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Abstract— This article presents a theoretical explanation of
the efficiency degradation in wideband radio frequency power
amplifiers (RFPAs) under concurrent dual-band operation that
is still visible after eliminating all known causes related to
the output matching network (OMN). First, the origin of this
degradation, identified by the reduction of the PA’s efficiency and
linearity, is traced to the input baseband impedance terminations.
Then, a theoretical model that describes the phenomenon and
qualitatively predicts the efficiency variation under concurrent
dual-band operation is presented using a simple model based
on two-tone excitation. Finally, the proposed explanation is
confirmed by comparing the efficiency performance of two 30-W
GaN RFPAs of distinct instantaneous bandwidth determined by
different input video-bandwidth terminations, under two-tone
and concurrent dual-band operation. This article shows that,
in addition to the adequate OMN design, an optimal input base-
band impedance profile is also an important design constraint
needed to keep the efficiency and linearity performance of RFPAs,
for scenarios that require a wide instantaneous bandwidth.

Index Terms— Baseband impedance, instantaneous bandwidth,
power amplifiers, video bandwidth, wideband.

I. INTRODUCTION

BANDWIDTH and energy efficiency are two of the most
important factors that shape the evolution of wireless

communications systems. On the one hand, wide bandwidth
is required to cope with the progressively higher data rate
demand, as in wideband multicarrier/concurrent band sce-
narios. On the other hand, there is a widespread interest
to minimize the energy consumption of these systems, not
only for operational cost reduction but also for environmental
awareness. Therefore, an extensive research effort is being
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made to fully understand the phenomena that leads to perfor-
mance degradation when a power amplifier (PA) is no longer
excited with a continuous wave (CW) signal but with one of
considerable instantaneous bandwidth [1]–[3].

Several studies have shown that the baseband impedance
terminations are an important cause of performance degra-
dation, and therefore, methods to correct it have been pro-
posed. Williams et al. [4] have shown how the output and
input baseband terminations affect the IM3 distortion, through
the envelope analysis of measured time-domain waveforms.
Bunz et al. [5] have reported linearity and efficiency degra-
dation from both the input and output baseband termina-
tions through experimental envelope source and load–pull
measurements. Hu et al. [6] showed that an appropri-
ate injection of the second-order baseband intermodula-
tion component at the input, through feedback, can reduce
the third-order intermodulation distortion (IMD) by 12 dB.
Kwon et al. [7] have reported that the fifth-order IMD could
also be improved by optimal control of the amplitude and
phase of the injected second-order baseband intermodulation
product. Chaudhary [8] reported an impedance optimization
scheme at higher order baseband components.

To allow optimal device performance for wideband appli-
cations, devices started to include in-package circuitry to
provide wideband low baseband impedance terminations at
the device’s intrinsic terminals [9]. In addition, baseband
characterization and measurement methods have also been
improved [10], [11].

Recently, Nunes et al. [12] reported a theoretical study
of the efficiency degradation induced by the output base-
band impedance terminations. However, the input baseband
impedance impact on the wideband PA’s efficiency is still
largely unexplored and commonly ignored during the design
stage. Only more recently, the mechanism of efficiency degra-
dation associated with the input baseband impedance was
introduced in [13], explaining that if it is not properly
addressed, a bias fluctuation is generated, inducing a severe
linearity and efficiency degradation in scenarios that require a
very wide instantaneous bandwidth.

Therefore, the aim of this article is to expand the analysis
presented in [13], explaining in a comprehensive, qualitative,
and quantitative way, how the bias fluctuation generated by the
baseband impedance terminations affects the PA performance
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Fig. 1. Simplified circuit representation of an RFPA.

when excited with a wideband signal. For that, a simple model
is advanced to estimate the efficiency degradation related to
the input baseband impedance.

This article is structured as follows. First, in Section II, we
revisited the performance degradation mechanisms due to the
baseband impedance terminations. In Section III, we derive a
simple theoretical model that is used to understand and to pre-
dict their impact on the PA’s performance. Three specific base-
band impedance termination scenarios were considered, which
led to distinct degradation profiles. In Section IV, we exper-
imentally demonstrate that the input baseband terminations
can degrade PA performance and that it can be prevented
through adequate IMN design. In addition, we demonstrate
that the theoretical model is able to predict the performance
degradation of practical wideband PAs, and thus, be used as a
simple and fast tool to evaluate its instantaneous bandwidth.
Finally, the conclusions of this article are summarized in
Section V.

II. EFFICIENCY DEGRADATION MECHANISM RELATED

WITH THE INPUT BASEBAND TERMINATION

Let us consider the simplified circuit representation of a
radio frequency PA (RFPA) presented in Fig. 1. The PA is
composed by three main blocks: the output matching net-
work (OMN) to provide the required power and efficiency
impedance matching at the output; the input matching network
(IMN) to impose the matching for gain and stable operation;
and finally, the device itself, whose nonlinear internal capac-
itances are determinant for this analysis. Please note that,
since the device’s extrinsic components are linear, they can
be integrated into the matching networks.

As shown in [5], the OMN needs to provide nearly ideal
baseband termination conditions, i.e., very low impedance
to the intrinsic drain of the device, to prevent the output
dependent efficiency and linearity degradation under modu-
lated signal excitation. We assume that the OMN is always
optimized to present optimal baseband impedance terminations
in practical PA design so that we can focus solely on the
performance degradation due to the IMN’s baseband profile.

The profile of the input baseband impedance, ZS_BB,
is commonly imposed by the input bias circuitry. As a result,
ZS_BB is connected in parallel with both the CGS and the input
Miller reflected CGD. Since the output baseband impedance is
assumed to be short circuit, the voltage gain at the baseband
components is zero, and therefore, the Miller component is

Fig. 2. (a) Conventional input bias circuit with stabilization resistor,
(b) respective small-signal equivalent circuit, and (c) impedance profiles for
several inductor and resistor values (with Cgs0 = 10 pF).

simply the CGS value. From this point on, this CGD Miller
component is assumed to always be integrated into CGS and
will no longer be directly referred to in the remainder of this
analysis.

In a conventional IMN design, a large inductor or a high
characteristic impedance transmission line is commonly used
in series with a resistor to simultaneously decouple the RF path
from the bias circuit and ensure stable operation. This type of
bias network is shown in Fig. 2(a). While this method greatly
simplifies the design, ZS_BB is commonly inductive in nature
at low frequencies and, therefore, forms a parallel resonant
circuit together with CGS, as shown in Fig. 2(b). Depending
on the quality factor, the baseband impedance at the resonant
frequency can be very high, as presented in Fig. 2(c).

The reason why most PA designers ignore the input base-
band impedance is that they assume that there is no current
at the input of the device at these frequencies. However, these
components are generated due to the nonlinearity introduced
by the CGS variation when the input is a wideband modulated
signal. Since CGS is a nonlinear capacitance, its current, iC ,
is given by

iC(t) = CGS[v(t)]dv(t)

dt
(1)

where CGS[v(t)] describes the variation of the capacitance with
the intrinsic gate voltage. For instance, if we approximate
the CGS[v(t)] variation (normally modulated by a hyperbolic
tangent function [14]) with a first-order polynomial function

CGS(v(t)) = Cgs0 + Cgs1v(t) (2)

which corresponds to a quadratic charge function

QGS(v(t)) = qgs0 + Cgs0v(t) + Cgs1

2
v(t)2. (3)
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Fig. 3. CGS[v(t)] nonlinear profile and the respective curve fitting with a
first-order polynomial model.

Thus, the resulting baseband current component is

iBB(t) = −1

4
V 2

PCgs1ωm sin(2ωmt) (4)

where VP is the peak excitation voltage, and ωm is half of the
separation frequency. The coefficients Cgs0 and Cgs1 can be
extracted using least squares and assuming a sinusoidal input
excitation with the maximum v(t) voltage amplitude, as shown
in Fig. 3.

Since this current is supplied by the bias network circuit
presented in Fig. 2(b), the baseband voltage developed at the
intrinsic gate is given by

vBB(t)

= VGG+ 1

4
|ZSBB(2ωm)|V 2

PCgs1ωm sin[2ωmt+� (ZSBB(2ωm))].
(5)

Please note that, by considering that CGS[v(t)] is only
excited by the fundamental voltage component, we are neglect-
ing the nonlinear feedback, i.e., the change in the fundamental
voltage component due to the baseband component is not fed
back into the model to update vBB. However, even with this
simplification, the model can predict reasonably well the bias
fluctuation, as it will be shown later on.

For a typical inductive baseband impedance,
ZS_BB = jωm L, vBB rises with the square of ωm . Therefore,
a large vBB fluctuation can be generated at the intrinsic gate
node at 2ωm , disturbing the normal quiescent point of the
PA. In particular, the conduction angle of the PA is changed
between classes-A and C within the period of the envelope,
leading to a variation of its linearity and efficiency, as shown
in Section III.

Please note that vBB is proportional not only to the mag-
nitude of ZS_BB, but also to the amplitude and bandwidth of
the input signal and the variation of CGS. Therefore, wideband,
high-power PAs, which normally present higher CGS variation,
are expected to be more susceptible to the described phenom-
ena, for the same baseband impedance conditions.

III. IMPACT OF INPUT BASEBAND VOLTAGE FLUCTUATION

In Section II, we have observed that the nonlinear CGS can
create an intrinsic baseband voltage fluctuation, which depends
on the amplitude and phase of baseband termination, ZS_BB.

To analyze the impact of the vBB fluctuation, we use a
current source model based on the piecewise linear squashing
technique, as was already proposed in [15] and [16] to

Fig. 4. Piecewise linear functions used to approximate the current source
behavior: current mode operation (red dashed line), current saturation (blue
solid line), and complete model (green dots).

be able to directly calculate the fundamental and baseband
components of the PA current. The model is composed of two
piecewise linear functions, Fn , with different gains/derivatives
(Kn) and input bias (bn), as shown in Fig. 4, in which F1
describes the current mode operation, and F2 imposes the
current saturation profile typically observed in highly efficient
overdriven PAs. With this, we preserve the simplicity of the
model without losing the qualitative representation of the PA’s
normal operation.

As a consequence of the model’s simplicity, we can analyt-
ically compute the dc and fundamental Fourier components of
each function, according to

I0(VGG, A) =
2∑

n=1

Kn

π
[(VGG − bn)θn + A sin(θn)] (6)

I1(VGG, A) =
2∑

k=1

Kn A

2π
[2θn − sin (2θn)] (7)

where 2θn is the conduction angle for each function, Fn ,
which, for an RF amplitude, A, and an input bias VGG, can
be computed as

2θn = real

(
2acos

(
− VGG − bn

A

))
. (8)

Please note that I0 and I1 represent the dc and fundamental
components of a current waveform that tends to a square wave
as the PA is driven deeper into saturation. This waveform is
significantly different from the one observed in overdriven
class-B PAs, where the short circuit harmonic terminations
ensure that the drain voltage is always sinusoidal. This imposes
a limit on the amplitude of the fundamental drain voltage
component, V1_max = VDD − VK , and, consequently, I1 also
becomes limited at

I1_max = VDD − VK

RL
. (9)

However, if the current waveform is allowed to be square,
the fundamental current component can indeed surpass this
limit, as predicted by the model, and normally observed in
class-F−1 PAs.

We start by analyzing how both VGG and A impact the
Fourier components (6) and (7), assuming that K2 = −K1,
for different classes of operation. The bias voltages for each
class are computed as VGG = VT + h · Imax/K1, with
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Fig. 5. Model predicted (a) dc and (b) fundamental components of each iDS
term, biased at different classes of operation, and normalized to Imax. The
input amplitude is normalized to b2 − b1 = Imax/K1.

Fig. 6. Model predicted (a) dc and (b) fundamental powers, normalized to
ImaxVDD, for a piecewise linear current source biased at different classes of
operation.

h = {0.5, 0.2, 0,−0.3}, corresponding to classes-A, AB, B,
and C, respectively. The dc and fundamental components of
iDS, I0, and I1, respectively, are presented in Fig. 5, normalized
to Imax. Note that each component is the sum of two terms
as described in (6) and (7), one for each basis function of the
model, denoted by the index n. The combination of these terms
(I0 = I0,1+ I0,2 and I1 = I1,1+ I1,2) leads to the dc and output
powers and efficiency profiles presented in Figs. 6 and 7,
respectively. The class-A bias voltage is defined as the sum of
the threshold voltage, VT , with half of the voltage excursion,
0.5 Imax/K1, with K1 representing the device transconductance
Gm , the class-B is defined with a bias voltage equal to VT ,
and the class-AB is with a bias voltage in-between class-
A and class-B. Class-C is defined with a bias below VT

voltage.

Fig. 7. Model predicted efficiency for a piecewise current source biased at
different classes of operation. The input amplitude is normalized to b2 −b1 =
Imax/K1.

Fig. 8. Efficiency versus output power normalized to Imax VDD, predicted by
the model, for a piecewise current source biased at different operation classes.

The first observation we can make from the analysis of
these results is that the second iDS terms (I0,2 and I1,2) are
only excited for very large-input power level in the same
manner for all operation classes, as observed in Fig. 5. Since
these terms represent the PA’s compression, they only start
to have an impact earlier or later, depending on the PA gain.
Until there, the efficiency is mostly governed by the first iDS
terms (I0,1 and I1,1), the ones that describe the current mode
operation.

Another aspect that we would like to highlight is the
efficiency profile of the class-AB in comparison with the
class-B PA. Looking into Fig. 7, it is possible to conclude
that, for some input power levels, the efficiency of a class-
AB PA is higher. This could be unexpected as we normally
think in terms of the maximum efficiency (considering the
onset of PA saturation) and that the PA is terminated with
the optimum impedance for each operation class. However,
this can be easily understood since an ideal class-B PA can
have a maximum efficiency of π /4 and, therefore, at half of
its input voltage excursion, its efficiency will be π /8, whereas,
due to the higher gain of the class-A PA, this one will reach
the maximum efficiency of 0.5, which is higher. Thus, if we
sweep the input power, we start to see almost no efficiency
in a class-AB PA, due to the large dc component without any
output power, and then, due to the higher gain, the efficiency
will grow faster.

In fact, if we represent the efficiency versus output power,
as shown in Fig. 8, the class-B efficiency is always higher
than the class-AB efficiency for the same output power level.
However, representing the performance versus input power
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Fig. 9. Model predicted (a) dc current components and (b) fundamental
current components normalized to the maximum current of the device, Imax.
The dc bias perturbation is normalized to b2 − b1 = Imax/K1.

Fig. 10. Model predicted (a) dc and output powers normalized to the
respective dc and fundamental powers obtained for a class-B at the onset of
saturation and (b) the efficiency for swept dc bias voltage and under CW
excitation at the edge of current saturation for class-B bias. The dc bias
perturbation is normalized to b2 − b1 = Imax/K1.

will be helpful to understand the efficiency degradation, due
to the input baseband voltage fluctuation, when the enve-
lope amplitude and the baseband voltage are changing in
time.

Then, we evaluated the PA’s performance with respect to
the input bias voltage for fixed excitation amplitude (which
will correspond to the baseband voltage variations when a
modulated signal will be used). Thus, considering optimal load
impedance and constant CW excitation with maximum ampli-
tude for a class-B PA, the obtained dc and fundamental current
components for different input bias voltages (normalized to the
threshold voltage, i.e., the nominal bias of a class-B PA) are
presented in Fig. 9.

When the bias voltage is reduced below the nominal bias,
the peak voltage of the signal is lower due to the fixed
amplitude excitation, meaning that I0,1 and I1,1 are the only
components that are excited, and both components decrease
as the PA is biased deeper into class-C. Thus, since the output
power is quadratically dependent on I1 and the dc power
is approximately proportional to I0, the efficiency decreases
monotonically, as observed in Fig. 10. Please note that, to be
easier to understand the change in the PA performance to the
nominal bias (VGG = VT ) we normalized the obtained powers
to the ones calculated for the nominal bias, meaning that, for
VGG = VT , both powers are equal to one.

Conversely, when the bias voltage is increased from the
class-B bias voltage, the second terms I0,2 and I1,2 become
progressively higher due to the current waveform clipping.
Both the total dc and fundamental currents decrease with
respect to the case where only the components I0,1 and I1,1 are
considered, reducing the fundamental component, the output
power, and the efficiency. However, there is a zone where if
we increase the bias VGG into class-AB, these components
increase more slowly than I0,1 and I1,1, and the efficiency
increases slightly due to the higher fundamental component
of class-AB operation. Consequently, it is expected that the
efficiency slightly increases for a small increase of VGG, but
for higher changes of VGG, the efficiency will drop.

To study the impact of the baseband fluctuation on the
PA’s performance, we used two-tone signals with a fixed
peak amplitude. For narrowband operation, when the baseband
frequency spectral lines do not overlap with the fundamental
components, i.e., for the case where the two-tone frequency
separation, 2ωm , is much smaller than the carrier frequency,
ωc, the envelope amplitude can be interpreted as a change of
the amplitude A in (6) and (7), whereas the baseband voltage
fluctuation can be interpreted as a bias variation, VGG.

As described in Section II, the amplitude modulation of
the signal generates a baseband current in the nonlinear CGS
capacitance, as derived in (4). Since the nonlinear CGS is
modeled through a first-order polynomial, and we are assum-
ing that the fundamental components are a pure two-tone
excitation, the baseband current can only have one frequency
component at the two-tone frequency separation, 2ωm . This
current is supplied through a nonzero complex bias impedance,
ZS_BB, and produces a sinusoidal bias voltage fluctuation at
the intrinsic gate terminal. Distinct performance degradation
patterns are generated depending on the amplitude and phase
of ZS_BB, that we explore in detail in Sections III-A–III-C.

A. Inductive Input Baseband Impedance

First, we consider the scenario where ZS_BB(2ωm) is purely
inductive, i.e., the situation that usually happens when PAs are
excited with modulated signals whose bandwidth is below the
input bias network parallel resonance frequency. From (5), it is
observed that vbb(t) is delayed by 90◦ with respect to ibb(t)
and, as this current is 90◦ in advance to the RF envelope
voltage, the sinusoidal baseband voltage is added in-phase to
the envelope of the two-tone signal, i.e., the minimum and
maximum of both baseband and envelope amplitude occur at
the same time. Fig. 11(a) presents the obtained bias fluctuation
for three values of |ZSBB| (which corresponds to an impedance,
that is 0×, 25×, and 50× higher than the fundamental
impedance), i.e., three different inductances. Please note that
we have included the short circuit to mimic the ideal class-B
case.

For an intermediate amplitude level of baseband impedance,
ZS_BB2, in the low power region, the dc bias point becomes
lower than the threshold voltage, imposing a class-C operation
(or even cut-off at very low envelope amplitude). Therefore,
in this region, the efficiency is degraded. Conversely, in the
high-power region, the bias voltage increases and, thus, the PA
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Fig. 11. Model predicted (a) envelope of the two-tone signal and (b) effi-
ciency contours, where the dynamic bias fluctuation for three different purely
inductive baseband impedances are overlapped. The dc bias perturbation and
the gate-to-source voltage are both normalized to b2 − b1 = Imax/K1.

Fig. 12. Model predicted (a) dc power and (b) fundamental power wave-
forms normalized to ImaxVDD for three different purely inductive baseband
impedances.

Fig. 13. Model predicted instantaneous efficiency waveform for three
different purely inductive baseband impedances and the respective average
efficiency computed from the average dc and output powers.

becomes biased at class-AB. However, since the excitation
amplitude is fixed, the peak voltage also increases, reaching the
region where the instantaneous current starts to saturate, i.e.,
where the second iDS piecewise linear branch starts to have an
impact. At the intermediate power region, the bias fluctuation
is very small, and therefore, the PA operates with the nominal
class-B bias, showing nearly the same performance.

This variation of operation classes is in accordance with
what was observed in the instantaneous dc and fundamental
power waveforms, presented in Fig. 12, and in the respective
instantaneous efficiency presented in Fig. 13.

For the selected ZS_BB2, the second term of iDS is not
severely excited and, therefore, according to what was pre-
viously presented, the instantaneous efficiency is higher in
the high-power region due to the class-AB bias, and lower at

Fig. 14. Model predicted two-tone average efficiency at several bias
fluctuation amplitudes for a purely inductive bias impedance. The baseband
amplitude is normalized to the peak amplitude of the two-tone signal,
b2 − b1 = Imax/K1.

Fig. 15. Model predicted (a) envelope of the two-tone signal and (b) effi-
ciency contours, where the dynamic bias fluctuation for three different purely
resistive baseband impedances are overlapped. The dc bias perturbation and
the gate-to-source voltage are both normalized to b2 −b1 = Imax/K1.

the low power region due to class-C operation with the same
excitation amplitude. The instantaneous dc and output powers
at the envelope high-power region will have more impact on
the PA performance, since the PA will operate more time in
this region according to the probability density function (PDF)
of the two-tone signal envelope amplitude, being expected a
higher average efficiency.

However, note that if the fluctuation is very high, i.e., higher
baseband impedance, as it is the case of ZS_BB3, or two-tone
frequency separation, the PA becomes biased closer to class-
A at the high-power region of the envelope and, therefore,
the second term of iDS becomes dominant, which results in an
efficiency decrease. This can be observed in Fig. 14, where
the bias fluctuation was swept.

Please note that, if the magnitude of ZS_BB(2ωm) is suf-
ficiently high, the baseband amplitude fluctuation can be so
large that it biases the PA at class-A in the high-power
region and at deep class-C in the low-power region. Therefore,
the transistor’s absolute maximum ratings may be crossed,
permanently damaging the device.

B. Resistive Input Baseband Impedance (Resonance)

When ZS_BB(2ωm) is purely resistive, e.g., when the input
bias circuit reaches its parallel resonance, the baseband com-
ponent and the RF envelope are in quadrature, following (5),
and as shown in Fig. 15 for three different magnitudes of
ZS_BB(2ωm), which corresponds to an impedance that is
0×, 25×, and 50× higher than the fundamental impedance.
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Fig. 16. Model predicted (a) dc power and (b) fundamental power wave-
forms normalized to ImaxVDD for three different purely resistive baseband
impedances.

Fig. 17. Model predicted instantaneous efficiency waveform for three
different purely resistive baseband impedances and the respective average
efficiency computed from the average dc and output powers.

If ZS_BB(2ωm) is purely resistive, the obtained bias fluc-
tuation is zero at both the high- and very low-power regions
of the envelope. However, the maximum negative and positive
bias fluctuations occur at mid-power levels on the ascending
and descending envelope regions, respectively.

Thus, when the bias fluctuation is small (i.e., when the first
term of the iDS is dominant, as is the case of ZS_BB2), an effi-
ciency degradation is observed in the ascending envelope due
to the class-C operation, but it is compensated by a similar
efficiency increase in the descending envelope region, where
it operates at class-AB.

Since the dc and output power curves are not purely sym-
metric with respect to the input bias, leading to the asymmetric
efficiency contours presented in Fig. 15 (b), a slight increase in
the average efficiency is expected for low baseband impedance.
The waveforms of the instantaneous dc and output power and
the respective efficiency are presented in Figs. 16 and 17,
respectively.

However, if the bias fluctuation is sufficiently high (e.g.,
as is the case of ZS_BB3), the PA becomes biased near class-
A during part of the descending envelope where the I1,2 term
becomes dominant, and the efficiency decreases due to the
lower output power, as we have seen previously in Fig. 10.
Since the instantaneous efficiency now also degrades in the
descending envelope, it is expected that the average efficiency
decreases.

To observe this efficiency behavior, Fig. 18 presents the
computed average efficiency as the baseband fluctuation
is swept. As expected, for low amplitude bias fluctuation,

Fig. 18. Model predicted two-tone average efficiency at several bias fluctua-
tion amplitudes for a purely resistive bias impedance. The baseband amplitude
is normalized to the peak amplitude of the two-tone signal, b2−b1 = Imax/K1.

Fig. 19. Model predicted (a) envelope of the two-tone signal and (b) effi-
ciency contours, where the dynamic bias fluctuation for three different purely
capacitive baseband impedances are overlapped. The dc bias perturbation and
the gate-to-source voltage are both normalized to b2 − b1 = Imax/K1.

the average efficiency is unaffected and starts to degrade as
the amplitude increases.

C. Capacitive Input Baseband Impedance

Finally, when 2ωm is already above the parallel resonant
frequency, so that the baseband impedance at the envelope
frequency ZS_BB(2ωm) is purely capacitive, the RF envelope
and the baseband voltage are in the opposite phase, according
to (5), and as presented in Fig. 19 (again for three different
magnitude values of ZS_BB(2ωm), which corresponds to an
impedance that is 0×, 25×, and 50× higher than the funda-
mental impedance). Thus, the baseband fluctuation is at its
minimum when the envelope is at the maximum amplitude
and, conversely, at its maximum when the envelope amplitude
is lowest.

Therefore, the PA operates at class-A with lower efficiency
in the very low-power region of the envelope, and at class-C
in the high-power region, where the efficiency is also lower
due to the constant excitation amplitude. However, at the
medium–low-power region, the efficiency is higher because
the PA becomes biased at class-AB. This is what is shown
in Figs. 20 and 21, for the dc and fundamental powers and
efficiency, respectively.

Nevertheless, for a two-tone signal, the efficiency at the
highest power region has the most impact on the average
efficiency due to the PDF’s profile. Therefore, we should
always observe efficiency degradation in this scenario,
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Fig. 20. Model predicted (a) dc power and (b) fundamental power wave-
forms normalized to ImaxVDD for three different purely capacitive baseband
impedances.

Fig. 21. Model predicted instantaneous efficiency waveform for three
different purely capacitive baseband impedances and the respective average
efficiency computed from the average dc and output powers.

Fig. 22. Model predicted two-tone average efficiency at several bias
fluctuation amplitudes and for a purely capacitive bias impedance. The
baseband amplitude is normalized to the peak amplitude of the two-tone
signal, b2 − b1 = Imax/K1.

regardless of the baseband fluctuation’s amplitude. This is,
indeed, the observed efficiency profile presented in Fig. 22,
in which the baseband voltage amplitude is swept.

IV. EXPERIMENTAL RESULTS

In order to quantitatively evaluate the efficiency and lin-
earity degradation expected in a real device, two PAs with
different input bias networks were designed using Wolfspeed’s
CGH27030F GaN HEMT and implemented on a 0.76-mm
Isola Astra substrate. A photograph of the implemented
PAs is presented in Fig. 23 and the circuit IMNs repre-
sentations for PA1 and PA2 and their OMN are presented
in Figs. 24 and 25, respectively.

The IMN and OMN were designed to minimize the variation
of the efficiency, output power, and gain profiles over a
650-MHz bandwidth span. The simulated and measured

Fig. 23. Photograph of the implemented PAs.

Fig. 24. IMN of (a) PA1 and (b) PA2.

efficiency, PAE, and output power of each PA, at the
2.5-dB compression level, are presented in Figs. 26 and 27,
respectively.

While the OMN was optimally designed to obtain very low
baseband impedance up to 1 GHz, the IMN of each PA was
designed to present two distinct ZS_BB profiles to evaluate
efficiency and linearity degradation. One was conceived to
correspond to the conventional structure previously presented
in Fig. 2(a) (PA1), while another was appropriately designed to
avoid a parallel resonance with the device’s input impedance
(PA2). This was achieved by adding a capacitor in parallel
with the low-frequency stabilization resistor and by replacing
the inductor by a short-length transmission line. In practice,
this is the same as reducing the quality factor of the parallel
resonant circuit and increasing the resonance frequency. With
these changes, the input matching for the fundamental and the
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Fig. 25. OMN of the implemented PAs.

Fig. 26. Simulated efficiency, PAE, and output power under CW excitation,
at the 2.5-dB gain compression point.

Fig. 27. Measured efficiency, PAE, and output power under CW excitation,
at the 2.5-dB gain compression point.

Fig. 28. Simulated baseband impedance profiles at the intrinsic gate and
drain reference planes for the designed input and output networks.

bias circuit must be designed together since, without the large
inductor, they will load one another. Both impedance profiles
are presented in Fig. 28.

The dynamic behavior of the PA was assessed under a two-
tone excitation, centered at 2.55 GHz, with a constant average
available power of 26 dBm. The separation between the tones
was swept between 10 and 400 MHz. The simulated and

Fig. 29. Simulated, measured, and model predicted the average efficiency
of both implemented PAs, under two-tone excitation.

TABLE I

MODEL PARAMETERS

measured average efficiency is presented in Fig. 29, as reported
in [13].

For PA1, both the simulated and measured average effi-
ciencies have a sharp degradation of nearly 8% immediately
above 200 MHz, where the impedance presented by the IMN
at the baseband is closer to the parallel resonance. This is
also the frequency region where the linearity of the PA is
most degraded with an increase in the third-order IMD power
of 15 dB, with respect to the initial tone separation of 10 MHz,
as presented in the conference article [13].

Conversely, for the optimized network of PA2, both the
efficiency and linearity remain nearly unchanged over the
entire video bandwidth. The measured average efficiency is 2%
lower at the lower tone separations and has higher variation
over the instantaneous bandwidth than the one predicted by
the simulation, which is attributed to the small differences in
the CW figures of merit of each PA.

The theoretical model was validated by comparing the
average efficiency behavior with the measurements as the tone
separation increases. First, the model’s parameters (Kn , bn ,
and CGS parameters) were fit to reproduce the performance
of the implemented PAs under CW excitation, see Table I.
Then, we computed the average efficiency for the same tone
separation sweep and input available power that we used in the
measurements. The computed average efficiency is presented
in Fig. 29. The model is able to predict the qualitative
behavior by presenting the same profile over the full frequency
separation sweep.

The model also predicts the efficiency within a 2% tol-
erance, except in the 200–250-MHz tone separation range
where the baseband impedance is very high and the first-
order approximation of the CGS capacitance is insufficient.
In addition, since the model is built under the assumption that
the RF envelope is independent of the generated baseband
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Fig. 30. Measured average efficiency of each implemented PA under
concurrent dual-band LTE signals, with 5-MHz bandwidth, for several band
separations.

distortion, this inaccuracy cannot be fully removed without
using a recursive algorithm to accurately determine the intrin-
sic vGS voltage.

Nevertheless, the frequency at which the efficiency degrada-
tion is maximum is predicted with an error of about 25 MHz
that is usually enough for most PA applications where design-
ers are interested in evaluating the instantaneous bandwidth.

Finally, we tested each PA in concurrent dual-band oper-
ation with 5-MHz orthogonal frequency-division multiplex-
ing (OFDM) signals at each band with a peak-to-average
power ratio (PAPR) of 9.7 dB. The separation between bands
was swept from 50 to 400 MHz at a center frequency
of 2.55 GHz. Power equalization was performed at the output,
in single-band operation, to ensure that the PA is driven up
to the same output peak power level in both bands and for
all band separation values. The selected output power level
was the one that would lead to a similar gain compression
of 2.5 dB for each PA presented in Fig. 27.

First, the PA was driven at each band independently, i.e.,
in single-band operation, and the output signal was linearized
using digital pre-distortion (DPD), obtaining in this way the
desired reference condition and output peak power level. Then,
both bands were driven simultaneously to measure the adjacent
channel power ratio (ACPR) at each band and the average
efficiency. Although the power equalization could be done
by simply increasing the power of the input signal of each
band, the benefit of DPD is that, conceptually, if the PA
behaved linearly in the presence of both bands, the output
signal would be undistorted. Therefore, the distortion that we
now measure is a direct consequence of driving the PA with
a wide concurrent band signal due to cross modulation.

The efficiency variation profile in PA1, presented in Fig. 30,
closely follows the one predicted by the model and observed
in the measurements with two-tone signals, as previously
shown in Fig. 27. In addition, a clear degradation of the PA’s
linearity near the 200-MHz band separation is observed in the
measured ACPR, which is presented in Fig. 31. This result
complements the IMD3 measurements that were performed
in [13], by showing that even if one could filter out the out-
of-band IMD components at the output, the improper input
baseband profile also generates in-band distortion that can only
be removed with DPD.

In PA2, both the average efficiency and ACPR profiles are
nearly flat near the 200-MHz band separation, which indicates
that the cause of the observed degradation was eliminated.

Fig. 31. Measured ACPR of each implemented PA under concurrent dual-
band LTE signals, with 5-MHz bandwidth, for several band separations.

Fig. 32. Measured normalized output spectrum of the (a) left and (b) right
fundamental bands, at an output peak power of 44.5 dBm, under single- and
dual-band LTE excitations, with DPD, extracted for single-band operation.

Fig. 33. ACPR of (a) PA1 and (b) PA2, when operated in concurrent dual-
band excitation, measured for several output peak power levels at each band
calibrated in single-band operation using DPD.

These results indicate that the efficiency degradation behav-
ior predicted for two-tone signals is closely correlated with the
one observed with real dual-band communication signals. The
ability to roughly predict the efficiency degradation profile
with a simple and analytic model is not only a significant
improvement to the overall design process but also provides
insight on the underlying degradation mechanisms that can be
useful for higher complexity PAs.

The output spectra of both long-term evolution (LTE) bands,
for the 200-MHz frequency spacing and at a peak output
power of 44.5 dBm, are presented in Fig. 32. As observed,
with the DPD correction performed for each band individ-
ually, we decreased the ACPR to −50 dBc at the desired
output power level. Then, under concurrent band operation,
the increase of distortion in PA1 is higher than the one
observed for PA2.
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Finally, the linearity degradation versus output power for
the 50- and 200-MHz frequency separations is presented
in Fig. 33. Naturally, both PAs present similar distortion
behavior when the frequency separation is small. However,
for the 200-MHz separation, a clear increase of the ACPR
in PA1 is observed, even at low-power levels, whereas in the
PA2, the ACPR profile is practically unchanged.

V. CONCLUSION

This article relates the limited PA efficiency performance
observed in certain circumstances with the input network
baseband terminations. The source of this limitation lies on the
parallel network composed by the IMN baseband impedance
termination and the device input capacitance, producing a large
intrinsic gate voltage modulation at baseband frequencies. The
corresponding PA conduction angle modulation leads to a
degradation of both the linearity and efficiency. A simple
theoretical model that predicts the qualitative efficiency vari-
ation profile of the PA under concurrent band operation was
presented. We demonstrated that the model provides not only
a qualitative understanding of the degradation mechanism but
also an estimation of the input baseband impedance impact on
the PA’s performance.

This degradation mechanism was experimentally verified
and demonstrates that if the IMN baseband impedances are
not properly chosen, the PA can present an average efficiency
much lower than the one obtained from the expected theoret-
ical difference between the modulated and CW signals.
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