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Abstract: New radio wave technologies of millimeter-wave (mmWave), compact cell size, and multi beam base
station are introduced with the recent development of the 5G mobile system. The Butler Matrix (BM) feed circuit is
the most preferable candidate for the 5G mobile system since it can achieve multi beam radiation patterns at the array
antenna, provide structural compactness and produce good multi beams. The BM circuit is typically built on a single
dielectric substrate. However, in this single-substrate structure, the micro strip line connecting several circuit
elements in the BM spans over a large area, resulting in significant feeding loss in the millimeter frequency band. In
this study, a compact size circuit configuration of BM is proposed, where the original single-substrate structure is
modified into a two-substrate stacking structure. The via-hole is designed to connect the two substrates with minimal
path loss. The BM is built for the 28 GHz band with four inputs and four outputs. The phase delay is optimized using
via-hole to produce the phase difference of +45° and +135°. The coupling for the hybrid is -3 dB, while the
transmission coefficient of -6 + 3 is achieved from the BM structure and, the return loss (Sii) for both input and output
ports are less than -10 dB. The two-substrate BM is combined with the rectangular patch antenna and the via-hole
patch antenna in a planar configuration of 0.5 4o spacing to obtain the radiation patterns. When the Port 1 through
Port 4 of the BM are fed, four beams are created, with peak gains of 11.2 dBi, 9.87 dBi, 10.2 dBi, and 11.7 dBi,
respectively, towards +16°, -35°, +39°, and -12°. The analysis includes the radiation performance from the ideal
value and from the BM input. Three-dimensional representations of good multibeam radiation patterns are obtained
after each input signal of the BM is fed.
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1. Introduction

Fifth-generation mobile system (5G) networks are designed to ease the current infrastructure's burden by providing
much faster speeds rates via improved channel bandwidths [1-2]. Inter-cell interference is a major challenge in dense
networks that need to be eliminated or minimized. To overcome the inter-cell limitation, millimeter wave’s (mmWave’s)
at higher frequency bands enable for more capacity. However, in terms of propagation properties, mmWave systems have
much higher total losses than microwave systems. The target signal quality is improved while interference is minimized
by employing beam formation using antenna arrays. Antenna array beamforming is essential for mmWave systems since
the antenna arrays are anticipated to be used at both communication link ends to compensate for the increased free space
route loss in the first meter of transmission [3].

Antenna beam forming plays a significant role in establishing and maintaining a robust communication link. One of
the most commonly beamforming used is Butler Matrix (BM) due to low cost, simple structure and planar. However, due
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to the high path and penetration losses at millimeter wavelengths, the antenna performance deteriorates. For mmWave
beamforming, previous work has used finline technique, hollow waveguide, switches in single planar, substrate integrated
waveguides (SIW), and tri-layer configurations [4-9]. In [10], by eliminating the 0 dB crossover, a planar BM is
presented, and a modified BM without the phase shifter component is shown in [11], allowing for greater frequency range
phase shift stability while minimising the length and component loss. To reduce mutual coupling, a broadband phase
shifter is modified in [12]. When the passive feeding network includes N inputs and N outputs, where N is the power of
2 (N = 2") made the structure is complex and some of the BM sizes proposed by earlier studies are impractical when a
larger matrix is required [13]. BM technology has been widely regarded as a promising alternative for 5G systems,
although there is still a gap between the antenna integration of mmWave prototypes and beamforming systems. There
are a lot of challenges due to the significant path and penetration losses at mmWave, when the antenna performance
suffers due to losses from the BM structure.

In this work, the design of BM structure using the vias is used to reduce the path loss and to provide a compact size.
The dual-layer substrate is connected to the BM through circular slot, which is designed at the ground layer which is at
the centre of the two substrates. The via pin is used to adjust the amplitude and the phase delay during transition. Patch
antenna array is used as the radiating element of the BM structure. Given that the crossover is avoided, this structure is
efficient. The via-slot hole's diameter and via pin diameter are used to control the coupling and phase transition of the
signal, allowing the BM to minimize amplitude and phase imbalances. For the actual application at 28 GHz with
constrained space, the two-substrate configuration’s compact design makes the BM size ideal. When the signal is sent
from Port 1 to Port 4, the BM creates four beams with peak gains of 11.2 dBi, 9.87 dBi, 10.2 dBi, and 11.7 dBi,
correspondingly, directed at +16°, -35°, +39°, and -12°. An antenna electromagnetic simulation, Computer Simulation
Technology (CST) is used to analyze the performance of the BM and the multi-beam radiation patterns.

2. Butler Matrix Design

In the conventional BM design, four hybrids, phase shifters and crossovers are arranged in a planar configuration.
However, in this technique, two-substrate is used to provide compact size, and via-hole is used to compensate the insertion
loss and the phase with minimal loss and produce good multi beams.

2.1 Butler Matrix

As depicted in Fig. 1, a 4x4 BM structure has four hybrids, two 45° phase shifters and two crossovers. When the
input port of the BM is given the signal and the BM is integrated to the antenna array, four different beams are formed.
The BM network has N ports with N inputs and outputs. A BM can also be used to point the beam by providing a signal
to each input port and adjusting the phase across the output ports progressively. According to Moody's design concept,
the phase difference between radiating elements for a BM with N elements and for the direction beam point is given by
Equation 1 [14]. Phase differences at the output ports are +45 degrees and +135 degrees, respectively, for the p™" beam
angle:

P N ()
whereN=4,n=2andp=1,2,....(n+1).

Thus, by applying the above equation for 4x4 BM, the phase difference is + 45° for port 1and port 4, while + 135°
for port 2 and port 3, respectively. In a two-substrate via-hole design, the top and bottom layer configurations are
connected using the via pin as shown in Fig. 2. The side size is minimized to half of the normal structure when the
configuration is used. The BM consists of two passive hybrids on the upper and lower layers, with 45° phase shifters
attached by a via pin with a circular hole at the center ground. The use of a crossover connection is removed in these
designs, resulting in a significant reduction in the size of the BM and a reduction in losses. Table 1 shows the output
phase difference for each of the input ports.
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Beam 3 Direction =+50°, a=-135°
when Port 3 fed with signal

Beam 1Direction =+12°, a=-45°
when Port 1 fed with signal

when Port 4 fed with signal

s Beam 2 Direction =-50°, a=+135°
Phase Shifter when Port 2fed with signal

Fig. 1 - 4x4 Butler Matrix phasor excitation with respects
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Fig. 2 - Dual-layer Butler Matrix with via-hole structure

Table 1 - Output phases of Butler Matrix

Output Port 1, Output Port 2, Output Port 3, Output Port 4, Phase
P5 P6 P7 P8 Difference
Input Port 1, P1 0 -45 -90 -135 -45
Input Port 2, P2 0 +135 +270 +405 +135
Input Port 3, P3 0 -135 -270 -405 -135
Input Port 4, P4 0 45 90 135 45

2.2 Via-Hole

By adjusting the parameters of the ground circular slot diameter, Ds, microstrip via-hole pin diameter, Dp and the
substrate thickness, Dr, the via-hole produces a minimal loss coupling at high frequencies. When connecting the dual-
layer substrates as indicated in Fig. 3 (a), the via pin is more flexible, and Fig. 3 (b) shows the surface current flowing
via the circular slot through hole. The strip line width, w and length, | is 0.7826 mm and 4 mm. Fig. 4 illustrates an
analysis of the effects of various circular slot diameters, via-hole pin diameters, and substrate thicknesses on insertion
loss, with the lowest insertion loss occurring at Ds, is 1.2 mm, Dp, is 0.3 mm, and D, is 0.254 mm, respectively. The
design has input ports (Port 1) on the top layer, while the other port (Port 2) is designed on the lower layer. A path for an
electrical signal to travel through is provided by the via-hole, which connects the top and bottom layers.
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(a) (b)
Fig. 3 - Via-hole (a) structure and; (b) current distribution
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Fig. 4 - Parameter analysis towards the insertion loss (a) circular slot diameter, Ds and; (b) via pin diameter, Dp,
and; (c) substrate thickness
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2.3 Strip Line Analysis

The NPC-F220A substrate, which has a thickness of 0.254 mm, a dielectric constant of 2.2, and a tangent loss of
0.007, is used to determine the strip line characteristics. After considering the impedance of 50 ohms and electrical length
of 360 degrees at the operating frequency of 28 GHz, the strip line length, Lo and Wy, are 7.75 mm and 0.84 mm,
respectively. The guided wavelength, g, is 7.2 mm in length and a total length of 360°. Consequently, a 0.02 mm line
length results in a 1° phase delay. Phase shift and insertion loss are affected by the additional strip line, 4L. In this work,
the length change, 4L, is varied from 1 mm to 10 mm, and from the simulation, Fig. 5 shows the insertion loss and phase
shift characteristic with 0.029 dB/mm and 47°/mm variations for every strip line dimension, respectively.
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Fig. 5 - Insertion loss and phase shift of the strip line length changes, AL

2.4 Hybrid

Two transmission lines with A/4 vertical and horizontal branches connected produce the 3-dB hybrid. The hybrid's
horizontal and vertical branches are controlled to determine the output ports' progressive output phase and minimum
coupling value. In Fig. 6, a hybrid with four terminal ports is depicted, with the signal becoming transmission when it
passes from P1 to P2 and coupling properties when it passes from P1 to P3. The hybrid's dimensions in the proposed
design are 3.24 x 6.00 mm?2. The hybrid has values of -29 dB, -3.2 dB, -3.9 dB, -28 dB, and so on for its return loss, Si1,
insertion loss, Sz1, coupling, Ssi, isolation, Sa1, and output phase difference of 90°.
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Fig. 6 - Hybrid configuration (a) structure and; (b) S-Parameter

2.5 Butler Matrix with Via-Hole

The Butler Matrix is analyzed using the NPC-F220A substrate. Fig. 7 (a) illustrates the configuration of two hybrids
on the upper layer and two hybrids on the lower layer. The hybrids are arranged overlapping between each substrate layer
to provide a compact size of BM structure with the overall dimension of 16.47 mm x 7.6 mm. In comparison to [15], the
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size reduction is almost 80%. The current distributions through each BM elements are shown in Fig. 7 (b)when one input
signal is fed.
16.47 mm

&

v

rl
P2
P3
P4

7.6 mm

(b)

Fig. 7 - Butler Matrix structure (a) side by side and; (b) surface current distribution

2.6 Antenna Array

The directional radiation pattern is formed when the antenna array is arranged at a specified spacing. The array's
radiating pattern is controlled by the configuration, the distance between the elements, the amplitude and phase excitation
of the elements, and the radiation pattern of individual elements, among other factors. The radiation pattern of the array,
excluding the individual element pattern, is used to identify array factors, which can be done by considering the elements
as point sources. The array factor can be given as Equation 2 [16]:

N
AF:Z etitn—1¢
n=1 )

where ¢ =kd cos 0+ f

3. Patch Antenna Array Design

An analysis of the rectangular patch antenna and via-hole antenna is discussed in this section. Two types of the patch
antenna are used, to construct the patch antenna array. The antenna array is connected to the BM where the performance
of the configuration is analyzed.

3.1 Rectangular Patch Antenna

The rectangular patch antenna size is controlled by the substrate's dielectric constant and the resonant frequency. As
the operating frequency rises, the patch antenna’s size decreases. From Equations 3 to 5, the rectangular patch antenna is
designed with a dimension length, L, a width, Wy, and a height, h;, with a substrate thickness of hs and a permittivity of
&r. Fig. 8 shows the rectangular patch antenna configuration and the current distributions at 28 GHz. The simulation
results for the antenna return loss, Sy are < -18 dB. Fig. 9 depicts the antenna's 2D and 3D radiation patterns, respectively
where this antenna produces a broadside and symmetric radiation pattern.
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Fig. 8 - Rectangular patch antenna (a) perspective view; (b) surface current distribution and; (c) return loss, Si
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Fig. 9 - Radiation pattern of a rectangular patch antenna (a) 2-D polar and; (b) 3-D polar

3.2 Via-Hole Antenna

The via-hole antenna is designed from a patch that is placed a small fraction of a wavelength above the ground plane
and the current distributions are shown in Fig. 10. The feed line is designed at the bottom layer with the ground plane
with a circular slot of a diameter of 0.4 mm. The two conducting layers are connected using a via pin with a dimeter of
0.3 mm. The design for a good matching at the design frequency, 28 GHz is obtained from the final position of the via
pinis inserted in the point of excitation is 0.68 mm from the lower part of the radiating patch. The return loss performance,
Si1 is less than -20 dB. Fig. 11 depicts the antenna's 2D and 3D radiation patterns, respectively where this antenna
produces a broadside and symmetric radiation pattern.
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Fig. 10 - Via-hole antenna (a) perspective view; (b) surface current distribution and; (c) return loss, Su
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Fig. 11 - Radiation pattern of a via-hole patch antenna (a) 2-D polar and; (b) 3-D polar

3.3 Antenna Patch with Ideal Phase Excitation

The rectangular patch antenna and the via-hole antenna are positioned to be Xo/2 between elements as shown in Fig.
12. The ideal input phase and amplitude is fed to each of the input ports of the antenna array using the theoretical value
from Table 1. The direction of the beam forming is shown respectively in Fig. 13 with the realized gain of 12.4 dBi, 11.2
dBi, 11.6 dBi and 12.6 dBi where the beam direction is towards +13°, -43°, +40° and -15°.
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Fig. 12 - Rectangular patch antenna with via-hole patch antenna array with Lo/2 spacing
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Fig. 13 - 2 D and 3 D antenna beam direction when signal is fed to (a) port 1; (b) port 2; (c) port 3 and; (d) port 4

3.4 Butler Matrix with Antenna Array Performance

Fig. 14 (a) illustrates the four ports BM with antenna array for the beamforming antenna system. The surface current
is illustrated in Fig. 14 (b), where the signal is observed to be distributed through each hybrid, phase shifter and
transmission line in the BM. The BM configuration and the antenna array create four beam arrays according to the
amplitude and phase output of the BM. The array factor processing creates the four beams based on the phase difference
between the output ports.

(@) (b)
Fig. 14 - Butler Matrix with antenna array (a) configuration and; (b) surface current when input is fed at Port 1

The return loss performance of the input ports (P1-P4) and the output ports (P5-P8) are shown in Fig. 15, with the
value is less than -10 dB, which shows small reflection coefficient while the transmission amplitude has the range from
-6 +4 dB at 28 GHz as shown in Fig. 16. In Fig. 17, the phase difference between output ports shows promising results
between the theoretical value and the simulation results with small error, £1° for each of the output phase difference.
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The beam directions of the beamforming antenna system when the four input ports are fed with signals from the BM
are shown in Fig. 18. When the Port 1 is fed, the beams radiate in the directions of +16°, -35° when input Port 2 is fed,
+39° when input Port 3 is fed, and when the input is fed to Port 4, the beams is pointing to -12°. The gains of each
beamforming antenna system are 11.2 dBi, 9.87 dBi, 10.2 dBi, and 11.7 dBi.
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Fig. 18 - Antenna beam direction when signal is fed to (a) port 1; (b) port 2; (c) port 3 and; (d) port 4
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4. Conclusion

In this paper, a via-hole structure BM is designed for the coupling purpose with the via pin is used to connect the
two-substrate. The hybrids are connected between two layers by using the via-hole pin and overlapping between each
other’s, where overall dimension of the BM is compact (16.47 x 7.6 x 0.254) mm?® for each substrate. By simplifying the
structure and eliminating the crossover elements, this method reduces insertion loss in the structure. In the BM analysis,
the transmission coefficient of the output ports has a minimum value of -6 + 3 dB with a hybrid coupling value of 3 dB.
The 4x 4 BM is built of NPC-F220A, a low-loss substrate with a low dielectric constant. At 28 GHz, the return losses
and isolation value are both less than 10 dB. When the BM is connected to the antenna array, four beams are produced
at +16°, -35°, +39°, and -12°. The four beams are formed with gains of 11.2 dBi, 9.87 dBi, 10.2 dBi, and 11.7 dBi,
respectively. The results obtained from the BM simulation is comparable to the ideal phase excitation. The compact size
structure can be used to create larger matrix BMs with more input and output ports while maintaining the low loss
structure.
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