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Abstract. An efficient three-way Doherty amplifier is designed and simulated using 

Cadence Microwave Office software. 6W, 25W and 45W GaN HEMT transistors are used 

to design three-way Doherty amplifier at 3.4-3.8 GHz band to achieve a 76W peak power. 

Each amplifier was designed to work as a class F amplifier to improve the efficiency of 

the designed amplifier. In addition, A new configuration of impedance modulation is used, 

where a 12.5 dB gain was obtained over the band, in addition, a 13 dB back-off efficiency 

was achieved with 50-60% drain efficiency. Changing the location of the peaking amplifier 

or changing the operation sequence of the peaking amplifier can achieve good efficiency 

at the back-off region. There was an efficiency improvement of 10% at the back off by 

utilizing a class F amplifier comparing with the classical Doherty design. 
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1   Introduction 

The wireless mobile communications systems are utilising modulation schemes with high 

complexity to increase the data rate and to employ the allocated bandwidth effectively due to 

including additional services and features that attract the user; however, the modulated signal 

will have an envelope which can be measured by the peak-to-average-power ratio(PAPR) [1]. 

The efficiency of power amplifiers can be achieved at the saturation region. Nevertheless, for 

modulated signals with high PAPR, power amplifiers should be operated at  the backed-off 

region that is far from the most efficient point to keep the required linearity performance, 

however, the efficiency drops sharply [2-10]. The back-off efficiency of power amplifier can be 

improved using several techniques; among them, the Doherty technique is the easiest, where no 

digital signal process (DSP) nor additional complex circuity is required.  

In this paper, the benefits of using class F amplifier will be explained in addition to the use 

of three-way Doherty amplifier for improving and increasing the back-off efficiency, where a 

new three-way Doherty amplifier configuration will be used.  
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2 Theory of Class F Amplifier 

Much research has been focusing on class F amplifier. The main difference between the 

class F and class B amplifier is the utilization of the third harmonic on the output voltage, where 

class F amplifier efficiency will be improved compared with class B efficiency. By adding the 

third harmonic component to the voltage output, the voltage shape will look like a square 

waveform, whereas the current waveform is a truncated sinusoid[11-14]. In this case, the 

overlapping between the output current and voltage will be reduced. As a result, the dissipated 

power will be reduced, and the efficiency will be increased. According to the Fourier series, the 

square waveform can be generated by adding the odd harmonics to the fundamental waveform 

with certain coefficients’ weights. However, in the practical implementation of the power 

amplifier, considering more harmonics will increase the circuit complexity. Therefore, in this 

work, the class F power amplifier output voltage design will rely on the combination of DC, 

fundamental and third harmonic components. The DC power consumption is mainly depending 

on the conduction angle as shown in the following equation: 
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Where 𝑉𝐷𝐶 is the supplied drain voltage, 𝐼𝑚𝑎𝑥 is the maximum drain current, 𝛼 is the current 

conduction angle and it depends mainly on the DC current: 
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 Whereas the RF power can be determined using this equation: 
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Where 𝛾(𝜀3) is the drain voltage ratio between the fundamental and the third harmonic voltage 

and can be expressed in the following equation: 
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As a result, the transistor output voltage can be calculated using the following equation: 
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By adding the third harmonic to the output voltage, the output power will be increased, so 

that the efficiency will be increased according to the following equation: 
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3   Doherty Amplifier Overview 

  The Doherty amplifier operation is explained in detail in many materials; [4-9]; however, 

a short summary will be provided. W. Doherty, in 1936, came up with a new concept for 

combining two amplifiers outputs [15], Doherty used a quarter-wavelength transmission line 

and two tube amplifiers. The first amplifer is called carrier amplifeir, whereas the second one 

called the peaking amplifier, where the first one operates all the time on the other hand, the 

second amplifier operates only during the load modulation region, at the same time, the bias 

condition of the carrier amplifier was as class AB, whereas the bias condition of the other 

amplifier was as class C amplifier [1].  For the impedance inverter, a quarter wavelength 

transmision line was used as an to invert the impedance amount seen by the carrier amplifier as 

illustrated in Figure 1. 

The characteristic of a transistor can be explored by applying different gate voltages and 

checking the behaviour of the drain current, as illustrated in Figure 2. The power amplifier load 

impedance can be determined using (7) assuming that the drain parasitic of the transistor is 

disregarded: 

𝑅𝑜𝑝𝑡 = 2
𝑉𝑑𝑑−𝑉𝑘𝑛𝑒𝑒

𝐼𝑚𝑎𝑥
                                                              (7) 

 

 
Fig. 1 Doherty amplifier layout [9]. 

 

   



 

 

 

 

 
Fig. 2.  IV-curves of a transistor [9]. 

 

The Doherty amplifier relies on load modulation technique, where its operations can be 

summarized by two regions of operation assuming both amplifiers are are connected to a load 

of 25Ω and matched to 50Ω . 

At low input power region, the carrier amplifier is working, nevertheless, due to the quarter 

wavelength transmission line impedance inversion property, the impedance seen by the carrier 

amplifier is 100Ω, which is double the optimum load seen by the carrier amplifier, so the first 

peak efficiency will be seen  due to the carrier amplifier saturation. 

At the load modulation region, the Doherty operation will be clear, where a current will be 

injected, to the summing node, by the peaking amplifier, so two current will be contributed to 

the same load. There will be a reduction from a 100Ω to 50Ω of the impedance seen by the 

carrier amplifier depending peaking amplifier current. However, the saturation  of the carrier 

amplifier continues until its maximum power. 

3 Three-way Doherty Amplifier  

Only 6-dB a peak efficiency at the back-off can be obtained from classical Doherty design 

assuming both amplifiers have same capabilities. To get more efficiency at further back-off of 

Doherty power, two different capabilities of power transistors can be used to design 

asymmetrical Doherty amplifier to accomplish a higher back-off [16, 17]. Another way to 

increase the back-off efficiency operating region is by utilising more parallel transistors 

connected via more than one quarter-wavelength line as demonstrated figure 3. Where one of 

the transistor acts as the main amplifier and the other two amplifiers act as peaking ones. The 

main amplifier is responsible for the the first peaking efficiency since it is the only working 

amplifier and other amplifiers are off. Then, a current will be injected by the first peaking 

amplifier into the load, where the impedance seen by the main amplifier will be changed. 

Moreover, additional current will be contributed to the output power from the other peaking 
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amplifier in the next region as illustrated in Figure4. Equations (2) to (4) represents the currents 

amount of each amplifier[4]: 
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Where 

𝑇1 < 𝑇2  
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Fig.3.  The circuit layout of three-way Doherty amplifier using class-F. 
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Fig. 4.  The 3-way Doherty amplifier current profile.  

 

In this three-way Doherty amplifier circuit, the configration has been modified where the 

amplifiers orders from the top to the bottom is the main, the second peaking amplifier, then the 

first peaking amplifier which is located next to the load, two quarter-wavelengths transmission 

lines are used to connect the three amplifiers to the load. Phase difference compensation was 

achieved at the input side using additional offset lines to compensate the phase differnce due to 

the biasing difference and the impedance inversion network.  

The proposed three-way Doherty amplifier performance was simulated for two different 

cases. The first case, when the carrier amplifier is biased as class AB and the peaking amplifiers 

as class C, where the second and third harmonics are shorted. Figure 5 shows the performance 

of the designed amplifier, where 40-50% efficiency was achieved at 13 dB back-off with 12.5 

dB gain. In the second case, the designed Doherty amplifier performance utilizing class F 

amplifier was simulated,  where drain efficiency of 50-60% was obtained at 13 dB output back-

off, with 12.5 dB linear gain as shown in Figure 6. Moreover, in both cases, a drain efficiency 

of 65% was obtained at the peak power of 48.8 dBm.  

Moreover, the voltage and current waveform of the designed class F amplifier was 

simulated as shown in Figure 7. It can be seen that the voltage looks like a square waveform, 

whereas the current waveform is a truncated sinusoid. There is a small dip in the voltage 

waveform due to the knee voltage effect. 

 

 

 



 

 

 

 

 
Fig. 5.   The performance of three-way Doherty power amplifier Using Class B amplifier for the main and Class C for 

the peaking amplifiers.  

 

 

 
Fig. 6.   Designed three-way Doherty power amplifier performance Using Class F amplifier.  
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Fig. 7.   Simulated class F current and voltage waveforms.  

 

Conclusions  

Three-way Doherty amplifier can be used as a solution for achieving peak efficiency at a 

deeper back-off power.  A configuration of new load modulation has been used for this designed 

amplifer that can achieve a peak efficiency at a back-off region from the peak power. Changing 

the peaking amplifiers operation sequence or changing its location can achieve good efficiency 

at the back-off region; however, the power phase of each amplifier at the summing point should 

be considered. By using class F amplifier in the three-way Doherty design, the efficiency was 

improved by about 10% at the back-off compared to the classical design. Moreover, the gain of 

the designed amplifier showed a 12.5 dB over the band , a peak power of 48.8 dBm, and a back-

off drain efficiency of 55% was achieved at 13 dB from the peak power. Knee voltage has an 

effect of the voltage waveform, where there is a clear dip in voltage waveform.   
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