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ABSTRACT 
 
In this paper, new conditions for achieving the high efficiency and high output power capability of 
polyharmonic power amplifies are presented. These conditions can be used in future development of new 
types of polyharmonic amplifiers with similar efficiency and output power capability as those of Class F 
amplifies. However, a quite difficult tuning of an output network as in class-F amplifiers is not required. 
 
INTRODUCTION 
 
Polyharmonic operation of power amplifiers relies on the use of a special input drive signal and harmonic 
tuning of input and output networks in order to improve basic amplifier’s characteristics such as efficiency, 
output power capability and linearity. It is a more popular and widely used approach. However, as was 
mentioned by Raab (1), this method is also least understood. 
The first descriptions of the class-F power amplifiers concept were made by Tyler (2), and Snider (3). In 
these publications, a special tuning of an output network was used to control the n input impedance of the 
output network at the carrier frequency harmonics. A short circuit is provided for an active device output at 
the even harmonic frequencies, and an open circuit is provided at the odd harmonic frequencies. In (4), Raab 
proposed to use the term “class-F” for such a type of harmonic tuning. 
Strong dependence of proper tuning of class-F amplifiers on an input bias condition, which determines an 
active device conduction angle, was demonstrated by Colantonio et al (5). It was shown that class-F 
operation is possible using class-AB biasing conditions, resulting in the conduction angle above 180°, but 
this lead to additional efficiency loss. Many researchers have applied the concept of class-F operation (e.g., 
Toyoda (6), and Ingruber et al (7)). However, the majority of previous papers were experimental, and a 
unified theory for amplifiers with polyharmonic operation has not still been developed. 
The objective of this paper is to introduce new condition for achieving high efficiency and high output power 
capability of polyharmonic amplifiers.  
 
IMPROVING HIGH OUTPUT POWER CAPABILITY  
 
A general block diagram of a high-frequency power amplifier is shown in Fig. 1. It consists of an active 
device (a MOSFET, a MESFET, a bipolar transistor, a vacuum tube, etc.), an input network including an 
input drive circuit, an output network including a dc supply circuit, and a resistive load. A reactive part of the 
load (if any), may be included in the output matching network. In case of polyharmonic amplifier operation, 
the output network should provide special impedance to the high-frequency harmonic components. It is 
assumed that only fundamental harmonic component reaches the load, and input and output networks are 
lossless.  

The power dissipated in an active device (neglecting the transistor drive power) is ∫
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can be expressed using the spectral components of the DSv  and Di  waveforms as follows: 
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Here mV  and mI  are the maximum values of the drain voltage and current, and nα , nϕ , kβ , and kψ  are the 

Fourier coefficients of the current and voltage, respectively. Integration of eqn (1) (taking into account the 
fact that the voltage and current waveforms at an active device output are in anti-phase) yields 
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where VDD and IDD are the dc components of drain voltage and current, respectively. Assuming the exact 
matching of the fundamental component with load, one obtains 
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where DDDDDD PIV =  is the dc supply power, and 1
11
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 is the output power at the fundamental 

frequency. Substitution of these into eqn (3) gives 
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Thus, the output power at the fundamental frequency P1 is 
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As can be seen from eqn (5), the second term should be decreased in order to obtain the highest output power 
at a given DDP . In case of polyharmonic operation, the maximum value of P1 with a quite low PD,  P1 
approaches PDD. This can be realized if either the current or voltage, but no both, are present at any higher 
harmonic frequency, i.e., if either nα  or nβ , but not both, are simultaneously zero. These are the conditions 

for the class-F operation. But as can be seen from eqn (5), it is not unique way. The second term on the right-
hand side of eqn (5) depends also on the phase shift between the output current and voltage at higher 
harmonic frequencies.  If the phase difference ϕn − ψn is 2π±  for all pairs of current and voltage harmonics 
of the same order, the second term in eqn (5) is also zero.  Such the condition is new and do not appropriate 
to any of existence polyharmonic classes. It can be realized by providing a reactive impedance of the output 
network at higher harmonic frequencies. In the previous literature, the condition was not reported. It could 
lead to future designs of new types of polyharmonic amplifiers with similar efficiency and output power 
capability as those in class-F amplifiers, but it does not require a quite difficult tuning of the output network 
as class-F amplifiers. 
 

ACHIEVING HIGH EFFICIENCY  
 
The general expression for the drain efficiency of power amplifiers is 
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Suppose that the phase shifts at higher harmonics satisfy the condition obtained in above Section, obtains:  
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In order to achieve high efficiency, PD should be decreased. One way to reduce PD is non-simultaneous 
existence of substantial current and voltage at a transistor output. This is the condition for high-efficiency 
amplifier operation. At high frequencies, the operating frequency can be close to the transition frequency of 
an active device. In this case, the output current of an active device can be negative during a part of the ac 
cycle due the strong influence of the currents through the transistor capacitances. Taking into account the 
fact that the output voltage is always positive, the instantaneous transistor power loss has negative values 
during a part of the high-frequency cycle. Therefore, the transistor average power dissipation PD decreases, 
yielding high efficiency. In order to show the effect of negative collector current on the power amplifier 
efficiency, let us assume sinusoidal collector-emitter voltage and collector current as follows: 
 

tVVv mDDDS ωsin−= ,  mDD VV <                                                          (8) 

++= tIIi mDDD ωsin( ϕ),   mDD II <<0                                                  (9) 

 
In this case, vDD is always positive, and iD takes on negative values during a part of the ac cycle. From the   
eqns (8) and (9), the average power dissipated in a transistor is given by  
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There are three possible cases for eqn (10) according with eqn (8) and eqn (9). 
Case I: PD > 0 at ϕ = 0, which gives  
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Case II: 0=DP  at ϕ = 0, which produces  
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Case III:  PD < 0 at 0=ϕ , which gives  
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According to the energy conservation law, negative values of PD are physically impossible. Hence, from eqn 
(10), one obtains PD≥ 0 when   
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Therefore, the phase angle ϕ  must be in the following ranges: 
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However in general, due to the presence of resistive elements of active device, the overall power dissipated 
in a transistor is always positive and has some non-zero minimum. 
 

CONCLUSIONS 
 
In this paper, the output power capability and efficiency of high-frequency power amplifiers were studied 
using spectral components of the output current and voltage waveforms at an active device, taking into 



account the phase shift between the higher harmonics. The new conditions for achieving high output power 
capability and high efficiency were derived. The conditions can lead to future developing of a new class of 
polyharmonic amplifiers with similar to efficiency and output power capability as those in class-F amplifiers, 
but a quite difficult tuning of the output network is not required as in class-F amplifier. 
 
ACKNOWLEDGEMENT  
 
This paper was supported by the U.S. National Academy of Sciences under NRC Twinning Program with 
Ukraine (No. INT-0002341). 

 

REFERENCES 
 
(1) F.H. Raab, “Class F power amplifiers with maximally flat waveforms,” 1997, IEEE Trans. on 

Microwave Theory and Techniques, vol. 45, pp. 2007–2013. 
(2) V.J. Tyler, “A new high efficiency high power amplifier,” 1958, Marconi Rev., vol. 21, pp. 96–109. 
(3) D. Snider, “A theoretical analysis and experimental confirmation of the optimally loaded and 

overdriven RF power amplifier,” 1967, IEEE Trans. Electron Devices, vol. ED-14, pp. 851-857. 
(4) H. Krauss, C. Bostian, and F. Raab, Solid State Radio Engineering, 1980, New-York: Wiley. 
(5) P. Colantonio, F.Giannini, G. Leuzzi, and E. Limiti, “On the class-F power amplifier design”, 1999, 

Int. Journal of RF and Microwave Computer-Aided Engineering, no. 9, pp. 129–149. 
(6) S. Toyoda, “High efficiency amplifiers,” 1994, IEEE MTT-S Dig., San Diego, CA, pp. 253–256. 
(7) B. Ingruber, W. Pritzl, D. Smely, M. Wachutka, and G. Magerl, “High-efficiency harmonic-control 

amplifier,” 1998, IEEE Trans. on Microwave Theory and Techniques, vol. 46, pp. 857–862. 
 

Input  netw o rk
(inc lud ing  b iasing  
c ircu it if needed )

O utpu t 
netw o rk

A ctive  
d evice

R es istive
load

i D

vD S

D riv ing
sou rce

i L

V D D

 
 

Figure1. General block diagram of a high-frequency power amplifier. 
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