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Abstract—This article introduces a comprehensive methodology
for analyzing common-mode (CM) ferrite chokes in time-domain
(TD) methods, employing lumped dispersive loads, and validates it
through a typical test setup for cable crosstalk assessment. The
analysis begins with the experimental characterization of CM
choke material properties using a coaxial line fixture to obtain its
constitutive parameters. Subsequently, a simplified lumped disper-
sive convolutional model is obtained, representing the impedance
of the ferrite when placed on a location on the cable. The first ap-
proach adopts a multiconductor transmission line (MTL) model for
the cables, solving them by a finite-difference (FDTD) space-time
scheme. The second approach utilizes the classical full-wave Yee-
FDTD method in conjunction with the thin-wire Holland model for
cables. The accuracy of the proposed methods is evaluated by com-
paring simulations performed with MTL-FDTD and Holland-Yee
FDTD, to experimental measurements, and results obtained with
the the frequency-domain finite element method using a 3-D model
of the ferrite with its constitutive parameters. Finally, the validity
and performance of the methodologies are critically discussed.

Index Terms—Common mode (CM) chokes, complex
permeability, ferrite, finite differences time domain, finite element
method (FEM), multitransmission lines, transmission lines.

I. INTRODUCTION

COMMON mode (CM) ferrite chokes are essential com-
ponents used for electromagnetic compatibility (EMC)
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purposes of suppressing or mitigating conducted and radiated
electromagnetic interference (EMI). In the design and develop-
ment process of an electrical system incorporating the chokes,
validated simulation tools are needed to predict their behavior,
test different system scenarios, or make any corrections/redesign
in the system. The system-level simulation of this electrically
large-scale problem usually involves two steps: 1) to model
the choke as a component; and 2) to implement the component
model into the system design.

Several studies have addressed the CM ferrite models for
the simulation at only a component level, with certain sim-
plifications in their models, such as considering a small elec-
trical size and including some complexities, such as taking
into account self-parasitics between coil turns, the nonlinear
and frequency-dependent behavior of the core material, or
the possibility of deembedding impedance measurements from
their fixture [1], [2], [3], [4], [5]. However, these models are
inadequate to describe the electromagnetic properties of CM
ferrite beads or chokes with a low number of turns. In addi-
tion, these components exhibit an impedance that deviates from
the typical +20dB/dec trend of an ideal inductor at above a
certain frequency, typically ranging from 100 kHz to 100MHz,
decreases to a value between +10dB/dec to −10 dB/dec [6].
This impedance behavior is quite different from classical models
based on self-resonance [7] and can be attributed to a degradation
in the magnetic permeability of the core material. For this reason,
we use the permeability approximated by a frequency-dependent
complex permeability having a constant real permeability up
to a certain frequency, above which the real permeability de-
creases [8], [9], [10].

Once the CM ferrite chokes are modeled at a component level,
the chokes can be incorporated into 3-D full-wave simulations of
systems with large electric sizes, either in the frequency domain
(FD) or in the time domain (TD). This task usually involves
using some simplifying assumption on the component model,
e.g., by extracting a frequency-dependent impedance that can be
incorporated as a lumped element. From an EMC perspective,
TD methods present some benefits over FD ones since they
can usually be formulated in an explicit marching-on-in-time
manner [11], [12], and they scale linearly with the electrical size.
In contrast, frequency domain (FD) simulations require solving a
global system of equations, typically scaling worse than linearly.
Additionally, TD simulations can obtain broadband results with
a single run allowing investigation of systems in which the
problematic resonances are not known a priori. The problem
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Fig. 1. Coaxial line experimental setup developed for the characterization of
ferrite material.

of including TD models of CM chokes at system-level was
addressed in [13]. In this reference the modeling of the choke is
carried out by the inclusion of a volumic material with tailored
dispersive properties. While this approach produces a reasonable
accuracy it is problematic because the scales involved in the
ferrite are much smaller than the system which forces to use a
cell-size much smaller than the needed by the rest of the system.
This limits severely the applicability of this technique, because
it would force a global reduction of the time-step, with subse-
quent effects on the accuracy and computational performance.
In contrast, the approach that we propose in this work does
not force any change in the mesh and neither on the time-step,
obtaining results which match experimental measurements and
FD methods.

This work describes a roadmap for incorporating CM ferrite
chokes into the system TD simulations using lumped com-
ponents. We assume that we have no prior knowledge of the
ferrite-specific properties; therefore, in Section II, we provide
a method to extract a suitable model of its characteristics. In
Section III, we describe how to incorporate the extracted model
into simulations using different techniques both in TD and FD. In
Section IV, we compare experimental results with the different
simulation methods and discuss the results. Finally, Section V
concludes the article.

II. CM CHOKE PARAMETER EXTRACTION

A. Fixture Description

The coaxial line fixture of Fig. 1 was designed and built
to characterize the ferrite. In contrast with the ones described
in [14], [15], and [16], our approach has two ports, and it
allows us to find the impedance from S11 or S21 measurements,
presenting a higher sensitivity at low frequency ranges [17].
The fixture was made with a 50Ω coaxial line made of copper,
with an internal diameter di = 8.7mm, external diameter of
do = 20mm and length h = 60mm. The line was terminated
with two 7/8” flanges commercialized by Spinner [18]; one of
the flanges was soldered to the line, while the other can be
opened to introduce the device under test (DUT). The flanges are
terminated in 50Ω ports and connected to a Rohde & Schwarz
ZNL6 vector network analyzer (VNA).

B. Parameter Extraction

After loading a ferrite core into the fixture, the impedance Z
that it would present when used as a CM choke can be extracted

Fig. 2. Measured and fitted complex inductance for Würth 7427009 ferrite. A
FEM simulation using Ansys HFSS was carried out to validate the assumptions
made for the fitting.

from the measured scattering parameters by [17]

Zmeas. = Z0
S21

2(1− S21)
(1)

with Z0 = 50Ω being the impedance of the line. The apparent
complex permeability of the ferrite core can be obtained from
the impedance measurement using a procedure similar to the
one described in [8].

To do this, we define a complex inductance L, which can be
derived from the measured impedance

Lmeas. =
Zmeas.

jω
(2)

with ω being the angular frequency. The apparent complex
magnetic permeability µ is related to the complex inductance
by

L(ω) = µ(ω)
log(do/di)h

2π
. (3)

For certain ferrite materials, the electric conductivity and/or the
imaginary part of the complex magnetic permeability can give
rise to a skin effect that affects the impedance measurement [10].
This effect causes the apparent magnetic permeability derived
in (3) to be different from the intrinsic permeability, which
would be the one obtained discounting these dimensional effects.
However, for the DUT studied in this work, the skin depth was
much higher than the physical dimensions, allowing us to neglect
these dimensional effects.

The data obtained from (1) cannot be used directly in a
TD simulation as it is a discrete collection of data points that
typically includes some experimental noise (e.g., Fig. 2). Addi-
tionally, TD simulations typically require transforming the FD
data into functions that must be causal and passive. All these
properties are ensured if we use a complex permeability

µ(ω) = μ′ − jμ′′ (4)
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which is derived from physical assumptions and includes con-
tributions from the natural spin resonance and domain-wall
relaxation, with real and imaginary parts, respectively [9], [19].

μ′ = 1 +
Kdω

2
d(ω

2
d + ω2)

(ω2
d − ω2)2 + ω2β2

+
Ksω

2
s

[
(ω2

s + ω2(1 + α2))
]

[ω2
s − ω2(1 + α2)]2 + 4ω2ω2

sα
2

(5)

μ′′ =
Kdωβω

2
d

(ω2
d − ω2)2 + ω2β2

+
Ksωsωα

[
ω2
s + ω2(1 + α2)

]
[ω2

s − ω2(1 + α2)]2 + 4ω2ω2
sα

2
(6)

Ks is the static spin susceptibility, Kd is the static susceptibility
of the domain wall motion, ωs is the spin resonance angular
frequency, ωd is the domain wall resonance angular frequency,
with α and β being damping factors. Therefore, the fitting
problem reduces to finding the parameters Ks, ωs, Kd, ωd, and
β which minimize the following error metric:

1

N

N∑
n

∣∣Lmeas.(ωn)−Lfit(ωn)
∣∣ (7)

where Lmeas. and Lfit are evaluated at each of the N angular
frequencieswn measured.Lfit is computed from (3) using the (4)
for the permeability. In this work, the fitting procedure is carried
out using a basin-hopping global optimization method [20]
included in the Python scientific package SciPy [21].

C. Validation and Results

The described procedure was applied to a commercially
available NiZn ferrite (Würth 7427009 [6]) with physical di-
mensions compatible with the fixture. After performing a port-
extension calibration on the VNA, the S-parameter measure-
ments were converted to complex inductance using (1) and
(2). Finally, the fitting procedure described in the previous
section was carried out to minimize the error function (7).
The results obtained after this process were: Kd = 0.98, ωd =
44.7Mrad/s,β = 14.4Mrad/s,Ks = 338,ωs = 398Mrad/s,
andα = 3.19 rad/s. Fig. 2 shows the result of the measurements
together with the fitting within its typical range of application
(up to 1GHz). The obtained permeability, deduced from (3),
agrees with typical profiles reported in the literature [9], [16],
[19].

The obtained permeability was used to perform a full-wave
3-D simulation of the fixture loaded with the ferrite, using the
HFSS [22] FD finite element (FEM) solver. To do this, the
inner part of the fixture was modeled as a PEC coaxial, with
the di, do and h dimensions described before and terminated
in two coaxial wave-ports. The choke itself was modeled as a
volume and assigned a custom defined material with the fitted
permeability. A very good fit compared to the model (3) is found;
this corroborates that the magnetic skin effect is not playing a
significant role in this case, further validating the assumptions
made in the modeling.

III. SIMULATION OF CM CHOKES AT A SYSTEM LEVEL

A. Multiconductor Transmission Line (MTL) Solver

The MTL method assumes a quasi-TEM propagation applica-
ble in systems that can be decomposed on groups of conductors
with constant cross-sections, i.e., translational symmetry. This
assumption permits us to relate the voltages and currents on
each conductor with per-unit-length parameters [23]. For a
lossless line with (N + 1) conductors, these relationships can
be expressed in the following form:

∂z{V} = −[R]{I} − [L] ∂t{I}
∂z{I} = −[G]{V} − [C] ∂t{V} (8)

with {V}(z, t) = [V1 V2 . . . VN ]T being a vector of the voltages
with respect to a conductor taken as ground and {I}(z, t) =
[I1 I2 . . . IN ]T is a vector of currents on each of these con-
ductors. The matrices [L] and [C] represent the inductance and
capacitance per unit length between all conductors. [R] and [G]
represent the losses in the transmission line: resistance (along
conductors) and conductance (between conductors) per unit
length, respectively. Finally, (8) is discretized using the finite-
difference time-domain technique (FDTD) described in [23],
leading to the following voltage and current update equations:

{V}n+1
k =

(
Δz

Δt
[C] +

Δz

2
[G]

)−1

×
[(

Δz

Δt
[C]−Δz

2
[G]

)
{V}nk−

(
{I}n+1/2

k − {I}n+1/2
k−1

)]
(9)

{I}n+3/2
k =

(
Δz

Δt
[L] +

Δz

2
[R]

)−1

×
[(

Δz

Δt
[L]−Δz

2
[R]

)
{I}n+1/2

k −({V}n+1
k+1 − {V}n+1

k

)]
(10)

where Δt and Δz are the time and space steps of the dis-
cretization, respectively, k locates the voltage nodes and current
segments along the discretized MTL, and n locates the current
time on the discretized solution time. The details of the imple-
mentation can be found in [24].

The quasi-TEM propagation assumption used by MTL allows
to solve a wide variety of typical problems in EMC: crosstalk
prediction, S-parameters extraction, susceptibility to radiated
emissions, inclusion of nonlinear models, etc. Moreover, this
allows a significant reduction in the complexity of the prob-
lem which directly translates into a significant computational
efficiency. However, the quasi-TEM approach does not account
electric fields aligned with the cables and therefore, cannot
predict radiative effects, e.g., a radiating electric dipole.

The per-unit-length parameters in [R], [L], [G], and [C]
depend on the frequency. However, for our purposes, we will
assume that [L] and [C] are constant and that no losses between
conductors exist, [G] = 0. The behavior of the choke will appear
as an impedance [R] = [Ẑ](z, ω) dependent on the frequency
and on the position. That is, [Ẑ] is nonzero only at the position



BRAVO et al.: TIME DOMAIN SIMULATION OF COMMON MODE FERRITE CHOKES AT SYSTEM LEVEL 1903

where the lumped component is located. The introduction of
the ferrite in the transmission line would make us treat the line
as nonuniform and nonhomogeneous. However, the ferrite is
considered to be a lumped element which does not modify the
cross-section of the transmission-line, only its p.u.l impedance.
According to [23], a nonuniform line in a homogeneous medium,
whose cross-section does not change with distance, can be
treated as a uniform line. With respect to the homogeneity of
the line itself, we assume that the inhomogeneity introduced by
the ferrite is small enough and can be neglected. The equation
analogous to (8) in the frequency-domain is

∂z{V̂ } = −[Ẑ]{Î} − jω[L]{Î}(z, ω). (11)

These frequency-domain relationships can be translated into
the time domain convolutionally as

∂z{V} = −[Z](z, t) ∗ {I}(z, t)− [L] ∂t{I}

∂z{V} = −
∫ t

0

[Z](z, τ){I}(z, t− τ)− [L] ∂t{I}. (12)

To express (12) in a way that can be readily discretized and
implemented into the FDTD scheme, we apply the piecewise lin-
ear recursive formulation proposed in [25]. In this formulation,
a frequency-dependent magnitude is approximated by a rational
representation (a sum of complex pole-residue pairs), obtained
using the vector fitting technique [26], [27]. The inverse Fourier
transform of this representation is a sum of exponentials whose
convolution can be expressed recursively.

If the frequency-dependent impedance, whose value corre-
sponds to the impedance extracted following the procedure
described in Section II, is approximated by

Z(s) = d+ se+
∑
i

ri
s− pi

+
∑
i

r∗i
s− p∗

i

(13)

where s = jω, and ri and pi are the ith residue and pole,
respectively, and its time-domain equivalent can be written as
follows:

Z(t) = dδ(t) + eδ′(t) +
∑
i

rie
pi·t (14)

The convolutional term is then∫ t

0

[Z](z, τ){I}(z, t− τ) = d{I}+ e∂t{I}+

=
∑
i

ri

∫ t

0

epi·t{I}(z, t− τ).

(15)

If (12) is discretized, the sum term in (15) takes the following
form: ∑

i

ri

∫ t

0

epi·t{I}(z, t− τ) =
∑
i

ϕn
i (16)

where

ϕn
i = {I}n+3/2

k q1i + {I}n+1/2
k q2i + ϕn

i q3i

q1i =
αi

βi
(eβi − βi − 1)

q2i =
αi

βi
(1 + eβi(βi − 1))

q3i = eβi , αi =
ri
pi

, βi = pi δt

in which the convolution integral has been replaced by a recur-
sive sum. Now, inserting (16) into (12) yields to the discretized
update relation for {I}, analogous to (10)

{I}n+3/2
k = F−1

1

[
F2{I}n+1/2

k − ({V}n+1
k+1 − {V}n+1

k )

−Δz
∑
i

q3iϕ
n−1
i

]
(17)

where

F1 =

(
Δz

Δt
[L] +

Δz

2
d+

Δz

Δt
e+Δz

∑
i

q1i

)
(18)

F2 =

(
Δz

Δt
[L] − Δz

2
d+

Δz

Δt
e−Δz

∑
i

q2i

)
. (19)

B. Full-Wave FDTD Solver

The full-wave FDTD method is widely used to analyze tran-
sient fields in 3-D. The standard version of this technique is based
on tessellating the space with cubes known as Yee cells, locating
the electric and magnetic fields in their edges and faces [28].
This staggered arrangement of the fields is evolved with a
second-order leapfrog algorithm, which results in a scheme that
has the following form (in free space, for simplicity):

{En+1} = {En}+ [AH ]{Hn+1/2}+ {Sn+1/2}
{Hn+3/2} = {Hn+1/2}+ [AE ]{En} (20)

with {E} and {H} being the discretized fields in the Yee’s
cell and {S} the discrete electric-source terms. [AH ] and [AE ]
are sparse evolution matrices that take into account the finite-
differences spatial semi-discretization and boundary conditions.

While this scheme is suitable for a wide range of applica-
tions, it has limitations when multiple geometrical scales are
involved in a single problem. Therefore, to apply it to structures
containing wires, the base algorithm can be modified with the
well-known Holland method for thin wires [29], [30].

Holland’s method employs for a thin wire the same equations
(8) used in Section III, now for a single TL, by assuming, roughly
speaking, that the surrounding space acts as a reference current
return of the wire. The scalar inductance per unit length is L =
〈μ0

2π ln ρ〉, related to the capacitance by C = 1/(Lc2), with c the
free-space light speed, and 〈·〉 denoting some integral average
around the thin wire (full details can be found in [29].)

The TL single-wire Holland’s equations are discretized by
an FDTD scheme. They are coupled with the Yee algorithm at
the wire locations and at each time step in a two-way explicit
manner: They use the FDTD E-fields as distributed voltage
sources in Holland equations (independent terms added to (8),
and return the currents as electric-source terms to the FDTD
equations (20).
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Incorporating the ferrite choke in the Holland model thin wire
uses the same method described in Section III for the MTL case:
A dispersive lumped impedance at the choke location. The only
difference between the MTL and the full-wave Holland-FDTD
method is how the wires communicate among themselves: By
inductance and capacitance matrices or by Yee’s algorithm
explicitly propagating the electromagnetic fields by Maxwell
equations.

However, in the solver we used for this article, we have
implemented a slightly different algorithm based in [31] to
simulate dispersive elements in terms of their admittance instead
of their impedance. For this, a poles-residues fit to the element
admittance is found equivalently to (13)

Y (s) = d′ + se′ +
∑
i

r′i
s− p′

i

+
∑
i

r′ ∗i
s− p′ ∗

i

. (21)

As in (13), the admittance corresponds to the impedance ex-
tracted in Section II. The previous relationship allows us to
interpret each term easily as follows: The constant and linear
frequency terms are equivalent to a parallel RC circuit; each
real-pole term is equivalent to a series RL circuit, and each pair
of complex-conjugate poles is equivalent to a circuit composed
by a series RL in series with a parallel RC.

IV. EXPERIMENTAL AND SIMULATION RESULTS

A. Experimental Setup

To test the validity of the models and procedures presented in
Sections II and III, we have employed the cable panel fixture
shown in Fig. 3(a). The panel is composed of two metallic
brackets screwed to a metallic sheet. Three types of cable
have been mounted between the brackets, from top to bottom:
1) A single wire with diameter 3mm; 2) a single wire with
diameter 1mm; and 3) a twisted pair formed by two wires of
0.8mm. Eight N-type connectors (input or output ports) are
placed, four on each side of the metallic holder. The opposite
side ports are separated by 40 cm, are elevated from the ground
plate of 4 cm, and the distance to neighboring ports is 5 cm. The
ferrite described in Section II is placed in the midpoint of the
top wire. The S-parameters of the line were measured with the
same VNA employed in Section II between 10MHz to 1GHz.

B. Simulations

This setup has been modeled and simulated using the MTL-
FDTD method described in Section III-A, the full-wave FDTD
method described in Section III-B, and the commercial full-wave
frequency-domain Ansys HFSS 2019 solver [22]. Two sets of
measurements and their corresponding simulations were made,
one without choke and another using the ferrite one characterized
in Section II.

The MTL-FDTD method employed in this work can be
found in [24] as part of a larger open-source MTL network
solver, which our team is currently developing. The wires
were terminated in 50Ω connectors mimicking the loads and
port impedances of the experimental setup. The [L] and [C]
matrices needed in (8) to model the MTL cross-section were

Fig. 3. Experimental setup measured (top) and CAD used for simulation
(bottom) setups. (a) Cable panel with ferrite set in wire 1, including numbering
of the ports. In this configuration, the VNA is connected to ports (2,6) while the
rest of the ports are loaded with 50Ω connectors. Similar configurations were
made by connecting the VNA at ports (1,2) and (1,4), repeating the process after
removing the ferrite from the wire. (b) CAD model of the experimental setup.
The ferrite has been modeled as a dispersive connector in the midpoint between
ports 1 and 2 (pink square in the figure).

obtained using the SACAMOS open-source software [32]. All
conductors were considered perfect electric (PEC); therefore,
per-unit-length loss terms were not included. The ferrite CM
choke was modeled as a lumped impedance using (12) and fitting
the dispersive permeability obtained in Section II.

The model was excited using a Gaussian voltage source and
sampling the voltages and currents at the different ports. These
voltages and currents were used to extract the S-parameters of
the system.

For the full wave FDTD approach, we used the SEMBA-FDTD
[33] software, which has been liberated recently as an open-
source code and is available at [34]. SEMBA-FDTD is a state-of-
the-art general-purpose time-domain simulator developed and
validated by our team for various applications [35], [36]. The
simulation setup is shown in Fig. 3(b). All elements in the panel
except for the ferrite were modeled as PEC. The individual wires
and the twisted pair have been modeled as a square double helix,
using the thin wire approach described in Section III-B. The
simulation grid to arrange Yee cells was selected so that the
wires and the segments of the helices run along the grid lines.
Two simulations have been performed, one without ferrite and
one with ferrite. In the latter case, the ferrite was modeled as a
dispersive lumped connector, with an impedance derived from
(21). At each port, the current and voltage are sampled at regular
time steps and used to derive the S-parameters that characterize
the system.
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TABLE I
CONSTANT TERM AND LIST OF POLES AND RESIDUES USED IN THE FIT OF THE FERRITE IMPEDANCE USING THE VECTOR FITTING TECHNIQUE

TABLE II
CONSTANT TERM AND LIST OF POLES AND RESIDUES USED IN THE FIT OF THE FERRITE ADMITTANCE USING THE VECTOR FITTING TECHNIQUE

Fig. 4. Measurements and experimental results for the cable panel without ferrite.

The MTL-FDTD method (and the full-wave FDTD ap-
proach) require a rational approximation of the lumped ele-
ment impedance (and admittance). The frequency-dependent
impedance of the ferrite is computed from the permeability
obtained from the parameter extraction procedure described in
Section II as follows:

Z = jωLfit (22)

= jωµfit ln

(
re
ri

)
h

2π
(23)

= jω(μ′
fit − jμ′′

fit) ln

(
re
ri

)
h

2π
(24)

where re, ri, and h are the outer radius, the inner radius, and
the length of the ferrite, respectively, and μ′

f and μ′′
f are the

real and imaginary parts of the ferrite permeability. The rational
approximations needed in (13) and (21) have been obtained
using the vector fitting technique as implemented in [37] on this
impedance, and the corresponding admittance Y = Z−1. The
poles and residues resulting from each fit are shown in Tables I
and II.

All the materials present in the simulations were modeled
as PEC, except the ferrite choke and the dielectric coating of
the twisted wires. The choke was modeled as a volumic object
and assigned with the fitted magnetic permeability obtained in
Section II, whereas the coating was modeled as Teflon (εr =2.1).
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Fig. 5. Measurements and experimental results for the cable panel with the 7427009 ferrite located in the middle of the wire.

In the MTL-FDTD and full wave FDTD simulations, the ports
were lumped, allowing us to extract S-parameters directly. In the
HFSS simulation, eight wave ports were situated on the outer
faces of each N-type connector, allowing a similar S-parameter
extraction.

C. Results Discussion

The magnitudes of the S11, S21, S41, and S62 parameters for
the measurements and simulations carried out without and with
ferrite are shown in Figs. 4 and 5, respectively. These ports were
chosen as representative cases of reflection and transmission
miss-match (S11 and S21) and crosstalk (S41 and S62).

For the case without ferrite, S11 has an excellent agreement
between the four methods. The S21 result also shows a good
agreement between the four methods, except in the region above
500MHz for the MTL-FDTD method. This mismatch is prob-
ably caused by the fact that MTL does not consider radiative
losses, which appear above the first resonance of the setup.
FDTD and FEM are both full-wave and can adequately model
that effect. The S41 cases show a better agreement between
measurements and full-wave simulations. MTL presents a slight
offset at low frequencies caused by underestimating the mutual
inductance between the loops formed by the first and second
wires. The reasons for this offset might be the limitation of
the validity of the translational symmetry assumed by the MTL
approach or a lack of precision in extracting the per-unit-length
inductance matrices. We do not find any reason for the peak
inversion appearing in the two resonances of the MTL simula-
tion. Finally, the S62 parameters show a very good match with

the FD FEM simulation. The FDTD methods agree with the
results below 1MHz but differ above that frequency. For the full
wave FDTD method, this is very likely caused by the staircase
modeling of the twisted pair.

For the case using ferrite, we obtain an excellent agreement for
the S11, S21, and S41 cases, highlighting the validity of the pro-
posed approach. In the S41, we observe a similar mismatch for
the case without ferrite, possibly attributed to the same reasons.
The S62 does show an agreement as good as the previous ones.
The problems that the FD FEM has are particularly noticeable
by the noise appearing in the lower frequency band. We attribute
this to a lack of convergence in that region caused by the intricate
geometry of the twisted pair. The FDTD methods show a similar
pattern as with the case with ferrite.

V. CONCLUSION

In this work, we have provided a complete roadmap to simu-
late CM ferrite chokes. We describe a measurement fixture and
a characterization method to obtain a complex inductance, from
which we find a complex permeability using a fitting algorithm.

Once the ferrite is fully characterized, we have proposed two
methods to incorporate it into a TD simulator as a lumped
element with impedance/admittance expanded in a piecewise
recursive convolutional algorithm. The first is an MTL-FDTD
method, and the second is a full-wave FDTD algorithm. Both use
a circuital lumped model, only differing in the wave propagator
among the wires: either inductance and capacitance matrices
or a full-wave solver. The lumped model results agree with
experiments and full 3-D simulations of the ferrite geometry
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performed with HFSS. As expected, above the first resonance,
the full-wave solvers agree better with measurements than MTL,
whereas for low-frequency, MTL provides enough accuracy.

Although a rigorous comparison of CPU times was not carried
out in this work because different machines were used for the
different simulations, MTL-FDTD runs are typically in the order
of seconds, full wave FDTD in the order of minutes, and FD
FEM is in the order of hours. This is indicative of the advantages
that the proposed TD schemes can offer from an EMC design
perspective.
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