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Abstract— To reduce the demand for frequently adjusting
phase shifts in the fifth-generation (5G) multiple-input multiple-
output (MIMO) beamforming transmitters, in this article, a novel
digital predistortion (DPD) technique is proposed, which employs
multiple predistortion boxes to shape the pattern of nonlinear
distortions in space in order to linearize multiple targets simulta-
neously. By using this approach, the linearization angle is widened
and thus the communication quality can be kept when the user
moves off the main beam direction. As a proof of concept, two
DPD boxes, namely main and auxiliary boxes, are used to realize
the 2-target linearization. A new model extraction method is
also proposed with a dedicated over-the-air (OTA) feedback post-
processing stage. Simulation and experiment are demonstrated
on a 4-path beamforming transmitter. The results show that the
proposed DPD method can effectively widen the linearization
angle with reasonable additional complexity.

Index Terms— Beamforming, behavioral modeling, digital pre-
distortion (DPD), multiple-input multiple-output (MIMO), power
amplifier (PA) linearization.

I. INTRODUCTION

TO IMPROVE power efficiency and enhance spectrum uti-
lization, beamforming and multiple-input multiple-output

(MIMO) techniques are employed in the fifth-generation (5G)
wireless systems [1]. Compared with single-antenna systems,
the average power of each transmitter path is lower in MIMO
systems, but the power amplifier (PA) still dominates the
power consumption in wireless communication [2]. Although
many techniques have been developed to improve efficiency
or linearity, tradeoff between efficiency and linearity is still
crucial in radio frequency (RF) design.

Digital predistortion (DPD) has been widely deployed to
guarantee linearity of the PAs operating in the high-efficiency
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Fig. 1. Typical gain and linearization performance of BO-DPD.

mode [3], [4]. To date, most DPD techniques are developed
for linearizing single-input single-output (SISO) systems. They
encounter difficulties in MIMO systems, especially in those
with analog or hybrid beamforming architectures where it is
not feasible to deploy separate DPD for each RF chain.

In the past years, research on DPD for MIMO systems
has been mainly focusing on model development, crosstalk
cancellation, and feedback data acquisition techniques [5], [6],
such as dual-input models [7]–[9], neural network models [10],
single-receiver over-the-air (OTA) DPD [11], and the indirect
identification method with OTA tests [12]. At the architecture
level, two main MIMO DPD schemes have been proposed:
beam-oriented (BO) DPD [13], [14] and full-angle DPD [15].

The BO-DPD is a single-target linearization approach in
which the signal received at the main beam direction is
treated as the reference and the conventional SISO DPD model
is used to linearize the transmitter [14], [16]. The typical
performance of BO-DPD is illustrated in Fig. 1. In a real
system, the PAs at different branches may behave differently
because of fabrication and operation variations. Due to the
inconsistency between PAs, this BO-DPD can only guarantee
the linearity at the reference direction. In other directions,
the nonlinearity or out-of-band (OOB) emission is inevitable
and thus the adjacent channel power ratio (ACPR) is degraded
when the user is off the beam direction.

According to the analysis of spatial nonlinear leakage [14],
and the simulations of OOB emission [12], [17], the nonlinear-
ity emission may not cause a serious problem in all directions,
e.g., in the sidelobe, the distortion may be tolerable since the
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transmission power is low. However, OOB emission can limit
the main beam range. Due to the directional nonlinearity emis-
sion, the ACPR usually deteriorates faster than the decrease of
the array gain in the beam if only one linearization direction
is considered. In other words, the ACPR curve is steeper
than the gain curve, as illustrated in Fig. 1. Comparing the
two curves, we can see that 3-dB ACPR beamwidth is nar-
rower than 3-dB gain beamwidth. Under such circumstances,
the user may still receive strong enough signals when it is
off the main beam direction but the linearity will deteriorate.
Therefore, if the linearity is considered as a limiting factor,
the available moving range of the user will be narrowed.
This leads that, when the user moves off the main beam
direction, we have to either adjust the beam steering angle
by changing the phase shift in the transmitter or re-calibrate
the DPD to recover the linearity loss. This is not desirable
in the real-time system operation since frequently changing
beam steering angle or re-calibrating DPD will significantly
increase power consumption and system operation cost. For
instance, finding the correct adjustment to point the beam to
the exact new direction would need accurate channel estima-
tion that involves complicated signal processing. Keeping high
precision beam steering is also difficult in some cases, such
as the unmanned aerial vehicle (UAV)-based networks where
the base stations on the air cannot be kept steady due to
vibration [18].

In the full-angle DPD [15], the variations of the PA in
different transmitter chains are compensated with tuning boxes
first and then a common DPD block is adopted to linearize the
whole subarray. Based on this operation, all the transmitter
chains can be effectively linearized simultaneously, and thus
the signals at all directions become linear. Because one-to-one
mappings must be found between the PAs and the cascade
boxes, the system complexity can be high by using this
full-angle DPD in a large array where tens or hundreds of
RF chains are involved. Furthermore, in hybrid beamforming,
accurate analog tuning is difficult.

In this article, we propose a multi-target DPD approach
that can extend the linearization range of the beamform-
ing transmitters without significantly increasing the system
complexity. As a demonstration, a 2-target DPD system is
implemented, that can significantly extend the linearization
angle of the transmitter so that the communication quality can
be kept when the user moves off the main-beam direction.
This reduces the demand for frequently adjusting phase shifts
in the beamforming transmitter or re-calibrating DPD. This is
achieved by adding a low-power auxiliary DPD output with
additional phase-shifts to RF chains to manipulate nonlinear
distortion distribution. An OTA signal post-processing tech-
nique is also developed to fit the indirect learning architec-
ture (ILA) in model extraction. The proposed system is well
suitable for a large-scale MIMO array.

The rest of the article is arranged as follows. Section II
introduces the new multi-target DPD architecture. Section III
presents the detailed model extraction. Section IV validates
the proposed DPD by simulating MIMO transmitters.
In Section V, experimental results are provided and explained,
with a conclusion given in Section VI.

Fig. 2. Block diagram of a beamforming system.

II. ARCHITECTURE OF MULTI-TARGET DPD

In this section, a new DPD architecture is derived to achieve
multi-target linearization, and thus the linearization angle of
the MIMO transmitter can be widened, so that there is no need
to adjust phase shifts in the transmitting chains when the user
moves off the main beam direction within a certain range.

For simplicity, we consider a uniform linear array (ULA)
consisting of K active antennas with equal half-wavelength
spacing, as shown in Fig. 2. The beam direction of the
MIMO transmitters is controlled by phase shifting weights
αk = φ(k − 1) in the phase shifters. The amplitude weights
in the RF chains are assumed to be 1. One DPD block is
assumed to linearize the entire array and all the signals are
in baseband equivalent format. To simplify analysis, antenna
crosstalk is not considered in the model derivation but the
impact of crosstalk is simulated in Section IV.

A. System Model and Existing DPD

Let us assume the original input signal is z and the DPD
output signal is x . The input and output of the PAs are ak and
bk , respectively, where k is the index of the PA, and

bk = R(k)[ak] (1)

where R(k)[·] represents the nonlinear function of the PA. The
output of DPD x is phase-shifted by the phase shifters before
entering PA. In the general RF PA system, we can assume there
is no phase modulation to amplitude modulation (PM-AM) or
phase modulation to phase modulation (PM-PM) distortion.
Therefore, the phase-shifts can be moved out of the nonlinear
function and thus the output of the PA can be expressed as

bk = R(k)[xe jφ(k−1)] = R(k)[x]e jφ(k−1). (2)

The output of the PA will be radiated to the air and received
by the user equipment (UE). The far-field transmitted signal
in the direction angle θ is

y(θ) =
K∑

k=1

{R(k)[x]e jφ(k−1) pk(θ)} (3)

where pk(θ) = e− jπ sin(θπ/180)(k−1) represents the phase shift
in the propagation channel.

To maximize the received signal in the main-beam direc-
tion θ0, the phase shifters in the transmitter need compensate
the phase shifts caused by the channel as

e jφ(k−1) pk(θ0) = e j0 = 1 (4)

which means that φ = π sin(θ0π/180).
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Fig. 3. (a) Diagram of the beam and the OOB emission pattern without
DPD. (b) Diagram of the single-target OOB emission pattern.

In this case, all the signals are in-phase at the receiver
direction and therefore the received signal y(θ0) in the main
beam direction θ0, defined as y0, becomes the sum of the PA
outputs R(k)[x] as

y0 =
K∑

k=1

R(k)[x]. (5)

In the BO-DPD scheme [14], the main beam signal y0 is
used as the reference signal and thus with DPD, y0 will be
equal to the original input signal, namely

y0 =
K∑

k=1

R(k)[x] = z (6)

assuming all the signals are normalized.
As shown in Fig. 3(a), the transmitter power pattern is

oriented at θ0, and without DPD, the OOB emission pattern
basically follows the beam pattern. With DPD, the OOB
emission in the main beam direction is reduced but at other
directions it remains, as shown in Fig. 3(b). This is because,
in other directions, e.g., θ ′, the received signal y ′ will be a
sum of phase-shifted R(k)[x] as

y ′ =
K∑

k=1

{R(k)[x]e jφ(k−1) pk(θ
′)} (7)

where

e jφ(k−1) pk(θ
′) �= 1. (8)

In the real system, due to variations in the fabrication
process and in the RF chain settings, the PAs at different RF
chains may behave differently, e.g., R(1)[x] �= R(2)[x]. This
results that the sum of phase-shifted R(k)[x], y ′ cannot be
linear version of z, even if the direct sum of R(k)[x] is z.

In [15], the full-angle DPD uses tuning boxes to make the
PAs in different transmitter chains behavior the same, and
then a common DPD block is adopted to linearize the whole
subarray. Based on this operation, the distortions at different
angles can be effectively linearized simultaneously, but the
system complexity can be high if a large number of RF chains
are involved.

B. Multi-Target DPD

Due to the distortion not being canceled out in the non-main
beam directions, the BO-DPD will have a narrow nulling OOB
emission pattern. In this case, the moving range of the user

Fig. 4. (a) Diagram of the 2-target OOB emission pattern. (b) Diagram of the
original and auxiliary nonlinearity radiation patterns of the proposed DPD.

will be limited since the distortion will rise quickly if the user
is off the main beam. In practice, it is desirable to have a wider
linearization range, such as the scenario shown in Fig. 4(a),
where the distortions within the range of θ1 to θ2 are kept low
so that the user can move within that range without losing
linearity.

To achieve the scenario shown in Fig. 4(a), a multi-target
DPD solution is required. In other words, we need to simul-
taneously linearize multiple directions within the range of θ1

and θ2. For a proof of concept, we use a 2-target DPD system
as an example. First, the original beamforming direction shall
not be changed, namely, the phase-shifts in the transmitter are
set to point the beam to the main beam direction, which means
that φ = π sin(θ0π/180). Different from the BO-DPD, in the
new scenario, we use the outputs at θ1 and θ2 as the reference
signals, namely, we would desire the two equations below to
be satisfied⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
y1 =

K∑
k=1

{R(k)[x]e jφ(k−1) pk(θ1)} = z

y2 =
K∑

k=1

{R(k)[x]e jφ(k−1) pk(θ2)} = z.

(9)

This, however, is not possible, since the phase shift differ-
ences between θ1 and θ2 result in different nonlinearities in
two directions, and thus y1 cannot be equal to y2 at the same
time.

To simultaneously linearize two directions, we can add an
additional input passing through another nonlinear model to
generate an auxiliary nonlinearity, as shown in Fig. 4(b). The
distortion in both directions can then be compensated.

To facilitate derivation, we use Y (n) to represent the transfer
function of the existing transmitter, where n is the index of
beam angle and x1 is the input, namely

Y (n)[x1] =
K∑

k=1

{R(k)[x1]e jφ(k−1) pk(θn)} (10)

and we use Ȳ (n) to represent the new function with input x2.
Equation (9) becomes{

y1 = Y (1)[x1] + Ȳ (1)[x2] = z

y2 = Y (2)[x1] + Ȳ (2)[x2] = z
(11)

where x2 can be generated from x1 by using a predistortion
model D as

x2 = D[x1]. (12)
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Fig. 5. Block diagram of the predistortion structure with two DPD outputs
sharing the same transmitting chains.

Substituting (12) in (11), we obtain

Y (1)[x1] + Ȳ (1)[D[x1]] = Y (2)[x1] + Ȳ (2)[D[x1]] (13)

which can be rewritten for simplicity as

Y (1) + Ȳ (1) D = Y (2) + Ȳ (2) D. (14)

Since Y (1) �= Y (2) and Ȳ (1) �= Ȳ (2), the model D can be
obtained as

D = −(Ȳ (1) − Ȳ (2))−1(Y (1) − Y (2)). (15)

From (15), we can see that if Ȳ (n) = Y (n), D will be a
simple negative function, which leads

x2 = −x1. (16)

This will result in z = 0 in (11), which is meaningless.
This is illustrated in Fig. 5, if x2 passes the transmitter array
in the same way as that of x1, the two-box predistortion struc-
ture will degenerate into a single-box scheme, which cannot
simultaneously linearize two directions. This conclusion also
indicates that using averaged outputs cross multiple directions
as the reference to extend the linearization angle, as conducted
in [14], is not an optimum solution.

Therefore, to satisfy (11), we must have

Ȳ (n) �= Y (n). (17)

The question now is, how we can construct a different
nonlinear function in the MIMO transmitter. After extensive
search, we found a very simple way to do this. As discussed
earlier, summing up phase-shifted PA outputs would generate
nonlinearity, as shown in (7). Using this property, we can con-
struct the auxiliary nonlinear model Ȳ (n) by simply introducing
phase shift γk to the PA inputs in the array as

Ȳ (n)[x2] =
K∑

k=1

{R(k)[e− jγk x2]e jφ(k−1) pk(θn)}. (18)

Interestingly, γk can be arbitrarily chosen as long as it does
not lead to the output of the auxiliary model overlapping
with that of the original transmitter model Y (n). And it is not
necessary to add γk to all the branches. A minimum one γk is
required for a 2-target DPD.

In the real operation, x1 and x2 must pass the same MIMO
transmitter at the same time. Considering x2 is mainly used
to compensate the additional distortion caused by beam offset,
the power of x2 can be kept relatively small. We thus introduce

Fig. 6. Block diagram of the proposed DPD.

Fig. 7. Normalized beam pattern and ACPR distributions with multiple
linearization targets for (a) 8-antenna array and (b) 16-antenna array.

a scaling factor δ for x2. The x1 and x2 can then be combined
in the input and the 2-target equations of (11) can be converted
to ⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
y1 =

K∑
k=1

{R(k)[x1 + e− jγk δx2]e jφ(k−1) pk(θ1)} = z

y2 =
K∑

k=1

{R(k)[x1 + e− jγk δx2]e jφ(k−1) pk(θ2)} = z.

(19)

The proposed DPD system can be implemented by using the
architecture illustrated in Fig. 6, where the main DPD box and
the auxiliary DPD box are employed in parallel to predistort
the same input signal z. The power of the main DPD output x1

is kept at a normal level. The auxiliary DPD output x2 may
be highly nonlinear but scaled by δ to relatively lower power,
and x2 is phase-shifted by γk before being combined with x1.
In a fully digital system, γk can be easily added in the
digital domain while in hybrid or analog beamforming, analog
phase-shifters or butler matrix can be used [19], [20].

If more targets are set, more auxiliary nonlinear models
can be added accordingly and the linearization angle may
be widened further. For illustration, the beam patterns and
corresponding ACPR upper bound for different size arrays are
given in Fig. 7(a) and (b), where the noise floor is assumed to
be about −55 dBc. For the 8-antenna linear array, the target
angles are 0◦ for 1-LT, −4.3◦, 4.3◦ for 2-LT, −10◦, 0◦, and
10◦ for 3-LT, where LT stands for “Linearization Target.” For
the 16-antenna linear array, the target angles are 0◦ for 1-LT,
−2.5◦, 2.5◦ for 2-LT, −5.3◦, 0◦, 5.3◦ for 3-LT. It can be
observed that the wider ACPR beamwidth can be achieved
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Fig. 8. Block diagram of the proposed DPD model extraction structure.

with more linearization targets. Comparing the gain and ACPR
curves, they are scaled accordingly. Such results reveal that
the proposed multi-target DPD performs well for large-scale
MIMO transmitters.

III. MODEL EXTRACTION

In the proposed system, two DPD boxes are used.
To facilitate model extraction, we can treat the system as
a dual-input dual-output system, as shown in Fig. 8. The
conventional dual-input DPD (DI-DPD) models can be directly
deployed. Two signals, z1 and z2, are used in the input and two
outputs, y1 and y2, are captured via OTA measurements, e.g.,
OTA diversity feedbacks [21]. Alternative methods, includ-
ing coupler-based combined feedback [22], embedded anten-
nas [23], [24], and common feedback line [25], can be used
as well.

The reason to use dual-input-dual-output system is to use
the ILA architecture for model extraction. According to the
theory of pth-order inverse of MIMO nonlinear system [26],
the pth-order pre-inverse and post-inverse of system H are
the same and the inverse system can be uniquely identified.
This means that the pth-order pre-inverse can be identified by
determining the pth-order post-inverse, as the ILA does.

A. OTA Signal Post-Processing

Different from the conventional dual-input-dual-output sys-
tem is that, in this system, we only require the outputs to be
linear versions of inputs. In other words, we do not require
y1 = z1 or y2 = z2 but y1 = a ∗ z1 + b ∗ z2, where a and
b are scaling factors, since z1 and z2 will be the same after
model extraction. Taking advantage of this property, we add
an OTA signal post-processing box to decouple y1 and y2 into
two separate signals v1, v2 before model extraction.

The linear post-processing can be described as[
v1

v2

]
= Q−1

1

[
y1

y2

]
(20)

where yk = [yk(1), . . . , yk(N)], vk = [vk(1), . . . , vk(N)] are
the signal vectors with all the samples, matrix Q−1

1 represents
the inverse of the linear part of system Q.

As shown in Fig. 9(a), the system is transformed to a cas-
cade connection of DPD system K(p), Q and Q−1

1 , where K(p)

needs to be determined as the pre-inverse of the system H .

Fig. 9. (a) Cascade connection of system K(p), system Q and system Q−1
1 .

(b) Cascade connection of system Q, system Q−1
1 , and system K(p).

Once v1 and v2 have been linearized to z1 and z2, because
Q1 is the inverse matrix of Q−1

1 , from (20), y1 and y2 will be
given as [

y1

y2

]
= Q1

[
v1

v2

]
= Q1

[
z1

z2

]
(21)

where y1 and y2 will also be already linear.
The feeding network, the PA linear gains, and the OTA

phase shifts are known or can be measured. In our proposed
DPD, the matrix Q1 or its inverse matrix Q−1

1 could be
estimated directly. Least-square (LS) method is used to resolve
regression equations as

Q−1
1 =

[
x1

x2

]
Y† (22)

where xk = [xk(1), . . . , xk(N)] is a signal vector with all the
samples. Y = [yT

1 yT
2 ]T , and Y† is the pseudo-inverse of Y,

as Y† = YH (YH Y)−1 when Y is a row full rank matrix.

B. Model Extraction

Since the post-processing Q−1
1 is added, the pre-inverse

K(p) of system H can be determined by ILA as a post-
inverse, as shown in Fig. 9(b). The outputs of K(p) as a
post-inverse should be w1 = x1 and w2 = x2, where wk =
[wk(1), . . . , wk(N)].

In practice, the dual-input-dual-output block of K(p) is
divided into two DI-DPD models. Existing nonlinear models
with an appropriate pruning of bivariate Volterra series, such
as the extended generalized memory polynomial for nonlinear
crosstalk (EGMPNLC) model in [27], can be used as the
DI-DPD models, which are given as[

xT
1 xT

2

] = F(z1, z2)
[
c1 c2

]
(23)

where c1, c2 are the coefficient column vectors of the main
and auxiliary DI-DPD models, the term matrix F(z1, z2) is

F(z1, z2) =
⎡
⎢⎣

f(z1(1), z2(1))
...

f(z1(N), z2(N))

⎤
⎥⎦ (24)
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where the row vector f(z1(1), z2(1)) contains the basic func-
tions of the DI-DPD model.

Then the coefficients of the main DI-DPD and the auxiliary
DI-DPD can be determined by LS algorithm as

[c1 c2] = F(v1, v2)
†[xT

1 xT
2

]
(25)

where F(v1, v2)
† is the pseudo-inverse of F(v1, v2), as

F† = (FH F)−1FH when F is a column full rank matrix.

C. Model Combining

After the DI-DPD model extraction, both the main input z1

and auxiliary input signal z2 will be replaced with the original
signal z, the bivariate model K(p) will be transformed directly
to two conventional univariate models, e.g., the generalized
memory polynomial (GMP) model [28], as the main and
auxiliary DPD models in Fig. 6. The number of coefficients
will be reduced to be less than half compared with that of
the extraction models. The linear transformation from the
bivariate-model coefficient vectors to univariate-model coef-
ficient vectors can be conducted by using matrix manipulation
depending on the DI-DPD model chosen.

IV. SIMULATION RESULTS

In this section, the performance of the proposed DPD
technique is validated with simulation. A 4-path transmit-
ter with omnidirectional antennas was simulated first, and
8- and 16-path transmitters were then simulated to validate
the large-scale adaptability. The antenna array spacing is
half-wavelength and the feedback was captured via OTA in
far-field. Two 20-MHz orthogonal frequency-division multi-
plexing (OFDM) signals were used and the peak-to-average
power ratios (PAPRs) are around 6.5 dB. The maximum of the
PA input was normalized to be 1 in the simulation, and the
PA model coefficients were extracted from real MOSFET PAs
operating at 1.93 GHz. The nonlinearity and memory effects
were set differently in each path to emulate the variations
among paths. Additive white Gaussian noise was added at
the PA output. The EGMPNLC model was used in model
extraction and the GMP model was employed in the final DPD.
Both models used the same settings with P = 7, M1 = 5, and
M2 = 1.

A. Linearization Performance Comparison

For comparison, we simulated the 4-path transmitter with
BO-DPD and the proposed DPD. In BO-DPD, the reference
signal was captured at 0◦, while in the proposed DPD,
the signals at ±13◦ were used. δ = −25.6 dB and γk =
−π sin(20π/180)(k − 1) where k = 1 to 4. The ACPR
and normalized mean square error (NMSE) values are given
in Table I, where y0 is the main beam signal at 0◦, y1, y2

are the two target signals at −13◦ and +13◦, respectively. The
corresponding power spectral density (PSD) for the received
signals after DPD are shown in Fig. 10. From the results,
we can see that, although the linearization performance is
slightly worse than that of BO-DPD, with the 2-target DPD,
the signals at the two target directions, y1, y2, are effectively

TABLE I

ACPR AND NMSE FOR RECEIVED SIGNALS

Fig. 10. PSDs of the main beam signal with BO-DPD, the main beam and
two target signals with the proposed DPD.

Fig. 11. Gain and ACPR distribution of BO-DPD oriented at 0◦ .

linearized, and the nonlinearity of the main beam signal y0 is
also effectively removed, e.g., ACPR <−50 dBc.

To illustrate the beamwidth extension, we plot the gain and
ACPR distribution verse the Azimuth angle for BO-DPD and
the proposed DPD in Figs. 11 and 12, respectively. As shown
in Fig. 11, with BO-DPD, the ACPR curve is sharper than the
gain curve. If we use −50 dBc as the threshold, the ACPR
beamwidth is only 17◦ while the gain beamwidth is 26◦ if
the 3-dB gain loss is considered. With the proposed DPD,
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Fig. 12. Gain and ACPR distribution with the proposed DPD, with
δ = −25.6 dB, target angles ±13◦ .

Fig. 13. Gain and ACPR distribution with the proposed DPD, with
δ = −25.6 dB, target angles ±8◦ .

the ACPR beamwidth is widened to 36◦, while the gain curve
is almost kept the same, as shown in Fig. 12.

To check the impact of the selection of DPD targets,
we conducted another simulation with the DPD reference
signals captured at ±8◦ directions. The results are shown
in Fig. 13, where we can see that the ACPR beamwidth
becomes narrower, namely, reduced to 32◦, but in this case,
linearity is flatter within the range, i.e., the ripple is smaller.
This indicates that, in real applications, there are some trade-
offs that can be made.

Fig. 14 shows the OOB emissions before and after DPD.
The OOB emission pattern in the main-beam range is
improved by BO-DPD but in a narrow-nulling way. With the
proposed DPD, the in-band power pattern is kept and the OOB
emission pattern has two lower points at the target angles ±8◦
and the linearization angle is thus widened effectively.

B. DPD Signal Characteristics

The power and peak to average power ratio (PAPR) of
DPD output signals x1 and x2 are given with two different
auxiliary attenuation values in Table II when target angles

Fig. 14. (a) Transmitting performance without DPD and with BO-DPD.
(b) Transmitting performance with the proposed DPD, targets ±8◦.

TABLE II

POWER AND PAPR FOR THE DPD SIGNALS

are ±13◦ and ±8◦. Note that the x2 is given after it passes the
digital attenuator, to show the output power of the digital end.
It can be found that the main DPD block output x1 does not
change much in either power or PAPR when different angle
targets are used. The power and PAPR of the auxiliary DPD
output x2 are affected by the attenuation factor δ. In general,
significant reduction in power is achieved with the auxiliary
DPD attenuation.

The PSDs of the DPD signals under different attenuation
values and target angles are given in Fig. 15. The PSDs of x1

look alike but the in-band power of x2 looks more suppressed
with δ = −25.6 dB, with the OOB nonlinearity basically at
the same level in x2. There is something in common, which
is the nonlinearity the auxiliary DPD provides.

C. Impact of Attenuation Factor

To exploit the appropriate auxiliary attenuation factor δ,
different attenuation values were simulated for the proposed
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Fig. 15. PSDs of DPD output signals with the proposed DPD.

TABLE III

AUXILIARY DPD SIGNALS WITH DIFFERENT ATTENUATION

DPD with target angles ±8◦. The results of auxiliary DPD
output x2 and the ACPR beamwidths are given in Table III.

Observing the power values, the proposed DPD is found
to be able to compensate for the excessive attenuation during
the DPD extraction, e.g., when 1/59 ≤ δ ≤ 1/39. But too
small δ still damages the proposed DPD because of bad
extraction accuracy. The DPD performance is weakened by
too large δ because too strong inter-modulation will invalidate
the DI-DPD models used in the extraction. It also refers to the
maximum of δx2. Concerning both limits, −29.2 or −25.6 dB
is an appropriate value for the attenuator δ in this simulation.

The DPD performance and DPD output signals with abnor-
mal δ are illustrated in Figs. 16 and 17. The original array
pattern is affected by δ = 0 dB, and the linearization angle is
not widened due to not proper nonlinearity provided by δx2

with relatively too small δ = −36.8 dB.

D. Antenna Crosstalk and Beam Steering Robustness

In beamforming transmitters, crosstalk may occur between
antennas or RF chains that can deteriorate linearization per-
formance. To validate the proposed DPD in the scenarios with
crosstalk, crosstalk functions were added with random coeffi-
cients and real-measured S-parameters to form the dual-input

Fig. 16. Gain and ACPR distribution with the proposed DPD, δ = −36.8 dB
or δ = 0 dB, target angles ±8◦.

Fig. 17. PSDs of DPD output signals of the proposed DPD, δ = −36.8 dB
or δ = 0 dB, target angles ±8◦.

TABLE IV

ACPR AND NMSE FOR RECEIVED SIGNALS WITH ANTENNA CROSSTALK

models used in [11]. The crosstalk strength was controlled to
be moderate, making a 3.5-dB ACPR loss in the main-beam
direction using the original BO-DPD coefficients.

Both BO-DPD and the proposed DPD were simulated after
crosstalk added, the ACPR and NMSE of the received signals
with DPDs are given in Table IV. Compared with Table I,
the linearization precision for both DPDs does not change
much. As shown in Fig. 18, the ACPR beamwidth is 15◦
with BO-DPD, 30◦ with the proposed DPD, respectively. This
indicates that the 2-target DPD works well when crosstalk
occurs.

Antenna crosstalk is usually beam angle-dependent which
leads that the system linearity is different at different steering
angles. To validate this case, we steered the beam angle
from 0◦ to 30◦ with the original DPD coefficients fixed.
The results are shown in Fig. 18, where we can see that
linearity deteriorates in both cases with BO-DPD and the
proposed DPD, but the ACPR beamwidth can still be kept
wide, e.g., 40◦ with the proposed DPD, which means that the
proposed DPD works well with crosstalk in beam steering.
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Fig. 18. Gain and ACPR distribution of the proposed DPD oriented at ±8◦ ,
and BO-DPD in the 4-path simulation with nonlinear antenna crosstalk.

TABLE V

ACPR AND NMSE FOR RECEIVED SIGNALS IN MASSIVE
MIMO (mMIMO) SCENARIOS

E. Large Scale Validations

To verify how the proposed DPD performs in large-scale
beamforming transmitters, e.g., mMIMO, we simulated the
8- and 16-path transmitters. The results of y1, y2, and y0 with
the target angles at ±4◦ and ±2.5◦ are given in Table V, where
we can see that the DPD works very well. The gain and ACPR
curves are illustrated in Fig. 19, where the ACPR bandwidth
is 20◦ and 10◦ for 8- and 16-path, respectively. Furthermore,
the ACPR curves are greatly improved to be such as a mirror
image of the gain curves, which indicates that the proposed
DPD even performs better in mMIMO transmitters than in
small-scale array systems because we not only can extend
the linearization angle but also effectively match the linearity

Fig. 19. Gain and ACPR distribution of the simulated 8- and 16-path
transmitters with the proposed DPD, target angles ±4◦ or ±2.5◦ .

TABLE VI

DPD RUNNING COMPLEXITY

with the gain characteristics, which improve the overall system
performance.

F. Complexity Analysis

The proposed DPD, BO-DPD, full-angle DPD, and the
multiple-DPD are analyzed for complexity comparison. Two
complexities are evaluated: running complexity and model
extraction complexity.

Running complexity is related to the operations that the
DPD modules process the real-time data, e.g., in the main
and auxiliary DPD blocks. To be fair, the basis functions are
all based on the GMP model. Since the running complexity
is in proportion to the number of DPD coefficients used,
Table VI shows the number of DPD coefficients varying with
the nonlinear order P , the memory depth M1, M2, the num-
ber of paths K , the tuning-box nonlinear order Pt , and the
tuning-box memory depth Mt , e.g., P = 7, M1 = 5, M2 = 1,
Pt = 5, Mt = 1 used in the simulation and experiment.
The complexities of BO-DPD and the proposed DPD do
not depend on K . Multiple-DPD has the highest complexity
which is proportional to K . Full-angle DPD and the proposed
DPD have medium complexities. The proposed DPD has the
advantage in the complexity for mMIMO systems, e.g., when
K = 16. To reduce the running complexity further, once
the main and auxiliary DPD blocks are determined, simpler
models could be used to remodel the DPD functions, e.g.,
memory polynomial (MP) model. And the two blocks have
the same basic functions and the same input, the calculation
resource can be much reduced in deployment.

Extraction complexity is proportional to the cubic of the
number of polynomial coefficients used in the DI-DPD blocks
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Fig. 20. (a) Test bench setup for the 2 × 4 analog beamforming application. (b) Test bench setup.

extraction if the least squares (LSs) method is employed. The
extraction complexity of the proposed DPD is relatively higher
than that of BO-DPD. This would not be an issue since the
DPD extraction process is for an initial DPD identification
for once. In real-time operation, more effective adaptive algo-
rithms can be used [8]. In addition, to reduce the extraction
complexity, further pruned bivariate models can be employed.

V. EXPERIMENTAL RESULTS

In this section, the measurement setups are illustrated,
to validate the proposed DPD technique applied to beamform-
ing systems. The results, related comparisons, and analysis are
presented to evaluate the DPD performance.

A. Measurement Setup

The analog beamforming setup includes a 4 × 4 Butler
matrix and four analog phase shifters. Fig. 20(a) shows a
diagram of the test bench including photographs of the Butler
matrix, four PA-antenna transmitter chains, the antenna array,
and related instruments. Fig. 20(b) shows the photos of the
real test bench setup in the anechoic chamber.

Two uncorrelated and independent OFDM signals were
generated by the software MATLAB, downloaded to vector
signal generators, and then up-converted to 5.5 GHz, as the
intermediate frequency (IF) signals. The bandwidth of signals
is 20 MHz, the sampling rate is 120 MHz and the PAPRs are
5.69 and 5.63 dB respectively. A dual-channel vector signal
generator (R&S, SMW200A) was used to generate the two IF
signals, and two channels were synchronized with the local-
oscillator (LO) option, using the same LO. The two IF signals
were distributed to four IF signals through a 4 × 4 Butler
matrix, which is designed to distribute the main signal x1 from
the front-end port 1 to the four back-end ports with the phase
difference 0◦, and transmit the auxiliary signal x2 from the
front port 4 to the four backports with a 90◦ progressive phase
increase relative to the preceding one. In this test, the array
spacing is 6 mm, slightly longer than the half-wavelength
5.5 mm at 27 GHz. And the left front port 2 and port 3 were
matched with standard 50 � load.

The two test scenarios for BO-DPD and the proposed DPD
were switched manually by adding the Butler matrix and
operating the calibration again. Each pair of Butler matrix
back output and transmitter chain were connected with a

TABLE VII

ACPR AND NMSE FOR RECEIVED SIGNALS WITH AND WITHOUT DPDS

phase shifter, to adjust the phase shifting caused by the length
inconsistency of the millimeter-wave chains, and to form
the proper beam pattern. The phase shifters were manually
calibrated in pairs. In calibration, path 1 was turned on and its
phase shifting value was kept fixed. Among the other paths,
only path k was turned on to adjust the phase shifter k to steer
the beam at 0◦.

Besides, the 10.75-GHz LO signal was generated by the
signal generator (Keysight E8267D), divided into four LO
signals for the four chains. And the error of the four LO
coaxial lines was customized to be less than 3◦ in phase.
The Class-AB PAs operated at 27 GHz had about 14-dBm
output power, and were connected to a tapered slot antenna
array directly. The mutual coupling of adjacent antenna units is
less than −23 dB. After about 50 cm of spatial propagation,
the far-field OTA signals were received by a standard horn
fixed on a turntable, then transmitted to a spectrum analyzer
(Keysight, N9030A). The proposed DPD and others were all
applied with P = 7, M1 = 5, M2 = 1 as the same models used
in simulations, and the results were given after three iterations.
The attenuation δ for the auxiliary digital path in the proposed
method was set −20 dB.

B. Performance of the DPDs in 4-Path Scenarios

The ACPR and NMSE of OTA received signals were mea-
sured to evaluate the performances of conventional BO-DPD
and the proposed DPD, as given in Table VII. y0 is the beam
signal, y1, y2 are the two linearization target signals, as shown
in Fig. 8. Both DPDs improved beam signal from around
−34 to below −50 dBc in ACPR, from −18 to below −40 dB
in NMSE. The proposed DPD improved the two received
signals at the target angles to the same level of beam signal
in BO-DPD, at around −56-dBc ACPR and −43-dB NMSE.
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Fig. 21. PSDs of the main beam signal without/with the proposed DPD, and
linearization target signals with the proposed DPD, targets ±8◦.

Fig. 22. Normalized gain and ACPR distribution with BO-DPD.

Fig. 21 shows the normalized PSD for original signal of y0,
noted as w/o DPD, and y0, y1, and y2 with the proposed
DPD. The OOB distortion is removed for the two linearization
targets and the nonlinearity of beam signal y0 is acceptable.

Fig. 22 shows the results of normalized gain and ACPR
distribution with the BO-DPD, where the beam is at 0◦. The
ACPR beamwidth under −50 dBc is 12◦.

Fig. 23 shows results of the normalized gain and ACPR
distribution on the Azimuth angle with the proposed DPD,
where the beam is at 0◦, and the target angles are ±8◦.
The ACPR beamwidth under −50 dBc is 26◦ and basically
symmetrical.

Comparing the ACPR results, the proposed DPD improved
the ACPR beamwidth under −50 dBc from 12◦ with BO-DPD
to 26◦. The proposed linearization angle widening method is
validated. Comparing the normalized gain results, the proposed
DPD did not change the radiation pattern basically in the main
beam range, as designed in the proposed DPD. Although the
peak gain and directions of sidelobes are similar, the pattern of
the sidelobes could be found obviously different. It is due
to the dismantlement of the Butler matrix and re-calibration
of the phase shifters when the test setup was changed from
the proposed DPD state to the BO-DPD state.

Fig. 23. Normalized gain and ACPR distribution with the proposed DPD.

Fig. 24. Normalized PSDs of DPD signals with the proposed DPD.

TABLE VIII

POWER AND PAPR FOR DPD SIGNALS

The PSDs of DPD outputs x1, x2 are given in Fig. 24, where
the OOB nonlinear parts of x1, x2 look alike and they have
similar power levels. While the power requirement of x2 was
significantly reduced by the attenuator design.

The output power of x1, δx2, and their PAPRs without or
with the proposed DPD are given as Table VIII. Concerning
the power variation of x2, compared with the simulation,
the convergence power is a little bigger than the initial power,
rather than a little smaller. It should depend on the PA
inconsistency in the simulation and experiment.

C. Asymmetrical Linearization Targets

The normalized gain and ACPR of the OTA received signals
after BO-DPD, and the proposed DPD with asymmetrical
targets, are given as Fig. 25 for comparison. The results
with the proposed DPD are denoted as linearization angle
widen (LAW) DPD. The target angles are −14◦ and 6◦, and the
ACPR beamwidth under −50 dBc is improved from 12◦ with
BO-DPD to 26.5◦ (from −16◦ to 10.5◦). This validates that the
asymmetrical linearization-target configuration is applicable
for the proposed DPD. Not only the number but also the angle
of linearization targets will change the ACPR distribution in
the main beam range.
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Fig. 25. Normalized gain and ACPR distribution with the proposed DPD
(target angles −14◦ and 6◦) and BO-DPD.

The two gain curves basically coincide with each other,
which validates the array pattern of the proposed DPD, espe-
cially in the main beam range.

VI. CONCLUSION

In this article, a novel 2-target DPD solution is given as an
example of the proposed multi-target DPD to widen the ACPR
beamwidth for MIMO transmitters. A low-power auxiliary
DPD block is added to the conventional DPD structure to
shape the pattern of nonlinear distortion without changing
the original radiation pattern. To apply ILA in the model
extraction, a new DPD model extraction architecture including
OTA signals post-processing is carefully designed. Accord-
ing to the simulation and experimental results, the proposed
2-target DPD method can realize good linearity within a
wider angle range, compared with the BO-DPD method. The
results indicate that the proposed DPD has the advantage of
scaling to mMIMO systems, which is promising in 5G MIMO
transmitters.
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