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Abstract: A broadband Doherty power amplifier (DPA) always experiences an efficiency degradation
between two efficiency peaks, especially at two side bands. In this study, the efficiency degradation
was demonstrated to be caused caused by the in-phase power combining at the saturation power level.
To solve this problem, current misalignment was introduced into the broadband DPA design. The
carrier and peaking PA have different current phases when performing the power combination at the
saturation power level. In this work, it was also demonstrated that the efficiency in the high-power
region of a DPA can be improved by elaborately using misaligned current phases. A detailed analysis
and the design procedure of a broadband DPA are presented in this paper. And a 1.5-2.45 GHz
broadband DPA was implemented and measured. The fabricated DPA achieves a saturation output
power of 42.7-44.9 dBm, a saturation drain efficiency (DE) of 62.7-74.1% and a gain of 10.2-13.9 dB
over 1.5-2.45 GHz. Moreover, the fabricated DPA also achieves a 6 dB back-off DE of more than 49.1%
in the frequency band of interest.

Keywords: broadband; current phase; Doherty power amplifier; efficiency improvement

1. Introduction

Wireless communication is moving from the fifth generation (5G) to the six generation
(6G). The whole industry chain is accelerating beyond imagination [1]. Everyone and
everything will be connected to the 6G network [1]. It is inevitable that every smart device
will need to emit signals in the Internet of Things (IoT) era, leading to an unprecedented
demand on power amplifiers (PAs) [2]. In addition to spatial multiplexing (multi-input,
multi-output), complex signal modulation and wideband techniques are very important
for increasing the communication data rate. Meanwhile, enhancing the efficiency of PAs
has always been a design goal [3,4]. In line with the above factors, PAs are expected to have
a high back-off efficiency over a wide bandwidth. Recently, a Doherty power amplifier
(DPA) demonstrated its unparalleled advantages due to its simple structure [5-9].

A DPA can maintain high efficiency over a certain output back-off (OBO) power
range. However, it is considered that the DPA has a narrow bandwidth. It has been
validated in [9] that the impedance inverter in the DPA combiner limits the operation
bandwidth. Actually, the higher the impedance inversion ratio of the impedance inverter,
the narrower the bandwidth that the DPA achieves. Therefore, some works have extended
the working bandwidths of DPAs using a modified combined network with a reduced
impedance inversion ratio [10-16]. A 0.55-1.1 GHz broadband DPA was realized in [14]
using a modified impedance inverter. And in [16], a modified load modulation combiner
was proposed to extend the bandwidth of an asymmetrical DPA. A 1.4-2.5 GHz DPA was
implemented in [16], achieving a saturation and a 9 dB back-off drain efficiency (DE) of
61-75.5% and 44.6-54.6%, respectively.
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In addition to the impedance inverter, high-order output matching networks (OMNss)
in a DPA also limit its bandwidth [17]. This is because a high-order network leads to a
more drastic phase variation compared to the frequency. For removing high-order OMN:Ss,
a post-matching Doherty architecture was proposed in [17]. In a post-matching DPA, the
OMN:s of the carrier and peaking amplifiers are placed behind the combing point, creating
a high-order post-matching network. And the impedance inverter is replaced by a low
order network [18]. In this way, the post-matching Doherty architecture can be considered
a promising method for extending the bandwidth of DPAs [19-23]. The authors in [23]
designed a post-matching DPA covering 1.7-2.8 GHz. This DPA maintains a DE of more
than 50% over an OBO power range of 6 dB.

For high-efficiency DPAs, the back-off DE is more important than the saturation
counterpart [6]. To further improve the back-off DE and extend the bandwidth of the DPA,
a continuous-mode DPA (CM-DPA) was developed and analyzed [24-29]. The CM-DPA
could achieve a high DE and wide bandwidth simultaneously based on the continuous-
mode PA theories [24,25]. In [25], a broadband CM-DPA covering 1.5-2.6 GHz (relative
bandwidth of 53%) was implemented, maintaining a DE of 41.3-55.1% over a 6 dB OBO
power range.

Furthermore, the bandwidth of the DPA can also be extended using novel design meth-
ods [30-33]. In [30], an ultra-wideband DPA based on a closed-form design method was
presented. A comprehensive analysis was conducted in [30] to describe the design of the ultra-
wideband DPA. In [33], complex combining impedance and non-infinity peaking impedance
were introduced into the DPA design, leading to an extension of the operation bandwidth.

Though the bandwidth of a DPA can be extended through so many advanced design
methods, efficiency degradation can always be observed in the high-power region. There
are some innovative works that have been conducted to address this problem [34-36].
In [34], an adaptive technique was adopted in the carrier and peaking PAs to dynamically
tune the gate voltage, enhancing the efficiency of the DPA. In [35], a digitally assisted
technique was used to control the phase offset angles between carrier and peaking PAs,
leading to an improved efficiency throughout the back-off region. Notice that the two
methods above need additional analog circuits or digital algorithms. This will increase the
circuit complexity.

Unlike the methods in [34,35], a novel design method without any additional assistant
circuits and algorithms was proposed in [36] to enhance the efficiency of the DPA over the
OBO range. In [36], a complex-valued combining load impedance was introduced into the
DPA design. After a comprehensive analysis, a complex-valued combining impedance was
carefully selected to construct a 1.35-1.7 GHz DPA. This DPA maintains a DE of >50% over
a 9 dB OBO power range. Notice that a specific complex-valued combining impedance is
required by the DPA at each operation frequency point. This may limit the bandwidth of
the DPA.

Different from the efficiency enhancement techniques in [34-36], a misaligned current
phase was introduced into the broadband DPA design to compensate for the efficiency
degradation. The proposed method does not need any additional assistant circuits or
algorithms. Moreover, it has no effect on the operation bandwidth of the DPA. The mis-
alignment current phase was realized using different matching networks for the carrier
and peaking PAs. In this way, the carrier and peaking PAs have different saturation current
phases versus frequency at the combining point. And the efficiency of the DPA can be
enhanced over the OBO power range.

In this paper, a theoretical explanation of the efficiency degradation of the broadband
DPA will be presented in Section 2. As described in this section, the misaligned current
phase was introduced into a broadband DPA. Section 3 discusses the design and simulation
of a broadband DPA with a misaligned current phase. The experimental results of the
fabricated DPA will be given in Section 4.



Energies 2024, 17, 2006

30f12

2. Theoretical Analysis

The proposed DPA consists of carrier and peaking transistors together with their input
matching networks (IMNs). And a combiner is used to combine the output power from
the carrier and peaking transistors, as well as realize active load modulation, as shown in
Figure 1. The DPA is loaded with an impedance R;. Notice that a post-matching network is
needed if Ry is not equal to 50 Q). For simplicity, it is assumed in this paper that the DPA is
symmetrical. This means that the carrier and peaking transistors are the same. To enhance
the DE of the DPA in the back-off power range, a misaligned current phase was introduced
into the DPA design in this study, as shown in Figure 1. This current misalignment was
realized through carefully designing the IMNs and tuning the phase compensation line
before the carrier PA or the peaking PA.

| Carrier V! I Output
B : —r ' °
Phase Carrier | Vesc Ioi| TLi  Im r
Line L § R,
—— IMN L= = | TL,
Intput Phase : Transistors | Tar
Lin ; : TL; 21N
c . Peaking V! -
Ves Frequency
Divider Peaking | gsP @ I .
IMN L L ; Combiner

Figure 1. Simplified block diagram of proposed DPA with misaligned current phase.

According to the theoretical analysis in [29], the most favorable Doherty combiner
can be simplified as in Figure 2a. In this figure, the carrier and peaking transistors are
represented by current generators I and Ip, respectively. The combiner is composed of
two transmission lines TL1 and TL2, as shown in Figure 2a. The electronic lengths of TL1
and TL2 should be 6; = 90° and 6, = 180° at the center working frequency fc. Moreover, the
characteristic impedance of TL1 and TL2 should be Z; = Z; = R, where Ry is the optimal
impedance of the utilized transistor. Meanwhile, the combining load is R, = Ry /2.

|$ZC 91:900 IC1 VL IP] TLZ Zz Z}d |$ZCB (91 Zl VL

%%

Ve TL, Z 6,=180° Ve Ve TLi 7L,
IC RL [p IC ZZ
Carrier Peaking Carrier 0,

(a) (b)
Figure 2. (a) Simplified schematic of the proposed DPA. (b) Simplified schematic of the proposed
DPA at the low power region.

2.1. Load Modulation at Low Power Region

At the low-power region, the peaking transistor is in the off state. Here, the structure
of the DPA is depicted in Figure 2b. Now, the cascaded network that is composed of TL1
and TL2 has an ABCD-matrix

[ Apo Bpo ] 1)

Cpo Dgo

where Agp, Bgo, Cpo and Dpp are as follows:

Apo =cos(01 - f) — % -sin(6y - ) - tan(6 - f), (2)
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Bpo =j-Z1-sin(61 - f), (©)

Coo = ]"Sinz(fl f) | ]-cos(6n 'fz)z' tan(f - ) (4)

Dpo = cos(61 - f). ®)

In the above equations, f is the normalized frequency (normalized to the center
frequency fc).

In using (1)—(5), the fundamental load impedance of the carrier transistors at the
low-power region can be obtained using

_ Apo - RL+ Bpo

_ ) 6
Cgo - R + Dpo ©)

Zcs

According to reference [29], Zcp coincides with the impedance space of the class-

B/] continuous mode. Notice that the real part of Zcp will be larger than 2Ry at some

frequencies, as indicated in [29]. Now, the peaking transistor should be turned on earlier,
leading to an extended back-off range.

2.2. Drain Efficiency Analysis

The above analysis ignored the load modulation in the high-power region. The follow-
ing parts will analyze the active load modulation of the carrier and peaking transistors in
the high-power region.

For the high-power region, Figure 2a should be used to evaluate the active load
modulation. In this situation, the ABCD-matrices of TL1, R} and TL2 can be expressed
as follows:

& )]y, Vo)
{Iéi gﬂ:[l/lm H 8)
(& ][ P ] .

Based on Equations (7)—(9), the ABCD-matrix of the Doherty combiner can be de-

rived using
A B|_|A B | | AL BL| | A2 B (10)
C D| | G D Cr Dg C; Dy |
Through using (10), the fundamental drain voltages of the carrier and peaking transis-
tors can be obtained using

Ve=A Vp—B-Ip, (11)

_Ic+D-Ip

v,
P C

(12)
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In Equations (11) and (12), the currents of the carrier transistors (I¢ in Figure 2) are
related to the input voltage and can be expressed as

Ice = —gm-vin-Z(¢-f). (13)

where g, is the trans-conductance of the transistor, and vin is the normalized input voltage.
gm and vin are designated as g, = 1 and 0 < vin < 1 in this paper. To ensure the in-phase
power combining, a phase delay ¢ was introduced into I-. Normally, ¢ = 90° is used.

For the peaking transistor, its current is related to the input voltage and the switched-
on time. To prevent the carrier PA from over-saturation in the low-power region, the
peaking transistor should be switched on earlier when Zcp > 2R(. Here, the real part of
Zcp is defined as k, that is,

k = real(Zcp). (14)

Then, the Ip in Figure 2 can be expressed as

0, vin < 1/k
IP‘{ - S, 0in > 1/k 1)
Equation (15) means that the peaking PA is switched on at vin = 1/k.
Through using (11)—(15), the output power of the DPA is
PDPA =05 real(VC* : IC + Vf; . Ip). (16)
and the DC power can be calculated using
Ppc = Vpp - (Ico + Ipo), 17)
where I and Ipg are the DC currents that can be expressed as follows:
2
Icp=—"1 1
co=—_"lIc (18)
2
Ipp = ~ Ip. (19)

Through using (16)—(19), the DE of the DPA can be calculated using Ppps/Ppc.
Figure 3a depicts the DE of the DPA versus output back-off (OBO) power level when
f=1and f =1.2. In this figure, ¢ = 90° is utilized when calculating the DE. As stated
in [29], the DE of the DPA at the OBO power level does not decreases along with f, deviat-
ing from the center frequency. Nevertheless, the lowest DE in the back-off power range
becomes smaller and smaller as f deviates from f = 1. For example, compared to when
f =1, there is an efficiency degradation in the back-off power range when f = 1.2, as shown
in Figure 3a.

Based on our analysis, the efficiency degradation is caused by a phase misalignment
between the currents of the carrier and peaking PAs in the back-off range when f deviates
from f = 1. Through using (7), (11) and (13), the current of the carrier PA at the combining
point can be derived as

[ — Ay -Ice+C - Ve
cl Ay Dy +By-Cq

(20)

and through using (9), (12) and (15), the current of the peaking PA at the combining point
can be derived as
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_ Ay - Ip+Cy-Vp
Ay Dy +By-Cy'

Ipy (21)

Figure 3b depicts the phases of I¢1 and Ip; versus normalized input when f =1 and
f =1.2. In this figure, ¢ is set to 90°. In this situation, there is no phase difference between
Ic1 and Ip; at the saturation power level. However, a phase difference between I-; and
Ip1 can be observed in the back-off power range when f deviates from f =1, leading to a
decrease in the DE, as shown in Figure 3.

80 T 30 T
f-1
: 0
\
7 30 /N
S —~
§ _E‘ -60
260 Efficiency A f=12
- Degradation 2 -90
g 55 £
a
-120
50 e
45 QS0F = ======7 eeeees I
40" -180 - s -
-12 11 <10 9 8 -7 -6 -5 -4 -3 2 -l 0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Back-off (dB) Normalized Input

(a) (b)

Figure 3. (a) Drain efficiency of the Doherty power amplifier when ¢ = 90°. (b) Current phases of the
carrier and peaking PAs when ¢ = 90°.

For simplicity, the phase difference between Ic; and Ip; at the saturation power level
is designated as ¢:

¢ = Zlci|vin=1 — £Ip1|vin=1, (22)

where ZI¢1|yin—1 and ZIp1|yin—1 are the phases of Ic1 and Ip; at the saturation power level
and can be derived using Equations (20) and (21).

From the above analysis, there will be a DE degradation in the OBO power range
if ¢ is kept at zero over a wide bandwidth. To solve this problem, a misaligned current
phase was introduced in this study. That is, a non-zero ¢ was used to enhance the DE of
the DPA in the back-off power range when f deviates from f = 1. To validate the proposed
theory, ¢ = 14.6° was introduced into the DPA when f = 1.2, as shown in Figure 4a. In this
situation, the theoretical DE of the DPA when f = 1.2 is shown in Figure 4b. For comparison,
the theoretical DE of the DPA with ¢ = 0° is also shown in Figure 4b. The figure indicates
that the DE of the DPA was enhanced by introducing phase misalignment at the saturation
power level.

-20/; 801
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= 765
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2 360 Efficiency
= 2 \
2 -100 5 Improvement
£ Ic £55
-120 a
50
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160 - I J 400 . . . J
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Figure 4. (a) Misaligned current phase between I-1 and Ip;. (b) Drain efficiency of Doherty power
amplifier with misaligned current phase.
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3. Construction of a Broadband DPA

This part provide details on the design of a broadband DPA. Both the carrier and
peaking transistors were CG2H40010F from Wolfspeed. The gate voltages of the carrier
and peaking transistors were —2.9 V and —5.3 V, respectively. And the carrier and peaking
transistors had the same drain voltage of 28 V. The optimal impedance of this kind of
transistor was set to Ropr = 30 (). And the combining load R; was set to Ropt/2 = 15 Q.
Across the simulations, a Rogers 4350B substrate with a thickness of 20 mil was utilized.
Considering the above analysis, the design bandwidth was set to 1.5-2.4 GHz. The design
of the DPA was conducted in an Advanced Design System (ADS) simulator. And the whole
schematic of the designed DPA is shown in Figure 5. The design steps of the DPA are
similar to those in [29] and can be concluded to have been as follows.

1.1/22 235 2164 232 1.8/4.5 43.2 - PMN
}__
TLil 5/9.6 9.6/15/ 11 252 e Tag 552
0.8/13 M 0.8/13
| Power NG OMNC 2i3/9 y
o 28V o1 '
Input Divider 26VY °
24710
1.1/8 3.7/4 37197 15/3 219 T 3.9/10
T 14/11.7 7.6/2 {1 3.9/3 2.2/10
' : = [losno
Transmission Lines: IMNP 0.8/13 OMNP 1L 1.6/10
Width / Length (mm) 53V 28V

Olltpllt 20};_1::' 3.7/21

Figure 5. Simulation schematic of the designed DPA together with the dimensions of the utilized
passive elements.

Firstly, TL1 is replaced by a network, because the utilized transistor has intrinsic
elements. In this design, TL1 consists of the intrinsic elements and an OMN of the carrier
transistor (OMNC in Figure 5).

Secondly, TL2 is also replaced by a network, which consists of the intrinsic elements
of the utilized transistor, the OMN of the peaking transistor (OMNP) and an impedance
tuning line TLo1, as shown in Figure 5.

Thirdly, due to the combining load being R;, =15 (), a PMN was designed to match a
50 ) standard load to R;.

Then, two IMNs (IMNC and IMNP in Figure 5) were constructed to, respectively,
match the carrier and peaking transistors at the input terminals. The IMNs of the carrier
and peaking transistors have the same structure. But the dimensions of the utilized
transmission line are different, because different gate bias voltages were adopted.

Finally, A two-stage Wilkinson power divider was implemented to divide input power
equally to the carrier and peaking paths. And two transmission lines TLil and TLi2 were
inserted before the carrier and peaking PAs to tune the current phases of I and Ip;.

After implementing the DPA, the phases of the currents /-1 and Ip; were simulated
based on Figure 5. The simulation results are shown in Figure 6. This figure indicates that
a phase difference between I¢; and Ip; was obtained at the saturation power level over
2.0-2.4 GHz. This phase difference can be used to enhance the DE of the designed DPA in
the OBO power range.

Furthermore, the DE and gain of the designed DPA were simulated across 1.5-2.4 GHz
and with a step of 0.1 GHz. The simulation results are depicted in Figure 7a,b. Based
on Figure 7, apparent Doherty behavior was achieved using the implemented DPA. The
simulated DE was larger than 50% over an OBO power level of 6 dB. And the simulated
gain was larger than 10 dB over 1.5-2.4 GHz.
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frequency band of interest.

4. Experimental Results

Photographs of the experimental environment of the fabricated DPA are shown in
Figure 8. A signal generator, a spectrum analyzer, a driver, a DC supply and an attenuator
were used to test the DPA. To automatically test the DPA, the above equipment were
controlled using a computer via Matlab. When testing the DPA, the input power and
operation frequency were measured. And the output power of the DPA was collected using
the spectrum analyzer and then recorded using the PC. Meanwhile, the DC power was also
recorded using the PC. In this way, the output power, DE and gain of the DPA could be
automatically calculated and displayed on the PC.

Across the experiment, the gate voltage of the carrier PA was —2.8 V (the quiescent
current was 40 mA), and the gate voltage of the peaking PA was —5.5 V. The drain voltages
of the carrier and peaking transistors were 28 V.

Under a continuous wave (CW) signal excitation, the measured DEs and gains of
the DPA with respect to the output power at some frequencies are illustrated in Figure 9.
This figure indicates that no obvious DE degradation can be observed at 2.3 GHz and
2.45 GHz, while the maximum output power of the DPA was reduced at 2.45 GHz because
of the misaligned current phase. From Figure 9, the fabricated DPA achieves a good DE
performance over 1.5-2.45 GHz. Moreover, at the saturation power level, the measured
gain was larger than 10 dB.
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To clearly observe the measured results over the frequency band of interest, the
measured saturation power and gain are illustrated in Figure 10. This figure indicates
that the maximum output power of the fabricated DPA ranges from 42.7 to 44.9 dBm over
1.45-2.45 GHz. And the measured saturation gain of the fabricated DPA was 9.4-13.9 dB
over 1.45-2.45 GHz.

USB
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Doherty
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707 -~ 1.50 GHz 740
—— 1.70 GHz

60 -— 1.90 GHz 135
s —+ 2,10 GHz
> -¢ 230 GHz
550 ~ -~ 245GHz 130 &
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E
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Figure 9. Measured drain efficiency and gain of the fabricated DPA versus output power.
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Figure 10. Measured saturation output power and gain of the fabricated DPA versus frequency.

The measured DEs of the fabricated DPA versus working frequency at the saturation
and the 3 dB OBO and 6 dB OBO power levels are shown in Figure 11. The fabricated DPA
achieves a DE of 62.7-74.1% at the maximum power level over 1.45-2.45 GHz. At the 3 dB
OBO power level, the measured DE of the fabricated DPA ranges from 54.3 to 66.6% across



Energies 2024, 17, 2006

10 of 12

1.45-2.45 GHz. And at the 6 dB OBO power level, the fabricated DPA achieves a DE of
40.5-59.8% over 1.45-2.45 GHz. Notice that the 6 dB back-off DE is larger than 49% over
1.5-2.45 GHz, as shown in Figure 11.

Finally, the measured results of the fabricated DPA are listed in Table 1. At the same
time, some of the results for state-of-the-art, published works are also listed in Table 1 for

comparison. Comparable performances were obtained using the proposed method, based
on the results in Table 1.

75 1
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Figure 11. Measured drain efficiencies of the fabricated DPA versus frequency at different OBO
power levels.

Table 1. Performance comparison of recently published broadband DPAs.

Ref., Year Freq. (GHz) BW. (GHz/%) Pmax (dBm) DE@Sat (%) DE@OBO (%) Gain@Sat (dB)
[5]2021 2.8-3.6 1.2/25 43-44.2 62-76.5 44-56 8-13.5
[11] 2023 1.0-2.5 1.5/86 43.9-44.5 63.7-71.6 45.2-53.7 9.6-10.3
[13] 2020 2.80-3.55 0.75/23.6 43.0-45.0 66.0-78.0 50.0-60.6 6.5-8.1*
[14] 2022 1.3-2.3 1.0/55.5 42.2-43.9 61.6-75.2 41.0-65.0 6.5-8.0*
[23] 2016 1.7-2.8 1.1/49 44.0-44.5 57.0-71.0 50.0-55.0 >12
[28] 2022 3.0-3.7 0.7/21 43.0-44.2 60.0-74.0 46.0-50.0 7.0-7.5%
[29] 2021 1.5-2.55 1.05/51.8 42.6-44.4 50.7-69.7 43.3-57 7.2-11.6
[32] 2018 1.5-3.8 2.3/87 42.3-43.4 42.0-63.0 33.0-55.0 N/A
This Work 1.45-2.45 1/51.2 42.7-44.9 62.4-74.1 40.5-59.8 9.4-13.9
1.5-2.45 0.95/48.1 42.7-44.9 63.6-74.1 49.1-59.8 10.2-13.9

*: Read from Ggaphs. Pmax: Maximum output power. DE@Sat: Saturation DE. DE@OBO: 6 dB back-off DE.
Gain@Sat: Saturation gain.

5. Conclusions

In a broadband DPA, efficiency degradation can always be observed between two
efficiency peaks when the operation frequency deviates from the center point. The reason
that causes the efficiency degradation was analyzed in this paper. To address this problem,
phase misalignment was introduced into the currents of the carrier and peaking PAs at
the saturation power level. This means that the carrier and peaking PAs see different
saturation current phases at the combining point. In this way, the efficiency of the DPA
can be enhanced between two efficiency peaks. To achieve a misaligned saturation current
phase between the carrier and peaking PAs, different matching typologies can be used.
Moreover, novel phase compensation techniques, like in [37], can also be utilized to achieve
a misaligned saturation current phase. Though the misaligned current phase has the
potential to enhance the efficiency of a broadband DPA over the high-power range, the
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maximum output power of the broadband DPA will be affected. The proposed method was
validated in this study through a theoretical analysis and a fabricated DPA. The fabricated
DPA achieves a saturation output power of more than 42.7 dBm, a saturation DE of more
than 63.4% and a 6 dB back-off DE of more than 49.1% over 1.5-2.45 GHz.
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