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This paper investigates the frequency response of a thin toroidal
inductor (200 um) made of 4C65 ferrite and wound with 18 turns. A
hybrid methodology combining analytical modeling, numerical simulati
on using HFSS, and experimental characterization with a 6500B
impedance analyzer. The analysis focuses on two key parameters: the
self-inductance (L) and the series resistance (R) as functions of
frequency. The comparative study between theoretical, simulated, and
measured results demonstrates that the inductance remains close to 1
pH over the 1 MHz—10 MHz range. The DC resistance (Rpc) is

approximately 12 mQ, while the simulated and measured AC
resistances (Rac) exhibit good agreement. However, analytical models
show noticeable deviations beyond approximately 1 MHz, revealing
their limitations in predicting high-frequency behavior.

"© 2025 by the Author(s). Published by IJAR under CC BY 4.0. Unrestricted use allowed
with credit to the author."”

Introduction:-

Modern power electronics favors compact, high-performance components for high-frequency operation. Thin
toroidal inductors offer strong integration potential, but their modeling is challenging due to skin effect, proximity
effect, and parasitic capacitances. Existing analytical models, although numerous, show limitations for very thin
cores, where electromagnetic and capacitive couplings dominate. This work proposes a hybrid approach combining
theoretical modeling, 3D simulation, and experimental characterization. The study focuses on a toroidal NiZn ferrite
inductor (4C65, 200 pm, 18 turns) to characterize its frequency behavior and assess the validity of existing models,
aiming to provide a reliable framework for high-frequency inductor optimization.

Methodology and Materials :-

The methodology proposed in this study consists of characterizing a toroidal inductor with a magnetic core by
measuring its inductance and series resistance using a 6500B impedance analyzer. A hybrid approach combining
analytical calculations, numerical simulations, and experimental measurements is implemented to provide a
comprehensive understanding of the component’s frequency-dependent behavior.
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Target Structure and Component Parameters:

The target structure (Figure 1) is a toroidal inductor (NiZn ferrite, 4C65) with a closed rectangular-shaped cross-
section and a reduced thickness of approximately 200 um. The conductor used is an enameled copper wire with a
circular cross-section.
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Figure 1: Target Structure and Parameters.

The component’s characteristics are summarized in the following table:
Table 1: Component Characteristics

Parameter Symbol Value Unit
Outer/Inner Diameter d./d; 36.25/22.75 mm
Ferrite Cross-Section A 6.75x 0.20 mm?
Mean Length I 89.7 mm
Initial Perméability L 125 -
Copper Winding Cross-Section Scu 0.44 mm?
Number of Turns N 18
Copper Length 1 311 mm
Analytical Models:

Self-Inductance Coefficient L:

For a toroidal structure with a closed magnetic circuit, the analytical model of the inductance L depends on the
relative permeability pr of the magnetic material, the number of turns N, and the geometric parameters of the
magnetic core.

Conventionally, this value is calculated using the following formula:

Ae Ae
L = weHoN* 72 = HepoN* = [H] (1)

where p, and p, are the relative permeability of the material and of vacuum, respectively (py = 4m x 107

H/m).Ae is the effective core cross-sectional area. r; and r, are the inner and outer radius of the toroidal core.
For thin components such as integrated inductors, the magnetic circuit has a square cross-section, as in our case,
with relatively small thicknesses (ranging from a few tens to several hundred micrometers). To predict the
inductance of such components, some authors [1] use the following logarithmic formula:
Lcore = Hr HONZ tC;—:_[eln ((:1_0) [H] (2)

i

Where t.,.. represents the thickness of the magnetic circuit.
The adaptation of these two models to our component, considering a frequency-dependent permeability, yields the
following results:
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L [uH] Models of inductance as a function of frequency
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Figure 2: Inductance Models as a Function of Frequency.

Figure 2 shows that the inductance remains nearly constant from 100 kHz up to several tens of MHz, corresponding
to the linear operating region of the magnetic circuit. It should be noted that the logarithmic model predicts
inductance values approximately 0.3 pH higher than those obtained with the classical model.

Series Resistance R:

The series resistance accounts for the DC resistance (RDC) of the conductor, the influence of the magnetic
material’s resistivity, and the skin and proximity effects, which become significant at high frequencies.

The DC resistance, or low-frequency resistance, is the main source of copper losses, as it dissipates energy in the
form of heat. It can be calculated from the resistivity p of the conductor, its cross-sectional area Sc,, and its total
length 1, as follows:

1
Rpc = Pcu Sen [Q] 3)
With the resistivity of copper being p =~ 1.68 x 10°% Q-m, applying this formula yields Rpc= 12 mQ.

Skin Effect:

When the conductor carries a time-varying current (Figure 3), it generates a varying magnetic field around it.
Variations in this field induce eddy currents toward the periphery of the conductor. Part of this current flows
preferentially (in the same direction as the main current) within a depth 6, known as the skin depth. As a result, the
effective cross-section of the conductor decreases, increasing its resistance.

—— ]

T 2

i)

(a) (b)
Figure 3: Skin Effect: (a) Effect of the current i(t) in a conductor; (b) Skin depth () [2].
The skin depth is calculated as follows:
— [N L]
6= = ypml ()
where L, is the relative permeability of copper (1, = 1) and f is expressed in MHz.
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0 = 29 um@35 MHz, a value more than 12 times smaller than the diameter of the copper used for the fabrication of
our component. The effective cross-section of the copper is thus reduced from 0.44 mm? to 0.07 mm? (i.e., Sc,/6), a
reduction that increases the resistance at 5 MHz by a factor of approximately 6.

Two models in the literature [3], [4] that incorporate the skin effect are particularly noteworthy:

Snelling Model: R = Rpc [1 + %] ©)
(ro/8)*
Hurley Model: R = Ry [1 + m] (6)

where d represents the diameter of the copper and ro represents the radius of the copper.
Although slightly different, these formulas share the common feature of accounting for the skin depth. Their
implementation yields the following result:

R [mQ] R(f) models considering the skin effect
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Figure 4: Models of R(f) considering the Skin Effect.

This result shows that Hurley’s model predicts a faster increase in resistance starting from 10 kHz, whereas
Snelling’s model keeps the resistance almost constant up to 1 MHz.

Consideration of the proximity effect and parasitic capacitances:-

The proximity effect (Figure 5a) occurs when neighboring conductors carry alternating currents. For instance, when
two conductors are placed side by side and one carries an AC current, it generates a varying magnetic field that can
induce a current in the second conductor, and vice versa. These induced currents circulate in both conductors, which
may lead to additional copper losses.Moreover, parasitic capacitances arise from capacitive coupling between
adjacent turns and between the turns and the magnetic core. These effects become significant at high frequencies.
Charles R. Sullivan et al. [5] illustrated these parasitic capacitances as shown in Figure 5b.

Magnetic field

Induced current

(a) (b)

Figure 5: (a) Principle of the Proximity Effect [6]; (b) Parasitic capacitances in toroidal inductors [5].
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In the literature, the model by Kuhn et al. [7] is explicit in this regard, incorporating the spacing s between turns, the

conductor thickness e, and the conductor width w to empirically account for these parameters, as follows:
2

2mf \2 Zmf
R¢y = Rpc [1 +0,1 (mcm) ] = Roc (1401 misra | |
wows e

For a circular conductor of diameter d, the equivalent thickness w is expressed as:

w = (dVm)/2 (®)

Recently, Zhao et al. [8] proposed a more advanced formulation for inductors with m layers of conductors wound on
top of each other around a toroidal magnetic core. For a winding layer of N turns with diameter d around a ferrite
core of inner radius r, subjected to a magnetic excitation H produced by a current I, the formulation can be
summarized as:

Racy _ v 4mrH) 2 ¢ | /2vnHd 2
Toe 2 [‘le +(5) ‘PZM] G [(—1 ) ‘1’3@)] ©)
With  y= % and E= % (10)

The first term of Equation (9) is derived from the modified Dowell method as follows:
__ sinh (y)+sini{y) 11
b1 = cosh (y)—cos{y) ( )
__ sinh (y)—sinify)
P2 = cosh (y)+cosify) (12)

The second term of the equation corresponds to the modified Ferreira model:
__ berq(beip+berp)+beij(beiz—bery)

¢3(§) - bei§ +ber (13)
It should be noted that:

ber, = ber, (§) (14)
bei, = bei, (§) (15)

ber, and bei, are, respectively, the Kelvin functions of order v.
For implementation purposes, the Kelvin functions can be approximated using a Taylor series expansion.
The application of Equations (7), (8), and (9) yields the following results:

R [mQ] R(f): models comparaison
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Figure 6: Comparison of Analytical Models of R(f).
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These models account for the influence of frequency on the component’s series resistance. However, Zhao’s model
rises faster than Kuhn’s model. Consequently, experimental validation is required to fully confirm their accuracy.

Simulation:

The component was simulated using HFSS (High-Frequency Structure Simulator), a 3D electromagnetic software
from Ansys, designed for high-frequency field analysis. It relies on the Finite Element Method (FEM) to solve
Maxwell’s equations in complex geometries.

Simulated Component and Extraction Model:
A 3D model of the component was created in HFSS, as shown in Figure 7. The figure illustrates the simulated
component, the associated magnetic field distribution, and its behavior under low-amplitude excitation.

H Field
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A, TR

3. %924
3,857

3.1833
30287
28742 L ClZ R
2.7136 -
2.5651 b e —=—y
- ER
22550
zaeny | g
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1, EaF? |
1.4831 =
1. 5285
1.1748

(a) (b)
Figure 7: (a) Simulated Component; (b) Extraction Model.

The simulations were performed in the frequency domain, with extraction of the R and L parameters according to
the RLC model shown in Figure 7b. For the determination of the model parameters, the admittance parameters Yij
are used. Let:
—Re(y12)
= 2 2
[Re (XIZ)] +[1m (12+C12 w)]
Im (y12)+Ci2w

L= 2 2 (17)
w[Re(Xn)] +[Im (X1z+C12w)]

With Ciy
The inductance Lo is extracted in the low-frequency domain, where the component behaves mainly as an inductor.

The resonance frequency fo is determined from the frequency analysis of the imaginary part of the admittance Y. It
corresponds to the frequency at which Im(Y12) = 0.

(16)

~ @fom2Ly (18)

Simulation Parameters:
The key parameters summarized in the following table are used for the simulation:
Table 2: Simulation Parameters

Catégory | Parameter Name Value Description
Setup Number of Passes 99 Maximum number of mesh refinement passes
AS Se-5 Convergence criterion for S-parameters
Sweep Frequency 20 Hz-300 | Simulation frequency range
MHz
Number of Points 1000 Samples per frequency sweep

Materials and experimental setup:

Test Component:

The tested component (Figure 8(g)) consists of a NiZn ferrite toroid (4C65) wound with an enameled copper wire
with a 0.75 mm diameter. The toroid is first manually ground to reduce its thickness from 15 mm to approximately 1
mm, then bonded to a glass substrate (60 mm X 45 mm) using Canada balsam under gentle heating. After 24 hours
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of drying, an automatic grinding process further reduces the ferrite thickness to about 200 pm. The sample is then
heated to 120 °C to detach the ferrite. Due to its fragility, a protective PLA casing (Figure 8(f)) is 3D-printed to
improve mechanical stability during handling.

: Sample holder

==

Toroid (initial ferrite) mounted
in the sample holder

Ferrite after
manual grinding

f

I — | ﬁ Automatic grinding | | / (d)
Figure 8: Fabrication of the test component: (a) manual grinder; (b) initial toroid in the sample holder; (c)
manual grinding; (d) toroid prepared for automatic grinding; (e) automatic grinder; (f) toroid in 3D-printed
casing; (g) test component (4C65 + 18 turns).

Measurement Setup:

The experimental setup (Figure 9) uses a 6500B impedance analyzer connected to the component via a Model 1011
test fixture, enabling measurements from 20 Hz to 120 MHz. Measurements were performed at ambient temperature
(25°C), with supply voltage stability monitored. Calibration ensures accurate determination of the electrical
parameters (L and R), while a computer handles data acquisition, processing, and comparison with analytical and
simulated results, providing reliable and reproducible characterization.

Figure 9: (1) Measurement setup : (2) impedance analyzer (6500B), (3) device under test (DUT).
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Results and Analysis:-

Inductance L(f):
The obtained curves (Figure 10) are consistent in the frequency range between 100 kHz and 10 MHz. The analytical,

simulated, and measured results exhibit satisfactory agreement within this frequency band.

L[uH L(f): modele - simulation - measure
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Figure 10: Comparison of inductance results as a function of frequency.

The measurements show that, over this frequency range, the inductance value is approximately the average of the
two models. At 5 MHz, a deviation of about 9.2% is observed between the measured and simulated values. This
relatively small discrepancy highlights the good agreement between the experimental and simulated results, thereby

validating the reliability of our approach.

Series Resistance R(f):
The measured and simulated results of the component’s series resistance as a function of frequency, compared with

analytical models, are shown in Figure 11.

R [mQ] R(f): model-simulation - measure
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Figure 11: Comparison of series resistance results as a function of frequency.

The results show good agreement between the measured and simulated values. At low frequency, the simulated
resistance (13 mQ) and the analytically calculated value (12 mQ) are close, while the measured resistance (21 mQ)
is higher, with a deviation of about 61.5% attributed to the component encapsulation, which increases the effective
conductor length. However, Kuhn’s analytical model fails to accurately predict the series resistance R(f),

highlighting the limitations of analytical approaches at high frequencies.
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Discussion:-

The results highlight the complementarity of the approaches used to characterize the frequency behavior of the thin
toroidal inductor. Up to 10 MHz, the three methods—analytical modeling, HFSS simulation, and experimental
measurements—show good agreement in the evolution of the inductance L(f), validating the reliability of our hybrid
approach within this frequency range.Beyond this threshold, significant deviations arise, mainly due to the
nonlinearity of the magnetic material and the increasing influence of capacitive effects. For the series resistance
R(f), comparative analysis reveals important limitations of existing analytical models. Models by Zhao and Kuhn,
although theoretically accounting for skin and proximity effects, fail to accurately reproduce the measured behavior
of our structure, especially above 1 MHz.This divergence can be attributed to factors specific to thin geometries:
non-uniform magnetic field distribution in the thin core, enhanced capacitive coupling between turns, and particular
sensitivity to edge effects. The study thus demonstrates that conventional models, developed for standard
thicknesses, require adaptation for accurate application to small-scale components.

Conclusion:-

This work provided a comprehensive characterization of a thin toroidal inductor using a hybrid approach combining
analytical modeling, 3D simulation, and experimental validation. Good agreement was observed for the inductance
L(f) up to 10 MHz, confirming the method’s reliability. For the series resistance R(f), existing analytical models
proved insufficient, highlighting the need for approaches that explicitly consider inter-turn capacitances. The
proposed methodology offers a solid foundation for predictive modeling and the optimization of thin high-frequency
inductors.
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