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Widely Tunable High-Ef ciency Power Ampli er
With Ultra-Narrow Instantaneous Bandwidth

Kenle Chen, Student Member, IEEE, Xiaoguang Liu, Member, IEEE, and Dimitrios Peroulis, Member, IEEE

Abstract—This paper reports the rst power ampli er (PA)
that simultaneously achieves a very narrow instantaneous band-
width (2%) while being tunable over a 38.5% frequency range
(2.1–3.1 GHz) with a measured 50%–60% ef ciency in the entire
band. Such PAs are in great demand for realizing all-digital
burst-mode transmitters that are expected to become critical for
the future generation of wireless communication systems. Unlike
state-of-the-art planar PAs that cannot simultaneously achieve a
narrow bandwidth and high ef ciency, the presented PA employs
a widely tunable high- ( over the tuning range) cavity
resonator as the output matching network. Furthermore, the tun-
able multiband matching is performed for both the fundamental
frequency and the second harmonic to ensure a high ef ciency.
The measured PA is implemented with a Cree GaN transistor, and
it delivers an output power of 36 dBm at a gain of 10 dB.
Two-tone testing is further conducted, indicating a good linearity
of this PA with an output third-order intercept point greater
than 48 dBm over the entire band. This design demonstrates, for
the rst time, that multiband burst-mode transmitters can be
potentially built with widely tunable high-ef ciency narrowband
PAs.

Index Terms—Evanescent-mode (EVA) cavity, GaN, high ef -
ciency, matching network, narrowband, piezoelectric actuator,
power ampli er (PA), quality factor, tunable resonator.

I. INTRODUCTION

A LL-DIGITAL burst-mode transmitters have been re-
cently proposed and demonstrated as an effective method

to ef ciently and linearly amplify the modern high peak-to-av-
erage-ratio (PAR) signals, e.g., long-term evolution (LTE)
[1]–[4]. Unlike the conventional supply-modulated transmit-
ters, e.g., envelope tracking (ET) and envelope elimination
and restoration (EER), the digital transmitter entirely elimi-
nates the analog part (supply modulator), while the signal’s
AM information is encoded into pulse widths, resulting in a
quasi-constant-envelope input for the power ampli er (PA),
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Fig. 1. (a) Typical PA topology with a narrowband resonator. (b) Effect of nar-
rowing the bandwidth on resonator with a constant . (c) Effect of

with a constant bandwidth of 1%. (d) PA ef ciency versus resonator’s
of a narrowband design [7] and different techniques for resonator
implementation.

and thus, a high ef ciency [1], [2]. Such a transmitter relies
heavily on a narrowband output lter to reconstruct the AM
linearity. Nevertheless, the ef ciency and linearity are degraded
due to the rejection of the out-of-band quantization noise and
pulse re ections on the transmission line (TL) between the PA
and lter [1]. One possible solution for this issue is to employ
a narrowband lter/resonator at the drain node of the PA’s
transistor [5], [6], as illustrated in Fig. 1(a).
Ideally, the resonator bandwidth needs to be as narrow as the

signal bandwidth [1], typically 1%. However, narrowing the
resonator bandwidth also degrades its in-band response, shown
in Fig. 1(b), which eventually deteriorates the PA ef ciency.
Thus, a high unloaded quality factor ( , determined by the in-
ternal loss term of the resonator) is essential for such a narrow-
band PA design, as illustrated in Fig. 1(c). The impact of the res-

0018-9480/$31.00 © 2012 IEEE
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TABLE I
PERFORMANCE COMPARISON WITH OTHER BAND-RECONFIGURABLE PAs

onator’s on PA ef ciency and bandwidth has been studied in
[7]. The ef ciency versus of a narrowband (3%) PA design
is qualitatively illustrated in Fig. 1(d). Fig. 1(d) also exhibits
the typical ranges of the quality factor and characteristic size of
various microwave-resonator types, such as lumped elements
[8], planar TLs [9]–[11], and 3-D cavities [12]–[15]. It is worth
noting that the conventional lumped elements or planar TLs are
not suitable for realizing narrowband high-ef ciency PAs due
to their inherently low . Among those techniques, the highly
loaded [evanescent mode (EVA)] cavity yields an optimal op-
tion for realizing the narrowband PA in terms of size and perfor-
mance, as shown in Fig. 1(d). Besides the high quality factors
(300–1000) demonstrated in [12], [13], [16], and [17], the EVA
cavity resonators also exhibit very large spurious-free regions,
and they are widely tunable ( 2:1) by employing various tuning
methods [13], [16], [17]. More importantly, the EVA cavity can
be directly integrated on the same substrate as the PA [13], [16].
Those characteristics make this integrated design particularly
practical.
In [7], the design concept of a static narrowband PA in-

tegrated with a static EVA resonator was experimentally
demonstrated at a single frequency of 1.27 GHz with 3%
bandwidth. In this research, we extend the authors’ previous
work to the PA with a tunable output EVA resonator and
increase the operating frequency to the -band. This paper
presents, for the rst time, a band-recon gurable PA with
ultrahigh output frequency selectivity ( 2% bandwidth) and
38.5% frequency tuning range. Tuning is realized with an
integrated piezoelectric actuator [16], [18], and the optimized
matching is performed for both the fundamental frequency and
the second harmonic over the entire tuning range. Large-signal
measurement exhibits an ef cient performance of the imple-
mented PA, which compares favorably to those of the reported
band-recon gurable PAs [19]–[23], as presented in Table I.
This design uniquely incorporates narrowband ltering in the
output matching network and achieves switchless continuous
tunability covering the entire 2.1–3.1-GHz band.

II. TRANSISTOR SELECTION AND CHARACTERIZATION
The 3-D illustration of the recon gurable narrowband PA

with a tunable EVA resonator is shown in Fig. 2. The cavity
resonator is fabricated on the same substrate with the rest of
the PA circuit, including the transistor, input matching network,
and bias networks. The resonant frequency is sensitive to the
gap distance between the sealing wall and the post . Thus, a

Fig. 2. 3-D illustration of the PA with a tunable EVA resonator. (a) Front side.
(b) Back side with the tuner.

Fig. 3. Tuning mechanism of the recon gurable EVA resonator.

piezoelectric actuator is integrated on the back side of the circuit
board to change the PA’s operation frequency, and the tuning
mechanism is described in Fig. 3. By applying a bias voltage
between the top and bottom surfaces of the piezoelectric actu-
ator, the membrane moves toward the post or further away from
it, changing the gap spacing, and thus the resonant frequency.
In this investigation, a commercial 10-W GaN transistor (Cree
CGH40010F) is selected as the RF power device. The nonlinear
transistor model is provided by the manufacturer. The target fre-
quency band is from 2 to 3 GHz, and the target 3-dB bandwidth
is 3%.
To prescribe the desired input and output impedances of the

transistor, load–pull and source–pull simulations are carried out
with the manufacturer’s model using Agilent Advanced Design
System (ADS) [24]. Fig. 4(a) shows the extracted optimal input
and output impedances of the transistor throughout the target
band, where is optimized for ef ciency and is
optimized for power gain. Fig. 4(b) also shows contours that
yield 70% drain ef ciency from 2 to 3 GHz. It is seen that
the contour moves in the counterclockwise direction as fre-
quency is increased. The shaded area in Fig. 4(b) is the overlap
of the contours across the 2–3-GHz band, which is the desired
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Fig. 4. Load–pull and source–pull simulation results of Cree GaNCGH40010F
from 2 to 3 GHz. (a) Optimal load and source impedances. (b) Load impedance
contours for 70% drain ef ciency.

Fig. 5. Simulated load–pull contours of the second harmonic impedance: (a) at
GHz, (b) at GHz, and (c) at GHz showing the

overlapped region from 2 to 3 GHz.

impedance region for the resonator’s input port. As there is only
one tuning freedom in this design, a large overlapped range is
critical, which is described in Section III-B. The second har-
monic matching is also considered in this multiband design, as
it is very important for a high-ef ciency PA design [26], [27].
Fig. 5 shows the second-harmonic contours from 2 to 3 GHz.
The second harmonic impedance of the output resonator is de-
sired to be located in the high-ef ciency region indicated in
Fig. 5(a)–(c). Fig. 5(c) shows the overlapped high-ef ciency re-
gion throughout this band.

III. DESIGN OF TUNABLE EVA RESONATOR
AS THE OUTPUT MATCHING NETWORK

A. Quanti ed Impact of the Resonator’s
In order to investigate the effect of on bandwidth and PA

ef ciency for this design, harmonic-balance (HB) simulation
is performed with the simpli ed circuit model in Fig. 1(a) at
2.5 GHz, the center frequency of the target band. In this simula-
tion, the load impedance is set to obtained from the
load–pull simulation, shown in Fig. 4(a). The HB simulation is

Fig. 6. Quantitative impact of resonator quality factor on bandwidth and PA
ef ciency, evaluated at 2.5 GHz with CHG40010.

conducted with a variable under different bandwidths from
1% to 15%. In each set of the simulations, constant bandwidth
is maintained by selecting proper values of and , which are
always resonant at 2.5 GHz. It can be seen from Fig. 6 that
for the regular design with , a high PA ef ciency
of 75% can be achieved even using a low- resonator, e.g.,

, as is commonly the case with planar printed circuit
board (PCB)-based circuits [25]–[27]. However, as the band-
width decreases, the advantage of using a high- resonator be-
comes muchmore signi cant, which leads to a greatly enhanced
PA ef ciency. Speci cally, an effective doubling of the PA ef-
ciency is achieved of the 2% BW PA design by increasing
from 100 to 300, indicated by the circled points in Fig. 6. There-
fore, the high- cavity resonators are particularly critical for
implementing the narrowband high-ef ciency PAs. Fig. 6 also
underlines the most important tradeoffs between PA ef ciency,
bandwidth, and according to the speci c requirements of the
target system.

B. Output Matching Scheme Using the Strongly Coupled
EVA Resonator
The EVA cavity resonator is a distributed implementation of

the lumped-element resonator. Fig. 7(a)–(c) shows the geom-
etry of a typical substrate-integrated EVA cavity [13], [18]. The
electrical boundary of the cavity is de ned by via-holes, and
a post is placed at the center. The electromagnetic eld is fed
into the cavity using input and output coupling apertures. The
shape of the slots are aligned with the direction of the magnetic
eld inside the cavity resonator. The electric eld is predom-
inantly concentrated in the gap between the post and the top
membrane, which represents an effective capacitor; the mag-
netic eld is truncated between the sidewall and the post, acting
as a shorted coaxial line, which represents an effective inductor
[13]. The unloaded quality factor of this resonator is in-
herently high because the - and - eld are all distributed in
air.
The circuit model of the EVA cavity resonator is shown in

Fig. 8(a) [13], [18]. The value of can be approximated by the
equivalent capacitance formed by the post and top membrane,
including parallel and fringing- eld capacitances; the equiva-
lent inductance can be calculated following the model ex-
pressed in [13]; accounts for the losses in the cavity resonator.
The coupling structures are modeled as ideal transformers. The
actual model of the EVA resonator contains an internal TL as
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Fig. 7. Geometry of the EVA (HFSS model). (a) Top view. (b) Bottom view.
(c) Side view.

Fig. 8. Transistor output matching scheme using a strongly coupled tunable
evanescent-model cavity resonator. (a) Circuit schematic. (b) Impedance of the
intrinsic resonator and impedance of the actual resonator with

. (c) Input impedance of the entire output matching network .

the leading structure of the intrinsic resonator, which is also in-
dicated in Fig. 2(a). Another external TL is connected at the res-
onator input to further tune the input impedance of the resonator
to match the transistor output. The tunable resonator-matching-
network design scheme is illustrated in Fig. 8.
For the intrinsic resonator, the input admittance can

be expressed as

(1)

where and denote the input and output coupling coef-
cients, and stands for the system admittance . The
input impedance moves along the constant-
conductance circle on the Smith
chart when frequency varies. This is denoted by the red circular
trajectory (in online version) in Fig. 8(b). For the special case of

, this impedance is around at the resonant frequency
because the imaginary part is nulli ed and is a very large

value for a high- resonator. At a frequency slightly higher
than (this will be the design frequency for the PA, ),
has the similar real part as the optimal impedance .
The locus [red circle (in online version) in Fig. 8(b)]

does not change as the resonator is tuned to different resonant
frequencies. However, if a TL (or an inductor) is connected to
in series the resonator, the resonator impedance moves clock-
wise and can be brought to , as described in Fig. 8(c).
Here, denotes the input impedance of the entire output
matching network. As the resonant frequency changes, the

trajectories deviates from each other due to the effect of
the internal and external TLs, shown in Fig. 8(c). However, by
properly choosing the length of the external TL , the

trajectory can always be overlapped with the shaded
region when varies from 2 to 3 GHz. Fig. 8(c) plots
trajectories with different values of 2, 2.5, and 3 GHz,
respectively. Outside the 2–3-GHz band, there is no longer an
overlap between and the desired region because the

trajectory and load–pull contour (shown in Fig. 4) move
in opposing directions versus frequency. Thus, the limitation of
the tuning range is found to be around 1.5:1 using this approach
with this transistor. A 1.5:1 tuning range may be achieved
by incorporating an additional tuning freedom with a variable
electrical length of the external TL or by employing a negative
refractive index TL.
At the harmonic frequencies, the lter behavior of the res-

onator yields ideally a re ection coef cient of , leading
to a rejection of the harmonic powers. The detailed design pro-
cedure is described step by step in Section III-C.

C. Design Procedure

Following the matching approach expressed in Fig. 8, the pa-
rameters incorporated in the output resonator design are deter-
mined in the following sequence.
1) Initial Gap: The initial gap between the post and top
membrane is determined by the tuning ratio and actu-
ator displacement range . As the piezoelectric membrane
can be actuated bidirectionally, the dependence between
, , and is given by

(2)

where denotes the maximum unidirectional de ection
of the top membrane. The piezoelectric actuator (com-
mercially available form Piezosystems Inc., Woburn, MA)
used in this design is made by zirconate titanate, and it
has a 0.38-mm thickness and 12.7-mm diameter. It can ex-
perimentally provide a unidirectional de ection of around
13 m [16], depending on the attachment of the tuner.
The dependence of de ection and bias voltage is presented
in [13]. Equation (2) implies that a smaller initial gap
leads to a larger tuning ratio. However, a smaller gap also
worsens the power-handling capability due to the quasi-
electrostatic force induced by the RF signal, as expressed in
[28]. Thus, to achieve a 1.5:1 tuning ratio with the highest
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TABLE II
FINAL CAVITY PARAMETERS

Fig. 9. Full-wave simulated of the tunable resonator with various .

possible power handling, the largest possible value of
should be selected, which is approximately 30 m, as cal-
culated from (2).

2) Cavity Dimensions: The geometrical dimensions of the
cavity (Fig. 7), including cavity radius and post
radius , determine the resonant frequency and
unloaded quality factor. An EVA model with the typical
dimensions presented in [13] and [16] is utilized in this
design and simulated in Ansoft High Frequency Struc-
ture Simulator (HFSS) [29]. Speci cally, the cavity size
needs to match the size of the piezoelectric actuator for
packaging considerations, as mentioned in [16]. is
then optimized to cover the desired frequency range. The
nalized dimensional parameters of the cavity are listed in
Table II. Fig. 9 shows the simulated of the resonator
when is tuned from 17 to 46 m, indicating a frequency
tuning range from 1.98 to 3.12 GHz. The simulated
varies from 460 to 680 within this frequency range, which
ful lls the requirements presented in Section III-A.

3) Coupling Coef cients and TL Lengths: The input and
output coupling coef cients ( and ) mainly determine
the resonator bandwidth, and their initial values are iden-
tically set to to result in a 2.5 3-dB
bandwidth. The internal-TL length in Fig. 8 re-
lates to the cavity size, which is given by mm
as extracted from HFSS simulation. This length actually
exceeds the desired value for performing the transistor
matching using the scheme described in Fig. 8, requiring a
negative external-TL length for tuning. However,
the shortest is around 2 mm to place the bias line
and transistor leading pad. To compensate this effect,
the input coupling is enhanced (decreasing ), which
changes the trajectory from the case with identical
couplings, as illustrated in Fig. 10(a), leading to a more
capacitive at . Thus, a longer is required
to bring this impedance to the shaded region. The value
of remains constant to maintain the bandwidth of the
resonator, as indicated in Fig. 10(b). The optimized value

Fig. 10. Effect of changing the input coupling coef cient on: (a) input
impedance of the intrinsic resonator ( in Fig. 8) and (b) frequency
response of the resonator with a constant bandwidth of around 2.5%.

of is found from the circuit schematic simulation using
ADS, given by . Subsequently, the obtained
and are transferred into the physical model using HFSS.
As the coupling strength is predominantly determined by
the length of the slot aperture, the input aperture length is
larger than the output one for achieving a stronger cou-
pling. The nalized coupling structures and the relevant
dimensions are shown in Fig. 11(a). Fig. 11(b) shows the
simulated of the designed resonator with a variable
from 17 to 43 m, indicating a good matching quality

for the desired fundamental impedances throughout the
target band.

4) Bias Line and Harmonic Matching: The dc-bias line needs
to be added in order to supply the dc power to the tran-
sistor. As the feeding TL of the cavity is grounded at dc (by
via-holes), a dc-block capacitor is needed to separate the
transistor’s drain and ground, as shown in Fig. 11(a). In the
static design [7], the bias line is realized using a suspended
conducting wire. In this design, the bias line is designed
as a short-ended TL appended to the external TL in order
to further tune the second harmonic impedance because
the second-harmonic impedance, shown in Fig. 11(b), is
not optimized (does not fall into the green-shaded region
(in online version) at ). A high-impedance bias TL
76 is chosen here with its length eventually deter-
mined by simulation aiming to tune the second harmonic
impedance to the green overlapped region (in online ver-
sion), while maintaining the fundamental impedance in the
original gray-shaded region. The nalized bias-line length
is 4.5 mm, shown in Fig. 11(a). The input impedance of the
output resonator with the bias line is shown in Fig. 11(c),
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Fig. 11. Finalized design. (a) Entire output stage. (b) Simulated
without the bias line, (c) Simulated with the bias line.

indicating that the desired matching is achieved for both
the fundamental and second harmonic, leading to a quasi-
saturated PA mode over the target band [30].

IV. PA DESIGN AND FABRICATION

A. Input Matching Network Design
To match the input of the transistor across the 2–3-GHz band,

a two-stage broadband low-pass matching network is designed.
The synthesis and implementation of multistage low-pass
matching networks for PA design has been well studied in
detail in [27]. This design follows the same approach. The
inductors are replaced by short TLs, and the capacitors are
replaced by open-ended stubs (STs). Coplanar-waveguide
(CPW) lines are used to build the TL sections of the input
matching network. The circuit schematic is shown in Fig. 12.
Full-wave simulation is performed for the input matching
circuit using HFSS. Fig. 13(a) shows the simulated output
impedance provided by this matching network. Fig. 13(b)

Fig. 12. Circuit schematic of the two-stage low-pass input matching network
implemented using TL sections.

Fig. 13. Full-wave simulated results of the input matching network. (a) Output
impedance at Port2. (b) -parameters with Port1 and Port2 impedances of 50
and at GHz.

shows the -parameters with a 50- termination at Port1 and a
Port2 impedance of the conjugate of at GHz
(center frequency of the band).

B. Schematic Simulation of the Implemented PA Circuit
The entire circuit is created by connecting the GaN transistor

to the input matching network and output resonator, and the
schematic is shown in Fig. 14. The input bias network is com-
posed of a 22-nH inductor in series with a 250- resistor as the
ampli er stabilizer. Simulation using manufacturer’s models
shows that this network yields an impedance of at a
frequency higher than 2 GHz, which presents an effective open.
Another 22-nH inductor is connected at the end of the output
bias line to prevent RF power leakage. This circuit schematic
is simulated using the HB simulator in ADS together with the
cavity resonator model extracted from HFSS, and it is assumed
that the large-signal response of the cavity resonators is the
same as the small-signal response. Fig. 15 shows the simulated
output power and ef ciency versus frequency under a 26-dBm
input stimulus, when varies from 17 to 43 m. Another set
of simulations are carried out based on the circuit-schematic
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Fig. 14. Circuit schematic of the PA with a tunable EVA cavity resonator.

Fig. 15. Simulated output power and ef ciency versus frequency. (a)
m, pF. (b) m, pF. (c) m, pF.

model of cavity resonator (Fig. 8). Fig. 15 indicates a very good
agreement between the simulation results of those two models.

C. Fabrication
The tunable PA module is fabricated in a single 5-mm Rogers

TMM3 substrate. The front side and back side of the fabricated
circuit are shown in Fig. 16(a) and (b). The transistor is soldered
in a metallized slot cut into the substrate. The output tunable
resonator fabrication follows a similar process with those of the
standalone tunable lters in [13] and [16]. The EVA and the ca-
pacitive post are milled out inside the substrate. The electrical

Fig. 16. Fabricated tunable PA-resonator module. (a) Front side. (b) Back side.

boundary of the cavity resonator is de ned by copper-platted
through-substrate vias. The lower surface of piezoelectric actu-
ator is covered by a thin layer 2 m of sputtered gold. The
piezo actuator is attached to the substrate using silver epoxy.

V. EXPERIMENTAL RESULTS

To experimentally evaluate the designed PA-resonator
module, the fabricated device is measured under high-power
stimulus. In the measurement, the transistor gate is biased at
around the threshold of 3.3 V, and the drain is biased at 25 V.
The bias voltage on the piezoelectric actuator varies from 150
to 150 V to produce 13- m variation of the gap distance.
In the real application, such high voltages can be supplied by
integrated charge pumps [31], [32].

A. Continuous Wave (CW) Evaluation

To determine the actual frequency tuning range, the small-
signal response of the implemented PA-resonator circuit is rst
measured using an Agilent E8361C performance network ana-
lyzer (PNA). The measured small-signal gain is plotted
in Fig. 17, indicating a tuning range from 2.1 to 3.2 GHz and
12-dB small-signal gain at the center frequency over this

band.
Subsequently, a large-signal measurement is carried out

within the same frequency band using the setup illustrated
in Fig. 18. A commercial broadband PA (Mini-Circuits,
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Fig. 17. Measured small-signal frequency response.

Fig. 18. Large-signal testing setup.

16W-43 , 16-W , 41-dB gain, 1.8–4 GHz1)
is used to boost the input signal. The PA gain and attenu-
ator’s insertion loss are subtracted from the measured .
Fig. 19 shows the measured frequency responses under an
input stimulus of 25 dBm, which is fed into the input port of
the PA-resonator module. It is important to note that although
only a selection of data points are shown in Figs. 17 and 19, the
PA resonator is continuously tunable over the entire frequency
range. It can also be seen that there is no bifurcation distortion
in the measured large-signal response due to the quasi-elec-
trostatic force induced by the high RF signal [28], [33]. It
underlines that the piezoelectric tuner is capable of handling
around 37-dBm output power over the entire band. A higher
output power of up to 10 W may be achieved by reducing the
tuning range, i.e., using a larger initial gap. Fig. 20 shows a
summary of the small- and large-signal center-frequency gain
and 3-dB bandwidth over the entire frequency band. The differ-
ence in gain between small- and large-signal results are mainly
due to the gain-compression effect of the PA as the transistor is
saturated. It is also seen from Fig. 20 that the measured 3-dB
bandwidth is around 2%–3%, which ful lls the design target.
The input power is then swept from 7 to 28 dBm when the

circuit is operating at a center frequency of GHz,
and the measured frequency responses are shown in Fig. 21.
The measured and simulated center-frequency gain and output
power versus various input powers are plotted in Fig. 22, indi-
cating that the gain starts to compress when reaches 20 dBm.
A good agreement can be seen between measurement and simu-
lation. Fig. 22 also shows the simulated ef ciency performance
of the PA, indicating a maximum ef ciency of around 68%.
1Mini-Circuits Corporation, Brooklyn, NY. [Online]. Available: http://www.

minicircuits.com/

Fig. 19. Measured large-signal frequency response with 25-dBm input power.

Fig. 20. Measured bandwidth and gain.

Fig. 21. Measured frequency response of gain under various power level.

Fig. 22. Measured and simulated PA performance at GHz versus
input power.

The PA circuit is also measured using a high-power CW
testing setup to evaluate the overall ef ciency, as shown in



CHEN et al.: WIDELY TUNABLE HIGH-EFFICIENCY PA 3795

Fig. 23. High-power testing setup for CW evaluation on the tunable PA
resonator.

Fig. 24. Measured and simulated output power and ef ciency under the stim-
ulus of a frequency-swept 26-dBm CW signal.

Fig. 23. A CW signal is generated by an Agilent 4433B signal
generator, and it is ampli ed by the -16W-43 PA. The
ampli ed signal is applied to the input of the tunable PA
resonator through a 20-dB bidirectional coupler. The output
signal is fed into the power meter through another coupler. The
20-dB coupling ports of the couplers are connected to the

input and output ports of the PNA, enabling the detection of the
instantaneous frequency response of the circuit module.
Fig. 24 shows the output power and overall ef ciency when

a 26-dBm input power is swept around a center frequency of
GHz with a 0.4-GHz span. It is seen that the max-

imum output power is about 37 dBm and the maximum ef -
ciency is around 62%. The CW measurement is then performed
at various resonant frequencies over the entire band. Fig. 25
shows the measured and simulated ef ciency at and the cor-
responding output power under the stimulus of a 26-dBm input
power within the entire frequency tuning range. An overall ef-
ciency of around 50%–60%, power-added ef ciency (PAE) of
41%–52%, and of around 36.5 dBm are measured. Com-
pared to the simulation results, the degradation of measured ef-
ciency is mainly due to the use of silver epoxy as the bonding
material, which has a much smaller conductivity compared to
metals, e.g., gold and copper, leading to a reduction of [13].
A modi ed simulation is carried out again with a 30% reduc-
tion of , yielding a better agreement with the measurement,
as shown in Fig. 25. Thus, it is estimated that the actual of the
implemented resonator is around 70% of the simulated value.

B. Linearity Evaluation With Two-Tone Signal
The linearity performance of the tunable PA is evaluated

using a two-tone signal. The measurement is rst conducted

Fig. 25. Measured and simulated output power and ef ciency across the entire
band.

Fig. 26. Linearity measurement. (a) Output spectrum under the stimulus of a
25-dBm 20-MHz two-tone signal centered at 2.7 GHz. (b) Extraction of OIP3.

at 2.7 GHz. The separation of two tones is selected based on
the passband of the narrowband PA, which is considered as the
measured 1-dB bandwidth. Thus, a 20-MHz spacing is utilized
at 2.7 GHz. Fig. 26(a) shows the captured output spectrum
of the PA under a 25-dBm two-tone stimulus, indicating a
third-order intermodulation (IM3) of 16 dBc at the saturated
power level. The output third-order intercept point (OIP3) is
extracted by varying the input power of the two-tone signal, as
illustrated in Fig. 26, leading to a measured OIP3 of 49 dBm.
The same experiment is then conducted at three different
frequency points of 2.1, 2.4, and 3 GHz. The measured OIP3
is greater than 48 dBm over the entire tuning frequency range,
as shown in the inset of Fig. 26(b). The measured results
compare favorable to those of a reported linear PA design [34],
indicating a good linearity performance of this PA. It is also
important to note that the frequency separation of the two-tone



3796 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 60, NO. 12, DECEMBER 2012

signal is much higher than the mechanical resonant frequency
of the piezoelectric actuator, i.e., 5 kHz, as mentioned in
[33], causing a negligible contribution to the intermodulation
(IM) distortion induced by the vibration of the piezo membrane.
Thus, the generation of IM products is solely due to the PA’s
nonlinear behavior.

VI. CONCLUSION

This paper has demonstrated, for the rst time, a novel band-
recon gurable PA design that incorporates narrowband ltering
at the output while achieving a high operating ef ciency. These
features are of great importance for the PAs in all-digital burst-
mode transmitters. The key enabler of such a narrowband high-
ef ciency design is the utilization of high- EVA resonator
as the output matching network. Furthermore, continuous fre-
quency tunability is realized with an integrated piezoelectric ac-
tuator, and both the fundamental and second-harmonic match-
ings are performed to ensure high ef ciency. Experimental re-
sults show that the implemented PA simultaneously achieves
a very narrow bandwidth of 2% and a continuous tunability
from 2.1 to 3.1 GHz, while maintaining an ef cient PA perfor-
mance of 50%–60% ef ciency, 36-dBm output power, and
10-dB gain throughout this band. Moreover, the evaluation

using a two-tone signal reveals a good linearity performance of
this PA.
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