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Abstract—We report losses from charging and discharging the
parasitic output capacitor, COSS , in Gallium Nitride (GaN) power
devices with voltage ratings over 600 VDS . These losses are of par-
ticular importance in soft-switched circuits used at MHz switch-
ing frequencies, where the output capacitance of the device is
charged and discharged once per switching cycle during the de-
vice’s off-time. This process is assumed lossless. We measure COSS
losses from 5–35 MHz sine, square, and Class-Φ2 waveshapes in
enhancement-mode and cascode devices, and find that losses are
present in all tested devices, equal or greater than conduction losses
at MHz frequencies, and exponentially increasing with dV/dt. The
cascode device outperforms the e-mode devices under 300 V, but
the e-mode devices are preferred above this operating voltage. Fur-
thermore, we show that, within a device family, losses scale linearly
with output energy storage. Packaging appears to have only a mi-
nor effect on these losses. Finally, we demonstrate 10 MHz, 200 W
dc–dc converters with varying device configurations, showing that,
even with constant circulating currents, moving to larger devices
with lower RDS ,ON actually degrades efficiency in certain ap-
plications due to COSS losses. In the high-voltage, high-frequency
range, these reported losses must be optimized simultaneously with
conduction losses on a per-application basis.

Index Terms—DC–AC power conversion, dc–dc power conver-
sion, gallium compounds, power semiconductor devices, power
transistors, resonant power conversion.

I. INTRODUCTION

SOFT-SWITCHED converters, where power devices are
switched under zero-voltage and/or zero-current condi-

tions, have significantly expanded the feasible operating fre-
quency range for power converters. These converters reduce the
frequency dependence of switching losses, leaving only gat-
ing losses and the ability to absorb parasitics as the roadblocks
to ever-higher frequency operation. Because passive compo-
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nent values reduce as 1/fSW, high-frequency (HF, 3–30 MHz)
and very-high-frequency (VHF, 30–300 MHz) converters are
miniaturized and faster relative to their counterparts that are
switched in the conventional 100s-of-kHz regime [1]. Power
device selection in these soft-switched converters is a simple
exercise—assuming the device capacitance is absorbed by the
waveshaping network (as in the Class-E [2] or Class-Φ2 [3]),
the designer theoretically needs to select the lowest RDS,ON
among the devices with 1) an output capacitance (COSS ) that
can be absorbed and 2) an input capacitance (CISS ) that can be
driven at the switching frequency. Implicit in this process is the
assumption that losses in the power device are only generated
by I2RDS,ON losses during the on-time of the device; during
its off-time, when the device can be modeled as a nonlinear
capacitor with the value and energy storage of COSS , the power
device is mostly assumed to generate no losses. Crucially, these
soft-switching assumptions remove the frequency dependence
of device losses.

Across the key figures-of-merit for high-frequency switch-
ing applications, newly commercialized Gallium Nitride (GaN)
power devices outperform their silicon counterparts [4], making
them attractive for these HF and VHF soft-switching converters.
The introduction of these new GaN devices into fielded HF and
VHF power converters has run into a pernicious nonideality in
dynamic RDS,ON , however, where electron trapping causes
2–5× higher on-resistance for the first few μs of conduction
time [5]–[7]. This degrades the expected performance of the
transistor by increasing its effective resistance. GaN manufac-
turers have devoted significant resources to successfully miti-
gating this issue (for example, see [8]), and recent studies report
an increase of only 10% in on-resistance for sub-μs conduction
times [7].

Despite this success, designers using high-voltage GaN tran-
sistors in the HF/VHF range continue to report unexplained
losses that exceed their expected values by nearly an order-of-
magnitude [9], [10]. Dynamic RDS,ON is an unlikely culprit
behind these losses, as [10] only conducts mA-levels of current
through the power device. In this paper, we show that these losses
can be explained by quantifiable losses in the output capacitance
of these GaN high-electron-mobility transistors (HEMTs). Even
in soft-switched converters, the energy stored in the output ca-
pacitance of power devices is not completely recovered.
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Fig. 1. Class-Φ2 topology, with LS = 0 to maximize output power. QSW is
driven with a gate signal of the desired frequency and duty cycle.

These COSS losses have not been reported in the literature
or by GaN device manufacturers. COSS losses due to hysteresis
were documented in superjunction Si devices [11], [12], but
nonlinearity in GaN COSS is only cited with respect to dead-
time and the time needed to achieve zero-voltage-switching
(ZVS) [13]–[16]. Designers using GaN either do not swing
across the full device voltage or are not operating at HF/VHF
[15]–[18], so these losses might not be large enough to prompt
investigation. For example, [16] mentions that wide-bandgap
devices dissipate roughly 10% of the stored energy in COSS , but
subsequently proceed to ignore this in the tested Silicon Carbide
(SiC) device and do not provide results for specific devices.
[19] found soft-switching losses in cascode GaN devices due
to avalanche breakdown, but not during normal operation. Even
surveys of GaN challenges at HF ignore COSS losses [20], [21].

In this paper, we measure these COSS losses in high-voltage
GaN power devices. This loss mechanism, not dynamic RDS,ON ,
appears to limit operation at HF and VHF at the device voltages
explored here. In Section II, we design, fabricate, and charac-
terize three high-power, HF and VHF soft-switched converters
using GaN HEMTs, finding unexpectedly high losses in the GaN
devices. In Section III, we use a Sawyer–Tower circuit [22] to
analyze losses in the output capacitance of three commercially
available devices and fit the losses using a Steinmetz equa-
tion. In Section IV, we inject signals with higher voltage slew
rates, showing exponentially increasing losses with increasing
dv/dt. In Section V, we demonstrate this loss mechanism in all-
GaN dc–dc converters operating at 10 MHz and 200 W output
power, showing that COSS losses account for the degradation in
efficiency between simulation and measurement. Furthermore,
lower RDS,ON devices actually result in worse measured effi-
ciency in particular applications. In Section VI, we conclude
this paper and provide direction for future work.

II. UNEXPECTED LOSSES IN CLASS-Φ2 CONVERTERS

We construct three Class-Φ2 converters, with the topology
shown in Fig. 1, operating at switching frequencies of 10, 30,
and 54.24 MHz, to demonstrate high-power operation with GaN
power devices and inductors implemented as printed circuit
board (PCB) traces. These converters each deliver an expected
maximum output power of over 1000 W to a 50 Ω RF load with
an input voltage range of 150 to 250 V.

A. Simulated Converters

Three converters were designed and simulated using the
Class-Φ2 methodology outlined in [3]. Only three companies

TABLE I
SIMULATION RESULTS (250 VIN , RL = 50 Ω) FOR THE CLASS-Φ2

CONVERTERS, USING MANUFACTURER HEMT MODELS AND

ACHIEVABLE QUALITY FACTORS

Parameter 10 MHz 30 MHz 54.24 MHz

PIN 1185 W 1046 W 1003 W
η 94.5% 93.5% 93.5%
IRM S ,HEM T 10.9 A 9.6 A 10.9 A
PDISS ,HEM T 5.4 W 10.5 W 17.1 W
VDS,MAX 603 V 606 V 540 V

manufacture commercially available 600 VDS or greater
devices—Transphorm, GaN Systems, and Panasonic—limiting
the selection space for this application [20]. We preferred an
enhancement-mode device due to prior work on losses in cas-
code devices in ZVS applications [19], and selected GaN Sys-
tems GS66504B HEMT [23] as the best combination of RDS,ON ,
COSS , and CISS for the planned family of converters.

Simulations were performed in LTSpice using manufacturer-
provided models that include parasitic inductance and resistance
and device self-heating. Design values are shown in Table II.
Capacitor quality factors were taken directly from the datasheet
and inductor parasitics were derived using the model outlined in
[24]. Inductor footprints were selected to achieve quality factors
of approximately 100 for LMR and LF .

Table I shows the key simulation results. Most importantly,
the HEMT power dissipation should be easily extracted at full
converter power operation. We also note that the manufacturer-
provided model uses an RDS,ON lower than the nominal
datasheet value when the simulated HEMT is fully enhanced,
resulting in a total power dissipation less than that predicted by
IRMS

2· RDS,ON . This appears designed to approximate losses
associated with lingering dynamic RDS,ON , as the manufacturer
models demonstrate increased power dissipation with increasing
frequency despite nearly constant current.

B. Operating Measurements

The converters were fabricated with board thicknesses of 1, 2,
and 6 mm, selected to achieve a quality factor of approximately
100 for both LF and LMR in each converter at the operating
frequency. Simulated and measured waveforms match well (see
Fig. 2). The constructed converters are shown in Fig. 3 and
Table II shows the key components.

Upon initial testing, the temperature rise of the HEMT was
so extreme that the converters could not operate for more than
∼ 150 μs out of every 3 ms, despite the low-simulated HEMT
power dissipation and good matching between the simulated
and measured waveforms. This HEMT power dissipation was
nearly an order of magnitude higher than the simulated value, as
approximated by thermometric measurements (recorded using
the FLIR A655sc infrared camera). RTH was calibrated by re-
verse biasing the device and recording the dc power and device
temperature at four operating points, allowing an extrapolated
continuous power to be estimated as

PHEMT =
TC − TAMB

RTH

100
DPULSE

. (1)
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TABLE II
PASSIVE COMPONENTS IN THE CLASS-Φ2 CONVERTERS

Component Design Value Manufacturer, Part Number

LM R 1100 nH h = 6 mm, rO = 15 mm, rI = 10.7 mm, NT = 50
250 nH h = 2 mm, rO = 14 mm, rI = 6.2 mm, NT = 27
76.5 nH h = 1 mm, rO = 10 mm, rI = 5.1 mm, NT = 22

LF 450 nH h = 6 mm, rO = 10 mm, rI = 4.7 mm, NT = 22
125 nH h = 2 mm, rO = 11 mm, rI = 4 mm, NT = 17
50 nH h = 1 mm, rO = 8 mm, rI = 4.3 mm, NT = 16

CIN 15 μF 5x Knowles Syfer 2220Y5000105KXTWS2 + 1x Panasonic EEU-ED2G100
CM R 65 pF 2x AVX 1808HA300JAT2A + 1x GRM42A5C3F050DW01L

30 pF 2x AVX 1206GA150JAT1A
30 pF 2x AVX 1206GA150JAT1A

CP 200 pF 2x AVX 1808AA101KAT1A
30 pF 2x AVX 1206GA150JAT1A
30 pF AVX 1808HA300JAT2A

CS 23.4 nF 6x TDK C3225C0G2J392K125AA
3.9 nF TDK C3225C0G2J392K125AA
3.9 nF TDK C3225C0G2J392K125AA

RL 50 Ω Pasternack PE7411-50 attenuator + MSO9404A 50 Ω input
Drain probe — Agilent N2875A

For cells with multiple lines, the first line corresponds to the 10 MHz converter, the second line to the 30 MHz, and the third
line to the 54.24 MHz.

Fig. 2. Measured (solid lines) and simulated (dotted black lines) VDS for the demonstrated Class-Φ2 converters (left is 10 MHz, middle is 30 MHz, and right
is 54.24 MHz). Input voltage increases with higher vertical line position on the graph. Measured maximum dV/dt across the HEMT is 70 V/ns (10 MHz),
152 V/ns (30 MHz), and 250 V/ns (54.24 MHz).

Fig. 3. Fabricated Class-Φ2 converters (left is 10 MHz, middle is 30 MHz, and right is 54.24 MHz), with annotations showing key measurements and component
locations. Component locations are identical on all three converters.

While this method has a number of shortcomings—including
the magnification of errors due to the low pulse rate, ignor-
ing the effects of device heating, and thermal coupling from
the PCB inductors—the extra losses are so extreme to demand
investigation without precise knowledge of their exact magni-
tude. Fig. 4 shows this wide difference between simulated and

measured losses with varying input voltage and pulse width in
all three converters.

We first suspected that missed zero-voltage-switching might
be the primary loss driver. To exclude this as the source, we
conservatively calculated device losses if soft-switching were
missed by 50 V with constant capacitance at the VDS = 0 value
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Fig. 4. Comparison between predicted and thermally measured HEMT losses for three Class-Φ2 converters (left is 10 MHz, middle is 30 MHz, and right is
54.24 MHz). Thermal measurements are only included if device temperature exceeded 30 ◦C.

Fig. 5. 30 MHz Class-Φ2 converter operating with 5% pulse rate, 250 VIN , and after a 10-min. soak with air-cooling and a heatsink on the top-side device. The
middle image shows the converter during the thermal soak testing, with the angle selected to show both sides of the board. A higher temperature on the off-state
device (left) than the operating device (right) verifies that the off-state device is indeed a heat source.

of 242 pF [23]

EOSS,CYCLE =
1
2
(242 pF)(50 V)2 = 0.30 μJ (2)

PSS,100%PULSE = EOSS,CYCLEfSW . (3)

These soft-switching losses would add 3.0 W (10 MHz),
9.1 W (30 MHz), and 16.4 W (54.24 MHz) of dissipated
power. Gating losses, calculated as PGATE = CISSfSW VGATE

2 ,
amount to a maximum of 0.57 W for the 54.24 MHz converter
driven at 9 V. We combine these loss mechanisms to estimate a
very conservative loss in the HEMT as

PHEMT = PGATE + PSS + RDS,ONIRMS
2 , (4)

with RDS,ON taken as the 150 ◦C value (258 mΩ). This loss
is shown in Fig. 4 for each converter, and, as expected with
conservative assumptions, it is indeed much larger than those
predicted by simulation. Even this conservative loss estimate,
however, does not approach the observed losses in the devices,
and an alternate explanation is required.

C. “Off-State” Losses

Very high dynamic RDS,ON during the on-time of the device
could be the source of these losses. Prior work, however, has
noted significant “off-state” losses in wide-bandgap devices,
including GaN HEMTs [9] and GaN diodes [10] operating in
the HF and VHF regimes and SiC MOSFETs and diodes [25]. [9]
and [25] add a second device with its gate tied low in parallel

with the operating device to assess the losses in a nonconducting
device, and we repeated the procedure here with the Class-Φ2
converters discussed above.

Unfortunately, at the frequencies of interest, the two de-
vices must be physically proximal to reduce parasitic induc-
tances, and adequate thermal isolation cannot be achieved.
This thermal cross coupling makes it difficult to quantify the
losses in the off-state device [9], and we can only verify
that the off-state device is a heat source. To perform this,
we connected a large air-cooled heatsink to the operating device
while leaving the off-device passively cooled. At even a 5%
pulse rate at 300 Hz pulse frequency, the off-state device shows
significant heating, as shown in Fig. 5 for the 30 MHz converter.
Higher temperature in the off-state device than in the switching
device verifies that the off-state device is indeed a source of
dissipated power.

This experiment verified that losses during the off-time of
the device were a significant source of dissipated power, and
we sought an alternate method to quantify these losses asso-
ciated with the charging and discharging of the device output
capacitance.

III. SAWYER–TOWER EVALUATION OF COSS LOSSES

A. Measurement Methodology

To test this hypothesis, we seek to measure losses associated
with charging and discharging the parasitic output capacitance
in these GaN power devices. To make the measurement circuit
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Fig. 6. Sawyer–Tower circuit used to test capacitance characteristics of the device under test (DUT) [11]. Components are given in Table III. (a) Schematic for
Sawyer–Tower setup. (b) Manufactured board, with GS66504B shown as DUT.

extensible to a variety of devices and materials, the circuit must
be capable of capturing losses that are either hysteretic or re-
sistive in nature. Furthermore, as these losses (in GaN devices)
have, to date, been unreported in the literature, we expect that
they are only important at HF and VHF with large, fast voltage
swings, and therefore, the selected measurement method must
be capable of measuring sub-μJ differences in energy levels with
650 V voltage swings at frequencies above 30 MHz.

Fundamentally, we are measuring the characteristics associ-
ated with a capacitor—albeit a nonlinear capacitor—and there
exist a variety of measurement methods, most of which were
developed to measure the ferroelectric characteristics of candi-
date materials. The work in [26]–[28] provides a broad survey of
these methods for power electronics candidates, and we briefly
discuss each surveyed method with three others found elsewhere
in the literature.

We cannot use a standard LCR impedance meter, as the circuit
operation in the resonant converters constitutes a large-signal
swing across the device output capacitance, which may have
characteristics that are quite different than the small-signal in-
jection method used by these meters [11], [12]. The two “in situ”
methods, which characterize the capacitor-under-test in an oper-
ating converter either as a resistor-capacitor-diode (RCD) snub-
ber or output capacitor [27], are not usable when the capacitor-
under-test is inextricably paralleled with an antiparallel diode,
as it will be in these power devices. Any conduction losses
would not be easily separated from COSS losses, complicating
the measurements. The quasi-dc charge-discharge circuit [29],
where a slowly varying dc voltage is used to charge and then
discharge the circuit, is valuable for large-signal characteriza-
tion but not usable at the frequency range of interest in this
study. Finally, a direct thermal measurement of the losses in a
device paralleled with an operating converter [25] is not possi-
ble at VHF, where the devices cannot be adequately thermally
isolated without introducing parasitic inductances that render
the circuit untunable.

The Sawyer–Tower circuit, as shown in Fig. 6(a), was orig-
inally designed to measure hysteresis in ferrorelectric materi-
als [22], and was previously used to measure hysteretic COSS
losses in superjunction silicon MOSFETs [11], [12]. It is capable
of capturing both resistive and hysteretic losses in linear and
nonlinear capacitors. The accuracy of the loss measurements is
only limited by the accuracy of the two voltage measurements

TABLE III
PART NUMBERS FOR THE TEST SETUP SHOWN IN FIG. 6

Component Manufacturer Part number

CDIV , 1 pF Vishay 4x VJ1111D1R0BXRAJ
CREF , 1000 pF AVX 1812AA102KAT1A
Probe, Ch. 1 Agilent N2873A
Probe, Ch. 2 Agilent N2875A
Power amplifier ENI A1000 RF PA

in Fig. 6(a), VY and VX . The operating frequency and applied
voltage are similarly limited only by the specifics of the test
setup. In our case, the applied voltage is limited to 650 VDS
by the device rating and the bandwidth of the power amplifier
limits the operating frequency to 35 MHz.

The charge on series capacitors must be equal, and the charge
on the nonlinear device capacitor (QOSS ) can be deduced from
the voltage on the known capacitance, CREF . CREF also pro-
vides a dc offset to reverse-bias the device under test’s (DUT)
body diode. The voltage across the device is VY−VX , and QOSS
is equal to the charge on CREF [11], [12]

QOSS = VXCREF . (5)

The energy during a charge or discharge cycle is

EOSS =
∫ Q 2

Q 1

VDS (Q) dQ. (6)

The energy dissipated in a cycle (EDISS ) is the sum of the energy
to charge and the energy from discharging the capacitor.

We aim to detect sub-μJ differences across a 650 V swing
at VHF, requiring further care in the measurement setup. The
skew between VX and VY is calibrated to compute the VDS · dQ
product. The 1 pF capacitor forms a capacitive divider with the
probe to bring the VY measurement into the probe specification.
Skew and the attenuation between CDIV and the Ch. 1 probe
are measured at 10, 20, and 30 MHz, and the nearest of these
calibration points is used for each measurement.

In addition, we perform a thermometric estimation of the
losses to compare to the electrically measured EDISS . The power
dissipated is estimated from the temperature rise of the device, as
measured by an infrared camera (FLIR A655sc). The EDISS per
cycle is calculated from this thermometrically measured value
by dividing the power by the frequency. In the remainder of this



ZULAUF et al.: CO S S LOSSES IN 600 V GaN POWER SEMICONDUCTORS IN SOFT-SWITCHED, HF/VHF POWER CONVERTERS 10753

Fig. 7. Energy stored in the output capacitance of each device tested, from
the graphs provided in the respective datasheets [23], [30], and [31].

paper, where appropriate, thermally and electrically measured
losses are plotted together to provide a comparison between the
measurements at each operating point.

B. Measured COSS Losses

Three companies have commercially released GaN devices
with voltage ratings greater than or equal to 600 VDS , and
we select one device from each with similar EOSS charac-
teristics (see Fig. 7). The TPH3202LS [30] is cascode-type,
while the PGA26E19BA [31] and GS66504B [23] devices are
enhancement-mode (e-mode). Key device parameters are sum-
marized in Table IV. The three devices have similar EOSS
curves, as shown in Fig. 7, and the GS66504B device has the
highest EOSS across the VDS range.

The devices were tested using the circuit of Fig. 6(a) at fre-
quencies from 5 to 35 MHz and device voltages from 50 to
600 VDS . Frequency is limited to 35 MHz by the power ampli-
fier. Voltage was not increased further if any of the following
statements held:

1) the power amplifier exceeded its drive capabilities;
2) the device experienced thermal runaway;
3) VX exceeded the relevant probe specifications.
Fig. 8 shows one particular test point, driving the

PGA26E19BA device at 5 MHz with 610 VPP across the DUT.
Fig. 8(a) shows the measured voltage across the device, and
when VDS is plotted against QOSS [see Fig. 8(b)], EDISS is
the area between the charge and discharge curves. In contrast
with the superjunction Si devices tested in [11] and [12], the
enhancement-mode GaN devices do not exhibit the convex dis-
charge curve that is characteristic of ferroelectric materials, and
the QOSS–VDS curves for these devices exhibit near linearity.
The cascode device, which includes a low-voltage Si MOSFET

to achieve normally-off operation, exhibits a characteristic knee
around 25 V, corresponding to a sharp decline in small-signal
COSS [30] and similar to the waveshape reported in the super-
junction Si devices [11]. Fig. 9(a) highlights the effect of this
low-voltage silicon MOSFET.

Measured losses with a sine wave input are shown in Fig. 10,
with the x-axis, VDS , as the peak drain-source voltage. Good
agreement between the Sawyer–Tower and thermal measure-
ments validate the loss source and lend confidence to the mea-
surements. EDISS increases with both increasing voltage and
frequency for all three devices, with the exception of a small
decrease at 100–150 VDS for the TPH3202LS device. This de-
crease is likely measurement error at very low EDISS .

We would like to extrapolate the measured losses to frequen-
cies and voltages that have not been measured, and fit a voltage
and frequency dependence for each device. The Steinmetz equa-
tion provides a general fitting for a power-law dependence on
voltage (V) and frequency (f ) [32]

EDISS = k · fα · V β. (7)

Steinmetz fits are plotted in Fig. 10, with fitting parameters
summarized in Table V. The EDISS per cycle for the e-mode de-
vices exhibits a nearly square root frequency dependence and a
square voltage dependence. The cascode device (TPH3202LS)
appears to have three separate regions of voltage dependence.
There is little voltage dependence under 100 VDS , and no
Steinmetz fit is performed for this region. In the second region,
between 100 and 300 VDS , the voltage dependence is similar to
the e-mode devices (β = 1.46). Above 300 V, the losses increase
rapidly, as V4 . Neither the root cause of the three regions of volt-
age dependence or the different voltage dependence from the
e-mode devices can be ascertained without access to the under-
lying device construction, which is proprietary. We hypothesize
that the low-voltage Si MOSFET contributes only asymptotically
at low voltage, accounting for the region below 100 VDS , and
the 100–300 VDS region is the combination of the GaN device
and these Si MOSFET losses. Above 300 VDS , we speculate that
the normally-on GaN device dominates. This normally-on de-
vice appears to have quite different loss characteristics from the
normally-off e-mode devices.

Simulation models for the e-mode devices essentially exclude
COSS losses, with simulated losses over 100× lower than mea-
sured losses at full voltage swing. The simulation model for
the TPH3202LS part appears to overpredict the COSS losses
[see Fig. 10(c)]. The manufacturer, however, provides a single
model for the entire TPH3202L series without differentiating
between packages. We tested the PQFN package, as this lower-
inductance package will be preferred at HF/VHF, but the model,
the development of which is detailed in [33], uses the package
characteristics of a larger TO-220 package. This causes an over-
estimate of both low-voltage hysteresis and dV/dt ringing [see
Fig. 9(b)]. A package-specific model would be necessary to
design at HF/VHF.

Across manufacturers and device families, total EOSS (see
Fig. 7) or energy-related output capacitance (see Table IV) can-
not be used to estimate relative losses, as the GS66504B has
the highest EOSS but outperforms the other two tested devices
by 2–5× at full voltage swing. At low VDS , the cascode de-
vice outperforms the e-mode devices tested here, but the V4

dependence above 300 VDS rapidly erodes this advantage at
higher voltages. Furthermore, all three devices have increasing
loss with increasing frequency. This dependence is not reported
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TABLE IV
DATASHEET PARAMETERS (TYPICAL) FOR THE GaN DEVICES TESTED

Device RDS ,ON , 25 ◦C (mΩ) COSS , 400 V (pF) EOSS , 400 V (μJ) CO (ER ) (pF)

GS66504B 100 33 3.6 44 (400 V)
PGA26E19BA 140 30 3.0 33 (480 V)
TPH3202LS 290 29 3.2 36 (480 V)

Note that we tested a device from every manufacturer with commercially available GaN power devices with voltage ratings
over 600 VD S.

Fig. 8. Measured voltage across the device, from the PGA26E19BA device testing with 610 VDS at 5 MHz. Charge and discharge periods in (a) correspond to
the EOSS charging and discharging periods in (b). (a) Measured device voltage versus time. (b) VDS versus QOSS .

Fig. 9. Measured VDS versus QOSS for the TPH3202LS device at two different frequencies and voltage swings. Note the knee in the curve in (a), which
corresponds to that seen in [11] and [12] in silicon superjunction MOSFETs. In (b), we compare the manufacturer-provided model (TO-220 package) and the
measured results (PQFN package). (a) 200 VDS swing at 5 MHz. (b) 200 VDS swing at 35 MHz, with simulation waveforms.

in the silicon superjunction devices [11], [12], which showed
no frequency dependence up to the measured 100 kHz. Fur-
thermore, the frequency dependence invalidates the assump-
tion that a fixed percentage of total EOSS is dissipated in the
device [16].

The Steinmetz fits predict between 0.2 μJ (5 MHz,
GS66504B) and 2.2 μJ (35 MHz, TPH3202LS) energy dissi-
pated per cycle for a sine wave with VPP = VDS,MAX , corre-
sponding to tens of watts of loss at VHF. For example, operating
the best studied device (GS66504B) at 30 MHz and 650 VDS

would result in 15.8 W of dissipated power, swamping conduc-
tion losses in most applications.

C. COSS Loss Comparisons

These initial measurements indicate significant variation in
both loss magnitude and voltage dependence across device type
and manufacturer. We further explore how the losses scale within
a family and attempt to ascertain the relative loss contributions
of the packaging and the device itself. The detailed device con-
structions are proprietary to the device manufacturers, and this
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Fig. 10. Sawyer–Tower measurements (�), thermometric measurements (�), Steinmetz fits (“–”) from Table V, and total EOSS (dot-dash lines). Simulation
model losses are added to (c) at 5, 20, and 35 MHz (◦). Subfigure (d) plots the 5 MHz electrical measurements and fittings for all three devices to highlight
the differences in waveshape between the enhancement-mode and cascode devices. (a) GaN Systems GS66504B. (b) Panasonic PGA26E19BA. (c) Transphorm
TPH3202LS. (d) 5 MHz curves, reproduced to compare devices.

TABLE V
STEINMETZ PARAMETERS FOR COSS -RELATED LOSSES IN COMMERCIALLY

AVAILABLE GaN DEVICES

Device k [μJ/(V · Hz)] α β

GS66504B 2.84 · 10− 10 0.6 1.70
PGA26E19BA 1.96 · 10− 9 0.5 1.76
TPH3202LS, V < 300 V 1.78 · 10−11 0.8 1.46
TPH3202LS, V ≥ 300 V 8.72 · 10−18 0.8 4.01

Steinmetz fits are shown in Fig. 10.

limits the extent to which we may understand the core loss driver
beyond attempting to divide loss contributions from the die and
the packaging.

We compare losses between the following devices to attempt
to disassociate the die losses from the package losses and to
understand how losses scale within a family:

1) two die sizes in one package, PGA26E19BA and
PGA26E07BA;

2) two die sizes in different packages, GS66504B and
GS66508B;

3) same die size in two different packages, GS66508T and
GS66508B.

The die size conclusions are assumptions based only on
datasheet parameters (with no access to proprietary information
on the internal construction of the devices); the two GS66508x
parts have identical electrical parameters, so we assume the
same internal part, and the PGA26ExxBA parts are footprint-
compatible and scaled with respect to capacitance, current, and
RDS,ON characteristics, so we assume the die has been scaled
commensurately. Table VI summarizes the key parameters for
the devices compared in this section.

Fig. 11 shows the first two comparisons enumerated above.
We find that, for an identical package, the losses scale precisely
with CO ,ER , providing a simple method for scaling the losses
reported here to other devices within a family. When the die size
is increased and the package is also changed [see Fig. 11(b)],
a simple CO ,ER scaling of the losses provides a good ballpark
estimation of the losses but, in this particular case, overesti-
mates the measured losses by about 50% above 300 VDS . Taken
together, these two plots indicate that the device itself is the
key COSS loss driver, although changes in packaging cannot be
neglected for precise loss estimates.

Fig. 12 compares two (assumed) identical dies in a top-side
cooled (GS66508T) and bottom-side cooled (GS66508B) pack-
age. The measured losses appear to converge as the dV/dt is
increased, either at large voltage swings at 5 MHz or for the
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TABLE VI
KEY PARAMETERS FOR DEVICES COMPARED IN FIGS. 11 AND 12

Comparison Device RDS ,ON , 25 ◦C (mΩ) CO (ER ) (pF) Package size and code

Fixed package, scaled die PGA26E19BA 140 33 7.9 mm × 7.9 mm
PGA26E07BA 56 87

Scaled package, scaled die GS66504B 100 44 5.01 mm × 6.56 mm
GS66508B 50 88 6.98 mm × 8.38 mm

Different package, fixed die GS66508T 50 88 6.96 mm × 4.48 mm, “T”
GS66508B 50 88 6.98 mm × 8.38 mm, “B”

CO , E R values are for the same voltage where compared directly. RD S , O N values are the nominal datasheet values at 25 ◦C.

Fig. 11. Comparison in losses at 5 MHz between scaling the die size in a fixed package (a) and scaling both the die size and package size (b). (a) Fixed package,
scaled die (PGAxxE19BA). (b) Scaled package and scaled die (GS66504B, GS66508B).

Fig. 12. Comparison in electrical loss measurements at 5 MHz and 10 MHz with an (assumed) identical die and two different packages. GS66508T is top-side
cooled and GS66508B is bottom-side cooled.

10 MHz measurements, and the losses are similar within the
measurement tolerance of our test setup.

With a small number of commercially available parts and
without access to proprietary data on device construction, we
are limited in the definitive conclusions we can draw on the loss
mechanism and its scaling with size and package. Nonetheless,
the comparisons in this section seem to indicate that losses scale
linearly with output energy storage within a single package

and losses appear to be dominated by the device itself, not the
underlying packaging.

IV. HIGH dV/dt COSS LOSSES

Although large, the sine wave losses did not fully account
for the magnitude of observed losses in the converters utiliz-
ing GaN devices from Section II. A sine wave has the lowest
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Fig. 13. (a) Schematic of the Class-Φ2 waveshape generator to increase dV/dt, with GaN HEMTs utilized as the switching device (QSW ) and DUT. Gate
drive circuitry not shown. (b) Waveforms injected across the device at 10 MHz with increasing dV/dt. (a) Class-Φ2 waveshape generator schematic. (b) Three
measured VDS waveshapes across the GS66504B at 10 MHz, with similar (∼290 V) peak voltages.

Fig. 14. Increasing dV/dt at 10 MHz (GS66504B). Legend values refer to
CREF and pulse width. Fit line uses (7), with k = 3 · 10− 9, β = 1.52, α = 0.6.

possible dV/dt for a given frequency and peak voltage, and we
hypothesized that increasing dV/dt at a fixed frequency would
result in a corresponding increase in EDISS . This would also
explain the frequency dependence measured in Section III-B.

To investigate, we fix the frequency and compare losses from
three signals, the sine wave, a distorted square wave from the
power amplifier, and a Class-Φ2 waveform, measured by adding
a Sawyer–Tower circuit in parallel with two operating convert-
ers at 10 and 30 MHz [see Fig. 13(a)]. At 10 MHz, this in-
creases the peak slew rate from approximately 8 V/ns (sine)
to 13 V/ns (square) to 70 V/ns (Φ2). Applied waveforms at
10 MHz are shown in Fig. 13(b). At 30 MHz, the power ampli-
fier cannot output a square wave, so only the sine (24 V/ns) and
Φ2 (130 V/ns) waveforms are compared. Φ2 measurements
include varying pulse rates and CREF values to validate the
measurements in lieu of a thermometric validation, which was
not possible due to thermal cross coupling between the wave
generator and the DUT.

Losses at 10 MHz for the GS66504B are shown in Fig. 14,
with a clear increase in EDISS between the sine, square, and
Class-Φ2 waveshapes. To separate increasing dV/dt from dif-
ferences in waveshape, we introduce two normalizations. Fig. 15
plots loss per cycle against normalized dV/dt for all three
devices, with the voltage slew normalized as (with β from
Table V)

(
dV

dt

)
NORM

=
(

dV

dt

)
MEAS

(
VDS

VDS,MAX

)β

. (8)

This equation is proposed to eliminate voltage swing from the
comparison to independently assess any dV/dt dependence.

Second, in Fig. 16, we plot the percentage of the stored energy
that is dissipated (y-axis) versus the measured dV/dt. Total
stored energy is taken from the EOSS plot in the respective
datasheet (at the appropriate VDS ).

The e-mode devices exhibit exponentially increasing losses
with dV/dt. In each, we measure slightly lower losses than
expected (based on dV/dt alone) with the Φ2 waveshape, with
a more pronounced decrease for the PGA26E19BA. This may
be attributable to the asymmetry in the Class-Φ2 waveform,
where the charging dV/dt is much higher than the discharging
dV/dt. With a 650 VDS swing and dV/dt of 50 V/ns, the
output capacitors in both devices dissipate over 0.5 μJ per cycle.
Fig. 15 further confirms that the assumption of a fixed EOSS
percentage of dissipated energy [16] is not valid, as EOSS is
independent of dV/dt but the losses are highly dependent on
this parameter.

As expected from the Steinmetz fitting, the TPH3202LS de-
vice has a bifurcated dV/dt relationship with the sine wave
input. At low VDS , the losses are less than the e-mode devices
for a given normalized dV/dt. For VDS over 300 V, where
EDISS rises as V4, the losses are much greater. As the dV/dt of
the waveshape increases, however, the bifurcation becomes less
apparent, and, for the Class-Φ2 waveshapes, the low- and high-
voltage results combine into a single curve when the Steinmetz β
parameter is included in the normalization, as shown in Fig. 15.
Fig. 16 does not account for the separate regions of voltage de-
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Fig. 15. Losses per cycle versus normalized, by (8), dV/dt for the three studied devices and two additional “extreme performance” devices. The red outline
around the TPH3202LS results indicates applied voltages under 300 V and β = 1.46 in (8). All recorded measurements are included here. There are no
measurements for the TPH3202LS 30 MHz Φ2 , as the Φ2 wave generator could not be tuned to maintain ZVS with the TPH3202LS device and CREF in parallel.

Fig. 16. Percent of stored energy that is dissipated each cycle versus measured dV/dt for the three studied devices. All recorded measurements are included
here.

pendence in the cascode device, resulting in two groupings of
data for this device at high dV/dt values. The lower group cor-
responds to high dV/dt but low overall voltage swing, where
the cascode device outperforms the enhancement-mode devices.

Under extremely high dV/dt, the three devices have simi-
lar measured losses. To verify that this convergence is not an
artifact of the Class-Φ2 measurement setup that generates the

high dV/dt pulses, we tested two other devices with extreme
expected EDISS , a 500 V Si device (ST Micro STD3NK50ZT4),
which we expect to have much lower EDISS , and a larger device
from the same family as TPH3202LS (TPH3208LD), which has
an EOSS around 2× larger than TPH3202LS and should, there-
fore, exhibit higher EDISS . We conservatively assume β = 2
for the Si device, and use β = 1.46 from TPH3202LS for the
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Fig. 17. DC–DC converter topology, with Q1 –Q3 implemented as GaN HEMTs. Note that the converter could be further simplified by combining LS and LM
and eliminating CM , but the high component count is kept for modularity in testing.

Fig. 18. Inverter and rectifier blocks for the implemented dc–dc converters. The matching network is included on the rectifier board. (a) Implemented GS66504B
inverter. LS is moved between the two boards to limit component variation. (b) Implemented GS66502B rectifier. The GS66504B rectifier is implemented on the
same board with CR removed and the devices replaced.

TPH3208LD. The results are as expected, and we conclude this
convergence is not a relic of an invalid test setup.

Figs. 15 and 16 can be used to predict COSS losses in soft-
switched converters using these GaN devices. From dV/dt and
total voltage swing across the device, the reader can find the
predicted EDISS per cycle directly from either plot. The product
of this value and the switching frequency is the predicted power
dissipation from COSS losses. We demonstrate this method in a
resonant dc–dc converter in Section V.

V. DC–DC CONVERTER DEMONSTRATION

Generally, power converter efficiency is improved by increas-
ing the size of the device, which lowers RDS,ON and thereby re-
duces conduction losses. In these soft-switched, HF/VHF con-
verters, however, COSS losses may dominate over conduction
losses, resulting in a reduction of overall converter efficiency
with greater device area.

We demonstrate the importance and predictability of these
losses in situ by fabricating two resonant dc–dc converters with
a finite-choke Class E inverter [34], a matching network, and
a Class-DE rectifier, as shown in Fig. 17. The Class E inverter
is selected for the quasi-sinusoidal voltage applied across the
inverter switching device, Q1 , which neatly approximates the
Sawyer–Tower applied waveforms. The converters are designed
to operate at 10 MHz switching frequency and deliver 200 W

output power at 500 VOUT and 125 VIN . An array of zener
diodes is used for the load to provide rapid clamping and a nearly
fixed output voltage without closed-loop control. The converter
could be further simplified (for example, by combining LS and
LM and/or eliminating CM ), but modularity is maintained here
so that we can swap the inverter and rectifier blocks separately.

The converters are first designed with GaN Systems
GS66502B device as Q1–Q3 , and we subsequently redesign the
converter to utilize a lower RDS,ON device in the identical pack-
age, GaN Systems GS66504B, while maintaining similar output
power, circulating currents, and drain-source voltage across the
devices. In resonant converters, larger capacitances (including
the device capacitance) may lower the impedance of the net-
work and increase circulating currents, which can offset the
gains achieved through reducing on-resistance [35]. Here, we
fix the circulating currents by varying the values of CP and CR .
This results in identical measured waveforms (see Fig. 19) and
similar circulating currents (in simulation) in the two converters.

The top part of Table VII shows the key simulation parameters
for each converter. As expected, moving from the GS66502B
(nominal RDS,ON : 200 mΩ) to the GS66504B (nominal RDS,ON :
100 mΩ) device results in an increase in simulated efficiency
and a reduction in conduction losses in the devices.

To include expected COSS losses, we use the normal-
ized dV/dt in each device (using the simulated dV/dt and
normalized using Equation (8) and find the intercept with the
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Fig. 19. Measured converter operation (solid lines) at 125 VIN , with simulated results overlaid (red dashed lines). Simulation and measurement matching is
good, and the key waveforms are nearly identical in both converters. Voltages refer to named nodes in Fig. 17.

TABLE VII
KEY SIMULATION PARAMETERS FOR THE FABRICATED CONVERTERS AT

NOMINAL 125 VIN AND 500 VOUT

Parameter GS66502B Conv. GS66504B Conv.

Input power 186 W 185 W
Simulated η 88.1% 90.2%
Q1 Sim. losses 1.9 W 0.9 W
Q2 ,3 Sim. losses 0.8 W 0.8 W
Q1 COSS losses 1.0 W 2.0 W
Q2 ,3 COSS losses 1.8 W 3.5 W
Predicted η 85.6% 85.3%

Q2 , 3 losses are given per device.

GS66504B results in Fig. 15. The two devices are packaged
identically, and we therefore, can use the results from Fig. 11(a)
to assume the COSS losses in the GS66502B (which were never
measured in the Sawyer–Tower test setup) will be half the mea-
sured losses in the GS66504B. When the COSS losses are added
to the simulated power dissipation in the remainder of the con-
verter, as shown at the bottom of Table VII, the converter effi-
ciency is predicted to decrease as the die size is increased.

These converters are subsequently fabricated, with the com-
ponents detailed in Table VIII and the boards shown in Fig. 18.
To eliminate component variation, the rectifiers use the same
board, with the devices replaced and CR varied, and LS is trans-
ferred between two identical inverter boards (LF does not vary
significantly due to its implementation using PCB traces). The

full converter implementation is shown in the center image of
Fig. 21.

Fig. 19 shows the measured waveforms at the nominal
125 VIN operating point for each converter. The simulation
results, shown as red dashed lines, match the measured wave-
forms, shown as solid lines, in both the inverter and rectifier, and
the rise time and peak voltages are nearly identical in the two
converters. Q1 achieves soft-switching in both implementations.

The input voltage is varied from 105 V, the minimum voltage
that maintains conduction through the devices in the rectifier,
to 130 V. The COSS losses in the rectifier are essentially fixed
across this range, as those devices experience similar dV/dt
independent of input voltage (due to the constant output volt-
age), while the inverter device (Q1) has varying COSS losses
with input voltage. DC–DC efficiency is measured at each op-
erating point and compared with simulated efficiency and the
predicted efficiency with COSS losses, as shown in Fig. 20. At
all input voltages, the converter with larger devices, based on
manufacturer-provided models, has higher simulated efficiency,
but, when COSS losses are included, the converter with smaller
devices achieves better performance. Measured efficiency ap-
proaches agreement with predicted efficiency only when COSS
losses are considered.

Fig. 21, which shows steady-state thermal operation at 20%
pulse rate and 125 VIN , shows that the relative losses in the
devices are correctly predicted by combining the COSS and
simulated conduction losses. Namely, examining the summed
device power dissipation in Table VII, we expect a negligible in-
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TABLE VIII
CIRCUIT COMPONENTS IN RECTIFIER AND INVERTER, WITH REFERENCES FROM FIG. 17

Component Design value Implementation

CIN 14 μF 10 μF Nichicon ULV2G100MNL1GS + 4 × 1 μF Knowles Syfer 2220Y5000105KXTWS2
LF 580 nH Toroidal PCB, Q = 125 at 10 MHz
LS 4.7 μH Solenoid Air-Core, Q = 350 at 10 MHz
CS 60 pF 2 × 30 pF AVX 1808HA300KAT1A
CP GS66502B: 225 pF GS66504B: 200 pF 100 pF AVX 1206AA101JAT2A + (4 or 5) × 22 pF AVX 1206AA220KAT1A
LM 1.98 μH Toroidal Wirewound, Q = 198 at 10 MHz
CM 78 pF 2 × 39 pF Murata GRM31A5C3A390JW01D
LR 1.59 μH Solenoid Air-Core, Q = 200 at 10 MHz
CB 11.2 nF 2 × 5.6 nF Kemet C1206C562JBGACAUTO
CR GS66502B: 60 pF GS66504B: 0 pF 4 × 15 pF Yageo CC1206JKNPODBN150
COUT 11.2 nF 2 × 5.6 nF Kemet C1206C562JBGACAUTO
ZLOAD 500 V Zener diodes 2 × 200 V NTE5296A + 100 V NTE5285A

Fig. 20. Comparison between the GS66502B and GS66504B converters over the operating voltage range. At all operating points, the larger device (GS66504B)
is simulated to have higher efficiency but measured efficiency is lower. At 105 VIN , the GS66504B converter does not achieve turn-on of the devices in the rectifier,
so, with the zener diode load, output power is zero. This point is excluded from the graph at right.

Fig. 21. Constructed full converter shown at middle. Thermal images of GS66502B operation (left) and GS66504B operation (right) at 20% duty cycle with
1 kHz pulse rate and 5-min. soak. The temperature of the rectifier devices rises in the GS66504B implementation due to much larger COSS losses in the larger
devices.
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Fig. 22. Measured efficiency across the voltage input range for the various
combinations of inverters and rectifiers. Legend terms refer to the GaN Systems
GS6650xx device used for the power switches in each converter block. The
choice of device in the rectifier has a significant effect on overall efficiency due
to much higher COSS losses with the larger devices.

crease in inverter device (Q1) power dissipation and a significant
increase in rectifier device (Q2 and Q3) power dissipation. With
lower thermal resistance in the GS66504B (RJC = 1 K/W) rela-
tive to the GS66502B (RJC = 2 K/W), this results in a lower Q1
temperature (equal PDISS , lower RJC ) and a higher Q2 and Q3
temperature (1.7× higher PDISS , lower RJC ) on the GS66504B
converter. Exact dissipation in each power device is difficult
to determine due to coupling from neighboring dissipative
components.

From these results, we see that, due to COSS losses, the advan-
tage of switching to larger devices will depend on the application
and specifically the device current, operating frequency, voltage
swing, and COSS loss magnitude. In the converter demonstrated
here, the larger device is slightly advantageous in the inverter,
where similar dissipated power and the improved ability to re-
move heat result in improved performance (due to reduced de-
vice heating) over the smaller device, but extremely disadvanta-
geous in the rectifier, where the larger voltage swing and lower
conduction losses results in significantly worse performance
with a larger device. These results are confirmed by combin-
ing inverters and rectifiers that utilize different devices, where
we expect significantly worse performance with any configu-
ration using the GS66504B devices in the rectifier and slight
improvements when moving from the GS66502B device to the
GS66504B device in the inverter. This hypothesis is confirmed
through measured efficiency results with the various configura-
tions, as shown in Fig. 22.

VI. CONCLUSION

We aimed to utilize GaN devices and air-core inductors from
PCB traces to develop dc-RF converters using the Class-Φ2
topology. After characterizing these converters, which operate
at 1 kW output power and 10, 30, and 54.24 MHz switching
frequencies, we found extremely high power dissipation in the

GaN HEMTs. Prior art led us to investigate the output capaci-
tance as the source of the unexpectedly high losses.

We report COSS losses in GaN devices with large, fast volt-
age swings at HF and VHF. In a sample from each manufacturer
with commercially available 600 VDS devices, we find signif-
icant losses that are either not included or poorly described in
manufacturer-provided models. These losses, which are mea-
sured using standard and modified Sawyer–Tower circuits, cor-
relate to higher-than-expected losses in operating soft-switched
converters. Each of the devices, if exercised across its rated
voltage at VHF, would dissipate too much heat in COSS alone
to extract easily. For example, the best performing device here
would dissipate over 20% of EOSS in a 30 MHz Class-Φ2 con-
verter. Losses rise exponentially with dV/dt, indicating that the
loss mechanism is not only dependent on total charge storage, as
described in the previous literature. Finally, we demonstrate the
accurate prediction of total losses in 10 MHz, 200 W resonant
converters utilizing GaN devices, including a device where the
COSS losses were not directly measured and must be extrapo-
lated from results in this paper. In these converters, we show
that, due to these COSS losses, the overall performance is no
longer improved by increasing the die area of the semiconduc-
tors. In application, COSS losses must be optimized with the
conduction losses in the device, potentially resulting in limita-
tions in operating frequency and voltage. COSS losses need to
be added to manufacturer-provided datasheets and simulation
models, and manufacturers must address these losses to utilize
high-voltage GaN devices at high- and very-high-frequencies.
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