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Abstract—A 90-W peak-power 2.14-GHz improved GaN out-
phasing amplifier with 50.5% average efficiency for wideband code
division multiple access (W-CDMA) signals is presented. Indepen-
dent control of the branch amplifiers by two in-phase/quadrature
modulators enables optimum outphasing and input power leveling,
yielding significant improvements in gain, efficiency, and linearity.
In deep-power backoff operation, the outphasing angle of the
branch amplifiers is kept constant below a certain power level.
This results in class-B operation for the very low output power
levels, yielding less reactive loading of the output stages, and there-
fore, improved efficiency in power backoff operation compared
to the classical outphasing amplifiers. Based on these principles,
the optimum design parameters and input signal conditioning
are discussed. The resulting theoretical maximum achievable av-
erage efficiency for W-CDMA signals is presented. Experimental
results support the foregoing theory and show high efficiency
over a large bandwidth, while meeting the linearity specifications
using low-cost low-complexity memoryless pre-distortion. These
properties make this amplifier concept an interesting candidate
for future multiband base-station implementations.

Index Terms—Base station, high-efficiency RF power amplifier,
mixed-mode amplifier, outphasing amplifier, wideband code divi-
sion multiple access (W-CDMA).

1. INTRODUCTION

URRENTLY, there is high interest from wireless industry
in high-efficiency amplifier concepts to accommodate the
third generation (3G) and upcoming fourth generation (4G) of
communication standards. These new standards offer more and
better data services, but to establish this within a restricted fre-
quency band, they make use of signals with high peak-to-av-
erage power ratios. As a result, base-station amplifiers operating
with these signals will function most of their time, at much lower
levels than the peak powers they are designed for.
Consequently, traditional class-AB amplifiers are less attrac-
tive candidates for these signals since their efficiency is seri-
ously degraded when operating them below peak power.
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To avoid this efficiency degradation, various amplifier ar-
chitectures with improved efficiency have been proposed over
time. At this moment, two basic concepts seems to be favored,
namely, supply-voltage modulation-based methods like enve-
lope tracking [1], envelope elimination and restoration (EER),
or polar modulation [1]-[5], as well as load modulation-based
concepts, with the Doherty amplifier approach as the overall
favorite [6]—[8]. Although both concepts can provide excellent
efficiency performance [3], [8], practical implementation of
these concepts still have their own specific strong and weak
points, e.g., the envelope-tracking amplifier can provide a large
RF bandwidth, but is limited for its modulation bandwidth due to
speed restrictions in the envelope-tracking hardware. In contrast,
Doherty amplifiers can provide a large modulation bandwidth,
but are more limited in their RF bandwidth, due to the higher
complexity of the RF network. Furthermore, both amplifier con-
cepts typically require the use of expensive digital pre-distortion
(DPD) hardware to correct for the memory effects in order to
meet the spectral requirements of the communication standards.

In view of this, outphasing amplifiers [9] are generally con-
sidered to be easier to pre-distort, while their RF bandwidth can
be large compared to Doherty implementations, making them
interesting candidates for future multiband multimode base-sta-
tion operation. However, in spite of their potential, practical out-
phasing amplifiers are still lacking behind in efficiency perfor-
mance compared to state-of-the-art envelope tracking [3] or Do-
herty amplifiers [8].

Nevertheless, outphasing amplifiers [see Fig. 1(a)] have been
steadily improved over the last few years. Reported results
include outphasing amplifier implementations using DPD [10],
outphasing amplifiers with input-power control and differen-
tial-phase adjustment for enhanced efficiency performance
[11]-[14], as well outphasing amplifier implementations that
feature combinations of input power and phase control with
adaptive output-susceptance compensation to enhance the
efficiency in power backoff operation [15]. In spite of these
promising results, to the authors’ knowledge, truly high-power
high-efficiency outphasing amplifiers that yield competitive in-
dustrial implementations have not yet been brought to light. With
this study, we aim to change this situation, by investigating the
efficiency limitations of outphasing amplifiers for complex mod-
ulated signals, when these are optimally dimensioned and driven
with optimum conditioned input signals. Experimental vali-
dation is performed through a GaN outphasing circuit demon-
strator, which utilizes two independent in-phase/quadrature
(I-Q) modulators, to facilitate free-to-choose drive conditions
for its branch amplifiers [see Fig. 1(b)]. The resulting amplifier
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Fig. 1. (a)Block diagram of a conventional outphasing amplifier. (b) LINC am-
plifier with independent I-Q modulator-based control of the amplifier branches.

provides the highest average efficiency ever reported for an
outphasing amplifier operating with a W-CDMA 3G signal,
while meeting all linearity specifications [16].

II. CLASSICAL OUTPHASING AMPLIFIER

In a conventional outphasing amplifier [see Fig. 1(a)], the
varying envelope input signal is converted into two antiphase
modulated signals with constant envelop. These two signals are
amplified by two efficient, but not necessarily linear branch am-
plifiers. At the output of these amplifying stages, these signals
are combined to (re)generate the amplified replica of the original
input signal (with a varying envelop). Note that by presenting
signals with a constant envelop to the branch power amplifiers,
AM-AM and AM-PM nonlinearities no longer degrade the lin-
earity of the output signal anymore. This eliminates the linearity
requirements of the branch amplifiers, which can now be oper-
ated in a high-efficiency mode.

As result, with this concept, linear amplification of the input
signal is possible using nonlinear components, explaining its
widely used name, i.e., linear amplification using nonlinear
components (LINC) [17].

The outphasing amplifier in its original form uses an iso-
lating power combiner to provide high linearity, but its resulting
average efficiency is typically not better than that of a simple
Class-B amplifier. To improve at this point, Chireix proposed
the use of a nonisolating output power combiner [18]. In his ap-
proach, outphasing now results in load modulation of the branch
amplifiers providing improved efficiency in power backoff oper-
ation. Theoretically, a Chireix amplifier has an outstanding per-
formance since, in principle, it can combine high linearity with
high efficiency. Unfortunately, practical Chireix amplifier im-
plementations suffer from gain limitations of the branch devices,
as well as, their dependence on their dynamically changing com-
plex output loading. These effects result in degradation of their
efficiency and linearity [2], [9]. To correct for this efficiency
degradation, we will first analyze the optimum input drive con-
ditions of out-phasing amplifiers and their related optimum lo-
cation of the Chireix compensation points. The linearity of this
modified Chireix amplifier will be addressed in Section IV-B
through DPD.
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Fig. 2. Chireix transmitter, assuming voltage-source-like operation of the ac-
tive devices. (a) Without compensation for the complex loading due to out-
phasing. (b) With compensating shunt susceptance for a specific outphasing
angle.

III. OUTPHASING AMPLIFIER OPTIMIZATION

To investigate optimum outphasing operation, we first con-
sider Fig. 2, which gives a typical Chireix amplifier. Two
phase-modulated voltage sources, representing the output
stages of branch amplifiers, are connected to a load (Ry) by
two \/4-transmission lines, which combine the power deliv-
ered by the voltage sources [18]. By controlling the outphasing
angle, the output power can be controlled, as well the effective
loading of the voltage sources, which yields the high-efficiency
operation [18].

Based on the analysis of the circuit schematic in Fig. 2 [2],
we can write, for equal amplitudes of V4 and Vg, that the power
output delivered to the load Ry, is equal to

Pout = Py, cos?(¢) (1)

with

Ry,

P = Z2 (

Vi+VE) ©)
where P, is the maximum output power of the transmitter (2)
and ¢ is the outphasing angle between the voltage sources. For
the effective shunt admittances, we can write

Ya = =Z2cos 2(p)Fg- % sin(2¢). 3)

As one can observe from (3), the resulting admittances are com-
plex and vary with the outphasing angle. Since active devices
provide their highest efficiency when their loading is purely
ohmic, it is advantageous to compensate for the variable imag-
inary part of the load, yielding the well-known reactively com-
pensated Chireix amplifier [18]. In most practical designs, this
is done by adding two fixed shunt susceptances to the branches
[see also Fig. 2(b)], given by

R
Yy = Z—§2COSZ(¢) FJj-

o O

5111(2(]5) £ jBeomp (4)
where Beomp 18
Ry
Beomp = Z2 sin(2¢.) 5)
with ¢. being the phase angle for which pure ohmic loading is

established. When we assume that the active devices are oper-
ating in saturated class-B mode, they tend to behave as voltage
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sources [2]. For this situation, the expression for the efficiency
[22] of the reactively compensated Chireix amplifier can be
written as

T '(255) in(2-¢)\*
\/HZ( )

Note that the compensation angle ¢. should be selected in such a
way that the average efficiency of the amplifier is maximized for
the signature of the modulated signal under consideration. For
clarity, we will assume class-B operation with its related max-
imum 7 /4 efficiency for the branch amplifiers in the remainder
of this paper. The results, however, can be easily renormalized
to reflect the use of higher efficiency amplifier classes.

(6)

A. Selection of the Optimum Compensation Angle for
Amplifiers Using Pure Outphasing

To achieve maximum average efficiency for a given envelope
modulated signal, the compensation angle must be selected
based on the probability density function (PDF) of this signal.
For the efficiency optimization of our outphasing amplifier,
we will assume W-CDMA operation of which PDF can be
described by a Rayleigh distribution [19] at a given peak-to-av-
erage ratio (PAR) of the signal (¢)

p(V, &) = 2V, eel 779 %)

in which V,, represents the normalized voltage over the load
resistor of our total amplifier. To ease our calculations for this
efficiency optimization, we first rewrite the expression for the
efficiency (6) in terms of the normalized load voltage (V,, =
v/ Pr/Pm = cos(¢)), which has a square root relation with the
normalized output power

™
(Vs be) = 4 ®)
1 sin(2 . qﬁc) -2
1+ Z Vn2

VZ_ V1

Using this notation, the average efficiency of the amplifier can
be calculated using (7)—(9) [3], [19], [20], [22].

Consequently,
Vi
f Pout(Vn)p(Vn)an
Pout_avg V=0
Tavg (d’c) = Pd = V. P (V ) (9)
c-avg out\¥n

Vin=0 n(VTH (;Zsc)

As can be noted, the average efficiency is a function of the com-
pensation angle (¢.). The optimum value of this compensation
angle can be obtained analytically by solving

d(navg)
dg.c
or graphically by plotting the average efficiency as function of

the compensation angle and select the optimum value of ¢, for
maximum average efficiency [20], [22]. Analytically solving

=0 (10)
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Fig. 4. (a) Power distribution (PDF * Power (V},)) of a W-CDMA signal with
aPAR of 8 and 12 dB, respectively. (b) Resulting single-tone efficiency as func-
tion of normalized output voltage when using the optimum compensation angle
for the 8- and 12-dB PAR W-CDMA signals.

(10) is quite tedious so, for simplicity, the graphical approach
is given in Fig. 3.

Note that the upper optimization is performed assuming ideal
voltage-source-like behavior of the branch amplifier devices,
something that will be refined later in Section III-C. In Fig. 4(a),
the resulting power distribution is given as function of the nor-
malized output voltage for the 8- and 12-dB PAR wideband code
division multiple access (W-CDMA) signals used in the pre-
vious optimization. As one can conclude from Fig. 4(a) and (b),
the overlap of the power distribution with the single-tone effi-
ciency curve is maximized for these signals when using the op-
timum compensation angles of 74° and 79°, respectively [see
Fig. 4(b)].

B. Outphasing Amplifiers Using Input Amplitude Control

After this initial optimization for the average efficiency, we
expand the scope of our analysis by considering the possibility
to use class-B operation beyond a certain outphasing angle.
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The advantage of this mixed-mode operation can be understood
when inspecting the efficiency degradation versus increased
power backoff of a class-B amplifier in comparison to that of
an outphasing amplifier.

For this purpose, we consider Fig. 5, where the efficiency of
a traditional class-B amplifier is plotted versus its normalized
output voltage. Note that for a class-B amplifier, its efficiency
is always linearly proportional with its output voltage. Conse-
quently, its efficiency degradation with increased backoff power
is modest. In contrast, when considering the efficiency of a pure
Chireix amplifier (8), we also find, besides the desired efficiency
peaking in power backoff, a very steep drop in efficiency versus
increased backoff power once the outphasing angle is increased
beyond the compensation angle ¢.. This steep efficiency drop
can be explained by the fact that, when using outphasing beyond
the compensation angle ¢.., the loading conditions of the active
devices become almost entirely reactive, something that is very
harmful for the efficiency [2]. Due to this phenomenon, pure
outphasing amplifiers have a rather low efficiency when oper-
ated beyond the compensation angle ¢.. Therefore, if the input
power and phase of the amplifier branches can be controlled
fully independently, it is possible for an outphasing amplifier to
switch to class-B operation just a bit beyond ¢.. Doing so will
result in less reactive loading conditions for the active devices
at these low output power levels, while one can benefit from the
much lower efficiency roll-off of a class-B operated amplifier.
This technique results in significant improvements in average
efficiency.

Consequently, using a similar technique as previously used in
Fig. 3, it is also possible to estimate the optimum compensation
angle for this modified outphasing amplifier and calculate the
maximum average efficiency achievable for a W-CDMA signal
at a specific PAR. In Fig. 6, the optimum average efficiency
with a related optimum compensation angle are plotted for a
WCDMA signal as a function of peak-to-average power ratio
using the Rayleigh function [19]. Although practical W-CDMA
signals normally do not exceed a PAR value of 12 dB, it is
chosen here to plot the maximum average efficiency over a
larger range to also provide some insight for signals with an
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even larger PAR. From these results, we can conclude that the
use of mixed-mode outphasing/class-B operation yields a sig-
nificant improvement in average efficiency, e.g., 10% points at
a PAR of 11.5 dB, over the conventional pure outphasing-mode
operation.

C. Selection of the Optimum Compensation Angle When
Output Losses are Present

Until now, ideal voltage-source-like behavior has been
assumed for the amplifying devices. As result, the optimum
outphasing angle only depends on the PDF of the input signal.
However, when considering practical amplifier implemen-
tations, the output stages are loaded by the parasitic shunt
conductance of the output devices itself, as well as by the losses
in the matching networks and power combiner, yielding a
degradation of the efficiency attainable under load modulation.
This efficiency degradation will be most pronounced in power
backoff, yielding a deviation of the ideal efficiency curves [15].
Consequently, the selection of the optimum compensation angle
¢. must also be adjusted. Appendix A discusses the background
of this phenomenon in detail. Here, we restrict ourselves to the
impact of the output conductance on the average efficiency.
For this purpose, Fig. 7 shows the resulting average efficiency
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based on the PDF of the W-CDMA signal at various PARs
when parasitic loading is present. The results indicate that when
parasitic output loading is present, the optimum compensation
angle shifts to lower outphasing angles.

With the above, we have concluded our discussion on the
theoretical maximum achievable efficiency for the mixed-mode
outphasing amplifiers assuming class-B peak efficiency of the
active devices. Note when using, e.g., class-F operation for the
branch amplifiers, these results need to be renormalized to re-
flect this particular situation. Since the drain efficiency is an
output related quantity, we have based our conclusions on the
output behavior of the active devices only. In Section IV, we will
focus on how the input signals should be generated to achieve
this optimum performance.

IV. INPUT SIGNAL GENERATION

In classical outphasing-amplifier implementations, the
branch amplifiers are driven by a constant envelope signal such
that output devices are always operated in saturation mode,
and therefore, closely approximate the behavior of a voltage
source. The drawbacks to this approach are the high input
power required and a low effective gain that will be achieved in
power backoff operation due to this constant input amplitude.
As result, the power-added efficiency (PAE) will drop rapidly
in power backoff since it is dependent on the RF input power
[15]. To improve the PAE, one can make use of the fact that
most devices act more like a power-dependent current source
than an ideal voltage source. Therefore, the input power needed
to drive a device into saturation reduces with the outphasing
angle. Consequently, reducing the input power in backoff
operation will improve gain, as well as PAE; in addition, it will
also avoid excessive overdrive conditions of the active devices
that can yield degradation effects [2].

A. Optimum Input Signals for Branch Amplifiers

Unlike classical outphasing amplifiers, the input signals for
the branch amplifiers of the modified outphasing amplifier con-
tain phase modulation, as well as amplitude modulation, to sup-
port the class-B mode in deep power backoff operation When
extending the input power control into the outphasing region, a
somewhat more linear relation between input and output power
can be established [see Fig. 8(a)]. This approach will yield a
more constant and also higher power gain, something that is es-
sential to any successful PA implementation. Consequently, for
a particular complex modulated test signal Sy,

Sin = r(t)e??®. (11)

The input signals for the branch amplifiers A and B can be

described as

Spa, = I/in(t)ej(i¢(t)+9(t)) (12)
in which
_ [ acos(r(t)), if acos (r(t)) < Pinr
QS(t) o {¢thr7 if acos (T(t)) > (;Zsthr } (13)
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Por(t) + p1r2(t) + par(t) + p3,
if acos (r(t)) < dinr
r(t)

o)’ if acos (7(t)) > denr

Note that (¢b¢n,) 18 the outphasing threshold angle where the
outphasing mode is changed to class-B operation. The coeffi-
cients (mp,, ..., mp,,) are used to implement the input-power
control in the outphasing regime. By controlling the power in
this regime, deep compression of the active devices is avoided,
something that proves to be beneficial for the gain and PAE of
the amplifier (as will become clear later). In the above, p,, repre-
sents the linear term, while the higher order terms (p,, . .., pn)

Vin(t) = (14)
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are needed to keep the amplifier always a bit in saturated class
B when operating in the outphasing mode. The actual value of
the parameters (p,,...,p,) are determined by fitting the op-
timum input power curvature using MATLAB in which the op-
timum input power curvature is determined experimentally by
sweeping both the phase offset between the input signals of the
amplifier branches, as well as the power these input signals. The
various input drive conditions for the different modes of opera-
tion are illustrated in Fig. 8(a). Note that the mixed-mode am-
plifier operation indeed has a higher input drive than that of a
classical class-AB amplifier to enforce the saturated operation
of the PA devices in the outphasing regime.

The resulting output loading of the active devices is given in
Fig. 8(b). Note that switching to class-B operation indeed limits
the reactive loading of the output stages in deep power backoff
operation. The real part of the load also no longer increases
beyond the level defined by the threshold angle (here, ~ 10x
Ropt), which will limit the impact of the output losses in this op-
eration region. Note that the switching is done at the point where
the efficiency of the outphasing amplifier drops more rapidly
than the class-B amplifier (Fig. 5), which is slightly different
than the point where the outphasing amplifier is entirely com-
pensated for the reactive loading. Doing so yields the maximum
achievable efficiency at each power level in power backoff op-
eration for the mixed-mode amplifier. However, it must be men-
tioned that setting ¢y}, equal to ¢. will closely approximate this
situation in practice. In the actual implementation of our ampli-
fier, the signals for the branch amplifiers will be generated in the
digital domain using arbitrary waveform generators (AWGS) in
conjunction with two I-Q modulators that up-converted the sig-
nals to the RF operation frequency.

B. DPD

Since the modified outphasing transmitter employs input
power and phase control and is only optimized for efficiency, its
resulting gain will be nonlinear. Consequently, for fully opera-
tional systems, DPD is needed to meet the spectral requirements.

To implement this, we use the basic block diagram of the DPD
of Fig. 9. For this constellation-mapping-based DPD algorithm
[21], we assume that the mixed-mode outphasing amplifier is a
single-input single-output system. This assumption allows pre-
distortion to be applied directly on the input signal S, while
the separation for the branch amplifiers is handled in the digital
domain by (12)—(14).

As result, the algorithm of pre-distortion can be kept very
simple, since it only has to compare the amplified output signal
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with the original input and adjusts the error terms in the lookup
table to make this match as close as possible.

C. Modulation Bandwidth Expansion

Another important aspect in the design of the PA is the mod-
ulation bandwidth used for the branch amplifiers, which is no-
torious for the classical outphasing amplifier when the original
baseband signal is converted to the outphasing signals for the
amplifier branches [9]. This expansion is mainly caused by the
inverse cosine operation involved in the input-signal processing.
Note that this phenomenon not only restricts the modulation
bandwidth of the overall transmitter, but also makes the pre-dis-
tortion hardware and software more complex and expensive. In
addition, due to the bandwidth expansion, memory effects in the
branch amplifiers tend to be more pronounced.

In view of this, an additional benefit of mixed-mode amplifier
is the very limited bandwidth expansion compared to the clas-
sical outphasing amplifier. This can be concluded when con-
sidering two extreme cases, namely, 0° and 90° for the out-
phasing threshold angle. When the threshold outphasing angle
is set to zero, the amplifier operates as a pure class-B ampli-
fier and no bandwidth expansion will be present. On the other
hand, if the outphasing angle is set to 90°, the amplifier acts
like a pure classical outphasing amplifier with related maximum
bandwidth expansion (up to a factor of 12 (approximately) for a
W-CDMA signal). Therefore, the bandwidth expansion for the
mixed-mode amplifier will lie somewhere between these two
extremes.

To support the above, a model of the mixed-mode ampli-
fier was developed in MATLAB and operated with a W-CDMA
3G signal, while using different values for the threshold out-
phasing angle (¢, ). To estimate the bandwidth expansion of
the input signals for the branch amplifiers, the bandwidth is
plotted for a W-CDMA signal (PAR = 9.6 dB, sampling fre-
quency 122.9 MHz), where 99.99% of the total power is con-
tained. The result is plotted in Fig. 10 and is in line with the
above-mentioned expectations. It can be concluded from Fig. 10
that for a 9.6-dB PAR W-CDMA signal, a bandwidth expansion
of only a factor of 3.5 can be expected when using the mixed-
mode outphasing operation with a threshold angle of ¢¢n, =
68°.
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Fig. 11. Simplified schematic of the mixed-mode amplifier.

V. DESIGN OF THE MIXED-MODE OUTPHASING AMPLIFIER

To support the previously introduced theory, a W-CDMA
base-station amplifier has been designed that makes use of the
proposed mixed outphasing/class-B operation. For the active
devices in this demonstrator, two 45-W GaN devices has been
used, which, due to their low parasitic output conductance, offer
high efficiency even for high-impedance loading conditions.
The resulting amplifier provides 90-W peak power (49.5 dBm)
at a center frequency of 2.14 GHz.

A. Branch Amplifier Cells

The overall efficiency performance of any outphasing ampli-
fier is determined by its branch amplifiers, which must provide
high efficiency not only for optimum loading, but also at the
maximum load impedances that occur during outphasing [see
Fig. 8(b)]. To guarantee this optimum behavior, the load modu-
lation due to outphasing should correctly transfer to the internal
drains of the active devices. Therefore, in the design process,
the disturbing influence of package and device parasitic ele-
ments (e.g., bond wires and output capacitances) must be com-
pensated. In our design, the influence of these parasitic can be
considered as a short artificial transmission line. Consequently,
by adding some additional line length, the total effective elec-
trical length can be increased up to 180°.

Note, that for this particular value, the varying load
impedance at the output power combiner interface due to
outphasing will be perfectly reproduced at the internal drain
terminal. Consequently, the output capacitance of the device
can also be compensated at the end of this “180° transmission
line” (Fig. 11). Device matching for the real part is incorporated
in the design of the output power combiner.

Finally, the branch amplifier cells are designed uncondition-
ally stable in order to handle the varying loading conditions due
to outphasing without any complication.

B. Chireix Output Power Combiner

The Chireix output combiner is also given in Fig. 11, it uti-
lizes a conventional two-line microstrip power combiner with
an additional \/4 impedance transformer to implement a two-
step impedance matching of the branch amplifiers. The resulting
low-Q matching results in the required bandwidth for the overall
outphasing amplifier.

As final step, based on the theory of the previous sec-
tions, which include parasitic output loading, the optimum
Chireix compensation angle was found to be 68° for the aimed
W-CDMA signal with a 9.6-dB crest factor. The compensation
susceptances related to the 68° angle have been combined with

1931

the susceptances needed for the reactive matching of the output
capacitances of the active devices. The resulting susceptances
are added to the power combiner as open stubs (Fig. 10). Note
that, although on first sight the compensation stubs seem to
have the same length, in the actual layout, one stub is slightly
longer than A\ /4, while the other stub is slightly shorter than \ /4
in order to implement the desired compensation susceptances
and reactive matching of the active devices.

VI. EXPERIMENTAL RESULTS

A. Test Setup

The block diagram of the test setup is shown in Fig. 12.
The baseband signals are generated using Agilent’s high-speed
N6030 AWGs and fed to the two I-Q modulators, which de-
liver the phase and amplitude controlled RF input signals for
the branch amplifiers. Additional driver amplifiers are included
to bring the input signals to the desired drive power level for the
branch amplifiers. To maximize the dynamic range, 10-dB at-
tenuators were inserted in the I and Q paths of the modulators
to make use of the full range of the AWGs without overdriving
the I-Q modulators.

The output of the mixed-mode outphasing amplifier is fed to
a spectrum analyzer and coupled to a mixer. Using a 2.12-GHz
local oscillator (LO) signal, this mixer down-converts the
2.14-GHz amplifier output signal to a 20-MHz centered low-IF
signal. This signal is sampled by a high data-rate sampling card,
while quadrature demodulation is done in the software domain
to obtain the I-Q baseband signals that represent the amplifier
output. These signals are later used in the digital predistortion
to correct for the nonlinearities of the transmitter.

B. Calibration Test Setup

Although DPD is used to correct the amplifier nonlineari-
ties, there are still some effects that cannot be cancelled by the
pre-distorter, or greatly impairs its performance. These effects
include LO leakage, phase and gain unbalance of the I-Q mixers,
as well as gain unbalance in the branch amplifier paths. The ac-
tual input power also needs to be known to achieve an accurate
estimate of the gain and PAE of the power amplifier.

The LO leakage of the I-Q mixers can be corrected by ad-
justing the dc-offset voltages of I and Q channels, while the gain
unbalance and phase unbalance is corrected using digital com-
pensation [23]. Once the I-Q mixers are calibrated, the gains of
the input paths of the mixed-mode amplifier are leveled. To auto-
mate these steps, a MATLAB script is written, which determines
and stores the correction terms. These terms are later used in the
generation of the input signals of the mixed-mode amplifier.

C. Single-Tone Characterization

In the theory sections, we have shown that the efficiency of
outphasing amplifiers can be improved by optimizing the power
and phase of the input signals. Consequently, to find these op-
timum input power levels, as well as the optimum threshold
angle ¢y, a single-tone characterization of the amplifier is per-
formed to estimate the optimum control parameters of (12) and
(13). This characterization involves input power sweeps with
stepped outphasing angles while measuring the output of the
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08 T T T
068 F e
04 L o ........

02}

............. O EIT0 1 L O PP OO PPPSPRPPPP

Dashed Lings show PAE

Efficiency and PAE

02 H i H
30 35 40 45 50

Output Power (dBm)

Fig. 13. Measured single-tone efficiency and PAE as a function of output power
for the 90-W GaN outphasing amplifier when operated in pure outphasing mode,
as well as in mixed outphasing class-B operation.

transmitter. By plotting the maximum achievable efficiency for
each output power level, the overall achievable efficiency versus
output power is obtained (Fig. 13).

For both cases, the efficiency and PAE of the transmitter in
mixed mode, as well as in pure outphasing mode, are mea-
sured and plotted. Note, when we operate the amplifier as a
pure outphasing transmitter (input power is kept constant), we
find the early efficiency roleoff with power backoff, as pre-
dicted by the theory. The performance improvements for the
mixed-mode operated outphasing amplifier are clearly visible.
The input drive conditions used for both cases are shown in
Fig. 14. Note that due to the lower input power in mixed-mode
operation, the amplifier branches are driven less in saturation,
causing a slightly lower output. Consequently, the outphasing
angle required in mixed-mode operated amplifiers for a given
output power backoff (OPB) level will be slightly lower as re-
flected by the curves in Fig. 14.

The transducer power gain of the mixed-mode amplifier is
plotted in Fig. 15. As can be observed from this figure, there
are two distinguishable regions of operation. In the outphasing
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Fig. 14. Input power drive profiles used for the branch amplifiers, in pure out-
phasing mode, as well in mixed outphasing/class-B operation mode.
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Fig. 15. Measured transducer power gain of the mixed mode amplifier and out-
phasing amplifier as a function of output power.

mode, the gain reduces with power backoff, but this gain drop
is restricted to 4 dB at 8-dB OPB, instead of 8 dB for pure-
outphasing operation (Fig. 15). This improved gain is due to
the input power control, which is also applied here in the out-
phasing region. Moreover, when switching to class-AB opera-
tion, the gain starts to increase again since the PA devices are
coming out of “weak” saturation. Note that we can conclude
from Figs. 13 and 15 that pushing class-B operated devices in

Authorized licensed use limited to: TU Delft Library. Downloaded on July 06,2010 at 12:17:30 UTC from IEEE Xplore. Restrictions apply.



QURESHI et al.: 90-W PEAK POWER GaN OUTPHASING AMPLIFIER WITH OPTIMUM INPUT SIGNAL CONDITIONING

100%

. S
£ 80% &
= 60% £
g w
O (o]
iL_' 40% S
3 : =
=3 : : : : o
8 35k ................. P e R 120% E)
: : : : ]

30 i i 1 i 0

2000 2050 2100 2150 2200 2250

Frequency (MHz)

Fig. 16. Measured maximum output power and efficiency as a function of fre-
quency for the 90-W GaN outphasing amplifier.

Output Power (dBm)

2.14 2.145

Frequency (GHz)

Fig. 17. Measured W-CDMA 3G signal with and without using pre-distorter.

deep compression is harmful for their gain and PAE. This con-
clusion does not really change when considering saturated oper-
ation, e.g., class-E or class-F; here, the inherently lower gain of
these classes makes some kind of input power control even more
important, when varying the output power over a large range.

The RF bandwidth of the mixed-mode outphasing amplifier
has also been investigated. It can concluded from Fig. 16 that
the amplifier is capable of maintaining an output power of more
than 48 dBm with high efficiency (n > 60%) over a bandwidth
of 140 MHz, which is more than sufficient for most broadcast
applications. s

D. W-CDMA Characterization

Once the input power control parameters for the mixed-mode
outphasing transmitter are computed, the outphasing amplifier
has been tested with a W-CDMA signal with 16 dedicated
physical channels (16DPCHs) [16]. The resulting W-CDMA
signal has a PAR of 9.6 dB and bandwidth of 3.84 MHz. Fig. 17
shows the output of the transmitter with a W-CDMA signal
with and without DPD. Note that the pre-distortion algorithm
applied does not correct for memory effects of the amplifier.
The resulting measured average power of the pre-distorted
output signal is 39.5 dBm, while meeting the spectral require-
ments for the 3G W-CDMA standard [16]. The related average
efficiency for this 9.6-dB crest factor signal is 50.5% and is, to
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TABLE 1
PERFORMANCE COMPARISON WITH STATE-OF-ART OUTPHASING AMPLIFIERS

Test Signal Ayerage ACPR1 ACPR2  Ref
Efficiency

W-CDMA 20%-30% 41dBc 45dBc [24]

PAR=5.8-7.0dB

W-CDMA 42.2% 34.5dBc  359dB  [10]

PAR=7.0dB

W-CDMA 50.5% 47dBc S51dBc This

PAR=9.6dB Work

the authors’ best knowledge, the highest published to date for
any outphasing amplifier operated with a W-CDMA signal (see
Table I).

VII. CONCLUSIONS

In this study, the optimum dimensioning for high-efficiency
outphasing amplifiers has been discussed. By making use of
class-B operation for the deep power-backoff conditions, ex-
treme loading conditions of the branch amplifiers due to out-
phasing can be avoided. This results in significant efficiency
improvements (in the order of 10%) for complex modulated
signals with high peak-to-average power ratios. The impact of
output losses for the branch amplifiers has also been considered,
yielding refinements of the optimum compensation angles used
in the power combining network. For all previous situations, the
maximum achievable average efficiency for a W-CDMA signal
driven outphasing amplifier is given as function of the applied
peak-to-average power ratio. These results indicate that even
with class-B operation of the branch amplifiers, average effi-
ciencies for W-CDMA signals in excess of 50%—-60% are fea-
sible, provided that the output losses of the active devices and
power combiner can be kept low.

Although all efficiency data in this paper is given for (satu-
rated) class-B operation (in the outphasing regime), these results
can be easily renormalized to other (higher efficiency) amplifier
classes, enabling even better results.

By combining the design strategy of above, with input power
backoff for the lower output power levels, the gain and PAE of
the total amplifier can also be improved, while excessive over-
drive conditions of the active devices with the risk of device
degradation can be avoided. It has been shown that the use of
the mixed-mode outphasing/class-B operation also proves to be
effective in limiting the modulation bandwidth expansion due to
outphasing for the branch amplifiers signals. This latter fact will
reduce the hardware requirements and cost of the pre-distorter,
which can be kept very simpls since memoryless pre-distortion
can be sufficient to meet the spectral requirements.

All introduced theory is verified using a 90-W peak output
power GaN mixed-mode outphasing/class-B operated amplifier.
The achieved 50.5% average efficiency for a 9.6-dB crest factor
W-CDMA, while meeting the all linearity requirements, is to the
authors’ best knowledge the highest reported up to date. This,
combined with its high-efficiency bandwidth, facilitating multi-
channel/multiband operation makes the proposed amplifier con-
cept an interesting candidate for 3G and 4G future communica-
tion systems.
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APPENDIX A

The parasitic output conductance of the branch amplifiers can
be approximated by a conductance connected in parallel with
the load [15] with a value given by

GL, = Gopt - c08*(¢9) (15)

where G, is the load conductance seen by the devices when
the outphasing angle is equal to zero. By using the relation
between normalized output voltage and outphasing angle
(Section ITI-A), the load conductance can be expressed as

G = Gopt - V2. (16)
The decrease of efficiency due to the parasitic conductance de-
pends on the ratio of parasitic output conductance to the load
conductance, which increases with outphasing [15], yielding the
equation

Gr

lossy = Tloutphasing = &~ (17)

Hossr = ot G G
where G, represent the parasitic output conductance.
By using (16) and (17), we write

V2

ossy — Tloutphasing * — 18

Mossy = Tloutph 8 V2o (18)

where v = Gpar/Gopt-

Equation (18) gives the relation of efficiency for the lossy
amplifier operated in pure outphasing mode, the same analysis
can be extended to the mixed-mode amplifier by considering the
fact that, after the threshold outphasing angle (¢, ), the load
conductance is constant, and therefore, the factor

G V.2
L > thr (19)
GL + Gpar V:chr + v

will also be constant. Consequently, the efficiency will follow
the ideal class-B roll-off. The resulting relation is

Tossy mixed—mode

Tossy if Vn < Vvthr
Vo .
nlossy(‘/thr) ° V— ’ if Vn > ‘/thr
thr

(20)
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where Viny = c0s(dene), which follows from Section III-A,
and (V,,/Vin: ) represents the roll-off of a class-B amplifier with
output voltage normalized to threshold voltage V;y,,. Equations
(16) and (20) are used to create the efficiency curves in Fig. 18.
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