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Abstract—This paper motivates the loss characterization and
modeling of Class II multi-layer ceramic capacitors (MLCCs),
which have been widely utilized owing to high energy density, in
high-frequency resonant converters. In a resonant tank, MLCCs
experience complex electrical operating conditions (e.g., large-
signal, high-frequency, DC bias), but the incurred power loss
has not been clearly characterized and modeled. This paper
first proposes a novel resonant-Sawyer-Tower (Res-ST) circuit
which can experimentally extracts the loss of a MLCC in real
operation in a resonant tank. A general loss modeling approach
named Steinmetzs Pre-electrified Graph (SPeG) is then proposed
to correlate capacitor’s loss to the peak value of excitation,
frequency, and DC bias voltage. The SpeG model provides
the material-specific volume loss density of common Class II
dielectric materials and can be easily extrapolated to evaluate
the loss of the MLCCs with different rated voltage&capacitance
but employing the same dielectric material. To generalize the
material-specific SPeG model to device-level application, this
paper also proposes an easy-to-follow tool, dielectric thickness
observer (DTO), to estimate the internal microstructural geom-
etry by tracking the C-V characteristic provided in product
datasheet. The synergy of the proposed characterization circuit,
SPeG loss model, and DTO establishes a toolkit that enables
the estimation of MLCC losses in a manner similar to that
of a ferromagnetic inductor/transformer core. This paper is
accompanied by microscope images of the investigated MLCC
samples and MATLAB scripts of the proposed DTO.

Index Terms—Class II, ceramic capacitor, high frequency, res-
onant converter, ferroelectric material, loss modeling, Steinmetz’s
equation

I. INTRODUCTION

CAPACITORS play a crucial role as key components in
power electronics converters, encompassing applications

such as DC-link, filters, and resonant tanks, covering a wide
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frequency range from tens of Hz to mega-Hz [1]. The multi-
layer ceramic capacitors (MLCCs) have a compact format of
alternatively sintering hundreds of thin layers (a few microm-
eters each) of metal electrode and ceramic dielectric. As one
of the most popular high energy density capacitors, they are
particularly favored in volume-sensitive designs. In compari-
son to Class I counterparts, Class II MLCCs using BaTiO3-
based ferroelectric dielectric material with a dielectric constant
of 1,000-10,000 have attracted more interest in applications
where high power density is pursued.
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Fig. 1. A representative application where Class II capacitors are used for
both resonant and input/output capacitors and are therefore exposed to large-
signal, high-frequency excitation superimposed on a bias electric field: 48-12V
cascaded resonant switched-capacitor converter.

Class II MLCCs find extensive use in applications such as
filter capacitors in AC-tied systems, where they are subjected
to high-amplitude excitation at relatively low-frequencies [2],
as well as energy transfer elements in resonant switched-
capacitor converters (RSCs) [3]. For high-compact RSC ap-
plications, which are the primary focus of this work, Class II
MLCC can serve as the primary energy transfer device over
inductors in a series resonant tank operating at frequencies
exceeding 100 kHz [3]–[5], as increasing the capacitance
can eliminate physical inductors, resulting in a magnetic-
free design [5] [6]. In a typical cascaded RSC, c.f. Fig. 1,
for instance, two high-capacitance capacitor banks, i.e. C1

and C2, undergo high-frequency and large-signal excitations
superimposing 24V and 12V DC bias voltage, respectively.
However, the large signal equivalent series resistance (ESR)
and power loss of Class II MLCCs under high-frequency
and large-amplitude excitations have unfortunately not been
adequately investigated.

Under large-signal excitations, due to the ferroelectric hys-
teresis of BaTiO3-based dielectric materials, Class II ML-
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CCs yield significantly different loss characteristics or ESR
compared to the values specified in datasheets, which are
extracted from small-signal tests and referenced for low power
applications [7]. A universal large-signal loss model of Class
II MLCCs is always desired, but an accurate one is difficult to
obtain, because of their low dissipation factor and nonlinear
electrical hysteresis behavior, under the excitations of large
amplitudes and wide-range frequencies.

Although the physics underlying the loss mechanism of
Class II MLCCs is not yet fully understood, the nonlinear
electrical hysteresis has been identified as the primary source
of loss and the underlying cause of the discrepancy between
small and large-signal losses [7], [8]. Based on the observation
of large-signal charge versus voltage (Q-V ) curves, such
hysteresis loss has been fitted by Steinmetzs Equation (SE):
P = kQf

αQβ
pk, which relates the peak value of charge Qpk,

frequency f and loss P , first giving a quantitative estimation
of MLCC’s power loss [2], [7]. However, due to the limited
frequency covered by conventional testing methods and the
lack of interest in high frequency, the frequency dependence of
MLCC loss has not been disclosed, resulting in the speculation
that frequency exponent α can be approximated to 1 and Q-
V loop area is frequency-independent. Additionally, the loss
of Class II MLCCs was suspected to be sensitive to DC
bias voltage in [9] and [10]. Such sensitivity is dependent
on the manufacturers and product series but has not been
fully quantified and modeled, due to the absence of an ef-
fective experimental characterization methodology. Therefore,
in order to unveil the actual loss mechanism and develop a
reliable analytical model for Class II MLCC, comprehensive
investigations on a wide range of MLCCs involving large-
signal measurement, DC voltage bias, and detailed knowledge
of the internal microstructure of the MLCCs need to be
accordingly conducted.

This study intends to synergize characterization approaches
using small and large-signal electrical measurements and
material-level microscopy investigation for an accurate loss
model of Class II MLCCs in RSC-oriented applications. The
frequency range of interest spans from several hundred hertz to
a hundred kilohertz, encompassing the simultaneous presence
of DC voltage bias. The characterization and modeling process
pay much attention to elucidating the power loss behavior
at the material level. The contributions of the work can be
summarized as follows:

1) An experimental loss characterization method for ML-
CCs under the coexistence of large-signal, wide-range
frequency excitations and DC bias is developed based on
a novel resonant-Sawyer-Tower (Res-ST) circuit. This
method is also applicable to other capacitors under test
(CUTs) which are sensitive to the level of excitation,
such as anti-ferroelectric CeraLink capacitors;

2) The ferroelectric hysteresis behavior of four dielectric
materials has been quantitatively identified with the help
of a scanning electron microscope (SEM). The SEM
is employed to examine the internal micro-structure of
commercial Class II MLCCs to obtain the equivalent
plate capacitor model. The microscopic information
isolates the influence from MLCCs’ nickel electrodes

and insulation packaging and enables a material-specific
description of loss characteristics;

3) The proposed Steinmetz Pre-electrified Graph (SPeG)
enables material-specific loss characterization and mod-
els the loss characteristics of dielectric materials. What
sets SPeG apart is its ability to incorporate the influence
of both DC bias and frequency into the loss modeling,
making it the first of its kind to do so;

4) Applying the proposed SPeG on other MLCCs requires
the internal microstructural geometry information to be
known. A dielectric thickness observer is therefore pro-
posed, which can estimate the geometry information of
a MLCC from its electrical characteristics. This method
extends the applicability of the material-specific loss
model (SPeG) to all the MLCC devices employing the
same dielectric material, which provides users with an
easy-to-follow power loss estimation route of Class II
MLCC.

The manuscript is organized as follows. Section II provides
an overview of the state-of-the-art loss characterization meth-
ods for Class II MLCCs and outlines the motivation behind this
work. Section III details the proposed characterization method-
ology based on the Res-ST circuit and presents large-signal
experimental results from samples with different dielectric
materials, e.g. X5R, X7R and X7T. Section IV investigates the
loss characterization at a material level, and proposes a method
to estimate the geometry of MLCCs based on small-signal
measurements, thereby linking material-specific information
to device-specific information. Validations of the loss model
on a broad range of MLCCs and a 400W 2:1 RSC converter
are presented in Section V. Finally, conclusions are drawn in
Section VI.

II. REVIEW OF CHARACTERIZATION AND MODELING OF
CLASS II MLCCS

TABLE I
OVERVIEW OF Q-V LOOP CHARACTERIZATION SYSTEMS FOR MLCC

Type A.Power Meter
Measurement [11]

B.PA Resonant Circuit
[12]

Structure

Cbuffer

Vbias

CUT

AC supply

VCUT

iCUT Power 
meter

P
A

Lres

Cbuffer

Vbias

CUT

Issues Limited accuracy Indirect loss extraction

Type C.Current-source Measurement
[9] D.ST Circuit [2]

Structure Vbias

Vbias

CUT

Lbridge

P
A

CREF

Vbias

CUT

Issues Non-sinusoidal excitation,
no Q-V curve

Limited test capability
for high-frequency/
capacitance CUTs
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Fig. 2. Cross-section of a typical SMD MLCC overlapping structure: the
dielectric material is the main body inside which a large number of overlapped
electrode plates are terminated at the two ends of the body for external
connections.

A. Excitation Circuits for MLCC Characterization

In previously reported experimental characterizations, dif-
ficulties have been identified in terms of circuit designs,
excitation sources, power loss separation [11], and operating
temperature decoupling. Four typical characterization rigs in
the literature following the call for large-signal characteriza-
tion of Class II MLCCs are summarized in Table I. Using an
AC power supply and a transformer as the excitation source,
as shown in Type A, is mostly applicable to low excita-
tion frequency measurement [11]. Type B employs a radio-
frequency (RF) power amplifier (PA) as the high-frequency
excitation source [12], whilst a resonant circuit is constructed
to reduce the current requirement from the PA. However, the
use of the calorimetry approach for power loss extraction
cannot decouple the temperature dependence of ferroelectric
dielectric material. In Type C, a current-source excitation
circuit consisting of a high-inductance Lbridge can excite the
CUT with a sawtooth waveform [9], but harmonic components
are naturally contained in the excitation. In addition, using a
power meter to measure the power loss across the CUT in
Type A [11] may compromise accuracy due to low sensitivity.
All of these mentioned approaches prove to fit designated
applications, where only qualitative characterization is of
interest, the test frequency is low, the temperature dependence
is negligible, and the exact Q-V curve is not a must.

Among these four approaches, the Sawyer-Tower (ST) cir-
cuit has been proven successful to extract the Q-V curve in
Type D. This method allows for direct electric charge measure-
ment through the reference capacitor (CREF ) by series con-
necting CREF and CUT, thereby avoiding error-prone current
measurements [13]. However, high-power PA can struggle to
excite high-capacitance samples at high frequency considering
the limitation in PA’s current capability. For instance, driving a
10µF CUT at 100kHz with 10V peak-peak excitation requires
a peak excitation current as high as 31A, which by far exceeds
the capability of most commercially available PAs. Meanwhile,
the reference capacitor CREF is recommended to have a much

higher capacitance than that of CDUT in order for CDUT

to share more voltage in the series-connected CREF /CDUT

voltage divider [2], [14]. This, however, requires a significant
number of reference capacitors when high-capacitance CUTs
are of interest.

To characterize MLCCs with a wide range of capacitances,
it is necessary to develop a more flexible excitation solution
that can supply high-power excitations in sinusoidal forms
over a wide range of operating frequencies [15]. Furthermore,
it is preferable to electrically extract the power losses of
MLCCs from the charge-voltage hysteresis loop (Q-V loop),
which also indicates the capacitance variation under different
excitations. In this work, a resonant Sawyer-Tower (Res-ST)
circuit is proposed accordingly to address these aforemen-
tioned challenges, as will be stated in Section III.

B. Loss Modeling of Class II MLCCs

The hysteresis behavior of MLCC’s charge against voltage
(Q-V curve), which shares many similarities with the B-H
hysteresis curve of magnetic materials, has been identified
as the main source of power loss. Based on this ground,
the correlation between peak value of charge (Qpk) and loss
(Ploss) is then noticed and fitted by Steinmetz’s equation to
represent the loss of a MLCC under specific charge Qpk and
operation frequency f in [2] as:

Ploss = kQ · fα ·Qβ
pk (1)

This modeling approach has proven to be accurate by fitting
different sets of loss parameters (α, β, and kQ) for each
MLCC, accommodating their unique loss characteristics. This
feature, however, limits the generalization of this charge-based
loss model due to the large number of commercially available
MLCCs, even from the same manufacturers.

In [8], a new Steinmetz model has been proposed to address
this limitation by predicting MLCC loss using a material-
specific modeling approach. Fundamentally, this approach
makes an assumption that the rated voltage (Vrated) of the
MLCC is limited by the breakdown voltage of dielectric
material. Therefore, the dielectric thickness t between the
positive and negative electrode in any layers of a specific
type of MLCC, e.g. X5R, X7R, X7T, et al., is expected to
be proportional to its rated voltage (Vrated) specified by the
manufacturer. This assumption then enables the scaling of the
measured loss from one benchmark to its peers using the same
dielectric material, largely alleviating testing efforts.

This model’s prediction error is under 20% when evaluating
high-voltage MLCCs [8]. However, it may lose accuracy in
lower voltage ranges, after surveying on 31 samples from both
high-voltage and low-voltage categories. In Fig. 3, the corre-
lation between dielectric thickness and rated voltage of four
types of MLCCs are plotted by inspecting the microstructure
of MLCC samples with the aid of SEM, which are detailed in
Section V.

As shown in Fig. 3.(a) and (b), the linear scaling claim
between the dielectric thickness t and Vrated is correct for
high-voltage X7T(100V-630V) and X7R(100V-630V) ML-
CCs. However, such linear correlation no longer holds in
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Fig. 3. Correlation between dielectric thickness (t) and rated voltages of four types of MLCCs: high voltage (rated from 100V-630V) MLCCs using X7R
and X7T dielectric materials (Fig. 3.(a)&(b)) and low voltage (rated from 16V-50V) MLCCs using X5R and X7R dielectric materials (Fig. 3.(c)&(d)). The
dielectric thickness is measured using SEM.

Fig. 3.(c) and (d) when investigating the low-voltage families
(16V-50V). As can be seen, the relation between t and
Vrated becomes irregular for low-voltage samples. Notably, the
dielectric thickness of a 16V MLCC (C2012X5R1C225K125)
is higher than that of a 50V sample (C2012X5R1H475K125)
using the same dielectric material. Such outliers were previ-
ously mentioned in [16] and can be attributed to the emphasis
on mechanical stiffness over energy density in low-voltage
MLCCs, considering the mechanical fragility of the Class II
dielectric material [16], [17]. To counteract the capacitance
reduction when a bias voltage is applied is another reasonable
motivation to retain a dedicated thickness of the dielectric.

Meanwhile, the dependence of Steinmetz’s parameters on
DC voltage bias deserves much attention, as Class II MLCCs
are widely used in high-voltage-bias applications like DC-
link capacitors and resonant capacitors illustrated in Fig. 1.
However, there are no definitive conclusions on this topic yet.
According to the experimental results of a limited number of
MLCC samples, the dependence of power loss on DC bias
has been ignored [2]. Opposite results have also been observed
that, at a certain current level, power loss increases remarkably
when a high bias voltage is applied [9]. This phenomenon,
however, remains unexplained by the bias-independent fer-
roelectric hysteresis loss model, necessitating more accurate
characterization methods and modeling tool to facilitate the
loss prediction in resonant converters where the MLCCs are
highly polarized.

C. Summary

As aforementioned, the existing characterization circuits and
modeling approaches for Class II MLCCs have significant
limits, preventing them from accurately capturing the actual
loss profile of MLCCs, in particular, under high-frequency
excitation and DC-biased applications. Furthermore, the lack
of material-specific information hinders the development of a
generalized loss model analogous to that of magnetic material,
i.e. loss per unit volume can be derived directly from material
loss parameters and applied excitations [18].

III. EXPERIMENTAL SETUP AND LARGE-SIGNAL LOSS
CHARACTERIZATION

A. Proposed Res-ST Circuit for Large-signal Characterization

To overcome the summarized issues, this paper presents a
novel Res-ST circuit tailored to apply desired excitations on
CUTs, representing realistic operating conditions in typical
high-frequency resonant converters. As illustrated in Fig. 4.
(a) and (b), the test setup is developed from a 1:1 reso-
nant switched-capacitor circuit, in which the resonant tank
is reconstructed and a DC bias voltage is introduced. The
upper (red) and lower (blue) switches are driven ON/OFF
with complementary PWM signals. In the resonant tank, the
cascaded combination of the CUT and the reference capacitor
CREF is connected in series with the resonant inductor LRES

to form a resonant ST circuit, which operates at a resonant
frequency fres given by:

fres = 1

/
2π

√
Lres

CREF · CCUT

CREF + CCUT
(2)

The testing frequency can be adjusted flexibly from hun-
dreds of Hz to several hundred kHz by varying the value
of LRES . The proposed Res-ST circuit behaves as a current
source due to the charge balance in the periodic steady
state of a switched-capacitor circuit [19]. Hence, the exci-
tation current is bound by the load current io = Vo/R as
iRMS = (π · io) /

√
2 at the resonant frequency, resulting

in an extensive range of excitation amplitude. This feature
makes it particularly suitable for the characterization of high-
capacitance capacitors at high frequency. Moreover, DC bias
voltages Vbias can be applied to the CUT from an external
power supply.

In contrast to the V-I method which is used as a common
procedure for B −H loop characterization [20], this method
represents essentially a V-V measurement since the charge
on the CUT is reflected from the voltage across CREF , as
shown in Fig. 5. This setup eliminates the need for current
measurements which are prone to errors compared to voltage
measurements, through extracting the charge of the CUT from
the voltage across CREF . In the circuit, a bank of ten Class I
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MLCCs (CGA8R2C0G1H224J320KA) with a capacitance of
220 nF and a low dissipation factor (smaller than 2×10−4) is
employed as CREF due to their linear relationship between
voltage (v) and charge (Q). A 1MΩ resistor is parallelled
with the reference capacitor bank to tune the ratio of DC
equivalent parallel resistance (EPR) [2], ensuring a larger
portion of the DC bias voltage would be allocated to the CUT.
The voltages vCREF and vCUT across CREF and CUT are
measured individually by two differential probes.

Theoretical and experimental waveforms of the Res-ST
measurement circuit are given in Fig. 6 and Fig. 7, respec-
tively, demonstrating good agreement. In Fig. 7, the part
number of the CUT is C5750X7R2E105K230, of which the
capacitance is 1µF . In experimental results, it can be seen

that the CUT is biased by a 90V DC voltage and the peak
value of the excitation current reaches 35A, corresponding to
a peak excitation voltage of 73V. The resonant frequency at
this operation point is 156kHz. Meanwhile, the output voltage
remains at a relatively low value (<2V), which introduces
low common-mode voltage as the grounding points of voltage
probes are floating. The Q− V curve of the CUT is obtained
by plotting vCUT against qCUT = vCREF · CREF , as shown
in Fig. 5. (a), and the enclosed area of the Q − V loop (c.f.
Fig. 5.(b)) represents the power loss energy that the Class II
capacitor dissipates during one fundamental cycle.

B. Temperature Control via Short-interval Test

Maintaining a constant ambient and capacitor temperature
during measurement is essential, considering that BaTiO3

ferroelectric material is highly temperature-sensitive [2]. As
illustrated in Fig. 4. (b), in order to maintain the ambient tem-
perature around the capacitor at 25◦C, the entire resonant tank
is placed in a temperature-controlled oil tank, immersed with
Kryo 51 silicon oil, which has a high specific heat capacity
of 1.63 kJ/(kg·K). In this manner, the ambient temperature of
the CUT is considered invariable during the measurement.

The self-heating of the CUT is avoided by implementing
a short-interval measurement lasting for a few fundamental
cycles at the resonant frequency, as shown in Fig. 6 and
Fig. 7. A trade-off is made here, considering that a longer
measurement time is beneficial in improving the signal-to-
noise ratio (SNR) of the measurement. The 4th-order Foster
thermal network, shown in Fig. 8.(a), of MLCCs with various
packages, i.e. SMD 2012, 3216, 3225, 5750, 2220, are firstly
extracted from COMSOL finite-element (FE) simulation, to
predict the transient temperature response at specific power
losses. Then a safe measurement area (SMA) is defined as
the boundary within which the short-interval duration should
be strictly restricted under certain loss conditions. Thereby,
the temperature rise would not jeopardize the accuracy of the
measurement. The SMA curves, depicted in Fig. 8. (b), repre-
sent the maximum allowed measurement duration with a 0.5◦C
temperature rise restriction, corresponding to a 0.29% change
in power loss [2]. In the FE simulation, the MLCC body is
considered as a homogeneous block of the dielectric material.
The heat capacity and thermal conductivity of BaTiO3 are
set to 434 J/(kg·K) and 2.61 W/(m·K), respectively. This
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Fig. 8. (a) Thermal network of the MLCC, where the parameters of
the structure-function [21] are extracted by finite-element analysis, and (b)
Safe measurement area (SMA) for different MLCC packages of interest to
determine the duration of the short-interval test.

setting represents a conservative estimation as the MLCC
body contains a substantial amount of mass from the electrode
plates made of nickel alloy, which has a much higher thermal
conductivity (97.5 W/(m·K)).

IV. LARGE SIGNAL LOSS CHARACTERIZATION OVER
WIDE FREQUENCY RANGE AND DC BIAS VOLTAGE

The above-presented Res-ST test rig and procedure enable
the large-signal loss measurement of Class II MLCC samples
with flexible excitation. The measurements are performed by
recording the voltages across the CUT and the CREF , which
are then mapped to the voltage (V ) and charge (Q) of the CUT,
respectively. In this section, the power losses of four CUTs
with four different dielectric materials and rated voltages are
first characterized under large-amplitude excitations and a
wide range of frequencies. Then, the results from the loss
measurement are used to extract the SE coefficient via curve
fitting and to observe the influence of frequency and DC-bias
voltage on loss behavior.

A. Large-signal Loss Characteristics under Varying Fre-
quency and DC-bias Voltage

A series of hysteresis Q-V loops of four CUTs employing
four dielectric materials marked as X5R-LV, X7R-LV, X7T-
HV, and X7R-HV, respectively, are obtained by changing the
positive DC biases supplied to the Res-ST circuit, as shown
in Fig. 9. In this figure, sub-loops in the same plot are
extracted from tests with fixed peak-peak voltage on CUT and
similar test frequencies (74.43-83.20 kHz for X5R-LV; 95.21-
116.6 kHz for X7R-LV; 43.86-62.6 kHz for X7T-HV; 120.4-
183.5 kHz for X7R-HV), but different bias voltages. Thus,
a combination of sub-loops provides a holistic hysteresis Q-
V loop for each CUT. It is evident that these four samples
exhibit various Q-V loop patterns, resulting in differences in
large-signal loss characteristics, and the saturation of Q/V with
increased DC-bias voltage leads to a decreasing capacitance.
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Fig. 9. Measured hysteresis loops with constant voltage peak value and increasing bias voltage. Q-V loops of (a) Low-voltage X5R sample
(C3216X5R1E106K160) under an increasing bias voltage(0V, 5V, 8V, 12.5V, and 16V). (b) Low-voltage X7R sample (C3216X7R1V225K160AE) under
an increasing bias voltage(0V, 10V, 16V, 25V, and 30V). (c) High-voltage X7T sample (C4532X7T2W474K230KE) under an increasing bias voltage (0V,
50V, 80V, 125V, 150V, and 200V.) (d) High-voltage X7R sample (C5750X7R2E105K230KE) under an increasing bias voltage (0V, 50V, 80V, 125V, 150V,
and 200V.)

Therefore, it becomes possible to measure the MLCC loss be-
havior under varying DC voltage biases, excitation amplitudes,
and frequencies. The large-signal losses of CUTs under each
operating condition are calculated using the enclosed Q − V
areas per cycle and indicated as dots, as illustrated in Fig. 10.
The losses of the MLCCs under the maximum and minimum
frequency are fitted by the SE function and colored in blue
and red, respectively, to demonstrate the trend of power loss
behavior over frequency variation.

In Fig. 10, loss power/frequency, which physically rep-
resents the energy enclosed in an individual Q − V loop,
of the four samples over a wide range of frequencies is
plotted against charge Q, and it can be seen that different
types of dielectric materials exhibit distinct dependence on
frequency and bias voltage. Specifically, the loss trend lines
of the low-voltage X5R, X7R and high-voltage X7R move
upward with increased DC-bias voltage, indicating a strong
positive loss sensitivity to DC-bias voltage. Meanwhile, a
positive correlation with frequency can be seen as well but the
degree of dependency varies. The X7T-HV material, however,
stands out as a special case as its dependencies on both
DC-bias voltage and frequency variation are weak. At the

same excitation level, i.e. Qpk, the loss changes by less than
5% when the DC-bias voltage spans from 0 to 250V. This
observation confirms the coexistence of both bias-sensitive and
bias-insensitive dielectric material used in Class II MLCC. It
also implies that the divergence between [2] and [9] regarding
the DC-bias voltage dependence could be caused by the fact
that dielectric materials with different recipes have been used
but all are classified as Class II by manufacturers. It should be
noted that the plotted loss were measured at a certain ambient
temperature (25oC). Additionally, a significant decrease in
loss at higher operating temperatures, in alignment with the
findings in [2], was also observed.

It is also desired to analytically describe the losses consid-
ering the impact of the DC-bias voltage. However, Steinmetz’s
equation (SE) is only able to characterize hysteresis loops
against different excitation amplitude. Therefore, based on the
conventional SE, this paper proposes an improved method
where a SE coefficient graph is built up to include the
dependency of Steinmetz’s parameters on the bias voltage.
The concept is analogous to the Steinmetz Pre-magnetization
Graph introduced in [22], which is widely used for evaluating
the core loss of an inductor/transformer under DC bias.
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Fig. 10. Measured power loss/frequency (P /f ), which physically represents energy enclosed per Q − V loop, against measured charge Qpk of 4 CUTs:
(a) C3216X5R1E106K160 using LV X5R dielectric, (b) C3216X7R1V225K160AE using LV X7R dielectric, (c) C4532X7T2W474K230KE using HV X7T
material, and (d) C5750X7R2E105K230KE using HV X7R material. In the test, both the frequency and the applied charge Qpk were varied and different
loss dependencies on frequency and DC-bias-voltage can be observed on these four types of dielectric materials.

In the proposed graph, α(VDC), β(VDC) and kQ(VDC) in
the SE are considered as functions of DC bias voltage VDC .
α0, β0, and kQ0 are the SE coefficients to be experimentally
extracted at zero bias voltage and used as reference values
for normalizing α(VDC), β(VDC), and kQ(VDC). The bias
voltage is spanned from 0 to more than 60% of the rated
voltage to be as inclusive as possible.

The SE coefficient graphs of four CUTs under different DC
bias voltages are shown in Fig. 11. It is observed that the
loss dependence on DC bias voltage varies among different
dielectric materials. The frequency coefficient α in the SE is
not obviously influenced by VDC , valid on all four dielectric

materials. The SE coefficients β and kQ for X5R-LV, X7R-
LV, and X7R-HV exhibit high sensitivity to the DC voltage,
whereas X7T-HV material shows great independence from the
DC bias voltage applied. The loss characteristic of the X7T-
HV material changes only less than 5%, when the DC bias
voltage is increased from 0V to 250V. The corresponding
coefficients in SE, i.e. kQ and β, have insignificant changes
as a consequence. It should be noted that, for all CUTs, even
minor changes in β(VDC) can have a considerable influence
on loss estimation.

To visually demonstrate the effect of DC bias voltage on
various dielectric materials, Fig. 12 interprets high-frequency
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Fig. 11. Changes of the coefficients in Steinmetz’s equation according to
varying DC bias voltage.

measurement results from Fig. 10, where power loss/frequency
(P/f ) is plotted against charge (Q), in terms of ESR values
at various current and DC bias voltages. It is important to
note that the variation in measurement frequency at different
DC bias voltages shown in Fig. 10 has been normalized by
the frequency coefficient α. It is evident from the figure that
the ESR of all four MLCC samples gradually increases with
higher load currents. Furthermore, an increase in DC bias
voltage results in a higher ESR at the same current level for
X5R-LV, X7R-LV, and X7R-HV dielectric materials. However,
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Fig. 12. ESR characteristics of four Class II MLCC samples at high fre-
quency with various DC bias voltages: C3216X5R1E106K160(@74.4 kHz),
C3216X7R1V225K160(@95.2 kHz), C4532X7T2W474K230KE(@43.8 kHz)
& C5750X7R2E105K230(@120 kHz)

X7T-HV is unaffected by variations in the applied bias voltage,
as its ESR remains stable. Additionally, the figure displays the
small-signal ESRs provided in the datasheet for each subplot.
It can be observed that the discrepancy between the large-
signal and small-signal ESR values is minimal at low currents,
but increases significantly at higher load conditions.

B. From Device-specific to Material-specific Loss
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Fig. 13. Analogy between a typical toroidal core inductor and an MLCC,
where B-based and D-based loss estimation methods are used, respectively.
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The measurement results presented above primarily focus on
device-specific parameters using the Q-V loop. Its generaliza-
tion to other commercial devices, even having the same dielec-
tric material, is limited. Nevertheless, it is worth noting that
the loss mechanisms for magnetic core and MLCC dielectrics
share similarities, as they both originate from the hysteresis
loop, whether magnetically or electrically. Consequently, the
loss modeling of MLCC can be expanded from the device level
to a more fundamental material level by drawing insights from
previous research conducted on magnetic components.

In the loss estimation of a magnetic component using
homogeneous material, a B(flux-density)-based Steinmetz’s
loss equation is preferred by engineers, and material-specific
loss information (loss per unit volume/weight) is usually
provided for this equation by manufacturers. By incorporating
knowledge of the device’s geometric dimensions, the losses of
the magnetic component of interest under specific excitation
can be directly estimated. As depicted in Fig. 13. (a), such
a manner is conveniently achieved on a toroidal core power
inductor as both the path length (le,core) and cross-section area
(Ae,core) are easy to access. As a result, with the available
material-specific loss information, loss estimations can be
made for all devices utilizing the same material.

With an attempt to apply this principle on an MLCC
with a multilayered structure, an analogy is given in Fig. 13
to illustrate both commonalities and differences. Similar to
the B-based SE, the loss of an equivalent capacitor can be
alternatively represented in the form of a D−(displacement
field)-based SE [8]

P = ρ · Vol = kD · fα ·Dβ
pk · Vol (3)

where ρ is the loss density, Vol denotes the volume of
the device and D = Q/(N · Ae) represents the electric
displacement field. Therefore, this D-based SE is a dielectric
material-specific model and has the potential to be generalized
to evaluate all devices using the same dielectric material. To
achieve complete generalization, accounting for the complex
MLCC structure, three parameters are necessary: layer number
(N ) and overlapping area (Ae) of each layer to derive the
D, and additionally dielectric thickness (t) for calculating the
volume. These three parameters are correlated by: Crated =
ε0

Ae·N
t where Crated is the nominal capacitance and ε0 is the

dielectric constant.
As Crated is readily accessible from the datasheet and ε0

is a device-invariant material property, knowing the value of t
allows us to determine Ae ·N . Consequently, the three geomet-
ric parameters (N , Ae, and t) can be gradually decoupled. The
exact value of t, however, now stands out as the only unknown
quantity, which is unfortunately rarely published by manufac-
turers. Using the rated voltage to speculate t is not physically
supported by the survey in Fig. 3, particularly for low-voltage
families. Meanwhile, although it is possible to conduct cross-
section analysis on specific samples, repeating this equipment-
intensive process for every single device is rather unrealistic
given the vast number of MLCCs available on the market.
Therefore, it is imperative to employ an efficient yet simple
analysis to extract internal geometry information, i.e. N , t, and

Ae. These parameters will facilitate the normalization of Q-
based SE coefficients to their D-based counterparts, effectively
extending the device-specific loss model to a material-specific
format.

To demonstrate how the material-specific loss information
will be built in the following section, a flow chart outlining the
entire process of describing the loss characteristics of dielectric
material is given in Fig. 14.

Measure dielectric thickness t

Obtain layer number N and overlapping area Ae

For participants seeking to build up 

SPeG for new dielectric materials

Cut sample in X-Z sectional surface and polish 

the cross-section perpendicular to layers

Obtain Ploss @ various excitation current iCUT 

& bias voltage Vbias, the test frequency is 

swept from ~1kHz to 100kHz

Obtain kD=kQ/(Vol)·(AeN)β, β and α from Equ.(6)

@ various bias electric field Ebias= Vbias/t

Curve fitting using the measured Ploss

Obtain kQ, β and α @ various bias voltage Vbias

Preparation of 

MLCC samples of interest
Step 1:

Extract geometric 

dimensions under SEM
Step 2:

Measure device-specific loss 

using the Res-ST circuit
Step 3:

Obtain coefficients of Q-

based Steinmetz’s equation Step 4:

Build up D-based material-

specific loss characteristics

(SPeG) 

Step 5:

Fig. 14. Process for establishing the loss characteristic of new ferroelectric
dielectric material.

V. DIELECTRIC THICKNESS OBSERVER (DTO) BRIDGING
SMALL-SIGNAL AND LARGE-SIGNAL MEASUREMENT

Accordingly, this paper presents a method to disclose dielec-
tric thickness (t) by using SEM, and such destructive analysis
is only required to be conducted once on one of the devices
using the same dielectric material. Then, an easy-to-follow
tool, dielectric thickness observer (DTO), is also introduced
in this section to allow users to speculate t effectively without
the need for further micro-structural observation.

A. Working Principle of SEM and Preparation of Samples

The SEM is a type of electron microscope which generates
images by scanning the surface with a focused beam of ac-
celerated electrons. The emitted electrons interact with atoms
in the sample, and those back-scattered electrons are collected
to produce images. Compared to an optical microscope, the
SEM is featured by high resolution, greater depth of field
and the ability to different materials with similar optic char-
acteristics, such as ceramics used for shell and dielectric in
a MLCC. These features make SEM ideal for characterizing
both magnetic [23] and dielectric components with delicate
and complex structures.

The working mechanism of SEM requires careful sample
preparation before scanning. MLCCs are manufactured by the
co-firing of ceramic and nickel layers. While the nickel elec-
trodes have high conductivity, that of the dielectric material
is usually poor. The no-conductive dielectric material collects
charge when scanned by the electron beams, and this phe-
nomenon, also known as charge accumulation, causes scanning
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Fig. 15. (a) Magellan 400 SEM used to image the micro-structure of MLCC
samples, (b) Prepared MLCC samples which are mounted on a grounded
aluminum holder, and (c) Simplified schematic diagram of SEM.

faults and image artifacts. To prevent charge accumulation, the
prepared MLCC samples should be mounted on electrically
grounded metal plates through a thin layer of carbon adhesive
tapes, as illustrated in Fig. 15.(b). The MLCC samples are cut
in the X-Z sectional surface to access t, N and overlapping
length. In Fig. 16, SEM images on both high-voltage and low-
voltage samples are given. As can be seen, proper preparation
ensures high image resolution, and geometric information of
the samples is easily accessible. Additional SEM images of
CUTs are provided in the supplemental document.

B. Proposed DTO Bridging Small-signal and Large-signal
Measurements

The dielectric thickness t of an MLCC is essential in making
use of the material-specific loss information to estimate the
loss of a certain device. The SEM is advantageous in capturing
MLCC’s geometrical parameters with ultra-high accuracy.
However, its limited availability hinder the popularization of
such a loss model. In order to address this issue, we propose a
new method, dielectric thickness observer (DTO), to estimate
the dielectric thickness of MLCCs using their small-signal C-
V characteristic, which is usually accessible from the product
datasheet.

Due to its inherent nonlinear nature [24], the ferroelectric
material’s dielectric constant ε is highly sensitive to the DC
electric field E applied. Notably, a strong negative correlation
can be seen in BaTiO3-based dielectric material, and such
dependence has been referred to as a ε-E dependence. This
standalone material property is independent of the MLCC
package [25], e.g. layer number N and active area Ae of
each layer. Meanwhile, the electric filed E will be determined
by both internal dielectric thickness t and applied DC-bias
voltage externally. When the dielectric material is packaged
into a MLCC, the ε-E dependence is manifested in the
form of capacitance-dc-bias-voltage (C-V ) dependence which
is readily available from the DC Bias characteristic in the
manufacturer’s datasheet.

The ε-E and C-V characteristics are correlated by: C =
ε · AeN

t and V = E · t, respectively. Therefore, if the ε-E

dependence of a certain dielectric material, e.g. X5R, X7R or
X7T, is known, it can serve as a reference to speculate the
dielectric thickness of counterparts using the same material
without conducting destructive cross-section analysis, given
that the C-V characteristics have been known.

Fig. 17 illustrates the flowchart of the proposed DTO.
Initially, the C-V characteristic of the CUT is acquired
either from the datasheet or through small-signal measure-
ments using a Vector Network Analyzer (VNA). Subsequently,
the C(VDC)-VDC curve is normalized to the C(VDC)/C0-
VDC characteristic of the CUT by substituting C(VDC) with
C(VDC)/C0, which ranges from 0 to 1. Here, C0 repre-
sents the capacitance of the CUT at zero bias voltage and
C(VDC)/C0 denotes the normalized effective capacitance at
bias voltage VDC . Since capacitance C is given by ε· AeN

t , the
normalization process cancels out the influence of Ae, N , and
t as they are independent of E field applied, thus retaining the
effect of relative permittivity ε only. In the next step, an initial
value of the estimated dielectric thickness t̂ is used to convert
the bias voltage VDC into the corresponding bias electric field

ÊDC via ÊDC = VDC

/
t̂. Subsequently, the C(VDC)/C0 −

V characteristic is transformed into C(ÊDC)/C0− ÊDC , and
then into ε(ÊDC)/ε0 − ÊDC characteristic, representing the
normalized effective dielectric constant under various electric
fileds. Importantly, since the capacitance C(VDC) has been
normalized to C(ÊDC)/C0, the ε/ε0 can be directly obtained
in this step as it holds the same value as C/C0, under the
same electric field.

With a proper estimation of dielectric thickness t̂, the
estimated ε(ÊDC)/ε0-ÊDC characteristic should exhibit the
same shape as the true one of the dielectric material, and
the relative distance between the estimated ε/ε0-Ê curve and
the pre-known true one, which is package-independent, is
expected to be zero. Therefore, an error function is defined
to describe the distance between these two competing curves:

error =

NC−V∑
k=1

[
fε,E

(
Êk

)
− εk

ε0

]2
(4)

where fε,E is a pre-known analytical function describing
the ε/ε0-E dependence of the material, Êk and εk

ε0
is a pair

of estimated electric field strength and normalized effective
permittivity at this certain electric field strength, both obtained
from the previous step, and NC−V is the number of data points
in the C-V curve provided in the datasheet. The estimation
error is then fed to an optimizer and converges to the t̂ with
the least error after iterations.

In order to implement the proposed DTO, the ε-E charac-
teristic of multiple dielectric materials from TDK has been
extracted and presented in Fig. 18. These ε-E characteristics
are captured by normalizing a cluster of C − V coordinates
from datasheet, after knowing all the necessary geometrical
information of the internal structure, i.e. t, N and Ae. To
analytically describe the dependence of ε on electric field
strength E, a modified Johnson’s formula, which is firstly
unveiled in [26], is used to achieve such a purpose:
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Fig. 16. Cross-sectional SEM images of two typical MLCC samples: (a) a low voltage X5R sample (C2012X5R1H225K125AA), and (b) a high voltage X7T
sample (C5750X7T2W105K250KA) from TDK.

Fig. 17. Working flow of the proposed DTO: C − V characteristic is fed as
input to the DTO and estimated dielectric thickness is yielded as the output.

0%

20%

40%

60%

80%

100%

120%

ε/
ε 0

electric field(V/um)

0 5 10 15 20

X7RTDK-HV

X7TTDK-HV

0 5 10 15
0%

20%

40%

60%

80%

100%

120%

electric field(V/um)

ε/
ε 0

X5RTDK-LV

X7RTDK-LV

(a) (b)

Fig. 18. Comparison of the ε-E characteristics of 4 types of dielectric
materials from TDK. (a) LV X5R and LV X7R used in low-voltage MLCCs.
(b) HV X7R and HV X7T used in high-voltage MLCCs.

TABLE II
PARAMETERS OF DIELECTRIC MATERIALS INVESTIGATED FITTED BY THE

JOHNSON’S FORMULA [26]

Material
Parameters

γ δ ε00 ε0

X5R-LV 1.015 5.019× 10−2 0.0303 2700
X7R-LV 1.029 7.439× 10−2 0.0417 2800
X7T-HV 1.209 1.243× 10−2 0.1726 1100
X7R-HV 1.032 4.920× 10−2 0.0618 2800

ε (E) = ε0

(
ε00 +

1

γ + δE2

)
(5)

where ε00, γ and δ are characteristic constants of each
material. ε0 is the dielectric constant at zero bias electric field
strength.

The DTO relies on small-signal C-V characteristics of the
MLCC as input data. These characteristics can be obtained
either from the manufacturer’s datasheet or by performing
a one-port (S11) measurement, as illustrated in Figure 19.
The datasheet provides a set of discrete [C, V ] coordinates
describing the voltage-dependence of the sample. However, if
the density of coordinates is limited or the information is not
provided at all, a VNA and a DC bias injector (e.g., Picotest-
J2130A) can be used to perform a one-port S-parameter
(S11) measurement with a bias voltage. The calibration and
measurement procedures for the S11 measurement are detailed
in [27] and [28]. The performance of the DTO fed by [C,
V ] coordinates obtained from a VNA is evaluated in the
supplementary material of this work, and the comparison
between DTOs using VNA and datasheet [C,V ] information
is presented in Table A1, demonstrating similar results and
good estimation accuracy. It should be emphasized that the
S11 measurement is based on the output voltage ratio of Port
1 to the voltage input of Port 1. Therefore, the injected DC
bias should not alter the essence of a one-port measurement.

C. Performance of the Proposed DTO

To be more generic, capacitors were selected to encompass a
vast range of package sizes, rated DC voltage, and capacitance.
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31 samples from 4 types of dielectric materials were used as
test datasets in this paper. The cross section of these samples
was firstly imaged under SEM to extract their t. Then, their
C-V curves were fed to the proposed DTO to generate their
corresponding t̂. A comparison between the estimated t̂ and
the measured t is given in Appendix Table. A1, A2, A3, and
A4. According to the comparison, the DTO is able to achieve
a high estimation accuracy with mean errors of 2.1%, 1.975%,
2.65% and 3.31% for X5R-LV, X7R-LV, X7R-HV and X7T-
HV materials, respectively. The MATLAB scripts of the DTO
have been included as part of the supplemental material for
the manuscript.

D. SpeG Describing Material-specific Loss Information

Knowing both the device-specific loss and corresponding
geometric information unblocks normalizing the loss infor-
mation at material level, i.e. the power loss per volume of
a certain ferroelectric material under arbitrary excitation. The
conversion from device-specific SE coefficients to material-
specific ones has been given in [2] and the process is simplified
here as:

DC bias injector

Bode 100 VNA

short & load 

calibration object

CUT

Fig. 19. Small-signal capacitance measurement with the presence of DC bias
voltage using one-port (S11) measurement. Short, load and open calibration
objects are needed to ensure accuracy.

P =

loss per device︷ ︸︸ ︷
kQ · fα ·Qβ

pk = kD · fα ·Dβ
pk︸ ︷︷ ︸

loss per voume

· Vol︸︷︷︸
volume

Q=Ae·N ·D−−−−−−−→ kD =
kQ
Vol

(
Qpk

Dpk

)β

=
kQ
Vol

(Ae ·N)
β

(6)

where kQ and kD are the first coefficients in the device-
specific and material-specific SEs, respectively. Note that
the coefficients α and β remain the same in both device-
and material-specific SEs. Subsequently, the distributions of
device-specific coefficients in the SE equation given in Fig.
11 have been converted to their material-specific counterparts,
as shown in Fig. 20. Since the dielectric thickness has been
known, Fig. 20 is able to reflect the variation of SE coefficients
at different electric (E) fields, and this method is therefore
referred as Steinmetz’s Pre-electrified Graph (SPeG).

The SpeG quantifies the frequency and electric (E) field
dependence of a specific material used for MLCC. Whenever
the geometrical information of a certain MLCC is known,

either from a destructive cross-section analysis or a non-
destructive DTO, the SpeG enables the generation of power
loss information for the MLCC device.
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Fig. 20. SPeGs, which describe the effect of DC electric field bias on dielectric
loss behavior, of four different materials: X5R-LV, X7R-LV, X7T-HV and
X7R-HV, all from TDK.

VI. DEVICE-LEVEL VALIDATION AND LOSS ESTIMATION
FOR A TYPICAL RESONANT CONVERTER

In this section, the proposed loss model is validated at both
the device and converter levels. The device-level validation
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examines the accuracy of the proposed SPeG when used
in conjunction with the DTO, whereas the converter-level
validation predicts the power loss of MLCCs in a practical
resonant converter.

A. Device-level Validation

Locate kD, β and α @ Ebias of the material using 

the proposed SpeG

For design engineers who want to use the 

developed MLCC loss model based on SpeG

Identify the rated voltage/capacitance, and 

dielectric material of the MLCC of interest
Preparation before 

implementing the DTO
Step 1:

Geometric dimensions 

estimation from the DTO
Step 2:

Determine bias operation 

point of the MLCC
Step 3:

Obtain loss characteristics of 

the material (loss/volume) @ 

the operation point

Step 4:

Unfold material 

characteristics to loss of the 

device 

Step 5:

Fig. 21. Process for design engineers to calculate the MLCC loss by using
material-specific parameters (SPeG).

To summarize the loss estimation process using the pro-
posed model, Fig.21 provides an easy-to-follow guideline for
users interested in directly implementing the proposed SPeG
and DTO described in this paper. Following this flow chart,
one is expected to identify the dielectric material used in the
device of interest and then extract its geometric information
using the proposed DTO. The corresponding material-specific
loss characteristics depicted in SpeG, combined with the
geometric information, will finally provides the loss per unit
volume and then the loss of the entire MLCC.

For the device-level validation, one device from each mate-
rial category (X5R-LV, X7R-LV, X7T-HV, and X7R-HV) was
selected. For fair validation, these validation samples were
deliberately selected to be of both different packages and
capacitances from those used to develop the SPeGs. Their
dielectric thickness t was firstly obtained from the DTO.
Then, the SPeG was used to unfold the material-specific loss
information, following the flow given in Fig. 21. The obtained
material-specific SE coefficients from SPeG then enable the
loss estimation at various operation frequencies and DC bias
voltages.

We take C3216X5R1H106K160AB, whose loss prediction
results will be given in Fig. 22. (a), as an example to provide
a step-by-step process of loss prediction:

Step1 Preparation: The first step involves identifying
the dielectric material and rated capacitance of the sample.
In this case, the material is X5R-LV. The ε-E and loss
characteristics of the material can be found in Fig. 18 and
Fig. 20.(a), respectively. The rated capacitance is 10µF for
C3216X5R1H106K160AB.

Step2 Geometric dimension estimation: Next, the di-
electric thickness t and total overlapping area Ae · N of
C3216X5R1H106K160AB are estimated using the proposed
DTO, as detailed in Fig. 17, along with the accompanying
MATLAB script in the supplemental material. The estimated
dielectric thickness t̂ and overlapping area ̂Ae ·N of the
sample are 3.16 µm and 1.3×10−3mm2, respectively, as given
in Table A1.

Step3 Determine operation point: The SPeG requires
knowledge of the bias electric field. Thus, the corresponding
bias electric field Ebias is deduced from Ebias = Vbias/t̂,
where t̂ has been estimated as 3.16 µm. In Fig. 22.(a), the
loss behavior under three bias voltages (0V, 10V, and 15V) is
investigated, and the corresponding Ebias values are 0V/µm,
3.15V/µm, and 4.74V/µm, respectively.

Step4 Locate Steinmetz’s coefficients in SPeG: Once
the operation point, i.e. Ebias, of the sample is known, the
Steinmetz’s coefficients, which represent the material-specific
loss information and are functions of Ebias, can be located in
the graphs illustrated in Fig. 20.(a).

Step 5 Generate device’s loss: Finally, substituting the
Steinmetz’s coefficients (i.e. α, β, and kD) of the X5R-
LV material, provided in Step 4, and the geometric di-
mensions extracted in Step 2 into (6) yields the loss of
C3216X5R1H106K160AB under various bias voltages and
excitation levels.

The same Res-ST circuit was employed to measure the
losses of the validation samples. A comparison between the
estimated and measured losses was conducted both w/ and w/o
DC bias voltage. In Fig. 22, the measured losses are scattered
against the peak value of the charge, and the calculated power
losses are plotted as a cluster of dotted lines. As can be seen,
the estimated losses match with the measured losses with high
accuracy across various excitations and DC bias voltages, with
only a few exceptions at low excitation levels, which can be
attributed to measurement error.

Unlike the estimation of core losses which is largely affected
by the size and geometry of the core due to uneven magnetic
flux distribution, that of a Class II MLCC shows low sensitivity
to the device package. This feature can be attributed to the
fact that it is easier to ensure an even distribution of D-
field in an MLCC than B-field in a magnetic core, as long
as dielectric thickness t remains uniform within one device
and is significantly smaller than the electrode dimensions at
the transverse plane, which is always the case for MLCCs.

B. Example of Loss Estimation for RSC Converters

A 2:1 resonant switched capacitor converter was built to
apply the proposed loss model for Class II MLCCs on a real
converter. The prototype serves as the basic building block
within a larger architecture, e.g. the first/second stage in a
cascaded 48V-24V-12V structure or the fundamental units
in an N:1 converter, and is therefore selected due to its
representativeness. Operation principles of a RSC has been
extensively described in pieces of literature [29], [30]. The
accuracy of the loss model can be examined by comparing
the calculated and measured power losses.
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Fig. 22. Logarithmic representation of measured power loss against peak-peak charge Qpk with an increased DC bias voltage. Squares represent the
measurement results and dotted lines denotes the calculated power losses using the material-specific SE coefficients obtained from the SPeGs given in Fig.
20. .
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Fig. 23. Equivalent circuit of the magnetic-free 2:1 resonant switch-capacitor
converter.

As the resonant tank is in series with two MOSFETs at
any moment, it is more intuitive to calculate the power loss
using ESR instead of a Q-based loss model, with a conversion
derived in [31]. Therefore, the charge-based loss model is
converted to an ESR with the following derivation in the first

Gate driver

Resonant capacitor & MOSFETs

(a) (b)

Gate driver

(c)

Resonant 
capacitor bank

resonant inductance 
loop 1 resonant inductance 

loop 2 

Fig. 24. Hardware prototype of the magnetic-free 2:1 switched resonant-
capacitor converter. Annotated photograph of (a) the top layer where the
parasitic inductance loops are denoted, and (b) the bottom layer of the printed
circuit board. (c) The sectional view of the prototype.

step.
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Fig. 25. Current waveforms through the resonant tank at various load conditions. (a) Io=10A; (b) Io=18A; (c) Io=34A.

Ploss = kQ · fα ·Qβ
pk = kQ · fα ·

(√
2iRMS

2πf

)β

= kQ · fα−β ·
(

1√
2π

)β

· (iRMS)
β

=⇒ RESR = Ploss/ (iRMS)
2
=

kQ(√
2π
)β ·fα−β ·(iRMS)

β−2

(7)

According to the expression of RESR, the ESR of the MLCC
is a function of current iRMS , and it is expected to see an
increased ESR with higher current, as β is always slightly
higher than 2.

The resonant switched-capacitor converter experiences four
types of power losses, namely semiconductor loss (which
includes gate charge loss), inductor loss, stray loss (mainly
composed of PCB trace loss), and capacitor loss. In this
particular RSC prototype, the resonant frequency has been
meticulously adjusted to ensure zero current switching (ZCS)
throughout the entire load range, as illustrated in Figure 25.
This means that the estimation of semiconductor switching
loss can be reduced to calculating the junction capacitance
(Coss)-related loss and gate driver loss. To avoid inaccurate
loss estimation of discrete inductors with ferrite cores, parasitic
inductances from device packages and PCB traces are utilized
as the resonant inductor. This ensures that the only component
exhibiting hysteresis behavior in the resonant tank is the
MLCCs. The resonant tank has been designed with balanced
loop inductance, as evidenced by the two highlighted loops in
Figure 24(a), and the actual operating current waveforms pre-
sented in Figure 25. Consequently, the inductor loss and PCB
ohmic trace loss are merged. The PCB trace resistance was
determined through Ansys Q3D at the switching frequency.

Note that the terminal (input/output) capacitance of the
prototype is only twice the resonant capacitance, which seem-
ingly violates the practice that terminal capacitance should be
considerably higher in an RSC converter. As a result, both
Cin and Cout are involved in the resonant behavior [32], and
their impact should be included by calculating their losses
separately. Considering all these measures, the total power loss
of the converter is expressed as:

Ptot. = 2 · i2RMS ·Rds,ON +RPCB · i2RMS + 4QossVofsw

+
RESR(

iRMS

Nres
)

Nres
· i2RMS +

RESR(
iRMS

Nterm.
)

Nterm.
· i2RMS (8)

TABLE III
SPECIFICATION AND MAIN COMPONENT LIST OF THE PROTOTYPE

Component Manufacturer, Part number Parameters

40V MOSFET Infineon,
IQE013N04LM6ATMA1 40V, 1.35 mΩ

Cin & Cout

terminal capacitors TDK, C3216X5R1V106K160 50V, 10µF× 14

Cres

resonant capacitors TDK, C3216X5R1V106K160 50V, 10µF×7

Switching frequency N/A 220 kHz
Resonant indutor parasitic inductance, air core 21nH
Gate driver Infineon 1EDN7550U SOT23-6

where Rds,ON is the on-state channel resistance of the
MOSFET used, RPCB is the PCB trace resistance and fsw is
the switching frequency. Qoss represents the energy-equivalent
junction charge of the MOSFET. Nres and Nterm. are the
number of paralleled capacitors in resonant tank and terminals,
respectively. The RMS current flowing through the resonant
tank is bound by:

iRMS =
π

2
√
2
· I0 (9)

In the experiment, the converter was immersed in a silicon
oil tank with a circulating pump to stabilize the ambient
temperature of the CUTs. The load current was then swept
from 2A to 36A, and the readings from a Yokogawa WT5000
power analyzer were used to plot the efficiency curve.

It should be noted that all SE coefficients used in equations
(7) and (8) are dependent on the bias voltage, as demonstrated
in Figure 20. The C3216X5R1V106K160 MLCC was used
in the RSC converter, and its dielectric thickness t has been
extracted by the DTO and is listed in Table A1. Feeding
(7), where the ESR of C3216X5R1V106K160 is depicted,
to (8) will generate the total loss of the RSC converter at
various load conditions. Fig. 26 then plots the efficiency curves
and illustrates a satisfying consistency between the calculated
and measured efficiencies. This consistency demonstrates the
accuracy and effectiveness of the proposed loss model in real
converter applications. However, relying on the ESR from the
datasheet can lead to a significant underestimation of Class II
MLCC power loss.

Furthermore, Fig. 26 also provides a breakdown of the
converter loss at four different load conditions. As shown, the
contribution from MLCC loss is negligible at light load but
increases to 21% of the total loss at maximum power, which
is a substantial amount of loss compared to MOSFET’s ohmic
loss. In summary, the proposed loss model has been validated
at both the device and converter levels. Device-level validation
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confirmed that the model accurately estimates the losses
of MLCCs with different materials, packages, capacitances,
and bias voltages. Converter-level validation demonstrated the
accuracy of the model in predicting the power losses of
MLCCs in a resonant converter. These results validate the
effectiveness of the proposed model, and provide a reliable tool
for engineers to optimize power converter design by predicting
the losses of MLCCs.
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Fig. 26. (a) Comparison between measured and estimated efficiency curves,
and (b) Loss breakdown of the prototype at four different load conditions.

VII. CONCLUSION

This paper presents a novel methodology for characterizing
and modeling the loss behavior of Class II MLCCs, specif-
ically focusing on the influence of high frequencies (>100
kHz) and DC bias voltage. The proposed methodology aims
to offer a simple yet accurate toolkit for loss estimation in
Class II MLCCs. It consists of several key components: a
Res-ST testing circuit that functions as the excitation and
characterization circuit, a microscope investigation that builds
up material-specific loss information, a SPeG derived from
the analogy between magnetic and dielectric material material
to generalize the material-level information to devices, and a
DTO that estimates the internal microstructural geometry with
minimal destructive analysis, thus extending the SPeG to all
devices utilizing the same material.

The primary contribution of this work is an accurate reveal
of the influence of various intertwined factors, such as fre-
quency, excitation level, and DC bias, on the loss behavior

of ferroelectric dielectric materials. Additionally, our experi-
mental results uncover the coexistence of both bias-sensitive,
where loss increases with higher bias voltage, and bias-
insensitive Class II dielectric materials. This finding resolves
the conflicts present in previous literature [2], [9].

The accuracy of the proposed loss model has been validated
on devices using various materials, and an illustrative example
has been provided to demonstrate the implementation of the
loss model on an actual resonant converter. It is anticipated that
these developed loss characterization and modeling techniques
will facilitate the estimation of losses in Class II MLCCs,
making it as straightforward as estimating losses in common
magnetic devices.
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APPENDIX

Understanding and mitigating measurement error is a crucial
step to ensure the accuracy and validity of the loss char-
acterization circuit. This appendix describes the procedures
for deskewing and calibrating the proposed Res-ST circuit.
Additionally, it presents the estimation performance of the
proposed DTO on different types of dielectric materials.

A. Calibration of the Proposed Res-ST Circuit

Resonant tank

switching 
node

switching 
node  

voltage across
DUT & Rcali.

voltage across
CREF

Resonant tank

DUT CREF

switching 
node

switching 
node  
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DUT & Rcali.

voltage across
CREF

Loss 
measurement #1

Loss 
measurement #2

Rcali.

DUT CREF
Rcali.

Fig. 27. Schematic of calibration circuit for the proposed Res-ST circuit.

To calibrate the accuracy of the test setup, we developed
an electrical calibration method called differential power cal-
ibration. In this method, a shunt resistor (Rcali.) is placed in
close proximity to the CUT, and two identical measurements
are conducted sequentially, as shown in Fig. 27, with the
only difference being the inclusion of the shunt resistor. By
subtracting the loss obtained in measurement #2 from that
obtained in measurement #1, and converting the differential
power back to the ESR, the resulting ESR should match
the nominal resistance of Rcali.. The difference between
ESR calculated using the differential power and the nominal
resistance of Rcali. serves as an index of the accuracy of the
measurement setup.
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Fig. 28. Waveforms of the voltage probes before deskew (left) and after
deskew. (right)

B. Deskew of Differential Probes

(1) Deskew via high steepness voltage edge:
The Res-ST circuit’s current-source driving capability

comes with a floating test ground, which may introduce
measurement inaccuracies. To address this, multiple measures
have been implemented. As seen in Fig. 4. (c), the measure-
ment board is integrated with a half-bridge with a low loop
inductance design, resulting in a high dv/dt voltage edge.
Prior to the test, two differential probes with the same model
(HVD3106A) are both connected across the switching node
and the ground of the half-bridge to calibrate and compensate
for the delay time in the oscilloscope. The adjustment process
for the delay time of two probes, which aims to ensure proper
alignment, has been depicted in Fig. 28.

(2) Suppression of common-mode (CM) noise:
The Res-ST is a measurement circuit that utilizes differential

voltage probes in a floating-ground configuration. In this
context, it is important to consider the effects of the alternating
common-mode (CM) voltage that may impact the accuracy
of the measurements. Among the various components of the
CM voltage seen from the differential probe, the fast slew
rate (dv/dt) of voltage at the switching node is of particular
concern due to the high frequency components contained in
the switching voltage transient. This can be problematic since
it falls within the low common-mode rejection ratio (CMRR)
range of the probe. However, in the test circuit, the output
voltage (Vo), which determines the amplitude of the dv/dt
transients, is set to a low value (<2V in all measurements
in this work) due to the current-source nature of the driving
circuit. Additionally, since both half-bridges operate in zero-
current switching, the dv/dt from the switching edge is
considerably low (<0.4V/ns). These measures help mitigate
potential high-frequency CM noise from the source.

Fig. 7 shows the experimental waveforms, which demon-
strate that the output voltage consistently maintains a low value
(<2V) throughout the measurement process, ensuring that the
amplitude of the high-frequency CM voltage is low. For bench-
marking purposes, a pair of optically isolated probes with
high CM noise immunity, IsoVu: TIVH08 from Tektronix,
were used, and no differences were observed in the power
loss results. However, as one of the motivations of this work
is to develop a cost-effective test solution, the conventional

HVD3106A differential probes were used for the rest of the
test.

C. Estimation Accuracy of the Proposed DTO on Four Types
of Dielectric Materials

TABLE A1
ESTIMATION ACCURACY OF THE DTO ON X5R-LV SAMPLES

Part number t under
SEM(µm)

t̂ under
DTO(VNA)

(µm)
error

t̂ under
DTO(DS)

(µm)
error

C2012X5R1C225K125 2.51 2.44 -2.8% 2.53 +0.9%
C2012X5R1E225K125 2.5 2.46 -1.6% 2.55 +1.9%
C2012X5R1V225K125 4.0 4.06 +1.6% 3.84 -4.1%
C2012X5R1H225K125 3.94 4.07 +3.2% 4.22 +7.1%
C2012X5R1C475K125 2.08 2.15 +3.4% 2.27 +9.1%
C2012X5R1E475K125 2.58 2.59 +0.3% 2.82 +8.8%
C2012X5R1H475K125 2.59 2.58 -0.1% 2.79 +7.7%
C3216X5R1E106K160 2.85 2.79 -2.1% 3.05 +7.0%
C3216X5R1V106K160 3.17 3.16 -0.3% 3.22 +1.6%
C3216X5R1H106K160 2.95 3.16 +7.1% 3.25 +10%

TABLE A2
ESTIMATION ACCURACY OF THE DTO ON X7R-LV SAMPLES

Part Number t under SEM
(µm)

t̂ from DTO
(µm) error

C2012X7R1E475K125 3.18 3.10 -2.5%
C2012X7R1V475K125 3.29 3.09 -5.8%
C3216X7R1V475K160 4.58 4.75 +3.6%
C3216X7R1V225K160 7.25 7.35 +1.4%
C3216X7R1E106K160 3.47 3.35 -3.7%
C3216X7R1C106K160 2.85 2.80 -1.8%
C2012X7R1E225K125 4.88 4.88 +0.0%
C2012X7R1H225K125 4.88 4.86 -0.4%
C2012X5R1V225K125 4.88 4.87 -0.2%

TABLE A3
ESTIMATION ACCURACY OF THE DTO ON X7T-HV SAMPLES

Part number t under SEM
(µm)

t̂ from DTO
(µm) error

C3216X7T2E224K160 10.37 10.00 -3.5%
C4532X7T2E105K250 10.37 10.66 +2.8%
C4532X7T2W474K230 17.69 17.28 -2.3%
C4532X7T2J224K200 22.86 22.88 +0.1%
C5750X7T2J474K250 22.60 23.37 +3.4%

C5750X7T2W105K250 16.45 15.37 -6.5%

TABLE A4
ESTIMATION ACCURACY OF THE DTO ON X7R-HV SAMPLES

Part number t under SEM
(µm)

t̂ from DTO
(µm) error

C5750X7R2J224L230 48.0 49.4 +2.9%
C4532X7R2K104L230 48.0 46.83 -2.4%
C4532X7R2E474K230 23.0 22.27 -3.1%
C3225X7R2E224K200 23.0 21.93 -4.6%
C5750X7R2E105K230 22.2 21.5 -3.2%
C3216X7R2A105K160 8.9 8.58 -3.6%
C3225X7R2A225K230 8.88 9.18 +3.4%
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