Progress In Electromagnetics Research C, Vol. 153, 271-279, 2025

PIER C

(Received 18 February 2025, Accepted 9 March 2025, Scheduled 19 March 2025)
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ABSTRACT: This paper proposes a mode-reconfigurable Doherty power amplifier (DPA). By merely exchanging the transistors’ gate bias
without altering the corresponding circuits, this power amplifier can achieve two different frequency-band DPA modes, enabling wide
bandwidth implementation in DPAs utilizing a single load modulation network. Simultaneously, PIN switches are utilized to improve the
amplifier’s bandwidth and drain efficiency during mode switching. To validate this approach, a mode-reconfigurable DPA was designed
and fabricated using commercial GaN transistors. A reconfigurable Doherty power amplifier with Mode 1 operating in the frequency
bands of 2.5-2.9 GHz and 3.3-3.7 GHz, Mode 2 operating in the frequency band of 2.8-3.4 GHz, with a drain efficiency ranging from
60.2% to 70.2%, a 6 dB output power reduction resulting in a drain efficiency of 43.5% to 53.7%, a gain between 9.4 and 11.3 dB, and
a saturated output power between 39.4 and 41.3 dBm. This straightforward architecture offers a promising approach for implementing

Doherty power amplifiers in 5G frequency bands.

1. INTRODUCTION

The need for communication systems with high average
power efficiency is growing as 5G mobile communication
systems are developed. To increase system average power ef-
ficiency, radio frequency power amplifiers need to be highly
efficient at power back-off levels. Many methods have been
developed in recent decades to increase the back-off power ef-
ficiency of radio frequency amplifiers. Since its initial intro-
duction [1], the Doherty Power Amplifier (DPA) has emerged
as one of the most widely used topologies in modern wire-
less transmitters, particularly in applications involving cellu-
lar base stations [2—5]. After years of research and develop-
ment, most Doherty power amplifiers now cover 3G and 4G
frequency bands [6—10]. Next-generation wireless communica-
tion systems (5G) also expect Doherty power amplifiers to op-
erate across extensive 5G frequency ranges. To support multi-
mode/multi-band operation, bandwidth extension techniques
for Doherty power amplifiers have attracted significant atten-
tion in recent years. The bandwidth of Doherty power ampli-
fiers can be significantly increased by using technologies like
post-matching networks [7-9], integrated compensatory reac-
tance [ 10], and continuous-mode operation [11, 12]. The devel-
opment of broadband load modulation networks is the primary
objective of these techniques. Architectural-level bandwidth
expansion has also been investigated, including bias-adaptive
methods [13] and dual-input arrangements [2,3]. Other aver-
age efficiency enhancement methods like Load-Modulated Bal-
anced Amplifiers (LMBAs) [14] and multi-transistor combined
DPAs [15] have extended bandwidth beyond 3 GHz to meet 5G
requirements. Nevertheless, the bandwidth of Doherty ampli-
fiers remains constrained, making it challenging to design high-
efficiency DPAs covering the full 5G spectrum. In this context,
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reciprocal gate biasing to increase the applicability and band-
width of DPA Pang was suggested [16—18].

In order to increase operational bandwidth into multi-
gigahertz levels, this research proposes a mode-reconfigurable
Doherty amplifier architecture. The results show that a
single broadband load modulation network can use a pair
of reciprocal gate biases to enable mode-reconfigurable
functioning over two frequency bands without requiring
circuit alterations if it is designed properly. Commercial GaN
devices were used to implement a DPA prototype, achieving
Mode 1 bandwidth of 2.5-2.9 GHz/3.3-3.7 GHz and Mode 2
bandwidth of 2.834 GHz. PIN switches were employed during
mode switching to enhance amplifier bandwidth and drain
efficiency. The fabricated power amplifier demonstrates ex-
cellent performance in both designed modes, with each mode
exceeding one-octave bandwidth. The combined bandwidth
of the dual-mode DPA nearly covers all 5G frequency bands
allocated to Chinese telecom operators.

2. THEORETICAL ANALYSIS

Doherty amplifiers conventionally link two amplifiers at their
output via a load modulation network [19-21]. Traditional de-
signs typically bias one amplifier (the carrier amplifier) in Class
AB and the other (the peak amplifier) in Class C. At elevated
input power levels, both amplifiers work in tandem to supply
power to the load. Under lower input conditions, the only ac-
tive component is the carrier amplifier. As input power drops,
the load modulation network must modify the carrier ampli-
fier’s load resistance to maintain efficiency during power back-
off. However, intrinsic circuit constraints make it difficult to
achieve optimal impedance matching across broad bandwidths
in a single operational mode of a Doherty amplifier.
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FIGURE 1. Conceptual diagram of mode-reconfigurable power ampli-
fier.

In this paper, we suggest a basic broadband modereconfig-
urable Doherty power amplifier architecture, as shown in Fig-
ure 1 whose central concept lies in enabling Doherty function-
ality across distinct frequency bands and modes by adjusting
the gate bias voltages (Vgs—1 and Vgs—») of two identical tran-
sistors without altering the circuit, as illustrated in Figure 2. In
Mode 1, transistor T1 operates in Class AB as the carrier ampli-
fier with V55— bias, while T2 functions in Class C as the peak
amplifier under Vzs_» bias. In Mode 2, the same matching net-
work is retained, but reversing the gate biases swaps the roles
of Tl and T2 — T1 becomes the peak amplifier, and T2 acts
as the carrier amplifier. The load modulation network exhibits
distinct frequency responses in each mode. Through careful de-
sign, the amplifier can target mid-band frequencies in Mode 2
and cover the remaining edge bands in Mode 1, enabling an ex-
tended composite bandwidth for the Doherty power amplifier,
as illustrated in Figure 2.

Mode two

Drain Effency

Frequency

FIGURE 2. Ideal frequency band diagram.

The proposed architecture implements a symmetrical topol-
ogy with dedicated generalized Output Matching Networks
(OMN ) allocated to carrier and peak amplifiers, respectively,
as depicted in Figure 3 using current generator (CG) representa-
tions for both transistors. Under the analytical premise of fully
incorporating transistor parasitic and packaging parameters into
OMN equivalency, two distinct operational configurations are
established: In Mode 1, CG1 serves as the carrier device biased
in Class AB mode while CG2 acts as the peak device biased in
Class C mode. Conversely, in Mode 2, CG1 becomes the peak
amplifier, and CG2 functions as the carrier amplifier.

Assuming that the OMN can achieve Zp-to-Zp matching
within the design frequency band, with 8,1 and 6o repre-
senting the phase shifts of OMN1 and OMN2, respectively. A
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FIGURE 3. Load network of the DPA.

lossless OMN’s A BC' D matrix can be explained as follows:
A B
C D |
where the ideal load impedance for Class-B power amplifier op-
eration, Ry, is set for Zr. Equation (2) can therefore be used

to define the voltage-current relationship between the combin-
ing node and current generator (CG) plane.

cost jZpsinf
[ ] €]

- sin f
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From Equation (2), the current of the current source can be
obtained as:

IM:VMT-(jsin@M/ZT)—i—cos@M-IMT (3)
Meanwhile, the voltage of the combined node is:
Viur = Uy + Ivr2) - Zt 4

Z1,, which is equivalent to Z1/2 in formula (4), is the combined
load of the two branches.

The symmetrical Doherty operation requires equal phase
merging at the merged nodes during saturation. The following
present relationship needs to be completed:

©)

IvT2,5at = IMT1 50t

From Formulas (3) to (5), we can obtain:

InT,sat = InT,sat - (€08 0nr + jsinbar) = Ingr sar - 7%
(6)
Therefore, whether it is Mode 1 or Mode 2, the following re-
lationship should be satisfied by the currents produced by CG1
and CG2:

IMl,sat = IM2,sat . ej(9M1—9Mz) (7)

From Equation (7), it can be seen that by adding a phase com-
pensation network with a phase shift of (05,1-0s2) at the input
end of CGl1, the conditions for combining saturation and equal-
ization can be satisfied for both Mode 1 and Mode 2.

The load impedance at the combination node can be com-
puted as follows once Equation (5)’s equal-phase combination
requirement is met:

ZMT1,sat = ZMT2,5at = 2T (8)
The matching impedance at Zj, can be expressed as:
ZyrA+ B
Iy = Zmra+ B )
ZyrC+ D

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 153, 271-279, 2025

PIER C

VDS
_____________________ . 0.4/2.9 0.5/4.9
|
: : 3.84/3.16 ‘I‘ SpF
Z,\n,m: J_ i : II II J_ II II |—| l— Ropt
| -
| 9.7120.5 81,
| Il.ZpF I 0.25p1 I 0.25pl | By A2
|
|
| g - - ! L
: Equivalent p:ll‘:fsi:ic maodel Of : 0.4/6.6 €1=3.66
(LS packame O | Width/Length mm

FIGURE 4. EQWN design circuit.

The load impedance of each amplifier branch prior to the com-
biner is denoted by Z ;1 in the formula. When (1) is substituted
into (9) the result is:

Zyry + jZrtan Oy

Z —
M Zr + jZyvrtan Oy

(10)

Zyr2 + jZ7 tan 0o
Zr + jZyre tan Oy

Zyra = (11
Among them, Z; and Z);9 are the matching impedances of
OMN.

Substituting Equation (8) into Equations (10) and (11), we
can obtain:

ZM1,sat = ZM2,sat = 4T (12)
This suggests that the requirements for Doherty saturation are
met since the impedances needed for the carrier branch and
peak branch are both equal to R:.

In Mode 1, only CG1 operates during the back-off state of
the Doherty power amplifier, while CG2 is not yet activated
and remains open-circuited. The impedance of the CG1 branch,
ZMO1,b0, 18 given by Zp, in parallel with Zp;021,, Where
Z Mo2,b0 Symbolizes the CG2 branch’s output impedance. This
can be stated as follows:

1

R —
T jtanfyo

(13)

ZMO2,p0 =
Substituting Formula (13) into Formula (10), we can obtain
the backtracking matching impedance Z 1 1, as:

1 —tanfp;i tan Oy o + j2tan by
2+ jtanfy + jtan Oy o

ZM1bo = ZT (14)
To satisfy the operating conditions of the Doherty amplifier,
Z 1,0 should match 2 R,,;. The phase of the OMN (Out-
put Matching Network) is frequency-dependent. Assume that
the center frequency corresponds to ;1 = —90° and 00 =
—180°. By sweeping 0,1 and 072 with normalized frequency,
the relationship between the normalized resistance and normal-
ized frequency of Zj1 4, can be observed, demonstrating that
the DPA can operate over a wide frequency band.

CGl serves as the peaking device and CG2 as the carrier
device in Mode 2. Equation (12) is satisfied even at sat-
uration because of the proposed DPA’s symmetric structure.
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The CG1 branch is shut off during back-off, and the carrier
branch switches to the CG2 branch. Consequently, Zn72 b0
Z1.] Zpon,po, Where Zpro1,p0 can be expressed as:

1
jtanfy

(15)

ZMOo1,0 = 4T

Substituting Formula (15) into Formula (11), the backtracking
matching impedance Zs2 5, 0of Mode 2 can be calculated as
follows:

1 —tan@pyq tanOpo + j2tanbyo
2 —i—jtanGMl +jtan9M2

(16)

ZM2.b0 = 21

As mentioned earlier, in the proposed DPA, when switching
from Mode 1 to Mode 2, we only switch the bias without al-
tering the circuit. Therefore, 6,1 and 6,2 remain unchanged.
If we perform a normalized frequency sweep on 8,1 and 6
again to observe the relationship between the normalized re-
sistance and normalized frequency of Zys2 10, although the PA
cannot function as a Doherty in the central frequency band, the
output impedance at each sideband can still approach the opti-
mal values. This allows the Doherty operation to be maintained
at the sidebands.

3. DESIGN OF MODE-RECONFIGURABLE DOHERTY
AMPLIFIER

The GaN CGH40010F transistor from Cree is used in the sug-
gested DPA based on the aforementioned hypothesis because of
its exceptional performance at frequencies higher than 4 GHz.
A 0.508 mm Rogers4350 substrate with a dielectric constant
of 3.66 is used to build the DPA. 28V is the set value for
the drain supply voltage. Initially, the device’s package par-
asites are eliminated. Figure 4 shows the circuit used to simu-
late parasitics and packaging. The capacitance and inductance
values of the device across the 2.0-5.0 GHz frequency range
are estimated to be 1.2 pF, 0.55nH, 0.25pF, 0.1nH, 0.25 pF,
and 0.1 nH, respectively, using load-pull simulations and S-
parameter analysis of the transistor when the device is off. The
estimation techniques are detailed in [22—24]. Additionally, the
transistor’s knee voltage is estimated to be 4.5V, and the max-
imum drain current is 0.75 A. The R, is calculated as 50 2.
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FIGURE 5. The schematic of the power amplifier.
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FIGURE 6. The schematic of the improved power amplifier.

Figures 5 and 6 display the schematic schematics of the
mode-reconfigurable DPA and the enhanced one, respectively.

First, considering the parasitic parameters of the transis-
tor, the equivalent wideband network (EQWN) is designed as
OMNI using a stepped microstrip line structure, as shown in
Figure 5. Since the EQWN’s matching target is simple in
this design, the precise characteristics of the microstrip lines
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within the EQWN are immediately adjusted to provide the tar-
get matching impedance and intended phase range when the
load values at RR,,; are the same. As shown in Figure 6, the
same EQWN circuit is used for OMN2, but a microstrip line
with a characteristic impedance of R, is added to adjust the
phase of OMN2. Both OMN1 and OMN?2 incorporate the drain
bias lines of T1 and T2. Figure 6 lists all of the microstrip
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FIGURE 9. Findings from the EM simulation of the Mode 1 back-off

impedance of the proposed DPA.

lines” widths and lengths. Figure 7 presents the phase shifts of
OMNI1 and OMN1 combined with the offset line (OMN2). As
observed in Figure 7, OMNI exhibits a phase range of —45° to
—163° across the target frequency band. For OMN?2, the phase
range spans from —84° to —263°. The designed phase ranges
of both networks closely align with the required specifications.

The Smith chart in Figure 8 displays the matching
impedances of OMNI1 and OMN2 when R, is selected as
the simulated load impedance. Furthermore, R,y is used
as the reference impedance. Figure 8 illustrates that in the
2.5-3.7 GHz frequency range, OMN’s matching impedance is
close to Ropi.

After designing OMN1 and OMN2, a post-matching net-
work employing a stepped transmission line (TL) structure is
designed to achieve a 50 to R,,:/2 match within the target fre-
quency band. The back-off impedances of the carrier branches
for Modes 1 and 2 can be determined when these networks are
put into operation. The simulated impedances in the back-off
zone are displayed in the Smith chart in Figures 9 and 10. The
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' Frequency
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200

-5.0]
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FIGURE 8. EM simulation results of OMNs matching impedance when
its load equals Rop:.

Frequency
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FIGURE 10. Findings from the EM simulation of the Mode 2 back-off
impedance of the proposed DPA.
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impedances are clearly situated near the region indicated by the
output power contour lines.

Secondly, as the proposed dual-mode DPA relies on recipro-
cal gate biasing to enable its two operational modes, identical
input matching networks (IMNs) are shared between the two
amplifier modules to support operation in Mode 1 and Mode 2.
To address phase discrepancies between OMN1 and OMN2,
a 50-ohm microstrip line is inserted prior to T1’s IMN. Fig-
ure 6 shows the integrated power divider schematic in detail.
The complete DPA was simulated electromagnetically (EM)
using Keysight’s ADS Momentum, with gate bias voltages set
to —3.1V (VGS-1) and —6.2V (VGS-2) and a quiescent cur-
rent of 68 mA. Circuit dimensions were iteratively optimized to
improve DPA performance. Simulation results for both modes
(Figure 11) reveal that Mode 1 operates across 2.8-3.4 GHz,
while Mode 2 spans 2.5-2.9 GHz and 3.3-3.7 GHz. Notably,
within Mode 1’s frequency range, the Doherty behavior appears
weakly defined, and drain efficiency remains suboptimal. This
inefficiency may arise from challenges such as insufficient out-
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FIGURE 11. Efficiency diagram of dual-mode amplifier.

put matching network alignment in Mode 2’s band. Incorporat-
ing a PIN switch can enhance impedance matching during mode
transitions. The revised dual-mode DPA design (Figure 12)
demonstrates significant efficiency improvements in Mode 2,
achieving over 65% drain efficiency across the entire band —
a marked advancement in amplifier performance.

Figure 13 displays the enhanced mode-reconfigurable am-
plifier’s simulation results for gain and drain efficiency. As
shown in Figure 13, the drain efficiency in the 6 dB back-off
zone peaks at 52% and stays above 40% across the whole fre-
quency range. Throughout the whole frequency range, the drain
efficiency rises above 60% to a maximum of 73%. Over the
whole frequency range, the gain stays over 9 dB.
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FIGURE 13. Simulated drain efficiencies and gains of the DPA.

4. IMPLEMENTATION AND MEASUREMENT

The design makes use of the CG2H40010F device, which
allows enhanced frequency operation, to highlight the ultra-
wideband capabilities of the suggested architecture, especially
for 5G New Radio (NR) applications. A picture of the manufac-
tured dual-mode power amplifier (DPA) is shown in Figure 14.
Both continuous-wave (CW) and modulated signal measure-
ments were used for performance validation. While Mode 2
functioned in the 2.8-3.4 GHz band, Mode 1 was tested in the
2.5-2.9GHz and 3.3-3.7 GHz bands. T1’s quiescent current
was kept constant at 68 mA during testing. The gate bias volt-
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FIGURE 12. Efficiency diagram of dual-mode amplifier with switch.

FIGURE 14. Physical photographs of the power waiver produced.

ages for T1 and T2 were set to —3.2 V and —6.0 V, respectively,
in Mode 1. For Mode 2, these bias conditions were reversed,
switching the roles of the transistors. A vector signal generator
produced the CW and modulated test signals, with output power
levels recorded via a spectrum analyzer. To ensure adequate in-
put power for the DPA, a wideband linear driver amplifier was
employed to boost the test signals prior to measurement.

To confirm the Doherty operation of the manufactured DPA,
a single-tone CW signal was used for initial testing. Saturated
and back-off performance were examined using 0.2 GHz fre-
quency increments over 2.5-3.7 GHz to demonstrate its broad-
band features. The measured back-off efficiency, drain ef-
ficiency, and gain vs frequency for Mode 1 are displayed
in Figure 15. Figure 16 displays the comparable frequency-
dependent results for Mode 2. The DPA achieves a gain of 9.4—
11.3 dB, a maximum output power of 39.4-41.3 dBm, a satu-
rated drain efficiency of 62.2%—71.3%, and a 6-dB output back-
off (OBO) drain efficiency of 44.6%—53.7% when operating in
Mode 1 over 2.5-2.9 GHz and 3.3-3.7 GHz. With a maximum
output power of 40.1-41.4 dBm, a small-signal gain of 10.1—
10.4 dB, a saturated drain efficiency of 60.2%—-72.0%, and a
6-dB OBO drain efficiency of 45.3%—-51.2%, the DPA oper-
ates in Mode 2, which spans 2.8-3.4 GHz. Figure 17 shows the
power-added efficiency of the Doherty power amplifier across
the entire frequency band. When operating at 2.5-3.7 GHz,
the DPA achieves a power-added efficiency of 58.3%—69.5%.
Figure 18 shows the measured relationship between the phase
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FIGURE 15. Measured drain efficiency and gain of manufactured DPA

with output power at different frequencies of Mode 1.
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FIGURE 17. Measured power-added efficiency of manufacturing DPA

at different frequencies.

and frequency of DPA. It can be seen that the phase undergoes
abrupt changes at 2.8 GHz and 3.4 GHz, due to mode switching
at these two frequencies.

To assess linearity under modulated signals, third-order inter-
modulation distortion (IMD3) was evaluated using a two-tone
signal with 5 MHz spacing. Figure 19 shows the IMD3 versus
output power. Across most of the target band, IMD3 ranges
between —20 dBc and —35 dBc, indicating suboptimal linear-
ity. This is attributed to the carrier amplifier operating in sat-
uration at high power levels and the peak amplifier’s Class-C
bias, which inherently degrades linearity. Consequently, digital
predistortion techniques are typically required in practical ap-
plications to enhance linearity. Notably, an anomalous IMD3
dip is observed between the back-off point (37.5 dBm) and sat-
uration, explained by the “Sweet Spots” theory [25]. This phe-
nomenon arises from the counteracting phase relationship be-
tween the large-signal intermodulation distortion (from the sat-
urated Class-AB carrier amplifier) and the small-signal distor-
tion (from the Class-C peak amplifier), creating a localized re-
gion of improved linearity.

Table 1 shows the performance comparison between the de-
signed Doherty power amplifier and some published works.
It can be observed that the Doherty power amplifier employ-

80 T T T T T 20
2.8GH<| 1
- —418
é 60
z -
z 1°8
= —
= 40 A =
= 114.F
.= U
=
S
/ 20+ —412
| 110
0+ ]
T T T T T 8
20 24 28 32 36 40 44
Output Power(dBm)

FIGURE 16. Measured drain efficiency and gain of manufactured DPA
with output power at different frequencies of Mode 2.
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FIGURE 18. Measured relationship between the phase and frequency of
the DPA.
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FIGURE 19. Measured IMD3 of DPA manufactured under different
output power levels at various frequencies.

ing reciprocal gate biasing effectively broadens the amplifier
bandwidth while maintaining key performance metrics such as
efficiency, back-off efficiency, output power, and gain. Com-
pared with other power amplifiers, the proposed design features
mode-switching capability for bandwidth extension, making it
more practical for real-world applications.
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TABLE 1. Comparison with other referenced power amplifiers.

Reference | Bandwidth | Efficiency (%) | 6 dB Efficiency (%) | Output power (dBm) | Gain (dB)
[7] 1.7-2.6 GHz 57-66 47-57 44.6-46.3 10.2-11.6
[10] 1.7-2.6 GHz 57-71 50-55 44-44.5 13.2-15.7
[24] 3.0-3.6 GHz 55-66 38-56 43-44 811
[26] 3.4/4.9 GHz 70.7/70.4 38/42 44/43.2 8/10
This work | 2.5-3.7GHz 60.2-70.2 43.5-53.7 39.4-41.3 9.4-11.3
5. CONCLUSION Theory and Techniques, Vol. 59, No. 10, 2537-2546, 2011.
This study presents an innovative Doherty power amplifier [5] Gustafsson, D., C. M Andgrsson, and C. Faggr, “A modified
(DPA) architecture employing reciprocal gate biasing to enable Doherty power amp’{lﬁer with extended bandwidth and recon-
seamless mode-switching across multiple frequency bands, figurable e.fﬁmency, IEEE Transactions on Microwave Theory
effectively addressing bandwidth limitations in conventional and TeChT”ques’ Vol. 6,1’NO' L 533_542’ 2013.
designs. The proposed configuration achieves 43.5%—53.7% [6] Cam?rCh‘l‘a’hV” l\lf Pirola, R. Qlll.afgh?’ S. .Jee’ ;{ Cho, aln d
6-dB back-off efficiency over an extended operational band- B Kim, “The D?, erty power amphticr: Rc;vww of recent solu-
. . R tions and trends,” IEEE Transactions on Microwave Theory and
width ' of 2.5-3.7 GHz wh11§ malgtalnlng .stable Doherty Techniques, Vol. 63, No. 2, 559-571, 2015.
op‘eratlonal c'haracter'lstl'cs. 'ThIS amplifier achleYes 'frequenf:y- [7] Pang, J., S. He, C. Huang, Z. Dai, J. Peng, and F. You, “A
agile matchmg optlmlzgtlon. through strategic .lptegratlon post-matching Doherty power amplifier employing low-order
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