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Abstract—Inductance and Q) factor of the ferrite-core shielded
power inductors are extracted from two-port S-parameter mea-
surements in the frequency range from 500 kHz to 100 MHz. Sev-
enteen power inductors are chosen to investigate the impact of the
different manufacturer, inductance and saturation current rating
on the extracted characteristics. The impact of the inductance
and () factor on the operation of the class-E resonant converter
is analyzed by the time-domain simulations. The output voltage
of the converter largely depends on the () factor and inductance
of the power inductor used in the design methodology.

Index Terms—() factor, S-parameters, self resonant frequency,
switching power supplies, two-port measurements.

I. INTRODUCTION

The main advantage of resonant switching converters over
the non-resonant ones is the ability to satisfy the zero-volt-
age-switching (ZVS) and zero-voltage-derivative-switching
(ZVDS) events which significantly reduces the switching
losses [1], [2]. The operation of the resonant converters is
typically largely dependent on the parasitics of the inductors
and capacitors that are used in the design, such as the quality
(Q) factor of the power inductors. As an example, the () factor
of the power inductors is one of the input parameters for the
state-of-the-art design methodology for the class-E resonant
converters [1] and the accurate estimation of the () factor is
necessary to predict the operation of such converters.

The @ factor can significantly vary depending on many
inductor parameters, such as inductor case size or the core
material, i.e. manufacturer of the inductor. The @ factor of
the power inductor against the frequency for the on-chip spiral
inductors is analyzed in [3]. However, there is a lack of papers
that present an impact of power inductor characteristics on the
operation of resonant switching converters.

This paper presents the extracted @) factor values for sev-
enteen power inductors typically used in switching convert-
ers. The inductors are chosen from different manufacturers
and with various inductances and saturation current ratings
(case sizes). The @ factor is extracted from the S-parameter
measurements using the “shunt” measurement method that
has been proposed as an accurate characterization method
for low-impedance components [4], [5]. The impact of the
inductor parameters on the operation of the class-E resonant
converter is investigated by the time-domain simulations.

Section II presents the characterization method. The mea-
sured inductor parameters are shown in Section III, while their
impact on the operation of the class-E resonant converter is
discussed in Section IV. Section V concludes the paper.

II. CHARACTERIZATION METHOD

The two-port measurement setup is designed for the S-pa-
rameter characterization of the analyzed power inductors,
while two calibration structures are processed to extract the
parasitics of the test fixture. All the structures are designed
on dual-sided PCB using the 50-{2 conductor-backed coplanar
waveguide (CBCPW) transmission lines [6]. The parameters
of the CBCPW lines are center strip width (1.26 mm), center
strip thickness (0.035 mm), gap between the center strip
and surrounding ground planes (0.254 mm) and dielectric
thickness (1.5 mm). All measurements are performed in the
frequency range from 500 kHz to 100 MHz by the vector
network analyzer (VNA) R&S ZVBS. The bias current of the
characterized inductors is 0 A.

A. Devices under test

The devices under test (DUTs) are the ferrite-core shielded
power inductors chosen by different inductor characteristics
and divided into three sets. The parameter that is varied in
each of the three chosen sets is:

1) manufacturer (L = 1 pH, I, > 8 A): #1 — #4,

2) inductance (same inductor series): #5 — #14,

3) saturation current, i.e. case size (L = 1 uH): #15 — #18.

All the inductors are chosen to have a root-mean-square
(RMS) current rating larger than 5 A. The list of the chosen
power inductors is shown in Table I. All the inductors have the
inductance tolerance of +20% as specified in the datasheet.

B. Calibration structures

The calibration structures are 30-mm and 55-mm long
CBCPW lines that connect two SMA connectors. The model
parameters of the SMA connector [7], interconnects and sub-
strate are optimized in Keysight ADS [8] to fit the measured
S-parameters of the calibration structures which are obtained
after the VNA is calibrated up to the tips of the VNA cable by
the SMA calibration set. The CBCPW lines are processed on
the FR4 substrate with the relative permittivity and dielectric
loss of 5.05 and 0.024, respectively.
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TABLE I
LIST OF ANALYZED POWER INDUCTORS WITH DATA FROM DATASHEETS
Ls I.sa,t7 .
# | Manufacturer Model Case size, mm
uH| A
1| WURTH 74438357010 1.00| 9.6 | 4.1x4.1x3.1
2| BOURNS | SRP4020FA-1ROM [1.00| 8.0 |4.1x4.1x1.9
3| MURATA [FDSD0420-H-1ROM|1.00[ 9.0 |4.2x4.2x2.0
4 |COILCRAFT| XEL4020-102MEB [1.00| 9.0 | 4.0x4.0x2.1
5| BOURNS | SRP4020FA-R47M [0.47[14.0| 4.1x4.1x1.9
6| BOURNS | SRP4020FA-R68M (0.68[11.6|4.1x4.1x1.9
7| BOURNS | SRP4020FA-R82M (0.82( 9.0 |4.1x4.1x1.9
8| BOURNS | SRP4020FA-1ROM [1.00| 8.0 | 4.1x4.1x1.9
9| BOURNS | SRP4020FA-1R2M (1.20[ 7.5 |4.1x4.1x1.9
10 BOURNS | SRP4020FA-1R5M |1.50| 7.5 | 4.1x4.1x1.9
11| BOURNS | SRP4020FA-2ROM [2.00| 5.0 | 4.1x4.1x1.9
12| BOURNS | SRP4020FA-2R2M [2.20| 4.8 | 4.1x4.1x1.9
13| BOURNS | SRP4020FA-3R3M [3.30| 5.3 | 4.1x4.1x1.9
14| BOURNS | SRP4020FA-4R7M |4.70| 4.0 | 4.1x4.1x1.9
15| BOURNS SRP4020-1ROM  [1.00] 6.0 | 4.8x4.0%x2.0
16 BOURNS | SRP5015TA-1ROM |1.00] 9.0 | 5.7x5.2x1.3
17| BOURNS SRP5030T-1ROM [1.00{11.0|5.7%x5.2x2.8
18| BOURNS SRP7030-1ROM |1.00[{13.5|7.6x6.5%x3.2
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Fig. 1. Inductor set 1: (a) real part and (b) apparent inductance.

C. S-parameter measurement setup

Two-port “shunt” measurement setup is designed to obtain
the impedance characteristics of the DUTs [5]. Firstly, the S;;
parameters of each power inductor are measured using the
designed measurement setup. Secondly, the parasitics of the
test fixture are de-embedded from the measured S;; parameters
to obtain the S;; parameters of the DUT. Thirdly, the z;;
parameters are calculated from the measured Sij parameters
of the DUT [9]. The two-port “shunt” measurement method
can be represented by the T-model network [S5], and the
impedance of the extracted inductor model, Zpyr, is cal-
culated as Zpyr = (212 + 2921) / 2. Finally, the real
part, apparent inductance L and () factor against frequency are
calculated from the impedance as: L = imag(Zpyr)/(27f)
and Q = imag(Zpyr) / real(ZpyT).

ITI. MEASUREMENT RESULTS
A. Frequency-domain characterization

The real part and apparent inductance for the three power
inductor sets are shown in Figs. 1, 2 and 3. The real part of
the inductor impedance corresponds to the power losses and
consists of the winding losses and core losses (resistance). It
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Fig. 3. Inductor set 3: (a) real part and (b) apparent inductance.

depends on the manufacturer (i.e core material, set 1) and on
the case size (saturation current rating, set 3). The increase of
the real part with the inductance as observed for the inductor
set 2 is due to the more windings that are used to achieve
larger inductance. The plots of the apparent inductance against
the frequency show approximately constant inductance for
frequencies lower than the self resonant frequency (SRF). As
frequency approaches SRF, the apparent inductance increases
because the reactance is larger than predicted by X = jwL.
The (Q factor against the frequency for the three inductor
sets is shown in Fig. 4. The () factor significantly varies
between the inductors from different manufacturers (set 1,
Fig. 4(a)). Furthermore, inductors with larger saturation cur-
rent ratings have larger case size, i.e. larger power losses and
the () factor gets lower for the same inductance value (set 3,
Fig. 4(d)). All three inductor sets show that the frequency
of the maximum () factor largely depends on the inductor
parameters, such as inductance, manufacturer and case size.
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Fig. 4. @ factor vs. frequency for: (a) set 1, (b), (c) set 2 and (d) set 3.

B. Measurements vs. model

The inductance L and () factor (at 1 MHz which is the
switching frequency of the class-E resonant converter used for
validation as described in Section IV) as well as SRF extracted
from measurements and from the models available at the
manufacturer’s websites are listed in Table II. The significant
difference between the measurements and the model proves
that the accurate characterization of the inductors is important
for the proper design methodology of the resonant converters.

The comparison of the real part, apparent inductance and
@ factor between the two measured samples and the model of
the inductor #12 (SRP4020FA-2R2M from Bourns, used for
validation as described in Section IV) is shown in Fig. 5. The
significant discrepancy for the () factors can be attributed to
the larger real part for the measured than the modelled data.

TABLE II
MEASUREMENTS VS. MODEL: INDUCTANCE, Q FACTOR AND SRF
Measurements Model
L, SREF, L, SRF,
# uH Q MHz nH Q MHz
1 0.91 52 58.9 1.00 -/- -/-
2 094 | 70 54.9 1.00 116 62.2
3 1.02 | 45 57.7 1.00 49 64.0
4 1.02 | 57 61.3 1.00 -/- -/-
5 042 | 68 84.1 0.47 117 104.5
6 0.58 | 67 71.6 0.68 119 82.5
7 0.67 | 41 86.1 0.82 127 72.3
8 0.94 | 70 54.9 1.00 116 62.2
9 1.10 | 40 51.9 1.20 112 56.8
10 | 1.18 | 47 58.2 1.50 114 48.9
11 | 2.06 | 43 41.0 2.00 113 40.9
12 | 2.14 | 45 41.4 2.20 114 38.7
13 | 322 | 43 322 3.30 91 30.0
14 | 422 | 42 28.3 4.70 79 24.8
15 | 092 | 55 73.3 1.00 -/- 84.9
16 | 0.94 | 48 59.9 1.00 154 67.8
17 1.02 | 50 54.6 1.00 | 225 67.5
18 | 091 21 70.4 1.00 31 76.6
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Fig. 5. Inductor #12: (a) real part, (b) apparent inductance and (c) @ factor.

IV. OPERATION OF THE CLASS-E RESONANT CONVERTER

The impact of the @ factor on the characteristics of the
converter is analyzed by the simulations. Two class-E resonant
converters are designed. The topology of the converters is
shown in Fig. 6. The converters operate at 12-V input voltage,
5-V output voltage, 1-A output current and 1 MHz switching
frequency. The design of the converters is performed by the
state-of-the-art methodology presented in [1]. The MOSFET
is modelled by a switch with Ry, o, equal to 0.18 €2, diode
is modelled by a switch with the on-state voltage of 0.5 V
and 74, o, equal to 0.05 €, the capacitors are ideal, while the
inductors are modelled by the series RL circuit.
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Fig. 6. Analyzed class-E resonant converter [1].

The first converter is designed using the values of the
inductor #12, extracted from the measurements. The measured
inductance is 2.14 uH and @ factor is 45 at the frequency of
1 MHz. Denormalized values of the circuit obtained by [1]
are: Cipy = 18.6 nF, Crec = 7.2 0F, Lycc = Lpgir = 2.14 pH.
The duty cycle of the control signal is set to 35%. The
second converter is designed using the values of the induc-
tance and () factor extracted from the model of the inductor
available at the manufacturer’s website [10]. The extracted
inductance is 2.2 uH and @ factor is 114 at the frequency
of 1 MHz. Denormalized values of the circuit obtained by [1]
are: Cipy = 17.2 0F, Cree = 5.7 0F, Lyec = Lpgir = 2.2 pH.

The two converters are simulated by SPICE. The inductance
and @ factor of the inductors is set to 2.14 uH and 45 (i.e.
to the measured values), respectively, in the simulations of
both converters. In this way, the impact of these parameters is
evaluated. The output voltage of the first converter obtained
by the simulations is 5.03 V, while for the second it is 5.13 V.
The simulated characteristic waveforms are shown in Fig. 7,
for both converters. The ZVS and ZVDS conditions are not
satisfied for the converter designed using the inductance and
@ factor different than the actual value, which proves the
importance of the accurate characterization of the inductors.
Additionally, the impact of the @ factor and +20% variation of
L (nominal 2.2 uH) on the output voltage is shown in Fig. 8.
The analysis is performed in SPICE and the results show the
large impact of the inductor parameters on the output voltage
of the analyzed resonant converter.

V. CONCLUSION

The @ factor of seventeen shielded ferrite-core power in-
ductors is extracted from the S-parameter measurements in
the frequency range from 500 kHz to 100 MHz. The variation
of the @) factor is observed for the different manufacturers,
inductance values and inductor case sizes (saturation currents).
The output voltage drop as well as improper operation of the
class-E resonant converter is observed when the inductance
or () factor different from the actual values are used in the
design methodology. Therefore, the accurate estimation of
the power inductor characteristics is important for the exact
analytical-based design of the class-E resonant converters.
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