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Abstract

We report an ultra-wideband and high efficiency sub-6GHz power amplifier, which is based
on multi-band Doherty load modulation. Key novelty is that a dual-mode bias circuit which
operate as frequency-dependent compensating circuit at a half of center frequency 0.5f0 mode,
and DC-block and RF-choke at a center frequency f0 mode. The amplifier using 0.15-um GaN
HEMT FETs achieved drain efficiency of 41.4-58.2% over 0.85-2.05GHz with 0.5f0 mode, and
43.5-62.1% over 2.4-4.2GHz with f0 mode at 6dB power back-off. This, to the best of authors’
knowledge, is the widest coverage of frequency reported so far for a multi-band Doherty
amplifier at these carrier frequency range. It is a very promising PA technology for sub 6GHz
base station, enabling reduction of the total cost of ownership (TCO) for operators.
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Abstract— We report an ultra-wideband and high efficiency
sub-6GHz power amplifier, which is based on multi-band Doherty
load modulation. Key novelty is that a dual-mode bias circuit
which operate as frequency-dependent compensating circuit at a
half of center frequency 0.5fo mode, and DC-block and RF-choke
at a center frequency fo mode. The amplifier using 0.15-pm GaN
HEMT FETs achieved drain efficiency of 41.4-58.2% over 0.85-
2.05GHz with 0.5fo mode, and 43.5-62.1% over 2.4-4.2GHz with fo
mode at 6dB power back-off. This, to the best of authors’
knowledge, is the widest coverage of frequency reported so far for
a multi-band Doherty amplifier at these carrier frequency range.
It is a very promising PA technology for sub-6GHz base station,
enabling reduction of the total cost of ownership (TCO) for
operators.
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I. INTRODUCTION

Recently, advanced wireless communication systems apply
high peak-to-average power ratio (PAPR) signals to cope with
crowded spectrum and higher speed data demands. RF power
amplifiers (PA) for base stations require high efficiency at a
large back-off power level. In particular, an RF amplifier
covering frequency up to 6GHz becomes increasingly
important for next generation mobile communication systems,
such as sub-6GHz 5G to achieve high capacity communication,
while maintaining backward compatibility for 3G-4G system.
At present, Doherty Power Amplifier (DPA) is widely deployed
in base stations. However, DPA is fundamentally limited to
narrow frequency range due to the frequency dependent 90°
transmission line for load modulation. Hence, to expand
bandwidth with high efficiency of PA, circuit technologies to
widen the bandwidth of DPA [1] and various non-Doherty
configuration have been studied [2]-[4]. On the other hand, to
enhance the performance of ultra-wideband PAs, low-loss and
wide-band output bias circuit is necessary.

In this paper, we report a multi-band DPA with 0.85-
2.05GHz and 2.4-4.2GHz modes. It is enabled with a dual-
mode bias circuit. A novel drain bias circuit to achieve high
efficiency at back-off over both frequency modes is designed
and demonstrated. Our DPA employs output circuit which
operates as multi-mode load modulation combiner included at
least 2-types of Doherty modes [2], [4]-[5] over frequency. The
input circuit includes wideband power divider and phase shifter
to equalize electric length of a main and an auxiliary amplifier
chain. Then, a 0.85-2.05GHz half of center frequency mode and
a 2.4-42GHz center frequency mode are exchanged via
changing the role of the main and the auxiliary amplifier by

switching gate bias conditions. In the description, the center
frequency is denoted as fy. Notably, the dual-mode bias circuit
operates as frequency-dependent compensating circuit at 0.5fy
mode, and DC-block and RF-choke at fy mode. The multi-band
DPA achieves drain efficiency of 41.4-58.2% over 0.85-
2.05GHz 0.5fy mode and 43.5-62.1% over 2.4-4.2GHz f, mode
at 6dB back-off level. We successfully demonstrated the new
concept of multi-band DPA with dual-mode bias circuit in the
experiment.

II. MULTI-BAND DOHERTY AMPLIFIER WITH
MULTI-MODE BIAS CIRCUIT

A. Circuit Configuration

The schematic of circuit diagram of multi-band DPA with
dual-mode bias circuit is shown in Fig. 1. The circuit employs
two GaN FETs. The equivalent transmission line is connected
to each FET at the equivalent current source plane of the device.
Device parasitic capacitance Cgs is absorbed into the equivalent
transmission line. An additional transmission line with
electrical length of 90° at the center frequency is further
connected to one side of the FETs. Characteristic impedance of
the combiner based on above transmission lines is chosen to be
the optimum load resistance of FET, Roy. Dual-mode bias
circuit and output matching network (OMN) are connected at
the output of the combiner. In the input side, input matching
networks (IMN) including stabilization circuit, a divider and
90° transmission line are connected.
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Fig. 1. Schematic of the circuit diagram of multi-band DPA with 0.5f; and

fo with dual-mode bias circuit.
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Fig. 2. Schematic of the dual-mode bias circuit.

The amplifier has two operation mode described as 0.5fp
mode and f; mode, respectively. At fy mode, 90° equivalent
transmission line for load modulation is connected at output of
FETI1. Then, the gate bias voltages of FET1 and FET2 are
biased above and below the threshold point of FETs. In this case,
FET1 and FET2 operate as a main and an auxiliary amplifier,
respectively. On the other hand, at 0.5fy mode, 90° equivalent
transmission line is connected at output of FET2, the biases of
FETI1 and FET2 are exchanged. Then, FET1 and FET2 operate
as an auxiliary and a main amplifier, respectively.

The concept of dual-mode bias circuit is shown in Fig. 2.
The key idea is to apply it as both frequency-dependent
compensating circuit to widen band-width at 0.5f; mode, and
as DC-block and RF-choke at fy mode.

B. Circuit Operation with RF Frequency

In this section, the difference of load modulation and the
operation of dual-mode bias circuit for each 0.5fy and fp mode
are explained in details.

At 0.5fy mode, the FET1 operates as an auxiliary amplifier,
and FET2 operates as a main amplifier. At the back-off level,
the FET1 is turned off, so the output terminal of FET1 is open
as shown in Fig. 3. Normalized impedance Z, of Smith chart in
Fig. 3 is Rop. At a frequency of 0.5fy, 45° open (T1) and 45°
short (bias) stubs are in parallel, therefore they are cancelling
each other, and thus do not affect the load modulation of 90°
transmission line at FET2. On the other hand, the load
modulation of the transmission line (shorter than 90° below
0.5y and longer than 90° above 0.5fy), is compensated with the
open and short stubs, since it behaves as inductive circuit below
0.5fy and capacitive circuit above 0.5f), respectively. At the
saturated power level, T1 works as transmission line as shown
in Fig. 4. Normalized impedance Z of Smith chart in Fig. 4 is
0.5Ropt. Therefore, only the 45° short (bias) stub remains and
the output capacitor Co, compensates impedance mismatching
caused by the stub. It has been noted that the Coy value is
properly chosen not to affect load modulation at back-off level.
Fig. 5a shows simulated frequency response of reflection with
0.5fy mode at output terminal of main FET current source at
back off level, and it demonstrates that bias circuit enhances the
bandwidth of load modulation, even with Coy. Fig. 5b shows
reflection at output terminal of PA at saturated level, and it
demonstrates that Co¢ can reduce the reflection.
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Fig. 3. Circuit configuration and impedance transformation trace of the DPA
with 0.5fy mode at back-off level.
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Fig. 4. Circuit configuration and impedance transformation trace of the DPA
with 0.5f, mode at saturated level.
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Fig. 5. Simulated frequency response of reflection with 0.5f, mode: (a)
output terminal of main FET current source at back-off level; (b) output
terminal of DPA at saturated level.
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Fig. 6. Circuit configuration of the DPA with f, mode.
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Fig. 7. Simulated frequency response of reflection with f, mode: (a) output
terminal of main FET current source at back-off level; (b) output terminal
of DPA at saturated level.

At fy mode, FET1 operates as a main amplifier, and FET2
operates as an auxiliary amplifier. At a frequency of fy, the bias
circuit consists of 90° short stub and C,,« which is self-resonated
as shown in Fig. 6. Thus, the bias circuit operates as DC-block
and RF-choke. Fig. 7 shows the simulated frequency response
of reflection with fo mode. It demonstrates that the bias circuit
does not affect matching for both back-off and saturated levels.

III. MEASUREMENT RESULT

Fig. 8 shows the photo of the assembled GaN multi-band
DPA with dual-mode bias circuit. Upper one is FET1, and
lower one is FET2. In this work, OMN to 50Q load in Fig. 1 is
not needed, because transistor Ry is synthesized to be 100Q2.

Fig. 9 and Fig. 10 show the measured drain efficiency and
gain characteristics with power sweep at different frequency.
The DPA operates as 0.5fy mode in Fig. 9 and fy mode in Fig.
10, respectively. At 0.5fy mode, FET]1 is biased as an auxiliary
amplifier and FET2 is biased as a main amplifier. At fo mode,
operation of FET1 and FET2 is exchanged against 0.5f, mode,
FET1 is biased as a main amplifier and FET2 is biased as an
auxiliary amplifier. The drain voltage is 28V. Both 0.5f; and f,
modes operation clearly demonstrate one can obtain efficiency
peak of Doherty load modulation at around 6dB back-off level.
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Fig. 8. Photo of the assembled 0.15um-GaN HEMT multi-band DPA with
0.5f, and f;, with dual-mode bias circuit.
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Fig. 9. Measured drain efficiency and gain with power sweep at different
frequency of 0.5f; mode.
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Fig. 10. Measured drain efficiency and gain with power sweep at different
frequency of f, mode.
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Fig. 11. Measured frequency dependences of drain efficiency (DE), power added efficiency (PAE), gain, and output power at 6dB power back-off level.

Table 1. Comparison of sub-6GHz high efficiency wideband amplifiers.

IV.CONCLUSION

Ref. Year (FG':‘; F';\j;‘(f/”)a' E“‘(C;e)”cy (Zg:) Configutration backoff By exploring a novel Doherty output combiner topology
[1] 2012 3036 18 3856 3738 Doherty 6dB(CW) included the bias circuit and leveraging its dual-mode operation,
[2] 2013 1030 100 4868 371389 Doherty/Outphasing _6dB(CW) the demonstrated GaN DPA maintains high average efficiency
[3] 2017 0.9-2.15 82 32-36 30.0-30.7 Envelope tracking  6.5dB(Mod.) h de fi i | bandwidth Ivi f
6 006 2052311 85 413 ety dcw) over the wide fractional bandwidth, relying on frequency-
ulti-ban oher . .
3236 12 42-51 41 Y dependent compensated load modulation mechanism. The use
W] 2015 2448 10 4567 299328 Doherty/Ouiphosing Sablcw) of the wideband efficient DPA assisted by cutting-edge GaN
(5] 2019 2841 38 42-50  34-35 _ Multi-band Doherty  6dB(CW) HEMT technology can reduce the complexity and energy
0“85‘2‘& ; z?gz 2932':5;5 consumption of radio, which further helps reducing TCO of
Here 2019 ==———— 4462 308327 Multi-band Doherty  6dB(CW) next generation wireless communication base stations.

Fig. 11 shows measured ultra-wide bandwidth of the
designed amplifier. 41.4-58.2% of drain efficiency is achieved
with 0.5f; mode across the measured frequency range 0.85-
2.05GHz, and 43.5-62.1% of drain efficiency is achieved with
fo mode across the measured frequency range 2.4-4.2GHz at
6dB power back-off level. Output power at 6dB back-off is
approximately 31.5dBm. Fractional bandwidth of 83% and
55% is achieved with 0.5fy mode and f, mode, respectively.
This, to the best of the authors’ knowledge, is the one of the
widest coverage of frequency reported so far for a multi-band
DPA at these carrier frequency range.

Table 1 shows the state-of-the-art performance of sub-
6GHz wideband amplifiers with high efficiency. Compared
with other reported amplifiers, this new multi-band DPA with
dual-mode bias circuit reported has the one of the widest
bandwidth with drain efficiency over 41%.
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