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Abstract

This paper introduces a method to realize beam switching by using a substrate-integrated
waveguide (SIW) Butler matrix combined with a slot array antenna. The Butler matrix con-
sists of two hybrid couplers, two crossovers, two —45-degree phase shifters, and two 0-degree
phase shifters. The slot array antenna is a 4 x 2 array. The operating frequency band of the slot
array antenna, where the reflection coefficient is below —10 dB, is 26.5-31.5 GHz. The mea-
sured beamforming angles from input port 1 to input Port 4 of the Butler matrix are +46,
—16, +15, and —50°, respectively. The corresponding antenna gains from input Port 1 to input
Port 4 are 11.57 dB, 14.284 dB, 10.94 dB, and 12.864 dB, respectively. The dimensions of the
Butler matrix and the slot array antenna are 56.8 mm x 21.2 mm x 0.254 mm. The dimen-
sions of the SIW transmission channels between the Butler matrix and input Ports 1- 4 are
16.9 mm x 34 mm X 0.254 mm.

Introduction

In recent decades, wireless communication systems have evolved from the first generation to
the current fifth generation [1]. In addition, efforts are actively being made to develop the sixth
generation of wireless communication systems [1]. The current fifth-generation wireless com-
munication systems mainly utilize two frequency ranges: FR1 and FR2 [2]. FR1 operates in the
frequency range of 410-7125 MHz and has been extensively utilized in various commercial and
open access services, such as Zigbee, Bluetooth, Wi-Fi, GSM, CDMA, 3G, 4G, etc [3]. On the
other hand, FR2 operates in the millimeter-wave frequency range of 24.25-71 GHz and offers
faster transmission speeds and wider bandwidth compared to 4G [4]. The FR2 band, especially
the higher frequencies, remains relatively untapped and is a focal point of attention in wireless
communication [1-6].

In millimeter-wave frequency applications, one of the primary challenges is the increase in
frequency, which leads to exacerbated path losses [7]. Electromagnetic waves experience more
severe free-space losses and blockages, resulting in significantly reduced signal-to-interference
plus noise ratio. To address this issue, many studies suggest that multiple beam antennas are a
favorable solution [7-9]. The Butler matrix is one of the key beamforming networks used for
this purpose. Compared to other beamforming networks, the Butler matrix offers a relatively
simpler and cost-effective design, allowing for easy beam switching [10-14].

Furthermore, the Butler matrix can be implemented using microstrip technology [8, 12,
15-17], as shown in Fig. 1. A 4 x 4 Butler matrix based on microstrips typically consists of
two hybrid couplers, two crossovers, and two 45-degree phase shifters. Alternatively, it can also
be realized using the substrate-integrated waveguide (SIW) approach [3, 7, 11, 13, 14, 18-25].

As shown in Fig. 2, a 4 x 4 Butler matrix implemented using the SIW approach typically
consists of two hybrid couplers, two crossovers, two 45-degree phase shifters, and two 0-degree
phase shifters.

A comparison between Figs. 1 and 2 reveals that the microstrip-based 4 x 4 Butler matrix
lacks two 0-degree phase shifters compared to the SIW-based 4 x 4 Butler matrix.

The main reason for this difference is that in the microstrip-based implementation,
the hybrid coupler 2 connected to output Port 5 and hybrid coupler 4 connected to out-
put Port 8 utilize microstrip transmission lines, which generally do not introduce phase
variations. However, in the SIW-based 4 x 4 Butler matrix, to ensure phase consistency,
0-degree phase shifters are used to connect hybrid coupler 2 with output Port 5 and
hybrid coupler 4 with output Port 8 [13]. However, the application of a 4 x 4 Butler
matrix in SIW form at millimeter-wave frequencies is prone to significant dielectric loss,
leading to reduced radiation efficiency. Consequently, some studies have explored using
a Coplanar waveguide (CPW)-type Butler matrix to address this issue [26]. Nevertheless,
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Figure 2. SIW-based 4 x 4 Butler matrix combined with an array antenna.

it is evident that the periphery of the CPW-type Butler matrix still
involves SIW design, which increases the complexity of the overall
design.

In fact, there have been many studies aimed at reducing antenna
size by designing three-dimensional or multilayer structures for
the Butler matrix [19-21]. However, this approach significantly
increases the complexity of the design [13], and it does not nec-
essarily guarantee an improvement in antenna gain, thus not fully
exploiting the characteristics of the Butler matrix.

Due to the need for multiple 0-degree phase shifters in the STW-
based 4 x 4 Butler matrix design, it is relatively more complex
compared to the microstrip-based 4 x 4 Butler matrix. However,
the SIW-based 4 x 4 Butler matrix offers the advantage of low loss
and, when combined with a slotted array antenna designed using
SIW, further enhances antenna gain [13].

Despite extensive research on microstrip-based and SIW-based
Butler matrices for beamforming in millimeter-wave applications,
significant challenges remain, particularly concerning dielectric
losses in SIW designs and the complexity of multilayer structures.
Additionally, prior designs have exhibited limitations in antenna
gain and bandwidth coverage, necessitating further investigation
to improve performance for 5G n257 bands.

In this paper, a SIW Butler matrix slot array antenna is
proposed. This proposed antenna exhibits good antenna gain
(10.94 ~ 14.284 dB) and features a planar single-layer structure.
By adjusting the positions of the metal vias inward or adding
an additional row of metal vias inside the existing metal vias
without expanding the outer dimensions, the design addresses
the issue of excessive dielectric loss leading to reduced radiation.
This approach simplifies the structure and makes it easy to fab-
ricate while maintaining good antenna gain. In the “Brief theory
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of Butler matrix” section, a brief introduction to the theoretical
aspects of the Butler matrix is provided, followed by the design
process of various components of the Butler matrix in the “Butler
matrix design process” section. The “Simulation of the Butler
matrix” section presents the simulation of the Butler matrix, while
the “Measurement and comparison of the Butler matrix antenna”
section presents the measurement results and compares the con-
tributions of this study. Finally, the “Conclusion” section offers
conclusions and outlines future directions for improvement.

In this paper, we propose a novel SIW-based Butler matrix
design that overcomes the aforementioned challenges by incorpo-
rating inward-positioned metal vias and additional rows of vias
within the existing structure. This approach minimizes dielectric
loss and enhances antenna gain while maintaining a planar, single-
layer design. Such an innovation simplifies fabrication and reduces
manufacturing costs, making it more feasible for large-scale pro-
duction and practical 5G applications.

Unlike previous designs that employ multilayer or CPW-based
Butler matrices [7, 8, 11-24, 26], which tend to suffer from
increased complexity and dielectric losses, our design utilizes a
single-layer SIW approach with tailored metal via positioning to
enhance performance. Compared to other designs, our proposed
Butler matrix demonstrates a more favorable trade-off between
gain and simplicity.

The main contributions of this study are as follows:

(1) a novel design approach using inward-positioned metal vias
for improved gain and reduced dielectric loss;

(2) asingle-layer, planar structure that simplifies the overall design
while maintaining robust beamforming capabilities;
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(3) a comprehensive comparison with existing designs, demon-
strating superior bandwidth coverage and ease of fabrication
for 5G n257 band applications.

Brief theory of Butler matrix

According to the SIW Butler matrix shown in Fig. 2, it consists
of two hybrid couplers, two crossovers, two —45-degree phase
shifters and two 0-degree phase shifters. The Butler matrix will
be connected to an antenna array, forming a multi-beam antenna
as shown in Fig. 1. The direction of rotation of the beam can be
calculated using Formula 1 [13].

. (A0 . .
edirection =90° —cos™ " <ﬁ) ; —90° < Hdirection <90 (1)

where X represents the wavelength, d is the distance between
two adjacent elements (usually equal to or less than N/2), and ¢
is the phase difference between any two adjacent antennas in the
array. The beam steering direction is achieved through the phase
difference between neighboring antennas, and the phase difference
between antennas is controlled by the Butler matrix.

Butler matrix design process

In this paper, the Butler matrix is simulated and designed using a
Rogers Duriod 5880 substrate, with a loss tangent of 0.0009 and
a relative dielectric constant of 2.2. The phase differences between
consecutive antennas are set at —45°, 135°, —135°, and 45°, result-
ing in theoretical beam angles of 14.4°, —-48.6°, 48.6°, and —14.4°,
respectively.

According to the structural characteristics of the SIW-based
Butler matrix, the cross-coupler is formed by connecting two
hybrid couplers together, and the size and structure of the phase
shifter are constrained by the hybrid coupler and crossover. As a
result, the size of the hybrid coupler determines the overall size
of the Butler matrix in this study. Additionally, since the phase
shifter needs to change phase, a straight-line structure is not fea-
sible, and a bending structure is required for its implementation.
However, in the proposed Butler matrix, to avoid increasing its size,
the phase shifter’s structure is positioned toward the overall center,
preventing the matrix from expanding its dimensions outward.

Hybrid coupler

To achieve desired phase differences of —45°, 135°, —135°, and 45°
between consecutive antennas, a hybrid coupler with a phase dif-
ference of —90° is used in this study. The hybrid coupler utilizes
metal via holes with a size of 0.4 mm and a spacing of 0.8 mm
between adjacent metal via holes. The dimensions and geometry
of the designed hybrid coupler are shown in Fig. 3 and Table 1.

In this study, the required frequency band, reflection loss, trans-
mission coefficient, and output phase difference are achieved by
adjusting the length, width, and position of the metal vias in the
hybrid coupler. For instance, shifting the entire row of L5 metal
vias horizontally by 0.4 mm toward Ports 1 and 2 increases the
frequency of the hybrid coupler, resulting in a phase difference of
-270°. Conversely, shifting the vias 0.4 mm toward Ports 3 and 4
decreases the frequency, resulting in a phase difference of +90°.
The frequency of the proposed hybrid coupler lies between these
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Figure 3. Schematic diagram of the dimensions of the hybrid coupler.
Table 1. Hybrid coupler dimensions

Parameter Value (mm) Parameter Value (mm)
L 7.2 w 11.2
I 0.8 w; 0.6
[ 0.4 w, 5.6
k 0.8 ws 0.6
Iy 6.1
ls 0.4

two scenarios, maintaining a phase difference of —90°, as shown
in Figs. 4 and 5. This demonstrates that adjusting the position of
the metal vias is crucial for meeting the design requirements of the
hybrid coupler.

Figure 4 shows that the reflection coefficient S11 and isolation
S21 of the proposed hybrid coupler are below —10 dB in the fre-
quency range of 25-37.5 GHz. When the frequency of the proposed
hybrid coupler is 28 GHz, the through Port S31 is —2.63 dB, and
the coupled Port S41 is —4.13 dB, as depicted in Fig. 5. The phase
difference between Port 1 and Port 3 is approximately —90.7°.

Crossover

The structure of the cross-coupler in this paper is slightly modified
from the typical configuration, where two hybrid couplers are con-
nected in series. In the modified design, the last metal via hole of
the first hybrid coupler is shared with the first metal via hole of the
second hybrid coupler, as shown in Fig. 6. This approach helps to
slightly reduce the size of the cross-coupler.
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Figure 5. Schematic diagram of the phase difference between S31 and S41 for the hybrid coupler.

Figure 7 presents the simulation results, indicating that the At 28 GHz, through Port S41 is —0.47 dB. These simulation
reflection coefficient S11 and isolation levels S21 and the crossover ~ results demonstrate that the cross-coupler meets the design
Port S31 are all below —10 dB in the frequency range of 26-33 GHz.  requirements.
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Figure 7. Simulated S-parameter of the crossover.

Phase shifter

The phase shifter is a critical component in the Butler matrix, used
in conjunction with the phase difference of the hybrid coupler to
achieve fixed output phase shifts. In this design, the hybrid cou-
pler has a phase difference of —90°, so the required corresponding
phase shifters are —45° and 0°. The size of the phase shifter is
constrained by the dimensions of the hybrid and crossover and
cannot be adjusted by altering the length or width of the substrate.

Additionally, the inner side of the phase shifter shares one side
of the metal via holes with the cross-coupler, making it impossible
to change the position of the inner metal via holes.

Several studies have suggested different approaches to design
the phase shifter, such as bending the outer row of metal via holes
outward or inserting multiple metal via holes internally. However,
bending the metal via holes outward would increase the overall size
of the structure and adding additional metal via holes would intro-
duce additional fabrication costs and time. In this paper, without
increasing the overall size or using additional metal via holes, the
approach of moving the positions of the outer metal via holes of
the phase shifter inward is adopted to achieve the design of the
—45-degree and 0-degree phase shifters.

-45-degree phase shifter

The structure of the —45-degrees phase shifter has the same length
as the cross-coupler and a width equal to the size of the hybrid cou-
plers it connects to. The overall size of the —45-degrees phase shifter
is depicted in Fig. 8.

As shown in Fig. 9, the simulation results indicate that the
reflection coefficient (S11) of the —45-degrees phase shifter is below
—10 dB in the frequency range of 25-35 GHz. At 28 GHz, the
transmission coefficient (S21) is —0.24 dB, as depicted in Fig. 9.
Furthermore, at 28 GHz in Fig. 10, the phase shift is simulated to
be —44.28°, confirming that the —45-degree phase shifter meets the
design requirements.
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Figure 8. Dimensions diagram of the —45-degree phase shifter.

0-degree phase shifter

The structure of the 0-degree phase shifter is designed under the
same constraints as the 45-degree phase shifter. Therefore, the same
design approach as used for the 45-degree phase shifter to imple-
ment the 0-degree phase shifter. The overall size of the 0-degree
phase shifter is shown in Fig. 11.

As depicted in Fig. 12, the simulation results demonstrate
that the reflection coefficient (S11) of the 0-degree phase shifter
is below —10 dB in the frequency range of 25-35 GHz. At
28 GHz, the transmission coefficient (S21) is —0.24 dB, as shown
in Fig. 12. Moreover, at 28 GHz in Fig. 13, the phase shift is sim-
ulated to be —0.23°, which is very close to 0°. These simulation
results confirm that the 0-degree phase shifter meets the design
requirements.

Slot antenna

Slot antennas have been widely used in SIW-form Butler matrices,
and their design typically involves a size of about half a wave-
length. This allows for smaller antenna dimensions and extends
the SIW’s structure, increasing the isolation between adjacent
antenna elements. Moreover, when the adjacent antenna ele-
ments are spaced half a wavelength apart, the radiated electro-
magnetic waves can be aggregated, leading to an increase in
antenna gain.

In this paper, the design of the Butler matrix took the require-
ments of the slot antennas into consideration before designing the
hybrid coupler. In other words, the slot antenna was the first ele-
ment to be considered and designed in this study. The structure and
dimensions of the antenna slot used in this article are depicted in
Fig. 14 and Table 2.

As shown in Fig. 15, the simulation results of this slot antenna
indicate that the reflection coefficient is below —10 dB in the
frequency ranges of 27.55-28.75 GHz, 30.78-31.32 GHz, and
34.65-35.28 GHz.

The proposed slot antenna was simulated with input phase set-
tings of —45, =90, —135, and -180° for Ant. 1, Ant. 2, Ant. 3, and
Ant. 4, respectively, to form a beam angle of +14° and a gain of
12.94 dB at the frequency of 28 GHz.

Similarly, for Port 2, the input phase settings were set to —135°,
-0°, -225°, and —90° for Ant. 1, Ant. 2, Ant. 3, and Ant. 4, respec-
tively, resulting in a beam angle of —48° and a gain of 13.76 dB at a
frequency of 28 GHz.

For Port 3, the input phase settings were —90°, —225°, —0°, and
—135° for Ant. 1, Ant. 2, Ant. 3, and Ant. 4, respectively, to achieve a
beam angle 0of47° and a gain of 13.24 dB at the frequency of 28 GHz.

Finally, for Port 4, the input phase settings were —180°, —135°,
—-90°, and —45° for Ant. 1, Ant. 2, Ant. 3, and Ant. 4, respec-
tively, resulting in a beam angle of —15° and a gain of 13.26 dB at
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Figure 9. Simulated S-parameter of -45-degree phase shifter.
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the frequency of 28 GHz. The simulation results are illustrated in
Fig. 16.

Although this slotted antenna design has a narrower bandwidth
and does not meet the 5G n257 band, the gain of this slotted
antenna is significantly higher than that of some other slotted
antenna designs reported in the reference [27]. Additionally, the
final antenna bandwidth can be adjusted to cover the 5G n257 band
by tuning the SIW transmission channel, as discussed later.

Simulation of the Butler matrix

In this section, the previously designed hybrid couplers, crossovers,
45-degree phase shifter, and 0-degree phase shifter, each with their
respective dimensions and configurations as described earlier, have
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Figure 13. The phase of a 0-degree phase shifter.

been successfully combined following the structure shown in Fig. 1.
The same metal via is used between adjacent elements, with the first
metal via of the preceding element connected to the last metal via of
the subsequent element. The size and spacing of the metal vias are
maintained as in the original design to ensure phase consistency
and proper transmission. The general dimensions of the combined
Butler matrix are shown in Fig. 17.

In Fig. 17, the Butler matrix shows a symmetric structure
between Port 1 and Port 4, as well as between Port 2 and Port 3.
As indicated in the simulation results, the trend of the reflection
coeflicients S11 and S44 for Port 1 and Port 4 is highly consistent.
Similarly, the trend of reflection coefficients S22 and S33 for Port
2 and Port 3 is also in close agreement, reflecting the mutual cor-
respondence between Port 1 and Port 4, and Port 2 and Port 3 due
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Table 2. SIW slot antenna dimensions
Parameter Value (mm) Parameter Value (mm)
L, 212 w, 18.6
I, 1.35 Way 5.7
7 1.39 Wa 5
los 0.59 Was 9.5
i 0.6 o 0.7
Lus 5 Was 9.4
las 0.6 Wes 11
Way 0.8
Weag 0.4
Wa9 0.6

to their symmetric configuration. Moreover, the reflection coeffi-
cient S11 for Port 1 remains below —10 dB in the frequency range
of 26.67-34.73 GHz, while the reflection coefficient S44 for Port 4
remains below —10 dB in the frequency range of 26.61-33.63 GHz,
as shown in Fig. 18.

As shown in Fig. 19, the final design resulted in reflection losses
of —10 dB or below at a frequency of 28 GHz when Ports 1-4 were
excited, using the original Butler matrix combined slot antenna and
1.85 mm coaxial connectors, along with the adjusted positions of
the metal via holes in the SIW transmission channel.

Figure 20 illustrates the frequency ranges for Ports 1- 4, where
Port 1 operates in the frequency range of 26.4 -32.52 GHz,
Port 2 in the range of 27.1-30.56 GHz, Port 3 in the range of
27.1-30.56 GHz, and Port 4 in the range of 27.12-30.56 GHz.

Figure 21 presents the performance results when each Port (Port
1-4) is individually excited. At a frequency of 28 GHz, Port 1
achieved a maximum gain of 10.57 dB with a beam angle of 44°.
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Figure 15. The reflection coefficient of the slot antenna.

Port 2 demonstrated a maximum gain of 10.56 dB and a beam
angle of —19°. Port 3 exhibited a maximum gain of 10.34 dB with
a beam angle of 19°. Finally, Port 4 showed a maximum gain of
11.35 dB with a beam angle of —43°. These results closely align with
the theoretical beam angles for Ports 1-4.

Furthermore, as shown in Fig. 22, this study also explored the
original Butler matrix combined slot antenna with end launch
coaxial connectors and adjusted the positions of the metal via holes
in the SIW transmission channel to reduce transmission losses.
The goal was to maintain the correct beam angles when Ports 1-4
were excited and achieve reflection losses of —10 dB or lower at
a frequency of 28 GHz, and even extend the reflection losses to
cover the n257 frequency band. Furthermore, as shown in Fig. 22,
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Figure 17. The dimensions of the Butler matrix.

this study also explored the original Butler matrix combined slot
antenna with end launch coaxial connectors and adjusted the posi-
tions of the metal via holes in the SIW transmission channel to
reduce transmission losses. The goal was to maintain the correct
beam angles when Ports 1- 4 were excited and achieve reflection
losses of —10 dB or lower at a frequency of 28 GHz, and even extend
the reflection losses to cover the n257 frequency band.

Figure 26 illustrates the frequency ranges for Ports 1- 4, where
Port 1 operates in the frequency range of 27.3-32.5 GHz, Port 2 in
the range of 26.65- 30.3 GHz, Port 3 in the range of 26.6-30.3 GHz,
and Port 4 in the range of 27.3-32.5 GHz.

Figure 28 presents the performance results when each Port (Port
1-4) is individually excited. At a frequency of 28 GHz, Port 1
achieved a maximum gain of 10.8 dB with a beam angle of 48°.
Port 2 demonstrated a maximum gain of 9.85 dB and a beam
angle of —19°. Port 3 exhibited a maximum gain of 10.4 dB with
a beam angle of 19°. Finally, Port 4 displayed a maximum gain of
10.27 dB with a beam angle of —39°. Although the beam angle for
Port 4 differed by 6° from the theoretical value, the original Butler
matrix combined slot antenna with end launch coaxial connectors
offered better bandwidth. Consequently, this design was selected
for subsequent measurements.

https://doi.org/10.1017/51759078724001284 Published online by Cambridge University Press

Measurement and comparison of the Butler matrix
antenna

The proposed Butler matrix array antenna was manufactured and
measured as shown in Fig. 23, with overall dimensions identi-
cal to those depicted in Fig. 22. The measurements were made
using a Keysight N5293A network analyzer, and Fig. 24 provides
a photograph of the measured reflection losses.

For measuring antenna gain and radiation patterns, an Atenlab
R3 anechoic chamber was used. Figure 25 presents a photograph of
the measurement setup for the radiation patterns and gain. During
the measurement process, all ports (Port 1-Port 4) were connected
using end launch coaxial connectors.

As shown in Fig. 26, the results of the reflection coefficient mea-
surement for the sample of the Butler matrix array antenna indicate
that they are below —10 dB. The frequency ranges for each port are
as follows:

Port 1 operates in the range of 26.8-31.8 GHz.

Port 2 operates in the range of 25.8-32.8 GHz.

Port 3 operates in the range of 25.8-31.4 GHz. The reflection
loss of Port 3 is slightly higher than —10 dB in the frequency range
of 29.8-30.5 GHz.

Port 4 operates in the frequency range of 26.8-31.8 GHz.

Figure 27 presents the measured gain results for Ports 1- 4 of
the Butler matrix array antenna sample at a frequency of 28 GHz.
The gains are as follows: Port 1-11.57 dB, Port 2-14.28 dB, Port 3-
11.94 dB, and Port 4-12.84 dB. Additionally, the maximum gains
at the frequency point of 28 GHz are: Port 1-15.71 dB, Port 2-
17.848 dB, Port 3-14.02 dB, and Port 4-14.96 dB.

As shown in Fig. 28, at a frequency of 28 GHz, the measured
beam angles for the sample antenna were as follows:

Port 1 had a beam angle of 44°.
Port 2 had a beam angle of —14°.
Port 3 had a beam angle of 15°.
Port 4 had a beam angle of —50°.

In Fig. 28, the discrepancy between the measured and simu-
lated gains, where the measured gain is significantly higher, can be
attributed to two main factors: differences in the testing environ-
ment and manufacturing tolerances.

Firstly, testing environment differences can lead to variations
in measured results, as real-world testing conditions may intro-
duce reflections or interference that are not accounted for in the
simulation model. These external influences can enhance the mea-
sured gain, creating a discrepancy when compared to idealized
simulation results.

Secondly, manufacturing tolerances can also impact the
antennas performance. Minor variations in the fabrication pro-
cess, such as slight deviations in component dimensions or material
properties, can affect the antenna’s gain characteristics. These tol-
erances may lead to improved gain in the measured prototype
compared to the theoretical model used in simulations.

The azimuth plane beam coverage at a frequency of 28 GHz is
depicted in Fig. 29. After normalizing the antenna gains of Ports
1-4, the beam coverage range is more prominently shown to be
between —50° and 44°, as illustrated in Fig. 29.

The comparison between simulation and measurement results
reveals that the beam angles of Ports 1- 3 in the sample antenna
differ by approximately 4°, while Port 4’s beam angle differs by
11°. Additionally, the measured frequency ranges for Ports 1-4
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Figure 19. The Butler matrix combined the slot antenna with the adjusted
SIW transmission channel and 1.85 mm coaxial connectors.

Figure 20. The schematic diagram of the reflection coefficient for Ports
1-4 after excitation is shown in Figure 19.
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Figure 18. The reflection coefficient of the Butler matrix.
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Figure 21. The beam angle schematic diagram for Ports 1- 4 after excitation in
Figure 19.

16.9mm 56.8mm

b J— Y

34mm
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Figure 22. The original Butler matrix combined the slot antenna with the adjusted
SIW transmission channel and the end-launch coaxial connectors.

show a slight increase, which may be attributed to manufacturing
discrepancies.

Discussion and comparison

In this paper, similar studies are compared with the proposed
design in Table 3. The comparison highlights several advantages of
the design presented in this study. First, the sample from this work
covers a frequency range of approximately 26-32 GHz, offering a
competitive bandwidth that is comparable to or wider than other
single-layer and multilayer designs listed in Table 3. For instance,
the bandwidth of the proposed design is wider than those reported
in references [7-19, 21-24] [12], and comparable to multilayer
designs such as [20].

Second, the size of the proposed antenna (56.8 x 21.2 mm) is rel-
atively compact, particularly when compared to multilayer designs
like [18-21, 23, 24], which have a significantly larger footprint,
which also has larger dimensions. This compact size, combined
with the single-layer structure, makes the proposed design well-
suited for practical applications requiring miniaturization.

In terms of peak gain, while the gain of the sample (14.28 dB) is
slightly lower than those reported in references [19] (14.37 dB) and
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Figure 23. The fabricated sample of the Butler matrix antenna with the end-launch
coaxial connectors connected.

Figure 24. Measurement of the reflection coefficients of the Butler matrix antenna
sample.

[20] (15.81 dB), it still performs competitively. It surpasses the gain
achieved by several other single-layer designs, such as references
[12] (6.7 dB) and [11] (10.2 dB), demonstrating the effectiveness
of the inward-positioned metal vias in enhancing performance
without increasing the complexity.

Moreover, the single-layer design presented in this work offers
advantages in terms of fabrication simplicity and cost-efficiency,
as it avoids the increased complexity and potential dielectric
losses associated with multilayer and CPW-based designs, such
as those in references [16, 18], and [22]. This design choice
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Figure 25. Measurement of radiation patterns and gain of the Butler matrix antenna sample.

Reflection coefficient (dB)

1 [~ Measured port1 — = Simulated port1

-35 —— Measured port2— = Simulated port2

: Measured port3 Simulated port3

-40 —Measured port4 — =Simulated port4
— =Spec.(-10dB)

ST T T T T T T
25 26 27 28 29 30 3 32 33 34 35

. . Figure 26. Measured and simulated reflection loss of the Butler
Fl eq“enq (GHZ) matrix antenna.

enhances its suitability for large-scale production and commercial ~ size, and competitive gain, when compared to other research
applications. designs. The single-layer structure further enhances the feasibility

Opverall, the results indicate that the proposed design exhibits  of this design for mass production and potential integration into
favorable characteristics, including broader bandwidth, compact  commercial 5G systems.
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Figure 28. The measured and simulated beam angle of the Butler matrix antenna.
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Table 3. Antenna comparison table for samples and other studies
Ref. Freq. (GHz) Size (mm) Peck gain (dB) Layers Beam
[7] 24-28 N/A 9.5 Multiple 2x2
[8] 28 23.26 x 28.92 N/A Single 4x4
[11] 28-32 53.6 x 15.8 10.2 Single 3x3
[12] 27-29 36 x 48 6.7 Single 4x4
[13] 28-32 56.5 x 21 11.2 Single 4x4
[14] 28-32 106 x 31.8 134 Single 6Xx6
[15] 28 90 x 45 x 11 14.1 Single 4x4
[16] 26-30 N/A 5.6 Multiple 4x4
[17] 24-28 ~150 x 160 12 Single 4x4
[18] 23.75-31 21.4 x 46 12.3 Multiple 4x4
[19] 27.8-30.8 Length ~ 130 14.37 Multiple 5x8
[20] 26.5-32 Length ~ 130 15.81 Multiple 8x8
[21] 28 101.6 x 63 6.1 Multiple 5x6
[22] 26 16 x 16 9.4 ~ 10.9 multiple 16x16
[23] 28 ~ 32 110.28 x 42.5 9.7 ~ 12 Single 4x4
[24] 10 269 x 66 Single 3x3
[26] 35-41 36.9 x 16.3 7T~8 Single 4x4
Thiswork ~26-32 56.8 x 21.2 14.28 Single 4x4
Conclusion The proposed antenna in this paper achieves significant minia-

In this study, it is suggested that when designing an SIW Butler
matrix, it may be beneficial to combine all the designed units
(hybrid couplers, cross couplers, —90-degree phase shifter, and 0-
degree phase shifter), connect the SIW transmission units and
coaxial connectors, and then adjust the SIW transmission units
to achieve the desired bandwidth. This method allows for a more
streamlined design process and potentially better performance in
terms of bandwidth and gain.
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turization and high gain. By adjusting the positions of the
metal vias inward or adding an additional row of metal vias
inside the existing ones without expanding the outer dimen-
sions, the design addresses the issue of excessive dielectric loss
leading to reduced radiation. This approach not only simpli-
fies the structure but also makes it easy to fabricate, offering
practical advantages for large-scale production and commercial
applications.
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However, the proposed antenna still has the problem of high
sidelobe levels. This issue remains an area for future research to find
a reasonable solution under similar architectures. Despite this, the
results suggest that the designed sample in this study exhibits favor-
able characteristics, with a broader bandwidth, compact size, and
competitive gain performance when compared to other research
designs.

In conclusion, the detailed examination and combination of
Butler matrix units provided in this study offer valuable insights
for future researchers. It is recommended that in the initial design
phase of SIW Butler matrices, all units should be combined, and
SIW transmission units and coaxial connectors should be con-
nected. Following this, adjustments to the SIW transmission units
should be made to achieve the desired bandwidth. Finally, verify-
ing whether the beam angles align with the theoretical values will
expedite the design process of SIW-type Butler matrices. The pro-
posed design and methodologies discussed in this paper present a
promising direction for the development of efficient and practical
SIW Butler matrices and slot array antennas.
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