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3-D Full-Wave High Frequency Common Mode
Choke Modeling

Niek Moonen , Robert Vogt-Ardatjew , Anne Roc’h , and Frank Leferink

Abstract—As an integral part of many electromagnetic inter-
ference filters, modeling the common mode choke adequately is
key to ensure an optimal filter design. Many parasitic effects are
incorporated into circuit or behavioral models to account for the
complex influence of the component on transfer functions. Inves-
tigation on the designable parameters has been performed, with
difficulties in creating controlled setups attributed to parasitics in
the test benches. Therefore, the goal of this paper is to overcome
these difficulties while still ensuring a physics-based approach that
allows virtual prototyping. The full-wave three-dimensional model
is created, while incorporating the complex permeability of the core
material. Eventually the effect of parameters on circuit/behavioral
models can be derived using a multi/mixed-mode S-parameter in-
vestigation. Benefits include design optimization speedups from
hours of trial and error to minutes, depending on simulation
complexity.

Index Terms—Common mode choke, computational electromag-
netics, electromagnetic interference (EMI) filter, permeability.

I. INTRODUCTION

F ILTER design is a research area of importance for elec-
tromagnetic compatibility as these are commonly used for

electromagnetic interference (EMI) mitigation in a wide range
of applications, while their usage is especially relevant in power
systems. The influence of inter-component coupling on filter
performance has been shown in [1]–[3]. Together with the in-
creasing trend of miniaturization, modularization, and higher
switching speeds in power electronics, a need for accurate high-
frequency component models arises due to unexpected high-
frequency behavior [4]. It is also essential to avoid a costly trial
and error design procedure, while optimizing weight, size, and
cost.
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The investigation of parasitic effects of individual compo-
nents has lead to simplistic models, where physical origins were
derived from [5]. The parasitic effects can be extended to higher
complexity by incorporating mutual coupling effects between
components, traces, or even between component parts. For rel-
atively simple passive components, such as capacitors or in-
ductors, inter-component coupling effects can be incorporated,
based on curve-fitting, to increase simulation accuracy [6], [7].
The physical basis of these simplified models are explained in
[8] and [9].

For more complex components, such as the common mode
choke (CMC), the self parasitics are already a challenge to
address [10] and [11]. Not only a mutual coupling exists within
the component itself, but it is dependent on the type of current,
i.e., common mode (CM) or differential mode (DM). Also non-
linear behavior of the magnetic core material contributes to the
complexity of modeling the component accurately [12]. Many
models exist for describing the behavior of a choke [10]–[14],
however these models have difficulties and three-dimensional
(3-D) full-wave modeling could help resolving these.

As [8] has shown, mutual coupling between components
can be excellently investigated using 3-D simulation software.
FEKO, CST, and Ansys all provide the possibility for com-
plex electromagnetic model simulations. Challenges that are
addressed in this paper are the geometrical modeling, incorpo-
rating frequency dependent complex permeability, and eventu-
ally extracting the impedances of the choke that are needed by
the designer, together with an investigation on dependencies of
parameters, i.e., the sensitivity.

The 3-D model that was described in Section II, can be used
to investigate effects that are often assumed to be dominant or
hard to control. It also allows for prediction of in situ parasitic
effects. These have a significant impact in performance of the
final product. It is followed by an S-parameter-based impedance
extraction method in Section III. In a “2-phase” CMC case, the
simulation has four single ended ports representing a 4-port
vector network analyzer setup. Then the results are presented in
Section IV, first verifying the simulation and later identifying the
most critical parts of the component and measurement setup that
need to be accurately modeled through a sensitivity calculation.
This was done not only for the DM and CM impedance, but also
for leakage inductance, inter-winding impedance, and phase
impedance. Their relation to parasitic effects are elaborately
described in [11]. The results shown are for a typical CMC
available in the EMI filter design kit from Würth Elektronik,
and a ferrite core from FerroxCube that is wound manually.
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Fig. 1. Multi-port simulations. (a) FerroxCube TX22. (b) Small winding
angle. (c) Large winding angle. (d) Three-phase simulation option.

II. MODELING 3-D: FINITE ELEMENT METHOD (FEM)

In this section, a detailed description is given about modeling
a toroidal-shaped, sectional wound CMC. The main elements of
the simulation procedure are discussed, as well as the challenges
that arose during the modeling. This should be useful for anyone
creating their own simulation setup or eventual parametric study.
One can consider this to be used as a cookbook recipe for
creating a 3-D choke model opening a world of possible different
recipes with some examples shown in Fig 1.

A. Core

The three main parameters used in the design of a toroidal
core material are—inner radius (ri), outer radius (ro ), and height
(h). A 3-D-polygonal line is used to draw the center of the core
material. From here, the full 360◦ are covered by incrementing
single degrees. To reduce meshing complexity, it is advised to
increase the step size. From here, a cross section of the toroid
is drawn. The cross section uses the width (W = ro − ri) and
height of the toroidal core, which is then swept along the previ-
ous drawn circle. The models used here have a rectangular cross
section. The 3-D-model of the core is now described, and only
the material parameters are missing. The inclusion of the exact
complex material properties are crucial in correctly modeling a
CMC in a 3-D full-wave simulator. However in this paper, it is
assumed that doing a relative simple measurement the correct μ
is obtained.

B. Ports

Both [15] and [16] have shown different techniques in
measuring CMCs with either balanced or unbalanced methods
in 2- or 4-port measurement setups. In this paper, a 4-port
model is used to investigate a multitude of parasitic effects with
a single 3-D simulation. The setup that has been investigated is
shown in Fig. 1(a). It is a good practice to avoid lengthy discrete
ports, due to possible simulation errors resulting from either
increasing parasitics or meshing issues [17]. The port length
is depend on the height above the ground plane, which is often

Fig. 2. Boundary simulation setup.

much less than the separation distance between the leads of the
CMC.

C. Windings

Windings are created with a polygonal curve, with each turn
having four sets of x, y, z parameters. x and y are calculated
from a circular motion around the center of the core material

x = r · cos(φ) y = r · sin(φ).

The main limitation of this method of winding is it is single layer,
and therefore, limiting the number of turns and/or thickness of
the wire.

By adding a parameter to account for layers of winding, the
method could be extended to multi-layer winding. One has to be
careful that the resulting structure is not overlapping anywhere,
as it will be considered to be a single solid, i.e., if the turns are
overlapping in 3-D space, the wire acts as a foil that is wrapped
around the core material.

D. Boundary, Frequency Range, Background Material

An important aspect of the 3-D simulation environment are
the boundary conditions in which the component is simulated.
Important to notice is the amount of background material and
type. They should represent the physical situation. In case of
the measurements used in this paper, the background material
should be set to normal, which represents air, while the dis-
tance to the simulation boundaries should be sufficient (i.e.,
approximately a quarter of the maximum wavelength). Also the
boundaries used are open, as can be seen in Fig. 2. Note, how-
ever, that one boundary will be set to perfect electric conductor
to be electrically grounded. This represents the surface of the
table at which the components were measured.

E. Solver: Frequency Domain

As mentioned in [8], the solver has to be set to the fre-
quency domain to incorporate the magnetic permeability disper-
sion model for materials at high frequencies. This restricts the
3-D simulation to a FEM in CST Microwave studio. Defining
the amount frequency points and their spacing will be directly
related to simulation accuracy and duration. Good practice is
to define the frequency points related to the used dispersion
model. i.e., select points on curve bends and other parts of the
permeability curves that are not linear interpolatable. As the
most important parameter in designing the simulation, the mag-
netic permeability is elaborated on in the next subsection.
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Fig. 3. Datasheet examples of permeability and attenuation. (a) Ferroxcube
3E27 material. (b) Würth Elec. CMB-M-744823601.

F. Permeability

Exact complex permeability values with a large frequency
range are often difficult to acquire. Datasheet values have
a challenge of often being limited at their frequency range
and the accuracy during the data extraction method. Most of
them also lack complex values. Permeability measurement
techniques have been shown in [18]–[21], all with their benefits
and disadvantages. Two core materials are investigated in this
paper. The FerroxCube TX22/14/6.4-3E27 and the CMC WE-
CMBM744823601 (see Fig. 3). Note that based on production
process and differences between datasheets of the same material
deviations of 20% to 30% are possible and not uncommon.
To increase the frequency range of the simulation model, the
complex impedance of the inductors have been measured and
the complex permeability is extracted as described in [21]

μ′ − jμ′′ =
−j[Zr + jZi ]
μ0fN 2h ln do

di

(toroid). (1)

It is not in the scope of this paper to address the accuracy or
issues of this method, as we focus on the modeling parameters
of the inductors, such as core width and height.

G. Permittivity

Next to permeability, the core material also has a dielectric
permittivity. The effect on the CMC parasitic behavior can be
investigated in a similar manner as done for permeability, by
including a frequency dependent permittivity curve in the sim-
ulation material; however, the investigation is simplified in this
paper by including a constant permittivity. This allows for a
sensitivity analysis to determine the impact of the parameter on
the resulting impedances.

H. Simulation Output

From this point on, we assume that the software is capable of
providing complex valued S-parameters for each of the simula-
tion ports. In the setup depicted in Fig. 1(a), this would result
in a 4 × 4 × n matrix, with n being the amount of simulated
frequency points.

III. IMPEDANCES EXTRACTION

Extracting the DM and CM impedance of a simulated (or
measured) CMC from S-parameters, requires a set of transfor-
mations based on the measurement or simulation method. A

Fig. 4. Physical representation of mathematically applied resistors. R is
increasing from approx. 1 Ω to 10 MΩ, this mimics the short to open cir-
cuit measurements. (a) Transistion between inter-winding capacitance and DM
impedance. (b) Transitions between leakage inductance to phase impedance.

derivation is given for the 4-port (single ended) setup is given,
based on the work in [15]. Note that the order of the ports,
and thus, the location of the ports are crucial when using the
manipulation matrix M.

A. S-parameter Mode Decoupling

In case of using 4-ports, one can convert the single ended
4-port measurement results into mixed mode S-parameter set,
from which a CM and DM impedance can be derived. Notice
that the order of the ports has to be taken correctly, depending
on the simulation

S =

⎡
⎢⎢⎢⎢⎣

S11 S12 S13 S14

S21 S22 S23 S24

S31 S32 S33 S34

S41 S42 S43 S44

⎤
⎥⎥⎥⎥⎦

M =
1√
2

⎡
⎢⎢⎢⎢⎣

1 −1 0 0
1 1 0 0
0 0 1 −1
0 0 1 1

⎤
⎥⎥⎥⎥⎦

Smm = [M]S[M−1 ].

Resulting in

Smm =

[
Smm,11 Smm,12

Smm,21 Smm,22

]
Smm,ij =

[
Sdd,ij Sdc,ij

Scd,ij Scc,ij

]

Z = Z0
(1 + S11)(1 + S22) − S21S12

2S21
. (2)

Note that the resulting matrix Smm is a 4 by 4 matrix as it
consists of four mixed mode matrices. Selecting the DM parts
(Sdd,ij ), will result in a 4 element matrix that can be applied to
(2) and will result in DM impedance of the choke (Zdm). The
same holds for Scc,ij , resulting in the CM impedance (Zcm).

B. Additional Impedances

Following the 4-port simulation approach, it is now possi-
ble to investigate a CMCs designable parameters influence on
Zcm and Zdm under the assumption the incorporated permeabil-
ity is correct. However, from [11] it can be seen that Zcm and
Zdm are not enough to accurately derive a behavioral model.
An interesting feature of 4-port simulation (and measure-
ments) of CMCs is the possibility to also investigate the phase
impedance (Zph), inter-winding impedance (Zint), and leak-
age inductance simultaneously by mathematically introducing
the measurement setups as presented in Fig. 4.
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TABLE I
EFFECT OF 3-D MODEL PARAMETERS ON SIMULATED IMPEDANCES FOR: f ≤ 100 MHZ/f > 100 MHZ

Fig. 5. Winding measurement using the HP 16092A spring clip fixture.

Fig. 6. Measurement versus simulation of increased windings.

IV. RESULTS

The previous sections have shown how to model a CMC
and how to extract the multiple useful impedances from the
S-parameter simulation. The methods are now applied to deter-
mine the dependency on designable parameters. In Table I, an
overview of the parameters investigated is shown. It shows qual-
itatively how important a parameter is to be modeled perfectly.
It summarizes the sensitivity of the resulting impedances, which
is displayed in the figures on the right hand side. The sensitivity
as is defined in [22] is computed using

Sensitivity = κ =
σout

/
μout

σin
/
μin

.

With σ the standard deviation and μ the average of the output
impedances and input parameters per frequency point, respec-
tively. The shown values have been limited from 0 to 2. The
lower the value, the less sensitive the output is for variations
in input parameter. A value κ = 1 represents a linear relation,
while a value of κ = 2 shows a quadratic relation. For summa-

Fig. 7. Four-port simulation results to impedances measurements by mathe-
matical transformations as seen in Fig. 4. (a) DM to inter-winding impedance.
(b) Phase to leakage inductance.

rizing the effect a parameter has on a certain impedance, we
define four qualitative regions of sensitivity:

1) none: κ ≈ 0;
2) low: 0 < κ < 0.5;
3) medium: 0.5 < κ < 1.5;
4) high: 1.5 < κ.
This can be applied to any design parameter defined in the

simulation. A similar study performed with measurements can
take hours or even days, while by automation one is able to do
it within minutes.

First, the simulation is verified for an inductor that is wound
on the toroidal core measured in Fig. 5. Then the results are
presented based on the simulation setups as described in Fig. 4,
this verifies that five types of impedances can be extracted from a
single 4-port simulation which are related to different designable
parameters [23]. After the verification results, the investigation
continues by presenting the results that show the effect of six
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Fig. 8. CM impedance. (a) Angle. (b) Height. (c) Core width. (d) Height above GND. (e) Lead length. (f) Wire radius.

Fig. 9. Phase impedance. (a) Angle. (b) Height. (c) Core width. (d) Height above GND. (e) Lead length. (f) Wire radius.
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Fig. 10. DM impedance. (a) Angle. (b) Height. (c) Core width. (d) Height above GND. (e) Lead length. (f) Wire radius.

Fig. 11. Interwinding impedance. (a) Angle. (b) Height. (c) Core width. (d) Height above GND. (e) Lead length. (f) Wire radius.
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Fig. 12. Permittivity influence on the different types of impedance. (a) CM. (b) DM. (c) Inter-winding. (d) Phase.

parameters on the extracted impedances—winding angle, height
of the core, width of the core, height of the core above the ground
plane, lead length, and wire radius.

A. Results for the Inductor

The simulation results presented in Fig. 6 show a good
agreement with the measurement results up until approximately
100 MHz. The permeability used in each of the simulations was
extracted from a single measurement. So increasing the turns
was the only parameter that changed between the simulations,
as a result the length of “wire” increases with increased number
of turns.

As (1) shows, the permeability depends heavily on N 2 .
Counting the “exact” amount of turns is therefore crucial for
permeability derivation via the winding measurement. Using an
adapter measurement circumvents the ambiguity. Note, how-
ever, in the 3-D model, the same dependence holds and should
therefore also be modeled perfectly.

B. CMC Results

Based on the 4-port S-parameters simulation results, the
impedances in Fig. 7 were derived. Note that it is derived from
a single simulation result, and by mathematically terminating
the choke as depicted in Fig. 4 one can investigate the transition
from a DM setup to an inter-winding capacitance setup [see
Fig. 7(a)]. This also holds for the phase impedance to leakage
inductance setup, by mathematically terminating the other ports
one can investigate this transition [see Fig. 7(b)].

The results presented in Fig. 7 show the transition from one
measurement to the other. This can have an interesting effect on
how certain resonances are perceived and eventually modeled.
But furthermore shows the possibility to derive five impedances
from a single full-wave simulation. The verification can be seen
in the results presented in Figs. 8–11. Here, next to the sim-
ulation derived results, the physical measurement results are
presented together with a sensitivity curve. The effect a cer-
tain deviation of an input parameter has on the output param-

eter, i.e., different impedances, is summarized in Table I. It
is split into a low- and high-frequency region, f ≤ 100 MHz
and f > 100 MHz, respectively. The sensitivity shown in
Figs. 8–11 are related to the effect parameters have on the CMC
model as described in [23]. The effect seen is also an indication
on how important it is to perfectly model this part of the sim-
ulation, i.e., how much effort should be put in measuring these
parameters of the physical object. As the effects can be easily
seen in the figures, we only discuss the deviations and possible
errors seen.

In Fig. 9, it can be seen that the extracted phase impedance
simulation results show a resonance at approximately 65 MHz,
which is absent in the Fig. 8. This also holds for the measure-
ments performed, which can be seen as a dashed line in the
figures. As the permeability is derived from CM impedance
measurement performed on the choke, it is safe to say the reso-
nance is not a material property but a geometric property. In the
case of the CM, it appears the resonance is canceled.

Fig. 12 shows the influence of core’s permittivity for the
four extracted impedances. Relative permittivity values up to
27 have been chosen to be displayed, as these cover a wide
variety of core materials. Note, however, relative permittivity
up to 1000 has been simulated and the sensitivity calculated,
which did not significantly alter the results. As expected, the
low-frequency region is hardly sensitive to the permittivity,
except for the inter-winding impedance which is capacitive in
nature and has a nearly constant sensitivity to the variation.

V. CONCLUSION

This paper has shown the possibility to model a CMC accu-
rately in 3-D simulation environments. This allows for paramet-
ric studies on parasitic behavior, as well as in situ performance
optimizations within minutes to hours. Compared to measure-
ments with trial and error design strategies, this is a significant
improvement. Using an automated 3-D model creation will also
allow for in situ testing multiple chokes within minutes. The
possibilities of investigating hard to control parameters using
3-D models have been made apparent in this paper. Specifically,
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the effects on CMC behavior was investigated and presented.
Table I summarizes the effect simulation parameters have on
the resulting impedances of the modeled choke. In this paper,
the most critical simulation design parameters were identified as
quite obviously being magnetic permeability, amount of wind-
ings but also the thickness of the wire and the core size. The
effect of angle of winding was seen in the parasitic behavior in
the form of leakage inductance and inter-winding capacitance.

REFERENCES

[1] M. Stojanovic, F. Lafon, R. Perdriau, and M. Ramdani, “Determination of
the coupling model of common mode chokes using a TEM cell,” in Proc.
Int. Symp. Electromagn. Compat., Angers, France, 2017, pp. 4–9.

[2] G. Asmanis and D. Stepins, “Effects of parasitic parameters on three phase
EMI filters,” in Proc. 11th Int. Symp. Topical Problems Field Elect. Power
Eng., 2012, pp. 93–102.

[3] Y. Murata, K. Takahashi, T. Kanamoto, and M. Kubota, “Analysis of
parasitic couplings in EMI filters and coupling reduction methods,” IEEE
Trans. Electromagn. Compat., vol. 59, no. 6, pp. 1880–1886, Dec. 2017.

[4] N. Moonen, F. Buesink, and F. Leferink, “Unexpected poor performance
of presumed high-quality power line filter, and how it improved,” in
Proc. IEEE Int. Symp. Electromagn. Compat., Dresden, Germany, 2015,
pp. 382–385.

[5] C. R. Paul, Introduction to Electromagnetic Compatibility (Wiley Series in
Microwave and Optical Engineering). Hoboken, NJ, USA: Wiley, 2006.

[6] N. Moonen, F. Buesink, and F. Leferink, “Optimizing capacitor placement
in EMI-filter using back annotation of 3D field coupling parameters in cir-
cuit models,” in Proc. Int. Symp. Electromagn. Compat. Wroclaw, Poland,
2016, pp. 576–580.

[7] N. Moonen, F. Buesink, and F. Leferink, “Enhanced circuit simulation us-
ing mutual coupling parameters obtained via 3D field extraction,” in Proc.
Asia-Pacific Int. Symp. Electromagn. Compat. Signal Integrity, Shenzhen,
China, 2016, pp. 181–183.

[8] G. Asmanis, D. Stepins, A. Asmanis, and L. Ribickis, “Mutual couplings
between EMI filter components,” in Proc. IEEE Int. Symp. Electromagn.
Compat., Dresden, Germany, 2015, pp. 908–913.
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