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Abstract—This paper presents an analytical expressions
for the class-DE amplifier designs at any switch-on
duty ratio, taking into account the nonlinear MOSFET
drain-source parasitic capacitances. A design example
along with PSPICE-simulation and experimental results
indicate the validity of our analysis.

1. Introduction

The class-DE power amplifier [1]–[4] is one of
the optimized class-D amplifiers, which satisfy both
zero-voltage switching (ZVS) and zero-derivative
switching (ZDS) conditions. Because of class-E ZVS/ZDS
operation, the class-DE amplifier can operate with high
power conversion efficiency at high operating frequencies.

Since class-E ZVS/ZDS should be satisfied with two
conditions simultaneously, it is difficult to determine
the element values of class-DE amplifiers. Therefore,
several analyses were carried out to design it [1]–[4].
It is important to consider the nonlinearity of the shunt
capacitances, which are the MOSFET parasitic output
capacitance, under high-frequency operations, in particular
[2]-[4]. The switch-on duty ratio is also one of the
important parameters to design the class-DE amplifier. It
is well known that large switch-on duty ratio provides high
output power. Conversely, the maximum frequency of the
class-DE amplifier becomes low as switch-on duty ratio
increases. Most analyses carried out until now assume 25%
switch-on duty ratio [1], [3], [4]. It is useful to derive the
analytical expressions of the class-DE amplifier at any duty
ratio, especially under high-frequency operations.

The purpose of this paper is to obtain the analytical
expressions for the class-DE amplifier designs at any
switch-on duty ratio, taking into account the nonlinear
MOSFET drain-source parasitic capacitances of the diode
junction. A design example along with PSPICE-simulation
and experimental results indicate the validity of our
analysis.

2. Class-DE amplifier

Figure 1 shows the circuit topology of the class-DE
amplifier [1]-[4]. The elementsLf and C0 realize
a series-tuned circuit whose resonant frequency equals
the operating frequencyf . The elementL causes the
phase-shift of the output current. Figure 2 shows example
waveforms of the class-DE amplifier for the nominal

Cds2L Lf

iCs2iS2
S2 CS2

vS2 L0

C0

io

voRCS1

iCs1

vS1
Dr1

Dr2
VDD

S1

iS1
v

L

L0

C0

io

voR

iCs1
v

Lf

iS2

S2

S1

iS1

iCs2

VDD

(a) (b)

Cds1

vLvL

Figure 1: Class-DE amplifier. (a) Circuit topology. (b)
Equivalent circuit.
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Figure 2: Nominal waveform of class-DE amplifier forD
= 0.25.

operation. In the operation cycle of the class-DE amplifier,
there are two dead-time intervals when both switches are
OFF. During the dead-time intervals, the voltage across one
of the switches decreases and reaches zero when the switch
turns ON. Additionally, the slope of the voltage is also zero
at turn-on instant, that is,

vS1(2π) = 0,
dvS1(θ)

dθ

∣∣∣∣
θ=2π

= 0, (1)

vS2(π) = 0,
dvS2(θ)

dθ

∣∣∣∣
θ=π

= 0. (2)
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Table 1: Switching Pattern

Intervals Dr1 Dr2

0 ≤ θ < 2πD ON OFF
2πD ≤ θ < π OFF OFF

π ≤ θ < π + 2πD OFF ON
π + 2πD ≤ θ < 2π OFF OFF

These conditions are called as the class-E zero-voltage
switching (ZVS) and zero-derivative switching (ZDS)
conditions. Because of the class-E ZVS/ZDS conditions,
the switching power losses in the class-DE amplifier
become zero. Therefore, the high power conversion
efficiency can be achieved at high operating frequencies.

3. Waveform and Design Equations

3.1. Assumptions

The analysis in this paper is based on the following
assumptions.

(a) The shunt capacitances consist of only the
drain-source parasitic capacitances of the MOSFETs
whose characteristic is expressed as

Cds =
Cj0√

1 +
vS

Vbi

, (3)

where vS is the drain-to-source voltage,Vbi is the
built-in potential, which typically ranges from 0.5 to
0.9 V, andCj0 is the capacitance atvS = 0 [2], [3].

(b) Both MOSFETs are identical and are modeled as
ideal switches and drain-source parasitic capacitances.

(c) All passive elements except shunt capacitances are
linear elements and do not have parasitic resistances.

(d) The loaded quality factor of the resonant filterQ =
ωL0/R is high enough to generate nearly pure
sinusoidal output current. The current through the
Lf − C0 circuit and the load resistance is sinusoidal
at the operating frequencyf ,

io = Im sin(θ + ϕ), (4)

whereθ = ωt = 2πft represents the angular time.

(e) The switching pattern is the same as that given in
Table 1.

(f) At the end of the dead time, both the switch voltages
vS1 andvS2 satisfy class-E ZVS/ZDS conditions.

Under the above assumptions, the equivalent model of the
class-DE amplifier can be obtained as shown in Fig. 1(b).

3.2. Voltage Waveforms

The analysis for steady state is performed in the interval
0 ≤ θ < 2π. The following relation betweenvS1 andvS2

is always valid:

vS1(θ)
VDD

= 1 − vS2(θ)
VDD

. (5)

The slope of the switch voltagevS1 is expressed as

dvS1(θ)
dθ

=
−Im

ω(Cds1 + Cds2)
sin(θ + ϕ). (6)

From the class-E ZDS condition forvS1 in (1), we obtain
ϕ = 0 andπ. In this paper, we consider that the amplitude
of the output currentIm is positive. Therefore, the phase
difference is determined as

ϕ = π. (7)

Similarly, (7) is valid for the class-E ZDS condition forvS2.
For 0 ≤ θ < 2π, the switchS1 is on and the switchS2 is
off. Therefore, the switch voltages are constant,

vS1(θ) = 0, vS2(θ) = VDD. (8)

From (3), (6), andvS1(2πD) = 0, we obtain

2ωCj0Vbi

[√
1 +

vS1

Vbi
−

√
1 +

VDD − vS1

Vbi

+
√

1 +
VDD

Vbi
− 1

]
= Im[cos(2πD) − cos θ].

(9)

The switch voltages arevS1(π) = VDD and vS2 =
0 because of the class-E ZVS condition in (2). By
substitutingθ = π andvS1 = 0, the amplitudeIm is

Im =
4ωCj0Vbi

[√
1 +

VDD

Vbi
− 1

]
1 + cos(2πD)

. (10)

From (9) and (10), we have√
1 +

VDD

Vbi

vS1

VDD
−

√
1 +

VDD

Vbi
− VDD

Vbi

vS1

VDD

+
√

1 +
VDD

Vbi
− 1

−
2[cos(2πD) − cos θ]

[√
1 +

VDD

Vbi
− 1

]
1 + cos(2πD)

= 0.

(11)
We can solve (11) forvS1 analytically,

vS1(θ)
VDD

=
1
2
± 1

2

〈
1 − 4

(
Vbi

VDD

)2 {
−1 − VDD

Vbi

+

[
1 +

VDD

2Vbi
− 1

2

(
2

(
1 −

√
1 +

VDD

Vbi

)

×cos(θ) − cos(2πD)
1 + cos(2πD)

+ 1 −
√

1 +
VDD

Vbi

)2
2


〉 1

2

,

(12)
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where the sign “±” of the second term on the right-hand
side changes at the boundary ofvS1/VDD = 1/2. Namely,
the sign is ‘−’ for 2πD ≤ θ < cos−1([1 − cos(2πD)]/2)
and ‘+’ for cos−1([1 − cos(2πD)]/2) ≤ vS1 < π.

Forπ ≤ θ < π + 2πD, the switch voltages and currents
have the following relationships because of the symmetry
of the operation of the switches,

vS1(θ) = vS2(θ − π), vS2(θ) = vS1(θ − π). (13)

3.3. DC Supply Current and Output Voltage, Current,
and Power

The dc supply currentID is given as the average of the
supply current flowing from the dc voltage sourceVDD,

ID =
1
2π

∫ 2π

0

[iS2(θ) + iCS2(θ)] dθ

=
2ωCj0Vbi

[√
1 +

VDD

Vbi
− 1

]
[1 − cos(2πD)]

π[1 + cos(2πD)]
.

(14)
Note that the average value of the current through the shunt
capacitanceiC2 means the amount of charging/discharging
electric charge. Therefore, it is always zero. From (10)
and (14), the normalized amplitude of the output current is
expressed as

Im

ID
=

2π

1 − cos(2πD)
. (15)

Using (15), we obtain the dc supply power as

Pdc = VDDID =
ImVDD[1 − cos(2πD)]

2π
. (16)

The output powerPo is given by

Po =
ImVm

2
=

RI2
m

2
=

V 2
m

2R
, (17)

Ideally, the power conversion efficiency of the class-DE
amplifier is 100% on the nominal operation,

Pdc = Po. (18)

From (16), (17), and (18), we can obtain the amplitude of
the output voltage normalized with respect to the dc supply
voltage as

Vm

VDD
=

1 − cos(2πD)
π

. (19)

Figure 3(a) shows the normalized amplitudes of the output
current as a function of the switch-on duty ratioD.

From (17) and (19), we have

Po =
RI2

m

2
=

V 2
m

2R
=

V 2
DD[1 − cos(2πD)]2

2Rπ2
. (20)

Figure 3(b) shows the normalized output power as a
function of the switch-on duty ratio. It is seen from
Fig. 3(b) that the output power increases as the switch-on
duty ratio increases.
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Figure 3: Normalized output current and voltage as a
function of the switch-on duty ratioD. (a) Normalized
output currentIm/ID. (b) Normalized output power
RPo/V 2

DD

3.4. Voltage Across the Load Reactance

The fundamental component of the voltagevL(θ) across
the reactanceL is expressed as

vL(θ) = VL(− cos θ), (21)

where
VL = ωLIm. (22)

From (22) andVm = RIm, we obtain

VL

Vm
=

ωL

R
. (23)

The normalized magnitudeVL/VDD is derived from the
Fourier integral

VL

VDD
=

1
π

∫ 2π

0

vS1(θ)
VDD

(− cos θ)dθ. (24)

(24) can be solved numerically. Here, the function
H(m,VDD/Vbi, D) is defined as

H ≡ VL

VDD
=

1
π

∫ 2π

0

vS1(θ)
VDD

(− cos θ)dθ. (25)

Figure 4 shows plots of the functionH. In order to
illustrate Fig. 4(a), the trapezoidal rule with2π/10000 of
time-step ofθ is used to calculate the integration of (24).

3.5. Design Equations

From (20), the load resistanceR is given as

R =
V 2

DD[1 − cos(2πD)]2

2π2Po
. (26)

From the definition of the loaded-quality factorQ, the
inductanceL0 is given as

L0 =
QR

ω
=

QR

2πf
. (27)

From (19), (23), and (25), the inductanceL is

L =
πRH

2πf(1 − cos(2πD))
. (28)
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Figure 5: Waveforms by PSPICE simulation and circuit
experiment. (a) PSPICE-simulated waveforms. (b)
Experimental waveforms. Vertical:Dr1: 10 V/div,vS1 and
vS2: 20 V/div, andvo: 10 V/div. Horizontal: 200 ns/div.

From (27) and (28), the inductanceLf is obtained as

Lf = L0 − L =
R

2πf

[
Q − πH

1 − cos(2πD)

]
. (29)

The identical resonant filter with the resonant frequency
f = ω/2π is realized byLf and C0. From f =
1/(2π

√
LfC0) and (29), the resonant capacitanceC0 is

expressed analytically as

C0 =
1

2πfR

[
Q − πH

1 − cos(2πD)

] . (30)

In these design equations, we need numerical calculations
for obtainingH, which is used for the derivation ofC0 in
(30).

4. Design Example and Experimental Verification

The design example with the discrete MOSFET devices
is given. The design specifications are: operating
frequencyf = 1 MHz, dc supply voltageVDD = 24 V,
output resistanceR = 50 Ω, and loaded quality factor
Q = 8.

Table 2: Analytical Predictions and Experimental
Measurements

Calculated Measurement Difference
f 1 MHz 1.02 MHz 2.0%

VDD 24 V 24 V 0.0%
D 0.35 0.35 0.0%
C0 427 pF 424 pF −0.7%
L0 63.6µH 62.0µH −2.5%
R 50Ω 49.8Ω −0.6%
Q 8 7.98 −0.3 %
Po 1.46 W 1.32 W −10.6 %

It is considered that the IRF 530 MOSFETs are used as
the switching devices. The values of grading coefficient
m, the built-in potentialVbi, andCj0 of IRF530 MOSFET
are obtained asVbi = 0.8V and Cj0 = 1.03 nF from
the PSPICE model. From (10) and (20), the duty ratio
D is obtained asD = 0.35. Therefore,L0 = 63.6 µF
is obtained from (27). From the numerical calculations of
(25),H is 0.366. Therefore, the resonant capacitanceC0 is
427 pF from (30).

Figure 5 shows the PSPICE-simulated waveforms and
the experimental waveforms. From Fig. 5, it can be
confirmed that both the PSPICE-simulated waveforms and
the experimental waveforms satisfy the class-E ZVS/ZDS
conditions. Table 2 gives the analytical predictions and
experimental measurements. From this table, it is seen that
the experimental measurements agreed with the analytical
predictions quantitatively. The results in Figure 5 and
Table 2 indicate the validity of the analytical expressions
in this paper. The laboratory measurements showed the
95.7% power conversion efficiency with 1.3 W output
power.
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