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Abstract—Class-E power amplifiers have regained academic
interest over the past decades due to the introduction of new
high-performance wide-bandgap semiconductor devices and the
increasing demand for high-efficiency power amplifiers. While
these power devices, notably GaN HEMTs, have exceptional per-
formance at megahertz operation, they also display an additional
loss component due to Coss at this frequency. Unfortunately, the
dependence of this loss term on the peak voltage and the device
size is the opposite of that of the conduction loss. In this article, we
mathematically analyze the operation of a Class-E amplifier to find
the optimal input voltage and device sizing where the sum of these
two losses is minimized. From this analysis, we have found that the
common design approach of maximizing device voltage rating and
area to get the best efficiency no longer holds for some operating
conditions. Furthermore, we examine the constraints that dictate
when this optimization equations can and cannot be used, as well
as propose a distributed loss model for the Coss loss based on a
generalized Steinmetz equation (GSE) to allow this new loss term
to be easily simulated. To verify our mathematical analysis and
to demonstrate the applications of the proposed GSE-based Coss

loss model, two design examples are provided. They consist of a
choke-input Class-E amplifier at 10 MHz and a variable-resistance
Class-E amplifier at 40.68 MHz. The experimental results on these
two design examples show good agreements with our analysis.

Index Terms—Coss loss, GaN HEMTs, power amplifiers, radio
frequency, semiconductor device modeling.

I. INTRODUCTION

THE Class-E power amplifier concept was first introduced
by Ewing in 1964 [1] and popularized by the Sokals in

1975 [2]. Since then, it has received an enormous amount of
academic interest. Almost every aspect of the topology has
been analyzed, whether it be the circuit tuning methods [3]–[7],
effects of nonlinear capacitance of the switch [8]–[10], power
losses [11]–[13], circuit optimization [14]–[17], etc.

In term of the input voltage and the device selection, it has long
been established that “[f]or the highest efficiency, the highest
possible VCC [input voltage] should be used, within the VCE

limitation of the transistor” [2, p. 174]. Moreover, “[t]he shunt
capacitor can be implemented, either partially or entirely by
Cdd [drain capacitance of the switch], since the impact of its
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nonlinearity on PA performance is weak” and “[t]he maximum
device width [device size] minimizing the power loss due to ron

is found when the shunt capacitance is entirely made of the drain
capacitance” [13, p. 1223].

Over the past decades, a number of new semiconductor
devices specially designed and optimized for high-frequency
operation have started coming into the market. The combina-
tion of these new devices and the increased demand for high-
efficiency power amplifiers for wireless communication and
wireless power transfer applications had consequently sparked
a renew interest in the Class-E topology [18]–[26].

While these devices, notably GaN HEMTs, show superior
performance, studies have found that they possess an undocu-
mented loss mechanism not yet incorporated into the simulation
models or manufacturer’s datasheets [27]–[34]. This loss occurs
when an ac voltage is applied across the device during its OFF

state and manifests itself as hysteresis in the Q-V plot of the
semiconductors. Due to the hysteresis nature, this Coss-related
loss not only increases with both the frequency of operation and
the peak voltage across the device but also with the die area.
This positive dependence of the Coss loss on the peak voltage
and device size is precisely the opposite to how the conduction
loss scale.

Due to its frequency dependence, when the operating fre-
quency is high enough, thisCoss loss will surpass the conduction
loss and become the main loss contributor. Once this happens,
in contrast to the common design approach on the input voltage
and device selection, reducing the input voltage and the device
size will actually reduce the overall power loss, increasing the
circuit efficiency.

In this article, we will look in details at the design and
optimization of a Class-E power amplifier when dealing with
these two losses. In Section II, we will mathematically calculate
the minimum frequency where one needs to start considering
the Coss loss in their design, as well as the optimum input
voltage and optimum device sizing to use when operating above
this frequency. In Section III, we will demonstrate a method to
create a SPICE simulatable model for the Coss loss to allow
for an optimization of nonideal Class-E amplifiers via simu-
lation. In Section IV, we will showcase two design examples
utilizing the aforementioned analysis and loss model. Experi-
mental result and its comparison with the simulation will be
in Sections V and VI. Finally, Section VII will conclude this
article.

While the bulk of this article will discuss the effect of the
Coss loss on the optimization of a Class-E amplifier with GaN
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Fig. 1. Simplified schematic of a standard choke-input Class-E power am-
plifier. The capacitor C represents the junction capacitance of the switch Coss

lumped together with any added external capacitor.

HEMTs, the mathematical equations and the proposed simula-
tion model can be directly applied to amplifiers made with any
transistors that have Coss loss, including silicon (Si) and silicon
carbide (SiC) devices. In fact, the importantCoss loss parameters
used in all of the optimization equations in this article for many
SiC devices are already located in [31]. In the case that these loss
parameters cannot be directly found, Appendix A will present a
method to derive them from another, more frequently reported,
set of loss parameters. Appendix B will provide additional tables
showing the optimum input voltage and device sizing for a
number of devices at different frequencies and power levels.
Finally, Appendix C will investigate the effect of the turn OFF

loss on the optimization.

II. MATHEMATICAL ANALYSIS AND OPTIMIZATION

In this section, we will mathematically analyze a semi-ideal
Class-E power amplifier, considering only the conduction and
Coss loss.

A. Assumptions

The basic topology of a Class-E power amplifier is shown
in Fig. 1. To simplify the analysis, we use the following
assumptions.

1) The input inductor Lf is very large, resulting in a dc input
current Idc.

2) The series output filterCr − Lr has high Q factor resulting
in a sinusoidal output current io(t) = Im sin(ωt+ θ).

3) All of the inductors and capacitors are lossless.
4) The loss in the switch is sufficiently small to have no effect

on the circuit’s operation resulting in Pin = Pout.
5) The junction capacitance of the switch Coss is linear.
6) The switch operates at 50% duty cycle, has a constant

on-resistance Ron, and has sufficiently fast turn-ON/OFF

transitions.
By using zero-voltage-switching (ZVS) and zero-dv/dt-

switching conditions, along with the above assumptions, we can
show that

isw(t) =

{
Im sin(ωt+ θ) + Idc, 0 ≤ ωt < π

0, π ≤ ωt < 2π
(1)

ic(t) =

{
0, 0 ≤ ωt < π

Im sin(ωt+ θ) + Idc, π ≤ ωt < 2π
(2)

vds(t) =
1

C

∫ t

0

ic dt

=

{
0, 0 ≤ ωt < π

1
ωC {Idc(ωt− π)− Im(cos(θ) + cos(ωt+ θ))}
π ≤ ωt < 2π (3)

where θ = − atan

(
2

π

)
, Im =

4√
4 + π2

Vin

RL
, and Idc =

8

(4 + π2)

Vin

RL
.

B. Loss Components

The two loss components we will consider are the conduction
and Coss loss. The total power loss Ploss is taken as the sum of
these two losses.

Depending on the device characteristic and the operating
condition, the gating and the turn-OFF loss can also be a sig-
nificant part of the overall power dissipation. Nonetheless, they
are ignored for simplicity of this analysis.

1) Conduction Loss Pcond:
The conduction loss is the result of the current flowing through

the channel of the switch during its ON time

Pcond =
1

ωT

∫ ωT

0

(isw(t))
2Rondt

= rRon

(
Pin

Vin

)2

,

[
r ≡ 28 + π2

16

]
. (4)

The value of Ron is the effective on-resistance during the
on-time of the device. It can be approximated from the datasheet
but should be altered to include the effect of finite gating time,
the temperature dependence, and other dynamic effects such as
dynamic on-resistance [35]–[43]. While reported dynamic-to-
static on-resistance ratio for GaN devices varies greatly from as
low as 1.08 × in [37] to as high as 5 × in [41], we choose to
use Ron = 2.5×Rdatasheet in this analysis. From our previous
study in [39] along with our personal experience, we believe
this to be a good approximation for the effect of dynamic on-
resistance of the current generation of GaN HEMTs in soft-
switching converters at megahertz frequencies.

2) Junction Capacitance (Coss) Loss Pcoss:
The Coss loss is the result of the hysteresis effect in the

junction capacitance of the switch. For a Class-E waveform,
it can be approximated with an equation that resembles the
Steinmetz equation [29]–[31]

Pcoss = kef
(α+1) V β

p

= kef
(α+1) (pVin)

β ,

[
p ≡ 2π atan

(
2

π

)]
. (5)

The variables f and Vp are the switching frequency and the
peak drain voltage across the switch. The parameters ke, α, and
β are the Steinmetz-like Coss loss parameters for the Class-E
waveform which can be directly found on or derived from
published papers, or calculated from a device measurement on
a Sawyer–Tower circuit.
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TABLE I
STEINMETZ AND OTHER DEVICE PARAMETERS FOR THE GS66504B

Table I shows such parameters taken from [31] for a 650-V
GaN HEMT from GaNSystems, GS66504B, along with other
important device parameters. We will use this device and others
in the same GS6650xx series to demonstrate key concepts in the
rest of this article.

C. Optimization

Here, we will find the design parameters that minimize the
overall power loss for different design constraints and operating
conditions.

1) Optimal input voltage, Vin,opt: For a given device, power
level, and operating frequency, what is the input voltage that
minimizes the overall power loss?

To find this Vin,opt, we set the derivative of the total power
loss with respect to the input voltage to be equal to zero

dPloss

dVin
=

d

dVin
(Pcond + Pcoss) = 0.

This yields

−2rRon
P 2
in

V 3
in

+ kef
(α+1)pββV

(β−1)
in = 0.

Thus,

Vin,opt =

(
2r

pβ
RonP

2
in

βkef (α+1)

) 1
β+2

. (6)

For example, a 200-W 40-MHz Class-E amplifier designed
with the 650-V GS66504B GaN HEMT (parameters shown in
Table I) will have

Vin,opt = 67V.

2) Minimum Frequency, fmin: For a given device and power
level, what is the minimum frequency where using the highest
input voltage possible no longer gives the best efficiency?

To find fmin, we set the maximum drain voltage of the device
to be equal to p× Vin,opt, where p is the ratio between the peak
and the input voltage in a Class-E waveform

Vds,max = p

(
2r

pβ
RonP

2
in

βkef
(α+1)
min

) 1
β+2

.

This yields

fmin =

(
2rp2

RonP
2
in

βkeV
(β+2)
ds,max

) 1
α+1

. (7)

For example, a 500-W amplifier designed with GS66504B
will have

fmin = 13.2 MHz.

Above fmin, the overall power loss will be minimized if one
were to use the input voltage in (6) instead of the highest Vin

possible.
3) Optimal Device Size mopt: For a given power level, fre-

quency, and input voltage, if we had access to a series of devices
with scaling die sizes (e.g., GaNSystems GS66502B, GS66504B,
GS66506T, GS66508T, etc.), which one of these devices should
we use to minimize the overall power loss?

To find the optimal device size, we first define the scaling
factor m to be the ratio between the die size of the selected
device to that of the nominal device. While this information is
usually not available in the datasheet, it can be approximated by

m =
Rds(on),nom

Rds(on),sel
=

Coss,sel

Coss,nom
.

For instance, if we define GS66504B to be the nominal device,
then GS66506T will have m = 1.5 and GS66502B will have
m = 0.5.

With this device scaling factor defined, the overall power loss
of any device can then be expressed as

Ploss =
rRon

m

(
Pin

Vin

)2

+mkef
(α+1)(pVin)

β (8)

where Ron and ke are those of the nominal device.
To findmopt, we set the derivative of the total power loss with

respect to the device scaling factor to be equal to zero

dPloss

dm
= 0.

This yields

−rRon

m2

P 2
in

V 2
in

+ kef
(α+1)(pVin)

β = 0.

Thus,

mopt =

√
rRon

kepβf (α+1)

Pin

V
(β+2)

2

in

. (9)

For example, in a 200-W 40-MHz amplifier with 100-V input
designed with GaNSystems GS6650xx series, to get the best
efficiency, one should use

mopt = 0.43

which corresponds to the GS66502B, the smallest device in the
series.

4) Optimal Input Voltage and Device Size Pair: So far, we
have separately found the optimal input voltage (when the device
size is fixed) and the optimal device size (when the input voltage
is fixed). Next, we will investigate the case where neither the
input voltage nor the device size is fixed.

Does an optimal input voltage and device size pair exists, for
a particular power level and operating frequency?

To do that, we first put mopt back into (8)

P ′
loss =

rRon

mopt

(
Pin

Vin

)2

+moptkef
(α+1)(pVin)

β .
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In another word, we find what the total power loss will be
once the optimal device size is used. This results in P ′

loss that is
a function of Pin and Vin, but not a function of m.

Next, we take the derivative of this P ′
loss with respect to Vin

dP ′
loss

dVin
= −rRonP

2
in

(
2

moptV in3
+

1

m2
optV

2
in

dmopt

dVin

)

+ kep
βf (α+1)

(
βmoptV

(β−1)
in + V β

in

dmopt

dVin

)
.

By substituting in mopt from (9) and its derivative, we get

dP ′
loss

dVin
= (β − 2)

√
rRonkepβf (α+1)PinV

( β
2 −2)

in .

Due to (β − 2) multiplier, the dP ′
loss/dVin is always positive

when β > 2, and always negative when β < 2. As a result, P ′
loss

will monotonically increase as we increase Vin when β > 2. On
the other hand, P ′

loss will monotonically decrease as we increase
Vin when β < 2.

For most of the wide-bandgap devices tested in [29]–[31],
β term is less than 2. This means that we can keep reducing
P ′
loss by increasing Vin, given that we scale the device size down

accordingly As a result, when there are no other constraints,
using the highest input voltage possible and scaling the device
size with mopt will provide the best efficiency.

In general, this is not always the case. We might not have
access to the device that is small enough (e.g.,mopt = 0.2but the
smallest commercially available device in the series ism = 0.5).
Or, we do have access to that small device, but due to either its
I–V curve or its thermal resistance, it cannot handle the power
level we need. To get the best efficiency in both of these cases,
we will have to use the bigger device and scale the input voltage
according to (6) instead.

D. Other Constraints

Additionally, we have to verify that by using mopt, we do
not exceed other constraints on the circuit. The two constraints
we will consider are the required shunt capacitance and the
maximum channel current.

1) Required Shunt Capacitance Creq: First, we define a pa-
rameterCratio to be the ratio between the junction capacitance of
our mopt device to the required shunt capacitance of the Class-E
amplifier. As long as Cratio is less than one, extra external
capacitance can be added to achieve the value of Creq, making
the design possible

Cratio ≡ moptCoss

Creq

where Coss is that of the nominal device.
The required shunt capacitance Creq of the Class-E amplifier

can be calculated from

1

ωT

∫ ωT

0

vdsd(ωt) = Vin.

This yields

Creq =
Pin

2π2fV 2
in

.

By substituting in mopt from (9), we get

Cratio = 2π2

√
rRon

kepβ
Cossf

( 1−α
2 )V

( 2−β
2 )

in . (10)

Notice that this Cratio is not dependent on the power level.
Moreover, its dependence on the frequency and the input voltage
is also quite low. To illustrate, for the GS6650xx series,Cratio ∝
f0.2V 0.2

in , and Cratio at

5 MHz/60 Vin = 0.45, 5 MHz/150 Vin = 0.54,

50 MHz/60 Vin = 0.71, 50 MHz/150 Vin = 0.86.

This means that for the GS6650xx series at 10 s of megahertz,
we can achieve a close to optimal design by simply picking the
device with a junction capacitance value between 1/2 to 3/4 of the
required shunt capacitance without actually calculating mopt.

2) Maximum Channel Current Ids,max: Here, we define a
parameter Iratio to be the ratio between the maximum channel
currentmopt device can handle to the maximum current actually
going through the device. This number must be more than one,
and the larger this number is, the lower the current stress is on
the device

Iratio ≡ moptIds,max

Isw,max

where Ids,max is that of the nominal device.
The maximum current through the switch can be found

from (1)

Isw,max =

(√
1 +

π2

4

)
Pin

Vin
.

Thus,

Iratio =
1

1 + π2

4

√
rRon

kepβ
Ids,max√
f (α+1)V β

in

. (11)

Again, this Iratio is not power dependent. For the GS6650xx
series, Iratio at

5 MHz/60 Vin = 21.7, 5 MHz/150 Vin = 10.4,

50 MHz/60 Vin = 3.4, 50 MHz/150 Vin = 1.7.

III. SIMULATION TECHNIQUE

While the mathematical analysis in Section II is a good
starting point in the design process of a Class-E power amplifier,
there are still other factors we need to consider in a real practical
design. Examples of such factors are as follows.

1) The real input inductor is finite.
2) The passive components are actually lossy and their losses

do affect the circuit’s operation.
3) The junction capacitance Coss is nonlinear.
4) The channel resistance Ron is not of a static value.
5) The gate rise/fall time is not instantaneous, causing addi-

tional losses, etc.
Although we can try to mathematically model all of these

to improve the accuracy of our hand-derived optimization equa-
tions, with such wide varieties in the methods to design and tune
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modern Class-E power amplifiers (e.g., [7], [12], [15], [22]–[24],
[26], [44]–[48]), doing so is impractical. A better solution is to
have a good and accurate simulation-ready model for all the loss
components such that one can quickly optimize their design via
a circuit simulation program.

A. Distributed Loss Equation for the Coss Loss

While passive component losses, gating related losses (e.g.,
gating loss, turn-OFF loss etc.), and conduction loss (sans dy-
namicRds,on) can all be easily modeled in a simulation software,
Coss loss cannot yet be readily simulated. This is because the
Steinmetz-like Coss loss equation, (5), gives a value for the
average loss, not an instantaneous one.

According to [29]–[31], Coss loss is due to the hysteresis
effect of the junction capacitance, and its magnitude increases
with both the peak voltage and the dv/dt. By the same reasoning
used in the derivation of the generalized Steinmetz equation
(GSE) which is used to model nonlinear core losses in magnetic
with a nonsinusoidal input [49], we propose an instantaneous
power dissipation equation p(t) for the Coss loss in a Class-E
amplifier as

p(t) = k1

∣∣∣∣dvds(t)dt

∣∣∣∣
(α+1)

vds(t)
(β−α−1). (12)

Notice that we choose the power terms of this equation so that
its frequency dependence 1/dt(α+1) and its voltage dependence,
dv

(α+1)
ds · v(β−α−1)

ds default to those of (5).
To find the value of k1, we find the time average of this

p(t) equation for the Class-E waveform by substituting in vds
from (3)

〈p(t)〉 = 1

ωT

∫ ωT

0

k1

∣∣∣∣dvds(t)dt

∣∣∣∣
(α+1)

vds(t)
(β−α−1)d(ωt)

=
k1(2π)

α(
2 atan

(
2
π

))β V β
p f (α+1)

∫ 2π

π

∣∣∣∣
√

1 +
π2

4
· . . .

sin

(
φ− atan

(
2

π

))
+ 1

∣∣∣∣
(α+1)[

φ− 3π

2
− . . .

√
1 +

π2

4
· cos

(
φ− atan

(
2

π

))](β−α−1)

dφ.

Since this time average power dissipation must be equal to
that of (5), we get

〈p(t)〉 = kef
(α+1) V β

p .

Thus,

k1 =

(
2 atan

(
2
π

))β
(2π)α

ke∫ 2π

π | . . . |(α+1)[. . . ](β−α−1)dφ
. (13)

For GS66504B, k1 = 1.3× 10−16 W/Hz · V.

Fig. 2. Schematic of a standard choke-input Class-E power amplifier with a
low-pass matching network at the output.

B. GSE-Based Coss Loss Model Implementation in
a Circuit Simulation

With the proposed instantaneous power dissipation equation,
we can quickly create a loss model compatible with most sim-
ulation software. Below is one way to implement this Coss loss
as a subcircuit in LTspice using the behavioral current source.

.subckt G66504B_Pcoss drain source
BI1 drain source
I = (time>9u)*((k1*pow((abs(ddt(V(drain)))),

(alpha+1))* pow(V(drain), (beta-alpha-1))))/
(V(drain) + 1000* (V(drain)<0.1*Vin))

.ends

In this subcircuit, the multiplier term (time > 9u) is used to
increase the simulation speed by excluding the Coss loss term
from the start-up part of the simulation. Furthermore, the term
1000*(V(drain) < 0.1*Vin) is used to null Coss loss during the
on-time of the switch.

IV. DESIGN EXAMPLES

In this section, we will provide two design examples to
demonstrate how the analytical equations and the distributed
Coss loss model can be used to optimize the design of Class-E
amplifiers.

A. Design A: Choke-Input Class-E

The first example we will look at is for a choke-input Class-E
power amplifier. For this design example, we assume that the
circuit is to operate at 10 MHz with 120 V input and nominal
output power of 200 W to a 50 Ω load. Since the 50 Ω load is not
the same as the nominal load needed by the Class-E circuit, a
low-pass matching network is added to the output. Fig. 2 shows
its schematic.

The question we would like to answer is, given these design
specifications, what size of GS6650xx should we use as the main
power switch to get the best efficiency?

1) Analytical Calculation: To find the optimal device size,
we can use mopt equation (9). If we assume that GS66504B
is the nominal (m = 1) device, by plugging in above design
specifications along with parameters from Table I, we get

mopt =

√
rRon

kepβf (α+1)

Pin

V
(β+2)

2

in

= 0.95.

This means that the optimal device is the same as the nominal
device (GS66504B).
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TABLE II
OPERATING CONDITION AND SHARED PASSIVE COMPONENT VALUES FOR THE

SIMULATED CHOKE-INPUT CLASS-E POWER AMPLIFIER CIRCUITS

2) Optimization in Simulation: To confirm our hand calcu-
lation, we simulate four different choke-input Class-E power
amplifier circuits with four different devices from the GS6650xx
series. The design procedure starts with the standard Class-E
equations as outlined in [2]. Then, we adjust component values
to take into account passive/active component losses and non-
linearity ofCoss. Finally, we add the low-pass matching network
to match the output impedance to the required 50 Ω load.

The distributed loss model, shown in Section III-B, and its
scaled version are used to model the Coss loss. The drain-to-
source resistance of the GaN HEMTs models is adjusted to
reflect the 2.5× dynamic on-resistance multiplier as discussed
in Section II-B1. Furthermore, the gate rise/fall time of 4 ns are
also used to mimic the actual gate transitions. This allows us to
capture both the extra loss due to the higher on-resistance during
the gate transition periods, as well as the turn OFF loss due the
current fall time.

From our experience, this 4 ns time roughly approximates
the best gate rise/fall time one can get with the currently
commercially available gate driver and standard PCB layout
technique for this frequency and power level. The actual gate
rise/fall time of the tested devices will differ from this assumed
value depending on the input capacitance of the device (e.g.,
GS66508T will have longer gate rise/fall time than GS66502B).
However, the resulting difference in the power loss between each
device due to this fall time disparity is small at this operating
frequency and is neglected in this design step (more on this in
Appendix C).

To make a fair comparison and to simplify the experimental
testing procedure, the same passive components are used in all
four simulated circuits. This results in slight differences between
the input/output powers among the amplifiers. Nonetheless, this
will ensure that any efficiency differences we measure will come
solely from the difference in the devices used. Table II shows
the resulting component values which are shared by the four
Class-E amplifiers.

Table III presents the simulation results, the break down of
the losses, along with the value of Cp used to achieve ZVS
in each circuit. As can be seen, the simulation results match
the hand calculation well, with GS66504B having the highest
efficiency of 96.6%. While the overall efficiency difference
seems small due to all four circuits having very high efficiency,
the predicted power dissipation difference between the optimal
device (GS66504B) and the biggest device (GS66508T) is more
than 1.5 times larger.

B. Design B Variable-Resistance Class-E

The second example we will look at is for a variable-resistance
Class-E power amplifier [46] shown in Fig. 3. By forgoing

TABLE III
SIMULATION RESULTS FOR THE FOUR CHOKE-INPUT CLASS-E

POWER AMPLIFIERS AT 10 MHZ AND 200 W (NOMINAL POWER) WITH

DIFFERENT SWITCHING DEVICES FROM THE

SMALLEST DEVICE (LEFT) TO THE BIGGEST DEVICE (RIGHT)

Fig. 3. Schematic of a variable-resistance Class-E power amplifier with a
series–parallel resonant filter at the output.

the zero-dv/dt-switching condition, utilizing the input inductor,
Lf as a resonating inductor, as well as adding series–parallel
resonant filters at the output, Roslaniec et al. were able to
tune the Class-E amplifier to maintain ZVS over a wide load
range.

There are three main reasons we select this specific Class-E
topology as the second example.

1) It is one of the modern Class-E tunings that has the
potential to be adopted into many applications, making
this a more realistic design example.

2) Its tuning differs greatly from the standard choke-input
Class-E amplifier analyzed in Section II.

3) Its load-independence allows us to easily compare circuits
with the different input voltages at the same output power
level.

For this design example, we assume that the circuit is to oper-
ate at 40.68 MHz with the maximum output power of 300 W and
the nominal output power (where the circuit is to be optimized
for) of 200 W. To simplify the comparison, Rload is allowed
to be of any value. Furthermore, due to thermal consideration,
GS66504B (RθJC = 1C W) is chosen as the main power switch
over its smaller cousin, GS66502B (RθJC = 2 C W).

The question we would like to answer is, given these design
specifications and the device choice, what input voltage should
we use to get the best efficiency?

1) Optimization in Simulation:
Since this variable-resistance tuning deviates heavily from

the standard Class-E amplifier assumption, it is better to use the
circuit simulation to optimize the design. To find the optimal
input voltage, we simulate five different circuits with five input
voltages from 85 to 145 V. We follow the design procedure
for the variable-resistance Class-E power amplifier as described
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TABLE IV
OPERATING CONDITIONS AND SHARED PASSIVE COMPONENT VALUES FOR THE

SIMULATED VARIABLE-RESISTANCE CLASS-E POWER AMPLIFIER CIRCUITS

TABLE V
SIMULATION RESULTS FOR THE FIVE VARIABLE-RESISTANCE CLASS-E POWER

AMPLIFIERS AT 40.68 MHZ AND 200 W (NOMINAL POWER) WITH

DIFFERENT INPUT VOLTAGES, FROM THE LOWEST VOLTAGE (LEFT) TO THE

HIGHEST VOLTAGE (RIGHT)

in [46]. Specifically, kf = 0.5 is used to select the value of
the input inductor Lf . Instead of tuning five separate output
filters for the five circuits, one combined series–parallel resonant
output filter covering the whole tested load range is used for
the ease of the testing. The filter is designed such that it has
the Qs = 4 at Rmin = 25, and Qp = 4 at Rmax = 200. Calcu-
lated parameters are then slightly adjusted on the simulation.
Once again, the 2.5× dynamic on-resistance multiplier and
4 ns gate rise/fall time are used. Table IV shows the result-
ing component values which are shared by the five Class-E
amplifiers.

Table V presents the simulation results, the break down of
the losses, along with the value of Lf , Cp, and Rload used. In
each case, Cp is carefully adjusted to achieve ZVS, and Rload

is selected to obtain approximately 200 W of output power. As
expected, the conduction loss decreases as the input voltage gets
higher, while the Coss loss increases. The simulated efficiency
is predicted to have the highest value of 88.2% at the input
voltage of 100 V. Again, the predicted power dissipation dif-
ference in the switch Pfet,tot between the optimal case (100 Vin)
and the highest input voltage case (145 Vin) is more than
1.5 times.

V. EXPERIMENTAL RESULTS

To verify our mathematical analysis and the proposed
GSE-based loss modeling technique, two experiments fol-
lowing the design examples above are demonstrated in this
section.

Experimental and Measurement Setups: To minimize the ef-
fect of the temperature dependence as much as possible, we
use a 1/4-in-thick copper heat spreader with a 3-mm-diameter-
1.6-mm-tall copper post at its center to cool the device.

TABLE VI
OPERATING CONDITIONS AND SHARED PASSIVE COMPONENT VALUES FOR THE

TESTED CHOKE-INPUT CLASS-E POWER AMPLIFIER CIRCUITS

This copper post goes through a drill hole on the printed circuit
board, and is soldered directly to the thermal pad of the tested
GaN HEMT providing a very low thermal resistance path. We
then utilize a cold plate with a water cooling system to keep the
copper bar at the room temperature.

To sufficiently drive the gate of the tested GaN HEMTs, a
low-side gate driver, LM5114 from Texas Instruments, is used.
We place the gate driver as close as possible to tested switch to
minimize the loop inductance in the gate, as well as use a gate
resistor of 2.4 Ω to minimize the ringing.

All inductors used in the experiments are of air-core type and
are made with 12 AWG magnet wire. Their impedances and
quality factors are measured with a network analyzer, Agilent
E5061B. Each inductor is made as big as reasonably possible to
obtain a high quality factor. To minimize any coupling between
the inductors, adjacent inductors are positioned 90◦ from each
other. All resonant capacitors used are of the C0G type with
appropriate voltage rating, with quality factors of above 2000 at
the operating frequency.

The input power is calculated from the input voltage and
current, where the input voltage is measured with a digital
multimeter, Agilent 34411A, and the input current is recorded
from the readout of the dc power supply, Agilent N5771A. The
output power is measured via a directional coupler/power meter
setup. The setup consists of a calibrated 4-port RF directional
coupler, C5827-10, from Werlatone Inc., two N8482A ther-
mocouple power sensors from Keysight Technologies, and an
N1914A EPM series power meter from Keysight Technologies.
The whole setup has an absolute accuracy (power linearity)
of ±1%.

All measurements are done once the device has reached its
thermal steady state. To minimize the random measurement
error as much as possible, each circuit is tested five times. Their
average measurement values are used. The case temperature of
the switch is also recorded via a thermal camera and used to
verify the electrical measurements.

A. Experiment A: Choke-Input Class-E

In this experiment, we investigate what size of GS6650xx will
give the best efficiency, given the specification as described in
the design example given in Section IV-A.

Four choke-input Class-E power amplifier circuits with four
different devices are made and tuned. Their shared component
values are shown in Table VI. To maintain a fair comparison,
all four circuits share these same physical components, which
are moved from board to board throughout the testing process.
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Fig. 4. One of the tested choke-input Class-E power amplifier circuit with the
GS66504B HEMT.

Fig. 4 shows one of the circuits mounted on the copper heat
spreader.

Each circuit is carefully tuned by adjusting the value of Cp

to achieve perfect ZVS. Fig. 5 shows their measured drain and
gate voltage waveforms and compare them to their simulated
counterparts. Table VII shows the experimental results. The
input and power powers, along with the device temperatures,
are measured and recorded as described in the experimental and
measurement setups section.

B. Experiment B: Variable-Resistance Class-E

In this experiment, we investigate what input voltage will
give the best efficiency, given the specification as described in
the design example given in Section IV-B.

Five variable-resistance Class-E power amplifier circuits with
five different input voltages are made and tuned. To maintain a
fair comparison, all five circuits are made on the same board
with the same switching device (GS66504B). The same series–
parallel output filter with values described in Table VIII are used
throughout the testing. Fig. 6 shows one of the circuits mounted
on the copper heat spreader.

To precisely adjust the load resistance Rload such that 200 W
of output power is achieved in each case, a separate automatic
matching network is used. This matcher allows us to generate
any resistance and reactance at the test frequency in a precise
and controlled manner.

To eliminate extra loss contribution from the matching net-
work, the output power measurement is taken as the out power
from the amplifier going into the matching network

Pout = Pfwd − Pref.

Each circuit is carefully tuned by adjusting the value of
Cp to achieve perfect ZVS. Fig. 7 shows their measured and
simulated drain and gate voltage waveforms. Table IX shows
the experimental results.

Fig. 5. Comparison between the measured and simulated drain voltage (blue
and green–1×) and gate voltage (red and pink–50×) waveforms from the
experiment A with choke-input Class-E power amplifiers. (a) GS66502B.
(b) GS66504B. (c) GS66506T. (d) GS66508T.

TABLE VII
EXPERIMENTAL RESULTS FOR THE FOUR CHOKE-INPUT CLASS-E POWER

AMPLIFIERS AT 10 MHZ AND 200 W (NOMINAL POWER) WITH

DIFFERENT SWITCHING DEVICES, FROM THE SMALLEST DEVICE (LEFT)
TO THE BIGGEST DEVICE (RIGHT)

TABLE VIII
OPERATING CONDITIONS AND SHARED PASSIVE COMPONENT VALUES FOR THE

TESTED VARIABLE-RESISTANCE CLASS-E POWER AMPLIFIER CIRCUITS
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Fig. 6. One of the tested variable-resistance Class-E power amplifier circuit
with Lf = 56.5 nH.

VI. COMPARISON BETWEEN THE SIMULATION AND THE

EXPERIMENTAL RESULTS

A. Case A: Choke-Input Class-E

The experimental results for the optimal device of a choke-
input Class-E at 10 MHz in Table VII match the analytical and
simulation results well. All three pinpoint the GS66504B, which
has half the die area of the biggest device that can be used, as
the optimal device. With this device, the simulation predicts the
efficiency of 96.6% and the experiment shows the efficiency
of 96.8%.

As seen in Fig. 5, the measured waveforms also match the
simulated waveforms well. When comparing the input/output
power between the simulation and the experiment, however, a
10%–15% difference in power is observed. We believe this to
be the result of the added output capacitance across the load
due to the oscilloscope probe used to capture the output voltage
waveforms (which are not shown in Fig. 5). Fig. 8 shows the
difference between the measured and simulated efficiency. For
all tested devices, this difference is less than 0.6%.

While the difference in the measured efficiency between the
optimal device and the other tested devices is less than 1%,
certainly within the error limit of the electrical measurement
setups, we believe the relative values between measurements
to be accurate. This is due to the fact that while the power
meter/sensors setup has its absolute accuracy down to only 1%,
its inaccuracy comes mainly from the nonlinearity of the sensors.

As a result, rather than having a random Gaussian distribu-
tion of error around its true value, the measured value differs
from its true value by one nonrandom factor. Since all of the
measurements are at the same power level and frequency, we
believe that this error factor will be close to the same across all
measurements. Thus, the relative values between measurements,
which tell us which device performs the best, can still be trusted
even though the absolute efficiency value is subjected to the
1% error.

Fig. 7. Comparison between the measured and simulated drain voltage (blue
and green–1×) and gate voltage (red and pink–50×) waveforms from the
experiment B with variable-resistance Class-E power amplifiers. (a) 85 V.
(b) 100 V. (c) 115 V. (d) 130 V. (e) 145 V.

Fig. 8. Difference between the measured and simulated efficiency for the
experiment A with choke-input Class-E at 10 MHz.
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TABLE IX
EXPERIMENTAL RESULTS FOR THE FIVE VARIABLE-RESISTANCE CLASS-E
POWER AMPLIFIERS AT 40.68 MHZ AND 200 W (NOMINAL POWER) WITH

DIFFERENT INPUT VOLTAGES, FROM THE LOWEST VOLTAGE (LEFT) TO THE

HIGHEST VOLTAGE (RIGHT)

Fig. 9. Difference between the measured and simulated efficiency for the
experiment A with variable-resistance Class-E at 40 MHz.

The temperature measurement showing the electrically mea-
sured optimal device having the lowest case temperature further
supports our belief.

B. Case B: Variable-Resistance Class-E at 40.68 MHz

The experimental results for the optimal input voltage of a
variable-resistance Class-E at 40.68 MHz in Table IX deviates
slightly from the simulation results, showing the optimal input
voltage of 115 V instead of the simulated value of 100 V.
Nonetheless, the results clearly show that the circuit efficiency
is improved by using an input voltage lower than the maximum
voltage the device can withstand. In this case, the peak voltage of
the optimal design is at only 65% of the maximum drain voltage.

Fig. 9 shows the difference between the measured and simu-
lated efficiency. At all but the lowest input voltages, the experi-
mental results show higher efficiency than the simulation, with
the discrepancy growing larger (up to 3.4%) the higher input
voltage becomes. We speculate that this might be caused by a
combination of three factors.

1) The difference between the actual profile of the nonlinear
junction capacitance Coss and that of the manufacturer
provided device model causing the simulation to overpre-
dict the peak voltage and the Coss loss.

2) The temperature dependence of the Coss loss that was not
accounted for in the original Sawyer–Tower testing in [29]

causing the proposed Class-E Coss loss equation in [31]
to overpredict at the high frequency and high voltage end.

3) A possible interaction between the Coss loss and the con-
duction loss when both occur on the same device instead of
when they are separately measured one without the other.

Nonetheless, without further intensive testing, we cannot
confirm that any of these hypotheses is correct.

VII. CONCLUSION

This article analyzes the input voltage selection and device
sizing procedure of a Class-E power amplifier when faced with
a new loss term called the Coss loss. By assuming a semi-ideal
Class-E operation, we analytically calculated the optimal input
voltage and optimal device sizing equations, to achieve the
highest efficiency for given design constraints. For the case
of nonideal Class-E circuits as well as Class-E variations, we
proposed a distributed loss model for the Coss loss, in analogy
with the GSE, as a convenient way to input this new loss term
into the circuit simulation. This method allowed the effect of the
Coss loss on the circuit waveform and efficiency to be observed,
as well as an optimization via simulation to be done.

In the domain where this Coss loss is a significant part of
the overall power loss, the conventional practice of using the
highest input voltage and biggest device possible to get the
best efficiency is no longer valid. Our mathematical analysis
has found that while the highest efficiency will still occur when
the highest input voltage is selected, this is only on the condition
that the optimal device size for that input voltage is used, not the
biggest device possible.

In practice, we sometimes cannot actually use this optimal
device size for the highest input voltage. A lot of the time, this
optimal device size is smaller than the smallest device com-
mercially available, or it has the maximum current capability
that is lower than what is required by the rest of the circuit. In
such cases, as we are limited by the device, a new optimal input
voltage for that device will need to be calculated to obtain the
best efficiency. In many cases, this optimal input voltage will be
much lower than the maximum voltage the device can handle.

While the GSE-basedCoss loss model is accurate at predicting
the Coss loss for the Class-E waveform, we find that this model
does not extend well to other resonant topology waveforms
with higher harmonics, such as that of a Class-Φ2. Moreover,
while our mathematical analysis and simulation method pro-
vided good matches with the experimental results, disparities in
the efficiencies were observed at the higher end of voltage and
frequency. Therefore, in order to further improve the accuracy
of the optimization, more studies into understanding, predicting,
and modeling of the Coss loss is still needed.

APPENDIX A

On a Method to Derive the Steinmetz Coss Loss Parameter
ke for the Class-E Waveform From the Sinusoidal Waveform
Parameter.

For a given semiconductor device, its Steinmetz-like Coss

loss parameters for the Class-E waveform, ke, α, and β, are
essential to the optimization of a Class-E power amplifier. While
the paper [31] has included these parameters for some of the
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commercially available devices, there are still many devices not
accounted for.

For some of those devices, we can alternatively find their
Steinmetz-like loss parameters for the sinusoidal excitation, k,
α, and β, in [30], or extract them from Ediss versus Vds and freq.
plots for sinusoidal excitations in [31]. As for any device not
included in those studies, a simple Sawyer’s tower measurement
can be used to find the device’s Steinmetz loss parameters for
sinusoidal excitation.

Regardless of how these Steinmetz-like loss parameters for
the sinusoidal excitation, k, α, and β, are obtained, here we will
show one way to convert them to the Steinmetz loss parameters
for the Class-E waveform.

First, let us assume that we have two waveforms with the same
peak voltage Vp and maximum dv/dt.

One of them is a sinusoidal waveform at the frequency fs(
dvds
dt

)sine

max

= πVpfs.

The other one is a Class-E waveform at the frequency fe(
dvds
dt

)class−e

max

=
2π

atan
(
2
π

)Vpfe.

And since (
dvds
dt

)sine

max

=

(
dvds
dt

)class−e

max

the two frequencies must relate by

fs =
2π

atan
(
2
π

)fe.
Next, let us assume that the Steinmetz-like loss equation for

both waveforms are

Pcoss,sine = kf (α+1)
s V β

p

and

Pcoss,e = kef
(α+1)
e V β

p .

Then, their energy dissipation per cycle Ediss will have to be

Ediss,sine = kfα
s V

β
p

and

Ediss,e = kef
α
e V

β
p .

Note that Pcoss = Ediss per cycle × f .
From the experimental data and normalized dv/dt concept

proposed in [30], it can be shown that if two waveforms have
the same (dv/dt)max and Vp, they will have the same energy
dissipation Ediss per cycle

Ediss,e = Ediss,sine.

Then,

kef
α
e V

β
p = kfα

s V
β
p

kef
α
e V

β
p = k

(
2π

atan
(
2
π

)fe
)α

V β
p .

Thus,

ke = k
2α

atan
(
2
π

)α .
APPENDIX B

Extra Examples for Selected GaN, Si, and, SiC Devices
The following set of tables show the device parameters, the

optimal input voltage, the optimal device size, and the capaci-
tance ratio over a range of design parameters for the GaN HEMT
GS66504B from GaNSystems.

TABLE X
STEINMETZ AND OTHER DEVICE PARAMETERS FOR THE GS66504B

TABLE XI
OPTIMAL INPUT VOLTAGE Vin,opt FOR THE GS66504B AT DIFFERENT

OPERATING FREQUENCIES AND POWER LEVELS

Asterisks denote those above 180 V which would cause the peak
voltage to exceed Vds,max of the device.

TABLE XII
OPTIMAL DEVICE SIZE mopt FOR A 100 W DESIGN AT DIFFERENT

OPERATING FREQUENCIES AND INPUT VOLTAGE LEVELS

GS66504B is used as the nominal device (m = 1).

TABLE XIII
CAPACITANCE RATIO Cratio OF THE OPTIMAL DEVICE AT DIFFERENT

OPERATING FREQUENCIES AND INPUT VOLTAGE LEVELS

The following set of tables show the device parameters, the
optimal input voltage, the optimal device size, and the capaci-
tance ratio over a range of design parameters for the GaN HEMT
PGA26E19BA from Panasonic.
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TABLE XIV
STEINMETZ AND OTHER DEVICE PARAMETERS FOR THE PGA26E19BA

TABLE XV
OPTIMAL INPUT VOLTAGE Vin,opt FOR THE PGA26E19BA AT DIFFERENT

OPERATING FREQUENCIES AND POWER LEVELS

Asterisks denote those above 165 V which would cause the peak voltage
to exceed the Vds,max of the device.

TABLE XVI
OPTIMAL DEVICE SIZE mopt FOR A 100 W DESIGN AT DIFFERENT OPERATING

FREQUENCIES AND INPUT VOLTAGE LEVELS

PGA26E19BA is used as the nominal device (m = 1). Asterisks denote
those where their maximum switch current exceeds the Ids,max of the
device.

TABLE XVII
CAPACITANCE RATIO Cratio OF THE OPTIMAL DEVICE AT DIFFERENT

OPERATING FREQUENCIES AND INPUT VOLTAGE LEVELS

Asterisks denote those where their maximum switch current ex-
ceeds the Ids,max of the device.

The following set of tables show the device parameters, the
optimal input voltage, the optimal device size, and the capaci-
tance ratio over a range of design parameters for the Si MOSFET

STD3NK80ZT4 from STElectronic.

TABLE XVIII
STEINMETZ AND OTHER DEVICE PARAMETERS FOR THE STD3NK80Z-T4

TABLE XIX
OPTIMAL INPUT VOLTAGE Vin,opt FOR THE STD3NK80ZT4 AT DIFFERENT

OPERATING FREQUENCIES AND POWER LEVELS

Asterisks denote those above 225 V which would cause the peak
voltage to exceed the Vds,max of the device.

TABLE XX
OPTIMAL DEVICE SIZE mopt FOR A 100-W DESIGN AT DIFFERENT OPERATING

FREQUENCIES AND INPUT VOLTAGE LEVELS

STD3NK80ZT4 is used as the nominal device (m = 1). As-
terisks denote those where their junction capacitance exceeds
the Creq of the circuit.

TABLE XXI
CAPACITANCE RATIO Cratio OF THE OPTIMAL DEVICE AT DIFFERENT

OPERATING FREQUENCIES AND INPUT VOLTAGE LEVELS

Asterisks denote those where their junction capacitance exceeds
the Creq of the circuit.

The following set of tables show the device parameters, the
optimal input voltage, the optimal device size, and the capaci-
tance ratio over a range of design parameters for the SiC MOSFET

C3M0075120J from Wolfspeed.

TABLE XXII
STEINMETZ AND OTHER DEVICE PARAMETERS FOR THE C3M0075120J

TABLE XXIII
OPTIMAL INPUT VOLTAGE Vin,opt FOR THE C3M0075120J AT DIFFERENT

OPERATING FREQUENCIES AND POWER LEVELS
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TABLE XXIV
OPTIMAL DEVICE SIZE mopt FOR A 100 W DESIGN AT DIFFERENT OPERATING

FREQUENCIES AND INPUT VOLTAGE LEVELS

C3M0075120J is used as the nominal device (m = 1).

TABLE XXV
CAPACITANCE RATIO Cratio OF THE OPTIMAL DEVICE AT DIFFERENT

OPERATING FREQUENCIES AND INPUT VOLTAGE LEVELS

Fig. 10. Measured efficiency versus gate fall time of the choke-input Class-E
circuit at 10 MHz and 200 W.

APPENDIX C

A. Effect of the Turn OFF (Current Fall Time) Loss on the
Experiment A

To make sure that the efficiency difference between the op-
timal device (GS66504B) and the larger devices (GS66506T
and GS66508T) in the experiment A is not coming from the
difference in the turn OFF loss due to the slower gate fall time
in the larger devices, we perform an extra experiment. Here, we
increase the gate resistance of the circuit in Fig. 4 to artificially
increase the gate fall time of the choke-input Class-E circuit with
the GS66504B GaN HEMT. Seven different resistance from 2.4
to 12 Ω are used. All the other component values are kept the
same as in Tables VI and VII.

The resulting fall time of the gate voltage (90% to 10%) varies
from 3.5 to 12.4 ns. Fig. 10 shows the measured efficiency of
the circuit with GS66504B at the different gate fall time and

Fig. 11. Measured drain voltage (blue–1×) and gate voltage (red–50×) wave-
forms from the extra experiment to study the effect of slow gate fall time
with choke Class-E power amplifiers. (a) 3.5 ns fall time. (b) 3.7 ns fall time.
(c) 4.6 ns fall time. (d) 5.7 ns fall time. (e) 6.8 ns fall time. (f) 9 ns fall time.
(g) 12.4 ns fall time.

compares them with the efficiency of the circuit with GS66506T
and GS66508T from Section V-A. Fig. 11 shows the measured
drain and gate waveforms of the seven circuits.

As seen from the plot, even when the gate fall time of the
GS66504B circuit are increased to equal and even higher to that
of the GS66506T (tfg = 3.6 ns) and GS66508T (tfg = 4.4 ns)
circuit, the GS66504B efficiency still remains higher than that
of the other two. This proves that the superior efficiency of the
GS66504B in the experiment A stems from the difference in the
Coss loss and not difference in the turn OFF loss due to the gate
fall time.
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Fig. 12. Measured overall power loss (blue) and the best fit curve (green)
versus the gate fall time of the choke-input Class-E circuit at 10 MHz and
200 W.

Using this data, we can also estimate the magnitude of the turn
OFF loss in the experiment A. Fig. 12 plots the overall power loss
of the circuit (Pin − Pout) versus the gate fall time. Since the
loss in all the other parts of this circuit remains the same, we can
curve fit this data to calculate the turn OFF loss.

Ploss = 6.3 +
(2π · 10× 106 · tfg/1.9)2

12
× 200.

By subtracting away the static part (tfg = 0 ns, we find that

Ptf =
(2π · 10× 106 · tfg/1.9)2

12
× 200

where tfg is the 90% to 10% gate voltage fall time.
For instance, for the gate fall time of 3.5 ns (the original

GS66504B circuit with Rg = 2.4 Ω), the turn OFF (fall time)
loss is approximately Ptf = 0.22 W. Likewise, for the gate fall
time of 4.4 ns (the gate fall time of the GS66508T circuit), the
turn OFF (fall time) loss is approximately Ptf = 0.35 W.

B. Effect of the Turn OFF (Current Fall Time) Loss on the
Optimization Equations

While the optimization equations in Section II-C works well
when the current fall time is small (such as in the experiment A),
there are times where this is not the case. To incorporate the
fall time loss, Ptf into the optimization equations, we can
approximate the fall time loss by the equation [50]

Ptf =
(ωtf )

2

12
Pin

where tf is the fall time of the drain current. (This drain current
fall time is related but not equal to the fall time of the gate
voltage.) Notice that since this fall time loss is independent of
the input voltage, it has no effect on the optimal input voltage
(6) and minimum frequency (7) equations.

To find its effect on the optimal device size equation, we
assume that the drain current fall time of the different size device
scales linearly with the gate input capacitance. This is the case
when the gate voltage fall time is limited by the input capacitance
of the device.

With this assumption, we can find that the fall time loss for
any device is

Ptf = m2 (ωtf )
2

12
Pin

where tf is the fall time of the nominal device and m is the
scaling factor used in Section II-C.

By adding this term to the overall power loss equation, we
find that the optimal device size mopt can be calculated by

−rRon

m2
opt

P 2
in

V 2
in

+ kef
(α+1)(pVin)

β +mopt
2

3
π2f2t2fPin = 0.

Unfortunately, this is a third degree polynomial equation with
no concise solution.
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