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Abstract

Objective: Tiny metallic foreign bodies may remain in the human body after accidental
ingestion, surgery, or ballistic injury, potentially causing inflammation, tissue damage, and
other complications. Although X-ray and CT are widely used for detection and localization,
intraoperative motion and workflow constraints may reduce localization accuracy and
real-time retrieval efficiency. This study aims to develop a portable multi-frequency
electromagnetic excitation circuit to assist the detection and localization of tiny metallic
foreign bodies in the human body. Methods: A multi-frequency electromagnetic excitation
circuit was designed for balanced-coil eddy-current sensing. The proposed transmitter
combines Selective Harmonic Elimination Pulse-Width Modulation (SHE-PWM) with a
full-bridge Class-D power amplifier to generate synchronous multi-frequency excitation
currents at 50 kHz, 150 kHz, 350 kHz, and 850 kHz. The use of multiple excitation
frequencies provides complementary depth sensitivity, in which low-frequency excitation
improves penetration depth for deeply embedded targets, while high-frequency excitation
enhances the response and spatial resolution of small or superficial objects. Circuit
simulations and hardware measurements were conducted to evaluate the time-domain
and frequency-domain characteristics of the proposed circuit. Results: Simulation and
experimental results showed good agreement with theoretical predictions. The proposed
circuit successfully generated synchronous multi-frequency excitation currents with
controllable spectral components. The results confirmed that the combination of SHE-
PWM and a full-bridge Class-D power amplifier can provide spectrally controllable and
energy-efficient excitation suitable for balanced-coil eddy-current sensing. Conclusions:
The proposed multi-frequency electromagnetic excitation circuit provides a feasible
supplementary solution for tiny metallic foreign-body detection and localization. Its low-
cost, portable, and energy-efficient characteristics make it potentially suitable for bedside
and intraoperative electromagnetic assistance, especially in scenarios where conventional
imaging methods are limited by workflow constraints or real-time localization requirements.

Keywords: SHE-PWM, Class-D power amplifier, Eddy current testing, Balanced metal
coil, Detecting tiny metal in body

Highlights

¢ A multi-frequency electromagnetic excitation scheme is proposed for the detection and localization of tiny metallic foreign bodies

inside the human body.

¢ By integrating SHE-PWM with a full-bridge Class-D power amplifier, the transmitter achieves energy-efficient, spectrally control-
lable, and synchronous multi-frequency excitation.
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e Optimized switching angles enhance designated frequency components and suppress non-target harmonics, improving both exci-

tation efficiency and frequency selectivity.

e Low-frequency excitation increases penetration depth for deeply embedded objects, while high-frequency excitation enhances the

response and resolution of small or superficial targets.

e Circuit simulations and hardware measurements show good agreement with theoretical analysis, validating the feasibility and ef-

fectiveness of the proposed method.

1 INTRODUCTION

In modern medical practice, inadvertent introduction and
retention of metallic foreign bodies in the human body are not
uncommon. Representative scenarios include accidental inges-
tion of metal fragments, traumatic retention of shrapnel or steel
pellets, and intraoperative loss of small metallic items such
as suture needles, hemostatic clips, guidewires, or miniature
instrument components [1, 2]. Once retained, such foreign
bodies may trigger localized inflammatory reactions, tissue
injury, elevated infection risk, and even secondary harm during
subsequent examinations or interventions. Accordingly, clini-
cal management typically requires a prompt closed-loop work-
flow encompassing screening, localization, and retrieval. At
present, X-ray radiography and computed tomography (CT)
remain the mainstream modalities for metal localization, as
they can directly depict the morphology of the foreign body and
its spatial relationship with surrounding tissues. However, dur-
ing perioperative or emergency management, physiological
motions—including muscle contraction, respiration, and gas-
trointestinal peristalsis—can cause foreign-body migration;
moreover, the use of X-ray or CT is often constrained by the
size and limited maneuverability of these large-scale systems,
which may delay screening and removal. Therefore, the devel-
opment of a low-cost, portable, and real-time auxiliary local-
ization technique capable of rapid confirmation and dynamic
tracking beyond conventional imaging has clear engineering
value and clinical significance.

Compared with conventional industrial metal detection,
human-body metallic foreign-body detection is more challeng-
ing. Targets may be deeply embedded across different tissue
layers with variable stand-off distance from the sensing coil. In
addition, foreign bodies exhibit diverse morphologies (needle-
like, plate-like, or particulate), and dynamic orientations driven
by respiration, muscle contraction, and peristalsis. Meanwhile,
biological tissues are conductive and dielectric with substantial
inter-subject variability, and the presence of metallic surgical
instruments further complicates the electromagnetic back-
ground and increases interference. Under such conditions, a
single excitation frequency is often insufficient to satisfy both
sensitivity and stability requirements. Hence, multi-frequency
eddy-current techniques are desirable to improve detection effi-
ciency: lower frequencies enhance effective penetration depth
and facilitate detectability of deeply embedded objects, where-
as higher frequencies strengthen near-surface responses and
improve resolution for small or superficial targets, thereby
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improving reliability under complex backgrounds and posture
variations [3, 4].

Eddy-current-based detection provides a feasible route for
rapid localization of metallic foreign bodies in the human body.
An excitation coil generates an alternating magnetic field that
induces eddy currents in the metallic target (or magnetization
responses in ferromagnetic objects) [5-7]. The resulting mag-
netic-field perturbation is then sensed by a receiving coil,
enabling the determination of target presence and relative
position. Similar to industrial in-line rejection systems, this
approach relies on high-sensitivity acquisition and robust
decision-making to detect weak electromagnetic signals.

The overall architecture of an eddy-current detection system
is illustrated in Figure 1, typically comprising a power trans-
mitter, a receiving and signal-conditioning front end, an ana-
log-to-digital converter (ADC), and a digital processing unit
(e.g., a microcontroller or field-programmable gate array
[FPGA]). Among these components, the power transmitter is
indispensable for improving the signal-to-noise ratio (SNR)
and overall sensitivity: by delivering high-current excitation,
it generates a sufficiently strong alternating electromagnetic
field, thereby increasing the magnitude of target-induced field
perturbations and the induced voltage at the receiver [8, 9]. In
multi-frequency eddy-current detection, critical information is
encoded in the frequency-dependent responses associated with
target material properties, size, and depth. Therefore, the trans-
mitter must provide not only high-power output but also syn-
chronous, stable, and controllable multi-frequency excitation,
ensuring phase coherence, amplitude consistency, and spectral
purity across frequencies to meet the requirements of demodu-
lation and feature extraction, and to avoid inter-frequency cou-
pling and amplitude/phase drift that would otherwise degrade
localization or identification accuracy. To this end, this work
designs a synchronous multi-frequency transmitter employing
a selective harmonic elimination (SHE) strategy to synthesize
the excitation current waveform, enhancing the desired fre-
quency components while suppressing non-target harmonics,
thereby providing a stable transmission foundation for high-
sensitivity detection under multi-frequency excitation.

2 EDDY CURRENT PRINCIPLE

Figure 2 schematically illustrates the operating principle of
eddy-current—based detection. The output of the power ampli-
fier drives the transmit coil. To enhance the coupling (sensing)
coefficient between coils in the metal-detection probe, the
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Figure 1. Overall architecture of an eddy-current detection system. FPGA, field-programmable gate array.
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Figure 2. Operating principle of eddy-current-based detection.

transmit and receive coils are arranged in a coaxial coplanar
configuration, with the transmit coil placed externally and the
receive coil internally. The alternating magnetic field generated
by the detection coil induces a rotational electric field in the
conductive target, thereby driving closed-loop eddy-current
distributions. According to Lenz’s law, these eddy currents
generate a secondary magnetic field that couples back to the
primary excitation field, thereby altering the magnetic flux
linkage and the equivalent impedance of the detection coil [10,
11]. The resulting impedance variation comprises both a resis-
tive component, associated with Joule losses induced by eddy
currents, and an inductive component, associated with magnet-
ic-flux redistribution (with explicit frequency dependence) [12,
13]. This impedance response is jointly governed by the target’s
electrical conductivity and magnetic permeability, as well as its
geometry, spatial position, and the excitation frequency (via the
skin-depth effect). By measuring and demodulating the ampli-
tude and phase of the coil voltage or current (or equivalently the
in-phase and quadrature [I/Q] components), one can detect the
presence of metallic targets and further enable parameter char-
acterization, localization, and identification.
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3 SELECTION OF POWER AMPLIFIER TYPE

In the above-described electromagnetic detection system, the
transmitting coil requires excitation currents of sufficiently
high magnitude, making the choice of power amplifier con-
figuration critical to overall system performance. For single-
frequency eddy-current detection systems, a resonant driving
scheme can be employed, in which the transmit coil and
matching network form a resonant circuit capable of deliver-
ing power efficiently at a single frequency. However, for multi-
frequency excitations, simultaneous resonance across multiple
frequency components is impractical due to the inherently nar-
rowband characteristics of resonant amplifiers.

In the context of multi-frequency excitations, power amplifier
performance directly affects the quality of the modulated sig-
nal, the harmonic composition of synthesized waveforms, and
the overall energy efficiency of the detection system. Previous
studies have shown that Class-AB power amplifiers are pre-
ferred in analog and/or audio applications owing to their favor-
able linearity and low distortion levels [14]. Nevertheless, their
application in high-power broadband or multi-frequency eddy
current setups is limited. This limitation arises from subopti-
mal power conversion efficiency, significant thermal dissipa-
tion, restricted operational bandwidth, and insufficient current-
driving capability when directly powering excitation coils.
Moreover, the high thermal output of Class-AB amplifiers
reduces system efficiency and longevity and increases costs
owing to the need for additional thermal management.

To address these drawbacks of conventional power amplifiers,
switch-mode power amplifiers, particularly Class-D types, are
gaining popularity. In a Class-D power amplifier, the output
transistors operate as electronic switches, alternating between
fully ON and fully OFF states at high frequency. This switch-
ing minimizes switching and conduction power losses, result-
ing in remarkably high amplifier efficiency [15, 16]. Figure 3
illustrates the circuit diagram of a full-bridge (H-bridge)
Class-D amplifier, a configuration widely used in modern
high-efficiency designs. The combination of a Class-D power
amplifier with multi-frequency selective harmonic elimination
pulse-width modulation (SHE-PWM) enables direct genera-
tion of complex multi-frequency current signals from a direct
current (DC) power source, without requiring linear amplifi-
cation of each frequency component. This approach over-
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Figure 3. Class-D power amplifier (H-bridge).

Table 1. Class-AB power amplifiers and Class-D power amplifiers

Characteristic Class-AB power amplifiers Class-D power amplifiers

Operating principle Linear amplification Switching amplification

Efficiency Typically 30-60% Typically 85-95%

Suitable frequency range Best suited to low-to-mid frequencies (<100 kHz). Well suited to mid-to-high frequencies (kHz to MHz)
Output-current capability Limited Very high

Thermal loss High Very low

comes the efficiency bottleneck of conventional amplifiers
while maintaining high spectral purity of the output current
signals and their harmonics. It allows real-time generation of
broadband excitation signals with both high efficiency and high
spectral purity, making it suitable for advanced multi-frequen-
cy eddy-current detection systems. Table 1 summarizes the
performance differences between Class-D and Class-AB power
amplifiers.

4 PRINCIPLE OF SELECTIVE HARMONIC
ELIMINATION

4.1 Fourier series representation of inductor current

To achieve high SNR, low drift, and repeatability in eddy-cur-
rent—based localization of metallic foreign bodies in the human
body, the transmitter must not only provide sufficient excitation
strength but also deliver a controllable and stable excitation
spectrum. This requirement is particularly critical under syn-
chronous multi-frequency excitation, where inter-frequency
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amplitude and phase consistency directly determines the sta-
bility of I/Q-demodulated features and the achievable localiza-
tion accuracy. Although Class-D power amplifiers offer high
efficiency and are suitable for portable implementations, their
switching outputs inherently contain rich harmonic compo-
nents. If such harmonics are not properly controlled, the tis-
sue—coil system may exhibit additional background responses,
baseline drift, and inter-frequency crosstalk, thereby reducing
detectability of tiny targets and increasing the risk of false posi-
tives. To address this issue, this study adopts a SHE strategy,
optimizing switching angles to synthesize the desired excita-
tion at target frequencies while suppressing critical non-target
harmonics. This approach enhances the robustness of multi-
frequency detection and improves the reliability of target
localization.

In the SHE strategy, the switching angles are designed to con-
strain the output harmonic spectrum. As a result, the excitation
current achieves the desired amplitude at the designated target
frequencies while minimizing specific non-target harmonic
components.
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The periodic pulse-width modulation (PWM) voltage generat-
ed by the power electronic converter can be represented using
a Fourier series, which forms the basis for harmonic angle
optimization, as shown in Equation (1) [17]:

Vv(e) = +Z <ancos< > + by sm( 277{’” )) Q))

where a, indicates the DC term, a, the cosine coefficients, and
b, the sine coefficients. The Fourier series representation of the
PWM waveform is inherently complex due to multiple switch-
ing intervals and asymmetric pulse durations.

To cosine the analytical solution and facilitate harmonic man-
agement, the PWM waveforms can be assumed to possess
quarter-wave symmetry. Under this assumption, the waveform
exhibits half-period sign inversion symmetry, which mathe-
matically eliminates certain Fourier components, specifically
the DC term, even harmonics, and sine coefficients of odd har-
monics. This assumption greatly simplifies the nonlinear equa-
tions used to determine the switching angles for the SHE-PWM
strategy, enabling effective synthesis of the multi-frequency
excitation waveform.

In the full-bridge Class-D power amplifier under the symmetri-
cal conditions, the voltage waveform applied to the load can
be described in a compact Fourier series form. The resulting
series, presented in Equation (2), provides the mathematical
basis for determining the targeted harmonic components
and their corresponding switching angles in the SHE-PWM
approach:

=3 (busin( 2221 o

n=1

Under the quarter-wave symmetry assumption, the cosine
Fourier coefficients related to the harmonic components of the
output voltage can be further derived. These coefficients quan-
tify the amplitudes of the retained harmonics and relate the
desired output spectrum to the switching angles of the inverter.
The general form of the cosine series coefficients is expressed
in Equation (3):

b = 4V°<Z 1) cos(na’))>
3

k= 1 Switching angle a;at rising edge
0 Switching angle a;at falling edge

Here, n takes only odd integers due to the use of quarter-wave
symmetry, which restricts harmonics to odd orders. o; denotes
the switching angles of the PWM waveform, i.e., the time at
which the output voltage transitions between levels within a
half-wave cycle. V, represents the drain voltage of the
MOSFET switch, which, in the context of the full-bridge
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Class-D amplifier represented in Figure 2, corresponds to the
supply voltage V.

In the above Class-D power amplifier system investigated in
this study, the excitation coil can be approximated as an ideal
inductive load. By this approach, the terminal voltage and cur-
rent satisfy the constitutive relation of an ideal inductor, which
facilitates waveform synthesis. In this case, the instantaneous
voltage across the coil is given by:

L dit)

un =L,

@

where L denotes the inductance of the excitation coil. Therefore,
the instantaneous current through the excitation coil can be
modeled as the time integral of the applied pulsed voltage:

=1 f u(f)dt 5)

This model captures the accumulative property of the inductor
current, reflecting the increase in magnetic energy of the coil as
a function of the applied voltage and duration of the excitation
signal. The output voltage of the Class-D power amplifier takes
only discrete values, usually +V, and -V,, forming a series of
rectangular pulses in the time domain. Accordingly, the current
through the inductive load represents the integral of these volt-
age pulses. Figure 4 illustrates the voltage waveform and the
corresponding current waveform.

Let =27/T denote the basic angular frequency of the periodic
excitation signal. By substituting Equations (2), (3), and (5) into
the previous expressions, the instantaneous current in the exci-
tation coil can be represented as a Fourier series expansion, as
in Equation (6). The coefficients b,, representing the amplitude
of the harmonic components in the coil current, are described
in Equation (7).

G () = D, busin(nwi) 6)
4nVi
b= ZZLZ( 1) sin (na) )

4.2 Frequency selection of inductor current

In the previous section, the Fourier series representation of
the inductor current was derived from the PWM voltage wave-
form of the inverter. Consequently, various current waveforms
can be synthesized by appropriately selecting the cosine series
coefficients b,. In this case, the proper selection of these coef-
ficients is critical for defining the quality and spectral content
of the excitation currents.
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Figure 4. Schematic of inductor voltage and current waveforms.

To obtain a physically realizable and spectrally controlled cur-
rent shape, the desired shape must first be defined in the time
domain. Morphologically, each switching interval should
exhibit a high level of linearity to allow an accurate approxi-
mation using piecewise linear segments. In addition, to sim-
plify the Fourier series coefficients and maintain a manageable
mathematical form, the target waveform is designed with quar-
ter-wave symmetry, consisting of the fundamental and odd
harmonics. This design preserves symmetry across each half
cycle, eliminates redundant even-order harmonics, while re-
taining only the harmonic components required for multi-fre-
quency excitation.

In eddy-current-based assistance for localization of metallic
foreign bodies within the human body, multi-frequency excita-
tion is commonly employed to obtain complementary electro-
magnetic response features, so as to accommodate variations
in both target materials (ferromagnetic and non-ferromagnetic)
and burial depth or orientation. The theoretical basis is that the
eddy-current distribution and associated secondary magnetic
field are jointly determined by the electrical conductivity o,
magnetic permeability p, and the excitation angular frequency
®, exhibiting pronounced frequency dependence. According to
the skin effect, the characteristic skin depth is given by:

5=y a5 ®)

https://doi.org/10.61189/744920nwaoek

x10°

As the excitation frequency increases, the skin depth decreas-
es: high-frequency excitation concentrates eddy currents near
the target surface, thereby enhancing sensitivity to superficial
and small-sized foreign bodies; in contrast, low-frequency
excitation provides a greater effective electromagnetic penetra-
tion depth, thereby improving detectability of deeply embed-
ded targets. Moreover, materials with higher ¢ and o (e.g., fer-
romagnetic metals or high-conductivity metals) tend to exhibit
stronger skin effects and more pronounced amplitude/phase
variations at the same frequency, facilitating material discrimi-
nation and localization.

Based on this principle and leveraging the spectrally control-
lable synthesis enabled by SHE, this study selects 50 kHz, 150
kHz, 350 kHz, and 850 kHz as the multi-frequency excitation
tones. The corresponding current waveform are designed to
provide complementary amplitude—phase responses for subse-
quent signal processing. By using synchronous multi-frequen-
cy excitation, an amplitude—phase (I/Q) feature space can be
constructed, allowing joint evaluation of responses across fre-
quencies. This approach improves robustness against tissue-
background effects, variations in electromagnetic coupling,
and motion-induced amplitude/phase perturbations, thereby
enhancing both the detectability and localization resolution for
tiny metallic foreign bodies in the human body. The mathemat-
ical expression of the synthesized inductor current can is given
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Figure 5. Target inductor current waveform for multi-frequency excitation.

by Equation (9), and the corresponding time-domain current
waveforms are illustrated in Figure 5.

() = sin (@) + 5 sin(3wr) + sin (Tor) + 17 sin(1701) ©
w=2m*50*10°

4.3 Optimization of the spectral coefficients of inductor
current

The primary objective of the SHE-PWM is to modulate the
low-order harmonics of the output waveform through opti-
mized switching angles o;. This approach allows elimination
of unwanted harmonics from high-power converters while
preserving the required spectral characteristics of the excitation
signal. A major challenge in implementing SHE-PWM lies in
solving a system of nonlinear transcendental equations that
map the switching angles a; to the amplitudes of the harmonics.
The complexity of this system depends on the waveform char-
acteristics and the number of discrete voltage levels involved.

Several methods have been proposed to address this challenge,
including numerical solutions, resultant theory methods, and
optimization-based techniques. Numerical methods usually
face difficulties due to the nonlinear expressions inherent in
standard SHE-PWM models, especially when high-order har-
monics or two-level inverter topologies are used. Resultant
theory approaches encounter increasing computational com-
plexity as the polynomial order rises with the number of har-
monics to be eliminated.

https://doi.org/10.61189/744920nwaoek

With advances in computational power, optimization-based
strategies have become the preferred approach. In this frame-
work, the SHE-PWM equations are reformulated as an opti-
mization problem subject to constraints. The objective function
is defined as the residual magnitude of the undesired harmon-
ics, with the goal of minimizing this value. Constraints enforce
the elimination of targeted harmonics and the symmetry of the
waveform.

In this context, the switching angles a; can be determined via an
optimization algorithm. The procedure begins by identifying
the local extrema of the target current waveform. These extre-
ma serve as initial estimates for the switching angles, providing
a valid starting point for subsequent iterations. In system
employing a single H-bridge configuration, the slope of the
inductor current remains constant in magnitude during each
switching interval, allowing the previous target current wave-
form to be approximated by line segments with equal slope
magnitude.

Figure 6 illustrates the optimization procedure for one-quarter
of the waveform duration (6=n/2~1.57). The green curve repre-
sents the desired target current in the first quarter of the wave-
form, while the red polylines show piecewise-linear approxi-
mation used in the optimization. The remaining three quarters
of the waveform are derived through symmetry. The initial
switching angles derived from this approximation method are
provided in Table 2.

However, when a suitable initial guess for the switching angles
exists, gradient-based algorithms can converge substantially
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Figure 6. First-quarter current waveform fitting for SHE-PWM optimization.

Table 2. Initial switching angle

represents the set of undesired harmonics to

be reduced. The parameter ¢, defines the per-

Switching angle 0y (V) 03 04 Us U o -

0 (rad) 0.47 0.64 087 1.00 114 146 missible level of each non-target harmonic,

Time (us) 148 200 280 318 1.6 464 acting as a soft constraint to prevent excessive
- - - - - - distortion.

faster than stochastic or population-based algorithms [18]. In
this study, a gradient-based algorithm was used to determine
the amplitudes of the harmonic components, as formulated in
Equation (10):

min z /J_p< poL by~ >2

0= <a,<a:;Sai<as<a;< 2,mp PeED (10)

wL
subject to ‘ LS »

Here, the modulation index is defined as:

Vi pa)L
mp = Vs bp (1D

where V, represents the amplitude of the p™ harmonic of the
output voltage, and V, denotes the DC bus voltage of the
Class-D amplifier. The weighting factor p, scales the contribu-
tion of each harmonic to the objective function. @ indicates the
set of desired harmonics to be accurately synthesized, while ¥

https://doi.org/10.61189/744920nwaoek

Minimizing the residual error between the calculated Fourier
coefficient b, and the modulation index m,, while respecting
the constraints on non-target harmonics, enables iterative
refinement of the switching angles to accurately reproduce the
desired harmonics and suppress undesired components.

Using the initial switching angles derived from the piecewise-
linear approximation of the target current waveform g(6) and
the coefficient definition from Equation (7), the harmonic com-
ponents can be analytically derived by Equation (12):

p47;/OL (22( 1)?sin(pa,) - s1n< n)) (12)

by =-
At each switching angle o;, two successive voltage transitions
occur: from +V, to 0 and then from 0 to —V,, or vice versa
depending on the switch polarity, which must be accounted for
in the Fourier series computation.

When 6=n/2, only a single downward transition (+V, to 0)
occurs, corresponding to the end of quarter cycle. Substituting

155


https://doi.org/10.61189/167468gjipte

Progress in Medical Devices 2026; 4 (2): 148-164. Liu et al.
Table 3. Initial values and optimized values
Switching angle (rad) m,
&5 & &n &3 &5
0y 0, 03 04 s O 50 k 150k 350k 850k
Initial 0.10 0.18 022 0.26 0.30 047  0.64 0.87 1.00 1.14 1.46 0.53 0.43 046  0.74

Optimize 0.10 0.18 022  0.26 030 046 0.63

0.86 097 1.12 1.47 0.49 0.49 049  0.67

Current point

Best Function Value: 4.7861e-10
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Figure 7. Optimization of switching angles and harmonic residuals using the finincon function.

Equation (12) into the residual minimization problem of
Equation (10) yields Equation (13), which explicitly relates the
residual harmonic amplitudes to the switching angles, enabling
selective synthesis of harmonics in the Class-D power amplifier
system.

s 2
8 q. 4 . (PT
min z /zp<'pﬂ2('l)’sm(paq)' T sm< ) )+m,,>
p=137,17 =1

0<a<- Saﬁsg,mp

(13)

subject to

6
8 . 4 . (pT
'ﬁz (- 1)’sin(pa,) ‘ﬁsm(T) ‘ <e&
g=1

p € {5,9,11,13,15}

The initial parameters for the optimization algorithm are shown
in the first column of Table 3. In this case, the weighting fac-
tors p, were set to unity (u,=1). Once the initial switching
angles and weights are determined, the constrained optimiza-
tion problem is solved using the fimincon function in MATLAB.
The objective function quantifies the deviation between pre-
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dicted and target harmonic magnitudes, while the constraints
enforce the permissible bounds for non-target harmonics.

The fmincon function (constrained function minimization) is
the primary procedure within the MATLAB Optimization
Toolbox used to solve constrained continuous optimization
problems where the objective and constraint functions are con-
tinuously differentiable. This function can handle continuous
decision-variable problems subject to linear and/or nonlinear
constraints. Figure 7 illustrates the optimization results for the
switching angles as formulated in Equation (12).

The Maximum Constraint Violation metric decreases drasti-
cally from approximately 3x102 in the early iterations to nearly
zero by the 10—15th iteration. This trend indicates that the bar-
rier term and line-search procedures within the interior-point
method effectively guide the iterates from infeasible to feasible
regions. Once feasibility is achieved, the iterates remain strict-
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ly feasible throughout the rest of the optimization procedure,
demonstrating that all constraints are satisfied.

Simultaneously, the Best Function Value decreases steadily
from approximately 3.5x10! to the order of 10 over 30-40
iterations, eventually stabilizing at a minimal of 4.7861x101°.
The convergence behavior can be understood by examining the
plots of feasible and infeasible solutions. In the initial itera-
tions, several infeasible points (red stars in Figure 7) approach
the feasible region but remain constrained by the limits.
However, the best feasible objective (blue stars) steadily
improves until it converges to the best infeasible objective at
the global minima point. This observation clarifies a common
misconception that the best feasible point must be optimized
before the infeasible solution. Ultimately, the evolution of the
Best Function Value reflects the transition from satisfying the
feasibility constraints to the final optimization of the switch-
ing angles within the feasible region, thereby minimizing the
residuals of the harmonic components.

The Step Size parameter displays several backtracking and
enlargement pulses during the first TEN iterations. After this
phase, the step size stabilizes at approximately 104, indicat-
ing the onset of the local refinement phase of the optimization.
This pattern of behavior is consistent with the Interior-Point
Algorithm’s barrier parameter update and centralization mech-
anism, wherein the solver fine-tunes the solution in the region
of the optimal point once feasibility has been established.

The First-Order Optimality value reduces from an initial
order of O(1) to approximately 5.4x107, remaining below the
default optimality tolerance of approximately 10-° used in the
fmincon solver. Along with the step size reduction and stabi-
lization of the objective function, these results indicate that
the algorithm has approached a stationary point satisfying the
Karush-Kuhn-Tucker (KKT) conditions, where the first-order
necessary conditions for constrained optimality are approxi-
mately satisfied.

The number of function evaluations was 1,001, requiring fewer
than 100 iterations. In the case of a ten-dimensional optimiza-
tion problem with six switching angles and four modulation
indices involving nonlinear equality and inequality constraints,
this moderate computational effort reflects good differentiabil-
ity of the objective and constraint functions along with mini-
mal backtracking during the line search.

The current point bar chart shows that the six optimized
switching angles converge to the range of 0.5-1.5 radians,
remaining strictly within their prescribed bounds (0 to m/2).
This implies that the solution is largely driven by harmonic
constraints rather than boundary saturation. Similarly, the four
modulation indices converge to the range of 0.5—0.8, well with-
in he physically acceptable limits. Together with the observa-
tion that the Maximum Constraint Violation remains at zero,
this confirms feasibility and realizability of the solution.
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In general, the optimization algorithm exhibits the convention-
al behavior of an interior-point method: (1) rapid approach
toward feasibility, (2) orderly and monotonic decrease of the
objective function, (3) gradual reduction of the step size
accompanied by improved first-order optimality, and (4)
attainment of a strictly feasible solution satisfying the KKT
conditions approximated to the desired precision. The final
objective function value of 4.7861x10'° suggests that the re-
sidual harmonics are minimized to numerical precision, con-
firming accurate representation of both target and non-target
harmonics within the prescribed thresholds.

From an engineering perspective, the optimized switching
angles and modulation indices jointly achieve the desired
spectral characteristics without boundary saturation, ensuring
robust tolerance to timing errors and dead-time quantization.
Figure 8 compares the voltage-current waveforms before and
after optimization. The reduction in harmonic distortion vali-
dates the effectiveness of the proposed method in generating
high-purity multi-frequency excitation currents suitable for
high-sensitivity localization of tiny metallic foreign bodies in
the human body.

5 HARDWARE CIRCUIT DESIGN AND SIMULATION
5.1 Device selection

As illustrated in Figure 8, the output voltage waveform exhib-
its a maximum switching frequency of approximately 3—4 MHz.
Accordingly, the gate driver and MOSFET devices must operate
reliably at such high switching speeds. In this study, the isolated
gate driver IC 2EDF7275K was employed to drive the power
stage. This gate driver provides galvanic isolation between the
power and control circuits, mitigating the propagation of high-
current transients from the power stage to sensitive control
inputs, such as those of the FPGA, which could otherwise lead
to permanent damage. The 2EDF7275K IC supports switching
frequencies of up to 10 MHz, easily accommodating the PWM
switching pulses described previously. Moreover, it allows flex-
ible gate-level adjustments, facilitating circuit tuning and
debugging.

For the power switching components, BSC057NO8NS3
MOSFETs were chosen. These devices have a drain-source
voltage of 80 V, a typical on-resistance Rpg(on) of 5.7 mQ,
along with fast transition times (¢ =14 ns, 19 ns), minimizing
transition losses and reducing waveform distortion during
high-frequency Class-D operation. According to the Safe
Operating Area (SOA) diagram shown in Figure 9, the
MOSFETs can be safely operated under the chosen conditions
of 12 V input and a 2 A drain current. These specifications
provide sufficient margin to ensure reliable performance dur-
ing continuous high-frequency switching, enabling stable exci-
tation currents in the coil necessary for high-sensitivity eddy-
current detection of tiny metallic foreign bodies.
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Figure 8. Initial and optimized voltage-current waveforms of the excitation coil. (A) Initial voltage-current waveforms prior to SHE-PWM
optimization; (B) Voltage-current waveforms after optimization, showing improved harmonic purity and adherence to the target multi-frequency
excitation profile.
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cating that the optimized switching angles and
modulation indices successfully achieve pre-
10° cise harmonic synthesis. These results confirm
that the excitation current exhibits a well-
defined multi-frequency pattern with high
N spectral purity, which is essential for robust and

N \\ accurate eddy-current detection of tiny metallic

\ \\ \\ foreign bodies in the human body.
102 N \

Diagram 3: Safe operating area

—

pSN

5.3 Hardware circuit design

/
/
/

/
/

us The power supply module of the hardware
‘\ platform is designed to provide multiple regu-
\ \ lated voltage rails to satisfy the requirements of
various circuit sub-components. As illustrated
in Figure 11, the initial 12 V DC input is first
\ \ HH stepped down to 8 V to provide the gate-drive
N\ AN voltage for the MOSFETSs in the H-bridge power

\ \ stage. To ensure galvanic isolation between the
. \ \ \ control and power planes, the 8 V line follows
10 =10 mstH is further stepped down using an isolated
\ DC-DC converter to provide 5 V for the gate-
NN driver ICs. Subsequently, a linear voltage regu-
lator generates the 3.3—5 V control-side voltag-
es needed by the driver circuitry.

b [A]
—o:.
/’,

pd

'
o 10" 10° 10" 102 Figure 12 illustrates the schematic diagram of

Vos [V] the H-bridge module. For clarity, only half of

the bridge is illustrated, as the other half is

Io=f(Vos); Tc=25 °C; D=0; parameter: {, symmetrical. The COL+ node connects to the

first terminal of the excitation coil, while the

Figure 9. Safe operating area. second terminal is connected to COL—. The

input network pins IN+ and IN— (pins 3 and 2

5.2 Hardware circuit simulation of the second 2EDF7275K isolated gate-driver IC) are config-

ured to guarantee complementary switching between the two

Figure 10 shows the voltage and current waveforms and their half-bridges and to maintain the desired differential phase rela-
corresponding spectra, obtained through PSpice simulations. tionship of the output voltage.

PSpice is a widely used general-purpose circuit simulator in the

field of electronic design automation (EDA), mainly used to In the gate-drive circuitry, B340A Schottky Rectangular

evaluate and develop analog and mixed-signal (analog-digital) Diodes (D4 & D5) are paralleled with resistors R9 & R13. This

electronic circuits. It allows designers to predict circuit perfor- configuration facilitates rapid turn-off transitions of the

mance before physical implementation. MOSFETs, as the current is directed through the low-imped-

ance path of the B340A Rectangular Diodes, reducing gate-

Simulation outcomes indicate slight oscillations in the output charge removal time [19-21]. During turn-on, the gate charge

voltage waveform during switching transitions. These slight current flows from the driver’s output (OUTA and/or OUTB) to

oscillations, however, do not affect circuit functionality. In the the MOSFET gate. In this phase, the B340A diodes are reverse-

time-domain current waveform of the excitation coil, the induc- biased and non-conductive, and the resistive network controls
tor current closely follows the target waveform, confirming the the gate charging rate, resulting in a “slow turn-on, fast turn-
correct operation of the Class-D power amplifier and the effec- off” behavior. This asymmetrical switching mitigates parasitic
tiveness of the SHE-PWM control strategy. inductance-induced voltage overshoot and ringing while main-
taining efficient switching transitions and minimizing elec-
Frequency-domain analysis further confirms these observa- tromagnetic interference in the H-bridge circuit.

tions. Distinct spectral peaks appear at 50 kHz, 150 kHz, 350

kHz, and 850 kHz, accurately matching the four predefined Figure 13 illustrates the experimentally recorded H-bridge
excitation frequencies. Simultaneously, the amplitudes of non- output voltage. In this diagram, the yellow curve corresponds
target harmonics remain below the specified thresholds, indi- to the voltage at the COL+ terminal of the excitation coil,
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Figure 10. Voltage, current, and current spectrum of the excitation coil from hardware circuit simulation. (A) Time-domain voltage wave-
form of the H-bridge output; (B) Time-domain current waveform through the excitation coil; (C) Frequency-domain spectrum of the coil current
showing multi-frequency excitation peaks at 50 kHz, 150 kHz, 350 kHz, and 850 kHz.

whereas the pink curve corresponds to the COL— terminal. A
clear voltage sag appears across the coil during specific inter-
vals, attributed to the charge-discharge behavior of the boot-
strap capacitor (C24) used in the gate-drive circuit of the high-

https://doi.org/10.61189/744920nwaoek

side MOSFETs. When the low-side MOSFET conducts for a
short duration, the bootstrap capacitor is not fully charged.
Consequently, during the subsequent long conduction interval
of the high-side MOSFET, the capacitor discharges over an
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Figure 11. Power supply module of the hardware platform. (A) Step-down conversion from 12 V to 8 V; (B) Isolated DC-DC conversion from
8 Vto 5V; (C) Linear regulation from 5 V to 3.3 V.
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Figure 13. Experimentally recorded H-bridge output voltage.

extended period, resulting in reduced gate-drive voltage and
the observed voltage sag across the coil.

6 CONCLUSION

This study addresses the clinical challenge of assisted screen-
ing and localization of tiny metallic foreign bodies in the
human body (e.g., suture needles, hemostatic clips, and shrap-
nel). Leveraging the SHE approach, we developed a transmitter

https://doi.org/10.61189/744920nwaoek

1X  5.00Vv/

-8.0V

%MAW S e

driving scheme capable of generating synchronous multi-fre-
quency excitation currents, providing an energy-efficient and
spectrally controllable excitation-circuit foundation for eddy-
current-based detection systems.

By optimizing the switching angles, the transmitter achieves
precise current components at the designated target frequen-
cies while effectively suppressing critical non-target harmon-
ics. This, in turn, mitigates unwanted background responses,
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baseline drift, and inter-frequency crosstalk in the tissue—coil
coupling system, thereby improving the stability and repeat-
ability of multi-frequency excitation. Furthermore, circuit-level
simulations and hardware implementation validate the engi-
neering feasibility of the proposed scheme. These results pro-
vide a robust hardware foundation for future development of
clinical-oriented multi-frequency eddy-current detection tech-
niques, enabling feature-based discrimination and accurate
localization of tiny metallic foreign bodies.
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