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ABSTRACT This paper presents a simulation scheme based on the S-parameters for simultaneously pre-
dicting the circuit operation of a power module (PM) and its consequent magnetic near-field (NF) strength.
The PM comprises silicon carbide (SiC) metal-oxide-semiconductor field-effect transistors (MOSFETs).
The circuit simulation is carried out using the S-parameterized PM aided by the SiC MOSFET die model,
which allows for a precise replication of the switching waveforms. Note that the S-parameterized process
needs no measurement data of the PM. The only experimental data are the characteristics of the specific SiC
MOSFET dies used in the PM to adjust the die model. A buck converter is configured with the PM, and the
magnetic NF radiated from the PM is measured in order to verify the validity of the proposed scheme.
The magnetic field detection probe does not measure the magnetic field itself; instead, it measures the
electromotive force (EMF) induced by the magnetic field. Accordingly, the simulated magnetic NF should
be converted to the corresponding EMF, which enables a comparison of the measured and simulated results.
This simulation scheme works successfully to predict the magnetic NF, but modeling the whole converter
system is indispensable.

INDEX TERMS Power electronics, power module, S-parameter, circuit simulation, electromagnetic noise.

I. INTRODUCTION
Silicon carbide (SiC) and gallium nitride (GaN) transistors
are devices that have been expected to exceed the perfor-
mance limits demonstrated by their silicon (Si) counterparts
in power electronics field. These so-called wide band-gap
semiconductor power devices are characterized by their high-
speed switching and high-frequency operation capability
[1]–[3]. High-speed switching reduces the power loss in
switching power supplies, while high-frequency operations
miniaturize such power supplies [4]–[8].

However, high-speed switching and/or high-frequency
operations multiply the time derivatives of voltage (dV /dt)
and current (dI /dt) in switching power systems. Large
dV /dt and dI /dt inevitably generate an unexpected cur-
rent and voltage surge through the unavoidable distributed
parasitic capacitances and inductances in circuit systems.
This means that such power systems incessantly experience
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electromagnetic (EM) noise. EM noises deteriorate the oper-
ation quality of industrial equipment [9], but a time- and cost-
consuming process is necessary to experimentally investigate
the mechanism of EM noises and reduce them. Therefore,
the EM noise prediction by the use of simulation technology
is highly demanded, especially when large dV /dt and/or dI /dt
are expected in the circuit.

The switching operation of transistors is the source of EM
noise because it creates high-frequency components in the
power application. Therefore, at first, simulation methods
must be able to accurately reproduce the experimental switch-
ing waveforms in order to predict the EM noise. In addition,
the expected simulation must be capable of predicting the
near-field (NF) noise for estimating the far-field (FF) radi-
ation noise because the international standard has restricted
the acceptable radiation noise by using the electric field
strength of FF radiation [10]. The NF noise determines the FF
noise [11], [12].

Researchers are therefore focusing on the development of
a simulation equipped with a-priori-assumption-independent
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process to model the characteristics of parasitic passive
components, such as capacitances and inductances, dis-
tributed anywhere in the circuit system. The equivalent circuit
methodology is widely used to predict the current and volt-
age waveforms. In this methodology, the equivalent model
of a target circuit must be expressed with the network of
lumped-constant circuitry components [13]–[16]; however,
no established standard can be used to determine a priori
what the best equivalent circuit is. In particular, for a circuit
that includes power modules (PMs), which often applies to
industrial electronics—Engineers are always confronted with
the difficulty of determining the locations of the parasitic
components and the sizes of their constant, because the
PMs include many semiconductor dies and a complicated
interconnection structure. Furthermore, another kind of prob-
lem is evident in the equivalent circuit methodology for the
FF noise simulation—the inability to calculate the radiation
noise. In such a scheme where the lumped constants are
used, it is impossible to model the space that surrounds the
circuits.

In this paper, the authors propose a methodology to predict
the circuit operation of a PM and its consequent magnetic
NF strength simultaneously, and also describe the use of as
few measurement results as possible during the modeling
process. To predict the NF noise radiated from the con-
verter, we adopt a buck converter comprising a PM equipped
with two dies of SiC metal-oxide-semiconductor field-effect-
transistors (MOSFETs) as the research object. In Section II,
the authors verify the S-parameter calculation scheme for
modeling the interconnection structure in a PM by using the
frame structure thereof, i.e., no SiC dies in it (bare PM); the
measured and simulated S-parameters are compared as func-
tions of the input signal frequency. In Section III, a double
pulse test (DPT) is carried out, using the PM inwhich two SiC
MOSFET dies are used to construct the half-bridge. DPT is
often carried out to evaluate the basic characteristics of a PM
[17], [18]. In addition, the authors discuss the design of the
S-parameter simulation configuration that corresponds to the
DPT; verify whether or not the scheme works by comparing
the simulated and experimental waveforms. In Section IV,
the PM is used to configure the buck converter [19] with
passive components, and the simulated counterpart is vali-
dated by measuring the magnetic NF strength being radiated
from the PM. The magnetic NF strength is obtained from
the EM/circuit co-simulation using the same S-parameter
simulation configuration as in Section III. The used mag-
netic field detection probe does not detect the strength of
the magnetic field itself, but it measures the electromotive
force (EMF) induced by the radiated magnetic field that
penetrates through the wire loop embedded in the probe.
The discussion included in Section IV also addresses the
transformation of the magnetic-field strength, which is the
direct result of the EM/circuit co-simulation, to directly com-
pare the measured results. Finally, we conclude this report in
Section V.

II. CALCULATION SCHEME FOR THE S-PARAMETERS
The S-parameter scheme is a standard simulation configu-
ration that is frequently used to analyze the behaviors of
GHz-signal circuits in a printed circuit board (PCB) [20]. The
S-parameters can also be applied to represent the input and
output power interactions between circuit elements, such as
packages, PMs, and PCBs used in power circuits. These inter-
action calculations represent the parasitic inductance, capac-
itance, and their mutual interactions. Hence, this scheme can
simulate how the PM operates if the designated input signal
is provided even without extracting the equivalent circuit.

In GHz-signal circuits, the reference plane is very impor-
tant in the stabilization of the reference voltage; hence, PCBs
are usually equipped with a wide metal plane working as
a reference. In the S-parameter-based simulation, the ports
representing the input and output of electric power are set
between the reference plane and the points of analysis [20].
However, power electronic circuits have no such reference
plane in their systems. Therefore, we first have to establish
the setup of the simulation scheme to electromagnetically
represent the PM used in this study.

For this purpose, the bare PM was prepared as shown
in Fig. 1(a). This module had a three-layer structure com-
prising a copper plate on the surface and the bottom side,
as well as an insulating substrate between the copper plates,
which allowed for the transistors to structure a half-bridge
circuit. As mentioned in Section I, the bare PM included no
SiC dies in order to simplify the test circuit; instead, wire
bonding was made to create a short circuit between all the
tested terminals. Fig. 1(b) displays the experimental setup
used to measure the S-parameters. The copper plate used as
the reference plane was mounted such that it connects onto
the Sub Miniature version A (SMA) connectors to straddle
between them. The plate was positioned 5 mm away from

FIGURE 1. (a) Bare PM; (b) configuration for the S-parameter
measurement; (c) Model A of the simulation; and (d) Model B of the
simulation.
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the inner edge of the terminals in the PM. A vector network
analyzer (E5061B: Keysight Technologies, Inc.) was used to
measure the S-parameters in the frequency range from 1 kHz
to 3 GHz.

The first simulation model (Model A) used to repli-
cate the setup situation shown in Fig. 1(b) is presented
in Fig. 1(c), while the second simulation model (Model B)
shown in Fig. 1(d) was equipped with the reference plane
positioned 1 mm under the bottom plane of the PM. In the
configuration used for Model B, all ports were set as referred
to the wide reference plane as conventionally used in GHz-
signal circuits [20], albeit differing from the experimental
geometry. The S-parameters of both models A and B were
calculated using an EM simulator (EMPro2017; Keysight
Technologies, Inc.) that employed the finite element method.

Fig. 2 shows the experimental and simulated results of the
S-parameters. Figs. 2 (a), (b), (c), and (d) exhibit |S11|, |S12|,
|S21|, and |S22| as functions of frequency, respectively. In each
figure, the black, red, and blue lines denote the measured
S-parameter spectrum and the simulated one of models A
and B, respectively. Each figure includes an enlarged view
of the 100 MHz-to-1 GHz spectra. |S11| and |S22| represent
the reflectance of the input signal of each port, while |S21| and
|S12| denote the transmittance of port-1 to 2 and port-2 to 1,
respectively.

The simulation results based on Model A reproduced the
experimental counterpart well, but the ones based on Model
B failed to do so. This conclusion proves that the reference
plane must be configured so as to replicate the experimental
setup for extracting the S-parameters of an objective circuit
system.

The abovementioned results in the simple two-port case
must be applied to general multiple-port cases as well; thus,
the position of the reference plane precisely replicates that of
the measurement setup for a PM case. This remark for the
reference plane preparation plays a crucial role in the precise
prediction of how a PM operates.

III. REPLICATION OF SWITCHING WAVEFORMS
Fig. 3(a) shows the schematic of the DPT circuit used to
verify the functionality of the proposed simulation scheme.
The PM that used the same frame as the bare PM included
the SiC MOSFET dies (S2301, ROHM Co., Ltd. [21]). The
rectanglemarkedwith a red dashed line denotes the part of the
PM comprising the half-bridge in the DPT, while Q1 and Q2
represent the transistors. Fig. 3(b) shows the inner structure
of the PM. The operating conditions of the circuit are as
follows: the drain–source voltage (Vds) = 600 V; the drain
current (Id) = 20 A; the external gate resistance (Rg) = 10�;
the input capacitor (Cin) = 3.5 mF; and the load inductance
(L) = 500 µH. The low-side transistor, Q2, was driven with
the gate–source voltage (Vgs) = −5 V and 18 V to turn the
transistor off and on, respectively. The high-side transistor,
Q1 maintained Vgs = −5 V throughout the test, as shown
in Fig. 3(a).

FIGURE 2. S-parameters of the bare PM. (a) |S11|; (b) |S12|; (c) |S21|; and
(d) |S22|. The black, red, and blue lines denote the spectra of the
S-parameters obtained by measurement, simulation based on Model A,
and simulation based on Model B, respectively.

The circuit simulation process is presented herein. First,
the SiC MOSFET die model was prepared. We have already
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FIGURE 3. (a) Schematic of the DPT, where the symbols P, N, and O
denote the terminals in the power line, whereas LS, LG, HS, and HG
denote the gate-signal terminal; and (b) inner structure of the PM, where
the capital-letter indices represent the circuit parts labeled as
in Fig. 3(a).

reported the die model of an SiC MOSFET to accurately
reproduce its switching waveforms, and this model worked
in the S-parameter scheme [22]. However, whether the circuit
simulation using this die model is good or not depends on the
measured data to characterize the device used for modeling.
Thus, we modified the parameters of the model to reproduce
the SiC MOSFET dies used in this study, in accordance with
the fitting process reported in [22].

Secondly, the simulation model of the PM was created.
The S-parameters of the bare PM were derived by EMPro,
using the same port setting procedure described in Section II.
During the process, the authors did not use any experimen-
tal data. The only things we used were the configuration
design of the PM and the property data of its materials. Next,
we imported the PM as an S-parameter component into the
circuit simulator (ADS2017; Keysight Technologies, Inc.),
and connected the S-parameterized bare PM to the SiC die
model to create the PM model.

Fig. 4(a) shows the simulation configuration, while
Fig. 4(b) displays the corresponding experimental setup.
As noted in Section II, the ports were set between the
terminals of the circuit components because the S-parameters
represented the relationship between the input and out-
put power. The S-parameter circuit simulation schematic is
shown in Fig. 5, where the S-parameterized bare PM is
represented with a blue rectangular box.

Figs. 6(a) and (b) show the turn-on and turn-off wave-
forms of the low-side device, respectively. The dotted lines
indicate the experimental results, while the solid lines indi-
cate the simulated results. The green, red, and blue lines
represent the waveforms of Vgs, Vds, and Id, respectively.
As the images show, the circuit simulation results using the
S-parameterized PM successfully reproduced the experimen-
tal waveforms. Note that this simulation process required
no priori assumptions or experimental data, except for the
measured characteristics of the used devices. In the equivalent
circuit methodology [13]–[16], priori assumptions or exper-
imental data are always indispensable, because no universal
algorithm exists to uniquely determine the equivalent circuit

FIGURE 4. (a) S-parameter simulation model and (b) DPT setup.

FIGURE 5. S-parameter circuit simulation schematic.

representing parasitic inductance or parasitic capacitance.
On the other hand, the S-parameter scheme does not need
the lumped-constant circuitry expression of components. The
scheme spontaneously includes how parasitic components
work and their interactions because it calculates the EM
energy input–output relationship between the circuitry com-
ponents. Therefore, this simulation scheme is appropriate for
a front-loading design.

IV. MAGNETIC NF SIMULATION AND ITS VALIDATION
The authors also simulated the magnetic NF radiated from
the PM with a buck converter as shown in Fig. 7(a). This
simulation was carried out using ADS with EM/circuit
co-simulation mode (EM circuit excitation) [23]. The PM
takes the circuit part indicated by the red dashed line
in Fig. 7(a). The operating conditions are as follows: the
input voltage (Vin) = 400 V; the output voltage (Vout) =
80 V; the power inductor (Lp) = 2.5 mH; Cin =

3.5 mF; the output capacitance (Cout) = 100 µF; the load
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FIGURE 6. Waveforms of the low-side device: the experimental
waveforms are represented by the dotted lines, while the simulated
waveforms are denoted by the solid lines. The blue, green, and red colors
are used to represent Id, Vgs, and Vds, respectively. (a) Turn-on and
(b) turn-off waveforms.

resistance (Rload) = 13.3 �; and Rg = 0 �. Vgs was a
rectangular pulse signal that alternates between −5 V and
18 V. A magnetic field probe (ESCO Technologies Inc.) with
an embedded wire loop having a 5 mm radius was used to
detect the EMF induced by the magnetic field that penetrates
the loop. The axes of the Cartesian coordinate system (x, y,
and z) are defined as shown in Fig. 7(b). The loop was set
perpendicular to the x-, y-, and z- directions, at a height
of 15 mm above the top surface (z = 0) of the PM. The
probe scanned the yellow shaded area denoted in Fig. 7(b).
In the following paragraphs, the symbols Vx , Vy, and Vz
denote the x-, y-, and z-components of the measured EMF,
respectively.

On the other hand, the ADS simulator calculatedly outputs
the magnetic field, and not the EMF. This means that we
cannot validate the accuracy of the simulation results by com-
parison with the experimental results. Thereby the authors
have to establish the calculation process to derive the EMF
from the simulated magnetic field results.

The total magnetic flux passing through a certain surface S
perpendicular to the j direction (j = x, y, z), Φj, is expressed
as follows:

Φj = µ0

∫
S
Re
{
Hj (r, f , t)

}
dS (1)

FIGURE 7. (a) Schematic of the buck converter circuit and (b) appearance
of the PM in the buck converter, where the terminals are held by the
metal beams. The yellow shaded area delineated by the yellow dashed
line indicates the area over which the magnetic field probe scans. The
capital-letter indices show the circuit parts as they are defined in Fig. 7(a).

where µ0, r, f , t, and Hj (r, f, t) denote the permeability of
vacuum, position vector, frequency, time, and the j direction
component of the Fourier component associated with f of
the steady-state complex magnetic field, respectively. Re {x}
denotes the real part of x. We want to obtain the EMF induced
in the wire loop; thus, S is the area enclosed by the wire loop.
Hj (r, f , t) is defined as follows:

Hj (r, f , t) =
{
Hjr (r, f )+ iHji (r, f )

}
exp (−i2π ft) (2)

whereHjr (r, f ) and Hji (r, f ) stand for the real and imaginary
parts of the space Fourier part of Hj (r, f , t), respectively, and
i is the imaginary unit. From Faraday’s law, the j direction
component of the EMF induced by Hj (r, f , t), Vj (r, f , t),
is expressed as:

Vj (r, f , t) =
∣∣∣∣−dΦj

dt

∣∣∣∣ (3)

Substituting (1) and (2) into (3), Vj (r, f , t) becomes,

Vj (r, f , t) = µ0

∣∣∣∣− ddt
∫
S
Re
[{
Hjr (r, f )

+iHji (r, f )
}
exp (−i2π ft)

]
dS
∣∣ (4)

In (4), since S does not depend on t, we rewrite the ordi-
nary derivative to the partial derivative and push it into the
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FIGURE 8. All figures are EMF mapping. (a), (b), and (c) are measured
results, while (d), (e), and (f) are simulated results. (a) Vx (r , f , t)max;
(b) Vy (r , f , t)max; (c) Vz (r , f , t)max; (d) Vx (r , f , t)max; (e) Vy (r , f , t)max;
and (f) Vz (r , f , t)max.

integrand of the surface integral. Hence, Vj (r, f , t) becomes:

Vj (r, f , t) = µ0

∣∣∣∣− ∫
S

∂

∂t

{
Hjr (r, f ) cos (2π ft)

+Hji (r, f ) sin (2π ft)
}
dS
∣∣ (5)

= 2π f µ0

∣∣∣∣sin (2π ft) ∫
S
Hjr (r, f ) dS

−cos (2π ft)
∫
S
H ji (r, f ) dS

∣∣∣∣ (6)

Hjr (r, f ) and Hji (r, f ) can be calculated using the outputs of
ADS. So, the EM/circuit co-simulation provides Vj (r, f , t)
from (6). The experimental Vx , Vy, and Vz were measured in
the peak hold mode. The maximum value of Vj (r, f , t) at each
position, denoted as Vj (r, f , t)max, was measured in the peak
hold mode. Vj (r, f , t)max was calculated for comparison with
the experimental data.

The initial comparison between the simulated and the
experimental results is summarized in Fig. 8. All the contour
maps in Fig. 8 show the magnetic NF over the probe scan-
ning area, where the color index denotes the EMF strength,
Vj (r, f , t)max. The simulation was carried out using the

FIGURE 9. (a) Wide-range view of the buck converter configuration used
to measure the magnetic NF and (b) modified simulation model.

configuration shown in Fig. 4(a), except for the port set
between the P and O terminals being changed to be between
the N and O terminals. This choice was made because the
circuit used in this section was not a DPT circuit, but a
buck converter. Figs. 8(a), (b), and (c) show the experimental
results of Vx (r, f , t)max, Vy (r, f , t)max, and Vz (r, f , t)max,
respectively, while (d), (e), and (f) show the calculated results
of Vx (r, f , t)max, Vy (r, f , t)max, and Vz (r, f , t)max, respec-
tively; f = 60 MHz was used for both. The same Cartesian
coordinate system as in Fig. 7(b) was also used.

As Fig. 8 shows, the simulated results completely failed
to reproduce the experimental results. The switching opera-
tion of the transistors was the source of the measured mag-
netic fields, and its waveforms were sufficiently reproduced,
as seen in Fig. 6. This result implies a deficiency in the first
simulation setup.

The measurement setup is shown in Fig. 9(a). It is
inevitable that the high-f components generated by the tran-
sistor switching find the low-impedance paths, which usually
include capacitance, to circulate in the circuit. Consequently,
the high-f currents unintentionally flow through Cin, Cout,
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FIGURE 10. All figures are EMF mapping. (a), (b), and (c) are the same
ones in Fig. 8 (a), (b), and (c) respectively, while the others represent the
new simulated results; (d) Vx (r , f , t)max; (e) Vy (r , f , t)max; and (f) Vz (r ,
f , t)max.

and parasitic capacitor of Lp. This indicates that researchers
have to consider this factor to predict the EM noise. Fig. 9(b)
shows the modified model for the retry simulation. Its main
difference from the first model was that the modified model
included the wirings and bus bars. In addition, we set ports at
the same position as the circuit components to duplicate the
experimental circuit operation more precisely than that in the
abovementioned case.

The second comparison between the simulated and experi-
mental results is summarized in Fig. 10. All presented contour
maps show a magnetic NF over the probe scanning area.
Figs. 10(a), (b), and (c) show the same experimental maps
as shown in Fig. 8, while Figs. 10(d), (e), and (f) depict the
new simulated results based on the model in Fig. 9(b).

The new version of the simulated results successfully
reproduced the experimental results in the spatial distribution
and strength of the magnetic NF. This fact elucidates that
the high-f current loops distributed in a system dominantly
determined the magnetic NF. The NF is strongly related to
the current causing conduction noise and propagates into the
outer space to generate the FF. Hence, engineers must care
for the whole configuration to design power systems.

The radiation noise and its consequent circuit malfunc-
tion [24] is a serious issue in designing power circuits. The
methodology proposed herein to predict the NF without
experimental data enables us to avoid the time-consuming
processes of prototyping PM and also to effectively reduce
noise sources beforehand.

V. CONCLUSION
Wehave proposed an S-parameter simulationmethodology to
predict the circuit operation of a PM and its consequent mag-
netic NF with no priori assumptions. Firstly, we showed that
the S-parameters of the used bare PM can be compared well
to the measured ones if the reference plate is positioned to
correspond to the real situation. The S-parameterized PMwas
created by combining the S-parameterized bare PM with the
die model of the SiC MOSFET, and it successfully generated
the switching waveforms in the DPT. Next, we used a buck
converter comprising the PM, and the magnetic NF radiated
from the PMwas simulated andmeasured. Themagnetic field
probe does not detect the magnetic field; instead, it detects
the EMF induced by the magnetic field. Thus, the magnetic
field as a simulation output was converted to the EMF before
comparing the simulated and experimental magnetic NF.
In addition, this study revealed that we must model the whole
system to predict the magnetic NF, and that the proposed EM
simulation also successfully predicted themeasuredmagnetic
field. In this proposed simulation scheme, no experiments by
using the PM were mandatory. The only experimental data
used were the characteristics of the SiC transistor.

This nearly experiment-independency provides many ben-
efits in engineering design. This simulation enables virtually-
performed multiple designing of the functions, the circuitry
operations, and the radiating noise of PMs. These benefits
will construct an excellent platform for the machine-learning-
based technical design. In the near future, the research team
will show a complete experiment-independent designing
example of a PM by newly establishing the device simulation
and electro-thermal co-simulation, and clarify the correla-
tion between the performance of PMs and power systems
including PMs.
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