This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS

1

High-Efficiency Reconfigurable Dual-Band Class-F
Power Amplifier With Harmonic Control
Network Using MEMS
Mitra Gilasgar , Antoni Barlabé , Member, IEEE, and Lluís Pradell , Member, IEEE
Abstract— This letter presents a novel reconfigurable,
high-efficiency class-F power amplifier (PA) structure, using a
commercial GaN-HEMT, that achieves dual-band configuration
not only at the fundamental frequency but also at the harmonics. With a proper harmonic tuning structure, the need
for an extra filtering section is eliminated, resulting in a high
dual-band efficiency with a reduced number of components
and size. The reconfigurable structure uses commercial singlepole-double-throw (SPDT) and single-pole-single-throw (SPST)
MEMS switches optimally placed on the stubs to select between
900 and 1800 MHz. The reconfigurable PA achieves a measured
power-added efficiency (PAE) of 69.5% and a power gain
of 13.6 dB while delivering an output power of 39.1 dBm at
900 MHz. At 1800 MHz, the amplifier achieves a PAE of 57.9%,
a power gain of 10.5 dB, and an output power of 38.5 dBm.
Index Terms— High efficiency, MEMS, reconfigurable, RF
class-F amplifier, RF power amplifier (PA).

I. I NTRODUCTION
HE ever-increasing demand for wireless devices for
global coverage results in a need for systems to cover
multiple frequency bands, capable of serving many users.
To achieve the multiband coverage, multiband transceivers and
consequently multiband power amplifiers (PAs) are needed.
The PA is a critical block in the transceiver design because
it consumes most of the transceiver’s dc power. The switching
PAs [1], such as class-E/E−1 [2] and class-F/F−1 [3], can
obtain high efficiency. A class-E has a simple load network,
but the transistor’s large output capacitance decreases the
efficiency at high frequencies [4]. This effect is negligible in
class-F PAs due to their harmonically tuned output-matching
network (OMN) [5], [6].
The conventional multiband operation uses multiple
single-frequency PA circuits in one design. This results in
a bigger size, a higher cost, and depending on the number
of bands that can become impractical. Recent advances
for building multiband systems with improved performance
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Fig. 1. Implementing the concept for reconfiguration by using (1) SPDT
switches and (2) SPST switches.

and reduced size rely on topologies such as concurrent
multiband [7]–[9], broadband [10]–[13], and reconfigurable
[14]–[20] circuits. The concurrent multiband circuits achieve
matching concurrently in multiple individual bands. This is
challenging for class-F amplifiers since they need harmonic
tuning as well as fundamental matching, resulting in a very
complex circuit design. The broadband circuits compromise
performance for bandwidth and, therefore, are not suitable for
high-efficiency PA designs. The reconfigurable circuits aim
for the high performance associated with narrow-band circuits
in multiple single bands and, therefore, exhibit superior
behavior compared to the broadband and concurrent circuits.
In [19], both reconfiguration and concurrent concepts are
used to design a Doherty amplifier. In [20], MEMS are used
to switch the amplifier’s fundamental frequencies.
In this letter, a novel reconfigurable class-F PA using a
commercial GaN-HEMT is presented. It switches between two
mobile phone frequency bands of 900 MHz and 1.8 GHz using
commercial single-pole double-throw (SPDT)/SPST MEMS
switches. Switching is performed at the stub level. The proposed structure controls up to the third harmonic independently from the fundamental component. It achieves dual-band
configuration at the fundamental and harmonic frequencies,
which results in high power-added efficiency (PAE) and very
low harmonic distortion. A comparison with previous designs
shows that the proposed reconfigurable PA maintains high
performance with a reduced number of components and
size. This gives a low-cost, dual-band implementation of a
high-efficiency class-F PA.
II. P ROPOSED R ECONFIGURABLE C LASS -F PA
A class-F PA uses multiple resonators in its OMN to
obtain half-sinusoidal drain current and square drain voltage
waveforms. Depending on the application and frequency, the
matching network (MN) can be designed with lumped [2]
or distributed [6] elements. Implementing lumped-element
multiresonators at microwave frequencies becomes complex,
while the transmission lines (TLs) offer simpler networks. The
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Fig. 2. Proposed reconfigurable class-F PA for the operating frequencies: f 1 = 900 MHz and f 2 = 1800 MHz. SW1, SW2, and SW4 are RADANT
RMSW100HP; SW5, SW6, and SW7 are RADANT RMSW220HP; and SW3 is Hittite HMC550.

periodic behavior of the TL helps to achieve the requirements
of a class-F PA at multiple resonant frequencies.
A conventional way to achieve a dual-band class-F PA is
to switch between two separate sets of OMN and input MN
(IMN), each designed for a certain frequency ( f 1 or f 2 ).
This type of reconfiguration is not interesting for TL OMNs
because the increased number of frequency bands leads to
a big size, higher cost, and complexity of the circuit. The
general reconfiguration concept proposed in this letter is shown
in Fig. 1. The fundamental and harmonic matching (HM) for
each frequency (n · f 1 , n · f 2 ) is done by the stub-switching
using either SPDT or SPST switches. The SPDT switches
select between two independent stubs of widths and lengths
W1, L1 at f 1 and W2, L2 at f 2, and SPST switches control
the length of a single stub from L1 in the OFF-state at f 1 to
L1 + L_f2 in the ON-state at f2 .
The proposed reconfigurable dual-band class-F PA is
shown in Fig. 2. The PA works at two frequency bands of
f 1 = 900 MHz and f2 = 1800 MHz. The IMN and OMN
each consists of fundamental, second, and third HM blocks.
The IMN includes two SPST MEMS switches (SW1 and SW2)
and one SPST semiconductor switch (SW3). Since the current
and voltage in the gate bias network are low, a semiconductor
switch is used here. The OMN includes one SPST MEMS
switch (SW4) and three SPDT MEMS switches (SW5, SW6,
and SW7). While SPST switches are simpler and cheaper,
SPDT switches give more freedom to design for performance
and reliability. The OMN is critical for the overall performance
and ability to sustain high power; therefore, SPDT switches are
used in the OMN. The SPST switches are used in less critical
points of the circuit, such as gate bias, drain bias and IMN.
The simulations were carried out with Keysight Advanced
Design System (ADS) and Momentum software. The models
of the transistor (compact nonlinear model) and switches
(S-parameters models) were supplied by the manufacturers.
A. Input MN
The lengths of the IMN TLs are adjusted using SPST
switches. SW1 and SW2 are placed in a cascade between the
stubs to provide proper length at each frequency, but SW3 is
placed in parallel to assure a proper path for gate biasing.

TABLE I
C ALCULATED L OAD I MPEDANCES FOR F UNDAMENTAL , S ECOND , AND
T HIRD H ARMONICS O BTAINED F ROM L OAD -P ULL A NALYSIS

The stability of the design has been addressed from an early
stage, obtaining unconditional stability, thanks to resistors R1 ,
R2 , and R3 .
B. Output MN
For an ideal class-F operation, the transistor output should
see a short circuit (sc) at the second harmonic, an open
circuit (oc) at the third harmonic, and an optimized value at
the fundamental frequency. In practice, the second and third
harmonic impedance values are determined and optimized
using load–pull software techniques [21] and implemented
by the networks shown in Fig. 2. The coupling between
harmonic networks is minimum, allowing fine independent
harmonic load tuning [22]. Table I presents the calculated
optimal harmonic load impedances. The same biasing structure
as in the IMN is used for the OMN. Using switches in the stubs
introduces an extra electrical length which is compensated
by adding RF capacitors C1 , C2 , and C3 in the stub. These
capacitors also remove the dc component from the stub,
increasing power capability and reliability.
C. Reliability
The high power of a PA brings a challenge to the reliability
of the OMN circuit. The pure standing waves on the oc stubs
may produce high voltages over the switch in the OFF-state
(up to 2·|Vds|) and high currents through the switch in the
ON -state. In the OFF -state, the voltage drop over the switch
should be kept below its breakdown voltage, and the challenge
comes from fulfilling this condition in the dual-band operation.
RF capacitors C1 , C2 , and C3 , rated at 100 V, are used to
modify the electric (and physical) length of the stubs as well
as blocking any dc component that could reach the MEMS
switches through the RF paths. The resized stub, capacitor
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Fig. 3.

Simulated RF voltage over the MEMS switches.

Fig. 5.

Fig. 4.
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Fabricated circuit.

Measured and simulated PAE, DE, gain, Pout , and RL versus Pin .

Fig. 6. Measured and simulated Pout , gain, PAE, and DE versus frequency.

value, and their exact placement provide the required reactance
for the harmonic filter and allow reliable operation of the
MEMS switches. As shown in Fig. 3, the simulations at
900 and 1800 MHz show an RF peak voltage over the OMN
MEMS switches of 30 V. The peak voltage over the capacitors
is 52 V. Without these capacitors, the voltages can reach unsafe
values.
III. FABRICATION AND E XPERIMENTAL R ESULTS
The proposed reconfigurable class-F PA was implemented
on a Rogers RO4003 substrate (h = 1.5 mm, εr = 3.55). The
fabricated PA is shown in Fig. 4. The optimal performance
is achieved for a drain voltage of 29.5 V and a gate voltage
of −1.9 V for the 900-MHz operation and a drain voltage
of 33 V and a gate voltage of −2.2 V for the 1800-MHz
operation. The performance of the PA was characterized to
measure the PAE, drain efficiency (DE), gain, output power
(Pout ), and return loss (RL). The simulation and measurement
results versus input power (Pin ) are shown in Fig. 5, versus
frequency in Fig. 6, and versus Pout in Fig. 7.
At 900 MHz, the PA features a measured peak PAE
of 69.5% and a DE of 72.5% at Pin = 25.5 dBm, Pout
of 39.1 dBm (8.1 W), and a gain of 13.8 dB. At 1800 MHz,
the PA delivers a measured Pout of 38.5 dBm (7.1 W) at
Pin = 28 dBm where it achieves a maximum PAE of 57.9%
and a DE of 63.5%. The gain is 10.5 dB. The RL is better
than 10 dB at both operating frequencies for input powers up
to 25 dBm. Fig. 6 shows that the PA exhibits a 10% bandwidth
for PAE and DE and a much wider bandwidth for Pout and
gain. Fig. 7 shows a good agreement between the simulated
and measured results of PAE and DE. The total harmonic
distortion (THD) is 6.5% for the 900-MHz operation and
4.1% for the 1800-MHz operation. These results confirm that
the proposed topology has the ability to reject harmonics
without the need for an extra filtering section.

Fig. 7.

Measured and simulated PAE, and DE versus Pout .
TABLE II
C OMPARISON OF T HIS W ORK W ITH O THER W ORKS

A comparison of our design with other dual-band PAs in the
literature shown in Table II shows that the proposed structure
achieves a PAE and a DE higher than the other references
while providing high Pout and gain.
IV. C ONCLUSION
This letter presents a novel frequency-reconfigurable class-F
PA based on a stub-switching concept using commercial SPDT
and SPST MEMS switches in the MNs. It is suitable for any
passband signal centered at 900 or 1800 MHz. The proposed
structure controls the fundamental matching independently
from the harmonics, achieving excellent performance. They
also provide high harmonic rejection without the need for
extra filtering sections. The measurement results showed a
peak PAE of 69.5% and 57.9% and Pout of 8.1 and 7.1 W for
the operating frequencies of 900 and 1800 MHz, respectively.
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