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Abstract—In this paper 3D electromagnetic modelling of 
surface-mount components of EMI filters is presented. Developed 
models in CST MWS are used to analyze parasitic couplings 
between surface-mount inductors and surface-mount inductors 
and capacitors. The couplings are evaluated in terms of 
transmission coefficients. Modelling results are then verified 
experimentally over wide frequency range. The models can be 
fairly useful to predict the mutual couplings in the frequency 
range from several MHz to several tens of MHz.  

Keywords—capacitors; inductors;  EMI filters; electromagnetic 
coupling; modelling.  

I.  INTRODUCTION 

With an ever increasing demand for miniaturization of 
power electronic converters, electromagnetic interference 
(EMI) filters have become an inalienable part of them. 
Modern EMI filters should combine low volume and weight 
along with high EMI attenuation [1], [2]. Traditional EMI 
filters usually have through-hole technology (THT) 
components which are quite bulky and have rather degraded 
performance at high frequencies due to long leads. Meanwhile 
surface-mount technology (SMT) components have noticeably 
smaller dimensions and lower parasitics than THT 
components. As switching frequencies of power electronic 
converters are increasing rapidly (mainly because of rapid 
development of GaN devices) [3], EMI filters with SMT 
components become popular. EMI filters are used not only to 
reduce conducted EMI in power electronic converters, but also 
to reduce EMI in data lines, motherboards, etc.   

In order to reduce EMI filter size, filter components 
(capacitors and inductors) should be placed very close to each 
other. However EMI filter performance can degrade 
significantly at high frequencies (in MHz region) due to 
increased parasitic electromagnetic couplings between the 
components [4] – [7].  

For prediction of EMI filter performance considering the 
parasitic couplings between the filter components, it is useful 
to use 3D electromagnetic modelling software such as CST 
MWS [8]. Although much research has been carried out over 
the last decade to model THT components and parasitic 
couplings between them using 3D electromagnetic modelling 

tools [8] – [11], there is only one paper [12] dedicated to 
modelling SMT capacitors and mutual couplings between 
them.  

This paper is the continuation of the study presented in 
[12]. In this paper 3D models of SMT inductors are developed 
and parasitic couplings between SMT inductors and SMT 
inductors and capacitors are analyzed in details over wide 
frequency range using both 3D electromagnetic modelling 
software CST MWS and experimentally using a vector 
network analyzer (VNA) Rohde & Schwarz ZVRE.        

II. 3D SMT INDUCTOR MODELS

3D models of SMT capacitors were presented in [12]. In 
this chapter 3D models of SMT inductors are described and 
validated experimentally.  

Miniature SMT inductors in terms of their internal 
structure can be divided into three main categories: 1) wire-
wound SMT inductors; 2) multi-layer SMT inductors and 3) 
film SMT inductors [13]. One of the specific types of SMT 
inductors is SMT ferrite bead. To reduce EMI noise at inputs 
and outputs of power supplies, SMT ferrite beads are often 
used. SMT ferrite beads in terms of internal structure are 
somewhat similar to multi-layer SMT inductors [14] - they 
have multi-layer conductor. The main difference between 
them is that SMT ferrite beads have conductors created 
between many ferrite sheets layers [14]. Ferrite exhibits high 
energy losses at high frequencies to better suppress EMI.   

In this paper 3D models of three different SMT inductors 
(WE 742792141, WE 744066151, WE 7447709471) made by 
Wurth Electronics Inc. are developed in CST MWS. Inductor 
WE 742792141 is a ferrite bead having multi-layer structure, 
but inductors WE 744066151 and WE 7447709471 are wire-
wound shielded inductors with ferrite core [15].  

3D models of the wire-wound inductors developed in CST 
MWS are shown in Fig.1 and Fig.2. Since number of turns, 
diameter of winding wire and ferrite core parameters (core 
dimensions, ferrite complex permeability, complex 
permittivity and resistivity as functions of frequency) were 
known for us, they were taken into account in the models. The 
winding wires do not have insulation in the models, because, 
firstly, we did not know the insulation parameters (e.g. 
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thickness) accurately, and secondly, omitting insulation in the 
models helps in reducing modelling time noticeably. 

  
  (a)                        (b)                                   (c)   

Fig.1. 3D models of SMT wire-wound inductor WE 744066151 created in 
CST MWS: (a) 3D model with a shield; (b) 3D model without the shield; (c) 
cross section view of the 3D model. 

    

             (a)                          (b)                               (c)    
Fig.2. 3D models of SMT wire-wound inductor WE 7447709471 created in 
CST MWS: (a) 3D model with a shield; (b) 3D model without the shield; (c) 
cross section view of the 3D model. 

Since Wurth Electronics does not disclose information 
about ferrite complex permeability, complex permittivity and 
resistivity over wide range of frequencies for the ferrite beads 
(such as WE 742792141), we created 3D model of the ferrite 
bead using a parametric surface which was described by S 
(scattering) parameters obtained experimentally for the ferrite 
bead using the VNA. The model is shown in Fig.3 with 
experimental S parameters magnitudes as functions of 
frequency. Unfortunately, this simple model of the ferrite bead 
does not give us a possibility to estimate the mutual couplings 
between inductive components accurately. This is why more 
complex 3D model of the ferrite bead was developed in CST 
MWS as shown in Fig.4. The model has accurate multi-layer 
winding structure with single parametric surface with 
integrated S parameters obtained experimentally.  

 
Fig.3. CST MWS 3D model of the ferrite bead described by single parametric 
surface with integrated S parameters (obtained experimentally).  

 
Fig.4. More accurate 3D model of the ferrite bead having multi-layer winding 
structure with single parametric surface with integrated S parameters obtained 
experimentally. Note: this model does not have ferrite sheet layers between 
the winding layers. 

III. EXPERIMENTAL VALIDATION OF THE INDUCTOR MODELS 
In order to validate developed models in CST MWS, PCBs 

with the inductors and SMA connectors were created and 
measurements using series-through technique [16] with VNA 
ZVRE were done. In order to extract impedances of the 
inductors de-embedding of the inductor parameters was 
performed using the procedure proposed in [16]. A picture of 
SMT ferrite bead under measurements and PCB with SMA 
connectors is shown in Fig.5. Comparison of the measurement 
and modelling results is depicted in Fig.6 for three different 
SMT inductors. 

 
Fig.5. A picture of SMT inductor (WE 742792141) under measurements with 
PCB and SMA connectors. 

Rather good agreement is achieved between the modelling 
and the experimental results for SMT ferrite bead over wide 
range of frequencies. This good agreement can be explained 
by the fact that the model of the SMT ferrite bead has multi-
layer winding structure with single parametric surface with 
integrated S parameters obtained experimentally. It should be 
noted that even if there is good agreement between 
experimental and modelled impedances of the ferrite bead, it 
does not mean that this model will allow us to accurately 
estimate parasitic mutual couplings between filter 
components. This is due to the fact that the model shown in 
Fig.4 does not have ferrite sheet layers between the conductor 
layers.  

For surface mount technology wire-wound inductor (WE 
744066151) there is also good agreement between 
experimental and modelled impedances in the range of 
frequencies between 100 kHz and 4 MHz as shown in Fig.6. 
However in the range of frequencies close to the inductor self-
resonant frequency and above it there is noticeable 
disagreement between the results. This can be explained as 
follows: firstly, we purposely removed thin insulation layer 
from the winding wire in the model (Fig.1) due to the reasons 
described in the second chapter, and secondly, we did not 
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know accurately the spacing between the winding wire’s turns 
(apparently the spacing in the model was higher than that in 
real life). As a result of this parasitic equivalent parallel 
capacitance of the inductor model was lower than in real life 
and consequently there is noticeable disagreement between the 
impedances for frequencies close to and above the self-
resonant frequency of the SMT wire-wound inductor as it can 
be seen in Fig. 6. The same explanation of disagreement 
between modelled and measured impedances for frequencies 
close to or above the self-resonant frequency is applicable for 
the SMT inductor WE 7447709471.   

    

IV. STUDY OF THE PARASITIC COUPLINGS 
In this chapter parasitic mutual couplings between various 

SMT inductors and SMT inductors and capacitors are 
evaluated in terms of transmission coefficients S21 using 
developed 3D models of inductors and capacitors (with PCB 
and SMA connectors) and experimentally. For S21 
measurements VNA ZVRE is used.     

A. Parasitic couplings between SMT inductors 
In order to study parasitic couplings between SMT 

inductors, S21 was measured and modelled for 5 different types 
of PCBs: a) type d1 (Fig. 7(a)) to study mutual couplings 
between two SMT ferrite beads (WE 742792141); b) type d2 
(Fig. 7(b)) to study mutual couplings between SMT wire-
wound inductor (WE 744066151) and SMT ferrite bead (WE 
742792141); c) type d3 (Fig. 7(c)) to study mutual couplings 
between two SMT wire-wound inductors (WE 744066151); d)  
type d4 (Fig. 7(d)) to study mutual couplings between two 
SMT wire-wound inductors (WE 7447709471); e) type d5 
(Fig. 7(e)) to study mutual couplings between SMT wire-
wound inductor (WE 7447709471) and SMT ferrite bead (WE 
742792141). For each type of PCB there were created three 
similar PCBs with different distances (1 mm, 3 mm and 5 
mm) between the inductors. 

Measurement and modelling results for type d1 PCB with 
different distances between the components are shown in 

Fig.8. As it can be seen measurement and modelling results 
agree quite well for frequencies above 10 MHz: the maximum 
difference between the results is below 2 dB. However there is 
rather high difference (more than 10 dB) between the 
measurement and modelling results for frequencies below 
3MHz when the distance between the components is 1 mm or 
3 mm. This can be explained by the fact that in the SMT 
ferrite 3D model (Fig.4) ferrite layer sheets (placed between 
winding layers) are not used. At low frequencies (up to several 
MHz) ferrite has quite high real part of complex permeability 
and this is why not taking into account the ferrite parameters 
in the model leads to poor ability to estimate the mutual 
couplings accurately. However for frequencies exceeding 10 
MHz real part of magnetic permeability of ferrite material 
starts to decrease significantly. As the result the ferrite has 
almost no influence on the mutual couplings and accuracy of 
the modelling results is rather good.  

 
Fig.7. Pictures of different-type experimental PCBs with soldered SMT 
inductors when distance between them is 1 mm. 

 
 
Fig. 6. Impedance versus frequency for different inductors.  
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Measurement and modelling results for type d3 PCB with 
different distances between the components are shown in 
Fig.9. The measurement results fit the modelling results quite 
well in the range of frequencies between 100 kHz and 100 
MHz. However for frequencies above 200 MHz there is quite 
high disagreement between the results, probably because 
ferrite parameters were not well defined for that frequencies 
and division of the 3D model to smaller finite elements should 
be performed.  

Rather good agreement between the modelling and 
experimental results (Fig. 10) is also achieved for type d4 PCB 
in the range of frequencies between 100 kHz and 10 MHz. 
However for frequencies above 100 MHz there is quite high 
disagreement between the results. The reasons for this are 
similar to that for d3 PCB.  

The modelling results (Fig. 11 and Fig. 12) fit quite well 
the experimental results for PCB type d2 and PCB type d5 in 
the range of frequencies between 3 MHz and 100 MHz. Rather 
high discrepancy between the results takes place for PCB type 
d2 for frequencies below 2 MHz. This can be explained by the 

fact that the ferrite bead model does not into account ferrite 
sheet layers between the winding layers. For lower frequencies 
ferrites have quite high real part of complex magnetic 
permeability and as a result they have major influence on the 
couplings.  

As it can be seen from the results the mutual couplings 
between the inductors tend to increase as frequency increases. 
This can be explained by electromagnetic induction: the 
higher the rate of change of magnetic flux (created by the 
current flowing through the first inductor loop) is, the higher 
electromotive force induced in the second inductor loop is. 

B. Parasitic couplings between SMT inductors and capacitors 
In order to study parasitic couplings between SMT 

inductors and capacitors, transmission coefficient S21 was 
measured using VNA and modelled for different distances 
between 4.7 nF SMT capacitor and wire-wound SMT inductor 
WE 744066151. Model of SMT capacitor is taken from our 
previously published paper [12]. Experimental and 
measurement results are compared in Fig. 13. As it can be 
seen the modelling results fit experimental results very well 
for range of frequencies between 100 kHz and 40 MHz. For 

 
 
Fig. 8. Magnitude of S21 as a function of frequency PCB type d_1.  

 
 
Fig. 9. Magnitude of S21 as a function of frequency PCB type d_3.  
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frequencies above 100 MHz a discrepancy between the results 
is high. Therefore further work should be dedicated to 
improve accuracy of inductor and capacitor models.    

V. CONCLUSIONS 

Since conductor layer thickness is much lower than SMT 
inductor dimensions, then for accurate 3D modelling of 

 
Fig. 12. Magnitude of S21 as a function of frequency PCB type d_5.  

 
 
Fig. 10. Magnitude of S21 as a function of frequency PCB type d_4.  
 

 
Fig. 11. Magnitude of S21 as a function of frequency PCB type d_2.  
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inductors it is necessary to divide the model into many finite 
elements (which number can exceed 106). Accurate 3D models 
of SMT inductors taking into account complex internal 
structure of them are possible to create in CST MWS, but it 
will require a lot of computational memory and computer 
resources. Modelling of such complex 3D models will be 
time-consuming task. This is why simpler 3D models of the 
inductors are developed in this paper.  

These models can give us a possibility to predict the 
mutual couplings with fairly good accuracy from several MHz 
to several tens of MHz. For frequencies above several 
hundreds of MHz accuracy of prediction of the mutual 
couplings is quite poor. The accuracy of the predictions will 
be improved if we know winding wire insulation parameters 
and turns spacing accurately, and if division of the 3D model 
to much smaller finite elements is performed. However in this 
case computational time and memory requirements will 
significantly increase. So there is trade-off between accuracy 
of predictions and consumed time and resources. Increase in 
accuracy of the models without significant increase in 
consumed time and resources will be dedicated to the further 
research.   
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