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Design and Analysis of Class E/F3 Power
Amplifier with Nonlinear Shunt Capacitance

at Nonoptimum Operation
Mohsen Hayati, Akram Sheikhi, and Andrei Grebennikov, Senior Member, IEEE

Abstract—This paper presents analytical expressions for the
Class-E/F3 power amplifier with a nonlinear shunt capacitor for
satisfying the nonoptimum condition at 50% duty ratio. The de-
sign parameters for achieving the nonoptimum condition are ex-
pressed as a function of the phase shift and dc supply voltage. The
Class-E/F3 amplifier with nonoptimum condition increases one
design degree of freedom compared with the optimum conditions.
Because of the increase in the design degree of freedom, one more
relationship can be specified as a design specification. The following
parameters series reactance, peak switch voltage, output power ca-
pability, and maximum operating frequency are presented. Based
on analytical results, an example of the Class E/F3 at operating
frequency of 4 MHz is analyzed. The PSpice simulation and mea-
sured results agree with the analytical expressions, which show the
validity of our analytical expressions at zero-voltage switching.

Index Terms—Mixed mode, nonlinear capacitance, nonoptimum
operation and zero-voltage switching (ZVS), power amplifier.

I. INTRODUCTION

THE nonoptimum operation of the amplifier occurs when
the zero-voltage switching (ZVS) condition is satisfied,

but the zero-voltage-derivative switching (ZDS) is not equal to
zero at the switch turns ON instant. The concept of nonoptimum
operation of the Class-E amplifier was defined in the beginning
of the Class-E history [1]–[4]. The first research on nonoptimum
operation has been done by Raab [1]. In this paper, the degree
of freedom for the design amplifier was increased, and the ZDS
condition was removed. The mixed-mode power amplifiers are
the good choice for obtaining high-power and high conversion
efficiency. The optimum conditions of the mixed-mode power
amplifier families with a shunt capacitor have been presented
in [5]–[7]. But the exact analysis on switch mode PAs are not pre-
sented. However, all of the Class-E/F amplifier analyses focus
on how to achieve the optimum operation. Many power elec-
tronic devices only need to ZVS or zero-current switching (ZCS)
condition [8]–[20]. In order to reach a Class E power amplifier
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with good performance, some methods have been suggested and
implemented. The first method employs the push/pull topology
to Class E in order to short odd harmonic like inverse Class F
(demonstrated Class E/F PA). This configuration improved the
amplifier performance such as maximum operating frequency
and caused the reduction of maximum switching voltage to have
maximum output power capability [21], which only in the ZVS
is considered. But the nonoptimum condition in the push/pull
topology is considered with linear shunt capacitance. The sec-
ond method is harmonic tuning in which a resonance network is
inserted between the drain node and ground. In comparison with
Class E amplifier, the performance of the power amplifier can
be improved at the cost of the complicated circuit design [6].
Besides the aforementioned methods, some Class E amplifiers
consist of resonance networks tuned at nonharmonic frequen-
cies. Nonharmonic resonance network consists of parallel finite
dc feed inductor and parallel drain to source capacitor [22], [23]
and the series parallel resonance network at the drain node [24].
In [25], a parallel LC resonator, tuned to the second harmonic
of the switching frequency, is added into the load network of
the Class-E amplifier, in which the significant improvement in
output power capability is achieved. Up to 10 MHz, the power
amplifier with nonoptimum condition can reach high power
conversion efficiency, so the analysis of the power amplifier at
nonoptimum condition is very important.

In this paper, the analytical expressions of the Class-E/F3
power amplifier with a shunt capacitor at the nonoptimum op-
eration are presented. For the verification of our analytical ex-
pressions, design examples of the Class-E/F3 ZVS amplifier are
presented. The design equations, switch, and output waveforms
are obtained as a function of the phase shift and dc supply volt-
age. By changing the peak switch voltage and the peak switch
current, the phase shift is changed, so these two parameters
can be considered as a design specification. The measurement
and PSpice-simulation results are in good agreement with the
analytical results. Design procedures are given for one example
of Class E/F3 amplifiers for nonoptimum operation. In the ex-
ample, operating frequency, input dc supply voltage, load resis-
tance, and peak switch voltage are given as design specifications.
In the nominal circuit, only three parameters such as operating
frequency, input dc supply voltage, and load resistance can be
designated. On the contrary, the example procedures presented
here have four given parameters. The additional parameters,
peak switch voltage or peak switch current can be taken into
account in the design procedure. This power amplifier is imple-
mented with the IRF510 MOSFET. From the breakdown voltage
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Fig. 1. Circuit and model of class-E/Fn power amplifier analyzed in this paper.

point of view, it is proven that the IRF510 MOSFET is a proper
device.

II. CIRCUIT ANALYSIS

The circuit analyzed in this paper is a Class E/F3 amplifier
which shown in Fig. 1. The shunt capacitance of the amplifier
consists only of the MOSFET output parasitic capacitance which
is nonlinear. The derivations of design equations are carried out
under the following assumptions:

1) the inductance of the choke LRFC is large enough to ne-
glect its current ripple;

2) the loaded quality factor Q of the output resonance circuit
is high enough so that the output current can be considered
as a sine wave;

3) the on and off resistance of the MOSFET is zero and
infinite, respectively;

4) the shunt capacitance Cds is entirely composed of the
MOSFET output capacitance. The grading coefficient of
the MOSFET output capacitance is 0.5. The shunt capac-
itance is described by

Cds =
Cj0√
1 + vs

Vb i

(1)

where Vbi is the built-in potential, which changes from 0.5
to 0.9 V, vs is the switch voltage, and Cj0 is the capacitance
at vs(0) = 0;

5) the loaded quality factor Q of the output resonant circuit
is defined as

Q =
ω L

R
. (2)

The quality factor Q is high enough to generate a sinusoidal
output current

io = IM sin(θ + ϕ) (3)

where IM is the amplitude of the output current, θ = ωt, ω is
the angular switching frequency, and ϕ is a phase-shift between
the gate-to-source voltage and the output current. The current
through the shunt capacitance produces the switch voltage. The
switch-voltage waveform satisfies the ZVS conditions at the
switch turn-on instant. We assume that the switch for 0 < θ < π
is OFF, so we have

vs (π) = 0. (4)

The current through the MOSFET device is

iMOS(θ) = IDD − In sin(nθ) − IM sin(θ + ϕ) (5)

and on the other hand, the current of the MOSFET is depicted
as

iMOS(θ) = is(θ) + iC ds(θ) for 0 < θ < π. (6)

So during the off-state, 0 < θ < π, the current of the
MOSFET is depicted as

iMOS(θ) = iC ds(θ) =
ω Cj0√
1 + vs

Vb i

dvs

dθ
(7)

where, iC ds(θ) is the current through the MOSFET parasitic
capacitance. From (7) and vs(0) = 0, we obtain
∫ θ

0
iMOS(θ′) dθ′ = ω

∫ vs

0

Cj0√
1 + v ′

s

Vb i

dv′
s , for 0 < θ < π.

(8)
By substituting (6) into (8), we have
∫ θ

0
[IDD − In sin(nθ) − IM sin(θ + ϕ)] dθ′

= ω

∫ vs

0

Cj0√
1 + v ′

s

Vb i

dv′
s , for 0 < θ < π. (9)

From (9), we obtain

vs(θ) = Vbi [(h(θ) + 1)2 − 1] (10)

where

h(θ)=
IDD θ + In

n (cos(nθ) − 1)+IM (cos(θ + ϕ) − cos(ϕ))
2ωVbiCjo

.

(11)
By substituting θ = π and (4) into (10), we obtain

IDD π +
In

n
(cos(nπ) − 1) − 2IM cos(ϕ) = 0. (12)

The relative amplitude of the nth harmonic component for
any n can be obtained [7] as

In =
4IDD

nπ
. (13)

By substituting (13) into (12), for n = 3, we have

IDD =
18π

9π2 − 8
IM cos(ϕ). (14)

In power amplifier, the dc-supply power PI

PI = VDD IDD (15)

and the output power Po is

Po =
R I2

M

2
. (16)

The power conversion efficiency is

η =
Po

PI
=

R I2
M

2 IDD VDD
= 1. (17)
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Fig. 2. Normalized input resistance VD D /RID D as a function of ϕ.

It is assumed that there is no power losses in the cir-
cuit since, in any cases different from optimum Class E with
zero-voltage and zero voltage-derivative conditions, there exists
a nonzero value of current through the drain-source capacitance
at ωt = π, which means that the existing nonzero voltage across
the capacitance should be discharged instantaneously through
the ideal switch with zero resistance.

From (14) and (17), the amplitude of the output current is

IM =
36π

9π2 − 8
VDD cos(ϕ)

R
(18)

and the amplitude of the output voltage

VM = RIM =
36π

9π2 − 8
VDD cos(ϕ) (19)

and the dc-supply current is

IDD =
(

18π

9π2 − 8

)2 2VDD cos2(ϕ)
R

. (20)

As can be seen from Fig. 2, the normalized input resistance
is a function of the phase shift and it decreased as phase shift ϕ
increased. The dc-supply and output power is

PI = Po = IDD VDD =
(

18π

9π2 − 8

)2 2V 2
DD cos2(ϕ)

R
. (21)

The shunt capacitance current at the switch turn-on instant is
obtained as

iC (θ)|θ=π = ID D −IM sin(θ+ϕ)−In sin(nθ)= ID D +IM sin(ϕ)

= 2
(

18 π

9π2 − 8

)
VD D

R
cos(ϕ)

[ (
18 π

9π2 − 8

)
cos(ϕ)+sin(ϕ)

]
.

(22)

The normalized switch voltage for different value of ϕ, is
shown in Fig. 3. The switch turns ON with the switch volt-
age declining and the ZVS condition is satisfied. As can be
seen from Fig. 3(a) and (b), when ϕ < ϕoptimum and ϕ >
ϕoptimum , the switch turns OFF and the ZVS condition is satis-
fied but ZDS condition is not satisfied. But at optimum condi-
tion ϕ = ϕoptimum , the ZVS and ZDS conditions are achieved.
The normalized output current amplitude IM R/VDD , output
power PoR/V 2

DD , and shunt capacitance current RiC /VDD

Fig. 3. Typical normalized switch voltage (a) for ϕ < ϕoptimum ,
(b) ϕ > ϕoptimum , and (c) ϕ = ϕoptimum .

Fig. 4. Normalized output current amplitude IM R/VD D , output power
Po R/V 2

D D and shunt capacitance current R iC /VD D as a function of ϕ.

at the switch turn-on instant as a function of ϕ are shown
in Fig. 4. For nonoptimum operation, the operating range is
−π/2 < ϕ < −0.61 rad. The output power Po is zero at −π/2.
In this case, the dc input current IDD is zero and the switch volt-
age waveform is a part of a sinusoidal waveform. The switch
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Fig. 5. Variation of ωCj 0 R as a function of VD D and ϕ.

voltage slope at the switch turn-on is zero when ϕ = −0.61 rad.
In this case, the amplifier achieves the optimum operation and
the product of the output power Po and the load resistance R
reaches the maximum value.

The average value of the switch voltage is equal to the dc-
supply voltage VDD

VDD =
1
2π

∫ 2π

0
vs(θ)dθ =

1
2π

∫ π

0
Vbi [(h(θ) + 1)2 − 1]dθ.

(23)
Solving this equation, one obtains the ωCj0R as a function

of VDD and ϕ. Equation (23) has two solutions. One solution
is not suitable for this circuit because ωCj0R is negative when
−π/2 < ϕ < −0.1. The other solution of (23) for ω Cj0R is
obtained as

ωCj0R =
9 cos(ϕ)
(9π2 − 8)

×
〈

4π2VDD (27π4 − 198π2 +152) + π2 VDD cos(2 ϕ)

×(27π4 − 648π2 + 544) + 4 (9π2 − 8)2 sin2 (ϕ)

〉0.5

−2 sin(2ϕ)
(9π2 − 8)

.

(24)
The variation of ωCj0R as a function of VDD and ϕ is shown

in Fig. 5. The maximum value is obtained when VDD is in-
creased. On the other hand, when VDD = 100 V and ϕ = −0.83,
the maximum value for ωCj0R is obtained. As can be seen from
Fig. 1, the voltage across the reactance Lx is expressed as

vLx = ωLx
dio
dt

= ωLxIM cos(θ + ϕ) =
ωLxVM

R
cos(θ + ϕ)

for 0 < θ < 2π. (25)

The voltage across the resonant circuit for 0 < θ < 2π is

vs1 (θ) = vo (θ) + vLx (θ)

= VM sin(θ+ϕ)+
ωLxVM

R
cos(θ+ϕ)=V1 sin(θ+ϕ1 ) (26)

Fig. 6. Variation of X/R as a function of VD D and ϕ.

where V1 is the amplitude of vs1 and is expressed as

V1 = VM

√
1 +

(
ωLx

R

)2

(27)

and ϕ1 is

ϕ1 = ϕ + tan−1
(

ωLx

R

)
. (28)

The output voltage of the resonant circuit vs1 has only the
fundamental frequency component of the switch voltage vs .
Therefore

1
π

∫ 2π

0
vs(θ) cos(θ + ϕ1)dθ = 0. (29)

From (29), we obtain

tan ϕ1 =

∫ π

0 vs(θ) cos(θ)dθ∫ π

0 vs(θ) sin(θ)dθ

=

∫ π

0 Vbi [(h(θ) + 1)2 − 1] cos(θ)dθ∫ π

0 Vbi [(h(θ) + 1)2 − 1] sin(θ)dθ
(30)

from (28), the reactance Lx is given by

Lxω = X = R tan(ϕ1 − ϕ). (31)

In Fig. 6, X/R as a function of ϕ and VDD is shown. It can
be seen that the variation of VDD cause a little change in X/R,
but this ratio decreased when ϕ increased.

From the definition of the loaded quality factor Q,L is ob-
tained as

L =
RQ

ω
. (32)

From (31) and (32), the inductor Lr is

Lr = L − Lx =
R

ω
[Q − tan(ϕ1 − ϕ)]. (33)
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Fig. 7. Variation of VS M /VD D as a function of VD D and ϕ.

The resonant capacitor is obtained as

C =
1

ω2Lr
=

1
ωR[Q − tan(ϕ1 − ϕ)]

. (34)

III. OUTPUT POWER CAPABILITY

The definition of output power capability Cp is

Cp =
VDD IDD

|Vs max |Is max ||
=

1
|Vs m a x |
VD D

|Is m a x |
ID D

(35)

where Vs max and Is max are the peak value of voltage and current
at the MOSFET. The peak switch voltage appears in the range
of 0 < θ < π. Therefore, we have

|Vs max |
VDD

=
|vs(θmax)|

VDD
=

Vbi

VDD
[(h(θmax) + 1)2 − 1]. (36)

In the peak value of the voltage, the derivative value of the
switch voltage is zero. So, from (6) and (8) for n = 3, we
obtained

IDD − I3 sin(3 θmax) − IM sin(θmax + ϕ) = 0. (37)

By substituting (13), (18), and (20) into (37), we have

1 −
(

4
3π

)
sin(3θmax) +

9π2 − 8
18π

sin(θmax + φ) = 0. (38)

Fig. 7 shows the ratio VSMAX/VDD as a function of ϕ and
VDD . This ratio increases from 3.5 to about 3.8 as VDD increases
from 0 to 100 V. On the other hand, the peak switch current
appears during the on-state. So, we have

ISMAX

IDD
= 1 − I3

IDD
sin(3θ) − IM

IDD
sin(θ + ϕ). (39)

The normalized switch current ISMAX /IDD is function of ϕ.
Fig. 8 shows normalized maximum switch current ISM R as
a function of ϕ. It can be seen that the normalized maximum
switch current ISM R increase as ϕ increases from −1.57 to
−0.61 rad. Fig. 9 shows the output power capability Cp as
a function of ϕ and VDD . It can be seen that Cp increases
as ϕ increases. The other parameter to evaluate the amplifier
performance is maximum operating frequency. This parameter
causes the limitation on all the parameters of the power amplifier.

Fig. 8. Variation of IS M R as a function of VD D and ϕ.

Fig. 9. Variation of Cp as a function of VD D and ϕ.

Fig. 10. Variation of Rfm ax as a function of VD D and ϕ.

As can be seen from Fig. 10, the maximum operating frequency
increases as VDD increases. On the other hand, it is increased
as ϕ increase up to –0.61 rad and decreased from –0.61 up to
–0.1 rad.
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TABLE I
THE VALUES OF THE ELEMENTS FOR THE NONOPTIMUM DESIGN EXAMPLE

IV. DESIGN EXAMPLE

A. Design Peocessure

The design specifications for the amplifiers are f = 4 MHz,
VDD = 25 V, Pout = 10.7 W, VSM = 98 V, Q = 10, and D =
0.5.

From (36), we have ϕ = –0.21 rad. From (24), R is calculated
as 54.58 Ω. From (32), L is obtained 21.72 μH. From (31), we
obtained Lx = 1.68 μH. From (33), Lr = 20.05 μH. From (34),
the resonant capacitor is obtained C = 78.96 pF. The series
resonant circuit C3–L3 has the effect on shaping the transistor
current and voltage waveforms. The initial value for resonant
circuit C3–L3 is obtained as: L3 = 14 μH and C3 = 12.56 pF.
The practical transistor is not an ideal switch, so an optimization
process should be done. The parameters before and after opti-
mization is shown in Table I. The inductance of the RF choke
was selected as Lf = 30 μH. From (45), ISMAX = 0.62 A could
be obtained. From (23), we obtained IDD = 0.42 A.

B. Simulation and Experimental Results

The theoretical results have been verified experimentally us-
ing the circuit of Class E/F3 in Fig. 11(a). The photograph of the
fabricated power amplifier is shown in Fig. 11(b). In the PSpice
simulation, the device model of IRF510 from the vendor’s web-
site [26] is used. It is driven by the gate-driver IC 1XDN414P,
its dc supply passes through two parallel capacitors 100 μF
and 10 nF. The transistor is mounted directly to a backside alu-
minum heatsink. The equivalent series resistance (ESR) values
of passive elements were measured by a HP-4284A, and the on
resistance of the IRF510 was obtained from PSpice model.

The following results were obtained: LRFC = 30 μH (ferrite
core inductor with air gap), RLRFC = 0.2 Ω (dc parasitic resis-
tance), C3 = 11.89 pF (silver mica capacitors), L3 = 14.1 μH
(ferrite core inductor with air gap), RL3 = 0.116 Ω (parasitic
resistance at 12 MHz) C = 78.96 pF (silver mica capacitors),
L = 21.72 μH (ferrite core inductor with air gap), RL =
44.67 mΩ (parasitic resistance measured at 4 MHz), and R
= 54.7 Ω (resistance of load network). The power losses of all
capacitors were negligible. A Tektronix TDS3014B digital os-
cilloscope was used for recording voltage waveform. The output
power POut can be obtained based on the dc power PDC , the
transistor losses PT , the supply current IDC , the currents IC3
and IOut , and the parasitic resistances RLRFC , RL, and RL3 .

Fig. 11. (a) Class E/F3 power amplifier used for the nonoptimum operation.
(b) The photograph of the fabricated power amplifier.

TABLE II
THE VALUES OF THE ELEMENTS AND POWER RELATION FOR THE DESIGN

EXAMPLE AT NONOPTIMUM CONDITION

The output power is obtained as

POut = PDC − PL3 − PL − PT

= 10.7W − 0.02W − 0.5W − 0.282W = 10W.

The power gain is obtained as

G = 10 log10

(
Po

Pin

)
(40)
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Fig. 12. Waveforms obtained from (a) the PSpice Simulation, and (b) the
experimental results for the nonoptimum operation.

where Pin and Pout are the input and output power, respectively.
Also, the total harmonic distortion (THD) is

THD =

√∑∞
n=2 V 2

on

Vo1
(41)

where Von is a root-mean-square value of the nth harmonic
in the output voltage vo . The measured values of the power
gain and THD are 25.38 dB and 4.35%, respectively. The value
of the elements, and all the powers are shown in Table II. The
waveform obtained from Pspice and measured results are shown
in Fig. 12(a) and (b), respectively.

V. CONCLUSION

This paper has introduced analytical expressions of the
Class-E/F3 power amplifier with shunt capacitance for the
nonoptimum operation. The design values for achieving the
nonoptimum condition are expressed as a function of the phase
shift between the input and output voltage and dc-supply volt-
age. The Class-E/F3 amplifier with nonoptimum condition in-
creases one design degree of freedom. Because of the increase
in the design degree of freedom, peak switch voltage and cur-
rent can be specified as a design specification. This paper has
given the circuit design example based on our proposed design
expression by specifying the peak switch voltage. The measure-
ment and PSpice simulation results are in agreement with the
analytical expressions quantitatively, which show the validity
of our analytical expressions. In the circuit simulation and ex-

periments, the Class-E/F3 ZVS amplifier achieves 95.93% and
93.45% power conversion efficiency at 4 MHz and output power
10.3 and 10 W, respectively. We will address the analysis of the
Class-E/Fn amplifier for any n with nonlinear shunt capacitance
in the future works.
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