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Abstract — Power amplifiers are widely employed electronic
devices in various fields such as mobile networks and radio
frequency (RF) transceivers. To achieve efficient operations,
power amplifiers can often suffer from nonlinearity problems.
This problem can be mitigated through the use of linearization
techniques, such as digital predistortion, regarded as the most
promising solution to power amplifier linearization.
Behavioural modeling is a substantial part of the digital
predistortion, responsible for acquiring the coefficients that are
necessary to linearize the power amplifier. A Complex Reduced
Non-Uniform Generalized Memory Polynomial model was
proposed to reach comparable performance of accuracy as
Memory Polynomial Model with reduced complexities. The
proposed model was tested with a SMHz LTE signal measured
at the input and output of a Doherty PA under different
conditions of nonlinearities, memory effects and attenuations as
well as PA working powers. It can be observed that the proposed
model shows superior accuracy at low complexities, when the
PA has higher levels of nonlinearity and memory depth while
still maintaining low complexities. Over 60% of coefficients
reduction could be reached at the same level of accuracy
compared to the MP model.
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1. INTRODUCTION

A major source of the nonlinear distortion for wireless
communication systems arises from Power Amplifiers (PA)
[1]. As a widely applied device in wireless communication
links, such as in Radio Frequency (RF) transceivers [2] for
wireless communication systems, mobile cellular networks
[3] and digital video broadcasting applications [4].
Particularly in the wireless communication systems [3], [5],
one of the main objectives in wireless communication system
is to enhance the spectral efficiency within the allocated
transmitting bandwidth [1]. However, the widely employed
signals such as Wideband Code Division Multiple Access
(WCDMA) in 3G mobile networks and Orthogonal
Frequency Division Multiple Access (OFDMA) in 4G mobile
systems are vulnerable to the nonlinear distortions due to RF
PAs [3].

Digital Predistortion (DPD) has been widely accepted as a
solution to the nonlinearity problems. The main objective for
these approaches is to maintain highly linear performance,
while optimizing the power efficiency performance of the PA
[6]. The architecture of a linearized system is composed of
two cascaded nonlinear subsystems. The first subsystem is a
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DPD block which implements a nonlinear function with
inverse envelope response of the PA’s nonlinear behavior.
The second subsystem is the PA [1].

Behavioural Modeling of PAs is an essential step of DPD [7].
The predistortion coefficients identification is performed in
conjunction with a behavioural model acquired using a PA’s
measured data. Nonlinear behavioural modelling has been
accomplished using models based on the Volterra series.
Volterra models are widely known for their superiority
accuracy while characterizing PA features[8]. However, with
the increase of nonlinear order and memory depth, model
complexity increases rapidly[1]. Hence, Volterra model is
also not ideal for characterizing PAs with light nonlinearity
and/or weak memory effect, due to a likelihood overfitting.
Several complexity reduced (CR) Volterra models have been
proposed in previous literature including the Memory
Polynomial (MP) and the Generalized Memory Polynomial
(GMP) [6], [8], [9], [10], [11]. These models are relatively
compact but often employ coefficients of insignificant
contribution.

In this case, multiple complex reduced (CR) Volterra
models were modified and proposed for the application in
wideband systems including (MP) model [6], [9],
Generalized Memory Polynomial (GMP) model and various
modified or simplified version [1] as well as Dynamic
deviation reduction based Volterra (DDR-Volterra) model
[12].

A simplified GMP model for wideband RF PAs was
proposed in paper [1] to achieve lower complexity while at
the price of reduced accuracy which was compensated later
by the sub-block of nonlinear memory effect (NME). Hence,
compared to GMP model, the performance was comparable
with fewer coefficients and reduced complexity. Another
paper [8] proposed a modified version of Volterra series
model with high accuracy of predicted output signals both in
time domain and frequency domain. In that work, a quasi-
memoryless model is extracted to represent nonlinearities,
while the memory effects were characterized by parallelly
adding the estimated coefficients for Volterra filters.

The GMP model is regarded as one of the most accurate
models for the number of coefficients. The computational
complexity for GMP is higher than that of the MP model but
lower than the Volterra model [13]. In this paper, a modified
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version of CR non-uniform GMP model is proposed, which
can maintain the same level of performance as the MP model
while employing less coefficients. To deal with the nonlinear
systems with severe nonlinearities and memory effects, the
superiority of the proposed model can be clearly observed.

II. THE MODEL DESCRIPTION AND COMPARISON

A. Memory Polynomial Model

A memory polynomial (MP) model can be obtained by
selecting a subset of coefficients from the Volterra series
model, in particular, its diagonal terms. In other words, if all
the cross-terms are removed from the Volterra series, the
resulting model is an MP model is extracted and defined as in

(1) [13].
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Where x and y,,p represent the complex input signal and
complex output signal of MP model respectively. The symbol
w denotes the model’s coefficients. M and N denote the
memory depth and nonlinearity order respectively.

B. The proposed Complexity Reduced GMP Model

The GMP model could be obtained by augmenting the
memory polynomial model with additional cross-terms
resulting from the leading and lagging terms of complex input
signals. Equation (2) can be used to describe the formation of
the GMP model [13].
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Where the first polynomial function refers to the time-
aligned input signal samples whose memory depth and
nonlinearity order are M, and N, respectively; the second
polynomial function introduces cross-terms between the
input signal and its lagging values of envelope with memory
depth of M, and nonlinearity order of NV, and lagging terms up
to P" order; similarly, the leading values of input signal’s
envelope are combined with time-aligned signal up to O™
order with memory depth of M. and nonlinearity order of N..
In addition, @k, bpyp and Cpyq represent the model
coefficients of time-aligned terms, lagging cross-terms and
leading cross-terms.

All the instantaneous time-aligned complex input signal,
leading terms and lagging terms have equal nonlinear orders,
which provides a uniform model structure to GMP model.
Nevertheless, in the proposed Non-Uniform GMP model, the
nonlinearity orders of the branches are unequal. Certain terms
of the time-aligned terms and cross-terms were selected and
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abandoned if they provide an insufficient contribution to the
behavioral model. Hence, compared to the conventional
GMP model, a significant decrease in the number of
coefficients can be accomplished for the non-uniform general
memory polynomial model. The complexity reduction is
desired in the broadband systems where the memory effect is
more severe.

III. MODEL IDENTIFICATION AND COMPARISON

A. Identification of NUGMP and MP Model

As described above, the proposed NUGMP model is a
modified non-uniform Generalized Memory Polynomial
model with reduced complexity. It contains cross-terms at
different memory depths and nonlinearity orders while
certain terms were abandoned due to negligible contribution
to the behavioral model output. To identify the PA feature
using NUGMP model and MP model, initially, a model
structure matrix was constructed in MATLAB with all
combinations of terms for a given memory depth m and
nonlinearity order n. Then, both the models were trained
using a least squares algorithm. Finally, the coefficients were
extracted based on the training data which are parts of the raw
data set of inputs and outputs measured from the
experimentally measured PA signals. Once the PA models
using the modified NUGMP and MP model were
successfully constructed, the next procedure is to obtain the
optimal values of m and n as well as the resulting coefficients
by iteration. Finally, an independent portion of raw data was
used as an independent testing signal to validate the accuracy
and complexity improvements of NUGMP model upon MP
model.

B. Comparison of Complexity

It is commonly known that the structure of GMP model
contains more terms than the MP model as a result of the
introduction of cross-terms. However, the modified Non-
Uniform GMP contains less terms than the GMP model while
maintain sufficient accuracy of the behavioural modeling
performance. Compared to the widely applied MP model, the
proposed NUGMP model could realize comparable accuracy
of performance while using reduced number of coefficients.
This feature was managed by intelligently selecting the terms
from complete GMP model and abandoning the terms whose
contributions to the behavioral model were neglectable.

IV. EXPERIMENTAL RESULTS

A. Measurement set up

In order to validate the proposed NUGMP model and
compare its performance to the MP model, three datasets of
input and output signals obtained from a GaN-SiC Doherty
amplifier design working at different levels of attenuation
and output power were applied to test the model accuracy.
The first dataset was collected at PA power of 30.81dBm with
-7dB of attenuation; the second dataset and the third data set
correspond to the working power of 28.02dBm with -10 dB
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of attenuation and 24.68dBm with -14dB of attenuation
respectively. For the purpose of observing the superiority of
the modified NUGMP model compared to the conventional
MP model, three datasets experience different levels of
nonlinearity, memory effects and attenuation.

A 5MHz LTE standard signals was selected as the testing
signal in this experiment due to limitations in the output
signal measurement bandwidth. Measurements of inputs and
outputs were recorded and induced to MATLAB directly for
the use of constructing PA models. In the end, the estimated
outputs from the constructed PA model of NUGMP and MP
were compared together with the original dataset.

B. Behavioural Modeling Results and Evaluation

With reference to the original data from test bench, the
performance results of the modified NUGMP model were
described from three aspects of time domain, frequency
domain and PA feature characterizations, MP model results
were also contained for comparison.
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Fig. 1. AM/AM PA feature extracted from raw data set of actual PA,
Memory Polynomial Model and Non-Uniform General Memory
Polynomial Model (P,,=30.81dBm, -7dB attenuation)

As shown in Figure 1, the black, red and cyan curve stands
for the AM/AM feature of PA extracted from raw data set,
MP model and NUGMP model respectively. The raw data
were obtained at 30.81dBm working power with -7dB
attenuation which shows severe nonlinearities and memory
effects. Notice that the magnitude of inputs and outputs data
were normalized for clearer comparison and observation.
Both the fitting results of MP model and NUGMP model
reaches quite close to the reference of raw data. However, the
memory effects of constructed model were to some degree
alleviated. Specific error difference would be calculated and
discussed below.

The selection of the optimal values of memory depth m and
nonlinearity order » were acquired by iteration from 1 to 10.
For the case of 30.81dBm output PA power with -7dB
attenuation, the optimal values of m and n for MP model and
NUGMP model were selected as m=5, n=3 and m=1, n=5
respectively. Under these circumstances, the corresponding
number of coefficients developed by MP model and NUGMP
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model were 20 and 7 respectively. As a result, the model
complexity of the proposed NUGMP model was greatly
reduced compared to the frequently used MP model. 3)
In the optimal case, the fitting performances were
evaluated through the Mean Squared Error (MSE),
which can be calculated by equation (3)[13].

1
MSE=5) 0 =9)+(=9)

L
Where N represents for the number of data points stored in
the signal. The symbol y and y represents for the actual PA
output signal and the estimated output of constructed models.
Notice that the test signal is complex signal, hence the
product of error signal and its conjugate is the squared
magnitude of the error.
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Fig. 2. Optimal case of (a) m = 5, n = 3 with MSE = -43.0294dB for MP
model (b)m =1, n =5 with MSE =-41.9612 dB for NUGMP model at
P..=30.81dBm and -7dB attenuation.

Figure 2 (a) and (b) give the optimal values of memory depth
m and nonlinearity order n extracted based on the minimized
MSE value. Given that the values of the MSE for MP model
and NUGMP model are quite close, which indicates similar
levels of performance of the two models is reached. The
complexity of NUGMP model with 7 coefficients is much
less than the MP model whose number of coefficients is 20.

From the perspective of frequency domain and time domain
the relative accuracy of power amplifier output signal
characterization can be observed in Figure 3 and Figure 4.
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Fig. 3. Frequency Spectrum of measured PA output, estimated output

of MP model and NUGMP model (P,,=30.81dBm, -7dB attenuation)
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As presented in Figure 3, three curves in blue, red and cyan
represent for the frequency spectrum of actual PA output
signal with the bandwidth of 5 MHz measured at the test
bench, estimated output of the proposed NUGMP model and
conventional MP model respectively at their optimal cases. It
is noticeable that the estimated output of the MP model
plotted in cyan curve is worse than the estimated output from
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NUGMP model plotted in red curve. Although cyan curve has
close match with the actual output signal at 3rd order within
the range of -7.5 MHz to 7.5 MHz. Nevertheless, the
frequency components at higher order were mismatched. It is
reasonable to deduce that the mismatch was due to the choice
of nonlinearity order of 3 as the optimal values. Therefore,
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Fig.4. Comparison of 2 fitting curves from MP model and NUGMP
model with actual PA Output signal curve. (a) Time domain Signals; (b)
Zoom in version of (a).

frequency components at higher order could not be recovered
completely. The selection of the optimal case was based on
the MSE value calculated between the magnitude of raw
output and estimated output. One of the possible explanations
is that low error could be reached with close matching in time
domain but might lead to unexpected losses of frequency
components at higher orders. Such kind of problems were
better avoided in the new NUGMP model fitting process.

As illustrated in Figure 4, both the estimated output signals
of NUGMP model plotted in cyan curve and MP model
plotted in red curve shows sufficient fitness to the measured
raw data. However, mismatches were unavoidable at its
peaks. The closeness of two models at signal peaks were
nondeterministic and these two models reach their optimal
matching in a competitive manner.

As for the testing results of two other data sets worked at
28.02dBm output power with -10 dB of attenuations and
24.68dBm output power with -14dB of attenuations shows
similar features and problems as the case of 30.81dBm output
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Fig.5. Comparison of the performance Results among NUGMP model,
MP model and actual PA (at P,,=28.02 dBm with -10 attenuation). (a)
AM/AM characterization of PA; (b) Zoom-in version of figure(a);
(c)Frequency spectrum of output signals; (d) Output signals in time
domain.

power with -7dB of attenuation. Detailed information could
refer to the Figure 5 and Figure 6 including the comparisons
of raw PA outputs, estimated outputs of the proposed
NUGMP model and conventional MP model in the aspect of
time domain and frequency domain as well as AM/AM
characterizations with MSE calculations.

As shown in Figure 5, the performance results of the resulting
PA model were plotted under the optimal case corresponding
to their model. For the proposed NUGMP model, m=3, n=1
were selected with MSE=-47.7087 dB; for the conventional
MP model, m=3, n=5 were selected with MSE=-47.0619dB.
As discussed and concluded in the previous case, the MP
model and NUGMP model share similar level of behavioral
modeling performance while the complexity of NUGMP
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Fig. 6. Comparison of the performance Results among NUGMP model,
MP model and actual PA (at P,,~=24.68 dBm with -14 attenuation). (a)
AM/AM characterization of PA; (b) Zoom-in version of figure(a);
(c)Frequency spectrum of output signals; (d) Output signals in time
domain.
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model (16 coefficients) was less than the MP model (18
coefficients). One of the possible explanations is that due to
the extra cross-terms utilized in the modified NUGMP model,
it can reach same level of performance compared to MP
model with less demands of memory depths and nonlinearity
orders, which reduces the complexity greatly while
maintaining sufficient performance.

Other testing results were displayed in Figure 6 for further
reference. The PA working power was set to be 24.68dBm
with -14dB of attenuations. Optimal cases for MP model and
NUGMP model were selected as m = 4, n = 1 with MSE = -
49.2391dB and m = 1, n = 3 with MSE = -48.3034dB
respectively. Coefficient taps of MP and NUGMP models are
8 and 5 respectively. The performance results and complexity
differences cope with the conclusion discussed in previous
conditions.

V. CONCLUSION

In summary, a modified Complexity Reduced General
Memory Polynomial model was proposed and validated with
the comparison of the frequently used Memorial Polynomial.
The constructed models were validated with a SMHz LTE
test signal based on the experimentally measured datasets of
input and output from a Doherty PA. Three datasets from
different levels of nonlinearities, memory depth and
attenuations were tested to validate the accuracy and
complexity of the proposed model compared with MP model.
For the modified CR non-uniform GMP model, it can be
concluded that comparable performance of behavioral
modeling for PA was achieved with less model coefficients
which implies lower complexity than MP model.
Furthermore, with the growing nonlinearities and memory
depth, the MP model might suffer fidelity loss at higher
frequency components while the modified NUGMP model
adapts better to the situation with improved performance
resultant from the introduction of the cross-terms under
different memory depth.
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