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Abstract— Wireless communication faces a significant chal-
lenge in meeting latency and power consumption requirements
due, in large part, to the nonlinear behavior of power ampli-
fiers (PAs) requiring digital predistortion (DPD). Calculating
the parameters for DPD can be computationally demanding,
especially with multiple transmitter paths in multiple-input–
multiple-output (MIMO) systems. This research formulates a
novel optimized training signal for DPD (OTS-DPD) that mini-
mizes the number of samples needed to implement DPD while
maintaining optimum PA linearization performance. Experimen-
tal validation of the DPD performance for the novel OTS-DPD
signal demonstrates it outperforms a standard 5G orthogonal
frequency division multiplexing (OFDM) signal and uses signifi-
cantly fewer samples.

Index Terms— Digital predistortion (DPD), hybrid beamform-
ing, millimeter-wave (mmWave), multiple-input–multiple-output
(MIMO), power amplifier (PA), power amplifier modeling, signal
generation.

I. INTRODUCTION

IN WIRELESS communication systems, the power amplifier
(PA) is a significant cause of signal distortion in wireless

transmitters. As a general observation, when operated at higher
power, PAs exhibit nonlinear behavior and generate phase
shifts that result in unwanted phase modulation. The PA output
signal can also be distorted as a result of thermal effects or
memory effects due to charge trapping [1].

Digital predistortion (DPD) can be employed to correct
the distortion produced by PAs. Polynomial functions such
as the generalized memory polynomial (GMP) [2] have
been used successfully to perform DPD in the past. The
computational burden with these polynomials increases with
respect to the number of signal samples and severity of
distortion.

Before implementing DPD, it is necessary to understand
the nonlinear behavior of the PAs in terms of amplitude and
phase distortion, and, to do this, a suitable training signal is
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needed. In [3], [4], and [5], two-tone signals can be used
for PA characterization to a certain extent; however, two-tone
signals are fundamentally limited in the extent they can probe
the behavior of a PA. Efforts were made to design multitone
characterization of training signals [6], [7], [8]. Multitones
provide more frequency resolution than a single or two-tone
measurement but require a large number of tones for capturing
the nonlinearity. In [9], [10], and [11], PAs are characterized
using a single or multiple pulse signal, which is a more precise
technique than PA characterization using tones, but it is prone
to the ringing effect [12]. Cappello et al. [12] used Gaussian
pulses for PA characterization but it is not suitable for direct
application in cellular networks as it does not comply with
a wireless signal standard. Standards-compliant modulated
signals can also be used for behavioral modeling and DPD.
These approaches can typically require a large number of
samples for training. Recent works have aimed to reduce
the number of signal samples to reduce the computational
workload [13], [14], [15], [16].

In this article, a novel optimized training signal for DPD
(OTS-DPD) is presented that is created based on modern
wireless signal standards. The samples are generated in such
a way that the training signal excites the PA over its operating
frequency, bandwidth, power levels, and power transitions.
The proposed signal is optimized to minimize the number of
training signal samples needed to model or predistort a PA.

II. DIGITAL PREDISTORTION

Many different DPD functions can be used to achieve a
linear response from a nonlinear dynamic system, such as a
PA. In this article, a GMP has been used as shown in [2]
and the set of basis functions using GMP is represented as
Y in this article. This basis function Y is of size m × n,
where m is the number of samples and n is the number
of training signal samples used, which is determined by the
order of nonlinearity, memory depth, and signal’s leading and
lagging envelope. As per [2], the inverse modeling is done
by x̂ = Y × w, where x̂ is the estimated input using the
output samples and w are the coefficients. Coefficients may
be estimated using one of a variety of estimation algorithms.
In this article, the QR decomposition estimation method is
used. The QR decomposition estimator converts Y into

Y = Q · R (1)

where Q is m × n with orthonormal columns and R is
an invertible n × n upper triangular matrix [17], [18]. The
coefficients are determined by w = R−1 Q H x , where x is the
input signal [2].
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Fig. 1. Block diagram for signal construction.

Problem Statement: The computational burden of calculat-
ing the DPD coefficients from the above equation depends on
two dimensions: n, which accounts for the number of DPD
function coefficients, and m the number of signal samples
for training. This manuscript presents a method to construct a
complex envelope modulated signal that minimizes the number
of samples m, needed to capture the nonlinear characteristics
of the PA.

III. OPTIMIZED TRAINING SIGNAL CONSTRUCTION

Generating a orthogonal frequency division multiplexing
(OFDM) signal follows the stages set out in Fig. 1. According
to the specifications in [19], the radio frame comprises 307 200
samples within a 10-ms time interval, and the separation
between each subcarrier is 15 kHz (1 f ). This implies that
100 radio frames can be transmitted per second. Then, the
sampling frequency fs will be fs = 307 200 × (1000/10) =

30.72 MSPS. Considering fs and 1 f , the number of frequency
bins (Nbin) required is Nbin = ( fs/1 f ) = 2048.

Now considering a signal with a bandwidth of 18 MHz with
a subcarrier spacing of 15 kHz, the total number of occupied
subcarriers can be determined using (BW/1 f ) where BW
is the bandwidth. Hence, the occupied frequency bin will be
1200 bins out of Nbin for an 18-MHz bandwidth signal. In this
article, for generating approximately 100-MHz bandwidth
signal, fs was upsampled by a factor of 4 so that the new
sampling frequency fsnew is 122.88 MSPS which means the
new frequency bin Nbinnew is 8192 bins. Hence, the number of
subcarriers ( fsub) for ≈100-MHz bandwidth signal with 1 f
of 15 kHz should be 6600.

A. Calculate Ratio of Subcarriers to Use

Generating an OTS-DPD signal of a specified bandwidth
can be achieved using a subset of the subcarriers. Selecting a
sufficient but lower number of subcarriers will minimize the
number of signal samples while maintaining the same format
as the wireless transmission standard. The ratio of subcarriers
needed to the total number of frequency bins will be

Ratio =
Nbinnew

fsub
≈ 1.24. (2)

The frequency bin and the number of subcarriers can be
scaled down as long as the ratio is maintained. Here, the
frequency bin was scaled down by 64 which is equivalent
to 128 frequency bins, and the number of subcarriers was,
therefore, chosen to be 104. By utilizing (2), the new ratio
comes to ≈1.23. Satisfying the ratio will ensure a 100-MHz
bandwidth signal with an optimum number of samples. One
point of note is that the subcarrier will occupy the center
of the frequency bins except the dc or 0 Hz bin, that is,
dc = (Nbin/2).

Fig. 2. (a) IQ constellation with vertical (↑) and horizontal (99K) transitions
between symbols. (b) Placement of symbols within frequency bins.

Fig. 3. Block diagram for symbol placement.

B. Selection of Subcarrier Subset

This section outlines the process of mapping symbols to
select subcarriers to cover the PA’s full range of operations
in terms of the frequency and peak-to-average power ratio
(PAPR). Two of the most important design objectives are that
the signal must cover all the symbols and the PAPR should be
similar to that of the RF system it will be applied to. The PAPR
depends on the number of subcarriers mapped to the symbols.
Therefore, the PAPR level can be managed by adding more
or fewer symbols of specific power levels. The procedure is
outlined in the following steps.

1) Symbols are selected on the constellation diagram of
Fig. 2(a).

2) The next design choice is the transitions between the
symbols. Any arbitrary transition between symbols can
be chosen. In this work, the combination of horizontal
and vertical symbol transitions was used as shown in
Fig. 2(a).

3) The symbols are mapped to specific subcarriers as shown
in Fig. 2(b), spanning the desired signal bandwidth.

4) Inverse fast Fourier transform (FFT) is used to convert
the selection of frequency tones to a time-domain signal.

Finally, to minimize the number of time-domain samples for
the signal, the number of symbol transitions will be set equal to
the number of subcarriers, which, in this manuscript, is 104,
including the dc component as mentioned in Section III-A.
The symbols can be mapped to these subcarriers following
any chosen strategy. In this work, we directly mapped the
symbols following horizontal and vertical transitions as shown
in Fig. 2(a). The transition between maximum and minimum
absolute power levels was also included. The mapping onto
the subcarriers in the frequency domain is shown in Fig. 2(b)
and Fig. 3. This is then converted to the time domain using
an inverse Fourier transform. This time-domain signal must be
interpolated to match the system clock rate. The signal sample
rate was changed to 983.04 MSPS from 122.88 MSPS to meet
the RF transmitter system requirements, resulting in a signal
length of 1024. Aside from managing the selection of symbols
with different power levels, peak windowing crest factor
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Fig. 4. Experimental test bench.

Fig. 5. Measured gain and phase offset versus input power.

reduction (CFR) [20] can be employed to adjust the PAPR
and align it with the specified 10-dB PAPR requirement of
5G NR. In this article, two OTS-DPD signals are constructed
using different symbol transitions and different combinations
of power-level symbols and placement in allocated subcarriers.
This will allow the developed DPD actuator to adapt to the
nonlinearity generated for different frequencies, power levels,
and power transitions. One should note that both OTS-DPD
signals used in this manuscript were tailored to have the same
PAPR level.

IV. EXPERIMENTAL RESULTS

The proposed training was experimentally validated using
a test bench shown in Fig. 4. The RFSOC ZCU111 was
utilized for transmitting and receiving the signal. The signal
was upconverted and filtered to ≈28 GHz, fed to the PAs
in the beamformer module, and the output was sensed using
a 30-dB coupled output port. The downconverted signal was
processed in MATLAB. As a first test, PA characterization
was carried out using a large 81 920 sample 5G NR signal to
model the PA. The parameter used for validating the accuracy
of the PA model was error vector magnitude (EVM) which was
−47.5 dB. To achieve comparable accuracy for a PA model
calculated using the proposed optimized training signal, only
1024 samples were required.

For testing, a 5G NR signal was passed through the DPD
actuator developed using the OTS-DPD signal for predistorting

TABLE I
EVM AND ACPR PERFORMANCE COMPARISON

Fig. 6. Frequency response plot using measured result.

the signal which in turn was fed to the PA. This leads to
successful linearization for the PA with compression of ≈4 dB
as can be seen from Fig. 5. Table I compares signal-processing
methods for PA linearization, focusing on the benefits of using
the OTS-DPD signal. The proposed method was compared
against two methods for developing the DPD actuator: one
is based on selecting the signal samples around the peak
power samples (5G NR PK), and the other by maintaining
the probability density function of the signal (5G NR pdf)
as shown in [16]. With only 1024 samples, the OTS-DPD
signal demonstrates significant improvements in EVM and
adjacent channel power ratio (ACPR). EVM is reduced from
−28.37 to −45.05 dB, while ACPR improves from −33.68 to
−47.70 dBc which is evident in Fig. 6. These results under-
score the effectiveness of the OTS-DPD signal in minimizing
sample requirements while maintaining optimal linearization
performance. For wireless communication systems aiming for
enhanced efficiency and signal quality, the OTS-DPD signal
presents a compelling choice.

V. CONCLUSION

In this article, the authors introduce a novel method of
constructing an optimized training signal for PA behavioral
modeling and/or DPD, using modern wireless signal standards.
By using this OTS-DPD signal, the nonlinear information from
the PA can be captured with a fraction of the training samples
compared to other state-of-the-art solutions. The effectiveness
of the proposed training signal was experimentally validated
for an mmWave frequency hardware testbench, comparing the
DPD actuators obtained with the OTS-DPD signal to that
obtained using a standard 5G NR signal.
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