrite materials, such as loudspeakers
and electromotors, on the magnetic field distribution inside the vehicle [38]. Wang et al.
conducted uncertainty analysis on dosimetric measures, i.e., quantified the impact of
different parameters on power absorption [39]. In most studies, the number of scenarios
and conditions considered were less than 25 cases, except for [18] (144 cases) and [34] (120
cases). To discuss the measurement methods in the product safety standardization, enough
number of cases should be considered to ensure the safety based on the human exposure
guidelines [9–11].

2.3. Exposure Assessment Method for Nonuniform Magnetic Field

Several studies have investigated methodologies for a realistic and comprehensive
assessment of nonuniform magnetic fields resulting from the WPT system. Wake et al.
derived coupling factors for EVs and home appliances with WPT to assess compliance with
BR equivalently in terms of the measured external field strengths. They also compared
these factors across multiple institutions [40]. Chakarothai et al. proposed an experimental
approach for determining the internal electric field without prior knowledge of the WPT
system’s design using measured magnetic near-field data [41]. Miwa et al. assessed
adherence to international standards using a coupling factor, focusing on the exposure of
human subjects positioned in both the driver’s seat and the rear passenger compartment
of a vehicle [20]. Park et al. examined WPT using the minimum accessible distances in
compliance with RL in instances of proximity exposure, considering various exposure
patterns [42]. Ahn et al. proposed an improved coupling factor calculation method for
removing computational artifacts to achieve uniform assessment results in various human
body models [43]. These studies assessed compliance procedures under these specific
conditions, making it challenging to make overarching generalizations.

2.4. Comparison of Exposure Assessment in Human Exposure Inside and Outside the Vehicle

As listed in above subsections, several studies have been conducted to assess the
relationship between the leaked magnetic field and induced electric field. The frequency
for WPT has been now standardized at 85 kHz [16]. The limit of induced electric field (BR)
and external magnetic field (RL) in the international guidelines are (11.5 V/m, 21 A/m) and
(17.8 V/m, 163 A/m) for ICNIRP and IEEE, respectively. Thus, their relationship and over-
conservativeness are assessed in different manners. Table 1a,b lists the key computational
results in previous studies for scenarios outside and inside the vehicles. In these studies,
the number of vehicle models was one. For proper comparison, the coupling factor [44]
was derived.
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Table 1. Comparison of the related research (a) outside and (b) inside the vehicle.

(a)

Year 2015 [19] 2017 [40] 2018 [41] 2022 [43]

Considered
exposure
scenario

Standing near
to a vehicle

model.
Standing 650 mm away from coils. Standing near the coil, human-coil

distance is 235 mm *.

Standing near
to a vehicle
mimic steel

plate *.

Operating
frequency

[kHz]
85 85 125 85

Transferred
power [kW] 7 7 7.7 7.7

Exposed
magnetic field
strength (max)

[A/m]

56.7
excluding the
region under
the vehicle

N/A 28 N/A

Maximum
electric field

[V/m]
0.4 (ankle) N/A 0.42 (leg) N/A

Coupling
factor [44] for
the ICNIRP
guidelines

[V/A]

0.013
(99.9th

percentile)

0.038–0.054 ** for different coil
positions of a vehicle model

0.027
(averaged over 2 × 2 × 2 mm3

cube and 99.9th percentile)

0.018
(99.9th

percentile)

(b)

Year 2018 [36] 2019 [20] 2020 [38]

Considered
exposure
scenario

driving passenger. driving passenger and other
passenger. driving passenger.

Operating
frequency

[kHz]
85 85 85

Transferred
power [kW] 7.7 3.7 3.7

Exposed
magnetic field
strength (max)

[A/m]

347.4

16.3
(driver’s buttocks)

23.6
(passenger’s feet)

46.5

Maximum
electric field

[V/m]
19.9 (feet)

0.53
(driver’s buttocks)

0.35
(passenger’s feet)

0.61 (buttocks)

Coupling
factor [44] for
the ICNIRP
guidelines

[V/A]

0.105
(averaged over 2 × 2 × 2 mm3 cube)

0.060 (driver)
0.027 (passenger)
(99.9th percentile)

0.024
(averaged over 2 × 2 × 2 mm3

cube and 99.9th percentile)

* Ferrite tiles and a metal plate as a vehicle body are considered. ** No clear definition for the method processing
the electric field induced in the body.

3. Models and Methods

Our computational approach to compute the external magnetic field and induced
electric field (Section 3.3), as well as human body models (Section 3.1), is the same as in our
previous studies [19,20]. Our approach is briefly summarized below.
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3.1. Human Body Models

In this study, we employed an anatomical human body model TARO developed at
the National Institute of Information and Communications Technology (NICT) [45]. The
height and mass of the model is 173.2 cm and 65 kg, respectively. The number of tissues
considered in TARO is 51. The voxel resolution of the human model was set at 2.0 mm. Two
distinct postures were considered for the models, including the original standing posture
and a seated posture simulating a driver’s position, as illustrated in Figure 1. The seated
model was created utilizing software provided by NICT [46]. The posture of the driving
seat has been generated considering [47].

Figure 1. Japanese adult male model TARO: (a) standing and (b) sitting postures.

3.2. Exposure Scenarios

SAE J2954 [16] recommends three standard power levels: WPT1 at 3.7 kW, WPT2 at
7.7 kW, and WPT3 at 11 kW. In this study, the WPT system integrated into the vehicle
adhered to the specifications outlined in SAE J2954 at 3.7 kW (WPT1). Note that the
computational results are scalable to other transfer power. Figure 2 shows a detailed
schematic of the WPT coils. The transmitting coil was rectangular, with a length of 580 mm
and a width of 420 mm following to SAE J2954 [16]. It consisted of 15 turns, with a width
of 3 mm. The receiving coil was a 320 mm square. It equipped with 20 turns and had
a width of 2 mm. The distance between the top of the transmitting coil and the bottom
of the receiving coil was 150 mm, which is in accordance with WPT1. The two coils
were assumed to be composed of a perfect conductor for conservative assessment. The
thicknesses of shield plate and ferrite core are 2 mm and 3 mm, respectively. The transmitter
and receiver current sources I1 and I2, were set to 16 and 17 A, respectively, to achieve a
transmitting power of 3.7 kW. The phase difference of the currents between the transmitting
and receiving coils was 90◦. The frequency of the WPT system was 85 kHz. The following
relationship holds for current source I1 and I2 [48].

I2 ≈ −j

√
L1

L2
I1 (1)

where L1 and L2 represent the inductance of the transmitter and receiver coils, respectively.
Note that the assumption of coil material as perfect conductor would result in a slightly
larger leaked magnetic field of 1% or less, under the condition that the transmitting power
is fixed at 3.7 kW [49].
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Figure 2. Schematic of WPT coils (unit: mm): (a) transmitting coils, (b) receiving coils, and (c)
positions.

Figure 3 shows a vehicle model and two realistic exposure scenarios for the assessment.
The simplified vehicle’s geometry was developed using the Toyota Motor Corporation’s
Prius model and was positioned in free space. Note that the effect of the ground and
surrounding objects marginally influences the magnetic field where the quasi-magnetostatic
approximation is valid. The receiving coil was positioned beneath the center of the vehicle
body. Misalignment between the receiving and transmitting coils were chosen as 75 mm
and 100 mm in the x and y directions, respectively, following SAE J2954 [16]. We considered
two vehicle body materials, including iron and carbon fiber-reinforced plastic (CFRP). The
relative permittivity, permeability, and conductivity values for iron and CFRP were 1, 4000,
and 10.3 × 106 S/m and 1, 1, and 0.25 × 106 S/m, respectively. The thicknesses of iron
and CFRP were 0.5 and 2.0 mm, respectively. In this study, two scenarios discussed in IEC
JWG 63184 were considered. In the first scenario, a human body model stands outside
the vehicle body where the highest exposure to the magnetic field from the WPT system
was computed. Meanwhile, the human body in the second scenario was located in the
driver’s seat, where the distance from the floor to the driver’s buttocks was 200 mm. Note
that the position of the human body in the vehicle cabin has been standardized for such
purposes [23,24,50].
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Figure 3. Cross-section of the vehicle model (unit: mm): (a) side view and (b) top view. ys represents
the distance in the front–back direction starting from the seat position of the vehicle.

3.3. Computational Methods

In a frequency range lower than the MHz range, it is feasible to utilize a quasi-static
approximation to calculate the internal electric field within biological tissue [51–53]. In the
regime in which the quasi-static approximation is valid, the conduction current in the body
is dominant rather than the displacement current. This assumption causes the external
electromagnetic fields to be decoupled into electric and magnetic fields. Additionally,
the external magnetic field can be assumed to be unperturbed by the presence of the
human body.

The magnetic field leaked from the WPT system was computed using a commercial
electromagnetic simulator (HFSS, Ver. 2023 (R1), ANSYS, Canonsburg, PA, USA) without
considering the human body model. The magnetic field was extracted from HFSS in several
rectangular volumes with a grid resolution of 50 mm × 50 mm × 50 mm. These data were
used to construct a magnetic vector potential with a grid resolution of 2 mm × 2 mm × 2 mm.

The next step involves computing the internal electric field by substituting the vector
potential distribution into an electromagnetic solver developed at the Nagoya Institute
of Technology [54]. The solver used to compute the internal electric field is based on the
scalar-potential finite-difference (SPFD) method [55].

The SPFD method discretizes the human model using cubical voxels and generates
simultaneous linear equations for all contacts, with the electric scalar potential as an un-
known variable. The internal electric field is then computed through matrix calculation.
To accelerate computation, the geometric multigrid method is employed as a precondi-
tioner [54]. In the SPFD method, tissue conductivities in the human body model are taken
from a technical report in [56], which is consistent with [57,58]. In addition, the leaked
magnetic field from WPT coil has been validated for the simplified vehicle model with
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same computational approach [33]. Our computational approach here has been validated
by intercomparison [40].

3.4. Compliance Assessment Procedure

Several product assessment standards and technical reports define spatial averaging
methods for exposure to nonuniform magnetic fields. The spatial averaging method
involves averaging the magnetic field strength measured (computed) at specific spatial
points. For instance, IEC TR 62905 [23] specified the measurement of magnetic fields on a
plane located 20 cm from three points at different heights (0.5, 1, and 1.5 m) for humans
standing by the side of the vehicle. This reference is derived from IEC 62110 [22]. IEC PAS
63184 [24] extended this by including the closest accessible point to the three points. IEC
PAS 63184 also outlined the measurement of the magnetic field at the center position of the
floor flat surface and the points at the center position of the headrest, backrest, and seat for
sitting on the driver’s seat.

We outlined three definitions for each posture, as shown in Table 2 and Figure 4. In
Definition 1 for outside the vehicle, the measurement point was defined at the heights of 0.5,
1.0, and 1.5 m from the ground based on IEC TR 62905. In Definition 1 for inside the vehicle,
the measurement heights are 0.5, 1.0, and 1.2 m from the floor, corresponding to the cushion,
chest, and head of the seat, respectively. In Definition 2, the closest accessible point was
incorporated into Definition 1 based on IEC PAS 63184, considering the foot. In Definition
3, the measurement point was defined at the heights of the closest accessible point and two
points, each 25 cm higher from it, aiming to be more stringent than Definitions 1 and 2. The
measurement points of 0.35, 0.6, 1.0, and 1.2 were defined along a 15-degree angle of the
seat to align with the central axis of the human body, considering the human body model
sits in the driver’s seat in a realistic posture.

Table 2. Definition of the heights of magnetic field strength measurement used for averaging.

Definitions
Heights from The

Ground [m]
Heights from The Floor [m]

1: TR 62905 0.5, 1.0, 1.5 0.5, 1.0, 1.2
2: Maximum point + PAS 63184 0.06, 0.5, 1.0, 1.5 0.1, 0.5, 1.0, 1.2
3: Every 25 cm from
maximum point 0.06, 0.31, 0.56 0.1, 0.35, 0.6

Figure 4. Measurement points outlined in each definition for outside and inside the vehicle body
(unit: m).

Using these definitions, we calculated the spatial average of the magnetic fields (Have)
and compared them with the limit prescribed in the exposure guidelines [7,9]. In this
study, we compared the ratio of Have to RL (HRL) and that of the maximum internal
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electric field (Emax) to BR (EBR). The spatial averaged method was evaluated using the
following equation:

ac =

(
Emax

EBR

)/(Have

HRL

)
(2)

where ac represents an index of the conformity ratio of external magnetic and internal
electric fields to the guideline. If ac is less than 1, it indicates that the assessment based on
the spatial average of the magnetic field in the corresponding definition is more stringent
than that based on the maximum electric field.

The magnetic field strength was computed in the domain averaged over 100 cm2,
assuming the 100 cm2 loop antenna prescribed in the IEC standard [44,59]. This averaging
area was considered as a postprocessing step for the computed field distribution.

In the evaluation of the internal electric field in anatomical models, the skin-to-skin
contact is not negligible [12], which is inherent to the discretization of a real human model
into a finite-resolution model. This computational weakness results in a higher internal
electric field at the corresponding part. Therefore, the electric field at skin-to-skin contact
was excluded, as mentioned in IEEE C95.1 standard [12]. Different postprocessing method
has been proposed to reduce numerical artifacts. This study employed the peak voxel value
for 99.9th percentile values for body parts in the anatomical human body as a conservative
approach. We express the external magnetic and internal electric fields in root-mean-square
values for comparison with international standards.

4. Results

In this section, the internal electric field computation has been evaluated for exposure
scenarios in which the human stands outside and sits inside the vehicle (Sections 4.1 and 4.2).
Then, we have evaluated the averaging method of magnetic field for the scenario outside
(Section 4.3) and inside the vehicle (Sections 4.4 and 4.5). For the exposure scenario inside
the vehicle, the correlation between the averaged magnetic field and internal electric field is
evaluated to provide the scientific rationale for the measurement point in the standardization.

4.1. Distribution of Magnetic Field Outside and Inside the Vehicle

Figures 5 and 6 show the magnetic field strength distributions outside and inside
the vehicle, as viewed from the side of the vehicle, for different vehicle body materials.
The computational domain is illustrated in Figure 3. As shown in Figure 5, there was no
significant difference in the distribution between iron and CFRP outside the vehicle. In
contrast, the magnetic field inside the vehicle was scarcely distributed for a body made
of iron due to the shielding effect shown in Figure 6. In the case of the CFRP body, the
magnetic field generated by the WPT system leaks directly into the cabin beneath the floor.

Figure 5. Distributions of the magnetic field outside the vehicle with different materials: (a) iron and
(b) CFRP.
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Figure 6. Distributions of the magnetic field inside the vehicle with different materials: (a) iron and
(b) CFRP.

4.2. Internal Electric Field in the Human Body

Figures 7 and 8 show the distributions of the internal electric field in the human body
models corresponding to outside and inside the vehicle for different vehicle body materials,
respectively. As shown in Figure 7, the maximum internal electric field was observed in the
lower limb near the WPT system for both materials when humans were standing outside
the vehicle. The 99.9th percentile values of the electric field were 0.05 V/m. Figure 8 shows
that the electric field was primarily induced in the torso and head due to the magnetic
field leakage from the window, albeit with a 99.9th percentile value of 1.6 × 10−3 V/m. In
contrast, a high internal electric field was distributed in the buttocks for the CFRP body,
with the 99.9th percentile value of 0.20 V/m.

Figure 7. Internal electric field distributions in standing human body model outside the vehicle with
different materials: (a) iron and (b) CFRP.
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Figure 8. Internal electric field distributions in human body model inside the vehicle sitting on the
driver’s seat for different materials: (a) iron and (b) CFRP.

4.3. Assessment with Spatial Averaged Magnetic Field Outside the Vehicle

The relationship between the external magnetic and internal electric fields was evalu-
ated outside the vehicle [18]. The averaged magnetic field strength (Have) was calculated
based on the measurement points and averaging scenario defined in Table 2. Table 3
presents the magnetic field strength outside the vehicle at the measurement points and
Have for vehicle body with different materials. As shown in Table 3, the magnetic field
strengths for different materials are consistent. Figure 9 shows the conformity assessment
in each definition against the ICNIRP guidelines and IEEE standard in terms of ac outside
the vehicle. As shown in the figure, the stringer assessment methods were in the order
of Definitions 3, 2, and 1 because a high magnetic field was distributed near the ground.
All definitions exhibited a conservativeness with more than a margin of a factor of four
with respect to the ICNIRP guidelines, whereas only Definition 1 was an unconservative
assessment for the IEEE standard. The magnetic field limits for the ICNIRP guidelines and
IEEE standard are 21 and 163 A/m for public exposure.

Table 3. Heights of magnetic field strength measurement points and average magnetic field strength
averaged for each definition with outside the vehicle body made of (a) iron and (b) CFRP.

(a)

Setting
Magnetic Field Strength [A/m]

Measurement Points Have

Definition 1
0.5 m 1.0 m 1.5 m - 0.400.78 0.28 0.13

Definition 2
0.06 m 0.5 m 1.0 m 1.5 m

0.681.54 0.78 0.28 0.13

Definition 3
0.06 m 0.31 m 0.56 m - 1.151.54 1.23 0.67

(b)

Setting
Magnetic Field Strength [A/m]

MeasurementPoints Have

Definition 1
0.5 m 1.0 m 1.5 m - 0.410.82 0.27 0.13

Definition 2
0.06 m 0.5 m 1.0 m 1.5 m

0.691.55 0.82 0.27 0.13

Definition 3
0.06 m 0.31 m 0.56 m - 1.181.55 1.27 0.72
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Figure 9. Assessment of three definitions for the ICNIRP guidelines and IEEE standard in terms of ac

outside the vehicle with different materials.

4.4. Correlation between Emax and Have Inside the Vehicle Made of CFRP

The average of three or more measurement points can provide a reliable estimate of
the internal electric field when the human body model stands by the side of the vehicle [18].
However, we did not consider a scenario in which a person sat in the driver’s seat [18]. We
evaluated the relationship between the external magnetic and internal electric fields for
different vehicle seat positions. The seat position was varied by ys = ±100 mm (in 20-mm
increments) in the y-direction based on the adjustment range of a typical seat. This section
focuses on the CFRP body since the magnetic field was almost shielded for an iron body.

Figure 10a shows the relationship between the average magnetic field strength within
the volume containing the human body model and the internal electric field. The average
magnetic field was determined by calculating the arithmetic mean of the absolute magnetic
field values over the whole body. The correlation has been evaluated in terms of coefficient
of determination (R2) [60,61] assuming the linear relationship. If they are correlated linearly,
the induced electric field can be equivalently evaluated in terms of average magnetic field
without detailed computation. There was a strong correlation between the whole-body
Have and the internal electric field. Figure 10b shows the relationship between the magnetic
field strength at a single measurement point defined in Table 2 and the internal electric field.
As shown in Figure 10b, good correlations were observed at specific points, such as 0.1,
0.5, and 1.2 m. However, there was no consistent trend for the other measurement points.
Figure 10c shows the relationship between the average magnetic and internal electric fields
at three or four points outlined for each definition. As shown in Figure 10c, the average
magnetic field reasonably correlates with the internal electric field across all definitions. In
Definitions 2 and 3, Emax reached its peak because the exposure area from the buttocks to
the feet approaches a certain level when the seat is moved backward.
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Figure 10. Correlation between the maximum internal electric field and magnetic field strength
for different vehicle seat positions: (a) whole-body Have, (b) 1-Point H, and (c) 3 or 4-Point Have.
R2 represents the coefficient of determination. (a) was evaluated in the volume where the human
body model exists in realistic posture (the number of voxels was 8,193,397).

4.5. Assessment with Spatial Averaged Magnetic Field Inside the Vehicle

Table 4 presents the magnetic field strength inside the vehicle at the measurement
points and Have for different materials (ys = 0). As shown in Table 4, the magnetic field
strength within the iron body was two orders of magnitude lower than that within the
CFRP body. Figure 11 shows the conformity assessment in each definition for the ICNIRP
guidelines and IEEE standard in terms of ac inside the vehicle (ys = 0). As shown in the
figure, all definitions in the case of the iron body exhibited a conservativeness with more
than a margin of a factor of four with respect to the ICNIRP guidelines, whereas they
were either comparable or unconservative with respect to the IEEE standard. In contrast,
for the CFRP body, Definition 1 provided a level of protection equivalent to the ICNIRP
guidelines. Definitions 2 and 3 displayed a conservativeness with more than a margin of a
factor of 3.4 with respect to the ICNIRP guidelines. In the IEEE standard, Definitions 1 and
2 were unconservative, whereas Definition 3 exhibited a conservativeness with more than
a margin of a factor of 1.2.
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Table 4. Heights of magnetic field strength measurement points and average magnetic field strength
averaged for each definition with inside the vehicle body made of (a) iron and (b) CFRP.

(a)

Setting
Magnetic Field Strength [A/m]

Measurement Points Have

Definition 1
0.5 m 1.0 m 1.2 m - 0.0150.015 0.017 0.013

Definition 2
0.1 m 0.5 m 1.0 m 1.2 m

0.0130.009 0.015 0.017 0.013

Definition 3
0.1 m 0.35 m 0.6 m - 0.0120.009 0.011 0.016

(b)

Setting
Magnetic Field Strength [A/m]

Measurement Points Have

Definition 1
0.5 m 1.0 m 1.2 m - 0.400.94 0.15 0.11

Definition 2
0.1 m 0.5 m 1.0 m 1.2 m

1.253.81 0.94 0.15 0.11

Definition 3
0.1 m 0.35 m 0.6 m - 2.143.81 2.03 0.60

Figure 11. Assessment of three definitions for the ICNIRP guidelines and IEEE standard in terms of
ac inside the vehicle with different materials.

Figure 12 shows the assessment of each definition for compliance with the ICNIRP
guidelines and IEEE standard using ac when the vehicle seat position was changed in the
front–back direction (ys = ±100 mm). As shown in Figure 12, the variation in ac in the case
of the iron body remained relatively insignificant due to the weak nonuniformity of the
magnetic field distribution. In contrast, for the CFRP body, ac varied from approximately
−0.1% to 3%, −27% to 36%, and −21% to 18% in Definitions 1, 2, and 3, respectively,
regardless of the target guidelines. The variability in Definitions 2 and 3 is influenced by
the observation that the variation in Have considering the measurement point at the lower
limb is larger than that of Emax appearing at the buttocks. However, by adding a reduction
factor smaller than two, such an effect of variations is sufficiently avoided.
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y
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Figure 12. Variation of the compliance assessment for each definition when the vehicle seat position
was changed in the front–back direction with the vehicle body made of (a) iron and (b) CFRP.

5. Discussion

This study evaluated compliance assessment using the spatial averaging method
as a scheme to evaluate human exposure to nonuniform fields at low frequencies. The
evaluation index for this method was the spatially averaged magnetic field strength at three
or four heights from the ground or floor and the internal electric field in the anatomical
human model placed near or inside the vehicle.

As shown in Figures 5 and 6, the distributions of the magnetic field were not signifi-
cantly different between iron and CFRP outside the vehicle. However, the magnetic field
was scarcely distributed for a body made of iron placed inside the vehicle. This is because
the conductive chassis shields the magnetic field. In contrast, the magnetic field generated
by the WPT system for a body made of CFRP leaks directly into the cabin beneath the
floor. This resulted in a marginal difference in the internal electric field in the human
body outside the vehicle because of the body material, but a significant difference inside
the vehicle.

We calculated the magnetic field averaged over the heights defined in this study and
compared it with the ICNIRP guidelines and IEEE standard in terms of ac. When ac is less
than one, the BR would still be satisfied even with an increased coil output, provided that
Have of the definition satisfies the RL. Laakso et al. reported a ratio of the internal electric

186



Appl. Sci. 2024, 14, 2672

field to the three-point average magnetic field strength of 0.20 V/A with three human body
models at several angles outside the vehicle [18], which is close to 0.13 V/A obtained for a
similar averaging definition in this study. These values are close but somewhat different
from other studies (see Table 1), which is attributable to different postures and target areas
discussed in previous studies. Note that the discussion here follows the discussion for the
product safety standard (See Section 3.4). As shown in Figure 9, Definition 1 provided
a conservative assessment of the ICNIRP guidelines with each body material. However,
Definition 1 did not meet the requirements of the IEEE standard, whereas Definitions 2 and
3 were satisfied. This is because RL prescribed in the IEEE standard are relatively tolerant
of a permissible external magnetic field. Using Definition 1 and following the ICNIRP
guidelines, the maximum permissible transferred power for outside the vehicle made of
iron and CFRP was 196 and 191 kW, respectively. Moreover, it was 884 and 871 kW using
Definition 2 and the IEEE standard, respectively.

The whole-body Have, H at specific points, and three- or four-point Have provided good
correlation for the scenario inside the vehicle, whereas no consistent trend was discernible
for the other one-point measurement points (Figure 10). This can be attributed to the
difficulty of capturing the electric field at a single point in a highly nonuniform environment
with a realistic human body shape, such as the driver’s posture. Additionally, measuring
the magnetic field over the volume of the human body is practically difficult. Therefore,
the spatially averaged method is a good index to reasonably simplify the compliance
assessment procedure inside the vehicle. As shown in Figure 11, all definitions for the iron
body provided a sufficiently conservative assessment of the ICNIRP guidelines, whereas
they were either comparable or unconservative with respect to the IEEE standard. In
contrast, for the CFRP body, Definition 1 provided an equivalent level of protection in the
ICNIRP guidelines. However, Definitions 1 and 2 did not meet the requirements of the IEEE
standard, whereas Definition 3 met this requirement. When the vehicle seat position was
changed in the front–back direction, the absolute changes in ac with respect to the ICNIRP
guidelines were quite small, and the impacts on the conformity assessment were marginal
(Figure 12). However, some reduction factors may need to be applied to Definition 1 for
the iron body and Definition 3 for the CFRP body as they may not meet the IEEE standard.
Even considering additional reduction factor, its magnitude is two, which is much smaller
than the one order of magnitude or more, which is inherent to apply the RL in the exposure
guidelines to nonuniform field exposure such as electric vehicle (Section 2). Although it is
necessary to introduce an additional reduction factor for the IEEE standard, Definition 1
for the ICNIRP guidelines is satisfied. Using Definition 2, following the ICNIRP guidelines
and IEEE standard, the maximum permissible transferred power for inside the vehicle
made of CFRP was 62 and 241 kW, respectively.

6. Conclusions

The current product safety standards for WPT have not well considered the induced
electric field in the human body for compliance assessment, which is more essential metric
for human protection. Instead, the external magnetic field is used for practical purpose.
To fill this gap, different scenarios were considered to correlate the induced electric field
and external magnetic field in realistic scenarios. As the exposure scenarios can be limited
around the vehicle cabin, different practical definitions were considered for assessment.
From our finding, compliance assessment with exposure guidelines can be performed using
appropriate definitions and averaging of magnetic field under realistic conditions discussed
in the product safety standards. Spatial averaging of the magnetic field rather than single-
point measurement is appropriate when considering the correlation with the internal
electric field. In general, conservativeness is confirmed for most definitions considered
here. If it is not satisfied, some adjustments should be introduced, such as an additional
reduction factor of two to comply with the IEEE standard. Overconservativeness (by the
one order of magnitude or more) may be avoided unlike the measurement of peak magnetic
field for nonuniform field exposures.
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Abstract: Traditional eddy current technology identifies metal information with information of
single frequency of limited frequency spectrum. To solve existing problems, this paper proposes a
discrete wavelet transform-based metal material analysis model by using a constant phase angle
pulse eddy current (CPA-PEC) sensor which collects and depicts metal feature information from
multiple dimensions; then, the quantification calculation model of metal material by CPA-PEC feature
is presented; finally, an experimental platform is built to collect the CPA-PEC features of various
metal samples and verify recognition accuracy of the proposed metal material analysis model. In
the investigation, 1000 eddy current signals from four standard metals (Cu, Fe, Al, St) and three
types of metallic irons (Fe-K162, Fe-K163, Fe-K240) are measured and the features are identified by
discrete wavelet transform. The feature correlation and significance are determined by regression
analysis. Finally, the calculation model of feature evaluation index is present. The experimental
analysis indicates that the stability of the quantitative evaluation index of eddy current features
reaches 97.1%, the comprehensive accuracy error is less than 0.32% and the average measurement
speed is about 50 ms for 1000 random sampling tests on standard metals.

Keywords: constant phase angle pulse eddy current (CPA-PEC) sensor; discrete wavelet transform;
eddy current feature recognition; feature evaluation model

1. Introduction

Materials are an important support for industrial development; metallic materials
are particularly important. The consistency of metallic materials seriously affects the de-
velopment of high-end industries. In order to test the consistency of metallic materials,
titrimetric [1] and spectroscopic methods [2] are usually presented to detect the elemen-
tal composition of samples and thus determine the material properties. However, these
methods are complex in operation process, destructive, costly in instrument and inconve-
nient for applications in the material production site, which greatly constrains the rapid
identification of metallic materials.

The eddy current technique is one of the nondestructive testing methods that is widely
applied in metal material inspection, such as material integrity testing and material char-
acterization [3–8]. The single-frequency eddy current technique is suitable for classifying
metals because different metals are made of materials with different electrical conductivity
and magnetic permeability; thus, their absorptions of eddy currents are different. Con-
sequently, eddy current detection for metals can replace the expensive spectral scanning
method, since it reduces the detection time and improves the detection efficiency [9]. How-
ever, compared with the pulsed eddy current technique, single-frequency eddy current
signals cannot express frequency domain information. The pulsed eddy current technique
has a wide frequency spectrum, and the time domain signal can be filtered for multiple
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estimation of the electromagnetic parameters of the material from different frequency
characteristics during the measurement. Yu et al. put forward the method of quantitative
calculation of metal defects by using eddy current nondestructive testing to establish a
finite element model, semi-analytical method, etc. [10–13]; Chen et al. developed a model
of the time domain induced voltage and the electromagnetic parameters of the material
based on the pulsed signal. They demonstrated the effectiveness of the multi-frequency
method in detecting the electromagnetic parameters of the material [14,15]. Wang et al.
investigated the phase log-based of conductivity measurements. The results showed that
the relationship between the logarithm of the phase and the variation of the conductivity
was linear [16]. Lu et al. proposed a model to reconstruct the magnetic permeability,
conductivity, and thickness of the sample. The reconstruction error was 5% [17].

When using the eddy current technique to detect the electromagnetic properties of
metallic materials, lift-off is one of the important factors affecting the accuracy of the
measurement [18–20]. As such, eliminating the effect of lift-off is of great importance for
metallic material identification. By varying the relative spatial positions of the receiving
and transmitting coils, Jin et al. achieved accurate measurements of the sample conductivity
within a few millimeters, with a maximum error of 2.68% [21]. Ivan Rep et al. proposed a
stochastic inversion method with multi-frequency excitation to simultaneously determine
the magnitude of lift-off as well as the conductivity and permeability of the sample; the
inversion of these data resulted in a significant reduction in the a priori uncertainty of all
model parameters [22]. Lu et al. found that the dual-frequency signal was linearly related
to lift-off. By applying different frequencies through the calculation, it was possible to
reconstruct the variation of the lift-off of the signal and to reconstruct the electromagnetic
properties of the material with an error of 1.4% within 12 mm [23].

In addition, the signal processing method also determines the accuracy of the eddy
current method to identify material properties. Yang et al. presented the wavelet transform
method to process the eddy current signal of ferromagnetic metal. The weak defective
magnetic field signal inside the ferromagnetic metal plate can be identified because of
the interference of magnetic domains [24]. Bolos et al. introduced a new wavelet tool,
windowed scale index, that is suitable for studying the aperiodic degree of signal, such
as the volatility in crude oil and gold prices [25]. Lepicka et al. applied windowed
scale index into tribological behavior analysis of titanium nitride-coated stainless steel,
successfully proving that the windowed scale index has a great ability to distinguish
different tribological states [26]. Silipigni et al. adopted the pulse compression algorithm
to compress other forms of signals into a signal similar to the impulse response. They
then processed the corresponding signal of the pulse using the time domain algorithm.
Compared to the frequency domain signal, the time domain signal is much smoother
and less noisy, facilitating signal analysis [27]. Tamhanne et al. analyzed the degree of
corrosion of a 20 mm diameter steel bar by the principal component analysis, allowing
the lift-off of 55 mm for corrosion detection [28]. Empirical modal decomposition and a
non-smooth signal processing method can efficiently remove the noise from the signal.
Liu et al. proposed an improved differential empirical modal decomposition method that
can effectively suppress signal aliasing and distortion and significantly improve signal
accuracy [29]. Likewise, neural network-based classification has better recognition of
signals with low signal-to-noise ratios [30–33].

However, for the metal material consistency issue, metal alloy classification with
similar components is still a problem to be solved. More attention should be paid on
metal alloy identification with similar components using multi-frequency or magnetic
spectrum information.

This paper proposes a technical method of metal material analysis model based on
the discrete wavelet transform of eddy current method. The eddy current characteristic
information of the metals is collected and described in multiple dimensions, the quantitative
calculation model of metal material eddy current characteristic is proposed, and a standard
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metal material eddy current feature sample library is established to provide a new method
for accurate description of metal material features.

2. Principle and Methods

The material characteristics technology with eddy current method is based on the
constant phase angle pulse eddy current (CPA-PEC) sensor. The metal material properties
sample is formed by extracting the frequency variation and attenuation characteristics of
the eddy current field using a discrete wavelet transform model.

The CPA-PEC sensor is an eddy current sensor with a dual coil probe structure, as
shown in Figure 1, in which the excitation coil is fed with a periodic ramp signal with
a constant change in current to generate the magnetic field. The receiving coil is placed
outside the excitation coil to measure the change in the magnetic field. According to the
law of electromagnetic induction, it is known that the voltage across the receiving coil is
proportional to the rate of change of the magnetic flux at the coil location. The magnetic flux
at the receiving coil is related to the material, thickness, lift-off and shape of the detected
metal. Different frequencies of the magnetic field in the metals to be measured attenuate
the energy differently, so that the corresponding time domain signal in the receiving coil
changes. It can then be extracted from the detection target material, thickness, lift-off,
shape and other information through data processing. The working principle is described
as follows.

Figure 1. The structure of CPA-PEC sensor.

The model is simplified for better analysis: the coils are considered as a clingy
excitation-receiving system without volume. The excitation source used in this paper
is a ramp signal as shown in Figure 1, i.e., ISE = k1t, where k1 is constant. Then, the
magnetic field at its axial position x from the center is

B =
N1μ0 ISER2

2(R2 + x2)3/2 (1)

where N1 is the turns of the excitation coil, μ0 is the vacuum magnetic permeability and R
is the coil radius; ISE is the current amplitude of the excitation source.

Then, the voltage across the induction coil Us should be

Us =
N2d∅

dt
=

N1N2Sμ0R2k2

2(R2 + x2)3/2 (2)
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where Φ is the magnetic flux flows through the coil, S is the induction area of the coil and
N2 is the number of turns of the receiving coil. k2 is a scale factor of the central magnetic
field to the detected magnetic field. From Equation (2), it can be seen that the voltage in the
induction coil should be constant when the excitation field is a ramp signal. That is, in free
space, the voltage across the induction coil is a constant value.

Assuming an infinite plane current magnetic field source with a magnetic field H0z,
the solution for the magnetic field in the conductor located at x is

Hz = H0ze−
1+j√

2
√

ωμσx (3)

where Hz is the z-directional component of the magnetic field in the metal, x is the location
of Hz in the conductor, ω is the angular frequency, μ is the magnetic permeability and σ is
the electrical conductivity.

It is clear that the current inside the conductor is related to the magnetic field frequency
ω and the conductor’s electromagnetic properties μ, σ. The intensity of eddy currents in the
conductor increases with frequency within a certain range, but the eddy currents become
more and more concentrated in the center of the magnetic field with increasing frequency.
Since the magnitude of the magnetic field is proportional to the product of the induced
current and its loop area, the magnetic field decreases with increasing frequency within a
certain range. It means that there is an optimal magnetic field frequency in detection. The
optimal frequency point is dependent of the conductor properties μ, σ in Equation (1).

The wavelet decomposition of the ramp signal shows that the ramp signal corresponds
to different spectra at different times in the time domain. The frequency spectrum of the in-
duced voltage of the coil is different at different moments. By combining Equations (1)–(3),
the optimal magnetic field frequency for detecting different metals is different, meaning
that the time domain signal intensity of the induced voltage at both ends of the coils should
be different at different time points when detecting different metals. By analyzing the time
domain characteristics of the induction signal of the coil, the material type of the metal can
be identified.

The constant parameters used in this paper are shown in Table 1.

Table 1. The constant parameters used in this paper.

Constant Parameter Value

k1 (A/us) ~0.09

μ0 (N/A2) 4π × 10−7

N1 36

N2 360

e ~2.718

3. Experiment and Results

3.1. Experimental Setup

In this section, a system with CPA-PEC is built and shown in Figure 2. The eddy cur-
rent metal material analysis experimental platform mainly consists of the CPA-PEC probe,
the signal generation module, the signal amplification module, the signal receiving module,
the 2D scanning platform, the computer and the analysis software of the upper computer.

The signal generation module is used to control the excitation coil to send out the ramp
excitation signal. A microcontroller-controlled gate circuit is used for generating a periodic
square wave. Then, the CPA-PEC voltage signal is generated by charging and discharging
to a capacitor. After that, the voltage on the capacitor is converted to a current signal which
is connected to the excitation coil. The receiving coil is used to collect the characteristic
signal of metal induced eddy current field when the probe is close to the samples. The
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signal is fed into a signal amplification and filtering system and then converted into a
digital signal by a 10-bit AD.

 
Figure 2. Photograph of the experimental setup.

A discrete wavelet transform model is used to transform the signal. The eddy cur-
rent characteristic index is calculated by the discrete signal characteristic analysis model,
which can quickly identify the metal to be measured. The experimental data are based
on 100 replicate measurement sampling with the CPA-PEC probe. The detection results
of metal samples Cu, Fe, Al, St, Fe-K162, Fe-K163 and Fe-K240 were analyzed by feature
extraction of the data. The proportion of the elements in metallic alloys Fe-K162, Fe-K163
and Fe-K240 are listed in Table 2.

Table 2. Proportion of the elements in metallic alloys.

Fe-K162 Fe-K163 Fe-K240

Fe 93.97% 93.994% 94.326%

C 3.21% 3.30% 3.81%

Si 1.28% 1.25% 1.23%

Mn 1.05% 1.16% 0.319%

P 0.075% 0.065% 0.044%

S 0.045% 0.055% 0.026%

Cr 0.24% 0.1% 0.037%

Ni 0.09% 0.036% 0.009%

Mo 0.001% 0.002% 0.026%

V 0.012% 0.011% 0.017%

Cu 0.014% 0.012% 0.142%

Ti 0.013% 0.015% 0.014%
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The amplitude of the ramp signal is 825 mV, the width of the signal is 20 us and the
repeat frequency is 1 kHz.

3.2. Discrete Wavelet Transform—Based Metal Material Analysis Model

The identification method and steps of the metal material analysis model are shown
in Figure 3.

 

Figure 3. Identification method and steps of the eddy current method metal material analysis model.

In this paper, the characteristics of the signal in the time domain and frequency domain
are analyzed, different eddy current characteristics are extracted from time and frequency
domain, and the calculation model of the characteristic evaluation index is constructed
to calculate the eddy current characteristic index. The consistency between the measured
metal and the known metal materials is judged by comparing the metal eddy current
characteristic database.

Wavelet transform is an algorithm suitable for non-smooth signal analysis. It can
decompose a given time-domain signal into several sets of wavelets carrying different
frequency information. That means that the wavelet transform analysis method can be
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used to control the frequency components in the signal very well. It should be noticed that,
when the wavelet reconstruction is performed, the reconstruction coefficients should be
optimized for the specific length of the data. If too much low-frequency information is
retained in the reconstructed signal, the jitter from signal acquisition cannot be removed. If
the reconstructed signal retains too much high-frequency information, the effect of high
frequency noise on the signal cannot be removed. However, if too little high-frequency or
low-frequency information is retained, the signal will be severely distorted, affecting the
feature extraction of the signal.

The dbN wavelet has a better regularity: that is, the smooth error introduced by this
wavelet is not easily detected as a sparse basis, making the signal reconstruction process
relatively smooth. The characteristic of the dbN wavelet is that the order of vanishing
moment increases with the increase of order (sequence N). The higher the vanishing
moment, the better the smoothness, the stronger the localization ability of frequency
domain, and the better the division effect of the frequency band [34]. In this paper, the
wavelet base adopted in the experiment is db4; the approximate coefficient in level six is
used for signal reconstruction with better signal-to-noise ratio (SNR). All the parameters
used in the following analysis are based on the approximate coefficient at level six in
db4. A comparison chart of the raw signal measured in air and the signal after wavelet
transformed is show in Figure 4. It can be seen that high frequency noise has been filtered;
this will affect classification accuracy.

Figure 4. Comparison of the signals before and after wavelet transformed.

In this paper, the signals are evaluated in terms of peak frequency, peak time, zero
crossing time, time of decay, main peak area and amplitude of attenuation, respectively.
In selecting the characteristic parameters, 1000 independent measurements of the metal
under test were performed in a random scan to obtain eddy current characteristic samples
for the four standard metals (Cu, Fe, Al and St) and three standard metals of Fe (Fe-K162,
Fe-K163 and Fe-K240) studied in this paper.

Six extracted parameters of Fe samples are shown in Figure 5. It can be seen that
Fe-K162, Fe-K163 and Fe-K240 can be well classified with parameters of zero crossing time,
time of decay and main peak area. However, Fe-K162, Fe-K163 and Fe-K240 have a light
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overlap in the feature of zero crossing time and time of decay. It is seen that, for each
extracted feature, the tendency of the feature values varies with the material is different.
This may be affected by the content of the elements in metallic alloys. From Table 1, it is
seen that the iron element proportions of Fe-K162, Fe-K163 and Fe-K240 are 93.97%, 93.994%
and 94.326%, respectively. The average values of the time of delay feature corresponding
with iron element proportions are 318, 324 and 335, respectively; these have the same
monotonicity compared to iron element proportions. The average values of the main peak
area feature corresponding with iron element proportions are 803, 770 and 730, respectively;
these have an opposite monotonicity compared to iron element proportions. It seems that
the features of time of decay and main peak area are highly related with the iron element
proportions and have high sensitivity to small content changes in ferroalloys.

Figure 5. Signal characteristic distribution of Fe-K162, Fe-K163 and Fe-K240.
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Similar experiments have been applied to Cu, Fe, Al and St, as shown in Figure 6. It
can be seen that the features of peak frequency and peak time are meaningless for metal
recognition combined with the results of Figure 4. Different from Figure 4, the feature of
amplitude of attenuation has contribution in Cu, Fe, Al and St identification. It should be
noticed that Cu and Al are easily distinguished by the zero crossing time feature; Fe and
St are also easily distinguished by the zero crossing time feature. However, the results in
the time of decay feature are the opposite; the feature value is far less distinguishable than
the feature of zero crossing time. However, the feature of main peak area is perfect for
metal classification: there is no need to make a joint judgment with other features. That is
because the four metals differ greatly in electrical and magnetic permeability.

Figure 6. Signal characteristic distribution of air, Cu, Fe, Al and St.
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A fast logistic regression analysis was performed using 50 independent data samples
to calculate feature correlations and significance to verify the accuracy of eddy current
feature parameter selection. A binary regression analysis of eddy current signal feature
correlation was established to validate the data samples using 50 groups of Fe-K162 gray
cast iron metal samples against 50 groups of non-Fe-K162 metal samples, and the results of
the regression analysis are shown in Figure 7.

Figure 7. IBM Statistical Product Service Solutions Software statistics binary logistic regression
analysis results.

The classification map and the Hosmer–Lemeshaw goodness of fit were performed
according to the six features mentioned previously. The number of iterations was set to 20;
the predicted value probability, group membership, influence factor and leverage values
were turned on; and the residuals of the criteria are analyzed. Then, the Statistical Product
Service Solutions (SPSS) correlation and significance of metal signal characteristics can
be analyzed.

This paper adopts the binary logistic regression model of the IBM SPSS software and
takes the characteristic data of Fe-K162 eddy current signal as an example to identify the
correlation and significance of the characteristic parameters of the above samples.

According to the significance analysis setting, if the significant p value of variable X
shows significance, it means that X has an influential relationship on Y. If it is not significant,
the variable should be excluded. From the results of the grouped experimental data, it can
be seen that there are four explanatory variables in the model with significance analysis
p-values less than 0.001 for Fe-K162 recognition rate, indicating that all X factors have a
significant influence relationship on Y.
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The impact of the correlation of X–Y was compared based on the regression analysis
scores. From the regression analysis scores, the four explanatory variables in the model,
such as zero crossing time, main peak area, amplitude of attenuation and time of decay,
had scores of 88.101, 47.304, 96.037 and 89.974, respectively, indicating that all variables
showed significant positive influence relationships on the Fe-K162 recognition rate.

In summary, combining the feature screening results and correlation verification
conclusions, it is determined that the main feature parameters such as main peak area,
time of decay and zero crossing time are selected. The amplitude of attenuation is selected
as an auxiliary feature parameter to establish a functional mapping relationship with the
metal eddy current signal. Multiple groups of feature parameters can be combined for
simultaneous discrimination, which can improve the metal identification accuracy and
expand the identification range.

In order to analyze the effectiveness of the described method more intuitively, an eval-
uation index is proposed and its stability and accuracy are analyzed based on experiments.
The evaluation index is defined as

EVAmetal =
j

∑
k=1

(
1
m

m

∑
n=1

(ck × PCA(DWT(Sn, db4), characterk))) (4)

where characterk is the extracted parameter defined from peak frequency, peak time, zero
crossing time, time of decay, main peak area and amplitude of attenuation; Sn is the signal
amplitude in time domain; m is the number of times the experiment was repeated; and ck is
a balanced value for each extracted parameter, which is positively correlated with the score
in Figure 7.

The model and calculation equation are tested by 1000 independent sampling, from
which 100 random samples are used in the accuracy verification. The results are shown in
Table 3. It is clear that the eight chosen kinds of metal are all well categorized. The EVA
value for each metal is extremely stable, except the first value for air condition. It can be
seen that the EVA values of Fe-K162, Fe-K163, Fe-K240 and Fe are very close, which means
that iron-based metal materials are more difficult to classify. When using the EVA value in
air as the standard, it can be seen that the EVA values of metals with magnetism are bigger
than the EVA value of air. The EVA values of metals without magnetism are smaller than
the EVA value of air.

Table 3. The quantization index of the model was verified repeatedly with 100 random samples
per group.

Repeat 1 Repeat 2 Repeat 3 Repeat 4 Repeat 5

K162 2966 2966 2965 2965 2966
K163 2956 2956 2955 2956 2955
K240 2946 2946 2945 2945 2946

Fe 2951 2951 2951 2951 2951
Air 3080 3090 3090 3090 3090
Cu 3210 3210 3211 3211 3210
Al 3221 3221 3221 3225 3221
St 3125 3125 3125 3126 3125

The sensor, model and calculation equations were tested by 1000 independent samples,
among which 100 random samples were selected to verify the identification rate, stability
and accuracy. The results are shown in Table 4. It can be seen that the identification rates
for all the metals are 100%. The stability of the sensor for all metals classification are greater
than 97.10%. The metal material with the least stability during measurement is Fe, and the
metal material with the greatest stability during measurement is Fe-K240. The confidence
interval has a mean value of ± 0.33‰. According to the statistics without anomalies, the
relative error of the EVA value is less than 0.32%. The minimum relative error is only 0.03%.
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Table 4. The identification rate of the sensor, the stability of the calculation model and the accuracy
of the evaluation index.

Identification Rate * Stability * Relative Error *

K162 100% 98.80% 0.03%
K163 100% 98.90% 0.03%
K240 100% 99.12% 0.03%

Fe 100% 97.10% 0.31%
Air 100% 97.45% 0.32%
Cu 100% 98.11% 0.03%
Al 100% 98.10% 0.12%
St 100% 97.45% 0.03%

* Identification rate = (identified samples/total samples) × 100%. * Stability is the samples that were within the
confidence interval. * Relative error = (|EVAmetal − mean(EVAmetal)|/max(EVAmetal)) × 100%.

Based on the experimental data validation results, when the excitation parameters are
fixed, four kinds of standard metal materials and three kinds of gray cast iron materials of
the same type are measured, respectively, and the evaluation indexes of metal eddy current
characteristics are calculated. The results can be distinguished one by one. Through 1000
repeated experiments, the recognition rate of the sensor reaches 100%, the stability of the
calculation model is more than 97.1%, the comprehensive accuracy error is less than 0.32%,
and the average measurement speed is about 50 ms.

4. Conclusions

To deal with the issue of metal alloys classification with similar components, a discrete
wavelet transform-based metal material analysis model by CPA-PEC method is proposed
in this paper, and performances are verified by a series of experiments.

The CPA-PEC sensor is excited by a constant phase angle pulse eddy current, and
the eddy current signal is analyzed by the discrete wavelet transform. Compared with
conventional sine wave excitation, constant phase angle pulse eddy current has a wider
spectrum, which may have benefit for spectrum measurement of different metals. There-
fore, the proposed method has fast discrimination capability for various metal materials
and has good discrimination capability for comprehensive evaluation and quantitative
analysis of the subtle differences in metal composition through the discrete signal feature
analysis model.

Experimental investigations show that the CPA-PEC sensor with metal eddy current
feature library and metal material feature identification algorithm can effectively improve
the capability of eddy current sensor to identify metal material consistency in application
environments such as qualitative determination of special metal material components and
dynamic monitoring of metal consistency. The proposed evaluation index can accurately
discriminate metals. The identification rates are 100% for all the metals, the stability is
greater than 97.10% for all metals, and the relative errors are less than 0.32% for all metals.

Compared with other metal identification techniques, such as spectral analysis, the
CPA-PEC technique can quickly determine the metal material characteristic index by a
simple detection device and achieve higher accuracy and a wider range of metal identifi-
cation by continuously expanding the eddy current characteristic library. This has higher
practicality and a wide application value in the application scenario of rapid nondestruc-
tive testing of metal material composition. However, an obvious limitation exists: the
CPA-PEC technique is more suitable for qualitative analysis of alloy components, such as
measurement of the change in the content of a component in the production of an alloy. In
the future, the influence of different components on the electromagnetic properties of the
alloy should be fully analyzed, more data should be expanded to the metal eddy current
feature library by collecting the experimental signals from more types of the samples, and
the performance of the proposed metal material feature identification algorithm should be
verified by the different metal categories.
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