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GENERAL DESCRIPTION OF THE THESIS
Topicality of the subject

European Union (EU) Electromagnetic Compatibility (EMC) Directive 2014/30/EU [1]
provides that all electronic equipment sold in the EU market must comply with its requirements.
Today's trend of electronics is an increase in operating speed and work frequency at the same
time reducing size and weight. The result is a compact and light electronic device whose
components are positioned very close to each other, leading to mutual coupling between
components. As a component, the following text has been adopted to call an element that has a
certain capacity — capacitors and an element with a certain inductance — inductance coil.

The electromagnetic interference (EMI) filters are applied in all electronic equipment,
the basic task is to reduce the spread of conductivity and radiated interference. Following the
trend of reducing the size of the electronics, the size and weight of the EMI filters are reduced
by wide application of surface assembly components. Surface assembly components are
inductance coils and capacitors, which are attached on PCB with the surface assembly
technology. The mutual coupling between components depends heavily on the positioning of
the components, the coupling increases by positioning the components closer to one another.
Consequently, coupling and positioning of the surface assembly components on the PCB
becomes a very important aspect of the design of filters.

Many studies [5], [12] have been carried out about the analysis of inductive and
capacitative components of classical assembly, measuring of their parameters and measurement
errors. Also an analysis of the EMI filter's intercomponent mutual coupling with 3D
electromagnetic field modelling tools has been carried out. However, there is a lack of
information about the intercomponent mutual coupling of the surface assembly components in
EMI filter, using 3D electromagnetic field modelling tools.

In the available studies [5], [20], [22], [26], [27] there mutual coupling analysis of
classical assembly inductive components are described, but the studies have been carried out
for unloaded components, through which current is not flowing, which can be variable in a real
electronic system, depending on the working mode and load. In such variable-load current
conditions the core material for inductive components may be saturated, it may change the
electromagnetic field around components, which may affect the coupling of inductive
components with other components or PCB tracks. Therefore it is essential to carry out a study

on loaded inductive components by analysing the effects of the current on the parasitic



parameters of inductive components, it is necessary to establish a filter prototype BT for such
studies. Performing a component loading with direct current, DC can enter the vector network
analyser ports and permanently damage equipment. The following filters provide a load current
in the measured component and ensure full DC insulation from the measurement ports. In
addition, the filter must ensure the invariance of full resistance of the inductive component
during measurements, which can be affected by a connected power source during
measurements. The creation and optimisation of such filter will allow to carry out studies on

loaded inductive components.

The aim and tasks of the research

The aim of the Doctoral Thesis is as follows: to carry out an analysis of mutual
coupling between surface assembly inductive and capacitive components, depending on the
interchangeability of components using a 3D electromagnetic field modelling tool. In order to
achieve the aim of the Thesis the following tasks were defined.

1. To collect the latest scientific literature on the study of the parasitic coupling of surface
assembly components and its innovations.

2. To research the methodology for measuring the parameters of the surface assembly
components.

3. To perform surface assembly capacitor studies using 3D electromagnetic field
modelling tools.

4. To perform surface assembly inductance studies using 3D electromagnetic field
modelling tools:

* two terminal inductive components;

« four terminal inductive components.

5. To perform studies on mutual coupling between various surface assembly components
using 3D electromagnetic field modelling tools.

6. To explore and perform high-frequency parameter improvement capabilities for surface
assembly capacitors using 3D electromagnetic field modelling tools.

7. To develop a filter prototype using 3D electromagnetic field modelling tools. The filter
is designed to measure the full resistance of the inductive components within a
frequency range 150 kHz—100 MHz by entering direct current in a component.

8. To carry out a comparison and analysis of the performance parameters of a new filter
prototype with equivalent commercially available filters.
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Research methodology

In this Doctoral Thesis the author has applied the 3Delectromagnetic field modelling
tool “Computer Simulation Technology Microwave Studio” (CST MWS), performed
measurements with ZVRE-vector network analyzer, and compared the results using Matlab

software.

The results and scientific novelty of the research

Systematic studies have been carried out for the new measuring methodology for the
parasitic coupling on surface assembly components with the vector network analyser and
improved mathematical calculations of error.

Original surface assembly capacitors and inductance 3D models were developed that
allow to carry out the analysis of parasitic coupling with electromagnetic field modelling tools
within a frequency range 150 kHz—100 MHz.

A new filter prototype was developed to measure the full resistance of the loaded
inductive components within a frequency range of 150 kHz—100 MHz. The filter was optimized
with the help of the 3D models, developed within this work, and electromagnetic field
modelling tool CST MWS. The filter was developed and compared with equivalent
commercially available scientific measurement filter. The new filter prototype has a higher
permissible load current of 0.5 A, it can take measurements for a component with a full
resistance less than 17 Q, and an uncompensated inductive component is by 9 nH smaller.
Therefore, the prototype of the filter is reasonably considered to be better.

Original 3D surface assembly capacitors and inductance models were developed to

provide the possibility to analyse parasitic coupling between components with high accuracy.

Practical value of the research

The developed surface assembly capacitors and inductance 3D models allow carrying
out the analysis of parasitic coupling effects on the performance of EMI filters in the frequency
range 150 kHz—100 MHz. 3D models for surface assembly components have been developed
based on the data provided by the component manufacturer. By applying the developed 3D
models it is possible to save the cost and time of the EMI filter creation.

The developed 3D models of surface assembly components allow carrying out the
analysis of parasitic coupling between components replacing time-consuming measurements
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with expensive measuring equipment. 3D models of EMI filter components developed in

electromagnetic field modelling tools are created based on the data — physical dimensions,

material properties — provided by the component manufacturer. Therefore, the EMI filter and

its effectiveness can be successfully analysed prior to the creation of a prototype without using

expensive measuring equipment.

Approbation of research results

Results of the Doctoral Thesis were presented at 8 international conferences.

L.
2.

IEEE Asia-Pacific Symposium on Electromagnetic Compatibility, Singapore.
IEEE 58th International Scientific Conference on Power and Electrical Engineering
of Riga Technical University (RTUCON), Riga, Latvia, 2017.

International Symposium on Electromagnetic Compatibility (EMC EUROPE 2017),
Angers, France.

International Symposium on Electromagnetic Compatibility (EMC EUROPE 2016)
Wroclaw, Poland.

ESA Workshop on Aerospace EMC (Aerospace EMC), Valencia, Spain, 2016.
56th International Scientific Conference on Power and Electrical Engineering of
Riga Technical University (RTUCON), Riga, Latvia, 2015.

IEEE International Symposium on Electromagnetic Compatibility (EMC Europa
2015), Dresden, Germany.

International Symposium on Electromagnetic Compatibility (EMC Europa 2014),
Gothenburg, Sweden.
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DETAILED DESCRIPTION OF CHAPTERS

1.  Characterisation of EMI filters and analysis of measurement
methodology

In this chapter the author studies the methodology for the characterisation and
measurement of the EMI filter and the mathematical analysis of the error.

EMI filter is characterised by the attenuation measured in decibels — dB, additional
characters are the full resistance of the load and full resistance of the source. Filter attenuation
depends on frequency, load and source resistance, and current. In industry EMI filters are not
described entirely, because the full resistance of the load and source is dependent on frequency
and varies according to frequency. For characterisation of the EMI filter scattering parameters
(S-parameters) can be used, which provide the possibility to describe the filter attenuation at
any full resistance of the source and load in wide range of frequencies. Using scattering
parameters for filter characterization the filter is perceived as a two-port network, enabling the
filter to be analysed with transmission and reflection coefficients. This type of filter analysis
enables to use an indirect measurement for the determination of the filter's parasitic parameters,
which can be expressed from simplified equivalent circuits. Scattering parameters can be
measured with a vector network analyser, using mathematical calculations to determine the full
resistance of filters and components. There are three measurement methods for using the vector

network analyser (Fig. 1.1).

Vector network
analyzer

Vector network
analyzer

Vector network
analyzer

Two-port

Two-port
netwark

network

Two-port
network

Fig. 1.1. Methods for measuring capacitor and inductive component via VNA.

1. Measurement of the reflection coefficient (S11) using one VNA port (Fig. 1.1. a).
2. Measurement of the forward transmission coefficient (S21) using both VNA ports

connected in parallel (Fig. 1.1. b).
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3. Measurement of forward transmission coefficient (S21) using both VNA ports
connected in series (Fig. 1.1. c).
Each method introduces a measurement error that depends on both, component parameters and
the frequency range in which measurements are taken.

a) The method works better if | Z11 | is close to 50 Q. In this case, the reflection coefficient

| S11 | will be significantly less than 0 dB.

b) The method works better if | Z11 | is less than 10 Q. In this case, the transmission

coefficient value | S21 | will be significantly less than 0 dB.

¢) The method works better if | Z11 | is greater than 100 €. In this case, the transmission

factor | S21 | will be significantly less than 0 dB.

For the capacitor measurements within the frequency range 100 kHz—500 MHz the most
appropriate method is to connect the capacitor in parallel to the measurement ports (method b),
as the full resistance of the capacitor in MHz range is below 10 Q.

For the measurements of inductive components in frequency range 100 kHz—500 MHz the
most appropriate method is to connect components into a series of measuring ports (method c),
because the full resistance Z11 of the inductive component in the MHz range is greater than 100

Q.
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2.  Development and verification of 3D models of surface
assembly components

2.1 Development and verification of the 3D models of surface assembly
capacitive components

In this subchapter the author describes the 3D model of the surface assembly capacitive
components created with accuracy in a satisfactory combination with its simplicity (Fig. 2.1).
For the 3D model the capacitor's capacity and the series resistance are defined as a surface with

dispersed parameters between two terminals of the capacitor.

Fig. 2.1. 3D capacitor model is positioned in parallel to the leading surfaces of the capacitor

using the distributed parameter surface.

In the sub-chapter, the author presents a voluminous study carried out on the
methodology for measuring the surface assembly capacitor, and it has come to the knowledge
that the measurement of the reflection coefficient (S11) using one VNA port is applied to
determine the capacitor's capacity, but the measurement of the forward transmission coefficient
(S21) using both VNA ports in parallel (Fig. 1.1. b) is applicable when it is essential to
determine the accuracy of the equivalent value of series resistance of the capacitor and
equivalent value of series inductance.

The developed 3D capacitor models have been verified through prototype
measurements and modelling.

The developed 3D models have been used in parasitic couplings studies of surface
assembly capacitors. When capacitors are located at a small distance from one another, their
parasitic couplings appear. Parasitic couplings may be capacitive and inductive. If the capacitors
are not positioned within a distance of millimetres, the inductive couplings component is

dominated by parasitic couplings — M. Coupling between two capacitors with capacity C and
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equivalent series resistance ESR is possible because of the equivalent series inductance ESL of

capacitors.

Lt ESL1-M;  ESL2+Ms Lt

o— YN —]- (!—fV“fYW—o
O S

O

O

Fig. 2.2. Equivalent scheme for parasitic couplings between two capacitors.

A two-capacitor connection can be converted into an equivalent scheme as shown in
Fig. 2.2. From this equivalent scheme, by expressing the full resistance shoulder Zs, it is

possible to determine the parasitic couplings M with expression (2.1).

100S,, 1
Im =5
1 =855 + 822511 — S11 — S31/ | 2nf

M3=

.1

CST MWS modelling results coincide with prototype measurements when the precision

of 3Dsurface assembly capacitors’ models is verified.

2.2 Development and verification of the 3D models of surface assembly
inductive components

In this subchapter the author presents the creation of several 3D models for various
surface assembly inductive components, and their error adjustment calculations to improve the
accuracy of modelling results.

For the component WE 74279141 a 3D model has been created with an internal structure
where S-parameter values are integrated (Fig. 2.3). The internal structure requires additional
computing capacity, however the internal structure can play a crucial role in forecasting the

precision of the parasitic couplings.
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Fig. 2.3. 3D model of inductive surface assembly component WE 74279141 with an internal

structure where S-parametric values are integrated.

The 3D model of the inductive component WE 744066151 — a partially shielded surface
assembly component with a single core and winding — is designed with a precise internal

structure (Fig. 2.4).

Fig. 2.4. 3D model of surface assembly component WE 744066151: a) 3D model of a

component without an external core; b) cross-section of the 3D model without an external

core.
In an inductive component WE 7447709471, which is a fully shielded surface assembly

component with a separate core and winding, the 3D model is designed with a precise internal

structure (Fig. 2.5).
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a) b)
Fig. 2.5. 3D model of surface assembly component WE 7447709471: a) 3D model of the

component without an external core; b) cross section of the 3D model.

The comparison of the full resistance measurement of inductive components and the
calculation of analytical 3Delectromagnetic model is shown in Fig. 2.6. The 3D model of
inductive component WE 74279141 has high accuracy, the model of the inductive components
WE 744066151 and WE 7447709471 has satisfactory accuracy, above the resonance frequency
results of calculations are lower than measurement results indicating that the inductance of the
analytical 3D model is slightly higher than the inductance of the component, however the

equivalent parallel capacity is significantly lower than the one of the real component.

10% — 77—
F [——MWE 42782141 Model

b= =WWE SITRI 141 Meameriant

| |——WE 744086151 Model
0% || = =WE T44066151; Measuremart

| WE T44TTOBST1. Modsl

F = =7#47700471; Mansuremant '

10 el A el " IS T - L ]
3 1w’ 10 10

Frequency Hz
Fig. 2.6. Comparison of the full resistance calculation of the inductive component

measurements and analytical 3D electromagnetic models.

In the studies of parasitic coupling between two surface assembly inductions the
developed 3D models are used. The two-induction connection can be converted into the T-
equivalent scheme from which with indirect path measurements it is possible to calculate the

parasitic coupling M3. The T-equivalent scheme is given in Fig. 2.7.
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Fig. 2.7. The T-equivalent scheme for parasitic coupling between two inductions.

The third shoulder of T-equivalent scheme plays the most important role in parasitic coupling
calculation because it includes coupling M3. Parasitic coupling M3 can be calculated by a

relationship (2.2).

1
2nf

1008, >
1= S35+ S22511 — S11 — S

M3 = ‘Im(

(2.2)

The author has carried out analytical calculations using 3D models of all three combinations
of inductive components to analyse mutual coupling, these results are compared with the
prototype measurements.

Analytical calculations and measurements of the mutual coupling between surface assembly
inductions show that the accuracy of the developed 3D model of surface assembly inductions
is 2 dB-10 dB in the frequency range 2 MHz—100 MHz, whereas in the frequencies range
below 2 MHz it is difficult to analyse, because of the noise level of VNA.

Based on the developed analytical 3D models, it is possible to quantify mutual coupling

between surface assembly inductive components with a satisfactory accuracy.
2.3 Development and verification of the 3D models of inductive surface

assembly components of four terminals

EMI filters use not only two terminal inductive components, but also four and six terminal

components. Four terminal inductive components are the inductance coils for the reduction of
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common mode (CM) and differential mode (DM) noise. The author performed S-parameters

measurement for four terminal inductive components using the two-port VNA. Performing six

different combinations of S-parameter measurements it is possible to get a matrix of resulting

S-parameters that fully characterises the object of the research — four terminal components

2.3).
bl 511
b2 — SZl
b3 S31
b4 S4-l

SlZ
522
532
S42

S14][b1 az
Saa||b2| _ az
o | = 18] H 23)

Ay

When integrating this S-parameter matrix into the 3D four terminal inductive component, a

precise 3D model can be obtained (Fig. 2.8), which describes the properties of the properties of

four terminal inductive component common mode (CM) and differential mode (DM).

Fig. 2.8. 3D model of a four terminal inductive surface assembly component with integrated

S-parametric values.
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In order to improve the measurement of S-parameters of the four terminal inductive
components, a mathematical base for the adjustments of the results is established, thus enabling
the improvement of accuracy of the results.

The developed 3D models have been tested and verified by prototype measurements.
As a result of analytical calculations it is possible to calculate the full resistance of the
component and CM inductance with high accuracy. DM inductance is relatively small, so the

accuracy of its calculations is poor.

2.4 Improving high frequency parameters for surface assembly
capacitors

Shunt condenser connecting signal track and PCB GND is a low-cost effective high-
frequency filter used in many areas. The performance of the shunt surface assembly capacitors
in a high-frequency range is limited not only by the equivalent series inductance of capacitors,
but also by parasitic coupling between the input and output of the capacitors circuit, leading to
a capacitor inductive nature above its resonance frequency [38], [1], [40], [41].

Such deficiencies may be avoided by means of constructive solutions, minimizing the
length and height of the PCB tracks above the grounded plane connected to the condenser
through the interlayer transition [40], [42]. In order to further improve the performance of the
shunt condenser filter, it is necessary to use methods that compensate for the parasitic
inductance of the shunt condenser [43] —[48]. However, these parasitic inductance schemes are
designed for physically large capacitors that are usually used in large power systems. In paper
[39] a new method has been presented, which successfully suited [44] condenser filters for the
reimbursement of parasitic inductance.

This method allows to offset the parasitic inductance of the shunt capacitors using magnetic
interaction between single plane tracks. The results [39] show that the effective offsetting of the
parasitic inductance of the shunt capacitors via surface assembly technology can be achieved at

the expense of the filter size increase.
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3.  Filter prototype development

In the third chapter the author presents the development and optimisation of the filter
operating at a frequency range 150 kHz—100 MHz by applying in the optimised process the 3D
models of surface assembly component described in the second chapter. Such filters are
required for measurements of inductive components to assess the effects of magnetic material
saturation depending on load current, which can change the component's full resistance. It is
also possible to use such a filter for measurements of EMI filters to determine the effect of the
current on the filter attenuation.

The prototype filter is intended to provide a load current >1A. A replaceable DC load current
is provided from the DC power supply that will flow only through the inductive components.
The filters will ensure that the DC current does not flow into the analyser entrances that can
damage it. Therefore the filter must ensure full DC insulation from the VNA ports, if the power

voltage does not exceed 50 V.

Vector Network Analiser

Port 1 Port 2

2 Filter 1 DC blocker

1 Filter
3

DC power
supply

Fig. 3.1. Filter use flowchart.

The filter prototype must ensure that the resistance of the inductive component is not
altered because of the additionally connected circuits and the power supply unit. The filter
provides measurements for the inductive components within a frequency range
150 kHz—100 MHz in which the full resistance of components may exceed 1.5 kQ. The filter
must have a negligible effect on the results of the measurements, so that precise measurements

of the inductive component are provided.
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The requirements for the filter prototype are as follows:

e to ensure the current of 1A (between ports 2—3);

e to ensure the isolation of the DC-voltage (for port 1);

e transmission coefficient S12 and S21 < 0.5 dB,;

e reflection coefficient S11 and S22 <25 dB;

e transmission coefficient S13 <—-25 dB.

The basic component for creating a prototype filter is inductive components, whose
parameters define the filter parameters throughout all frequency range. Wurth Electronik
surface assembly inductive components have been selected for the creation of a prototype. All
components have been subjected to measurements and adjustments according to the method of
adjustment of the measurements developed by this study. Full resistance measurements of the
components have been carried out in shielded chamber to obtain high accuracy measurements
without the environmental impact of the surrounding electromagnetic environment. Surface
assembly inductive components may be divided into two parts.

1. EMI inductive components, which are designed to filter interference with low benefits
and therefore resonance with high amplitude. Such components do not require parallel
connected resistance for resonance reduction, as such is ensured by the design of the
inductive component itself.

2. Inductive components are designed for the accumulation of the magnetic energy. These
components are characterised by low losses, high benefits and expressed resonance of
the full resistance that need to be damped in parallel with resistance.

Calculation of inductance of discarded inductive components is given in Fig. 3.2.

LB T . T— T Ty A T T } U T I ST, o Y X PR S S S 2 20 1
—7 44 7T 09681 1
471 7447709471 |7
100F Vs xzmes d 221 74404084221 |
¥ 04T = =151 74404084151 |
- - : ;:::ﬁ-ﬂ‘u —151 744066151 |7
X: 16380405 |
. Yot . T S 2 ——101 74404084101 |
R e e ey L _ - — 744065820
1071 m— . 2. 1AM = | BTN ] —G00 74279218 4
é Y0128 o 5.5525“;' T e = =5800 7427512
= ¥: 007134 —1000 742792141 |1
] e SR
] |
£ X: 11080406
b 102 ¥:0.007665 =
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10 000155 E|

10° 10°
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Fig. 3.2. Results of inductance calculations of surface assembly inductive components.
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For a filter-defined frequency range of 150 kHz-100MHz it is necessary to select the
components that evenly cover the entire range of frequencies ensuring a steady attenuation
throughout the frequency range, whereas one inductive component is unable to ensure that, so
several inductive components are to be applied. Components with high inductance provide high
resistance in a low frequency range, however above the full resistance resonance frequency
dominant parallel parasitic capacity of the component, which reduces resistance. Low-
frequency components provide low resistance in the low frequency range, however they also
have a far lower parallel parasitic capacity, providing higher resistance in the high frequency
range than components with high inductance.

Four inductive components — WE 1000 742792141, WE 600 74279218, WE
151_744066151, WE 471 7447709471 — are used for the creation of a prototype.

Based on the methodology and analytical 3D models described in the previous chapter,
an optimised filter scheme (Fig. 3.3. a) has been established, for which an analytical calculation
of the S -parameters with CST MWS has been performed. Parameters calculated on the

analytical path meet the requirements of the filter.

Port 1 Port 2
A5 1
J15H = R1
)
c1 R11 D 5.1k
0 i} WA— -
o sk [T L2
JBuH = R2
c2 R1I2Z 9 T s
0|t WA % 4
2 5,1k i3
9 130u4 < R3
ca R1I3 1 sk

L4
S aT6uH = Rd
' T sk
a F
Port 3

Fig. 3.3. Filter prototype:
a) scheme; b) filter prototype PCB with components.

Based on the developed scheme (Fig. 3.3) a filter prototype has been created (Fig. 3.3.
b) for the measurement of the S-parameters. Comparison of the analytical and measurement

results of the filter prototype is given in Figs. 3.4-3.6.
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Fig. 3.4. Comparison of the analytical and measurement results of Port 1 of the filter

prototype.

The values of the measured reflection coefficient S11 coincide with the analytical
calculations of 5 dB accuracy (Fig. 3.4). The results show that the value of the reflection

coefficient is below —25 dB in the range of 150 kHz—100 MHz.
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Fig. 3.5. Comparison of the analytical and measurement results of Ports 1-2 of the filter

prototype transmission coefficient S12.

The measured transmission coefficient values S21 coincide with analytical calculations
with an accuracy of < 0.1 dB (Fig. 3.5). The results show that the transmission coefficient values

S21 are below 0.5 dB in a frequency range of 150 kHz—100 MHz.
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Fig. 3.6. Filter prototype transmission coefficient S31 between Ports 3—1; comparison of

analytical calculations and measurements.
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The measured prototype transmission coefficient S31 coincides with analytical
calculations in the frequency range up to 10 MHz (Fig. 3.6). In the frequency range
10 MHz—100 MHz, results coincidence is within 8 dB. The measurement results are above
—25 dB and theoretically do not meet the assigned task. However, if the measurement was
carried out in real conditions, when the port resistance was < 1 €, the S31 would be substantially

lower and the assignment would be fulfilled.

Fig. 3.7. Filter prototype with enclosure.

The full functioning of the prototype requires the enclosure to perform screening
functions and ensure the reference surface (reference plane) as well as structural rigidity for the
assembly of SMA connectors for correct measurements. The enclosure is made of brass. Images
of the enclosure and filter prototype are given in (BT1) Fig. 3.7. The filter image does not
include the cover of the filter enclosure. The enclosure is covered at the time of the
measurement. According to the measurement methodology (Fig. 3.1), two identical filters are
required for the measurements of the inductive components, so two identical filters BT1 and
BT2 have been produced.

The GND layer of PCB plate of the filter is put in contact with the enclosure and the
outer layer of the SMA connectors is attached to the GND layer of PCB. BT1 and BT2 with a
PCB, whose GND layer is connected to the enclosure, produce 22 nH inductive components
and 0.58 pF capacitive components. This inductive component shall be taken into account when
measurements are taken for SMD components with very low resistance. The inductive

component 22 nH generates 13.8 Q in addition to resistance at 100MHz. Such additional
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resistance does not significantly affect the measurements of inductive and capacitive
components.

For measurements of inductive components in the methodology, flowchart (Fig. 3.1)
has external DC component locking circuits (DC-blocker BLK-89-S+ with a working range of
up to 50 V), the DC flows only through Port 3, however it does not flow through the BT1 and
BT2 enclosures. In this situation the BT1 and BT2 enclosures are isolated from DC that could
cause problems in the higher frequency range due to uncertainty caused by the parasitic capacity
between the enclosure, PCB and components.

In scientific studies, filters are used when measuring the parameters of the inductive
components by changing the component load current. Such filters are widely available in the
market, but for a limited range of frequencies. The current is limited to 0.5 A. For example,
study [51] uses Mini Circuits ZFBT-4R2GW-+. This study does not have to analyse the ZFBT-
4R2GW+ effects on measurements results. The measurement adjustment is assumed to be
perfect and ZFBT-4R2GW+ will not influence the results of the measurements. An analogous
assumption is also made regarding the impact of the load current on measurements. In order to
analyse the quality of this study and impact of filter ZFBT-4R2GW+ on the measurement, filters
ZFBT-4R2GW+ were purchased and measurements performed. The results of the measurement
of the S-parameters have been compared with the developed filter prototypes BT1 and BT2.
Filter ZFBT-4R2GW+ images and internal structure are given in Fig. 3.8.

Fig. 3.8. Filter ZFBT-4R2GW+:

a) front view; b) front view without cover; c) rear view without cover.

Comparison of S-parameter measurements for ZFBT-4R2GW+ with developed filters
BT is given in Figs. 3.9 and 3.10. Reflection coefficient of filter ZFBT-4R2GW+ (Fig. 3.8) is
very similar (within 5 dB), which shows good repeatability of parameters from filter to filter.

Compared to BT filter the reflection coefficient for ZFBT-4R2GW-+ is higher in the frequency
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range 0.1 MHz—10 MHz. In the frequency range of 10 MHz—70 MHz, reflection coefficients

are higher for BT filter. For both types of filters reflection coefficient resonances are observed,

when the frequency exceeds 100 MHz.
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Fig. 3.9. Measurement of reflection coefficient for filters BT and ZFBT-4R2GW+.

The transmission coefficient S21 values for filter ZFBT-4R2GW+ are compared with
the filter BT transmission coefficient in Fig. 3.10. Filter BT transmission coefficient values
within the range from 0.1 MHz to 100 MHz are higher than —0.4 dB. Filter ZFBT-4R2GW+

transmission coefficient values reach —1.1 dB at the beginning of the frequency range near

10 MHz.
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Fig. 3.10. Measurements of the transmission coefficient for filters BT and ZFBT-4R2GW+.

In order to compare the performance of filter ZFBT-4R2GW+ with the performance of
filter BT, measurements (Fig. 3.11) have been carried out using the schematic shown in Fig.
3.1. Measurements have been carried out with PCB simulating short-circuit (small impedance)
and a PCB on which the resistance of 1 Q, 1 k Q and inductive components L1 WE 42 792141

and L2 WE 742 782 18 is mounted. Measurements have been carried out with DC current
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0 A, 0.2 A. Measurements with DC current 0.5 A have not been performed, because the
limitation current of filter ZFBT-4R2GW+ is 0.5A and it could be damaged. The measurement
adjustment has been made. Measurements have been compared with filter BT measurements

and direct measurements carried out using only VNA.
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Fig. 3.11. PCB measurements:
a) filter prototype BT; b) commercial filter ZFBT-4R2GW+.
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Fig. 3.12. Short-circuit PCB measurements using ZFBT-4R2GW+ compared to BT

measurements.

Analyses of measurements with PCB simulating short-circuit in Fig. 3.12 makes it
possible to see that the measurements taken with filter ZFBT-4R2GW+ vary significantly from
filter BT measurements and direct measurements using VNA in the frequency range up to
70MHz. With filter ZFBT-4R2GW+ it is not possible to take measurements below 17 Q. Also,
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the non-compensated inductive component of series is larger than in the case with filter BT, it
reaches 36 nH. With filter BT, the series inductive component is 27 nH, but by direct
measurements it is 7.7 nH. The DC current does not have an impact on the results of filter
ZFBT-4R2GW+ measurements.

PCB with mounted 1 Q resistor measurements are shown in Fig. 3.13. These
measurements also confirm that measurements taken with ZFBT-4R2GW+ cannot be below

17 Q.
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Fig. 3.13. Comparison of PCB A2 resistance measurements with 1 Q using filter ZFBT-
4R2GW+ and BT measurements.

PCB with 1 k Q measurements is given in Fig. 3.14. In the frequency range up to
70 MHz the filter ZFBT-4R2GW+ and filter BT measurements are within 10 Q. Filter BT
measurements above 70 MHz are closer to direct measurements using only VNA. This is due
to non-compensated capacitate components, using filter ZFBT-4R2GW+ this component is
greater than in the case of filter BT. In the frequency range between 0.1 MHz and 100 MHz
measurements with filters BT and ZFBT-4R2GW+ are very close to direct measurements using

only VNA.
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Fig. 3.14. PCB A2 with 1 k Q resistance measurements compared to BT measurements.
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Measurements of the inductive components are shown in Figs. 3.15. and 3.16.

Measurements using filter ZFBT-4R2GW+ are similar with the measurements taken with filter

wWp———r ™
E |=——G0A2L1ZFBTOA | 3
8 !—G!AZ L1 ZFBT 0.24]
b |= =ForzLiBTOA |
1gP L | F2A2LIBT 024 |
|« F5 AZL1 BT 0.54
o2 L1 .
E P e e et
5 10
a
8
E
o
2
EWE e
i 4

|| " | " s TR P W " i T aaal " . P
10
10° 10° 10" 10 10"
Frequency Hz

Fig. 3.15. Comparison of measurements of PCB A2 with inductive component L1

WE 42 792 141 and BT measurements.
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Fig. 3.16. Comparison of measurements of PCB A2 with inductive component L2

WE 742 782 18 and BT measurements.

Assessing all the results it can be concluded that created filters BT have significantly better
parameters and provide more benefits than filter ZFBT-4R2GW-+ used in the scientific research
[51]. Filter BT can make significantly lower resistance measurements and uncompensated
series inductance is lower than in the case with filter ZFBT-4R2GW+. Filter BT is capable of
providing a large DC current. One of the shortcoming of filter BT is the need to use coaxial

cables to connect the measured object.

28



Conclusions

Original surface assembly capacitors and inductance 3D models were developed and
can be used in the electromagnetic field modelling tool CST MW to analyse the parasitic
coupling between components within a frequency range of 150 kHz—100 MHz. The 3D models
are optimized in order to reduce the requirement for computing resources and increase the
accuracy of models prediction. The developed 3D models have been verified by prototype
measurements using a vector network analyser. The original 3D models have been successfully
applied in the creation of a new filter prototype designed for full resistance measurements of
loaded inductive components. The developed filter prototype is compared with an equivalent

filter ZFBT-4R2GW+ available in the market and the analysis of the results was performed.

Full resistance values of the developed 3D surface assembly capacitor models compared
to the taken prototype measurements are with < 2.2 % error, regardless of used measurement
method and the position of the SMA connector. Parasitic coupling between surface assembly
capacitors is insignificant (between 0.3 nH and 0.045 nH), however in the frequency range
above 100 MHz, it can play an essential role in providing at least 40 dB links between
decoupled circuits. At frequencies 1 GHz there is a 25 dB parasitic link from the capacitor
parasitic coupling. Parasitic coupling can be calculated on an analytical path without
measurement with a 30 % error, if the capacitors are more than 1 mm away from each other.

For capacitors within 1 mm from each other the parasitic coupling reduction error is only 14 %.

The difference of the full resistance analytical calculations with prototype
measurements for the developed 3D surface assembly inductors (ferrite bead inductors) models
is negligible: < 1 % in the frequency range below 100 MHz, which is the base study frequency
range for this work, however in the frequency range above 100 MHz the difference is < 10 %.
Shielded surface assembly inductor 3D models full resistance characteristic coincide with
prototype measurements till the resonance frequency for the component WE 7447709471 with
~ 2 % error and WE 744066151 with ~ 4 % error. This means that the inductive component of
3D model has been correctly calculated with an acceptable accuracy of the error, but equivalent
parallel capacity has been calculated inaccurately, errors for both components exceeding 7 %.
The errors of 3D models are explained by unknown ferromagnetic material properties and

complexity of the component’s internal structure.
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Analytical calculations and measurements of parasitic coupling show that the coupling
between the surface assembly inductions can be determined with the accuracy of 2 dB-10 dB
in frequency range between 2 MHz and 100 MHz. Frequency range below 2 MHz starts VNA

noise level, so it is not objective to compare the results.

Four terminal inductive components can be measured using a two port VNA. S-
parameter measurements can be integrated into four terminal inductive components 3D model,
which enables including the characteristics of the CM and DM inductive component in a single
analytical model. With analytical 3D models it is possible to calculate inductive component’s

full resistance and CM inductance with high accuracy.

It is possible to reduce parasitic parameters of the surface assembly capacitors by simple
variation of the location of capacitors, allowing to reduce effects of mutual coupling in high
frequency range. With varying variations of PCB tracks, it impossible to obtain a compensatory

mutual coupling and increase capacitors resonance frequency.

In the third chapter a filter prototype for BT is presented developed with electromagnetic
field modelling tool. The filter is intended for the measuring full resistance of loaded inductive

component. The following filter requirements are defined:
e to ensure the current of 1A (between Ports 2—3);
e to ensure the isolation of DC-voltage (for Port 1);
e transmission coefficient S12 and S21 < 0.5 dB,;
e reflection coefficient S11 and S22 <25 dB;
e transmission coefficient S13 <—-25 dB.

Development of filter prototype BT designed and optimized with component 3D models
is presented in the second chapter. After a successful application of electromagnetic field
modelling tool CST MW in the filter optimization, the pre-defined filter requirements are

reached and tested with real prototype measurements.

The developed filter prototype BT is compared with commercially available filter
equivalent ZFBT-4R2GW+. The comparison is based on vector network analyser
measurements for PCB with 1 Q, 1 k Q and inductive components L1 (WE 42 792141) and L2
(WE 742 782 18), additionally inductive components are measured with DC current 0 A, 0.2 A
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load. Measurement results are processed with measurement adjustment expressions. By

analysing the data it may be concluded that:

filter BT causes the un-compensated 22 nH inductive components and 0.58 pF
capacitive components, but commercially available filter ZFBT-4R2GW+

causes 36 nH inductive components and 0.74 pF capacitive components;

maximum permissible current of filter BT is 1A, but of filter ZFBT-4R2GW+ it
is0.5A;

filter ZFBT-4R2GW+ is unable to perform measurements, if the full resistance
of the measured component is lower than 17 Q, but filter BT is able to measure

under 17 Q;

In the frequency range up to 70 MHz the measurements of filter ZFBT-4R2GW+
and filter BT are within 10 Q difference.

Therefore it can be concluded that the developed filter BT prototype has better

parameters than the commercially available filter equivalent ZFBT-4R2GW-+.

The objective of the Doctoral Thesis has been reached and tasks have been fulfilled.

The developed original EMI filter 3D models can be considered an industry novelty, thay allow

accurate analysis of parasitic coupling effects on EMI filter performance efficiency. 3D models

are designed to reduce the computational resource and time requirements.

Continuation of work

The Doctoral Thesis covers only part of the necessary studies on modelling a complete

EMI filter with the electromagnetic field modelling tool CST MSW.

Further studies are intended to be devoted to the following tasks:

development of merger filter prototypes BT in one enclosure;

study on loaded surface assembly inductance with the electromagnetic field
modelling tool CST MSW;

improvement of the precision of 3D models within a frequency range of
150 kHz—500 MHz;

Complete single-phase filter modelling with electromagnetic field modelling

tool CST MSW.
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