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Abstract—A rectangularly driven class-A harmonic-control
amplifier (rHCA) is studied, which combines the advantage of
high device drain efficiency (�D) of a switched-type amplifier
with the advantage of high gain (G) of class-A operation, thus
maximizing its power-added efficiency (PAE). In this rHCA, har-
monics are controlled such that drain-to-source voltage becomes
half-sinusoidal. This reduces the necessary supply voltage without
degrading output power. In comparison with a class-F amplifier
using the same transistor, the realization of such an rHCA has
demonstrated 0.4-dB larger output power, 3.8-dB increased gain,
4% higher PAE, and 22% lower drain supply voltage at 1.62 GHz.

Index Terms—Harmonic control, high efficiency, high gain, low
voltage, linearity, power amplifier.

I. INTRODUCTION

ONE OF THE most critical aspects of mobile-
communication equipment is dc power consumption.

As the output power stage requires a major part of the total
dc power, the key to solve this problem is high power-added
efficiency (PAE) of this amplifier stage. Additionally, the
reduction of supply voltage reduces mass and size of such
handheld terminals. Modern communication systems employ
modulation schemes that exhibit nonunity peak-to-average
power ratio. As linearity of the power amplifier usually
dominates the overall linearity of a transmitter, the power
stage also has to provide low intermodulation distortion.

Today, class-F amplification is state-of-the-art in achiev-
ing high efficiency. This switched-type amplifier is driven
at a class-B near input level, and with a special control
of harmonics at its output, drain-to-source voltage becomes
rectangular and drain current half-sinusoidal [see Fig. 1(a)].
Several researchers have concluded that even higher efficiency
can be observed using a quasi-rectangular input signal to drive
such a class-F amplifier [1]–[6]. All these amplifiers are distin-
guished by low intermodulation distortion, even at saturation
where they offer high efficiency (see [7]–[11] and [4]–[6],
respectively). In [9], it is reported on a conventional class-F
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Fig. 1. Input and output characteristics of an idealized FET, gate and drain
voltage and current waveforms, and dynamic load line (a) for class-F operation
(b) of an rHCA.

amplifier that offers 23 dBc third-order intermodulation
distortion distance at a drive level where its single-carrier PAE
is 61%. The rectangularly driven class-F amplifier described
in [5] delivers 25 dBc and 65%, respectively.

The main disadvantage of such amplifiers is the gain loss
due to an input bias near pinchoff [see Fig. 1(a)]. This lowers
PAE, as

(1)

Recently, we reported on an innovative amplifier concept
where we used a half-sinusoidal signal to drive a class-F
power-amplifier stage [12]. Due to class-A bias, gain could
be increased by about 3 dB, as compared with a conventional
class-F amplifier and, consequently, PAE was 3% higher.
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In this paper, we present an additional class-A harmonic-
control amplifier, which is driven by a quasi-rectangular
input signal. It appeared that for the achievement of high
efficiency, it is important to control harmonics at the output
even inverse to class-F. Such an amplifier delivers the high
device drain efficiency of a switched amplifier at class-A
gain and, consequently, PAE is increased. We will show that
this amplifier operates at reduced drain supply voltage and
reduced negative gate-to-source voltage peaks. Furthermore,
intermodulation distortion at saturation is also low.

II. A MPLIFIER CONCEPT

Fig. 1(b) illustrates gate and drain voltage and current wave-
forms and the dynamic load line of such a rectangularly driven
class-A harmonic-control amplifier (rHCA). For the following
discussion, we assume an FET with idealized characteris-
tics. To prevent harmonics from reaching the fundamental-
frequency load resistance, a harmonic load, which presents
a short circuit at odd harmonics (except the first) and an
open circuit at even harmonics, is used. Consequently, drain
current becomes rectangular and drain-to-source voltage half-
sinusoidal. Using the fundamental-frequency Fourier series
components of drain current and voltage, output power can
be determined to be

(2)

which is as high as for class-F and about 1 dB larger than
for classical class-A. The knee voltage separates device
ohmic from saturation region. With the dc input power

(3)

drain efficiency can be calculated being

(4)

expresses the influence of on efficiency and, for zero
knee voltage, drain efficiency reaches 100%. Comparing input
and output power of the rHCA with those of a classical
class-A amplifier with sinusoidal input voltage, the gain can
be expressed as

(5)

This is only about 1 dB less than classical class-A gain and
about 3.9 dB larger than class-F gain where half of the input
signal is lost [see Fig. 1(a)]:

(6)

TABLE I
COMPARISON OFCALCULATED IMPORTANT AMPLIFIER PARAMETERS OF ACLASS-F
AMPLIFIER AND AN rHCA USING AN IDEAL FET WITH ZERO KNEE VOLTAGE.

OUTPUT POWERPOUT, DRAIN EFFICIENCY �D , GAIN G, MAXIMUM

DRAIN-TO-SOURCE VOLTAGE VDS;max, AND DRAIN-TO-SOURCE

SUPPLY VOLTAGE VDS0 ARE THE ABBREVIATIONS IN USE

As already mentioned, an increased gain increases PAE, espe-
cially for power devices where the available gain is relatively
low.

Due to the half-sinusoidal drain-to-source voltage wave-
form, drain dc supply voltage is reduced to

(7)

For zero knee voltage and equal maximum drain-to-source
voltage , drain supply voltage of the rHCA is only
64% of the class-F value. This concept-dependent advantage
becomes important in combination with a handheld terminal,
as it leads to a reduction of mass and size of its battery.

Finally, as in class-F operation the device is biased at its
input at pinchoff , gate-to-source voltage reaches values of
twice the pinchoff voltage [see Fig. 1(a)]. This highly negative
voltage stresses the gate due to reverse currents and gate
breakdown, which may reduce amplifier reliability [13], [14].
The rHCA does not have gate-to-source voltage belowto
deliver the same output power. In other words, as the upper
limit of drain-to-source voltage , where gate to drain
breakdown occurs, is about higher for the rHCA

(8)

dc supply voltage can be increased, which results in higher
output power.

The calculated performance of the most interesting amplifier
parameters of class-F and the rHCA concept is summarized
in Table I under the assumption of zero knee voltage. Output
power and gain are given relatively to classical class-A values.

To generate the desired rectangular input signal, a pulse-
forming driver stage has to be foreseen. This driver amplifier
operates at an overdriven class-B mode, and gain loss and
gate stress now appear in this stage. Fortunately, the driver
stage operates already at much lower RF-power level than the
power stage, permitting proper load-impedance selection for
drain saturation and, therefore, avoiding any gate stress. Due
to the high gain of the power stage, the reduction of overall
efficiency of the two-stage amplifier due to the gain loss in
the driver stage is kept within reasonable limits.
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Fig. 2. Simulated input and output characteristics, gate and drain voltage and
current waveforms, and dynamic load line of the FET TC6519 (Thomson) at
rHCA operation.

TABLE II
COMPARISON OFMEASURED AMPLIFIER PARAMETERS AND PERFORMANCE OF

rHCA, INVERSE CLASS-F AMPLIFIER, AND CLASS-F AMPLIFIER WITH

TC6519OF THOMSON AT 1.6175 GHz.arg(�(2f0)) AND

arg(�L(3f0)) ARE THE ARGUMENTS OF SECOND AND

THIRD HARMONIC-LOAD REFLECTION COEFFICIENTS

OF THE OUTPUT MATCHING NETWORKS AND

ID0 IS THE MEDIUM DRAIN CURRENT

III. A MPLIFIER DESIGN

To efficiently design such switched-type microwave ampli-
fiers, we generated reliable transistor models, which precisely
describe the FETs’ pinchoff behavior and transition from
ohmic to saturation region [15]. A modified TriQuint’s Own
model [16] seems to be optimum for this purpose in the light
of performance at limited complexity.

Fig. 2 shows simulated gate and drain pulse forms and the
dynamic load line of the power device (Thomson TC6519)
obtained from harmonic-balance simulations. For simplicity of
the final circuit design, the rectangular input signal is approx-
imated by the fundamental frequency, and the right portion of
third harmonic and at gate and drain harmonics are controlled
only up to the third. To cut the negative-input voltage ripple,
the device is biased at class-A near class-AB. As expected
from theory, drain-to-source voltage is half-sinusoidal and
drain current is an approximated rectangle. It has to be noted
that at the drain neither an open circuit at second, nor a
short circuit at third harmonic is optimum (see Table II).
On the one hand, bond inductances and capacitances of the
device package and, on the other hand, the intrinsic drain-to-
source capacitance cause a shift of these optimum harmonic
terminations. The simulated performance with ideal lossless

Fig. 3. Frequency-diplexing network. Lengths of transmission lines and
stubs are given in wavelengths of fundamental frequency.

matching networks is 28.7-dBm output power, 16.4-dB gain,
and 80% PAE at 1.6175 GHz. The finite steepness of the input
signal waveform increases the duty cycle and causes the drain
current to flow during more than half of the time period (see
Fig. 2). Therefore, losses occur inside the device due to an
overlap of nonzero drain current and nonzero drain-to-source
voltage. In our simulations, a relatively large portion of third
harmonic-input signal ( dB) was
necessary to optimize the signal waveforms and, consequently,
device drain efficiency.

For the optimization of the rHCA power stage, it is desirable
to independently control fundamental frequency and third
harmonic-input signals. Therefore, both signal components
have to be separated from each other by an appropriate filtering
network in the driver stage. Such a harmonic-frequency-
diplexing circuit is illustrated in Fig. 3. The lengths of trans-
mission lines and stubs are indicated in wavelengths of funda-
mental frequency (1.6175 GHz). At the fundamental-frequency
output, an open-circuit stub of 1/12 wavelength in parallel with
a short-circuit stub of 1/6 wavelength is used to achieve a
short circuit at the third harmonic and an open circuit at the
fundamental frequency. This open circuit at the fundamental
frequency does not influence the behavior of the circuit at
the fundamental frequency, but the short circuit at the third
harmonic is transformed by a 1/12-wavelength line to an
open circuit at the input. In the other branch, an open-circuit
stub of 1/12 wavelength in parallel with a short-circuit stub
of 1/6 wavelength is used to achieve an open circuit at
fundamental frequency and a short circuit at the third harmonic
again. These impedances are transformed by a quarter-wave
transformer, connected to the third harmonic output, to a
short circuit at the fundamental frequency and an open circuit
at the third harmonic. This short circuit at the fundamental
frequency is transformed by another quarter-wave transformer
to an open circuit at the input. Additionally, the input is
short circuited for all even harmonics by a short-circuited
quarter-wave stub. Based on this circuit, matching networks
for the driver amplifier output could be constructed with
independent impedance-tuning possibilities for fundamental
and third harmonic frequency, respectively.

After separation of fundamental frequency and third har-
monic, magnitude and phase relation of both signal compo-
nents are controlled using variable attenuators and a variable
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Fig. 4. Layout of final rHCA power stage. The hybrid phase shifter (I) and the frequency-diplexing network (II) are identified by hatched areas.

phase shifter within an interstage tuning network. Afterwards,
they are combined in the power stage using the same diplexing
network. Fig. 4 shows the layout of the power-amplifier stage
with this frequency-diplexing circuit at the gate and with
tuning possibilities for all source and load impedances. For
the final two-stage design without external tuning elements, the
phase shifter at fundamental-frequency input (which is based
on a branch-line hybrid coupler) is used to adjust the optimum
phase relation of both harmonic-input signals.

IV. SINGLE-STAGE PERFORMANCE

Both amplifier stages needed only little tuning for optimum
operation. Measurements on the power stage were performed
using the combination of overdriven driver stage and interstage
tuning network, which acted as a signal source for fundamental
frequency and third harmonic. In the operating frequency range
from 1.61 to 1.625 GHz, output power of the rHCA power
stage is larger than 28.1 dBm, gain is 15.1 dB, and PAE
is 74% as a minimum (see Fig. 5 and Table II). This is in
good agreement with our simulation results with real matching
structures.

For comparison with conventional class-F, we constructed
such an amplifier using the same device as for the rHCA,
but with different harmonic source and load terminations (see
Table II). At center frequency ( GHz), the rHCA
demonstrates an increased gain of 3.8 dB at the same drain
efficiency, which results in a 4% higher PAE. Output power is
also about 0.4 dB larger. Finally, the drain supply voltage is
4.75 V, about 1.35 V lower than for the class-F power stage.

Optimum fundamental frequency to third harmonic-input
power ratio was determined to be 9 dB, which is much larger

Fig. 5. Comparison of measured PAE over frequency of the power stage at
rHCA and inverse class-F operation.

than the simulated value of 2.4 dB. It turned out that the real
FET produces more third harmonic than predicted at its input
itself, which can be used to perform input pulse forming when
terminated with the right phase at the input.

Measurements on the power amplifier without any third
harmonic-input power, but with an optimum tuned variable
short at its third harmonic input, indicated only about 2%–6%
lower PAE in the operating frequency range at almost the
same output power and gain (see Fig. 5). In accordance
with our notation, we call this kind of amplifier sinusoidally
driven harmonic-control amplifier or inverse class-F amplifier
at class-A near class-AB bias. Table II gives a comparison of
measured performance of all three amplification modes.

Two-tone measurements were performed on the inverse
class-F amplifier to determine its intermodulation distortion
characteristic. In Fig. 6, third- and fifth-order signal-to-
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Fig. 6. Measured single-carrier PAE atf0 = 1:6175 GHz and third- and
fifth-order signal-to-intermodulation ratio (IMD3, IMD5) at two-tone stimuli
(f1 = 1:615 GHz, f2 = 1:62 GHz) over the sum input powerPIN of the
power stage at inverse class-F operation.

Fig. 7. Measured output powerPOUT, gainG, and overall PAE over input
powerPIN of the two-stage rHCA atf0 = 1:6175 GHz.

intermodulation ratio and single-carrier PAE are drawn over
the sum input power. At optimum single-carrier input power

is 16 dBc, whereas dBc at an input
power level where the single-carrier PAE is still 61%. For all
input power levels, fifth-order intermodulation is much less
than third-order intermodulation.

V. TWO-STAGE rHCA PERFORMANCE

After determination of optimum fundamental and third
harmonic-input power ratio of the rHCA power stage, the
driver amplifier was tuned to produce exactly these output
signals. The appropriate phase relation of both harmonic
signals could be adjusted with the variable phase shifter of
the power stage. In the following, we present the performance
of this two-stage rHCA.

Output power, gain, and overall PAE over input power
are shown in Fig. 7. Due to a gate bias of the driver stage
at real class-B (meaning where the drain current is zero for
zero input signal), overall gain is not constant for small input
signals. A slightly increased (less negative) gate-to-source
voltage linearizes the amplifier for these input power levels. At
optimum input power, the two-stage amplifier operates about
2.5 dB in gain compression (calculated from its maximum gain
level) and delivers 28.1-dBm output power, 21.4-dB gain, and

Fig. 8. Measured single-carrier overall PAE atf0 = 1:6175 GHz and third-
and fifth-order signal-to-intermodulation ratio (IMD3, IMD5) at two-tone
stimuli (f1 = 1:615 GHz, f2 = 1:62 GHz) over the sum input powerPIN
of the two-stage rHCA.

70% PAE at 1.6175 GHz. At the amplifier output, second and
third harmonics are suppressed about53 and 31 dB below
the carrier, respectively. The reduction of PAE at increasing
input power levels is partially caused by the gain reduction
of the power stage and by an increasing malposition of phase
relation of both harmonic-input signals of the rHCA power
stage.

Finally, Fig. 8 presents the results of two-tone measure-
ments on the two-stage amplifier over input power. At an input
power level close to the single-carrier optimum, third- and
fifth-order signal-to-intermodulation ratios are both20 dBc.
At reduced input power, third-order intermodulation products
lie about 28 dB below the carrier, and fifth-order intermodu-
lation distortion is predominating with 20 dBc. At this input
power level, single-carrier PAE is 62%.

VI. SUMMARY

We demonstrated that rectangular pulse shaping at the input
and inverse class-F harmonic termination at the output of a
class-A harmonic-control amplifier results in increased gain
at the same drain efficiency and, therefore, increased PAE, as
compared with class-F. Due to half-sinusoidal drain-to-source
voltage pulse shaping, drain supply voltage of an rHCA is up to
1/3 lower at the same output power level. This is convenient
for handheld terminals, as the number of battery cells can
be reduced. Further advantages arise from the fact that due
to a marked reduction of negative input voltage peaks and
gate reverse currents amplifier reliability is improved. The
realization of such an rHCA and a class-F amplifier at-band
confirms these advantages.
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