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ABSTRACT In this paper, an efficient digital predistortion (DPD) architecture utilizing over-the-air
(OTA) feedback is presented to linearize phased array transmitters. It places one additional observation
antenna (OA) in the far field to capture the combined signal of the array outputs and uses the combined signal
to build a nonlinear model that describes the joint nonlinear distortions of all the power amplifiers (PAs) in
the phased array. Then, a corresponding DPD model is extracted by the typical indirect learning method to
linearize the phased array. After introducing this DPD architecture, the relationship between the OA position
and the performance of the extracted DPD model is specifically explored, and two significant results are
found. First, when the OA is perfectly colocated in the main beam direction, the DPD coefficients extracted
with an arbitrary steering angle for the phased array are also applicable to any other steering angle. Second,
when the OA is not perfectly placed in the main beam direction, the linearization performance for the
extracted DPD coefficients will degrade as the OA placement mismatch increases, and the phased array
has an optimum steering angle at which the OA placement mismatch has a minimal influence on the DPD
performance. Based on the above two results, a new DPD training strategy is proposed, which extracts only
one set of DPD coefficients by making the phased array point at the optimum steering angle. The advantages
of the proposed strategy are that the OA can be placed in a relatively wide range of positions and that the
extracted coefficients will be applicable to any other steering angle. The two results and the proposed DPD
training strategy are verified by simulations, which are conducted on a 1 x 4 uniform linear array (ULA)

and a 4 x 4 uniform rectangular array (URA).

INDEX TERMS
single-feedback circuits.

I. INTRODUCTION

Massive multiple-input multiple-output (mMIMO) is one
of the most promising techniques in fifth-generation (5G)
networks due to its potential in improving the reliability
and capacity of wireless communication systems [1]-[4].
Among all mMIMO structures, phased array systems, which
adopt radio frequency (RF) beamformers, play an important
role since they provide accurate beamforming, flexible beam
scanning, and considerable gain [5]-[7]. To achieve high
efficiency, power amplifiers (PAs) of multiple RF branches
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in phased array transmitters usually work in the saturation
region where the PA’s nonlinearity becomes strong [8], [9].
The nonlinearity of the PA reduces the transmitted signal’s
quality and causes spectral regrowth [10], [11]. Therefore,
to avoid violating communication standard requirements and
spectrum regulations, it is imperative to compensate for the
nonlinearities of the PAs in phased arrays [12]-[14].

Digital predistortion (DPD) methods have demonstrated
excellent performance in linearizing PAs in single-input
single-output (SISO) systems. Hence, it is natural to con-
sider adopting the DPD methods in phased array transmitters
for the linearization of PAs [15]-[17]. Lee in [15] built a
separate feedback loop to estimate each branch’s PA model

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

37064

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 9, 2021


https://orcid.org/0000-0002-3771-3747
https://orcid.org/0000-0002-4069-8971
https://orcid.org/0000-0001-6554-4154
https://orcid.org/0000-0001-7993-6482

Y. Liu et al.: Digital Predistortion Utilizing OTA Feedback for Phased Arrays

IEEE Access

and calculate the corresponding DPD coefficients. However,
the adoption of multiple feedback loops inevitably increases
the complexity of the system’s implementation, especially
when the number of transmitter antennas increases. Ngin [16]
placed an extra observation antenna (OA) in the far field to
obtain the combined signal of the phased array, which was
regarded as over-the-air (OTA) feedback [18]. Then, all the
PA branches in the array can be considered as constituting
a joint nonlinear model that is estimated from the combined
signal, and the corresponding DPD model can be constructed
to linearize the joint nonlinear model. This OTA feedback
method performs the DPD training in advance where the
user transmission is suspended. After the DPD training is
over, the user transmission is turned back on, and the phased
array adopts the trained DPD coefficients for linearization,
no matter how the user moves. The OTA feedback method
is a potential solution for DPD linearization in a phased
array given that only one feedback loop is required. However,
the issue of OA placement remains unresolved, and OA is
usually considered to be perfectly placed in the main beam
direction! in the literature. As demonstrated in [16], three sets
of DPD coefficients are required to cover a steering-angle
range of 120 degrees due to the inherent OA placement
mismatch in practice.

This paper first presents a DPD architecture with OTA
feedback for a phased array and then studies the issue of OA
placement. To relax the requirement of OA placement and
reduce the complexity of DPD coefficient extraction, the rela-
tionship between the OA position and DPD performance is
specifically explored. As a result, a new DPD training strat-
egy is developed, where the OA can be placed in a relatively
wide range and only one set of DPD coefficients are extracted
to cover all the steering angles for the phased array. The
contributions of this work are summarized below.

1) Performance Analysis Without an OA Placement Mis-
match: The DPD performance is analyzed in an ideal
scenario without an OA placement mismatch; i.e., the
OA is perfectly placed in the main beam direction. It
is demonstrated that the combined signal in the main
beam direction, which is captured by the OA in an
ideal scenario, is independent of the steering angles
of the phased array. Therefore, the DPD coefficients
extracted from the combined signal (which is captured
by the OA) are the same for different steering angles.
Under this consideration, we give the result that the
DPD coefficients trained at one steering angle will
be applicable to any other steering angle in an ideal
scenario, and only one set of DPD coefficients needs
to be trained to cover all the steering angles.

2) Performance Analysis with an OA Placement Mis-
match: When there is an OA placement mismatch,
i.e., the OA is not perfectly placed in the main beam
direction, we show that the DPD performance degrades

1 Here, the main beam direction is the direction of the intended receiver,
and it is also the direction pointed by the steering angle of the phased array.

VOLUME 9, 2021

as the OA placement mismatch increases. In addition,
there exists an optimum steering angle where the OA
can be placed in the largest range around the main
beam direction. The DPD coefficients extracted within
this range show satisfactory linearization performance.
This result implies that the OA position will be flexible
as long as the phased array is pointed at the optimum
steering angle.

3) A New DPD Extraction Strategy: Based on the above
two analyses, a new DPD training strategy is proposed,
where only one set of DPD coefficients is extracted
and the OA can be placed in a relatively wide range.
In the proposed strategy, the phased array is pointed at
the optimum steering angle, and the OA is placed in a
position within a range around the main beam direction.
The signal captured by the OA is used to extract one set
of DPD coefficients for the linearization of the phased
array. The extracted set of coefficients is applicable to
all the other steering angles.

4) Simulation Verification Using Two Typical Arrays:
The simulation results for a 1 x 4 uniform lin-
ear array (ULA) and a 4 x 4 uniform rectangular
array (URA) are provided to validate the analyses of
the OA placement and demonstrate the proposed DPD
extraction strategy. It is verified that the proposed DPD
extraction strategy is effective in these two common
antenna scenarios of a ULA and URA. After DPD lin-
earization with coefficient extraction as in the proposed
strategy, the adjacent channel power ratio (ACPR) per-
formance can be improved to less than —55 dBc, and
the error vector magnitude (EVM) performance can be
improved to less than 3.5%.

The remainder of the paper is organized as follows: The
system architecture for phased array DPD is presented in
Section II. Section III explores the relationship between
OA placement and DPD performance and proposes a new
DPD extraction strategy that has low complexity. The sim-
ulation results and the corresponding analyses are given in
Section IV, and Section V concludes this paper.

Il. DIGITAL PREDISTORTION ARCHITECTURE

The system architecture is shown in Fig. 1, where the main
beam of the phased array points to a steering angle. An addi-
tional OA is placed at the corresponding angle in the far field
to obtain the main beam signal. Here, the OA is considered to
be perfectly placed in the main beam direction to simplify
the system architecture description. By using the observed
signal and the input signal of the phased array, a joint non-
linear model is first built for the phased array, and then the
corresponding DPD model coefficients are extracted.

A. NONLINEAR MODEL FOR THE PHASED ARRAY

As shown in Fig. 1, after DPD, DAC, and mixing, the base-
band source signal u(n) yields the RF signal x(t). Then, x(z)
is fed to the phased array with L branches, where «; and
¢; are the amplitude attenuator and the phase shifter for the
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FIGURE 1. DPD architecture with OTA feedback for phased arrays.

[-th branch, respectively. To characterize the nonlinear PA
distortion of the /-th branch, the widely used memory polyno-
mial (MP) model [19] is adopted here. Therefore, the output
of the /-th PA is given by

K—-10,—1
=Y af e wyxn — glxn — gF, (1)
k=0 ¢=0
where 0‘1 lis the k + 1-th power of &y, wiig are the PA model

coefficients with the k-th nonlinear order and g-th memory
depth for the [-th branch, and K; and Q; are the maximum
nonlinear order and the memory depth, respectively.

In this paper, we consider two typical antenna scenarios
(i.e., a ULA and URA), where the ULA can be regarded as
a simplified version of the URA. Therefore, in the following,
we will present only the beamforming principles and the DPD
method for the URA, which are also applicable to the ULA.
The layout and the antenna pattern for the URA are shown
in Fig. 2. After propagating through the air, the /-th branch
output y;(n) becomes s;(n) with a spatial angle (6, ¢):

si(n) = yl(n)ej(aﬁdl sin ¢ cos 0+bfd, sin 0)

= yi(n)e?, )
where 8 = 2m/A is the propagation constant; a and b are the
indices of the antenna unit along the y-axis and the z-axis,
respectively; and d; and d; are the spatial distances between
the adjacent elements of the array along the y-axis and the
z-axis, respectively. For the [-th antenna element, we can
use (a x di, b x dy) to represent its coordinates, as shown

in Fig. 2. When the main beam direction points to (6a7, ¢n),
the propagation phase difference ¢; becomes

¢1 = aBdy sin gy cos Oy + bBds sin by, 3)
and we therefore have

@1 = —(aBd; sin gy cos Oy + bBdy sinOy) = —¢;.  (4)

37066

Then, the combined signal s, () in the main beam direction
Oy, our) is given as

L—-1

> sim)

=0

L—-1

=Y wime”

=0

Ki—10,—-1L-1

D0 U e (n — g)lx(n—g)*
k=0 ¢=0 =0

Ki—10,—1L—1

Y 3 Y e wngrtn— ke — . (5)

k=0 ¢g=0 (=0

Scom(n) =

After normalization of the combined signal sq,p,(n),
we have

1
s(n) = Escom(n)
Kz 10,—-1L-1
=G Z Z Z“z Wikgx(n — @)lx(n — ¥
k 0 ¢=0 [=0
K—10,—1 _
=> > Zaz g (n — @lx(n — @)If
k=0 ¢g=0 ~ I=0
K—-10-1
=D D wigx(n — lx(n — @I, (6)
k=0 g=0

where s(n) is the normalized combined signal. K and Q
denote the maximum nonlinear order and memory depth
for the overall single non-linear model. K is the maximum
value in K1, K>, ..., Ky, and Q is the maximum value in
01,02, ...,0r. G is the desired gain factor of the phased
array, and it is used to normahze the measured combined sig-
nal data. wyy = 1/ Gzl =0 al wlkq, and wyy is the coefficient
with the k-th nonlinear order and g-th memory depth for the
single nonlinear model.

From (6), it can be found that a joint nonlinear model
with the coefficients wy, can be used to model the combined
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FIGURE 2. Illustration of a uniform rectangular array (URA). (a) The array

orientation, with 16 antenna elements uniformly located in the yoz-plane
in a rectangular shape; (b) the target direction of the array pattern in the

same coordinates.

signal s(n). This joint nonlinear model actually represents
the overall nonlinearity for a phased array with L branch
nonlinearities. Note that model (6) is linear in its coefficients,
and hence, wy, can be estimated by the least squares (LS)
method introduced below.

We simply consider that s(n) is captured by the OA that is
perfectly placed in the main beam direction. The collection
of captured samples for s(n) is written as a vector s, and the
corresponding collection of the samples for the input signal
x(n) is written as a vector x. Then, the nonlinear model (6)
can be rewritten in matrix form as

s = Xw, @)

where X is the data matrix constructed from the samples in
x and the basis function of model (6), and w is the vector
representing the collection of the coefficients wy, of model
(6). The LS solution to (7) is given as

W= (XIX)"IxHs, (8)

where W is the estimated coefficient and (-} denotes the
complex conjugate transpose. By using W, the combined
output signal of the phased array can be reconstructed as

Ki—10;—1

3y =Y > igx(n — @lxn — gl ©

k=0 ¢g=0

where Wy, is the coefficient element in W.
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B. DPD COEFFICIENT EXTRACTION AND PA
LINEARIZATION

After the overall nonlinear model for the phased array is
built by (9), the corresponding DPD model can be extracted
by using the typical indirect learning method [20]-[22]. We
swap the input x(n) and the output 5(n) of the PA model (9)
to obtain the DPD model function as

Ki—10;—1

x(m) =Y Y wigdn— I3t — g, (10)

k=0 ¢g=0

where wyy is the set of DPD model coefficients. Similar to
(7), the DPD model (10) can be rewritten in matrix form as

X = Sw, (1D

where S is the data matrix corresponding to the signal samples
of §(n), which is similar to X, and w is the vector representing
the collection of the coefficients wy, of model (10). The LS
solution to (11) is given as

& = (S"S)~18"x, (12)

where @ is the estimated DPD coefficient.

The extracted DPD coefficients @ can be used to linearize
the PA array. The source signal x(n) is first fed to the DPD
model to obtain the predistorted signal as

K—-10,—1

xppp(n) = Y Y drgx(n— @lx(n — g)F.  (13)

k=0 ¢=0

Then, the predistorted signal xppp(n) is fed to the phased
array for linearization. Note that the above model extraction
and results rely on the hypothesis that the OA is perfectly
placed in the main beam direction and s(n) is properly cap-
tured by the OA. In practice, an OA placement mismatch
always exists. In the literature, the OA position and the main
beam direction are as close as possible, which is inconve-
nient and time-consuming. In addition, a number of DPD
coefficient sets are required for different steering angles,
as reported in [16].

Ill. OA PLACEMENT EXPLORATION

This section explores the issue of OA placement. In particular,
the relationship between the OA position and the performance
of the extracted DPD model is analyzed. We first analyze
the DPD performance in an ideal scenario without an OA
placement mismatch and then study the DPD performance
with an OA placement mismatch. Finally, a low-complexity
strategy is proposed to extract the DPD model.

A. PERFORMANCE ANALYSIS WITHOUT AN OA
PLACEMENT MISMATCH

In an ideal scenario where the OA is perfectly placed in the
main beam direction, the OA will capture the combined signal
in the main beam direction. As demonstrated by (3), (4),
and (5), the propagation phase difference ¢; at the steering
angle (Oy, ¢pr) is compensated by the phase shifter ¢; in the
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phased array. Therefore, the combined signal (normalized) in
the main beam direction is again given as

Ki—10;—1 —

st =373 = Za"“wqux(n —Qlxn—g)l*. (14)

k=0 g=0 ~ I=0

According to (14), s(n) is independent of the steering angle
Oy, o). Therefore, the DPD model coefficients, which are
extracted from s(n), will be the same for different steering
angles.

Remark 1: As long as the OA is perfectly placed in the
main beam direction, the DPD coefficients trained at one
steering angle will be applicable to any other steering angle,
and only one set of DPD coefficients needs to be trained to
cover all the steering angles.

B. PERFORMANCE ANALYSIS WITH AN OA PLACEMENT
MISMATCH
Remark 1 shows that only one set of DPD coefficients needs
to be trained in an ideal scenario. However, it is difficult to
perfectly place the OA in the main beam direction in practice
due to influences such as imperfect measurements, envi-
ronmental limitations, and inaccurate phase shifters. Hence,
OA placement mismatch is almost unavoidable in practice.
When the OA is placed at a specific angle denoted
by (6, ¢), which deviates from the steering angle
Oy, @oum), the propagation phase difference is ¢; =
aBd; singp cosb + bBd, sinf, and the phase shift is ¢; =
—(afdy sin @y cos Oy +bBd; sinbyr) £ —¢;. Then, the com-
bined signal observed by the OA is given as

L—
SLomm =" si(n)

L—1
=Y nime”
=0
L-1K/—10;—1
=Y Oty x(n—g)lx(n—g)|*.
=0 k=0 g=0
(15)

Additionally, considering the normalization of swm( n),
we have

1
sg(n) = —s2 . (n)
g

K, 10,—-1L-1

- Z D0 e x(n—g)lx(n—g)*
8 =0 g=0 1=0

K—10,—1

DD gxtn—glxn— I, (16)

k=0 ¢=0

where g is the gain normalization factor of the phased array
at the angle (0, @) and Ay = 1/g211;ée7(¢1+‘p1)af+lwlkq is the
coefficient of the joint nonlinear model for the PA array.
Since the steering angle is (67, ¢ar) and the OA is placed at
the angle (6, ¢), there are mismatches between the main beam
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signal s(n) and the combined signal sg (1) observed by the OA.
Therefore, if we use sg(n) to train the DPD coefficients and
use the trained DPD coefficients to linearize s(n), the DPD
performance will degrade due to the presence of the OA
placement mismatch. According to (6) and (16), the error
signal between s(n) and sy (n) is defined as

¢’ (n) = s(n) — so(n)

Ki—10,—-1
=Y > (wig — Mgx(n — @lx(n — g)I*
k=0 g=0
Ki—101—1L—1
= Z Z Z k1 e/(¢>z+wz))
k=0 ¢=0 =0
X Wikgx(n — @)|x(n — q>|", (17)
where ¢; = —(aBd; sin(pyr) cos(By) + bBd; sin(6yr)) and

¢1 = apd, sin(¢)cos(@) + bBd, sin(f). Through simula-
tions, we find that as long as the amplitude of the error
¢?(n) is small, the DPD coefficients trained by sg(n) will
still be effective for the linearization of the phased array
(note that the linearization of the phased array specifi-
cally represents the linearization of the main-beam-direction
signal s(n)).

The error ¢/ (n) is related to the steering angle (67, ¢ar) and
the OA placement angle (6, ¢). We present array patterns with
steering angles of (6yy = 0°, ¢y = 0°) and (6 = 60°, ppy =
60°) to simply illustrate ¢’ (n). Fig. 3 shows an array pattern
with a steering angle of (6 = 0°, gy = 0°). Fig. 3 indicates
that if the OA is perfectly placed in the main beam direction,
ie., (8 = 0°, ¢ = 0°), the combined signal captured by the
OA, i.e., s(n), has the maximum amplitude. If the OA is placed
in the other direction, i.e., (6 # 0°, ¢ # 0°), the amplitude of
sp(n), which is the combined signal captured by the OA, will
gradually decrease. We have

‘ee(n)’ = |s(n) — sp(n)|
2 |Is(m)| — Ise@)|| = |s(n)| — [se(m)|.  (18)

Equation (18) indicates that on the whole, if the amplitude
of sg(n) decreases, the amplitude of e’(n) will increases.
Therefore, the amplitude of e (n) will increase if (6, )
deviates from (0, 0). Fig. 3 also shows the power of ¢/ (n) (i.e.,
|ee(n)|2), which also demonstrates the increase of |e
when (6, ¢) deviates from (0, 0). Note that the array pat-
tern uses the dB unite while the power of ¢?(n) does not
adopts the dB unit because the existence of 0 for }ee(n)|.
Fig. 4 presents an array pattern and the power of ¢?(n) with
a steering angle of (B = 60°, ¢py = 60°). Due to the
different steering angles, Fig. 4 and Fig. 3 show different
array patterns. Similarly, the signal captured by the OA will
have the maximum amplitude if the OA is perfectly placed in
the main beam direction, i.e., (8 = 60°, ¢ = 60°).

Fig. 3 and Fig. 4 both indicate that the amplitude of e’ (n)
increases when the OA placement angle (6, ¢) deviates from
the steering angle (6y, ¢u). In addition, compared with
Fig. 3 showing By = 0°, ¢y = 0°), Fig. 4 showing

VOLUME 9, 2021
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FIGURE 3. Antenna array pattern and error e’ (n) power at the steering
angle (6 = 0°, ¢ = 0°). (a) Phased array pattern in which the azimuth
angle is fixed at 0°; (b) phased array pattern in which the elevation angle
is fixed at 0°.

By = 60°, ¢y = 60°) has the property that the signal
amplitude of the array pattern changes more slowly around
(Om, ¢om), and hence, the amplitude of e"(n) also improves
more slowly. This implies that for different steering angles,
the amplitude of ¢’ (n) increases at different speeds around
Oy, our). Therefore, it is natural to consider that there exists
an optimum steering angle, written as (6;;, 6;;), where the
amplitude of ¢?(n) increases slowest around (6}, ). Itis
difficult to directly derive (6;;, 6;;), and hence, we search
for the optimum such steering angle (6);, 0;) by drawing
array patterns at different steering angles. We find that the
optimum steering angle is (60°, 60°). In fact, the beamwidth is
different for different steering angles. On the whole, the steer-
ing angle of (60°, 60°) has almost the widest beamwidth.
Hence, the OA can be placed in a widest range to measure
the combined signal of the array outputs when the steering
angle is pointed at (60°, 60°).

The DPD coefficients can be trained by making the phased
array point to this optimum steering angle (60°, 60°). In
such a case, if the OA is placed around the main beam
direction of (60°, 60°), the combined signal captured by
the OA will have a similar amplitude given that the array
patterns change slowly around (60°, 60°). Through simu-
lations, we find that the OA can be placed in a range of
(60° £ 10°, 60° £ 10°), where the linearization results satisfy
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FIGURE 4. Antenna array pattern and error e’ (n) power at the steering
angle (9 = 60°, ¢ = 60°). (a) Phased array pattern in which the azimuth
angle is fixed at 60°; (b) phased array pattern in which the elevation
angle is fixed at 60°.

the communication standards given by the 3rd generation
partnership project (3GPP) [23], [24]. The details of these
simulations are reported in Section IV (simulation section).
Remark 2: The linearization performance of the extracted
DPD model degrades as the OA placement mismatch
increases. Furthermore, there exists an optimum steering
angle for the phased array, where the OA can be placed
in the largest range around the main beam direction under
the condition that the DPD performance remains at an

acceptable level. Specifically, this optimum steering angle is
(60°, 60°).

C. PROPOSED DPD TRAINING STRATEGY
Based on the above two results, a DPD training strategy is
proposed for the phased array. First, according to Remark 1
of Subsection III. A, the DPD model extracted at one
steering angle is also applicable to other steering angles.
Second, according to Remark 2 of Subsection III. B,
when the steering angle of the phased array is pointed at
(60°, 60°), the OA can be placed in a large range around
(60°, 60°), where the DPD performance remains acceptable.
Therefore, we summarize the proposed DPD training strategy
as follows:

o The user transmission is suspended.

o The steering angle of the phased array is pointed at

(60°, 60°).
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FIGURE 5. OA placement requirements for different DPD methods, where the OA is placed in a narrow
range around the main beam direction for conventional methods. In contrast, the OA can be placed in a
wide range around the main beam direction for the proposed DPD training strategy.

o The OA is placed in a range around the main beam
direction of (60°, 60°). This range can be set according
to the communication standard suggested by 3GPP.

o The combined signal is captured by the OA and is
applied to train one set of DPD model coefficients to
linearize the phased array at all other steering angles.

o The user transmission is turned back on. The user posi-
tion can change arbitrarily, and the steering angle of
the phased array changes accordingly. The phased array
always uses the extracted DPD coefficients, regardless
of the steering angle.

The proposed strategy is superior to the conventional DPD
training strategy for the phased array, given that only one
set of coefficients needs to be extracted. In addition, the OA
can be placed in a relatively wide range of angles, as shown
in Fig. 5. In conventional methods, however, the OA is placed
in a narrow range around the main beam direction because
the steering angle is not pointed at (60°, 60°). Note that
influences such as environmental limitations and inaccurate
phase shifters can all be regarded as part of the OA placement
mismatch. Therefore, the proposed method is able to achieve
a robust linearization performance in complicated scenarios.

IV. SIMULATIONS
This section presents the simulation results that verify the
analysis in Section III.

A. SIMULATION CONDITIONS

A 256-QAM modulated source signal with a bandwidth
of 20 MHz is adopted. The modulated signal is a pulse shaped
by araised cosine filter with a roll-off factor of 0.22. The sam-
pling clock of the pulse-shaping filter is 8 times the symbol
rate, and the amplitude attenuator is set as o; = 1. The ACPR
is measured with 22 MHz offset and 20 MHz measurement
bandwidth. Both the PA model and DPD model use the MP
model (Q; = 2, K; = 5). To simulate the different character-
istics of PAs, the PA model coefficients for each branch are
extracted differently, from measurements of different PAs.
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The phased arrays adopt uniform omnidirectional antenna
elements and apply two widely used antenna layouts, i.e., a
1 x 4 ULA with equal spacings d = 0.5\ and a 4 x 4 URA
with equal spacings di = d» = 0.5 [25]-[27].

B. SIMULATIONS FOR THE ULA SCENARIO

1) SIMULATION PROCEDURES

The simulations for the ULA include scenarios with and
without an OA placement mismatch. For the scenario without
the OA placement mismatch, the steering angle of the phased
array is first set to 6y, and then the OA is placed in the
corresponding main beam direction to capture the combined
signal. The combined signal is applied to train the DPD model
coefficients, which will be used to linearize the phased array
with different steering angles.

For the scenario with the OA placement mismatch,
the steering angle of the phased array is first set to 6y, and
then the OA is placed at an angle 6 that is different from 6.
The combined signal captured by the OA is applied to train
the DPD model coefficients for the linearization of the phased
array with a steering angle of 6.

2) SIMULATION RESULTS AND ANALYSIS

Fig. 6 shows the result of the scenario without the OA place-
ment mismatch. As depicted, when the OA is perfectly placed
in the main beam direction, the DPD coefficients trained at
one steering angle will be applicable to any other steering
angle. For instance, the DPD model extracted at a steering
angle of 0° (or 20°, 40°, 60°) can similarly linearize all
the steering angles of 0°, 10°, 20°, 30°, 40°, 50°, and 60°.
Fig. 6 verifies Remark 1 of Subsection III.A.

Fig. 7 shows the results of the scenario with the OA place-
ment mismatch. It can be observed that the DPD performance
degrades when the OA deviates from the steering angle. For
steering angles of 0°, 20°, 40°, 60°, and 80°, the ACPR
performance can change slightly if the OA placement mis-
match is within 15°. In particular, the ACPR curve is almost
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FIGURE 6. ACPR performance versus steering angle, where the OA is
perfectly placed in the main beam direction. As depicted, the DPD model

extracted at a steering angle of 0° (or 20°, 40°, 60°) can similarly linearize
a phased array with steering angles of 0°, 10°, 20°, 30°, 40°, 50°, and 60°.
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FIGURE 7. ACPR performance versus OA placement mismatch, where the
results for steering angles of 0°, 20°, 40°, 60°, and 80° are presented. For
a steering angle of 60°, the ACPR changes only slightly as the OA
placement mismatch increases.

flat for a steering angle of 60°. Fig. 7 verifies Remark 2 of
Subsection III.B.

Fig. 8 is used to determine the angle range for OA
placement in the case of a 60° steering angle. According
to the communication standard requirements suggested by
3GPP, the ACPR of the transmitter should be lower than
—45 dBc in most cases [23], [24]. Here, the ACPR require-
ment of —55 dBc is chosen to accommodate the DPD con-
straints in practice, e.g., the limited computing resources of
a field-programmable gate array (FPGA). Fig. 8 shows that
the OA can be placed at a wide range of angles, from 40° to
140°, given that in this range, the ACPR performance reaches
the desired level of —55 dBc.

Fig. 9 is a supplementary simulation result, which is used
to extend the analysis in Section III. In some practical appli-
cations, the OA is fixed at a specific angle. The steering
angle can be precisely pointed at the OA placement angle to
train the DPD coefficients; however, this will also be time
consuming. In addition, it is inconvenient to track the status
of the PAs if the steering angle is required to be pointed
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FIGURE 9. DPD performance versus OA placement mismatch under the
condition that the OA location is fixed at 0°, 20°, 40°, and 60°.

at a specific angle. Hence, we consider training the DPD
coefficients with the steering angle scanning an angle range.
Fig. 9 shows that if the OA is placed at an angle of 60°,
the effective scanning range of the steering angle is max-
imal (from 48° to 75°). In this maximum scanning range,
the ACPR performance reaches —55 dBc. By placing the
OA at an angle of 60°, the DPD coefficients can be trained
during the process of scanning the phased array. When the
steering angle falls within the scanning range of 48° ~ 75°
(i.e., the user receiver is placed within this range), we can
fixed the OA at the angle of 60° and train the DPD coefficients
in an online process.

In summary, the above simulation results demonstrate the
effectiveness of the 60° steering angle for the ULA. When
the steering angle is pointed at 60°, the OA can be placed
at an angle range from 40° to 140°. When the OA place-
ment mismatch is 85°, the ACPR performance degrades to
—48.9 dBc, which violates the requirement of —55 dBc. The
DPD model extracted at a steering angle of 60° can also
be applied to linearize the phased array with other steering
angles, and hence, only one set of DPD coefficients needs
to be extracted at the 60° steering angle. It might be thought
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FIGURE 10. DPD performance versus steering angle, where the DPD
model is extracted at a steering angle of (60°, 60°). (a) ACPR
performance; (b) EVM performance.

that verification of the proposed DPD training strategy is still
lacking. In fact, the proposed DPD training strategy is verified
through the validations of Remark I and Remark 2. The
verification results for the proposed DPD training strategy are
similar and hence are not presented here.

C. SIMULATIONS FOR THE URA SCENARIO

1) SIMULATION PROCEDURES

The simulations for the URA also include scenarios with and
without an OA placement mismatch. For the scenario without
the OA placement mismatch, the steering angle of the URA
is first set to (60°, 60°), and then the OA is placed in the
corresponding main beam direction to capture the combined
signal. The combined signal is applied to extract the DPD
model, which is used to linearize the URA with steering
angles of (—90°, —90°), (=90°, —80°), ..., (=90°, 90°), ...,
(—80°, —90°), (—80°, —=80°), ..., (90°, 90°).

For the scenario with the OA placement mismatch,
the steering angle of the URA is first set to (6y, @), and
then the OA is placed at an angle (6, ¢) that is different from
(6m, ¢umr)- The combined signal captured by the OA is applied
to train the DPD model coefficients for the linearization of the
phased array with a steering angle of (6y, ¢um).

2) SIMULATION RESULTS AND ANALYSIS

Fig. 10 shows the results for the scenario without the OA
placement mismatch, where Fig. 10(a) is the ACPR perfor-
mance and Fig. 10(b) is the EVM performance. As depicted,
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FIGURE 11. ACPR performance versus OA placement mismatch.
(a) Results for a steering angle of (0°, 0°); (b) results for a steering angle
of (60°, 60°).

when the OA is perfectly placed in the main beam direction,
the DPD model, which is extracted at a steering angle of
(60°, 60°), can be used to effectively linearize the phased
array with steering angles covering 360° of space. In partic-
ular, the ACPR performances are always improved to below
—63 dBc, and the EVM performances are always improved
to below 1.5%.

Figs. 11 and 12 show the results for the scenario with the
OA placement mismatch. Fig. 11(a) and (b) show the ACPR
performance versus OA placement mismatch with steering
angles of (0°,0°) and (60°, 60°), respectively. Fig. 12(a)
and (b) show the EVM performance versus OA placement
mismatch with steering angles of (0°, 0°) and (60°, 60°),
respectively. For a steering angle of (60°, 60°), the OA can
be placed in a range of (60° £ 10°, 60° £+ 10°), where the
ACPR and EVM performances remain below —55 dBc and
3.5% (—30 dB), respectively.

In summary, the above simulation results demonstrate
the effectiveness of the (60°, 60°) steering angle for the
URA. When the steering angle is (60°, 60°), the OA can
be placed in a range of (60° £ 10°,60° £ 10°). The
DPD model extracted at the steering angle (60°, 60°) can
also be applied to linearize the phased array with other
steering angles, indicating that only one set of DPD coef-
ficients needs to be extracted at the (60°,60°) steering
angle.
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FIGURE 12. EVM performance versus OA placement mismatch. (a) Results
for a steering angle of (0°, 0°); (b) results for a steering angle
of (60°, 60°).

V. CONCLUSION

In this paper, an efficient digital predistortion (DPD) archi-
tecture utilizing OTA feedback was first introduced, and then
the issue of OA placement was explored in detail. The DPD
performance was analyzed in two scenarios, with and without
the OA placement mismatch, and two significant results were
given. The first result is that only one set of DPD coefficients
needs to be extracted to cover all steering angles for the
phased array. The second result is that the phased array has
an optimum steering angle at which the OA can be placed
in a wide range. These two results inspired us to propose a
new DPD training strategy for the linearization of the phased
array. The proposed strategy has the advantages that the OA
placement is flexible and that the DPD coefficients can be
trained online during the scanning process. The simulation
results verified the two results obtained and the proposed
DPD training strategy. The DPD method proposed in this
paper is more adaptive than previous methods to complicated
scenarios such as unstable supply voltages and changing
temperatures.
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