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SUMMARY The Fifth-Generation new radio (5G NR) services that
started in 2020 in Japan use a higher peak-to-average power ratio (PAPR)
of a modulated signal with a maximum bandwidth of up to 100MHz and
support multi-input/multi-output (MIMO) systems even in mobile hand-
sets, compared to the Third-Generation (3G) and/or Fourth-Generation
(4G) handsets. The 5G NR requires wideband operation for power am-
plifiers (PAs) used in handsets under a high PAPR signal condition. The
5G NR also requires a number of operating bands for the handsets. These
requirements often cause significand degradation of the PA efficiency, con-
sequently. The degradation is due to wideband and/or high PAPR oper-
ation as well as additional front-end loss between a PA and an antenna.
Thus, the use of an efficiency enhancement technique is indispensable to
5G NR handset PAs. An envelope tracking (ET) is one of the most effec-
tive ways to improve the PA efficiency in the handsets. This paper gives
recent progress in ET power amplifiers (ETPAs) followed by a brief intro-
duction of ET techniques. The introduction describes a basic operation for
an ET modulator that is a key component in the ET techniques and then
gives a description of some kinds of ET modulators. In addition, as an ex-
ample of a 5G NR ETPA, the latest experimental results for a 5G ETPA
prototype are demonstrated while comparing overall efficiency of the ET
modulator and PA in the ET mode with that in the average power tracking
(APT) mode.
key words: 5G NR, mobile handset, power amplifier, envelope tracking

1. Introduction

With strong and rapid demand for large data and high-
speed transmissions, mobile communication systems have
made remarkable progress in supporting various kinds
of multiplexing methods—Code-Division Multiple-Access
(CDMA), Long Term Evolution (LTE), and Orthogonal Fre-
quency Division Multiplexing (OFDM)—and the increase
in their modulation bandwidth as well as supporting the
number of operating bands. The 5G NR, whose service just
started in 2020 in Japan, features higher data rates, multi-
ple simultaneous connections, and lower latency, compared
to the existing 3G and 4G systems. Mobile handset sys-
tems in 5G need to support a modulation bandwidth of up
to 100MHz in a category called “FR1 (Frequency Range 1:
below 7.125 GHz)”, accordingly [1].

For 5G handsets, there is another demand of RF trans-
mitter miniaturization, because an RF transmitter has been
becoming more complicated since 4G [2]. Typical RF trans-
mitters for 3G/4G/5G handsets are illustrated in Fig. 1.
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Fig. 1 Block diagrams for Tx architecture for mobile communication
systems. (a) 3G systems, (b) early 4G systems, (c) 4G systems.

As illustrated in the figure, we can see that RF front-end
loss, which is defined as the transfer loss between a PA
and an antenna, has steadily increased with the change in
generations.

For example, in 3G handsets, a PA operates only in
a single frequency band, and its front-end loss is typically
as low as 1 dB [3]–[6]. In contrast, in 4G handsets, some
band select switches are placed right after a PA while sev-
eral frequency bands are covered with one PA. As depicted
in the red dotted box of Fig. 1 (b), since the PA module inte-
grates two or three PAs and some band-select switches onto
the same laminate, the module was called “MMMB (multi-
mode, multi-band)” PA module [7], [8]. The reason why it
is called “MMMB” is that the MMMB PA can operate with
different kinds of operating modes and operate in different
kinds of frequency bands, such as a GSM (Global System
for Mobile communication)/EDGE (Enhanced Data Rates
for GSM Evolution), 3G, and 4G. In the 4G handsets, a typ-
ical RF front-end loss is higher than that of the 3G loss.

In 5G handsets, a triplexer is placed in front of the an-
tenna in order to transmit three different kinds of band (low-,
mid-, and high-bands) signals simultaneously, thus allowing
inter-band carrier aggregation (CA) even in a handset. How-
ever, because the triplexer creates additional transfer loss, a
typical RF front-end loss in the 5G handsets is as high as
at least 3 dB. As shown in Fig. 1 (c), a PA, a band-select
switch, several duplexers, and an antenna switch are inte-
grated on the single laminate operating in each band of low-,
mid-, high-bands. This type PA module is often called “PA
Module integrated duplexers (PAMid)” [9].

Copyright c© 2021 The Institute of Electronics, Information and Communication Engineers
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As is well known, there are mainly three constraints
for 5G handset RF front-ends unlike those for use in base
stations: i) limited circuit area, ii) very wideband operation,
and iii) limited supply voltage due to Li-ion batteries of a
3.7-V standard voltage. Regarding i) and ii), only three PAs
covers a number of operating bands, for example, at least
20 bands. This requires very wideband operation for the
PAs: e.g. the low-band ranges from 700 MHz to 915 MHz,
the mid-band ranges from 1.7 GHz to 2.01 GHz, and the
high-band ranges from 2.3 GHz to 2.7 GHz. These ranges
mean a relatively wide fractional bandwidth from 8.5% to
27%. In addition, as shown in Fig. 1, since one duplexer
necessary for each supporting band and one low-pass fil-
ter necessary for each TDD band are necessary for 4G/5G
operation, the filter block occupies most of area in the RF
front-end. The circuit area given for the PAs is strictly re-
stricted, consequently. From viewpoints of the limited area
and wide operating bandwidth, it is not easy to use Doherty
amplifier configuration for the PAs even in the case of high
PAPR signals such as 5G OFDM signals.

In handset PAs, the reduction in current dissipation un-
der a relatively low output power operation as well as under
a high output power operation is strongly required for ex-
tending battery life in practical use [10].

To address this requirement, a supply collector/drain
voltage control technique, so called “Average Power track-
ing (APT),” has been mainly employed for 3G and early 4G
handset PAs. In APT, with a buck or buck/boost DC-DC
converter, supply voltage for the PA is gradually or stati-
cally varied depending on average output power levels. The
typical transition time of the supply voltage is as slow as
several msec. or a few sec.

Figure 2 shows a typical example of PA efficiency
(power-added efficiency, PAE) versus output power for the
conventional single-chain handset PA. In Fig. 2 (a), an ex-
ample of complementary cumulative distribution function
(CCDF) vs. PAPR is plotted for various kinds of modula-
tion signals used for 3G/4G/5G. Figure 2 (b) shows PAE
vs. output power characteristics under APT control as a pa-
rameter of the various modulation signals. In Fig. 2 (b),
output power is varied depending on supply voltage and
PAE against each output power level that satisfies ACLR <
−35 dBc is plotted. Figures 2 (c) and 2 (d) show exam-
ples for PAE and ACLR under the APT mode operation.
In the APT mode, collector/drain voltage for the handset
PA is controlled while the PA satisfies ACLR specifications
(less than −33 dBc) specified by 3GPP. As can be seen in
Figs. 2 (a) and (b), the difference in PAPR between 3G and
5G is as large as approximately 5 dB, thereby resulting in the
significant PAE degradation of 15 to 20 percentage points
under the 5G operation. Thus, because high PAPR signals
such as 5G cause unacceptable PAE degradation, another
efficiency enhancement technique instead of APT is indis-
pensable to the handset PAs. Envelope tracking (ET) tech-
nique is one of the most effective ways to improve the effi-
ciency under the above constraints.

This paper gives recent progress in ET power

Fig. 2 (a) CCDF for each modulated signal, (b) PAE versus Pout under
the APT operation for various signal modulations, (c) PAE versus Pout in
the APT mode under 5GNR CP-OFDM 100MHz QPSK modulated signal
condition, and (d) ACLR versus Pout in the APT mode under the same
5GNR condition.

amplifiers (ETPAs) followed by a brief introduction of ET
techniques. Section 2 gives an introduction of a basic op-
eration for an ET modulator that is a key component in the
ET techniques then describes some kinds of ET modulators.
Section 3 describes recent progress in the ET techniques. In
Sect. 4, as an example of a 5G NR ETPA, the latest experi-
mental results for a 5G ETPA prototype are demonstrated
while comparing overall efficiency between ET and APT
modes. Finally, Sect. 5 concludes this paper.

2. Envelope Tracking Power Amplifier (ETPA)

ET technique close to their present styles were proposed
by A.A.M. Saleh and D.C. Cox [11] and B.D. Geller, F.T.
Assal, R.K. Gupta, and P.K. Cline [12].

Much attention to the ET techniques was not drawn
from the very beginning of the advent of cellular com-
munications. The reason is that Global System for Mo-
bile (GSM) systems and Advanced Mobile Phone System
(AMPS) adopted for the second generation (2G) handsets
employed constant envelope signals, allowing PAs to oper-
ate with a high efficiency of over 50%.

In contrast, the 3G (CDMA) and 4G (LTE) hand-
sets mainly handle linear modulation signals based on
multi-level modulation signals such as QPSK, 16QAM, and
64QAM for improving spectrum efficiency. As a result,
high PAPR modulation signals have become very popular,
thereby causing unacceptable degradation of the PA effi-
ciency by approximately 10 percentage points or larger.

As mentioned in Introduction, in the 5G handsets, the
PAs have to support more multi-level modulation signals
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Fig. 3 Simplified block diagram for ETPA.

such as 256QAM as well as a wideband operation of up to
100 MHz, thus involving further efficiency degradation.

In addition, as explained in Fig. 1, the increased front-
end loss in the 5G handsets poses the increase in peak output
power for the PAs.

As mentioned previously, in the 3G and the early
4G handsets that do not use relatively high PAPR signals,
current reduction under low output power operation was
strongly required for the handset PAs. Therefore, APT con-
trol, so-called Vcc control, is incorporated into the handsets.
However, the APT control is not effective for high PAPR
modulated signals such as 64QAM and 256QAM.

Thus, as one of the most effective candidates to im-
prove efficiency under a high PAPR signal condition, ET
techniques have attracted attention from handset manufac-
turers and PA designers [13], [14]. In particular, the ET tech-
niques have attracted increasing attention from them since
the demonstration of fully integrated CMOS ET modula-
tors [15]. The reason why the ET techniques are suitable for
handset PAs is that the techniques can easily enhance the ef-
ficiency of the conventional PAs, not circuit-area-consuming
Doherty PAs. In addition, the ET techniques enable high ef-
ficiency operation without a not-negligible efficiency drop
between a nominal backed-off power level and a saturation
power level, unlike the usual Doherty PAs. In contrast, in
the usual two-way Doherty PA’s, a not-negligible efficiency
drop is often observed, particularly in the case of the target
backed-off level of more than 6 dB, resulting in the reduc-
tion in overall efficiency.

Currently, a number of commercially available Si-
based integrated ET modulators are available to handset PA
designers.

2.1 Fundamentals of Envelope Tracking Technique

The ET techniques are implemented by varying collec-
tor/drain supply voltage of the PAs so that the voltage can
follow an envelope of a modulated signal. This means that
the PA can be always operated in a near saturated power
region, consequently allowing the PA to operate with high
efficiency even in a relatively low output power region such
as a nominal backed-off power level.

Figure 3 shows a simplified block diagram of a typical

Fig. 4 Time domain supply voltage waveform examples in fixed supply
voltage mode and ET mode.

ETPA. The ETPA consists of an ET modulator and a PA,
where the collector voltage (Vcc) is supplied as an envelope
output from the ET modulator. The input signal of the ET
modulator is generated by a D/A converter on the RFIC.

The time domain supply voltage waveforms for the
fixed supply voltage (Vcc) mode and the ET mode are com-
pared in Fig. 4. In the ET mode, as the envelope signal be-
comes a low level, Vcc becomes low, whereas in the fixed
mode, the constant Vcc is supplied even in low envelope
signal levels. As a result, we can see that ET operation
can suppress the waste power dissipation of the PA in the
low envelope signal levels. In high envelope signal levels,
the ET modulator increases Vcc, compared to the fixed Vcc

mode. This means that the ETPA can deliver higher output
power than the fixed mode PA can. This power enhancement
helps deliver the required peak output power without chang-
ing transistor size of the PA. In other words, the enhance-
ment helps compensate for the increased front-end loss in
5G handsets.

The overall efficiency of the ETPA can be given by the
following equation:

ηETPA = ηmod × ηPA (1)

where ηETPA is the overall efficiency of the ETPA, ηmod is the
efficiency of ET modulator, and ηPA is the efficiency of the
PA. In Eq. (1), since in the ET mode, the PA can always op-
erate in a near saturated power region regardless of envelope
signal levels, we can presume that the efficiency of the PA is
quite high. On the basis of this presumption, we can expect
that the ETPA will always operate with high efficiency as
long as the efficiency of the ET modulator is kept very high
over the dynamic range of the envelope signal.

Regarding the ETPA operation, there are two technical
issues. The first is a simultaneous pursuit of an operational
bandwidth and efficiency in the ET modulator. The second
is to maintain linearity and high efficiency in the PA. The
pursuit of the bandwidth and efficiency in the ET modulator
will be described in detail in Sect. 2.3.

In ETPAs, since the PAs operate in a near saturation
region, AM-AM and AM-PM characteristics are not so flat,
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Fig. 5 Simplified schematic for Class-AB biased two-stage PA [20].

Fig. 6 Loadline examples for Class-AB biased GaAs HBT power stage.

especially in the near saturated power region. Therefore,
current ETPAs utilized in practical handsets are supported
by a digital predistortion (DPD) technique in order to make
the AM-AM/AM-PM characteristics as flat as possible [16]–
[19]. This DPD is integrated into an RFIC.

In regard to the DPD, however, the DPD that does not
account for the memory effect of the PAs is usually em-
ployed in handsets from viewpoints of cost, circuit-size, and
current dissipation. Such a DPD is often called “memory-
less DPD.” Here, the memory effect will be explained in
Sect. 4.1. The use of the memory-less DPD implies that it is
essential to operate the PA under an optimum condition with
regard to the linearity and efficiency, compared to the mem-
ory DPD incorporated into the usual base stations. In the
next subsection, we describe how to maintain the linearity
and high efficiency operation in the PAs.

2.2 Envelope Shaping Function for ETPA

A simplified schematic for a typical handset PA is shown
in Fig. 5. The PA is based on a Class-AB biased two-stage
HBT configuration, and is still used in current handsets. Ex-
cept for the output matching and bypass capacitors, most of
the PA is integrated on an HBT MMIC die.

As mentioned previously, in the ET operation, Vcc

varies with envelope signals. Figure 6 illustrates two load-
line examples on an Ice-Vce curves in a HBT power stage.
These two loadlines correspond to low Vcc and high Vcc

Fig. 7 Examples for (a) envelop shaping function and (b)-(d) waterfall
characteristics of PAE, gain and transfer phase shift, where (red dot) iso-
gain, (green dot) de-troughing, and (orange line) peak efficiency are also
plotted.

states in the ET operation. In the low Vcc state, voltage and
current swing becomes small, and output power becomes
low, accordingly. On the contrary, in the high Vcc state, high
output power is delivered, because both the swings become
large.

Figure 7 (a) shows examples of typical Vin-Vcc relation-
ship in the ET modulator, where Vin denotes the envelope
input signal amplitude. Figures 7 (b), (c), and (d) show mea-
sured examples for PAE, gain, and transfer phase shift ver-
sus output power (Pout) characteristics in an HBT PA shown
in Fig. 5, In the figures, the parameter is Vcc, and Vcc is swept
from 0.2 V to 5.6 V with a 0.2-V step. Please note that
gain vs. Pout is called “AM-AM characteristics,” and transfer
phase shift vs. Pout is called “AM-PM characteristics.” Fig-
ures 7 (b), (c) and (d) are often called “waterfall character-
istics.” As shown in Figs. 7 (c) and (d), we usually observe
gain degradation and a large phase shift as Vcc approaches
to the knee voltage (Vknee) depicted in Fig. 6. The reason is
that the reduced Vcc increases a feedback capacitance (base-
to-collector capacitance) of the HBT power stage.

In the ET operation, on the basis of the above waterfall
characteristics, we need to determine the optimum relation-
ship between Vin and Vcc. This relationship is “envelope
shaping function,” [21]–[24] and Fig. 7 (a) shows its exam-
ples. A typical Vcc range is from 1.0V up to 5.0 V. Since
input power is proportional to a square of Vin and Pout is also
proportional to a square of Vcc, the envelope output voltage
(Vcc) is basically determined so that Vcc can be proportional
to a square root of Vin.

In addition, from a viewpoint of the linearity and ef-
ficiency, we need to determine the envelope shaping func-
tion so that the PA can keep AM-AM/AM-PM characteris-
tics as flat as possible while maintaining high efficiency. A
“Iso-gain” curve is well known as the most popular enve-
lope shaping function. As shown in Fig. 7, the “iso-gain”
curve traces constant gain plots, keeping quite flat AM-
AM/AM-PM characteristics [25], [26]. Although the traced
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Fig. 8 ET modulator configurations: (a) linear regulator type, (b) switch-
ing regulator type, and (c) hybrid type.

efficiencies for the “iso-gain” curve are a bit lower than the
peak efficiencies (orange line in Fig. 7), we can see that the
variation of gain and phase is well suppressed, compared to
the case where the peak efficiencies are traced.

In Fig. 7 (c), a large gain drop at low Vcc near Vknee is
observed, as indicated with red circle. This drop prevents an
ideal “iso-gain”-based control, consequently causing unac-
ceptable degradation of AM-AM/AM-PM curves. To avoid
this degradation, we often apply “de-troughing” to the enve-
lope shaping function [27], as depicted in the green line in
Fig. 7 (a). This “de-troughing” is applied at a low Vcc (e.g.
0.6 V) close to Vknee (e.g. 0.4 V). The de-troughing usually
reduces the bandwidth of the envelope signal waveform and
the sensitivity to time misalignment of the ET system [28].
The transition between the linear region and the de-troughed
value is adjusted to maximize efficiency and minimize non-
linearity and memory effects (green dot in Fig. 7). The en-
velope shaping function including “de-troughing” used in
Fig. 7 is given by

Venv(t) = Vccmax ·
[
|xin(t)| + b · e− |xin(t)|

b

]
, (2)

where Vccmax is the peak envelope voltage, |xin(t)| is the
normalized input RF signal amplitude, and b is the “de-

troughing” ratio given by
Vccmin

Vccmax
, where Vccmin is set at a

voltage close to Vknee of the HBT power stage.

2.3 ET Modulator

As shown in Fig. 8, the ET modulators are categorized into
the following three types: i) linear regulator type (Fig. 8 (a)),
ii) switching regulator type (Fig. 8 (b)), and iii) hybrid type
that combines a linear regulator with a switching one in par-
allel (Fig. 8 (c)). The linear regulator type, which is based on
a low-voltage-drop regulator (LDO) configuration, can de-
liver a Vcc envelope with a small ripple over a relatively wide

Fig. 9 Envelope characteristics (power spectrum and power cumulative
distribution) under CP-OFDM QPSK 100 MHz full resource block modu-
lated signal.

frequency range [29]. However, the operating efficiency of
the regulator is not better than that of the after-mentioned
switching regulator type, especially in a low Vcc envelope
region.

In contrast, the switching regulator type is very efficient
over a wide Vcc envelope range, while its operating band-
width is not so wide because of the switching speed limit of
CMOS [30], [31].

The hybrid type has advantages of both the linear and
switching regulator types and is well suited for handling
wide-bandwidth and high-PAPR envelope signals such as
5G NR [32]–[34]. In the hybrid type, the linear regulator
works as a voltage source and amplifies the envelope input
while maintaining a specified gain and linearity. In contrast,
the switching regulator works as a current source and pro-
vides most of envelope power at low frequencies for the PA.
The sense- and control-block adjusts the output distribution
between the linear and the switching regulators. Next, we
explain why the hybrid type is suitable for 5G NR using a
power spectrum of a CP-OFDM QPSK 100 MHz full re-
source block modulated signal used in 5G NR.

Figure 9 shows an example of the power spectrum and
its corresponding power cumulative distribution function for
the envelope signal under a CP-OFDM QPSK 100 MHz full
resource block modulated signal. We can see that the band-
width observed is as wide as approximately 300-500 MHz,
and this is 3-5 times wider than the nominal bandwidth of
100 MHz in an RF signal band. At first glance, it seems
that this wide bandwidth greatly degrades the efficiency of
the switching regulator in the hybrid type. However, a sec-
ond look confirms that most of the power is concentrated
in the frequency range from DC to 100 MHz. Therefore,
if the hybrid type has a bandwidth of 100 MHz or more, it
is expected to operate with high efficiency for this envelope
signal. Here, we should note that it is not easy to keep both
wideband and high-efficiency operation in the hybrid type.
The reason is as follows. High frequency operation for the
switching regulator involves high frequency operation for
the linear regulator, which lead to the efficiency degradation
of the linear regulator. This is because the linear regula-
tor needs to consume current dissipation so as to keep low
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output impedance over the required wideband. Thus, the ef-
ficiency of the hybrid type is often limited by the efficiency
of the linear regulator.

3. Progress of Envelope Tracking Power Amplifier

This section overviews the recent progress in ETPAs for
handset applications. In the last 10 years, ETPAs with the
hybrid type ET modulators have been actively studied be-
cause of their promising capability of wideband and high
efficiency operation. Most of the studies are focused on a
simultaneous pursuit of wideband and high efficiency oper-
ation. In other words, many studies focused on how to carry
out the linear and/or switching regulator design and imple-
mentation for the pursuit.

Table 1 compares the recent research on ETPAs. The
first ETPA for 4G was published in 2012 [35]. The ET
modulator in [35] receives an envelope signal with a re-
duced bandwidth and then supplies it for the linear regulator,
thereby reducing power loss inside the ET modulator. The
efficiency of the ET modulator is as high as 82% under a
modulated signal condition of 10 MHz LTE.

After that, studies on ETPAs that use both APT and ET
modes were focused on, because both the modes become
available to the usual handsets [37], [38]. One of the studies
reported on a 80-MHz wide bandwidth ET operation accept-
able for LTE-advanced. The efficiency of the ET modulator
is as high as 81.2% and the ACLR of the ETPA is as low
as −38.1 dBc under an 80-MHz LTE-advanced condition.
Here, the 80-MHz signal comprises four component carri-
ers, where one component carrier has a 20-MHz bandwidth.

The first 5G NR ETPA was reported in [39]. In [39],
the ET modulator consists of two buck-converters and a lin-
ear regulator, where the converters and regulator are con-
nected in parallel. The two buck-converters operate with
different switching frequencies in order to cover low- and
mid-frequency ranges. The linear regulator supports a high-
frequency range. Thus, this ET modulator operates with a
wide bandwidth of 100 MHz that is necessary for 5G NR
while delivering a high efficiency of 77%. With a DPD,
the ETPA can deliver good ACLR (E-UTRA) of less than
−38 dBc under a 100-MHz 5G NR signal condition. In ad-
dition, while addressing output power class-2, this ETPA
supports GSM, W-CDMA, and LTE as well as 5G NR, and
also covers both APT and ET modes. Therefore, we can
say that this ETPA is the first report that is quite useful for

Table 1 Comparison of recent ETPAs.

practical use in the 5G era.

4. Challenge for Wideband Envelope Tracking Opera-
tion

This section gives a description of hot technical challenges
and their countermeasure example in handset ETPAs. In the
previous Sects. 2 and 3, the recent approaches toward real-
izing wideband operation in the ET modulators are given in
details. Regarding the wideband operation of the PAs, one
of the hottest technical challenges is a memory effect. An-
other technical challenge is how to use APT and ET modes
for the ETPA under a 100-MHz 5G NR modulated signal
condition. In regard to these two challenges, we introduce
our countermeasure example while demonstrating the latest
measurements for an in-house ETPA prototype.

4.1 Memory Effect

In general, nonlinear devices such as transistors having non-
flat frequency response have an electrical memory effect.
The signal distortion due to this memory effect becomes
larger as the modulated signal bandwidth is wider, like 100-
MHz 5G NR. In addition, in transistors having a thermal
time constant, a thermal memory effect is observed. In par-
ticular, it is well known that transistors having many deep
traps show complicate thermal memory effects. The ther-
mal memory effect depends on device junction temperature
history, influencing transient response in the PAs.

In handset PAs with GaAs-based HBTs, we often ex-
perience the signal distortion due to the electrical memory
effect rather than the distortion due to the thermal memory
effect. This is because the HBT is a bulk conductive de-
vice, not a surface conductive one, and has a relatively fast
thermal time constant. We, therefore, have concentrated on
low-impedance design for the bias circuit at low frequencies
in order to suppress signal distortions, e.g. intermodulation
distortions (IMD) such as IMD3 and IMD5 during the PA
design [40].

Figures 10 (a) and (b) show output spectra for hand-
set HBT PAs measured using 5G NR 2.6-GHz-band DFTs
(Discrete Fourier Transform spreading)-OFDM QPSK sig-
nals having bandwidths of 20 MHz and 100 MHz, respec-
tively. The measurement was performed at a Vcc of 5.0 V.
The figures clearly indicate that the distortion levels for the

Fig. 10 Output spectra of the PA: (a) 20 MHz and (b) 100 MHz.
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Fig. 11 Dynamic AM-AM and AM-PM characteristics of the PA:
(a) 20 MHz, and (b) 100 MHz.

Fig. 12 Simulated third-order intermodulation distortion: (a) simplified
schematic and (b) IMD3 versus the bias network impedance.

100-MHz wideband are larger than those for the 20-MHz
narrowband signal.

Figure 11 shows dynamic AM-AM and AM-PM char-
acteristics under the same measurement condition as in
Fig. 10. As indicated in the green arrows, the dispersion
of the signal distortion for the 100-MHz signal is quite
larger than that for the 20-MHz signal. We often call
this dispersion “Cloud.” Such a large Cloud often pre-
vents a memory-less DPD from compensating for the AM-
AM/AM-PM characteristics in the PAs. It is, therefore, very
important to suppress such a Cloud sufficiently in a PA de-
sign step.

Low-impedance design for the bias circuit at low fre-
quencies is effective in suppressing IMD. Next, our low-
impedance design and its related measurements are de-
scribed as a countermeasure for wideband modulated sig-
nals such as 5G NR.

Figure 12 (a) shows the simplified schematic for the
HBT PA, and Fig. 12 (b) shows IMD3 versus simulated
impedance seen from the HBT power stage toward the
bias circuit. The IMD3 simulation was carried out us-
ing a 2.6-GHz-band two-tone signal with an offset fre-
quency of 100 MHz. Figure 12 (b) clearly indicates that

Fig. 13 Dynamic AM-AM and AM-PM characteristics of the PA under
DFTs-OFDM QPSK 100 MHz modulated signal: (a) before and (b) after
optimization for the bias network impedance.

Fig. 14 Micrograph of the prototype PA module with output filter.

low impedance design of the bias circuit is very effective
for IMD3 suppression.

Measured dynamic AM-AM/AM-PM characteristics
for two HBT PAs fabricated in this study are compared in
Fig. 13, where one PA is the same as used in Fig. 10 and low
impedance design was not applied. In contrast, to the other
PA, low impedance design shown in Fig. 12 (b) was applied.
The HBT PA with low impedance shows smaller Cloud than
the HBT PA without low impedance does under the condi-
tion of a DFTs-OFDM QPSK 100-MHz modulated signal,
Vcc = 5V, and Pout = 30dBm. In addition to the simulation,
the measurement proves that the low-impedance design for
the bias circuit is one of the most effective ways to suppress
the Cloud for wideband modulation signals.

Next, we demonstrate the latest measurements for our
new prototype 5G NR ETPA operating in a 2.6-GHz band.
The micrograph for the PA module block fabricated on a
FR-4 laminate is shown in Fig. 14. The PA module block
consists of a two-stage GaAs-HBT MMIC, several SMDs,
and an output band-pass filter. As shown in the micrograph,
the output matching circuit block is followed by the filter
used for practical 5G TDD operation. Taking into account a
front-end loss of 2 dB between the filter and an antenna, the
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Fig. 15 Measured ACLR and EVM characteristics: (a) DFTs-OFDM
QPSK, and (b) CP-OFDM 256QAM.

target output power was set at 32 dBm. This target can meet
HPUE (High Power User Equipment) Power Class-2 (PC2)
specifications under the condition of DFTs-OFDM QPSK
100 MHz full resource blocks and MPR (Maximum Power
Reduction) = 1. HPUE PC2 is a new LTE power standard
with 3GPP specifications to improve LTE TDD transmission
area.

A National Instrument PXI signal generator/analyzer
series was used for the measurements. Figure 15 shows the
measured ACLR and EVM versus output power character-
istics for the ETPA. The modulated signals used here are
a DFTs-OFDM QPSK 100 MHz signal (MPR = 1) and a
CP-OFDM 256QAM 100 MHz signal (MPR = 6.5). The
DPD was used in the memoryless DPD mode for emulating
practical distortion compensation. As shown in Fig. 15, the
ETPA can deliver an output power of 32 dBm and ACLR
of less than −40 dBc for a DFTs-OFDM QPSK 100 MHz
modulated signal (MPR = 1). The ETPA can also deliver an
EVM as good as 1.7% for a CP-OFDM 256QAM 100 MHz
signal (MPR = 6.5). Thus, the prototype ETPA satisfies
strict specifications required for 5G NR handset PAs.

4.2 Efficiency Performance for APT vs ET

As mentioned previously, both APT and ET modes are used
in practical handset use. This subsection describes how to
determine output power ranges of the APT and ET modes.

Measured efficiency for the ETPA shown in Fig. 14 was
shown in Fig. 16, where efficiencies in the APT and ET
modes that satisfy ACLR of less than −40 dBc are plotted
under the DFTs-OFDM QPSK 100 MHz modulated signal
condition. The efficiency ratio of APT to ET is also plotted.
In the APT mode, the supply voltage step is 0.5 V and the
voltage sweep ranges from 1.0 V to 5.0 V.

As shown in the figure, in the high power range, the PA
in the ET mode can deliver more than 10 percentage points
higher than the PA in the APT mode can. In addition, the PA
in the ET mode is able to deliver higher output power than
the PA in the APT mode.

The latest paper reports on an efficiency of 77% for
the ET modulator [39], whereas the usual DC-DC converter
used in the APT mode exhibits an average efficiency of 95%
under a high output current condition. Considering these

Fig. 16 Efficiency comparison between ET mode and APT mode.

two efficiency plots, in the power range where the efficiency
ratio is more than 0.85, the ETPA operates with higher over-
all efficiency than the PA in the APT mode does. On the
other hand, in the power range of the ratio of less than 0.85,
the PA in the APT mode becomes more efficient than the
ETPA.

Thus, we can determine the optimum power range for
the APT and ET modes.

5. Conclusion

This paper describes the recent progress in ET power ampli-
fiers (ETPAs) while giving the introduction of a basic oper-
ation for an ET modulator as well as some kinds of ET mod-
ulators. In addition, this paper also demonstrates the latest
experimental results for a 5G ETPA prototype while com-
paring overall efficiency between the ET and APT modes.

We expect that the ET techniques presented here will
contribute to the realization of smaller-size and high efficient
ETPAs for 5G and beyond 5G handset applications.
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