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ABSTRACT In this paper, a beam shaping scheme is presented for the optimal design of base station antenna
array. The antenna array consists of four linearly arranged dual-band dual-polarized antenna elements, and
it is designed to cover the LTE frequency band (2.3-2.69 GHz) and 5G frequency band (3.3-3.6 GHz). The
shaped beams with possible maximum gain, suppressed sidelobe level smaller than −16 dB, front-to-back
ratio larger than 18dB, and filled-up null point larger than −23 dB are accomplished through two steps by
using the unconstrained methods of maximum power transmission efficiency (MMPET) and constrained
MMPTE, respectively. In the proposed beam shaping scheme, all the realistic factors of the antenna array
have been taken into account, such as the difference of element radiation patterns, complexity and tolerance
of the element structure and spacing.

INDEX TERMS Base station antenna array, beam shaping, MMPTE, sidelobe, null point.

I. INTRODUCTION
Starting from 2019, the fifth generation (5G) mobile commu-
nication system enters the commercial era. Mobile communi-
cation networks organize the service area into geographically
separated zones, known as cells, so as to execute the fre-
quency reuse strategy and to increase the throughput capacity
of the system, where the frequency bandwidth and shaped
radiation pattern of the base station antenna array play two
important roles [1].

Although the 5G communication has been in commercial
use, the 4G, 3G, or even 2G systems are expected to be in
service for a long time. For saving the cost and space of the
base station, broadband or multiband antenna array is widely
investigated for base station [2], [3], [4], [5], [6], [7], [8], [9],
[10]. To reduce the side effect of the multipath fading and
to enhance signal reliability, dual-polarized antenna elements
are widely investigated for the base station antenna array [11],
[12], [13], [14], [15], [16]. Hence, broadband or multiband
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dual-polarized base station antenna arrays have been heavily
researched in recent years.

Although multiple frequency bands have been authorized
for the mobile communication systems, the insufficiency of
channel is still a serious problem because of the increase of
user ends (UEs) and the demand for large capacity, which
requires more efficient frequency reuse. For this reason, the
cell size of the 5G cellular mobile system tends to be smaller.
In this case, the antenna array of base station is required to
have a shaped radiation beam that must satisfy some basic
conditions: First, the sidelobe level (SLL) pointing to anther
cell or the black-lobe pointing to another sector that works
at the same frequency must be as low as possible in order to
reduce the co-channel interference; Second, the main beam of
the pattern has to provide themaximum possible gain G(θmax)
at the desired direction determined in the spherical coordinate
system; Third, for a fixed network, the ideal shaped beam
pattern for a planar service cell is usually a cosecant squared
pattern. In practice, pattern nulls pointing to service cell
should be filled up, so as to avoid blind communication zones.

Many beam shaping techniques have been suggested for
the design of antenna arrays in order to produce desired
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FIGURE 1. Configuration of the antenna element: (a) loop dipole radiator,
(b) front view, and (c) side view.

radiation patterns for specific applications [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28]. Some
traditional pattern synthesis methods, such as Taylor and
Chebyshev methods [17], [18], are used to suppress the
SLL of antenna arrays. To realize more complex shaped
beam patterns of antenna array, global/local iterative opti-
mization schemes, such as genetic algorithm (GA) [19],
[20], particle swarm optimization (PSO) [1], [21], [22], con-
vex optimization (CO) [23], [24] and sampling/superposition
methods [25], [26], [28], have been reported to shape a
desired beam pattern. However, most of the array synthesis
methods are based on the pattern multiplication rule that
ignores the differences of radiation patterns of antenna ele-
ments, the mutual-coupling, and the influence of the antenna
mounting-platform. In practice, the mutual-coupling and pat-
terns may be different among the array elements locating
at different zones in the array. When the array element is
assumed to be a point source, the array synthesis can be
oversimplified to optimize the array factor. For the synthesis

of a realistic antenna array, the pattern multiplication rule
demands identical element radiation pattern, and the element
factor should be extracted at first, so the synthesizing pattern
can be written in terms of trigonometric polynomials. How-
ever, it fails when the element patterns are of no longer unity,
or the surrounding environment is too complicated. For the
global optimization methods, if the fitness function includes
all the array effecting factors [22], the optimization process
will become computationally cumbersome.

In this paper, a beam shaping scheme is proposed by
using the unconstrained method of maximum power trans-
mission efficiency (U-MMPTE) [29], [30], [31] and con-
strained method of maximum power transmission efficiency
(C-MMPTE) [32], [33]. The proposed beam shaping method
is valid for any realistic antenna array in regardless of the dif-
ference of the element pattern, complexity of the antenna con-
figuration, the surrounding environment, and difference of the
mutual coupling among the array elements. Hence, a dual-
band dual-polarized base station antenna array is designed
and fabricated, and its beam patterns with desired main beam
direction, suppressed sidelobe level and filled-up null point
are shaped through the beam shaping method. The shaped
beam patterns meet the base station standards for LTE and
5G communication systems.

The structure of this paper is organized as follows. After
the introduction in Section I, the configuration of the base
station antenna and beam shaping scheme are described in
Section II. Section III describes the simulated and measured
results of the shaped beams for base station antenna array.
Section IV draws the conclusions.

II. ANTENNA AND PATTERN SYNTHESIS METHOD
To demonstrate the beam shaping scheme on a realistic
antenna array, at first a dual-band dual-polarization based
station antenna array is designed and fabricated.

A. CONFIGURATION OF ANTENNA ELEMENT
The geometry of the designed dual-polarized antenna element
is illustrated in Fig.1. It consists of a metal gutter reflector,
a pair of loop dipoles, Y-shaped feeding lines, and a pair
of coaxial cables. As shown in Fig.1(a), a pair of mutu-
ally orthogonal loop dipoles are printed on the bottom of
an F4B dielectric substrate with dielectric constant of 2.55,
loss tangent of 0.0015, and thickness of 0.8 mm, and the
Y-shaped feeding lines are printed on the top of the F4B
substrate. To prevent the two feed lines from intersection, the
overlapping part of one Y-shaped feed line is printed on the
bottom face of the F4B substrate and connected to the top
parts with two metalized vias. Both loop radiator dipoles are
fed by a 50-ohm coaxial cable, where the inner conductors
are connected to the Y-shaped feeding lines and the outer
conductors are soldered on the loop radiators, as shown in
Figs. 1(b) and (c). To make the inner conductors connect to
the feeding lines, two more holes are drilled through the F4B
substrate.
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TABLE 1. Parameters of the designed antenna (units: mm).

FIGURE 2. Photo of the antenna element. (a) Top view of the antenna
element, and (b) bottom view of the loop dipole radiators.

The RF signal is fed to the Y-shaped feeding lines through
the coaxial cable, and the RF energy is coupled to the loop
dipole through the Y-shaped feeding line, which results in a
symmetrical feeding. Modifying the size and position of the
Y-shaped feeder can enhance the coupling strength, so as to
improve the bandwidth and impedance matching.

Many efforts have been devoted to developing antennas
in the 3.5 GHz band for 5G communication. However, the
frequency bands for 2G/3G/LTE communication systems still
co-exist with the granted 5G frequency band. In this work,
an antenna element for both 5G band covering 3.3-3.6 GHz
and an LTE band covering 2.3-2.69 GHz is optimized. The
optimized parameters are listed in Table 1. Compared with
the traditional wire dipoles, the loop radiator dipoles have a
widened impedance bandwidth.

To verify the proposed design, a prototype of the designed
dual-band dual-polarized antenna element is fabricated and
tested. The top view of the antenna element and bottom side
of the F4B substrate together with the printed loop dipoles
are shown in Figs.2 (a) and (b), respectively, and the principal
substrate is supported by four nylon columns.

Due to the symmetry of the dual-port antenna element, only
one of the feeding ports is excited to validate the performance
of the antenna element working in 2-4GHz. The reflection
coefficient (|S11|) and port-to-port isolation (|S21|) is plotted
in Fig. 3. It is observed that the measured −15 dB impedance
matching bandwidths are 2.3-2.8 GHz, and 3.2-3.8 GHz,
which cover the LTE band and 5G band, respectively, and
agree well with the simulated results. The simulated andmea-
sured port-to-port isolation is less than −17 dB in 2-4GHz
band. The measured and simulated peak gain of the antenna

FIGURE 3. S-parameters of the antenna element.

FIGURE 4. Gain pattern of the antenna element on the (a) E-plane and
(b) H-plane.

element in the main radiation direction is 8.57 dB, and the
maximum cross-polarization gain level is below −16 dB in
E-plane (+45◦) and below −19 dB in H-plane (−45◦), and
the cross-polarization ratio in±60◦ is greater than 17 dB, and
the half-power beamwidth (HPBW) in E-plane andH-plane is
about 68◦

± 5◦, as shown in Figs. 4 (a) and (b). The radiation
efficiency of the antenna element is 78.79% at 3.0 GHz,
76.37% at 2.45 GHz and 78.43% at 3.5 GHz.
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FIGURE 5. Photo of four-element antenna array.

B. CONFIGURATION OF ANTENNA ARRAY
To better describe the beam shaping of the antenna array,
the xoz-plane is defined as the horizontal plane and the yoz-
plane is treated as the vertical plane. For practical base sta-
tion application in a cellular mobile communication system,
the antenna demands a narrow radiation pattern in vertical
plane, a stable radiation pattern in horizontal plane (−3dB
beamwidth of 65◦

± 5◦, which is mainly determined by
the antenna element and the metal reflector), a down tilt of
the antenna beam with suppressed sidelobe level and large
front-to-back ratio to reduce the interference in the other
co-channel cells or sectors, and a filled-up null point in
the service cell to avoid blind spot. To achieve all of the
required antenna performances, an antenna array is required.
On the basis of antenna element design, a prototype of four-
element antenna array is fabricated, as illustrated in Fig.5.
Selecting the beam shaping at 2.45GHz and 3.5GHz within
the two interesting bands, a compromising element spacing
is set to be 50 mm (about 0.57λ3.4GHz and 0.41λ2.45GHz)
for preventing grating-lobe in the upper frequency band, and
the total length of the four-element antenna array in vertical
direction is 385mm. To validate the performance of the four-
element antenna array, the impedance matching bandwidth is
simulated and measured as shown in Fig.6. It can be found
that both the simulated and measured impedance matching
bandwidth cover LTE band (2.3-2.69 GHz) and 5G band (3.3-
3.6 GHz), and slight impedance matching difference occurs
between the edge element (|S11| or |S44|) and middle element
(|S22| or |S33|).

C. BEAM SHAPING METHOD
Traditional beam shaping methods usually rely on certain
simplifications in order to reduce the complexity of the opti-
mization process. However, the simplifications may cause
significant error when the array element patterns are not
identical, or the mounting-platform of the antenna array is
too complicated, and/or the element spacing is very small.
In this work, the U-MMPTE and C-MMPET is used to shape
the beam patterns of the four-element antenna array for base
station application. Beam patterns with different down-tilt
angles, suppressed sidelobe level smaller than−16 dB, front-
to-back ratio larger than 18 dB and filled-up null point larger

FIGURE 6. Simulated and measured reflection coefficients of the antenna
array elements.

than −23 dB are shaped through two steps by using U-
MMPTE and C-MMPET, respectively.

In the first step, the goal is to realize the main beam in
a desired direction and confirm the concomitant side lobes
and null points pointing to the service cell. To achieve this
goal, a testing antenna of matched operating frequency and
polarization is introduced on the far-field arc in each discreted
elevation directions. The first WPT system is built up by
selecting the testing antenna in desired direction (Rx1) as
sketched in Fig.9. The power transmission efficiency (PTE)
between the transmitting (Tx) antenna array and the testing
antenna as the receiving (Rx) antenna is defined as the ratio
of the power (Prec) delivered to the load of the receiver to the
input power (Pin) of the transmitting antenna array [33]:

PTE =
Prec
Pin

=
⟨[A] [at ] , [at ]⟩

⟨[at ] , [at ]⟩
(1)

where [A] = [Srt ]H [Srt ] is determined by the simulated or
measured scattering parameters, and [at ] = [a1, · · · , aN ]T is
the normalized excitation vector of the transmitting antenna
elements. To direct the main beam toward to the direction
of the testing antenna, the PTE has to be maximized and a
generalized algebraic eigenvalue equation is obtained [33]:

[A] [at ] = PTE · [at ] (2)

The maximum eigenvalue gives the maximum PTE and the
corresponding eigenvector stands for the ODEs of the trans-
mitting antenna array.

In the second step, the goal is to suppress the upper side
lobe level and to fill up the null point within the service
cell while maximumly keeping the main beam direction and
radiation gain unchanged. To realize this goal, additional two
testing antennas (Rx2 and Rx3 marked in blue in Fig.9) in
the side lobe and null point directions are selected to build
up the second WPT system. Due to the front-to-back ratio or
back side lobe is mainly controlled by the configuration of
the metal reflector for co-linear antenna array, the additional
testing antennas are selected to control the upper side lobe
levels and lower null points. To suppress the upper side
lobe levels and lower null points based on the second WPT
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system, the beam shaping leads to a constrained optimization
problem [33]:

max ⟨[A] [at ] , [at ]⟩

s.t. [br ] = [Srt ] [at ] = [c] ejϕ (3)

where [br ] = [b1, · · · , bM ]T is the reflecting wave vector
of the test receiving antennas. Here, the phase difference
among the Rx antennas is negligible due to that the testing
antenna is placed on a far-field arc to extract the S-parameters
for the case of multiple Rx antennas, and the constrained
optimization problem becomes a linearly constrained pro-
graming problem. Moreover, the exponential term in (3) can
be factored in the excitation vector [at ]. By using the method
of Lagrangian multiplier, the optimized solution of (3) is
given by [33]:

[at ] = [A]−1 [Srt ]H
(
[Srt ] [A]−1 [Srt ]H

)
[c] (4)

In order to suppress the first upper sidelobe and to fill
up the first lower null point, one can properly set up the
controlling vector [c] = [cSLL, cMax, cNULL]. For the best
suppression of the first upper sidelobe level, cSLL is usually
set to be zero and the rest two controlling weights should
satisfy cMax > cNULL, so as to maintain a maximum possible
gain of the main beam when suppressing the upper sidelobe
level and filling up the lower null point. For a large-scale
antenna array, more testing antennas may be introduced to
control the multiple sidelobes and null points, and more
accurate beam pattern can be shaped.

D. FEEDING CIRCUIT
To realize a reconfigurable excitation of the fabricated four-
element antenna array, a four-channel RF feeding network is
designed to provide the driving phase and amplitude obtained
from the beam shaping method. The schematic and the photo
of the feeding network are shown in Figs.7(a) and (b), respec-
tively. The input RF signal is equally divided into the four
channels through a 4-way power divider. In each channel,
a low-cost analog phase shifter (PS) and attenuator (ATT) are
used to adjust the output phase and the amplitude. The analog
PS and ATT can be continuously controlled through bias-
voltage by adjusting the rheostat on the voltage regulator cir-
cuit. The input DC-voltage is 9V, and the output bias-voltages
(Vai, i = 1, · · ·, 4) for the ATTs range from 0 to 9V, resulting
in 0-31.5dB attenuation for the driving signal at 2.45GHz;
and the output bias-voltages (Vpi, i = 1, · · ·, 4) for the
phase shifters vary from 2.5 to 15V, resulting in 0-360◦ phase
shift for 2.45GHz RF signal. The rheostats on the voltage
regulator circuits can be continuously adjusted, and therefore
the output phases and amplitudes of the feeding network are
of high precision. The insertion loss of the transmission line
is included in the total attenuation of each channel in the
calibration stage.

As shown in Fig. 8, the antenna array system consists
of a RF signal generator, the four-channel feeding network,
and the four-element antenna array, and they are properly

FIGURE 7. The feeding circuit: (a) circuit schematic, (b) photo.

FIGURE 8. Photo of the proposed antenna array system.

connected by coaxial cables. A 9V DC-voltage source is
also used to provide the bias-voltage of the feeding network.
The input power of the feeding circuit is 13dBm from a RF
generator, and the attenuation of each channel refers to that of
the channel providing the largest signal amplitude. The total
output power of the feeding circuit is test through a frequency
spectrograph for calculating the gain of the antenna array.
Finally, the radiation pattern of the antenna system is tested
in a microwave anechoic chamber.

III. RESULTS AND DISSCUSSIONS
The beam shaping in the horizontal plane for a co-linear
antenna array is mainly determined by the configuration of
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FIGURE 9. Schematic of the WPT system.

FIGURE 10. Normalized gain pattern with 0◦ down-tilt angle.

the antenna element and metal reflector. Hence, the beam
shaping of the proposed four-element antenna array is car-
ried out in the vertical plane by using the proposed beam
shaping scheme. In addition, the antenna array is designed
to work in dual polarization states (±45◦) so as to increase
the signal channel and reliability through the polarization
diversity. Due to the symmetry of the antenna array built up
with four crossed-dipole elements, only the beams working
in+45◦-polarization state is shaped by using U-MMPTE and
C-MMPTE in LTE and 5G bands.

A. LOW-FREQUENCY BEAMFORMING RESULTS
To obtain the desired shaped beams that operate in +45◦

polarization state, the excitation amplitudes and phases of
the +45◦-polarized dipoles are optimized though two steps,
while the −45◦-polarized dipoles are matched with 50 Ohm
loads.

In the first step, a +45◦-polarized dipole working at
2.45GHz is selected at the desired down-tilt angle on a far-

TABLE 2. The ODE of the antenna array for different down-tilt angles at
2.45GHz.

FIGURE 11. Normalized gain pattern with 6◦ down-tilt angle.

field arc of the four-element antenna array, as illustrated in
Fig.9. By doing this, the first WPT system can be built up and
its PTE is given in Eq. (1). The eigenmatrix in Eq. (1) is made
up of the S-parameters between the transmitting and testing
antenna that can be extracted through HFSS simulation in
advance. When the working environment is too complex,
the S-parameters can be extracted by measurement, and they
include all the affecting factors of a realistic antenna array.
The ODE of shaped beam with a desired down-tilt angle
can be obtained from Eq. (2), which is corresponding to
the maximum PTE of the first WTP system. However, the
sidelobe levels and null points are unconstrained in this step
by using U-MMPTE.

In the second step, two additional testing antennas are
selected on the same far-field arc in the directions of the
first upper sidelobe and first lower point null that has been

37916 VOLUME 11, 2023



L. Guo et al.: Beam Shaping of Base Station Antenna Array by Using MMPTE

FIGURE 12. Normalized gain pattern with 12◦ down-tilt angle.

FIGURE 13. Normalized gain pattern with 18◦ down-tilt angle.

confirmed in the first step. By doing this, the second WPT
system is built up. By properly setting up the controlling
vector in Eq. (3), the constrained optimization problem can
be solved by Eq. (4). For the cellular application of base
station, the down-tilt angle is optimized from 0◦ to 18◦, and
all the beams are shaped with the constrains of first upper
sidelobe level smaller than -18dB, front-to-back ratio larger
than 18 dB and filled null point larger than −23 dB. The final
ODE is obtained using the C-MMPTE, as listed in Table 2.
Such shaped beam constrains satisfy the newest standards for
LTE and 5G base stations.

To observe the beam shaping optimized by the U-MMPTE
and C-MMPTE, the normalized radiation gain patterns in
vertical plane are plotted in Figs. 10-13, where the down-tilt
angle are optimized to be 0◦, 6◦, 12◦ and 18◦, respectively.
It can be found that the normalized gain patterns (black
line) optimized by U-MMPTE have main beams pointing at
the expected down-tilt angles, but the upper sidelobe lev-
els and lower null points are unconstrained. For instance,
the first upper sidelobe level is large than −13 dB, and
the first lower null point is below −32 dB when the main
beam has a 6◦ down-tilt angle, as shown in Fig.11(black

TABLE 3. The ODE of the antenna array for different down-tilt angles at
3.5GHz.

line). In the second step, two additional testing antennas are
introduced in the directions of the first upper sidelobe and
the first lower null point, and the normalized gain patterns
are optimized by C-MMPTE. The normalized gain patterns
(blue line) are achieved with suppressed upper sidelobe level,
filled-up null point, and keep the down-tilt angle of the main
beam unchanged. The constrained normalized gain patterns
are measured in a microwave anechoic chamber, which agree
well with the simulated results, as shown in Figs.10-13 as
well (dot line). Comparing the constrained and unconstrained
normalized radiation patterns, the half-power beam width
(HPBW) is slightly widened, and all the first upper sidelobe
level is suppressed below −16 dB, and the first lower null
point is filled up to −23 dB. For instance, the first upper
sidelobe level is suppressed to be −23 dB, and the first lower
null point is filled up to −20 dB when the main beam has a
6◦ down-tilt angle, as shown in Fig.11 as well. It should be
declared that the cross-polar radiation gain is small enough
due to the low cross-polar radiation of the antenna element
as shown in Fig.4. Hence, it is not plotted in Fig.10-13.
Meanwhile, the front-to-back ratio is larger than 20 dB.

B. HIGH-FREQUENCY BEAMFORMING RESULTS
Same beam shaping procedure is executed for the high fre-
quency at 3.5GHz within the lower 5G band. However, the
down-tilt angle of the main beam is optimized from 0◦ to 9◦

as the larger element spacing at high frequency will cause
grating lobe when the main beam points at a large elevation
angle. The final ODE obtained by using the proposed beam
shaping scheme is listed in Table 3. To observe the shaped
beams optimized by using the U-MMPTE and C-MMPTE,
the normalized gain patterns in vertical plane are plotted
in Figs. 14-16, where the down-tilt angle are chosen to
be 0◦, 3◦, and 9◦, respectively. Comparing the constrained
and unconstrained radiation patterns, the HPBW remains
about 15◦, and all the first upper sidelobe levels are sup-
pressed below −19 dB, and all the first lower null points
are filled up to −20 dB. Meanwhile, all the front-to-back
ratio between the main beam and back lobe level is larger
than 22 dB.
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FIGURE 14. Normalized gain pattern with 0◦ down-tilt angle.

FIGURE 15. Normalized gain pattern with 3◦ down-tilt angle.

FIGURE 16. Normalized gain pattern with 9◦ down-tilt angle.

IV. CONCLUSION
In summary, a beam shaping scheme based on the U-MMPTE
and C-MMPTE is proposed to the synthesis of the radiation
pattern of a dual-band dual-polarized antenna array. The
demonstrated cases show that the proposed beam shaping
scheme is capable of forming radiation patterns under the

constrains of keeping maximum possible gain at the desired
down-tilt angle, suppressed sidelobe level, filled-up null point
larger, and large front-to-back ratio. In addition, due to the
feature of the reported beam shaping scheme, it is applicable
to any realistic configuration of the antenna array in any
complicated environments.
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