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ABSTRACT

An analytical method is proposed to reduce the memory effects and third-order intermodula-
tion distortions for improving the linearity of wideband power amplifier (PA). An excellent
linearity can be obtained by reducing the second-harmonic output power levels and reducing
the envelope voltage components in the megahertz range. An improved wideband Chebyshev
low-pass matching network including the bias network is analyzed and designed to validate
the proposed method. The measured results indicate that a wideband high-efficiency linear-
ized PA is realized from 1.35 to 2.45 GHz (fractional bandwidth = 58%) with power added
efficiency of 60–78%, power gain of 10.8–12.3 dB, and output power of 40.0–41.2 dBm. For
a 20 MHz LTE modulated signal, the adjacent channel leakage ratios (ACLRs) of the proposed
PA with digital pre-distortion (DPD) linearization are −55.7∼−53.9 dBc across 1.5–2.4 GHz
at an average output power of 32.4–33.6 dBm. For a 40 MHz two-carrier LTE modulated sig-
nal, the ACLRs of the proposed PA with DPD linearization are −51.1∼−48.2 dBc at an aver-
age output power of ∼30.5 dBm in the frequency range from 1.5 GHz to 2.4 GHz.

Introduction

With the rising evolution of wireless communication technology, more and more researchers
are focused on the fifth generation (5G) wireless systems. Reducing energy consumption will
be one of the greatest challenges for the next generation of communication technology.
Another important issue is the broadband requirement from multi-band multi-mode wireless
communication systems. As the primary energy-dissipation device, wideband high efficiency-
power amplifier (PA) is worth studying [1–5]. In [1, 2], the optimum source and load impe-
dances across 2 GHz bandwidth were obtained, and a systematic approach was presented to
design wideband matching network. The adjacent channel leakage ratios (ACLRs) after digital
pre-distortion (DPD) linearization with 20 MHz LTE modulated signal at 2.5 GHz was
−44 dBc in [1], and the ACLRs after DPD linearization with 5 MHz WCDMA signal at
3 GHz was −45.3 dBc in [2]. In [3], a new output matching network (OMN) including a
4:1 planar Guanella transformer was proposed to realize the wideband operation requirement
and less information about the linearity of the proposed PA was given. In [4, 5], continuous
PA theory on Class-B/J mode and Class-F mode was proposed to design broadband high-
efficiency PAs. Although a high-efficiency continuous linearized Class-F PA was presented
in [5], little discussion on how to improve the linearity was given. Most researchers were
focused on developing wideband high-efficiency PAs [1–5], while high linearity of wideband
PAs was given less attention.

To develop a high-linearity PA, reducing memory effects and third-order inter-modulation
distortions (IMD3) is very critical [6–8]. In a practical circuit, such as the Case 1 in Fig. 1, IMD3
is asymmetric due to strong memory effects. As a rule, DPD linearization technique depends on
a stable nonlinear response, and it is degraded mainly by the memory effects [6]. Memory effects
can be divided into two categories: electro-thermal memory effects and electrical memory effects
[6–8]. The electro-thermal memory effects are primarily attributed to a temperature change of
the transistor junction [8] and usually impacts low-frequency components of the signal in the
megahertz range [6]. Compared with electro-thermal memory effects, the electrical memory
effects are more significant for a wideband modulated signal [7]. Some methods have been pre-
sented to reduce the memory effects and improve the linearity [9–11]. In [9], an envelope short
matching network was proposed at active ports to minimize the memory effects. This method is
more suitable for narrow-band PA. A simple cascaded third-order analog pre-distorter can be
applied to cancel third- and fifth- intermodulation distortions for designing wideband high-
linearity PA [10]. However, the insertion losses of an analog pre-distorter can degrade power
added efficiency (PAE). The video bandwidth is closely related to the memory effects of wide-
band PAs. In [11], a high-k capacitor was used to adjust the envelope frequency response of the
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drain node impedance for improving the instantaneous bandwidth
capability of RF power transistor. However, this was realized at the
transistor-design-level. Hence, it is essential to develop wideband
PA when high linearity and high efficiency are taken into account
at the same time.

In this paper, an analytical method is presented, which pro-
vides a methodology to reduce the memory effects and IMD3
for designing wideband high-efficiency linearized PAs. For the
wideband PAs discussed in this work, only the electrical memory
effects are considered. The analysis on the memory effects and
IMD3 is given in the section “Analysis on memory effects and
IMD3”. An improved Chebyshev low-pass matching network is
proposed and realized in the section “Low-memory matching net-
work design”. To validate the proposed approach, a wideband PA
prototype is designed, fabricated, and measured in the section
“PA design and measured results”.

Analysis on memory effects and IMD3

The generation mechanism of IMD3 is analyzed based on an
assumption that the modeling of RF power transistor is simplified
as a cascade of two nonlinear systems, G and H, as shown in
Figure 2.5 of [8]. Each of the two nonlinear systems is modeled
by a third-degree polynomial model in (2.3) of [6] by considering
the nonlinearity in the order of three. In Fig. 2, the envelope com-
ponents G0(|ω1− ω2|), fundamental components G1(ω1), G1(ω2),
second-harmonic components G2(2ω1), G2(2ω2) present the

output of the first nonlinear system, G. These output of the first
nonlinear system is considered as the input of the second non-
linear system, H. Then, IMD3 is generated at the output of the
second nonlinear system, H. For example, the envelope signal
|ω1− ω2| and the upper two-tone signal ω2 are mixed in the quad-
ratic nonlinearity of the second nonlinear system, H, which results
in the generation of upper IMD3, HIM3,upper1. Similarly, the
second-harmonic of the upper input signal 2ω2 and the lower
two-tone signal from the negative frequency side −ω1 are mixed
to generate the upper IMD3, HIM3,upper2. Moreover, the
third-order nonlinearity GIM3 of the first system, G, passes
through the linear response H1 of the second system, H [8]. As
a result, the third-order intermodulation distortions of upper
sideband, IMD3upper, can be expressed as:

IMD3upper = H1∗GIM3 + HIM3,upper1 +HIM3,upper2. (1)

Similarly, the third intermodulation distortions of lower sideband,
IMD3lower, can be given by:

IMD3lower = H1∗GIM3 +HIM3,lower1 + HIM3,lower2. (2)

Obviously, IMD3 in (1) and (2) are affected not only by the fun-
damental voltage waveforms of the nodes, ZGG and ZDD, but also
by the voltage waveforms at the envelope and second-harmonic
frequencies, |ω1− ω2|, 2ω1 and 2ω2. ZGG, and ZDD are indicated
in Fig. 3. The key to reduce IMD3 is to control the frequency
components and the voltage waveforms of the nodes, ZGG and
ZDD. IMD3 can be minimized not only by optimizing the funda-
mental impedance but also by optimizing the out-of-band ter-
minal node impedances, such as the envelope impedances and
the second-harmonic impedances.

The electrical memory effects are mainly attributed to the var-
iations of the frequency-dependent envelope, fundamental, and
second-harmonic impedances of the terminal nodes, ZGG and
ZDD. The memory effects can be minimized by optimizing the ter-
minal node impedances ZGG and ZDD [6, 8]. The fundamental
impedance can easily be kept constant by using wideband match-
ing technique [1–5]. In [6, 8], the bias impedances ZG,bias and
ZD,bias are excluded from the matching impedance ZG,match and
ZD,match. However, this method is more suitable for narrow-band
PA. A wideband PA usually needs high input impedance for bias
network to suppress RF signal in a large bandwidth. Hence, ZG,bias
and ZD,bias can be included in ZG,match and ZD,match and then the
matching network provides the bias impedance, as shown in
Fig. 3. The influence from the second-harmonic terminal node

Fig. 2. Generation mechanism schematic of IMD3. Fig. 3. Schematic diagram of wideband PA.

Fig. 1. Typical third-order intermodulation figure by two-tone signal testing (10 MHz
tone spacing) with strong (Case 1) and weak (Case 2) memory effects (the same PA
with two different drain bias networks).
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impedances can be reduced by employing low-pass matching net-
work. Fortunately, Chebyshev low-pass matching technique [12]
can provide constant fundamental impedances and very high
second-harmonic impedances. When the fundamental and
second-harmonic impedances play a minor role after the
Chebyshev low-pass matching network is used, memory effects
are for the most part produced by the envelope impedances.
The terminal node impedances, ZGG and ZDD, at envelope fre-
quency (|ω1− ω2|) are calculated as follows:

ZGG v1 − v2| |( ) = ZG,device

∥
∥
∥
∥
ZG,match, (3)

ZDD v1 − v2| |( ) = ZD,device

∥
∥
∥
∥
ZD,match. (4)

In Fig. 3, ZG,bias and ZD,bias have been included in ZG,match and
ZD,match, respectively. It means that if the matching network
topology is determined, the envelope impedances of each terminal
node in (3) and (4) depend on ZG,bias and ZD,bias. The intermodu-
lation distortions appear as currents and the terminal node
voltage waveforms caused by currents can be shaped by ZGG
and ZDD [6]. To reduce the memory effects, the envelope voltage
components should be eliminated. Low-memory wideband
PA can be obtained by designing matching network with low
envelope terminal node impedances and suppressing the second-
harmonic output power levels. As discussed above, when low-
memory effects are acquired by using the Chebyshev low-pass
matching network with low-envelope impedances, IMD3 is also
reduced based on (1) and (2).

To make clear the method proposed above, two simple drain
bias networks are presented to state the reduction in memory
effects by minimizing the bias impedances at the envelope fre-
quency, |ω1− ω2|. As the memory effects are often considered
as IMD and variations as a function of the bandwidth of the
modulated signal, a simple method to detect them is to measure
the PA output distortion dependency on the tone spacing of a
two-tone input signal. The intensity of memory effects can be
observed intuitively from the asymmetry between the upper and
lower IMD3. Fig. 4 shows ZD,match for two cases at the low fre-
quency (1 MHz to 1 GHz). For Case 1, an inductor 1.3 μH

4310LC-132KE from Coilcraft is employed by the drain bias net-
work. At the lower frequency (≤160 MHz) in Fig. 4, ZD,match is
located in the high impedance region. High ZD,match can increase
the envelope voltage components and lead to strong memory
effects. The reason is that the generated terminal node voltage
waveforms caused by the baseband distortions are shaped by
ZDD in the megahertz range. On the contrary, for Case 2, when
an inductor 27.3 nH 0908SQ-27NL from Coilcraft is used, low
ZD,match in the megahertz range is obtained, as shown in Fig. 4.
The strong and weak memory effects are also verified by Fig. 1.
In Case 1, the drain bias network employs an inductor 1.3 μH
4310LC-132KE and strong memory effects result in the asymmet-
ric IMD3, in which the difference between upper IMD3 and lower
IMD3 is about 2.9 dB. In Case 2, the OMN including the drain
bias network with an inductor 27.3 nH 0908SQ-27NL is adopted,
and the symmetric IMD3 is achieved due to low-memory effects.

Low-memory matching network design

To design a wideband linearized PA, we present an improved
Chebyshev low-pass matching network in this section. In [12],
a synthesized low-pass matching network was used to develop
wideband Class-E PA. However, the matching network in [12]
only matched the source/load impedances of RF power transistor
at the center frequency. As we know, the optimum source/load
impedances are varied with the operating frequency. The
Chebyshev low-pass matching network needs to be improved in
order to provide optimum load impedances for RF power transis-
tor at different operating frequencies. Up to now, GaN HEMTs as
wide bandgap devices have been applied in broadband high-
efficiency PAs [1–5]. In this work, 15W GaN device
CGH40010F provided by Cree Inc. is selected as the RF power
transistor to implement wideband high-efficiency linearized PA.

Input matching network (IMN) design

The IMN is very critical for wideband PA, which can provide a
significant trade-off between power gain, amplifier stability,
reflection coefficient, and operating frequency bandwidth. The
matching network can be divided into two categories: lossless
matching network and lossy matching network. Chebyshev low-
pass matching network is based on the lossless matching theory,
while most RF power transistors need the unconditional stability
and this can be realized by an RC stability circuit. Co-designing
Chebyshev low-pass matching network with RC stability network
is an issue to design IMN for wideband PA. An efficient method
is to place the RC stability circuit close to the gate of RF power
transistor. The improved IMN is shown in Fig. 5. The microstrip
line TL1 and TL2 are used for soldering resistor R1, capacitor C1,
and RF power transistor. The optimum source impedances are

Fig. 5. Input matching network including the bias network and RC stability circuit.
Fig. 4. ZD,match of the OMN including a bias network with inductor 1.3 μH
4310LC-132KE and 27.3 nH 0908SQ-27NL from 1 MHz to 1 GHz.
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acquired at ZS plane in Fig. 5. The simulated optimum source
impedances in 1.3–2.5 GHz are plotted in Fig. 6. It can be seen
that the optimum source impedances are varied significantly
with the operating frequency, from 7.6 + j*3.7 Ω to 5.56-j*18.45
Ω in 1.3–2.5 GHz. If we use the conventional Chebyshev low-pass
matching network in [12] to match these optimum source impe-
dances across a large bandwidth, it will be a great challenge.
Fortunately, the following procedure can address this issue.

Step 1) The first step is to acquire the optimum source impe-
dances in 1.3–2.5 GHz and compile them in an s1p
file. This s1p file can be regarded as the optimum source
load, which is frequency-dependent.

Step 2) The second step is to design a real-complex lumped
Chebyshev low-pass IMN within the desired bandwidth
by using the conventional method in [13]. To realize the
source match across a large bandwidth, the order of IMN
is chosen as n = 8. The s1p file in step 1 is considered as
the objective impedances in place of only the optimum
source impedance at the center frequency, and then the
lumped Chebyshev low-pass matching network is opti-
mized. The optimization objective is to make IMN
trace the optimum source impedance trajectory. The
optimized results are shown in Fig. 6. The source impe-
dances ZS provided by IMN are matched with the

optimum source impedance trajectory very well. Then,
implement the low-pass IMN by distributed-elements
through replacing the lumped inductors and capacitors.

Step 3) The third step is to insert the bias network into IMN and
do the optimization for IMN and the bias network
together to make sure the low-envelope impedance of
ZG,match is achieved. Then, do the layout electromagnetic
(EM) simulation for the prepared IMN and RC stability
circuit. There is some difference between the schematic
simulation and layout EM simulation in Keysight
Advanced Design System software (ADS). Post optimiza-
tion is needed to acquire better performance.

Finally, an improved Chebyshev low-pass IMN is realized. The
geometrical dimensions of IMN are presented in Table 1. As a fig-
ure of merit of the matching condition, the return loss S11 of IMN
at ZS plane (connected to a source load, which is the conjugate of
the s1p file in step 1) and the return loss S22 of IMN at the load
(50 Ω) are plotted in Fig. 7. It is important to note that ZS pro-
vided by IMN in Fig. 6 at the edge of the operating frequency
band deviates from the optimum source impedance trajectory
slightly, which results in poor return loss S11 and S22, as shown
in Fig. 7. This problem can be improved by employing higher
order low-pass matching network. However, higher order low-
pass matching network increases the circuit size and also the
insertion loss.

Output matching network (OMN) design

In the same way, the proposed network is used to design the
OMN, as shown in Fig. 8. For IMN in the section “Input

Fig. 6. The optimum source impedance trajectory of CGH40010F and the source
impedance ZS provided by IMN in 1.3–2.5 GHz.

Table 1. Geometrical dimensions of IMN for the schematic simulation and layout EM simulation (Unit: mm)

Circuit dimension Schematic layout Circuit dimension Schematic layout Circuit dimension Schematic layout

W1 2.0 2.2 W5 4.2 4.2 W9 2.0 2.0

L1 3.0 3.0 L5 14.71 13.71 L9 6.1 5.9

W2 4.0 3.0 W6 2.0 2.0 W10 0.57 0.57

L2 1.5 1.0 L6 4.0 3.0 L10 4.45 5.25

W3 10.0 7.0 W7 8.0 7.2

L3 9.76 9.76 L7 5.25 4.85

W4 3.0 3.0 W8 0.57 0.57

L4 4.5 3.0 L8 5.56 5.86

Fig. 7. The return loss S11 and S22 of IMN.
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matching network design”, we use the low-memory bias network
directly, in which an inductor 27.3 nH 0908SQ-27NL is
employed. As mentioned in the section “Analysis on memory
effects and IMD3”, low-memory effects are achieved by minimiz-
ing the envelope voltage components and suppressing the second-
harmonic output power levels. In this section, we will analyze two
simple drain bias networks in detail through the bias inductors
1.3 μH 4310LC-132KE and 27.3 nH 0908SQ-27NL.

The design procedure of OMN is given as follows: (1) design a
real-complex lumped Chebyshev low-pass matching network
within the desired bandwidth by using the method discussed in
the section “Input matching network design”. (2) Insert the drain
bias network into OMN with two different inductors 27.3 nH
0908SQ-27NL and 1.3 μH 4310LC-132KE, respectively. (3)
Optimize lumped OMN based on the optimum load impedances
while the low-envelope impedance of ZD,match is maintained. (4)
Transform the lumped OMN into the distributed-OMN. (5) Post
optimization is used to realize better performance due to the
apparent difference between the schematic simulation and layout
EM simulation. Finally, an improved Chebyshev low-pass OMN
(n = 7) is obtained. To assemble the RF power transistor, the micro-
strip line W1/L1 is inserted, which is also considered in the post
optimization. The geometrical dimensions of OMN are given in
Table 2. The simulated results are given in Fig. 9. Although the
S21 performance of the layout circuit in the higher frequency
range (5–8 GHz) is deteriorated a little bit, the excellent second-
harmonic suppression can be still obtained.

Figure 10 shows the measured small signal gain of the fabri-
cated wideband PA. The small signal gain in 1.35–2.45 GHz is
12.6–14.2 dB. Harmonic suppression can be observed intuitively.
Table 3 shows the measured second-harmonic output power
levels of the fabricated wideband PA for the drain bias network
with two different bias inductors. It can be seen that the drain
bias network has a fewer impact on the second-harmonic output
power levels. The frequency dependent ZD,match with these two
bias inductors in the low frequency range is shown in Fig. 4.

Low-memory effects are realized by using the bias inductor
27.3 nH 0908SQ-27NL.

Figure 11 depicts the fundamental, second-harmonic and third
harmonic load impedance ZD,match presented by the improved
Chebyshev low-pass OMN. It should be noted that ZD,match is
obtained by the layout EM simulation. As shown in Fig. 11, the
fundamental impedances follow the optimum load impedance
trajectory very well. The high-efficiency region in the dashed
ellipse shows the optimum region for the second-harmonic and
third harmonic impedances, which are obtained by harmonic
load-pull simulation in ADS. As shown in Fig. 10, the second-
harmonic and third harmonic components are suppressed by
the low-pass matching network. Hence, the low second-harmonic
and third harmonic output power levels are achieved. As the oper-
ating frequency increases, the low-pass matching network brings
about the second-harmonic impedances at the higher frequency
(>4 GHz) move out of the high-efficiency region (the dashed
ellipse) and the third harmonic impedances pass through the
open circuit and moves to the capacitive area along the edge of
the Smith chart. The movement of the second and third harmonic
impedances can result in that PAE drops to a certain extent.
Despite all this, lower IMD3 is obtained and low-memory effects
are achieved at the same time.

PA design and measured results

To validate the proposed approach, a wideband PA is designed,
fabricated, and measured. The fabricated PA is shown in
Fig. 12. The GaN device CGH40010F is used for implementation.
A 30 mil Rogers substrate with a copper thickness of 35 μm and
εr = 3.66 is selected. A stabilized circuit of a 19.9 Ω resistor and
a 5.6 pF capacitor is inserted between the input matching network

Fig. 8. OMN including a drain bias network.

Table 2. Geometrical dimensions of OMN for the schematic simulation and layout EM simulation (Unit: mm)

Circuit dimension Schematic layout Circuit dimension Schematic layout Circuit dimension Schematic layout

W1 2.0 2.0 W4 0.57 0.57 W7 3.0 3.0

L1 2.0 2.5 L4 3.25 2.35 L7 6.32 6.52

W2 0.57 0.57 W5 7.0 7.0 W8 0.57 0.57

L2 3.22 2.82 L5 9.04 8.54 L8 1.38 1.38

W3 9.95 7.0 W6 0.57 0.57

L3 7.23 7.83 L6 5.1 4.6

Fig. 9. Simulated S21 of OMN with the drain bias network including an inductor
27.3 nH 0908SQ-27NL.
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and RF power transistor. The RF power transistor is biased with a
quiescent current of 12 mA and DC supply voltage VDD = 28 V.

Measured results with CW signal

To evaluate the high-efficiency performance, CW measurement is
employed first to characterize the implemented wideband PA
from 1.35 GHz to 2.45 GHz. The measured results are illustrated
in Figs. 13–15. Figure 13 depicts the measured output power,
drain efficiency (DE), and PAE as well as the simulated results.
It can be seen that the output power is 40.0–41.2 dBm across
1.35–2.45 GHz, the PAE maintains more than 60% between
1.35 GHz and 2.45 GHz giving a fractional bandwidth of 58%
and the measured DE is 66–83%. The maximum PAE of 78%
and the maximum DE of 83% is measured at 1.4 GHz.

The measured power gain and PAE versus output power across
1.4–2.4 GHz with a frequency spacing 200 MHz are demonstrated
in Figs 14 and 15. It can be seen from Fig. 14 that the 3-dB gain
compression points in 1.4–2.4 GHz are 10.8–12.3 dB and the
small signal gain is 14.4 ± 0.6 dB. Figure 15 illustrates that higher
PAE is obtained at the lower frequency band, which is consistent
with the discussion in the section “Output matching network
design”.

Measured results with 20 MHz LTE modulated signal

In order to verify the capability of the fabricated wideband PA to
linearly amplify wideband modulated signal, a linearization test
platform was set up. This platform includes vector signal gener-
ator (NI PXIe-1075), high gain driver PA (AR-5S1G4), spectrum
analyzer (R&S FSW), and PC running MATLAB software, as
shown in Fig. 16. The baseband modulated signal was first loaded

into NI PXIe-1075 and then up-converted to RF by NI
PXIe-1075, pre-amplified by the driver AR-5S1G4, and transmit-
ted to the proposed wideband PA. On the feedback loop, the out-
put signal from the proposed PA was attenuated, captured,
down-converted, and forwarded to the PC for DPD model train-
ing and extraction.

A 20 MHz LTE modulated signal with a peak-to-average power
ratio (PAPR) of 7.6 dB was used to test the proposed wideband PA.
In general, a memoryless DPD model cannot completely eliminate
the memory effects, such as look-up table (LUT) model [14]. Due
to the proposed PA operating with wideband signals, memory
effects must be taken into account by DPD model in order to
fully exploit the potential of DPD [15]. In the linearization meas-
urement, the memory polynomial model with the nonlinear
order 13 and memory depth 5 was used [8]. The labels ‘Without
DPD1’ and ‘With DPD1’ in Figs. 17–19 indicate that the drain
bias network of the measured PA employs an inductor 1.3 μH
4310LC-132KE. The labels ‘Without DPD2’ and ‘With DPD2’ in
Figs. 17–19 indicate that the drain bias network of the measured
PA uses an inductor 27.3 nH 0908SQ-27NL.

It can be seen from Fig. 19 that the memory effects of the
fabricated wideband PA employing an inductor 1.3 μH
4310LC-132KE are significant. On the contrary, the memory
effects are reduced noticeably when the drain bias network
using an inductor 27.3 nH 0908SQ-27NL. Fig. 17 depicts the
measured output spectrum with and without DPD linearization

Fig. 10. Measured small signal gain of wideband PA with the drain bias network
including the inductor 27.3 nH 0908SQ-27NL.

Table 3. Measured relative second-harmonic output power levels (P2HD) of the proposed wideband PA with the output power at 1 dB compression point for two
cases, relative to the fundamental output power

Frequency (GHz)

Two Cases 1.4 1.6 1.8 2.0 2.2 2.4

Case 1a −23.5 −43.8 −58.5 −61.4 −70.4 −66.9

Case 2b −22.7 −43.5 −56.7 −59.8 −71.2 −67.9

Note: P2HD = P2harm − Pfund (dBc)
aDrain bias network with inductor 1.3 μH 4310LC-132KE.
bDrain bias network with inductor 27.3 nH 0908SQ-NL.

Fig. 11. Load impedance ZD,match presented by improved Chebyshev low-pass OMN
with the drain bias network including an inductor 27.3 nH 0908SQ-27NL.
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at an average output power of 32.4–33.6 dBm when the carrier
frequencies are set at 1.4, 1.5, 2.0, and 2.4 GHz for two different
drain bias networks. At these four frequencies, ACLRs at
±20 MHz offset with and without DPD are presented in Fig. 18.
The strong memory effects of the measured PA employing the
inductor 1.3 μH 4310LC-132KE are observed from the asymmetry
of ACLRs in Figs 17 and 18. The open loop ACLRs of the mea-
sured PA employing the inductor 1.3 μH 4310LC-132KE is
around −20 dBc across 1.5–2.4 GHz due to strong memory effects
generated by high-envelope terminal node impedances in the
megahertz range. The open loop ACLRs of the measured PA
employing the inductor 27.3 nH 0908SQ-27NL is from −36 dBc
to −30 dBc across 1.5–2.4 GHz, which can satisfy the requirement

of DPD linearization easily. For the measured PA employing the
inductor 1.3 μH 4310LC-132KE, little linearity is improved after
DPD linearization. Conversely, for the low-memory wideband
PA employing the inductor 27.3 nH 0908SQ-27NL, the ACLRs
with DPD linearization across 1.5–2.4 GHz can be achieved

Fig. 12. Photograph of the fabricated wideband PA.

Fig. 13. Measured power gain, output power, and PAE versus frequency from
1.35 GHz to 2.45 GHz.

Fig. 15. Measured PAE versus output power at 1.4, 1.6, 1.8, 2.0, 2.2 and 2.4 GHz.

Fig. 16. Linearization test platform for 20-/40- MHz LTE modulated signal.

Fig. 17. Measured output spectrum with and without DPD linearization for 20 MHz
LTE modulated signal at (a) 1.4 GHz (b) 1.5 GHz (c) 2.0 GHz (d) 2.4 GHz.

Fig. 14. Measured power gain versus output power at 1.4, 1.6, 1.8, 2.0, 2.2, and
2.4 GHz.
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around −55 dBc, and even at 1.4 GHz the ACLRs is lower than
−48 dBc. The improvement on the ACLRs with DPD lineariza-
tion is 19.0–25.2 dB in 1.4–2.4 GHz. It should be noted that
ACLRs at ±20 MHz offset in Fig. 17(a) ‘with and without
DPD2’ is relatively poor compared with Figs. 17(b) and 17(c),
which is attributed to higher second-harmonic output power
levels, as illustrated in Table 3. The OMN can be improved by
using modified elliptic low-pass filtering network to provide a
sharper roll-off [16].

Measured results with 40 MHz two-carrier LTE modulated
signal

Due to NI 5973 RF transmitter adapter module of vector signal
generator (NI PXIe-1075) only has a 200 MHz bandwidth,
40 MHz two-carrier LTE modulated signal with a PAPR of

10.4 dB is adopted to further verify the performance of the imple-
mented PA with DPD linearization. As discussed inthe section
“Measured results with 20 MHz LTE modulated signal”, the
implemented PA employing the inductor 1.3 μH 4310LC-132KE
has strong memory effects. Hence, only the proposed PA employ-
ing the inductor 27.3 nH 0908SQ-27NL is linearized with the
same DPD linearization method of the section “Measured results
with 20 MHz LTE modulated signal” at an average output power
of ∼30.5 dBm from 1.5 GHz to 2.4 GHz, as shown in Fig. 20. The
measured ACLRs at ±40 MHz offset are displayed in Fig. 21 and
the average drain efficiency is presented in Table 5.

Fig. 18. Measured ACLRs at ±20 MHz offset versus frequency from 1.4 GHz to 2.4 GHz
with two different bias networks.

Fig. 20. Measured output spectrum with and without DPD linearization for 40 MHz
two-carrier LTE modulated signal at (a) 1.5 GHz (b) 1.8 GHz (c) 2.1 GHz (d) 2.4 GHz.

Fig. 21. Measured ACLRs at ±40 MHz offset versus frequency from 1.5 GHz to 2.4 GHz.

Table 4. Wideband PAs performance comparison with CW signals

Ref BW (GHz) Gain (dB) Power (W) DE (%)

[1]a 1.9–4.3 9–11 10–15 57–71

[2]b 2.0–4.0 11.1–12.6 10 36.5–53.4

[5]b 1.45–2.45 10–12.6 11–16.8 70–81

[16]b 1.35–2.5 15.2–17 12.5–18 68–82

This
workb

1.35–2.45 10.8–12.6 10-13 66–83

aCGH60015D is used as the RF power transistor.
bCGH40010F is used as the RF power transistor.

Fig. 19. Measured (a) phase and (b) normalized output magnitude versus normalized
input magnitude at 2.14 GHz.
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Wideband PAs performance comparison

The proposed PA is compared with other reported wideband PAs,
as shown in Tables 4 and 5. In [1, 2, 5], the reported wideband
PAs exhibit wider operating band, but their DE is relatively
lower compared with the proposed PA, as shown in Table 4.
Meanwhile, their linearization test was done only at a single fre-
quency, and the test results indicate relatively poor performance
compared with the proposed PA, as illustrated in Table 5.
Compared with [16], although the proposed PA has the similar
RF performance under CW measurement, Table 5 indicates that
the proposed PA in this work shows better linearization perform-
ance. The ACLRs with DPD linearization for 20 MHz LTE signal
at ±20 MHz offset are −55.7∼−53.9 dBc and the ACLRs with
DPD linearization for 40 MHz LTE signal at ±40 MHz offset
are −51.1 ∼−48.2 dBc in the frequency range from 1.5 GHz to
2.4 GHz. The excellent linearity of the proposed PA can be mainly
attributed to the reduction in memory effects and IMD3.

Conclusion

An analytical method is proposed and analyzed in this work to
reduce the memory effects and IMD3. The improved low-pass
matching network can restrain the second-harmonic output
power levels and reduce IMD3. At the same time, it provides low-
envelope impedances for the terminal nodes in the megahertz
range, which can reduce the envelope voltage components and
lead to low-memory effects. After DPD linearization, the pro-
posed PA driven with two LTE modulated signals shows excellent
ACLR specification of −55.7 ∼−53.9 dBc at ±20 MHz offset
(20 MHz LTE signal) and −51.1∼−48.2 dBc at ±40 MHz offset
(40 MHz two-carrier LTE signal) across 1.5–2.4 GHz. Although
two simple drain bias networks are used to validate the proposed
method, the work carried out in this paper, can give a clear idea to
design wideband high-efficiency PA when high linearity is indis-
pensable or which is needed to be compatible with DPD lineariza-
tion technique friendly.
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