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ABSTRACT 

 

 
This thesis deals with the macro modeling of electromagnetic-interference filters in the 

conducted-emission frequency range for applications in the frequency domain. Starting 

from scattering parameters (S-parameters) data, two different approaches are 

considered to develop an equivalent circuit based on the rational approximation of 

frequency responses through the vector fitting (VF) iterative process. Specifically, in a 

first approach, the VF routine is used to approximate the entries of an admittance matrix 

converted from the S-parameter matrix, from which an equivalent circuit composed of 

resistors, capacitors and inductors can be naturally obtained. In an alternative approach, 

VF is used to approximate the entries of the S-parameter matrix and in this case the 

equivalent circuit must also include controlled voltage and current sources. The proposed 

circuit topology for the second approach is original and offers significant advantages in 

terms of accuracy and computational burden. These methodologies were first applied to 

a synthetic S-parameter response and then to a measured response of a real filter. The 

resultant equivalent circuits were tested through simulations in the LT Spice environment 

and discussions about the gathered results and applications in the frequency domain 

were made, followed by considerations regarding possible extension to time domain. 

 

Keywords: Electromagnetic-interference filters, conducted emissions, vector fitting, 

macro modeling, simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

SINTESI 

 

Questa tesi affronta il problema della macro-modellizzazione di filtri per interferenze 

elettromagnetiche nel dominio della frequenza (precisamente, nello spettro delle 

frequenze di interesse per fenomeni di emissione condotta). A partire dalla misura di 

parametri scattering (parametri S), si presentano due diverse strategie per sviluppare un 

circuito equivalente basato sullôapprossimazione razionale delle risposte in frequenza 

attraverso il processo iterativo di Vector Fitting (VF). In particolare, in un primo approccio, 

il metodo VF viene utilizzato per approssimare gli elementi della matrice di ammettenza 

(convertita dalla matrice dei parametri S) da cui è possibile ottenere in modo naturale la 

topologia di un circuito equivalente composto da resistori, condensatori ed induttori. In 

un secondo approccio alternativo, il metodo VF viene utilizzato per approssimare gli 

elementi della matrice dei parametri S ed in questo caso il circuito equivalente deve 

includere anche sorgenti controllate di tensione e corrente. Nel secondo approccio, la 

topologia circuitale qui proposta è particolarmente originale ed offre vantaggi significativi 

in termini di accuratezza e risorse computazionali. Entrambe le metodologie sono state 

preliminarmente verificate sfruttando dati artificiali di parametri S (ottenuti da simulazione 

circuitale di un filtro realistico), e in seguito usando veri dati di misura dei parametri S di 

un filtro reale. I circuiti equivalenti sono stati validati attraverso simulazioni in ambiente 

SPICE per applicazioni nel dominio della frequenza, come il calcolo di attenuazioni di 

inserzione. Alla discussione delle esaustive conclusioni tratte nel dominio della 

frequenza, seguono alcune considerazioni relative alla possibile estensione nel dominio 

del tempo. 
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1. Introduction 

 

Since the development of telecommunications, it is known that sparks, lightning 

strikes and electrostatic discharges generate high frequency spectral components that 

might affect electrical and electronic devices such as radars, televisions and radio 

receivers. There are numerous other sources of high frequency electromagnetic waves 

that cause interference in nearby devices; sometimes the emissions are wanted, as is 

the case with radio antennas, but there are also unwanted emissions, such as the 

spectral components of voltages and currents generated by switching devices of 

electronic equipment that are strictly related to the rise and fall time of the pulses. 

High frequency emissions are divided into two major groups, conducted and 

radiated emissions. Conducted emissions are transmitted through resistive, capacitive 

and inductive couplings and the frequency range of interest provided by standards is 

from 150kHz up to 30MHz, manufactures might be interested in a broader range in order 

to provide more reliable and durable products for consumers. Radiated emissions cover 

the frequency range from 30MHz up to 40GHz and are transmitted in electromagnetic 

wave form, this kind of emission can be directly propagated or can be caused by 

conducted emissions flowing through power cords, which behave as antennas. The path 

travelled by the emissions from their emitter to their receiver is called coupling path and 

is also an important factor concerning emissions. 

Electromagnetic compatibility deals with unwanted emitted and received 

electromagnetic waves and imposes functional and legal requirements on the design of 

electric and electronic products. For a product to be electromagnetic compatible with its 

environment it must satisfy the following conditions [1]: 

- It must not cause interference with other systems; 

- It must not be susceptible to emissions from other systems; 

- It must not cause interference with itself. 

Products must be compliant with governmental requirements, which are 

concerned mainly with maintaining the electromagnetic pollution under control. Besides, 

there are also requirements imposed by the manufacturers, which aims better user 

experience and better reputation with respect to competitors. In the United States of 

America, the Federal Communications Commission (FCC) is the agency in charge of 

regulating the electromagnetic compatibility of products, FCC defines radio frequencies 

in the range from 9kHz up to 3000GHz and any device generating time pulses above 

9kHz is covered by the rules. The Special Committee on Radio Interference (CISPR) 
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provides standards for countries outside the United States and although these 

requirements are not mandatory, most countries adopt them. The standard CISPR 22, 

which is an analog for the European standard EN 55022, is responsible for setting the 

requirements for conducted and radiated emissions and is the most spread set of rules.  

FCC and CISPR 22 divide the digital devices covered by the standards into two 

classes, Class A is composed of devices marketed for use in commercial, industrial or 

business environment while Class B is composed of devices used in residential 

environments. The FCC and CISPR 22 conducted emissions limits for Class A and Class 

B are shown in Figure 1.1, where AV and QP refer, respectively, to average and quasi-

peak detectors in the measurement receiver and the limits are given in decibels with a 

ρ‘ὠ voltage reference. [1] 

 

 

Figure 1.1 ï FCC and CISPR 22 Conducted Emissions Requirements ï 

a) Class A and b) Class B 
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For a single-phase product to be compliant with the standards, both phase and 

neutral voltages must be kept within the limits in the given frequency range. In order to 

provide a repeatable way to measure these voltages, a Line Impedance Stabilization 

Network (LISN) is used so that the impedance seen by the product under test is 50Ý 

between phase and ground and between neutral and ground. Since the power outlet 

impedance is frequency dependent and varies from place to place, the usage of a LISN 

makes it possible to repeat the product test under different conditions. A spectrum 

analyzer is then used to measure the voltage across the LISN 50 Ý impedances, which 

when referred to a ρ‘ὠ voltage must be within the limits shown in Figure 1.1. Figure 1.2 

shows the LISN internal structure, where ὠ is the phase voltage and ὠ is the neutral 

voltage. 

 

Figure 1.2 ï LISN Internal Structure 

 

The LISN is also used as a filter to block high frequency emissions from the power 

outlet, otherwise these would be summed with the productôs emissions and interfere with 

the measurements. Even though the main concern regarding emissions is related to the 

currents leaving the product, the standards are given with respect to voltages due to their 

direct relationship arising from the LISN impedances. 

In order to keep a product within the limits imposed by the standards, shielding is 

used to avoid radiated emissions and electromagnetic interference filters are used to 

reduce conducted emissions. The best solution is generally a compromise between 

shielding and filtering, since only one of them is not enough to keep the device within 

limits; as an example, a shielded device that is connected to the power network through 

a cable is still radiating, since conducted emissions are not being blocked and the cable 

and the whole network act as an antenna, thus the need for filtering. 
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Conducted emission currents can be divided into a common-mode, which is 

related to the current flowing through the phase and the neutral and returning through 

the ground, and a differential-mode, which is related to the current flowing through the 

phase and returning through the neutral. This can be summarized as shown in Equation 

1.1. 

Ὅ Ὅ Ὅ

Ὅ Ὅ Ὅ
ρȢρ 

where Ὅ and Ὅ are the phase and neutral currents, respectively, as shown if Figure 1.2, 

and Ὅ and Ὅ are the common-mode and differential-mode currents, respectively. 

Since the voltages to be kept within limits are linearly related to the phase and 

neutral currents through the LISN impedances, it is possible to define also common-

mode and differential-mode voltages. The importance of dividing currents and voltages 

into modes comes from the fact that generally one of the modes is dominant over the 

other, so a well-designed filter reduces the dominant mode in the corresponding 

frequencies. To identify the dominant mode voltage the device shown in Figure 1.3 is 

used to measure the modes separately. 

 

Figure 1.3 ï Device to Separate Common- and Differential-Mode Voltages 

 

The effectiveness of a filter is given by the attenuation that it can perform in the 

emissions and is characterized by its insertion losses, which is a measurement of how 

the voltages are reduced by the filter with relation to the voltages without the filter in the 

frequency range of interest; since insertion losses play a major role in this project, its 

definition and implications will be further explored in later chapters. Because the 
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objective of the filter is to reduce the dominant components, filter manufacturers provide 

insertion losses for both common-mode and differential-mode. 

But since electromagnetic interference filters are built from electrical components 

such as resistors, capacitors and inductors, they are subjected to the non-ideal frequency 

dependent behavior of these components, which means that the real characterization, 

that is the insertion losses, of the filter cannot be obtained from the ideal filter topology 

provided by the manufacturer.  

There are some ongoing studies on the modelling of parasitic behavior of 

components so that the non-ideal behavior can be compensated, and the filter will 

behave closer to the original ideal circuit. Other researches consider the tendency of 

filters becoming more and more compact and model the non-ideal components through 

equivalent circuits based on planar magnetic components. Besides parasitic effect 

cancellation techniques, another approach that is being worked on is the characterization 

of electromagnetic interference filters when the filter is used in practical supplies taking 

into account parasitic effects, this research proposed a new method to characterize the 

filters through calculations based on their impedance matrices, which were obtained by 

using an impedance/gain-phase analyzer; the method is accurate up to 10MHz, but loses 

accuracy with increasing frequency. [2][3] 

Nowadays the characterization of such filters for analysis is focused on adopting 

the ideal topology and estimating the parasitic effects as accurate as possible, which can 

be a time consuming and difficult task. The goal of this project is to provide the real 

behavior of any electromagnetic interference filter by means of an equivalent circuit 

starting from only the measurement of its S-parameters through a Vector Network 

Analyzer (VNA). This will consider any parasitic behavior of the components and it will 

be possible to change source and load conditions, that will be later described, to obtain 

the attenuation curves that characterize the filter under the required operation conditions.  

At first, the following circuit synthesis methodology will be adopted and will be 

referred to as Yb-Matrix Fitting Method throughout this work: 

a) Extraction of S-Parameters Through a Vector Network Analyzer 

b) Obtainment of the Admittance Matrix from the Scattering Matrix 

c) Obtainment of the Branch Admittances from the Admittance Matrix 

d) Pole and Residue Model of the Frequency Dependent Branch Admittances 

Through Vector Fitting 

e) Construction of Equivalent Circuit Model 

f) LT Spice Simulation  
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An alternative interpretation of this methodology provides an approach that will 

be referred to as S-Matrix Fitting Method and can be adopted for the case of branch 

admittances with complex behavior frequency responses by fitting directly the measured 

scattering parameters as if they were already admittances: 

a) Extraction of Scattering Parameters Through a Vector Network Analyzer 

b) Pole and Residue Model of the Frequency Dependent S-Parameters Through 

Vector Fitting 

c) Obtainment of Fictitious Branch Admittances from the Rational Approximation 

d) Construction of Equivalent Circuit Model 

e) LT Spice Simulation 

To verify the effectiveness of the methods to be applied, a preliminary test will be 

realized by using synthetic data generated from a PSpice ideal model of a single-phase 

commercial electromagnetic interference filter with 16A current rating. Reasonable 

parasitic effects will be added by using simplified non-ideal components models.  

The frequency samples of S-parameters will be easily obtained through a method 

that will be described in the following chapters. The MATLAB algorithm that is shown in 

Appendix A was developed to treat the S-parameters according to the circuit synthesis 

method chosen and the output file given by the routine contains a LT Spice netlist with 

the equivalent circuit according to the given parameters.  

In order to check the results, the admittance matrix will be directly obtained from 

the PSpice model along with the common-mode and differential-mode insertion losses, 

which will be compared with the ones that resulted from the equivalent circuit. This is 

possible in the simulation environment but in real measurements the admittance matrix 

cannot be directly obtained with accuracy due to the difficulty of measuring currents and 

voltages in the frequency range of interest, thus S-parameters are preferred. 

Once the methods are validated, a real case study will be performed by 

measuring the S-parameters directly from the real filter through a four-port VNA and the 

same circuit synthesis methodologies will then be applied in order to obtain equivalent 

circuit models of the real filter. The MATLAB routine used for synthesizing the equivalent 

circuits from measured data is a generalization of the one used for synthetic data and is 

shown in Appendix B. 

The insertion losses results for the 50Ý source and load impedances obtained 

from the equivalent circuits will then be compared to the ones provided in the datasheet 

of the manufacturer of the real filter and to the ones obtained directly from the measured 
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S-parameters. Comparisons will be made between the response of the ideal behavior of 

the filter from its internal circuit topology, the responses after considering non-ideal 

behavior in the simulation environment and the responses of the real filter. 

After presenting the results, insertion losses predictions will be carried on for 

different load and source conditions, providing a reliable characterization of the 

electromagnetic interference filter under desired working conditions in the frequency 

domain. Other applications will also be analyzed, such as unbalanced structure influence 

on measured emissions, pre-compliance tests and time domain simulations. 

The structure of this project is organized as follows: 

This first chapter introduces the proposal and objectives, describes the actual 

state of the technologies applied in the field and shortly describes the methods used and 

the structure of this project. 

The second chapter is dedicated to a brief theoretical overview of the main 

concepts used throughout this works development and the basis of these concepts, with 

special attention the VF method and the non-ideal behavior of electric components. 

In the third chapter, the results obtained in simulation environments for synthetic 

data are presented in order to motivate the use and show the accuracy of the methods 

described, thus providing solid background for real applications. 

The fourth chapter is devoted to a real case study by applying the methodologies 

here shortly described to electromagnetic interference filter data measured in laboratory. 

The results are presented and then their analysis is carried on. 

The fifth chapter presents possible applications through the models obtained and 

their importance in predicting the real behavior of an electromagnetic interference filter 

for frequency domain applications. 

The sixth chapter summarizes and concludes all the methodology discussed and 

the results obtained throughout the research that lead to this thesis. 
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2. Theoretical Overview 

 

This chapter is devoted to the exploitation of the theoretical basis behind the main 

topics dealt with throughout this project and their importance, starting from transmission 

lines modeling to define concepts such as voltage and current travelling waves, which 

are used to build the scattering matrix, from where all this project relies on. 

It will be shown how to obtain the admittance matrix and the corresponding 

frequency response of the branch admittances between the connections of the filter from 

the scattering matrix so that this can be used as input to the VF algorithm in the Yb-

Matrix Fitting Method. The VF routine is a robust and powerful tool for the obtainment of 

a pole-residue model from frequency responses samples that is available as an open 

source code. In this chapter a simplified mathematical description of the VF method is 

presented.  

A short discussion regarding causality, stability and passivity of linear and time 

invariant systems is given, since these concepts will play a major role in the interpretation 

of the results obtained. 

 In order to achieve an equivalent circuit for electromagnetic interference filters, it 

is necessary to be able to build the circuit from a set of poles and residues, a method 

based on a divide and conquer approach will be described so that a final equivalent 

circuit can be built by joining together smaller sub-circuits. 

 Insertion losses and non-ideal behavior of components are behind the motivation 

of this project and are fundamental for the analysis of the results, then a theoretical 

description will be given for reference. Further on, some of these topics will be deeper 

treated in order to define specific applications. 

2.1. Transmission Lines Distributed Circuit Model 

 

A transmission line can be modeled by a distributed parameter circuit where 

every infinitesimal segment of length ɝᾀ is represented by the circuit of Figure 2.1. The 

per unit length series impedance ὤ and shunt admittance ὣᴂ can be written as shown in 

Equation 2.1. Where the resistance Ὑᴂ and the conductance Ὃᴂ represent the 

transmission line losses and the capacitance ὅᴂ and the inductance ὒᴂ represent the 

lossless behavior. [4] 
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ὤ   Ὑ Ὦ‫ὒ

ὣ Ὃ Ὦ‫ὅ
 ςȢρ 

where is the usual electric frequency in radians per second and Ὦ ‫ Ѝ ρȢ  

 

Figure 2.1 ï Distributed Transmission Line Model 

 

By applying Kirchhoffôs voltage law to the outer loop and Kirchhoffôs current law 

to node ὥ of Figure 2.1, the following set of equations shown in Equation 2.2 is obtained. 

ὠᾀ Ὅᾀὤɝᾀ ὠᾀ ɝᾀ

Ὅᾀ ὠᾀ ɝᾀὣɝᾀ Ὅᾀ ɝÚ
 ςȢς 

which can be rearranged, thus leading to Equation 2.3. 

ὠᾀ ɝᾀ ὠᾀ

ɝᾀ
Ὅᾀὤ π

Ὅᾀ ɝᾀ Ὅᾀ

ɝᾀ
ὠᾀ ɝᾀὣ π

ςȢσ 

 Taking the limit where ɝᾀO π, Equation 2.3 leads to the system of coupled first 

order differential equations shown in Equation 2.4. 

Ὠὠᾀ

Ὠᾀ
Ὅᾀὤ π

ὨὍᾀ

Ὠᾀ
ὠᾀὣ π

ςȢτ 

 To solve the system given by Equation 2.4 it is enough to take the derivative of 

the first equation and substitute the current derivative given by the second into it, leading 

to the relation shown in Equation 2.5. 
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Ὠὠᾀ

Ὠᾀ
ὤὣὠᾀ π ςȢυ 

 Equation 2.5 is now a decoupled second order differential equation which 

solutions can be expressed as the sum of a forward and a backward travelling waves 

given by Equation 2.6. 

ὠᾀ  ὠὩ ὤᴂὣᴂᾀ  ὠὩὤ
ᴂὣᴂᾀ ςȢφ

 

 By substituting the voltage solution of Equation 2.6 in the first equation of 

Equation 2.4 it is possible to obtain the corresponding current solution shown in Equation 

2.7. 

Ὅᾀ
ὣ

ὤ
 ὠὩЍ  ὠὩЍ  ςȢχ 

 Putting together Equation 2.6 and Equation 2.7, the solutions of the system of 

Equation 2.4 can be written as Equation 2.8.  

ὠᾀ  ὠὩ‎ᾀ  ὠὩ‎ᾀ  ὠ ᾀ  ὠ ᾀ 

Ὅᾀ
ρ

ὤὧ
 ὠὩ‎ᾀ  ὠὩ‎ᾀ

ρ

ὤὧ
ὠ ᾀ  ὠ ᾀ

 ςȢψ 

where  

‎ Ѝὤὣ ὤὧ
ὤ

ὣ
  

are the propagation constant and the characteristic impedance of the transmission line, 

respectively. The propagation constant can be written as shown in Equation 2.9 in terms 

of its real and imaginary parts. 

‎ ‌ Ὦ‍ ςȢω 

where the real part ‌ is the attenuation constant and the imaginary part ‍ is the phase 

constant. In practice, a lossless line is commonly assumed since Ὑᴂ and Ὃᴂ are generally 

small quantities with relation to ὒ and ὅᴂ and can be neglected in Equation 2.1, the 

propagation constant then becomes purely imaginary. The solution for a lossless line is 

given by Equation 2.10. 

ὠᾀ  ὠὩὮ‍ᾀ ὠὩὮ‍ᾀ ὠ ᾀ  ὠ ᾀ 

Ὅᾀ
ρ

ὤὧ
 ὠὩὮ‍ᾀ ὠὩὮ‍ᾀ

ρ

ὤὧ
ὠ ᾀ  ὠ ᾀ

ςȢρπ 
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A lossless transmission line shows no attenuation since the attenuation constant is 

zero and its characteristic impedance is a real value. The solutions written as in Equation 

2.10 are identical to the solutions of uniform one dimensional plane waves provided by 

Maxwellôs equations. 

2.2. Scattering Parameters 

 

A two- or multi-port network can be described by their equivalent parameter 

matrices, such as transfer matrix, impedance matrix, admittance matrix and scattering 

matrix. From the admittance matrix representation, an equivalent circuit can be easily 

found, but in the frequency range of conducted emissions short circuits needed to 

measure the admittance matrix are difficult to implement due to the parasitic effects of 

capacitors and inductors and loss of stability of some devices, such as transistors. 

Besides, voltages and currents become ill defined quantities in these conditions and 

measurements cannot be accurately performed. On the other hand, S-parameters are 

generally measured with matched load and source conditions, such that voltages and 

currents are well defined. 

For this reason, working with a scattering matrix is more suited when dealing with 

radio frequency applications. S-parameters relate the outgoing travelling waves ὦ and 

ὦ to the incoming waves ὥ and ὥ in the circuit ports, which are shown in the simple 

representation of a two-port network in Figure 2.2, without loss of generality. 

 

Figure 2.2 ï Two-Port Network and its Travelling Waves 

 

The waves ὃ and ὄ, Ὥ ρȟς are defined as the following: 

ὃὭ ὠὭ
ρ
ςὠὭπ ὤὧὍὭπ

ὄὭ  ὠὭ
ρ
ςὠὭπ ὤὧὍὭπ

ςȢρρ 
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From Equation 2.10, ὃ is a forward travelling wave while ὄ is a backward 

travelling wave. The scattering matrix for a two-port network can then be written as in 

Equation 2.12. 

ὄ

ὄ
 
Ὓ Ὓ

Ὓ Ὓ

ὃ

ὃ
ςȢρς 

It is possible to generalize Equation 2.12 to a N-port network and obtain a ὔ ὔ 

scattering matrix as shown in Equation 2.13. 

║  
ὄ
ể
ὄ

╢═   
Ὓ Ễ Ὓ
ể Ệ ể
Ὓ Ễ Ὓ

 
ὃ
ể
ὃ

ςȢρσ 

where ║ is the vector of backward travelling waves, ╢ is the scattering matrix and ═ is 

the vector of forward travelling waves. The elements of the scattering matrix, which are 

the S-parameters, can be easily found column by column by setting all ὃ π except the 

one with the same index as the desired column. For the first column, by setting ὃ

πȟὭ ςȟȣȟὔ, Equation 2.13 becomes: 

ở

ờ

ὄ

ὄ
ể
ὄỢ

Ỡ

ở

ờ 

Ὓ Ễ Ὓ

Ὓ Ễ Ὓ
ể Ệ ể
Ὓ Ễ Ὓ Ợ

Ỡ  

ὃ
π
ể
π

 

and together with Equation 2.11 the relations shown in Equation 2.14 are obtained. 

ừ
Ử
Ử
Ừ

Ử
Ử
ứὛ  

ὄ

ὃ
  
ὠ ὤὍ

ὠ ὤὍ
 
ὤ ὤ

ὤ ὤ
 ɜ

Ὓ  
ὄ

ὃ
 
ὠ

ὃ
ể

Ὓ  
ὄ

ὃ
 
ὠ

ὃ

 ςȢρτ 

where ὤ  is the input impedance seen from the first port, ὠ  ὠπ and Ὅ  Ὅπ for 

Ὥ ρȟȣὔ. The remaining columns of the S-parameters matrix can be achieved in an 

analogous way and will not be shown here. All the diagonal elements are a ratio of 

backward and forward travelling waves at the same port, which is the definition of the 

reflection coefficient ɜ of the corresponding Ὥ  port. The diagonal elements can then be 

written as shown in Equation 2.15. 
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Ὓ  
ὤ ὤ

ὤ ὤ
 ɜ ςȢρυ 

 An important property of the scattering matrix of a N-port network is that if the 

network is reciprocal, that is, if the network is passive, the corresponding scattering 

matrix will be symmetrical, that is ╢ ╢. For the case of a two-port network, if the 

network is symmetrical, the diagonal elements of the scattering matrix will be equal. Both 

properties reduce the number of independent values and can be used to find the whole 

matrix faster. 

 It is useful to use the wave variables ὃ and ὄ to define the new variables ὥ and 

ὦ as shown in Equation 2.16. The wave variables written in this form are normalized 

versions of the previous defined waves ὃ and ὄ and are called power waves, this avoids 

the impedance factor when calculating the average power and is implemented in vector 

networks analyzers. Since this is the most used form, from now on every reference made 

to wave variables will be related to the definition of Equation 2.16 except otherwise 

stated. 

ừ
Ử
Ừ

Ử
ứὥὭ

ὃὭ

ὤὧ

ρ

ςὤὧ
ὠὭπ ὤὧὍὭπ

ὦὭ
ὄὭ

ὤὧ

ρ

ςὤὧ
ὠὭπ ὤὧὍὭπ

ςȢρφ 

 The actual measurements of the S-parameters are made through the system 

shown in Figure 2.3, which is a simplification of what is done by vector network analyzers 

in a two-port network, without loss of generalization. [4] 

 

Figure 2.3 ï Two-port Network Setup for Measurement of Travelling Waves 
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 By connecting a matched load ὤ ὤ through a transmission line with 

characteristic impedance ὤ to the output port, the reflection coefficient will be zero and 

thus the backward travelling wave ὥ will be zero. It is then possible to measure the first 

column of the scattering matrix by measuring the ratio between the waves ὦ , Ὥ ρȟς, 

and ὥ  as in Equation 2.14 for the normalized waves, it is worth mentioning that the ratio 

between the waves ὃ and ὄ and the ratio between the waves ὥ and ὦ are equal for 

each Ὥ ρȟȣȟὔ, since the latter are just normalized versions of the former and then 

Equation 2.14 applies if ὃ is substituted by ὥ and ὄ is substituted by ὦ.  

To measure the second column of the scattering matrix, it is needed to reverse 

the roles of generator and load in Figure 2.3. The same reasoning can be applied to a 

N-port circuit, but in this case when one port is connected to the generator all the others 

are connected to matched loads. 

2.3. Admittance Matrix 
 

As stated in the previous section, obtaining directly the admittance matrix is not 

always possible when dealing with real structures, but for this project the admittance 

matrix is needed for the Yb-Matrix Fitting Method in order to obtain equivalent circuits for 

electromagnetic-interference filters. This section provides a method to obtain the 

admittance matrix from the S-parameter matrix for a general N-port network. [5] 

 

Figure 2.4 ï N-Port Network 

 

The voltages and currents shown in Figure 2.4 are related to each other through 

the impedance matrix, named ╩ matrix, as written in Equation 2.17. 
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 ╥  
ὠ
ể
ὠ

╩╘ 
ὤ Ễ ὤ
ể Ệ ể
ὤ Ễ ὤ

 
Ὅ
ể
Ὅ
 ςȢρχ 

where ╥ is the vector of voltages and ╘ is the vector of current injections. 

By considering transmission lines with characteristic impedance ὤ connected to 

the ports of the network of Figure 2.4 it is possible to write the voltages and currents in 

terms of the power waves defined in Equation 2.16 in the form  

ὠ ὥ  ὦ ὤ 

Ὅ
ρ

ὤ
ὥ  ὦ  

which leads to Equation 2.18. 
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╩
Ⱦ
╪ ╫ ςȢρψ 

 Matrices ╩ , ╩
Ⱦ

 and ╩
Ⱦ

 can be defined as 

╩  

ὤ Ễ π π
π Ễ π π
ể Ễ Ệ ể
π Ễ π ὤ

  

╩  

ở

ờ

Ѝὤ Ễ π π
π Ễ π π
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Ỡ  

╩
Ⱦ
  

ở

ờ

ρȾЍὤ Ễ π π
π Ễ π π
ể Ễ Ệ ể
π Ễ π ρȾЍὤỢ

Ỡ 

and the voltages and currents can be written in the vector form shown in Equation 2.19. 

╥  ╩ ╪ ╫

╘  ╩ ╪ ╫
 ςȢρω 

 Substituting Equation 2.19 into Equation 2.17 gives: 

╩
Ⱦ
╪ ╫ ╩╩

Ⱦ
╪ ╫ 
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which, after some manipulations, leads to:  

╫ ╩ ╩ ╩ ╩ ╪ 

  Retrieving the relationship between ╪ and ═ and ╫ and ║ from the vector form of 

Equation 2.16 and the definition of the scattering matrix from Equation 2.13, Equation 

2.20 holds. 

╢  ╩ ╩ ╩ ╩  ςȢςπ 

 By solving Equation 2.20 for ╩ and using the definition of admittance matrix given 

by 

╨ ╩  and ╨ ╩  

the admittance matrix can be obtained from the scattering matrix as shown in Equation 

2.21 

╨ ╨ ╘ ╢ ╢ ╘  ςȢςρ 

 The admittance matrix elements do not provide direct information of the 

underlying circuit, since the diagonal elements are the sum of all admittances connected 

to the corresponding node and the non-diagonal elements are the negative of the 

admittances between two nodes. For the purpose of this project, it is necessary to know 

the value of all branch admittances between every two nodes and between nodes and 

the ground connection. A quite simple way to retrieve this information from the 

admittance matrix ╨ and building a new matrix ╨╫ composed of all the branch 

admittances of the circuit is shown in Equation 2.22. 

ὣ  ὣ

ὣ  ὣ
ςȢςς 

 Being ὣ  the admittance between node Ὥ and the ground and ὣ  the admittance 

between nodes Ὥ and Ὦ. Where Ὥ and Ὦ, are, respectively, the rows and columns of both 

matrices. By construction the branch admittance matrix ╨╫ will be symmetric since the 

admittance matrix ╨ is symmetric. As regards the S-Matrix Fitting Method, the fictitious 

branch admittance matrix can also be obtained from the relation shown in Equation 2.22 

directly from the pole-residue model, the reason why this can be done will be explained 

later and so will the term fictitious.  
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2.4. Vector Fitting 
 

Vector fitting is a robust and efficient method of fitting a discrete frequency 

domain response into a continuous partial fraction approximation providing results in the 

form of a space of states or directly in a pole-residue model. It has been widely used 

since its first introduction in 1999, specially in applications related to high-speed 

electronics, electric power systems and microwave electronics. The algorithm is a 

successor of the Sanathanan-Koerner iteration, which is based on Levyôs linearized 

rational fitting formulation. [6]. 

Levyôs approach was introduced in 1959 and attempts to fit a frequency domain 

response into a ratio of polynomials by minimizing in a least-squares sense the weighted 

residual vector and providing as a solution the coefficients of the polynomials. This 

explicit weighting produces a biased result and the ratio of polynomials leads to ill-

conditioned numerical calculations.  

The Sanathanan-Koerner iteration removes this bias by compensating the weight 

through an iterative process but the ill-conditioning due to the polynomial ratio is still 

present and the inverse weight compensation introduces scaling problems in the linear 

system due to its possible wide dynamic range throughout the iterations. Another major 

drawback in the Sanathanan-Koerner iteration is that there is nothing preventing the 

polynomial in the denominator of the model to have roots with positive real values, which 

would lead to an unstable model in time-domain. 

A way of improving the conditioning of the system is to change the basis of 

functions used to build the rational model. This leads to the Generalized Sanathanan-

Koerner iteration, where any set of rational functions can be used as basis. By choosing 

a partial fraction basis instead of monomials the ill-conditioning of the system is highly 

reduced, but the fitting result is highly dependent on the set of poles chosen for the bases 

functions.  

The VF approach can be interpreted as a particular case of the Generalized 

Sanathanan-Koerner iteration with partial fraction basis where the basis is updated at 

each iteration by recalculating the poles. This update is an implicit weighting and 

removes the bad scaling problems due to the explicit weighting for bias correction and 

makes VF the state of the art when it comes to rational fitting of frequency responses. It 

depends on an initial set of poles linearly or logarithmically spread and generally equally 

spaced along the frequency range of interest. [6] 
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Considering the rational approximation Ὢ ί of the general scalar function Ὢί 

given by Equation 2.23, the residues ὶὩί and poles ὴ are either real or complex 

conjugate quantities and the constants Ὠ and Ὡ are both real values. The VF 

implementation is based on an iterative method that fits the given frequency domain data 

samples of Ὢί into the function Ὢ ί changing at each iteration the starting poles and 

the constants by minimizing the squared error in the frequency range of interest. 

Ὢί Ὢ ί  
ὶὩί

ί ὴ
Ὠ ίὩ ςȢςσ 

where ὔ  is the number of starting poles. By starting from the initial set of poles ὴ and 

by multiplying the function Ὢ ί by an unknown weighting function „ί with a partial 

fraction expansion with the same ὴ poles that approaches a unitary value in high 

frequencies, the system shown in Equation 2.24 is obtained. 

„ίὪ ί

„ί

ở

Ở
Ở
ờ

ὶὩί

ί ὴ
Ὠ ίὩ

ὶὩί

ί ὴ
ρ
Ợ

ỡ
ỡ
Ỡ

 ςȢςτ 

Multiplying the second equation of Equation 2.24 by the original function Ὢί 

leads to the approximation given by Equation 2.25, which by renaming the functions can 

be written in the compact form of Equation 2.26. 

ὶὩί

ί ὴ
Ὠ ίὩ

ὶὩί

ί ὴ
ρ Ὢί ςȢςυ 

or 

„Ὢ ί „ίὪί ςȢςφ 

 

 Equation 2.25 can be rewritten for a known value Ὢί  at a frequency ί Ὦ‫  

as is shown in Equation 2.27. 

ὶὩί

ί ὴ
Ὠ ίὩ Ὢί

ὶὩί

ί ὴ
 Ὢί ςȢςχ  
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Equation 2.27 can be synthesized in the linear form of Equation 2.28 for a given 

frequency sample ί. 

═● ὦ ςȢςψ 

where ═  is a row vector, ● is a column vector and ὦ is a scalar given by 

═
ρ

ί ὴ
Ễ

ρ

ί ὴ
  ρ  ί  

Ὢί

ί ὴ
Ễ

Ὢί

ί ὴ
 

● ὶὩίỄὶὩί   Ὠ  Ὡ  ὶὩί ỄὶὩί  

ὦ Ὢί  

 For complex conjugate poles, some changes are necessary in ═  and in ● to keep 

the system under real variables only, since also the corresponding residues will be 

complex conjugate. For a general pole ὴ  ὴᴂ Ὦὴᴂᴂ, its complex conjugate will be 

ὴ  ὴ ᴂ Ὦὴ ᴂᴂ and their corresponding residues are ὶὩί ὶὩίᴂ ὮὶὩίᴂᴂ and 

ὶὩί  ὶὩίᴂ ὮὶὩίᴂᴂ, respectively. In such a way, the elements ὃȟ, ὃȟ , ὼ and 

ὼ  becomes 

ὃȟ
ρ

ί ὴ

ρ

ί ὴz
ὃȟ

Ὦ

ί ὴ

Ὦ

ί ὴz
 

ὼ ὶὩίᴂὼ ὶὩίᴂᴂ 

 Rewriting Equation 2.28 for several frequencies ί leads to Equation 2.29, where 

now ═ is a matrix and ╫ is a column vector, both with the number of rows equal to the 

number of frequency samples ὔί available from the original function Ὢί. Equation 2.29 

is an overdetermined linear system to be solved by a least-squares approach. 

═● ╫ ςȢςω 

 With the now known vector ● it is possible to write the functions „Ὢ ί and 

„ί defined in Equation 2.26 in the rational form as stated in Equation 2.30, where ᾀ 

and ᾀ are the zeros of the functions „Ὢ ί and „ί , respectively. 

„Ὢ ί Ὡ
Б ί ᾀ

Б ί ὴ
„ί

Б ί ᾀ

Б ί ὴ
ςȢσπ 

 Solving Equation 2.26 for Ὢί and substituting the results obtained in Equation 

2.30 gives the fit for the original function Ὢί. The rational form of Ὢί is shown in 

Equation 2.31. 
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Ὢί
„Ὢ ί

„ ί
Ὡ
Б ί ᾀ

Б ί ᾀ
ςȢσρ 

From Equation 2.31 it is worth noting that the zeros of the function „ί becomes 

the fitted poles of Ὢί and that the starting poles do not appear in the rational 

approximation of Ὢί since these same poles were used for both „Ὢ ί and „ί 

functions and cancel when writing the expression for Ὢί. A more accurate result can 

be achieved by repeating the whole VF method using the zeros of „ί as new starting 

poles, this process can be interpreted as a pole relocation and is repeated until the poles 

are stabilized. When stabilization is reached, the poles are not relocated in the next 

iterations and these can be considered the dominant poles of the system being fitted. If 

the poles do not change between iterations, the weighting function will become unitary 

and all its residues will become zero, this provides a way of checking the convergence 

of the fitting. It might happen that the stabilization of the poles is reached but the solution 

is not acceptable, thus a further convergence check through the root mean square error 

is necessary and will be discussed later. 

 From the rational form of Ὢί in Equation 2.31 it is then possible to obtain the 

partial fraction expression. For better numerical performance, the residues and constants 

of the rational approximation are obtained by solving the least-squares problem given by 

Equation 2.32 with the dominant poles obtained after convergence of the iterative 

process instead of using directly the values given by vector ●. 

Ὢί  
ὶὩί

ί ὴ
Ὠ ίὩ ςȢσς 

An important feature of the VF process is to provide stable poles by inverting the 

sign of the real part of unstable poles in the representation of Ὢί at each iteration until 

stabilization with only stable poles. If the response to be fitted is noisy and the weighting 

function „ί is large at low frequencies, the noise will be magnified in these frequencies 

and VF will be biased since poles will tend to be relocated to low frequencies.  

A way of solving this problem is to allow the weighting function to have one more 

degree of freedom by making it tend to an unknown constant in high frequencies and to 

add a set of equations that considers the magnitude of the data samples. This more 

robust method is referred to as relaxed vector fitting. [7] 

 Another important property of VF is that other functions can be fitted together 

with Ὢί by fitting a whole vector of functions with a common set of poles, hence the 
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name of the procedure. In this case, the system to be solved will have a block diagonal 

coefficient matrix and the modified fast vector fitting takes advantage of this structure. 

The VF routine used in this work is freely available as an open source code and 

implements a fast-relaxed vector fitting (FRVF). [8] 

 If the response to be fitted is not smooth, the starting poles must be complex 

conjugate in order to fit the resonances of the frequency response, although it does not 

mean that in the final approximation there will not be real poles. As stated in [9], a good 

choice of starting poles are complex conjugate values with imaginary part linearly or 

logarithmically distributed in the frequency range of interest and with real parts equal to 

the imaginary ones divided by 100; this procedure avoids ill conditioning problems, that 

is, when matrix ═ is in practice singular and the system of Equation 2.29 cannot be 

solved. 

 The VF method is an essential step of this project and is used to find a partial 

fraction approximation of the branch admittances obtained from a scattering matrix in the 

Yb-Matrix Fitting Method, which can be done by using the values that can be obtained 

from Equation 2.22 after obtaining the admittance matrix. Vector fitting will also be used 

to find the rational approximation of the frequency dependent scattering matrix in the S-

Matrix Fitting Method. 

 In order to increase the fitting speed, the symmetric structure of both the branch 

admittance matrix and the scattering matrix is explored, which means that is enough to 

fit only the lower or the upper triangles by stacking its elements into a vector and fitting 

all of them at once with a common set of poles. The fitting of several functions with a 

common set of poles not only avoids running the VF process for each one of them, but 

also increases the efficiency of time domain convolutions when it applies. [9] 

  For the Yb-Matrix Fitting Method, applying the VF to the lower triangle of the 

branch admittance matrix ╨╫Ὦand retrieving the upper triangle by symmetry leads to ‫ 

the result expressed in Equation 2.33. 

╨╫ί ╨╫█░◄ί  
►▄▼▪
ί ὴ

╓ ί╔ ςȢσσ 

 

where  ╨╫Ὦis the ὔ ‫ ὔ symmetrical matrix with elements as given in Equation 2.22, 

►▄▼▪ is a ὔ ὔ symmetrical matrix of residues, ╓ is a ὔ ὔ symmetrical matrix of 

constant terms representing conductances and ╔ is a ὔ ὔ symmetrical matrix of 
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constant terms representing capacitances. All the branch admittances are then fitted with 

a common set of poles and can be used to generate an equivalent circuit for the network 

as will be describe in the next sections.  

 To keep the physicality of the model given by the rational approximation, some 

requirements are imposed to the corresponding ╨█░◄Ὦmatrix of the admittance matrix ‫ 

╨Ὦwhich can be easily retrieved from the matrix ╨╫█░◄Ὦthrough the relations ‫ ,‫ 

shown in Equation 2.34 for check purposes. 

ὣ  ὣ

ὣ  ὣ
 ςȢστ 

 The corresponding rational approximation ╨█░◄ί for ╨Ὦis then given by ‫ 

Equation 2.35. 

╨█░◄ί  
►▄▼▪
ί ὴ

╓ ί╔ ςȢσυ 

which must attend the following requirements in order to physically behave as the original 

network: 

1) ╨█░◄ί is a symmetrical matrix and so are ►▄▼▪, ╓ᴂ and ╔ᴂ; 

2) ╓ and ╔ are real valued matrices; 

3) Poles and residues are either real or complex conjugate pairs; 

4) All the poles ὴ are stable, hence ὙὩὴ π; 

5) The model is passive. 

The first three requirements are automatically fulfilled given the symmetry of 

╨╫█░◄ί provided by the VF algorithm and given that ╨█░◄ί has the same poles of 

╨╫█░◄ί. As regards the fourth requirement, stability of the poles is ensured by the VF 

routine by flipping unstable poles to the left side of the complex plane. In the case of 

functions with complex behavior it might be needed to allow unstable poles for a suitable 

rational fitting, this does not affect the frequency domain representation of the equivalent 

model, but compromises time domain simulations.  

The last requirement is the passivity of the equivalent model which, even if being 

stable and causal by construction, might have an active behavior due to the numerical 

approximation of the fitting and cause unstable time domain simulations. For a network 
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to be passive, it must not generate power, that is, the absorbed power ὖ given by 

Equation 2.36 must be positive. [10] 

ὖ   ὙὩ╥ᶻ╨╥ ὙὩ╥ᶻ╖ Ὦ║╥ ὙὩ╥ᶻ╖╥ ςȢσφ 

where ╥ is a vector of voltages, ╖ ὙὩ╨ and ║ Ὅά╨; the star is used to indicate 

complex conjugate values. Hence the absorbed power ὖ is always positive if ╖ is positive 

definite, that is the eigenvalues of ╖ are positive for every frequency. The passivity 

requirement for the rational approximation can be summarized as shown in Equation 

2.37. 

ὩὭὫὙὩ╨█░◄Ὦ‫ π ςȢσχ 

where ὩὭὫ denotes the eigenvalues. If this requirement is not attended by the model 

obtained, it is possible to perturb the eigenvalues of the matrices ►▄▼▪, ╓ and ╔ᴂ through 

a constrained least-squares fitting with minimized error. If passivity is not enforced it is 

possible that the obtained model will have unphysical behavior in time domain 

applications but, as stability, is not a constraint for frequency domain applications. [11] 

 There are other conditions necessary to guarantee the passivity of a network as 

will be seen in the discussion on passivity in the next section. For representation of a 

physical model, causal and stable, these other conditions are fulfilled by construction 

and only the relation of Equation 2.37 is needed to be checked. 

In the S-Matrix Fitting Method, the responses being fitted are the frequency 

dependent S-parameters from the scattering matrix. The rational approximation of the 

scattering matrix will be denoted as ╢█░◄ί  and will be treated as the analogous 

representation of ╨█░◄ί. The analogous of the branch admittance rational 

approximations ╨╫█░◄ί will be denoted as ╢╫█░◄ί, which can be retrieved from the 

model ╢█░◄ί by applying Equation 2.22 and since the model has a common set of poles 

this calculation is straightforward. 

2.5. Stability, Causality and Passivity of the Measured Data 
 

A model that is passive cannot be obtained if the data that is being fitted violates 

properties such as stability and causality. Even though the physical structure being 

modeled naturally satisfies these properties, violations might appear in the dataset due 

to measurement problems, such as accuracy, noise, bad calibration and human errors. 

This section provides the background necessary to interpret possible outcomes during 

the modeling process. 
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The output ώὸ and the input ὼὸ of a Linear and Time Invariant (LTI) system 

are related through the impulse response Ὤὸ of the system by the convolution relation 

shown in Equation 2.38. 

ώὸ Ὤὸ ὼzὸ  Ὤὸ †ὼ†Ὠ† ςȢσψ 

where for an input ὼ ὸ ὼ ὸ the output will be ώ ὸ ώ ὸ, being ώ ὸ the response 

for ὼ ὸ and ώ ὸ the response for ὼ ὸ, and for an input ὼὸ ὸ  the corresponding 

output is ώὸ ὸ . 

2.5.1. Stability 

 

In the time domain, for a system to be stable it must have a bounded output given 

a bounded input. By applying a bounded input ȿὼὸȿ ὓ, where ὓ is a finite real 

number, to Equation 2.38 along with the triangle inequality the following expression 

holds: 

ȿώὸȿ  ȿὬὸ †ȿȿὼ†ȿὨ† ὓ ȿὬὸ †ȿὨ† ὓ ȿὬὸȿὨὸ 

For a bounded output given a bounded input Equation 2.39 must be satisfied, 

restricting the impulse response of the system to an absolutely integrable function. 

ȿὬὸȿὨὸ Њ ςȢσω 

For the frequency domain counterpart, it is enough to apply the Fourier transform 

defined in Equation 2.40 to the impulse response function. 

ὊὮ‫  ὪὸὩ Ὠὸ ςȢτπ 

Since a sufficient condition for the existence of the Fourier transform of a function 

is that it is absolutely integrable, the existence of the Fourier transform of the impulse 

response implies stability, as shown in Equation 2.41. This is coherent with the stability 

definition in the Laplace domain which states that the imaginary axis of the complex 

plane must be included in the region of convergence.  
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ȿὌὮ‫ȿ  ὬὸὩ Ὠὸ ȿὬὸȿὨὸЊ ςȢτρ 

2.5.2. Causality 

 

For a system to be causal its output cannot depend on future instants, but only 

on past instants. Since the convolution given by Equation 2.38 depends on ὼ†, it means 

that ώὸ depends on future inputs in the interval ὸ † Њ. Thus, the impulse response 

Ὤὸ † must be zero for ὸ † π or, equivalently, Ὤὸ must be zero for ὸ π. A 

compact way to define this condition is through the sign function as shown in Equation 

2.42. 

Ὤὸ ίὭὫὲὸὬὸ ςȢτς 

where the sign function is given by Equation 2.43. 

ίὭὫὲὸ  

ρ ὭὪ ὸ π
π ὭὪ ὸ π
ρ ὭὪ ὸ π

ςȢτσ 

 For the frequency domain causality condition, the Fourier transform of Equation 

2.42 must be calculated. Since the Fourier transform of a product is proportional to the 

convolution of the individual Fourier transforms, the frequency response ὌὮcan be ‫ 

written as Equation 2.44, where ὊϽ is used to represent the Fourier transform operator. 

ὊὬὸ  ὌὮ‫
ρ

ς“
ὊίὭὫὲὸ ὊzὬὸ ςȢττ 

 The Fourier transform of the sign function is calculated through distribution theory 

and the result is shown in Equation 2.45. The ὴὺ notation is used to indicate the Cauchy 

principal value that allows to calculate improper integrals with singularities and is defined 

in Equation 2.46 for a singularity in .for a general function Ὢὸ ‫ 

ὊίὭὫὲὸ ὴὺ
ς

Ὦ‫
 ςȢτυ 

ὴὺ ὪὸὨὸ ÌÉÍ
ᴼ

ὪὸὨὸ ὪὸὨὸ ςȢτφ 

 By considering Equation 2.45 and Equation 2.46, Equation 2.44 can be rewritten 

as shown in Equation 2.47. 



41 
 

ὌὮ‫
ρ

Ὦ“
ὴὺ

ὌὮ‫

‫ ‫
 Ὠ‫ ςȢτχ 

 If the frequency response is written in terms of its real and imaginary parts as 

ὌὮ‫ Ὗ‫ Ὦὠ‫ , the relations shown in Equation 2.48 are derived from Equation 

2.47. These equations represent the Kramers-Krönig dispersion relations and show that 

for a frequency response to be causal, its real and imaginary parts must be linked through 

a Hilbert transform. 

Ὗ‫
ρ

“
ὴὺ

ὠ‫

‫ ‫
ὨςȢτψ ‫ 

ὠ‫
ρ

“
ὴὺ

Ὗ‫

‫ ‫
Ὠ‫  

2.5.3. Passivity 

 

All the results in this section were derived for scalar functions representing one 

port systems but also hold for N-port systems. Since in this work S-parameters of an 

electromagnetic interference filter are used for obtainment of a macro-model, for the 

measured scattering matrix ╢Ὦto represent a passive linear system, the following ‫ 

properties must be verified: 

1) The Kramers-Krönig relations of Equation 2.48 hold; 

2) ╘ ╢╗ ὮὮ;is a positive definite matrix ‫╢‫ 

3) ╢ Ὦ‫ ╢ᶻὮ.‫ 

where the index Ὄ is used to indicate the transpose conjugate of a matrix. 

The first condition is necessary to verify the causality of the system and the 

second equation of Equation 2.48 applied to the real part of the measured data should 

reconstruct the imaginary part. In real applications no analytical expression is available 

to verify the relations of Equation 2.48 and the calculation from a limited and discrete 

frequency range obtained by measurements generally leads to inaccurate results if the 

Hilbert transform is applied directly to the data samples. There are advanced methods 

based on building limited areas for both real and imaginary parts by working with a 

generalized Hilbert transform and considering the bias produced by the missing samples; 

the measured data must then fit inside these areas in order to be considered causal. 

Being unable to obtain a rational approximation with only stable poles is an indicative of 

lack of causality of the original data. [12][13] 
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The second condition for passivity of the S-parameter responses can be easily 

verified and is related to the generation of power that would lead to an active behavior 

and is equivalent to verifying if the singular values of the singular value decomposition 

of the scattering matrix are smaller than the unity, which implies that all the reflection 

coefficients are smaller than the unity and thus no power is being generated. The third 

condition enforces the impulse response to be real valued and is always assumed to be 

true by construction since the samples for negative frequencies are generated from the 

samples for positive frequencies through this relation. 

The passivity condition mentioned in the previous section for the admittance 

matrix of the equivalent model is analogous to the second condition for passivity of the 

scattering matrix. For the admittance case, this condition can be written as ╨Ὦ‫

╨Ὦ‫  being a positive definite matrix for all frequencies and thus, by the symmetry of 

╨, ς╖Ὦbeing positive definite. Since the scaling of a matrix by a real scalar implies ‫ 

the scaling of its eigenvalues, this condition is the same as the one used previously. The 

other conditions described for passivity of the scattering matrix data are guaranteed by 

construction for a causal and stable equivalent model. [13] 

2.6. Equivalent Circuits of Frequency Domain Responses 
 

Given a single admittance transfer function as shown in Equation 2.49, it is 

possible to obtain an equivalent circuit modeled by a combination of RL and RLC parallel 

connected sub-circuits, depending on whether the poles are real or complex conjugate, 

by comparing its transfer functions. [14] 

ὣί  
ὶὩί

ί ὴ
Ὠ ίὩ ςȢτω 

 

 

Figure 2.5 ï RL Circuit 

 

Starting from the real pole case, the admittance transfer function of the RL circuit 

shown in Figure 2.5 is given by Equation 2.50. 
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ὣ ί
Ὅί

ὠί

ρ

Ὑ ίὒ
 

ρ
ὒ

ί
Ὑ
ὒ

 ςȢυπ 

 The pole and residue for Equation 2.50 can be written as shown in Equation 2.51. 

ὶὩί
ρ

ὒ
ὴ  

Ὑ

ὒ
 ςȢυρ 

where ὶὩί is the corresponding residue and ὴ, the corresponding pole. Rearranging 

Equation 2.51 for given pole and residue, that for the purpose of this project are obtained 

through VF process, the electrical components values for the equivalent circuit of Figure 

2.5 can be obtained as shown in Equation 2.52. 

ὒ
ρ

ὶὩί
Ὑ  

ὴ

ὶὩί
 ςȢυς 

 For the case of complex conjugate poles, the corresponding transfer function is 

given by Equation 2.53, which will be used to represent the RLC equivalent circuit of 

Figure 2.6. 

ὣ ί
ὶὩί

ί ὴ

ὶὩί

ί ὴ
 
ὶὩί ὶὩί ί ὶὩίὴ ὶὩίὴ

ί ὴ ὴ ί ὴὴ
 ςȢυσ 

where ὴ and ὴ are the complex conjugate poles and ὶὩί and ὶὩί their corresponding 

complex conjugate residues. 

 

Figure 2.6 ï RLC Circuit 

 

 The admittance transfer function ὣ ί of the RLC circuit of Figure 2.6 can be 

obtained through the following procedure that leads to Equation 2.54. 

ὣί
ρ

Ὑ ίὒ
ὣ ί

ρ

Ὑ
ίὅ  

ὣ ί
ὣίὣ ί

ὣί ὣ ί
 

ρ
Ὑ ίὒ

ρ ίὅὙ
Ὑ

ρ
Ὑ ίὒ

ρ
Ὑ ίὅ

 
ρ ίὅὙ

Ὑ ίὒίὅὙὙ ίὒὅὙ Ὑ
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ρ

ὒ

ί
ρ
ὅὙ

ί ί
ρ
ὅὙ

Ὑ
ὒ

ρ
ὒὅρ

Ὑ
Ὑ

ςȢυτ 

 By comparing Equation 2.54 and Equation 2.53 all the circuit components can be 

obtained as functions of the residues and poles given by a rational approximation. The 

results are given in the set of equations shown in Equation 2.55. 

ὒ
ρ

ὶὩί ὶὩί
Ὑ  ὴ ὴ ὒ

ὶὩίὴ ὶὩίὴ ὒ

ὶὩί ὶὩί

ὅ
ρ

ὒ

ρ

ὴὴ Ὑ ὶὩίὴ ὶὩίὴ
Ὑ

ρ

ὅ

ὶὩί ὶὩί

ὶὩίὴ ὶὩίὴ

 ςȢυυ 

 

 The elements Ὠ and Ὡ of Equation 2.49 can be associated with the inverse of a 

resistance, which will be called Ὑ, and a capacitance ὅ, respectively. By expanding the 

sum in Equation 2.49 and defining equivalent RL sub-circuits for real poles and RLC sub-

circuits for complex conjugate poles it is possible to obtain an equivalent circuit for the 

whole transfer function by putting in parallel all the sub-circuits, since the sum of 

admittances represents a physical parallel connection of the individual admittances. [14] 

The equivalent admittance circuit for Equation 2.49 is shown in Figure 2.7 and 

can be used to represent the rational approximation of each element of ╨╫█░◄ί and of 

╢╫█░◄ί. For the S-Matrix Fitting Method the circuit obtained from ╢╫█░◄ί will be a 

fictitious one and some modifications are needed in order to obtain the final model. The 

link between the fictitious circuit and the real model is done by introducing controlled 

voltage and current sources and will be demonstrated in the next chapter. 

 

Figure 2.7 ï Equivalent Admittance Circuit Topology 
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2.7. Insertion Loss of Electromagnetic Interference Filters 
 

Filters are characterized by the so-called insertion loss, which is generally 

expressed in decibel (dB) and represents the frequency dependent signal attenuation 

caused by the filter in the load. Figure 2.8 shows the typical configuration used to obtain 

the insertion loss of a generic filter; its expression is given by Equation 2.56. 

 

Figure 2.8 ï Configuration for Obtainment of Insertion Loss 

a) Circuit Without the Filter and b) Circuit with the Filter 

 

Ὅὒ ρπÌÏÇ
ὖȟ
ὖȟ

ρπÌÏÇ
ὠȟ ȾὙ

ὠȟȾὙ
ςπÌÏÇ

ὠȟ
ὠȟ

ςȢυφ 

where ὖȟ  and ὖȟ are the load power without the filter and with the filter, respectively, 

and ὠȟ  and ὠȟ are the magnitudes of the voltages ὠȟ  and ὠ defined as in Figure 

2.8 for the load voltage without the filter and with the filter, respectively. Ὑ and Ὑ are 

the source and load impedances, respectively. 

When it comes to electromagnetic compatibility, more specifically conducted 

emissions, there are two different modes that are used for diagnosis and must be kept 

within limits for the product to be compliant, those are the common-mode and differential-

mode. The differential-mode current, also called symmetrical mode, flows through the 

phase and returns through the neutral, and common-mode current, also called 

asymmetrical mode, flows both through phase and neutral and returns through the green 

wire.  
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Figure 2.9 ï Common-Mode and Differential-Mode Currents 

 

The definition of the modal currents is written in Equation 2.57 and shown in 

Figure 2.9, where the LISN is represented only by υπЏ resistors since this is the 

equivalent circuit seen by the product in the conducted emission frequency range. 

 It can be seen from Figure 2.9 that: 

Ὅ  Ὅ Ὅ

Ὅ  Ὅ Ὅ
 

where Ὅ is the phase current, Ὅ is the neutral current, Ὅ is the common-mode current 

and Ὅ is the differential-mode current. The previous equation can then be rewritten as: 

ừ
Ừ

ứὍ
Ὅ Ὅ

ς

Ὅ
Ὅ Ὅ

ς

ςȢυχ 

 An analogous definition can be written for voltages and it is shown in Equation 

2.47. 

ừ
Ừ

ứὠ
ὠ ὠ

ς

ὠ
ὠ ὠ

ς

ςȢυψ 

These voltages can be easily found by using the device introduced in the previous 

chapter in Figure 1.3, this device separates the modes by summing and subtracting the 

phase and neutral voltages across the LISN impedances through two wideband 

transformers, which can then be used to verify compliance or to properly design a filter. 
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The importance of this separation is that generally one of the two components is 

dominant over the other and the filter must be designed to decrease the dominant 

component in the desired frequencies, otherwise it will be of no effect. It is then usual to 

define the insertion loss for both modes and the measurement procedure is the following: 

for differential-mode insertion loss, the green wire terminals are left unconnected while 

the phase and neutral form the test circuit; for common-mode insertion loss, the phase 

and neutral are tied together and along with the green wire form the test circuit. These 

setups are shown in Figure 2.10. [1] 

 

Figure 2.10 ï Insertion Loss Measurement Setup a) For DM b) For CM 

 

The common-mode insertion loss is then obtained by applying Equation 2.56 to 

the circuit of Figure 2.10a and the differential-mode insertion loss is obtained by applying 

Equation 2.56 to the circuit of Figure 2.10b. 

In the case of electromagnetic interference filters, the source impedance Ὑ and 

the load impedance Ὑ are generally assumed both equal to 50Ý. This assumption is 

rather unrealistic, since the source impedance is the impedance seen from the power 

input terminals and will rarely be 50Ý and the load impedance depends on the 

impedances provided by the LISN between the filter connections under test conditions. 

In operation conditions the load impedance seen by the filter is the impedance of the 

outlet, which is frequency dependent and varies from place to place. 
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Datasheets of these filters provide information of insertion losses for both 

differential-mode and common-mode based on these assumptions, which leads to 

unrealistic performance description if the installation characteristics where the filter is to 

be placed differs significantly from the 50Ý load and source impedance case. 

Overcoming this problem and providing insertion losses as close as possible to the real 

characterization of power filters under desired conditions is one of the main objectives of 

the project. [1] 

2.8. Non-ideal Behavior of Components 
 

One of the main problems concerning electrical circuits is the non-ideal behavior 

of components such as resistors, capacitors and inductors. This unpredictable behavior 

is frequency dependent and is mainly due to the connection leads and parasitic effects 

of the components. Therefore, it means that the behavior of the whole circuit depends 

on operation conditions; electromagnetic interference filters manufactures provide 

information of the filter response based on their test setup, that can be different from the 

conditions in which the filter will be used. Since the main goal of this project is to provide 

information about the real behavior of electromagnetic filters, this section is then 

dedicated to a short discussion about non-ideal behavior of circuit components in this 

kind of application. 

Besides the ideal behavior, the length and separation of the component leads 

cause, respectively, an inductive element and a capacitive element. These effects can 

be represented by a lumped equivalent circuit together with the ideal component, this 

equivalent circuit is not unique since it represents a distributed parameter along the lead 

length and then is only an approximation. In the following, losses in the leads will be 

neglected and the connections will be considered electrically small, which means that 

their length is being considered much smaller than the wavelength of the wave travelling 

through the component and justifies the use of a lumped equivalent circuit for modeling 

the non-ideal behavior. [1] 

The ideal behavior of a resistor is given by its own resistance with zero phase as 

shown in Equation 2.59. 

ὤ Ὑ᷁ π ςȢυω 

Real resistors behave quite differently from this ideal behavior and can be 

modeled as shown in Figure 2.11, where ὒ  and ὅ  are the components of a gamma 

lumped equivalent circuit for the lead wires, ὅ  is the capacitance due to charge 
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leakage in the resistor body and ὅ  is the equivalent parasitic capacitance ὅ

ὅ ὅ . 

 

Figure 2.11 ï Non-ideal Resistor Model 

 The impedance transfer function of this model is given by the expression shown 

in Equation 2.60. 

ὤὮ‫

ὒ
ρ

ὒ ὅ ‫
Ὦ‫
Ὑὅ

Ὦ‫
ρ

Ὑὅ

 ςȢφπ 

 A rough asymptotic analysis shows that a real resistor behaves as a resistor up 

to a frequency Ὢ  and then starts behaving as a capacitor up to the resonance 

frequency Ὢ , where an inductive behavior starts. The magnitude of the 

asymptotic behavior of the real resistor is shown in Figure 2.12. 

 

Figure 2.12 ï Non-ideal Resistor Asymptotic Behavior  
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 As for capacitors, the ideal behavior is given by the impedance shown in Equation 

2.61 where the magnitude decreases linearly with frequency and the phase angle is 

constant and equal to ωπ. 

ὤ
ρ

‫ὅ
᷁ ωπ ςȢφρ  

 A model for representation of the real response of a capacitor is shown in Figure 

2.13. Again, ὒ  and ὅ  are part of a gamma equivalent circuit representing the leads 

effects, Ὑ  is the resistance of the parallel plates and Ὑ  is the resistance of the 

dielectric material between the plates. Since Ὑ  is generally very high, as one would 

expect, it can be neglected in the parallel connection. The capacitance ὅ  can also be 

neglected since it is much smaller than the ideal capacitance ὅ. The final equivalent 

model is also shown in Figure 2.13, where Ὑ is the series resistance Ὑ . 

 

Figure 2.13 ï Non-ideal Capacitor Model 

 

 The impedance transfer function of the non-ideal capacitor is then given by: 

ὤ Ὦ‫
ὒ

ρ
ὒ ὅ ‫

Ὦ‫Ὑ
ὒ

Ὦ‫
 ςȢφς 

 The asymptotic analysis of Equation 2.62 is shown in Figure 2.14 and it can be 

seen that up to the resonance frequency Ὢ  the real capacitor behaves as a 

capacitor, but for frequencies higher than this resonance frequency, the behavior 

changes to that of an inductor. 
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Figure 2.14 ï Non-ideal Capacitor Asymptotic Behavior 

 

 Finally, for inductors the ideal behavior is given by Equation 2.63, where its 

magnitude increases linearly with frequency and its phase is constant and equal to ωπ. 

ὤ ‫ὒ᷁ωπ ςȢφσ 

 The non-ideal inductor model is shown in Figure 2.15, where once more the leads 

effects are represented by a gamma equivalent circuit composed of ὒ  and ὅ . Ὑ  

and ὅ  are parasitic components due to the process of winding turns of wire to 

manufacture an inductor, increasing the wire resistance and leading to parasitic 

capacitances between turns. Generally, ὅ  is much smaller than ὅ  and can be 

neglected, the same is true for ὒ  in comparison with the ideal inductance ὒ. The final 

model taking these approximations into consideration is also shown in Figure 2.15. 

 The impedance transfer function of the inductor model if given by Equation 2.64. 

ὤ

Ὑ ρ
Ὦ‫ὒ
Ὑ

ρ ‫ὒὅ Ὦ‫Ὑ ὅ
 ςȢφτ 
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Figure 2.15 ï Non-ideal Inductor Model 

 

 Asymptotic analysis shows that up to a frequency Ὢ  the non-ideal inductor 

behaves as a resistor and then it behaves as an inductor up to the resonance frequency 

Ὢ . Above the resonance frequency a capacitive behavior is the dominant 

characteristic as shown in Figure 2.16. 

 

Figure 2.16 ï Non-ideal Inductor Asymptotic Behavior 

 

 As will be seen in further analysis, parasitic effects of components cannot be 

neglected in radio frequency applications since the results are extremely affected by the 

non-ideal behavior, thus the importance of considering these effects. 
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3. Preliminary Tests Based on PSpice Synthetic Data 
 

A preliminary test was performed based on a commercial electromagnetic 

interference filter for single-phase equipment with 16A current rating; its ideal topology 

was adopted as basis and is shown in Figure 3.1. Analyses were made using PSpice for 

a conducted emission frequency range from 10kHz up to 30MHz. The filter is composed 

of two common-mode chokes, each having two inductors of 2.8mH each with coupling 

factor k = 0.98, a 220kÝ resistor between phase and neutral, a 1µF capacitor between 

phase and neutral and 4.7nF capacitors between phase and ground and between neutral 

and ground. 

  

Figure 3.1 ï Commercial Single-Phase Filter 

 

The real behavior of this filter is far from what would be obtained by analyzing 

directly the circuit of Figure 3.1, as will be discussed further on. In order to obtain more 

realistic results, parasitic effects were considered following the previous discussions of 

Section 2.7 and the corresponding circuit is shown in Figure 3.2 with the respective 

parasitic components values added. These values are reasonable for the applications of 

electromagnetic interference filters and are enough for testing the following procedure 

under non-ideal behavior, although they were not obtained by modeling the filter 

components and are not accurate estimates. 

The objective of the following procedure is to obtain the common-mode and the 

differential-mode insertion losses of the filter shown in Figure 3.2 from an equivalent 

model starting from the S-parameters, which were acquired in PSpice as a set of ὔί 

τ τ matrices, since the filter has four ports, where ὔί is the number of frequency 
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samples in the frequency range of interest. Those matrices were then used as input to 

the MATLAB code presented in Appendix A, which provides as an output the LT Spice 

netlist containing the equivalent circuit model of the non-ideal characteristic of the filter 

according to the method chosen. 

In practice, the parasitic behavior is unknown, and the user must rely on the 

manufacturerôs datasheet information, which is obtained through a very specific setup 

that does not represent the filter working conditions. The described method will allow the 

user to obtain the filter real response only by measuring the S-parameters. 

 

Figure 3.2 ï Commercial Single-Phase Filter with Parasitic Behavior Model 

 

As mentioned before, the scattering matrix can be used to define a network in 

any frequency range without the measurement drawbacks that are seen in other transfer 

matrices. In practice, measurements are made with a VNA and the frequency dependent 

scattering matrix samples can be directly obtained. For simulation purposes the S-

parameters of the circuit in Figure 3.2 were obtained through PSpice and the following 

short digression will explain the method used. [15] 

Generalizing the setup of Figure 2.3 for the four-port filter of Figure 3.2, the 

scheme of Figure 3.3 is obtained. It is common practice to consider both load and source 

impedances as pure resistive loads of 50Ý which are matched with a 50Ý characteristic 
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reference impedance of the transmission lines. These pure resistive impedances will be 

treated as Ὑ in the following. 

 

Figure 3.3 ï Four-Port Network Setup for Measurement of Travelling Waves 

 

 Considering the mentioned conditions for the four-port filter, Equation 2.14 can 

be rewritten as Equation 3.1 for obtainment of the first column of the scattering matrix. 
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where ὤ  is the input impedance seen from the first port. For a matched source ὤ

Ὑ, applying Kirchhoffôs voltage law on the first port loop of the network of Figure 3.3, the 

relationship shown in Equation 3.2 is obtained. 

ὠ ὙὍ ὠ σȢς 

where Ὅ and ὠ are the current injection and the voltage at port one, respectively. 

Comparing Equation 3.2 with Equation 2.16 it is possible to check that ὠ ςὙὥ. 

Using a voltage source ὠ ρὠ will lead to  ςὙὥ ρ. It is important to notice that for 

a unitary voltage source the voltage of the first port is given by Equation 3.3 through a 

voltage divider. 

ὠρ  
ὤ

ὤ Ὑ
 ὠὋ   

ὤ

ὤ Ὑ
 σȢσ 



56 
 

which appears in Equation 3.1 for the calculation of the parameter Ὓ . Considering the 

unitary voltage source, Equation 3.1 can then be rewritten as shown in Equation 3.4. 

ừ
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Equation 3.4 allows to calculate the first column of the scattering matrix by 

connecting a matched unitary voltage source to the first port and matched loads to the 

other ports and just measuring the voltages at all ports. As mentioned in Section 2.2, to 

obtain the other columns of the matrix it is enough to change the position of the voltage 

source according to the defined notation, that is, to obtain the second column, the voltage 

source must be connected to the second port and so on. [4] 

Writing the S-parameters as in Equation 3.4 is useful when using a unitary voltage 

source since the first term of Ὓ  a simple function of the voltage divider across the input 

impedance  ὤ  seen from port one, which is the voltage ὠ, and the other parameters 

are just given by twice the voltage across the corresponding port. It is then possible to 

use two different sub-circuits in PSpice to implement the idea behind Equation 3.4 and 

obtain the S-parameters directly measuring voltages ὠ, ὠ, ὠ and ὠ. [15] 

Both sub-circuits are shown in Figure 3.4, the sub-circuit named DIAG contains 

the voltage source and source impedance while the sub-circuit NONDIAG contains the 

load impedance. Their connection to the filter of Figure 3.2 for the calculation of the first 

column of the scattering matrix is shown in Figure 3.5. The connections to the filter are 

made through the pins xrms, reflect and gnd for the sub-circuit DIAG and xtrans, strans 

and gnd for the sub-circuit NONDIAG. The source V1 is the unitary source feeding the 

circuit of Figure 3.5 through the first port, R1 is the matched source impedance and R3 

is the matched load impedance.  

For the parameter Ὓ , the measurement is made using the sub-circuit DIAG with 

pin xrms connected to the first port, so its voltage is also ὠ which is then multiplied by 

two through the gain element E1 and the auxiliary voltage source V2 is used to decrease 

by one the resulting voltage, leading to the voltage ςὠ ρ across the parallel of the 

auxiliary resistors R2 and R9 and, consequently, in the pin reflect. By measuring the 
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voltage of pin reflect with relation to the ground the parameter Ὓ  is obtained as stated 

in Equation 3.4. The measurement point is shown by the S11 symbol in Figure 3.5. 

 

Figure 3.4 ï Internal Structure of Sub-Circuits DIAG (left) and NONDIAG (right) 

 

 

Figure 3.5 ï PSpice Setup for First Column of Scattering Matrix Measurement 

 

For the other parameters of the first column the measurement is made using a 

sub-circuit NONDIAG connected to each port through the pin xtrans. Voltage in pin xtrans 

is then equal to the voltage of the port the sub-circuit is connected to and this voltage is 

then multiplied by two through the gain element E2. Analogously to the method used to 

find Ὓ , the voltage in the pin strans will be equivalent to the S-parameter of the 

corresponding port as stated in Equation 3.4. In Figure 3.5 the measurement points of 

the parameters Ὓ ,Ὓ  and Ὓ  are shown by the symbols S21, S31 and S41, 

respectively. The other columns of the scattering matrix are obtained changing the 

position of the sub-circuit DIAG, this action corresponds to changing the source position.  
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3.1. Yb-Matrix Fitting Method 
 

Once the scattering matrix samples were obtained, they were used as input to 

the developed MATLAB routine shown in Appendix A. The method described in this 

section refers to the Yb-Matrix Fitting Method and the first step is the obtainment of the 

corresponding set of admittance matrices of the filter by using the method described in 

Section 2.3 which will also have dimension τ τ ὔί as for the scattering matrices. 

Since in the simulation environment the ill conditioning of voltages and currents 

of a frequency response in the conducted emission frequency range does not make 

impracticable the obtainment of the admittance matrix directly from the circuit, it is 

possible to compare the admittance results achieved through the scattering matrix and 

the ones obtained directly from the original network in order to check if the S- parameters 

were correctly obtained by the method proposed. As an example, the magnitudes and 

phases of the admittance elements of the second column are shown in Figure 3.6. 

 

 

Figure 3.6 ï a) Magnitude of Element ὣ  
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Figure 3.6 ï b) Phase of Element ὣ  

 

Figure 3.6 ï c) Magnitude of Element ὣ  
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Figure 3.6 ï d) Phase of Element ὣ  

 

Figure 3.6 ï e) Magnitude of Element ὣ  
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Figure 3.6 ï f) Phase of Element ὣ  

 

Figure 3.6 ï g) Magnitude of Element ὣ  
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Figure 3.6 ï h) Phase of Element ὣ  

 

 Figure 3.6 shows that the admittance matrix components obtained by both 

methods are identical, as expected. Although the admittance matrix ╨Ὦrepresents ‫ 

the network through a relationship of voltages and currents, it does not have a direct 

physical meaning since the diagonal elements ὣ, Ὥ ρȟςȟσȟτ, are composed of the sum 

of all admittances connected to the port Ὥ and the non-diagonal elements ὣ , ὭȟὮ ρȟςȟσȟτȟ

Ὥ Ὦ, are the negative values of the branch admittances connected between ports Ὥ and 

Ὦ.   

 It is then necessary to retrieve the information of the branch admittances from the 

admittance matrix through Equation 2.22. In order to easily calculate these admittances, 

a new matrix ╨╫Ὦwas generated, where the elements ὣ ‫ , Ὥ ρȟςȟσȟτ, are the 

frequency dependent branch admittances between port Ὥ and the ground and the 

elements ὣ , ὭȟὮ ρȟςȟσȟτȟὭ Ὦ, are the frequency dependent branch admittances 

between ports Ὥ and Ὦ. Since the admittance matrix ╨Ὦis symmetrical, ╨╫Ὦis also ‫ ‫ 

symmetrical by construction. 
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Because of this symmetry, the elements in the lower or upper triangle of matrix 

╨╫Ὦgives all the information needed. These elements were then stacked into a vector ‫ 

in order to apply the vector fitting MATLAB function provided by [9] using a common set 

of ὔὴ poles. Since the non-ideal components shown in Figure 3.2 introduce resonances 

in the frequency response, a complex conjugate set of poles was used as starting poles 

with imaginary parts linearly distributed along the frequency range of interest and real 

part as defined in Section 2.4. The rational approximation of all branch admittances 

obtained for different number of poles are shown in Figure 3.7 (ὔὴ τ), Figure 3.8 (ὔὴ

ρς and Figure 3.9 (ὔὴ ςπ), where the blue curves represent the data from the 

elements of ╨╫Ὦthe red curves represent the pole and residue model from the fitting ,‫ 

process and the green curves the deviation between them. All the results were obtained 

using three iterations and stable poles. 

 

Figure 3.7 ï a) Magnitude of Branch Admittances for ὔὴ τ 
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Figure 3.7 ï b) Phase of Branch Admittances for ὔὴ τ 

 

Figure 3.8 ï a) Magnitude of Branch Admittances for ὔὴ ρς 
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Figure 3.8 ï b) Phase of Branch Admittances for ὔὴ ρς 

 

Figure 3.9 ï a) Magnitude of Branch Admittances for ὔὴ ςπ 
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Figure 3.9 ï b) Phase of Branch Admittances for ὔὴ ςπ 

From Figure 3.7, Figure 3.8 and Figure 3.9, it is possible to see how the fitted 

branch admittances converge to the data as the number of poles is increased. Figure 

3.7 shows that for ὔὴ τ the fitting is poor and does not represent the admittances 

behavior. Although ὔὴ ρς in Figure 3.8 provides a good fitting, the root mean square 

(RMS) error has an order of magnitude of about ρπ  which is relatively high for artificial 

data generated from a simulation and can then be decreased to ρπ  by adding more 

poles, as can be seen in Figure 3.9. The RMS error considers the error due to all the 

branch admittances being fitted together with a common set of poles and is defined as 

shown in Equation 3.5. 

ὙὓὛὩὶὶ

В В В ώ Ὢ ώ Ὢ

ὔίzὔὧz ὔὧ ρȾς
 σȢυ 

where Ὢ are the frequencies where the ὔί samples were initially obtained. It can be 

easily seen that for ὔὧ ρ Equation 3.5 takes the form of Equation 3.6, which is the 

RMS error for a single vector with ὔί elements. 

ὙὓὛὩὶὶ
В ώ ώ

ὔί
σȢφ 
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If the number of poles is further increased there is no significant difference from 

the case where ὔὴ ςπ poles and for more than 26 poles ill conditioned systems appear 

in the VF algorithm while calculating the difference from the fitted data to the real data in 

the least squares method, thus leading to rank deficient systems. This effect is called 

overfitting and happens when the VF procedure is realized with more poles than the 

underlying original system has. Although it might seem that the model is highly accurate, 

the extra poles provide a dynamic behavior that does not appear in the original circuit, 

leading to possible problems when using the model obtained and thus compromising the 

reliability of the results. [6] 

By using the pole and residue model results for ὔὴ ςπ poles, the equivalent 

circuit based on the branch admittances was obtained through the method described in 

Section 2.5. It is worth mentioning that even though the poles achieved by the VF 

algorithm were set to be strictly stable, it does not mean that the residues are always 

positive.  Negative residues lead to an active behavior of the RL and RLC equivalent 

circuits, that is, negative values for resistances, capacitances and inductances.  

This would be incoherent with the fact that the filter is a passive network, but 

when analyzing the overall dynamics of the equivalent filter circuit, a passive network is 

obtained if the fitting process is accurate enough. Minor deviations due to the rational 

approximation can lead to negative eigenvalues for the real part of the admittance matrix 

of the model as a whole and thus to a non-passive network. In frequency domain analysis 

this non-passive behavior does not bring any problems and neither do unstable poles. 

For simulation purposes, allowing negative valued components is possible, even if a real 

physical circuit cannot be built. 

 

Figure 3.10 ï Simplified Equivalent Circuit Topology 
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The output of the developed MATLAB routine provides the LT Spice netlist for the 

equivalent filter circuit, but since for 20 poles and four ports the equivalent circuit has 

210 resistors, 100 capacitors and 110 inductors, it is impracticable to show the circuit in 

this work. A simplified sketch of the equivalent circuit is shown in Figure 3.10, where the 

indicated admittances are equivalent to the rational representation of the elements of the 

matrix ╨╫Ὦ.‫ 

A first check can be done by comparing the elements of the admittance matrix of 

both the original filter of Figure 3.2 and the obtained equivalent circuit, again this is 

possible in the simulation environment since extreme circuit conditions such as short 

circuits and open circuits in a wide frequency range does not bring the drawbacks it 

would in real measurements. As an example, Figure 3.11 shows the frequency 

dependent elements of the third column of the admittance matrix ╨Ὦfor both the ‫ 

original and the equivalent circuit. 

 

 

Figure 3.11 ï a) Magnitude of Element ὣ  



69 
 

 

Figure 3.11 ï b) Phase of Element ὣ  

 

Figure 3.11 ï c) Magnitude of Element ὣ  
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Figure 3.11 ï d) Phase of Element ὣ  

 

Figure 3.11 ï e) Magnitude of Element ὣ  
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Figure 3.11 ï f) Phase of Element ὣ  

 

Figure 3.11 ï g) Magnitude of Element ὣ  
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Figure 3.11 ï h) Phase of Element ὣ  

From Figure 3.11 it is possible to observe a high level of agreement between the 

parameters of the admittance matrix obtained both from the original filter and from the 

equivalent circuit achieved through the developed routine. The equivalent circuit can then 

be trusted to behave in the same manner as the original does in the frequency domain 

and then measurements can be obtained directly through it with a high level of 

confidence. 

By using the method described in Section 2.6, the insertion losses for both the 

differential-mode and the common-mode voltages were obtained. Since the modeled 

non-ideal filter of Figure 3.2 is available, it is possible to compare the insertion losses 

calculated directly from the filter topology using PSpice and the insertion losses 

calculated from the equivalent circuit netlist in LT Spice. The results achieved are shown 

in the following in Figure 3.12 and Figure 3.13. 

It is then possible to observe that the insertion losses obtained for both the 

original and the equivalent circuit are impressively similar in the whole frequency range 

analyzed. 
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Figure 3.12 ï Common-Mode Insertion Loss for Yb-Matrix Fitting Method 

 

Figure 3.13 ï Differential-Mode Insertion Loss for Yb-Matrix Fitting Method 
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3.2. S-Matrix Fitting Method 
 

As previously mentioned, an alternative approach to obtain an equivalent circuit 

model based on S-parameters is to apply the VF procedure directly to the frequency 

dependent scattering matrix as if it were an admittance matrix and to retrieve the fictitious 

branch admittances data from the poles and residues model. The fictitious circuit 

obtained from the rational approximations of these branch admittances can then be 

transformed into the equivalent circuit of the filter through controlled voltage and current 

sources. 

The rational approximation ╢█░◄ί of the scattering matrix ╢Ὦobtained through ‫ 

VF is given by Equation 3.7. 

╢ί ╢█░◄ί  
ρ

ί ὴ
►▄▼▓ ╔ί ╓ σȢχ 

 The information about the fictitious branch admittances can be retrieved following 

the same reasoning from Equation 2.22 and since the elements of the matrix ╢█░◄ί have 

a common set of poles Equation 3.8 holds. 

╢╫█░◄ί  
ρ

ί ὴ
►▄▼╫▓ ╔╫ί ╓╫ σȢψ 

where ╢╫█░◄ί is the analogous rational approximation of branch admittances ╨╫█░◄ί 

from the Yb-Matrix Fitting Method and ►▄▼╫▓, ╔╫ and ╓╫ are defined as in Equation 3.9. 

ὶὩί  ὶὩί

ὶὩί  ὶὩί
 

Ὀ  Ὀ

Ὀ  Ὀ
σȢω 

Ὁ  Ὁ

Ὁ  Ὁ
 

As for the Yb-Matrix Fitting Method, an equivalent circuit is built from the branch 

admittances following the methodology described in Section 2.5. From the definition of 

the scattering and admittance matrices, rewritten in Equation 3.10, it is possible to see 

that if the scattering matrix is treated as an admittance matrix, the corresponding currents 
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╘ entering the circuit ports will be numerically equal to the waves ║ and the voltages ╥ 

will be numerically equal to the waves ═. Figure 3.14 shows a scheme of the circuit 

obtained with its main parameters. 

╘ ╨╥
║ ╢═

σȢρπ 

 

Figure 3.14 ï Model Obtained by Treating Scattering Matrix as Admittance Matrix 

 

 From Equation 2.11 it is possible to link the circuit of Figure 3.14 to the desired 

quantities ὠ, Ὥ ρȟȣȟὔὧ, and Ὅ, Ὥ ρȟȣȟὔὧ, through controlled voltage and current 

sources. The desired relationships are shown in Equation 3.11 and Equation 3.12. 

Ὅ
ὃ

ὤ

ὄ

ὤ
 σȢρρ 

ὃ
ὠ

ς

ὤ

ς
Ὅ σȢρς 

where the first term of the right side of Equation 3.11 is a voltage dependent current 

source and the second term is a current dependent current source. The first term of the 

right side of Equation 3.12 is a voltage dependent voltage source and the second term 

is a current dependent voltage source. By applying these considerations, the final 

equivalent circuit model for the electromagnetic interference filter is shown in Figure 3.15 

for a characteristic impedance of υπЏ, where all the voltages indicated in nodes are 

referred to the ground. The central block Ὓ is represented by a circuit as the one shown 

in Figure 3.10 with each ὣ  being an element in the form of a rational approximation of 

the matrix ╢╫Ὦ.‫ 

 Figure 3.16 shows the results of the S-Matrix Fitting Method after applying the VF 

routine to the S-parameters of the model of Figure 3.2 with the same settings used when 

fitting the branch admittances; ὔὴ ςπ initial poles linearly spread along the frequency 

range of interest, three iterations and enforcement of stable poles by pole flipping. 
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Figure 3.15 ï Final Equivalent Circuit Model for S-Matrix Fitting Method 

 

Figure 3.16 ï a) Magnitude of S-Parameters for ὔὴ ςπ 

 The RMS error in this case was in the order of magnitude of ρπ , which is 

relatively smaller than the one obtained when fitting the branch admittances in the Yb-

Matrix Fitting Method. By comparing Figure 3.9 and Figure 3.16, it is possible to see that 

the S-parameters have a smoother behavior than the branch admittances, what explains 

the smaller fitting error for the same settings of VF and encourages the use of the S-

Matrix Fitting Method when it is not possible to achieve the desired accuracy through the 

Yb-Matrix Fitting Method. Figure 3.17 and Figure 3.18 show the matched common-mode 

and differential-mode insertion losses resultant from the equivalent circuit obtained 

through the S-Matrix Fitting Method described in this section. 
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Figure 3.16 ï b) Phase of S-Parameters for ὔὴ ςπ 

 By comparing Figure 3.12 and Figure 3.13 to Figure 3.17 and Figure 3.18, 

respectively, it is possible to see that both methods provide equivalent circuits with 

accurate results in the frequency domain when compared to the ones obtained directly 

from the reference circuit of Figure 3.2. Drawbacks regarding the alternative approach 

of fitting S-parameters arise when dealing time domain simulations, which will be 

discussed later in this work. 

All the analysis developed in this chapter and the results achieved encourage the 

use of the equivalent filter circuit in order to obtain the insertion losses and other 

characteristics of the real filter, which here was modeled as shown in Figure 3.2. In real 

measurements, as mentioned previously, the parasitic effects will not be available to 

build a simulation model of the real filter behavior, thus the importance of building an 

equivalent circuit by having only to measure the S-parameters. 
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Figure 3.17 ï Common-Mode Insertion Loss for S-Matrix Fitting Method 

 

Figure 3.18 ï Differential-Mode Insertion Loss for S-Matrix Fitting Method 



79 
 

 The data obtained through the methods here discussed provides vital information 

on the real behavior of an electromagnetic interference filter and the level of agreement 

obtained in the simulation environment with synthetic data sets a reliable way of 

retrieving such information. It is worth mentioning that these methods will also consider 

the imprecision of the measurement equipment when applied to a real case. In the next 

chapter, the practical case of the filter here modeled as in Figure 3.2 will be analyzed 

with S-parameters data obtained through measurements using a VNA. Once suitable 

results are achieved; its applications will be discussed. 
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4. Evaluation of Real Filter Behavior Through 

Measurements of Scattering Parameters 
 

In order to apply the methodology discussed previously for a real case, a test 

setup was assembled in laboratory for measurement of the S-parameters of the same 

four-port commercial electromagnetic interference filter with 16A current rating which 

ideal topology is shown in Figure 3.1. For the realization of the measurements a VNA 

compatible with four-port devices and with frequency range from 9kHz up to 6.5GHz was 

used after its calibration with an electronic calibrator that removes the effect of the long 

connection cables and transfers the VNA inputs to the cable inputs so that the cables do 

not affect the measurements. The whole assembly is shown in Figure 4.1. 

 

Figure 4.1 ï Laboratory Setup for S-Parameter Measuring Process 

 

The measurements of the S-parameters were carried on in a frequency range 

starting from 10kHz up to 100MHz. Even though the conducted emission limits 

requirements are in the range from 150kHz up to 30MHz in the standards, emissions out 

of this range might interest users in order to provide more reliable products for 

consumers, some filter manufacturers then provide information on insertion losses out 

of this range in the datasheets.  
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Figure 4.2 shows in detail the filter used and the physical connections to the VNA; 

the ports were named according to the notation used in the previous chapter and the 

ground is here represented by the metallic cover of the filter and the metallic plate in 

which it lies. 

 

Figure 4.2 ï Electromagnetic Interference Filter Used for Measurements 

 

 The measurements were done considering the standard matched load and 

source impedances of 50Ý. After the processing of the S-parameters data provided by 

the VNA in a touchstone file and the obtainment of the equivalent filter circuit, it is 

possible to change the load and source impedances values in order to obtain the 

insertion losses for different configurations, providing then information directly related to 

the operation of interest. Three different measurements were realized: 

1)  1601 logarithmically distributed frequency samples of the scattering parameters 

without averaging; 

2)  2001 logarithmically distributed frequency samples and four averages; 

3)  2001 logarithmically distributed frequency samples and 16 averages. 

The following digression will provide a method of obtaining the common-mode 

and the differential-mode insertion losses directly from the measured frequency 

dependent scattering matrix, in this way it is possible to have a comparison basis for the 

case of matched source and load impedances when obtaining the results of the 

equivalent filter circuit.  
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 Letting ╢Ὦbe represented by the set of scattering matrices obtained through ‫ 

the measurement process, ὦ, Ὥ ρȟςȟσȟτ, the backwards travelling waves and ὥ, Ὥ

ρȟςȟσȟτ, the forward travelling waves as defined in Equation 2.13, the following expression 

is known to be true: 

ὦ
ὦ
ὦ
ὦ

╢

ὥ
ὥ
ὥ
ὥ

 τȢρ 

 The carets will not be shown here in order to simplify the notation. By applying 

the definition of the travelling waves given by Equation 2.16 for matched pure resistive 

source and load impedances, Equation 4.1 becomes: 

ρ

ςὙ

ὠ ὙὍ
ὠ ὙὍ
ὠ ὙὍ
ὠ ὙὍ

╢
ρ

ςὙ

ὠ ὙὍ
ὠ ὙὍ
ὠ ὙὍ
ὠ ὙὍ

  

which, by simplifying and rearranging leads to Equation 4.2. 

ὠ
ὠ
ὠ
ὠ

Ὑ

Ὅ
Ὅ
Ὅ
Ὅ

╢

ở

Ở
ờ
ὠ
ὠ
ὠ
ὠ

Ὑ

Ὅ
Ὅ
Ὅ
Ὅ
Ợ

ỡ
Ỡ
 τȢς 

 Following the setup of Figure 2.10b for the common-mode insertion loss, it is 

possible to check that Equation 4.3 holds. 

ὠ ὠ Ὑ Ὅ Ὅ

ὠ ὠ ὠ Ὑ Ὅ Ὅ
τȢσ 

 Substituting Equation 4.3 into Equation 4.2 it is obtained: 

ở

ờ

Ὑ Ὅ Ὅ

Ὑ Ὅ Ὅ

ὠ Ὑ Ὅ Ὅ

ὠ Ὑ Ὅ ὍỢ

Ỡ Ὑ

Ὅ
Ὅ
Ὅ
Ὅ

╢

ở

Ở
ờ

ở

ờ

Ὑ Ὅ Ὅ

Ὑ Ὅ Ὅ

ὠ Ὑ Ὅ Ὅ

ὠ Ὑ Ὅ ὍỢ

Ỡ Ὑ

Ὅ
Ὅ
Ὅ
Ὅ
Ợ

ỡ
Ỡ

 

 After rearranging it becomes: 

π
π
ὠ
ὠ

Ὑ

ς ρ π π
ρ ς π π
π π ς ρ
π π ρ ς

Ὅ
Ὅ
Ὅ
Ὅ

╢

ở

Ở
ờ
π
π
ὠ
ὠ

Ὑ

π ρ π π
ρ π π π
π π π ρ
π π ρ π

Ὅ
Ὅ
Ὅ
Ὅ
Ợ

ỡ
Ỡ

 

 By grouping the current vectors on the left side: 
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ở

Ở
ờ
Ὑ

ς ρ π π
ρ ς π π
π π ς ρ
π π ρ ς

╢Ὑ

π ρ π π
ρ π π π
π π π ρ
π π ρ π

Ợ

ỡ
Ỡ
Ὅ
Ὅ
Ὅ
Ὅ

╘  ╢

π
π
ὠ
ὠ

 

where ╘ is a τ τ identity matrix. By defining the matrices ╚ and ╗ as shown in Equation 

4.4, the previous equation can be rewritten as Equation 4.5 solving for the current vector. 

╚ Ὑ

ς ρ π π
ρ ς π π
π π ς ρ
π π ρ ς

╢Ὑ

π ρ π π
ρ π π π
π π π ρ
π π ρ π

 

╗   ╘  ╢

τȢτ 

Ὅ
Ὅ
Ὅ
Ὅ

╚ ╗

π
π
ὠ
ὠ

 τȢυ 

 As previously stated, it is common practice to use a unitary voltage source ὠ and 

then the linear system of Equation 4.5 can be easily solved for every frequency sample 

of the scattering matrix. Voltage across the load resistor in the presence of the filter is 

then given by Equation 4.6. 

ὠȟ  Ὑ Ὅ Ὅ τȢφ 

which according to Equation 2.45 can be used to calculate the common-mode insertion 

loss in the frequency range of interest. 

 For the differential-mode insertion loss, following the setup of Figure 2.10a, the 

following is true: 

Ὅ Ὅ
Ὅ  Ὅ

ὠ ὠ ὙὍ
ὠ ὠ ὠ ὙὍ

 

or, writing all the currents as functions of the voltages and impedances: 

ừ
Ử
Ử
Ử
Ừ

Ử
Ử
Ử
ứ Ὅ

ὠ ὠ

Ὑ

Ὅ  
ὠ ὠ

Ὑ

Ὅ
ὠ ὠ ὠ

Ὑ

Ὅ  
ὠ ὠ ὠ

Ὑ

τȢχ 
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 By substituting Equation 4.7 into Equation 4.2 it is obtained: 

 

ὠ
ὠ
ὠ
ὠ

Ὑ

ở

Ở
Ở
Ở
Ở
Ở
ờ

ὠ ὠ

Ὑ
ὠ ὠ

Ὑ
ὠ ὠ ὠ

Ὑ
ὠ ὠ ὠ

Ὑ Ợ

ỡ
ỡ
ỡ
ỡ
ỡ
Ỡ

╢

ở

Ở
Ở
Ở
Ở
Ở
Ở
ờ

ὠ
ὠ
ὠ
ὠ

Ὑ

ở

Ở
Ở
Ở
Ở
Ở
ờ

ὠ ὠ

Ὑ
ὠ ὠ

Ὑ
ὠ ὠ ὠ

Ὑ
ὠ ὠ ὠ

Ὑ Ợ

ỡ
ỡ
ỡ
ỡ
ỡ
Ỡ

Ợ

ỡ
ỡ
ỡ
ỡ
ỡ
ỡ
Ỡ

 

 After some manipulation, the previous equation becomes: 

ς ρ π π
ρ ς π π
π π ς ρ
π π ρ ς

ὠ
ὠ
ὠ
ὠ

π
π
ὠ
ὠ

╢

ở

Ở
ờ
π
π
ὠ
ὠ

π ρ π π
ρ π π π
π π π ρ
π π ρ π

ὠ
ὠ
ὠ
ὠ
Ợ

ỡ
Ỡ

 

 And then by grouping the voltage vectors on the left side Equation 4.8 is obtained. 

ở

Ở
ờ
ς ρ π π
ρ ς π π
π π ς ρ
π π ρ ς

╢Ὑ

π ρ π π
ρ π π π
π π π ρ
π π ρ π

Ợ

ỡ
Ỡ
ὠ
ὠ
ὠ
ὠ

╘  ╢

π
π
ὠ
ὠ

τȢψ  

 Equation 4.8 can then be rewritten as Equation 4.9, where the definitions of 

matrices ╖ and ╜ are shown in Equation 4.10. 

ὠ
ὠ
ὠ
ὠ

╖ ╜

π
π
ὠ
ὠ

τȢω 

╖  

ς ρ π π
ρ ς π π
π π ς ρ
π π ρ ς

╢Ὑ

π ρ π π
ρ π π π
π π π ρ
π π ρ π

╜ ╘ ╢

τȢρπ 

 For a unitary source ὠ, Equation 4.10 can be solved for the voltages at the ports 

and the voltage across the load impedance in the differential-mode configuration is given 

by Equation 4.11. 

ὠȟ ὠ ὠ τȢρρ 

which can be used to calculate the differential-mode insertion loss. 
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 Figures 4.3 and 4.4 show the obtained results for both common-mode and 

differential-mode insertion losses following the just mentioned procedure for all three 

different measurements of S-parameters realized. In the figures, the blue curve 

represents Measurement 1, the red curve represents Measurement 2 and the green 

curve represents Measurement 3, all implemented as described previously in this 

chapter. 

 

Figure 4.3 ï Common-Mode Insertion Loss Obtained from Measurements 

 

 From Figure 4.3, relating to the common-mode insertion loss, it is possible to 

observe that the first measurement, which was realized without averaging, presents a 

noisy behavior in frequencies around 250kHz. This noise was drastically reduced in the 

second measurement and there is almost no noise in the third measurement. Besides 

this noisy range, all the responses give similar results.  

With relation to the differential-mode insertion loss, from Figure 4.4 it is possible 

to see that all three measurements give overlapping results, except for a tiny noise in the 

decade from 1MHz up to 10MHz for the first measurement.  
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Figure 4.4 ï Differential-Mode Insertion Loss Obtained from Measurements 

 

From now on, all references made to the measured data will be related to 

Measurement 3 of S-parameters realized, except otherwise stated, since it provides the 

most reliable and stable information. Besides, the VF routine has some drawbacks when 

fitting noisy signals, since every complex conjugate pole pair is related to a peak, the 

algorithm may fit poles in noise peaks and even though it will try to fit better the poles to 

the signal by relocating them at each iteration it is possible that some poles stay trapped 

in noise regions even if the relaxed vector fitting is used. These poles receive the name 

of spurious poles and for this reason it is important to have the least noise possible. [16] 

The first part of this chapter is dedicated to the analysis of the Yb-Matrix Fitting 

Method adopted in the previous chapter. Further on, the S-Matrix Fitting Method will be 

described in order to avoid problems that arise from the measurements, providing then 

more applicable results. 
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4.1. Yb-Matrix Fitting Method 

 

 The measured frequency dependent scattering matrix response was used as 

input to the developed MATLAB routine shown in Appendix B, which is a generalization 

of the one shown in Appendix A. As a first approach, the same number of poles and 

iterations used previously for last chapterôs models were used, that is ὔὴ ςπ starting 

poles, three iterations and stable poles enforcement. All the fitted branch admittances 

magnitudes are shown in red in Figure 4.5a along with the admittances obtained directly 

from the measured S-parameters in blue and the corresponding deviation in green; in 

Figure 4.5b the corresponding phases are shown. 

Figure 4.5 shows that, unlikely the results obtained in Figure 3.9, the fitting of the 

branch admittances under the same conditions is quite poor. This is due to the noisy and 

more complicated behavior of the real filter considering the real parasitic effects and the 

VNA interference in the measurements, even though the last one is practically negligible. 

A poor fitting leads to erroneous results when obtaining data from the equivalent circuit, 

such as the insertion losses, as can be seen in Figure 4.6 and Figure 4.7 for the matched 

impedances case. 

 

Figure 4.5 ï a) Magnitude of Admittances for ὔὴ ςπ 
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Figure 4.5 ï b) Phase of Admittances for ὔὴ ςπ 

 

Figure 4.6 ï Common-Mode Insertion Loss for ὔὴ ςπ 
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Figure 4.7 ï Differential-Mode Insertion Loss for ὔὴ ςπ 

 

 In order to achieve better results, the methodology adopted was based on setting 

a fixed RMS error for the VF process and then increase the number of iterations until 

reaching the desired accuracy. This procedure was done for an increasing number of 

poles until the RMS error and the infinity norm error (maximum absolute error) of both 

common-mode and differential-mode insertion losses were small enough. As starting 

point, the number of peaks in the frequency responses to be fitted was estimated so that 

at least twice this number is needed as complex poles, since in this way there is one 

peak for every complex pole pair. [6] 

  The RMS error for the VF was set to be at most ρπ  and the estimated number 

of peaks was equal to 298 so that at least 596 poles were necessary for a good fitting. 

Another restriction adopted was to set a maximum number of 100 iterations, since for 

many poles the time consumed by the process drastically increases for an increasing 

number of iterations.  

In this practical case, best results were achieved by setting the starting poles 

logarithmically spaced in the measured frequency range instead of linearly spaced; 

motivated by the fact that the frequency samples of the S-parameters were taken in a 
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logarithmic scale. After tuning the VF routine for a better response, the results were 

improved and are shown in Table 4.1 for some of the cases analyzed in this project. 

 

Poles Iterations VF Error 
[RMS] 

VF Time 
[Minutes] 

CM dB 
Deviation 

[dB] 

CM dB 
Deviation 

[RMS] 

DM dB 
Deviation 

[dB] 

DM dB 
Deviation 

[RMS] 

Plot 
Time 

[Minutes] 

600 50 0.0001 43.63 20.0849 0.8589 0.6831 0.1104 1 

700 45 0.0001 46.35 7.1988 0.3776 0.6901 0.1111 2 

800 45 0.0001 57.82 6.2771 0.4158 0.6855 0.1082 2 

900 40 0.0001 61.65 3.3810 0.3399 0.6702 0.1064 3 

1000 35 0.0001 52.81 1.1887 0.1251 0.6703 0.1074 3 

1100 35 0.0001 66.10 1.4581 0.1550 0.6639 0.1071 5 

1200 30 0.0001 69.36 2.9447 0.2674 0.6802 0.1072 6 

1300 30 0.0001 72.03 1.6421 0.1782 0.6754 0.1072 6 

1400 25 0.0001 63.08 4.6270 0.2996 0.6804 0.1073 9 

1500 25 0.0001 80.97 3.2538 0.2378 0.6708 0.1072 10 

1600 25 0.0001 80.13 4.9572 0.3426 0.6784 0.1073 13 

1700 25 0.0001 101.23 0.9362 0.0881 0.6683 0.1072 15 

1800 15 0.0001 47.98 8.4281 0.3514 0.6792 0.1073 17 

Table 4.1 ï Yb-Matrix Fitting Method Vector Fitting and Insertion Losses Results 

 

 Table 4.1 shows that even though the RMS error set for the VF process to 

converge is the same in all the cases, the deviations of the insertion losses are changing 

due to the different positioning of the poles throughout the frequency range of interest in 

each case, this is an indicative that the poles did not stabilize. In general, the results for 

the common-mode insertion loss are converging in a not strictly decreasing manner, 

while the results for the differential-mode insertion loss are quite close to each other no 

matter the number of poles.  

The best result was obtained for the case of ὔὴ ρχππ poles, above this number, 

results deviation started rising again for the common-mode insertion loss up to the 

maximum allowed number of poles. The maximum number of poles is equal to the 

number of samples measured for the frequency response ὔί and is where the 

overdetermined system solved in a least-squares approach in the VF algorithm becomes 

a determined system since each added pole represents one more variable in the system.  

Besides the increased computational burden caused by increasing the number 

of poles, and consequently the number of equations in the linear system, one must take 

care not to overfit the model, since this might result in an ill conditioned system or in an 

unreliable model even if the RMS error is small and the procedure seems to converge. 

Tests were carried on for a number of poles smaller than 600 and the VF process did 

not converge to the desired accuracy within 100 iterations. 
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Another important aspect is that the VF did not converge for a root mean square 

error smaller than ρπ  when enforcing stable poles by pole flipping no matter the 

number of poles. The desired accuracy was only obtained when allowing for unstable 

poles due to the complex and oscillating behavior of the responses, especially in the 

second decade of the interval considered. 

Although accurate frequency domain results are reached with unstable poles, this 

brings a major drawback to the equivalent circuit built from the rational approximation, 

which is the impossibility of realizing time domain simulations since they would diverge 

due to the unstable poles. The results obtained for the VF process applied to the branch 

admittances are shown in Figure 4.8 for ὔὴ ρχππ. [17] 

 

Figure 4.8 ï a) Magnitude of Branch Admittances for ὔὴ ρχππ 














































































