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Abstract: A multibeam array antenna employing a Butler matrix is a promising solution for fifth generation (5G) base
stations. Due to inaccurate phase differences between output ports in the Butler matrix, the radiation characteristics
could show incorrect main beam directions. In addition, the literature has also reported the issue of high amplitude
imbalance in the Butler matrix. This paper presents a single-layer multibeam array antenna fed by an 8×8 Butler
matrix operating at 28 GHz for 5G base station applications—a more cost-effective solution for large-scale production.
The Butler matrix consists of twelve quadrature hybrids, sixteen crossovers, and eight phase shifters. This circuit was
integrated with eight antenna elements at the output ports of the Butler matrix. The proposed multibeam array antenna
was fabricated using a low dielectric constant and a low loss tangent substrate. The dimensions of the multibeam array
antenna were 88×106×0.254 mm3 . The Butler matrix achieved low insertion losses and low phase error with average
values of 2.5 dB and less than ±10◦ at 28 GHz, respectively. The measured return losses were less than −10 dB at
28 GHz. The measured radiation patterns were obtained and eight main beams were pointed at ±6◦ , ±18◦ , ±30◦ , and
±44◦ with measured gains between 9 dBi and 14 dBi.

Key words: Base station, Butler matrix, fifth generation, 5G, multibeam array antenna, single-layer

1. Introduction
Research on fifth-generation (5G) mobile communication systems has attracted much interest from researchers
and design engineers that wish to cater to the increasing demand for higher data rates and data traffic [1–3].
These efforts have been accelerated to meet the standardization of the International Telecommunications Union
Radiocommunication by 2020 [4]. The main features of 5G mobile communication systems are the utilization
of millimeter waves, the deployment of small cells with radius cells of 200 m, and the use of a multibeam base
station antenna for multiple-input multiple-output (MIMO) schemes [5–7].

Multibeam array antennas play an important role in enhancing system capacity. This antenna also
improves network coverage and reduces co-channel interference [5, 8]. Figure 1 illustrates a multibeam base
station with each radiation beam assigned to one mobile user. To achieve the multibeam characteristic,
beamforming circuits such as the Butler matrix, the Rotman lens, and the Blass matrix can be fed to the array
∗Correspondence: tariqlatef@um.edu.my
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antenna [9–11]. The Butler matrix has received much attention due to its low profile, low power dissipation,
design simplicity, and cost-effectiveness for large-scale production [12–16]. The Rotman lens suffers high ohmic
loss, high power loss within the lens, and high phase error across the aperture, although it is low-profile and
cost-effective, and it has wider bandwidth [17, 18]. The Blass matrix has low efficiency due to high losses
associated with the structure [19]. In addition, the Butler matrix has the ability to produce orthogonal beams,
which improve the beam scanning coverage [20]. Therefore, the Butler matrix is chosen as beamforming circuit
in this work. The configuration of a base station antenna is presented in Figure 2. The antenna structure is
compact and suitable for use in a space-constrained base station. The main drawback in designing a Butler
matrix in millimeter waves using microstrip technology is inaccurate beam directions, especially for higher-order
Butler matrices, as the length of a microstrip line corresponds to a phase change. To overcome this issue, a
Butler matrix must have high accuracy dimensions to ensure that the radiation beams point in the desired
directions.

200 m

Multibeam

Base Station 

Antenna

Mobile Users

Cell

Figure 1. A multibeam base station.

Previous studies on the Butler matrix focused on the improvement of circuit performance and size
reduction of the structure at frequencies below 10 GHz by eliminating some circuit elements [20–23]. Babale
et al. [20] developed a 4×4 Butler matrix using modified quadrature hybrids at 6 GHz. In [21], a 4×4 Butler
matrix using conductor-backed coplanar waveguide technology was designed without crossover at 5.8 GHz.
Furthermore, Tian et al. [22] designed a 4×4 Butler matrix using quadrature hybrids and crossovers at 6 GHz.
Although these research works successfully reduced the number of circuit elements, these techniques were only
valid for a 4×4 Butler matrix and were not applicable for higher-order Butler matrices, as the structures of
these matrices are more complex and difficult to design. In addition, the wavelength of the millimeter wave is
very small. Therefore, the size of the Butler matrix is sufficient for mounting at the base station.
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Figure 2. The configuration of a base station antenna.

Furthermore, a few studies have investigated the use of 8×8 Butler matrices based on multilayer tech-
nology. Zhai et al. [24] designed an 8×8 Butler matrix at 4.3 GHz using six quadrature hybrids and four phase
shifters placed at the top and bottom layers, respectively. These layers were connected via through-holes and
the results showed an insertion loss and a phase error of 2.5 dB and ±15 ◦ , respectively. In [25], a multibeam
array antenna was fed by an 8×8 Butler matrix based on a dual layer substrate integrated waveguide from
28 GHz to 31 GHz. The proposed Butler matrix consisted of an additional four quadrature hybrids as compared
to the conventional configuration. The results showed an insertion loss and a phase difference error of 2 dB
and ±15 ◦ , respectively. The air gap between substrate layers can cause additional losses and phase errors,
which could degrade the performance of the Butler matrix. Moreover, the use of through-holes in multilayer
technology increases fabrication difficulties. Based on the literature, the most attractive option to overcome
these issues is to use a single-layer microstrip structure, which is cost-effective and simple in design.

In this paper, the design of a single-layer multibeam array antenna fed by an 8×8 Butler matrix operating
at 28 GHz is explained in detail. The multibeam array antenna was designed using Computer Simulation
Technology Microwave Studio. The performance of the designed antenna was validated via fabrication and
measurement. Both the simulation results and measurement results are presented and discussed in the last
section of this paper.

2. Design of the Butler matrix

The Butler matrix is a passive feeding network of N inputs (Pi) and N outputs (Oi) connected to antenna
elements, where N is the power of 2 (N = 2n) [9]. Figure 3 shows the structure of an 8×8 Butler matrix with
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eight antenna elements. The 8×8 Butler matrix consists of twelve quadrature hybrids, sixteen crossovers, and
eight phase shifters. The Butler matrix has equal amplitudes at the output ports when the input port is fed.
The phase differences between output ports are given by Equation (1) [26]:

ϕp = ±2p− 1

N
× 180◦, (1)

where N = 8 , n = 3 , and p = 1, 2, , (n+1) . The Butler matrix produced eight beams at eight different angles.
The beam angles can be expressed using Equation (2) [27]:

sin θp = ±λ

d

ϕp

360◦
, (2)

where λ is the wavelength, ϕp is the phase difference, and d is the antenna spacing. Table 1 lists the phase
differences between the antenna elements and the beam angles for each input port.

Table 1. Phase differences between antenna elements and beam angles for each beam number.

Beam number ϕp θp

1 −22.5◦ 6◦

2 157.5◦ −47◦

3 −112.5◦ 31◦

4 67.5◦ −18◦

5 −67.5◦ 18◦

6 112.5◦ −31◦

7 −157.5◦ 47◦

8 22.5◦ −6◦

The structure of the 8×8 Butler matrix presented in Figure 3 was designed using Computer Simulation
Technology Microwave Studio. The substrate used in this work was NPC-F220A from Nippon Pillar Packing
Co. Ltd. with a substrate thickness of 0.254 mm, a dielectric constant of 2.2 , and a loss tangent of 0.0007 .
Figure 4 shows the complete design structure of the 8×8 Butler matrix. This structure has eight input ports
(P1 to P8) and eight output ports (O1 to O8).

Figure 5 presents the simulated return losses for the input and output ports of the 8×8 Butler matrix
for 27 GHz to 29 GHz. The return losses were less than −10 dB for the entire frequency range. The simulated
isolations between the input ports of the 8×8 Butler matrix are illustrated in Figure 6 and the isolations were
less than −15 dB at 28 GHz. Figures 7–7d demonstrate the simulated insertion losses when the Butler matrix
is fed at ports P1, P2, P3, and P4, respectively. Based on these figures, the average output amplitude was -11.5
dB at 28 GHz. When a signal is fed to the input port, the output amplitude at each output port is -9 dB.
Therefore, the average insertion loss was 2.5 dB. The insertion loss is due to the conductor loss in the Butler
matrix. However, the value of insertion loss is an acceptable level considering the operating frequency and the
number of circuit elements in the 8×8 Butler matrix. Owing to the symmetrical structure of the Butler matrix,
the performances of ports P5, P6, P7, and P8 were similar, so these were not presented in this paper. Figure 8
shows the simulated phase differences for the input ports from 27 GHz to 29 GHz with an average phase error
of less than ±10◦ . The phase difference is the difference between the output phases of the Butler matrix. The
power flow of the 8×8 Butler matrix is illustrated in Figure 9. The power from port P1 was distributed to the
output ports.

1124



IDRUS et al./Turk J Elec Eng & Comp Sci

O1 O2 O3 O4 O5 O6 O7 O8

P1 P2 P3 P4 P5 P6 P7 P8

A1 A2 A3 A7A4 A5 A6 A8

− 22.5°

 − 45°

− 67.5°

Phase Shifters

Quadrature Hybrid

Crossover

 − 45°

 − 45°

 − 45°

 − 45°

− 22.5° − 22.5° − 67.5°− 67.5°

B7

B5

B3

B1

B2

B4

B6

B8

Figure 3. The structure of an 8× 8 Butler matrix with eight antenna elements.

3. Design of antenna element

The microstrip antenna was designed using Computer Simulation Technology Microwave Studio. The geometry
of a microstrip antenna is shown in Figure 10. The antenna was fed at the center of the antenna edge by a
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Figure 4. Designed structure of the 8×8 Butler matrix.

50 Ω microstrip transmission line with a quarter wave transformer. The quarter wave transformer was used to
provide good impedance matching between the microstrip transmission line and the antenna. The optimized
parameters and the characteristics of the microstrip antenna are listed in Table 2.

Table 2. Optimized parameters and characteristics of the microstrip antenna.

Structure Parameter Value (mm) Characteristic
Patch Lp 3.2529 Gain, Gp = 7 dBi

Wp 4.2352

Quarter wave transformer Lq 2.0251 Impedance, Zq = 106 Ω

Wq 0.1984

Microstrip feed line Lf 1.9581 Impedance, Zf = 50 Ω

Wf 0.7826

Figure 11 presents the simulated return loss of the microstrip antenna. The return loss was less than
−10 dB from 27.6 GHz to 28.3 GHz. The radiation patterns of the microstrip antenna at 28 GHz for Phi=0◦

and Phi=90◦ are illustrated in Figures 12a and 12b, respectively. The radiation pattern of the microstrip
antenna showed good symmetry at the bore sight with a gain of 7 dBi.

4. Design of multibeam array antenna

The structure of a multibeam array antenna fed by the 8×8 Butler matrix is illustrated in Figure 13a. The
antenna spacing of the proposed multibeam array antenna was 0.6λ to reduce the mutual coupling between
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Figure 5. Simulated return losses for the (a) input and (b) output ports of the 8×8 Butler matrix.

antenna elements. In this design, the extended lines were designed at the input ports of the multibeam array
antenna to allow the implementation of coaxial connectors. Figure 13b shows a photograph of the fabricated
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Figure 6. Simulated isolations between the input ports of the 8×8 Butler matrix.
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Figure 7. Simulated insertion losses of the 8×8 Butler matrix for ports (a) P1, (b) P2, (c) P3, and (d) P4.

multibeam array antenna. The 2.92 mm coaxial connectors were used at the input ports of the multibeam array
antenna. The dimensions of the fabricated multibeam array antenna were 88 mm (width)× 106 mm (length).
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Figure 9. Power flow of the 8×8 Butler matrix.
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Figure 10. Geometry of a microstrip antenna.

5. Results and discussion

To validate the simulation results, the reflection coefficients of the fabricated multibeam array antenna were
measured using a vector network analyzer (Keysight N5224A) and the radiation characteristics were studied in
an anechoic chamber.
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Figure 12. Simulated radiation patterns of the microstrip antenna at 28 GHz for (a) Phi=0◦ and (b) Phi=90◦ .

5.1. Reflection coefficient
Figures 14a and 14b show the simulated and measured return losses of the multibeam array antenna for each
input port, respectively. The simulated and measured return losses were less than −10 dB between 27 GHz
and 29 GHz. However, it can be observed that the measured results were slightly different from the simulated
results due to the loss caused by the coaxial connectors.

5.2. Radiation characteristics
To ensure that the beams were pointed in the desired directions, the simulated and measured output phases
for each input port of the Butler matrix are presented in Figures 15a and 15b, respectively. Both simulated
and measured output phases for the input ports showed linear characteristics. Figures 16a and 16b illustrate
the simulated and measured radiation patterns of the multibeam array antenna for the input ports at 28 GHz,
respectively. The simulated main beams were pointed at ±5◦ , ±19◦ , ±29◦ , and ±46◦ . Meanwhile, the
measured main beams were pointed at ±6◦ , ±18◦ , ±30◦ , and ±44◦ . The simulated and measured main
beam angles of the multibeam array antenna agreed very well with the theoretical values, as shown in Table 1.
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Figure 13. (a) Structure of the multibeam array antenna and (b) photograph of the fabricated multibeam array antenna.
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Figure 14. (a) Simulated and (b) measured return losses for the input ports of the multibeam array antenna.

The simulated and measured beam coverages of the multibeam array antenna were 92◦ and 88◦ , respectively.
In addition, it can be observed that the measured side lobe characteristics were in good agreement with the
simulated results. The simulated and measured gains for the input ports of the multibeam array antenna at
28 GHz are listed in Table 3. The gains were in the range of 9 dBi to 15 dBi. The differences between the
simulated gains and the measured gains were less than 2 dBi.
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Figure 15. (a) Simulated and (b) measured output phases for the input ports of the 8×8 Butler matrix at 28 GHz.
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Figure 16. (a) Simulated and (b) measured main beam radiation patterns at 28 GHz for the input ports of the
multibeam array antenna.

Table 3. Simulated (Gs ) and measured (Gm ) gains for the input ports of the multibeam array antenna.

Port number P1 P2 P3 P4 P5 P6 P7 P8

Gs (dBi) 15.2 9.2 11.7 14.5 14.5 11.7 9.2 15.2

Gm (dBi) 14.2 9.0 10.3 12.9 12.9 10.3 9.0 14.2

6. Conclusion
In this paper, the design of a multibeam array antenna fed by an 8×8 Butler matrix based on a single-layer
structure operating at 28 GHz was proposed. The structure of the multibeam array antenna was designed to
be compact with dimensions of 88×106×0.254 mm3 , suitable for a practical space-constrained base station.
The multibeam array antenna was designed and the electric performances were ensured via comprehensive
simulations. The proposed multibeam array antenna was fabricated using a low dielectric constant and a
low loss tangent substrate material called NPC-F220A. The return losses were less than −10 dB at 28 GHz.
The average insertion loss and phase error were 2.5 dB and ±10◦ at 28 GHz, respectively. The radiation
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characteristics of the main beam angle for each input port showed good agreement with the simulation results.
The measured gains were in the range of 9 dB to 14 dB with beam coverage of 88◦ . Thus, the proposed
multibeam array antenna in this work is adequate and suitable for 5G mobile base station applications.
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