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Abstract. A three-way Doherty power amplifier targeting sub 6-GHz. Three 6W GaN
transistors are used to design an 18W peak power with an 8.5 dB back-off efficiency. The
amplifier achieved an efficiency of 55%, 63% and 80% at 8.5, 6, and O dB respectively
from the peak power. The designed amplifier target 3.4-3.8 GHz band with a gain of 13
dB over the band. In addition, the amplifier was examined for different VSWRs taking into
account the effect of impedance changing of antenna due to beamforming. There was an
average of 3.35 dBm variation in the output power and 20% efficiency variation for
different VSWRs at both the back-off and peaking regions. The structure of three-way
Doherty amplifier or sequence of turning the peaking amplifiers on affects the amplifier
performance for different VSWRs.
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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) [1-5]. 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 [3-11]. 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. However, this technique suffers
from bandwidth limitation, due to the transistor type, matching network design and the
impedance inverter. The semiconductor’s layers and fabrication methods determine the
achievable power and bandwidth, where the bandwidth is inversely proportional to the parasitic
capacitance of the drain side. Moreover, the matching networks of the amplifier can be divided
into two types: the input matching network which is responsible for controlling the gain over the
designed band in addition to the gain flatness, whereas the output matching network is
responsible for specifying the achievable power and efficiency [7]. As transistor power capability
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increases, the optimum load impedance that needs to be matched at the output side will be
decreased; in this case, the impedance transformation ratio will be increased. In addition, the
transistor parasitic will increase the design complexity, especially at high-frequency design. The
third factor that limits the bandwidth of the Doherty amplifier is the impedance invertor network,
where it can work perfectly for a single frequency design, but as the design bandwidth increases,
the impedance inverter network effect will be increased.

Moreover, the optimum load impedance changing effect was explored in this paper where
different Voltage Standing Wave Ratio (VSWR) were applied to the designed amplifier.

2 Overview of Doherty Amplifier

The Doherty amplifier operation is explained in detail in many materials; however, a short
summary will be provided. W. Doherty, in 1936, came up with a new concept for combining two
amplifiers outputs [12]. Doherty used a quarter-wavelength transmission line and two tube
amplifiers. Where the first one (carrier amplifier) operates all the time on the other hand, the
second amplifier (peaking 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 [6]. For the impedance inverter, a quarter wavelength
was used as an to invert the impedance that is seen by the carrier amplifier as illustrated in Figure
1.
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Fig.1 Doherty amplifier structure [7].

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 equation (1) assuming that the drain parasitic of the transistor
is disregarded:
¢ = 2 Vad—Viknee (1)
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Fig. 2. 1V-curves of a transistor [7].

The Doherty amplifier relies on load modulation, where its operations can be summarized
by two regions of operation assuming both amplifiers are are connected to a load of 25Q and
matched to 50 .

At low input power region, the carrier amplifier is working, nevertheless, because of the
quarter wavelength impedance transmission line inversion property, the impedance seen by the
carrier amplifier is 100€, which is double the optimum load seen by the carrier amplifier, so the
carrier amplifier will be almost saturated, where the first peak efficiency will be seen.

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 100Q to 50Q 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 Design of 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 of can be used to design
asymmetrical Doherty amplifier to accomplish a higher back-off [13-16]. Another way to
increase the back-off efficiency operating region is to utilise 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 amplifier in the next region as
illustrated in Figure4. Equations (2) to (4) represents the currents amount of each amplifier:
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L,,: maximum current of the main amplifier

I,1: maximum current of the first peaking amplifier

Iyz: maximum current of the second peaking amplifier

T,: injecting starting point of the first peaking amplifier
T,:injecting starting point of the second peaking amplifier
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Fig.3. Three-way Doherty circuit layout.
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Fig. 4. Three-way Doherty power amplifier current profile.

The designed three-way Doherty performance showed an 8.5 dB output back-off efficiency
with about 55% drain efficiency, with a linear gain of 13 dB as illustrated in figure 5. Moreover,
a 43.2 dBm of peak power was achieved with a drain efficiency of over 80%.
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Fig. 5. Gain and drain effeicncy performance of three-way Doherty amplifier.



The Microwave Office (MWO) was used to simulate the performance of the designed
amplifier, where the designed amplifier is matched to the common impedance (50Q);
nevertheless, when beamforming technique and MIMO are applied, the antennas impedance
varies. Figure 6 shows the selected Voltage Standing Wave Ratio (VSWRSs), where the designed
three-way amplifier performance is checked after forcing the amplifier to see these impedances
due to the change of the VSWRs, Figure 7 and Figure 8 show the output power variation of the
designed amplifier at the back-off region and the peak power region respectively. In addition,
for the same tested regions, Figure 9 and Figure 10 showed the variations of the efficiency. Due
to the impedance change, the amplifier performance is changed significantly. The maximum
variation of the power was 3.5 dBm at the peak power and 3.2 dBm at the back-off region,
whereas 21.3% was the efficiency variation at the peak power and 17.8% at the back-off power.
This performance can be compared with [8], where more variation in the power was obtained
and less variation in the efficiency, so that, the amplifier structure has a significant effect when
different VSWRs are applied.
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Fig. 6. Selected VSWRs.



Reflection Magnitude Reflection Angle

36

34 Pout [dBm]

32-130 0

0.25

180 0.5

Fig. 7. Designed amplifier output power change for different VSWRs at the 8.5 dB back-off.

Reflection Magnitude Reflection Angle

44

42 Pout [<Bm]

40-130

180 0.5

Fig. 8. Effect of different VSWRs on the output power at 43.2 dBm.
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Fig. 9. The variation of drain efficiency for different VSWRs at 8.5 dB back-off.
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Fig. 10. The effect of different VSWRs on the drain efficiency for at 43.2 dBm.



4 Conclusions

The three-way Doherty structure can be used for increasing the efficiency at the back-off
region of the power amplifier. The designed three-way Doherty amplifier was tested when the
amplifier is matched to 50Q2 and a gain of 13 dB was obtained, a drain efficiency of 55% was
achieved at 8.5 dB back-off power from the peak power of 43.2 dBm. The impedance changing
at the output side can affect the drain efficiency and the output power of the amplifier. A 3.35
dBm variation of the output power was obtained for different VSWRSs, moreover, the drain
efficiency variation was about 20% for the same VSWRs. The structure of three-way Doherty
amplifier or sequence of turning the peaking amplifiers on affect the amplifier performance for
different VSWRs.
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