
Received February 23, 2020, accepted March 6, 2020, date of publication March 13, 2020, date of current version March 25, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2980688

Broadband High-Efficiency Power Amplifier
With Quasi-Elliptic Low-Pass Response
HANG CHEN1, JIN-XU XU 1,2, ZHI-HUA KONG1, WEN-HUA CHEN 3, (Senior Member, IEEE),
AND XIU YIN ZHANG 1, (Senior Member, IEEE)
1School of Electronic and Information Engineering, South China University of Technology, Guangzhou 510641, China
2School of Electrical and Data Engineering, University of Technology Sydney, Ultimo, NSW 2007, Australia
3School of Electronic Engineering, Tsinghua University, Beijing 100084, China

Corresponding author: Jin-Xu Xu (xjinxu@126.com)

This work was supported in part by the National Natural Science Foundation of China under Grant 61725102 and Grant U1809203, and in
part by the Science and Technology Program of Guangzhou, China, under Grant 201902010069.

ABSTRACT This paper presents a broadband high-efficiency harmonic-tuned power amplifier (PA) with
quasi-elliptic low-pass responses. A combination of continuous Class-F−1 and extended continuous Class-F
PA modes is employed to significantly expand the design space. A quasi-elliptic low-pass matching network
is proposed, which can realize a broadband impedance matching in the predefined optimal impedance
region desired by the combination of PA modes. Furthermore, two transmission zeros are generated near
the passband, exhibiting high skirt selectivity and providing rapid impedance transition from the passband
to the stopband. A wide stopband covering up to the third harmonic is achieved which shows good harmonic
suppression. Design procedures of the proposed broadband PA are presented. To verify the proposed
methodology, the broadband PA is fabricated and measured. The implemented PA achieves a bandwidth
of 145.2% from 0.5 to 3.15 GHz. Over this frequency range, the drain efficiency is measured as 58-74.9%
with the output power of greater than 39.03 dBm and a large signal gain ranging from 8.43 to 15.67 dB.
A wide stopband is realized from 3.4 to 10 GHz, showing excellent quasi-elliptic low-pass responses. The
measured adjacent leakage ratios (ACLRs) using a 20-MHz LTE signal with digital pre-distortion are below
−45.06 dBc.

INDEX TERMS Broadband power amplifier, filter-integrated power amplifier, harmonic suppression, high
efficiency, quasi-elliptic low-pass matching network.

I. INTRODUCTION
The power amplifier (PA) is one of the most important
devices in radio frequency (RF) transceivers. In recent years,
co-designs of filters and PAs have drawn much attention.
For example, in [1]–[4], bandpass filters (BPFs) are uti-
lized as the output matching networks (OMNs) of PAs,
which can integrate bandpass responses to the PAs and also
improve the overall efficiency of the PA and filter. In [5]–[7],
the notched-band ultra-wideband BPF, low-pass filter, and
compact microstrip resonant cell are employed to optimize
the harmonics in Class-F PAs to realize high efficiency.
However, these filter-integrated PAs [1]–[7] are designed for
narrowband applications.

With the rapid development of wireless technologies,
an ever-increasing number of frequency bands are utilized
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to meet the requirement of Gb/s peak data transmission
ratios and network capacity in emerging mobile systems.
Thus, PAs are often required to operate over a wide band-
width with reduced power consumption. Subsequently, some
filter-integrated PAs are also designed for broadband appli-
cations. In [8], a broadband continuous inverse Class-F
(CCF−1) is presented using a modified elliptic low-pass fil-
tering matching network. In [9], a ring-resonator filter is used
to achieve broadband impedance matching, where transmis-
sion zeros (TZs) can be introduced to suppress the second
harmonic. The real frequency technique with finite transmis-
sion zeros is also extensively studied to realize a broadband
CCF PA [10]. Using in-band continuous Class-F (CCF) and
CCF−1 mode transferring, a PA can be designed with wider
bandwidth based on a low-pass impedance transformer [11].
Apart from the filter-based CCF and CCF−1 PAs in [8]–[11],
the extended CCF or CCF−1 PAmodes can be used for further
operational bandwidth expansion [12]–[14].
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In this paper, a novel quasi-elliptic low-pass output match-
ing network (LP OMN) is proposed to design the high-
efficiency broadband PAs using the combined modes of
the CCF−1 and extended CCF PA modes. The proposed
filter-integrated broadband PA shows excellent quasi-elliptic
low-pass responses with a more than two-octave operation
bandwidth of 145.2%. A swift impedance transition from the
operation passband to the stopband and a harmonic suppres-
sion up to the third harmonic are also realized. The rest of this
paper is organized as follows. Section II presents the analysis
of the proposed broadband PA using LP OMN based on the
combination of CCF−1 and extended CCF PA modes. Then,
design procedures and waveform engineering are given in
Section III. For validation, simulated and measured results
are shown in Section IV. Finally, a conclusion is given in
Section V.

II. DESIGN METHODOLOGY
In this section, the design methodology of the proposed
broadband PA with quasi-elliptic low-pass responses is pre-
sented. Firstly, theoretical analyses of the operation CCF−1

and extended CCF PA modes are given, which indicate
that the combined PA modes and allowing resistive second
harmonic impedance can relax the broadband PA design
space. Then, the design method of the proposed LP OMN
is detailed for achieving wide operation bandwidth and high
efficiency.

A. CCF−1 AND EXTENDED CCF PA MODES
For a CCF−1 PA mode, theoretical design space at current
generate (I-gen) plane can be expressed in an admittance
format as [12]

Y1 =
√
2 (0.43+ j ∗ 0.37ζ )Gopt (1a)

Y2 = −j ∗ 0.98 ∗ ζ ∗ Gopt (1b)

Y3 = ∞ (1c)

where Yn (n= 1, 2, 3) refers to the n-th harmonic admittance.
While the theoretical design space at I-gen plane of the
extended CCF PA mode can be expressed in the impedance
format as [13]
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where Zn refers to the n-th harmonic impedance, γ , δ, ζ
are empiric parameters that define the design space, Ropt is
the optimum impedance of standard Class-B PA mode and
Gopt = 1/Ropt. To guarantee a positive voltage of the extended
CCF PA mode and a nonzero crossing current waveform of
the CCF−1 PA mode, the value of γ and ζ should vary from
−1 to 1 [12], [13]. Simultaneously, in order to ensure that
the second-harmonic impedances are inside the Smith chart,

FIGURE 1. Calculated first three loads. (a). CCF−1 mode in the admittance
chart (b). Extended CCF mode in the impedance chart.

the value of δ should be confined between 0 and 1 according
to (2b).

According to (1) and (2), the design spaces of CCF−1

and extended CCF PA modes are presented on Smith charts,
as shown in Figs. 1(a) and (b), respectively. It is noted
that the overlap between the fundamental and second har-
monic impedances is allowed in the extended mode, which
means that wider design spaces of the extended CCF PA
modes can be obtained. Moreover, a combination of these
two continuous PA modes can further expand the design
space.

Based on the above-mentioned analysis, a broadband PA
is proposed by the combination of CCF−1 and extended CCF
PA modes. The PA configuration mainly consists of an input
matching network (IMN), a transistor and an OMN. For the
IMN, it can be designed based on step-impedance transmis-
sion lines [15] to realize the broadband matching. To achieve
optimal performance over a wide bandwidth, the key point is
to design the OMN to fit the derived design spaces in Fig. 1.
To meet the requirement, a novel quasi-elliptic LP OMN is
proposed as shown in Fig. 2, which consists of the transmis-
sion lines TL0-TL4 in series and TB1, TS1, TS2 in parallel.
It is utilized to realize wideband harmonic suppression and
impedance matching, as analyzed below.
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FIGURE 2. Schematic of the quasi-elliptic LPF OMN.

B. DESIGN OF HARMONIC TUNING NETWORK
The harmonic tuning network consists of the elements from
plane P3 to P4 and TB1 in Fig. 2. Theoretical analyses of the
design parameters are addressed as follows.

To start with, the operation passband from 0.5 GHz to
3.15 GHz is divided into two parts, including the lower
operation band from fL1 to fL2 (0.5-1.6 GHz) working at
the extended CCF PA mode allowing the resistive second
harmonic impedance and the higher operation band from fH1
to fH2 (1.7-3.15 GHz) working at CCF−1 PA mode.
The best solution for harmonic impedances is usually

located at the edge of the Smith Chart. Thus, for the CCF−1

PA mode, wideband harmonics suppression introduced by
the OMN from 2fH1 to 3fH2 (3.4-9.45 GHz) is necessary.
Here, we firstly analyze the parallel-connected TS2 in Fig. 2,
which is used to generate two TZs with a relatively large
frequency interval to suppress the harmonics. By solving the
input admittance of TS2 as Yin,TS2 = 0 and Yin,TS2 = ∞,
the circuit from Nodes B to C in Fig. 2 can generate a
reflection zero at frz and TZs at ftz, respectively. The electrical
length θS2 corresponding to frz and ftz can be obtained as [16]:

θ
@frz
S2 = tan−1

√
RZ (3)

θ
@ftz
S2 = tan−1

√√√√a±
√
a2 − R2Z
RZ

(4)

where a = 1+RZ+R2Z , andRZ = ZS2/ZS3 is the characteristic
impedance ratio of different transmission line sections in
TS2.

From (3) and (4), it can be known that the frequencies of
TZs are mainly determined by the value of RZ and can be
normalized by the frequency of the reflection zero as:

ftz
frz
=
θ
@ftz
S2

θ
@frz
S2

(5)

Accordingly, the normalized frequencies of the first two
transmission zeros (ftz1 and ftz2) against Rz are illustrated
in Fig. 3. As can be seen, when Rz is selected with a smaller
value, ftz1 and ftz2 move to higher frequencies and the interval
between them become larger which means the possibility to
achieve a wider stopband.

FIGURE 3. Frequencies of TZs against RZ (ZS2 = 90 � is fixed).

FIGURE 4. Simulated SBC with different values of RZ.

To obtain the electric length and characteristic impedance
of TS2, we can analyze the parameters of RZ and ZS2. Based
on (3)-(5), the transmission coefficient from Nodes B to
C(SBC ) in Fig. 2 under varied values of RZ can be shown in
Fig. 4. As seen, when RZ increases, a better roll-off rate from
the passband to the stopband can be obtained, which is desired
by the CCF−1 PA mode to have a quick attenuation from
the fundamental passband edge fH2 (3.15GHz) to the sec-
ond harmonic 2fH1 (3.4 GHz). However, it can be found
in Fig. 3 that a larger value of RZ leads to a small interval
between ftz1 and ftz2, whichmeans a narrower stopband. Thus,
there is a trade-off between the roll-off rate and stopband
bandwidth.

Based on Figs. 3 and 4, Rz is determined as 1.2 to obtain
a sharper roll-off rate and a relatively wide stopband. After
obtaining Rz, θS2 corresponding to frz and ftz can be solved
by using (3) and (4), respectively. To determine the value of
ZS2, the SBC with different values of ZS2 is studied in Fig. 5.
It concludes that a lager ZS2 contributes to a sharper roll-off
rate. Accordingly, an initial value of ZS2 is selected as 100 �
for the sake of practical printed circuit board (PCB) imple-
mentation. The value of ZS3 can be obtained by the fact that
RZ = ZS2 / ZS3. Till now the design parameters of TS2 have
been determined.
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FIGURE 5. Simulated SBC with different values of ZS2.

FIGURE 6. Simulated SAC with different values of ZS1 and ZL2.

As shown in Fig. 5, although two TZs (TZ1 and TZ2)
are generated with a large frequency interval, the required
harmonics suppression from 2fH1 to 3fH2 is still not achieved
because there is a reflection zero between TZ1 and TZ2.
To solve this problem, two open-end parallel-connected stubs
(TS1) are utilized to generate a TZ (TZ3) at the frequency
of the reflection zero (frz), and the reason for using two
shunt stubs (TS1) here is to reduce the line width. Thus,
the electric length of TS1 (θS1) corresponding to frz can be
easily determined as quarter-wavelength, namely,

θ
@frz
S1 = 90◦ (6)

A transmission line TL2 with the electric length of quarter-
wavelength is utilized to connect the TS1 and TS2, namely,

θ
@frz
L2 = 90◦ (7)

So far, a total of three transmission zeros are generated by
the circuit from Nodes A to C in Fig. 2, which can form a
wide stopband, as shown in Fig. 6. It can be seen that the
rejection level is influenced by the values of ZS1 and ZL2.
Based on these simulated results, ZS1 is chosen as 30 � in
view of the limitation of practical PCB implementation and

ZL2 is chosen as 60 �, which contributes to relatively high
harmonic suppression level.

In circuit design, the value of frz should be determined
to meet the desired operation passband frequencies from
fL1 to fH2 (0.5-3.15 GHz) and stopband frequencies from
2fH1 to 3fH2 (3.4-9.45 GHz). Thus, the lower end of the
stopband (around 0.41frz in Fig. 6) should be larger than fH2
(3.15 GHz). In this condition, the initial value of frz is selected
as 7.7 GHz.

As shown in Fig. 6, the frequency of TZ1 is located at
0.47frz(3.62 GHz), which is a bit higher than 2fH1 (3.4 GHz).
In order to further improve the aforementioned roll-off rate
from the passband to stopband, which is necessary for the
higher operation band working at the CCF−1 PA mode,
a stepped-impedance transmission line (TB1) with the equiv-
alent electric length of quarter-wavelength (λg/4) at fH1 is
introduced to generate a TZ (TZ0) at 2fH1. In addition, TB1 is
also employed to offer wideband bias for the transistor. The
design parameters of TB1 can be obtained by using the same
analysis method as the above-mentioned analyses of TS2,
which is not detailed here for brevity.

After realizing wideband harmonic suppression, transmis-
sion lines TL0 and TL1 in Fig. 2 are introduced as tuning lines
to ensure the harmonic impedances can fit the derived design
space as shown in Fig. 1.

C. FUNDAMENTAL IMPEDANCE MATCHING
For the proposed wideband PA, apart from the wideband
harmonic suppression, wideband fundamental impedance
matching should also be realized over a bandwidth from fL1
to fH2 (0.5-3.15 GHz). Thus, transmission lines TL3 and
TL4 in Fig. 2 are introduced. The relationship between the
impedance Zin at plane P4 in Fig. 2 and load impedance ZL is
expressed as (8), as shown at the bottom of the next page.

In order to obtain the value of the design parameters (ZL3,
θL3, ZL4, θL4), the entire bandwidth can be separated into four
frequency sections and the lower frequency section should
have narrower bandwidth [17]. Moreover, in each frequency
section, the optimal fundamental impedance at one frequency
point needs to be chosen to achieve the desired performance
over the corresponding frequency section. Due to the param-
eters at the left side of plane P4 have been determined,
Zin can be obtained by converting the optimal fundamental
impedance at the package plane to P4. Then, four parameters
of TL3 and TL4 can be solved by using four equations related
to four frequency points.

III. BROADBAND PA DESIGN
A. BROADBAND PA DESIGN PROCEDURE
Based on the proposed LP OMN, a broadband PA is designed
using a 10-W GaN HEMT packaged transistor (CGH40010F
from CREE). In simulation, the equivalent nonlinear large-
signal model in Fig. 7 is used [18]. The circuit is designed
on the Rogers RO4003C substrate with a relative dielectric
constant 3.38, thickness of 0.813 mm and loss tangent of
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FIGURE 7. Equivalent large-signal circuit model of the transistor
CGH40010F.

FIGURE 8. (a) Simulated optimal load impedances at 0.7 GHz, 1.2 GHz,
1.9 GHz and 2.8 GHz; (b) Extended impedance ranges of the combined
extended CCF and CCF−1 modes.

FIGURE 9. Schematic of the proposed broadband PA.

FIGURE 10. Simulated impedances (a) At package plane; (b) At
intrinsic-drain plane.

0.0027. The gate and drain bias voltages are chosen as VGS =
−3.1 V and VDS = 28 V, respectively.

In circuit design, the targeted frequency band from
0.5 GHz to 3.15 GHz is divided into four frequency sections

FIGURE 11. Theoretical and simulated voltage and current waveforms at
the intrinsic-drain plane (a) At 1 GHz; (b) At 2 GHz. (c) At 3 GHz.

(0.5–1 GHz, 1-1.5 GHz, 1.5-2.4 GHz, and 2.4-3.15 GHz).
The load impedances at 0.7, 1.2, 1.9 and 2.8 GHz are chosen
to represent the optimal impedance of the four frequency
sections. The design procedures are summarized as follows:

Firstly, the optimal impedances at the four selected fre-
quency points are extracted by using load-pull simulation in
ADS. The extracted impedances at the intrinsic-drain plane
and the corresponding impedances at the package plane are

Zin = ZL3
ZL(ZL4 − ZL3 tan(θL3) tan(θL4))+ jZL4(ZL4 tan(θL4)+ ZL3 tan(θL3) tan(θL4))

ZL4(ZL3 − ZL4 tan(θL3) tan(θL4))+ jZL(ZL3 tan(θL4)+ ZL4 tan(θL3))
(8)
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FIGURE 12. Photograph of the fabricated broadband PA.

FIGURE 13. Simulated and measured drain efficiency, output power and
large signal gain over the entire operation bandwidth.

plotted in Fig. 8(a). Based on (3) and (4), the solutions
for the fundamental and harmonic frequencies can be cal-
culated by varying γ from −0.1 to 0.6, δ from 0.4 to 0.6
and ζ from −1 to 1, which are illustrated in Fig. 8(b).
From Figs. 8 (a) and (b), the simulated optimum impedances
at intrinsic-drain plane are approximate to those derived
from theory in Section II-A. Thus, the simulated optimum
impedances at package plane can meet the requirements of
the proposed combination of CCF and CCF−1 PA modes,
which can be used to calculate the design parameters of the
proposed LP OMN.

Secondly, based on the theoretical analysis on
Sections II-B and C, the initial parameters of proposed LP
OMN can be determined.

Thirdly, a wideband input matching network is designed by
using multiple stepped-impedance transmission line sections
to cover the whole operation bandwidth.

Finally, fine-tuning of the whole circuit with the equivalent
nonlinear large-signal model in Fig. 7 is performed to obtain
high efficiency over the whole operation bandwidth.

Based on the above design procedures, a broadband PA
is proposed with the schematic shown in Fig. 9. Simu-
lated impedances at the package plane (ZOMN ) and the
intrinsic-drain plane (ZOMN ,D) are shown in Figs. 10(a) and
(b), respectively. It can be seen that the proposed LP OMN

FIGURE 14. Simulated and measured output power (Pout) versus
frequency.

FIGURE 15. Measured gain and drain efficiency against output power at
different frequencies.

TABLE 1. Dimensions of the proposed broadband PA.

can achieve a wideband matching within the whole opera-
tion bandwidth from 0.5 GHz to 3.15 GHz. The simulated
fundamental impedances are slightly different from the ini-
tial targeted load impedances, which are acceptable for high
efficiency. The second harmonic impedances locate within or
near the targeted design space. The design parameters of the
proposed broadband PA are tabulated in Table 1.

B. WAVEFORM ENGINEERING
Figs. 11(a), (b) and (c) show the theoretical and simulated
time-domain intrinsic-drain voltage and current waveforms
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FIGURE 16. Measured spectra using a 20-MHz LTE signal with and without DPD (a) at 0.5 GHz; (b) at 0.9 GHz; (c) at 1.3 GHz; (d) at 1.3 GHz; (e) at 1.8 GHz;
(e) at 2.6 GHz; (f) at 3.1 GHz.

under saturated output power operating at 1 GHz, 2 GHz, and
3 GHz, respectively. In Fig. 11(a), the waveform at 1 GHz
agrees well with that of the extended CCF PA mode when
γ = −0.05 and δ = 0.47. The quasi CCF−1 waveforms at
2 GHz and 3 GHz can be observed in Figs. 11(b) and (c),
respectively, when the design factors are chosen as ζ = 0.22
and ζ = −0.3.

IV. EXPERIMENT
A. CONTINUOUS-WAVE (CW) MEASUREMENTS
For demonstration, the proposed broadband PA is fabricated.
The photograph of the fabricated circuit is shown in Fig. 12.
The large-signal responses are measured by the Agilent EXG
Vector Signal Generator N51728 and Agilent EXA Signal
Analyzer N9010A.

Fig. 13 shows the simulated and measured drain efficiency,
output power and gain over the entire operation bandwidth
under continuous-wave (CW) excitation. Good agreement
between the simulated and measured results can be observed.
Within the operation bandwidth from 0.5 to 3.15 GHz (an
FBW of 145.2%), the drain efficiency is measured as 58%-
74.9%. The measured large-signal gain ranges from 8.43 dB
to 15.67 dB. With the gain compression of around 3 dB,
the saturation output power is measured from 39.03 dBm
to 42.87 dBm. Fig. 14 shows the simulated and measured
output powers versus frequency which realize wide opera-
tion passband. Two TZs (TZ0 and TZ1) are generated at the
passband edge, resulting in a sharp roll-off rate from the
passband to stopband. Since we do not have a drive amplifier
that can work in such a wide bandwidth from 0.5 to 10GHz,

TABLE 2. Comparison with some broadband PAs.

the large-signal output power above 4.2 GHz is not measured.
However, from the simulated result, it can be known that the
proposed LP OMN achieves a wide stop-band with a high
rejection of up to 10 GHz (higher than 3 fH2).

Fig. 15 shows the measured drain efficiency and gain ver-
sus output power at different frequencies. It can be seen that a
highest drain efficiency of 74.9% ismeasured at 1.8 GHzwith
an output power of 42.87 dBm and a gain of 15.67 dB. The
measured lowest output power is 39.03 dBm at 3.15GHzwith
a drain efficiency of 60.4% and a gain of 8.43 dB. The gain
variation within the passband from 0.5 to 2.8 GHz is small
whereas that from 2.8 to 3.15 GHz is a bit large. It is because
the insert loss at the passband edge of around 3.15 GHz is
relatively higher.

Table 2 shows the comparison with some reported broad-
band PAs using the same transistor. The proposed PA shows
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TABLE 3. Linearity performance for 20-MHz LTE signal.

a wide operational bandwidth attribute to the combination of
CCF−1 and extended CCF modes. The performance in terms
of the gain, output power, and drain efficiency is comparable
to those in [8]–[11], [13]. These demonstrate that the pro-
posed quasi-elliptic low-pass matching network is effective
in designing a broadband high-efficiency PA.

B. LTE MODULATED-SIGNAL MEASUREMENTS
To evaluate the linearity of the proposed PA, a 20-MHz long-
term-evolution (LTE) signal with a peak-to-average power
ration (PAPR) of 7.5 dB is used in this measurement. The
LTE signal is generated by a vector signal generator (R&S
SMW200A), and then amplified by a linear driver with suf-
ficient driving power, and finally used to excite the pro-
posed broadband PA. The measurement is accomplished
using Spectrum analyzer R&S FSW43.

In order to verify that the fabricated PA has the potential
to linearly amplify the modulated signal, DPD technique is
undertaken. The measured spectrums with and without DPD
are shown in Fig. 16. The lower and upper ACLRs of the
broadband PA without DPD at±20 MHz offset are measured
from −26.09 dBc to −32.9 dBc, while those with DPD are
measured better than −45.06 dBc with the output power of
32.45-35.95 dBm, showing improved linearity. The detailed
measured results are summarized in Table 3.

V. CONCLUSION
We have proposed a quasi-elliptic low-pass output matching
network for designing a broadband PA. The CCF−1 and
extended CCF PAmodes have been combined to significantly
expand the design space for achieving a wide operation band-
width. Analysis of the design parameters of the proposed
quasi-elliptic low-pass output matching network has been
detailed. For verification, the proposed PA has been fabri-
cated and measured, showing high drain efficiency of 58%-
74.9% within a wide operation bandwidth from 0.5 GHz to
3.15 GHz. A wide stopband from 3.4 GHz to 10 GHz and
a sharp roll-off rate from the passband to stopband have
been achieved. When measured with a 20-MHz LTE signal
combined with the DPD technique, the proposed PA has
shown good linearity with the ACLR below −45.06 dBc.
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