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Abstract—In this letter, a multiple-beam antenna (MBA) scheme
with reduced port dimension is proposed for low-complex massive
multiple-input–multiple-output (MIMO) systems. From practical
scenario consideration, two 2-port and 8-element subarrays with
dual 2-to-8 Butler matrix networks are designed for 3 dB beam
coverage within 60° sector. Based on channel capacity analysis of
an 8-subarray (8 × 8-element) antenna system, it is proved that
only 25% number of radio frequency (RF) chains are utilized in
the proposed scheme to achieve a competitive data transmission
rate, compared with a regular 8 × 8-element and 64-chain massive
MIMO system, with the advantages of low cost, low system weight,
and low complexity of signal processing. The proposed 8-subarray
system is built and measured to verify the antenna performance.
The proposed multibeam antenna scheme exhibits potential possibilities in low-complex and low-cost massive MIMO systems for
the fifth-generation (5G) applications.
Index Terms—Antenna array, antenna diversity, antenna
radiation patterns, Butler matrix networks, multiple-input–
multiple-output (MIMO) antennas.

I. INTRODUCTION
S ONE of the key technologies for the fifth-generation
(5G) networks, massive multiple-input–multiple-output
(MIMO) method is considered as an extension of conventional
MIMO by utilizing more antennas [1], [2]. The massive MIMO
attracts wide attention of researchers for its capability of achieving intensive beam coverage and increasing the channel capacity
[3]. However, the implementation of a massive MIMO system
will increase the number of radio frequency (RF) chains and
the signal processing complexity logarithmically, resulting in
the larger system size and weight, higher power consumption,
and cost [4], [5]. Generally speaking, in a conventional MIMO
system, each antenna connects with an RF chain, including
amplifiers and other devices, introducing disastrous burden to
the deployment of the base station (BS). Therefore, reducing the
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RF complexity of BS antenna systems becomes quite important
in practical massive MIMO applications.
The multibeam antenna (MBA) is a feasible solution to reduce
RF complexity in massive MIMO systems [6]. In the design
of MBAs, the phase-shifting network plays a critical role in
beamforming and determines the system cost and complexity.
The quasioptics-based MBAs generate multiple beams by adopting the spatial retardation as a phase-shifting structure, such as
the reflector-based [7]–[9] and the lens-based MBAs [10]–[12].
Inspired by the quasioptics phase shifting, the metasurface antennas utilize periodic elements in planar structures, i.e., metamirror or meta-lens, exhibiting extra freedom in phase control
[13]–[19]. These types of MBAs usually apply the spatial-fed
scheme, increasing the volume of BS. The active digital MBAs
achieve specific phase distribution by employing digital processing chips, leading the challenges of computational resource and
beamforming algorithms [20]–[22]. Besides, the MBAs based
on Butler matrix are demonstrated in a compact and exquisite
approach utilizing the beamforming circuit that is integrated
with the antennas [23], [24], exhibiting potential possibilities for
RF complexity reduction in practical massive MIMO systems.
In this letter, an integrated MBA scheme, with dual Butler
matrix networks and four elevated beam clusters, is proposed
for RF complexity reduction in massive MIMO systems. To
achieve 3 dB beam coverage within elevation angle of 60° in
the practical scenario, two types of integrated Butler matrix
networks are designed in eight subarrays. Each subarray includes
eight elements and only two input ports. It has been confirmed
that the proposed MBA scheme with 8 × 8 elements and 16
RF chains is able to achieve the channel capacity comparatively
closer to the conventional scheme with 8 × 8 elements and full
64 RF chains. Therefore, only 25% of RF chains are utilized
in the proposed MBA scheme in low-complex massive MIMO
systems for the 5G applications.
II. DIMENSION-REDUCTION SCHEME
In some large-scale sites, i.e., rest area, both urban micro and
macro cells are required for efficient spectrum utilization [25]. A
practical line-of-sight (LoS) scenario with both urban micro and
macro communication in massive MIMO system is considered
to study the beam redundancy. As shown in Fig. 1, based on the
3GPP standard [26], [27], hBS = 25 m and hUT = 1.5 m are the
heights of BS and mobile users, rmax = 500 m and rmin = 10 m
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Practical communication scenario in massive MIMO systems.

Fig. 3. Normalized radiation patterns of different dimension-reduction
schemes in coverage area, where N is the element number and M is selected
beam number. (a) M = 2, N = 4. (b) M = 4, N = 8. (c) M = 9, N = 16.
Fig. 2.

Diagram of the proposed multibeam scheme.

denote the longest and nearest distance between BS and mobile
users, ϕ = 120° and θ = 60° are the azimuth and elevation
coverage angle of users. Apparently, the signals in uplink and
downlink between BS and users are mainly transmitted within
the angle θ in elevated plane, indicating that the antenna beams
at other angles, i.e., 360°−θ is redundant for communication.
From the consideration of RF complexity reduction, the
MBAs based on Butler matrix networks are presented for beam
selection, as shown in Fig. 2. In the proposed scheme, M out of
N beams are selected to achieve pertinent 3 dB beam coverage in
the elevation angle θ, and thus, N − M RF chains are terminated
for complexity reduction.
Antenna arrays with different element numbers are presented
in Fig. 3. Considering the 3 dB beam coverage for practical communication, a proper number of beams are selected to achieve the
user coverage. For example, there are four antenna elements and
two beams selected, and we name it as 2-out-of-4 scheme. In the
schemes in Fig. 3, the performance of 4-out-of-8 MBAs scheme
is more appropriate, while 2-out-of-4 scheme has an inferior gain
due to the small number of antenna elements and 9-out-of-16
scheme is with high complexity of feeding networks due to the
large number of selected beams. To further reduce the number
of RF chains, a 4-to-8 Butler matrix network is correspondingly
divided into dual 2-to-8 Butler matrix networks. Therefore, two
types of 2-to-8 integrated Butler matrix networks are utilized in
the proposed scheme.
III. ANTENNA ARRAY DESIGN
The general idea of the proposed MBA scheme is denoted in
Fig. 4(a). The whole antenna array consists of 8 × 8 elements,

TABLE I
DETAILED DIMENSIONS (UNIT: mm)

which are divided into eight subarrays. These subarrays are also
divided into blue and red groups with different Butler matrix
networks named as type A and type B, as shown in Fig. 4(a).
Each subarray is connected with a 2-to-8 integrated Butler matrix
network. Thus, only 25% of RF chains are used, enormously
reducing the RF complexity of system.
The diagrams of two types of Butler matrix networks are
shown in Fig. 4(b) and (c), respectively. Type A Butler matrix
network consists of two input ports, four 22.5° and two 45° delay
lines (as phase shifters), four hybrid couplers, six crossovers, and
eight output ports connecting with eight antenna elements. Two
opposite gradient phase distributions are achieved in the antenna
elements when fed through port A (green) and port B (purple),
generating dual beams steering at ±7°. The integrated Butler
matrix network is fabricated on both sides of a print circuit
board with solid lines on the front side and dash lines on the
back side in Fig. 4(b). The detailed structure of the 2-to-8 Butler
matrix network with eight dipole antenna elements is shown in
Fig. 5, and the value of each parameter is listed in Table I. Type
B Butler matrix network utilizes four 67.5° and two 135° delay
lines as phase shifters, with other structures the same as Type A.
Therefore, ±21° beams are achieved through port C (blue) and
port D (red).
An 8 × 8-element MBA array is built with four type A and four
type B Butler matrix networks, generating four beam clusters at
±7° and ±21°, as shown in Fig. 4(a). For each beam cluster, four
ports in the corresponding group are cooperatively phase-tuned
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Fig. 6. Photographs of the antenna array using the proposed MBA scheme.
(a) 8 × 8-element array. Photographs of the proposed type A subarray. (b) Front
view. (c) Back view.

to generate the beam clusters for multiple users and steer in the
azimuthal plane. As a result, two-dimensional beam scanning
can be achieved, with the beam selection in elevated plane and
dynamic amplitude or phase adjustment in azimuthal plane. In
the whole design, 16 input ports and 64 antenna elements are
integrated with eight Butler matrix networks as eight subarrays,
and 16 RF chains are needed for four beam clusters with 60°
3 dB elevated-plane coverage.
IV. RESULTS

Fig. 4. Proposed scheme implementation framework. (a) Schematic diagram
of the proposed antenna array. Diagrams of two integrated Butler matrix networks: (b) type A; (c) type B.

Fig. 5. Simulated model of the proposed type A subarray with two ports and
eight antenna elements. (a) Front view. (b) Back view.

A prototype of the MBA array using the proposed scheme
is fabricated and tested to demonstrate the design strategy, as
shown in Fig. 6. The whole antenna array is supported by an
aluminum shelf with a size of 522 × 214.4 × 510 mm3 . The
subarrays with hybrid couplers (Anaren Xinger 1P603AS) and
crossovers (Anaren Xinger X2BS) are constructed on an F4B
substrate (εr = 2.65), as shown in Fig. 6(b) and (c), and located
at half-wavelength distance between two adjacent ones. The
usage of these two components would reduce the subarray gain
by less than 2 dB and result in a small amount of phase error,
which is compensated by the several delay lines between the
Butler matrix networks and antenna elements. The measured
S-parameters of subarray with the type A Butler matrix network
are shown in Fig. 7, while the simulated results cannot be given
because the hybrid couplers and crossover chips are unable to
be modeled by the simulation software Ansoft HFSS. Fig. 7
illustrates the performance of impedance matching and port
isolation of a subarray. The radiation patterns in E-plane of
the proposed type A and B subarrays are shown in Fig. 8.
The measured results (scatter dots) without reflector agree well
with the simulated ones (dash lines), which are given without
the Butler matrix networks due to the modeling restriction.
However, there are several strong back lobes, resulting in the
deterioration of front-to-back ratio performance. To suppress
backward radiation, a planar metal reflector is adopted as the
main reflector, perpendicular to the antenna elements and located
l6 away from the feeding ports. The simulated radiation patterns
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Fig. 9. Sum-rate capacity comparison between the proposed scheme and other
traditional schemes.
Fig. 7.

S-parameters of the subarray with type A Butler matrix network.

Fig. 8. Radiation patterns in E-plane of the proposed antenna subarray under
measurement and simulation at 2.6 GHz.

(solid lines) show that the front-to-back ratio is improved by
more than 20 dB through the usage of reflector, and with no
obvious effect to the shape of main beam. The radiated results
illustrate that the subarrays achieve four beams at ±7° and ±21°
when fed through ports A to D, respectively. The 60° elevated
sector coverage is achieved under the premise of pledging 3 dB
beam level. The radiation patterns of the whole antenna array
cannot be measured because it is too heavy to be supported by the
turntable in the chamber, while there is little difference between
the normalized radiation patterns of the subarray and whole array
due to the high isolation among the subarrays. Therefore, the
simulated results of two types of subarrays with main reflector
are utilized in the following calculation of channel capacity.
To further study the performance of proposed scheme, we
adopt a 3-D channel model based on Fig. 1. The mobile users
are assumed uniformly distributed in the coverage area and six
multipaths are assumed between the BS and the mobile user.
Fig. 9 illustrates the calculated channel property based on the
above multiuser scenario. Three schemes are involved in the
discussion of channel capacity. Scheme 1: Eight beam clusters
generated by the array with 8 × 8 elements, 8 × 8 ports with 64
RF chains, using eight 8-to-8 Butler matrix networks; Scheme 2:
Four beam clusters generated by the array with 8 × 8 elements,
2 × 8 ports with 16 RF chains, using eight 2-to-8 Butler matrix

networks (four types A and types B); Scheme 3: Two beam
clusters generated by the array with 8 × 8 elements, 2 × 8
ports with 16 RF chains, using eight 2-to-8 type A Butler matrix
networks (no type B used). The sum-rate capacity comparison
among different schemes is shown in Fig. 9. 1) Comparison
between Scheme 1 and Scheme 2: The calculated capacity
difference is small, i.e., less than 2.8 bps/Hz, when the number
of users (NU) is less than 8. When NU exceeds 15, the capacity
saturates to be stable, and the difference between two schemes
is 8.5 bps/Hz. Therefore, when NU is small, the capacity performance of Scheme 2 is similar to Scheme 1. For large NU
value, Scheme 2 is with 85% of channel capacity but using
only 25% number of RF chains, compared with Scheme 1. 2)
Comparison between Scheme 2 and Scheme 3: As NU increases,
the difference between two schemes becomes striking. When
NU is more than 8, the sum-rate capacity of Scheme 3 saturates,
with the value of 26 bps/Hz, due to the smaller coverage angle.
We can see that the sum-rate capacity of Scheme 3 is only 48%
of Scheme 2 but with the same number of RF chains. This is
because 60° sector coverage in elevated plane can be achieved
in the Scheme 2, while only a coverage area of 30° for Scheme 3,
resulting in the poor channel performance in uncover area. Based
on the comparison, Scheme 2, i.e., the proposed scheme, is with
the best performance by considering the tradeoff between RF
chain numbers and sum-rate capacity.
V. CONCLUSION
In this letter, an MBA scheme with low RF complexity is
proposed for massive MIMO systems. A practical LoS scenario
is adopted and discussed for verifying the large spatial beam
redundancy due to the uniformed user distribution. Therefore, an
8 × 8-element antenna array with only 16 RF chains is designed
for the sector coverage of multiusers. The measurement results
show that the antenna array can realize four beam clusters within
the user coverage area. Compared with the conventional scheme
with 8 × 8 elements and 64 RF chains, the antenna array using
the proposed scheme achieves an approaching sum-rate channel
capacity, but only 25% of RF chains are utilized. As a result, the
proposed MBA scheme is with the merits of compact volume
and low RF complexity, exhibiting valuable potentials in 5G
massive MIMO applications.
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