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Abstract—In this study, we provide a theoretical examination of
an innovative inverse Class-E power amplifier (PA) incorporating
a shunt filter to achieve optimal performance. We derive idealized
waveforms and load parameters, verifying these through frequency
domain simulations. The findings indicate that the performance
of inverse Class-E PA does not consistently increase with higher
parasitic output capacitance. The ideal switch voltage and current
waveforms suggest the potential for reaching 100% efficiency. We
offer design examples using both lumped elements and transmis-
sion lines. To validate our theoretical predictions, we conducted
measurements on the transmission line inverse Class-E. The sim-
ulation and measurement results closely align, showing a maxi-
mum drain efficiency of 82%/81% and a power-added efficiency of
75%/74.8%. Furthermore, an output power of 40.5/40.3 dBm and
a power gain of 11.0/10.3 dB were achieved in the saturation region.

Index Terms—Inverse class-E, shunt filter, zero-current switch-
ing (ZCS), zero-derivative current switching (ZDCS).

I. INTRODUCTION

THE power amplifier (PA) plays a crucial role in communi-
cation systems by amplifying the signal to a level suitable

for transmission or further processing. It is essential in various
communication applications, including wireless communication
systems, broadcasting, satellite communication, etc. Efficient
PAs minimize power losses in the amplification process, re-
sulting in improved energy efficiency and longer battery life
in portable communication devices. It has been investigated
that the energy consumption of PAs takes around 17% of the
total operation energy for communication service providers [1].
Over the past decades, both academic research and industrial
developments have focused on improving PA efficiency [2] and
designing innovative PA architectures [3], [4] to minimize power
consumption and reduce heat dissipation.
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Switching mode PAs achieve a higher theoretical efficiency
limit compared to transconductance mode PAs. The Class-E
PA, a type of switching mode PA, was initially proposed by
Ewing and has since gained widespread adoption due to its
high-efficiency operation and simple topology [5]. Sokal and
Sokal introduced the first Class-E PA design, which features a
shunt capacitor and a series resonant circuit connected to the
transistor [6], [7].

The key to minimizing power dissipation in Class-E PAs is
to prevent the simultaneous occurrence of high voltage and cur-
rent in the transistor, particularly during switching transitions.
When the transistor turns OFF, it can potentially draw a high
current. To minimize losses, the voltage across the transistor
should ideally be zero at this point, which can be achieved
through zero-voltage switching (ZVS) conditions. When the
transistor turns ON, not only should the voltage be zero, but its
rate of change should also be zero to further reduce switching
losses. This is accomplished by applying zero derivative voltage
switching (ZDVS) conditions. However, Class-E PAs typically
generate very high-voltage swings across the transistor. This
characteristic poses a significant reliability concern, as these
voltage excursions may exceed the safe operating area limits of
the devices.

The high-efficiency inverse Class-E PA represents a variant
designed to achieve optimal power efficiency while minimizing
distortion characteristics. The inverse Class-E PA with a series
filter, initially proposed by Mury [8] and elaborated upon in sub-
sequent studies [9], has gained significant popularity. The output
waveform of the inverse Class-E operation is the complement
or inverse of the waveforms of Class-E PA. Rather than utilizing
ZVS and ZDVS as in Class-E PAs, achieving high efficiency
of inverse Class-E PA is facilitated by employing zero-current
switching (ZCS) and zero-derivative current switchings (ZDCS)
conditions. These conditions enable soft switching during the
ON-to-OFF transition, effectively reducing switching losses asso-
ciated with current. To design a high-efficiency inverse Class-E
PA, several techniques and considerations have been introduced
in [8] and [9]. This design is favored for its lower maximum
switch voltage than Class-E amplifiers and its high efficiency.

Inverse Class-E PA has a 20% lower peak switch voltage
than Class-E, as well as can absorb device output inductance.
However, early inverse Class-E topology employs a large, lossy,
and bulky LRFC choke, as shown in Fig. 1(a). The effect of
the bond wire inductance is mentioned in [10] and [11], and
the effect of ON resistance and parasitic output capacitance
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Fig. 1. (a) Conventional inverse Class-E. (b) Proposed inverse Class-E PA.
(c) Load network of the proposed PA at the fundamental frequency. (d) Load
network of the proposed PA at the harmonic frequencies.

are presented in [12]. The performance of inverse Class-E PA
based on ZCS and ZDCS conditions has been discussed in [13],
and its performance at any duty ratio has been compared with
Class-F3/E PA.

This article proposes an innovative inverse class-E PA, where
a circuit topology incorporating a finite inductor is introduced
to replace the traditionally bulky LRFC chock. The key contribu-
tions of this article are listed as follows.

1) Proposed an innovative inverse Class-E PA provides a
comprehensive analysis.

2) The idealized waveforms and load parameters have been
verified to achieve 100% efficiency.

3) The proposed architecture has been designed using both
lumped elements and distributed transmission line circuits
to fulfill the operation condition.

The rest of this article comprehensively explains the circuits
analysis, simulation and implementation process, and research
findings. Section II provides a detailed description of the inverse
Class-E analysis, focusing on various aspects of the circuit. It
includes the derivation of the current and voltage waveforms.
Section III covers the simulation and implementation of two
circuit prototypes. One circuit prototype utilizes a gallium nitride
(GaN) high-electron-mobility transistor (HEMT) CGH40010F
with a lumped-element load network at 430 MHz. Also,
Section III provides details of the implementation process and
highlights the specific components and configurations used for
the transmission line inverse Class-E prototype at 2.4 GHz.
Section IV provides a concise overview of the contributions and
concludes this article.

II. ANALYSIS OF THE PROPOSED INVERSE CLASS-E AMPLIFIER

The configurations of the conventional inverse Class-E and
proposed inverse Class-E amplifiers are depicted in Fig. 1(a) and
(b), respectively. Fig. 1(b) illustrates that the proposed PA ex-
hibits different impedance properties from conventional inverse
Class-E designs. The load networks of the proposed PA at the
fundamental and harmonic frequencies are presented in Fig. 1(c)
and (d), respectively. It is evident that the inverse Class-E mode
with a shunt filter at the fundamental frequency demonstrates
distinct impedance properties compared to an alternative inverse
Class-E configuration with a series filter. At both even and odd
harmonics, its optimum impedances can be determined by the
series L, akin to the inverse Class-E in Fig. 1(a). The proposed
PA offers the advantage of the following.

1) It can mitigate the influence of transistor output induc-
tance, particularly noticeable at higher frequencies.

2) Finite inductor L0 instead of infinite inductor LRFC in the
conventional inverse Class-E, which is bulky and lossy,
results in a more compact circuit.

3) The basic advantage of the proposed inverse Class-E is the
significantly lower drain voltage peak, 2.86 instead of 3.56
for a conventional Class-E, which significantly reduces the
requirement for device breakdown voltage.

4) The proposed inverse Class-E amplifier does not require
any dc blocking capacitance, unlike the conventional in-
verse Class-E PA in Fig. 1(a). This results in a simpler
structure and improved design.

5) The analyzed maximum operating frequency surpasses
those reported in other publications, making the proposed
design well-suited for operation in the microwave fre-
quency range.

In this analysis, the switch operates in an OFF state during
0 < ωt < π and in an ON state during π < ωt < 2π. Similar to
the conventional inverse Class-E PA, the switch current satisfies
the ZCS conditions as

i(ωt) |ωt=2π = 0

di(ωt)

dωt
|ωt=2π = 0. (1)

The load current is defined as

iR(ωt) = IR sin(ωt+ φ). (2)

Here, φ represents the initial phase shift of the current. During
0 < ωt < π, the switch is in the OFF state, resulting in zero
voltage across the inductor L. Therefore

v(ωt) = vC(ωt)− vR(ωt), v(0) = 0 (3)

and the voltage vC(ωt) between the capacitance C can be
expressed by current IR flowing through the capacitance C as

vC(ωt) = − 1

ω C

∫ ωt

0

IR sin(ωt+ φ)dωt+ vC(0). (4)

Considering (4), the voltage vC(0) can be obtained from v(0) =
0 as

vC(0) = RIR sinφ. (5)



SHEIKHI et al.: DESIGN OF NOVEL HIGH-EFFICIENCY INVERSE CLASS-E POWER AMPLIFIER 11119

Using (3)–(5), the switch voltage is obtained as

v(ωt) = RIR ×
[ 〈sinφ− sin(ωt+ φ)〉
+ 1

ω CR 〈cos(ωt+ φ)− cosφ〉
]
. (6)

For π < ωt < 2π, the voltage of inductor L can be obtained as

vL(ωt) = vC(ωt)− vR(ωt). (7)

Equation (7) can be represented as

ωL
di

dωt
=

−IR
ωC

∫ θ

π

sin(ωt+ φ)dωt

+ vC(π)− RIR sin(ωt+ φ). (8)

The voltage vC(π) can be obtained from vL(π) = v(π) as

vC(π) = − 2

ωC
IR cosφ+ RIR sinφ. (9)

Solving (8), the normalized switch current is obtained as

ωL
di

dωt

= RIR

{
〈sinφ− sin(ωt+ φ)〉+ 1

ωCR
cos(ωt+ φ)

}
.

(10)

The general solution is in the form of

i(ωt)

= IR ×
{
q2[sin(ωt+ φ) + sinφ+ π cosφ− ωt cosφ]

+
[
cos(ωt+φ)+cosφ+ωt sinφ−π sinφ

ωL/R

] }

(11)

where

q = 1/ω
√

LC.

The voltage VDD and current IDD can be determined by applying
Fourier-series expansion to (6) and (11) as

VDD =
1

2π

∫ π

0

v(ωt)dωt

=
RIR
2π

{〈
2− πωCR

ωCR

〉
sinφ+

〈
π + 2ωCR

ωCR

〉
cosφ

}
(12)

and

IDD =
1

2π

∫ 2π

π

i(ωt)dωt

= IR ×
⎧⎨
⎩
q2

〈
1
2 sinφ− π2+4

4π cosφ
〉
+

R
ωL

〈
1
2 cosφ+ π2+4

4π sinφ
〉

⎫⎬
⎭ . (13)

The peak switch voltageVmax and current Imax can be determined
from (6) and (11) using (12) and (13) as

Vmax

VDD
= 2.86 (14)

Imax

IDD
= 3.56. (15)

Fig. 2. Ideal normalized switch voltage and current waveforms from the
theoretical analysis.

The definition of the output power capability cp is expressed as

cp =
1

|Vmax
VDD

|| Imax
IDD

| = 0.0982. (16)

Equation (14) shows that the normalized voltage peak factor
of the proposed inverse Class-E PA is lower than that of the
conventional Class-E PA. The voltage waveforms from (6) and
the current waveforms from (11) are plotted using Mathcad
software. Fig. 2 illustrates the normalized voltage and current
waveforms over the interval 0 < ωt < 2π.

The fundamental-frequency current through the switch com-
prises two quadrature components, where the amplitude of the
real component is defined by the Fourier formula as

IR = − 1

π

∫ 2π

0

i(θ) sin(θ + φ)dθ. (17)

For the efficiency of 100%, the dc power Pdc = VDDIDD and the
output power Pout = RI2R/2 are equal, which can be expressed
as

VDDIDD = RI2R/2. (18)

Using q, (12)–(13), and (15), the equation for the normalized
capacitance C can be derived as

ωCR = −2 sinφ− π cosφ

2 cosφ+ π sinφ
. (19)

Subsequently, ωL/R can be derived from q and (19) as

ωL

R
=

1

ωCR × q2
. (20)

As a result, by solving a system of three equations—two inverse
Class-E switching conditions given by (1) and the third one
for IR given by (17)—the three unknown parameters can be
calculated as

q = 1.412 (21)

φ = 15◦ (22)

IR
IDD

= 1.65. (23)
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Fig. 3. Simulation setup in the frequency domain using Keysight ADS.

Fig. 4. Normalized waveforms in the frequency domain with ωCoutR=0.

Thus, the ωCR=0.913 and ωL/R=0.549 have been obtained.
The optimum load resistance R can be obtained as

R =
2Pout

I2R
= 2

(
IDD

IR

)2
Pout

I2DD
. (24)

From Fig. 1(c), the phase angle ϕ is obtained as

ϕ = tan−1

(
ω2 LC − 1

ωCR

)
. (25)

The maximum operating frequency fmax can be obtained from
(24) and ωCR=0.913 as

fmax = 0.186
I2DD

CPout
. (26)

Fig. 3 shows the nominal inverse Class-E PA simulation setup
in Keysight advanced design system (ADS), utilizing an input
pulse source in the frequency domain. It is worth noting that, in
this simulation setup, the transistor is modeled as an ideal switch
to facilitate theoretical analysis, whereas real devices include
parasitics that cause finite switching times. This serves as an
approximation to ideal conditions, with the transistor operating
as a multiharmonic current source in saturation under slightly
overdriven conditions. To accurately simulate the nonlinear be-
havior of the switching-mode inverse Class-E PA, the number of
harmonics was set to 16 considering the sharp transitions in pulse
signals during the transient simulation. Based on the simulation
setup in Fig. 3, the normalized switch voltage and current
waveforms of the idealized inverse Class-E PA with ωCoutR=0
are shown in Fig. 4. However, the simulation waveforms for the
optimum load-network parameters may not be accurate due to
the choice of finite harmonic components.

The voltage and current waveforms of the transistor because of
the existence of the parasitic output capacitance Cout is changed.

Fig. 5. Drain voltage and current with output capacitance ωCoutR.

Fig. 6. Drain efficiency as a function of output capacitance ωCoutR.

Fig. 7. Schematic of the proposed Class-F/E PA.

The waveforms shown in Fig. 5 show that the optimum operation
conditions are close to optimal. Here, to investigate the effect of
the transistor’s shunt capacitor, the harmonic balance simulation
result of various shunt capacitance is given in Fig. 6. The results
indicate that drain efficiency does not monotonically decrease
with increasing output capacitance. Interestingly, the inverse
Class-E PA demonstrates higher efficiency at larger values of
ωCoutR compared to certain lower values.

To minimize the current peak factor, the load network pa-
rameters can be adjusted to align with the Class-F3/E mode, as
shown in Fig. 7. This involves configuring the third-harmonic
tank L3−C3 in series with the series inductance L to achieve
an open-circuit condition at the third harmonic. Fig. 8 illus-
trates the ideal and simulated drain voltage and current wave-
forms. However, due to the sufficiently low-quality factor of the
third-harmonic resonator, efficiency drops. To address this, the
proposed load network with a shunt filter can be modified to
operate in Class-F3/E mode without power loss at harmonics.
As demonstrated in Fig. 9, the shape of the voltage waveform of
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Fig. 8. Simulated waveforms of the proposed inverse Class-F/E PA.

Fig. 9. Simulated waveforms comparison between the proposed inverse Class-
E and Class-F/E PAs.

inverse Class-E is influenced by the resonant network, typically
L3−C3 tank circuit, which helps shape the waveform and filter
out undesired harmonic components. The drain voltage wave-
form in the Class-F/E mode in Fig. 9 typically exhibits switching
transitions.

III. SIMULATION AND MEASUREMENT RESULTS OF THE

INVERSE CLASS-E PA

A. Lumped Element Inverse Class-E PA

The application of the developed theoretical framework and
its practical implications for circuit design are subsequently
presented. First, we elaborate on the design of an inverse Class-E
PA prototype at 430 MHz. The PA is implemented using a
CGH40010F GaN HEMT transistor. The circuit schematic used
in the simulation is shown in Fig. 10. The design example is
subjected to the specifications, i.e., f0 = 430 MHz, Pout =
12 W, and Q = 10. The values of the parameters calculated
from analytical equations for the proposed inverse Class-E are
L0 = 1.89 nH, C0 = 72.51 pF, L= 10.34 nH, C = 6.65 pF, and
R = 51 Ω. In the simulation setup, the specification parameters
of the proposed PA are as follows: D = 0.5, f0 = 430 MHz,
C0 = 72 pF, L0 = 1.9 nH, R = 50 Ω, L = 8.34 nH, C =
6.24 pF, and VDD = 28 V for load network and R1 = 88 Ω, R2

= 12 Ω, L1 = 15 nH, C1 = 104 pF, C2 =13.3 pF, and VGG =

Fig. 10. Basic schematic of the proposed PA.

Fig. 11. Simulated intrinsic current and voltage waveforms of the proposed
inverse Class-F/E PA using realistic transistor model.

−2.89 V for input matching circuit. The simulated waveforms
of the designed inverse Class-E PA using the realistic transistor
model are shown in Fig. 11. The negative part of the current
across the inductor results from the discharging inductor process
during the half period when the switches are turned-ON. Voltage
does not drop instantly at ωt=π because it still continues to flow
through Cout when the switch is turned-OFF.

B. Transmission Line Inverse Class-E PA

To achieve a transmission line load network that aligns with
the inverse Class-E mode, it is crucial to carefully select optimal
parameters such as C, L, and R at the fundamental frequency.
In addition, appropriate inductance at the second and third
harmonics should be incorporated. Fig. 12(a) illustrates the
designed load network, detailing the electrical characteristics
of the transmission lines and the specifications of the packaged
elements. Since the transistors used in this study are commer-
cially packaged, these elements must be integrated into the load
network design. The equivalent circuit of the load network at the
second and third harmonic frequencies are shown in Fig. 12(b)
and (c), respectively. Smith chart in Fig. 12(d) depicts theoretical
and simulated load impedances at the first three harmonics. In-
ductance terminations at 4.8 GHz and 7.2 GHz and the required
fundamental-frequency impedance at 2.4 GHz are met.

Fig. 13 presents the schematic of the designed PA operating
at 2.4 GHz, including the dimensions of its elements. All sim-
ulations during the design process were conducted using ADS
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Fig. 12. Schematic of the load network at (a) fundamental frequency, (b)
second, (c) third harmonic frequencies, and (d) theoretical and simulated load
impedances.

Fig. 13. Schematic circuit of the designed PA prototype.

2022. As the dc-feed inductor also performs part of the load
network of the proposed PA, it is necessary to incorporate the
current waveforms and rms value estimation for the input current
going from the dc source. The schematic in Fig. 3 represents an
ideal case where the parallel inductor and shunt capacitor have
infinite self-Q, leading to high RF current amplitudes as current
circulates within the parallel filter circuit. However, in real-world
conditions, a more practical approach is to analyze the current
waveform using a realistic device—specifically through L0 in
Fig. 10 and the drain line current in Fig. 13. In Fig. 10, the

Fig. 14. DC current going from the DC source (a) Fig. 10. (b). Fig. 13.

Fig. 15. (a) Photograph of the fabricated PA DUT. (b) Measurement setup.

inductor has a finite self-Q of approximately 10 due to parasitic
series resistance. Its actual value also depends on the loaded
Q, which is set to 10 in our case but may be lower in some
scenarios. In Fig. 13, the presence of a bypass capacitor Cb1 and
Cb2 significantly reduces the input current from the dc source.
Fig. 14 presents the input current waveforms and rms value
estimations from the dc source for all three cases. However,
this does not pose an issue for the lumped devices. A more
reliable solution is to use a wire with an appropriate diameter
that meets the fusing current requirements. The designed PA is
fabricated on a Rogers RO4003C PCB substrate with a thickness
of 0.508 mm, as shown in Fig. 15(a), with the measurement
setup depicted in Fig. 15(b). Large-signal continuous wave
(CW) measurements for power and efficiency characterization,
as well as modulated signal measurements for linearity testing,
are conducted using a National Instruments PXIe-5646R vector
signal transceiver (VST). The carrier frequency range extends up
to 6 GHz, with high-speed digital input/output (I/O) capabilities
of up to 250 Mb/s. The VST is used to generate both CW and
modulated signals within this frequency range. The input power
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TABLE I
COMPARISON WITH THE STATE-OF-THE-ART

Fig. 16. Simulated and measured results of the designed PA versus input
power.

is first amplified by a 35 W EMPOWER driving amplifier and
then amplified by the device under test (DUT). Before feeding
the signal back to the VST, the output of the PA is connected
to an attenuator. The simulated and measured drain efficiency,
power added efficiency (PAE), output power, and gain of the
designed PA are shown in Fig. 16. This proposed PA achieves
the drain efficiency and PAE of 82% and 75%, respectively.
The maximum output power is 40.5 dBm with a saturation gain
of 11.0 dB at the input power of 30 dBm. For evaluating the
performances of the proposed design, the fabricated PA is tested
with CW signals. Like the simulation, the measurement is also
performed at 2.4 GHz. During the measurement, the quiescent

Fig. 17. Measured A.M./A.M. and A.M./P.M. before and after DPD.

current and gate voltage of the inverse Class-E PA is set to 50 mA,
and −2.42 V, respectively.

Table I summarizes the designed inverse Class-E PA and
compares it to the state-of-the-art PAs. The proposed PA pro-
vides a good performance comparable to contemporary designs.
This work utilizes a parallel output resonant filter, while [8],
[12], [14], [15], and [16] also implement parallel filters. In
contrast, the authors in [13] and [17] employed series filters
in their designs. The design presented in this work features
four components, which is lower than other configurations. This
reduction in component number not only simplifies the design
but also offers potential benefits regarding component stress.
However, it has a lower maximum switch voltage compared to
[13], [14], [16], and [17]. By utilizing only four components, this
design simplifies the circuit, reducing complexity and potential
points of failure. The absence of the LRFC simplifies the overall
design, reducing manufacturing costs and complexity, which
distinguishes it from studies [8], [12], [13], [14], and [17], which
integrate LRFC components into their designs. Conversely, Liu
and Cheng [16] also omited this component but has a higher max-
imum switch voltageVmax. The proposed inverse Class-E PA has
a relatively lowVmax, making it more compatible with monolithic
microwave integrated circuit technology. The proposed structure
achieves a maximum operating frequency fmax that is 1.75 times
higher than those reported in [8] and [12], 2.58 times higher than
[13], 1.86 times higher than [14], 1.92 times higher than [15],
2.66 times higher than [16], and 3.67 times higher than [17]. With
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a higher fmax, the proposed inverse Class-E PA is well-suited for
operation in the microwave frequency range. It is necessary to
clarify that the component counts for the different PAs listed in
Table I do not include electromagnetic interference filters.

Fig. 17 shows the measured amplitude-to-amplitude modu-
lation (A.M.–A.M.) and amplitude-to-phase modulation (A.M.–
P.M.) performance with and without digital predistortion (DPD)
under 40 MHz orthogonal frequency division multiplexing
(OFDM) signals at 2.4 GHz. In terms of A.M.–A.M performance,
the graph shows how output amplitude varies relative to input
amplitude. Without DPD, the A.M.–A.M curve typically displays
a nonlinear response as input amplitude increases. This nonlin-
earity indicates that the amplifier begins to compress at higher
input levels, leading to signal distortion. With DPD applied,
however, the A.M.–A.M response becomes more linear. The DPD
corrects the gain compression, allowing the amplifier to maintain
a more consistent output amplitude across a range of input levels,
which significantly reduces amplitude-related distortion in the
transmitted signal. The A.M.–P.M. performance illustrates how
phase shift varies with changes in input amplitude. Without
DPD, the A.M.–P.M. curve typically shows increasing phase
deviation as the input amplitude rises, a common result of
nonlinearities within the PA. This phase deviation contributes to
signal distortion, affecting the accuracy of the transmitted data.
When DPD is applied, the A.M.–P.M. curve becomes more stable,
with reduced phase shift over varying input amplitudes. This
improvement minimizes phase-related distortion and enhances
the fidelity of the transmitted signal.

IV. CONCLUSION

In this article, the theoretical analysis of an inverse Class-E
PA with a shunt filter has been presented. The ideal voltage
and current waveforms, as well as the load network parameters,
have been confirmed via frequency-domain simulations. High
efficiency and output power capability are ensured by evaluating
performance under ZCS and ZCDS conditions. The findings
reveal that the maximum switch voltage is lower than in conven-
tional Class-E designs. In addition, utilizing a finite inductor L0

instead of an infinite inductor LRFC in the conventional inverse
Class-E yields a more compact circuit. The theoretical analysis
through simulation and test results for both lumped element
and transmission line PAs have been validated. The high drain
efficiency and PAE of 82% and 75% at 30-dBm input power is
achieved for the transmission line inverse Class-E configuration.
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