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Abstract
A distributed basic matching network (MN) designed method that can achieve multioctave
bandwidth and highly efficient power amplifier (PA) for multiband applications is presented
in this letter. The distributed network unit with a left-rotating T-type structure is employed to
construct thewidebandMN,whose topology and circuit parameters are acquired through opti-
mization. Finally, the impedance realized by the designed MN falls into the target impedance
region obtained by using multi-harmonic bilateral pull technique in the desired frequency
band. For the proof of the method, a broadband highly efficient PA has been designed, fab-
ricated, and measured using commercialized GaN high electron mobility transistors (HEMT).
Themeasured results show that the implemented PA achieves a bandwidth of 137.8% from 0.7
to 3.8 GHz.The drain efficiency is between 59% and 70% with an output power of greater than
39 dBm and a gain ranging from 9 to 12.1 dB.

Introduction

With the arrival of the 5 G communication era, more requirements are put forward for com-
munication systems. As the most important part of a radio frequency (RF) transceiver, power
amplifiers (PAs) with wider bandwidth and higher efficiency have become a research hot spot
[1–6].

The difficulty of realizing high efficiency in a wide frequency band lies in the fact that the
optimal impedance of the input and output terminals of transistors has an impedance disper-
sion effect where the impedance varies with the operating frequency. In addition, the optimal
impedancematching can only be achieved at a single frequency point based on the conventional
impedance matching theory. Therefore, many different circuit structures and methods have
been proposed to expand operating bandwidth, such as distributed PAs, a series of continuous
modes, and extended continuous mode PAs [7–9].

Among them, the distributed PA has outstanding capabilities in improving bandwidth, but
the efficiency is normally in the range of 20–30% [10]. Coincidentally, in order to improve the
operation efficiency of the PAs, distributed matching network (MN) [11, 12] with harmonic
manipulation has also been successively proposed, which also includes dual-band impedance
matching, but is still limited in bandwidth expansion.The new operationmodes represented by
the extended continuous Class-F [13–15] and extended continuous Class-B/J [16–18] PAs can
extend the impedance of the second harmonic to a resistive-reactive state to realize the design
of the broadband PAs. However, these methods achieve a wideband at the expense of operating
efficiency, which is attributed to the fact that the impedancematchingmethod has never broken
through the limitation of single frequency point matching.

Driven by the application demand, to solve the problem that the performance of the PA is
limited due to single frequency point matching, a method of realizing wideband matching by
algorithmoptimization has emerged. Several optimization-basedmethods based on filter-based
network synthesis [19, 20] or real-frequency technique [21] have been proposed. Nevertheless,
the distributedMNs cannot be directly acquired, whichmeans they need to be transformed into
a distributed network to be realized.The conversion from lumped elements to transmission lines
will introduce errors, which need to be optimized in the later stages to reduce the errors caused
by the conversion.Thiswill undoubtedly increase the complexity and uncertainty ofMNdesign.

In this paper, a novel technique to realize impedance MN directly by transmission line is
proposed, in which the topology and circuit parameters are determined through optimiza-
tion. The designed PA based on the proposed approach exhibits excellent efficiency perfor-
mance with a more than two-octave operation bandwidth. The rest of this letter is organized
as follows: the section “Design of the principle of the output matching network” presents
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Figure 1. A schematic diagram of the proposed distributed matching
network.

the analysis of the proposed output MN using optimization to
obtain the topology and circuit parameters of the distributed left-
rotating T-type structure. Then, the implementation process of
wideband highly efficient PA is given in the section “Realization of
wideband highly efficient PA”. For validation, measured results are
shown in the section “Implementation andmeasurements”. Finally,
a conclusion is given in the section “Conclusion”.

Design of the principle of the output matching network

Considering that the proposed PA needs to expand bandwidth
while maintaining high efficiency, the selection of impedance MN
is particularly important. By summarizing the existing impedance
matching topology, a variable universal output MN is proposed.
The topological network formed by this universal structure can
almost cover all the existing structures with any number of
branches and impedance gradient matching. The proposed out-
put MN topology with the left-rotating T-type structure as the
basic unit circuit (BUC) for cascading is shown in Fig. 1, where
the number of cascades is determined by optimization. This BUC
is composed of a series microstrip line and two shunt stubs con-
nected to the ground through a virtual switch (VS), where the
shunt stubs are presented as open or short stubs depending on the
state of the VS. It can be clearly seen that the proposed topology
contains N BUCs and 2N VS. Each form of composition has dif-
ferent responses, which provides great flexibility for MN design.
Therefore, the performance of the designed MN is basically deter-
mined by the number of BUCsi (1≤ i≤N) and the opening or
closing of VSi (1≤ i≤ 2N).

The most basic approach to measuring the performance of
impedance matching is to evaluate the closeness between the
impedance realized by MN and the target impedance at the cor-
responding design frequency point. In view of this, obtaining the
expression of input impedanceZOMN becomes a key point.The fea-
sible way is to first acquire the transmission matrix Ai suitable for
describing each basic left-rotating T-type unit of the cascade net-
work, then conduct cascade multiplication, and finally convert it
into a scattering matrix. Based on the above analysis, the ABCD
matrix of BUCs in Fig. 1 can be expressed as follow (1):

Ai = ⎡
⎢
⎣

cos (𝜃i) + j⋅(ZIN,U−i+ZIN,D−i)Zi sin(𝜃i)
ZIN,U−i⋅ZIN,D−i

j ⋅ Zi sin (𝜃i)
j⋅sin(𝜃i)

Zi
+ (ZIN,U−i+ZIN,D−i)⋅cos(𝜃i)

ZIN,U−i⋅ZIN,D−i
cos (𝜃i)

⎤
⎥
⎦

1 ≤ i ≤ N, (1)

where Zi and 𝜃i are the characteristic impedances and electri-
cal length of the series lines, respectively; ZIN,U-i and ZIN,D-i are
the input impedances of the two shunt stub of the ith BUCs,
respectively, and can be calculated as follows:

{
ZIN,D−i = VSi ⋅ jZUi ⋅ tan (𝜃Ui) + VSi

jZUi⋅tan(𝜃Ui)

ZIN,U−i = VSN+i ⋅ jZDi ⋅ tan (𝜃Di) + VSN+i

jZDi⋅tan(𝜃Di)

1 ≤ i ≤ N,

(2)
where ZUi and ZDi are the characteristic impedances of the two
shunt stub lines, respectively; 𝜃Ui and 𝜃Di are the electrical lengths
of the two shunt stub lines, respectively; VSi (1≤ i≤ 2N) repre-
sents the on and off states of the ith VS, which can be defined as

VSi = VSN+i = {0 ON

1 OFF 1 ≤ i ≤ N.
(3)

The output MN can be treated as a cascaded structure of N
BUCs interconnected with a load impedance RL. Considering the
electric length 𝜃 as a function of frequency, the ABCD matrix of
the output MN can be expressed as follow (4):

A = [
i=1

∏
N

Ai ( f )] ⋅ [
cos (𝜃e) jZe sin (𝜃e)
jZe sin(𝜃e)

Ze
cos(𝜃e)

]

= [AT ( f ) BT ( f )
CT ( f ) DT ( f )

]
Total

1 ≤ i ≤ N, (4)

where Ze and 𝜃e represent the characteristic impedances and elec-
trical length of the transmission line TLe, respectively.

TheABCDparameters of the proposed outputMN are acquired
and can be easily transformed to scattering parameters [22]. The
outputMNcanbe regarded as a two-port network, so the scattering
matrix should include four parameters: S11( f ), S12( f ), S21( f ), and
S22( f ). It needs to be noted that if the characteristic impedance Ze
of TLe is equal to the load impedance RL, the following equation
can be satisfied.

ΓOMN ( f ) = S11 ( f ) , (5)

where ΓOMN is the reflection coefficient of the output MN, and the
input impedance ZOMN can be expressed as

ZOMN (f ) = Z1
1 + ΓOMN (f )
1 − ΓOMN (f ) . (6)
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To achieve wideband high-efficiency performance of PAs, it is
necessary to ensure that ZOMN is close to the target impedance
in the desired bandwidth. To this end, the cost function in an
optimization procedure [23] is taken as follows:

T =
i=1

∑
K

∣
ZOMN ( fi) − ZOPT ( fi)

ZOPT ( fi)
∣
2

. (7)

Hence, the optimization objective can be defined as (7), where
ZOPT is the optimal impedance, which can be acquired by load-pull
technology, and f i (where i= 1, 2,…, k) are frequency pointswithin
the desired bandwidth. As a result, the output matching topology
can be determined through optimization.

Realization of wideband highly efficient PA

In this brief, the desired specifications are stated as follows: Awide-
band highly efficient PA is designed in a target operating frequency
band of 0.8–3.9 GHz. To achieve the design goals, a 10-W GaN
HEMT device CGH40010F is selected and the static bias points are
set at VGS = −2.7 V and VDS = 28 V.

Acquisition of optimal impedance

Considering that the harmonic component has a great impact on
the output power and efficiency, it is necessary to analyze the
harmonic component in the design process of PA. For the typ-
ical PA design, the conventional load-pull technique is used to
obtain the fundamental impedance, while the influence of har-
monic impedance is ignored. Therefore, in the design of ultra-
wideband PA, there is a deviation in impedance matching, which
limits the performance of PA bandwidth and efficiency.

In order to comprehensively analyze the influence of harmonic
impedance on the performance of the PA, especially the sec-
ond harmonic, the multi-harmonic bilateral pull technique [24] is
used to obtain the optimum fundamental and second harmonic
impedance.

Based on the transistor large signal model provided by Cree,
optimal fundamental and second harmonic impedance regions of
the load for 1.0 to 4.0 GHz demonstrated in Fig. 2(a) are gener-
ated by employing the multi-harmonic bilateral pull technique at
the output terminals. It is worth noting that the internal region of
the impedances of the fundamental and second harmonic contours
represents the tolerable region in which high efficiency and high
output power can be acquired.

Moreover, it can be observed from Fig. 2(a) that when the sec-
ond harmonic resistance within the entire desired frequency band
is maintained between 0 and 25 Ω, higher than 𝜂max-5% efficiency
and Pmax-3 dBm output power can be obtained. Meanwhile, when
the second harmonic reactance is maintained between 0 and 55 Ω,
higher than 𝜂max-3% efficiency and Pmax-2 dBm output power can
also be achieved. Therefore, based on the above analysis, a conclu-
sion can be drawn that when the second harmonic impedance is
extended to a resistive-reactive and partially overlaps with the opti-
mal fundamental impedance region, excellent performance can
still be achieved. As a result, especially, the second harmonic in
the frequency band can be incorporated into the optimal fun-
damental impedance region, thus making it possible to realize a
multifrequency high-efficiency PA.

Furthermore, it can be clearly seen from Fig. 2(a) that across a
wide bandwidth, the optimum fundamental impedances of a tran-
sistor at different frequency points are not close to each other.

Figure 2. The optimal fundamental impedance distribution of (a) load and (b)
source for 1.0–4.0 GHz.

Therefore, the entire operating bandwidth is divided into seven
frequency sections depending on the required bandwidth and the
variation of the optimal impedances. For each frequency section,
the region with high output power and high-efficiency contours
can be selected as the optimum fundamental impedance of the
frequency section. Similarly, the optimal impedance of the input
terminals is also shown in Fig. 2(b).

Realization of input and output matching network

As the optimal impedance region is determined, the design the-
ory presented in the second section can be employed to acquire
an appropriate topology. Then, the variable K described in (7)
takes the value 7. Figure 3(a) depicts the implemented topology for
output matching, which is based on the Rogers 4350B microstrip
transmission line with a thickness of 0.762 mm. Similarly, based
on the output MN synthesized, the input MN is also proposed by
using a similar method, as shown in Fig. 3(b).

As a consequence, the wideband highly efficient GaN HEMT
PA including input and output MN achieved by using transmis-
sion lines is demonstrated in Fig. 4. It should be noted that since
the designed frequency band exceeds one octave, considering the
in-band stability, a stability network comprising of the parallel
RC pair of 9 pF and 3 ohms is specially added to the input ter-
minal. Especially, the gate bias resistors perform low frequency
stabilization.

Moreover, to better evaluate whether ΓS and ΓOMN real-
ized by the designed input and output MN are close to the
optimal impedance region, the source and load impedance
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Figure 3. The completed output (a) and input (b) matching network.
The trajectories of the realized ZOMN( f ) and ZS( f ).

Figure 4. The final schematic of the proposed multioctave bandwidth PA.
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Figure 5. The photograph of the fabricated PA.

Figure 6. Measured and simulated DE, PAE, output power, and gain across
the entire bandwidth.

trajectories obtained by using simulation software are plotted in
Fig. 3(a) and (b). From Fig. 3(a), it can be clearly observed that
the trajectories of load impedance ΓOMN( f ) are represented by a
curve composed of cyan solid triangles. Starting from 0.8 GHz,
with the increase of frequency, it gradually moves down from the
upper right corner of the Smith chart and ends at 3.9 GHz. It is
obvious that the impedance trajectories basically fall into the target
impedance region, which is the gray-shaded dashed background.
In addition, the trajectories of the source impedance ΓS( f ) (pur-
ple triangle curve) are depicted in Fig. 3(b). It is evident that the
impedance curve from0.8 to 3.9GHz iswellmanipulated in a small
area where the target impedance is located. Therefore, the above
simulation results reveal the fact that the proposed design theory
is superior.

Implementation and measurements

Thephotograph of the fabricatedwideband highly efficient PAwith
a size of 3.8 × 5.7 cm2 is presented in Fig. 5.

To verify the proposed design theory and evaluate the perfor-
mance of the assembled PA, continuous wave is generated by the
signal generator from 0.7 to 3.9 GHz with a 0.1 GHz step to imple-
ment the PA measurement. Figure 6 demonstrates that from the
operating bandwidth of 0.7–3.8 GHz with a relative bandwidth

of 137.8%, the drain efficiency (DE) between 59% and 70%, the
power added efficiency (PAE) of 53.2%–63.1%, the output power
of 39–42.1 dBm, and the gain of 9–12.1 dB are achieved under
the condition of maintaining the input power of 30 dBm. From
the measured performance of the PA, the measured and simulated
results are basically consistent, and the rationality of the proposed
theory is proved again. In addition, it is worth noting that there are
some deviations between simulation and measurement results in
terms of efficiency, output power, and operating bandwidth, which
is mainly reflected in the deterioration of the measured results at
3.9 GHz compared with the simulation results, but good perfor-
mance at 0.7 GHz. The possible causes of this phenomenon are
attributed to the assembly tolerance, simulation model error, and
electromagnetic coupling of practical circuits.

The measured DE gain versus the corresponding input power
at seven frequency points of 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 GHz
is drawn in Fig. 7. It can be seen from the figure that when
the gain is compressed by 3 dB in the 0.7–3.8 GHz range, the
output power has reached a saturation and the DE can reach
59–70%.

A summary of some recently reported broadband high-
efficiency PAs is presented in Table 1. To facilitate comparison
between the proposed PA and the other relevant designs, the pro-
posed PA measurement results are also given in Table 1. It is
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Figure 7. Measured DE and gain versus input power at
different operating frequencies.

Table 1. Comparisons with state-of-the-art broadband PAs

Reference
BW
(GHz)

RBW
(%)

DE
(%)

Power
(dBm)

Gain
(dB) Year

[25] 1.8−2.7 40 48−65.2a 42.4−44.62 ≥8 2018

[26] 0.5−3.15 145.2 58−74.9 39.03−42.87 8.43−15.67 2020

[27] 0.8−3.2 120 57−74 39.7−42.9 10.7−14.1 2018

[28] 2.4−4.6 62.8 51−70 40−42.8 12.8−14.9 2021

[29] 3.3−4.3 26 64−68 39.5−40.3 16.5−17.3 2022

This
work

0.7−3.8 137.8 59−70 39−42.1 9−12.1 2022

a PAE.
BW: bandwidth, RBW: relative bandwidth.

obvious that the proposed PA has greatly expanded its operating
bandwidth and relative bandwidth while maintaining high DE.

Conclusion

In this paper, the design process, fabrication, and measure-
ment of a wideband highly efficient PA is presented. The multi-
harmonic bilateral pull technique is employed to acquire the opti-
mum impedances of fundamental and second harmonic, and the
impedance region of the second harmonic is analyzed to find that
the second harmonic impedance can be extended to a resistive-
reactive. The MN is constructed by using distributed network
cells with a left-rotating T-type structure through optimization to
achieve impedance matching within the desired bandwidth. As a
verification, the proposed PA is implemented and fabricated by
employingGaNHEMT transistors.Themeasured results show that
a good performance is obtained.The DE can reach 59–70% and an
output power greater than 39 dBm can be realized in the operating
bandwidth of 0.7–3.8 GHz.
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