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We propose a definition of the efficiency bandwidth for a power amplifier (PA) using a modulated signal as the signal band-
width at which the amplifier efficiency has dropped to a level of 90% of the maximum efficiency at small bandwidth. We
introduce a Monte Carlo method to calculate the efficiency bandwidth for some popular PA architectures. The method
assumes a given modulated signal at the load. From this load signal the wave forms at the drains of the transistors are
derived and the energy dissipation in the transistors can be calculated. Using idealized transistors with no output capacitance
the maximum realizable efficiency bandwidth of an asymmetrical Doherty amplifier is 60%, which is much larger than that of
an outphasing amplifier, which is 14%. More realistic transistors that include output capacitances, need a matching circuit
with a high Q-value which decreases the efficiency bandwidth. Using output capacitance values typical for LDMOS transis-
tors, the asymmetrical Doherty amplifier shows an efficiency bandwidth of about 400 MHz for a signal centered at 1 GHz. For
a signal at 2 GHz the efficiency bandwidth is found to be 520 MHz. Due to the fixed values of the output capacitances the
efficiency bandwidth does not scale with frequency.
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I . I N T R O D U C T I O N

For years the main focus point of radio frequency(RF) power
amplifier (PA) design for wireless infrastructure applications
has been to achieve the highest possible efficiency. This is
achieved both by new amplifier concepts, like switch mode
power amplifiers, as well as by new technologies, like GaN,
that offer higher efficiencies than silicon devices. More recently,
the growing data rates in modern wireless communication
systems have led to increased requirements on instantaneous
bandwidth of RF PA. This raises the question what will
happen to the hard-won efficiency if the signal bandwidth
will grow. Intuitively one would expect that the efficiency
goes down if the signal bandwidth is increased. A good
metric to describe this is the efficiency bandwidth in analogy
to the well-known gain bandwidth of an amplifier.

To the author’s knowledge there exists no formal definition
of efficiency bandwidth for a power amplifier. However, when
efficiency bandwidth is reported it is usually defined by sweep-
ing a single tone CW signal over frequency and determining
the band edges at which the efficiency is reduced with a
certain amount compared to the efficiency at the center

frequency [1]. In this paper, however, we propose a definition
of efficiency bandwidth that is relevant for wideband modu-
lated signals. This efficiency bandwidth is defined as the
signal bandwidth at which the amplifier efficiency has
dropped to a level of 90% of the maximum efficiency at
small bandwidth. The efficiency bandwidth can be measured
or simulated using a modulated signal and measuring the
average PA efficiency as a function of the signal bandwidth.
The signal bandwidth equals the efficiency bandwidth when
the average PA efficiency reaches 90% of the average efficiency
obtained with a signal of zero bandwidth.

In this paper we will address the concept of this efficiency
bandwidth, show how it can be simulated or measured and
apply this to some simple examples. In Section II the effi-
ciency of a signal with zero bandwidth is treated, because
that sets the highest achievable PA efficiency. In Section III
a complex modulated signal of variable bandwidth is emu-
lated using a sum of multiple tones, which are equally
spaced in frequency and have randomized phases. This
signal is applied in an example of a simple Class-B amplifier
in Section IV, for which we demonstrate how to derive the
efficiency bandwidth theoretically. Sections V and VI will
extend the examples with an idealized asymmetrical
Doherty PA and an outphasing Chireix PA, respectively.
We will show that the outphasing PA, using a quarter-l
transmission line combiner, is severely limited in efficiency
bandwidth compared with the Doherty amplifier. This is
due to the frequency limiting quarter-l lines as well as to
the way the output signals are combined. The influence of
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realistic transistor output capacitances is shown for the
asymmetrical Doherty amplifier in Section V.

I I . P A E F F I C I E N C Y O F A S I G N A L
W I T H S M A L L B A N D W I D T H

The PA efficiency of a zero bandwidth signal is obtained by
determining, either by measurements or simulations, the effi-
ciency h as a function of output amplitude x using a single
tone signal at the center frequency. We need to know the
probability density function p(x) of the modulated output
amplitude that describes the probability p(x)dx for the signal
to have an amplitude between x and x + dx. The efficiency
is defined as:

h(x) = PRF(x)
PRF(x) + Pdiss(x)

,

where PRF(x) is the output power and Pdiss(x) the power dissi-
pated by the PA. Rewriting this we get:

Pdiss(x) = PRF(x)
1

h(x) − 1

( )
.

Averaging over all amplitude levels gives the average dissi-
pated power Pdiss:

Pdiss =
∫1
0

Pdiss(x)p(x)dx =
∫1
0

PRF(x)p(x)dx
h(x)

−
∫1
0

PRF(x)p(x)dx =
∫1
0

PRF(x)p(x)dx
h(x) − PRF .

The average efficiency is obtained by:

hP = PRF

PRF + Pdiss
=

�1
0

PRF(x)p(x)dx

�1
0

PRF(x)
h(x) p(x)dx

. (1)

The symbol hP means efficiency averaged over output power.
In any practical realization the output amplitude will be

maximized to xmax, e.g. by signal clipping during digital
signal processing or by output power limitations of the RF
amplifier. In this paper we will therefore normalize the peak
amplitude by always taking xmax ¼ 1.

Since the simulations or measurements are done using a
single tone, the signal has by definition zero bandwidth. For
many complex modulated signals the real and imaginary
parts are Gaussian distributed. Therefore the probability
density function p(x) for the amplitude is given by a
Rayleigh distribution:

R(x) = x
s2

e−x2/2s2
.

Note that this distribution has no upper limit for x.
Introducing xmax ¼ 1 as the upper limit to x, we have to nor-
malize the distribution such that its total integrated

probability over x between x ¼ 0 and x ¼ 1 equals 1. We
then obtain:

p(x) = x
(1 − e−1/2s2 )s2

e−x2/2s2
. (2)

Assuming that the output power is proportional to x2, the
average power is given by:

∫1
0

PRF(x)p(x)dx =
∫1
0

x3

(1 − e−1/2s2 )s2
e−x2/2s2

dx

= 1 + 2s2 + 1
e−1/2s2 − 1

.

(3)

The distribution parameter s can be used to adjust the peak
to average power ratio (PAR) of the distribution. Note that the
PAR is undefined if xmax is infinite. The average efficiency hP is
a function of the PAR. An example for an asymmetrical
Doherty PA is given in Fig. 1 (we will analyze this PA further
in Section IV). Figure 1 shows the instantaneous efficiency h

as function of the output power back-off (PBO). Also shown
is the averaged efficiency hP as function of the PAR as calcu-
lated by the modified Rayleigh distribution of equation (2).

Throughout this paper we will plot instantaneous efficiency
versus PBO and average efficiency versus PAR in the same
graphs having both PBO and PAR on the x-axis for an easy
comparison.

For a given PAR, we define the efficiency bandwidth criter-
ion as the signal bandwidth at which the average efficiency has
dropped to 90% of the zero-bandwidth average efficiency. In
Fig. 1 also this criterion 0.9hP is shown by the solid line.

Fig. 1. Efficiency versus PBO (dotted), averaged efficiency (striped) and
efficiency bandwidth criterion (solid) versus PAR of an asymmetrical
Doherty PA. Note that to obtain conventional graphs that correspond to
increasing power going to the right on the horizontal axis, we plot PAR and
PBO as negative values on that axis. This means that higher PAR and PBO
values are to the left.
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I I I . P A E F F I C I E N C Y O F A S I G N A L
W I T H F I N I T E B A N D W I D T H

A signal with the right modulation type and with variable band-
width has to be used for measuring the efficiency as a function
of bandwidth. However, such signals are sometimes not avail-
able to every RF engineer and even if they are available, they
may be easily used in measurements but not so in simulations.
Especially for simulations it is simpler to emulate a modulated
signal using multiple tones simultaneously. When the number
of tones is sufficiently high, the signal power density function
p(x) approaches a Rayleigh distribution [2]. We will use a
finite number of tones with equal tone spacing, such that the
signal is periodic and we can apply Fourier Transforms. The
amplitude of the tones is all taken equal, but we assign a
random phase to each tone. Since the number of tones is
finite, also the maximum amplitude is finite. We normalize
the tone amplitudes such that the maximum amplitude is
always xmax¼ 1. The signal PAR depends on the random
choice of the phases. This means that the simulations have to
be repeated multiple times, with each run using another set
of random phases of the tones. If the number of tones is high
enough, the signal statistics of each run approaches a modified
Rayleigh distribution with a different PAR. Figure 2 shows the
amplitudes of two separate runs, using 100 tones. In Fig. 2(a)
the PAR is 10.1 dB, in Fig. 2(b) the PAR is 6.26 dB. Note that
the maximum amplitudes are normalized to 1.

We will show how the efficiency is calculated for each run,
such that we can generate a scatter plot of efficiency versus
PAR for a modulated signal with a certain signal bandwidth.
We can adjust the bandwidth by changing the spacing
between tones or the number of tones.

We start by defining the voltage signal S(t) across the load
impedance as the sum of a number of RF tones. This guaran-
tees that we always have a perfect signal in the load.

S(t) =
∑N

p = 1,p=N+1
2

a exp(jv0t + j(p − N + 1
2

)vmt + jwp)

=
∑N

p = 1,p=N+1
2

Vp exp(jvpt),

(4)

where N is the number of tones. The factor a is scaled such
that the maximum amplitude is normalized to 1. The tone fre-
quencies are given by:

vp = v0 + (p − N + 1
2

)vm

The frequencies are equally spaced with distance vm.
Throughout this paper we suppress the carrier by excluding
the carrier frequency, i.e. the case p ¼ (N+1)/2, from the sum-
mation in equation (4). N is odd, such that both sidebands have
equal numbers of tones. The amplitude of the signal is given by:

x = S(t)| | =
∑N

p = 1,p=N+1
2

Vp

∣∣∣∣∣∣
∣∣∣∣∣∣.

The voltage wave form across the load is Re[S(t)].
The circuit between the load resistor and the transistor ter-

minal is described by its ABCD matrix. Since at the load the
voltage and the current are defined for each frequency, the
ABCD matrix can be used to directly calculate the voltages
and currents at the transistor terminals. The time domain wave-
forms at the transistor terminals can then be obtained by simply
summing over N frequencies. We will demonstrate that in the
examples in the next sections. The situation at the load resistor
may be more complex. Indeed the voltage waveform on the load
resistor is simply given by equation (4). However, in PA archi-
tectures having more than one transistor, we still need to deter-
mine how much current each transistor branch provides to the
load resistor. This is where the description of the PA architec-
ture comes in. The treatment of a Doherty amplifier (Section
V) is still relatively simple. As we will see in Section V, the out-
phasing Chireix architecture is more complex.

Defining the ideal signal at the load comes with a few
bonuses. The major one is that signal linearity is automatically
guaranteed. But also is the problem limited to the output side
of the transistor: we do not need to know anything about the
gain, how to drive the transistor at the input, or how to linear-
ize it. This procedure implicitly assumes that linearization is
perfect. This is different from simulations with CAD tools,
since it is very cumbersome to achieve (nearly) perfect

Fig. 2. (a) Signal amplitude at the load for a signal consisting of 100 tones with random phases. The PAR is 10.1 dB (b) signal amplitude at the load for a signal
consisting of 100 tones with random phases. The PAR is 6.26 dB.
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linearization using such tools. However, CAD tools may serve
to study trade-offs between linearity and efficiency, which
cannot be done with our approach.

I V . E X A M P L E O F A C L A S S - B
A M P L I F I E R

The simplest example to demonstrate how to calculate effi-
ciency bandwidth is a class B biased transistor with a frequency
dependent load that consists of a capacitor C, an inductor L and
the load resistor R0 in parallel. See Fig. 3. The capacitance can be
thought of as the output capacitance of the transistor. The
inductance resonates with the capacitance at the frequency of
interest f0. The example is universal, so the exact choice of f0

is not relevant. For simplicity we take f0 ¼ 1 GHz.
The voltage across the load resistor is again given by equa-

tion (4). In this example that is also the voltage at the transis-
tor terminal. The ABCD matrix of the LC-parallel circuit is:

Tp =
1 0

Yp 1

[ ]
,

where Yp = jvpC + v2
0C

jvp
.

The voltage and current of the drain terminal are given by:

Vp

Ip

[ ]
= Tp

Vp

Vp/R0

[ ]
. (5)

Equation (5) is a simple multiplication, not requiring any
Fourier transform.

To calculate the dynamic load-line of the drain we need to
do two more things: take the DC power supply into account
and put the transistor in Class-B. Just like we have normalized
the output signal amplitude to 1, we will also normalize the
supply voltage to 1, so the voltage swing ranges between 0
and 2. This normalization will neither affect the PAR nor
the efficiency. We find the total voltage waveform, including
DC bias, at the transistor drain simply by:

V(t) = 1 − Re
∑N

p = 1,p=N+1
2

Vp exp(jv0t)

⎡
⎣

⎤
⎦. (6)

Putting the transistor in Class-B is done by two steps. First we
sum the Ip into:

I′(t) = Re
∑N

p = 1,p=N+1
2

Ip exp(jv0t)

⎡
⎢⎣

⎤
⎥⎦,

which is also a simple summation of sine waves. Next we clip
Ip such that only positive values remain, i.e. we clip all negative
values of Ip to Ip ¼ 0. This is similar to what happens in a real
Class-B amplifier, in which the transistor is biased to conduct
current only for positive half cycles of the input signal. Since
we also want to normalize the load-line to the current ampli-
tude of 1, we need to multiply the result by a factor 2 to restore
the amplitude that has been reduced by chopping off the nega-
tive current values. Now the current swing ranges also
between 0 and 2. The time domain drain current is given by:

I(t) = 2I′(t) if I′(t) ≥ 0 and I(t) = 0 if

I′(t) ≤ 0.
(7)

The power dissipation of the transistor can now be calculated
by averaging the instantaneous power I(t)V(t). The DC
power intake of the transistor is I(t) · V(t). Assume that the
matching circuit filters out all harmonics such that no power
is delivered into frequency bands around higher harmonics
of f0. This means that the RF power at the band around f0 con-
sists of the difference of DC power intake and the dissipation:
i.e. PRF = I(t) · V(t) − I(t)V(t). The PAR is given by
10log10(PRF/PRF,max). The maximum power PRF,max, that the
transistor can deliver is given by 1/8 times the maximum
current swing times the maximum voltage swing and therefore
equals 0.5.

Using a capacitor value C ¼ 1029 and L resonating with C
at f0, we did several calculation runs, each with a different set
of random tone phases. As explained in Section II, each
random phase realization will result in a signal with a different
PAR. In this Monte Carlo method each run will therefore
result in a value for efficiency and PAR that we plotted in
Fig. 4. We used 20 tones (N ¼ 21) and three cases of tone
spacing: 1, 6 and 8 MHz, giving signal bandwidths of 20,
120 and 160 MHz.

The zero-bandwidth curve (striped) is calculated in a fully
analytical way, with the help of equations (1) and (3), using
the fact that the efficiency h equals px/4 and the normalized

Fig. 3. Class-B amplifier with a simple output matching circuit.

Fig. 4. Class-B amplifier. Striped curve: zero bandwidth efficiency averaged
over power. Solid curve: 0.9 times zero bandwidth efficiency averaged over
power, which is the efficiency bandwidth criterion. Symbols indicate Monte
Carlo calculations of efficiency for several signal bandwidths and random
phase multi-tone realizations.
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output power equals x2. It is clear that 20 MHz signal band-
width shows the same efficiency as zero bandwidth. However,
a 120 MHz wide signal has a reduced efficiency. Its calculated
points coincide with the efficiency bandwidth criterion (solid
curve), while those of a 160 MHz signal are clearly below the
criterion. From this we derive that for this particular choice
of C ¼ 1029 the efficiency bandwidth is 120 MHz.

This very simple example of a Class-B amplifier shows how
the principle of calculating the efficiency bandwidth works in
a few simple steps. Since the desired signal is defined at the
load, which for example can be an antenna, signal integrity
is guaranteed. How the integrity is achieved in practice is of
no concern in the method to calculate the efficiency band-
width. As we will show in the next sections, this property
allows to apply this method to more complex PA architec-
tures, limiting the required knowledge to the output circuitry
only. The next example is that of a Doherty amplifier.

V . D O H E R T Y A M P L I F I E R E X A M P L E

An asymmetrical Doherty amplifier architecture is shown in
Fig. 5. A detailed description of the working principles of a
Doherty amplifier can be found in [3]. For our calculations
we assume that the transistors are ideal, even the output cap-
acitance as well as all other parasitic elements are ignored. We
further assume that both transistors are operating in Class-B
mode. The main amplifier (left transistor) is connected via a
transmission line to the load resistor. The transmission line is
a quarter-l transmission line at the center frequency f0 with a
characteristic impedance equal to 1. The peak amplifier (right
transistor) is directly connected to the load resistor. The asym-
metry is chosen such that the instantaneous efficiency peaks at
10 dB PBO. This means that the load-line modulation of the
main amplifier is M ¼

p
10 and the load resistor R0 ¼ 1/M.

Just as in the previous example of a Class-B transistor we
start by defining the signal at the load as a sum of multiple
tones, equally spaced, with random phases, see equation (4).
Next we consider the main PA and ignore the peak PA com-
pletely. The main PA will see a termination by the transmission
line and a real load resistance Rmain, that is equal to R0 at low
power levels, i.e. when |S(t)| , 1/M. At higher signal levels
the load is modulated by the PA and the main amplifier will
see Rmain ¼ |S(t)|MR0. As in the case of the Class-B amplifier
above we can now calculate the dynamic load-line of the
main amplifier using the ABCD matrix of the transmission line:

Tp =
cos(p

2
f
f0
) jZ0 sin(p

2
f
f0
)

j
Z0

sin(p
2

f
f0
) cos(p

2
f
f0
)

⎡
⎢⎢⎣

⎤
⎥⎥⎦. (8)

With our choices for M and R0, the characteristic impedance of
the transmission line in the Doherty PA is Z0 ¼MR0 ¼ 1.
From the dynamic load-line we can again extract the dissipa-
tion, efficiency, RF output power and PAR using the same pro-
cedure as in the previous example and equations (6) and (7).

The current delivered by the main amplifier into the load
resistor is S(t)/Rmain. The total current in resistor R0 is S(t)/R0.
The difference between both currents is of course delivered by
the peak amplifier. This immediately gives the dynamic load-
line, and the efficiency, of the peak amplifier. Knowing the effi-
ciencies of the transistors and the total output power, we can
again evaluate the total efficiency of this Doherty architecture
by changing the tone spacing.

In Fig. 6 the instantaneous efficiency is shown (dotted
curve) as well as the efficiency bandwidth criterion
(solid curve). The calculated points are achieved using 40
tones (N¼ 41) for 200 MHz and 400 MHz bandwidth and 60
(N ¼ 61) tones for 600 MHz bandwidth. The number of tones
is chosen to obtain convenient tone spacing. Comparing calcu-
lations with 20 tones or more does not show significant different
results. The graph clearly indicates that calculations with
600 MHz bandwidth coincide with the efficiency bandwidth cri-
terion curve, so we may conclude that the efficiency bandwidth
is 600 MHz, which implies an instantaneous bandwidth of 60%.
For a symmetrical Doherty PA even 72% efficiency bandwidth is
obtained.

These very large efficiency bandwidths are achieved
because we have used idealized transistors without output
capacitances. Typical LDMOS transistors have an output cap-
acitance of about 0.23 pF per Watt output power at a supply
voltage of 28 V. So far we have worked with normalized vol-
tages and currents, without units. However, to evaluate the
influence of the output capacitances correctly we need to use
volts and amperes in our calculations. Therefore the
MathCAD code in [4] is used. We set the supply voltage to
28 V, the maximum current of the main amplifier arbitrarily
to 5 A and the transistor knee voltage to zero. The maximum
power of the transistor is 1/4 × 28 × 5 ¼ 35 W, so its output
capacitance is 8.05 pF. The peak transistor is larger by a
factor of

���
10

√
− 1 and has an output capacitance of 17.4 pF.

Simple matching of the transistors is done by shunt inductors
in parallel with the output capacitances. The capacitance and
the inductor resonate at the center frequency of the signal.

Fig. 5. Asymmetrical Doherty amplifier. Main amplifier on the left, peak
amplifier on the right.

Fig. 6. Asymmetrical Doherty amplifier. Instantaneous efficiency (dotted) and
efficiency bandwidth criterion (solid). Symbols denote Monte Carlo
calculations with varying signal bandwidths.
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The ABCD matrix of Tp is multiplied by the matrix of the par-
allel combination of output capacitance and shunt inductor.
This means e.g. for the main transistor that Tp from equation
(8) becomes:

Tp =
1 0

jCout(v− v2
0

v
) 1

[ ]
.

cos(p
2

f
f0
) jZ0 sin(p

2
f
f0
)

j
Z0

sin(p
2

f
f0
) cos(p

2
f
f0
)

⎡
⎢⎢⎣

⎤
⎥⎥⎦.

After doing the same calculations as in Fig. 6, the points in
Fig. 7 show the Monte Carlo results of the efficiency for 300,
400 and 500 MHz signal bandwidths. The center frequency is
1 GHz. The efficiency bandwidth has been reduced from
600 MHz in Fig. 6 to 400 MHz in Fig. 7 due to the increased
Q of the matching circuit consisting of output capacitance
and shunt inductance.

Since Cout has a fixed value that does not change with fre-
quency, the efficiency bandwidth depends on the signal fre-
quency but it is not a fixed percentage of it. This is
illustrated in Fig. 8. Efficiencies are plotted for a signal at
1 GHz with a bandwidth of 400 MHz and a signal at 2 GHz
with a bandwidth of 520 MHz. Both scattered data clouds
coincide, showing that the efficiency bandwidth increases
from 400 MHz at 1 to 520 MHz at 2 GHz.

V I . E X A M P L E O F O U T P H A S I N G
C H I R E I X A M P L I F I E R

The next case we consider is that of a Chireix outphasing amp-
lifier, in which the power combining is achieved using two
quarter-l lines as impedance inverters. See Fig. 9. We will
use again idealized transistors without output capacitances
for simplicity.

Both transistors deliver the same signal to the load but
there is a phase difference 2u between the two signals. This
leads to vectorial adding of the signals at the load. For
example, if u is zero, both signals are added to give the
maximum amplitude. If u is 90 degrees both signals are in
opposite phase and cancel each other. This results in zero
amplitude at the load. Any amplitude in between can be

realized at the load by a proper choice of u. Under all circum-
stances the transistors work in saturation and can achieve high
efficiency. However, high efficiency does not come automatic-
ally, due to mutual load-pulling by the two transistors: the
effective load seen by one transistor is influenced by the
other transistor and will therefore depend on u. This
reduces the efficiency of both transistors if u deviates from
zero. To partly compensate this effect, so-called Chireix ele-
ments are added, which are shown in Fig. 9 by the capacitance
at the left transistor and the inductance at the right transistor.
For one specific angle uC they compensate the mutual load-
pulling perfectly, leading to maximum efficiency for the
power level belonging to angle uC. It goes beyond the scope
of this paper to explain the function of the Chireix outphasing
amplifier in further detail. For that the reader is referred to the
open literature, e.g. [5].

The ABCD matrices of the Chireix capacitor and inductor
are Xp and Lp respectively:

Xp =
1 0

jvpR0 sin(2uc)
2v0Z2

0

1

⎡
⎣

⎤
⎦ and

Lp =
1 0

v0R0 sin(2uc)
j2vpZ2

0
1

⎡
⎣

⎤
⎦.

(9)

In this paper we optimize the amplifier to have maximum effi-
ciency at 10 dB PBO, which means that uc is 71.56 degrees.
The ABCD matrix of the quarter-l lines are given by equation

Fig. 7. Asymmetrical Doherty amplifier with LDMOS transistor output
capacitances. The center frequency of the signal is 1 GHz. Instantaneous
efficiency (dotted) and efficiency bandwidth criterion (solid). Symbols
denote Monte Carlo calculations with varying signal bandwidths.

Fig. 8. Asymmetrical Doherty amplifier with LDMOS transistor output
capacitances. Instantaneous efficiency (dotted) and efficiency bandwidth
criterion (solid). Symbols denote Monte Carlo calculations with signal
bandwidths of 400 MHz at 1 GHz center frequency (squares) and 520 MHz
at 2 GHz center frequency (diamonds). Both coincide and overlap with the
efficiency bandwidth criterion curve around 27 dB PBO.

Fig. 9. Chireix outphasing amplifier. The impedance inverters are quarter-l
lines. The capacitor and inductor are Chireix elements.
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(8). The Chireix elements can be taken together with the
quarter-l lines into: KC ¼ XpTp and KL ¼ LpTp.

The Chireix power combiner does not provide isolation
between both branches. This means that the left branch will
not only be loaded by the load R0, but also by the right
branch and vice versa. In the next step we will transform
the amplifier such that this mutual loading is incorporated
in an effective total load and the remaining power combiner
becomes isolating. Therefore we separate KC and KL each
into two parts: their output impedances, YC and YL, respect-
ively, and the remainders KC’ and KL’ in such a way that KC’
YC ¼ KC and KL’ YL ¼ KL. See Fig. 10. Note that KC’ and
KL’ are mathematical constructs and do not represent physic-
ally realizable circuits. The transistors in an outphasing amp-
lifier are assumed to be voltage sources hence their output
impedance is zero. Therefore:

YC = −(K−1
C )2,2

(K−1
C )1,2

and YL = −(K−1
L )2,2

(K−1
L )1,2

.

Note that if the output impedances of the transistors were
finite, e.g. because of a matching circuit or due to parasitic ele-
ments, we could still use the same procedure if we first absorb
the transistor output impedances into KC and KL. The total
effective load admittance of the amplifier is Yload ¼ YC + 2/
R0+YL.

Same as before, we start by defining S(t) as a sum of mul-
tiple tones, equally spaced, with random phases. This means
we rewrite equation (4) to:

S(t) = aejv0t
∑N/2

n = 1

(ejnvmt + jwn+e−jnvmt + jfn ), (10)

where vm is the tone spacing and fn and wn are the random
tone phases. The real constant a is again scaled such that the
maximum value of |S(t)| equals 1. The first term in the sum-
mation is the right sideband signal and the second term is the
left sideband signal. The current through the load is YloadVload,
but what is the contribution of each transistor to that current?
We know that the currents flowing into the load from the left
and right sides are equal, but with a phase difference of 2u. So
we can rewrite equation (10) into:

S(t) = 1
2

ejx(t)ejv0t(eju(t) + e−ju(t)). (11)

The factor ejx is needed to describe complex amplitude. From

equation (11) it is clear that the currents from each branch are:

Ileft(t) =
1
2

Yloadejx(t)ejv0teju(t) and

Iright(t) =
1
2

Yloadejx(t)ejv0te−ju(t).
(12)

From equations (10) and (11), the outphasing angle u is
found as u(t)¼arccos|S(t)| and the in-phase angle is:

x(t) = −j ln

∑N/2

n= 1
(ejnvmt + jwn+e−jnvmt + jfn

∑N/2

n= 1
(ejnvmt + jwn+e−jnvmt + jfn

∣∣∣∣
∣∣∣∣

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

.

As can be seen from equation (11), x(t) is just the angle of
the output signal. Equation (12) can only be used in the time
domain since the terms x(t) and u(t) are functions of time.
However, we need a description in the frequency domain if
we want to calculate what the signal is on the transistor term-
inals. We use Fourier series descriptions of Ileft(t) and Iright(t)
in terms of multiples of vm. Due to the signal decomposition
in the left and right amplifier branches many more Fourier
terms are needed to describe Ileft(t) and Iright(t) than to
describe S(t). This bandwidth expansion in each amplifier
branch is a typical challenge for outphasing architectures
[6]. The Fourier series descriptions of Ileft and Iright are
denoted by Ĩleft and Ĩright, etc. Once we have determined S̃(t)
and Ĩleft we can calculate the voltages and currents on the
left transistor terminals easily by:

Vp

Ip

[ ]
= KC

S̃(t)
Ĩ left

[ ]
. (13)

Using the same procedure as in equations (6) and (7) we can
construct the dynamic load-line. In an identical way the
dynamical load-line of the other transistor is obtained. Note
that this procedure assumes the transistors are in saturated
Class-B operation.

In Fig. 11 the instantaneous efficiencies of the asymmetrical
Doherty and outphasing amplifiers are plotted versus PBO.
Both amplifiers are optimized for 10 dB back-off power.
Also plotted are their efficiencies averaged over power as func-
tion of PAR. It is clear that the average efficiency of the
Doherty amplifier is higher for PAR values larger than 8 dB.

Using a signal of 20 tones and varying the tone spacing we
performed Monte Carlo calculations of the efficiency of the
Chireix outphasing amplifier for signal bandwidths of 60,
120, 140 and 160 MHz. Comparing the results, shown in
Fig. 12, with the efficiency bandwidth criterion (solid
curves) it is clear that the amplifier’s efficiency bandwidth is
slightly below 140 MHz. It can also be observed that at

Fig. 10. The Chireix outphasing amplifier after transformation
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lower power the PA efficiency is less than the efficiency band-
width criterion. We can conclude that in this case the effi-
ciency bandwidth itself depends on the signal PAR. The
efficiency bandwidth value of 140 MHz is valid for PAR
values between 4 and 6 dB, while 120 MHz is probably a
better value for PAR values higher than 6 dB. In simulations
in which the quarter-l transmission lines are replaced by
ideal impedance inverters with infinite bandwidth, much
higher efficiency bandwidths are found. In Fig. 12(d) the effi-
ciency results from Monte Carlo simulations are plotted for a
signal bandwidth of 160 MHz for both inverters but with

identical Chireix elements. The efficiency of the amplifier
with ideal inverters is much higher than that of the amplifier
with quarter-l line inverters. In fact, the efficiency of the ideal
amplifier is still almost equal to the small-bandwidth effi-
ciency at 160 MHz. So in the non-ideal case the efficiency
bandwidth is limited by the quarter-l transmission lines
rather than by the Chireix elements.

V I I . C O N C L U S I O N

In this paper we demonstrate the use of a novel method to
calculate or measure the efficiency bandwidth of RF ampli-
fiers. This method uses an ideal signal at the load, consisting
of equally spaced multiple tones with random phases, and cal-
culating backwards to the transistor terminal to obtain the
dynamic load-line and hence the power dissipation by the
transistors. This method automatically results in perfect
signal linearity. The approach is limited to the output side
of the transistors, so no knowledge of driving the transistor
or linearizing the signal is required.

Three examples are treated: a Class-B, an asymmetrical
Doherty and a Chireix outphasing PA are compared. All
three cases are highly idealized, using transistors without para-
sitics, such as output capacitance, and without matching cir-
cuits. The impedance inverters in the Doherty and
outphasing architectures consist of quarter-l transmission
lines. The maximum realizable efficiency bandwidth of the
Doherty amplifier is 60%, which is much larger than that of
the outphasing amplifier, which is 14%. The efficiency band-
width limitation in the outphasing PA is caused by the
quarter-l impedance inverters and not by the Chireix ele-
ments. The output capacitance in realistic transistor models

Fig. 11. Instantaneous efficiencies of the Doherty and Chireix outphasing
amplifiers (striped and dotted curves resp.). Corresponding efficiencies
averaged over power are indicated by the striped-dotted and solid lines,
respectively.

Fig. 12. Chireix outphasing amplifier. Dotted lines: zero bandwidth averaged efficiency. Solid lines: efficiency bandwidth criteria. Symbols are Monte Carlo results
for various signal bandwidths. In Fig. 10(d) the circles are results for 160 MHz using quarter-l line impedance inverters, the squares are results using ideal
impedance inverters, giving a much higher efficiency indicative of a much larger efficiency bandwidth.
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limit the efficiency bandwidth, e.g. for the asymmetrical
Doherty the efficiency bandwidth is 600 MHz for idealized
transistors but 400 MHz if the output capacitance is taken
into account at a signal center frequency of 1 GHz.

The proposed method for calculation of the efficiency
bandwidth can easily be extended to describe more realistic
amplifiers, with matching circuits and parasitic elements.
The MathCAD code is made available on-line for various
amplifier architectures [4]. MathCAD software is required to
run the programs.
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