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RF Models for Active IPEMs 

Jingen Qian 

(Abstract) 

 

      Exploring RF models for an integrated power electronics module (IPEM) is crucial to 

analyzing and predicting its EMI performance. This thesis deals with the parasitics 

extraction approach for an active IPEM in a frequency range of 1MHz through 30MHz.  

      Based on the classic electromagnetic field theory, the calculating equations of DC and 

AC parameters for a 3D conducting structure are derived. The influence of skin effect 

and proximity effect on AC resistances and inductances is also investigated at high 

frequencies.  

     To investigate RF models and EMI performance of the IPEM, a 1kW 1MHz series 

resonant DC-DC converter (SRC) is designed and fabricated in this work. For extracting 

the stray parameters of the built IPEM, two main software simulation tools — Maxwell 

Quick 3D Parameter Extractor (Maxwell Q3D) and Maxwell 3D Field Simulator 

(Maxwell 3D), prevailing electromagnetic simulation products from Ansoft Corporation, 

are introduced in this study. By trading off between the numerical accuracy and 

computational economy (CPU time and consumption of memory size), Maxwell Q3D is 

chosen in this work to extract the parameters for the full bridge IPEM structure. The step-

by-step procedure of using Maxwell Q3D is presented from pre-processing the 3D IPEM 

structure to post-processing the solutions, and exporting equivalent circuit for PSpice 

simulations as well. RF modeling of power MOSFETs is briefly introduced.  

      In order to verify extracted parameters, in-circuit impedance measurements for the 

IPEM using Agilent 4294A Impedance Analyzer together with Agilent 42941A probe are 

then followed. Measured results basically verify the extracted data, while the discrepancy 

between measured results and simulated results is also analyzed.  
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 Chapter 1 An Introduction to EMI and RF Models  

 

1.1 A Brief Introduction to EMI 

       It is indispensable to have some fundamental backgrounds on EMI before we 

concentrate on the main topic of RF models for active IPEMs. In this section, the 

underlying concepts of the area of EMI are briefly introduced. The important definitions 

of EMI are presented first. EMI regulations are then fo llowed. After that the EMI issues 

in power electronics systems are investigated.  

 

1.1.1 Fundamentals of EMI 

      EMI, or electromagnetic interference, is undesirable electromagnetic noise from a 

device or system that interferes with the normal operation of the other devices or systems. 

      The motivation of studying EMI is to achieve electromagnetic compatibility (EMC) 

for a certain device or system. There are several reasons for industries paying so much 

attention to EMI issues on their products: (1) a product will be prohibited to sell in the 

markets if it fails the EMI standards, no matter how innovative its design; (2) to comply 

with EMI requirements by modifying the design, much more cost has to be paid due to 

the addition of the extra suppression components, which may cause the product’s price to 

be noncompetitive in the marketplace; (3) additional schedule delays resulting from 

solving the EMI problem can make the product announcement miss the window of 

optimum marketability, inevitably, leading to reduced sales. As shown in Fig. 1-1, the 

relative costs are exponentially increased when the EMI design is taken into account at 



 2

later stages [A1]. Therefore the earlier the EMI design is introduced, the less the cost 

added. 

 

 

 

 

 

 

 

 

       Based on the transfer of electromagnetic energy with regard to the prevention of 

interference, EMI is generally classified into four subgroups: conducted emissions, 

radiated emissions, conducted susceptibility, and radiated susceptibility [A2].  The first 

two subgroups target the undesirable emanations from a particular piece of equipment 

while the second two deal with a piece of equipment’s ability to reject interference from 

external sources of noise. It should be pointed out that only conducted EMI emissions are 

concerned in this thesis work. 

       Then what is conducted EMI? Conducted EMI is often defined as electromagnetic 

energy undesirable coupled out of an emitter or into a receptor via any of its respective 

connecting wires or cables. There are three essential elements in EMI problem: source, 

coupling path and receiver, as illustrated in Fig. 1-2. A source (culprit) generates the 

emission, and a coupling path (transfer), transfers the emission energy to a receiver 

Fig. 1-1 Relative costs of introducing full EMI into a product  

at different stages between initial research and final marketing 
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(victim), where it is processed, resulting in either desired or undesired behavior. 

Therefore the undesired interference may be prevented by the following the approaches: 

suppressing the emission at its source, making the coupling path as inefficient as possible 

and making the receptor less susceptible to the emission. 

 

 

 

 

 

Fig. 1-2 Essential elements of the EMI coupling problem 

 

      The sources of electromagnetic interference are both natural and human-made [A3], 

[A4]. Natural sources could be sun and stars, as well as phenomena such as atmospherics, 

lightning, thunderstorms, and electrostatic discharge, while the interference generated 

during the operation of a variety of electrical, electronic, and electromechanical apparatus 

is human-made [A2]-[A5]. 

.   

1.1.2 EMI Standards and Testing 

      EMI standards or regulations exist in varying degrees of complexity and 

completeness in different countries. The major bodies all over the world specify EMI 

regulations including the Federal Communications Commission (FCC) in the United 

States, the Verband Deutscher Elektrotechniker (VDE) in Germany, and the British 

Standards Institute (BSI) in the United Kingdom, together with a whole range of defense 

related organizations. There is also an international body named the International Special 

 

Source 
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Coupling Path 
(Transfer) 

Receiver 
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Committee on Radio Interference (CISPR), a committee of the International Electro-

technical Commission (IEC), which promulgates standards in order to facilitate trade 

between countries. In this section the standards of FCC and CISPR for commercial 

products, and MIL-STD-461 for military products are briefly introduced. 

      In the United States the FCC regulates the use of radio and wire communications 

[A5]. Part 15 of the FCC Rules and Regulations sets forth technical standards and 

operational requirements for radio-frequency devices (RF). A radio-frequency device is 

any device that its operation is capable of emitting, intentionally or unintentionally, radio-

frequency energy by radiation, conduction, or some other means. Radio-frequency energy 

is defined by the FCC as any electromagnetic energy in the frequency range of 10 kHz to 

3 GHz. In FCC Part 15, limits are placed on the maximum allowable conducted emission 

in the frequency range of 450 kHz to 30 MHz and on the maximum allowable radiated 

emission in the frequency range of 30 to 1 GHz.  

       CISPR adopted a new set of emission standards (Publication 22) for Information 

Technology Equipment (digital electronics). Many European countries have adopted 

these requirements as their national standards. The limits of CISPR22 are likely to 

become the international EMI standards [A5]. 

       Another important group of EMI specifications are those issued by the U.S. 

Department of Defense (DoD). In the latest version [A6], the test requirements previously 

contained in MIL-STD-462 used to verify compliance have been included in MIL-STD-

461. These standards are more stringent than the FCC regulations because they cover 

susceptibility as well as emission, and the frequency range from 30 Hz to 40 GHz.  
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       Conducted EMI limits for FCC and CISPR22 are shown in Fig. 1-3. EMI limits for 

MIL-STD-461 are address in [A6]. 

 

Fig. 1-3 Conducted EMI standards for FCC and CISPR22 

 

 

 

 

 

 

 

Fig. 1-4 Block diagram for conducted EMI measurements 
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        It is as important to clearly specify how one is to measure the product emissions 

when attempting to verify compliance with the standards as it is to clearly specify the 

limits. Measurement of EMI emissions is a complex subject. Every standard (FCC, 

CISPR22 and MIL-STD-461) has a related standard that clearly defines how the data are 

to be measured. This inc ludes test procedure, test equipment, bandwidth, test antennas, 

etc. The block diagram shown in Fig.1-4 is for conducted emission measurements. Noise 

voltages are measured on the power line using a line impedance stabilization network 

(LISN) as specified in the measurement procedure.  

 

 

1.1.3 EMI in Switched-Mode Power Supplies 

      Beginning in the 1970s, switch-mode power supplies have proliferated in industrial 

and commercial environments [A7]. Switching power supplies perform the conversion 

and regulation of electrical energy from one voltage level to another, using energy 

storage components (inductors and capacitors) and energy steering components (power 

semiconductors). The switching power converters have prominent features of small size, 

lightweight, and high efficiency. To improve the performance of a switch-mode power 

supply by miniaturizing its volume and increasing its power density, the operating 

frequency of the power semiconductor is keeping increased. However, the resultant EMI 

problems in power electronics have to be solved to meet the EMI standards.  

      Great efforts have been taken in modeling, analyzing, and predicting EMI 

performance in power electronics systems [A8-A23]. In [A22], the authors presented a 

broad survey of EMI reduction techniques in switch-mode power supplies Theoretical 

analysis and compared results of carefully examined papers are used to conduct the 
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survey. Various approaches to suppressing EMI emissions in power electronics systems 

have been researched and developed. 

      In the Center for Power Electronics Systems (CPES), Virginia Tech, tremendous 

work has been done on EMI in power electronics systems. Eric Hertz [A24] implemented 

EMI model for a boost PFC circuit using Genetic-based optimization algorithm, by which 

the noise levels can be accurately predicted in the 100’s of kilohertz range. Daniel 

Cochrane [A25] introduced an approach of canceling the common-mode EMI by using a 

compensating transformer winding and a capacitor. By using this technique the size of 

the EMI filter can be reduced, especially for applications requiring high currents.  Sergio 

Busquets-Monge [A26] developed optimization techniques to the design of a boost power 

factor correction (PFC) converter with an input EMI filter at the component level. Dayu 

Qu [A27] analyzed EMI performance for bi-directional DC/DC converters and proposed 

a new concept of putting EMI filter on both sides of bi-directional converter. Wei Zhang 

[A28] presented the modeling and analysis of EMI performance for switch power supply 

by CAD tools in his thesis work. He developed an equivalent circuit model for EMI noise 

prediction for a boost PFC circuit. Michael Tao Zhang [A29] developed a systematic 

methodology to facilitate the analysis and design of conducted EMI in high-density 

power supplies. He employed partial element equivalent circuit method for parasitics 

extraction, optimized the layout and packaging to minimize conducted EMI noises, and 

experimentally verified noise predictions.  

       All this work has contributed greatly to analyzing, predicting, and diminishing 

conducted EMI in power electronics systems. However, little attention has been paid to 

the accurately modeling of power converters, especially for IPEMs in a wider frequency 
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range. Since parasitic inductances and resistances are all frequency-dependant, and 

moreover components behave significantly different at high frequencies from DC and 

low frequencies, models for passive and active components are required in radio 

frequency (RF) range to predict conducted EMI performance more accurately in the 

regulatory frequency range. This thesis work will focus on RF models for active IPEMs. 

 

1.2  RF Models in Power Electronics 

      Typically schematic diagrams show resistors, capacitors, inductors, semiconductor 

devices, and wires based on ideal models. However, at high frequencies such 

approximations are often no longer valid [A5], [A30]. The frequency-dependent 

departures from ideality are mainly due to stray parameters.  

      Our interest in behaviors of components and devices is  to focus on the high 

frequencies of the regulations where it is to be used, to reduce conducted and / or radiated 

emissions. Particularly in this thesis, we will concentrate the RF models for the 

components and devices in the frequency range of 1 MHz up to 30 MHz. The ultimate 

test of whether a component, or device, or system, will provide the anticipated 

performance at the desired frequency is to experimentally measure the desired behavior, 

for example, impedance.  

 

1.2.1 Components Models 

      In this section the RF models for resistors, capacitors and inductors are investigated. 

Equivalent circuits for these components are therefore established, respectively. Finally 

the general selection guide of the components used in radio frequencies is given.  
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1.2.1.1 Resistors 

     Resistors are perhaps the most common component in electronic systems. There are 

three common types of resistors widely used in electronic systems: carbon resistors, wire-

wound resistors, and metal film resistors. Carbon resistors are inexpensive components 

that can use the low conductivity of carbon to create resistance. Wire-wound resistors are 

simply a very long wire, wound into a tight form. Metal film resistors are thin films that 

create resistance due to their small cross-sectional area. Low price is typically the only 

benefit of carbon resistors. Wire-wound and metal film resistors are available in tighter 

tolerances and lower temperature coefficients than are carbon resistors. Another 

consideration for resistors is their power-handling capability. If too much current is 

forced through a resistor, it will become too hot and then burn up or experience other 

permanent damage. Resistors are therefore given in power ratings. 

       The ideal frequency response of a resistor has a magnitude equa l to its resistance and 

a phase angle of 0° for all frequencies as shown in Fig. 1-5, or simply expressed as 

o0)( ∠= RfZ                                                                    (1-1) 
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Fig. 1-5 An ideal resistor: (a) model; (b) impedance magnitude; and (c) impedance phase 
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        However real resistors behave somewhat differently than this ideal at higher 

frequencies. An equivalent model of the real-world resistor is shown in Fig. 1-6(a). The 

lead inductance leadL  in this model refers to the inductance of the loop area bounded by 

the two leads. The parasitic capacitance parC  refers to the parallel combination of the 

lead and leakage capacitances.  

 

                                                                                                             (a) 

                                                                                                              

 

 

 

 

 

 

 

 

 

       Both parasitic effects limit the frequency range of the resistor. At DC the lead 

inductor is a short circuit and the parasitic capacitor is an open circuit, thus the behavior 

of the model in Fig. 1-6 (a) is like an ideal resistor. With the increase of the frequency, 

the impedance of the parasitic capacitor decreases and tends to short out the resistor. This 

starts to occur at a frequency where the impedance of the capacitor equals the resistance, 

parRC
f

π2
1

1 = . Therefore the net impedance decreases at –20dB/decade and the phase 

Fig. 1-6 The real-world resistor:  (a) equivalent circuit;  
    (b) impedance magnitude; and (c) impedance phase 
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angle approaches -90° above 1f . At the frequency where the lead inductor and parasitic 

capacitor resonate, i.e., 
parleadCL

f
π2

1
2 = , the net impedance is minimum. Above this 

resonant frequency 2f , the impedance of the inductor becomes dominant and the 

impedance magnitude increases at 20dB/decade and the phase angle approaches +90°. 

      Typically for large resistances, the parasitic capacitor dominates the high-frequency 

response, shunting out the resistance and reducing the effective impedance of the resistor. 

For small-valued resistors, the parasitic inductance dominates the high-frequency 

response, increasing the effective impedance. Fig. 1-7 shows the measured impedance of 

a metal oxide film resistor with nominal value of 820 kΩ. It is obvious that the frequency 

response of real-world resistors behaves significantly different from that of an ideal 

resistor at higher frequencies. 
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1.2.1.2 Capacitors  

      The ideal behavior of a capacitor is shown in Fig.  1-8. And its impedance can be 

expressed as 

Cj
Z

ω
1

=                                                                             (1-2) 

 

 

 

 

 

 

 

      Obviously the magnitude of the impedance decreases linearly with frequency, or –20 

dB/decade, and phase angle is constant at –90°. 

       There are numerous types of capacitors. For the purposes of EMI suppression the 

typical types are ceramic and tantalum electrolytic. Large values of capacitance (1-

1000µF) can be obtained in a small package with the tantalum electrolytic capacitor. 

Ceramic capacitors give smaller values of capacitance behavior up to a much higher 

frequency than the latter. Thus ceramic capacitors are typically used for suppression in 

the radiated emission frequency range, whereas electrolytic capacitors, by virtue of their 

much larger values, are typically used for suppression in the conducted emission band 

and also for providing bulk charge storage on printed-circuit boards. For a more complete 

discussion of capacitor types, see [A5]. 
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Fig. 1-8 An ideal capacitor: (a) model; (b) impedance magnitude; and (c) impedance phase 
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                                                                                                                    (a) 

 

 

 

 

 

 

(b)                                                                     (c) 

Fig. 1-9 The real-world capacitor: (a) equivalent circuit;  (b) magnitude of impedance; (c) phase 

      A widely-used equivalent circuit for the real-world capacitor is shown in Fig. 1-9 (a), 

consisting of lead inductance leadL , ESR resistance esrR , and the capacitance C . The 

corresponding Bode plot shown in Fig. 1-9 (b) and (c) indicates that at DC the circuit 

behaves as an open circuit. As we increase the frequency, the impedance of the capacitor 

dominates and decreases linearly with frequency at –20 dB/decade. At the resonant 

frequency, 
CL

f
leadπ2

1
0 = , the impedance of the inductor equals that of the capacitor. 

Therefore the series combination appears as a short circuit and the net impedance of the 

model is just sR . Above 0f , the magnitude of the impedance of the inductor dominates 

and increases at +20 dB/decade, while the phase angle approaching +90°.  

      As an example, the impedance of a polypropylene capacitor with a nominal value of 

0.1 µF is measured using Agilent 4294A Impedance Analyzer, shown in Fig. 1-10,  
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Fig. 1-10 Measured impedance of a 0.1µF polypropylene capacitor and its equivalent circuit  

 

 

1.2.1.3 Inductors 

     The impedance of an ideal inductor is given in the following equation  

LjZ ω=                                                                         (1-3) 

and shown in Fig. 1-11. 
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Fig. 1-11 An ideal inductor: (a) model; (b) impedance magnitude; and (c) impedance phase 
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       Unlike the behavior of the ideal capacitor as shown in Fig. 1-8, the impedance 

magnitude of the inductor increases linearly with frequency at a rate of +20 dB/decade 

and the phase angle is +90° for all frequencies.  

       Generally inductors are more problematic than capacitors. For simplicity, an 

equivalent circuit model for a real inductor is given in Fig. 1-12. We can see that at low 

frequencies the resistance dominates and then the impedance is parR . As the frequency 

increases, the inductance begins to dominate at 
L

R
f par

π21 = , and the impedance increases 

at 20 dB/decade while the angle is +90°. As frequency is further increased, the 

impedance of the parasitic capacitance decreases until its magnitude equals that of the 

inductor. This occurs at the self-resonant frequency of the inductor, 
parLC

f
π2

1
2 = .  

 

           

                                                                                     (a)           

 

 

 

 

 

 

 

 

(b)                                                                                 (c) 

Fig. 1-12 The real-world inductor: (a) equivalent circuit; (b) impedance magnitude; (c) phase 
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       As an example, the impedance of a 15µH inductor is measured as shown in Fig. 1-13. 

The nonlinear characteristic of a real-world inductor at higher frequencies can be 

observed from the measured results. 
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Fig. 1-13 Measured impedance of a 15µH inductor and its equivalent circuit  

 

 

1.2.1.4 Component Selection Guide 

      Parasitic capacitance and inductance limit the frequency response of all components 

including wiring conductors. The frequency response of the materials themselves can also 

play a role; examples are dielectric materials in capacitors, core materials in inductors 

and semiconductor materials in active elements. In general, components with smaller 

physical size will have smaller parasitics and therefore better high-frequency 

performance. Keeping resistance, capacitance, and inductance values small also helps at 

high frequency. SMD (Surface Mount Device) components allow for lumped element 
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design on PCBs or DBCs up to several GHz. Integrated circuits, which allow very small 

components to be created, are needed at higher frequencies [A31]. Tab. 1-1 gives some 

general selection rules for common passive components. 

Tab. 1-1 Selection considerations for R, L and C 

Components Considerations 

Resistors 

Tolerance 
Power Rating 
Temperature coefficient 
Parallel capacitance 
Series inductance 

Inductors 

Tolerance 
(Thermal) Current rating 
Parasitic capacitance 
Series resistance 
Saturation current rating 
Core loss frequency response 

Capacitors 

Tolerance 
Voltage rating 
Temperature coefficient 
Series inductance 
Equivalent series resistance (ESR) 

 

 

1.2.2 Interconnect Models 

      The conductors of a system, such as wires, printed circuit boards — PCBs, and direct 

bounded copper — DBC, are frequently overlooked as being important components of 

the system. Their behavior at the regulatory frequencies will be our primary concern. In 

the radiated emission range (30 MHz-40G) and to a lesser degree in the conducted 

emission range (450 kHz-30 MHz) the behavior of these elements is far from the ideal.  

       Modeling and simulation of an interconnect conductor are always involved in 

numerical calculations for the given 3D structure. Several approaches have been 

developed such as statistical interconnect modeling [A32], [A33]; hierarchical modeling 

[A34], [A35]; empirical equations [A36]; and traditional field computation [A37], [A38]. 

For convenience, there exist several commercial software packages which can be used to 
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extract RF models for interconnects in a system. In this thesis Maxwell 3D Field 

Simulator and Maxwell Quick 3D Parameter Extractor (Q3D), products of Ansoft 

Corporation, are introduced.  The detailed information on how to compute the RF models  

for a given 3-dimensional structure, based on the analysis of electromagnetic fields, is 

presented in Chapter 2. 

 

1.2.3 Devices Models 

       Besides resistors, capacitors, inductors and interconnects, all other components and 

devices also have parasitic behavior. Transformers are basically coupled inductors, and 

are the most complicated of the passive components. Power semiconductor parts have 

parasitics, too.  
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(a)                                           (b) 

Fig. 1-14 MOSFET device symbols: (a) N-channel; (b) P-channel 

 

       The power MOSEFT (metal-oxide-semiconductor field-effect transistor) is the most 

commonly used active device in power electronic applications. Fig. 1-14 shows the 

circuit symbols for N-channel and P-channel power MOSFETs. Based on the original 

field-effect transistor, the power MOSFET design has gone through several evolutionary 

steps since its invention in the early 1970s. Power MOSFETs offer superior performance 
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due to its high switching speed, low power voltage-driven gate requirement, ease of 

paralleling, and absence of secondary breakdown phenomenon that troubles the bipolar 

junction transistors [A39]-[A42]. 

        Numerous power MOSFET models have been developed in the last decade to 

replace the generic or standard low voltage MOSFET model within a subcircuit of 

additional passive and active elements.  Unfortunately, most of these models were eith 

too simplistic to model all the desirable characteristics of the power MOSFET or too 

complex and often suffering from non-convergence problems) for large simulations. 

Herren Jr., Hienhaus and Bowers developed a computer model for high power MOSFET 

[A43]. This model takes into account the deviation of the device transfer characteristic 

from the ideal square law characteristic by the inclusion of a lumped source resistance. 

One of the chief attractive features of the model is that its parameter determination 

procedure requires only the manufacturer’s published device data.  
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Fig. 1-15 Power MOSFET model 
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        Fig. 1-15 shows the power MOSFET model for an n-channel MOSFET device 

[A43]. DJ is a non-linear current source depending on GSV , GDV , TV (threshold voltage), 

β (device conductance constant), and DK (channel length modulation constant). This 

model is seen to be a simple model. The model performs generally well in the dynamic 

switching models. However, the replacement of the non- linear capacitor GDC  with a fixed 

value leads to smaller rise and fall times at low DSV therefore loss of accuracy of the 

model [A40]. 
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Fig. 1-16 A small signal equivalent circuit model of  

a power MOSFET with package parasitics 

 

        A more accurate model for power MOSFET is shown in Fig. 1-16. It has been 

widely used for the MOSFET modeling and parameter extraction [A40], [A44]-[A51]. 

The model parameters in Fig. 1-16 are determined by S-parameter measurements and 
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network analysis method as addressed in these papers. This model can be accurately 

modeled power MOSFET in a wider frequency range of several GHz [A44]-[A51]. 

       There are still many modeling approaches for power MOSFETs [A52]-[A58]. 

Moreover several semiconductor device simulators developed based on the numerical 

approach are commercially available such as SEDAN, BIPOLE, BAMBI, MINIMOS, 

MEDICI, DACINCI, ATLAS, MICROTEC, and so on [A41]. Among these simulators, 

MEDICI is widely used by students and researchers at universities and device engineers 

in semiconductor industry. It can be used to simulate Si bipolar and field-effect devices, 

as well as unconventional devices consisting of hetero-junctions.  

        All in all, whichever the device model is an electrical equivalent circuit model or 

physical device model, most modeling approaches are involved in S-parameter 

measurements, complicated network analysis, and even numerical analysis methods 

based on quantum mechanics [A41], [A59], [A60]. Since it is always time-consuming to 

fully determine the parameters for these models, a simple and direct approach to extract 

parasitics of the power MOSFET based on the model in Fig. 1-16 will be briefly 

introduced in Chapter 3. 

 

 

1.3  From RF Models to EMI Performances 

Understanding of RF models of interconnections and components (both passive and 

active) is conducive to the analysis and investigation of EMI issues. 

      To optimize the design of power converters from the EMI point of view, the 

prediction of EMI performance is desired in the design stage. However the simulated 
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EMI spectrum cannot match the measured emission very well in the wide range of 

frequency. One of the most important reasons is that the models of components that are 

used in simulation are not accurate enough to reflect their real EMI characteristics. 

Therefore the RF models for the whole system become critical to analyzing and 

suppressing conducted EMI emissions. 

      RF models for power converters focus on the real models in radio frequency range 

not only for passive components such as resistors, capacitors, inductors, transformers, 

wires, and PCB (DBC) copper traces, but also for active devices such as power 

MOSFETs, diodes and so on.  

      The objective of this thesis work is to investigate RF models for active IPEMs. 

Chapter 1 presents a brief introduction to EMI and RF models. Then parasitics modeling 

and simulation for 3-dimensional structures are addressed in Chapter 2. Also included 

are the calculation formulas for parasitics based on electromagnetic fields, calibrations 

between Ansoft Maxwell 3D Field Simulator and Maxwell Q3D Parameter Extractor, and 

a simple case study. In Chapter 3 RF models for active IPEMs are studied by first 

computing the parasitics of 3-dimensioanl DBC structure using Maxwell Q3D, then 

constructing equivalent circuits for the passive IPEM structure, and finally investigating 

stray parameters for the MOSFET devices. Impedance measurements for the active IPEM 

are given in Chapter 4. The last chapter concludes the thesis work. 
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Chapter 2 Parasitics Extraction and Modeling 

 

2.1 Introduction 

      Quantitatively determining the parasitics (resistances, capacitances and inductances) 

for a 3-dimensional conduction structure (PCB or DBC) is critical to modeling the 

conductive losses and simulating conducted EMI performances for power electronics 

systems.  

      In this chapter the computational approaches of resistances, capacitances and 

inductances are investigated. Based on the electromagnetic field analysis for the 3-

dimensional structure, the calculating equations of DC and AC parameters are derived. 

Since the AC current distribution highly depends on the skin effect and proximity effect, 

and then it is essential to investigate how they influence the AC resistances and 

inductances at high frequencies. After that a case study, in which there are two copper 

traces with different lengths on a PCB for each case, is calculated. The capacitances, DC 

resistances and inductances, and AC resistances and inductances of the case study are 

computed using Ansoft Maxwell 3D Filed Simulator (Maxwell 3D) and Maxwell Quick 

3D Parameter Extractor (Maxwell Q3D), respectively. Calibrations for Maxwell 3D and 

Q3D are then made. Since the ground plane plays an important role in determining the 

stray inductances and resistances, the results are compared for the case with and without 

the ground plane. To check the computed values, experimental verifications are presented. 

Finally conclusions are summarized.  
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2.2  Capacitances [B1, B2] 

     The capacitance of a capacitor is defined as the ratio of the magnitude of the charge on 

one of the two conductors to the potential difference between them, that is, 

∫
∫
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                                                                          (2-1) 

Where ε  is the permittivity of the dielectric of the capacitor in Faraday per meter. The 

permittivity of free space, for instance, is about 1210854.8 −× F/m. 

      The capacitance is a physical property of the capacitor and in measured in farads (F). 

From equation (2-1), it can be calculated for any given two-conductor system by either of 

following methods: assuming the charge Q and then determining the potential difference 

V in term of the charge Q (involving Gauss’s Law); or assuming V and then determining 

Q in term of V (involving solving Laplace’s Equation).  

      Alternatively the capacitance can be obtained based on the electric energy eW  stored 

in the capacitor as 
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Then the capacitance can be expressed as 
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     Since the capacitance is independent of the frequency of the exciting signal, it is very 

convenient to calculate using equations (2-1) or (2-3) on the basis of the analysis of 

electrostatic fields to the given system. In Maxwell 3D Field Simulator, we can select 

Electrostatic as the solver to calculate the capacitances for a conducting system. 
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2.3 DC Resistances and Inductances [B1, B2] 

     For DC or sufficiently low frequencies, the current distribution in the conductors can 

be assumed to be uniform since the skin effect is usually negligible. Therefore the 

resistance can be computed as 

∫
∫
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Where σ  is the conductivity of the conductor in Siemens per meter. For example, the 

conductivity of copper is 7108.5 × S/m. 

     If a conductor has a uniform cross section S and is of length l, and the direction of the 

electric field E
r

produced is the same as the direction of the flow of current I, then the 

electric filed applied is uniform. Therefore the potential difference V and current I can 

easily be found by  
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The resistance of the conductor with a uniform cross section can be simplified as 

S
l

R
σ

=                                                                                       (2-7) 

      From the viewpoint of Joule’s Law and Ohm’s Law, the resistance can be found by 
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Where P = Ohmic loss [W]; and 

      J
r

= current density vector [A/m2]. 
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    The inductance is a property of the physical arrangement of the circuit. A circuit or 

part of a circuit that has inductance is called an inductor. The inductance L of an inductor 

is defined as the ratio of the magnetic flux linkage ψ  to the current I through it, that is, 
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Where ψ = magnetic flux linkage [Wb⋅t]; 

       φ = magnetic flux [Wb]; and 

A
r

=  magnetic vector potential [Wb/m]. 

     The inductance defined by equation (2-9) is commonly referred to as self- inductances 

since the linkages are produced by the inductor itself. Like the capacitance of a capacitor, 

the inductance may be regarded as a measure of how much magnetic energy is stored in 

an inductor. The magnetic energy stored in an inductor is expressed as 
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Where µ  is the permeability of the medium in Heneries per meter.  For instance, the 

permeability of free space is 7104 −×π H/m. Thus the self- inductance can be calculated 

from energy considerations by  
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rr
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                                                                (2-11) 

     It should be noted that the inductance produced by the flux internal to the conductor is 

called internal inductance intL  while that produced by the flux external to it is call 

external inductance extL . The total inductance L is 

  extLLL += int                                                                              (2-12) 
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    If instead of having a single circuit we have two circuits carrying current 1I and 2I  

with turns of 1N and 2N , the mutual inductance 12M is defined as the ratio of the flux 

linkage 12112 φψ N= on circuit 1 to current 2I , that is, 

2
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N
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==                                                                      (2-13) 

Where 12ψ is the flux passing through circuit 1 due to current 2I  in circuit 2. 

       Similarly, the mutual inductance 21M is defined as the flux linkages of circuit 2 per 

unit current 1I  as 
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It can be shown by using energy concepts that if the medium surrounding the circuits is 

linear 

2112 MM =                                                                                   (2-15) 

The total energy in the magnetic field is the sum of the energies due to the self-

inductances ( 1L  and 2L ) and the mutual inductance 12M  (or 21M ) can be expressed as 
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The positive sign is taken if currents 1I and 2I flow such that the magnetic fields of the 

two circuits strength each other. If the currents flow such that their magnetic fields 

oppose each other, the negative sign is taken. 

       To calculate the self- inductances and mutual inductance for a two-circuit system, we 

can first compute the each self- inductance using equation (2-11) by assuming one current 
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1I  or 2I  flows in the system, then using equation (2-16) calculate the mutual inductance 

12M after getting the self-inductances 1L  and 2L . 

 

 

2.4  AC Resistances and Inductances 

     At very high frequencies since the skin effect is noticeable and then the current 

distribution is no longer uniform; the calculation for resistances and inductances will be 

more complicated than DC cases. To understand how skin effect and proximity effect 

change the current distribution in conductors and affect AC values of resistances and 

inductances, let’s begin with the propagation behavior of plane waves in conductors. 

 

2.4.1 Propagation of Plane Waves in Conductors [B1, B3] 

     The celebrated Maxwell’s Equations in differential form are 
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r

                                                                                (2-20) 

Where ρ  is the free charge density in Coloumbs per meter cubed. 

     For linear, isotropic and homogeneous materials, taking divergence for equation (2-

17) yields 
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Using the vector identity 
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leads equation (2-21) to  

0=⋅∇
∂
∂

+⋅∇ E
t

E
rr

εσ                                                              (2-23) 

     From equation (2-20), ED
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yields 

0=+
∂
∂

ρ
ε
σρ

t
                                                                          (2-24) 

The solution to equation (2-24) can be 
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      It is obvious that the free charge density in conductive materials is attenuated 

exponentially and the attenuation rate is determined by the time constant 
σ
ε

τ = . For 

general conductive media, apparently 1<<τ , therefore the free charge density in 

conductive media is usually assumed to be zero. Thus Maxwell’s Equations are 

simplified to  
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    Taking curl for equation (2-27) and then substituting (2-26) lead to 
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Using vector identity 
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and taking equation (2-29) into account in equation (2-31) simplifies equation (2-30) as 
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Similar procedure applied to magnetic field can obtain  
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Equations (2-32) and (2-33) describe the propagation characteristics of plane waves in 

conductive materials, usually called wave equations in conductors. Assuming that all 

vector quantities are phasors, we simply replace 
t∂

∂
 by ωj  in equations (2-32) and (2-

33). Therefore the time harmonic form of wave equations in lossy materials can be 

expressed as 

 EjjE &r&r
)(2 ωεσωµ +=∇                                                       (2-34) 

HjjH &r&r )(2 ωεσωµ +=∇                                                      (2-35) 

By setting  

βαωεσωµγ jjj +=+= )(                                            (2-36) 

Where γ is the propagation constant, in general, a complex number; 
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ωβ , the phase constant in rad/m. 

    Equations (2-34) and (2-35) can be rewritten as 

EE &r&r
22 γ=∇                                                                                     (2-37) 

HH &r&r 22 γ=∇                                                                                    (2-38) 

      In highly conductive materials, the conduction currents dominate contrasted to the 

displacement currents. For example, let’s consider the copper, 7108.5 ×=Cuσ S/m, 

12
0 10854.8 −×=≈ εεCu F/m, then the ratio of σ  and ωε  is about 9100.1 × at 1=f GHz. 

Therefore 1>>
ωε
σ

 for highly conductive media, then the attenuation and phase constants 

can be simplified as 
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 The phase velocity and wavelength in good conductors can be calculated as 
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==                                                                        (2-41) 

      To see the big differences for the phase velocity and wavelength in good conductors 

(such as copper, aluminum and iron) and air, respectively, we plot these variables versus 

frequencies as shown in Figs. 2-1 and 2-2.  

     From Figs. 2-1 and 2-2, it is obvious that the phase velocity and wavelength in good 

conductors are much smaller than those in free space. For example, the wavelength of a 1 
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MHz electromagnetic wave in air is 300 m, but it will become just 4102.4 −× m in copper, 

4101.5 −× m in aluminum and 5108.1 −× m in iron.  
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                       Fig. 2-1 Phase velocity vs frequency                             Fig. 2-2 Wavelength vs frequency 

 

       The general solutions to equations (2-37) and (2-38) have the same two wave 

components: one traveling in the positive z direction, the other in the negative z direction 

 zjzzjzzz
x eeEeeEeEeEzE βαβαγγ ++−−−++−−+ +=+= 0000)( &&&&&                (2-42) 

zjzzjzzz
y eeHeeHeHeHzH βαβαγγ ++−−−++−−+ +=+= 0000)( &&&&&            (2-43)  

Where +
0E& , −

0E& , +
0H& and −

0H&  are constants to be determined from the boundary 

conditions of the problem. The notation (+) and (-) indicates that the first term is a 

propagating wave in the positive z direction and the second a propagating wave in the 

negative z direction.  

The wave impedance (or intrinsic impedance) for good conductors is 
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It can be seen that the for the plane wave in conductive media the electric field is 

spatially perpendicular to the magnetic field and temporally out of phase. Therefore the 

equations (2-42) and (2-43) can be expressed in time domain as 

)cos()cos(),( 00 zteEzteEtzE zz
x βωβω αα ++−= +−−+                              (2-45) 
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tzH zz
y             (2-46) 

     If we only consider the wave traveling +z direction and use the results for α  and β as 

shown in equation (2-39), the field solutions of (2-45) and (2-46) can be rewritten as 

 )cos(),( 0 zfteEtzE zf
x µσπωµσπ −= −+                                            (2-47) 

)
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2.4.2 Skin Effect [B2, B4, B5] 

     From equations (2-47) and (2-48), all time-varying fields (including electric field and 

magnetic field) attenuate very quickly within a good conductor. Since the displacement 

current in the conductor is negligible, the conduction current density at any point within 

the conductor is directly related to electric field as EJ
rr

σ= . Obviously the current density 

is also attenuated as rapidly as the fields. In other words, the time-varying currents in 

conductors tend to concentrate in the surface region of the surfaces nearest the external 

fields. This phenomenon is known as skin effect. It is convenient to use skin depth or 

depth of penetration to describe skin effect. The skin depth is defined as a distance in 
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which the amplitude of a plane wave or conduction current is attenuated to 
e
1

of its 

surface amplitude. Therefore the skin depth in good conductors is  

µσπωµσα
δ

f
121

===                                                  (2-49) 
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                 Fig. 2-3 Skin depth vs frequency for copper 

      Fig. 2-3 shows the skin depth in copper varies with the frequency of the current. We 

can see that the skin depth decreases rapidly as the frequency increases. For example, the 

skin depth is 31009.2 −× m at 1 kHz, 51061.6 −× m at 1 MHz and only 61061.6 −× m at 100 

MHz. 

      In addition, from equations (2-47) and (2-48) we may obtain the time-average 

Poynting vector by 

  ( )*Re
2
1

HEPavg
&r&rr

×=                                                                           (2-50) 
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It should be noted that in a distance of one skin depth the power density is only 

135.02 =−e  of its value at the surface. 

     At high frequencies the current is crowded into the surface region nearest the more 

intense external fields due to the skin effect. Very little current exists in the region of the 

conductor located more than several skin depths from the surface, for the free electrons of 

this region are acted upon by the very weak electric field present. This field is weak 

because of the considerable attenuation that takes place as it propagates into the 

conductor from the external dielectric. Thus the effective cross-sectional area is reduced, 

and the AC resistance is greater than the DC resistance.  

     By investigating the power loss in the good conductor at high frequencies (see details 

in [B5]), it can be concluded that the power loss in a conductor with skin effect present 

may be calculated by assuming that the total current is distributed uniformly in one skin 

depth. In terms of resistance, we may apply this conclusion to a conductor of circular 

cross section with little error, provided that the radius a is much greater than the skin 

depth δ. The resistance in equation (2-7) at a high frequency where there is a well-

developed skin effect is therefore found by considering a slab of width equal to the 

circumference aπ2 and thickness δ.  

( ) ( )222 2][ δδσπδππσσ −
=

−−
==
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l

aa
l

S
l

R                                      (2-52) 

Theoretically the DC resistance of a round copper wire with 1mm radius and 5 mm 

length as shown in Fig. 2-4 can be found by equation (2-7) as 

51074.2 −×=DCR Ω                                                             (2-53) 
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Fig. 2-4 A round copper wire ( 1=a mm, 5=l mm) 

 

At 1 MHz, the skin depth δ is 51061.6 −× m, greater less than the wire radius 310− m 

(1mm). Then the resistance at 1 MHz can be found by equation (2-52) as  

4
1 1008.2 −×=MHzR  Ω                                                           (2-54) 

The ratio of AC resistance at 1 MHz to DC resistance for this wire is 
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. Generally for a conductor wire of radius a, the ratio of AC 

resistance to DC resistance can be found by equations (2-7) and (2-52) as 
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Since a<<δ at high frequencies, this shows that ACR is far greater than DCR . The 

method to approximate the AC resistance in equation (2-52) at high frequencies is 

verified by the following calculation (Tab. 2-1) using Maxwell 3D Field Simulator. 

To see how the AC resistance changes due to skin effect, we calculate the resistance 

for above case (shown in Fig. 2-4) at different frequencies using Maxwell 3D. The 

calculated results are given in Tab. 2-1 and plotted in Fig. 2-5.  

 

a 

δ 

l 
a-δ
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Tab. 2-1 DC and AC resistance for a round copper wire due to skin effect [Unit: mΩ] 

f  (Hz) DC 1k 2k 5k 10k 20k 50k 100k 200k 500k 1M 2M 5M 

δ (mm) ----- 2.09 1.48 0.935 0.661 0.467 0.296 0.209 0.148 0.0935 0.0661 0.0467 0.0296 

Maxwell 3D 0.0274 0.0276 0.0277 0.0283 0.0301 0.0361 0.0532 0.0709 0.0997 0.152 0.211 0.306 0.463 

Analytical*  0.0274 0.0274 0.0274 0.0274 0.0274 0.0383 0.0544 0.0733 0.100 0.154 0.214 0.301 0.471 

* The values in the last row are given from equation (2-52) when the radius of the wire is more than twice a 

skin depth. Otherwise DC resistance from equation (2-7)  is used for frequencies lower than 20kHz. 

1 .10
3

1 .10
4

1 .10
5

1 .10
6

1 .10
7

0

2

4

6

8

10

12

14

16

18

20

R i 1,

Rdc

R i 0,

 

Fig. 2-5 Relationship between Rac/Rdc and frequency 

 

    From Fig. 2-5, it can be seen that the AC resistances are much greater than DC ones at 

high frequencies.  

      As discussed above, the inductance of a conductor consists of the internal inductance 

intL and external inductance extL as shown in equation (2-12). At high frequencies the 

current distribution in a conductor tends to be concentrated near the surface due to skin 

effect. The internal flux is reduced and then the total inductance will also be decreased. 
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R
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The computed results for the inductances of the round wire case in Fig. 2-4 are given in 

Tab. 2-2, and also plotted in Fig. 2-6. 

Tab. 2-2 Computed inductances using Maxwell 3D due to skin effect 

f  (Hz) 1k 2k 5k 10k 20k 50k 100k 200k 500k 1M 2M 5M 

intL  (nH) 0.2499 0.2495 0.2471 0.2390 0.2141 0.1506 0.1097 0.07597 0.04892 0.03492 0.02582 0.01676 

L  (nH) 1.9387 1.9383 1.9359 1.9278 1.9029 1.8395 1.7985 1.7648 1.7377 1.7228 1.7147 1.7049 
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Fig. 2-6 Inductances vary with frequency due to skin effect 

From Fig. 2-6, we can see that the internal inductance is reduced as the frequency 

increases while the external inductance keeps constant.  At high frequencies it is usually 

sufficient to consider only the external inductance. 
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2.4.3 Proximity Effect [B3] 

     Proximity effect is referred to the phenomenon that the current distribution in one 

conductor can be further changed due to the presence of another conductor. The current 

density is not, in general, uniform over the surface of a conductor. At high frequencies, 

for example, the equal-and-opposite currents of a parallel-wire transmission line tend to 

concentrate on the surfaces of the wires that are nearest to one another, for the fields are 

more intense in the region between the wires.  

 

 

 

 

 

     AC resistances and inductances can also be changed on account of the proximity of 

the other wire. As an example, two conducting coppers with rectangular cross-sections as 

shown in Fig. 2-7 are calculated using Ansoft Maxwell Field Solvers. Current density 

distributions of Conductor #1 in Fig. 2-7 are plotted in Fig. 2-8. To verify the influence 

of proximity effect on AC resistances and inductances, calculations are carried out at 1 

MHz for different distances of these two conductors as given in Tab. 2-3 and plotted in 

Fig. 2-9. 

Tab. 2-3 AC resistances and inductances due to proximity effect 

d     (mm) 4.0 3.0 2.0 1.0 0.5 

RAC (mΩ) 0.22293 0.24052 0.27139 0.36764 0.50473 

LAC  (nH) 3.5648 3.5402 3.4877 3.3698 3.2465 

1mm 

4 mm 4 mm 

8 mm  

d 

⊗ 8 

1 2 

Fig. 2-7 The 3D structure of a two-conductor system 
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       (a) Left side of Conductor #1                                     (b) Right side of Conductor #1 

Fig. 2-8 Current density distributions in Conductor #1 in Fig. 2-7 at 1 MHz  

 

        From Fig. 2-8, the current density at high frequencies tends to concentrate on the 

surface area of the conductor due to skin effect. Moreover it is observed that the current 

density distributions in a multi-conductor system is significantly changed compared with 

one single conductor case because of the introduction of the proximity effect in the multi-

conductor case. Fig. 2-9 shows how proximity effect affects AC resistances and 

inductances. We can see that the resistance increases as the distance between two 
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conductors decreases while the inductance decreases slightly due to the effect of 

proximity effect at very high frequencies. 

 

 

 

 

 

 

 

 

Fig. 2-9 AC resistance and inductance vary with frequency due to proximity effect 

 

 

2.4.4 Resistances and Inductances at High Frequencies [B3] 

      From the above, it can be concluded that the currents in conductors decay 

exponentially from the surface inward due to skin effect. Therefore, in AC systems, the 

current-carrying capacity is reduced since more of the current flows on the surface while 

the current density allowable is fixed, i.e., the AC resistance of a conductor is larger than 

its DC value. At the same time the AC inductance will also be reduced due to the 

reduction of the internal inductance but the reduction of the AC inductance is not so 

much as the AC inductance. To calculate the equivalent circuit parameters (resistance and 

inductance), let’s look at the Poynting’s Law, 
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    The first part of the righ-hand term represents the real power (also conduction loss) 

which can be expressed by the equivalent resistance (AC resistance) 

( )[ ]{ }∫ ⋅×−=
S

SdHE
I

R
r&r&r

*
2

Re
1

                                               (2-57) 

and the second represents the imaginary power related to the equivalent internal  

inductance as 
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                                           (2-58) 

    Using the solution of the wave equation expressed in equations (2-47) and (2-48), we 

can calculate the AC resistance and internal inductance at high frequencies from equation 

(2-57) and (2-58). For AC external inductance we can still use equation (2-9) or (2-11). 

Then the total inductance is the sum of internal and external inductances and is easily 

found by equation (2-12). As stated above, the internal inductance is always much 

smaller than the external one due to skin effect and proximity effect at high frequencies. 

Therefore to simplify the calculation of AC inductances at high frequencies, the internal 

inductance of the conductor is always neglected. 
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2.5 Parasitics Extraction for a PCB Structure 

       Included in this section is the case study as shown in Fig. 2-10, in which there are 

two copper traces on a 4-oz FR4 PCB board.  

       Generally there are two common ways of modeling the case study with lumped 

circuit structure: lumped π- and lumped T-structures [B6] as shown in Fig. 2-11, 

respectively. The equivalent circuit parameters -- lumped capacitances, resistances and 

inductances in Fig. 2-11 will be extracted using Maxwell 3D Field Simulator. To see the 

effect of the ground plane in extracting parameters, the calculations for the cases with and 

without the ground plane are carried out, respectively. To verify the calculated results, 

measurements have been done using Agilent 4294 Impedance Analyzer. All these results 

are given in the following section. 

 

 

 

 

 

 

 

Fig. 2-10 Dimension of case study 

    

 

 

 

                                (a)                                                                                   (b) 

Fig. 2-11 Lumped circuit models: (a) lumped π and (b) lumped T 
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2.5.1 Computed Capacitances 

       The calculated capacitances from Maxwell 3D Field Simulator and Q3D Parameter 

Extractor are presented in Tab. 2-4.  

Tab. 2-4 Calculated capacitances (pF) 

 
10C  20C  12C  

Maxwell 3D 4.3047 4.3046 0.1673 

Maxwell Q3D 4.379 4.373 0.1358 

 

Where 10C  is the capacitance between the left trace and the ground plane; 

20C  is the capacitance between the right trace and the ground plane; and  

12C  is the capacitance between the two copper traces. 

 

2.5.2 Computed DC Resistances and Inductances 

      The DC resistance RDC of one copper trace is calculated by equation (2-7), Maxwell 

3D and Maxwell Q3D, respectively, while DC loop inductance in Tab. 2-5 are obtained 

by defining it as 

  122211 2MLLLloop −+=                                                        (2-59) 

where 11L , 22L , and 12M  are self- and mutual inductances as shown in Fig. 2-11.  

Tab. 2-5 Calculated DC resistances and inductances 

 Theoretical Maxwell 3D Maxwell Q3D 

RDC (mΩ) 5.4304 5.4304 5.4304 

Lloop (nH) N/A 50.742 49.362 
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2.5.3 Computed AC Resistances and Inductances 

       The AC resistances, RAC, from 1kHz to 1MHz, are listed in Tab. 2-6. The values of a 

single skin depth for each frequency are also included.  

Tab. 2-6 AC resistances from Maxwell 3D and Q3D 

Frequency (Hz) Skin depth (m) RAC from3D (mΩ) RAC from Q3D (mΩ) 

1 k 2.09×10-3 5.5046 0.2277 

2 k 1.478×10-3 5.5829 0.322 

5 k 9.346×10-4 5.7268 0.5091 

10 k 6.609×10-4 5.8764 0.72 

20 k 4.673×10-4 6.0311 1.0183 

50 k 2.955×10-4 6.1994 1.61 

100 k 2.09×10-4 6.3419 2.2769 

200 k 1.478×10-4 6.7046 3.22 

500 k 9.346×10-5 7.5251 5.0913 

1 M 6.609×10-5 8.3554 7.2 

 

       To compare the high frequency resistances between Maxwell 3D and Q3D, the 

calculated results are further plotted in Fig. 2-12.  

        Evidently there is a big difference between the values from these two methods. It is 

impossible for any conductive material that the AC resistance is smaller than the DC 
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value. As an intuition, we may conclude the values from Maxwell Q3D are basically 

wrong. Therefore further study is needed to calibrate these two methods. 

        

 

         (a) Maxwell 3D                                 (b) Maxwell Q3D 

Fig. 2-12 Calculated AC resistances and exponential fitted curves 

 

      For Maxwell 3D Field Simulator, it usually solves the wave equations by finite 

element method (FEM) first, and then the field distribution is obtained. Based on the field 

analysis, the AC resistances can easily be computed using above derived equations. 

Although Maxwell 3D Field Simulator can numerically compute the parameters at very 

high accuracy, it is always time-consuming to calculate the complex structure such as a 

DBC structure for a full bridge IPEM. To obtain the sufficiently accurate parameters, 

such a time-consuming calculation has to be applied to each frequency. The necessity of 

huge computer memories and CPU time always makes it impossible to extract the 

parameters for a complicated 3-dimensional structure in a wide frequency range. 
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       However, in Maxwell Q3D, it first computes the AC resistances at 100 MHz, then 

uses the Reduce Matrices command by Change Frequency, and scales the resistance 

matrix by a factor of 
old

new

f
f

, where newf  is the new frequency (which to be calculated) 

and oldf is the solution frequency (100MHz by default).  

      Actually in Maxwell Q3D, the ratio of the conductor and skin depth determines 

whether the extracted parameters are valid or not. For AC calculation, it is required that 

the thickness of the conductor is much bigger than one skin depth. In other words, all AC 

currents are assumed to be surface currents.  

       Given a conductor with thickness d, the lower bound of AC region can be calculated 

by evaluating the smallest frequency that will produce 3 times a skin depth δ smaller than 

this thickness, that is 

µσπ
δ

f
d

3
3 =≥                                                (2-60) 

Then 

  
2

9
d

f
πµσ

≥                                                         (2-61) 

For example, the copper thickness in the case study is 5 mils (1.27×10-4 m), then the 

minimum frequency is 2.44 MHz. That’s why the calculated AC resistances from 

Maxwell Q3D (the 4th column in Tab. 2-6) are deviated so much from Maxwell 3D (the 

3rd column in the same table). Alternatively we may say that AC resistances are invalid 

under the frequency of 2.44 MHz in this case when Maxwell Q3D is used. 
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       A similar calculation can be performed to determine the upper frequency bound for 

DC resistance calculations. By assuming the skin depth must be greater than the 

conductor thickness d, the frequency becomes 

 
2

1
d

f
πµσ

≤                                                            (2-62) 

For current case study, the DC resistance is valid for frequencies lower than 271 kHz. 

       Moreover, there are two curves describing how AC resistances and inductances vary 

according to frequency in Maxwell Q3D as shown in Fig. 2-13 [B7]. It also illustrates the 

different frequency regions where the parameter calculations are valid: 

 

Fig. 2-13 Frequency-dependant resistances and inductances  

 

• DC Region: Resistance and inductance are both nearly constant frequency. 

• AC Region: Inductance is nearly constant with frequency. Resistance in the AC 

region increases proportionately with the square root of frequency.  

• Transition Region: Between the DC and AC regions of operation is a region 

spanning about a decade of frequency where neither the DC nor the AC models 
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are truly valid. Here the skin depth is an appreciable fraction of the conductor 

depth. 

      To solve the problem of discrepancy of AC resistances in Tab. 2-6, Maxwell Q3D 

presents an estimate of resistance at any frequency by adding the AC and the DC 

resistance values: 

S
ACDC f

f
RRfR +=)(                                          (2-63) 

where 

DCR  is the DC resistance computed by Maxwell Q3D Extractor; 

ACR is the AC resistance computed by Maxwell Q3D Extractor; 

Sf  is the frequency of the AC solution (100 MHz by default). 

Unfortunately, in this case, there are still big differences between Maxwell 3D and Q3D 

even by adding the DC resistance to each AC value in the transition region. The AC 

resistances in transition region may be obtained by the curve-fitting approach. 

      From above analysis, it seems that the large difference for AC resistances between 

Maxwell 3D and Q3D may result from the assumption of Maxwell Q3D that the 

thickness of all conductors is much larger than the skin depth. The key point to determine 

the applicability of Maxwell Q3D for AC resistance extraction is to evaluate whether the 

frequency of interest is in AC region or not. 

 

      The AC loop inductances for the case study are numerically computed using Maxwell 

3D and Q3D and listed in Tab. 2-7. Comparing Tab. 2-5 with Tab. 2-7, we can find the 

AC inductances are always smaller than DC values since the AC internal inductances 
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decrease at high frequencies, which will be verified by measured impedances in Section 

2.5.4.  

Tab. 2-7 Calculated AC loop inductances (Unit: nH) 

Frequency (Hz) 1k 2k 5k 10k 20k 50k 100k 200k 500k 1M 

Maxwell 3D 50.6 50.1 48.6 46.4 43.7 41.1 40.2 39.5 38.6 38.2 

Maxwell Q3D AC loop inductance is about 40 nH 

 

It should be pointed out that the extracted AC loop inductance in Tab. 2-7 from 

Maxwell Q3D is only applicable for AC region with a frequency of 2.44 MHz or more.    

 

2.5.4 Effect of the Ground Plane and Measured Impedances 

     To see the effect of ground plane on the AC resistances and inductances, we compute 

them for the case with and without the ground plane using Maxwell 3D, and then 

calculate the impedances based on the equivalent circuits in Fig. 2-11. Meanwhile the 

impedances are also measured by Agilent 4294A (shown in Fig. 2-14) to verify 

calculated results. These results are shown in Figs. 2-15 to 2-18.  

 

Fig. 2-14 Impedance measurement  
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             Fig. 2-15 AC resistances                                                   Fig. 2-16 AC inductances 

 

 

 

 

 

 

 

                                              (a)                                                                                 (b) 

Fig. 2-17 Impedance for the case with ground plane (a) magnitude; and (b) phase 

 

 

 

 

 

 

 

                                                 (a)                                                                              (b) 

Fig. 2-18 Impedance for the case without ground plane (a) magnitude; and (b) phase 
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      Figs. 2-15 and 2-16, respectively, show the calculated AC resistances and inductances 

from Maxwell 3D. It is obvious the AC resistance increases as the frequency increases. 

Moreover at high frequencies the AC resistances in the case with a ground plane are 

larger than in the one without a ground plane. Exactly contrary to AC resistances, the AC 

inductance decreases with the increase of the frequency. If there is a ground plane, AC 

inductances will significantly decrease as compared to the structure without a ground 

plane. 

       The measured and simulated impedances are shown in Figs. 2-17 and 2-18 for the 

structures with and without a ground plane. It can be seen that the calculated results are in 

good accordance with the measured values. In addition, compared the impedance 

magnitudes between Fig. 2-17 (a) and Fig. 2-18 (a), the magnitude of the impedance 

with a ground planeis smaller than the one without a ground plane due to the decrease of 

the inductance as shown in Fig. 2-16. 

 

2.6 Summary 

      In this chapter, based on the fundamentals of electromagnetic theory, formulas for the 

parameters (capacitances, resistances and inductances, either DC or AC) are derived. A 

simple 3-dimensional PCB structure is studied. From the calculated results using 

Maxwell 3D and Maxwell Q3D, and measured impedances, following conclusions can be 

made: 

• Maxwell 3D can be used as a numerical computation tool to extract parasitics for 

3-dimensional structures. However, as a 3-dimensional finite element method, 

tremendous computer memories and CPU time needed for higher frequency 
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calculations always makes impossible to obtain the expected parameters. Maxell 

Q3D is an alternative tool to figure out the controversy of computation efficiency 

and accuracy. 

• When using Maxwell Q3D to extract parasitics for 3-dimensional structures, we 

have to be quite sure at which frequency the DC or AC results is valid. 

• Ground plane does have a great effect on the resistances and inductances at very 

high frequencies. 
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Chapter 3 RF Modeling of Active IPEMs 

 

3.1 Introduction 

      As stated in Chapters 1 and 2, all components and interconnections in an electrical 

circuit or system have parasitic circuit parameters such as inductances, capacitances, and 

resistances or the combination of these. At the same time such stray parameters in a 

switch-mode power supply are no longer negligible due to the high rate 
dt
di

 and 
dt
dv

, 

which may cause voltage surge, current surge or ringing in the system and become the 

sources of EMI noises [C1]. Also these parasitics provide either a capacitive coupling 

between conductors or an inductive coupling between circuit loops or a resistive 

attenuation to the signals. Moreover these stray parameters behave somewhat different in 

RF range, which makes it more complicated to evaluate these parasitics in a wider 

frequency range. The knowledge of these values and characteristics is necessary to the 

investigation of RF models for power electronics systems. 

           In this chapter, a 1kW 1MHz series resonant DC/DC converter based on integrated 

power electronics module (IPEM) is designed. Currently there are two main software 

tools available at CPES to extracting parasitics for a 3-dimensional physical structure: 

Maxwell 3D Field Simulator (Maxwell 3D) and Maxwell Q3D (Maxwell Q3D) 

Parameter Extractor. Maxwell 3D seems superior to Maxwell Q3D in that Maxwell 3D 

solves the wave equations, while Maxwell Q3D is an approximate method at high 

frequencies. Therefore Maxwell 3D was first chosen to extract the parasitics for the 

IPEM structure. However, the huge consumption of computer memory and CPU time 
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makes it impossible to simulate the complicated IPEM structure. For example, at 1 MHz 

the percent error was set to a high value as 3%, but the calculation still failed after 

consuming a memory size of 745 Megabytes and spending more than 5 hours. For higher 

frequency cases, much more memory and time are needed, which is impractical for 

engineering computations. As concluded in Chapter 2, for RF computations Maxwell 3D 

is not so powerful as for DC and low frequency cases. That’s the reason why Maxwell 

Q3D is finally selected. 

         The step-by-step procedure of parasitics extraction for IPEM structure using 

Maxwell Q3D tool is presented in this chapter. After stray parameters of IPEM are 

extracted, the equivalent circuit for the physical IPEM structure is briefly discussed. 

Since power devices play a major role in conducted EMI performances in power 

electronics systems, RF models of power MOSFETs are therefore investigated. Finally a 

summary of this chapter is given.  

 

 

3.2 Case Study: An Active IPEM for a SRC Converter 

        As a case study [C2], a 1MHz series resonant DC/DC converter is designed and 

fabricated. The schematic is shown in Fig. 3-1. The power stage of this converter, which 

is mounted on a DBC (Direct Bonded Copper) substrate, and called active IPEM 

(integrated power electronics module), is included in the dotted block. The design 

procedure for this resonant converter is detailed in Appendix A.  
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Fig. 3-1 The schematic for a 1MHz resonant converter 

 

 

 

DBC Substrate 
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Fig. 3-2 Photo of 1MHz series resonant DC/DC converter 

 

        Fig. 3-2 shows the photo of the main circuit of the fabricated SRC converter. 

Conducted EMI emissions have been measured and shown in the next chapter. In this 

chapter, the investigation of RF model of the active IPEM is expected. 

 

3.3 Parasitics Extraction for IPEM Structure Using Maxwell Q3D 

3.3.1 Introduction to Maxwell Q3D  

   Now Maxwell Q3D has been chosen as the tool for parasitics extraction in this thesis.  

But the mechanism of Maxwell Q3D for AC cases is different from Maxwell 3D. 

Therefore, a further introduction to Maxwell Q3D is necessary. 

   Maxwell Q3D, one of the products of Ansoft Co., is an interactive software package 

that is used to characterize the structural impedance of three-dimensional interconnect 
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structures and solve for such circuit parameters as capacitance matrices, partial 

inductance and resistance matrices based on the theory of partial element equivalent 

circuit (PEEC) [C3]-[C5]. It requires a 3-dimensional representation of the structure, 

material characteristics for each object, identification of conductors, and specification of 

source excitations (voltages for capacitance computations; currents for inductance and 

resistance computations). The software then generates the necessary impedance matrices. 

From these matrices, the lumped equivalent circuit models can be generated. 

       In the practical computation, Maxwell Q3D uses the appropriate field simulator 

(solver) to compute the matrices requested as shown in Tab. 3-1. The multi-pole solver is 

used to simulate the electric fields from which capacitances are computed [C6], [C7], 

while the conduction solver is used to simulate the electric current from which resistances 

and inductances are computed. 

 

Tab. 3-1 Field simulators (solvers) in Maxwell Q3D 

Circuit 
Parameter 

Solvers 
Used 

Sources Field Computed Derived Field 
Quantities 

Capacitance multipole Charge ϕ  E
r

, D
r

 

DC Resistance conduction DC Current ϕ  J
r

 

DC Inductance multipole 
conduction 

DC Current A
r

,ϕ  H
r

, B
r

, J
r

 

AC Resistance multipole 
conduction 

AC Surface Current sK
r

, sϕ  sJ
r

 

AC Inductance multipole 
conduction 

AC Surface Current A
r

, H
r

, sK
r

 B
r

 

 

        Being equipped with the knowledge of fundamental electromagnetics as stated in 

Chapter 2, it is not difficult to understand how Maxwell Q3D calculates the 

capacitances, DC resistances and DC inductances after finishing the field computation 

using finite element analysis (FEA) or method (FEM). 
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      For AC cases, however, Maxwell Q3D uses an approximate method to compute the 

stray resistances and inductances. In Maxwell Q3D, all AC currents are assumed to be 

surface currents obtained from DC solutions as follows, although AC resistances will be 

corrected for skin effect. 

Step 1. From DC solution, calculate H
r

 fields 

dV
r
J

A
V

∫∫∫=
r

r

π
µ
4

0                                                                                  (3-1) 

AH
rr

×∇=
0

1
µ

                                                                                     (3-2) 

Step 2. For AC, apply correction on H
r

 so that surface magnetic field can be found by 

0ˆ =⋅nH
r

                                                                                           (3-3) 

 

 

 

Step 3. At high frequencies, the magnetic field is tangential to the surface of a good 

conductor, therefore the surface current density K
r

is 

  HnK
rr

×= ˆ                                                                                          (3-4) 

Step 4. Calculate magnetic vector potential at high frequencies 

  ∫∫ Ω=
surface

i
i d

r
K

A
r

r

π
µ
4

0                                                                          (3-5) 

Step 5. Compute AC inductances Matrix Elements 

∫∫∫ ⋅==
spaceall

jiijij dVKALL
rr

                                                                 (3-6) 

Step 6. Compute equivalent current density from skin depth δ  of equation (2-49) 

⊗ 
H

r
n̂

K
r

J
r
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δ
K

J
r

r
=                                                                                              (3-7) 

Step 7. Calculate the electric field and the power 

  
σ
J

E
r

r
=                                                                                              (3-8) 

  RI
JJ

JEP 2=
⋅

=⋅=
σ

rr
rr

                                                                   (3-9) 

Step 8. The AC resistances can be found by 

  
2I

P
R =                                                                                          (3-10) 

      By following the above steps, AC inductances and AC resistances can be obtained 

from equations (3-6) and (3-10), respectively. 

      It should be pointed out that we must make confirm at which frequency the DC or AC 

values are valid for Maxwell Q3D before the parameter extraction. From the equations 

(2-61) and (2-62), the computed frequency limits for the DBC with a thickness of 

0.25mm as follows 

DC values valid for 70≤f kHz                                      

AC values valid for 629≥f kHz   

Obviously AC results from Maxwell Q3D will be applicable for RF modeling because 

the frequency range of interest, from 1 MHz to 30 MHz, is greater than 629 kHz. That’s 

the basic condition of Maxwell Q3D. 
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3.3.2 Parasitics Extraction of IPEM  

      To extract the parasitics of IPEM, its 3-dimensional geometric structure and 

electromagnetic parameters (such as conductivity, permittivity and permeability) must be 

established in the pre-process of this software tool.  

       The physical active IPEM is photographed as shown in Fig. 3-3. To simplify the 

simulation process, the geometric model of IPEM will be ideally drawn by ignoring the 

very thin layer of nickel on the surface of copper.  

 

 

 

 

      Fig. 3-4 shows the Maxwell Q3D Extractor window on Unix workstation System. 

Requested Parameters  is the first menu item to be selected. For this problem, 

Capacitance, DC Inductance/Resistance, and AC Inductance/Resistance are chosen. 

 

 

Fig. 3-3 Active IPEM 

MOSFET #1

MOSFET #2

MOSFET #3

MOSFET #4
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Fig. 3-4 Maxwell Q3D Extractor window 



 63

       Then we enter the 3D modeler to draw the 3-dimensional structure. Generally most 

of time in pre-process is spent in drawing the geometric structure. Due to the limitations 

of drawing functions in Maxwell Q3D, it is desirable to import the geometric data from 

other CAD tools like AutoCAD, I-DEALS and so on [C8]. It is also necessary to define 

the region to be meshed after drawing the model. This prevents the Meshmaker from 

taking the resources to create a mesh in areas that are not very interesting. The drawn 

model is shown in Fig. 3-5. 

       The next step is to assign materials from the material database to any 3D objects. The 

Material Manager also allows creating customer materials for later use. In this project, 

the conducting objects on DBC are assigned as copper, the wirebounds as aluminum, and 

the substrate as Al2O3 with a relative permittivity of 9.8. After material assignment, the 

Conductor Manager is opened to determine which conducting objects will be included 

in the matrix results for the requested parameters. These two steps may be easily finished.  

       Now we will Setup Boundaries from 3D Boundary/Source Manager. Since the 

stray inductances and resistances depends on the current conduction loop, the current 

direction (both source and sink) for each conduction path must be specified after setting 

up the material characteristic parameters.  On the other hand, it is unnecessary to assign 

sources or sinks for the calculation of capacitances. 

        For this problem, the sources and sinks are specified in Fig. 3-6. There are totally 12 

source terminals and 8 sink terminals. Sources 1 to 8 and sinks 1 to 4 are shown in the 

following figure, while sources 9 through 12 and Sinks 5 to 8 are for 4 groups of 

wirebonds and hidden in Fig. 3-6 for clarity.  
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Fig. 3-5 3-D model of IPEM in MaxwellQ3D 
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 Fig. 3-6 Specified sources and sinks for IPEM   

 

         So far we have finished the pre-process for finite element analysis (FEA), now let’s 

begin setup solution and solve the problem. As we know, appropriate mesh is critical for 

FEA to get an accurate solution. Here we need to consider two conditions: solution 

criterion and convergence. If the solution criterion is met, the software will stop the 

solution process, and the problem will be considered solved. The smaller the criterion, the 

more the elements are needed. The size of mesh will be significantly increased. The 

advantage of smaller criterion is higher accuracy of the solution, with the disadvantage of 

higher cost of computer memory and CPU time. Sometime it will cause convergence 

problem.  

        Like Maxwell 3D Field Simulator, Adaptive Analysis is also introduced in Maxwell 

Q3D. During this process, the system iteratively refines the starting mesh in order to 

reduce the size of individual elements in areas of high error – thus improving the 
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accuracy of the solution. There is an option for specifying the adaptive analysis in Setup 

Solution. For this problem, the adaptive analysis is selected. 

       The rest part of the software is the post-process of FEA including the extracted 

parasitics, DC and AC current distribution, and 3D field calculator used to calculate 

electromagnetic variables based on field calculation. Tab. 3-2 shows the CPU time and 

memory size consumed for each computing step. 

Tab. 3-2 CPU time and memory consumption of FEA  

Convergence criteria 
 Parameters computed 

Target Real 

Number of finite 
elements 

CPU time 
(hour.min’sec”) 

Memory size 
(Megabytes) 

   Capacitance 1% 0.634% 57,568 8.21’32” 257.659 

   DC inductance/resistance 1% 0.89% 49,487 0.21’28” 92.635 

   AC inductance/resistance 1% 1.369% 169,178 42.12’01” 790.187 

 

        It must be pointed out that the frequency for AC values in this case calculated by 

equation (2-61) is 629 kHz, that is, the extracted AC resistances and inductances are valid 

with the frequency over 629 kHz. Therefore, these extracted values can be used for RF 

modeling since the frequency range of our interest is from 1MHz to 30MHz in this thesis 

work. 

 

 

3.3.3 Extracted Parameters 

         Extracted parameters are summarized in this sub-section. For better corresponding 

the extracted values, the IPEM structure is re-drawn in Fig. 3-7 with detailed labels.  
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Fig. 3-7 IPEM structure 

 

      The capacitances between any two conductors are computed in form of matrix as 

shown in Tab. 3-3.  

 

Tab. 3-3 Capacitance matrix (unit: pF) 

 A B C D W1 W2 W3 W4 

A 74.49  31.039 18.54 18.46 0.199 0.196 0.016 0.017 

B  89.26 24.6 24.46 0.019 0.020 0.295 0.299 

C   63.24 14.65 0.304 0.016 0.206 0.013 

D    63.02 0.016 0.307 0.011 0.204 

W1     0.574 0.007 0.006 0.001 

W2      0.575 0.001 0.006 

W3       0.575 0 

W4        0.575 
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   Tabs. 3-4 and 3-5 show the DC and AC resistances (at 100 MHz by default), 

respectively. AC resistances for other frequencies can be found by scaling the resistance 

matrix as stated in Section 2.5.3. DC and AC resistance matrices are listed in Tabs. 3-6 

and 3-7.  

Tab. 3-4 DC resistance matrix (unit: mΩ) 

 
A: 

src1 
A: 

src2 
B: 

src5 
B: 

src6 
C: 

src7 
C: 

src8 
D: 

src3 
D: 

src4 
W1: 
src9 

W2: 
src10 

W3 
src11 

W4: 
src12 

A: src1 0.0573 0.0375 0 0 0 0 0 0 0 0 0 0 

A: src2  0.0744 0 0 0 0 0 0 0 0 0 0 

B: src5   0.622 0.007 0 0 0 0 0 0 0 0 

B: src6    0.623 0 0 0 0 0 0 0 0 

C: src7     0.066 0.017 0 0 0 0 0 0 

C: src8      0.064 0 0 0 0 0 0 

D:src3       0.0969 0.049 0 0 0 0 

D: src4        0.0652 0 0 0 0 

W1:src9         1.283 0 0 0 

W2:src10          1.282 0 0 

W3src11           1.283 0 

W4src12            1.283 

 

 
 

Tab. 3-5 AC resistances matrix at 100 MHz (unit: mΩ) 

 

 
A: 

src1 
A: 

src2 
B: 

src5 
B: 

src6 
C: 

src7 
C: 

src8 
D: 

src3 
D: 

src4 
W1: 
src9 

W2: 
src10 

W3 
src11 

W4: 
src12 

A: src1 2.564 1.790 -0.116 2.092 -0.518 0.3533 -0.2593 -0.2634 0.5156 -0.1042 -0.0269 0.1047 

A: src2  3.646 -2.838 2.584 -0.883 0.2770 -1.140 -0.791 0.6326 -0.7076 -0.286 0.1275 

B: src5   42.98 -11.32 2.114 0.8533 3.501 2.594 -0.4486 2.222 2.070 -0.6799 

B: src6    39.80 -2.571 0.6422 -1.384 -1.765 1.6606 -0.7036 -0.9002 1.380 

C: src7     3.488 -0.2151 0.7641 0.5531 -0.4783 0.237 0.3368 -0.0156 

C: src8      2.325 -0.1165 -0.0756 0.5437 0.1429 0.3439 -0.0794 

D:src3       5.91 3.5134 -0.097 1.018 0.2913 -0.0318 

D: src4        3.3504 -0.1703 0.4993 0.2275 -0.3339 

W1:src9         11.472 -0.1183 0.0105 0.1138 

W2:src10          11.52 0.2371 -0.0506 

W3src11           11.32 -0.111 

W4src12            11.33 
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Tab. 3-6 DC inductance matrix (unit: nH) 

 
A: 

src1 
A: 

src2 
B: 

src5 
B: 

src6 
C: 

src7 
C: 

src8 
D: 

src3 
D: 

src4 
W1: 
src9 

W2: 
src10 

W3 
src11 

W4: 
src12 

A: src1 3.144 1.46 -2.477 -0.968 -0.26 0.5 0.705 0.488 0.693 0.6096 0.171 -0.161 

A: src2  2.919 -1.508 1.507 0.233 0.283 -0.05 0.231 0.084 -0.0856 0.332 -0.331 

B: src5   28.45 0.254 1.129 -1.224 -1.471 -1.039 -1.161 -0.744 0.0643 0.276 

B: src6    28.43 1.049 0.4343 -2.338 -1.120 -0.743 -1.162 0.276 0.0635 

C: src7     3.521 -0.254 -1.306 -0.724 -0.457 -0.356 0.376 -0.15 

C: src8      1.932 0.819 0.581 6.344 0.326 0.388 -0.139 

D:src3       5.89 3.725 0.676 1.081 0.0116 0.0102 

D: src4        3.471 0.352 0.453 0.15 -0.373 

W1:src9         3.447 0.452 0 0 

W2:src10          3.449 0 0 

W3src11           3.447 -0.181 

W4src12            3.448 

 

 

Tab. 3-7 AC inductance matrix (unit: nH) 

 
A: 

src1 
A: 

src2 
B: 

src5 
B: 

src6 
C: 

src7 
C: 

src8 
D: 

src3 
D: 

src4 
W1: 
src9 

W2: 
src10 

W3 
src11 

W4: 
src12 

A: src1 2.475 1.141 -2.938 -1.5 -0.178 0.401 0.72 0.537 0.5504 0.562 0.14 -0.207 

A: src2  2.285 -1.482 1.451 0.351 0.213 0.136 0.355 0 0 0.336 -0.348 

B: src5   19.13 2.236 0.936 -1.696 -1.984 -1.425 -1.45 -0.994 -0.398 0.412 

B: src6    19.22 1.43 -0.581 -2.659 -0.933 -1.03 -1.471 0.399 -0.443 

C: src7     2.648 -0.172 -1.4 -0.758 -0.369 -0.359 0.3 -0.143 

C: src8      1.524 0.935 0.648 0.471 0.303 0.278 -0.135 

D:src3       4.5204 2.828 0.661 0.844 0.031 -0.0163 

D: src4        2.652 0.364 0.374 0.157 -0.29 

W1:src9         2.943 0.426 -0.042 -0.031 

W2:src10          2.95 -0.022 -0.046 

W3src11           2.97 -0.158 

W4src12            2.966 
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3.3.4 Equivalent Circuit 

          So far we have extracted the stray parameters for DBC copper traces. After 

extracting the requested parameters, Maxwell Q3D constructs an equivalent circuit for 

the model using the circuit parameters. The manner in which the equivalent circuit is 

constructed depends on whether the conductors have one source, or multiple sources [C9]. 

 

3.3.4.1 Single-Source Conductors 

       If all conductors have just one source terminal and one sink terminal, the system 

creates a balanced circuit to model the transmission structure—that is, a circuit whose 

impedance is the same regardless of the direction of the direction of current flow. For 

instance, a two-conductor transmission structure is shown in Fig. 3-8. Each conductor has 

single source terminal, through which current flows. 

 

 

 

Fig. 3-8  Two-conductor transmission structure 

       The circuit parameter matrices for this model are 


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                                   (3-11) 

Because these are regular conductors, the mutual resistance between them is zero. 

       In the equivalent circuit for this structure, the mutual capacitance (C12) is used 

directly as a circuit element. The self-capacitances of each conductor (C11, C22) are used 

to compute the capacitances between the conductor and ground (C10, C20). 
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Sink 1 

Sink 2 
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



−=
−=

122220

121110

CCC
CCC

                                                       (3-12) 

       To create a balanced circuit, each inductance or resistance matrix entry is divided 

into two series inductors or resistors, and placed in the circuit as shown in Fig. 3-9. 

 

 

 

 

 

 

Fig. 3-9 Balanced circuit model 

 

All sinks on a conductor are considered to be connected to each other; sinks on different 

conductors are independent.  

 

3.3.4.2 Multiple-Source Conductors 

        Unbalanced network models are used for multiple-source problems. The conductor 

in Fig. 3-10 has two source terminals: 

 

 

 

 

 

Fig. 3-10 A multiple-source problem 

        The circuit parameter matrices that have been computed for it are 
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                                              (3-13) 

        Capacitance does not depend on the individual current paths with a conductor. 

Instead, a single value for capacitance is computed for the entire conductor—and thus 

cannot arbitrarily be divided to create a balanced model. An unbalanced network such as 

Fig. 3-11 must therefore be used to model the structure. 

 

 

 

 

Fig. 3-11 Unbalanced network 

 

 

3.3.4.3 Equivalent Circuit Modeling 

           The series voltage drop on the Z elements is calculated as follows: 

 The voltage drop on a conductor is given by 
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which becomes 
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and translates into a circuit model using controlled current sources as shown in Fig. 3-12. 

Source 1

Z1 

Source 2

Z2 
C10 

Sink 
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Fig. 3-12 Circuit model using controlled current sources 

 

       Based on the above theory, Maxwell Q3D exports equivalent circuit for the IPEM 

structure in one of the following formats: (1) Maxwell SPICE, (2) PSpice, (3) Berkeley 

SPICE, (4) Spreadsheet, (5) HSPICE, and (6) IBIS Package Model. In this work, a 

standard PSpice sub-circuit model for IPEM was generated in Appendix B, in which the 

above extracted parameters are included in the model instead of plotting a perplexed 

network with so many components. By importing this netlist file into PSpice or Saber, 

circuit simulations can be executed with the extracted parameters.   

 

3.3.5 Current Distribution in Ground Plane of IPEM 

        In order to see the effect of the ground plane of IPEM on the parasitics, it is 

necessary to investigate the induced current distribution in the ground plane at very high 

frequencies. Maxwell Q3D provides DC and AC current distribution in its post processor 

manager. The distributions of magnitude and vector values of induced current density in 

the ground plane are drawn in Figs. 3-13 and 3-14, respectively. The loop inductance and 

resistance for DC and AC cases w/o ground plane are given in Tab. 3-8. 
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Tab. 3-8 Effect of ground plane on loop inductance and resistance 

Case Parameters With ground plane Without ground plane Change 

Inductance 61.548 nH 61.571 nH 0 
DC 

Resistance 3.0774 mΩ  3.0781mΩ  0 

Inductance 32.745 nH 47.399 nH 30.9% 
AC 

Resistance 87.183 mΩ  71.627 mΩ  21.7% 

 

 

Fig. 3-13 Distribution of magnitude of induced current density in ground plane 
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Fig. 3-14 Distribution of induced vector current density in ground plane 

 

       From the results shown in Tab. 3-8, it is obvious that on DC case the ground plane 

has little effect on the loop inductance and resistance since we cannot see much 

difference for loop inductance and resistance between columns 3 and 4. However, for the 

AC case, the loop inductance with ground plane is significantly reduced up to 30.9% 

compared to the inductance without ground plane. This will be helpful to reduce EMI 

noise in IPEM. On the other hand, the AC resistance is increased up to 21.7% due to the 

existence of the ground plane. In other word, the AC loss will be increased dramatically 

which results from proximity effect. 

      Similarly, the current distribution in the ground plane is conducive to understand the 

effect of the ground plane on the parasitics. From Figs. 3-13 and 3-14, we can see the 
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induced current density non-uniformly distributes on the ground plane.  Moreover, the 

current concentrates on the surface of the ground plane because of skin and proximity 

effect. The induced current in ground plane is in the opposite direction of the conducting 

current in IPEM. Therefore the magnetic flux density generated by the induced current 

will partly cancel the original magnetic flux density generated by the loop current. That’s 

why the AC loop inductance with ground plane is much smaller than that without ground 

plane. On the contrary, the proximity effect further changes the AC current distribute in a 

way that significantly reduces the effective conducting area and results in the increase of 

resistance. Further study, it is not difficult to find the effect of ground plane on the 

parasitics will depend on the distance between the current-carrying conductor and ground 

plane. The closer the ground plane to the current loop, the smaller the loop inductance 

can be achieved, and the larger the loop resistance is. These conclusions are in good 

accordance with reference [C10], in which the authors indicated, experimentally and 

simulatively, the eddy currents in the DBC-ceramics backside metallization have an 

important influence on switching behavior by significantly reducing the inductances at 

higher frequencies. 

 

 

3.4 RF Models of Power Devices 

         Package parasitics of power devices have been shown a critical impact on the 

efficiency and EMI of power converters [C1]. Therefore, to design and optimize the 

performance and reliability of power systems, it is necessary to have accurate values of 

the device parasitics.  
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Generally manufactures’ datasheets list average and min-max values of package 

input, output, and Miller capacitance ( issC , ossC  and rssC ). Inductance is sometimes listed 

and then usually only as an average value. Resistance is usually obtained by experimental 

method and not given in data sheets. Analogous to the device models in Chapter 1, an 

electrical equivalent circuit including the core device and the packaging parasitics is 

proposed in Fig. 3-15. Based on this equivalent circuit, stray parameters of an 

IXFH24N50 power MOSFET with TO-247 package is investigated. 

 

 

Fig. 3-15 Equivalent circuit of power MOSFET 
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3.4.1 Parasitic Inductances and Resistances of Power MOSFET 

        First let’s look at the stray inductances and resistances for a packaged power 

MOSFET.  

        A simple method to extract the parameters in Fig. 3-15 has been explored. First we 

measured the impedance across the terminals drain (D) and source (S), DSZ , as shown in 

Fig. 3-16, using Agilent 4294A Impedance Analyzer. By selecting equivalent circuit as 

shown in Fig. 3-17, curve-fitted values for that equivalent circuit may be obtained also 

from the Impedance Analyzer as in equations (3-16)-(3-18).  
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Fig. 3-16 Measured impedance of DSZ  
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o o

LD+LS RD+RS

CGD //CGS+CDS  

Fig. 3-17 Equivalent circuit for DSZ  

 Ω=+ mRR SD 755.180                                               (3-16) 

nHLL SD 437.7=+                                                   (3-17) 

nFC
CC
CC

DS
GSGD

GSGD 607.4=+
+
⋅

                                    (3-18) 

          Same measurement approach is applied to impedances of GDZ , and GSZ , then we 

have Figs. 3-18~3-21, and equations (3-19)~(3-24) as follows. 
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Fig. 3-18 Measured impedance of GDZ  
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o o

LG+LD RG+RD

CDS //CGS+CGD  

Fig. 3-19 Equivalent circuit for GDZ  

Ω=+ mRR DG 092.819                                        (3-19) 

nHLL DG 911.7=+                                             (3-20) 

nFC
CC
CC

GD
GSDS

GSDS 391.8=+
+
⋅

                              (3-21) 

 

1.0E-01

1.0E+01

1.0E+03

1.0E+05

1.0E+07

1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08

frequency (Hz)

M
ag

n
it

u
d

e 
(O

h
m

)

-100

-80

-60

-40

-20

0

20

40

60

80

100

P
h

as
e 

(D
eg

re
e)

Magnitude measured Magnitude curve-fitted

Phase measured Phase curve-fitted

 

Fig. 3-20 Measured impedance of GSZ  
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o o

LG+LS RG+RS

CGD //CDS+CGS  

Fig. 3-21 Equivalent circuit for GSZ  

Ω=+ mRR SG 254.671                                    (3-22) 

nHLL SG 935.9=+                                         (3-23) 

nFC
CC
CC

GS
DSGD

DSGD 377.5=+
+
⋅

                        (3-24) 

Solving the equations (3-16), (3-19), and (3-22) for resistances, (3-17), (3-20), and (3-23) 

for inductances, and (3-18), (3-21), and (3-24) for capacitances, respectively, we can 

obtain the resistances, inductances, and capacitances as 









Ω=
Ω=

Ω=

mR
mR

mR

S

D

G

30.164
46.16

80.654

                                             (3-25) 









=
=

=

nHL
nHL

nHL

S

D

G

73.4
71.2

20.5

                                                (3-26) 





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

=
=

=

nFC
nFC

nFC

GS

DS

GD

71.3
18.2

02.7

                                              (3-27) 

Therefore the equivalent circuit for the power MOSFET can be constructed as Fig. 3-22. 

The frequency range for above measurements is from 100 Hz to 100 MHz, the 

parameters calculated are thus valid for RF modeling of power MOSFET only at static 

situations. 
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Fig. 3-22 Equivalent circuit of power MOSFET with extracted parameters 

 

However the capacitances in Fig. 3-22 are dependant on DC bias voltages. Further 

study on these capacitances is expected. 

 

 3.4.2 Parasitics Capacitances of Power MOSFET 

         Capacitances in MOSFET are much more complicated than those demonstrated in 

the equivalent circuit of Fig. 3-22. Manufacturers’ data sheets do not tabulate GSC , GDC , 

and DSC  directly; rather they specify the input, output and reverse transfer capacitances 

of the MOSFET connected in a common-source configuration as shown in Fig. 3-23.   

       The three capacitances listed on a data sheet, input ( issC ), output ( ossC ) and reverse 

transfer ( rssC ) capacitances, are often used as a starting point in determining circuit 

component values. These capacitances are defined in terms of the equivalent circuit 

capacitances as. 
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Fig. 3-23 Capacitances of MOSFET 

GDGSiss CCC +=                                                  (3-28) 

GDDSoss CCC +=                                                 (3-29) 

GDrss CC =                                                           (3-30) 

        Typical capacitances of IXFH24N50 are given in the datasheet as pFCiss 4200= , 

pFCoss 450= , and pFCrss 135= at VVGS 0= , VVDS 25= , and MHzf 1= . 

         Generally, these capacitances are measured while a variable DC voltage source is 

connected to the drain terminal referenced to the source, and the gate held at zero DC 

potential as shown in Fig. 3-23. 

         As recommended in reference [C11], capacitances DSC , GDC , and GSC  can be 

measured individually. Fig. 3-24(a) through (c) shows the connection diagram for 

Agilent 4294A Impedance Analyzer’s High, Low, and Guard terminals. The guard is the 

outer conductor of BNC connectors of the UNKNOWN terminals. Capacitances for IRFP 

460A are measured as listed in Tab. 3-9, based on the connection shown in Fig. 3-24 at 

the conditions of 0=GSV , =DSV 25V (the maximum DC voltage for 4294A is 42V), and 

1=f MHz.  
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(a) DSC  measurement                                                      (b) GDC  measurement 
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L

R

 

Typical values (for 1 MHz measurement) 
1.01 =C µF    100=R kΩ  

12 =C µF       100=L µH 

 (c) GSC  measurement 

Fig. 3-24 MOSFET capacitance measurement [C11] 

 

Tab. 3-9 Capacitances for power MOSFET 

 DSC  GDC  GSC  
Measured 322pF 160pF 4.112nF 

Datasheet 315pF 135pF 4.065nF 
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        Since the parasitics of power devices are very complicated and deeper study shall be 

involved in the device practical structure and physics of semiconductor, much more work 

are needed in modeling power semiconductor devices. 

 

3.5 Summary 

      In this chapter parasitics of 3-dimensional IPEM structure were extracted using 

Maxwell Q3D. The step-by-step procedure on how to do simulation in Maxwell Q3D was 

introduced. The equivalent circuit model for IPEM was discussed and its netlist file for 

PSpice simulation was exported. By calculating the AC inductances and resistances, the 

influence of ground plane in IPEM on parasitics was also investigated. The existence of 

the ground plane results in the decrease of loop inductances and increase of resistances 

due to the skin and proximity effect. The RF model for power MOSFET was briefly 

introduced. 
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Chapter 4 Impedance Measurements  

 

4.1 Introduction 

       RF models for active IPEM were explored in the previous chapter. To experimentally 

verify the extracted models, RF impedance measurements of the active IPEM are 

performed in this chapter.  

 

4.2 RF Impedance Measurements 

        Measurements of the active IPEM are essential to verifying of the RF models 

extracted in Chapter 3. However, it is often difficult to directly measure the stray 

parameters of the IPEM within the active power MOSFETs. Rather than straightly 

measuring parasitic resistances, inductances, and capacitances, we are going to measure 

the terminal impedances of the IPEM structure and then compare the results from 

extracted RF models in some way.    

        Typically impedance measurements can be performed using an impedance analyzer. 

For some simple and regular structures, measurements can be done with no trouble in 

connecting the device under test (DUT) to the impedance analyzer, as shown in Fig. 2-14. 

But for the IPEM structure of Fig. 3-3, it is a little hard to make a good connection 

between the IPEM and the impedance analyzer. Specifically at high frequencies, any little 

additional interconnections will result in the significant loss of accuracy.  
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Fig. 4-1 Agilent 42941A Impedance Probe Kit 

 

       Hopefully the Agilent 42941A Impedance Probe Kit shown in Fig. 4-1 together with 

Agilent 4294A Precision Impedance Analyzer provides the ability to perform in-circuit 

measurements with better accuracy and wider impedance coverage from 40 Hz to 110 

MHz [D1], [D2].  

       Therefore using Agilent 4294A Impedance Analyzer equipped with 42941A 

Impedance Probe, the input impedance, inZ , and output impedance, outZ , as shown in Fig. 

4-2, can be easily measured, respectively. In order to avoid the complicated transient 

characteristics of the power MOSFETs, we just measure the impedances for a very 

simple case in which MOSFETs 1 & 4 (or MOSFETs 2 & 3) are kept on-state by 

applying two electrically isolated 10V DC voltage sources to gate and source terminals 

for each device, and the other two MOSFETs are kept off by connecting a resistor 

between the gate and source terminals for each device. By doing so, each power 

MOSFET in equivalent circuit can be ideally regarded as a single capacitor at off state 

and a single resistor at on state, respectively. The MOSFET dice used in the active IPEM 

is IXFD24N50-7X from IXYS Co. In PSpice simulations, this equivalent off-state 

capacitance was obtained by measurements in Fig. 3-21 as about 4.1nF, and the on-state 

resistance is assumed to )(onDSR , namely, 0.23Ω from datasheet.  
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                  (a) Input impedance                                               (b) Output impedance 

Fig. 4-2 Schematics of impedance measurement 

 

       Measured impedances and simulated values are shown in Fig. 4-3 through Fig. 4-6.  
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(a) Impedance magnitude 
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(b) Impedance phase 

Fig. 4-3 Input impedance @ output terminals shorted 
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(a) Impedance magnitude 
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(b) Impedance phase 

Fig. 4-4 Input impedance @ output terminals open 
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(a) Impedance magnitude 
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(b) Impedance phase 

Fig. 4-5 Output impedance @ input terminals shorted 

0.1

1

10

100

1.00E+06 1.00E+07 1.00E+08
frequency (Hz)

Im
p

ed
an

ce
 M

ag
n

it
u

d
e 

(O
h

m
)

Measured

Simulated

 

(a) Impedance magnitude 
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(b) Impedance phase 

Fig. 4-6 Output impedance @ input terminals open 

 

       By comparing the measured impedances with simulated results as shown in Figs. 4-3 

~ 4-6, it can be seen that simulations results verify the measured data in part for 

magnitude and phase of the impedances. However a relatively big inconsistency can be 

seen in the frequency range from 10MHz to 30 MHz. The discrepancy between the 

simulation results and experimental values may result from the following reasons.  

       First of all, there are some limitations in Maxwell Q3D. Maxwell Q3D calculates the 

AC values on the assumption of that all AC currents are distributed on the surfaces of the 

conductors. AC inductances are assumed frequency- independent, while AC resistances 

are approximately scaled by the square root of frequency. As stated in Chapter 3, the 

surface currents are estimated from the DC solutions and the AC resistances are corrected 

for skin effect (see equations (3-1) ~(3-10)). Since no proximity effect can be actually 
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demonstrated in DC analysis, the method by which the AC current distribution is 

evaluated apparently neglects the proximity effect on the extracted parameters. That’s 

one of the reasons why the simulated impedance always higher than the measured one. 

       Secondly, active devices on the DBC make it complicated to predict the performance 

of active IPEM. The approach assuming the on-state MOSFET as a resistor and the off-

state MOSFET as a capacitor just roughly models the power devices, which also cause 

additional errors in simulations. Accurately modeling of power MOSFETs is also critical 

to the circuit simulation of the active IPEM. 

        Thirdly, although the AC resistances are dependant of frequencies, their values used 

in current PSpice simulations are assumed as constant in AC frequency sweep analysis. 

Modeling the frequency-dependence of AC resistances could improve the performance of 

the lumped circuit simulations.  
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Chapter 5 Conclusions 

 

       This thesis dealt with RF models for the active IPEM in the frequency range of 

1MHz to 30MHz. The work mainly concentrates on parasitics extraction for the IPEM 

structure using Ansoft Maxwell Q3D, while modeling of electronic passive and active 

components, and impedance measurements are also introduced. Throughout the study, 

following conclusions can be drawn: 

1. Stray parameters play an important role in the EMI performance in power 

electronics systems. From the viewpoint of theory of electromagnetic fields, except 

capacitances, the resistances and inductances of 3-dimensional conducting systems 

are all frequency-dependant. At high frequencies, the current distribution will be 

changed significantly compared with DC case due to skin effect and proximity 

effect, which results in the increase of resistances and decrease of inductances.   

2. Parasitics of IPEM structures may be extracted using Ansoft Maxwell Q3D. The 

capacitances, resistances and inductances for DC and AC cases are given in matrix 

form, respectively. The equivalent circuits can be easily exported from the 

extracted values in Maxwell Q3D post-processor, which is always used in lumped 

circuit simulations. But for a practical conducting system, it is necessary to check 

the frequency ranges in which the DC or AC results are valid before using Maxwell 

Q3D.  

3. Impedance measurements for IPEM partly verify the extracted models. The 

discrepancy between the measured simulated results mainly due to some 

limitations of the software itself. Maxwell Q3D takes skin effect into account for 
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AC case just by assuming all AC currents are surface-distributed. By doing so, a 

real 3-dimensional problem has been converted to a simple and approximate case 

in which the currents distribute only on the conductor surfaces, and therefore no 3-

dimensionally meshing is needed in AC case. Moreover, since the AC current 

distribution is estimated from the DC solution in present version and no proximity 

effect is actually demonstrated in DC cases, the proximity effect obviously is not 

included in the simulator in the current version. Only skin effect is taken into 

account. The ignorance of proximity effect will increase the AC inductances. 

Compared with Maxwell 3D, a real 3D field solver, the significant savings of CPU 

time and memory consumption from Maxwell Q3D is obtained by sacrificing the 

computational accuracy.   

4. Accurately modeling of power devices is also critical to the simulation of active 

IPEMs. Power MOSFETs mounted on the DBC make it intricate to simulate the 

IPEM’s performance. Further work on device modeling is desired. 

5. It is shown that the existence of ground plane in IPEM has a great effect on the 

loop inductances and resistances at high frequencies.  
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Appendix A Design of SRC 

 
 
       A 1MHz series resonant converter (SRC) is designed and fabricated as a case study 

in this thesis work. The schematic is shown in Fig. A-1. Design procedure for SRC, 

resonant inductor rL  and transformer T  and simulation waveforms are given below.  

 

Vi

Cr Lr

T D1

D2

Q1 Q2

Q3 Q4

Co RL

Vo

o
o

o
n1

n2

n3

Resonant Tank

Active IPEM

 
 

Fig. A-1 Schematic of SRC 
 
 
 
A.1 Design of SRC [F1] 

Specifications

Vi 200V:= Vo 48V:= RL 3Ω:= Po
Vo

2

RL
:= Po 768 W=

fs 1 MHz⋅:=  
Design Procedures

Step 1: Select quality factor. 

Qs 3.065:=

Step 2: Select the normalized operating frequency fn as close as possible to the resonant 

frequency fo.  
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fn 1.2541:=

Step 3: Calculate voltage gain of the resonant converter. 

           
Cr 5.403 nF=Cr

1

2 π⋅ fo⋅ Zo⋅
:=

Lr 7.374 µH=Lr
Zo

2 π⋅ fo⋅
:=

Step 7:  Calculate the values for inductor and capacitor.

fo 797.385 kHz=fo
fs

fn
:=

Step 6:  Calculate resonant frequency.

Zo 36.942 Ω=Zo RL n2⋅ Qs⋅:=

Step 5:  Calculate the characteristic impedance of the tank.

n2 4.018=n 2.004=n M
Vi

Vo 2V+
⋅:=

Step 4:  Calculate transformer turns ratio.

M 0.501=

M
j fn⋅

π
2

8
Qs⋅ 1 fn

2
−



⋅ j fn⋅+

:=

 
 
 
A.2 Design of Resonant Inductor [F2] 
 

Specifications

L 7.38 µH⋅:= fsw 1 MHz⋅:= Ipk 13A:= Irms 9A:=

Bmax 0.1T:= Jm 300A cm
2−

⋅:= µr 2000:= Ku 0.4:=  
Design procedure

Step 1: Calculate the product of Ac WA⋅

L
Ipk Irms⋅

Ku Bmax⋅ Jm⋅
⋅ 7.195 10

9−
× m

4
=

Then the product of Ac WA⋅  should be equal or larger than this value , we choose the 

smallest ETD core that satisfies this requirement.  
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Aw 3 10 6−× m2=

d 2
Aw

π
⋅:= d 1.954 10 3−× m=

The skin depth can be calculated at fsw

γ 5.8 107⋅ S m 1−⋅:= δ
1

π fsw⋅ µ0⋅ γ⋅
:= δ 6.609 10 5−× m=

Twice the skin depth, 2 δ⋅ 1.322 10
4−

× m= cm, is much smaller than d. Therefore, we 
must use a strand of wires, having each wire d 2 δ⋅< . We can choose 

Stranding/AWG-100/46, d' 0.041mm:= , i.e., d' 4.1 10
5−

× m= < 2 δ⋅ , as the wire for the 
winding.
The number of Stranding/AWG-100/46 reeded to form the winding strands, can be 
obtained as follows, given the equivalent bare area of Stranding/AWG-100/46 

( A'w
1

4
π⋅ d'2⋅ 100⋅:= )

A'w 1.32 10
7−

× m
2

=

m'
Aw

A'w
:= m' 22.723= m ceil m'( ):= m 23=

Step 5: Check the window utilization

The practical winding fill factor Ku is

Ku
n A'w m⋅( )⋅

WA
:= Ku 0.247=

ETD34: Ac 0.97cm
2

:= MLT( ) 6.00cm:=

WA 1.23cm2:= Ac WA⋅ 1.193 10 8−× m4=

Step 2: Calculate the turns of the winding  n

n' L
Ipk

Ac Bmax⋅
⋅:= n' 9.891= n ceil n'( ):= n 10=

l n MLT( )⋅:= l 0.6m=

Step 3: Calculate the air gap  Lg

µ0 4 π⋅ 10
7−

⋅ H m
1−

⋅:=

Lg
µ0 Ac⋅ n2⋅

L
:= Lg 1.652 10

3−
× m=

Step 4: Calculate the radius of the wire

Aw
Irms

Jm
:=
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A.3 Design of Transformer [F2] 
 

Specifications

V1 100V:= I1pk 13A:= I1rms 9A:= D 0.4:= fsw 1 MHz⋅:=

Jm 350A cm
2−

⋅:= n 2:= Bmax 0.1T:= Ku 0.4:=  
 

l3 0.12m=l3 n2 MLT( )⋅:=

l2 0.12m=l2 n2 MLT( )⋅:=

l1 0.24m=l1 n1 MLT( )⋅:=

The wire lengths for the primary and secondary windings are

n2 2=n2
n1

n
:=

n1 4=n1 round n'1( ):=n'1 4.124=n'1
D V1⋅

Ac Bmax⋅ fsw⋅
:=

Ac WA⋅ 1.193 10
8−

× m
4

=WA 1.23cm
2

:=

MLT( ) 6.00cm:=Ac 0.97cm
2

:=Choose ETD34

AcWA 5.143 10
9−

× m
4

=AcWA 2
D V1⋅ I1rms⋅

Ku Jm⋅ Bmax⋅ fsw⋅
⋅:=

Step 1. Calculate the product of AcWA

Design Procedure

                          
Step 2. Determine the wire sizes for the primary and secondary windings. 

Aw1
I1rms

Jm
:= d1 2

Aw1

π
:= d1 1.809 10

3−
× m=

Aw2
n I1rms⋅

Jm
:= d2 2

Aw2

π
⋅:= d2 2.559 10

3−
× m=

The skin depth can be calculated as 

γ 5.8 10
7

⋅ S m
1−

⋅:= µ0 4 π⋅ 10
7−

⋅ H m
1−

⋅:=

δ
1

π fsw⋅ µ0⋅ γ⋅
:= δ 6.609 10

5−
× m=
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Twice the skin depth, 2 δ⋅ 1.322 10
4−

× m= , is much smaller than d1 and d2 (required 
diameters considering the use of a single wire). Therefore we must use a strand of wires, having 
each wire  d 2 δ⋅< . We can choose Stranding/AWG-100/46,  d' 0.041 mm⋅:=  , i.e. 

d' 4.1 10 5−× m= < 2 δ⋅ 1.322 10 4−× m= , as the wires for the primary and secondary windings.

The numbers of Stranding/AWG-100/46 reeded to form the primary and secondary strands can 

be obtained as follows, given the equivalent bare of Stranding/AWG-100/46  ( Aw
1

4
π⋅ d'

2
⋅ 100⋅:= )

m'1
Aw1

Aw
:= m'1 19.477= m1 ceil m'1( ):= m1 20=

m'2
Aw2

Aw
:= m'2 38.954= m2 ceil m'2( ):= m2 39=

Step 3 Check the window utilization

Ku
n1 Aw m1⋅( )⋅ 2 n2⋅ Aw m2⋅( )⋅+

WA
:= Ku 0.253=

 
 
 
 

A.4 Simulation Results for SRC 
 

 
 

Fig. A-2 Voltage, current, and power waveforms  
Efficiency = 195.81 / 212.73 = 92.1% 
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Fig. A-3 Voltage and current waveforms for resonant inductor and capacitor 
 

 
 

Fig. A-4 Voltage and current waveforms for rectifier diode (D1) and transformer 
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Appendix B PSpice Model for IPEM 
 
 
PSpice Sub-Circuit Model Description — ipem.cir 
 
 BEGIN ANSOFT HEADER 
* node 1 A_src1 
* node 2 A_src2 
* node 3 B_src5 
* node 4 B_src6 
* node 5 C_src7 
* node 6 C_src8 
* node 7 D_src3 
* node 8 D_src4 
* node 9 W1_src9 
* node 10 W2_src10 
* node 11 W3_src11 
* node 12 W4_src12 
* node 13 A_Sink 
* node 14 B_Sink 
* node 15 C_Sink 
* node 16 D_Sink 
* node 17 W1_Sink 
* node 18 W2_Sink 
* node 19 W3_Sink 
* node 20 W4_Sink 
* node 21 Ground_Bias 
*   Format: PSpice 
*    Model: 3D Lumped Model 
*     Type: RLC 
*  Project: IPEM_18 
*      Cap: /home/jqian/Maxwell/default/ 
*         + IPEM_17.pjt/cap.pjt/globmtrx/  
*         + reduce1.lvl 
*      Ind: /home/jqian/Maxwell/default/ 
*         + PEM_18.pjt/acind.pjt/globmtrx/  
*         + original.lvl 
*      Res: /home/jqian/Maxwell/default/ 
*         + PEM_18.pjt/acind.pjt/globmtrx/  
*         + original.lvl 
* END ANSOFT HEADER 
.SUBCKT ipem 1 2 3 4 5 6 7 8 9 10 11 12 13  
14 15 16 17 18 19 20 21 
C001 13 21 6.02355E-12 
C002 14 21 8.53331E-12 
C003 15 21 4.91305E-12 
C004 16 21 4.91571E-12 
C005 17 21 2.2499E-14 
C006 18 21 2.16512E-14 
C007 19 21 4.00319E-14 
C008 20 21 3.3965E-14 
C001_002 13 14 3.10392E-11 
C001_003 13 15 1.85399E-11 
C001_004 13 16 1.84575E-11 

C001_005 13 17 1.99233E-13 
C001_006 13 18 1.95721E-13 
C001_007 13 19 1.55045E-14 
C001_008 13 20 1.70493E-14 
C002_003 14 15 2.45974E-11 
C002_004 14 16 2.44595E-11 
C002_005 14 17 1.88395E-14 
C002_006 14 18 2.01085E-14 
C002_007 14 19 2.94703E-13 
C002_008 14 20 2.99346E-13 
C003_004 15 16 1.46516E-11 
C003_005 15 17 3.03922E-13 
C003_006 15 18 1.64346E-14 
C003_007 15 19 2.05811E-13 
C003_008 15 20 1.30979E-14 
C004_005 16 17 1.61044E-14 
C004_006 16 18 3.07271E-13 
C004_007 16 19 1.13175E-14 
C004_008 16 20 2.0402E-13 
C005_006 17 18 6.71938E-15 
C005_007 17 19 5.68769E-15 
C005_008 17 20 1.00338E-15 
C006_007 18 19 9.99166E-16 
C006_008 18 20 5.67482E-15 
C007_008 19 20 5.65552E-16 
V001 1 22 DC 0 
V002 2 23 DC 0 
V003 3 24 DC 0 
V004 4 25 DC 0 
V005 5 26 DC 0 
V006 6 27 DC 0 
V007 7 28 DC 0 
V008 8 29 DC 0 
V009 9 30 DC 0 
V0010 10 31 DC 0 
V0011 11 32 DC 0 
V0012 12 33 DC 0 
L001 22 34 2.47537E-09 
F001L002 34 22 V002 0.460959 
F001L003 34 22 V003 -1.18672 
F001L004 34 22 V004 -0.60799 
F001L005 34 22 V005 -0.0720326 
F001L006 34 22 V006 0.162125 
F001L007 34 22 V007 0.290897 
F001L008 34 22 V008 0.21697 
F001L009 34 22 V009 0.222347 
F001L0010 34 22 V0010 0.227075 
F001L0011 34 22 V0011 0.0564051 
F001L0012 34 22 V0012 -0.0835372 
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L002 23 35 2.28518E-09 
F002L001 35 23 V001 0.499323 
F002L003 35 23 V003 -0.64856 
F002L004 35 23 V004 0.634727 
F002L005 35 23 V005 0.153651 
F002L006 35 23 V006 0.0933504 
F002L007 35 23 V007 0.0597141 
F002L008 35 23 V008 0.155463 
F002L009 35 23 V009 -0.0039291 
F002L0010 35 23 V0010 0.00120711 
F002L0011 35 23 V0011 0.147219 
F002L0012 35 23 V0012 -0.152145 
L003 24 36 1.91337E-08 
F003L001 36 24 V001 -0.153529 
F003L002 36 24 V002 -0.077459 
F003L004 36 24 V004 0.116883 
F003L005 36 24 V005 0.0489194 
F003L006 36 24 V006 -0.0886384 
F003L007 36 24 V007 -0.10369 
F003L008 36 24 V008 -0.07447 
F003L009 36 24 V009 -0.0757499 
F003L0010 36 24 V0010 -0.0519353 
F003L0011 36 24 V0011 -0.0208071 
F003L0012 36 24 V0012 0.0215246 
L004 25 37 1.92203E-08 
F004L001 37 25 V001 -0.0783029 
F004L002 37 25 V002 0.0754656 
F004L003 37 25 V003 0.116357 
F004L005 37 25 V005 0.074378 
F004L006 37 25 V006 -0.0302142 
F004L007 37 25 V007 -0.13833 
F004L008 37 25 V008 -0.0485653 
F004L009 37 25 V009 -0.0536515 
F004L0010 37 25 V0010 -0.076544 
F004L0011 37 25 V0011 0.0207514 
F004L0012 37 25 V0012 -0.0230592 
L005 26 38 2.6477E-09 
F005L001 38 26 V001 -0.0673442 
F005L002 38 26 V002 0.132613 
F005L003 38 26 V003 0.353517 
F005L004 38 26 V004 0.539926 
F005L006 38 26 V006 -0.0648088 
F005L007 38 26 V007 -0.527093 
F005L008 38 26 V008 -0.286157 
F005L009 38 26 V009 -0.139261 
F005L0010 38 26 V0010 -0.135726 
F005L0011 38 26 V0011 0.113306 
F005L0012 38 26 V0012 -0.053838 
L006 27 39 1.52411E-09 
F006L001 39 27 V001 0.263313 
F006L002 39 27 V002 0.139965 
F006L003 39 27 V003 -1.11276 
F006L004 39 27 V004 -0.381024 
F006L005 39 27 V005 -0.112586 
F006L007 39 27 V007 0.613212 
F006L008 39 27 V008 0.425054 

F006L009 39 27 V009 0.3091 
F006L0010 39 27 V0010 0.198538 
F006L0011 39 27 V0011 0.182461 
F006L0012 39 27 V0012 -0.0885888 
L007 28 40 4.52041E-09 
F007L001 40 28 V001 0.159295 
F007L002 40 28 V002 0.030187 
F007L003 40 28 V003 -0.438894 
F007L004 40 28 V004 -0.588163 
F007L005 40 28 V005 -0.30873 
F007L006 40 28 V006 0.206753 
F007L008 40 28 V008 0.625571 
F007L009 40 28 V009 0.146311 
F007L0010 40 28 V0010 0.186732 
F007L0011 40 28 V0011 0.00691284 
F007L0012 40 28 V0012 -0.00359749 
L008 29 41 2.65188E-09 
F008L001 41 29 V001 0.202529 
F008L002 41 29 V002 0.133966 
F008L003 41 29 V003 -0.537313 
F008L004 41 29 V004 -0.351991 
F008L005 41 29 V005 -0.285707 
F008L006 41 29 V006 0.244292 
F008L007 41 29 V007 1.06635 
F008L009 41 29 V009 0.137422 
F008L0010 41 29 V0010 0.140898 
F008L0011 41 29 V0011 0.0590477 
F008L0012 41 29 V0012 -0.109419 
L009 30 42 2.94292E-09 
F009L001 42 30 V001 0.187022 
F009L002 42 30 V002 -0.00305095 
F009L003 42 30 V003 -0.492496 
F009L004 42 30 V004 -0.350398 
F009L005 42 30 V005 -0.125291 
F009L006 42 30 V006 0.16008 
F009L007 42 30 V007 0.224738 
F009L008 42 30 V008 0.123831 
F009L0010 42 30 V0010 0.144649 
F009L0011 42 30 V0011 -0.0143781 
F009L0012 42 30 V0012 -0.0103902 
L0010 31 43 2.95072E-09 
F0010L001 43 31 V001 0.190494 
F0010L002 43 31 V002 0.000934844 
F0010L003 43 31 V003 -0.33677 
F0010L004 43 31 V004 -0.498588 
F0010L005 43 31 V005 -0.121788 
F0010L006 43 31 V006 0.102549 
F0010L007 43 31 V007 0.286066 
F0010L008 43 31 V008 0.126628 
F0010L009 43 31 V009 0.144267 
F0010L0011 43 31 V0011 -0.00744686 
F0010L0012 43 31 V0012 -0.0156574 
L0011 32 44 2.97355E-09 
F0011L001 44 32 V001 0.0469552 
F0011L002 44 32 V002 0.113138 
F0011L003 44 32 V003 -0.133886 
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F0011L004 44 32 V004 0.134132 
F0011L005 44 32 V005 0.100889 
F0011L006 44 32 V006 0.0935216 
F0011L007 44 32 V007 0.0105089 
F0011L008 44 32 V008 0.05266 
F0011L009 44 32 V009 -0.0142301 
F0011L0010 44 32 V0010 -0.0073897 
F0011L0012 44 32 V0012 -0.0532234 
L0012 33 45 2.96591E-09 
F0012L001 45 33 V001 -0.0697209 
F0012L002 45 33 V002 -0.117225 
F0012L003 45 33 V003 0.13886 
F0012L004 45 33 V004 -0.149433 
F0012L005 45 33 V005 -0.0480619 
F0012L006 45 33 V006 -0.0455238 
F0012L007 45 33 V007 -0.00548301 
F0012L008 45 33 V008 -0.0978334 
F0012L009 45 33 V009 -0.0103097 
F0012L0010 45 33 V0010 -0.0155773 
F0012L0011 45 33 V0011 -0.0533605 
R001 34 13 0.00256426 
F001R002 13 34 V002 0.697946 
F001R003 13 34 V003 -0.0451207 
F001R004 13 34 V004 0.815707 
F001R005 13 34 V005 -0.202139 
F001R006 13 34 V006 0.137769 
F001R007 13 34 V007 -0.101103 
F001R008 13 34 V008 -0.102724 
F001R009 13 34 V009 0.20106 
F001R0010 13 34 V0010 -0.0406403 
F001R0011 13 34 V0011 -0.0104699 
F001R0012 13 34 V0012 0.0408094 
R002 35 13 0.00364553 
F002R001 13 35 V001 0.490935 
F002R003 13 35 V003 -0.778515 
F002R004 13 35 V004 0.708887 
F002R005 13 35 V005 -0.242172 
F002R006 13 35 V006 0.0759721 
F002R007 13 35 V007 -0.312687 
F002R008 13 35 V008 -0.216969 
F002R009 13 35 V009 0.173524 
F002R0010 13 35 V0010 -0.194112 
F002R0011 13 35 V0011 -0.0784588 
F002R0012 13 35 V0012 0.0349743 
R003 36 14 0.042978 
F003R001 14 36 V001 -0.00269211 
F003R002 14 36 V002 -0.0660361 
F003R004 14 36 V004 -0.263273 
F003R005 14 36 V005 0.0491949 
F003R006 14 36 V006 0.0198534 
F003R007 14 36 V007 0.0814486 
F003R008 14 36 V008 0.0603568 
F003R009 14 36 V009 -0.0104368 
F003R0010 14 36 V0010 0.0517012 
F003R0011 14 36 V0011 0.0481658 
F003R0012 14 36 V0012 -0.0158187 

R004 37 14 0.039795 
F004R001 14 37 V001 0.0525615 
F004R002 14 37 V002 0.0649395 
F004R003 14 37 V003 -0.284331 
F004R005 14 37 V005 -0.0645948 
F004R006 14 37 V006 0.0161384 
F004R007 14 37 V007 -0.0347649 
F004R008 14 37 V008 -0.0443528 
F004R009 14 37 V009 0.0417299 
F004R0010 14 37 V0010 -0.0176804 
F004R0011 14 37 V0011 -0.0226215 
F004R0012 14 37 V0012 0.0346707 
R005 38 15 0.00348786 
F005R001 15 38 V001 -0.148612 
F005R002 15 38 V002 -0.253119 
F005R003 15 38 V003 0.606187 
F005R004 15 38 V004 -0.736998 
F005R006 15 38 V006 -0.0616557 
F005R007 15 38 V007 0.219061 
F005R008 15 38 V008 0.158581 
F005R009 15 38 V009 -0.137124 
F005R0010 15 38 V0010 0.0679357 
F005R0011 15 38 V0011 0.096574 
F005R0012 15 38 V0012 -0.00445912 
R006 39 15 0.00232541 
F006R001 15 39 V001 0.15192 
F006R002 15 39 V002 0.119101 
F006R003 15 39 V003 0.36693 
F006R004 15 39 V004 0.276179 
F006R005 15 39 V005 -0.092477 
F006R007 15 39 V007 -0.0500969 
F006R008 15 39 V008 -0.0324992 
F006R009 15 39 V009 0.233807 
F006R0010 15 39 V0010 0.0614457 
F006R0011 15 39 V0011 0.147895 
F006R0012 15 39 V0012 -0.0341643 
R007 40 16 0.00590995 
F007R001 16 40 V001 -0.0438673 
F007R002 16 40 V002 -0.19288 
F007R003 16 40 V003 0.592305 
F007R004 16 40 V004 -0.234091 
F007R005 16 40 V005 0.129283 
F007R006 16 40 V006 -0.0197118 
F007R008 16 40 V008 0.594488 
F007R009 16 40 V009 -0.0164124 
F007R0010 16 40 V0010 0.172245 
F007R0011 16 40 V0011 0.0492933 
F007R0012 16 40 V0012 -0.00538243 
R008 41 16 0.00335038 
F008R001 16 41 V001 -0.078621 
F008R002 16 41 V002 -0.236083 
F008R003 16 41 V003 0.774245 
F008R004 16 41 V004 -0.526813 
F008R005 16 41 V005 0.165088 
F008R006 16 41 V006 -0.0225568 
F008R007 16 41 V007 1.04866 
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F008R009 16 41 V009 -0.0508274 
F008R0010 16 41 V0010 0.149017 
F008R0011 16 41 V0011 0.0679007 
F008R0012 16 41 V0012 -0.0996476 
R009 42 17 0.011472 
F009R001 17 42 V001 0.0449415 
F009R002 17 42 V002 0.0551417 
F009R003 17 42 V003 -0.0390994 
F009R004 17 42 V004 0.144756 
F009R005 17 42 V005 -0.0416899 
F009R006 17 42 V006 0.0473931 
F009R007 17 42 V007 -0.00845501 
F009R008 17 42 V008 -0.014844 
F009R0010 17 42 V0010 -0.0103143 
F009R0011 17 42 V0011 0.000915997 
F009R0012 17 42 V0012 0.00991672 
R0010 43 18 0.011521 
F0010R001 18 43 V001 -0.00904543 
F0010R002 18 43 V002 -0.0614218 
F0010R003 18 43 V003 0.192866 
F0010R004 18 43 V004 -0.0610704 
F0010R005 18 43 V005 0.0205669 
F0010R006 18 43 V006 0.0124023 
F0010R007 18 43 V007 0.0883572 
F0010R008 18 43 V008 0.0433352 
F0010R009 18 43 V009 -0.0102705 
F0010R0011 18 43 V0011 0.0205778 
F0010R0012 18 43 V0012 -0.00438768 
R0011 44 19 0.0113203 
F0011R001 19 44 V001 -0.00237163 
F0011R002 19 44 V002 -0.0252665 
F0011R003 19 44 V003 0.182864 
F0011R004 19 44 V004 -0.0795231 
F0011R005 19 44 V005 0.0297552 
F0011R006 19 44 V006 0.0303805 
F0011R007 19 44 V007 0.0257344 
F0011R008 19 44 V008 0.0200961 
F0011R009 19 44 V009 0.000928277 
F0011R0010 19 44 V0010 0.0209427 
F0011R0012 19 44 V0012 -0.00980387 
R0012 45 20 0.0113254 
F0012R001 20 45 V001 0.00923991 
F0012R002 20 45 V002 0.0112578 
F0012R003 20 45 V003 -0.0600292 
F0012R004 20 45 V004 0.121825 
F0012R005 20 45 V005 -0.00137326 
F0012R006 20 45 V006 -0.00701483 
F0012R007 20 45 V007 -0.00280872 
F0012R008 20 45 V008 -0.0294785 
F0012R009 20 45 V009 0.0100451 
F0012R0010 20 45 V0010 -0.00446345 
F0012R0011 20 45 V0011 -0.00979942 
.ENDS ipem 
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