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Abstract— In this paper, distortion in the output 

envelope of AM modulated a class E RF power amplifier 

with a nonlinear capacitance with the grading coefficient 

5.0=m  is analyzed. The calculation of output amplitude 

incorporates the influence of power loss versus dc supply 

voltage. Derivation of half cycle output voltage waveform is 

done with incorporating output amplitude as a function of 

dc supply voltage of the class E amplifier. The calculation 

was performed with Mathcad programming. 

I. INTRODUCTION 

The class E amplifier is remarked as next candidate of digital 

wireless power transmitters [1]-[3]. In the multi-carrier 

communications such as OFDM and QAM high peak-to-

average power ratio (PAPR) is required for power amplifiers. 

Non switching type power amplifiers suffer from low 

efficiency due to their inherent power loss in high back off area. 

Hence, switching power amplifiers such as class D, E, F are 

remarked as a remedy for improving power efficiency and 

prolonging battery lifetime of portable devices. In order to 

modulate the amplitude and phase of output signal of switching 

amplifier, several methods were proposed. Among them 

envelope elimination and restoration  (EER) modulation is 

remarked because it does not require power combining circuit 

at output port of the amplifier. In the EER modulation with a 

class E amplifier, output amplitude of the class E amplifier is 

modulated with varying dc supply voltage DDV  of the class E 

amplifier [1]-[3]. It is well known that if the shunt capacitance 

of class E amplifier is linear, i.e., a constant value, the output 

amplitude of class E amplifier is in proportional to dc supply 

voltage DDV  [5]. However, if the shunt capacitance is a 

nonlinear shunt capacitance, i.e., a function of voltage across 

capacitance, the output amplitude of class E amplifier is not 

proportional to the dc supply voltage [6] especially when DDV  

is a low voltage. This nonlinearity cause distortion in the 

output envelope of EER modulation, and other drain voltage 

modulation type signals.  

In this paper, distortion in the output envelope of drain 

voltage modulated class E amplifier whose shunt capacitance 

is a nonlinear capacitance is analyzed. THD of the output 

envelope is obtained as a function of DDV . The shunt 

capacitance is supposed to be the output capacitance of 

MOSFET and it has a grading coefficient value of 0.5. Hence, 

it is described by following expression: 
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where 0jC  is the transistor output capacitance at the drain-to-

source voltage 0=Sv  and biV  is the built-in potential of the 

MOSFET body diode. 

II. EER MODULATION OF CLASS E AMPLIFIER 

EER modulation, which is shown in Fig. 1, imposes the 

varying envelope of the input signal on the power supply of 

the switching power amplifier, typically using a switching, 

DC-DC feedback power converter. Phase information is 

separated from the input signal to be a constant-envelope RF 

signal. This constant-envelope phase signal is fed to driver 

Limiter 
Modulation 

Processing 

Class E Amplifier 

DC-DC 
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Fig. 1, EER diagram with class E amplifier. 
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port of switching power amplifier. Amplitude modulation of 

the final stage of the power amplifier restores the envelope to 

the phase-modulated carrier signal creating an amplitude 

replica of the input signal. Linearity in power supply of the 

power amplifier is easily obtained due to feedback control of 

DC-DC converter. However, linearity of output amplitude of 

power amplifier to input envelope has not been taken care 

well because influence of nonlinear shunt capacitance was not 

investigated yet. In [6], it was found that influence of 

nonlinear shunt capacitance is higher at low dc supply voltage. 

Hence, output envelope of the power amplifier distorted at 

zero cross point of envelope waveform.  

III. CLASS E AMPLIFIER WITH NONLINEAR SHUNT 

CAPACITANCE  

Fig. 2 shows the zero-voltage slope switching type class E 
amplifier, which is analyzed in this paper. The choke inductor 

RFCL  limits input current to be a constant current. The switch 

device turns on and off periodically and makes periodical 
voltage excitation across the switch. The switch voltage 

waveform Sv  is shown in Fig. 3. The switch is OFF for 

πθ ≤<0 and ON for πθπ 2≤< , namely the duty ratio is 

assumed to be 0.5, tωθ = , and T/πω 2=  is the angular 

switching frequency. The output LC  circuit extracts the 

fundamental frequency component from the switch voltage 

waveform and the outputs sinusoidal voltage wave across the 

load resistance R . The waveforms of the output voltage ov  

and the output current oi  are shown in Fig. 3. The output 

current is a sinusoidal wave, which can be expressed as 

( )φθ += sinmo Ii .  (2) 

In this paper, it is assumed that 

1. The inductance of the choke coil RFCL  is large enough to 

neglect its current ripple. 

2. The internal resistance of the choke coil is zero; therefore, 

the DC voltage drop across the choke is very low so that it 

can be considered as zero. 

3. The loaded quality factor Q of the output resonant circuit is 

high enough so that the output current can be considered as 

a sine wave. 

4. The load resistance includes parasitic resistances of the 

series resonant circuit, i.e., the resonant circuit is considered 

to be a pure reactance. 

5. The MOSFET on-resistance is very low so that it can be 

considered as zero. 

6. The MOSFET turns on and off very fast so that it can be 

considered to turn instantly. 

IV. STEADY-STATE RESPONSE OUTSIDE DESIGNED CONDITION 

The switch current during switch on-state is described as 

( )φθ +−= sinmDDS IIi , (3) 

where DDI  is the input current, mI  is the amplitude of the 

output current, and φ  is the phase angle of output current. The 

switch voltage waveform of the class E amplifier with 

nonlinear shunt capacitance for the grading coefficient 0.5 was 

derived in [7][8] and it is given by 
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( ) 0=θSv    for πθθ 2≤<d   (5) 

where dθ  is the phase angle at the body diode turning on. 

Hence, πθ <d  when DDinitialDD VV >  and πθ =d  when 

DDinitialDD VV ≤ . In this equation, the power loss due to the 
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Fig. 3.Typical switch voltage waveform, output voltage waveform, 

and output current waveform of class E amplifier with nonlinear 

shunt capacitance in off-nominal operation with D = 0.5. (a) Switch 

voltage waveform Sv  and output voltage waveform ov . (b) 

Output current waveform oi . 
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Fig. 2. Basic circuit of a class E amplifier with nonlinear shunt 

capacitance. 
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MOSFET on-resistance and the power loss due to the voltage 

drop of the body diode are neglected. (In the numerical results 

in following section, the power losses due to the on-resistance 

and the diode voltage drop are very low and they do not affect 

much operation of the class E amplifier.) The circuit behavior 

of the class E amplifier, which satisfies the assumptions are 

governed by the following three equations [5], valid not only 

for nominal conditions, but also for any conditions: 

∫=
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2
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where T  is the switching period and φ  is the phase angle 

between the switch and the output current shown in Fig. 3. Eq. 
(6) indicates that the dc voltage drop across the choke inductor 
is zero. Eq. (7) indicates that the real part of the fundamental 
frequency component of the switch voltage is equal to the 
voltage amplitude across the load resistance. Eq. (8) indicates 
that the imaginary part of the fundamental component of the 
switch voltage is equal to the fundamental component of the 
voltage  across the reactance of the output LC  circuit.  

Substituting (4) into (6)-(8) and solving the three equations, the 

solutions for three unknowns DDI , mI , φ  are obtained. In this 

paper, we avoid long and erroneous hand manipulations, we 
introduced numerical analysis using mathematical software to 
obtain the solution. 

In prior to calculating the circuit behavior outside the 
designed conditions, the initial values of circuit parameters 
should be determined. The initial values are the parameters for 
the designed state. Using the papers [5], [9], the initial circuit 
parameters are determined as 
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V. RESULTS 

With Mathcad calculation, mI  versus DDV  is obtained. Fig. 4 

shows . mo RIV =  as a function of DDV . As seen in Fig. 4,  

oV   increases almost proportional to DDV . However, it is 

slightly lower than DDV  when V 20<DDV  and slightly 

higher when V 20>DDV . In this calculation, design 

conditions were V 20=DDV , MHz 4=f , Ω=  8.88R , and 

V 7.0=biV . Then, the calculated circuit parameters were 

H3.35 µ=L , pF 4.51=C , and pF 4080 =jC . Fig.5 shows 

estimated output envelope in solid line and input envelope in 

dot line when )(tVDD  is a sinusoidal waveform 

 tfVtV DDmDD 02sin)( π=  (15) 

where frequency of envelope 0f  is enough lower than carrier 

frequency f . Output waveform is described as  

( ) ( )φωπ += ttfVRItv DDmmo sin2sin)( 0  (16) 

Hence, the envelope of output voltage is described as 

( )tfVRItV DDmmo 02sin)( π=  (17) 

VI. CONCLUSIONS 

In this paper, distortion of output voltage of class E 

amplifier when nonlinear shunt capacitance is considered was 

analyzed. Distortion of output voltage is higher when dc 

supply voltage is low. Therefore, influence of nonlinear 

distortion is relatively low when amplitude of input signal is 

high. 

Fig. 4. Input current 
DDI  and output current amplitude 

mI  

versus supply voltage DDV . 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40

V
DD

 (V)

I D
D
,I

m
 (

A
)

IDD

IM

DDI

mI

- 616 -



VII. REFERENCES 

[1] A. Grebennikov, N. O. Sokal, and M. J. Franco, Switchmode RF and 

Microwave Power Amplifiers. Academic Press, 2012. 

[2] C.-T. Chen, C.-J. Li, T.-S. Horng, J.-K. Jau, and J.-Y. Li, “High 

efficiency dual-mode RF transmitter using envelope-tracking dual-band 

Class-E power amplifier for W-CDMA/WiMAX systems,” in 2009 

IEEE MTT-S International Microwave Symposium Digest, 2009, pp. 

417 -420. 

[3] Chi-Tsan Chen, Chien-Jung Li, Tzyy-Sheng Horng, Je-Kuan Jau, and 

Jian-Yu Li, "Design and Linearization of Class-E Power Amplifier for 

Nonconstant Envelope Modulation," IEEE Transactions on Microwave 

Theory and Techniques, Volume 57, Issue 4,  Part 2, pp.957 - 964, 

April 2009. 

[4] M. K. Kazimierczuk and D. Czarkowski, Resonant Power Converters. 

Wiley-Interscience, 2011. 

[5] T. Suetsugu and M. Kazimierczuk, “Output Characteristics of Class E 

Amplifier With Nonlinear Shunt Capacitance Versus Supply Voltage,” 

Proc. Int. Symp. Circuit Syst. (ISCAS07), pp. 541-544, May 2007.  

[6] M. J. Chudobiak, "The use of parasitic nonlinear capacitors in class-E 

amplifiers," IEEE Trans. Circuits Syst. I, vol. 41, pp. 941-944, Dec. 

1994. 

[7] T. Suetsugu and M. Kazimierczuk, "Comparison of class-E amplifier 

with nonlinear and linear shunt capacitance," IEEE Trans. Circuit Syst. 

I, Vol. 50, No. 8, pp. 1089-1097, Aug. 2003. 

[8] T. Suetsugu and M. Kazimierczuk, "Steady-state behavior of class E 

amplifier outside designed conditions," Proc. IEEE Int. Symp. Circuit 

Syst. (ISCAS05), Vol. 1, pp. 708-711, May 2005. 

[9] D.J. Kessler and M.K. Kazimierczuk, "Power losses and efficiency of 

class-E power amplifier at any duty ratio," IEEE Transactions on 

Circuits and Systems I: Regular Papers, Volume 51, Issue 9, pp.1675 - 

1689, Sept. 2004. 

[10] A. Mediano, P. Molina, and J. Navarro, "Class E RF/microwave power 

amplifier: linear “equivalent” of transistor's nonlinear output 

capacitance, normalized design and maximum operating frequency vs. 

output capacitance," 2000 IEEE MTT-S International Microwave 

Symposium Digest, Volume 2, pp. 783 - 786, June 2000. 

 

 

Fig. 5.Calculated half cycle waveform of sinusoidal 

input voltage VDD and envelope of corresponding output 

voltage Vo. 
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