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Abstract: A novel method is proposed to extend the output power back-off (OPBO) range of the Doherty power
amplifier (DPA). This study reveals that the OPBO range of the DPA can be extended by tuning the output
impedance of the peaking stage away from infinity and changing the phase delay of the output matching network of

the carrier power amplifier. Based on this theory, a large-OPBO-range high-efficiency asymmetrical DPA working
band from 1.55 to 2.2 GHz (35% relative bandwidth) is designed to verify the proposed method. Experimental
results show that the DPA operates from 1.6 to 2.1 GHz. The range of the measured efficiency is 42.2%—52.1% in
the OPBO state and 47%—62.7% in the saturation state. The OPBO range is 11.1-13.2 dB.
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1 Introduction

The rapid development of wireless communica-
tion systems has changed our lives. Five-generation
wireless communication (5G) is characterized by
high data rate, massive connections, and low la-
tency. The fast communication of 5G between smart
mobile devices gives users an excellent experience
(Wei et al., 2014; Liu et al., 2020; Li M et al.,
2022). Therefore, wireless communication systems
have higher and higher data transmission rate re-
quirements (Koenig et al., 2013).
ways to increase the transmission rate of a wireless
communication system. One is to improve spectrum
utilization (Kliks et al., 2020), and the other is to in-
crease spectrum bandwidth (Tan et al., 2020). The

There are two
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most used modulation technique is orthogonal fre-
quency division multiplexing (OFDM) to increase
spectrum utilization, which will cause a larger sig-
nal peak-to-average power ratio (PAPR) (Vijarn-
stit et al., 2015). OFDM signals can reach the
PAPR level of 8-12 dB. Therefore, improving the ef-
ficiency of the amplifier in the output power back-off
(OPBO) state is beneficial to improving the over-
all performance of the transmitter system (Darraji
et al., 2011). Power amplifiers with a high OPBO
(Fang and Cheng, 2014; Hallberg et al., 2016) range
have become a research hotspot in recent years (Zhou
et al., 2018).

Efficiency enhancement technology in the
OPBO state includes envelope tracking technology
(Lee SC et al., 2015), outphasing technology (Chung
et al., 2018; Sen, 2018), envelope elimination and
restoration (EER) technology (Bolotov et al., 2018),
and Doherty architecture power amplifier technol-
ogy. The structures of envelope tracking technology,
outphasing technology, and EER technology are very
complex and difficult to realize (Mustafa et al., 2009;
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Cidronali et al., 2013; Tajima et al., 2017; de Falco
et al., 2018). Compared to other technologies, the
Doherty power amplifier (DPA) has low complexity
and strong applicability for broadband signals (Kim
et al., 2006), so DPA is suitable for engineering appli-
cations. DPA architecture has evolved into different
types, such as symmetric DPA (Ozen et al., 2016;
Hasin and Kitchen, 2019; Li C et al., 2020), asym-
metric DPA (Fang et al., 2018), three-way Doherty
(Suo and Bao, 2008; Lehna and Bangert, 2016), and
the dynamic load modulation power amplifier by ex-
ternal active devices (Gustafsson et al., 2013). The
dynamic load modulation power amplifier has high
design complexity and high realization cost (Anders-
son et al., 2012). The three-way DPA needs three ac-
tive devices, so the manufacturing cost will be higher.
The OPBO of the traditional symmetric DPA is only
6 dB. Therefore, the OPBO of the symmetric DPA
cannot adapt to the high PAPR signal. Compared
with the symmetric DPA, the asymmetric DPA can
achieve a larger OPBO range.

Therefore, asymmetric DPA has come into our
lives. Iwamoto et al. (2001) used gallium arsenide
(GaAs) technology to make an asymmetric DPA
with a large OPBO range. Lee J et al. (2014) de-
signed a new asymmetric DPA. To increase the gain
of the peak power amplifier, it is composed of two
single tube power amplifiers. The OPBO of the
DPA reached 7 dB. Nghiem and Negra (2014) de-
signed an asymmetric DPA, which operated at 1.85—
2.4 GHz and the OPBO reached 10 dB. Pang et al.
(2016) designed an asymmetric DPA using asym-
metric drain bias voltage. The frequency range was
1.55-2.35 GHz, the OPBO range was 8-9 dB, and
the efficiency in the OPBO state was as high as
50.4%-56.2%.

In this study, a new method based on an un-
balanced power amplifier is proposed to increase the
OPBO range. This method broadens the OPBO
range by using non-infinite output impedance of the
peak power amplifier and the phase shift of the out-
put matching network of the carrier power amplifier.
The output impedance of the peak power amplifier
and the phase shift of the output matching network
of the carrier power amplifier satisfy a one-to-one re-
lationship. First, the design theory is introduced.
Then the effectiveness of the method is verified by
simulation and experimental results. Compared with
the traditional asymmetric DPA, the asymmetric

DPA designed with this method has a larger OPBO
range.

2 Extending the OPBO range of the
asymmetrical DPA

2.1 Comparison of 6 dB and 12 dB OPBO
DPA

The theoretical efficiency of the 6 and 12 dB
OPBO DPA is shown in Fig. 1. Fig. 1 shows that the
efficiency curve of DPA presents a peak point in the
OPBO state and saturation state, respectively. The
highest drain efficiency is 78.5% in both the OPBO
When the peak power
amplifier is tuned on, the efficiency of DPA decreases
until the peak amplifier reaches saturation. For this

state and saturation state.

reason, the efficiency curve forms a pit. The average
efficiency is defined in Eq. (1):

Eff = Z P(i) - Bff(i), (1)

where Eff represents the average efficiency, Eff(7)
represents the efficiency at each output power, and
P(i) represents the probability density at each out-
put power. The PAPR of the broadband long-term
evolution (LTE) signal is more than 9 dB and even
reaches 12 dB in the case of multi-carrier aggrega-
tion. The traditional DPA with 6 dB OPBO cannot
meet the application requirements. Thus, the DPA
with a larger OPBO has more competitive advan-
tages based on Eq. (1).
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Fig. 1 Theoretical efficiency of the 6 dB and 12 dB
output power back-off (OPBO) Doherty power am-
plifier (DPA)
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2.2 Active load modulation of the novel asym-
metric DPA

The asymmetric DPA block diagram (Fig. 2)
consists of a carrier transistor, a peak transistor, the
output matching network of the carrier power am-
plifier (OMN(¢), the output matching network of the
peak power amplifier (OMNp), and the impedance
looking into the load from the modulation point
(Z1,). Ic and Ip represent the carrier transistor and
peak transistor, respectively. Ry, and Xi, represent
the real part and imaginary part of the impedance
looking into the load from the modulation point, re-
spectively. As shown in Eq. (2), S represents the
ratio of X1, to Ry,. As shown in Eq. (3), « represents
the ratio of the maximum current of the peak power
amplifier (Ipmax) to the maximum current of the
carrier power amplifier (I.max). Here, o # 1 due to
the asymmetric architecture. Zcg is the impedance
looking into OMN¢ from the carrier transistor in the
saturation state, and Zcp is the impedance looking
into OMN¢ from the carrier transistor in the OPBO
state. P. gat and P. opo represent the output power
of the carrier power ;mpliﬁer in the saturation state
and OPBO state, respectively. As shown in Eq. (4),
n is the ratio of P, ¢t to P. obo. OPBO can be ex-
pressed as Eq. (5). It can be determined that OPBO
increases with the increase of n.
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Fig. 2 Block diagram of the asymmetric Doherty
power amplifier (DPA)

The scatter parameter matrix of OMN¢ is
shown in Fig. 2. OMN¢ represents the output
matching network of the carrier power amplifier.
OMN¢ matches (1 4+ «)Zg, to Ropt in the saturation
state and Zr,//Zop to nRopy in the OPBO state.
0 represents the phase delay of OMNg. Icis rep-
resents the reflection coefficient of port 2 looking
into the combining point in the saturation state, and
I'cs represents the reflection coefficient of the carrier
transistor looking into port 1 in the saturation state.
Assuming that I'c1s = I'cs = 0, the saturation state
is well matched. I'cp represents the reflection coef-
ficient of the carrier transistor looking into port 1 in
the OPBO state. I'cp can be expressed as Eq. (6).
For the convenience of calculation, the peak power
amplifier output impedance (Zop) can be expressed
as Eq. (7), and variable X is introduced to represent

Zop. _ _
—jaX —14+j8 9

TiCta)X+1+i8

(6)

Ics

Zop = J(l + OZ)XRL. (7)

After « is determined, I'cp is related to X, 6,
and 8. Assuming that o = 2.5, I'cp can be expressed
as Eq. (8). Zcp can be expressed as Eq. (9). Ropt
represents the optimal impedance of a class B am-
plifier. We can know that n reaches the maximum
when  is equal to 0. This means that the asymmet-
ric DPA has the largest OPBO range when the load
impedance is a real number.

~2.5X — 148 o
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n is determined by I'cp. Specifically, n can be
expressed as Eq. (10) when I'cp is a real number:

1+ 1Ics

= . 10

For the proposed DPA, Zop is non-infinite and
f is divergent. Zcp is shown in Fig. 3. The green
circle is obtained by scanning 6 after X is fixed to
infinity. The purple circle is obtained by scanning X
after 6 is fixed to —81.5°. The black point is obtained
by fixing X to infinity after 6 is fixed to —90°. The
green point is obtained by letting Zop = jR; and
# = —81.5°. For a traditional DPA, Zcg can be
represented by the black point. In this article, Zcp
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falls in the red region. This means that the novel
DPA can achieve the largest OPBO range due to the
increase of Icp.

I*Ropt

Fig. 3 The load-pull of the carrier transistor (Zcgp)
(References to color refer to the online version of this
figure)

Theoretically, if o = 2.5, the range of OPBO is
10.8-13.8 dB. The range of 6 is —81.5° to —98.5°.
In addition, 8 and Zpp have a one-to-one correspon-
dence. For example, if Zop = jRy,, OPBO is close to
13.8 dB when 6 = —81.5°. If Zop is infinity, OPBO
is close to 10.8 dB when 6 = —90°.

3 Design principle of the output match-
ing network

The output matching network of the carrier and
peak power amplifier structure diagram is shown in
Fig. 4. Carrier and peaking represent the carrier and
OMN¢ stands
for the output matching network of the carrier power
amplifier. OMN¢ not only ensures that the carrier
power amplifier is in a good matching state in the
power saturation state, but also ensures that it isin a
good matching state when it is in the power back-off
state. OMNp is the output matching network of the

peak power amplifier, respectively.

peak power amplifier and it is in a good matching
state in the power saturation state. Both OMNg
and OMNp contain parasitic parameters. Zcg and
Zcp are the impedance looking into OMN¢ from the
carrier transistor in the saturation state and OPBO
state, respectively. Zpg is the impedance looking into
OMNGp from the peaking transistor in the saturation
state.
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Fig. 4 Owutput matching network structure diagram
of the carrier and peak power amplifier: (a) output
power back-off (OPBO) state; (b) saturation state

Ac(1+ «)Ry, + Be

Zos = , 11

7 Cc(1+ a)Ry + D (11)
Ap(1+ LRy, + B

e L
Cp(1+ =)RL + Dp
Ac(RL//Zop) + Be

Zcp = . 13

“® 7 Cc(RL/] Zop) + Dc (13)

In the power saturation state, the best load
impedance of the carrier power amplifier can be rep-
resented by Re opt, and the best load impedance
of the peak power amplifier can be represented by
R, opt- Inthe OPBO state, the best load impedance
of the carrier power amplifier can be represented by
[Zeb opt]. That is, the red area in Fig. 3 is repre-
sented by [Zeb opt]-

Optimize the parameters of OMNc and OMNp
and make Zcs, Zps, and Zcg satisfy Egs. (14), (15),
and (16), respectively. This means that the carrier
power amplifier can achieve optimal impedance in
both saturation and OPBO states. This also means
that the peak amplifier achieves the optimal load
impedance in the saturation state.

Zos = RC_Opt7 (14)
ZPS — Rpiopta (15)
ZcB — [ZCbiopt] . (16)
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To make Zcp fall into the red region of Fig. 3, it
is necessary to make 6 decrease linearly from —81.5°
to —98.5° and Zop first increase from jRy, to infinity
and then decrease to —jRy, with the increase of the
frequency. Thus, to satisfy Eq. (16), Egs. (17) and
(18) must be satisfied:

0 — [aopt] ’ (17)
Zop — [Zop] . (18)
[Oopt] and [Zop] are both matrices. The el-

ements in [Oyp] linearly decrease from —81.5° to
—98.5°. The elements in [Zop]| first increase from
jRy1, to infinity and then decrease to —jRy,. Eyr rep-
resents the relative error of Zcg and Re opt. Fhrr2
represents the relative error of Zpg and Rp_iopt. FE.3

represents the relative error of 6 and [fopi]. FErva
represents the relative error of Zop and [Zop].
|ZCS - R opt|
By = ——F5———, 19
! Rc_opt ( )
Zps — Ry o
By = M, (20)
RPfopt
|0 — [Bopt]|
Err = "1 1 21
T 2!
|Zop — [Zop]|
FEoy=—"—7—"7". 22

FE,, represents the total error.
the weight of the relative error of Zcg and Re opt-
W, represents the weight of the relative error of_ZpS
and R, ops. W3 represents the weight of the relative
error of 6 and [fopi]. Wi represents the weight of the
relative error of Zop and [Zop].

W1 represents

Err :Wl |Err1 |2+W2|EH2 |2+W3|E”3|2

(23)
+W4 |Err4|2-

Adopting some technical means (gradient algo-
rithm, real frequency technology, etc.), optimize the
network parameters to make FE., as small as pos-
sible. Under this condition, the carrier amplifier
obtains the best load impedance in the saturation
and OPBO states. The peak amplifier obtains the
best load impedance in the saturation state. The
algorithm flowchart of design OMN¢g and OMNp is
shown in Fig. 5.

Impedance
index
[ Determine the value of a |

v
Calculate the values of
Re opt and Ry opt

Initial ranges of Zcg,
Zps, Zcs, 6, X
v
Calculate the values of
Bopt and Zop

Update Zcg, Zps,
ZCS, 9, X
A

| Calculate E, Erro, Ens, Era |

[ Calculate E, |

If E,is small
enough?

| A group of OMN¢ and OMNp |

End

Fig. 5 Algorithm flowchart of design OMN¢ and
OMNp

4 Design of the extended asymmetrical
DPA

To verify the above theory, a particular process
of the asymmetrical DPA with a large OPBO range
is proposed. The schematic of the whole asymmetri-
cal DPA is given in Fig. 6. The working frequency of
the asymmetrical DPA is 1.55-2.2 GHz (35% relative
bandwidth). In this design, a CGH40010F transistor
with a drain voltage of 28 V is used for the carrier
power amplifier, and a CGH40045F transistor with
a drain voltage of 28 V is used for the peak power
amplifier. The substrate is Rogers 4350B. The di-
electric constant € = 3.66 and the thickness H = 20
mil. The optimal impedance biased in class B is set
as 36 2. First of all, set a = 2.5 based on the above
analysis. Second, for the convenience of design, let
R, =15Q.

The main power amplifier is biased at class AB,
and the gate voltage is —2.8 V. The input match-
ing network of the carrier power amplifier matches
50 € to optimal source impedance. The packaged
parameters should be added to OMNg. The peak
power amplifier is biased at class C, and the gate
voltage is —5.2 V. The input matching network of the
peak power amplifier matches 50 2 to optimal source
impedance. The post matching network (PMN)
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Fig. 6 Schematic of the whole asymmetrical Doherty power amplifier (DPA) (PMN: post matching network)
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Fig. 7 Simulation results of the asymmetrical Doherty power amplifier (DPA)

matches Ry, to 50 € throughout the frequency band.
This design uses a Wilkinson power divider to divide
the input signal into two to satisty the power demand
of the peaking amplifier. The power ratio is set to
2.5:1. The offset line is added to ensure the phase
shifts of the carrier and the peak to be consistent.

Fig. 7 shows the simulation results of the asym-
metrical DPA. The range of the OPBO is 11.2—
12.4 dB over 1.55-2.2 GHz (35% relative bandwidth).
The efficiency is 46.8%-57.4% in the OPBO state
and 54.1%-73.4% in the saturation state. The gain
is 8.9-10.2 dB in the saturation state. The maximum
output power is 46.9-48.1 dBm.

5 Experimental results

Fig. 8 is a photograph of the asymmetrical DPA.
This asymmetrical DPA has five ports including
three direct current (DC) ports and two radio fre-
quency (RF) ports. The DC bias port includes a
drain bias port, a carrier power amplifier gate bias

port, and a peak power amplifier gate bias port.
This asymmetrical DPA has one fewer drain bias
port than the conventional DPA. In addition, this
asymmetrical DPA has one RF input port and one
RF output port.

Carrier-gate - Drain
S N -
y i "

" RFou

Peaking-gate

Fig. 8 Photograph of the fabricated asymmetrical
Doherty power amplifier (DPA)

Fig. 9 shows the experimental test platform,
which is composed of a DC power supply, signal
source, driving power amplifier, isolator, asymmet-
rical DPA, attenuator, and spectrum analyzer. Be-
cause the maximum power of the signal source is
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not enough to make the asymmetrical DPA work in
the saturation state, it is necessary to add a driv-
ing power amplifier before the asymmetrical DPA.
An isolator is added between the driving power am-
plifier and the asymmetrical DPA. To protect the
spectrometer, a 30 dB attenuator is added in front of
the spectrometer. During the test, the gate voltage
of the main power amplifier is —2.8 V. The gate volt-
age of the peak power amplifier is =5.5 V. The drain
voltage of the DPA is 28 V.

Spectrumi
analyzer '3: =

Fig. 9 Photograph of the experimental test platform
of the asymmetrical Doherty power amplifier (DPA)

5.1 Measurements under the continuous wave
signals

First, the DPA is tested under single-tone con-
tinuous wave excitation. The frequency of the signal
is 1.6-2.1 GHz with a 100 MHz frequency step. The
experimental results of the asymmetrical DPA are
shown in Fig. 10. The carrier power amplifier is over
saturated when the asymmetrical DPA operates at
2.1 GHz. The maximum output power is 45.2 dBm.
The efficiency is 46.5% in the OPBO state and 62.7%
in the saturation state. The gain is 5.3 dB in the sat-
uration state. Overall, the experimental results are
acceptable when the asymmetrical DPA operates at

OPBO state and 47%-62.7% in the saturation state.
The gain is 5.3-7.3 dB in the saturation state. The
range of OPBO is 11.1-13.2 dB. The maximum out-
put power is 45.2-47.3 dBm. The experimental re-
sults show the DPA operating at 1.6-2.1 GHz (27%
relative bandwidth), but the DPA is designed for
1.55-2.2 GHz (35% relative bandwidth). This may
be caused by an inaccurate transistor model.

5.2 Measurements under the LTE modulated
signals

To prove that the asymmetric DPA can be ap-
plied to modern communication systems, the DPA
is tested under a continuously modulated wave ex-
citation signal. The PAPR of the LTE modulated
signal is 10 dB and the bandwidth is 20 MHz. Dig-
ital pre-distortion (DPD) can improve the linearity
of the DPA. The Zynq UltraScale + RFSoC eval-
uation board (ZCU111) of the Xilinx company is
used to generate LTE modulation signals and collect
and process the output signals of the asymmetric
DPA. DPD is realized using the generalized mem-
ory polynomial (GMP) model. The core principle
is to use the direct learning structure to iterate the
coeflicients until they converge.

When the center frequency of the LTE mod-
ulated signal is 1.8 GHz and the average output
power of the asymmetric DPA is about 35.2 dBm,
the measured AM-AM and AM-PM curves of the
asymmetric DPA with and without DPD are shown
in Fig. 11. Fig. 12 shows the measured output spec-
trum of the asymmetric DPA with and without DPD.
The adjacent channel power ratio (ACPR) of the
asymmetric DPA before DPD is —27.2/—26.6 dBe.

1.6-2.1 GHz. The efficiency is 42.2%-52.1% in the =~ The ACPR of the asymmetric DPA can be improved
70 40
| 135
= 807+ 6o
& ~ 1.7 GHz 730
3 50 - 1.8GHz ~
& 1.9 GHz 125 5
g -~ 20GHz <
5 407 21 GHz 720 8
c
© -15
a 30-
+10
20+ 15
10 \ I I I I 0
20 25 30 40 45 48 50

Pout (dBm)

Fig. 10 Experimental results of the asymmetrical Doherty power amplifier (DPA)
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to —46.7/—46.4 dBc after DPD. So, the ACPR of
the asymmetric DPA is improved by 19.5/19.8 dB
through DPD at 1.8 GHz.

200 : : : : —511.0

150 b - AM-PM: W/O DPD LA
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T 102 5
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0 0.2 0.4 0.6 0.8 1.0
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Fig. 11 The measured AM-AM and AM-PM curves
of the asymmetric Doherty power amplifier (DPA)
with or without digital pre-distortion (DPD) at a cen-
ter frequency of 1.8 GHz
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Fig. 12 The measured output spectrum of the asym-
metric Doherty power amplifier (DPA) with or with-
out digital pre-distortion (DPD) at a center frequency
of 1.8 GHz

Fig. 13 shows the measured AM-AM and AM-
PM curves of the asymmetric DPA with and without
DPD when the center frequency of the LTE modu-
lated signal is 2 GHz and the average output power of
the asymmetric DPA is about 35 dBm. Fig. 14 shows
the measured output spectrum of the asymmetric
DPA with and without DPD. The ACPR of the
asymmetric DPA before DPD is —29.1/—27.6 dBc.
The ACPR of the asymmetric DPA can be improved
to —43.6/—42.7 dBc after DPD. So, the ACPR of
the asymmetric DPA is improved by 14.5/15.1 dB
through DPD at 2 GHz.
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Fig. 13 The measured AM-AM and AM-PM curves of
the asymmetric Doherty power amplifier (DPA) with
or without digital pre-distortion (DPD) at a center
frequency of 2 GHz
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Fig. 14 The measured output spectrum of the asym-
metric Doherty power amplifier (DPA) with or with-
out digital pre-distortion (DPD) at a center frequency
of 2 GHz

5.3 Performance comparison

Table 1 shows the performance comparison be-
tween the asymmetric DPA and other DPAs. As
can be seen, the asymmetric DPA has a larger range
of OPBO and higher efficiency in the OPBO state
than most other DPAs. This shows that the novel
method for extending the OPBO range is effective in
designing DPAs.

6 Conclusions

This paper presents a method for extending the
OPBO range of the DPA. To verify the theory, a
novel method of asymmetrical DPA with a large
OPBO range is designed. Experimental results show
that the designed asymmetric DPA operates at 1.6—
2.1 GHz. The OPBO range is 11.1-13.2 dB and the
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Table 1 Comparison between our Doherty power amplifier (DPA) and some DPAs in the literature

Reference Frequency (GHz) FBW (%) Power (dBm) OPBO (dB) Ef-OPBO (%) Eff-sat (%)
Ozen et al., 2016 1.95 - 44 9 50 -
Hasin and Kitchen, 2019 2.2 — 43.6 9 50.7 71
Li C et al., 2019 1.9-2.4 23.2 44.1-44.8 8.5-9 44.2-49.7 65.2-71.8
Fang et al., 2018 1.35-1.7 22.9 42 9 50-56 71-76
This work 1.6-2.1 27 45.2-47.3 11.1-13.2 42.2-52.1 47-62.7

FBW: fractional bandwidth; OPBO: output power back-off; EffF-OPBO: efficiency in the OPBO state; Eff-sat: efficiency in the

saturation state

maximum output power is 45.2-47.3 dBm. The effi-
ciency range is 42.2%-52.1% in the OPBO state and
47%—62.7% in the saturation state. The theory can
also be used to develop a symmetrical DPA.
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