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Hybrid Digital Pre-Distortion for Active Phased
Arrays Subject to Varied Power and Steering Angle
Yunfeng Li , Student Member, IEEE, Yonghui Huang , Qingyue Chen, Feridoon Jalili , Kasper B. Olesen ,

Jakob G. Brask, Lauge F. Dyring , Gert F. Pedersen , Senior Member, IEEE,

and Ming Shen , Senior Member, IEEE

Abstract— This letter proposes a memory polynomial
(MPM)-aided deep neural network (DNN) digital pre-distortion
(MaD-DPD) method for active phased arrays (APAs) subject to
varied input power and steering angle. This has been challenging
for traditional array linearization methods using either MPM
or DNN, which rely on the in-phase and quadrature-phase
(I/Q) signal as input and output to derive model parameters.
In comparison, the proposed method actively incorporates MPM
and DNNs to achieve linearization. The model uses only two
varied APA state parameters (input power and steering angle) as
input and the MPM coefficients as regression target, eliminating
the need for model parameter updating. The MaD-DPD method
is validated using a four-by-four antenna array at 28 GHz with
21 input power levels and a broad range of steering angles
from −78◦ to 78◦, improving up to 13.16% in error vector
magnitude (EVM) and 18.21 dBc in adjacent channel leakage
ratio (ACLR).

Index Terms— Active phased array (APA), deep neural net-
work (DNN), memory polynomial (MPM), MPM-aided DNN
digital pre-distortion (MaD-DPD).

I. INTRODUCTION

THE increasing demand for spectrum efficiency has trig-
gered advances in millimeter-wave (mm-Wave) technol-

ogy. The high path loss and beamforming issues of mm-Wave
make phased arrays the focus of attention [1]. The array
implementations usually have a separate transmit power ampli-
fier (PA) to drive each antenna element. The PA’s efficiency
and linearity are among the key drivers to reduce energy con-
sumption while enabling high data rates in the satellite com-
munication, fifth generation (5G), and beyond 5G mm-Wave
phased array transmitters. To maximize the available output
power of each PA with high efficiency, the PA must operate
in a nonlinear region [2]. However, the nonlinearity of PA will
cause adjacent channel power leakage and deteriorate the error
vector magnitude (EVM) of the transmission signal [3], [4].
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Fig. 1. Concept illustration of the MaD-DPD method for APA subject to
varied input power and steering angle. Coefficients cmk and ĉmk are for DNN
training and application, respectively.

Therefore, linearization is necessary to achieve the linearity
and efficiency required by an active phased array (APA)
operating under mm-Wave.

The representative linearization techniques with different
polynomial-based digital pre-distortion (DPD) solutions have
been proposed in [5]–[8]. As an alternative to polynomial-
based DPD methods, deep neural networks (DNNs) can also
offer effective linearization solutions due to their excellent
nonlinear modeling capabilities [4], [9]–[11]. However, both
the traditional array linearization methods and DNN-based
DPD methods rely on the in-phase and quadrature-phase (I/Q)
signal as input and output to derive model parameters. The
nonlinear characteristics of the array will change with varied
input power and steering angle. Therefore, the DPD systems
given under certain conditions rely on I/Q signals, and they
may not be suitable for real-time beam-direction updating. The
beam direction can be updated at a millisecond level in 5G new
radio (NR) [12]. Therefore, a high-efficiency update adaptation
DPD can be challenging under large signal bandwidths in the
frequency range of two (FR2: 24–52.6 GHz) systems.

This letter presents a memory polynomial (MPM)-aided
DNN digital pre-distortion (MaD-DPD) method for APA, con-
structed using only two variable state parameters (input power
and steering angle) as input and the MPM coefficient as regres-
sion target, as shown in Fig. 1. The proposed method is not a
lookup table as the trained DNN can handle unlimited unseen
power levels and steering angles. The DNN acts as a nonlinear
function that directly generates the correct MPM coefficients
for DPD instead of capturing and processing the I/Q data
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Fig. 2. Measurement setup. (a) Block diagram of measurement setup in the compact range chamber. (b) Photograph of the experiment setup.

in the real application. Although the APA exhibits distinct
nonlinear characteristics for every input power and steering
angle, the proposed MaD-DPD can significantly reduce the
computational complexity and improve the updating efficiency.

II. PROPOSED MAD-DPD METHOD

The proposed MaD-DPD framework consists of one input,
one output, and multiple hidden layers. In general, the general-
ization ability of DNN increases exponentially with the depth
of layers [13]. The MPM is used to model the nonlinear APA

y(n) =
M∑

m=0

K∑
k=1

cmk x(n − m)|x(n − m)|k−1 (1)

where M and K denote the memory depth and the MPM
order, respectively. Variable cmk represents the coefficient of
MPM, and the detailed calculation process can be found
in [14]. The normalized mean square error (NMSE) estimation
method is used for the MPM coefficient calculation [15]. The
combination of all coefficients can be expressed as

CM K = [c01, . . . , cmk, . . . , cM K ]. (2)

A. Operation of Each Layer
1) Input Layer (Two Neurous):

Pin = [
p1 p2 · · · pv

]
(3)

Ain = [
θ1 θ2 · · · θw

]
. (4)

The input layer with two neurons is composed of variable
input power Pin and steering angle Ain.

2) Hidden Layer (l = 1, 2, …, L, J l Neurons):

h(l)
i = f

⎛
⎝

J∑
j=1

α
(l)
i, j x

(l−1)
j + b(l)

i

⎞
⎠ (5)

where h(l)
i is the output of the i th neuron in the lth layer, and

α
(l)
i, j is the weight connecting the j th neuron in the (l − 1)th

layer to the i th neuron in the lth layer. The bias term b(l)
i is

used as an additional input for the i th neural in the lth layer.
The hidden layers use the Sigmoid activation function [16].

3) Output Layer (l = L + 1, 2 Neurons):

Rout = h(L+1)
1 =

J∑
j=1

α
(L+1)
1, j x (L)

j + b(L+1)
1 (6)

Iout = h(L+1)
2 =

J∑
j=1

α
(L+1)
2, j x (L)

j + b(L+1)
2 (7)

CM K = Rout + i Iout. (8)

The outputs Rout and Iout are the real and imaginary compo-
nents of the MPM’s coefficient CM K , respectively. It should be
noted that DNNs cannot operate with complex numbers, and
all MaD-DPD outputs are organized into a 2 × M K vector.

Algorithm 1 MaD-DPD Training Procedure
Step 1: Capture the input and output signal from the com-
pact range chamber under varied input power and steering
angle;
Step 2: Generate the data set based on (1) and (2);
Step 3: Train the MaD-DPD with input (3) and (4), output
(10) until the MSE loss reaches a preset value or conver-
gence;
Step 4: Save the coefficients obtained from MaD-DPD for
verification.

B. MaD-DPD Training Procedure

For the MaD-DPD training procedure, as shown in
Algorithm 1, the input power varies from −30 to −20 dBm
with a resolution of 0.5 dBm, resulting in v = 21. The
steering azimuth angle is selected from −78◦ to 78◦ with w =
17 (0◦,±8◦,±15.5◦,±23.5◦,±32.5◦,±41.5◦,±52◦,±64.5◦,
±78◦). Therefore, there are 21 × 17 = 357 groups in total,
where nearly 76% are used for training, 19% for testing, and
5% for validation. Each group obtains the MPM coefficient
with a memory depth of 11 and an order of 3. Each group’s
MPM coefficients are 11 × 3 = 33 complex numbers. The
parameters of learning rate, batch size, and epoch for the
MaD-DPD are set to be 0.01, 100, and 1000, respectively.
There are four hidden layers, each of which has 256 neurons.
The mean squared error (MSE) loss function is used, as it is
defined by

loss = 1

2B

B∑
n=1

((
Rout(n) − R̂out(n)

)2 + (
Iout(n) − Îout(n)

)2
)

(9)

where B is the batch size of MaD-DPD. R̂out(n) and Îout(n)
are the real and imaginary parts of coefficients obtained from
the trained DNN. The weights and biases of different neurons
are updated by utilizing the Adam algorithm [17], until the
MSE loss reaches a preset value or convergence.

III. MEASUREMENT SETUP AND RESULTS

A. Measurement Setup
The block diagram and photograph of the measure-

ment setup in the compact range chamber are shown in
Fig. 2(a) and (b), respectively. A 100-MHz bandwidth 5G
NR intermediate frequency (IF) signal centered at 3 GHz is
generated by the R&S SMBV100B vector signal generator’s
arbitrary waveform generator function. Agilent E8247C gen-
erates a 12.5-GHz unmodulated signal, which is frequency-
doubled to 25 GHz and used as a local oscillator (LO)
signal. The active mixer KTX321840 is used to upconvert
the IF signal to the 28-GHz carrier frequency, and the active
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Fig. 3. Normalized PSDs. (a) AiP output without DPD. (b) AiP output with MPM DPD. (c) AiP output with MaD-DPD.

Fig. 4. Validation results of normalized PSD, EVM, and ACLR. (a) Normalized PSD of validation index 7 (p = −21 dBm, θ = 0◦). (b) EVM results of
17 validation group with (w) and without (w/o) DPD. (c) ACLR results of 17 validation group with (w) and without (w/o) DPD.

mixer KRX321840 is utilized to downconvert the signal
back to IF. The high power is supplied by the pre-amplifier
APH-26063325, which operates far below from its 1-dB
compression point (more than 10 dB), and it is sufficient to
drive the 4×4 AAiPK428GC-A0404 (AiP) close to saturation.
The 28-GHz input signal oversampled by 600 MHz is fed to
AiP, which includes four Anokiwave AWMF-0158 [18].

B. Validation Results and Analysis
There are 17 validations groups with varied input power

and steering angle. After obtaining the MPM coefficients
generated by the trained DNN and loading the calculated
pre-distortion signals to the AiP, the normalized power spec-
tral density (PSD) of the AiP output without DPD, with
MPM DPD, and with MaD-DPD is shown in Fig. 3(a)–(c),
respectively. From Fig. 3(b) and (c), it can be observed that
after MPM DPD and MaD-DPD, the out-of-band distortion
is significantly reduced. The performance of MaD-DPD is
comparable with that of MPM DPD, or even being better.
An exemplary case with the best performance can be obtained
under the validation index of 7 (p = −21 dBm, θ = 0◦),
which is shown in Fig. 4(a). As shown in Fig. 4(b), the EVM
of MPM DPD and MaD-DPD can reach an average value
of 4.94% and 4.50%, respectively. Fig. 4(c) illustrates the
linearization performance in terms of adjacent channel leakage
ratio (ACLR) measured through the total radiated power metric
defined by 3GPP, where the ACLR limit of −28 dBc applies
for systems operating at FR2 [19]. It can be seen that with the
proposed MaD-DPD, the ACLR target is to be achieved within
the entire considered input power and steering angle range.
The MaD-DPD achieves the maximum linearization perfor-
mance comparable to MPM DPD, which is due to that the
DPD tends to increase the peak-to-average power ratio (PAPR)
to compensate for nonlinearities within the APA. The envelope
of the pre-distorted signal is clipped when it exceeds a specific
threshold [20]. As shown in Fig. 5, the pre-distorted signal
xDPD generated by MaD-DPD has much lower PAPR than

Fig. 5. Comparison of pre-distorted signal between MPM and MaD-DPD.

MPM. Therefore, the MaD-DPD avoids clipping and has a
better performance than MPM DPD. Besides, the MaD-DPD
avoids the need to acquire a large number of baseband I/Q
signals, which is different from MPM DPD. When switching
to other input power and steering angle, a large number of
I/Q signals need to be reacquired to update the pre-distortion
signal. Therefore, the proposed MaD-DPD can significantly
reduce the computational complexity and improve the updating
efficiency.

IV. CONCLUSION

In this letter, we propose an MaD-DPD method for
the linearization of APA subjects to varied input power
and steering angle. This method features the reliability
and explainability contributed by conventional MPM DPD
techniques and takes the full advantage of DNN to process the
complex operation status of the APA with varied power levels
and steering angles. The proposed method is implemented
by only two variable state parameters and MPM coefficients.
This eliminates the need for capturing and processing the
I/Q data in application. Therefore, the proposed MaD-DPD
can significantly reduce the computational complexity and
improve the updating efficiency.
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