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High-Power Wideband -Band Suboptimum
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Abstract—This paper presents a high-power high-efciency
wideband suboptimum Class-E RF power amplier based on a
packaged high-power GaN HEMT. It uses a simple double-reac-
tance compensation and impedance transformation load network
that includes device intrinsic capacitance, package parasitics,
low-loss microstrip transmission lines, and lumped components.
This load network makes the GaN HEMT operate in suboptimum
Class-E from 900 to 1500 MHz (50% fractional bandwidth at
1200 MHz). The amplier can operate both in continuous wave
and pulsed modes over its full bandwidth without tuning. It de-
livers up to 180-W output power with up to 85% drain efciency
and . To the best of the authors’ knowledge, the
amplier proposed in this work outperforms commercial grade
ampliers that operate in the same frequency band with similar
output power levels. Direct applications for this amplier include
mobile satellite communications transmitters, envelope elimina-
tion and restoration digital audio broadcasting transmitters, and
power stages for primary and secondary RADAR transmitters.

Index Terms—Broadband ampliers, class-E, digital audio
broadcasting (DAB), envelope elimination and restoration (EER),
envelope tracking (ET), high efciency, mobile satellite, power am-
pliers, RADAR, satellite communication, suboptimum class-E.

I. INTRODUCTION

H IGH-EFFICIENCY power-amplication techniques
provide important advantages for RF and microwave

systems and circuits in general, but especially in high-power
or battery-powered applications. The ability of switchmode
high-efciency power ampliers to minimize power consump-
tion, temperature, size, and weight of radio transmitters is
well known; however, in practice, it is difcult to make use
of high-efciency switchmode amplication techniques in
scenarios involving high power levels and high frequencies due
to device intrinsic capacitances and switching times, package
parasitics, etc. Therefore, choosing a class of operation capable
of dealing with such nonidealities is crucial to achieve the
benets of high-efciency amplication at high frequencies.
Among high-efciency switchmode amplication classes,

Class-E is known for being tolerant to transistor switching
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imperfections. It also requires simple load impedance proles
that can be successfully synthetized both in narrowband and
wideband conditions by using simple load networks [1].
The equivalent intrinsic output capacitance of RF

and microwave transistors imposes a limit to the maximum op-
erating frequency of a nominal Class-E amplier that has
been investigated by several authors [2]–[7]. In practice,
of state-of-the-art solid-state technologies is often insufcient
to cover some of the most important RF and microwave power
applications. This means that using present day commercially
available transistors, nominal Class-E ampliers still cannot be
built for many popular and important communications and in-
dustrial applications.
Suboptimum Class-E operation can be a solution for those

cases. Suboptimum Class-E retains most of the benets of
nominal Class-E beyond , but tolerates higher g-
ures [8]. This means that suboptimum Class-E can operate with
transistors exhibiting higher than the maximum allowed
for nominal Class-E operation while experiencing
tolerable drain efciency degradation with respect to nominal
Class-E. In addition, the load requirements for suboptimum
Class-E above , both at fundamental and harmonics, are
similar to the load requirements for nominal Class-E. Therefore,
the load networks required to build nominal Class-E ampliers
can be easily adapted to suboptimum Class-E ampliers.
Even though suboptimum Class-E cannot provide 100%

drain efciency above , it can match the performance
of other high-efciency amplication classes such as Class-F
or Class-F , with the advantage of requiring simpler load
networks that can be designed for broadband operation.
Other important aspects regarding suboptimum Class-E

operation above are that its inherent drain-to-source
peak to average voltage ratio is lower than
the ratio of nominal Class-E, and that its
power-output capability is also slightly higher [9].
For all these reasons, suboptimum Class-E is a feasible alter-

native for high-efciency amplication in scenarios involving
wideband operation, high power levels, high frequencies, and
packaged transistors.
Gallium–nitride (GaN) transistors exhibit important advan-

tages in switchmode ampliers in the microwave region com-
pared to other semiconductor technologies. The high breakdown
voltage of GaN transistors is more suitable than other solid-state
technologies (such as GaAs, etc.) for switchmode amplication
classes, such as Class-E due to their high peak voltage require-
ments. Moreover, high breakdown voltage power GaN transis-

0018-9480 © 2013 IEEE
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tors typically require high load impedances, which contribute
to simplify the impedance transformation networks. Moreover,
these networks can be designed for low losses, thus increasing
the overall efciency of the amplier.
In this paper, a novel wideband high-power suboptimum

Class-E power amplier for -band is proposed. It can operate
in both continuous wave (CW) and pulsed modes providing up
to 180 W of output power from 900 to 1500 MHz. It
exhibits peak drain efciency up to 85%, power gain

up to 14.7 dB, and power-added efciency (PAE) up to
81%. It covers the most important RADAR sub-bands in the
-band in all operation modes without need for adjustment.
Furthermore, it does not require any gain compensation circuit
when used in pulsed RADAR applications. To the best of the
authors’ knowledge, the proposed amplier offers superior
performance than conventional -band ampliers with similar
output power levels.
The amplier uses a double-cell packaged unmatched GaN

HEMT (CGH40180PP from Cree Inc). Its load network has
been designed using the load admittance synthesis technique to
provide the value required by the transistor at fundamental and
harmonics to operate in suboptimum Class-E over almost one
octave. The load network design is based on the double reac-
tance compensation circuit [10], [11], but it also accomplishes
impedance transformation functions. The network comprises
device capacitance , package parasitics, and an external
circuit including microstrip transmission lines and lumped ca-
pacitors.
The input network of the amplier has been designed to en-

sure that the transistor switches over its entire bandwidth using
constant driving power ; this has been achieved by pro-
viding constant and maximum voltage gain from the 50-
input port of the amplier to the equivalent input capacitance of
the transistor . Once again, the input network comprises
device input capacitance , package parasitics, and an ex-
ternal circuit that includes lumped components and microstrip
transmission lines.
The complexity of both load and input networks of the am-

plier has been minimized to keep their power losses as low as
possible without degrading and PAE. Their simple design
also contributes to ease their construction and repeatability, re-
ducing the impact of manufacturing tolerances. This is an im-
portant practical benet when combining several ampliers to
achieve high output power levels.

II. AMPLIFIER DESCRIPTION

The amplier uses a high-power packaged (without internal
matching) GaN HEMT; this feature is crucial for the design of
the amplier, as it will be shown in the following sections that
the intrinsic capacitances of the device and the package para-
sitics are relevant parts of the load and input networks.
Three major parts and subnetworks can be distinguished in

this amplier, as shown in Fig. 1: transistor (including die and
package), load network, and input network. Sections II-A–II-D
describe the different subnetworks shown in Fig. 1.

Fig. 1. Parts and subnetworks of the amplier.

Fig. 2. CGHH40180PP versus .

A. Transistor

The high breakdown voltage of the transistor used in this
amplier V suggests safe operation for this de-
vice in nominal Class-E at power supply voltages as
high as 28 V. However, prior to any further considerations, it
is necessary to determine if the operating frequency of the am-
plier is above or below the allowed by the transistor.

can be calculated from the transistor , its maximum
drain current and [11]. According to the manu-
facturer of the CGH40180PP, pF @ 28 V/1 MHz
and pF @ 28 V/1 MHz (per transistor cell). Its min-
imum saturated drain current is A. These factors
can be rearranged to calculate from and in
nominal Class-E conditions as follows:

(1)

Fig. 2 shows for the CGH40180PP at different
and levels. Considering that W is a safe
output power level for the CGH40180PP (per cell), from Fig. 2,

MHz at V. This frequency is clearly
lower than the lower end of the target frequency band. Fig. 2 also
suggests that could be traded for or , but this
solution involves increasing the peak drain current ,
and thus, decreasing the load impedance required by the tran-
sistor.
The model of the transistor provided by its manufacturer is

a compiled one that also includes the effects of its package and
it does not show the value of the components of the equivalent
circuit of the transistor required for the design of the amplier.
Therefore, the model shown in Fig. 3 proposed by Sokal and
Redl for transistors in switchmode operation [12] was used to
nd several parameters and equivalent circuit elements of the
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Fig. 3. Packaged transistor input and output ports models.

TABLE I
CGH40180PP SIMPLIFIED MODEL FOR SWITCHMODE OPERATION

amplier. The values obtained are shown in Table I; for sim-
plicity, they are considered linear.

B. Class of Operation
The provided by the CGH40180PP is below the lower

end of the -band for the target and ; nevertheless,
the transistor still can operate safely in suboptimum Class-E at
frequencies above with very good performance. It can also
achieve similar to those achieved by other high-efciency
amplication classes such as Class-F or Class-F , but with the
advantage of requiring a simpler load network that contributes
to improve the power efciency of the amplier.
In [9] and [13]–[15], it is shown that the maximum achiev-

able drain efciency for suboptimum Class-E is 97%
at 1.56 and 92% at 2 . In addition, de-
creases down to 3.077 at 1.56 and 2.677 at 2 ; note that

for nominal Class-E operation. These
gures are similar to those obtained with other high-efciency
operation classes such as Class-F [16]–[18].
Similar to nominal Class-E, suboptimum Class-E operation

above requires a complex load at fundamental and pure ca-
pacitive load at harmonics, being the phase angle of the load ad-
mittance at fundamental the main difference between the loads
required by suboptimum Class-E and nominal Class-E. From
[9], the optimum load value that maximizes the drain efciency
of an amplier operating in suboptimum Class-E above
can be obtained. The angle of the optimum load required for
suboptimum Class-E operation is shown in Table II for an ideal
(lossless) transistor with zero switching times. The following
two conclusions can be drawn from Table II.
• There is an optimum load angle at fundamental for the sub-
optimum Class-E amplier that maximizes its drain ef-
ciency. This optimum load angle depends on the
ratio.

TABLE II
OPTIMUM LOAD ANGLE FOR SUBOPTIMUM CLASS-E VERSUS

Fig. 4. Load network of the amplier.

• The load admittance versus frequency proles required by
nominal and suboptimum Class-E ampliers are similar.
Therefore, the load network used for nominal Class-E am-
pliers can also be easily adapted for suboptimum Class-E
operation.

C. Load Network

This amplier was designed using the load impedance
synthesis technique [19]; this means that the load required for
suboptimum Class-E operation at fundamental and harmonics
was synthesized and presented to the equivalent “switch”
that models the transistor (SW in Fig. 3). This load depends
on the reactance of at the highest operating
frequency of the amplier ( @1500 MHz), the power
supply voltage V , and the output power level
of the amplier W . The load required by the
amplier can be approximately obtained from [9] and [20]
considering all the factors mentioned before. For this amplier,
the load admittance at the fundamental frequency has been
chosen to be S 25 at the center of the band
(the load admittance angle at fundamental varies from 30 to
23 over the band of the amplier) and the load admittance

angle at harmonics to be 90 ; these values were then adjusted
using harmonic balance optimization over the entire amplier
bandwidth to achieve the desired output power and efciency
goals. This load admittance is presented to the switch SW over
the complete bandwidth by means of a load network that trans-
forms the 50- impedance of the output port of the amplier
into the required admittance value.
The load network used in this amplier is shown in Fig. 4.

It is a double reactance compensation circuit that also provides
impedance transformation functions and a port for dc voltage
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TABLE III
ELEMENTS OF THE LOAD NETWORK OF THE AMPLIFIER

injection. Table III shows the values of the elements of the load
network.
Three load planes marked as , , and are shown

in the schematic of Fig. 4: is a virtual load plane located
just at the equivalent switch SW that models the transistor. The
load required for suboptimumClass-E operation of the amplier
must be provided at this load plane. is the actual drain-to-
source load plane at the output of the transistor package, where
load measurements can be carried out. is the 50- load
plane at the output of the amplier.
Three sub-networks can be identied in this load network:
, , and .

• is made up of , the parasitics of the output port
of the transistor package, and , and
two external components: a short microstrip transmission
line, , and two paralleled ceramic multilayer capac-
itors, . These components are arranged as a -type
low-pass network, and thus are equivalent to a quarter-
wave transmission-line transformer (in narrowband condi-
tions).

• is comprised by a short-circuited microstrip line that
acts an inductor, , and another lumped ceramic multi-
layer capacitor, . These components operate as a par-
allel resonant circuit. The short-circuited end of is
also used as a port to inject the power supply dc voltage

.
• is a microstrip quarter-wave transmission line trans-
former. carries out most of the load impedance
transformation of the load network, and also contributes
to achieve the double reactance compensation effect by
keeping the load admittance angle approximately constant
over the full amplier bandwidth. The load admittance
prole achieved by this load network at the virtual
plane is shown in Fig. 5. The double peak load admit-
tance prole provided by this load network is responsible
for the amplier’s double peak output power prole that
will be shown later. As shown in Fig. 5, the phase and
magnitude plots of the load admittance at the fundamental
cannot be kept constant and parallel over the entire ampli-
er bandwidth; therefore, it is not possible to achieve both
at and simultaneously. In practice, it is more
useful to achieve a at than a at ; thereby, this
amplier was designed to provide at prole at the
expense of a decrease of at the upper end of the target
frequency band.

Fig. 5. Load admittance prole provided at by the load network of the
amplier.

D. Input Network

With some exceptions [21], [22], the design of optimum
driving methods and input networks for RF and microwave
switchmode power ampliers has not been covered in the tech-
nical literature, even though inefcient driving of switchmode
RF power ampliers directly translates into signicant power
gain losses (about 3 dB in most cases) that reduce their
overall efciency. Switchmode ampliers using transconduc-
tance semiconductor devices, as the GaN HEMT used by the
amplier described in this paper, require a voltage waveform
at the gate port capable of driving the device from “on” to
“off” state, and vice-versa, with the shortest possible rise and
fall times; in practice, times shorter than 30% of the switching
period are considered sufcient for appropriate operation.
The trapezoidal voltage waveform is considered the most ef-

cient waveform to drive switchmode power ampliers [11],
but device and package parasitics of most RF and microwave
transistors make a trapezoidal voltage waveform very difcult
to implement in practice. In the amplier described in this work,

and inductive parasitic elements of the transistor precluded
the implementation of trapezoidal voltage waveforms at its gate.
Thus, a sine voltage is used to drive the amplier at the expense
of decreasing .
Another important feature demanded by switchmode power

ampliers is a at prole to guarantee that a constant driving
power level can drive the amplier over the entire band-
width.
The input network of the amplier proposed in this paper

was designed to fulll the two requirements mentioned above,
while introducing minimum power losses and accounting for
transistor and package parasitics. This input network is shown
in Fig. 6; element values are shown in Table IV.
Three source planes , , and , are shown in Fig. 6:

source plane is a virtual plane located just at the left of
the equivalent input capacitance of the transistor and
its equivalent input resistance . The source plane
is located at the input of the transistor package (actual input
impedance measurements can be obtained at this plane). Source
plane is located at the 50- input port of the amplier.
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Fig. 6. Input network of the amplier.

TABLE IV
ELEMENTS OF THE LOAD NETWORK OF THE AMPLIFIER

The input network of the amplier is made up of three sub-
networks, as shown in Fig. 6: includes and , most
signicant package parasitics ( and ), and an
external microstrip transmission line . SN2 comprises a
short-circuited microstrip line , and a set of ceramic mul-
tilayer capacitors . The short-circuited end of is used
to inject the required negative gate to source bias voltage for
the transistor . is a microstrip quarter-wave transmis-
sion-line transformer that carries out most of the source network
impedance transformation.
This network provides at from the input port of the

amplier to the equivalent input capacitance of the tran-
sistor at . It provides good performance regarding input re-
turn losses (IRLs) at the upper end of the amplier bandwidth;
it must be noted that the required at prole from to

is only possible at the expense of reecting signicant input
driving power at the lower end of the bandwidth, and there-
fore, at the expense of degrading IRL down to about 1 dB
at 900 MHz. Fig. 7 shows from to and
obtained with this network.
In order to achieve reasonable IRL performance, the two cells

of the transistor were combined building a balanced amplier
by means of a hybrid quadrature combiner, as will be shown in
Section III.

III. AMPLIFIER SIMULATION, BUILDING, AND TESTING

The amplier was simulated and optimized using the har-
monic balance simulator and optimizer of Microwave Ofce
Design suite and the nonlinear model of the transistor provided
by the manufacturer. In spite of the highly nonlinear nature

Fig. 7. prole from to and at versus frequency.

Fig. 8. Simulated (one transistor cell).

Fig. 9. Simulated (one transistor cell).

of this simulation, it is important to point out that only minor
convergence problems were found during the process. Fig. 8
shows simulated of the amplier (for one cell of the
CGH40180PP) for values ranging from 12 to 28 V. Fig. 9
shows the simulated obtained at similar conditions.
From Fig. 8, it can be observed that is at from

900 to 1500 MHz, with a smooth double peak shape that comes
from the double peak load admittance prole shown in Fig. 5,
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Fig. 10. Full schematic of the power amplier.

Fig. 11. Photograph of the amplier.

as mentioned before. Fig. 9 shows ; it decreases with fre-
quency, but it is still high (close to 80%) at the upper end of the
target bandwidth. The dependence of on is moderate.
In order to test the accuracy of the simulation results, a basic

manually controlled harmonic load–pull study was carried out
on the transistor using a harmonic controlled load–pull test-
bench [23]. The load–pull tests conrmed and validated the rea-
sonable accuracy of the design hypothesis and the simulation
results.
A prototype of the amplier was built on 0.508-mm-thick

RO4350B substrate from the Rogers Corporation. The layout
of the amplier was carefully designed in order to minimize any
additional parasitic elements. It was found, as expected, that the
correct placement of lumped components was crucial to achieve
the predicted performance. The full schematic of the amplier
is shown in Fig. 10. Fig. 11 shows a photograph of the amplier.
Both and were measured in CW conditions using

a calibrated test bench comprising a 40-dB attenuator and an
N1912A Agilent power meter. The results are shown in Figs. 13
and 14 for ranging from 12 to 28 V.
The results shown in Figs. 12 and 13 were obtained by in-

jecting constant input driving power dBm over the
entire amplier bandwidth. Simulation results shown in Figs. 8
and 9 and the measured results shown in Figs. 12 and 13 were
in good agreement.

and were also measured in pulsed mode
(pulse width ms, pulse repetition frequency

Hz). The amplier can provide up to 94 W in pulsed mode
(per cell) versus up to 90 W in CW conditions. Measured peak

Fig. 12. Measured in CW (one transistor cell).

Fig. 13. Measured in CW (one transistor cell).

drain efciency was 90% @ 28 V in pulsed operation versus
85% @ 28 V in CW conditions.
Fig. 14 shows the measured PAE for different values of .

The strong dependence of the PAE on is caused by the
dependence on , which is a common feature of switchmode
ampliers; it ranges from dB @ 28 V to dB
@ 12 V. Maximum PAE is achieved for V.
Fig. 15 shows versus in CW operation for
V at 1000, 1200, and 1400 MHz. Note that the amplier can

also be used below compression providing about 20 dB at
the expense of lower .
The two cells of the CGH40180PP were used to build two

identical ampliers that were combined into a balanced am-
plier using two 3-dB 90 hybrid combiners (1E1305 from
Anaren) to double the output power and to decrease input
standing wave ratio (SWR) down to acceptable levels. Since

of the balanced amplier exceeds the maximum power
rating of the combiner in CW, the amplier can only be oper-
ated at its maximum output power in pulsed mode at 50% duty
cycle. Note that the amplier is able to operate in CW mode at
full power if a suitable hybrid combiner with a higher power
rating was used. This happens only for higher than 20 V,
corresponding to W.
The measured output power of the hybrid amplier

and its drain efciency operating in
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Fig. 14. Measured PAE in CW (one transistor cell) for different power supply
voltages.

Fig. 15. versus performance the amplier.

Fig. 16. Measured in pulsed mode.

pulsed mode (pulse width ms, Hz) are shown
in Figs. 16 and 17, respectively, for ranging from 12 to
28 V.
As mentioned before, one of the benets of using a balanced

amplier topology is an important improvement of the IRL and
input SWR. Fig. 18 shows the measured input SWR and
of the balanced amplier.
One of the most important and promising applications for this

circuit is to operate as an RF stage in an envelope elimination

Fig. 17. Measured in pulsed mode.

Fig. 18. Measured input SWR and of the balanced amplier.

Fig. 19. Measured and conversion plots.

and restoration (EER) or envelope tracking (ET) amplier; both
and performance need to be well char-

acterized in this application [24]. Fig. 19 shows the measured
and at 1300 MHz. From these gures,
conversion appears negligible, but con-

version (caused by the nonlinear nature of ) would need
to be corrected by predistortion to achieve reasonable linear per-
formance in EER/ET applications [25], [26].
Fig. 20 shows a demodulated 1300-MHz pulsed RADAR

signal (pulse width ms, Hz,
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Fig. 20. Demodulated pulse amplied by this amplier, pulse width ms,
Hz, W.

Fig. 21. Measured harmonic levels versus frequency.

TABLE V
STATE-OF-THE-ART -BAND PUBLISHED GaN POWER AMPLIFIERS

W) that can be used to analyze the pulse operation perfor-
mance of the amplier [27]. The demodulated pulse does not
show fading, and consequently, no gain compensation circuit is
required.
Fig. 21 shows the measured harmonic level of the amplier,

most signicant harmonics are below 30 dBc.

IV. CONCLUSION

A high-efciency wideband high-power -band suboptimum
Class-E power amplier based on a packaged (but unmatched)
GaN HEMT has been demonstrated in this paper. It covers the
main RADAR sub-bands at -band without the need for manual
adjustment, exhibiting 50% fractional bandwidth at a center op-
erating frequency of 1200 MHz. It provides output power up
to 180 W and drain efciency in excess of 80% over almost its
entire bandwidth. To the best of the authors’ knowledge, the per-
formance of this amplier outperforms other ampliers for the
same frequency band and output power level, especially com-
mercial grade ones, as shown in Table V. A simple low-loss
double-reactance compensation and impedance transformation
network that includes the transistor die and package parasitics
provides the load admittance required by its equivalent switch
to operate in suboptimumClass-E. The input network of the am-
plier has been designed to provide constant over the com-
plete operation bandwidth. This amplier can be directly used
in most RADAR applications in the -band and also as an RF
base stage in EER and ET transmitters for services such as dig-
ital audio broadcasting (DAB) or mobile satellite communica-
tions. Its repeatability enables simple combination of amplier
units to achieve higher output power levels. The design princi-
ples presented in this paper can be easily applied to larger GaN
devices as soon as they become available in the market, and they
can also be extended for designs at higher frequency bands.
The amplier is based on suboptimum Class-E operation, a

high-efciency amplication mode not very widely used and
known. However, it has been shown that this class of opera-
tion allows a transistor to provide very high efciency at fre-
quencies above its maximum frequency for nominal Class-E op-
eration, offering performances similar to other high-efciency
modes commonly used at this frequency bands (such as Class-F
or Class-F ) and requiring a simpler load network.
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