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ABSTRACT: This paper discusses the challenges faced by existing power amplifier configurations in meeting the bandwidth requirements
of modern communication technology while maintaining high efficiency due to the overlap of fundamental and harmonic frequencies.
To address this issue, the paper proposes a matching method based on mode combination theory that utilizes the overlap of harmonic and
fundamental impedance to simplify the design of broadband amplifiers. In this paper, a Chebyshev low-pass filter is used to control the
higher harmonics instead of the conventional quarter-wavelength harmonic control network with a combination of harmonic impedances.
The proposed method combines three modes of Resistive-Reactive class F [−1], class J, and class F power amplifiers, which can achieve
high efficiency and octave frequency at the same time. The paper verifies the proposed method by designing and fabricating a multi-
multiplier power amplifier with a drain efficiency of 61.8-73.9%, an operating bandwidth of 1.4–2.9GHz, and a saturation output of
41.1–42.3 dBm. The amplifier also has a gain greater than 11.1–12.3 dBm, and at an output power of 36 dBm, the ACPR value is−32 to
−33.1 dBc across the band.

1. INTRODUCTION

As wireless communication technology continues to ad-
vance, there is a growing need for communication systems

with multi-band broadband capabilities. The ability to operate
with high efficiency and across a wide range of frequencies is
crucial for the front-end RFmodule of transceivers. As a result,
the design of efficient broadband power amplifiers has become
a key area of research in recent years.
In the cited references, trade-offs are observed between effi-

ciency and bandwidth when combining power amplifier modes.
However, most designs of output matching circuits are limited
by bandwidth and exhibit low average efficiency across the fre-
quency band due to the quarter-wavelength approach [10–12].
To address this, we have developed a multimode hybrid class
bandwidth amplifier utilizing a filter principle. By incorporat-
ing a low-pass filter with a step impedance structure, our circuit
effectively controls the multifrequency harmonic impedance,
resulting in a highly efficient broadband output matching cir-
cuit.
One way to achieve high-efficiency broadband amplification

is through the continuous class mode of the amplifier. How-
ever, as the demand for bandwidth increases, limitations arise,
particularly when the bandwidth exceeds one octave. To ad-
dress this, the mode combination theory has been developed,
which involves combiningmultiple amplifier modes to increase
design flexibility and achieve wideband, high-efficiency ampli-
fication.
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2. THEORETICAL ANALYSIS

Traditional continuous-class power amplifiers [13] use a re-
actance factor to increase the voltage expression of a high-
efficiency amplifier. Unfortunately, this approach only widens
the fundamental matching region and extends the second har-
monic impedance to the edge of the Smith circle diagram. It is
challenging to achieve both fundamental impedance matching
and second harmonic matching across a broad range of frequen-
cies using pure reactance. Carruba et al. proposed to introduce
the real part of the second harmonic by adding a resistance term
(1 + δ cos(θ)) to the reactance factor [14]. This amplifier mode
became the resistive reactance continuum class amplifier mode.
vDRRJ (θ) = VDD (1− cos θ) (1− γ sin θ) (1 + δ cos θ)

−1 ≤ γ ≤ 1, 0 ≤ δ ≤ 1 (1)
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Equation (1) expresses the voltage of a Resistive Reactance
Class J Power Amplifier (RRJPA) [15], where the range of γ is
from −1 to 1, and the range of δ is from 0 to 1.
Expression for drain current in standard class B power am-

plifier mode is designated as Equation (2).
The expression for the fundamental impedance and the ex-

pression for the second harmonic impedance of the RRJPA can
be calculated from Equations (1) and (2). Equations (3) and (4)
are the fundamental and harmonic wave impedance expressions
for the RRJPA.

Z1,RRJ = Ropt

(
(1− δ) + jγ

(
1− δ

4

))
(3)
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FIGURE 1. Impedance design space for RRJP.

Z2,RRJ =
3π

8
Ropt (δ − jγ (1− δ)) (4)

FromEquations (1) and (2), its output power expression, trib-
utary power expression, and efficiency expression can be cal-
culated. Equations (5), (6), and (7) are the output power ex-
pression, DC power expression, and efficiency expression for
the RRJPA, respectively.
Due to the introduction of impedance factor 1, the real part

of the expression 1 kind of voltage is no longer 0 when δ ̸= 0,
but is related to δ, so the obtained DC power consumption is
lower than the actual situation. Since VDD is a constant value in
the real case and does not vary with δ, the actual DC power of
the RRJPA should be corrected.

P1,RRJ =
(1− δ)

4
VDDImax (5)

PDC,RRJ =

(
1− δ

2

)
VDDImax

π
(6)

ηDE,RRJ =
π (1− δ)

4− 2δ
· 100% (7)

Equation (8) is the modified DC power expression. From the
modified DC power expression the modified efficiency expres-
sion can be directly introduced. Equation (9) is the modified
efficiency expression.

PDC,RRJ =
VDDImax

π
(8)

ηRRJ =
π

4
(1− δ) · 100% (9)

To make the drain efficiency of the amplifier in this mode
greater than 60%, the value of δ is taken in the range of [0,

0.23]. The impedance design space of RRJPA can be drawn in
terms of the range of values of δ. Fig. 1 shows the impedance
design space of the RRJPA.
Equation (10) is the voltage expression for Resistive

Reactance Class F Power Amplifier (RRFPA) [16]. Simi-
larly, the fundamental impedance expression and harmonic
impedance expression of the RRFPA can be derived from
Equations (2) and (10). Equations (11)–(13) are the fundamen-
tal wave impedance expression and harmonic wave impedance
expression of RRFPA.
vDRRF (θ) = VDD(1−α cos θ+β cos 3θ)(1−γ sin θ)(1+δ cos θ) (10)
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Z3,RRF =∞ (13)
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4
√
3

π · 100% (14)

As with RRJPA, the efficiency expression for RRFPA needs
to be corrected. Equation (14) is the efficiency expression for
the corrected RRFPA.
To make the efficiency of the amplifier in the mode of

RRFPA higher than 60%, the value of δ is in the range of [0,
0.39]. The impedance design space of RRFPA can be drawn in
terms of the range of values of δ. Fig. 2 shows the impedance
design space of the RRFPA.
Aswith the derivation of RRJPA, the conductance expression

for RRIFPA and its corresponding impedance design space are
given below. The range of δ in the conductivity expression is
[0, 0.4].
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FIGURE 2. Impedance design space for RRFPA.

FIGURE 3. Impedance design space for RRIFPA.

Equations (15)–(17) are the conductance expressions
for Resistive Reactance Inverse Class F Power Amplifier
(RRIFPA) [17], and Fig. 3 shows the impedance design space.

Y1, =
√
2 ((1.16− δ)− j (0.33δγ − γ))Gopt (15)

Y2,f−u = 2 (δ − j (1.32− δ) γ)Gopt (16)
Y3,f−u = ∞ (17)

Based on the principles of microwave transmission circuits
and related knowledge, we can observe that the phase of mi-
crowave transmission circuits typically exhibits a clockwise
rotation trend with increasing frequency. This characteristic
closely resembles the frequency response characteristics of ca-

pacitive inductors. It is worth noting that the analysis of mi-
crowave transmission principles often utilizes an equivalent LC
circuit model.

3. MATCHING NETWORK CIRCUIT DESIGN

Based on the theoretical analysis presented above, it is evident
that the different modes of the power amplifier require har-
monic conditions that overlap. This overlapping enables the
combination of modes from multiple power amplifiers. Ad-
ditionally, the low-pass filter exhibits an all-reflective charac-
teristic outside of the passband, which demonstrates reactance
properties in transmission line theory [18–21]. As a result, the
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FIGURE 4. Lumped parameter circuit.

FIGURE 5. Impedance trace of amplifier drain tip.

higher harmonics are located on the periphery of the Smith cir-
cle diagram. By utilizing a low-pass filter instead of the con-
ventional λ/4 line to manage the higher harmonics, the ampli-
fier design becomes less complex.
By leveraging the unique features of the CG2H40010F tran-

sistor and taking into account the desired bandwidth outlined
in this paper, a six-stage low-pass filter was chosen for imple-
mentation [22–27]. This sixth-order filter effectively exhibits
favorable passband properties and can effectively reject high-
frequencies within the 1.7GHz range. Refer to Fig. 4 for a vi-
sual depiction of the selected parameters, which were based on
both passband bandwidth and high-frequency rejection charac-
teristics.
To ensure optimal performance of a distributed element

impedance matching circuit, it is recommended that the col-
lector element is initially converted to a distributed element.
This can be achieved by applying the transformation equations
outlined in [14], which convert aggregate parameter circuits
into distributed parameter circuits. Once being transformed, the
impedance traces at the drain extremity of the power amplifier
can be simulated, with results displayed in Fig. 5.
By examining Fig. 5, it is evident that both fundamental

matching and harmonic suppression are improved. Due to the
presence of discontinuities in circuits, the designer must make

appropriate adjustments to the physical components of the cir-
cuit. In this case, a step impedance structure is employed to
achieve the matching circuit. The cascade structure is uncom-
plicated and trustworthy, making it favorable for the amplifier’s
subsequent debugging.

4. IMPLEMENTATION AND MEASUREMENT
To assess the feasibility of the resistive hybrid continuum
class amplifier proposed in this paper, simulations are con-
ducted using Advanced Design System (ADS), and measure-
ments are made through machining. A power amplifier operat-
ing at 1.2–2.9GHz was designed and fabricated using Rogers
4350B (H = 0.762mm, r = 3.66) and RFJFET transistor
CG2H40010F. The gate bias voltage is −2.7V, and the drain
bias voltage is 28V. Fig. 6 shows the dimensional drawing of
the power amplifier designed in this paper, and Fig. 7 shows
the physical drawing. The capacitor C in Fig. 6 is 4.7 pF, and
the resistor R is 50 ohms.
The amplifier is operated using continuous wave signal ex-

citation in the range of 1.4 to 2.9GHz, and the simulation and
measurement results are shown in Fig. 8.
It can be observed that the measured DE is 61.8–73.9%;

the measured output power is 41.1–42.3 dBm; and the mea-
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FIGURE 6. Overall circuit dimensions of the power amplifier.

FIGURE 7. Physical drawing of the power amplifier.

FIGURE 8. Simulation and test result graph.

sured gain is 11.1–12.3 dB over the entire 1.4GHz–2.9GHz
band. Since the second harmonic impedance around 1.8GHz
in the band is closer to the short-circuit point and the third har-
monic impedance closer to the open-circuit point, the lower the
δ is, the higher the DE is. Since the second harmonic around
2.7GHz is closer to the open-circuit point and the third har-
monic closer to the short-circuit point, the lower the δ is, the
higher the DE is.
The current-voltage waveforms for 1.8GHz, 2.2GHz, and

2.7GHz are given below. Fig. 9(a) shows the voltage-current
waveforms at the drain of the power amplifier operating at
1.8GHz. From the figure, it can be seen that the current wave-

form approximates a sinusoidal waveform; the voltage approxi-
mates a squarewaveform; and the amplifier operates in resistive
reactance continuous class Fmode. Fig. 9(b) shows the voltage-
current waveforms at the drain of the power amplifier operat-
ing at 2.2GHz. From the figure, it can be seen that the current
waveform approximates a sinusoidal waveform; the voltage ap-
proximates a sinusoidal waveform; and the power amplifier op-
erates in resistive reactance class J mode. Fig. 9(c) shows the
voltage-current waveforms at the drain of the power amplifier
operating at 2.7GHz. From the figure, it can be seen that the
current waveform approximates a square wave; the voltage ap-
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TABLE 1. Comparison with other referenced power amplifiers.

References Bandwidth (GHz)/Percentage bandwidth Efficiency Output power (dBm) Gain (dB)
[1] 3.5–5.5GHz / 44% 56–70% 39.7–41.2 8.6–10.2
[3] 2.4–4GHz / 50% 55.6–75.4% 39.6–41.4 10.7–12.5
[7] 2.5–3.5GHz/ 33% 68% 39.84 9.84
[8] 1.65–2.75GHz/ 50% 46-62% 44.5–46.3 -
[9] 1.7–2.3GHz/ 30% 50% 36 15

This work 1.4–2.9GHz/ 70% 61.8–73.9% 41.1–42.3 11.1–12.3

(a) (b) (c)

FIGURE 9. Voltage and current waveforms.

FIGURE 10. ACPR value at an output power of 36 dBm.

proximates a sinusoidal wave; and the amplifier operates in re-
sistive inverse class F mode.
Figure 10 shows the adjacent channel power ratio (ACPR) in

the operating band of the power amplifier. The linearity of the
power amplifier was tested using a 20MHz LTE signal with
a peak average power of 7.6 dB. The results show that at an
output power of 36 dBm, the ACPR value is−32 to−33.1 dBc
across the band. The linearity of the amplifier can be improved
by digital pre-distortion technology [28].
Table 1 lists the comparisons of some published broadband

power amplifiers with the present work, and it can be seen that
the performance of the hybrid continuous class power ampli-

fier designed in this paper is superior to other power amplifiers.
Considering the output power, efficiency, bandwidth, and other
indicators, it can be seen that the proposed hybrid continuous-
class power amplifier is more suitable for practical applications.

5. CONCLUSION
This paper presents the design of a multimode hybrid high-
efficiency broadband power amplifier for amplification. The
high-frequency rejection characteristics of the low-pass filter
are utilized instead of the traditional λ/4 to adjust the harmonic
impedance, and the harmonic impedance is adjusted while the
fundamental matching is realized, and multiple high-efficiency
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amplifier modes are combined to improve the bandwidth and
efficiency. Finally, a power amplifier operating at 1.4–2.9GHz
is designed and fabricated. The measured results show that
the drain efficiency is 61.8–73.9%; the output power is 41.1–
42.3 dBm; the gain is 11.1–12.3 dB; and the relative bandwidth
is 70%. The design method is a practical reference for the de-
sign of broadband high-efficiency power amplifiers.
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