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Abstract—High-frequency power conversion is useful for
miniaturization of power electronics, but requires low loss passive
components to achieve high power densities without thermal
issues. This paper investigates the lowest achievable ESR of a
resonant tank using an air-core inductor with a single-layer foil
winding and commercially available capacitors. A loss model is
presented and online catalogs of multilayer ceramic capacitors
are searched for components that can provide a low ESR
when combined with an optimally designed inductor for various
resonance frequencies. The resulting resonator has a measured
sub-mΩ ESR and high efficiency with 250 V dc rating in a
1 cm3 volume. The resonant tank, when used in a resonant
switched-capacitor converter, can theoretically handle up to 12
kW assuming a tolerable loss of 2 W, and the power converter
itself will be limited by the power density of switches and
interconnects rather than by passive components.

I. INTRODUCTION

Recent advances in wide-bandgap semiconductors such as
GaN and SiC that allows for efficient high-frequency power
conversion mean that passive components are increasingly
becoming the main bottleneck in the miniaturization of power
electronics through high switching frequency [1], [2]. Im-
provements in both capacitor and inductor technologies are
required to eliminate this bottleneck. Capacitors have a trade-
off among dielectric constant, breakdown electric field and
dissipation factors of dielectric materials; recent research ac-
tivities focus on improving all three factors simultaneously
by investigating alkali-free glass dielectric [3] and developing
nanocomposites of high-breakdown-field polymers and high-
dielectric-constant ceramics [4], [5]. For magnetics, new and
improved magnetic materials are required to reduce high-
frequency core loss, and a multi-layer foil winding with equal
current sharing can provide significant improvement in skin
and proximity effect losses [6]–[8].

Assuming optimistically that these advances in dielectric
and magnetic materials become practical and that multi-layer
foil windings can be implemented without requiring additional
space or incurring extra losses, the resulting combination is
a low-loss high-power-density resonator with significant im-
provement over today’s passive components [9]. However, the
analysis in [9] is an optimistic assessment; the implementation
of such a resonator requires significant research and develop-
ment effort in improving dielectric and magnetic materials and
inductor windings. A practical LC resonator using currently
available materials can be analyzed by incorporating skin

effect and losses of commercially available capacitors into
the analysis of [9]. Such an analysis can illuminate currently
achievable performance of LC resonators and the necessary
improvement in capacitor and inductor technologies to go
beyond that limit.

In this paper, we present an LC resonant tank with low
loss and high power density using off-the-shelf capacitors and
a single-layer foil winding. We present the design objectives
for the resonant tank in Section II. A loss model is derived in
Section III for an LC resonator assuming a skin-depth limit and
performance of commercially available capacitors. Section IV
describes the design process that uses this loss model for
choosing reference capacitors which can provide very low loss,
and optimizing the inductor design with respect to total loss
for resonant tanks using these reference capacitors. The loss
model and the optimal inductor designs are then verified by
an experiment in Section V; the test resonator has a sub-mΩ
ESR and a very high efficiency in a 1 cm3 volume. Power
conversion applications for this resonator and corresponding
limitations are discussed in Section VI. The resonator is useful
in resonant switched-capacitor converters and can theoretically
handle up to 12 kW assuming a tolerable loss of 2 W; the
density of such a power converter will be limited by switches
and interconnects, and not by the resonant tank.

II. DESIGN OBJECTIVE

The achievable power density of an LC resonant tank
depends on the current capability, limited by the thermal
effect of loss, and the allowed voltage, limited by dielectric
breakdown in the capacitors. In power converter topologies
such as resonant switched-capacitor (ReSC) circuits [10], [11],
the required voltage capability depends on the required input
and output voltages. Thus, the thermal effect of loss and the
loss in the resonant tank itself need to be minimized to achieve
a high power density.

Because losses can be lowered by increasing the available
volume, the total volume of the resonant tank is limited to
V to standardize the analysis. A fraction rv of this volume
is reserved for the inductor, whose dimensions need to be
optimized to achieve a low loss for the desired inductance and
the operating frequency. Only air-core inductors are considered
because of high losses in magnetic materials for operation
at MHz frequencies. The winding is limited to a single-layer
conductor with a skin-depth thickness to minimize proximity



effect losses. The remaining volume (1− rv)V is filled by the
capacitor. The choice of capacitor is important since it impacts
not only the capacitor losses but also the required inductance,
hence the inductor losses. A low dissipation factor is necessary
to minimize the capacitor losses and a high energy density is
needed to reserve as big a volume possible for the inductor
which is usually more lossy than capacitors.

State-of-the-art dielectric materials such as alkali-free glass
dielectric [3] have a high energy density of 38 J/cm3 without
derating. However, we limit the analysis to commercially
available C0G and X7R capacitors to examine the possible
performance using currently available technology and ma-
terials. The capacitor energy density can be repesented by
choosing a particular capacitor from an online catalog as a
reference, with capacitance Cref , voltage rating Vref , volume
Vref , energy density uref and dissipation factor Dref . The
required capacitance for the resonant tank can be achieved
by proportionally scaling the reference capacitor dimensions.
In the simplest model, we assume that the capacitor energy
density and dissipation factor remain unchanged for different
capacitance values and physical sizes. The reference capacitor
choice will affect the energy density of the capacitor required
for the resonant tank, hence the achievable loss and power
density. For the reference capacitor, the resonator design can
be optimized for maximum power density by minimizing loss.

III. LOSS MODEL

Using reference capacitors with an energy density uref ,
the resulting capacitance C and the effective series resistance
(ESR) RC of the capacitor inside a volume (1− rv)V is

C =
2uref (1− rv)V

V 2
∝ uref

V 2
, (1)

RC =
Dref

2πfC
∝ 1

C
∝ V 2

uref
, (2)

where V is the dc voltage rating of the resonator and f the
desired resonance frequency. The capacitor ESR depends on
the total capacitance, and is proportional to the desired dc
voltage rating squared V 2 and inversely proportional to the
reference capacitor energy density uref .

For the resonance frequency f , the inductance needs to be

L =
1

4π2f2C
∝ V 2

uref
. (3)

The inductor design can be divided into two regimes. For a
low resonance frequency where a high inductance is required,
the inductor is a multi-turn large-area ring or square loop,
as shown in Fig. 1 (a). As the frequency increases and the
required inductance decreases, the number of turns decreases
to unity and the inductor becomes narrower and longer as
shown in Fig. 1 (b) [9]. The inductor loss model depends on
whether it is multi-turn or single-turn.

A. Low Frequency Inductor Model

For the low-frequency high-inductance case, the inductor
design, specifically the number of turns N , the inductor

Fig. 1. Resonator sketches. (a) Inductor design for low frequency and
high inductance. (b) Parallel resonator design for high frequency and low
inductance; the inductor wraps around the capacitors.

volume as a fraction of the total volume rv , and the geometric
dimensions l, b and w, need to be chosen such that

L =
N2µ0wb

l
=
N2µ0w2b2

rvV
, (4)

where L is given by (3), µ0 is the vacuum permeability and
the second equality is derived from the volume constraint
lbw = rvV . If the required inductance is sufficiently large,
the capacitor self-inductance, usually on the order of nH, can
be ignored. The inductor ESR RL, assuming that the thickness
of the conductor is equal to the skin-depth δ (� w, b), is

RL =
ρ

lδ

(
N2(2w + 2b)−Nw + 2b

1− rv
3rv

)
=

ρwb
rvVδ

(
N2(2w + 2b)−Nw + 2b

1− rv
3rv

)
(5)

∝ L ∝ V 2

uref
, (6)

where ρ is copper resistivity. The second term corrects for the
lack of a vertical segment in one turn and the last term adds
the resistance of the conductor with which the capacitors are
connected to the inductor.

For a sufficiently low frequency, the required inductance is
large, which usually requires N � 1. In such cases, it is shown
in [9] that the inductance is mostly impacted by changing the
number of turns N and not the geometric dimensions, resulting
in L ∝ N2. Moreover, for N � 1, the N2 term in (5) is
dominant and the optimal inductor has a square cross section
(w = b) since w and b are qualitatively equal, resulting in
RL ∝ N2. Because N is the dominant factor at low frequency,
and both RL and L are proportional to N2, we can conclude
that

RL ∝ L ∝
V 2

uref
, (7)

B. High Frequency Inductor Model

For the high-frequency low-inductance regime, the in-
ductor is a single-turn small-area long solenoid shown in
Fig. 1 (b) [9]. Because the inductor loop is only a single-
turn, the capacitor volume also contributes significantly to the
total inductance. Thus, we need to choose the inductor design
(rv , l, b, w) such that

L =
µ0w
l

(
b+ b

1− rv
3rv

)
=
µ0w2b2

rvV
1 + 2rv

3rv
, (8)

where the factor b(1 − rv)/(3rv) gives the first-order ap-
proximation for the effective breadth of the capacitors that



contribute to the total inductance. The factor of 3 arises from
the assumption that the current is equally distributed among
all the electrode plates of the capacitor, resulting in a magnetic
field that increases linearly and a magnetic energy density that
increases quadratically along b, which when integrated gives
a factor of 3 in the denominator. Using (5), the inductor ESR
RL for N = 1 can be rewritten as

RL =
ρwb
rvVδ

(
w + 2b

1 + 2rv
3rv

)
. (9)

Because the capacitor can have self-inductance on the same
order of magnitude as the inductor, a larger fraction of the
available volume can be reserved for the capacitor than in the
low-frequency case. This increases the achievable capacitance
which in turn decreases the required inductance. Thus, it
can be shown that the optimum fraction of the volume that
should be reserved for the inductor is zero (i.e. rv,opt = 0);
Appendix A shows the detailed derivation. Thus, (8) and (9)
can be rewritten in term of the resonator total breadth btot:

L =
µ0w2b2tot

3V
, (10)

RL =
ρwbtot
Vδ

(
w +

2btot
3

)
. (11)

The inductor ESR can be minimized by substituting wbtot from
(10) into (11) and differentiating RL with respect to btot. This
gives

RL,opt ∝ L3/4 ∝
(
V 2

uref

)3/4

, (12)

and Appendix B shows the detailed derivation.

IV. DESIGN PROCESS

According to the loss model in Section III, we need to
choose a high dc voltage rating and capacitors with a high
energy density to design a resonant tank with a high power
density. Normalizing the total ESR with the dc voltage rating
shows that the higher the energy density, the lower the total
ESR. However, capacitors with a high energy density also tend
to have a high dissipation factor and are less stable, especially
at high frequencies. Thus, it is important to consider the trade-
off between high energy density and low dissipation factor.
In this paper, we examine the achievable ESR for resonators
using two capacitor types, namely C0G and X7R capacitors.

A. Choosing high-energy density capacitors

Fig. 2 shows the maximum nominal energy density uref
for various dc voltage rating Vref of commercially available
surface mount C0G and X7R capacitors on Digi-Key cata-
log [12]. Only the nominal energy density is considered here
since a capacitor with the maximum energy density is to be
selected for each capacitor type. The nominal energy density
is calculated using the capacitance value at the bias voltage,
and is representative of the capacitor’s performance if the
voltage ripple is small compared to the bias voltage. The actual
energy density would be of interest for accurate modeling if
the capacitors are fully charged and discharged during each

Fig. 2. Maximum nominal energy density of C0G and X7R capacitors as a
function of the rated dc voltage. The dashed lines represent the corresponding
plots for capacitors larger than 50 mm3. The asterisks represent the reference
capacitors used in this paper.

cycle, and can be calculated by integrating the QV curve of
the capacitors as done in [13].

Because many capacitors may need to be connected in
parallel to achieve a high capacitance, only C0G capacitors
larger than 100 pF and X7R capacitors larger than 1 nF are
included in Fig. 2. C0G capacitors have about one to two
orders of magnitude lower energy density than X7R capacitors
with the same voltage rating. C0G capacitors can have an
energy density as high as 0.5 J/cm3, with 1 kV rating, and
X7R capacitors 2.2 J/cm3, with 100 V rating. The choice of
voltage rating Vref of the reference capacitor is also important
since high-energy-density capacitors are not readily available
at some voltage ratings. For example, the maximum energy
density for 150 V rated C0G capacitors in the Digi-Key catalog
is only around 2 mJ/cm3 whereas those for 100 V and 200 V
ratings are about 30 times higher, at around 60 mJ/cm3.

For ease of building a prototype resonator of about 1 cm3,
the capacitor search was repeated with a minimum volume
limit of 50 mm3 so that no more than 20 reference capacitors
need to be connected in parallel within the available volume.
The highest energy density of commercially available capac-
itors with this volume constraint are also included in Fig. 2.
Limiting the volume to be at least 50 mm3 reduces the energy
density of readily available capacitors by as much as a factor
of 5 for voltage ratings below 500 V. If we also limit the dc
voltage rating to be lower than the 3-400 V range to address a
wide range of applications, the capacitors with largest energy
density correspond to a 250 V rating for both C0G and X7R.
However, we chose a 100 V rating as the reference for X7R
capacitors since they have 93% the energy density of 250 V
X7R capacitors. Table I shows the specifics for the 250 V
C0G and 100 V X7R capacitors chosen as the reference.

B. Dissipation factors

The dissipation factors for these reference capacitors were
extracted from TDK SEAT 2013 [14] and AVX Spicap 3.0 [15]
software. The ESR data from the software was divided by



TABLE I
CAPACITOR SPECIFICS

Type Vref (V) Manufacturer Part Number Cref (µF) uref (mJ/cm3) Dimensions (mm × mm × mm)

C0G 250 TDK CGA9N4C0G2E154J230KN 0.15 65.8 5.7 × 5 × 2.5

X7R 100 AVX 22201C106MAT2A 10 628.8 5.7 × 5 × 2.79

Fig. 3. Frequency characteristic of the dissipation factor of C0G and X7R
capacitors in Table I.

the reference capacitor impedance 2πfCref to obtain the
dissipation factor Dref shown in Fig. 3. Even though the X7R
reference capacitor has about an order of magnitude higher
nominal energy density than the C0G reference capacitor, the
dissipation factor is about two orders of magnitude higher at
all frequencies. Thus, the advantages of the X7R capacitor’s
higher energy density will disappear if the higher dissipation
factor causes the capacitor ESR to dominate the inductor ESR.

The dissipation factors Dref as shown in Fig. 3 are higher
than unity at frequencies & 25 MHz for the C0G capacitors
and & 1 MHz for the X7R capacitors. These frequencies
correspond to the self-resonant frequencies above which the
capacitor self-inductance dominates the capacitive impedance.
Because Dref is defined in this paper as the ratio between the
capacitor ESR and the capacitive impedance, the low capaci-
tive impedance above the self-resonant frequency translates to
a dissipation factor greater than 1. However, these dissipation
factors greater than 1 are still valid in terms of loss calculation
so long as the capacitive impedance, rather than the capacitor’s
self-inductive impedance, is used to calculate the ESR.

C. Resonator Design Optimization

Particle swarm optimization is performed on the total ESR
of the inductor and the capacitors for a fixed 1 cm3 volume at
various frequencies. In order to correctly represent the transi-
tion between the low-frequency and high-frequency regimes,
the self-inductance of the capacitor as well as the inductance
of the inductor are included in calculating L. Similarly, RL in
(5) is used in the optimization since it correctly accounts for
the ESR of the inductor and the resistance of the conductor
with which the capacitors are connected to the inductor. The
actual energy density of X7R capacitors, obtainable from TDK

Fig. 4. Minimum achievable ESR as a function of resonance frequency for
the C0G and X7R capacitors in Table I.

SEAT 2013 [14] and AVX Spicap 3.0 [15] design tools, is used
in the optimization.

This optimization gives the minimum achievable ESR for
1 cm3 LC resonators as shown in Fig. 4, and the corresponding
inductor design to obtain that ESR. As predicted by the loss
model, most of the design differences along each R vs. f
curve at the lower frequency end are due to changes in the
number of turns N . As the frequency gets higher, the capacitor
self-inductance starts to become significant. And as derived in
Appendix A, the optimum resonator design does not require
a separate inductor (i.e. rv,opt ≈ 0) to achieve the desired
resonance frequency.

At the lower frequency end, the inductor ESR dominates the
capacitor ESR because of the large number of turns required.
Thus, the higher dissipation factor of the X7R capacitor
compared to that of the C0G capacitor has an insignificant
impact on the overall ESR since Dref only changes the
capacitor ESR. However, the energy density impacts the ESR
of both the capacitor and the inductor; thus, the resonator with
the X7R reference capacitor has a lower ESR than that with
the C0G reference capacitor at the lower frequency end.

As Dref gets larger at higher frequencies, the capacitor ESR
becomes more significant and the resonator with the C0G
capacitor has a lower overall ESR than that with the X7R
capacitor because of the lower dissipation factor. The cross-
over point between the two regimes occur ∼ 400 kHz. Thus,
for power conversion at MHz frequencies, low-energy-density
capacitors with low dissipation factors can outperform high-
energy-density capacitors with high dissipation factors.

V. EXPERIMENTAL VERIFICATION

We verified the loss model and the optimization results
by building a prototype resonator along one of the curves
in Fig. 4. We chose the design represented by the asterisk



Fig. 5. The parallel resonator.

TABLE II
PREDICTED AND MEASURED RESULTS

Predicted Measured
No Core With Core

L (nH) 1.2 1.48 1.89
C (µF) 2.4 2.35 2.35
f (MHz) 2.97 2.70 2.40

RL (mΩ) 0.28 0.56 0.45
RC (mΩ) 0.16

in Fig. 4. The chosen design uses C0G capacitors and gives
a resonance frequency of 3.5 MHz with 0.38 mΩ ESR
(6 nΩ/V2 at 250 V). This design point was chosen because
it has a low ESR (sub-mΩ) in the MHz frequency range,
and higher frequency operation only reduces the ESR by an
additional 0.3 mΩ because of the knee in the R vs. f curve
(Fig. 4). The lower ESR at higher frequencies will also be
more difficult to measure.

The design requires connecting 14 reference C0G capacitors
(Table I) in a 4×3.5 grid which is not feasible without custom
fabricated capacitors. Thus, we chose instead to connect 16
capacitors in a 4× 4 grid. This increases the total volume to
1.14 cm3 which means the C0G curve in Fig. 4 is slightly
shifted down. This resonator with 16 capacitors is shown in
Fig. 5, and has 5.7 mm × 1 cm × 2 cm dimensions. The
resonator is predicted to have L = 1.2 nH, C = 2.4 µF,
f = 2.97 MHz, RL = 0.28 mΩ and RC = 0.16 mΩ; the
predicted values are also included in Table II.

We built a parallel resonator for experimental verification
considering ease of measuring the parallel impedance at reso-
nance. A series resonator with a similar ESR can be obtained
by removing the copper foil at the top.

A frequency sweep of the resonator impedance is obtained
using an Agilent 4294A impedance analyzer, and the measured
impedance is shown in Fig. 6. The fundamental parallel
resonance occurs at 2.7 MHz, resulting in L = 1.48 nH for
a measured C = 2.35 µF. Using these L and C values, the
peak impedance of Rp = 1.13 Ω can be translated into the
total ESR as Rtot = L/(CRp) = 0.56 mΩ (Table II).

The inductance calculated from the measured resonance
frequency and capacitance is about 0.28 nH (∼ 23%) larger
than the inductance predicted by the loss model. This differ-
ence arises because the thickness of the solder connecting the
capacitors is not accounted for in the loss model, which uses
the base capacitor dimensions to calculate the inductance. This

Fig. 6. Frequency characteristics of the impedance of the parallel resonator
in Fig. 5, measured without and with magnetic cores of Fair-Rite 67 material.

difference in inductance also causes a discrepancy between the
predicted and measured resonance frequencies. There is also
a 0.12 mΩ (27%) difference between the measured ESR and
the loss model prediction. This difference may be attributed
to the current crowding at the edges of the conductors due to
fringe magnetic field lines whereas the loss model assumes
that magnetic field lines are parallel to the conductors.

A. Current crowding due to non-parallel field lines

The effect of current crowding on the total ESR of the
resonator can be experimentally investigated by placing blocks
of low-loss magnetic materials at the two ends of the resonator.
The magnetic cores straighten out the magnetic field lines and
make them more parallel to the capacitor electrode plates. We
used two blocks of Fair-Rite 67 material, which has a low loss
at MHz frequencies. The frequency sweep of the resonator
with cores at the end is also included in Fig. 6. The resonator
has a peak parallel impedance of 1.76 Ω at 2.40 MHz, which
gives L = 1.89 nH and Rtot = 0.45 mΩ (Table II). This value
of measured Rtot with the magnetic cores closely matches the
0.44 mΩ total ESR predicted by the loss model.

The measured ESR with the magnetic core verifies that
the loss model is accurate if the magnetic field lines are
parallel to the conductors in the resonator such that there is
no current crowding at the edges of the conductor. If the field
lines are not parallel to the conductors, the loss model will
underestimate the total resonator ESR. Finite element analysis
(FEA) can be performed to check that losses introduced
by current crowding are tolerable. However, accurate FEA
requires information on thickness of the capacitor electrode
plates and dielectric, number of dielectric layers and properties
of the dielectric material used in the capacitor. In this paper, we
simply used the manufacturer-provided capacitor ESR data to
calculate RC since the data usually accounts for both dielectric
loss and capacitor electrode plate losses at MHz frequencies.
However, finite element simulation is still needed since the
interactions between the capacitors may affect the magnetic
field configuration. Thus, the loss model in this paper is only
for the best case scenarios in which the field lines and the



conductor plates are parallel to each other; however, it may
still be used as an approximate model for cases in which the
field lines and the conductor plates are not parallel.

VI. APPLICATION IN POWER CONVERTERS

Performance of power converters is usually limited by
passive components, especially magnetics, which usually have
relatively large sizes and losses. In this paper, we presented
a loss model of an LC resonant tank and optimized its
design to achieve a low-loss high-power-density resonator. The
prototype resonator is an integrated LC tank with a sub-mΩ
ESR, using C0G capacitors with a 250 V rating, and the self-
inductance of the capacitors rather than a separate lumped
inductor. Because of the very low ESR in a 1 cm3 volume,
a resonant power converter using this resonator can, in some
cases, be limited by switches and interconnects rather than
the resonator itself. Here, we describes the advantages and
limitations of using this resonator in two different power
converter topologies, namely series resonant converters and
resonant switched-capacitor (ReSC) converters.

A. Series Resonant Converters

Series resonant converters require the loaded quality factor
of the resonator to be sufficiently high in order to provide
approximately sinusoidal resonator output waveforms. This
requires the characteristic impedance of the resonant tank
to be at least a few times higher than the desired load
impedance. The presented resonant tank without the cores
has a characteristic impedance of

√
L/C = 25.1 mΩ and

with magnetic cores,
√
L/C = 28.4 mΩ. Thus, if we assume

that the characteristic impedance needs to be at least 5 times
higher than the load impedance (Qloaded > 5), the maximum
load this resonator can support is around 5 mΩ without the
cores or 5.7 mΩ with the cores. This is in general too low a
load impedance for useful power conversion, so the particular
implementation of resonant tank presented in this paper is not
optimized for use in series resonant converters.

However, a similar optimization could be performed with
a constraint on loaded quality factor to develop resonant
structures for series resonant converters. The optimization can
use the same loss model presented in (4), (5), (8) and (9), but
the required inductance, and the corresponding inductor ESR,
will be bounded from below by the required loaded Q. The
dc voltage withstand capability requirement for the capacitor
would also be reduced.

B. Resonant Switched-Capacitor Converters

Unlike series resonant converters, resonant switched-
capacitor converters do not have a minimum requirement on
the loaded quality factor of the resonant tank. The performance
of ReSC converters is usually expressed by the effective output
resistance Reff , which is usually proportional to the resonator
ESR [11], [16], [17]. For a 2:1 ReSC converter, the constant
of proportionality is π2/8, resulting in Reff = π2Rtot/8.

Assuming a 2:1 ReSC converter, the 0.45 mΩ measured
ESR translates into a 0.56 mΩ effective output impedance

attributable to the resonator. With the capacitors rated at
250 V, the input and output voltages can, with some derating,
be 400 V and 200 V respectively. The only other limitation
for the resonator performance is the thermal effect of loss.
If we assume that a 2 W loss is tolerable considering the
volume and the surface area, the resonant tank can handle up
to about 66.7 A rms current or 60 A output dc current. Thus,
this resonator can, in theory, handle up to around 12 kW output
power without dielectric breakdown or thermal issues.

Although the presented resonant tank can handle up to
66.7 A rms current due to the sub-mΩ ESR, the same current
through switches and interconnects in a power converter using
this resonator may cause thermal issues depending on the on-
resistance of the switches and the conduction resistance of the
interconnects. Although wide band-gap semiconductors offer
fast switching and low parasitic capacitance, these would also
pose challenges with present technology at 2.4 MHz and 200
V. Considering the 12 kW capability of the resonant tank in
a 1 cm3 volume, it can be concluded that passive components
are not going to be the limiting factor in a ReSC converter
using this resonant tank.

VII. CONCLUSION

We derived a general loss model for an LC resonant tank
and used it to design a low-loss resonator using commercially
available C0G and X7R capacitors. With a single-layer foil
winding for the inductor, the resonator design above 1 MHz
is limited by the capacitor ESR. Thus, the capacitor choice
for a low ESR requires not only a high energy density but
also a sufficiently low dissipation factor. The C0G capacitor
of choice outperforms the X7R capacitor above 400 kHz. The
prototype resonator has an experimental ESR of 0.45 mΩ at
around 2.4 MHz, and the measured ESR closely matches the
loss model prediction. This resonator, used in a 2:1 resonant
switched-capacitor circuit, can provide up to 60 A output dc
current and 12 kW output power with only 0.02% loss in the
resonant tank itself.

This resonator verifies that a low-loss high-power-density
resonant tank for MHz frequencies can be built using a single-
layer foil conductor and commercially available capacitors.
The exact design of the resonator depends on the specific
power conversion applications. The presented resonator will
only have limited applications in power converters such as se-
ries resonant converters which require some minimum loaded
quality factor. However, it is applicable to power converters
such as resonant switched-capacitor circuits, which do not pose
such a limit on the minimum loaded quality factor.

APPENDIX A
OPTIMAL rv FOR HIGH-FREQUENCY INDUCTOR MODEL

In this section, we derives the optimal fraction rv of
available LC tank volume that should be reserved for the
inductor. The derivation assumes single-turn low-inductance
inductors required for high-frequency operation. The resulting
optimal rv is used in Section III-B to derive the relation
between L and RL of the inductor in the resonant tank.



It follows from (1) and (3) that

L =
V 2

8π2f2uref (1− rv)V
=

k1
1− rv

, where (13)

k1 =
V 2

8π2f2urefV
, (14)

where V is the resonant tank voltage rating, uref the energy
density of the reference capacitor, and V the available volume.
Substituting (13) into (8) gives

wb =

√
3k1V
µ0

rv√
(1 + 2rv)(1− rv)

=
k2rv√

(1 + 2rv)(1− rv)
, where (15)

k2 =

√
3k1V
µ0

=

√
3V 2

8π2f2µ0uref
. (16)

This in turn can be substituted into (9) to get

RL =
ρ

Vδ
k2√

(1 + 2rv)(1− rv)

(
w +

2k2
3w

√
1 + 2rv
1− rv

)
= k3

(
w√

1 + rv − 2r2v
+

2k2
3w(1− rv)

)
, where (17)

k3 =
ρk2
Vδ

=
ρ

Vδ
V

πfµ0

√
3µ0

8uref
=
V δ

V

√
3µ0

8uref
. (18)

Because uref is on the order of 1 J/cm3 as shown in Fig. 2,
k2 is on the order of 1 m2 for operation at MHz frequencies
and below. Moreover, it can be assumed that w is on the order
of 1 cm for MHz frequencies. Thus, the second term in (17)
dominates, resulting in the minimum RL for rv = 0.

APPENDIX B
L(RL) FOR HIGH-FREQUENCY INDUCTOR MODEL

This appendix describes the optimization of inductor geom-
etry to obtain the relation between L and RL of the inductor
in LC resonant tanks operating in the high-frequency regime
as discussed in Section III-B.

It follows from (10) that

wbtot =

√
LV
µ0

= k4, (19)

where w and btot are inductor dimensions, and V the total
resonator volume. Substituting (19) into (11) gives

RL =
ρk4
Vδ

(
k4
btot

+
2btot

3

)
. (20)

Equating the derivative of RL with respect to btot to zero gives

− k4
b2tot

+
2

3
= 0,

btot,opt =

√
3k4
2
, (21)

RL,opt =
ρk4
Vδ

2

√
2k4
3

=
2
√

2ρ

3Vδ

(
LV
µ0

)3/4

. (22)
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