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Abstract: This article is dealing with high efficiency RF amplifiers in modern classes F, E and J.
The first part is focused on basic function, main parameters and the output matching topologies
of the mentioned classes. Output voltage and current waveforms were simulated for each class of
high efficiency amplifiers. The primary focus of this work is the practical design of class F amplifier
for 435 MHz band with E-pHEMT transistor. Power added efficiency (PAE) of amplifier achieved
58% and output power was 27 dBm with 14 dBm of input power. Amplifier was realized exclusively
with lumped components in order to adhere to the given dimensions. Class F amplifiers designed at
megahertz frequencies and with E-pHEMT transistor are quite rare and this article could help designers
with understanding narrowband F-class amplifiers with higher efficiency. This amplifier can be used
in long range IoT application, because of its low consumption of energy which is necessary in this
modern technology. All results were simulated within ADS Keysight environment. Every simulation
was realized with nonlinear models from Modelithics.
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Abstract – This article is focused on high efficiency RF ampli-

fiers in modern classes as F, E and J. The first part of this 

paper is dealing with basic function, main parameters and 

the output matching topologies of the mentioned classes. 

For every class of high efficiency amplifiers output voltage 

and current waveforms were simulated. More attention is 

devoted to practical design of class F amplifier for 435 MHz 

band with E-pHEMT transistor. Power added efficiency (PAE) 

of amplifier achieved 58% and output power was 27 dBm with 

14 dBm of input power. Amplifier was realized purely 

with lumped components to adhere given dimensions. Class F 

amplifiers designed at megahertz frequencies and with           

E-pHEMT transistor are quite rare and this article could help 

designers with understanding narrowband F-class amplifiers 

with higher efficiency. This amplifier can be used in long 

range IoT application, because of its low consumption of en-

ergy which is necessary in this modern technology. All results 

were simulated with ADS Keysight environment. Every simula-

tion was realized with nonlinear models from Modelithics. 

1 Introduction 

High efficiency amplifiers can be used where low power 

consumption is needed, for example battery-powered devices 

etc. In the case of high efficiency amplifiers is important 

to take into consideration the fact that the distortion is higher 

than in linear classes. In primary classes as A, AB, B the max-

imum efficiency in ideal conditions is limited up to 78.5%. 

High efficiency amplifiers can theoretically achieve 100% 

efficiency in ideal operation so the difference is significant. 

The rule of increasing efficiency is different in each class 

which is described in [1]. 
Using the transistor nonlinear model is the basic condition 

for designing of functional high efficiency amplifier. Nonline-

ar model enables to simulate the output current and the voltage 

hence the right operation of the amplifier can be demonstrated. 

Furthermore, nonlinear models allow to simulate Source 

and Load Pull (SP and LP) and at the same time it is possible 

to obtain a favourable combination of efficiency, available 

gain and output power in which the transistor operates 

the best.   

Class F amplifiers are taking advantage of forming voltage 

sine wave at fundamental frequency to square voltage in ideal 

case [2]. Fundamental frequency is affected by odd or even 

higher harmonics. The amplifier is working in class F in case 

it uses odd harmonic, otherwise it is working in inverse class 

F. For F-class amplifier, the odd harmonics termination should 

be ideally matched to infinity (ZL(odd) = ∞) and for even har-

monics termination should represent short circuit (ZL(even) = 0). 

These conditions can be achieved more easily at higher fre-

quencies, because microstrip transmission lines can be used 

and design is much simpler. The bias point is set to class B 

and the conduction angle is 180° so the current waveform is 

half sinusoidal, therefore there is the harmonic content 

in current spectrum but for forming the voltage waveform is 

not high enough. The solution is to overdrive transistor, what 

causes that the current waveform is deformed by the cut-off 

and magnitude of harmonic content in current spectrum will 

be increased as is shown later, in more detailed description. 

Class E amplifiers are considered as switching amplifiers. 

Switching frequency is equal to half of the fundamental fre-

quency, so the duty cycle is 50%. In phase of sinewave, the 

switch is closed at 0° and opened at 180°. The class E amplifi-

er circuit includes shunted switching capacitor, series induct-

ance and series resonant LC circuit. The series resonant circuit 

acts as a short circuit at fundamental frequency and open 

for higher harmonic content [3]. The main disadvantage 

of these types of amplifiers is slow discharging of shunt capac-

itance which leads to disability of usage at higher frequencies. 

For achieving the maximum efficiency, there are no such strict 

conditions with higher harmonics matching circuit as in class 

F amplifiers. The bias point should be set between 150° and 

200°, i.e.  from strong class B to weak class C. 

Amplifiers in class D can be included between switching 

classes of amplifiers where transistor acts also as switch. 

When the switch is open then drain current reaches its maxi-

mum, so transistor is shunted due to low resistance 

and in opposite case if the transistor is off then voltage reaches 

its maximum.  

The last analysed class of amplifier is class J. Class J is 

used for increasing efficiency by shifting phase of second 

harmonic waveform. The phase of second harmonic waveform 

should be the same as the phase of fundamental, so the total 

voltage corresponds to sum of these waveforms.  

Nowadays many articles and books have been published 

with explanation of high efficiency amplifiers function. Opera-

tion of class F were described from very low frequencies 

up to tens of gigahertz [4]. Class E amplifiers are more suita-

ble for lower frequencies, more accurately at UHF band max-

imum achieved efficiency was 80% [5]. Amplifiers in class J 

are more suitable for higher frequencies, at UHF band, 

class J amplifiers were not designed. Above 80% efficiency 

was achieved with class F at amplifier in C-band with LC 

ladder output topology [6]. Comparing the efficiency achieved 

in different classes for frequencies near X-band, the most 

efficient are amplifiers in class F and inverse class F with 

effectivity above 80%, second most effective is class E 

with effectivity below 80% and last is class J, where highest 

achieved efficiency was near 75% [7].   
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2 Parameters of individual classes 

In this chapter, basic equations, waveforms and function 

will be explained for better understanding of high efficiency 

amplifiers issues. When ideal transistor is used, parasitic com-

ponents are omitted. In real design parasitic components 

as drain-source capacitance and series inductance are produc-

ing most of issues when realising high efficiency nonlinear 

amplifiers. 

2.1 Class F amplifiers 

As mentioned before, the class F amplifier uses higher 

harmonics to change form of fundamental sine wave to square 

wave. The example of combination 1st, 3rd and 5th harmonic 

voltage is shown in Figure 1. Sum of these harmonics is repre-

sented by red line. 

 
 

 

 

Current and voltage waveform of ideal class F amplifier is 

shown in Figure 2. Load for 3rd and 5th was set to 500 Ω and 

even harmonics were shorted. This was achieved with variable 

load which is available in simulation software. Simulated 

waveforms were obtained from ideal transistor with ideal IV 

curves and with knee voltage equalled to 0 Volts. Bias point 

of transistor has to be set to class B where the conductance 

angle of current waveform is 180° which means that the cur-

rent waveform is composed of many higher harmonics. In this 

stage the magnitude of current components in current spec-

trum is not high enough for forming the voltage waveform.  

 
 

 

The overdriving the amplifier with higher input power has 

the most significant influence on the magnitude of the compo-

nents in current spectrum. With higher input power, peak 

of current sinusoidal waveform crashes almost to zero 

as shown at Figure 2. The deformation of the waveform results 

in the increase of current content in the spectrum and by the 

matching odd harmonics to high impedance causes forming 

the voltage waveform. 

 Adequate topology to achieve conditions of open and 

short circuit can be achieved with resonators. Example circuit 

is shown in Figure 3. Resonator connected in series is de-

signed to resonate on 3rd harmonic, shunt resonator at funda-

mental frequency and its character capacitive of first and in-

ductive of second resonator acts also as resonator but as short 

circuit for 2nd harmonic. 

   

 
Figure 3: Topology of class F amplifier. 

Input and output match has to be chosen with given re-

quirements due to high gain compression of this class. 

Gain compression can achieve up to 6 dB. The main issue 

during the design of class F amplifier was given by parasitic 

components of the transistor which are dependent on VDS and 

which are usually not specified by manufacturer. 

2.2 Class E amplifier with shunt capacitance 

Unlike class F amplifier, class E is more applicable at low-

er frequencies due to limitation of the discharging shunt ca-

pacitance. Example topology of class F amplifier is shown 

at Figure 4. The increasing power dissipation caused by higher 

harmonics is prevented by adding a series LC resonator to the 

output circuit. Through the shunt capacitor is the opposite 

voltage half wave returning to the series resonator. Series 

inductance is used as phase shift to eliminate the DC offset 

and the capacitor in LC resonant circuit is also used as DC 

blocking capacitor. 

 

 
Figure 4: Scheme of class E Amplifier. 

Figure 1: Forming the square voltage waveform with higher 

harmonics. 

Figure 2: Class F current and voltage waveforms.  
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Voltage and current waveforms with ideal switch are 

shown at Figure 5. For simpler description, transistor was 

replaced with ideal switch with output series capacitor. In this 

case the efficiency achieved only 81%, because of the dissipa-

tion of the higher harmonics created in switch, so the DC 

power is transformed to RF power at higher harmonics and 

that causes lower efficiency. 

 
 

. 

 

The ideal switch was replaced with nonlinear model 

of FET transistor and the topology mentioned earlier was 

applied. The final waveforms are shown at Figure 6. Reached 

efficiency was 87%. As in class F, the amplifier needs to be 

overdriven to achieve the desired efficiency.  

 
 

 

 

2.3 Class J amplifiers 

As mentioned in introduction, class J amplifier is increas-

ing voltage of fundamental frequency with 2nd harmonic. 

The output voltage waveform is combination of 1st and 2nd        

harmonic which evidently needs to have the same phase. 

The main advantage is design without the resonators as in 

class E and F which can be difficult to design properly.  

Principle of achieving high efficiency is to move 1st and 2nd 

harmonic load impedance to opposite region in smith chart. 

In this case the voltage waveform can be phase shifted in two 

ways. The first way is move 1st harmonic load impedance 

to capacitive region of Smith chart and 2nd harmonic to induc-

tive region of Smith chart. Second way is when 1st harmonic 

is shifted to inductive and 2nd is shifted to capacitive region. 

This means that class J amplifier uses capacitive termination 

which is mostly considered as linear. The voltage is approxi-

mately increased by square root of 2 compared to class B. 

Modes of class J amplifier are shown at Figure 7. Wave-

forms are highly idealized. Middle curve marked as β = 0 

is class B operation, β = 1 is operation of Class J amplifier and 

last curve represents inverse class J amplifier. The meaning 

of β attribute can be explained by following equation: 

𝑣 𝑡 =  𝑣𝐵 𝑡  × (1 + 𝛽 cos(𝜃)) , (1) 

in which v(t) is voltage in class J amplifier, vB(t) is voltage 

of amplifier operating in class B and angle θ is the phase 

of the voltage waveform.  

 
 

 

3 Practical design of class F amplifier 

This article deals also with the practical design of class F 

amplifier [7]. Amplifier was designed for 435 MHz and de-

sired output power was 27 dBm with 16 dB gain. Used type 

of transistor was E-pHEMT which was applicable from 

400 MHz to 6 GHz. Class of operation was set to class B with 

VDS set to 4.5 V and VGS = 0.4 V with quiescent current 

equalled approximately to 100 mA. 

Amplifier had to be stable up to 3rd harmonic frequency, 

because amplifier is not used in linear region but almost 

in saturation. Stability in this wideband region was solved with 

series RLC circuit between gate and drain of transistor. 

For better stability, vias were added directly under the transis-

tors source pad as a manufacturer’s recommendation.  

Selected topology was similar as shown in Figure 3, 

so with two resonators. All resonators were designed with 

lumped components, because the quarter of wavelength 

at fundamental frequency is more than 8 cm and the design 

was limited by required dimensions of PCB.  

Figure 5: Ideal waveforms of class E amplifier. 

Figure 6: Waveforms of class E amplifier with shunt 

capacitor. 

Figure 7: Modes of Class J amplifier. 
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Transistor was matched from ZL= 14 + 12j Ω to output im-

pedance equalled to 50 Ω at fundamental frequency. 

Even harmonics were shorted and odd were set to high imped-

ance. All capacitors in resonators were replaced with capacitor 

trimmers for better tuning.  

To verify right matching of input and output, S-parameters 

were measured; S11 ,S12  and  S22 parameters are shown at Fig-

ure 8. The gain at fundamental frequency achieved 24 dB 

and S11 and S22 were less than -10 dB, what can be considered 

as right matched amplifier. As input matching was chosen 

high pass LC circuit which also acts as DC block at input.  

 

 
Figure 8: Measured S-parameters. 

Transistor worked at its limit conditions, because it was 

used for 435 MHz and the minimum usable frequency 

was 400 MHz. Results of designed amplifier are shown 

at Figure 9 and Figure 10. Achieved efficiency was 58% and 

output power 27 dBm. Gain compression was significant due 

to class B operation and low P1dB point which was caused 

by border conditions of the transistor.  

 

 
Figure 9: Results of measured gain and output power. 

 
Figure 10: Results of measured PAE. 

 

Ideal output impedance was selected from load pull simu-

lation with regard to compromise between PAE and output 

power. High impedance for 3rd harmonic and short circuit 

for 2nd harmonic was set with multiresonance circuit.  

 

 
 

Figure 11: Photography of realised amplifier. [7] 

4 Conclusion 

The topic of this article was dedicated to RF amplifiers 

in general and its most important functions. Basic function 

was explained at simulated waveforms of individual classes 

of RF amplifiers. As published in other articles, class F ampli-

fiers can achieve highest efficiency however it is more com-

plicated for design. Class E amplifiers are simpler to design 

and are more applicable at lower frequencies due to maximal 

switching frequency of shunt capacitor. Class J amplifiers are 

as class F amplifiers more applicable at higher frequencies 

and realisation is possible with microstrip lines. 

Second part of article is dealing with practical realisation 

of class F amplifier at 435 MHz. Topology used in amplifier 

was chosen with multiresonance circuit. Whole amplifier was 

designed with lumped components on FR4 substrate. Output 

resonators were tuned with tunable capacitors to correct ad-

justment of given matching conditions for odd and even har-

monics. Achieved efficiency was 58% and output power was 

27 dBm at 14 dBm input power.  

If there is requirement of better efficiency, a transistor with 

higher load impedance or different topology might be used. 

In this case of amplifier, the multiresonance output matching 

circuit was difficult to design and was not set to ideal condi-

tions. In general E-pHEMT transistors have lower load imped-

ances, for example GaN HEMT have higher output impedanc-

es so better effect of multiresonance circuit could be achieved. 

Voltage waveforms of this amplifier are influenced only 

by voltage of third harmonic, no higher harmonics are used. 

The efficiency could be improved by using higher harmonics. 
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