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Abstract—A power recycling technique has been analyzed
for efficiency-enhanced radio-frequency (RF) and microwave
outphasing power amplifiers for mobile wireless communications.
By use of a simple power recycling network, a considerable
portion of the wasted power can be recovered back to the power
supply, and the enhancement of the overall power efficiency can
be achieved without sacrificing the high-linearity performance
of the amplifier system. An analysis and calculations have been
conducted to optimize the recycling network for the maximum
power efficiency. The results predict a significant improvement
on the overall power efficiency of the amplifier system for various
modulations.
Index Terms—Linear amplification with nonlinear components
(LINC), outphasing power amplifiers, radio-frequency (RF) linear
power amplifiers.

I. INTRODUCTION

L

INEAR modulations such as MPSK and MQAM are desired for mobile wireless communications because of their
superior spectral efficiency, but they require linear power amplification at transmission. On the other hand, limited battery
capacity imposes primary restrictions on the power consumption of the typical mobile handset, and even base station power
amplifiers have limited dc power availability. In a typical transceiver architecture, it is typically the final power amplifier stage
that constitutes these real challenges for the designer. Many linearization techniques have been proposed to improve the linearity of the power amplifiers while at the same time enhancing
the power efficiency. The outphasing power amplifier is one of
the promising techniques that can achieve high linearity and
high power efficiency simultaneously. The “outphasing” concept dates back to the early 1930s and has been recently re-invigorated under the rubric of linear amplification with nonlinear
components (LINC) [1]–[11]. The outphasing approach takes
an envelope modulated bandpass waveform and resolves it into
two outphased constant envelope signals, which are amplified
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separately with two highly efficient nonlinear power amplifiers
and then summed. This approach allows the power amplifiers
to continuously operate at their peak power efficiency—potentially improving the power efficiency of the system, and yet the
final output can be highly linear.
However, one of the disadvantages of this approach is the
power loss inside the combining network, which compromises
the overall power efficiency, e.g., when a conventional hybrid
is used as the power combiner [8]. Alternative combining approaches improve the power efficiency by use of reactive combiners without the power termination [5]–[7]. These methods
may suffer from the incomplete isolation between the two power
amplifiers, i.e., the two power amplifiers “appear” to interfere
with each other. As a result, a significant signal distortion can
occur and the system linearity is degraded.
A power recycling technique was proposed in [10] as an attempt to enhance the power efficiency while maintaining sufficient isolation. This paper presents the detailed analysis of the
power recycling scheme to optimize the recycling network for
the maximum efficiency performance. The analysis begins with
an analysis of a simple constant envelope waveform in order to
gain insight. Then, linear modulated signals are discussed and
the numerical results are presented.
II. POWER RECYCLING TECHNIQUE
AMPLIFIERS

FOR

OUTPHASING

A complex representation of the band-limited source signal
can be written as
(1)
This signal is split by the signal component separator (SCS) of
the outphasing amplifier into two signals with modulated phase
and constant amplitude
(2a)
(2b)
where the quadrature signal

is defined by
(3)

The two signals are then amplified individually and fed to the
power combining network. With the combiner, the in-phase
signal components add together and the out-of-phase signal
components cancel out, therefore, the desired output is obtained.
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high-speed Schottky diode pair through an impedance matching
network. The Schottky diodes rectify the RF waves and the dc
components are withdrawn to the power supply. The RF “choke”
loops provide a dc return path for the circuit. The matching network is to be adjusted to optimize the system performance. As
it turns out, the efficiency of the recycling network is highly dependent on the power supply voltage, the characteristics of the
diodes as well as the power delivered to the recycling network.
III. THEORETICAL ANALYSIS FOR CONSTANT ENVELOPE
WAVEFORM

Fig. 1. Outphasing power amplifier with hybrid power combining.

An efficient power combining approach is necessary to preserve the high power efficiency of the system. The purely reactive combiner such as Chireix combining and the lossless “tee”
combiner [6] are possible choices. However, this method suffers from a variation of the load impedance presented to the two
power amplifiers, which in turn creates the signal distortion. The
load variation, which results from the time varying phase offset
between the two signal components, can be eliminated with a
conventional hybrid combiner, as shown in Fig. 1. In the ideal
case, the hybrid completely isolates the two power amplifiers
and each amplifier “sees” a 50- load. With the hybrid, the desired output signal is obtained on the summing port, while the
quadrature signal is obtained on the difference port. Unfortunately, the latter portion of the power is consumed at the resistive
load and turns into waste heat, which degrades the overall power
efficiency. Since the instantaneous combining efficiency is the
ratio of the desired output power to the total power delivered by
the two power amplifiers, the average combining efficiency is
easily calculated by [8]

The constant envelope waveform is examined first to identify the tradeoffs involved in the recycling network for the maximum performance. To simplify the analysis of Fig. 2, an ideal
resistive model is assumed for the Schottky diode, i.e., a fixed
in series with the built-in potential , an
“on-resistance”
infinite “off-resistance,” and negligible shunt capacitance. All
other components are assumed ideal. The analysis starts from
the diode side. Since the 180 hybrid combiner is used as the
power splitter, each diode conducts less than half time and operates 180 out-of-phase. The current through the upper diode
is, thus, described by

otherwise

(5)
is the power supply voltage,
is the peak signal
where
is the carrier frequency of
voltage applied to the diode, and
the signal. The diode conduction angle is given by
(6)
Note its symmetry with respect to the origin, the diode current
can be expanded as the following Fourier series
(7)

(4)
is
where is the normalized output signal magnitude, and
the probability density function of the modulation. The wasted
power compromises the overall power efficiency, especially for
high-level modulations, in which the signal experiences a wide
range of variation of the power levels. For example, the overall
-DQPSK modulated signal with
power efficiency is 45% for
square-root raised cosine filtering of roll-off 0.35, and drops to
17% for 64-QAM modulated signal with the same filtering [8].
Note that the average combining efficiency is equivalent to the
average-to-peak power ratio of the modulations.
The idea of the power recycling scheme is simple—replace
the power-wasting resistive load by an RF-dc converter to recover as much of the wasted power as possible back to the
power supply. The schematic diagram of an implementation of
this scheme is illustrated in Fig. 2. A 180 hybrid combiner is
configured as the power splitter to divide the wasted power into
two 180 outphased portions. These two signals are then fed to a

where is the th-order harmonic of the diode current. It can
be shown that the fundamental components and all odd-order
harmonic current of the two diodes are 180 out of phase, hence,
cancel out; only the dc components and even-order harmonics
are left. As we know that the RF “chokes” are usually embedded
with the power amplifiers, hence, a large value shunt capacitor
may be sufficient to short the harmonic currents to the ground,
as shown in Fig. 2. The dc component of the diode current is
given by
(8a)
(8b)
The recycled portion of the power is, hence
(9)
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Outphasing power amplifier with the power recycling network.

The RF-dc power conversion is a strongly nonlinear process. In
such a case, the large signal impedance of the device is usually
estimated by the fundamental component of the voltage and current waveforms. The fundamental component of the diode curis, thus
rent at
(10a)
(10b)
The impedance matching network scales the diode voltage
and current seen from the hybrid combiner. We assume an
from the hybrid
impedance transformation ratio of
side to the diode side. The hybrid can also be considered
as an impedance transformer, and it can be shown that the
input impedance of the recycling network is actually equal
—the impedance looking into the impedance matching
to
network from the hybrid as shown in Fig. 2. So
(11a)
(11b)
The reflection coefficient of the recycling network is, thus
(12)

is complicated by the coupling between the variation of the
load impedance and the power delivered by the amplifiers. For
example, a load impedance variation may drive a class-AB
or class-B power amplifier into saturation or breakdown. A
few power amplifiers that are sensitive to the load impedance
and require careful tuning, like class-E amplifiers, may fail
to work in this case. Furthermore, as stated previously, the
load impedance variation introduces an incomplete isolation
between the two power amplifiers even with the hybrid combiner. Because of the load line match of the power amplifiers,
the wideband quadrature signal reflected from the difference
port of the hybrid is reflected to the summing port, though the
hybrid provides an additional 3-dB isolation. The signal mixes
with the desired output signal and create the signal distortion.
An isolator may be placed between the two hybrids to absorb
the power reflected from the impedance matching network
and eliminate this effect. In this case, looking from the hybrid
combiner, the load is always matched to 50 , while looking
from the hybrid splitter, the isolator acts like an ideal voltage
with an internal resistance of 50 —the maximum
source
power transfer theorem applies. Thus, the source voltage is
(14)
impedance
where the scaling factor “ ” results from the
comes from the fact that the hymatching network and the
brid is a power addition device. The available power to the recycling network is then

is the characteristic impedance and assumed as 50 .
where
The voltage standing-wave ratio (VSWR) is, according to the
standard definition

(15a)

(13)

(15b)

The available power to the recycling network needs to be
known in order to calculate the recycling efficiency. The input
impedance of the recycling network varies with the diode
conduction angle, which is in fact determined by the power
delivered to the recycling network. In practice the situation

For a hybrid combiner with matched loads, the out-of-phase
in (2a) and
portion of power from power amplifiers—
(2b)—sum together in the difference port and the in-phase
portion cancel out. Therefore, the available power to the
recycling network corresponds to the portion of the quadrature

VSWR
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Fig. 3.

R =

Recycling efficiency as the function of “n” and the available power.
10 .

signal
, and a simple relation exists between the available
power and the transmitted power
(16)
is the maximum transmitted power.
where
The recycling efficiency is defined as the ratio of the recycling
power over the available power to the network

Fig. 4. VSWR as the function of “n” and the available power. R
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= 10

.

the impedance transformation ratio, with constant available
power, i.e.
(19)
The derivative of the diode conduction angle with respect to the
can be found from (15),
impedance transformation ratio
which is regarded as the implicit function of the “ ” and the
is a constant. Finally, we
diode conduction angle , since
get
(20)

(17)
) has
Now that a portion of the previously wasted power (
been recycled, the overall power efficiency with the recycling
network is given by

The maximum recycling efficiency occurs when the above expression is equal to zero, and that is equivalent to the following
condition:
(21a)

(18)
is the power efficiency without power recycling. The
where
overall power efficiency is enhanced through the recycling network. The net improvement on efficiency becomes more evidecreases. In the ideal case with 100% recycling efdent as
ficiency, the overall power efficiency becomes 100%.
Figs. 3 and 4 show three-dimensional plots of the calcuand VSWR as a function of the
lated recycling efficiency
impedance transformation ratio “ ” of the matching network
” to the recycling network,
and the available power “
respectively. The following parameters were chosen for the
V,
V, and
. The
computation:
contour plots are also shown beneath the mesh plots. It is clear
that there is a close relationship between the maximum recycling efficiency and the lowest VSWR. There are two different
cases of particular interest—the constant power available to
the recycling network case and the fixed impedance matching
network case. For the former case, the maximum recycling
efficiency can be found by differentiating (17) with respect to

(21b)
Equation (21) concludes that the optimum VSWR of the recycling network is equivalent to the optimum recycling efficiency
as the available power to the recycling network is fixed. This
conclusion also applies to the arbitrary diode model, as proved
in the Appendix. From (15), (17), and (21) it can be shown that
the maximum recycling efficiency as a function of the diode
conduction angle is given by
(22a)
(22b)
, which is a reasonable approximation in
assuming
most practical applications. The diode conduction angle in the
above expression, of course, corresponds to the case with the optimum impedance matching. A figure of merit which indicates
the capability of the recycling network can be defined as the recycling factor, which determines the diode conduction angle
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Fig. 5. (a) Maximum recycling efficiency. (b) Recycling factor as a function
of the diode conduction angle.

Fig. 6. Maximum recycling efficiency as a function of the recycling factor.

under the optimum impedance matching
(23a)
(23b)
Fig. 5 shows the maximum recycling efficiency achievable and
the recycling factor as a function of the diode conduction angle.
Hence, the maximum achievable recycling efficiency is related
to the recycling factor—the circuit parameters of the recycling
network—through the diode conduction angle. For example, it
can be seen that for the recycling efficiency higher than 55%, the
diode conduction angle must keep below 60 , or correspondingly, the recycling factor must be chosen less than five. The
diodes, power supply and the available power are then traded off
according to (23). Also note an interesting result—the smaller
the diode conduction angle, the more RF power is converted to
dc and, hence, the higher the recycling efficiency. This reminds
us of the fact that in classical power amplifier design, which can
be considered as a dc-RF converter, the bias point of the transistor is lowered to reduce the transistor conduction angle and
improve the drain efficiency. Fig. 6 shows the maximum recycling efficiency as a function of the recycling factor.
In practice, the impedance matching network is usually fixed
and the available power to the recycling network varies with
time, for example, in the case of linear modulated signals. The
analysis shows that the maximum recycling efficiency in this
case generally does not occur at the same point as the lowest
VSWR. Following the similar procedures, it can be shown that
the maximum recycling efficiency is given by:

(24a)

(24b)

Fig. 7. (a) Maximum recycling efficiency. (b) Correspondent VSWR as a
function of the diode conduction angle.

And correspondingly, the input impedance of the recycling network under the optimum recycling efficiency is
(25)
The diode conduction angle in above equations is determined
by the following equation
(26)
Note that the diode conduction angle and, hence, the maximum
recycling efficiency is independent of the supply voltage.
Equations (24) and (25) imply that the conditions for the
maximum recycling efficiency and for the lowest VSWR are
generally different. In practice, they are nevertheless fairly
close to each other. This situation is illustrated in Fig. 7, in
which the maximum recycling efficiency and the correspondent
VSWR are plotted as a function of the diode conduction angle.
Obviously, in most cases VSWR under the optimum efficiency
is less than two, especially for the low diode conduction
angle. This is in agreement with the experimental results by
comparing [10, Figs. 1 and 2].
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Overall power efficiency as a function of the output power for different
Fig. 9. VSWR as a function of the ou
tput power for different “n.”

In practical applications, the losses of the critical components,
such as hybrid splitter, isolator, and impedance transformation
network should be minimized. In general, the splitter and isolator
exhibit 0.5–1.0 dB insertion loss. Each 1-dB loss will degrade the
recycling efficiency approximately by a factor of 20%.
IV. ANALYSIS AND DISCUSSION FOR A LINEAR MODULATED
SIGNAL
For the linear modulations, the available power to the recycling network experiences a large variation while the total power
delivered by the two power amplifiers is constant. The instantaneous overall efficiency is rewritten here
(27)
where is the normalized output power of the amplifier system,
in (18). Fig. 8 displays the overall power efequivalent to
ficiency as a function of the output power for four different
impedance transformation ratios. The dashed line corresponds
to the case without power recycling, in which the power efficiency is equal to the normalized output power. With the power
recycling, the overall power efficiency is enhanced. The solid
lines show that the power efficiency improvement is dependent
on the impedance matching network. The improvement near the
low output power level is actually more critical than in the high
output power level. The reason is that when the output power is
high, little power goes to the recycling network and the overall
power efficiency is high anyway. Note that each solid line overlaps with the dashed line above a certain power level, depending
on the matching network. These intersection points correspond
to where the diodes turns OFF, due to the fact that beyond these
points less power is delivered to the recycling network and the
voltage applied to the diodes is unable to overcome the power
supply and turn on the diodes. The VSWR of the recycling
network beyond these points is of course infinite, as shown in
Fig. 9. Proper choice of the impedance matching network would
) across a wide range
result in a reasonably low VSWR (
of the output power level.

The average power efficiency for the linear modulated signal
is calculated by integrating the instantaneous overall power efficiency weighted by the probability density over the output
power, i.e.
(28)
is the power probability density function of the modwhere
ulation. As can be seen from Fig. 8, the instantaneous overall
power efficiency and, hence, the average power efficiency are
strongly dependent on the impedance matching network. As
two extreme cases, when the transformation ratio “ ” of the
impedance matching network tends to infinity, the voltage applied to the diodes unable to turn them ON most of the time, and
the average power efficiency of the system is, hence, similar to
the case without the power recycling. On the other hand, when
the transformation ratio “ ” tends to zero, the diodes are most
often kept turned ON. In this case, the large signal impedance
of the diodes approximates to zero, and most of the RF power
delivered to the recycling network will be reflected back to the
isolator, thus, the average power efficiency of the system is also
low. Obviously, there exists an optimum impedance matching
for the maximum average power efficiency, depending on the
probability density of the modulated signal. A Mathematica program was written to determine this optimum point and the correspondent peak average power efficiency.
The probability density function of the modulated signal is
required to calculate the power efficiency with and without the
power recycling. The analytical expression of the probability
density generally can not be found and, hence, the histogram
from the simulation is used instead, as shown in Fig. 10.
The modulations under investigation include QPSK, OQPSK,
-DQPSK, 16-QAM, and 64-QAM with square-root raised
cosine filtering. The roll-off factor of the shaping filter varies
from 0.1 to 1.0, with an increment of 0.1. Note that in practical
applications, the signal in-phase and quadrature components
may be offset by half the symbol period for 16-QAM and
64-QAM and the probability distribution will be different, as
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Power probability density function for various modulations. The legend indicates the roll-off factors of the square-root raised cosine filtering.

in the case of QPSK and OQPSK. In Fig. 11, the solid curves
correspond to the calculated peak average power efficiency
with the optimum impedance matching as a function of the
roll-off factor for various modulations. The average power
efficiency without the recycling network is also displayed as
the dashed lines to show the improvement. In this calculation,
the maximum output power of the amplifier system is 1 W.
The supply voltage is 3 V and the diode on-resistance is 5 .
The recycling factor is, hence, 2.7, which corresponds to a

maximum 57% recycling efficiency for the full power level,
and a maximum 65% recycling efficiency for the mid power
level, according to (22) and (23). As illustrated in Fig. 11, with
properly chosen impedance matching network, the net increase
of the average power efficiency is between 14% and 21%
throughout the entire range of roll-off factor (
),
depending on the modulations. This corresponds to the relative
improvement of the average power efficiency from 33% to 83%.
Note that the probability density functions in this calculation
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the diodes, the power supply and the available power to the recycling network is critical for the performance of the system.
The numerical calculations predict that a relative improvement
of 33% to 83% on the average power efficiency can be achieved
for various modulations. This simple technique promises to improve the power efficiency of the outphasing microwave power
amplifier, while maintain its high linearity performance, and
make it more attractive for mobile wireless communications.
APPENDIX
RECYCLING EFFICIENCY AND VSWR FOR AN ARBITRARY
DIODE MODEL
The voltage–current characteristic of a Schottky barrier is
usually described by empirical equations. More generally, the
following arbitrary current–voltage relationship of the Schottky
diode is assumed
Fig. 11. Average power efficiency with (solid lines) and without (dashed lines)
the recycling network as a function of the roll-off factor for various modulations.

experience differing distributions, while the net increase of the
average power efficiency is approximately 16% for 16-QAM
and 64-QAM, and approximately 20% for QPSK, OQPSK,
-DQPSK, except with the modest drop for the case of
and
roll-off factor 0.1. As shown in Fig. 10, the probability density
-DQPSK modulated signal typically possesses one or
of the
two peaks in certain medium power levels and rolls off on both
sides. The OQPSK modulated signal roughly approximates a
constant envelope, hence, its probability density concentrates
within a certain range of power levels well above dc. In the
case of 64-QAM, the probability density function tends to be
Gaussian and the peak-to-average power ratio is pretty low. In
,
, and
is critical to
a word, the proper choice of
the performance of the recycling network, and Fig. 5 can be a
useful guidance for the estimation of the improvement.
For multicarrier channels in the basestation, the probability
density function of the modulated carrier tends to be Gaussian
distributed, according to the Central Limit Theorem. This will
make the behavior of the recycling network much like in the
high-level modulation case, such as 64-QAM. The bandwidth
of the power recycling system is generally determined by
the impedance matching network. As demonstrated in [10], a
simple design of the impedance matching network made the
system with sufficient bandwidth for CDMA IS-95 modulated
signal.
It is essential to reduce the diode loss to maximize the system
performance. The diode “on-resistance” can be reduced by parallel connection of a few diodes, but the shunt capacitance increases. The optimum design of the recycling network may be
fine-tuned with SPICE simulation and the experiment. It is also
important to properly choose the matching network to prevent
high reverse voltage applied to the Schottky diodes for breakdown.
V. CONCLUSION
The power recycling technique has been analyzed for the optimum efficiency performance for the outphasing power amplifiers. The analysis demonstrates that the proper tradeoff among

(29)
is the voltage drop across to the diode. Then, the dc
where
component of the diode current can be found
(30)
and the fundamental component is
(31)
The same expressions for the available power (15a) and the recycling efficiency (17) can also be obtained as a function of
. The concept of diode conduction angle in this more general
case is meaningless. The maximum recycling efficiency is determined by differentiating (17) with respect to the impedance
transformation ratio “ ” for the fixed available power to the recycling network. Similarly, (15a) can be regarded as the implicit
. Finally, we have
function of “ ” and
(32a)

(32b)
The maximum recycling efficiency occurs as the above expression is equal to zero, which is equivalent to
(33a)
(33b)
Equation (33) concludes that in the case of the fixed available
power to the recycling network, the maximum recycling efficiency and the lowest VSWR occur simultaneously. This conclusion is general and independent of the diode model, which is
a direct consequence of the maximum power transfer theorem.
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