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for 5G and beyond 5G Base Stations
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SUMMARY High power amplifier technologies for base transceiver
stations (BTSs) for the 5th generation (5G) mobile communication sys-
tems and so-called beyond 5G (B5G) systems are reviewed. For sub-
6, which is categorized into frequency range 1 (FR1) in 5G, wideband
Doherty amplifiers are introduced, and a multi-band load modulation am-
plifier, an envelope tracking amplifier, and a digital power amplifier for
B5G are explained. For millimeter wave 5G, which is categorized into fre-
quency range 2 (FR2), GaAs and GaN MMICs operating at around 28GHz
are introduced. Finally, future prospect for THz GaN devices is described.
key words: 5G, beyond 5G, high power amplifier, base-station, Doherty
amplifier, digital power amplifier

1. Introduction

In 2019, the 5th generation mobile communication (5G) ser-
vice has started in Korea, United States, and other countries.
In Japan, 5G started in March 2020. In 5G systems, the
maximum data transmission rate is upgraded up to 20 Gbps,
which is roughly 20 times higher than that of the 4th gen-
eration mobile telecommunication (4G) systems. The max-
imum number of devices connected in a certain area is also
extended to 1,000,000 devices/km2, which is 10 times larger
than that of 4G, and access delay (latency) is shortened to
1ms, which is 1/10 of that of 4G. In addition, the next gen-
eration system, which is called beyond 5G (B5G) or 6G, has
started to be discussed in the world [1], [2]. In B5G, a fur-
ther higher maximum data rate, a further larger number of
connected devices, and further lower latency are expected.

To realize the above-mentioned performance, high
power amplifiers (HPAs) deployed in BTSs need to have
superior performance to those employed in 4G BTSs. In
Table 1, the 4G, 5G, and B5G HPA technology trend is
summarized.

In 5G, millimeter wave (mmW) frequencies are used
together with lower microwave frequencies, which are so
called “sub-6” [3]. In B5G, THz (140 GHz band and 300
GHz band) will be added to the 5G frequency allocation
list for higher bit rates. The maximum instantaneous band-
width of 5G is 4 times larger than that of 4G. This means
HPAs have to operate with a broader bandwidth. It will
replace existing LDMOS (Laterally Diffused Metal Oxide
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Table 1 Summary of the 4G/5G/B5G HPA characteristics trend

Semiconductor) with GaN since GaN is inherently advanta-
geous to broadband operation. The instantaneous bandwidth
required in B5G will be further broad, 10 GHz, for exam-
ple. But that is not certain because the discussion about the
B5G systems has just started. In 4G, so-called macro BTS
played a critical role, while in 5G, massive MIMO BTS that
employs at least 16 to 64 HPAs in an antenna will play a
more important role. That is why typical average output
power (Pave) becomes smaller. In B5G, Pave required will
be further smaller since area coverage for each BTS will be
smaller for higher space division multiplexing.

Typical back-off of 5G is a little bit higher than that of
4G, but there is no big difference. Meanwhile, in B5G, it
will become larger, e.g. 10 dB, since in B5G systems, BTS
output power should be changed depending on data traffic
more adaptively than that in 5G systems in order to save
power consumption in the BTS.

In this review paper, some HPA technologies for 5G
and B5G are introduced. In chapter 2, an HPA technol-
ogy trend in sub-6 is explained. In chapter 3, a mmW and
THz HPA technology trend is explained, followed by the
summary.
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2. HPA Technology Trend in sub6 GHz

In Fig. 1, the BTS HPA technology trend is shown schemat-
ically [4]. Doherty amplifier technology has been used since
3G, and most of BTS HPAs in sub-6 are still based on
the Doherty amplifier technology. Although the conven-
tional analogue Doherty amplifiers are advantageous to en-
hance back-off efficiency for around 6 dB back-off, it is
not suitable for wide-band operation since the conventional
analogue Doherty amplifiers usually employ quarter wave-
length transmission lines. An optimum back-off power level
for efficiency enhancement can be tuned by changing the
output power ratio of a carrier (or main) amplifier to a
peak (or auxiliary) amplifier. However, as the optimum
back-off level goes up over 6 dB, the modulation-signal-
based efficiency in the analogue Doherty amplifiers suffers
from a relative large dip of efficiency observed in between
the optimum back-off power level and the saturation power
level. Moreover, an operation bandwidth for the Doherty
amplifiers becomes narrower as the output power ratio be-
comes larger. To address these problems, some new types of
Doherty amplifiers have been proposed to date [5]–[13]. For
efficiency enhancement at arbitrary back-off levels, GaN
envelope tracking (ET) amplifiers have already been pro-
posed [14], [15]. It has long been considered that ET ampli-
fier is NOT suitable for BTS HPAs. Although high-voltage
and large-current operation is required for the BTS HPAs,
it was not easy for envelope amplifiers to handle such high
voltage and high current. However, by using GaN for both
an RF amplifier and an envelope amplifier, an ET BTS HPA
has become realistic. As the need for the arbitrary back-off
operation becomes more important, it is considered that a
digital controlled transmitter with a switching amplifier will
be employed finally.

In Fig. 2, the photo of a wideband GaN Doherty power
amplifier with a frequency dependency compensating cir-
cuit (FDCC) is shown [5]. As mentioned before, the con-
ventional Doherty amplifiers are not good at wideband

Fig. 1 BTS HPA technology trend in sub6 GHz [4]

operation, because a quarter wave-length transmission line
connected to the output of main amplifier limits the oper-
ational bandwidth. The Doherty amplifier shown in Fig. 2
features a novel FDCC that consists of a half wave-length
transmission line attached to the output of the peak am-
plifier. This FDCC compensates for the parasitic reac-
tance generated by the quarter wave-length transmission.
Measured frequency dependences of drain efficiency (DE)
and output power with ACLR using a digital predistortion
(DPD) are shown in Fig. 3 [5], where DE and output power
at ACLR < −50 dBc are plotted. Thanks to the FDCC, more
than 34.3 dBm of output power and more than 45% of DE
are successfully obtained over a 400 MHz operational band-
width. This is well enough to cover 4 channels of a 5G new
radio (NR) 100 MHz signal bandwidth.

To employ the Doherty amplifier configuration shown
in Fig. 2 in realistic massive-MIMO 5G antennas, the cir-
cuit area occupied by the amplifier should be miniaturized
to far less than unit antenna separation, typically 30 mm.
The photo of the fully-integrated 2 stage GaN Doherty
power amplifier module with a compact FDCC is shown
in Fig. 4 [16]. Matching circuits consist of lumped element
chip capacitors, chip inductors, and transmission lines fabri-
cated on a laminate. The module size is as small as 10 mm x
6 mm. Performance of the module with a compact FDCC

Fig. 2 Photo of wideband GaN Doherty power amplifier with frequency
dependency compensating circuit (FDCC) [5]

Fig. 3 Measured frequency dependences of DE and output power with
ACLR of −50 dBc with DPD [5]
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Fig. 4 Photo of the fully-integrated 2-stage GaN Doherty power ampli-
fier module with a compact FDCC (a) before molding and (b) after mold-
ing [16]

Fig. 5 Performance of the 2-stage GaN DPA Module with a compact
FDCC after molding [16]

after molding is shown in Fig. 5 [16]. More than 37.5 dBm
output power and 43% power added efficiency (PAE) are
obtained over 3.4 to 3.8 GHz, which is globally used for 5G
sub-6 applications.

The Doherty power amplifier module shown in Fig. 4 is
well enough for the early stage of 5G. However, in the later
stage of 5G or in the B5G era, it is considered that multiple
spectrums in both 4G and 5G will be used to enhance the
spectral efficiency. To fulfil the condition, BTS amplifiers
should be able to operate in every frequency band of 4G and
5G. In the case of Japan, 800 MHz to 4.9 GHz operation (in-
cluding so-called local 5G) is required for the BTS ampli-
fiers. To realize such broadband operation fully a new-type
load modulation amplifier is proposed.

In Fig. 6, photo of a frequency-periodic load modulated
GaN power amplifier is shown [17]. In Fig. 7, measured fre-
quency dependences of drain efficiency and output power at
6 dB power back-off level are shown [17]. The amplifier is
not a conventional load modulated amplifier, but a dual in-
put load modulated amplifier. By controlling the power ratio
of the two inputs (RFin1 and RFin2) and phase difference
between RFin1 and RFin2, periodic occurrence of Doherty
amplifier operation and outphasing amplifier operation is re-
alized. By doing so, more than 30 dBm output power and
more than 45% drain efficiency is obtained over 1.4 GHz
to 4.8 GHz. This is not enough to fully cover 800 MHz to
4900 MHz range. But, most of the 4G and 5G frequency

Fig. 6 Photo of a frequency-periodic load modulated GaN power ampli-
fier [17]

Fig. 7 Measured frequency dependences of drain efficiency and output
power at 6 dB power back-off level [17]

Fig. 8 Circuit diagram of the soft-switching buck-converter and chip
photo [14]
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Fig. 9 Measured PAE vs. output power of RF amplifier for ET at 3.6 GHz
with various fixed power supply voltages [14] Conversion efficiency of
buck-converter is not included.

Fig. 10 Schematic of a CMOS/GaN digital power amplifier [18]

bands are covered.
The circuit diagram of the soft-switching buck-

converter and GaN chip photo employed in the GaN ET
amplifier are shown in Fig. 8 [14]. By using a GaN-based
buck-converter configuration, high power and high conver-
sion efficiency are realized simultaneously [15]. Moreover,
with the resonance of parasitic capacitance and inductance,
the current waveform is switched on and off softly, thereby
resulting in the great reduction in switching noise without
sacrificing efficiency. In Fig. 9, measured PAE vs. output
power of RF amplifier for ET amplifier at 3.6 GHz is shown
as a parameter of power supply voltage [14]. Conversion ef-
ficiency of buck-converter is not included. What is worth
noticeable is that maximum drain efficiency is almost con-
stant for power supplies ranging from 10 V to 30 V. Over
almost 10 dB output power dynamic range, the drain effi-
ciency is quite high and flat. It means that even in more than
10 dB back-off condition that is probably required for B5G
BTSs, this amplifier can operate with high efficiency.

It is considered that the ultimate circuit configura-
tion for BTS HPA is a digital switching amplifier since
it is highly efficient and highly flexible at the same

Fig. 11 A spectrum with a full span of 2.5 GHz for the carrier frequen-
cies of 500 MHz, 1.6016 GHz, and 1.9219 GHz with a bandwidth of
18.75 MHz [21]

time [18]–[20]. One of such digital switching amplifiers is
shown in Fig. 10 [18]. It uses a GaN FET connected with a
silicon CMOS digital power amplifier. The CMOS digital
power amplifier is capable of producing any kind of modu-
lation signal at any frequency within transistor’s transition
frequency (Ft), but output power is small. Meanwhile, a
GaN FET is capable of handling high power. By driving the
GaN FET with the CMOS digital power amplifier, digital
HPA operation is realized.

One of the benefits of employing DPA is generation of
multi-tone signals. One example of an FPGA (Field Pro-
grammable Gate Array)-based all-digital RF transmitter is
shown in Fig. 11 [21]. Three carrier signals at 500 MHz,
1.6 GHz and 1.92 GHz are generated.

3. HPA Technology Trend in Millimeter-Wave

As is mentioned in Introduction, mmW (e.g. 27.5 GHz ∼
31 GHz) is also used in 5G. 5G mmW BTS is classified into
the following three categories; (a) short range BTS that is
used for in-room or spot area high speed wireless connec-
tions, where EIRP (Equivalent Isotropic Radiation Power)
is, e.g. 45 dBm. (b) Middle range BTS for last one mile
connection or FWA (Fixed Wireless Access), where EIRP
is, e.g. 60 dBm. (c) Long range BTS which is used for wire-
less back-haul connections, where EIRP is, e.g. 70 dBm. To
the short range BTS, an integrated silicon RF-IC [22], [23]
solution will be advantageous since it is generally low cost.
For the middle range BTS, a GaAs MMIC solution can be
used since output power of GaAs MMICs is 10 dB to 15 dB
higher than that of silicon RF-ICs [24]–[26]. One example
of GaAs MMIC frontend modules (FEMs) operating in a
28 GHz band is shown in Fig. 12 [24]. A massive MIMO
antenna, which consists of 64 RF FEMs shown in Fig. 12
exhibits a maximum data transmission rate of 25.5 Gbps.

For the long range BTSs, a GaN solution will be more
likely to be used because its output power is far higher than
that of silicon RF-IC or GaAs MMIC. One example of GaN
MMIC high power amplifiers operating around 28 GHz is
shown in Fig. 12 [27]. The final stage of the amplifier is
Doherty configuration to enhance efficiency at a back-off
condition. Doherty operation is hard to realize at the usual
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Fig. 12 Photo of fabricated GaAs RF frontend module [24]

Fig. 13 Photograph of the GaN Doherty Amplifier MMIC [27]

Fig. 14 Measured and simulated large-signal characteristics of the
MMIC amplifier under CW operation at Vd = 24 V, IdqMain = 50 mA/mm
and IdqAux = 0 mA/mm. Frequency is 28.5 GHz [27]

mmW frequencies because parasitic capacitance of transis-
tor prevents load modulation behavior that is essential to
Doherty operation. In the amplifier shown in Fig. 13, par-
asitic capacitance is cancelled with short-circuited stubs so

Fig. 15 State-of-the-art output power of GaN devices [31]

Fig. 16 Estimated Ft, Fmax and Foperate for short gate GaN FET [31]

that load modulation effect is induced. Measured Pin-Pout,
PAE and Gain curves are shown in Fig. 14 together with sim-
ulated (or designed) curves [27]. Each curve exhibits an in-
flection point at around Pin = 18 dBm, which shows a load
modulation in Doherty amplifier configuration. PAE at sat-
uration is 25% and PAE at 6 dB back-off (Pin = 15 dBm) is
23%. In typical class-A amplifiers, efficiency at 6 dB back-
off is one-fourth of saturation efficiency. That means the
Doherty configuration successfully enhances PAE at 6 dB
back-off by 17 percentage points.

Carrier frequency of BTS will be raised up to THz in
the B5G era. There have already been some reports on the
THz (over 100 GHz) operation RF-ICs [28], [29]. Some
promising results for possible THz GaN devices have also
been reported [30]. Figure 15 summarizes the state-of-the-
art output power of GaN devices [31]. Output power tends to
decrease in inverse proportion to operation frequency. How-
ever, more than 5 W of output power has been reported at
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around 100 GHz.
Generally speaking, maximum oscillation frequency

(Fmax) and Ft of field effect transistors are inversely pro-
portional to gate length (Lg). It is also empirically known
that a practical maximum operating frequency (Foperate)
is proportional to Fmax and Ft. In Fig. 16, Ft, Fmax, and
Foperate, which are estimated from experimental results in
literatures, is shown [31]. The figure suggests that Fmax of
GaN FET will exceed 300 GHz when Lg becomes smaller
than 0.1µm.

As Lg goes down below 0.02 µm, or 20 nm, Foperate
will reach 300 GHz. Considering that a 20 nm lithography
process is no more special process in silicon CMOS technol-
ogy, THz GaN devices deployed in B5G BTS will be likely
to appear within a decade.

4. Conclusion

HPA technology for BTS trends have been overviewed on
the basis of several published papers. In sub-6, namely be-
low 6GHz 5G, small form-factor and wide-band GaN HPA
modules is used in 5G, whereas broadband HPAs that will
cover 4G and 5G frequencies and envelope tracking HPA
will be used in B5G. Finally, BTS HPAs will move to dig-
ital power amplifiers. In mmW operation, silicon RFICs,
GaAs MMICs and GaN MMICs are used for high data rate
5G BTS. Operating frequency will exceed 100 GHz in B5G,
where Si RF-ICs and GaN MMICs will be used.
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