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SUMMARY  Mobile phone systems continue to evolve from the 2nd
generation, which began in the early 1990s, to the Sth generation, which is
now in service. Along with this evolution, the power amplifier (PA) is also
evolved. The characteristics required for PA are changing with each gener-
ation. In this paper, we will give an overview of the evolution of PAs from
the 2nd generation mobile phones such as GSM (global system for mobile
communications) to the Sth generation mobile phones that is often called
NR (new radio), in particular, the circuit system. Specifically, the following
five items will be described. (1) Ramp-up and ramp-down power control
circuit corresponding to GSM, (2) Self-bias circuit technology for improv-
ing linearity that becomes important after W-CDMA (wideband code di-
vision multiple access), (3) Power mode switching methods for improving
efficiency at low output power, (4) Power combining methods that have be-
come important since LTE (long term evolution), and (5) Backoff efficiency
improvement methods represented by ET (envelop tracking) and Doherty
PA.

key words: power amplifier, mobile phone, power mode switching, enve-
lope tracking, Doherty

1. Introduction

At first, power amplifiers for mobile phones start with sat-
urated amplifiers corresponding to the 2nd generation GSM
(global system for mobile communications). After the 3rd
generation W-CDMA (wideband code division multiple ac-
cess), the application of linear amplifiers corresponding to
modulated signals with high PAPR (peak to average power
ratio) is progressing. In this paper, the transition of require-
ments in each generation of mobile phone is summarized in
Sect. 2. The first of the technical problems of PA is high ef-
ficiency operation. However, there are technical problems
other than simple high efficiency in order to meet the unique
requirements of each generation of mobile phones. Sec-
tion 3 introduces control technology that suppresses out-
of-band suprious by smoothly launching and lowering for
intermittent operation, which is important in GSM. Sec-
tion 4 introduces W-CDMA, LTE (long term evolution)
critical technology for reducing supply current and gain at
low outputs with the highest probability of the presence
of average output power. In addition, HPUE (high power
user equipment), which further increases 3dB output, is ap-
plied in LTE. Therefore power combining technology be-
comes important. This power combining technology is also
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introduced. In order to cope with the increase in PAPR of
modulated signals after LTE, efficiency improvement in the
backoff region is a major problem in PA. Section 5 intro-
duces the ET (envelope tracking) system as a representa-
tive technology for efficiency improvement in the backoff
region. Furthermore, when the modulation band is more
than 100MHz, there is a concern that the efficiency of the
envelope tracker used by the ET method will be degraded.
Doherty PA is introduced as an alternative technology can-
didate for ET.

2. Requirements for Mobile Phone PAs

Table 1 summarizes the changes in basic specifications from
the 2nd generation (2G) to the 5th generation (5G) mobile
phones and the accompanying changes in power amplifiers.

GSM, which represents 2G, uses FDD (frequency di-
vision duplex)-TDMA (time division multiple access) as
the communication method. Focusing on the modulation
method, GMSK (gaussian minimum shift keying) and 8-
PSK (8-phase shift keying) were applied in GSM. The mod-
ulation bandwidth of both modulations is 270 kHz. Since
GMSK is modulated only in the phase direction and has a
constant amplitude, a saturated power amplifier can be ap-
plied to PA. On the other hand, 8-PSK is modulated both
amplitude and phase, and its PAPR is about 3.2 dB [1]. Dur-
ing GMSK modulation, the maximum transmit power at an-
tenna of mobile phone terminal in the 850/900 MHz band
and 1800/1900 MHz band is 33 dBm and 30 dBm, respec-
tively. On the other hand, it is 27 dBm and 26 dBm at the
time of 8-PSK modulation, respectively. In other words, it is
possible to support 8-PSK with an output power that can se-
cure a backoff of 4 dB or more with respect to the maximum
output power of a saturated PA compatible with GMSK. In
the case of W-CDMA, which represents 3G, FDD-CDMA
is adopted as the communication method. HPSK (hybrid
phase shift keying), which is a type of QPSK (quadrature
phase shift keying), is used as the modulation method, and
its PAPR is 3.0-3.5 dB[2]. The modulation bandwidth is
1.5 MHz. The maximum transmit power is 24 dBm.

In the case of 4G LTE, there are two types of du-
plex systems, FDD and TDD (time division duplex), and
the multiple access method in the uplink is SC (sin-
gle carrier)-FDMA (frequency division multiple access).
QPSK, 16QAM (quadrature amplitude modulation), and
64QAM were applied as the modulation method for high-
speed transmission.
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Table1 Summary of generations of mobile phones and power amplifier technologies.
GSM (EDGE) W-CDMA LTE 5G (FR1)
Duplex Method FDD FDD FDD/TDD FDD/TDD
. CP-OFDM
Multiple Access TDMA CDMA SC-FDMA DFTS-OFDM
Modulation GMSK,(8-PSK) QPSK QPSK, 16/64QAM ~256QAM
Scheme
PAPR (dB) N
/BW (MHz) 0, (3.2)/0.27 3.0-3.5/1.5 4.0-6.5/ 5~40 <8.5/~200
Maximum
. 33 (27) @ 850/900 MHz
Transmit Power 30 (26) @ 1800/1900 MHz 24 23/26 23/26/29
(dBm)
. Linear Linear Amplifier with Linear Differential Amplifier
PA Architecture T ARE] Amplifier Mode Switching with Mode Switching
Doherty
. LD MOS HBT
Transistor Type HBT HBT HBT
GaAs MESFET HEMT
APC/LDO APT/Mode Switching
PA Operation .
Mgtho d P,y Control Envelope Tracking
Polar Loop
/ Instantaneous power than that. In the case of LTE, the maximum instantaneous
transmit power differs depending on the modulation method
't and modulation bandwidth. In the case of 8RB (resource
'\ Average power block) with QPSK modulation, the modulation bandwidth is
o W.CDMA 1.6 MHz for the channel bandwidth of 5 MHz. The average
3 LTE BW=5 MHz, T . . . . .
<25 I 160AM, RB=8(lower), 1E B s transmit power in this case is 23 dBm. When the modulation
’é 2w | MPROIGE QPSK, RB=8(lower), method and RB change, the PAPR of the modulated signal
S LTE BW=5 MHz MPR= 0 dB i i
T 1s | 160AM, RB=25, LTE BV=5 Mz changes. The average power is reduced according to the
S0 | MPR=2 B QPSK. RB=25, MPR (maximum power reduction) defined for each condi-
s .| ) tion. Therefore, the peak power of maximum instantaneous
& transmit power of LTE is about 1.5 dB higher than that of

o]

12 14 16 18 20 22 24PAP%6 “ 28 30 32
—

Maximum Instantaneous transmit power (dBm)
Fig.1 The relationship between the maximum instantaneous transmit

power at antenna of mobile phone terminal and the probability density of
W-CDMA and LTE modulated signals.

Due to the multi-value modulation, the PAPR of the
modulated signal increases to 4.0-6.5 dB, which is larger
than that of W-CDMA [3]. The modulation bandwidth is
5-40 MHz. The maximum transmit power is basically
23 dBm, which is 1 dB lower than W-CDMA.

Figure 1 shows the relationship between the maximum
instantaneous transmit power and the probability density of
W-CDMA and LTE modulation signals [2] calculated by
“Ptolemy system simulator”. The average transmit power
for each modulated signal is indicated by a circle. In the
case of W-CDMA, the maximum transmit power is 24 dBm,
and the probability density is maximized at a maximum in-
stantaneous transmit power that is about 0.6 dB higher, and
the probability density decreases rapidly at powers higher

W-CDMA.

NR (new radio), which is 5G, is applied to the millime-
ter wave band (FR2) in addition to the frequency (FR1) of
conventional mobile phones, but FR1 is described here. NR
is an extension system of LTE, and like LTE, there are two
types of duplex systems, FDD and TDD.

There are two types of multiple access methods on
the transmitting side: CP (cyclic prefix)-OFDM (orthog-
onal frequency division multiplexing) and DFTS (discrete
Fourier transform spreading)-OFDM. 256QAM is added as
the modulation signal, and the maximum PAPR is about
8.5 dB [3].

The modulation bandwidth has been expanded to
200 MHz according to the standard, but the current service
is up to 100 MHz.

In order to correspond to the characteristics of the com-
munication standards of each generation, the characteristics
required for PA have changed as follows. In GSM, GMSK
which is the main modulation method, is a modulation
signal with a constant amplitude, and therefore high effi-
ciency as a saturation amplifier was required. In addition,
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it is necessary to perform intermittent operation in order to
support the TDMA. It is also necessary to smoothly switch
between the transmission state and the off state. APC (auto
power control) method and LDO (low dropout regulator)
method were used for this switching control and transmit
power control. In addition, the polar loop method that can
support EDGE (enhanced data rates for GSM evolution) was
also used. These control methods will be described in detail
in Sect. 3.

LDMOS (laterally diffused metal-oxide semicon-
ductor) [4]-[6], HBT (Hetero-junction bipolar transis-
tor) [7], [8], and GaAs MESFET (gallium arsenide metal-
semiconductor field effect transistor) [9] were considered as
the device of GSM. LDMOS and HBT do not require a neg-
ative bias voltage, and therefore these devices were widely
applied for GSM.

The modulation schemes in W-CDMA era include am-
plitude modulation, and it is required to improve the perfor-
mance as a linear amplifier. Therefore, control of the self-
bias effect [10] was investigated.

In the voice communications such as a WCDMA, the
probability distributed function (PDF) of output power from
a power amplifier (PA) is the highest around 0 dBm (See
below Fig. 7). Therefore, it is important to reduce the power
consumption at low transmit power. In addition, in order
to reduce the dynamic range of the output power of RFIC
(radio frequency integrated circuit), a method to reduce the
gain at low output power is also important. Therefore, power
mode switching method is important.

To expand the coverage area per base station of
2.4 GHz band or higher in LTE and NR, HPUE, which
applies an antenna output power of 26 dBm, and which is
3 dB higher than the FDD method, was applied to the TDD
method. In the case of GSM, PA was able to support the
maximum transmit power of 33 dBm at frequencies below
1 GHz, but it is difficult to generate large power in the band
above 2.4 GHz. The power combining methods are impor-
tant to deal with this.

PA circuit technologies will be described in detail in
Sect.4. In GSM, multiple devices have been applied, but
since W-CDMA, HBT devices that have excellent frequency
characteristics and operate with a single power supply have
been widely applied to PA[11], [12].

After LTE, the PAPR of the modulated signal increases
and it is important to improve the backoff efficiency of the
PA. To improve the backoff efficiency, the ET (envelope
tracking) method, which dynamically changes the power
supply of the PA according to the amplitude of the mod-
ulated signal, is effective. In NR, the PAPR is further in-
creased and the modulation bandwidth is further expanded.
In the case of the ET method, there is a concern that the
power efficiency of the ET power supply will decrease as
the bandwidth increases. The application of Doherty PA has
begun to be considered as a method for improving back-
off efficiency without using an ET power supply. Section 5
introduces these two technologies for improving backoff
efficiency.
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3. Power Control Method for GSM

As described in Sect.2, the GSM-compatible PA needs
to perform intermittent operation in order to support the
TDMA, and it is necessary to smoothly switch between
the transmission state and the off state. For this reason,
GSM stipulates in the standard the allowable power leak-
age amount to the neighboring frequency band due to the
ramp-up and ramp-down operations at the start and end of
the transmission operation as shown in Table 2 [13]. In order
to satisfy this, accurate ramp-up and ramp-down envelope
control is required.

Figure 2 shows the relationship between the rising and
falling waveforms and the frequency spectrum. When a
steep change such as a square wave occurs, the spectrum
spreads widely. On the other hand, if a smooth change
occurs the spectrum regrowth can be small and narrowed.
Therefore, it can be seen that smooth envelope control is
important.

The followings are typical power control methods. Fig-
ure 3 summarizes typical methods for performing ramp-up
and ramp-down control. The comparisons of each method
are also summarized on Table 3. Figure 3 (a) is an operating
principle of the APC method using negative feedback. In
this method, the input power of the PA is always constant.
The output power level of PA is detected by the coupler, and
this is detected by the detection circuit. The detected signal
is compared with the control signal for power control, and
the error between the two is obtained. The PA bias circuit
is controlled according to the error. Accurate power control
can be realized because of control by negative feedback. In
order to make it smaller, a method such as installing a sense
transistor in the final stage transistor without using a cou-
pler, detecting the current of the sense transistor, and using
it for negative feedback was also considered [5].

Figure 3 (b) shows the LDO method to which the LDO
power supply [14] is applied. The output power is controlled
by controlling the power supply voltage of the PA with the
LDO power supply. Even with this method, the input power
of the PA is always constant. The square of the power sup-

Table 2
band.

Separation Frequency (400 kHz |600 kHz [1200 kHz (1800 kHz

Leakage Power -23 dBm |-26 dBm |-32 dBm |-36 dBm
Measurement Conditions: Filter BW: 30 kHz, Video BW: 100 kHz

MO A
f rrrffﬂ/T\Wrm.,

==
fCChanneI Spacing A

Allowed maximum leakage power at neighboring frequency

Fig.2  The relationship between the rising and falling waveforms and the
frequency spectrum.
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Table 3  The comparisons of each method
Power Control
APC Method LDO Method PIN Control Method
Method
Control Scheme Closed Loop Open Loop Open (Closed) Loop

Efficiency Good Fair Good

Output Power

Not Required Not Required Required

Margin

ply voltage and the output power are in proportional rela-
tionship, and good control is possible even with open-loop
control. The loss of LDO is added to total performance. For
this reason, efficiency is lower than the other two methods.

Figure 3 (c) shows the PIN control method. In this
method, ramp-up and ramp-down envelope control are per-
formed by the RFIC that gives the input signal of the PA. In
this method, if the maximum power is completely saturated
at the PA, the output power cannot be controlled by the in-
put power. Therefore, some power margin at the maximum
output power level is required for the PA. It can have a sim-
ple structure. In this method, open loop control is applied
in most cases. However, it is also possible to realize closed
loop control such as the APC method by detecting the cou-
pler output in the RFIC.
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Fig.4  Polar loop method.

Figure 4 shows an example of the polar loop method
that can also support 8-PSK modulation [15], [16]. The
LDO method is applied to the PA part. The output power of
PA is monitored by a coupler and is converted into an IF (in-
termediate frequency) signal. The IF signal is divided into
an amplitude signal and a phase signal. The I (in phase) and
Q (quadrature phase) baseband signals are converted into an
IF signal by an orthogonal modulator, and this IF signal is
further divided into an amplitude signal and a phase signal,
and the error is obtained by comparing with the monitored
signal, and the phase is obtained. The error is feedback to
the VCO (voltage-controlled oscillator) via the loop filter,
and the amplitude is also fed back to the LDO input via
the loop filter and integrator. With this negative feedback,
it is possible to support ramp-up and ramp-down envelope
control as well as 8-PSK modulation. Although the nega-
tive feedback is introduced here, there is also an example of
open-loop control regarding amplitude control [17].

4. PA Circuit Technologies for W-CDMA and LTE
4.1 Linearity Improvement Technology

The main modulation method after W-CDMA includes the
amplitude changes, and it is required to improve the per-
formance as a linear amplifier. Therefore, control of the
self-bias effect [10] and harmonic control [18]-[20] were in-
vestigated. Figure 5 shows an example of a typical PA for
W-CDMA and LTE [2]. It has a two-stage configuration of
a driver stage and a final stage.

The bias circuit is composed of an emitter follower. In
order to improve efficiency, the final stage is often biased
toward class AB. In class AB bias, the quiescent current,
which is the collector current at the time of no input sig-
nal, is set low to some extent. Therefore, when the signal is
small, the collector DC current becomes low. However, as
the input signal becomes larger, the collector DC current be-
comes larger due to the self-bias effect, and it corresponds
to a large output power. This can achieve high efficiency
operation, but often trades off with linearity.

The self-bias effect is shown in Fig. 6. The final stage
of the HBT amplifier in Fig.5 is taken as an example. As
shown in Fig.6(a), let us first briefly consider the case
where a bias is supplied from the voltage source Vj;,s to
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Fig.6  The self-bias effect.

the base of the HBT Q, via the base ballast resistor Rp;s:.
Figure 6 (b) shows the bias line of the base of Q. The hor-
izontal axis is the base-emitter voltage Vg, and the vertical
axis is the base-emitter current Izg. The curve shown by
the solid line is an exponential function which is a diode
characteristic between the base and the emitter. The diag-
onal line is the load line when the current is supplied from
Viias Via Rp;s0, and the intersection with the diode curve is
the bias point. When an RF input voltage is applied to the
base in this state, an RF current flows, but the average cur-
rent increases due to the characteristics of the exponential
function of the diode. This phenomenon can also be under-
stood as follows. The exponential function can be expressed
as a power series, and as the trigonometric input increases,
the DC current component of each term of the output in-
creases. As a result, the DC current increases. Therefore,
when an RF input voltage is added to DC bias voltage, the
DC diode characteristics change so that a large amount of
current flows even under the same Vg conditions as shown
by the dotted line. Along with this, the Vgg of the bias point
changes in the low direction and the Iz changes in the high
direction.

In the actual bias circuit, an emitter follower (Qy)
is used instead of the power supply Vp,» as shown in
Fig. 6 (c). When an RF signal is input to Qy4, a large bias cur-
rent can be supplied with a lower Vg value as in the case of
0>. When the base voltage of Q, is constant, the bias volt-
age Va0 rises with lower Vpg. Therefore, the bias current
at the bias point further increases. A method has been pro-
posed in which this effect is positively utilized and the RF

425
14 T I
—+ Data P(x)% e
12 ; ( ) 0‘ ’-I \-‘ /\
-a- Voice P(x)% /] 4
= W
£ 10 S
2> ] \
‘w / A
§ 8 h g
=] J \
g 6 / \.'\
§ "’ / ) \/
[ 4 ’ \
o /"‘/‘ ~\‘
2 s \
I | U
0 |r-"'"¢‘:—"'/ “u

-50-45-40-35-30-25-20-15-10 -5 0 5 10 15 20 25
Transmit Power at Antenna of Mobile-Phone Terminal (dBm)

Fig.7  The transmit power distribution of voice communication and data
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input signal is positively supplied to the emitter follower via
a capacitance as shown in Fig. 6 (c) [21]. It has been also re-
ported that the self-bias effect can be adjusted by supplying
bias from multiple emitter followers [22].

In addition, since linearity largely depends on the sig-
nal source impedance with respect to the base of O, it is
necessary to design the base input impedance as well [23].

4.2 Reduced Power Consumption and Gain at Low Power

Figure 7 shows the transmit power distribution of
voice communication and data communication of mobile
phones [24], [25]. The horizontal axis is the transmit power
at antenna of mobile phone, and the vertical axis is the prob-
ability density. Here, the transmit power is not the instanta-
neous transmit power shown in Fig. 2, but the average out-
put power of the modulated signal. From Fig. 7, the highest
probability density in voice communication is —3 dBm. The
highest probability density in data communication is 6 dBm.
In both cases, the probability density at low power is high
compared to that at the maximum power.

There is an APT (average power tracking) method as
a method of improving efficiency when the output power is
low. The outline of the APT method is shown in Fig. 8 [3].
In the APT method, the power supply voltage and the bias
currents are adjusted according to the average output power
in order to improve the efficiency at each average out-
put power. The power supply voltage is controlled by the
DCDC converter. The typical efficiency of the buck con-
verter used here is about 95%. The loss of the buck converter
is small. Figures 8 (b) and 8 (c) show graphs of efficiency
and ACLR (adjacent leakage power ratio) when the power
supply voltage V¢c¢ is changed 1.0-5.0 V in 0.5 V steps.
The efficiencies with above V¢ conditions, when ACLR is
—35 dBc are plotted with red dots in Fig. 8 (b). When the
power supply voltage is constant, the efficiency decreases
significantly when the average output power decreases, but
it can be seen that the decrease in efficiency is suppressed to
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a low average output power by lowering the V¢ according
to the average output power.

When reducing the output power of the PA, it is de-
sired to reduce the gain as well as the power consumption
at low output. For example, in the case of W-CDMA, the
maximum transmit power and the minimum transmit power
at antenna of mobile terminal are 24 dBm and —50 dBm,
respectively, and the dynamic range is as large as 74 dB. In
RFIC, there is a problem that it becomes difficult to achieve
SNR (signal to noise ratio) when the output level is small.
In order to reduce the dynamic range of the RFIC, it is de-
sirable to reduce the gain when the transmit output power is
small.

Many mode switching methods are being studied to re-
duce power consumption and gain at low output. Table 4
summarizes the proposed mode switching technologies.

The stage bypass method stops the operation of the
final stage when the output power is low, and provides a
switch to bypass the final stage [26]-[28]. Since it operates
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Fig.8 The outline of the APT method.
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with a small number of stages when the output power is low,
both current consumption reduction and gain reduction can
be realized. Since a switch is used, it is difficult to realize
low loss switch with HBT alone, and it is desirable to use
FET together. For this reason, there were many examples
where BiFET was applied. A method that omits the switch
has also been proposed [29].

In the multi pass method, independent PAs for high
output power and low output power are provided, and these
are switched and used [30]-[32]. Performance improve-
ment can be expected because it can be optimized for the
operation mode, such as setting different load impedances
for each PA for high output power and PA for low out-
put power. However, since this method also requires a
changeover switch, it is necessary to sufficiently reduce
the switch loss. A method without a switch has also been
proposed [33].

The attenuator method mainly aims at reducing the
gain. An attenuator is connected in series to the input of
the PA to reduce the gain[34]. A method of connecting an
attenuator between the first stage and the final stage has also
been proposed [35], [36]. As for the attenuator, it is possible
to use a diode as well as a FET, and it is possible to realize
it only with HBT. Another advantage of this method is that
there is no switch for the output matching circuit, and there
is no efficiency degradation at high gain mode comparing
with stage bypass and multi pass method.

By reducing the bias current flowing through the tran-
sistors in the first and final stages to reduce the transconduc-
tance of the transistors, the variable gain method is reducing
the gain and at the same time reducing the current consump-
tion. When the current density of a transistor decreases, the
linearity deteriorates, and therefore the transistor may be
switched [37].

The four methods (Table 4) introduced here may be
used alone or in combinations.

4.3 Output Power Combining Technology
When outputting 3 dB higher power for HPUE, simply dou-

bling the size of the transistor with 23 dBm output and
halving the load impedance will cause an increase in the

Table4  Summary of the mode switching methods.
Stage Bypass Murti Pass Attenuator Variable Gain
Configurations ATT
[ '|> I
Switch Required Required Required Not required
Qdditional Required Required Not required Not required
ass
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Table 5  Summary of the power combining methods for PA.

PA type Single In-Phase Combining Stack Differential
Topology 2R, !
— 4RL
2R, 1
L3 <N\
Vee 2Vec
loyr (RMS) lour 0.5/ x 2 0.5/pur 0.5/pyrx 2
R, R, 2R, 4R, 4R,
Transistor Size 1 0.5x2 0.5x2 0.5x2
Pour lour?R, 0.5l0,2R; X 2 lourR. lou?Ry
VOUTO-peak <Vcc'Vgaee < VCC'anee <2(VCC'anee) <2<VCC'anee)
L, Cancel No No No Yes
2nd Harmonics No No No Yes
Cancel
Bypass Cap. Large Large Large Small
At Power Line 9 9

loss of the matching circuit. Power combining methods is
important for loss reduction. Table 5 summarizes the power
combining methods.

The single method is setting the load impedance ac-
cording to the output power described above. In this case,
the power supply voltage is V¢, the output current of the
final stage is Ipyr, the load impedance is Ry, and the volt-
age amplitude at the collector end at the maximum output of
the final stage iS Vouro-peak- Vouro-peak 1s smaller than Vec-
Vinee- Here, Viye. represents the upper limit voltage of the
saturation region of the bipolar transistor.

In the in-phase combining method, an in-phase sig-
nal is added to a transistor divided into two to set a load
impedance of 2R;, and output power is combined using a
Wilkinson coupler or the like [4]. The output current of one
transistor is half of that of the single method.

The stack method is often used in PAs that apply
a CMOSFET (complementary metal-oxide-semiconductor
field-effect transistor) [38]. By stacking multiple transis-
tors in a stack and performing the same operation, the
CMOSFET with a low breakdown voltage operates at a high
voltage supply and obtains high output power. As shown
in followings, this method is used for power combining of
HPUE-compatible output stages. The power supply volt-
age is 2V¢c and the output current is 0.5/pyr. The load
impedance is 4R, which is obtained by connecting the load
impedance 2R; of each transistor in series.

Therefore, the impedance conversion ratio in the output
matching circuit can be reduced, and the loss in the output
matching circuit can be reduced. The maximum Voyro-peak
of the upper collector is (2V¢c-Vinee). This method requires
twice the power supply voltage, but there is also a method of
operating at V¢ by inserting a capacitor between the collec-
tor of the lower transistor and the emitter of the upper stage
and separating the power supply [39], [40].

In the differential method, a reverse phase signal is
added to the transistor divided into two to set the load

impedance of 2R;. At this time, the load impedance be-
tween the collector ends of the two transistors is 4R;. There-
fore, the impedance conversion ratio in the output matching
circuit can be reduced as in the stack method, and the loss
in the output matching circuit can be reduced. Transform-
ers are often used in output matching circuits that require
differential/single conversion functions [41].

Comparing the four methods (Table 5), the stack
method and the differential method have merits over the re-
maining two from the viewpoint of reducing the loss of the
output matching circuit. Furthermore, in the case of the
differential method, there are additional merits such as the
reduction in the influence of the emitter parasitic inductor,
cancelation of the 2nd harmonic, and the reduction in the
power supply bypass capacitance value. We believe that the
differential method is desirable as a power combining tech-
nology for HPUE-compatible PAs [42].

5. Backoff Efficiency Improvement Technologies for
LTE and NR

As mentioned in Sect. 2, after W-CDMA, the PAPR of the
applied modulated signal tends to increase, and the differ-
ence between the peak power of maximum instantaneous
transmit output power and the maximum transmit power be-
comes large. For this reason, the average operation of PA
operates when a large backoff is taken from the maximum
output. The efficiency of PA decreases as Poyr decreases,
as shown in Fig. 8 (b). Therefore, when a large PAPR mod-
ulated signal is output, a deterioration in backoff efficiency
becomes apparent.

In the APT method introduced in Sect. 4, the efficiency
drops when the average output power is lowered is avoided
by lowering the V¢c. In order to improve efficiency when
transmitting a large PAPR modulated signal, it is neces-
sary to control the power supply voltage with respect to the
instantaneous power. The ET method can achieve this oper-



428

> Vi

Envelope
7 >
Mag H Table Tracker

VOUT

-Gain) with ET

min

Gain under different V¢

POUT . .
(c) Envelope tracking operation

(a) Block diagram of ET method

Fig.9  The operating principle of the ET PA.

ation.

In addition, in the multi pass method introduced in
Sect.4, when the average output power is high, a low R,
is applied, and when the average output power is low, a high
Ry is set to increase the efficiency of each. In order to im-
prove efficiency when transmitting a large PAPR modulated
signal, it is necessary to control R; with respect to instanta-
neous power. Doherty PA can achieve this operation.

5.1 ET Method

Figure 9 shows the operating principle of the ET PA. Fig-
ure 9 (a) shows the configuration diagram. The envelope
signal of the modulated signal is obtained from the ampli-
tude of the I and Q baseband signals in the RFIC. Then, the
envelope signal is scaled according to the output level of the
RFIC. In order to match the scaled signal with the voltage
actually applied to the PA, the minimum voltage V,,;, and
the maximum voltage V,,., are defined on a table that de-
fines a curve connecting the both. The ET tracker changes
the power supply voltage of the PA according to the table
signal. As for the input/output characteristics when V¢ is
changed in PA, the higher the V¢, the higher the satura-
tion power and the slightly higher gain. The increase in gain
when V¢ increases here is due to the decrease in the base-
collector capacitance and a decrease in the effect of negative
feedback as V¢ increases. When V¢ is changed according
to the table, PA operates under the condition of Ve = Vi,
when the output signal is small. As the output signal in-
creases, the gain decreases under the Ve = V,,;, condition
and distortion occurs. In this case, by increasing V¢ ac-
cording to the table, the gain is constant even if the output
increases.

The effect of this operation will be explained using
Figs. 9 (b) and 9 (¢). Figure 9 (b) shows the collector output
voltage of the PA in the APT mode. In this case, the V¢ is
constant. A modulated signal voltage V¢ is generated on the
collector around V¢c. The case where the voltage reaches
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Fig.10  An example of the characteristics of PA for ET.

Vinee When the voltage drops under the maximum condition
of the amplitude of the modulated signal corresponds to the
maximum output. In this case, focusing on the modulated
signal, the amplitude may be small and a difference may
occur between the lowest voltage and Vj,... This case cor-
responds to the operation in the backoff state.

This difference corresponds to the power loss of the PA,
which causes a decrease in efficiency. Figure 9 (c) shows
the collector output voltage of the PA when ET is operated.
Since V¢ is changed according to the envelope of the mod-
ulated signal, the minimum operating voltage is in the vicin-
ity of Vi, regardless of the magnitude of the amplitude of
the modulated signal, and power loss can be reduced.

Figure 10 shows an example of the characteristics of
PA for ET[3]. Figure 10 (a) shows examples of the table
used in Fig. 9 (a). Figures 10 (b), (c), and (d) show the effi-
ciency, gain, and phase curves of PA when V¢ is changed.
What is shown by the red dotted line here corresponds to the
control called “iso-gain” described in Fig.9 (a). The green
dotted line corresponds to a control called “de-troughing”
that further lowers the Vc. The yellow curve is a series of
peak efficiency conditions and has a complicated shape and
is not suitable for control. Since “iso-gain” controls to keep
the gain constant, there is no AM (amplitude modulation)-
AM characteristic distortion. Therefore, when using DPD
(digital pre-distortion), only AM-PM (phase modulation)
characteristic distortion needs to be considered. The “iso-
gain” method is widely applied because of the simplification
of DPD.

The ET method introduced here is widely applied to
mobile phones, and its operation has been confirmed up to
100 MHz. Therefore, it can also be used for NR. The details
of the ET method are described in the paper [3], and please
refer to that as well.

If the bandwidth is further increased, the efficiency of
the ET tracker may decrease and it may be necessary to im-
prove the backoff efficiency by another method. As another
method, the Doherty amplifier will be described in the next
subsection.
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5.2 Doherty PA

The operating principle of Doherty PA will be described
with reference to Fig. 11. Figure 11 (a) outlines the configu-
ration of the Doherty PA. Two types of PA are used: a carrier
amplifier with a bias of class AB or B and a peak amplifier
with a class C bias. The carrier amplifier is connected to the
output of the peak amplifier via a 1/4 line whose character-
istic impedance is Ropt, which functions as an impedance
converter. The load impedance Z; = R,,/2 of the entire
Doherty PA is connected to the output of the peak amplifier.

In the actual circuit, Z; is the impedance of output
matching circuit that converts to an impedance of 50 Q. The
carrier amplifier is always operating, but the peak ampli-
fier operates only when the input is large enough due to the
class C bias. When the peak amplifier is in the off state, the
load impedance Z;¢ of the carrier amplifier is 2R,,,. This
is the load impedance Z; = R,,;/2 of the entire Doherty PA
converted to 2R,,; by the 4/4 line. Due to this large load
impedance, the carrier amplifier saturates early.

With proper bias setting of the peak amplifier, the op-
eration of the peak amplifier is started at the timing of near
saturation of the carrier amplifier. A 90 deg phase difference
is provided between the output of the peak amplifier and the
output of the carrier amplifier. Therefore, the output signal
of the carrier amplifier and the output signal of the peak am-
plifier, which are 90 deg out of phase via the 1/4 line, are
in phase. When Ip (the output current of peak amplifier) in-
creases, an additional /p flows in the Z;, and the apparent

load impedance Z;, becomes Z;, = Ro,,,( ) At this

<
2Ic = Ip
time, the load impedance of the carrier amplifier becomes

2Ic - Ip

Zic = Ry ) Under the condition of /¢ (the output

current of carrier amplifier) = Ip, the load impedance of the
carrier amplifier is halved, and the saturation power of the
carrier amplifier is doubled. Furthermore, when combined
with the output of the peak amplifier that outputs the same
output as the carrier amplifier, the Doherty PA as a whole
has twice the saturation power. In other words, the Doherty
PA has a saturation power that is 6 dB higher than the satura-
tion power of the carrier amplifier alone. In Fig. 11 (b), the
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The outline of the prototype Doherty PA module.

Fig. 12

horizontal axis shows the amount of backoff based on the
output power at which the carrier amplifier and peak ampli-
fier are saturated, and the vertical axis shows the efficiency.
The efficiency increases as the output power increases and
the carrier amplifier saturates. After that, the peak amplifier
starts operating, and along with that, the efficiency is slightly
reduced, but the high efficiency is maintained. When both
the carrier amplifier and the peak amplifier are saturated, the
efficiency is maximized again.

It can be seen that the above operation can realize high
efficiency even at the output level backed off from the max-
imum output power, and it is suitable for improving the effi-
ciency of a modulated signal having a large PAPR.

It is desirable to set the load impedance high from the
viewpoint of reducing the loss of the output matching cir-
cuit and widening the bandwidth. On the other hand, it is
not desirable from the above viewpoint to set the common
load impedance of the carrier amplifier and the peak am-
plifier to a low impedance of R,,;/2. From the viewpoint
of not reducing the common load impedance, a series type
Doherty PA has been proposed instead of the parallel as in-
troduced here [43]. Also, from the viewpoint of increasing
load impedance, a differential configuration is being con-
sidered, mainly for millimeter-wave band applications [44]-
[46]. Based on these, we examined and prototyped a wide-
band matching circuit for a differential, series-added Do-
herty PA for HPUE compatible with n40 and n41, which
is a band for NR [47].

Figure 12 shows the outline of the prototype Doherty
PA module. Figure 12 (a) shows the circuit configuration.
A 90 deg phase shift circuit was provided at the input, and
the first stage was single-ended and the final stage was dif-
ferential. Impedance was converted using a transformer and
serial addition was performed. Figure 12 (b) shows the ap-
pearance of the prototype Doherty PA module. The size of
the GaAs HBT chip is 1.0x1.15 mm?, and the module size
created with the PCB 6 layers is 2.6x2.2 mm?, which is a
compact size suitable for terminal application.

Figure 13 shows the characteristics of the prototype
Doherty PA module. A 100 MHz bandwidth (270 RB)
DFTS-OFDM QPSK (PAPR is about 7 dB @ CCDF (Com-
plementary Cumulative Distribution Function) = 0.003%)
was used for the modulated signal. In the evaluation, we
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used DPD of the polynomial that does not correspond to
the memory effect. Figure 13 (a) shows the efficiency and
ACLR of each output at 2.5 GHz. For ACLR, both the LSB
(lower side band) side and the USB (upper side band) side
are shown to confirm the memory effect. It can be seen that
the difference between the both is small and the memory ef-
fect is suppressed. A maximum output power of 30.5 dBm
and an efficiency of 36% were achieved under the condition
of ACLR = -35 dBc. Figure 13 (b) shows the efficiency
and frequency characteristics of ACLR. A frequency band
sufficient to cover the n40 and n41 bands has been achieved.
As described above, it was demonstrated that Doherty PA is
promising as a backoff improvement technology in NR. The
details of Doherty PA introduced here are described in the
paper [47], and please refer to that as well.

6. Conclusions

The PA circuit of GSM, W-CDMA, LTE and NR are sum-
marized. Of course, the first issue of PA is to improve effi-
ciency, but there are technical issues other than simple im-
provement of efficiency in order to deal with the control pe-
culiar to the generation of mobile phones.

Regarding GSM, we have summarized the control tech-
nology (that smoothly ramps-up and ramps-down) for inter-
mittent operation and suppresses out-of-band spurious.

In W-CDMA and LTE, the probability of existence of
transmit power is the highest at low output power, and it
is important to reduce current consumption and gain at low
output. This paper summarizes these methods. In addition
to the FDD technology used in W-CDMA from LTE, TDD
technology has come to be applied, and the application of
HPUE, which increases the output by 3 dB compared to the
past, has progressed, and along with this, power combining
method has become in demand. In this paper, we compared
the power combining method and showed that the differen-
tial method is superior. The possibility of further increase in
transmit power is also being discussed, and the power com-
bining method will continue to be an important issue in the
future.

As the PAPR of the modulated signal increases with
each generation of LTE and NR, improving efficiency
in the backoff region has become a major issue. First,
we introduced the ET method currently applied. As the
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generation progresses with LTE and NR, the modulation
bandwidth also expands. When the modulation bandwidth
is 100 MHz or wider, there is a concern that the efficiency
of the envelope tracker used in the ET method will decrease.
Introduced Doherty PA as an alternative method candidate.
It was shown that the differential and series addition meth-
ods are applied to secure the band, and the characteristics
that can withstand practical use can be realized by covering
n40 and n41 bands.

In the future, it is expected that frequencies above
7 GHz band (FR3) will be assigned to mobile phones, and
it will be important to apply high frequencies to them in
addition to high efficiency, wideband, and high output, and
further technological innovation is desired.
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