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and Dynamic Load Modulation
Kenle Chen, Student Member, IEEE, and Dimitrios Peroulis, Member, IEEE

Abstract—This paper presents a novel adaptive power amplier
(PA) architecture for performing dynamic-load-modulation. For
the rst time, a dynamically-load-modulated PA design that
achieves octave bandwidth, high power and high efciency si-
multaneously is experimentally demonstrated. This PA design is
based on a commercial GaN HEMT. The output matching scheme
incorporates a broadband static matching for high-efciency at
the maximum power level and a wideband dynamic matching
for efciency enhancement at power back-offs. The impedance
and frequency tunability is realized using silicon diode varactors
with a very high breakdown voltage of 90 V. Experimental results
show that a dynamic-load-modulation from maximum power to
10-dB back-off is achieved from 1 to 1.9 GHz, with a measured
performance of 10-W peak power, 10-dB gain, 64%–79%
peak-power efciency, and 30%–45% efciency at 10-dB power
back-off throughout this band.

Index Terms—Adaptive, broadband matching, diode varactor,
dynamic load modulation, GaN, high efciency, high power, power
amplier (PA), tunable matching network.

I. INTRODUCTION

P OWER ampliers (PAs) are the most energy-consuming
component in wireless transceivers. Modern wireless

communication systems require high PA efciency to achieve
reduced energy consumption and better device reliability.
Such PAs are usually designed and implemented based on
switch-mode (Classes D and E) and harmonic-tuned topolo-
gies (Classes J, F, and F ) [1], [2], which, however, operate
efciently only at high saturation levels. Nevertheless, modern
bandwidth-efcient communication signals usually have high
peak-to-average ratios (PARs), e.g., around 8-dB PAR for a
typical 3GPP long-term-evolution (LTE) signal [3]. Thus, in
these systems, PAs tend to work in signicant power back-offs,
leading to degradations of average efciencies.
Several techniques have been proposed and demonstrated

to improve the efciency at power back-offs, such as dynamic
power supply [6], [7], Doherty PAs [4], [5], and outphasing
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method [5]. However, extra ampliers are required in those
methods, leading to extra loss, size issues and increased circuit
complexity. Comparatively, dynamic load modulation (DLM)
has been proposed and demonstrated as an effective substitution
[9]–[13]. It utilizes tunable output matching networks (OMNs)
with passive tuning components that consume negligible dc
power and can be designed as a part of the OMN. Moreover, the
DLM technique has also been demonstrated at transmitter-level
[14], [15], where the varactor-based matching network is con-
trolled by the baseband signal, generated and predistorted by
the DSP module.
Furthermore, traditional high-efciency PAs require precise

harmonic terminations, resulting in bandwidth restrictions of
those PAs. However, in some future wireless systems, more
and more frequency bands and spectrum allocations will be
involved. Also, the effective bandwidth of the communication
signals, such as WCDMA, LTE and WiMax, can be as wide
as 20 MHz. Therefore, there is a pressing need to extend the
frequency performance of traditional high-efciency PAs. Re-
cently, several static design methodologies [16]–[19] have been
proposed to address this problem, achieving high efciencies
( 60%) across octave-level bandwidths. Nevertheless, such
high efciencies are only achieved at maximum power levels,
which drop signicantly at the power back-offs, e.g. around
20% at 10-dB back-off in [18] and [19].
It is also important to note that most of the current DLM-

PAs/transmitters are designed for single-band operation [11],
[12], [15], due to the complication of the varactor-based DLM
matching. A multiband design has been demonstrated using the
approach [10], but the peak efciency and power are fairly low
(50%, 28 dBm). In this research, we perform DLM over an oc-
tave bandwidth while maintaining the same level of peak ef-
ciency and power as those achieved in static designs [16], [18],
[19]. This adaptive PA design is based on a commercial GaN
HEMT and diode varactors with a high breakdown voltage are
used as the tuning element. The tunable output matching net-
work is designed using a combination of a tunable series res-
onator and a xed multistage low-pass lter-transformer. This
tunable matching network provides not only the optimal funda-
mental impedance according to various power levels and fre-
quencies, but also very favorable harmonic impedances. More-
over, only one tuning element is used in this DLM-PA topology,
yielding simpler controlling scheme and lower insertion loss,
compared to those which use multiple varactors/switches [10],
[11], [13]. Using the proposed topology, the DLM-PA in this
paper presents the optimized performance over a bandwidth of
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Fig. 1. Schematics of DLM-PA. (a) Separate design [12]. (b) Codesign [10],
[15].

1–1.9 GHz (62%) with a peak power of around 10W, efciency
of 64%–79% at the peak power level, and 30%–45% efciency
at 10-dB power back-off.

II. BROADBAND DYNAMICALLY-LOAD-MODULATED PA

A. Extending the Bandwidth of DLM-PA
Fig. 1(a) schematically illustrates a typical DLM trans-

mitter [12], [14], which consists of a static PA and a tunable
matching network (TMN). The PA and TMN are designed and
implemented independently. This method enables measure-
ment-based characterizations of the PA and tunable matching
network, leading to a better design accuracy. However, this
independently designed DLM-PA contains more elements than
a stand-alone PA, resulting in additional insertion loss and
mismatch, as well as an efciency-decrease (from 70% in [2] to
57% in [12]). Also, as mentioned in [15] the bandwidth is lim-
ited to 5 MHz, due to the interconnecting 50- transmission
line between the PA and TMN. Thus, this independent design
methodology is not optimal for implementing a broadband
DLM-PA.
Alternatively, as shown in Fig. 1(b), the design of PA output

matching network and TMN is integrated, achieving a reduced
circuit complexity and potential for broadband application.
A multiband design is presented in [10] using this codesign
method, which is based on a classical ladder-based tunable
matching network topology. It is noted that this design gives
priority to the fundamental-impedance matching rather than the
harmonics, leading to a relatively low peak-power efciency
(40%–50%). In [15], another codesign method is proposed,
in which harmonic matching is performed in parallel with
fundamental matching, leading to a high efciency at ,
which is comparable to those of the static PAs. However, this
approach dose not address the multiband design.
To extend the bandwidth of the DLM-PA to an octave-level, a

novel dynamically load modulated PA topology is proposed in

Fig. 2. DLM-PA schematic for achieving a continous broad bandwidth.

Fig. 3. Efciency-optimized load impedance at various output power from 10
to 1 W within -band, extracted from the loadpull simulation using ADS.

this investigation as shown in Fig. 2. Two steps are involved
in this DLM matching scheme. First, a xed lter-matching
network is designed to transform the 50- load to the optimal
impedance at maximum power level within
the passband of the lter, while providing a stopband reec-
tion coefcient of , as required for high ef-
ciencies. Second, a varactor-based tunable circuit is connected
between the lter and transistor, to provide the optimal fun-
damental impedance for the transistor with respect to various
power levels and frequencies. While the tunable matching cir-
cuit also affects the harmonic impedances, it does not change
the magnitude of , due to its zero-resistance (ideally).
Thus, harmonics are still rejected. In turn, a continuous broad
bandwidth can be achieved using this DLM-PA topology, while
a high efciency can be maintained.

B. Transistor Characterization for Dynamic-Load-Modulation
To demonstrate the proposed design methodology, a Cree

GaN HEMT (CGH40025, 25 W, dc-6 GHz) is selected as the
RF power device. As mentioned in [10] and [15], the co-design
method relies heavily on the accuracy of the transistor model.
In [19], the manufacturer’s model is demonstrated to be very
trustable for the broadband high-efciency PA design, and it is
thus utilized for this broadband DLM-PA design.
The transistor is characterized using load-pull simulation

setup in Agilent’s Advanced Design System (ADS) [20].
The initial target bandwidth is the entire -band from 1 to
2 GHz. Fig. 3 shows the simulated dynamic load locus at 1,
1.5, and 2 GHz, respectively. The desired output impedance
varies with both power and frequency. When the power level
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Fig. 4. Simulated load-pull contours of the second harmonic impedance. (a) At
GHz. (b) At GHz [19].

drops (from 10 to 1 W), the desired impedance becomes more
inductive. Specically, it approximately moves along the 10-
constant-resistance circle on the Smith chart, as indicated by
the arrows in Fig. 3. Having such a trajectory with a nearly con-
stant real part is a key enable for the proposed design. Another
GaN transistor used in [15] shows similar DLM impedance
trajectory. It is also observed from Fig. 3 that the DLM locus
at 2 GHz deviates slightly from the constant-resistance circle,
because the parasitic effects of the transistor becomes more
signicant at higher frequencies.
Harmonic-impedance matching is also critical for high-ef-

ciency PAs. Only the second harmonic is considered in this re-
search as it plays the most important role in affecting the PA
efciency. Fig. 4 shows the simulated load-pull contours of the
second harmonic at 1 and 2 GHz, indicating the tolerable region
of the second harmonic impedance in which the high efciency
can be achieved.
On the PA designer’s side, there are three challenging require-

ments for the tunable output matching network:
1) to over the dynamic load modulation locus within a broad
bandwidth;

2) to be capable of handling the PA output power (10 W at
maximum);

3) to provide appropriate harmonic impedance avoiding the
low-efciency region.

In the following section, the design of the tunable output
matching network will be presented in detail, including
topology selection, varactor selection, bandwidth–power
tradeoff, and characterizations.

III. TUNABLE OUTPUT MATCHING NETWORK DESIGN

A. Broadband DLM Matching Scheme for the GaN Transistor
As shown in Fig. 3, the desired DLM trajectory within 1–2

GHz is nearly located on the 10- constant-resistance circle.
To match this particular locus within the target bandwidth, the
matching scheme in Fig. 2 is modied slightly. The output
matching network is constructed with a tunable series “res-
onator” and a xed low-pass matching network, as shown in
Fig. 5. Instead of matching 50- load to , the
xed matching network is designed to transform 50 load
to 10 within the desired bandwidth. Then, a xed inductor
and a tunable capacitor are connected in series with the xed

Fig. 5. Output matching network topology for performing broadband DLM on
the Cree GaN transistor.

Fig. 6. Fixed output matching network design. (a) Ideal low-pass topology.
(b) Implemented circuit using all-distributed elements on Rogers Duroid
5880LZ substrate.

matching network to provide a variable imaginary part. Thus,
the input impedance of this entire matching network is given by

(1)

within the desired bandwidth. By changing the value of ,
the frequency-induced impedance variation is compensated and

can be brought to any point of the blue region in Fig. 5,
which covers the desired DLM trajectory. In turn, only one
tuning element is required for this topology. This matching net-
work topology is actually equivalent to that shown in Fig. 3,
because a part of the xed inductor can be absorbed in the xed
matching network to provide the inductive .

B. Fixed Matching Network
The xed matching network is aimed to transform 50
to 10 within the bandwidth of interest (a 67%-band-

width 5:1 impedance transformer). Recently, a high-order
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Fig. 7. Input impedance of the implemented xed matching network extracted
from (a) schematic simulation and (b) full-wave simulation.

Fig. 8. Broadband DLMmatching scheme using diode-varactor-based tunable
matching network. (a) At 1 GHz. (b) At 1.5 GHz. (c) At 2 GHz.

low-pass lter has been successfully applied in designing oc-
tave-bandwidth high-efciency PAs [19]. This low-pass-lter
matching topology is also utilized in this design. A 3-stage
low-pass matching network is designed to achieve the 5:1
impedance transformer across the 1–2 GHz bandwidth, as
shown in Fig. 6(a). Using the similar synthesis and imple-
mentation method as presented in [19], the xed low-pass
matching network is implemented using transmission lines,

shown in Fig. 6(b). The inductors and capacitors are replaced
by high-impedance (high- ) transmission line sections and
low-impedance open-circuit stubs, respectively. The parame-
ters of the implemented low-pass matching network are also
shown in Fig. 6(b).
Fig. 7(a) and (b) plots the simulated fundamental and second-

harmonic impedances of the implemented low-pass matching
network within the target frequency band. A good agreement
between schematic and full-wave simulations is observed. The
input impedance enclosed in the black circle (within 1–2 GHz)
has a real part of approximately 10 .

C. Tunable Series Resonator
The tunable capacitor is the most critical component in the

output matching network. To date, various varactor techniques
have been utilized to implement the tunable PA, such as diodes
[10]–[12], MEMS varactors/switches [13], and LDMOS [15].
Considering the tuning range and commercial availability, diode
varactors are chosen in this design. For a diode varactor, quality
factor, power handling, tuning range, and linearity are the most
important parameters taken into account for microwave appli-
cations. The GaAs varactor diodes, used in [11], has a high
quality factor of up to 3000 at 50 MHz, but its low break down
voltage, typically 20 V, hinders its application to high power cir-
cuits. The hyperabrupt-doping silicon diodes yield a very high
tuning range, but they also lead to a low quality factor [23],
[24] and poor linearity [25]. Considering these four parame-
ters, the abrupt-junction silicon diode varactors fromMicromet-
rics (MTV4090 series) are utilized for implementing this tun-
able PA. They have a high break down voltage of 90 V, high
tuning range of , and fairly high quality factors
of 750–1000 at 50 MHz [23]. A similar Micrometrics varactor
(MTV4060-12-20) has been successfully applied in high power
designs [12], [14]. The voltage-dependent junction capacitance

of this uniformly doped diode is theoretically expressed as

(2)

where denotes the initial capacitance value, , and
. Thus, the imaginary part of (1) becomes

(3)

where does not have to be in (2) as a combination
of varactors (series or/and parallel) can be used in the actual
circuit, which allows a better design exibility.
Fig. 8 depicts how the DLM locus is matched using the tun-

able OMN within 1–2 GHz, where stands for the
optimized input impedance of the tunable OMN for different
frequencies and power levels. As the xed matching network
has already transformed the 50- load to the region enclosed in
the red circle, the impedance moves clockwise due to the series
inductor and is brought back by the varactor. As the frequency
increases, the xed inductor makes the impedance travel farther
and a smaller capacitance is needed to compensate it. There-
fore, at different frequencies, different fragments of the diode
tuning range are used to cover the DLM locus, as shown in
Fig. 8(a)–(c). The blue lines represent the covered DLM locus
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Fig. 9. Turn-on and breakdown limits of diode varactors in presence of RF
swings [12].

corresponding to the capacitance value of the varactor. It is also
observed that denotes of 1 W output
power at 1 GHz, denotes of 10 W
output power at 2 GHz. Therefore, as depicted in Fig. 8(a)–(c),
the dynamic load modulation locus can be covered at every fre-
quency point within the 1–2 GHz band, and the nearly entire
tuning range of the varactor is applied.
To optimize this tunable resonator, rstly, the values of
and can be estimated analytically by

(4)

where 16 and 6 denote the imaginary parts of
at 1 W, 1 GHz [Fig. 8(a)] and at 10 W, 2 GHz

[Fig. 8(c)], respectively. According to (4), and
need to be determined in order to nd the proper values of
and . Due to the RF swing across the varactor, which
should be carefully considered in the high power design, the en-
tire tuning range is usually not achievable. The nal design will
be further optimized using ADS simulation together with a com-
promise between bandwidth and power-handling capability.

D. Power Handling Issues and Enhancement

For the adaptive high power amplier application, the RF
voltage swing on a tuning element is usually very large,
e.g., 26.6 V when an output power of 7 W is delivered [12].
To avoid turn-on and breakdown of the diode, as illustrated in
Fig. 9, the dc-bias voltage and the RF voltage swing should sat-
isfy the following relation:

(5)

Therefore, as illustrated in Fig. 9, should be sufciently far
away from the turn-on point (0 V) and the breakdown point
(90 V), which actually reduces the tuning range of the varactor

. To enhance the power handling of the varactor
diodes and to increase the tuning range, a diodes-stack with

elements in parallel and series can be utilized [25].

Fig. 10. Prediction of the voltage swing on the tuning element.

Therefore, the RF swing of each varactor diode is divided by a
factor of . Practically, this method introduces extra parasitics
that should be considered carefully for GHz-level applications.
In this design, is considered, serving as the anti-series
(or back-to-back) diodes pair [26]. On the other hand, to further
reduce the series resistance, ve pairs of anti-series diodes are
stacked in parallel as a single tuning element. This
anti-series topology also enhances the linearity of the varactor,
which has been demonstrated in [25] and [26].
The RF voltage swing is also dependent on the matching

network topology and the location of the tuning element. In
[12], the varactors are connected in parallel with the load, so
the voltage swing across the varactor is the same as the load
voltage amplitude. In our design, the varactor is connected in
series with the transistor drain (Fig. 10). Therefore, the voltage
swing across it is dependent on the output RF current of the
drain, which can be approximately calculated by

(6)

where is around 10 and maximum is 10 W. In turn,
the voltage swing across the varactor can be estimated by

(7)

The above (7) underlines that a larger capacitance value
results in a smaller voltage swing. However, (3) also implies that
a smaller is needed to achieve a larger impedance tuning
range. Therefore, a compromise between the tuning range and
the voltage swing is necessarily made here to select the value of

.
Herein, a simplied ADS model of the output matching net-

work is utilized to investigate the proper value of , which
is shown in Fig. 11(a). A 5 2 varactor stack is used here,
leading to . In this topology, the voltage swing
across each diode is an half of the total voltage swing across the
diode-stack.
For any given value , a harmonic-balance (HB) ADS

simulation provides the expected maximum voltage swing at
1 GHz [red line in online version in Fig. 11(b)]. Based on Fig. 8
under the restriction outlined in (5), the maximum frequency

that a perfect match can be achieved will depend on this
voltage swing. This maximum frequency can be calculated by
HB simulation by varying the bias voltage in Fig. 11(a).
The maximum frequency versus is plotted in Fig. 11(b).
It can be seen that, as the value of increases, the voltage
swing drops signicantly from 70 V to around 10 V, while
increases sharply and reaches a local maximum when
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Fig. 11. Determining the optimal value of . (a) Simplied ADS model.
(b) Voltage swing and tuning range versus .

Fig. 12. Circuit topology of the output matching network.

pF. For pF, the tuning range decreases gradu-
ally, because a larger initial capacitance value leads to a smaller
reactance variation range as indicated in (3). Therefore, the op-
timal value of is around 40 pF for achieving a maximum
frequency tuning range.
However, according to [23], a larger capacitance value

leads to a lower quality factor. As a result, the Micrometrics
diode varactor with pF and at 50 MHz
(MTV4090-12-1) is selected, leading to pF for
the 5 2 diodes stack. To achieve a wider frequency tuning
range, a compromise needs to be made with lower output power
and/or smaller dynamic range, e.g., 5–1 W.
The output matching network is eventually optimized to-

gether with the transistor using ADS, in order to perfect the
PA performance in frequency and efciency. The nalized
design is schematically shown in Fig. 12. The diode model
used in this design is shown in the dotted rectangle of Fig. 12,
same as that presented in [12]. The parasitics involve a series
inductance of 1.5 nH, a series resistance of 1.2 , and
a parallel capacitance of 0.2 pF. The inductive parasitic
(due to both the package and connection) and detuning effect

Fig. 13. Measured and simulated input impedances and simulated second-har-
monic impedance of the output matching network. (a) At 1 GHz. (b) At 1.5 GHz.
(c) At 1.9 GHz.

of the diode-stack layout can result in a fairly signicant
mismatch, as mentioned in [12]. It is important to note that
these two effects can be compensated by the series inductor
in this particular topology, leading to no adverse impact on

the matching accuracy. This series inductor is implemented
using a 96- transmission line with an electrical length of 5.8
at 1.5 GHz (2.3 mm), which is approximately equivalent to a
2.1-nH inductor. Another 2.1-mm 42- transmission line is
placed on the left-hand side of the varactor to t the leading
pad of the packaged GaN transistor.

E. Evaluation of the Entire Tunable Output Matching Network

The varactor-based tunable OMN is implemented and char-
acterized in advance of the PA. Fig. 13 shows the measured and
simulated small-signal DLM impedance locus of the tunable
OMN at 1, 1.5, and 1.9 GHz, respectively. The simulation and
measurement agree well with each other. They show a good cov-
erage of the optimal DLM locus (Fig. 3). Fig. 13 also plots the
simulated second-harmonic impedance corresponding the fun-
damental one with the same , indicating that of this



Copyright © 2012 IEEE. Reprinted from IEEE Transactions on Microwave Theory and Techniques, VOL. 60, NO. 6, JUNE 2012.

This material is posted here with permission of the IEEE. Such permission of the IEEE does not in any way imply IEEE endorsement of any of 
Cree’s products or services.  Internal or personal use of this material is permitted.  However, permission to reprint/republish this material for advertis-
ing or promotional purposes or for creating new collective works for resale or redistribution must be obtained from the IEEE by writing to pubs-
permissions@ieee.org  By choosing to view this document, you agree to all provisions of the copyright laws protecting it.

CHEN AND PEROULIS: DESIGN OF ADAPTIVE HIGHLY EFFICIENT GaN PA FOR OCTAVE-BANDWIDTH APPLICATION AND DLM 1835

TABLE I
SUMMARY OF LARGE-SIGNAL SIMULATION RESULTS

Fig. 14. Simulated voltage waveforms on the varactors for 1-W output power
at 1 GHz.

Fig. 15. Simulated voltage waveforms on the stack of varactors for 10-W
output power at 1, 1.5, and 1.9 GHz.

Fig. 16. Schematic of the input matching network [19].

output matching network locates in the high-efciency region
compared to Fig. 4.
Furthermore, the large-signal characterization of the tunable

OMN is performed using the HB simulator in ADS. Table I lists
the simulation results at different power levels and different fre-
quencies, indicating a low insertion loss of 0.4 dB and 10-W
power handling capability. Fig. 14 shows the simulated voltage
waveforms of the matching network for V
and . and are the voltage swings across two
varactors in series in Fig. 12. It is observed from Fig. 14 that the

Fig. 17. Fabricated circuit of the adaptive power amplier.

Fig. 18. Measured PA performance at 1.3 GHz versus output power for various
varactor bias voltages. (a) PAE. (b) Efciency. (c) Gain.

varactor voltages do not cross 0 V, thus avoiding the turn-on
effect. It is also noted that although the voltage waveforms on
each of the varactors are distorted, the total voltage of anti-se-
ries varactors is almost a perfect sinusoidal wave. Fig. 15 shows
the simulated at 1, 1.5, and 2 GHz when 10-W power is de-
livered. As the total voltage swing is equally shared by these
two series varactors, i.e., , the turn-on or
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Fig. 19. Optimal bias voltage of varactor diode at the maximum power level
and 10-dB back-off within 0.9–2 GHz.

Fig. 20. Measured maximum output power and harmonics level.

breakdown limits expressed in (5) are not exceeded, according
to the bias voltages listed in Table I.

IV. PA DESIGN AND IMPLEMENTATION
The broadband input matching network in this design is the

same as that in [19], which has been optimized for -band input
matching of the CGH40025 transistor. The schematic of the
input matching network is shown in Fig. 16. The entire PA cir-
cuit is fabricated on a Rogers Duroid 5880LZ substrate with
a thickness of 20 mil, as shown in Fig. 17. The circuit board
is mounted on an aluminum plate which serves as a heat sink
and common ground. The gate bias network is realized using a
27–nH Coilcraft air-coil inductor in series with a 250- resistor.
The same inductor is also used for the drain biasing network. A
Coilcraft conical inductor of 0.57 H, which is ultra broadband
and high- , is utilized to bias the varactors. It is important to
note that the actual bias voltage on the varactor is the electrical
potential difference between the varactor voltage and the drain
voltage, as shown in the insert of Fig. 17, which is given by

(8)

The dc blocks are not included in this circuit board, and two
external dc blocks are connected at the input and output in the
PA testing.

V. EXPERIMENTAL RESULTS OF THE BROADBAND
LOAD-MODULATED PA

In previous sections, the optimum bias voltage of the varactor
has been found from the independent characterizations of the

Fig. 21. Measured and simulated efciency at the maximum power level.

Fig. 22. Measured PAE and gain at the maximum power level.

Fig. 23. Measured and simulated drain efciency at 10-dB power back-off.

Fig. 24. PA gain at 10-dB back-off under static operation and DLM operation.

transistor and the tunable OMN, as shown in Fig. 3 and Fig. 13,
respectively. Combining them together as the adaptive PA, the
actual optimum-bias-voltage is obtained eventually in the PA
testing, by perfecting the PA efciency with respect to different
frequencies and different power levels. Two cases are compared
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Fig. 25. Measured PA gain and efciency under the DLM operation and static operation. (a) 1 GHz. (b) 1.1 GHz. (c) 1.2 GHz. (d) 1.3 GHz. (e) 1.4 GHz. (f) 1.5 GHz.
(g) 1.6 GHz. (h) 1.7 GHz. (i) 1.8 GHz.

here: 1) the classical high-efciency PA with the TMN stati-
cally tuned for only the maximum power level at each frequency
point; 2) the dynamic PAwith OMN dynamically modulated for
different power level.
The transistor gate is biased at the pinch-off point of 3.3

V. The DLM-PA is excited with a continuous-wave input
signal, which is generated by an Agilent signal generator and
boosted by a driver PA. The output power is measured by a
spectrum analyzer, and the losses in the connecting cables
has been calibrated beforehand. A power-sweep experiment
is rst performed with the realized PA at 1.3 GHz for various
varactor bias voltages to validate its operation. Fig. 18 shows
the measured PAE, efciency and gain versus for ve
different values, indicating that a signicant enhancement
at power back-offs can be achieved by decreasing . It is also
seen from Fig. 18(c) that a atter gain versus , compared
to the static case, is achieved under the efciency-optimized
controlling scheme, implying a good potential for performing
linearization on this PA using digital-predistortion-based tech-
niques, such as [14] and [15].
The same experiment is conducted over the entire band from

0.9 to 2 GHz with steps of 0.1 GHz. Fig. 19 shows the optimized
at maximum power level and 10-dB back-off, as well as the

drain bias voltage, versus frequency. Fig. 20 plots the measured
maximum power and corresponding harmonics level at each fre-
quency point. This is the highest power level demonstrated for
the adaptive PA design compared to the state-of-the-art results
[10], [12], [15]. It is also seen from Fig. 20 that the second and

third harmonics are very low (less than 30 dBc for most of
the frequency points), due to the combined lter behavior of the
low-pass matching network and the resonator tank. More-
over, the high-linearity antiseries topology of varactors leads to
an insignicant contribution to the harmonic generation [12].
Fig. 21 plots the measured efciency at the maximum power
level within the entire band, which agrees with the predicted
efciency from ADS simulation. The measured efciency of
64%–79% is achieved from 1 to 1.9 GHz. Fig. 22 shows the
measured PAE and gain at the maximum power level, which
shows that 55%–72% PAE and 10-dB gain are achieved from
1 to 1.9 GHz. The drop of PA performance above 1.9 GHz
is primarily due to the connection parasitics and the disper-
sive effect of the varactor-stack. The maximum-power perfor-
mance of this tunable PA compares favorably to the state-of-
the-art static broadband PAs [16]–[18]. Compared to the static
low-pass-lter-based PA in [19], the efciency-degradation of
this adaptive PA is mainly owing to the lossy diode varactors.
The PA performance can be further improved, if using varac-
tors with higher quality factors, e.g. MEMS, ferroelectric or
LDMOS transistor [15].
The measured and simulated PA efciencies at 10-dB power

back-off are shown in Fig. 23, indicating a good agreement be-
tween measurement and simulation. The comparison is made
between the static operation (xed for ) and DLM op-
eration (efciency-optimized ). From 1 to 1.7 GHz, the ef-
ciency improvement at 10-dB back-off is typically greater than
15%, resulting in an effective doubling of the efciency when
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compared to the PA with a static load. The efciency improve-
ment degrades when operating above 1.8 GHz, because the op-
timal DLM locus deviates from the constant-resistance circle
[see Fig. 3(c)] due to the transistor’s package parasitics. For
higher frequency applications, i.e., 2 GHz, the same design
methodology can be conducted on an unpackaged transistor, e.g.
the one used in a 2.65 GHz load-modulated PA in [15]. More-
over, the DLM operation results in a minimal effect on the PA
gain at the 10-dB back-off, which can be observed from Fig. 24.
Fig. 25 plots the measured efciency and gain of this load-

modulated PA under the efciency-optimized and static opera-
tions from 1 to 1.8 GHz. It is indicated that an optimized DLM
operation can be conducted over a broad power range ( 10 dB)
within the entire -band. The reduction of dc power consump-
tion using this DLM optimization can be calculated by

(9)

For example, the increase of efciency from 25% to 40% at
1-W power level, shown in Fig. 25 (operating at 1.3 GHz),
indicates a 1.8-W reduction of the dc power consumption.
For amplication of an actual communication signal, is
dynamically tuned by the base-band processor according to the
instantaneous envelop of the signal. Using the dynamic-con-
trolling and linearization techniques for single-band DLM-PAs
[14], [15], which has the same load-adaption range, a multiband
DLM transmitter can be created with this PA.

VI. CONCLUSION

A novel methodology for designing and implementing adap-
tive power amplier with continuous tunability for broadband
dynamic-load-modulation has been proposed in this paper. The
tunable output matching network is composed of a combination
of a tunable series resonator in cascade with a sixth-order
low-pass lter. Commercial available diode varactors with high
breakdown voltage and high tuning range are used to realize
the tunability. The implemented PA achieves a substantial
operating frequency band from 1–1.9 GHz, in which an optimal
dynamic-loadline-modulation is performed. A PA performance
of 10-W peak power, 10-dB gain, 64%–79% peak-power
efciency, and 30%–45% 10-dB back-off efciency has been
measured throughout this band. This is the rst experimental
demonstration of a high-power, high-efciency, broadband and
dynamically-load-modulated PA suitable for next-generation
wireless communication systems.
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