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Abstract—This paper presents the design and implementation
of a 13.56 MHz push-pull Class E power amplifier with broad-
band capabilities. The Class E amplifier utilizes SiC MOSFETs
with a custom current-source resonant gate driver. Because the
amplifier is a push-pull structure, we design and implement
a balun that converts the differential output into a ground-
referenced output. This work experimentally demonstrates the
proposed amplifier delivering over 1 kW power to a 50 2 load
impedance.

Index Terms—Class E, Power Amplifiers, Balun, Resonant
Gate Drive, Reactance Compensation

I. INTRODUCTION

13.56 MHz power amplifiers (PAs) are essential constituents
for radio frequency (RF) plasma-generating applications, in-
cluding cleanroom etching chambers, CO, reforming, and
satellite thrusters [1]-[3]. In many of these systems, the PAs
are also required to deliver constant RF power within a
bandwidth, typically between £5% of the center frequency.
The purpose of this broadband capability is to allow frequency
tuning to adjust the impedance of the plasma [1]. Fig. 1 shows
a simplified block diagram of a plasma system often employed
for wafer etching in semiconductor processing. While the
plasma load impedance can be variable, the PA interfaces
with an automated tunable matching network, which adjusts
the load impedance seen at the PA’s output to 50 2. This
work focuses on the design of the PA stage, including the
broadband topology, resonant gate drive, and the balun stage.
We demonstrate a 1 kW push-pull Class E operating between
12.56 to 14.56 MHz when driving a 50 Q load. To enable
high-power operation, the PA employs 1.2 kV silicon carbide
(SiC) power metal-oxide-semiconductor field-effect-transistors
(MOSFETs), where we utilize a custom resonant gate drive to
provide the gate waveforms for the SiC devices. This work
discusses the PA circuit design in Section II, the resonant
gate drive design for the SiC MOSFETs in Section III, and
the balun design in Section IV. Section V highlights the
experimental results of this work, and Section VI concludes
this paper.
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Fig. 1: Block diagram of a conventional plasma system.
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Fig. 2: Schematic of the wideband push-pull Class E PA. The
midpoint between the two L, and C),, components acts as a
virtual ground.

II. POWER AMPLIFIER DESIGN

For the topology, we use a push-pull Class E circuit shown
in Fig. 2. The circuit employs two individual Class E stages
driven with a 180° phase shift. The push-pull implementation
allows the output voltages of the Class E circuits to be
differentially summed, eliminating even harmonics in the total
output voltage. A push-pull scheme provides the advantages
of easier output filtering through even harmonic elimination,
input current ripple cancellation, and increased output power
capability. However, the major drawback is that a balun must
be incorporated if the load is ground-referenced.



The Class E topology is one of the earliest published dc-
ac resonant topologies using only a single ground-referenced
switch [4]. The topology is a common and favorable circuit
choice for MHz switch-mode PAs as the switching device has a
ground-referenced source and achieves zero voltage switching
(ZVS) and zero voltage derivative switching (ZVDS), elim-
inating frequency-dependent switching loss and minimizing
the circulating current throughout the circuit [5]. For this
work, we utilize the parallel circuit Class E variant, where the
input inductor L ¢ forms a parallel resonance with the device’s
parallel capacitance C rather than acting as a pure choke
inductor [6].

The Class E circuit can also operate across a wide band-
width by incorporating a reactance compensation network
[7], [8]. Reactance compensation is a method to tune a
resonant network to maintain a relatively constant or controlled
impedance phase angle across a bandwidth. Reference [9]
is one of the earliest papers to demonstrate a broadband
Class E amplifier using reactance compensation, where the
series output network has a fixed quality factor to control
the reactance shift across frequency, To allow more degrees
of freedom, [10] and [11] incorporate a series (Ls and Cj)
and a parallel LC (L, and C}) output network as shown in
Fig. 2, where the output network can also be used for harmonic
filtering. Equation (1) lists the component design equations for
the wideband parallel circuit Class E, where (), and @, are
the quality factors of the series and parallel output resonant
networks respectively.

Ry = 1?’(;3*5% (1a)
Ly= @ (1b)
L= o (1d)
L, = cf%QLp (1)
c, = WC];:,L (1g)

To properly design the reactance compensation network,
[11] calculates that Q) and ), has the relationship in (2).

1 2

Ci+ —— = ——
f+w2Lf wRy,

(Qs - Qp) (2)
Thus, the single degree of freedom for the circuit design is
@ s, which also regulates the harmonics of the Class E circuit’s
output voltage. If @) is increased, the harmonic content at the
output is reduced, but the bandwidth of the PA shrinks.
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Fig. 3: Schematic of a resonant current source gate driver
studied in [13].
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III. RESONANT GATE DRIVE

A. Gate Drive Operation

SiC power devices are challenging to utilize at MHz fre-
quencies due to the gate drive requirements. The turn-ON
voltage for commercial SiC devices is typically between 15
to 20 V, whereas GaN devices are around 5 V [12]. The
higher enhancement voltages increase the gate driver loss
based on (3), where Pg,con is the power loss of a conventional
gate driver, f is the switching frequency, C¢ is the gate
capacitance, and V4 is the turn-ON voltage.

PG,con'U = fCGVde (3)

The gate capacitance C¢ in SiC MOSFETs is also four to
five times greater than in GaN high-electron-mobility transis-
tors (HEMTs). Therefore, developing a custom gate-driving
solution with high turn-ON voltages, fast transients, and low
power dissipation is imperative for SiC MOSFETSs switching
at MHz frequencies.

For this work, we implement the gate-driving topology as
a resonant current source gate driver developed in [13]. The
schematic for the topology is shown in Fig. 3. Based on the
waveform diagram in Fig. 4, the gate driver’s operation can
be described by three consecutive stages in a periodic cycle.

o Stage 1: Inductor current I; flows from ground to Vgqy
through D, and S; (anti-parallel diode). Vi is clamped
to ground until I, reaches 0.

o Stage 2: D, turns OFF and an under-damped RLC circuit
charges Cq. As I, flows to Cg, Vi rises to Vyq and I,
reaches its peak value before D; turns on.

o Stage 3: D; turns on and [, freewheels through D, and
S1. Vi is clamped to V4. Because the inductor current 7,
lags behind the switching node voltage Vi p 5w, the half-
bridge switches S; and Sy can achieve ZVS, enabling
low gate driver loss at MHz frequencies.

The gate drive topology in [13] is schematically identically
to the gate driver proposed by Chen et al. in [14]. However,
the totem pole half-bridge in the current source gate driver
proposed by Chen et al. does not achieve ZVS and requires
the duty cycle of S; and S2 to be equivalent to the short
transition times of the gate voltage, making it unsuitable for
MHz operation.
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Fig. 4: (a) Example voltage waveforms of the resonant gate
driver for two switching cycles. The three different stages of
the gate drive operation are shaded in gray. (b) Example wave-
forms of the inductor current and gate current. (¢) Example
waveforms of the diode currents.

B. Power Dissipation

The resonant gate driver’s power loss depends on the
inductor’s current amplitude I; and the parasitic resistances
distributed throughout the network. Typically, the diode con-
duction loss and the gate resistance conduction loss dominate
the total loss due to the forward voltage of diodes D; and D-
(~ 0.4 V) and the large intrinsic gate resistance of the SiC
MOSEFET, typically on the order of a few 2’s. The inductor’s
current amplitude depends on the desired transition time ¢, of
the gate voltage. A faster transition requires a greater current
peak and a smaller L p, which increases the driver’s loss. From
[13], the gate driver’s loss is expressed through Equation (4),
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Fig. 5: Ratio of gate power loss from the resonant driver versus
the conventional driver across frequency for a device with a
330 pF gate capacitance, 2.5 () gate resistance, and 15 V turn-
ON voltage.

where k is the transition period of the gate waveform (k = %)
and Vp is the forward voltage of diodes D; and Ds.

2\? ¢2
Lrp=(>) = 4
R (W> Co (4a)
- CG s OG
ka = (Vdd + VD) I (1 — §RG LR> (4b)
2
PG res = gkRglﬁk + (1 = 2k) L1 Vp (4c)

Typically, £ is around 0.1. Fig. 5 plots the calculated ratio of
the resonant gate driver’s power loss versus the conventional
gate driver’s power loss (Pg. res/Pa conv) for an example
device with 2.5 () gate resistance and 330 pF gate capacitance.
It is evident from this figure that the resonant gate driver can
conserve roughly 50% or more gating power at an appropriate
frequency.

IV. BALUN DESIGN

In applications where the load is ground-referenced, push-
pull amplifiers require a balun stage such that the differen-
tial output can drive a single-ended load. A common balun
structure is a center-tapped transformer where the differential
voltages and currents can be combined at the input and pro-
portionally transferred to the output. An alternative structure is
shown in Fig. 6, which is a center-tapped transformer separated
as two individual transformers, with the primary windings
connected in series and the secondary windings in parallel.
The advantage of this approach is that utilizing two separate
transformers allows more winding window space. To properly
design the balun, the two transformers must be identical.
Implementing identical transformers is challenging at high
frequencies since the windings and the coupling coefficient
must be identical. This work overcomes this challenge by
presenting a balun design that can be implemented with non-
identical transformers.

To start, in the transformer’s cantilever model, the effective
turns ratio (ny and no) and the leakage inductances (L
and L;3) must be the same to achieve an effective balun.



Fig. 6: Balun using two identical transformers in series at the
input and parallel at the output. The transformers (in gray) are
in cantilever form.
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Fig. 7: (a) Shunt-series inductor network reversal creating a
voltage gain of m at the output. (b) Incorporating the network
reversal with a transformer to fine-tune the effective turns ratio
(mn) of the transformer.
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The magnetizing inductances (L, and L,5) are in parallel
at the output so they do not need to be identical. The leakage
inductances of the transformers can be easily matched by
adding series inductors at the inputs. However, the effective
turns ratio is more difficult to control since ideal transformers
do not exist. A method of creating an effective turns ratio using
pre-existing lumped elements is through a tapped inductor
matching network as shown in Fig. 7a [15], [16]. By reversing
the shunt-series network of L, and L, into the series-shunt
network of L, and L, an effective turns ratio of m is created
at the output, where (5) calculates the parameter values.
mzl—k%7 Lg:%, LW:% (5)
P
To finetune the effective turns ratio of any transformer, we can
insert a shunt inductor L,,,, at the input as shown in Fig. 7b.
Ly, and the transformer’s leakage inductance L; creates a
shunt-series tapped inductor network. In Fig. 7b, the effective
turns ratio becomes mn, where m is adjusted by L,,, and n
is the transformer’s innate turns ratio.

Thus, a balun with two non-identical transformers can be
made by inserting shunt inductors L,,;,; and L,,,2 as shown
in Fig. 8a. L1 and Ly,po are tuned to equalize the effective
turns ratio mini and monsy. Additionally, external series

inductors L,,s; and L,,s» are added to match the series
leakage inductances of the two transformers. Furthermore,
miny and mang can be selected to provide a voltage gain NV
to provide impedance transformation. Equation (6) provides
the design equations for Ly,p1, Limp2, Lms1, Lms2, M1, and
my for two given transformers with parameters nq, na, L1,
and Ljs.

ming = mong = N (63)
ny Uy

Lins —Lj1 = Lpys —L 6b
1+l 2+ L (6b)

L
mel = ﬂli (60)

L
me2 = N l_2 1 (6d)

no

If an impedance transformation is undesired from the balun,
particularly, the overall effective turns ratio N is desired to
be 1, the top transformer can be eliminated since it provides
no electrical functionality. Thus, for the top branch, only a
series inductor L,, s, as shown in Fig. 8b, is required to match
the effective leakage inductance of the bottom branch. L,
must be finetuned so that the effective turns ratio is exactly
unity. Equation (7) provides the design equations for the balun
structure with unity voltage gain.

mn =1 (7a)
L
Liys = —- =nly (7b)
m
nLl
Ly = 7— (7¢)

Note that for both balun designs, m must be greater than 1,
which means that in Equation (7), n must be smaller than 1.
Therefore, to properly design a unity gain balun, the primary
winding must have more turns and/or greater self inductance
than the secondary winding. For this work, we utilize the balun
structure in Fig. 8b, as it requires a minimal component count
of only two inductors and one transformer.

V. EXPERIMENTAL RESULTS
A. Resonant Gate Drive

To demonstrate the previously discussed PA design, we
construct a 1 kW push-pull Class E prototype centered
at 13.56 MHz. The main power devices are 1.2 kV-rated
G3R350MT12J SiC MOSFETs manufactured by GeneSiC.
According to the datasheet, the gate requires 15 V to fully
enhance the device [17]. Because very few commercial gate
drive integrated circuits (ICs) suitable for MHz frequencies
can operate on a 15 V supply, we utilize gallium nitride
(GaN) transistors for the totem-pole switches (S; and Ss)
and drive them using a commercial half-bridge gate drive IC.
The diodes (D; and Ds) are MMBD301LT3G radio frequency
(RF) Schottky diodes with low junction capacitance (under
2.4 pF). We connect four of the diodes in parallel for each
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Fig. 8: (a) Final balun structure using two non-identical transformers with the effective turns ratio (mj;n; and meons) equalized
using Ly,,1 and Ly,p and leakage inductances matched using L,,s1 and L., 2. The left schematic is the actual circuit while
the right schematic shows the equivalent tapped inductor transform. (b) Alternative final balun structure with no impedance

gain with fewer components and utilizing only one transformer.

TABLE I: List of components used in the resonant gate driver.

Part Number & Value

EPC8004, 40 V-rated eGaN power transistor from
EPC

LMGI1210, 200-V half-bridge gate driver from
Texas Instruments

Component

S1 & Sa

Half-Bridge Driver

D1 & Do MMBD301LT3G, 30 V-rated Schottky diodes from
onsemi (x4)

Lr 67 nH, 2 turns with 9567130302 core from Fair-
rite

Q1,2 G3R350MT12J, 1.2 kV-rated SiC MOSFET from

GeneSiC, with Rg = 2.5 Q & C = 331 pF

in order to increase the current capabilities. To achieve a k
value of 0.1, Lr must be approximately 67 nH according to
(4a). Lg is a 2-turn inductor using planar cores of material
67 from Fair-rite, which can be easily gapped to finetune the
inductance. Table I lists the components used in the resonant
gate driver.

Fig. 9 also shows the resonant gate drive waveforms, where
the gate driver is supplied from a 15 V rail with control signals
from an Agilent 81150A signal generator. It is evident from
the waveform of V5 p s, that switches S; and Sy achieve ZVS
due to the turn-ON of the intrinsic body diodes. To compare
the performance of the resonant gate driver with a conventional
gate driver, we simply removed the Ly such that S; and S,
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Fig. 9: Measured waveforms of Vi p s, and Vi of the resonant
gate driver at 13.56 MHz.

serve as a totem pole. The gate power loss is 1.35 W per FET
using the resonant driver, while the conventional gate driver
dissipates 1.8 W. Thus, the resonant gate drive improves the
power dissipation by 25% and conserves a total of 0.9 W for
the power amplifier.

B. Power Amplifier Measurements

The prototype operates on a 200 V dc supply voltage
such that the maximum drain-to-source voltage across the SiC
MOSFETs would be roughly 800 V. The PA delivers the RF
power to a 50 Q RF dummy load, meaning each Class E
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Fig. 10: Photograph of the push-pull Class E prototype.

TABLE II: List of components used in the power amplifier
prototype.

Component  Part Number & Value

Ly 940 nH, 4 turns with 9567250802 core from Fair-rite

Cy 73 pF, absorbed by the Cyss of the G3R350MT12J SiC
MOSFET

Ls 2377 nH, 5 turns with 9567250802 core from Fair-rite

Cs 60 pF, COG dielectric ceramic capacitors rated for 1 kV

Ly, 1107 nH, absorbed by the balun’s L, in parallel with
L'm7r

Cp 124 pF, COG dielectric ceramic capacitors rated for 1 kV

Lms 234 nH, 2 turns with 9367054002 core from Fair-rite

Lmp 1700 nH, 7 turns with 9567200602 core from Fair-rite

Transformer 5 turns primary, 4 turns secondary with 9567250802 core

from Fair-rite

stage drives a 100 €2 load impedance and delivers 500 W.
Fig. 10 shows an image of the prototype. The component
values of the amplifier are calculated using Equation (1), and
Table II lists the values of the inductors and capacitors in the
amplifier. For the reactance compensation network, we chose
Qs to be 2 and @), to be 1.06 such that the magnetizing
inductance of the balun can be fully integrated into L, and
the leakage inductance can be integrated into L. The balun
stage with unity voltage gain contains a transformer with
5 turns for the primary winding and 4 turns for the secondary
winding. The effective turns ratio of the transformer n is 0.86,
measured using a 2-port vector network analyzer (VNA), and
the leakage inductance of the transformer is 272 nH. Based
on Equation (7), m is 1.16, L., is calculated as 1700 nH,
and L,,s is 234 nH.

Fig. 11 shows the time-domain waveforms of the drain volt-
age from 12.56 to 14.56 MHz. It is evident from Fig. 11 that
ZVS and ZVDS are achieved across the 2 MHz bandwidth,
indicating the proper design of the reactance compensation
network. Additionally, the drain voltages of the SiC MOSFETSs
are symmetrical, meaning that the balun provides equivalent
load impedances with a 180° phase shift to the stages of
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Fig. 11: Measured drain voltage waveforms across the switch-
ing devices of the 1 kW push-pull Class E prototype at 12.56,
13.56, and 14.56 MHz.
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Fig. 12: Measured output power and drain efficiency (ratio of
RF output power to the input power from the 200 V dc supply)
of the prototype at 12.56, 13.56, and 14.56 MHz.

the push-pull converter. Lastly, Fig. 12 shows the power and
efficiency measurements of the prototype.

VI. CONCLUSION

This work presents the design and implementation of a
high-power push-pull Class E topology suitable for plasma
generation applications. We utilize SiC switching devices to
enable high-performance operation and incorporate resonant
gate drivers to conserve gating power and enable fast tran-
sitions at MHz frequencies. We also present the design of
a broadband balun with a reduced component count with-
out using identical transformers, overcoming implementation
challenges at high frequencies. As a result, we experimentally
demonstrate a 1 kW push-pull Class E prototype.

ACKNOWLEDGMENTS

The authors would like to thank the Stanford SystemX Al-
liance for supporting this work. Additionally, we acknowledge
Lam Research for its collaboration.



[1]

[2]

[3]

[4]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

REFERENCES

A. Al Bastami, A. Jurkov, P. Gould, M. Hsing, M. Schmidt, J.-I. Ha, and
D. J. Perreault, “Dynamic matching system for radio-frequency plasma
generation,” IEEE Transactions on Power Electronics, vol. 33, no. 3, pp.
1940-1951, 2018.

S.-H. Park, Y.-H. Sohn, and G.-H. Cho, “SiC-based 4 MHz 10 kW ZVS
inverter with fast resonance frequency tracking control for high-density
plasma generators,” IEEE Transactions on Power Electronics, vol. 35,
no. 3, pp. 3266-3275, 2020.

W. Liang, C. Charles, L. Raymond, A. Stuchbery, K. Surakitbovorn,
L. Gu, R. Boswell, and J. Rivas-Davila, “An integrated RF
power delivery and plasma micro-thruster system for nano-
satellites,” Frontiers in Physics, vol. 6, 2018. [Online]. Available:
https://www.frontiersin.org/articles/10.3389/fphy.2018.00115

G. D. Ewing, “High-efficiency radio-frequency power amplifiers,” PhD
dissertation, Oregon State University, 1964.

N. Sokal and A. Sokal, “Class E-a new class of high-efficiency tuned
single-ended switching power amplifiers,” IEEE Journal of Solid-State
Circuits, vol. 10, no. 3, pp. 168-176, 1975.

A. Grebennikov and H. Jaeger, “Class E with parallel circuit - a new
challenge for high-efficiency RF and microwave power amplifiers,” in
2002 IEEE MTT-S International Microwave Symposium Digest (Cat.
No.02CH37278), vol. 3, 2002, pp. 1627-1630 vol.3.

C. Aitchison and R. Gelsthorpe, “A circuit technique for broadbanding
the electronic tuning range of gunn oscillators,” IEEE Journal of Solid-
State Circuits, vol. 12, no. 1, pp. 21-28, 1977.

J. K. A. Everard and A. J. King, “Broadband power efficient class E
amplifiers with a non-linear CAD model of the active MOS device,”
Journal of the Institution of Electronic and Radio Engineers, vol. 57,
no. 2, pp. 52-58, 1987.

N. Kumar, C. Prakash, A. Grebennikov, and A. Mediano, “High-
efficiency broadband parallel-circuit class E RF power amplifier with
reactance-compensation technique,” IEEE Transactions on Microwave
Theory and Techniques, vol. 56, no. 3, pp. 604—612, 2008.

Z. Tong, L. Gu, and J. Rivas-Davila, “Wideband PPT class ®2 inverter
using phase-switched impedance modulation and reactance compensa-
tion,” IEEE Transactions on Industrial Electronics, vol. 69, no. 6, pp.
5724-5734, 2022.

J. Xu, Z. Tong, and J. Rivas-Davila, “1 kW MHz wideband class E
power amplifier,” IEEE Open Journal of Power Electronics, vol. 3, pp.
84-92, 2022.

Z. Tong, L. Gu, Z. Ye, K. Surakitbovorn, and J. Rivas-Davila, “On the
techniques to utilize SiC power devices in high- and very high-frequency
power converters,” IEEE Transactions on Power Electronics, vol. 34,
no. 12, pp. 12181-12192, 2019.

Z. Ye, Z. Tong, L. Gu, and J. Rivas-Davila, “A high frequency resonant
gate driver for SiC MOSFETs,” in 2021 IEEE 22nd Workshop on Control
and Modelling of Power Electronics (COMPEL), 2021, pp. 1-5.

Y. Chen, F. Lee, L. Amoroso, and H.-P. Wu, “A resonant MOSFET
gate driver with efficient energy recovery,” IEEE Transactions on Power
Electronics, vol. 19, no. 2, pp. 470477, 2004.

R. A. Beltran, “Broadband class-E power amplifier designed by lumped-
element network transforms and GaN FETSs,” in 2015 IEEE MTT-S
International Microwave Symposium, 2015, pp. 1-4.

T. H. Lee, Planar Microwave Engineering: A Practical Guide to Theory,
Measurement, and Circuits. Cambridge University Press, 2004.
G3R350MT1J 1200 V 350 mS) SiC MOSFET, GeneSiC, January 2021,
rev 21.



