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Abstract—A novel approach for power amplifiers static nonlinearity characterization in the presence of memory effects
is presented. A subsampling technique is used to reduce the
bandwidth of the test signal without changing the waveform
characteristics. This cancels the memory effects of the amplifier
without affecting its static behavior. Memoryless AM/AM and
AM/PM characteristics are measured as a function of the carrier
frequency. This points out the contribution of the frequency
dependency of the amplifier’s static nonlinearity to its behavior
under wideband signal drive. A memoryless post-compensation
technique is then introduced to accurately assess the performance
of several behavioral models. In fact, it is demonstrated that direct
comparison of the measured output of the device-under-test with
the estimated output does not provide reliable assessment of the
model performance. Conversely, memoryless post-compensation
efficiently differentiates the performance of these models. To
provide a comprehensive approach for model validation and prototype performance evaluation, memory effects intensity metrics
are introduced. These metrics are applied to evaluate the memory
effects present in a 300-W peak power Doherty amplifier driven
by various multicarrier wideband code division multiple access
signals.
Index Terms—Behavioral modeling, digital predistortion, linearization, memory effects, post-compensation, power amplifier
(PA), static nonlinearity, third generation (3G), wideband code
division multiple access (WCDMA).

I. INTRODUCTION
EHAVIORAL modeling of RF power amplifiers (PAs)
is an essential task in the design of high-performance
wireless transmitters that combine high power efficiency and
spectrum compliant linearity performance. This is even more
important in modern communication systems that employ envelope-varying signals with high peak-to-average power ratios
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(PAPRs). In fact, such signals set stringent linearity requirements on the PA and usually lead to the sacrifice of the system’s
power efficiency in order to meet the linearity requirements.
In this context, behavioral modeling of the PA/transmitter is
a time and resource efficient post-prototyping process that is
primarily used for the transmitters’ performance estimation and
the design of the linearizer.
In base-station transmitters, the wide bandwidth necessary
for multicarrier and full-band PAs makes the memory effects
unavoidable in the observed PA behavior. Numerous behavioral models that take into account memory effects have been
proposed in the open literature. These include memory polynomials, Volterra series, Wiener and Hammerstein models, and
multidimensional lookup table (LUT)-based models [1]–[5].
Even though model validation is a crucial step, the standard
procedure that is being used consists of comparing the estimated signal at the output of the model to the measured signal
at the output of the device-under-test (DUT). However, the
direct comparison of the measured and estimated output signals
usually shows a minor difference between the performance of
the different models, even when memoryless models are compared to models that take into account memory effects. Indeed,
the contribution of the memory effects to the PA’s output is
usually significantly lower than that of the static nonlinearity.
Accordingly, the direct comparison method is not a reliable
approach for model assessment in PAs exhibiting memory effects. In [8], a model assessment method in which memoryless
digital predistortion is applied to the input signal used to drive
the model and DUT was proposed. The use of the memoryless
predistorter cancels the contribution of the static nonlinearity
to the signals at the output of both the model and DUT. Thus,
the remaining nonlinearity is that due to the memory effects.
Comparing the residual nonlinearities was shown to be an
accurate method for model performance assessment.
In addition, it is also important to quantify memory effects
in RF PAs/transmitters. This is useful for the estimation of the
linearity performance that can be achieved through memoryless
digital predistortion. Moreover, memory effects intensity (MEI)
measurement can be used as a metric to compare the linearizability of different PA prototypes and the memory effects characteristics of different technologies, such as LDMOS and GaN
[6]. Several approaches have been proposed for memory effects
quantification [6]–[16]. Most of these are defined under a multitone input signal and are mainly based on the observed spectral
asymmetry. In [8], memoryless digital predistortion has been
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applied for the quantification of MEI under a modulated input
signal. Consequently, memoryless digital predistortion is currently the standard technique used in PAs/transmitters model accuracy assessment and MEI quantification. However, this technique has a major disadvantage: it requires more than one set of
measurements. A first set of measurements is needed to characterize the DUT and derive both the forward model and the
memoryless digital predistorter (DPD). A second set of measurements is then needed to capture the signal at the output of
the DUT when memoryless digital predistortion is applied. Furthermore, in practice, more than two sets of measurements are
needed since the synthesis of the memoryless digital predistortion function, both in open- and closed-loop DPD configurations, requires more than one iteration.
In this study, a memoryless post-compensation technique is
introduced for model assessment and MEI quantification. The
major advantage of the proposed approach is that it only requires a single set of measurements. In fact, following the characterization of the DUT, the forward model and the memoryless
post-compensator are derived. For model validation and MEI
measurements, the post-compensator is applied to the estimated
signal at the output of the model and to the measured signal at
the output of the DUT. Accordingly, model validation and MEI
measurements are performed within simulation software and do
not call for additional measurements. The post-compensation
technique, as well as the memoryless digital predistortion technique, uses the static nonlinearity of the DUT to generate the
post-compensation function. Thus, it is clear that the precision
and performance of this technique depend on the accuracy in the
extraction of the static behavior of the DUT. In [17], the authors
presented a novel approach for the accurate extraction of the
static nonlinearity when memory effects are present. This technique is applied in this study for the synthesis of the post-compensation function.
In this paper, the static nonlinearity extraction technique is
applied for the accurate characterization of the memoryless behavior of the DUT. It is also used to characterize the frequency
dependency of the memoryless behavior of the DUT. The postcompensation technique is then introduced and applied in the
performance evaluation of various behavioral models of an experimental Doherty amplifier. The MEI of this amplifier is then
estimated under several multicarrier drive signals using the postcompensation technique. In Section II, the DUT and the measurement system are introduced. The accurate static nonlinearity
extraction technique is presented in Section III and is used to
characterize the static DUT behavior over a 60-MHz frequency
band. In Section IV, the post-compensation technique is introduced and applied in model accuracy assessment. The MEI of
the DUT is evaluated in Section V, and conclusions are presented in Section VI.
II. MEASUREMENT SETUP AND TOOLS
The measurement setup used in this study is presented in
Fig. 1. It is based on the instantaneous complex input and
output waveforms measurement technique proposed in [18].
The experimental setup is composed of the DUT, a vector
signal generator, a vector signal analyzer (VSA) and a computer that monitors the measurements through Nonlinear
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Fig. 1. Measurement setup.

Behavioral Modeling Software (NBMS), which was developed
by the iRadio Laboratory, University of Calgary, Calgary, AB,
Canada. This software is used to download the signal waveform
into the vector signal generator that feeds the DUT with the
corresponding RF signal. The measured signal at the output of
the DUT is acquired by NBMS from the VSA software. The
time delay between the input and output waveforms is estimated and compensated for according to the method described
in [9]. The extraction of the different models considered in
this study (memoryless LUT, memory polynomials, Hammerstein, Wiener, augmented Hammerstein and augmented Wiener
models) is performed using this software. The memoryless
post-compensation technique was developed and implemented
in this software for model validation.
The DUT is a high-power high-efficiency LDMOS-based Doherty amplifier with 300-W peak power and 61-dB small-signal
gain. This PA is designed for operation in the 2110–2170-MHz
frequency band. During the tests, several WCDMA signals generated using Test Model 1, having 1–4 carriers, were applied to
the DUT. The configurations of the WCDMA signals used are
for the one-carrier signal,
for the two-carrier signal,
and
for the three-carrier signals, and
and
for the four-carrier signals (where denotes an ON carrier and
denotes an OFF carrier). All these waveforms are 2-ms long and
are sampled at 92.16 MHz.
III. ACCURATE EXTRACTION OF PA’S STATIC NONLINEARITY
The identification of the memoryless nonlinearity in RF PAs
exhibiting memory effects is necessary for two-box modeling
(Hammerstein- and Wiener-based models), as well as the quantification of the memory effects contribution to the overall nonlinearity exhibited by the PA. In [17], the authors introduced a
novel approach for static nonlinearity extraction. This consisted
of cancelling the memory effects without changing the static behavior of the PA. In fact, the nonlinear behavior of a PA is a
function of the operating carrier frequency and the input signal’s
characteristics (mainly its average power, statistics, and bandwidth). For a given carrier frequency, the bandwidth of the signal
only affects the memory effects exhibited by the PA, but not its
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static nonlinearity. Accordingly, it is possible to measure the
static nonlinearity of the PA if the bandwidth of the input signal
is reduced enough to minimize the electrical memory effects exhibited by the PA, while keeping the waveform average power
and statistics unchanged. The choice of the signal’s bandwidth
to be applied for the static nonlinearity measurement should also
take into account the thermal memory effects that arise when
narrowband signals are used. Thus, the bandwidth of the drive
signal should be narrow enough to minimize electrical memory
effects, but wide enough to avoid thermal memory effects. Typically, the test signal should have a bandwidth in the range of
1 MHz in order to simultaneously minimize both the electrical
and thermal memory effects. In fact, electrical memory effects
appear as the bandwidth of the signal increases, while thermal
memory effects are observed for narrowband signals. Thermal
memory effects have several frequency ranges and their time
constants are typically in the order of 1 ms and 10 s. These are
completely determined by the mechanical configuration of the
transistor die structure and mounting to its package. Physically,
the upper limit of the thermal memory effects frequency range is
around few 100 kHz. Electrical memory effects usually appear
for bandwidths of more than 1 MHz. This offers a sweet spot
for the bandwidth of the test signal for which both the electrical
and thermal memory effects will be significantly low. In addition, a careful design would minimize these effects (push the
thermal memory effects toward narrower bandwidths and electrical memory effects toward wider bandwidths) and avoid that
they overlap in frequency. Thermal memory effects can be minimized by appropriate thermal grounding and mechanical design,
and electrical memory effects can be minimized by a careful design of the bias and matching networks. These two aspects were
considered in the design of the PA prototype used in this study.
The sampling rate of the baseband waveform can be changed
in order to independently control the input signal’s bandwidth
without affecting its average power and statistics. Indeed, the
signal’s average power and its statistics are fully defined by the
waveform data samples and not the sampling rate. To extract
the static nonlinearity of the DUT, a one-carrier wideband code
division multiple access (WCDMA) signal with a 3.84-MHz
, debandwidth was used. The sampling rate scaling factor
fined as the ratio between the actual sampling frequency
and the original sampling frequency
, was varied. Equivalently, is also the ratio between the actual bandwidth
of the signal and its original bandwidth

(1)
Fig. 2 presents the measured AM/AM and AM/PM curves of
the DUT for different values of the sampling rate scaling factor
and
). The AM/AM and AM/PM curves were
(
obtained for the raw measured data using the same moving average fitting algorithm [9]. According to this data, the averaged
AM/AM characteristics are significantly biased by the memory
effects, but the AM/PM characteristics are not.
The “true” static nonlinearity of the DUT is the one measured
since it was found that the DUT does not exhibit any
for
memory effects when driven by the corresponding test signal

Fig. 2. PA’s measured characteristics versus signal bandwidth. (a) AM/AM
characteristics. (b) AM/PM characteristics.

[17]. The raw measured AM/AM and AM/PM data can be used
to detect the presence of memory effects. Indeed, the hysteresis
phenomenon due to the variation of the instantaneous gain as a
function of the previous samples appears as a dispersion in the
AM/AM and AM/PM curves. Fig. 3(a) presents the raw meaand
sured AM/AM curves of the DUT for the cases of
. The measured data for
overlays on that correand presents slightly higher dispersion. In
sponding to
, memory effects exist, but are relatively weak,
fact, for
and thus, not easy to detect by observing the dispersion on the
AM/AM curves. A more accurate way to detect the memory
effects and assess the memory-effects-free behavior of the PA
consists in using memoryless predistortion, as presented in [17],
or equivalently memoryless post-compensation, as described in
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Fig. 3. Raw measured AM/AM characteristics versus signal bandwidth.
: and
: . (b) Four-carrier WCDMA.
(a)

=10

=02

Section IV. In Fig. 3(b), the raw measured AM/AM curve obtained under a four-carrier WCDMA excitation signal is shown.
This figure clearly illustrates the dispersion caused by memory
effects as they become significant due to the wide bandwidth of
the test signal.
To extend the study of the static behavior of the PA and its
memory effects, further measurements were performed. These
consisted of measuring the static AM/AM and AM/PM of the
DUT, using the accurate subsampling-based static nonlinearity
extraction technique, over the entire 60-MHz bandwidth of
the 2100-MHz frequency band. For this purpose, the memoryless AM/AM and AM/PM characteristics of the DUT were
extracted, as a function of the carrier frequency, from 2110
to 2170 MHz, in steps of 5 MHz. Fig. 4 reports the measured
results. For clarity reasons, only part of the measured curves
is plotted. According to this figure, there is a significant frequency dependency of the AM/AM characteristics of the PA.
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Fig. 4. PA’s measured characteristics versus carrier frequency. (a) AM/AM
characteristics. (b) AM/PM characteristics.

Moreover, this shows that the small-signal gain of the DUT, as
well as its nonlinearity shape, depend on the carrier frequency.
To investigate the impact of this frequency dependency on the
linearizability of the DUT, the normalized static AM/AM characteristics were plotted as a function of the carrier frequency
in Fig. 5. This figure clearly illustrates that, in addition to the
small-signal gain variation, the static nonlinearity of the amplifier also varies as a function of the carrier frequency. A linear
equalizer can be used to address the flatness problem of the
small-signal gain, but not the frequency dependency of the nonlinear shape. The nonlinearity shape variation as a function of
the carrier frequency adds up or might be part of the commonly
known memory effects when wideband input signals are used.
This phenomenon has to be dealt with for accurate wideband
modeling and linearization purposes. Further investigations are
needed to determine whether it contributes or not to the memory
effects exhibited by the PA as commonly defined (dependency
of the current output sample on the preceding samples).
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Fig. 5. Normalized AM/AM characteristics versus carrier frequency.

A memoryless DPD, synthesized using the measured
AM/AM and AM/PM characteristics at 2140 MHz (center of
the 2100-MHz band), was then used to estimate the performance of the linearized amplifier as the carrier frequency of the
drive signal was varied. As expected from the frequency-dependant AM/AM characteristics, significant residual nonlinearity is
obtained as the carrier frequency is shifted away from the center
frequency used to synthesize the memoryless predistorter. According to Fig. 6(a), approximately 20-dBc adjacent channel
power ratio (ACPR) degradation is observed for a 30-MHz
frequency offset. Furthermore, if a 20-MHz bandwidth (case of
a four-carrier WCDMA signal) is considered [see Fig. 6(b)],
the ACPR performance is decreased by up to 10 dBc.
IV. POST-COMPENSATION TECHNIQUE FOR
MODEL ACCURACY ASSESSMENT
The contribution of the memoryless nonlinearity dominates
the overall nonlinearity observed at the output of PAs exhibiting
memory effects. Accordingly, it is not possible to accurately
evaluate PA memory effects modeling in the presence of memoryless nonlinearities. Thus, it is necessary to compensate for the
memoryless behavior of the PA prior to the model validation
step. Static nonlinearity cancellation by means of memoryless
digital predistortion was proven to be an accurate technique for
PA model performance assessment [7]–[10]. However, the main
disadvantage of this technique is that it requires first the synthesis of the predistortion function and then the measurement
of the PA output signal when memoryless predistortion is applied. In order to overcome this iterative measurement process,
memoryless post-compensation is proposed to cancel the static
nonlinearity at the output of the amplifier rather than its input.
Even though such a technique cannot be implemented in practice for PA linearization due to the high power levels involved
at the output of PAs, its use within a simulation environment for
model assessment alleviates the need for extra measurements.
Indeed, as shown in Fig. 7, which illustrates the principle of

Fig. 6. Spectra at the output of the DUT after memoryless predistortion versus
carrier frequency. (a) Over 60-MHz bandwidth. (b) Over 20-MHz bandwidth.

the post-compensation technique for model validation, the PA
is first characterized under the test signal. The input and output
data files captured during this single measurement process are
then processed to extract the DUT models, as well as the memoryless post-compensator. The measured signal at the output of
the PA and the estimated signals at the output of each model
are then fed successively to the memoryless post-compensator
to calculate the corresponding post-compensated signals. The
synthesis of the memoryless post-compensation function from
the measured DUT input and output data is similar to that of the
memoryless DPD. The main difference is that the DPD’s output
power is aligned with the PA’s input power, while the post-compensator’s input power is aligned with the PA’s output power.
The measurements performed under a four-carrier WCDMA
input signal were used to synthesize six models of the DUT.
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Fig. 7. Block diagram of the memoryless post-compensation technique.

Fig. 9. Measured and estimated output spectra after post-compensation.

Fig. 8. Measured and estimated output spectra before post-compensation.

These models are the memoryless LUT, the memory polynomials model (three branches, twelfth-order nonlinearity in each
branch), the Wiener model (three-tap finite-impulse response
(FIR) filter followed by the memoryless model), the Hammerstein model (memoryless model followed by a three-tap
FIR filter), the augmented Wiener model (two FIR filters with
three taps each, followed by the memoryless model), and the
augmented Hammerstein model (memoryless model followed
by two FIR filters with three taps each). The estimated output
spectra obtained using these models are plotted in Fig. 8. This
figure also shows the measured spectra at the output of the
DUT. According to this figure, all models seem to have similar
performance. The errors between the measured data and the
different models outside the 60-MHz frequency band centered
on the carrier frequency are mainly attributed to the limited
bandwidth of the receiver used during the characterization step.
To efficiently compare the performance of the considered
models, memoryless post-compensation was applied to the
estimated and measured PA output signals. The spectra of
the corresponding post-compensated signals are presented in
Fig. 9, which demonstrates the effectiveness of the proposed

memoryless post-compensation technique to differentiate the
performance of the various models. In fact, the memory polynomial model is found to be the most accurate in predicting the
PA behavior. The ability of augmented Hammerstein and augmented Wiener models to model the memory effects exhibited
by the DUT is slightly worse. Moreover, when post-compensation is applied to the signal at the output of the memoryless
model, there is no residual nonlinearity at the output of the
post-compensator. This is expected since the post-compensator
was designed to fully cancel the memoryless behavior of
the PA. Accordingly, even though the direct comparison of
the PA’s measured output and the models’ estimated outputs
did not show the limitation of some models, the memoryless
post-compensation makes it possible to accurately assess the
performance of these models and their ability to predict the
memory effects exhibited by the DUT.
Time-domain metrics such as the normalized mean square
error (NMSE) can also be applied to assess the accuracy of the
considered models and compare their performances. Table I reports the calculated NMSE for the various models before and
after post-compensation. These results show that the use of the
NMSE does not clearly illustrate the relative performance of
the models. Indeed, in the time domain, both the useful signal
resulting from the linear amplification of the input signal and
the error signal are overlaid. However, in the frequency domain,
nonlinear distortions and the useful signal correspond to two different frequency ranges. Thus, frequency-domain data are more
appropriate for model performance assessment and comparison.
V. MEI QUANTIFICATION
When driven by the measured signal at the output of the DUT,
the memoryless post-compensator cancels the DUT’s static
nonlinearity. Accordingly, the residual nonlinearity present in
the signal at the output of the post-compensator is solely due
to memory effects. In fact, as shown in Fig. 9, the PA’s input
signal is fully recovered after applying post-compensation to
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TABLE I
NMSE VERSUS DUT MODEL

the DUT memoryless model’s output signal. Thus, it is possible
to quantify the memory effects present at the output of the PA
by applying the proposed memoryless post-compensation technique. The DUT input and output measured waveforms, as well
as the signal obtained at the output of the post-compensator, are
plotted in Fig. 10 for a single-carrier and a four-carrier (
configuration) WCDMA signals. This figure shows the residual
nonlinearity due to memory effects present in the signal at the
output of the DUT. The MEI is very low for the single-carrier
signal, but is significant in the case of the multicarrier signal.
The accurate quantification of these memory effects is crucial
for the objective comparison of different PA prototypes designed using different architectures or different technologies.
This also provides a valuable indication of the performance that
can be achieved by using memoryless DPDs.
The proposed MEI metric is based on power integration in
the channel (in-band), the adjacent channel (mainly attributed to
third-order intermodulation), and the alternate adjacent channel
(mainly attributed to fifth-order intermodulation), as illustrated
in Fig. 11.
For a multicarrier signal, the MEI within the adjacent
channel and the alternate adjacent channel frequency bands
are defined by (2) and (3), shown at the bottom of this page,
is the MEI in the adjacent channel;
where: 1)
is the MEI in the alternate adjacent channel;
2)
is the power spectrum density of the considered
3)
signal; 4)
is the number of active carriers; 5)
and

Fig. 10. Residual nonlinearity after memoryless post-compensation. (a) Onecarrier WCDMA signal. (b) Four-carrier (1001) WCDMA signal.

are the center frequency and the bandwidth of the active
and
are the lowest and
carriers, respectively; 6)
highest center frequencies of the active carriers, respectively;

(2)

(3)
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Fig. 11. MEI measurement parameters.

7)
and
are the bandwidth of the carriers
and
, respectively; and 8)
centered around
is the total bandwidth of the original signal spanning from and
to
including the carriers around

(4)
The first terms in both (2) and (3) refer to the signal power in the
active carriers and is expressed in dBW. The second terms in (2)
and (3) quantify the power in both the lower and upper adjacent
and alternate channels, respectively. When unused carriers are
available in between the active carriers, it is possible to define
the MEI in the in-band by considering the power in all the unused channels situated within the total bandwidth of the original
signal by

(5)
This in-band MEI is calculated for the OFF channels only. It is
possible to include the MEI present in the ON channels within
the in-band MEI defined in (5). However, this requires the cancellation of the signal in these channels. Such a procedure is
very sensitive to any gain and phase imbalance in both signals
paths.
can be defined as (6), shown at
The total MEI
the bottom of this page. In the case of signals having up to four

carriers, it has been found that the signal power in the active
carriers can be calculated by integrating the power over the
entire total bandwidth (including the unused carriers) without
introducing a significant error. This is due to the fact that the
is around 48 dBc in the case of a
signal.
and
In addition, it is worth mentioning that the
definitions can be adapted to standard ACPR
measurements by considering separately the upper and lower
adjacent channel and alternate adjacent channel, respectively,
and by adjusting the power integration band, including the
center frequency and the integration bandwidth. In this case,
for standards compliant measurements, the nominal receiving
filter of the WCDMA signal (a raised root cosine filter) needs
to be applied to the post-compensated signal.
For the considered WCDMA signals, the carrier bandwidth
used for power integration is 5 MHz. This guarantees consistency in the calculation, in the sense that, for adjacent channels
spaced by 5 MHz, the total power will be equal to the sum of the
power in the different channels. When different types of drive
signals are applied (multistandards), the bandwidths used for the
power integration can be adjusted separately in accordance with
the type of transmitted signals in each carrier.
The adjacent channel and alternate adjacent channel MEI
were calculated for the considered Doherty PA when driven
by the different signals presented in Section II. For each signal
drive, two post-compensators were considered: the “true” static
nonlinearity and the average static nonlinearity. While the
“true” static nonlinearity is independent of the drive signal, the
average static nonlinearity for each drive signal corresponds to
the static nonlinearity extracted by averaging the measurement
data corresponding to the characterization of the PA under that
test signal. Indeed, the “true” static nonlinearity refers to the
static nonlinearity measured with the narrowband signal for
).
which the DUT is memoryless (in this case, for
Conversely, the averaged static nonlinearity refers to the static
nonlinearity measured with the actual WCDMA test signal
(single carrier or multicarrier). The results are reported in
Table II. According to these results, the MEI increases as the
bandwidth of the signal increases. Also, for a given bandwidth,
the MEI is slightly higher when unused carriers are present
within the signal bandwidth. Furthermore, the MEI obtained
using the “true” static nonlinearity is close to that obtained using
a post-compensator based on the averaged static nonlinearity.
The error between these two cases is limited to approximately
1.5 dB for the considered signals. In addition, the averaged

(6)
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TABLE II
MEI VERSUS DRIVE SIGNAL

for model accuracy assessment. This technique minimizes the
number of measurements required for model validation when
compared to existing static nonlinearity pre-compensation techniques. In addition, it was demonstrated, through the use of six
state-of-the-art behavioral models, that the memoryless postcompensation technique is needed to accurately assess the performance of the models and their ability to predict the memory
effects exhibited by the DUT.
Finally, memoryless post-compensation was used to evaluate
the MEI of the Doherty PA, when driven by several multicarrier
WCDMA signals. This metric is crucial for objective head-tohead comparison of the behavior of PAs/transmitters prototypes.
The combination of the extraction and use of “true” static
nonlinearity along with the post-compensation technique allows
accurate and quick assessment of memory effects impact and
intensity in wideband highly nonlinear RF PAs and transmitters driven by modulated signals. In addition, the proposed MEI
metrics can be used to quantify this impact. This offers a comprehensive approach and a valuable tool for research and development engineers to quickly and accurately characterize and
compare PAs/transmitters and study their linearizability.
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