
Fig.1 Capacitor models proposed in the paper: (a) the most complex 
capacitor model proposed - Cap1; (b) medium complex capacitor model 
proposed - Cap2; (c) the simplest capacitor model proposed - Cap3. 
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Abstract— This paper deals with modeling of mutual 
couplings between passive EMI filter components: inductors and 
capacitors positioned on printed circuit board. 3D 
electromagnetic software CST MWS is used for the modeling. 
Three scenarios are considered: mutual couplings between two 
capacitors, mutual couplings between two inductors and mutual 
couplings between inductor and capacitor. Modeling results are 
verified experimentally using a vector network analyzer. 
Comparison of the measurement and modeling results shows that 
transfer coefficients and mutual inductance between two 
capacitors can be predicted accurately. However modeling of the 
mutual couplings between two inductors has the lowest accuracy. 

Keywords— inductors; capacitors; mutual inductance; 
modelling; EMI filters.  

I.  INTRODUCTION 

For electronic equipment connected to mains network 
conducted emission reduction is required by wide range EMC 
standards. Therefore, electromagnetic interference (EMI) filters 
are used in nearly all electronic devices. Since one of the 
modern development trends of electronic equipment is the size 
reduction, EMI filter passive components, such as capacitors 
and inductors, are usually placed very close to each other to 
save the space. This leads to appreciable mutual couplings 
between the filter components. The mutual couplings reduce 
EMI filter insertion loss and as a result EMI attenuation at high 
frequencies is much worse than expected [1] – [5]. Evaluation 
and extraction of the mutual couplings is usually done using 
measurements [2] - [8] or 3D electromagnetic modeling [9] – 
[12]. The main tasks of this paper are to develop 3D models of 
EMI capacitors and inductors and to evaluate the mutual 
couplings between them using one of the most popular 3D 
electromagnetic modeling software – CST Microwave Studio 
(CST MWS).  

The paper is organized as follows. Section II deals with two 
capacitors mutual coupling modeling and measurements. There 
are proposed three novel capacitor models that enables efficient 
coupling modeling in EMI filters.  Section III presents 
modeling and measurements of EMI filter inductors and mutual 
couplings between them. Section IV is devoted to modeling 
and measurements of mutual couplings between EMI filter 
capacitor and inductor.    

II. MODELLING OF CAPACITORS AND MUTUAL COUPLINGS 
BETWEEN THEM 

Modelling of EMI filter capacitors can be very complicated 
and time consuming process, therefore several simplified EMI 
capacitor models have been presented in [9]. In this paper three 
much simpler capacitor models (Fig.1) are presented. They are 
developed using 3D electromagnetic modelling software- CST 
Microwave Studio (CST MWS). The most complex - Cap1 
model, represents the inner structure of capacitor in more 
detailed fashion. Cap3 model is the least complex model 
leading to lower computer memory consumption and 
computational time. It does not represent capacitor inner 
metalized film layer structure. Model dimensions represent 
exact capacitor conductor dimensions. Developed models 

represent real capacitor magnetic properties only; therefore 
capacitance is added as lumped element. For models Cap 1 and 
Cap 2 they are implemented in layer structure inside capacitor. 
For Cap 3 model, lumped element is implemented in one of 
capacitor model leads (blue element in Fig.1(c)). 

To verify the proposed models, measurements of a 
capacitor impedance magnitude, mounted on a printed circuit 
board (Fig.2) were carried out, using vector network analyzer 
Rohde&Schwarz ZVRE. Measurement and modeling results 
are compared in Fig.3. There is negligible difference between 
modeling and measurement results. All the three proposed 
capacitor models have the same performance. In further 
research only Cap3 capacitor model is used. 
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                               (a)                            (b) 
 
Fig.6 Inductor: (a) CST MWS 3D model; (b) Measurement prototype. 
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(b) 

 
Fig.5. (a) transmission coefficient magnitude |S21| versus frequency; (b) 
extracted mutual inductance between two capacitors from measurement and 
modeling results.  
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Fig.3. Impedance magnitude of capacitor mounted on PCB. 
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Fig.4. (a) 3D model of PCB with two capacitors (model Cap3); (b) two 
capacitors mounted on PCB used for mutual coupling measurements. 

     In order to verify the usefulness of the proposed models for 
the mutual coupling modeling, two EMI capacitors were 
mounted on printed circuit board (PCB) as shown in Fig.4. One 
of the PCB tracks is splitted. 2-port network complex scattering 
(S) parameters are measured using the vector network analyzer. 
Based on the expression derived in [2] mutual inductance M 
between the capacitors is extracted as follows: 
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Distance between capacitors is changed. Measured and 
modeled transmission coefficient magnitude |S21| versus 
frequency is presented in Fig.5(a). As one of the PCB tracks is 
splitted, |S21| characterizes coupling that is responsible for 
energy transmission between two capacitors. In Fig.5(b) 
extracted mutual inductance versus frequency is depicted. 
Modeling results using Cap 3 are in a good agreement with the 
experimental results. Lumped element that represents capacitor 
capacitance plays no role in mutual coupling modeling between 
two capacitors (Fig.4), but it is crucial to model capacitor 
impedance (Fig. 3) and further complete EMI filter.      

 
                (a)                                    (b) 

Fig.2. (a) 3D model of PCB with capacitor model Cap3 and (b) capacitor 
mounted on PCB used for measurements. 

III. MODELLING OF EMI FILTER INDUCTORS AND MUTUAL 
COUPLINGS BETWEEN THEM 

Toroidal-magnetic-core inductors are often used in EMI 
filters. Characterization of toroidal-core inductor is complex 
and time consuming task. Parasitic parameters of the inductor 

depends on dimensions of magnetic core material, core size 
and insulation thickness, winding wire diameter, material 
properties and insulation thickness, winding turn spacing and 
number of turns. Inductor inductance L depends on core 
material properties, number of turns and distance between 
winding and core.   

Inductor used in measurements consists of ferrite core 
supplied by Wurth Elektronik (WE). WE have provided precise 
ferrite material characteristics - complex magnetic permeability 
and conductivity. Magnetic core is effectively usable up to 
10MHz. Inductor (Fig.6(b)) is made of 36 turns being wound 
on toroidal core having inner diameter of 12 mm, outer 
diameter of 26 mm and height of 16 mm. For 3D 
electromagnetic modeling, inductor model is created as shown 
in Fig.6(a). 3D model neglects winding and ferrite core 
insulation, as it increases mesh cell count. Modeling and 
measurement results for the inductor mounted on PCB are 
depicted in Fig.7. The difference between the results is rather 
small. However in the vicinity of the parallel and series 

resonance frequencies the prediction accuracy becomes much 
worse. In the vicinity of the parallel resonance frequency CST 
MWS predicts impedance much lower than the measurements 
which claim 60kOhm impedance while modeling gives 
25kOhm at 410kHz. The high discrepancy between the results 
is due to the modeling mesh density in the volume between 
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Fig.7. Comparison of modeling and measurement results: impedance 
magnitude versus frequency for mounted on PCB inductor.  

position 1, 3D model position 1, prototype

position 2, 3D model position 2, prototype

position 3, prototypeposition 3, 3D model

Fig.8. Three different positions of inductors (distance between them is 
30mm). 

(a) 

 
 

(b) 
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Fig.9. Comparison of coupling measurement and modeling results for two 
inductors placed in position 1 (a); position 2 (b) and position 3 (c). 
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toroid core and winding turns. If the mesh density is increased, 
better result fitting can be achieved, but it noticeably increases 
the modeling time. The series resonance (at 30-50MHz) is also 
related to the mesh density between toroid core and winding 
turns and slight inaccuracies of 3D model. Current results are 
obtained in less than 12 min consuming up to 3GB of RAM 
running on 15-core processor. If mesh density is increased to 
acquire better result fit it yields for >70 min consuming up to 
15GB of RAM running on 15-core processor. 

The mutual coupling measurements and modeling are 
performed similarly as in case with two capacitors. Inductors 
are mounted on PCB where one of the tracks is splitted. 
Inductors are mounted in three different positions (as shown in 
Fig.8) and in two different distances from each other (the 
distances are measured from toroid core center). All the four S 
parameters are measured using the vector network analyzer. 
The comparison of the measurement and modeling results 
(Fig.9) shows that there is small difference (few dB) in |S21|, 
between two distances - 30mm and 55mm. The difference 
between the measurement and modeling results is quite small, 
even in the vicinity of the resonances (at 20MHz-60MHz). The 

measurement results are reconstructed in Fig.10 in order to 
reveal which inductor position gives the worst mutual 
coupling. As a reference, measurement results of PCB without 
inductors are added to Fig.10. It seems that there is small 
discrepancy between the measured |S21| for all three positions. 
When the inductors are placed in the Position 3, the coupling is 
the highest, but it is only 3dB higher than in the case of the 
Position 1. PCB without components mounted on it, gives only 

3dB lower coupling than when the inductors are placed in 
Position 1. 

As magnetic toroidal core is used to keep leakage 
inductance low, the interaction between the inductors can be 
described by the mutual coupling caused by loops formed by 
the inductor leads, not from inductor itself. Inductors could be 
substituted by loops made of perfect electrical conductor. 
However in order to represent high inductor impedance, 
lumped elements should be added to the model in series. But 
this approach is not simple because in the frequency range over 
couple of MHz inductor structure becomes highly influential, 
creating parasitic capacitance to nearby objects. It should be 
mentioned that the reason of the modeling and the 
measurements was to verify if CST MWS is usable for the 
modeling of the mutual coupling between two inductors, not to 
find optimized positioning of inductors mounted on PCB. In 
order to characterize the mutual couplings between two 
inductors, complex impedance should be calculated. It can be 
done in frequency domain treating the measured circuit as two 
port T-type network and using the following expression [2] 
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 Fig.11 shows comparison of the measured and modeled 
impedance magnitude versus frequency calculated using (2) for 
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Fig.10. Coupling measurement results between two inductors placed in 
position1, position 2, position 3 in 30mm distance. 

 
 

Fig.11. Mutual coupling impedance Zmc magnitude in Position 1; 30mm 
distance. 
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Fig.14. From measurement and modeling results extracted parasitic mutual 
inductance Lmc between two inductors; Position 1; 30mm distance. 
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Fig.13. From measurement and modeling results extracted parasitic 
capacitance Cmc; Position 1; 30mm distance. 

 
 

Fig.12. Mutual coupling impedance angle in Position 1; 30mm distance. 
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Fig.15. From measurement results extracted mutual inductance between 
two inductors positioned in 30mm distance. 

Position 1, when the inductors are positioned in 30mm. 
Calculated impedance obtained using modeling and 
measurements fits quite well in the whole frequency range, 
except near 30 – 40 MHz, where impedance modeling is not 
very accurate. Obtained results clearly show that the 
impedance is not solely inductive. In order to gain more 
knowledge about this, the impedance phase angle is calculated 
for both modeling and measurement results as shown in Fig.12. 
As it can be seen calculated impedance phase angle is in a good 
agreement with the measured one, except at 30MHz range 
where impedance resonances appear and in kHz range where 
abrupt phase change occurs. The measurement results are noisy 
in the low frequency range (Fig.12). At several frequencies 
phase angle is higher than |900|, which could be explained by 
the fact that the circuit acts as a transformer in the frequency 
range up to 50kHz. The impedance is inductive in the 
frequency range up to 1MHz, but for higher frequencies up to 
20MHz it exhibits capacitive behavior. For frequencies 
>20MHz several resonances occur and phase changes abruptly.  
It is logically that the coupling between two inductors has 
parasitic capacitance and mutual inductance in parallel. The 
parasitic capacitance is due to the fact that PCB has its parasitic 
self-capacitance. Extra stray capacitance is added, if inductors 
are mounted on PCB. Since parasitic capacitive reactance 

dominates in the frequency range 1MHz-10MHz, the parasitic 
capacitance Cmc can be calculated as follows  

                       
|)(| fZf

C
mc

mc
2

1
          .               (3) 

Fig.13 shows Cmc modeling and measurement results. As it can 
be seen measured Cmc is in a quite good agreement with the 
modeling results. Similarly mutual inductance Lmc can be 
calculated in frequency range where inductive reactance 
dominates as follows 

                      ,/|)(| 11 2 ffZL mcmc                               (4) 

where f1 is the frequency in the linear region of |Zmc(f)|. 
Calculated Lmc is shown in Fig.14. Calculated Lmc from 
measured and modeled S-parameter results agree quite well.  

Fig.15 and Fig.16 show the mutual inductance and 
capacitance versus frequency for all the three inductor 
positions. When the distance between two inductors is 30mm, 
then Position 1 gives the lowest coupling, but the highest 
mutual inductance is provided by Position 2. However the 
difference between the results is small. If the distance between 
two inductors is 50mm, Position 2 provides the lowest 
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Fig.16. From measurement results extracted parasitic capacitance. 
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coupling, while the highest mutual inductance is provided by 
Position 3. Parasitic capacitances also depend on the inductor 
position and placement distance as it can be seen from Fig.16. 
The lowest parasitic capacitance is provided by Position 3 
when the inductors are placed in 50mm distance. The highest 
parasitic capacitance can be achieved when the inductors are 
placed in 50mm distance from each other in Position 1.  

IV. MODELLING OF MUTUAL COUPLINGS BETWEEN EMI 
CAPACITOR AND INDUCTOR 

     Mutual coupling between inductor and capacitor are 
modeled for two cases: inductor and capacitor are in parallel 
planes, inductor and capacitor are in perpendicular planes. 
Prototype PCB with inductor, capacitor and connectors are 
shown in Fig.17. One of PCB tracks is spitted to evaluate 
coupling between components when |S21| is measured. 3D 
models are represented in Fig.18. 
    |S21| measurement and modeling results, in case if capacitor 
and inductor lies in perpendicular planes in different distances, 
are compared in Fig.19. If capacitor and inductor lies in 
parallel planes results are compared in Fig.20. Measurements 
and modeling are carried out for different separation distances 
d, between capacitor and inductor. 
    As coupling is extremely low below few MHz, 
measurement results are noisy. If components lie in parallel  
 

 
 

Fig.17. Prototype PCB with components: (a) capacitor and inductor in 
perpendicular planes; (b) capacitor and inductor in parallel planes. 

 

 
Fig.18. 3D model of PCB with components: (a) capacitor and inductor in 
perpendicular planes; (b) capacitor and inductor in parallel planes. 
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Fig.19. Mutual coupling between inductor and capacitor in case if they lay in 
perpendicular planes. 

 

 
 

Fig.20. Mutual coupling between inductor and capacitor in case if they lay in 
parallel planes. 

 
planes measurement and modeling results agrees quite well up 
to 30MHz. If components lies in perpendicular planes, 
modeling results have few dB error. In frequency range over 
30MHz structure resonances are not predicted very well as 
used inductor model do not have the necessary dimension 
precision. |S21| measurement results have high sensitivity to 
inductor positioning in respect to PCB and capacitor. Also, 
inductor winding positioning in respect to toroidal ferrite core 
has impact on measurements. Therefore, to acquire precise 
results during modeling these details should be taken into 
account.  
    Transfer impedance between components is calculated 
according to (2), results are compared in Fig.21 if components 
are located in 20mm distance. Up to 30MHz modeling results 
predicts measurements very well in case if components are 
located in parallel planes. If components are located 
perpendicularly, predicted results have considerable error. It is 
directly connected to error that arises in transfer coefficient 
modeling in Fig.19. Few dB error in S21 leads to very high 
transfer impedance error.  
    Transfer impedance angle is shown in Fig.22, for both 
cases. Impedance has inductive characteristic up to 20MHz as 
impedance angle is close to -900. 
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Fig.21. Coupling impedance between inductor and capacitor. 

 
Fig.22. Coupling impedance angle between inductor and capacitor 

 

Fig.23. Mutual inductance between capacitor and inductor. 

Modeling results agrees very well with measurement results 
up to 20MHz. In higher frequency range modeling predict 
measurement results with high error, similarly as impedance in 
Fig.21.  
    Therefore, it can be concluded that coupling is mainly 
created by mutual inductance up to 20MHz. Mutual 
inductance is calculated in Fig.23. In case if components are in 
parallel planes mutual inductance is very well predicted by 
modeling and its value is ~1nH. In case if components are in 
perpendicular planes mutual inductance is not predicted very 
well. Measurement results yield 4-6nH, but modeling predicts 
~2nH. This error is also connected to transfer coefficient 
modeling error described in Fig.19. 

V. CONCLUSIONS 

Modeling results are in good agreement with measurement 
results, in terms of transfer coefficient- S21, (error <5dB, up to 
30MHz).  

Two capacitor mutual inductance modeling gives the 
highest precision, due to reason that it is relatively easy to 

represent capacitors as 3D models, using proposed capacitor 
models Cap1-Cap3.  

Coupling modeling between two inductors is the most time 
consuming process. Modeling results predicts measurement 
results in range of few dB. It is challenging to develop high 
precision 3D models. Measurement results are sensitive to 
inductor positioning (height above PCB, rotation angle and 
leads (connected to PCB) geometry).  

Modeling of the mutual coupling between capacitor and 
inductor has error up to 5dB in frequency range up to 30MHz. 
High precision inductor 3D model development is challenging 
task. Tiny details should be taken into account to get good 
agreement between modeling and measurement results. The 
most critical are: ferrite core material properties, distance 
between winding and ferrite core, inter-winding separation 
distance, inductor leads (connected to PCB) geometry. 

It is possible to successively use CST MWS for EMI power 
filter inductor, capacitor, PCB and component related mutual 
coupling modeling and analysis, but research should be 
extended to study other component configurations and 
variations that lead to complete EMI filter modeling. 
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