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Abstract—A new architecture for RF switch-mode power
amplifiers is proposed. In this design, a pulse encoded
signal switches a single RF power device with a broadband
output match coupled to an output diplexer. The broadband
termination impedance across the device minimizes switching
losses. A complementary diplexer design is used to implement
a bandpass reconstruction filter required for the pulse encoded
signal as well as a broadband bandstop filter to separate out-
of-band spectral power from the reconstructed output signal.
The bandstop filter output terminal also provides an option to
enhance power efficiency by incorporating an energy recovery
circuit in a feedback loop to the DC power supply. The recovery
circuit has the potential to significantly boost power efficiency
under back-off conditions. Simulated results are presented for
a 2 GHz 25 W GaN power device. For a sigma-delta encoded
pulse train, the power efficiency is 65.5% at an output power of
43.7 dBm and for a pulse position modulated signal the power
efficiency is 65.7% efficiency at an output power of 44.3 dBm.

Keywords- RF switch-mode power amplifier; class D; class E;
class S; complementary diplexer; high efficiency; energy recovery.

I. INTRODUCTION

Practical high efficiency implementations of RF switch-
mode power amplifiers at microwave frequencies still remains
challenging and experimental results which have been reported
so far show similar power efficiency relative to conventional
analog amplifier implementations. RF switch-mode circuits
which have been considered for wireless applications include
classes D, E, and S [1]–[4]. One of the principal challenges in
these designs is the significant reduction in power efficiency
that occurs when the input pulse train is changed from a pe-
riodic signal which minimizes switching losses to an encoded
pulse train like sigma-delta modulation which has arbitrary
switch timing.

Most high efficiency switching circuits are based on the
principal of creating orthogonal current and voltage waveforms
for out-of-band signal components (harmonics). These condi-
tions are easily achieved for periodic excitations which have
discrete frequency components. However, when the spectrum
is continuous as in aperiodic pulse trains, constructing appro-
priate load networks that minimize device dissipation becomes
much more challenging.

Given the challenges of amplifying aperiodic pulse trains,
experimental realizations of RF switch-mode circuits have

fallen significantly below a theoretical efficiency of 100%.
Also, current linear amplifier technology remains competitive
in terms of power efficiency using enhancements including
pre-distortion and envelope tracking. These factors motivate
the consideration of the other potential RF switch-mode ar-
chitectures that may be suboptimal theoretically but may have
advantages in terms of practical implementations.

In this paper, we propose a new RF switch-mode amplifier
concept based on a hard switched amplifier terminated in a
broadband load implemented as a complementary diplexer.
The complementary diplexer consists of a bandpass recon-
struction filter section connected to the antenna port and a
broadband bandstop filter section to couple out-of-band load
power into an optional energy recovery circuit. The energy
recovery circuit enhancement is expected to significantly boost
power efficiency under back-off conditions where high levels
of power fall in out-of-band spectra. A high level block
diagram of the amplifier architecture is shown in Figure 1.

In the following sections the new RF switch-mode power
amplifier architecture is explained in more detail. The amplifier
consists of a pulse encoder, a RF power device, a broadband
matching network, and a complementary diplexer. The design
concept is evaluated using a large signal device model for
a 25 W GaN power device from Cree. The design includes
a broadband matching network and a stripline diplexer. The
power efficiency of the amplifier is evaluated for both periodic
excitations and encoded pulse trains using sigma-delta modu-
lation and pulse position modulation. The power efficiency is
also evaluated under back-off conditions and results are shown
assuming a power recovery circuit could be implemented with
an efficiency of 80%.

Fig. 1: Basic block diagram of the RF amplifier architecture.

II. AMPLIFIER ARCHITECTURE OVERVIEW

We begin with an overview of the amplifier design by
starting with a circuit which is similar to a class E circuit
as shown Figure 2. However, rather than choosing component
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values to optimize the design for periodic switching in a class
E design, the values are selected to provide a broadband low
Q output match to the load. Clearly a low Q output circuit
will lead to harmonic dissipation in the load but the voltage
peaking across the switch is reduced and low dissipation in
the power device is maintained under all types of switching
conditions (periodic and aperiodic). The key objective in the
design is to reduce CV 2f losses by broadband matching.

Fig. 2: Simplified circuit diagram of the switch-mode power
amplifier.

Once a broadband match is constructed at the output of
the amplifier, it must be terminated in a broadband load in
order to reap the benefits of the design concept. A broadband
load is implemented with a complementary diplexer that
serves as both a bandpass reconstruction filter to extract the
encoded source signal from the amplified pulse train as well
as bandstop filter to recapture out-of-band power. Two filters
with a common input port that is matched over a broad
frequency range are said to be complementary [5], [6]. A
complementary bandpass/ bandstop diplexer design is essential
as this maximizes the return loss in the transition band regions.

An amplifier circuit with a multi-stage broadband match
and a diplexer is shown in Figure 3. An advantage of this
circuit is that the diplexer bandpass filter section serves as
an integrated reconstruction filter which is required in any
RF switch-mode amplifier circuit that amplifies encoded pulse
trains. In many other RF switch-mode designs based on class
D or S circuits, the reconstruction filter is often designed
as a separate subsystem and the bandpass filter has a large
out-of-band reflection coefficient that can significantly reduce
the efficiency of the amplifier. The objective in this design
is to present a matched load impedance across a broadband
frequency range and avoid mismatched conditions for out-of-
band frequency components.

III. GENERATION OF PULSE ENCODED SIGNALS

If RF switch-mode power amplifiers are to be used for
wireless applications, then a pulse encoder is required to
map the modulated RF source signal into a two level pulse
train. Bandpass sigma-delta modulation (SDM) [4] has been
used by many researchers as a source encoder. In a bandpass
SDM encoder, a one bit clocked quantizer is enclosed in a
negative feedback loop with a noise shaping filter as shown
in Figure 4(a). A clocked quantizer constrains the timing of

level crossings in the output pulse train to be synchronous with
clock transitions. Other encoders which offer better coding
efficiency, especially at large source amplitude levels, relax
the synchronous timing constraint and enable level crossings
to occur at any time [7]. An example of an asynchronous
encoder is shown in Figure 4(b). In this encoder, a pulse
generator instead of a clocked quantizer is enclosed in a
negative feedback loop. The pulse encoder generates a pulse
with duration T/2 whenever the input to the pulse encoder has
a zero-crossing; the pulse duration T is set to be equal to half
the carrier period of the source signal. This type of encoder
generates a pulse train similar to pulse position modulation
(PPM) which we call a noise shaped PPM encoder [8].

Both the SDM and PPM encoders were implemented in
Matlab and used to generate encoded pulse trains that were
used in circuit simulations. The same noise shaping filter
was used in both encoder designs. A fourth order spread
zero noise shaping transfer function commonly used in SDM
designs was used. The output amplitude levels from the
encoders are normalized to generate pulse trains with an
amplitude of ±1 V and input amplitude levels to the encoder
are referenced to a 1 V full scale output amplitude signal. In
section V, test results with encoders are shown referenced to
a full scale amplitude of 1 V. For sinusoidal input signals,
SDM encoders saturate at full scale while PPM encoders
can generate peak amplitude levels which exceed full scale.
The peak source signal amplitude for a PPM encoder is
4/π ≈ 1.27 V and corresponds to a 50% duty cycle square
wave output pulse train. On the other hand, synchronous
timing of level crossings in a SDM pulse train means that the
encoder cannot always converge to a 50% duty cycle square
wave at peak amplitude. Therefore, the asynchronous PPM
encoder is more efficient for power amplifier applications.

Fig. 4: Block diagram of (a) sigma-delta modulator and (b)
pulse position encoder.
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Fig. 3: Complete circuit diagram of the proposed RF switch-mode power amplifier.

IV. SIMULATION RESULTS

A 25 W GaN HEMT device (CGH40025) from Cree is
used to evaluate the performance of this proposed amplifier
concept. The amplifier is designed for a center frequency
of 2 GHz and a three stage broadband matching network is
used to transform the impedance to 50 ohms. The amplifier
design is summarized in Table I. In Figure 5, a plot of the
output matching network frequency response is shown. This
response shows the measurement of S21 from node B to node
D in Figure 3. Although the output capacitance Cp is shown
explicitly in Figure 3, this corresponds to the nominal output
capacitance of the device which is approximately 3 pF. The
value of Lp is optimized in the simulation to maximize power
efficiency since the effective output capacitance is nonlinear.

TABLE I: Power Amplifier Design Summary

Component Value Component Value

Lp 2.94 nH Lm1 1.10 nH
Cp 2.69 pF Cm1 34.76 pF
Ls 0.30 nH Lm2 1.30 nH
Cs 200.0 pF Cm2 1.28 pF
Ropt 14.80 Ω Lm3 1.75 nH
VDD 26.20 V Cm3 1.00 pF

TABLE II: Diplexer Design Parameters

Filter Type Coupled Line Even Mode (Ω) Odd Mode (Ω)

Bandpass CL1 62.4 37.60
CL2 43.3 34.8
CL3 67.2 32.8

Bandstop CL4 71 32.8
CL5 65 38.5

Cree provides a large signal model for this device which
is used to simulate the design in Agilent’s ADS software
package. Simulation results are also compared to analytic
results predicted using a simplified device model in Matlab.
As a benchmark for the design, periodic drive signals (square
waves) with different duty cycles are used to evaluate the

design. The results are shown in Figure 6 and correspond to
the circuit design shown in Figure 2. The results show that
drain efficiency is approximately 80% over a wide range of
different duty cycles. Consequently device dissipation is low
over a wide range of duty cycles and high power efficiency
has been obtained by terminating the switching device in a
broadband load Ropt.

The next results which are described relate to a full im-
plementation of the RF switch-mode amplifier including the
broadband matching network (three stages) and the diplexer
as shown in Figure 3. The complementary diplexer design
is based on equations given in a paper by Wenzel [9]. The
bandpass and bandstop filter legs in the diplexer each consist
of two coupled line resonator sections. The diplexer has a
center frequency of 2 GHz and a relative bandwidth of 5.9%
and is implemented in stripline using a Rogers R4350 1.5 mm
substrate.

The diplexer model is shown in Figure 7 and Table 2
summarizes the even and odd mode impedances for each
coupled section in the filter. The insertion loss and input return
loss for the design are shown in Figure 8. For comparison,
the insertion loss with no loss tangent is compared with a
design using the loss tangent given on the data sheet for
the Rogers substrate. In both cases, the input return loss is
excellent and the complementary filter design methodology
yields good return loss including the transition bands between
the bandpass and bandstop filters. For finite loss tangent, the
insertion loss of the diplexer is 0.67 dB and clearly this will
reduce the power efficiency measured with respect to load
power at the output terminal of the filter.

In Figure 9, results are shown for periodic drive signals
using the complete amplifier circuit shown in Figure 3. Unlike
the results in Figure 6 which includes harmonic load power,
the diplexer separates the fundamental frequency component
from harmonic components. The results are still very good
and demonstrate high power efficiency over a range of duty
cycles from 30-70%. The results shown that even with the
additional insertion loss from the diplexer and rejection of
harmonic power which is dumped through the bandstop filter
to a load, the power efficiency is greater than 60% over the
entire range of different duty cycles.
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Fig. 5: Bandwidth of the broadband matching network from
node B to node D in Fig. 3.

Fig. 6: Analytic and simulated results for the circuit in Fig. 2.

Fig. 7: Stripline model of the complementary bandpass-
bandstop diplexer (drawing is not to proper scale).

Fig. 8: S parameters for the complementary diplexer with and
without loss tangent.

(a)

(b)

Fig. 9: Simulated efficiency and output power for periodic
input signals.



Copyright © 2012 IEEE. Reprinted from IEEE 2012 WAMICON Conference, April 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 advertising or 
promotional purposes or for creating new collective works for resale or redistribution must be obtained from the IEEE by writing to pubs-permis-
sions@ieee.org  By choosing to view this document, you agree to all provisions of the copyright laws protecting it.

V. ENCODED PULSE TRAIN RESPONSES

Periodic drive signals were used to set performance bench-
marks in the previous section and we now discuss results
obtained for SDM and PPM encoded pulse trains. The results
are summarized in Figure 10. For each type of encoder, a
sinewave is used as a source signal and the amplitude of the
sinewave is measured relative to the full scale amplitude of the
encoder. The x-axis of the graphs shows the relative source
signal level relative to full scale.

For each encoder, the drain efficiency of the amplifier is
measured in two ways. First, the reconstructed signal power
at the output bandpass filter terminal is measured relative to the
total DC power applied to the drain terminal of the amplifier.
As expected, the power efficiency drops as the source level is
reduced. The results demonstrate that as power is backed off
more power is shifted into the out-of-band spectrum which is
dumped to the bandstop output load. If on the other hand, the
power at both the bandpass and bandstop ports are summed,
the power efficiency is nearly constant and independent of
drive level — a highly desirable condition to maximize power
efficiency for a modulated source signal.

VI. ENERGY RECOVERY

Rather than dumping out-of-band power to a load as shown
in Figure 3, we could dump the power to an energy recovery
circuit. This configuration is shown in Figure 11. In concept,
this circuit rectifies out-of-band energy and converts it into
DC power which supplements the DC power required by the
amplifier. An implementation of this circuit is the subject
of future research work and for this paper we consider the
case where an RF to DC recovery circuit has an efficiency
of 80%. If this type of circuit could be implemented, it
would lead to the power efficiency plots shown in Figure 12.
Data are shown for both SDM and PPM encoders and the
results show that power efficiency could be maintained over
a large dynamic range. Obviously constant power efficiency
over a wide dynamic range would be very beneficial in
wireless systems and it is the potential to obtain this type
of performance that has led to the proposed architecture.

VII. CONCLUSION

A new RF switch-mode amplifier circuit topology has been
proposed which is motivated by implementation challenges
associated with the efficient amplification of aperiodic
(encoded) pulse trains. The circuit hard switches a single
power device which avoids the need to use baluns, output
transformers, high side drivers or protection diodes which
may be required in class D and class S circuits depending
on the circuit topology. The amplifier architecture uses a
broadband output match coupled to a complementary diplexer
to minimize power dissipation in the switching device under
a wide range of switching conditions including encoded pulse
trains. Future enhancements to the circuit will be investigated
and include the addition of an RF to DC recovery circuit to
recycle out-of-band RF load power.

(a)

(b)

Fig. 10: Simulated efficiency and output power for pulse
encoded signals.

Fig. 11: Block diagram of proposed energy recovery.
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