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One-Step Method of Dynamic Capacitances
Extraction From a SiC Power MOSFET 1n a
Half-Bridge Package for EMI Analysis
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Abstract—The electromagnetic interference (EMI) and dynamic
capacitance characteristics of metal-oxide-semiconductor field-
effect transistors (MOSFETS) are essential considerations in circuit
design and electromagnetic compatibility. A MOSFET is a semicon-
ductor widely used in switching applications. The dynamic capaci-
tance characteristics of a MOSFET are closely related to the switch-
ing behavior of the circuit and EMI generation. Therefore, for EMI
analysis and to control power conversion systems, the capacitances
of the MOSFETs have to be accurately known. The capacitance
of a MOSFET changes depending on the dc bias voltage. In other
words, this means that EMI characteristics may vary depending on
operating conditions, so capacitance must be obtained based on the
dc voltage. Much research has been conducted on the capacitance
extraction of a single MOSFET. However, the complexity of the half-
bridge structure increases as the number of terminals increases,
so conventional research has limitations. This article proposes a
method to extract the half-bridge MOSFET dynamic capacitances
simply using a one-step measurement. By changing the terminal
connection of the half-bridge MOSFET, the dynamic capacitances
were obtained through two-port S-parameter measurement. The
proposed method was verified through simulation and experiment,
and a switching test was performed for EMI analysis.

Index Terms—Electromagnetic interference (EMI), half-bridge
metal-oxide-semiconductor field-effect transistors (MOSFETS),
MOSFET capacitances, S-parameter, switching noise.
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1. INTRODUCTION

OST power conversion systems, especially inverters,
M and converters, use silicon carbide (SiC) metal-oxide-
semiconductor field-effect transistors (MOSFETs) in a half-bridge
configuration [1], [2]. In other words, the MOSFET plays a vital
role in the power conversion system. In these systems, the
efficient operation of the MOSFET is an essential factor that
determines the performance and reliability of the overall system.
The dynamic capacitance of MOSFETS is closely related to the
efficiency, reliability, and electromagnetic compatibility (EMC)
of the system, and its importance in the design and optimization
process of power conversion systems cannot be overemphasized
(31, [4], [5].

In power electronics, electromagnetic interference (EMI) mit-
igation is crucial due to its significant impact on the performance
and reliability of electronic systems. EMI can cause malfunc-
tions, degrade signal integrity, and lead to noncompliance with
regulatory standards, potentially resulting in the failure of power
electronic devices. Effective EMI mitigation ensures that power
electronics systems operate efficiently within the electromag-
netic environment, reducing noise emissions and susceptibility
to external disturbances. This is particularly important in appli-
cations such as electric vehicles, renewable energy systems, and
industrial automation, where maintaining EMC is essential for
system reliability and safety. Therefore, incorporating robust
EMI mitigation strategies during the design and development
phases is vital to achieving optimal performance and compliance
with global EMC standards.

In particular, accurately extracting the dynamic capacitance
of the MOSFET in a half-bridge configuration is very important
during the design process. This allows designers to minimize
switching losses and optimize power conversion efficiency.
Additionally, EMC standards can be satisfied by planning the
EMI filtering strategy more accurately [6]. In conclusion, the
accurate extraction and management of dynamic capacitances
in a half-bridge MOSFET package is essential for the efficiency,
reliability, and EMC standards of power conversion systems.
So, minimizing switching losses, managing heat generation, and
reducing EMI are critical factors in developing power conversion
solutions. Therefore, when starting the design process, it is
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crucial to consider dynamic capacitances from the initial design
stage [7].

Existing methods for extracting the dynamic capacitance of a
MOSFET are mainly divided into two types. The first is to change
the dc voltage between the drain and source with the gate voltage
at 0 and measure it using an impedance analyzer, curve tracer, or
vector network analyzer (VNA) [8], [9]. Impedance analyzers
and curve tracers both measure impedance by evaluating voltage
and current, with curve tracers being more specialized for power
device measurements. Impedance analyzers extract impedance
through radio frequency (RF) V-I measurements across a wide
frequency range using frequency sweeps. Curve tracers, on
the other hand, extract capacitance by generating high-voltage,
high-current curves at a single frequency. Additionally, the
network analyzer measures the reflection and transmission char-
acteristics of a signal as S-parameters, which can be converted
into impedance. The second involves characterizing dynamic ca-
pacitance using transient waveforms measured during switching
operations [10], [11], [12], [13].

Manufacturers primarily provide datasheets using the first
method, which typically involves the use of curve tracers. This
method is advantageous for reliably extracting the dynamic
capacitance of MOSFETs. Additionally, numerous studies have
been conducted using impedance analyzers and network ana-
lyzers for more precise impedance measurements [8], [9], [15],
[16]. These instruments are particularly useful for analyzing
impedance in high-frequency environments, allowing for the
precise evaluation of stray inductance and capacitance that can
affect circuit performance, especially through high-frequency
response and S-parameter measurements [14].

However, terminal floating issues may occur when applying
this method to a half-bridge configuration. Since the impedance
analyzer is based on a one-port network measurement method,
three of the five terminals in the half-bridge MOSFETSs are in-
evitably floating [8]. A two-port network measurement using
a VNA generates at least two floating terminals, affecting the
measurement results [9]. Curve tracers adopt an internal wiring
change method to prevent floating issues that can occur during
measurements with impedance analyzers or network analyzers.
This internal adjustment allows the curve tracer to automate the
process while conducting multiple measurements [14].

To solve these problems, research was conducted to extract
capacitances while changing the terminal wiring to eliminate
open terminals [15], [16]. Liu et al. [15] and Zhong et al. [16]
proposed a method to measure the device capacitances of a half-
bridge MOSFET while changing the terminal wiring in 5 or 3 steps,
respectively. These methods can eliminate terminal floating
issues, but there is a problem with multiple measurement steps,
and additional test fixtures must be manufactured accordingly.
In addition, there is a method to extract the dynamic capacitance
of a single MOSFET depending on the dc voltage by inductively
measuring the two-port S-parameter using two current probes
[17]. This method can also eliminate floating issues but has
the limitation that the wiring has to be changed depending on
the measurement conditions. Additionally, when this method is
applied to a half-bridge MOSFET, additional floating terminals
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are generated, further increasing the number of measurement
setups required.

The second type of method is an approach that inversely
characterizes the capacitances by fitting the switching waveform
during operation. This has an advantage in that it allows the
correlation between the phenomenon and the extraction results
to be identified with high accuracy but has the limitation that the
results are dominated by the measurement environment [10],
[11], [12], [13]. If the measurement environment and settings
are changed and unstable, transient results may occur, reducing
the accuracy of device component extraction. Additionally,
these methods have more complicated procedures than the first
methods.

Therefore, to increase the convenience of the measurement
method, this article focuses on a two-port network analysis
using VNA. This article proposes a topology that allows the
measurement of a two-port network without floating issues, and
using this, the device capacitance of the half-bridge MOSFET,
depending on each voltage level, can be extracted through a one-
step measurement. Unlike conventional research, it can perform
an extraction with a single test fixture and fixed measurement
environment without changing the terminal wiring. This is crit-
ical to ensure measurement accuracy and reproducibility. The
proposed method was verified through three-dimensional (3-D)
EM simulation and experiment, and extraction was performed
from 300 kHz to 30 MHz for EMI analysis [18].

In order to analyze EMI during switching based on the result
of the proposed method, a switching circuit was designed,
and the switching waveform was measured. The relationship
between the ringing phenomenon occurring at the measured
switching voltage and parasitic capacitance was analyzed, and
switching noise was analyzed and compared with simulation in
the frequency domain.

The rest of this article organized as follows. Section I intro-
duces the motivation and purpose of this research. In Section II,
circuit analyses of a single MOSFET and a half-bridge MOSFET are
conducted. Section III shows the proposed parasitic capacitance
extraction method. In Sections IV and V, the proposed method
is verified through simulation and experiment, respectively.
Section VI shows the relationship between this research and
EMI through switching tests. In Section VII, the limitations of
this study are discussed. Finally, Section VIII concludes this
article.

II. CIRCUIT ANALYSIS OF POWER MOSFET

This section shows a circuit model analysis, including MOS-
FET components and the relationship between the MOSFET and
EML. In addition, the existing method of extracting the device
capacitances of the MOSFET using delta-star conversion and the
circuit of the half-bridge MOSFET package to form a module is
introduced.

A. Device Capacitances and Ringing

The equivalent circuit model, including the device com-
ponents of the MOSFET, is important for understanding and
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Fig. 1. Example concept of the ringing and EMI issues of MOSFETS in power
conversion circuit.
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designing the actual operation of the MOSFET. Fig. 1 shows the
internal device components of a MOSFET and the circuit contain-
ing them. This model includes various device components inside
the MOSFET, allowing for more accurate performance prediction
under actual operating conditions.

MOSFET includes dynamic capacitance, device inductance,
and resistance. Among these, device capacitances are one of the
important dynamic characteristics found in MOSFETs. They are
mainly classified into three terminals: 1) gate-source (Clyy), 2)
gate-drain (Cyq), and 3) drain-source (Cy) capacitance. Clyg
transfers changes in gate voltage to the source during switching
operations, and Cyq causes voltage fluctuations during switch-
ing, affecting switching performance. Cy; is observed when the
MOSFET is turned OFF.

These device capacitances can resonate with the loop induc-
tance during switching, causing the ringing. For example, as
shown in Fig. 1, high-frequency noise loops such as loop 1
may be generated in addition to loops 2 and 3, and these loops
cause ringing. During switching operations, the capacitance of
the MOSFET causes a change in the switching voltage, which
leads to a change in current. Loop inductance limits the rate
of this current change and can cause voltage spikes. Therefore,
voltage spikes can cause switching loss and increase EMI.

InFig. 1, the noise paths attributed to the intrinsic capacitances
of the MOSFET are illustrated. However, it is important to note
that when a gate driver is employed, the parasitic capacitance
generated by the isolation barrier of the driver power supply can
also significantly contribute to the noise path [19]. Additionally,
parasitic capacitance that arises between the ground and power
lines in a power system can influence both the noise path and
the magnitude of the noise [20]. Nevertheless, these factors
can vary depending on the design of the power electronics
systems. In other words, engineers need to know the intrinsic
capacitance of the MOSFET accurately so that they can design the
system taking its influence into account. So, this article focuses

Porta Port b
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| |
r 1 r 1
Rd Ld Cdn Csn Rs Ls
Cyn
Port a Port b
Lg
(b)

Fig. 2. General equivalent circuit of a MOSFET. (a) Delta-connected equiva-
lent circuit model. (b) Star-connected equivalent circuit model.

on the method of extracting the intrinsic capacitances of the
MOSFET, specifically in a half-bridge module, which involves
the extraction of the intrinsic capacitances.

In addition to device capacitances, stray inductances, and re-
sistances are also included. However, in general, the inductance
of a trace or cable is much larger than the stray inductance
of a package-type half-bridge MOSFET, so capacitance is an
important factor affecting EMI [21].

B. Circuit Analysis

The components of the MOSFET are expressed as an equivalent
circuit, as shown in Fig. 2(a) and (b). The first step to finding
the capacitances of each terminal in a circuit, such as Fig. 2(a)
composed of a delta circuit, is to measure it with a star circuit and
then obtain the capacitance through delta-star inverse conversion
[22]. Equations (1)—(3) refer to the impedance of each terminal

Zan = Rq + jwlLg + - (1
]wcdn

Zgn = Ry + jwLy + - (2)
g g T JWhyg 50Con

an == Rs +jWLs + = . (3)
JwCsn,

Using the impedance of each terminal, the series equivalent
capacitances Cyy,, Can, and Cy, can be obtained, respectively,
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Fig. 3. Typical half-bridge MOSFET configuration.
as follows:
CynCan
Cya = gnd )
Cin + C, gn T Csn
CynC
C .= gn'~sn 5
g Cdn + Ogn + Csn ( )
C ’I’LCSTL
Cus 2 (6)

" Cun+ Cyn + Can”

Equations (4)-(6) above calculate the capacitance between
each terminal using the capacitance obtained from the series
impedance [22]

Ciss = Cgs + ng @)
Coss = Cds + ng (8)
CT'SS = Ugd- (9)

To compare the extracted capacitances between each terminal
with the datasheet, Cjss, Cyss, and C,.5 are obtained using
(7)—(9). C;ss represents the amount of charge required when
the gate of a MOSFET is charged or discharged, depending on
the voltage change applied to the gate. C',ss means the amount
of charge that can be stored between a drain and source and
is especially important when the MOSFET is OFF. Finally, C,
describes the change in capacitance between the gate and drain
during the switching operation and is related to the switching
speed [23]

Zaa - Zdn + Zgn (10)
Zba = Lab — Zgn (11)
Zyp = Lsn + Zgn~ (12)

The impedance of each terminal that can be obtained from a
two-port network, as shown in Fig. 2, is equal to (10)—(12), and
the capacitance can be obtained through these equations. Based
on the two-port network theory, the capacitances of a single
MOSFET can be easily obtained. For measurement depending on
the dc voltage, a method using a bias-tee, or dual current probes
can be used based on an equivalent circuit model [17], [24].

However, the half-bridge package, which has a structure of
two single MOSFETs connected in series, as shown in Fig. 3, can-
not use the previous method directly. A single MOSFET has three
terminals, but a half-bridge MOSFET has at least five terminals:
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Fig. 4. Equivalent circuit model of the proposed method.

1) high-side drain, 2) low-side source, high-side and low-side
gate, and a phase where the high-side source and low-side drain
meet. Therefore, when configuring the same two-port network
as a single MOSFET, issues due to floating terminals may occur,
and even if floating issues are eliminated by changing the wiring
between terminals as in previous studies, at least three or five
test fixtures are required [15], [16].

Additionally, even if you connect a dc voltage across the high-
side drain and low-side source without changing the wiring, the
capacitor does not allow dc to pass, so no voltage is distributed
between the high-side and low-side, respectively.

In other words, the dynamic capacitances of the half-bridge
package cannot be extracted using the previously proposed two-
port network theory method. A method to solve this problem and
extract the capacitance with a single measurement is proposed
in the next chapter.

III. PROPOSED ONE-STEP EXTRACTION METHOD

This section proposes a topology for extracting the dynamic
capacitances of a MOSFET in a half-bridge configuration with a
single measurement. A measurement method using a bias-tee
based on a two-port network is explained, and a method for
extracting the capacitance in a static state where the dc voltage
is 0V, and the nonlinear dynamic capacitance depending on the
dc voltage is proposed. Only one test fixture is required to apply
this method, and measurement steps using the proposed method
are presented.

A. Proposed Topology for Extraction

Previous research measured S-parameters using a VNA and
protected the VNA using bias tees to simultaneously apply
dc voltage [25]. The proposed topology, including bias-tee, is
shown in Fig. 4.

In Figs. 3 and 4, when the phase between the source of the
high-side and the drain of the low-side is open, even if a dc
voltage is connected to port 1, no voltage is applied to the high-
side and low-side MOSFET. This is due to the characteristics of
the capacitors that do not pass dc.

Therefore, in order to apply dc voltage between the drain and
the source, the phase terminal has to be connected to the ground.
Now, two methods can be considered: One is to short-circuit
the phase and ground, and the other is to connect the phase
and ground through different impedance components. Shorting
phase and ground and then connecting a dc voltage to port 1
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Fig. 5. Simplified two-port network of the proposed method.

causes adc voltage to be applied between the drain and the source
of the high side. On the other hand, the voltage between the low-
side drain and the source becomes zero. In other words, in the
short-circuit, the voltage can be input, but since all current flows
through the shorted part Ss;, this means transfer characteristics
become very small. Ideally, when the phase is short-circuited,
the component passing to port 2 disappears, so Sa; becomes
minus infinity, which is a value that cannot be measured. To
solve this, the proposed method connects Z;, a 50 € resistor
between the phase and ground, as shown in Fig. 4.

However, the resistance to connect the phase and ground does
not necessarily have to be 50 €2. The reason why 50 2 was used
in the proposed topology is because a component with constant
impedance depending on frequency is required. In other words,
by using a 50-€2 load connector in the calibration kit, a constant
impedance can be maintained within the frequency range to be
verified in the proposed method, and its value can be known.
Therefore, in this research, a 50-(2 load calibration kit was used
to ensure stable measurement and measurement accuracy of So; .
Additionally, if the phase and ground are short-circuited and Z,
is 0, the two-port network of the proposed topology cannot be
calculated.

Also, in general, it is not easy to know the internal structure of
a MOSFET, and manufacturers do not disclose it. The datasheet
of the half-bridge MOSFET provided by the vendor does not
offer separate high-side and low-side capacitances. Additionally,
several existing studies have demonstrated that the capacitances
of the high side and low side of a MOSFET are identical [9],
[15], [16]. This leads us to assume that the high-side capacitance
and low-side capacitance are equal. Therefore, in this research,
based on this assumption, the high-side dynamic capacitance
was extracted using the device capacitance measurement results
when the dc voltage was 0 V. Specific methods and theories are
explained in the following sections.

B. Static Capacitances Extraction Method

First, this is a method of extracting the device capacitance of
the half-bridge MOSFET in a static state when the dc bias voltage
is 0 V. Before the explanation, in order to simplify the proposed
topology, the Z matrix was characterized by the ABCD matrix
calculation [26]. Equations (13)—(15) divide the circuit in Fig. 5

into three parts and express them as an ABCD matrix

(Zan)Zgn + 1 Zsp (Zan)Zgn + 1)
M, = g g 1
! 1/ Zn Zan) Zogn + 1 (13)
1 0
My = _1/Zt K where Z; = 50 (14)
NZa)Zy+1 Zy(Zu)Zy +1)
M = 1/Zy Za)Zg+1 (15)

With the three matrices above, the two-port network of the
entire circuit can be obtained using

A B
M = My My M, — [C D] (16)
Zgn
A=Zy Zg+ (Za+ Zg) | Zan + Zgn + VA 17
+
Zgh
B = Zgl (Zdh + Zgh + 7 > + Zgh (Zgl + Zsl) (18)
¢

Zgh + Zs
C=Za+Zg) (Zgh + ghzh) + Zg (Zgn + Zap)
t
(19)
Zgh + Zs
t
(20)

Using network theory, the ABCD matrix in (16) can be
converted to the Z parameter as in

1 {A ADBC] B {Zu

Z=ch D o1

ZlQ
- } . 1)

Z22

From the obtained matrix, the impedance can be obtained in
a static state, and Z15 and Zo; are the same [26]. First, at 0 V,
the impedance of the high-side and low-side can be assumed to
be the same as [16]

Zan lveo = Zai ly—o = Zai (22)
Zgh ‘v:o = Zgi |V:0 = “gl (23)
Zsh |V:0 = Zsl |V:0 = Zsl- (24)

At this time, since the only unknowns in the Z matrix obtained
in (21) are Zg;, Zs1, and Z;, the solution can be obtained using
a cubic system of equations.

Equations (25)—(27) are cubic equations for calculating the
impedance of each terminal in a static state

Zjl + (Zdl + Zgl) (Zdl + Zgl + ZTQZ)

Z1 |V:0: z+Zl
(Zar + Zg1) (Zgl + ZotZa ) +Zy (Zy+ Za)
(25)
Z12 |V:0 = Zn |V:0
1
— (26)

(Zai + Zy) (Zgl n i) Y Zyy (Zg + Z)
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(Zgl + Zsl)2 + Zgl (Zgl + ﬂ)

(Zai + Zy1) (Z + “Z“) + Zg (Zg + Zs1)
(27)

Z22 |y—o=

The impedance of each terminal obtained using (25)—(27) is
the same as (28) shown at bottom of this page, (29) and (30),
and the device capacitance can be obtained using (4)—(6),

L1112y — ZooZy
Iag=4Lg — ————— 2
di sl Zo1 — 7, (29)
Lo Ly + Zog Zy
T = gy - LAl T Ll (30)
o YT Za - 2,

In other words, the Z-parameter can be obtained using the
measured two-port S-parameter, and through this, the capaci-
tances in the static state can be extracted using (28)—(30).

In this section, a method for extracting the device capacitances
of a half-bridge MOSFET when the dc voltage is 0 V is proposed,
and in the following section, a method for extracting the dynamic
capacitance when the dc voltage is not 0 V is proposed using
this method.

B. Dynamic Capacitances Extraction Method

When a dc voltage of n V rather than 0 V is applied, the
MOSFET has the characteristic of nonlinearly decreasing capac-
itance as the voltage increases. A dc voltage was applied to the
high-side MOSFET using the topology in Fig. 4. In this case, as
mentioned in Section II, the dc voltage is only applied to the
high side.

The proposed topology with or without dc bias voltage can
be expressed as (13)—(21). However, when the dc voltage is
not 0 V, the high-side and low-side impedances are different,
so conditions (22)—(24) cannot be satisfied. Since no voltage is
applied to the low-side, the low-side impedance can be obtained
through (28)—(30), so these are the only known parameters now.

In other words, when measuring a two-port network in a
dynamic state, there are a total of three unknowns: Zgp, Zsp,
and Zg4;, and a simultaneous equation can be created by con-
verting the measured S-parameters into Z-parameters. Equations
(31)—(33) are the third-order simultaneous equations to find the
high-side impedance under dynamic conditions

Z11n ly=p

ZgnZg + (Za + Zg) <Zdh + Zgn +

Zgh
Zt
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(Zgh + Zan) (Zg1 + Za1) + Zgi (zgh n i)
(Zar + Zg1) (Zgh + M) + Zg (Zgn + Zsp)

(33)

Using (31)—(33) and (28)—(30), the impedance of each termi-
nal of the high-side MOSFET when n V is obtained is as follows:

Q=73+ Z11 722 + Z1 (2Zo1 + Z11 + Za22) (34)
W = *2221 + Z11 222 — Z11Zaa, + Zi (Zoy + Zao — Zaa,)

(35)
E = Z} Zy1,Z91 (2221 + Z11 + Za2)
— 2y 2o, (23, — Z11Z1 Za3) (36)
R =27 Z,Q (37)
T = Zyy ZoaZiin — Z11211n 2220
+ Zy (ng + Zo1Zin + Z22Z11n — Z117LZ227L)
(38)
211231, — Zain ( ZonZy (Q)) — 73 Z1in +T
Zan = i
(39)
Zgh = % 40)
Zsh,

E+VRZ, (—2221+Z11Z22 —Z11Z22n _Z21222n)

VR (22— Z11 Zog+ 711 Zogn — Zo1 Zs— Zan Zi+ Zoan Zt)
(41)

The capacitances under dynamic conditions can be obtained
from (39)—(41). In conclusion, the proposed method can extract
the device capacitance of a half-bridge MOSFET with one mea-
surement per topology and one voltage case.

Unlike previously proposed methods, there is no need to
change terminal wiring to measure a half-bridge MOSFET pack-
age forming module, and because the measurement steps are
reduced, the time and cost of producing a test fixture are also re-
duced. Additionally, while existing research is based on two-port
network methods for measuring half-bridge packages in static
situations, it cannot measure dc bias characteristics. In a static
state in previous studies, the reproducibility and stability of the
measurement may decrease as the terminal wiring is changed and

= (31) multiple test fixtures are used. Therefore, by using the proposed
(Za+ Zg) (Zgh + LZh) + Zg (Zgn + Zsp) method, capacitances can be extracted simply and stably.
Z1on vy = Z21 ly—o C. Summary
_ 1 (32) The proposed method is summarized, and the measurement
(Zar + Zg1) ( Zgh + LZI) + Zg (Zgn + Zan) sequence is organized. Fig. 6 shows the measurement flow
chart using the proposed method. First, create a test fixture for
Zoon |y— measurement, as shown in Fig. 4, and then measure the two-port
V=n g p
ZorZy + ZooZy — N 23, 22 — 22222, + Z11 22227 + Z11 2} + Z22 73

Zsl: -

28
Zo — Zy %)
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Set the dc bias
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l

2-port S-parameter measurement and conversion to Z-parameters

l

Calculate Dynamic capacitances
using (34)-(41)

l

Calculate Capacitances using (1)-(6)

End

Fig. 6. Flow chart of the proposed method.

S-parameter when the dc voltage is O V. Find the Z parameter
from the measured S-parameter, and use (28)—(30) to find the
impedance in the static state. Afterward, the dc bias voltage
is raised to n V to extract dynamic characteristics. Measure
the two-port S-parameter with voltage applied and extract the
impedance in the dynamic state using the converted Z parameter
and (34)—(41). The capacitances of each state can be obtained
through (1)—(6). In other words, using the proposed method,
device capacitance can be extracted with one measurement per
voltage condition.

The proposed method extracts capacitance based on the
premise that the high-side and low-side impedances are identical
under 0 V conditions, thereby avoiding any floating issues.

Initially, the capacitance is extracted under the 0 V condition
by assuming equal impedance for both the high side and the
low side. Subsequently, when a voltage is applied, the proposed
topology is used where only the high side experiences the applied
voltage. The previously extracted low-side impedance at 0 V is
substituted into the model, and the impedance at each terminal
of the high-side is measured under the applied voltage. This
approach allows for the extraction of capacitance as a function
of the applied voltage.

TABLE I
SIMULATION RESULT OF STATIC EXTRACTION

@I MH:z Cas [PF] Cag [PF] Cgs [PF]
Datasheet [pF] 1850 274.9 1420
Simulation [pF] 1882.4 249.6 1397.6

Difference 1.75% 9.2 % 1.58%

IV. SIMULATION VERIFICATION

In this section, a test fixture is designed, and a 3-D EM simu-
lation is performed to verify the proposed method. Based on the
datasheet, the capacitances were imported into the 3-D model.
Since the internal structure of the selected device is unknown,
the test fixture alone was modeled to validate the effectiveness
of the proposed method and fixture, with the device capacitances
imported into the lumped port based on the datasheet. The
two-port S-parameters were obtained through simulation, and
the proposed method is applied using simulation results. The
3-D EM simulation tool is ANSYS HFSS, a well-known finite
element solver.

A. Simulation Setup

The 3-D modeling was performed in the same form as the test
fixture produced for the experiment, and the product verified in
this article is an Infineon IAUC60N04S6NO31H.

Fig. 7 shows the modeled simulation setup. An SMA con-
nector was additionally modeled for a setup similar to the
actual measurement environment. The test fixture was designed
considering the package size and footprint of the target MOSFET,
and the fixture size was modeled considering the measurement
frequency. In general, the fixture size was selected to be suf-
ficiently short compared to the wavelength according to the
A/20 rule of thumb, and it was designed to be 30 mm long,
considering the maximum frequency of 30 MHz. The simulation
was performed up to 30 MHz according to the measurement
standards for conducted emissions in electronic devices [18].

As shown in Fig. 7(a) and (b), vias were used to ground the
high-side and low-side gates.

The measurability of the method was evaluated through 3-D
simulations performed in a static situation with a dc voltage of
0 V. This simulation was conducted to determine the robustness
of the test fixture when using the proposed method, so it was
performed only for static conditions.

Referring to the datasheet, the capacitance between each
terminal was set using the lumped RLC function of ANSYS
HESS, and the setup values are in Table I. As shown in Fig. 7,
brown sheets were created between the yellow footprints, and
the capacitances from the data sheet, as listed in Table I, were
set. The impedances in Fig. 8 were then extracted from the
S-parameters obtained from the connectors. Therefore, this sim-
ulation can be used to verify whether the fixture is suitable for
the proposed method.

The lumped RLC boundary in HFSS is a modified impedance
boundary. Unlike the impedance boundary, lumped RLC can be
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High-side |l Low-side
(b)
Fig. 7. Three-dimensional EM Simulation setup of the proposed method. (a)

Top view. (b) Perspective view.

used to specify a resistor, inductor, or capacitor value directly in
an HFSS simulation [27].

In addition, to apply the proposed method, the phase terminal
has to be connected to the ground through 50 2. During the
experiment, a load calibration kit (Keysight, 85052D) was used
to achieve the ideal 50-Q2 condition, so to apply this, 50 €2 was
connected using a lumped RLC boundary sheet between the
signal pin and the ground of the SMA connector connected to
the phase.

In Fig. 7, the connector is modeled with RF Korea end launch
1.0T dimension information, and the simulation frequency range
is 300 kHz to 30 MHz.
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B. Simulation Result

Two-port S-parameter results were obtained using ports con-
nected to the high-side drain and low-side source, respec-
tively. After converting the S-parameters to Z-parameters, the
impedance of each terminal was calculated using (28)—(30). As
mentioned in Section II, the simulations were performed under
0 V conditions, so the high-side and low-side impedances are
the same.

The impedance calculated through the proposed method and
the capacitances between each terminal are shown in Fig. 8 and
Table I, respectively. Typically, manufacturers provide capaci-
tance measured at 1 MHz, which is sufficiently capacitive and
high frequency. The switching frequency of the power MOSFETS
normally ranges from tens of kHz to hundreds of kHz, so 1 MHz
is an appropriate frequency when considering the attenuation of
noise generated during switching [15].

The capacitance of each terminal, obtained using the simula-
tion results, was calculated using (4)—(6), as shown in Table I.
Cys and Cy, show aslight difference of less than 2%, but Cy, has
arelatively significant difference of about 9%. This phenomenon
occurs because Cy4 has a relatively small capacitance, and there
is usually an 8 to 10% difference [15], [16]. In addition, when
the method is applied to a high-voltage half-bridge MOSFET
with a relatively large capacitance, measurement sensitivity, and
accuracy can be increased.

V. EXPERIMENT VERIFICATION

In this section, the proposed method was verified through
experiments. Both static and dynamic properties were measured,
and the results were compared with the datasheets. Using this
method, the capacitances of the half-bridge MOSFET were ex-
tracted with one-step measurement per voltage condition in one
case.
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Fig. 9. Experimental setup for the proposed method.
TABLE II
EXPERIMENT RESULT OF THE PROPOSE METHOD
@1 MHz, 25V Ciss [PF] Coss [pF] Crss [p F]
Datasheet [pF] 1479 452 26
Measurement [pF] 1483.6 463.3 28.8
Difference 0.31% 2.5% 9.72%

A. Experiment Setup

The experiment setup is shown in Fig. 9. To make the circuit
shown in Fig. 4, a dc power supply, VNA (Keysight E5071C,
9 kHz-8.5 GHz), and bias-tees (Mini circuit ZFBT-6GW+,
0.1-6 GHz) were used. To short the port 2 side opposite to
the dc voltage, a short calibration kit was connected to the dc
terminal of the bias-tee, as shown in Fig. 4, and aload calibration
kit was connected to the phase of the test fixture. To eliminate
the influence of the bias-tee, calibration was performed after
connecting the bias tee, and measurements were performed in
5 V steps from 300 kHz to 30 MHz.

B. Experiment Result

The capacitance measured in 5 V steps from 0 V to 30 V
using the proposed method is shown in Fig. 10. The maximum
voltage between the drain and the source of the selected device
is 40 V. The measured results were compared at 1 MHz, which
is the datasheet standard, and show a difference of up to 9.7% at
25 V. This is because C,.4 is a very small value to measure, tens
of pF. For reference, data sheets are generally indicated as Cjs,
Coss, and C.5, so the experimental results were compared. As
shown in the experiment results, when the dc bias voltage of the
MOSFET increases, the capacitance decreases due to the structure
and channel characteristics of the MOSFET.

Therefore, knowing the capacitance depending on the oper-
ating conditions is important to determine the switching char-
acteristics. Measured results were compared with the datasheet,
and capacitance results were measured at 25 V using (7)—(9), as
shown in Table II. The measurement results showed a difference
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Fig. 10. Drain, gate, and source capacitances experiment results of a half-

brldge MOSFET. (a) Cds’ Cgs, and ng- (b) C’Lss, COSSa and C’rss-

of up to about 9.7% in C,, and the difference in results for
C\ss with relatively small capacitance was large compared to
the datasheet [15], [16].

The method proposed in this article was verified through
experiments and compared with datasheets. In the next chapter,
a switching EMI analysis using measurement results and circuit
simulation is introduced.

VI. EMI ANALYSIS

In this section, to utilize the proposed method, a switching test
is performed to analyze the correlation between the ringing phe-
nomenon that occurs during switching due to capacitances. The
ringing phenomenon is closely related to the device capacitances
of the MOSFET, which demonstrates the importance of charac-
terizing and extracting the device capacitances of the MOSFET.
Therefore, this analysis was conducted to analyze EMI, a factor
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Fig. 12.  Experiment setup for switching test.

to be considered when designing a power conversion system,
and to confirm its correlation with capacitance extraction.

A. Switching Test Setup

As shown in Fig. 11, a circuit was designed to measure the
switching characteristics of the power MOSFET. To prevent float-
ing terminal issues, dc voltage is input to the gate and source of
the high-side MOSFET, so the high-side MOSFET is continuously
turned ON. Based on the circuit, the ringing phenomenon caused
by loop inductance and device capacitance during switching was
performed.

The test setup is shown in Fig. 12, and the measurement
equipment used is shown in Table III. The test board in Fig. 12
was designed based on the circuit in Fig. 11, and the test
conditions are shown in Table IV. For the load resistance and
switching frequency, the switching frequency was assumed to be
20kHz and the load resistance to be 20 €2, referring to the inverter
used for motor driving [28]. In reality, the motor is an inductive
load. Still, in this research, resistance, which is relatively clear
to analyze, was selected as the load condition to focus on ringing
and EMI analysis.
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TABLE III
MEASURING INSTRUMENTS

Vendor Model Bandwidth
Depower o ieysur PWR 800L -
supply
. . MSO-X
Oscilloscope Keysight 4154A 1.5 GHz
. 33600 A 80 MHz
Function .
; Keysight
generator 33500 B 20 MHz
Differential Keysight N2691 A 70 MHz
probe
TABLE IV

EXPERIMENT PARAMETERS OF SWITCHING TEST

Vdc Vgs,h Vgs,l Rload
Values 5V 5V (dec) >V, 20 Q
U 20 kHz
KEYSIGHT

MSO-X 4154A, MY56310503, 07.20.2017102615: Thu Mar

’é‘.x

TECHNOLOGIES

1 50.00us/

5.0v/ ‘t |.1 ‘
) 00s

oov

Voltage [V]

e

-200y -100y 0.0 100y 200us

Time [us]

Fig. 13.  Measurement result of low-side V.

B. Test Result

During switching, the V5 of the low-side MOSFET was mea-
sured to analyze the ringing phenomenon. Table IV shows the
electrical parameter conditions used during measurement. At
the moment of switch turn-ON/OFF, resonance occurs due to
loop impedance and device capacitances between the drain and
the source, and a ringing phenomenon with the corresponding
resonance frequency occurs.

Fig. 13 shows the measured low-side V;, results. The oscilla-
tion occurs when the switch turns OFF, ringing around 3.85 MHz
and 1.64 MHz dominant.

To analyze the measurement results in Fig. 13, it is necessary
to check the loop impedance of the switching circuit. Fig. 14
shows the switching circuit loop when turned OFF, and Zg is
the equivalent impedance of the cable connected to the dc power
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Fig. 15. Comparison of cable impedance measurement and equivalent circuit
modeling result.

supply used during the experiment. The device capacitances
of the MOSFET constituting the circuit used the capacitances
measurement result when the dc 5 V voltage was biased in
Fig. 10. Zi. was measured with the one-port method using
a VNA, and the comparison of the measurement results and
equivalent circuit modeling results is shown in Fig. 15. The loop
impedance of the circuit in Fig. 14, including the impedance of
the cable, is shown in Fig. 16 in the frequency domain, with
resonance occurring at approximately 1.6 MHz and 4 MHz.

Through this, the ringing of approximately 4 MHz and
1.6 MHz occurs in the measurement results in Fig. 13, which
confirms the correlation between switching noise and the device
capacitances of the MOSFET. In other words, the device capaci-
tances of the MOSFET change depending on the dc bias condition,
and the loop impedance changes accordingly, thereby changing
the ringing frequency.

Therefore, measuring the dynamic capacitance of the MOSFET
as performed in this research is very essential.

C. Modeling and Analysis

SPICE modeling of the MOSFET was performed to model
the measured phenomenon using circuit simulation and analyze
EMI. A SPICE model, including capacitances change depending

ot —_—
E
ok
[
o 10° ¢ 1.603 MHz
3
E' 3.981 MH
10
10* 10° 10° 107

Frequency [Hz]

Fig. 16.
OFF.

Magnitude of the loop impedance of the circuit when the switch turns

on the voltage, was designed based on the channel character-
istics, and dynamic capacitances were measured in the SPICE
model provided by Infineon. The capacitance change depending
on the voltage was modeled as a diode [29]. Afterward, the cir-
cuit in Fig. 11 was modeled, and time domain circuit simulation
was performed using Keysight Advanced Design System (ADS).

The simulations were conducted using two different cases:
one with a modeled SPICE model based on the measured ca-
pacitances and the other with a vendor SPICE model. Figs. 17
and 18 show the simulation results using the modeled SPICE
model and the vendor SPICE model, respectively.

The simulation results of the V5 are shown in Fig. 17. When
the ringing frequencies that appear were calculated from the
time domain data, approximately 3.85 MHz and 1.67 MHz were
dominant. Additionally, the voltage spike level that occurs due
to the charging and discharging of the capacitor is also 8.18 V,
which is about 3.9% different from the measurement result.

When using the vendor SPICE model, as shown in Fig. 18(a),
the maximum voltage reached approximately 9.5 V, which is
about 10% different from the measured results. The ringing
frequencies are dominated by components at 3.45 MHz and
1.7 MHz, showing slight differences compared to the modeled
SPICE model based on the measured capacitances.

To analyze the correlation between the time domain measure-
ment results and EMI, a fast Fourier transform (FFT) was per-
formed using Vs data from circuit simulation and experiment.
Fig. 19 shows the results of the FFT of V;, using measurement
data and simulation results. For the EMI analysis, FFT was
calculated from 10 kHz to 30 MHz. As a result of the FFT,
the harmonics are large at the ringing frequency that appears to
be dominant in the time domain, which ultimately becomes a
factor in increasing the switching noise at the ringing frequency.

To compare the consistency between measurement and simu-
lation results, the peak envelope of the FFT results was extracted,
as shown in Fig. 20, and feature selective validation (FSV)
was performed with 2000 data. This method is adopted in the
IEEE 1597.1 standard and is a method to quantitatively evaluate
the similarity between two data sets [30]. This is divided into
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amplitude difference measure (ADM), which compares trends
between data sets, and feature difference measure (FDM), which
compares differences in shapes or patterns between data sets.
Also, the global difference measure (GDM) is a method for
evaluating the comprehensive characteristics of ADM and FDM.

This method has the advantage of being able to quantitatively
compare data that has commonly been qualitatively evaluated
in the EMC field and better reflects the visual and structural
characteristics of the data than traditional statistical indicators
such as relative error or mean square error. It allows for a more
intuitive interpretation of results [31].

In the peak envelope results shown in Fig. 20, the ven-
dor SPICE model and the measurement-based SPICE model
demonstrated a high degree of agreement. Therefore, the FSV 106
results were compared only between the measurement results
and the simulation results using the measurement-based SPICE
model. Table V shows the results of evaluating simulation and  gig 19, Comparison of experimental and simulated FFT results for low-side
measurement-based FFT data using the FSV technique using  Vgs magnitude.
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Fig. 20. Peak envelope results of low-side V5 for FSV.
TABLE V
FSV RESULTS OF SIMULATION AND MEASUREMENT
Average value Interpretation
ADM 0.183 Very good
FDM 0.239 Good
GDM 0.335 Good

a web-based FSV tool, and it can be confirmed that results
above “Good” were obtained [32], [33]. Generally, consistency
is considered excellent in the EMC field when it exceeds “Fair”
[30]. Thus, EMI performance can be predicted or analyzed by
modeling MOSFETs through device capacitance extraction.

VII. DISCUSSION

The discussion section of this article highlights several key
limitations and considerations for future research.

First, a limitation of the proposed method is its application
in high-voltage environments. While the method effectively
extracts capacitance at low voltages, its performance under high-
voltage conditions remains unverified. High-voltage scenarios
introduce additional challenges, such as insulation breakdown
risks, which could compromise measurement accuracy and re-
liability. Previous research has demonstrated the measurement
of inductor impedance up to 500 V and 30 A using bias tees and
VNA [34]. However, as recent research increasingly focuses
on power modules exceeding 10 kV, validating measurements
under high-voltage conditions remains critical. Therefore, future
work should focus on adapting the method for high-voltage
applications and thoroughly validating its effectiveness in these
conditions.

Second, this research primarily concentrates on extracting the
capacitance values (Cys, Cqq, Cqgs) of the MOSFETs, without
addressing the role of inductance. Stray inductance in power
modules plays a critical role in power electronics, particularly
in high-frequency ringing, where it significantly impacts circuit

performance. In this research, a very small module with a rated
voltage of 40 V and an approximate size of 5 mm was used,
making the inductance of the device less significant compared
to the inductance of the cables and dc power supply used in the
measurement setup. However, in high-voltage power modules,
the presence of larger bus bars and other structures can increase
parasitic inductance, altering the ringing behavior [35], [36].
The proposed method allows for the theoretical extraction of
inductance based on the resonant frequency identified from the
impedance curve and the extracted capacitance. However, due
to the small size of the selected device, the influence of the
test fixture must be removed using a de-embedding process
[37]. Thus, future research should explore methodologies for
simultaneously extracting both capacitance and inductance from
high-voltage power modules to provide a more holistic charac-
terization of the device.

Finally, the EMI analysis conducted in this research is based
on a device-focused analysis rather than a standard EMC test. In
practical EMC testing, the EMI characteristics can vary greatly
depending on the cable structure, system configuration, and load
conditions. This study focused on modeling the switching device
and conducting simple tests, which are one of the key factors in-
fluencing EMI characteristics. Previous studies have performed
analyses of resonant frequency through simple switching cir-
cuits, such as double pulse tests, after extracting and modeling
device characteristics [35], [36]. While the simple switching
tests conducted in this research provide valuable insights into
EMI analysis, it is challenging to fully understand how these
measurements lead to system-level EMC performance without
incorporating standard EMI tests. Future studies should include
standard EMI tests to validate the effectiveness of the method
and ensure compliance with industry standards.

These discussions underscore the need for further research
and refinement of the proposed method to enhance its robustness
and applicability across a broader range of scenarios in the field
of power electronics.

VIII. CONCLUSION

In this article, research was conducted to extract the device
capacitances of a SiC power MOSFET in a half-bridge package for
switching EMI analysis. The device capacitances of a MOSFET
change depending on dc bias voltage conditions, and therefore
the EMI generated under operating conditions may vary due to
changes in loop impedance. Therefore, extracting the dynamic
capacitances of the MOSFET is essential for designing a stable
power conversion system. With miniaturization and integra-
tion, half-bridge MOSFETS in the package are being developed.
Therefore, the existing single MOSFET dynamic capacitances
measurement method has limitations in that it requires multiple
measurement steps and test fixtures and may cause floating
issues. Therefore, this article proposed a method to extract
the dynamic capacitances of a half-bridge MOSFET with one
measurement per voltage condition. This method is based on
the two-port network theory and has the advantage of extracting
with only one test fixture and setup.
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The proposed method was verified through 3-D EM simula-
tion and measurement, and the measurement results showed a
difference of up to about 9.7% from the datasheet. Addition-
ally, to analyze the correlation with EMI, the voltage obtained
through the switching test was analyzed in the frequency do-
main. Ringing occurs during switching depending on the loop
impedance caused by device capacitances, and this was analyzed
through experiment and simulation. To perform the circuit sim-
ulation, SPICE modeling of the MOSFET was performed using
measurement data, and the correlation between measurement
and simulation was confirmed using the FSV, which has been
adopted in the EMC field as a standard to compare the results of
simulation and measurement.

Using the proposed method, the dynamic capacitances of a
half-bridge MOSFET can be extracted in one step, and the EMI,
such as the ringing noise that occurs during switching, can be
analyzed and modeled. Switching noise is an essential element
that has to be evaluated when designing a power conversion
system, and it is expected that the proposed method will help
us design a system that is robust against noise generation in the
future.
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