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Abstract—In this paper a two-stage 2-GHz GaN HEMT amplifier with 15-W output power, 28-dB power gain, and 70% poweradded efficiency (PAE) is presented.
The power stage is designed to operate under class F conditions.
The driver stage operates under class F 1 conditions and feeds the
power stage with both fundamental and second harmonic components. The inter stage matching is designed to target a quasi-half
sine voltage shape at the intrinsic gate port of the power stage. The
goal is to reduce aperture angle of the power stage and get PAE
improvements over a wide frequency bandwidth.
In addition to the amplifier design description, this paper
reports original time-domain waveform measurements at internal
nodes of the designed two-stage power amplifier using calibrated high-impedance probes and large signal network analyzer.
Furthermore, waveform measurements recorded at different
frequencies show that aperture angle remains reduced over large
frequency bandwidth. In this study, a PAE greater than 60% is
reached over 20% frequency bandwidth.
Index Terms—Aperture angle, classes F and F 1 , GaN power
amplifier (PA), power-added efficiency (PAE), waveform measurements.

I. INTRODUCTION

T

HE POWER amplifier (PA) remains a critical component
in radio communication systems because it is an important
energy consumer that impacts significantly the overall power
consumption budget of a radio transmitter. Consequently, designing high-efficiency amplifiers is of prime importance to reduce power consumption, cooling requirements, and cost in RF
transmit subsystem and to improve reliability aspects.
AlGaN/GaN HEMT technology has demonstrated a strong
potential for high-efficiency high-power microwave amplification because of high electron mobility, high power density, and
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high breakdown voltage. High power-added efficiency (PAE)
performances of microwave PAs are reached by implementing
appropriate source and load matching conditions at harmonics.
A lot of stuides have been carried out to investigate and demonstrate optimization strategies and procedures to enhance PAE
performances of microwave PAs [1]–[16]. During the past years,
many high-efficiency class F, class F , class J, class E, and
class D GaN amplifiers have been reported [17]–[19]. Highefficiency performances and limitations of microwave PAs can
be appreciated by observing the shape of voltage and current
waveforms at transistor ports. Minimized overlapping between
drain–current and drain–source voltage indicates a minimized
dissipated power. Recently we have reported in [20] and [21]
an experimental study and calibrated time-domain waveform
measurements concerning PAE enhancement conditions of GaN
HEMTs with active second harmonic injection at the gate port.
Following these studies, in this paper we present a two-stage
GaN HEMT PA design. The driver stage provides appropriate
second harmonic injection to the input of the power stage. An
appropriate inter stage matching network has been designed
to get a quasi-half-sine-wave gate–source voltage at the input
of the power stage. In addition to the design of the PA, the
main focus of this paper is to examine the aspect of enhanced
PAE performances when the frequency is shifted away from
the center frequency. This aspect concerning PAE versus
bandwidth is not so frequently reported to authors’ knowledge.
Furthermore, an original point of the paper stands in accurate
gate–source voltage waveform measurements at internal nodes
of the amplifier at different operating frequencies to highlight
appropriate operating conditions favorable to maintain very
good PAE performances over a wide bandwidth.
This paper is organized as follows. In Section II, the principle used in this work to improve the PAE of a class F power
transistor driven by a half-sine gate–source voltage is recapitulated and illustrated with simulation results. In Section III, the
proposed two-stage PA design is presented and discussed. In
Section IV, measurement results are given to validate the design methodology. A particular emphasis is laid on time-domain
measurements at internal nodes of the PA using calibrated highimpedance probes and a large signal network analyzer (LSNA).
Measurements of the gate–source voltage of the power stage
are performed at different operating frequencies and are compared to the measurements of the gate–source voltage waveform of a single-stage class F amplifier having a conventional
quarter-wavelength line topology at the gate port used either
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Fig. 1. Microwave class-F amplification principle and intrinsic waveforms.

Fig. 2. Simulation methodology with second harmonic (H2) injection at gate
port.

for biasing the gate and having a short-circuit termination at the
second harmonic.
II. PAE IMPROVEMENT OF CLASS F GAN PA WITH A
HALF-SINE-SHAPE GATE–SOURCE VOLTAGE
At microwave frequencies, high-efficiency PAs are tuned at
the first three harmonics. For class F operation, the intrinsic
drain–source voltage of transistors approximates a square wave
and the intrinsic drain–current approximates a half sine wave,
as illustrated in Fig. 1.
is close to or a little above
The gate–source bias voltage
. The RF gate–source voltage is a sine
the pinch-off voltage
wave and load impedances at second and third harmonics are,
respectively, close to a short and an open. Voltage and current
waveform overlapping illustrated by the gray area in Fig. 1 must
be reduced as much as possible to maximize efficiency.
A technique to improve PAE performances is to drive the
gate of the transistor with a quasi-half-sine-wave voltage. To
achieve such a gate–source voltage shaping, second harmonic
(H2) injection is needed at the gate port. When applied to a
class F amplifier, this technique lowers the turn on time
of the drain–source current without affecting the square wave
drain–source voltage, as reported in [20]. As a consequence,
drain voltage and current overlapping is reduced and PAE performances are improved.
A nonlinear model of a 15-W die GaN HEMT from Cree,
Durham, NC, has been extracted and harmonic-balance simulations have been performed using ADS software, as illustrated in Fig. 2. Time-domain waveforms plotted in dot lines are
is apobtained when a sine-wave gate–source voltage
is turned off). Time-domain waveforms
plied (generator at
plotted in solid lines are obtained when a quasi-half-sine-wave
are
gate–source voltage is applied (both generators at and
turned on). The ratio between the second harmonic and fundamental harmonic components is tuned to approximately 1/7. The

Fig. 3. Simulated PAE versus output power without (dotted line) and with
(solid line) gate–source voltage shaping.

phase shift between fundamental and second harmonic components is close to 0 .
The aperture time reduction of the drain–source current and
the corresponding dynamic load line modification obtained with
half sine gate–source voltage shaping and observable in Fig. 2
illustrates the decrease of the overlap between drain–current and
drain–source voltage.
Fig. 3 shows simulated PAE of the class F amplifier versus
output power with and without gate–source voltage shaping.
PAE enhancement of seven points is expected at high power.
Time-domain voltage and current waveforms, as well as
load lines recorded at 41.8-dBm output power are plotted in
Figs. 4 and 5. A significant decrease of the turn on time
of the drain–current can be clearly observed when a half-sine
gate–source voltage waveform is applied.
A driver needed for an appropriate gate–source voltage
shaping of power transistor is described in Section III.
III. TWO-STAGE PA DESIGN
The proposed two-stage amplifier topology is illustrated in
Fig. 6.The same HEMT GaN die (CGH60015D from Cree) is
used for the driver stage (transistor ) and for the power stage
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Fig. 6. Two-stage PA principle.

Fig. 4. Simulated voltage and current waveforms [(a) gate–source voltage and
(b) drain–current and voltage]: sine shape gate–source voltage (dotted line), half
sine shape gate–source voltage (solid line).

Fig. 7. Simulated intrinsic load line of: (a) Q1 and (b) Q2.

Fig. 5. Simulated load line without (dotted line) and with (solid line) second
harmonic injection at the gate port.

(transistor
).
is biased at
V and at a low
V so that it does not affect the overall
drain voltage
amplifier efficiency.
is biased at
V and
V.
Load impedance of Q1 is high impedance at the second harmonic and low impedance (close to a short) at the third harmonic. Transistor Q1 used as a driver stage operates under class
F-1 conditions. It produces an output half-sine drain voltage that
feeds directly the gate port of the power stage.
Transistor Q2 operates under class F conditions with a proper
half-sine shape gate-source voltage to enhance PAE, as explained in Section II. Load impedance of Q2 is low impedance

(close to a short) at the second harmonic and high impedance
(close to an open) at the third harmonic. Simulated intrinsic
dynamic load lines of transistor Q1 and Q2 operating at high
level are shown in Fig. 7.
A photograph of the built amplifier is shown in Fig. 8.
Fig. 9 shows the design topology of the inter-stage matching
network. The impedance at the third harmonic is shorted by an
connected close to the drain port of
. ,
open stub
,
, and the electrical length
are optimized to reach
a half-sine waveform at the input of the power stage, and the
best load impedance of the driver stage at the fundamental and
second harmonic.
The output matching circuit is synthesized to achieve
impedance transformation from a 50- load to the suitable
optimum impedance at the fundamental, while the second
harmonic is terminated into a short by the quarter-wavelength
connected close to drain port of power stage. The third harmonic is terminated into an open.
networks
, shown in
Fig. 10, have been added at the input of the driver stage to
ensure stability.
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Fig. 8. Photograph of the two-stage amplifier.
Fig. 11. Photograph of the input/output harmonics-tuned class F PA.

Fig. 9. Inter-stage and output stage design concept.
Fig. 12. Measured two-stage amplifier performances versus input power at
2 GHz.

Fig. 10. Input matching network of the driver stage.

IV. MEASUREMENT RESULTS
First, conventional input/output power measurements of the
built amplifier have been performed. Second, a more in-depth
characterization step has been achieved that consists of voltage
waveform measurements at internal nodes of the two-stage circuit using an LSNA and high-impedance probes. To demonstrate PAE enhancement provided by our proposed technique,
over an enlarged bandwidth, waveform measurements are compared to those measured on a single-stage class F PA. The reference single-stage class F PA shown in Fig. 11 is similar to the
power stage of the two-stage PA previously described. The only
difference lies in the quarter-wavelength line used either for biasing the gate and having at the input a short-circuit termination
at second harmonic.

Fig. 13. Measured two-stage amplifier performances versus frequency at 2-,
3-, and 4-dB gain compression.

A. Power Measurements
, PAE, and power gain
of the
Output power
two-stage PA measured at 2-GHz center frequency and plotted
are given in Fig. 12. 28-dB power
versus input power
gain, 41.6-dBm output power, and 70% PAE are obtained.
In Fig. 13, output power, PAE, and power gain are plotted
versus frequency at 2-, 3-, and 4-dB gain compressions. The PA
exhibits a PAE higher than 60% over a 400-MHz bandwidth.
PAE, power gain, and output power of the single-stage PA
recorded at 2 GHz are shown in Fig. 14. 66% PAE, 18-dB power
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Fig. 14. Measured single-stage class F amplifier performances versus input
available power at 2 GHz.

Fig. 17. Built-in amplifier with high impedance probe.

Fig. 15. Measured single-stage class F amplifier performances versus frequency at 2-, 3-, and 4-dB gain compression.

Fig. 18. Drain voltage of the driver stage. Measurement (square), simulation
(solid line).

Fig. 16. PAE performances of the two PAs versus frequency at different output
power levels.

gain, and 41.6-dBm output power are reached. The same output
power as the one provided by the two-stage design is obtained
and the PAE is four points lower.
This little difference in terms of PAE can be attributed to little
difference in terms of gain compression.
In Fig. 15, output power, PAE, and power gain of single-stage
PA are plotted versus frequency at 2-, 3-, and 4-dB gain compressions. It can be observed that the single-stage PA exhibits a
PAE higher than 60% on limited bandwidth of 200 MHz.
An interesting aspect, which is the main focus of this paper,
can be observed in Fig. 16 where PAE performances of the two

Fig. 19. Gate–source voltage of the power stage. Measurement (square), simulation (solid line).

PAs are plotted versus frequency at about 4-dB gain compression.
The use of a driver stage does not impact the overall PAE of
the two-stage PA. It can be observed that the active gate–source
voltage-shaping technique reported here offers significant improvement of PAE versus frequency. The frequency bandwidth
corresponding to a PAE higher than 60% is augmented by a
factor of 2. Time-domain waveforms measured at internal nodes
of the PAs are given in the following (Section IV-B).
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Fig. 20. Drain–source voltage of the power stage. Measurement (square), simulation (solid line).

Measured gate voltage waveform of the power stage
recorded at 41.5-dBm output power and 2-GHz center frequency is plotted in Fig. 19. Measurements are in good
agreement with simulation results and demonstrate the good
gate waveform shaping provided by the proposed inter-stage
matching circuit.
Measured drain voltage waveform of the power stage
recorded at 41.5-dBm output power and 2-GHz center frequency is plotted in Fig. 20. Such measurements validate the
class F operation mode of the power stage.
2) Gate–Source Waveform Measurements at Different Frequencies: Gate–source voltage waveforms of the power stage
recorded at different frequencies are plotted in Fig. 21. In order
to observe the variation of the aperture angle, such voltage waveforms are normalized to two time periods (2T).
Fig. 21(a) corresponds to gate–source voltage waveforms of
single-stage PA. Fig. 21(b) corresponds to gate–source voltage
waveforms of the power stage of the two-stage PA.
It is shown that good PAE performances versus frequency
(previously observable in Fig. 16) are attributed to the fact that
there is a limited scattering of the on-time when the operating
frequency changes in the case of the two-stage PA reported here
compared to the case of the single-stage PA.
V. CONCLUSION
This paper has presented a two-stage high-efficiency GaN PA.
The driver stage operates at saturated level under inverse class
F conditions with a low drain bias voltage. The power stage
operates under class F conditions and high drain voltage. Such
an amplifier addresses constant envelope signal amplification.
The most important aspect reported in this paper concerns
the gate–source voltage-shaping technique applied to a class
F power stage. An appropriate inter-stage matching circuit
has been design to feed the power stage input with a half-sine
voltage waveform.
This waveform shaping has been validated by time-domain
measurements. Furthermore, it has been demonstrated that this
technique enables an enlarged frequency bandwidth at high
PAE. In the present case, PAE performances are better than
60% over a 400-MHz bandwidth.

Fig. 21. Gate voltage waveforms measurements (normalize to 2T) at different
frequencies (1.8–2.2 GHz). (a) Single-stage amplifier PA1. (b) Power stage of
the two-stage PA PA2.

B. Time-Domain Waveform Measurements
Time-domain waveform measurements have been performed
by using high-impedance probes (Fine Pitch Microprobes FPM
20 from Cascade Microtech, Beaverton, OR), and an LSNA.
Measurement principle and calibration procedure have been already reported in [22]. A photograph of the built-in amplifier
and high-impedance probe used for RF voltage measurements
is shown in Fig. 17.
1) Waveform Measurements at Center Frequency: Mearecorded at
sured drain voltage waveform of the driver stage
41.5-dBm output power and 2-GHz center frequency is plotted
in Fig. 18. Such measurements validate the inverse class F
operation mode of the driver stage.
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