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achieves higher peak gains (11.9 dBi edge, 9.75-9.76 dBi middle) than the modified
design (10.7-10.8 dBi), though the modified matrix offers more consistent return loss
(-12.5 dB) versus -10.6 dB (middle) and -27.3 dB (edge) for the conventional design.
Isolation performance differs by port location: the modified matrix improves edge-port
isolation (-12.9 to-21.2 dB, S14/541) relative to the conventional design (-6.3 dB), while
its middle-port isolation (-7.2 dB, $23/S32) is weaker than the conventional design's (-
12.8 to -15 dB), indicating a redistribution rather than a uniform improvement. Despite
a flipped middle-phase response from the crossover omission, the modified matrix
retains functional radiation patterns. These results show that the modified design
achieves a more compact, balanced configuration with improved edge-port isolation

Keywords: and return loss, but at the cost of lower peak gain and larger tilt-angle deviation (+3°
Butler Matrix, Multi-Beam Antenna versus +2°) compared to the conventional design. Beyond simulation, a fabricated 2x2
Array, MIMO Antenna, X-band, Beam MIMO array with a 2x2 Butler matrix was measured via VNA, confirming beam-steering
Forming at 340.39° and 31.36° and validating the crossover-reduction approach in hardware.

1. Introduction

In recent years, usage of X-band frequencies within wireless communication networks has grown
significantly [1]. X-band radar systems are widely deployed on large research vessels and various
offshore installations. Originally designed for purposes such as ship traffic management and
navigation, these systems have been adapted with specialized hardware and software
enhancements, enabling their application in the measurement of waves and currents [2].
Furthermore, various governments have recognized the potential of X-band frequencies and have
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begun allocating portions of this spectrum for commercial use [3], creating new opportunities for
service providers aiming to enhance network infrastructure and deliver better services to customers.

The X-band frequency occupies a crucial segment of the electromagnetic spectrum within the
microwave radio domain. Operating in the 8-12 GHz range, with a wavelength of 2.4-3.75 cm [4], the
X-band falls under the Super High Frequency (SHF) category, making it ideal for supporting land, sea,
and air communications, particularly for voice, image, data, and high-definition video transmission.
Under severe weather conditions, X-band signals exhibit reduced atmospheric attenuation, making
them a preferred choice for satellite communications [5].

Radio Detection and Ranging (Radar) technology has evolved since the late 19th century, with its
conceptual roots stemming from Heinrich Hertz's experiments in the 1880s, which sought to validate
James Clerk Maxwell's electromagnetic radiation theory. Maxwell's contributions in formulating
electromagnetic field equations allowed for a more comprehensive understanding of the relationship
between light and radio waves as manifestations of electromagnetic phenomena, albeit within
different frequency regimes [6].

As the world's largest archipelago state, Indonesia, with a total territorial area of 8.300.000 km?,
of which 6.400.000 km? comprises water [7], requires an effective defense and security system to
safeguard its territory. Radar technology plays a crucial role in this system. Despite the continuous
advancements in radar technology, its core principle, applied across all generations of radar systems,
whether Continuous-Wave (CW) or Ground-Controlled Interception (GCl), remains consistent with
the radar range equation. This equation forms the foundation of radar technology development, as
range is a critical aspect of any radar system's operation, particularly for object detection [8].

Previous research on Butler matrix technology has explored various approaches in the
development of intelligent radar antennas and beamforming systems. For instance, Ding et al. [9]
proposed a 6x6 beamforming network incorporating 3x3 and 2x2 hybrid couplers with quasi-arbitrary
phase differences. Their design demonstrated a significant enhancement in the capacity of
beamforming technology, which is crucial for improving radar performance and signal clarity [9].
Similarly, Rahayu and Simanihuruk [10] developed a 4x4 Butler matrix integrated with 5G antennas
that operates at 38 GHz, highlighting the practical applications of beamforming in modern 5G
communication systems. This design showcases how beamforming can optimize signal directionality
and bandwidth in high-frequency networks [10]. In another study, Liu et al. [11] employed the Monte
Carlo method to simulate variations in beamforming patterns resulting from fluctuations in
amplitude, phase, or both. Their findings revealed that phase fluctuations in the communication
channel had a more profound effect at the angle in the main lobe, rather than on the variations in
amplitude, underscoring the importance of phase control for accurate and efficient beamforming
[11]. Furthermore, Rahayu et al. [12] demonstrated improvements in antenna design efficiency by
developing a 1x4 array antenna integrated with a 4x4 Butler matrix at 38 GHz, further advancing the
precision of antenna arrays in beamforming applications [12]. Shao and Chen [13] extended this
research by proposing a 2x8 Butler matrix with variable power distribution. Their design utilized 180°
filtering screws and resonator-based power dividers to enable adjustable power distribution, phase
shifting, and bandpass filtering, which significantly enhanced the flexibility and efficiency of
beamforming systems. Collectively, these studies illustrate the recent advancements in Butler matrix
design and its critical role in optimizing 5G communication and radar technologies [13].

In the realm of array antenna development, various approaches have been explored to enhance
MIMO antenna performance. Rahayu [14] designed an 8x1 MIMO antenna specifically for the
application of 5G technology, operating at 38 GHz. The simulation results demonstrated exceptional
performance metrics, including a reflection coefficient (S11) of -29.5 dB, 13.44 dBi gain, and a 14.002
GHz bandwidth. Moreover, mutual coupling between antenna elements was maintained below -10
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dB, ensuring minimal interference and optimal signal quality—an essential feature for high-efficiency
communication systems [14]. Paul et al. [15] investigated high-gained microstrip array antennas for
X-band radar applications, employing inset feeding techniques to enhance performance. Their 2x4
array antenna achieved 15.5 dB peak gain and a bandwidth of 380 MHz, while the 1x4 array
demonstrated a half-power beamwidth of 16.88° and a bandwidth of 880 MHz. These designs,
simulated using ANSYS HFSS, highlighted the effectiveness of microstrip arrays in achieving high gain
and wide bandwidth, which are crucial for radar and communication systems [15]. Similarly,
Phaneendra et al. [16] developed a 1x2 MIMO antenna for 4G and 5G networks, designed to operate
at multiple frequencies, such as 9.3 GHz, 19.3 GHz, and 17.5 GHz. The antenna achieved -18 dB, -28
dB, and -29 dB reflection coefficients, with corresponding gains and impedance bandwidths of 5.22
dB and 1.24 GHz, 5.27 dB and 1.6 GHz, and 5.71 dB and 5.89 GHz, respectively. The consistency of
these results highlights the antenna’s reliability across different frequencies [16]. Additionally, Sahoo
et al. [17] designed an array antenna operating at 28 GHz, available in various configurations,
including 16x16, 8x8, 4x4, and 2x2. This versatile antenna design significantly enhances the
performance of 5G MIMO wireless communication systems by improving spectral efficiency and
energy efficiency, as well as reducing bit error rates. These improvements are essential for achieving
higher data transmission rates and more reliable connections in modern communication networks.
Collectively, these studies on array antenna development contribute valuable insights into enhancing
the performance and scalability of MIMO and radar systems in both civilian and military applications
[17].

The primary challenge in developing military radar antenna technology lies in addressing
increasingly complex and dynamic threats. Advances in civilian and commercial radar technology also
drive the need for enhancements in military radar capabilities. As a result, continuous development
of military radar antennas is necessary to ensure they are adaptive, efficient, and responsive to
evolving threats, to meet the demand expansion for security and defense.

A conventional 4x4 Butler matrix requires two crossover components to route signal paths
between non-adjacent ports. Each crossover is conventionally realized by cascading two 3 dB hybrid
couplers, which increases the overall circuit footprint, insertion loss, and phase deviation at the
crossing lines [18, 19]. This added complexity limits the compactness and cost-effectiveness of the
conventional design, particularly for applications where miniaturization is prioritized. To address this
limitation, the modified Butler matrix presented in this study replaces one of the two crossover units
with a single 2x2 hybrid coupler with an altered feedline and characteristic impedance, reducing the
number of crossover components from two to one. This modification directly targets the size and
complexity limitation of the conventional design, at the expense of introducing a flipped middle-
phase response that must be accounted for in the array feed.

The contribution of this paper is to give an insight into the effect of minimizing the crossover
element in conventional Butler matrix design in advance to make the configuration more compact.
By comparing both configurations of S-parameter and far-field results, it is shown that the modified
configuration provides a more compact, balanced configuration, with trade-offs discussed in Section
4. Additionally, the modified configuration has a smaller dimension of 84.565mm x 57.18mm
compared to the 89.615mm x 57.18mm conventional configuration dimension.

The research aims to thoroughly investigate how these configurations can enhance the efficiency,
accuracy, and adaptability of smart antenna systems, particularly in high-demand military
applications. By offering a detailed examination of the performance metrics associated with these
antenna systems, the study intends to offer valuable insights into potential improvements for current
and future smart antenna designs.

201



Semarak Engineering Journal
Volume 15, Issue 1 (2026) 199-234

Furthermore, this paper goes beyond simulation by fabricating and experimentally validating the
design up to a 2x2 MIMO array antenna, both as a standalone array and integrated with a 2x2 Butler
matrix, using Vector Network Analyzer (VNA) measurements. This provides a quantified comparison
between simulated and measured reflection coefficients (S11), mutual coupling, and radiation
pattern for each configuration, and identifies the likely physical causes of the observed deviation,
including fabrication dimensional tolerance, connector/soldering imperfections, impedance
mismatch, and the absence of an anechoic testing environment.

By combining simulation with physical fabrication and measurement, this research aims to
establish how reliably a compact, crossover-reduced Butler matrix beamforming network translates
from design to hardware, particularly for high-demand military and maritime surveillance radar
applications. The measured beam-steering behavior obtained from the 2x2 array—Butler matrix
prototype offers direct evidence that the phase-shifting network functions as intended outside of
simulation, which is an essential step before scaling the same crossover-reduction approach to larger
4x4 and higher-order array configurations.

Ultimately, the findings from this study — spanning both simulated design and its experimental
validation — are intended to inform the future development of larger, more complex Butler matrix—
fed array antennas, contributing to the ongoing evolution of adaptive, compact smart antenna
systems for radar technology.

2. Methodology

In the complex and multifaceted design of smart antennas specifically intended for radar
applications, the development process is generally categorized into two key components: the design
of MIMO antennas and the configuration of the Butler Matrix. Prior to addressing the technical
intricacies of these designs, it is imperative to first select an appropriate substrate material for
antenna construction. The selection of substrate material is crucial, as it has a profound impact on
the overall performance of the antenna system, particularly in signal propagation, impedance
matching, and efficiency.

For the design configurations, a substrate with a high dielectric constant and excellent stability is
essential. Such a material helps to minimize the antenna dimensions while ensuring a compact
radiation pattern, in line with the research objectives. In this study, the RT Duroid 3010 substrate is
used, with 1.28 mm thickness, 10.2 dielectric constant, and 0.0021 tangent loss, as detailed in Table
1[20].

Table 1

Material specifications of the substrate
Specification Description
Substrate type RT Duroid 3010
Relative dielectric constant (&r) 10.2

Tangent loss (tan 6) 0.0004
Substrate thickness (h) 1.28 mm

2.1 MIMO Antenna Configurations
In the initial phase of antenna design, dimensions are determined using theoretical principles and

formulas. This section presents and analyzes the configurations of single-element antenna arrays,
specifically 2x2 and 4x4, all operating within the X band.
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The patch on the microstrip antenna serves as a radiation element that generates
electromagnetic waves. Located on a dielectric substrate, these patches are typically made of
conductive material such as copper and can have a variety of shapes, such as rectangles, triangles, or
circles [18], as depicted in Figure 1. The primary function of a patch antenna is to transmit signals
into the air and receive signals from the surrounding environment, making it a crucial component in
wireless communication systems. The design characteristics of the patch, including its dimensions
and the choice of substrate, significantly influence the antenna performance parameters, such as
bandwidth, radiation patterns, and gain [19].

i
&

Ground plane

Fig. 1. Microstrip Line Feed

Detailed designs of these antenna configurations, with initial dimensions calculated using specific
Egs. (1-6), are outlined and discussed in the section from the previous study [18].
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A microstrip line is a transmission structure consisting of a conductor placed on a dielectric
substrate, with electric field characteristics influenced by fringing effects at the edges of the line [18],
as presented in Figure 2. These fringing effects occur because the electric field is not fully confined
within the substrate but spreads into the surrounding air, which can affect the characteristic
impedance (Z0) of the microstrip line [21]. The dimension configuration of the microstrip line,
including width (W) and substrate height (h), is crucial in design as they impact wave propagation
and antenna performance, such as bandwidth and radiation efficiency. Therefore, understanding the
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relationship between microstrip line dimensions and substrate dielectric parameters is essential for
designing effective communication systems [22].

Fig. 2. Microstrip line

To find the dimensions of the microstrip line, Eqs. (7-12) below can be used [18].

2h e—1 0.61

Wf=;<B—1—ln (2B -1+ (ln(B—1)+0.39—£r)> (7)
3771

B = Pz (8)

T T h
Seff=£2+1+£21[1+%] (9)
__4o

ML= (10)

Ao = % (11)
A

Ly = TL (12)

2.1.1 Single Element Antenna

Using the equations explained in the methodology, the antenna dimensions are determined
based on theoretical principles. However, to achieve optimal results, several adjustments are made,
such as modifying the shape of the patch and the substrate. In a single-element antenna, only 1
microstrip antenna is displayed, where the design that has been characterized has a return loss below
-10 dB and has a directional radiation pattern. Characterization results from antenna dimensions are
depicted in the following Table 2.

Table 2
Dimension parameter of single-element antenna
Dimension Size (mm)
Substrate thickness (h) 1.28
Patch thickness (t) 0.035
Patch width (wp) 6.5
Patch length (Ip) 6.83
Feed width (wy) 1.2
Feed length ([f) 3.6
Inset feed length (yg) 2.5
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By using these parameters, a single-element antenna can be designed according to Figure 3.

Fig. 3. Design configuration of single-element antenna
2.1.2 2x2 MIMO Antenna

In designing the 2x2 MIMO antenna, two rows and two columns of single-element antennas are
arranged, resulting in a total of four patch antennas. The anticipated outcome is comparable to that
of a single-element antenna, but with the added benefit of a narrower beam direction, resulting in a
higher gain than the single-element configuration. Figure 4 illustrates the structure of the 2x2 MIMO
antenna.

Fig. 4. Design configuration of 2x2 MIMO antenna

The designs and dimensions of the 2x2 MIMO antenna are presented in Figure 4, as well as in
Table 3. The spacing between antenna elements (d) in the array is set at /2, equivalent to 10.43 mm,
measured from the center of one element to the center of the next. However, after further
characterization, the element spacing was adjusted to 16.2 mm.

Table 3

Dimension parameter of 2x2 MIMO antenna
Dimension Size (mm)
Substrate thickness (h) 1.28
Patch thickness (t) 0.035
Patch width (wp) 6.5
Patch length (Ip) 6.83
Feed width (w¢) 1.2
Feed length () 3.6
Inset feed length (yg) 2.62
Distance between patches (d) 16.2
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2.1.3 4x4 MIMO Antenna

In the design of a 4x4 MIMO antenna, four rows and four columns of single-element antennas
are arranged, resulting in a total of sixteen patch antennas. The expected performance is similar to
single-element and 2x2 MIMO antennas but with the added advantage of a narrower beam direction,
leading to a higher gain than both the single-element and 2x2 MIMO configurations. Figure 5
illustrates the structure of the 4x4 MIMO antenna.
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Fig. 5. Design configuration of 4x4 MIMO antenna

The designs and dimension configuration of the 4x4 MIMO antennas are illustrated in Figure 5
and Table 4. In the antenna array, the spacing between the individual antenna elements (denoted as
d) is initially set at A/2, which corresponds to a distance of 10.43 mm. This measurement is taken
from the center of one antenna element to the center of the adjacent element. However, following
a comprehensive characterization process, it was determined that the optimal element spacing
needed adjustment. Consequently, the spacing was revised to 14.3 mm to enhance performance and
meet design specifications.

Table 4

Dimension parameter of 4x4 MIMO antenna
Dimension Size (mm)
Substrate thickness (h) 1.28
Patch Thickness (t) 0.035
Patch width (wp) 6.5
Patch length (Ip) 6.83
Feed width (wy) 1.2
Feed length ([f) 3.6
Inset feed length (yo) 2.5
Distance between patches (d) 14.3

2.2 Butler Matrix Configuration

Butler Matrix consists of a hybrid coupler, phase shifter, and crossover circuit. These components
work together to enable the formation of multiple beams, each oriented in a distinct, fixed direction.
The hybrid coupler is responsible for splitting and combining signals, while the phase shifter adjusts
the phase of the signal, and the crossover circuit facilitates signal routing between different paths.
Figure 6 provides a detailed schematic of the Butler Matrix used in this research, illustrating the
arrangement and interaction of these components, as referenced from prior studies [23].
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Fig. 6. Butler matrix general anatomy

The calculation of the antenna dimensions begins with the determination of key parameters
essential for the design, including the desired operating frequency (f), substrate thickness (h), and
dielectric constant (&) of the substrate. Subsequently, the impedance configuration (Z,) from each
path is analyzed to establish the dimensions of the components within the Butler matrix. Figure 7
illustrates the dimensional parameters based on the conventional 2x2 hybrid coupler structure [24].

Input Port 72 Output Port

Z,~500

=34

Isolated Port Output Port

2500 Z.~%00
Fig. 7. Structure of 2x2 conventional hybrid coupler

Based on the conventional 2x2 hybrid coupler structure in Figure 7, the size configuration applies
to all components of the Butler matrix, which consists of microstrip lines that have an impedance 20
of 50 Q, and the 2x2 Hybrid Coupler line has an impedance Zo/v2 of 70.711 Q. But specifically for the
phase shifter, there is one additional parameter to determine the phase shifter path length (a) that
will affect the phase shift. In advance, Figure 8 shows where the path length is located on the phase
shifter, which will affect the phase shift.

Fig. 8. Phase shifter structure.

To determine the initial dimensions of the coupler element, specific Egs. (13-18) are employed,
as detailed in previous studies [24-27].
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In microstrip technology, designing a complete circuit often requires the strip path to make sharp
turns. A sudden 90° bend in the microstrip results in the majority of the signal being reflected to the
source, with only a small portion transmitted through the bend. This occurs because the bend causes
a small accumulation of positive and negative charges on the surface of the transmission line, which
increases the capacitance and alters the impedance of the line. These impedance changes cause a
mismatch in the load, resulting in a portion of the signal on the line being reflected to the source,
thereby reducing the overall system performance. Therefore, it is necessary to eliminate this
unwanted capacitance development when the transmission line is bent. A mitered bend is one of the
bending methods carried out by cutting the curved end of the transmission line at a certain angle to
minimize VSWR, insertion loss, and return loss, and to minimize capacitance so that the characteristic
impedance can return to its original state [18]. Figure 9 shows the parameter configuration of the
mitered bend.

Fig. 9. Mitered bend configuration on microstrip.

Formulas for determining the initial dimensions of the coupler elements can be found in Egs. (19-
21) [26].

D =W+2 (19)
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X =Wv2 (0.52 + 0.656(_1'35%) (20)

a=(x-2)v2 (21)
To assist in the calculations, Table 5 shows a summary of the initial parameters known from the
design. Based on Table 5, other parameter calculations can be performed. Table 6 shows the

calculation results of other parameter calculations obtained from equations (6), (14), (15), (17), and
(18), along with the order of performing parameter calculations in stages.

Table 5
Summary of initial parameters of Butler matrix
Calculation Parameter Antenna Specification
c 2.998 x 108 m/s
f 9.3 GHz
€ 10.2
h 1.28 mm
Zo 500Q
Table 6
Summary of advanced parameters of Butler matrix
Calculation Stage Calculation Parameter  Value
| A 2.17
B 3.708
1l W/h 0.938 mm
w 1.2 mm
1l €e 20.421
\% A 10.093 mm
2.2.1 2x2 Hybrid Coupler

The 2x2 hybrid coupler, also known as a -3 dB coupler or branch-line coupler, is designed to
evenly split input power into two equal output powers. In theory, a hybrid coupler should distribute
half of the power for each output, while introducing a 90° phase difference between them [19].
However, simulation results often show minor deviations from the ideal -3 dB due to inherent losses
in the system [9]. Figure 10 shows the structure of the 2x2 hybrid coupler.

6x a4
- -

exs

Fig. 10. Dimensional configuration of 2x2 hybrid coupler
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For the design configuration of the 2x2 hybrid coupler, the circuit also functions as a 2x2 Butler
Matrix. Table 7 provides the dimensional parameters of the 2x2 hybrid coupler configuration and its
associated impedance, as determined by Eq. (3). Table 8 serves as a size guideline for the design. The
2x2 hybrid coupler is designed to evenly distribute the input power between the two output ports
while simultaneously functioning as a 2x2 Butler Matrix.

Table 7
Dimensional Parameters of 2x2 Hybrid Coupler

Characterized Impedance (Z,) W, (mm) L, (mm)

Zso 1.2 3.084
2324 0.3265 3.222
739 1.9 3.021

Table 8

Dimensional Configuration of the 2x2 Hybrid Coupler

Parameter Dimension (mm)

A4 2.525

Wso 1.2

Wa2.4 0.3265

Wso.2 1.9

2.2.2 Crossover

The second major component developed is the crossover as part of the 4x4 Butler matrix. This
element is typically constructed by combining two 3 dB couplers [20]; however, this design achieved
a smaller dimension that only includes a single 2x2 hybrid coupler with an altered feedline and
characteristic impedances. The crossover reduces the impact of coupling power from hybrid
couplers. Hence, the crossover achieves a power of 0 dB at the crossed line. Furthermore, the
crossover is meant to ensure significant isolation loss at the other two crossing lines, preventing any
electrical connection between them [19]. Figure 11 illustrates the structure of the proposed
crossover.

6x 4

LA RN

Fig. 11. Dimensional configuration of proposed crossover
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For the design configuration of the crossover, Table 9 shows the dimensional parameters of the
crossover configuration and its characterized impedance, which involves (3), and Table 10 is used as
a size guideline in the design.

Table 9
Dimensional Parameters of Crossover
Characterized Impedance (Z,) W, (mm) Ly (mm)
Zsp 1.2 3.084
Z36.05 2.2 3
Z37.06 2.1 3.006
Table 10
Dimensional Configuration of the Crossover
Parameter Dimension (mm)
N4 2.525
W5so 1.2
W36405 22
W37.06 2.1

2.2.3 Phase Shifter

A phase shifter comprises a transmission line segment of predetermined length, designed to
impart a specified phase shift to a signal [19]. In this research, 135°, 180°, and 0° phase shifters were
designed and utilized in two configurations of a 4x4 Butler matrix: a conventional design and a
modified version. The phase shifters were tailored based on their neighboring connections to ensure
the correct matching of the output phase shift. Specifically, the 135° and 180° phase shifters were
employed to compensate for the 135° phase shift introduced by the crossover network, achieving a
0° output and 45° output, respectively. Additionally, the 0° phase shifter was implemented to
calibrate for a 0° output, compensating for phase discrepancies arising from the MIMO antenna
patch distance. Figure 12 depicts the configurations of phase shifters.

@ @[ @ 2.245mm |

Fig. 12. Dimensional configuration of phase shifter: (a) 0°, (b) 180°, and (c) 135°
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In advance of phase shifter design configuration, the calculation of phase shifter dimensions
involves equation (7), while the calculation of the dimensions of the mitered bend involves equations
(8), (9), and (10). In addition, the microstrip line configuration uses the Zso characterization
impedance, so that the microstrip has a path with a width of 1.2 mm with a path length of 3.084 mm.
The microstrip line configuration will be used in the mitered bend calculation parameters. Table 11
shows the dimensional calculation parameter data on the phase shifter and mitered bend
configurations, and Table 12 is used as a size guideline in the design.

Table 11
Dimensional Parameters of Phase Shifter
Configuration  Calculation Parameter

. Bo Qo B130 Q180 Wsg
Phase Shifter 4, 3.185mm  180° 4.514 mm 1.2 mm
. D X A
Mitered Bend 4 co7 m 1.194 mm 0.488 mm
Table 12
Dimensional Configuration of the Phase Shifter
Parameter Dimension (mm)
N4 2.525
Wsg 1.2
Ol 3.185
Q180 4514
A 0.488
2.2.4 4x4 Butler Matrix

The study's 4x4 Butler matrix design integrates four 2x2 hybrid couplers, crossover units, two
phase shifters, and two microstrip lines with a characteristic impedance of 50 Q. Figure 13 depicts
both the conventional and modified designs of the Butler matrix, showcasing dimensional
configurations. The modified design omits a crossover unit, altering the size and signal path.

5 & 5708 mem 7 8 S 6 ST 18 mm 7 8

v s
Phase Switer Foose Wiy

( remsevyy

2 My
Conpin

’ | v

222 Mybed
Cangie

£ E Phase Shifer Phase SWter
z E s
2| muw nN 3 £
2 2 Nydoid Conplav X Nydvld Couplar . 5
- s 2 18 : 10
- & Phase SAYPer - Phave SWyter
1w E 180
Fhare SeifVer C Phave SolVer
|
N2 Hiytvid Conpler 302 Jiybeld Compler
152 Hybeld Coupies $x3 Nyovid Connle 1 7 3 2
o8 _pad Ny apler
1 2 3 4

(a) (b)

Fig. 13. Design and dimensional configuration of 4x4 Butler matrix: (a) conventional, and (b) modified version
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Table 13 further quantifies the dimensions in millimeters, emphasizing key parameters found in
Figure 13.

Table 13

Dimensional configuration of the 4x4 Butler matrix
Parameter Dimension (mm)

N4 2.525

Wso 1.2

Lso 3.084

2.3 Design Integration

Figure 14 illustrates the schematic integration of a 2x2 MIMO array antenna with a 2x2 Butler
matrix. This smaller-scale configuration serves as a baseline for validating the beamforming and
phase-shifting performance of the Butler matrix network before extending the analysis to the larger
4x4 configuration, and later provides the reference design for the physical fabrication and
measurement stage.

‘ r—— —— ——

| Hybrid Phase MIMO Antenma 2x2

28 45 mm

4338 mm
Fig. 14. Schematic diagram of the integrated 2x2 MIMO array antenna and 2x2 Butler matrix
configuration

Figure 15 illustrates the schematic integration of a 4x4 MIMO array antenna with the
conventional Butler matrix. This configuration optimizes signal distribution and phase adjustment for
effective comparison with the modified version.

29615 mm

RIS

Fig. 15. Schematic diagram of the integrated 4x4 MIMO array antenna and conventional 4x4 Butler matrix
configuration
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Similarly, Figure 16 highlights the structural modifications in the integrated design, which adapts
to the omission of the crossover unit. Both schematics emphasize the system's structural and
functional differences, aiding in beamforming and signal management.

54.56% mm

gLy

Fig. 16. Schematic diagram of the integrated 4x4 MIMO array antenna and modified 4x4 Butler matrix
configuration

2.4 Measurement Setup

The antenna performance was experimentally characterized using a Vector Network Analyzer
(VNA), specifically the ZVA 67, to measure the reflection coefficient (S-parameters) across the
designed operating frequency range. The primary objective of this measurement was to evaluate the
practical performance of the fabricated antenna and to facilitate a direct comparison with the
corresponding simulation results. In addition, radiation pattern measurements were conducted for
each antenna configuration using the same measurement setup. The complete antenna
measurement procedure is illustrated in Figure 17.

Fig. 17. Measurement setup for antenna

It should be noted that all measurements were performed in an open, non-shielded environment
rather than within an anechoic chamber. Consequently, the measurement results may be affected
by external electromagnetic interference, multipath propagation, and signal reflections from
surrounding objects. These environmental factors are considered when analyzing the discrepancies
observed between the simulated and measured antenna performance.
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3. Results

The simulation results of the integrated 4x4 MIMO array antennas with their corresponding 4x4
conventional and modified Butler matrices are demonstrated by both the S-parameter performance
and radiation pattern characteristics.

3.1 Single Element Antenna

The simulation results of the single-element antenna show that the design gives a reflection
coefficient of -48.328 dB at 9.3 GHz. The antenna exhibits a bandwidth of 110 MHz within the X-band

frequency range, suitable for radar applications. Figure 18 shows simulated results of S-parameters
of the single-element antenna.

S-Parameter Single Element Antenna
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Fig. 18. Simulation result of the reflection coefficient of the single-element antenna

Additionally, far-field or radiation pattern results of the single-element antenna show that the
main beam gain at its peak is recorded at 3.03 dBi or 2.01 W/m? at 9.3 GHz. This simulated result
underscores its potential for targeted signal transmission and is used as the foundation for further
configurations. Figure 19 shows simulated far-field results of a single-element antenna.

Farfield
Single Element Antenna

F el G Nn (Mo

Fig. 19. Simulated far-field result for i = 0° from single element antenna at Y=-0.1 and Z=1
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3.2 2x2 MIMO Antenna

The 2x2 MIMO antenna, simulated as an arrangement of four single-element antennas, shows
promising performance at 9.3 GHz. The simulation results of the 2x2 MIMO antenna show -20.982
dB and-27.451 dB for ports 1 and 2, respectively, at 9.3 GHz, while isolation values between the ports
exceed -20 dB, highlighting effective signal separation. Figure 20 shows simulated results of S-
parameters of a 2x2 MIMO antenna.

S-Parameter 2x2 MIMO Antenna
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Fig. 20. Simulation result of 2x2 MIMO antenna

Additionally, far-field or radiation pattern results of the 2x2 MIMO antenna show that the main
beam gain at its peak is recorded at 5.65 dBi or 3.68 W/m? for port 1 excitation and 5.61 dBi or 3.64
W/m? for port 2 excitation at 9.3 GHz. This simulated result underscores its potential for targeted
signal transmission, showing both ports have similar radiation patterns with the same position, and
are used as the continuation for further configurations. Figure 21 shows simulated far-field results of
a 2x2 MIMO antenna.

Farfield Port 1
2x2 MIMO Antenna
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Fig. 21. Simulated far-field results for m = 180° from 2x2 MIMO antenna with respective XYZ
coordinate 0 (z’-axis): (a) Port 1 at Y=0.8 and Z=1, and (b) Port 2 at Y=0.85 and Z=1
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3.3 4x4 MIMO Antenna

The simulation of a 4x4 MIMO antenna, comprising sixteen single-element antennas, yields
substantial reflection coefficient and isolation metrics at 9.3 GHz. For instance, port 1 demonstrates
a reflection coefficientof -29.423 dB and isolation values ranging from -19.99 dB to -30.72 dB across
other ports. Figure 22 shows simulated results of S-parameters of a 4x4 MIMO antenna.

S-Parameter 4x4 MIMO Antenna
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Fig. 22. Simulation result of 4x4 MIMO antenna

Additionally, far-field or radiation pattern results of 4x4 MIMO antenna shows that the main
beam gain at its peak is recorded at 7.03 dBi or 5.05 W/m? for port 1 excitation, 6.52 dBi or 4.49
W/m? for port 2 excitation, 6.54 dBi or 4.51 W/m? for port 3 excitation, 7.1 dBi or 5.14 W/m? for port
4 excitation at 9.3 GHz. These results validate the antenna's capability to support high-gain and
precise beamforming functionalities. Figure 23 shows simulated far-field results of a 4x4 MIMO
antenna.
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Fig. 23. Simulated far-field results for m = 180° of 4x4 MIMO antenna with respective XYZ coordinate 0 (z'-

axis): (a) Port 1 at Y=0.72 and Z=1, (b) Port 2 at Y=0. 72 and Z=1, (c) Port 3 at Y=0. 72 and Z=1, (d) Port 4 at
Y=0.73 and Z=1, and (e) Combined radiation patterns

3.4 2x2 Hybrid Coupler

The simulation results of the 2x2 hybrid coupler show that the design gives the simulation result
of the power of about -3.54 dB at output ports (ports 2 and 3), which is slightly lower than the ideal
hybrid coupler with a power of -3dB, but in this design, an even power is obtained between the two
output ports and performs at 9.3 GHz in the X-Band frequency band. Figure 24 shows simulated
results of S-parameters of a 2x2 hybrid coupler.

S-Parameter of 2x2 Hybrid Coupler
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Fig. 24. Simulation results of S-parameters of a 2x2 hybrid coupler design

In addition to the S-parameter results from the design, the 2x2 hybrid coupler also shows phase
difference results of about 83.864°, which has a phase error of 6.136° from the ideal hybrid coupler
with a phase difference of 90°. In addition, the results show a very minimal phase deviation between
port sections of <0.4°. Figure 25 shows simulation results of the phase-to-frequency response of the
Butler matrix 2x2 using a mitered bend.
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S-Parameter in Phase of
2x2 Hybrid Coupler
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Fig. 25. Simulation results of S-parameters of the phase response to frequency of 2x2 hybrid coupler design
3.5 Crossover

The simulation results of the crossover show that the design gives a power of -1.251 dB at the
output port, which is slightly below the ideal crossover with a power of 0 dB. However, this design
achieved a smaller configuration that only requires a single altered 2x2 hybrid coupler than the
traditional crossover that requires a cascade of two 2x2 hybrid couplers, and the design performs at
9.3 GHz. Figure 26 shows simulated S-parameters of crossover.
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Fig. 26. Simulation results of S-Parameters of crossover design

3.6 Phase Shifter

The simulation results of the phase shifters achieved the desired phase output with overall
minimal deviations. For 135° and 0° phase shifters, the simulated result shows that excitation of port
1 achieved a phase difference of around 90°, which is proportional to the passing response of the 90°
hybrid coupler. The output achieved 0° phase deviation can be verified from its neighboring
excitation of port 2, which gives roughly the same region phase response from the excitation of port
1 with less than 1° and 5° phase deviation for 135° and 0° phase shifter, respectively. Figure 27 depicts
the simulation result of the phase towards frequency response of 135° and 0° crossover.
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Fig. 27. Simulation results of S-parameters of phase response to %the frequency of: (a) 135° crossover, and
(b) 0° crossover

For the 180° phase shifter, the simulated result shows that, from excitation of port 1 achieved a
phase difference of around 45° is achieved, which matches the passing response between the
subtraction of the 90° hybrid coupler and the crossover that has a 135° phase response. For excitation
of port 2 achieved a phase difference of around 135° was achieved, proportional to the passing
response between the addition of a 90° hybrid coupler and a 45° phase shift. Figure 28 shows the
simulation results of the phase-to-frequency response of the 180° crossover.
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Fig. 28. Simulation results of S-Parameters of 180° crossover design

3.6 4x4 Butler Matrix

The S-parameter simulation of the conventional Butler matrix reveals strong impedance
matching, with return losses for edge ports consistently below -25 dB. However, some ports
demonstrate slightly higher return losses under -10 dB. Insertion loss ranges from -6.9 dB to -10.4
dB, indicating efficient signal distribution with moderate attenuation. Despite minor shortcomings in
output attenuation, the matrix's beam-steering capabilities are validated, providing directional signal
control. Figure 29 shows the simulation results of S-parameters of a 4x4 conventional Butler matrix.
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Fig. 29. Simulation results of S-Parameters of a 4x4 conventional Butler matrix
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In addition to these results, the phase simulation results for the conventional configuration
confirm effective beam-steering with theoretical adherence. While the phase deviation observed at
the edge and middle ports highlights some irregularities, these remain within operationally
acceptable ranges. Addressing these deviations through further optimization could enhance the
directional precision of the matrix. Table 14 shows the S-parameter in-phase simulation result of the
4x4 conventional Butler matrix.

Table 14

4x4 conventional Butler matrix S-Parameter in the phase simulation result
Ports 1 2 3 4
5 -36.031° -112.719° -89.42° -162.904°
6 -86.082° -1.972° 144.018° -127.553°
7 -127.572° 144.006° -1.957° -86.085°
8 -162.9° -89.41° -112.693° -36.999°

The modified Butler matrix exhibits return losses below -10 dB for all ports, demonstrating
consistent impedance matching and reduced signal reflection. The insertion loss and isolation also
meet standard requirements (below -10dB), achieving efficient energy transmission. Figure 30 shows
the simulation results of S-parameters of the 4x4 modified Butler matrix.
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Fig. 30. Simulation results of S-Parameters of 4x4 modified Butler matrix
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Despite the removal of a crossover unit, the modified configuration maintains a consistent phase
response with acceptable deviations, albeit with a noticeable shift of about -45° compared to the
conventional design. While flipped responses at middle ports arise due to the crossover removal, the
overall phase deviation remains within operational tolerances. Table 15 shows the S-parameters in
the phase simulation result of the 4x4 modified Butler matrix.

Table 15

4x4 modified Butler matrix S-Parameter in the phase simulation result
Ports 1 2 3 4
5 -93.024° -167.926° -138.965° 135.476°
6 -167.428° 92.259° -47.467° -134.415°
7 -134.408° -47.461° 92.27° -167.426°
8 135.485° -138.956° -167.918° -93.008°

3.7 Integrated 2x2 MIMO Antenna and Butler Matrix

The integration of a 2x2 MIMO array antenna with a 2x2 Butler matrix demonstrates good
impedance matching and signal isolation performance. Return losses at the input ports are recorded
at -14.04 dB for S11 and -14.20 dB for S22, indicating fairly optimal impedance matching at both
ports. Mutual coupling between ports is likewise solid, with S21 reaching -19.29 dB and S12 at -19.31
dB, indicating low interference between transmission channels. Figure 31 shows the simulation
results of S-parameters of the integrated 2x2 MIMO array antenna and 2x2 Butler matrix.
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s \ /\ =l
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Fig. 31. Simulation results of S-Parameters of integrated 2x2 MIMO array antenna and 2x2
Butler matrix

Far-field or radiation pattern results of the integrated 2x2 MIMO array antenna with the 2x2 Butler
matrix show that the main lobe direction is achieved at 20° for port 1 excitation and -20° for port 2
excitation, confirming a symmetric and consistent beam-steering distribution resulting from the
phase and amplitude division performed by the Butler matrix. The main beam gain at its peak is
recorded at 6.1 dBi for port 1 excitation and 6.11 dBi for port 2 excitation, a relatively small difference
indicating stable and consistent power distribution across both ports. Figure 32 shows the simulation
results of the radiation pattern of the integrated 2x2 MIMO antenna with the 2x2 Butler matrix.

222



Semarak Engineering Journal
Volume 15, Issue 1 (2026) 199-234

(a) (b)

Fig. 32. Simulated radiation pattern of integrated 2x2 MIMO antenna with 2x2 Butler matrix: (a) Port 1, (b)
Port 2

3.8 Integrated 4x4 MIMO Antenna and Butler Matrix

This section presents the results and discussion on the performance of Multi-Beam Smart Array
Antennas using 4x4 MIMO array antenna and Butler matrix with conventional and modified
configurations. The performance evaluation is based on S-parameter analysis and radiation pattern
simulations.

3.8.1 4x4 MIMO Array Antenna and Conventional Butler Matrix

The integration of a 4x4 MIMO array antenna with the conventional Butler matrix demonstrates
effective impedance matching and signal management. Return losses for the middle ports (S22 and
S33) are below -10.6 dB, while the edge ports (S11 and S44) exhibit higher return losses at around
-27.3 dB. The isolation between the middle ports (523/532) is strong, with values ranging from -12.8
dB to around -15 dB. However, the isolation between the farthest ports (S14/541) measures around
-6.3 dB, below ideal performance thresholds. These results indicate that the conventional Butler
matrix effectively supports signal distribution and isolation, though further optimization may
enhance edge port performance. Figure 33 shows simulation results of S-parameters of the
integrated 4x4 MIMO array antenna and conventional Butler matrix.
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Fig. 33. Simulation results of S-Parameters of integrated 4x4 MIMO array antenna and conventional Butler
matrix
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Far-field or radiation pattern results of the integrated 4x4 MIMO array antenna with a
conventional Butler matrix show that the main beam gain at its peak is recorded at 11.9 dBi or 15.5
W/m? for port 1 and 4 excitation, 9.75 dBi or 9.45 W/m? for port 2 excitation, and 9.76 dBi or 9.46
W/m? for port 3 excitation. For the main lobe directions, the tilt angle of -13°, 45°,-45°, and 13° for
ports 1, 2, 3, and 4, respectively. This simulated result highlights that the configuration has weaker
peak gain at middle port regions (port 2 and 3 excitations) or specifically at the outer beams and has
12° phase deviation at the edge ports compared with the ideal £15° and +45° tilt angles. Figure 34
shows the simulation results of the radiation pattern of an integrated 4x4 MIMO antenna with a
conventional Butler matrix.
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Fig. 34. Simulated far-field results for m = 180° of integrated 4x4 MIMO antenna with conventional Butler
matrix with respective XYZ coordinate 6 (z’-axis): (a) Port 1 at Y=0.14 and Z=1, (b) Port 2 at Y=0.25 and Z=1,
(c) Port 3 at Y=0.25 and Z=1, (d) Port 4 at Y=0.14 and Z=1, and (e) Combined radiation patterns

3.8.2 4x4 MIMO Array Antenna and Modified Butler Matrix

The integration of a 4x4 MIMO array antenna with a modified Butler matrix achieves a more
compact, balanced configuration compared to the conventional Butler matrix, but with weaker
return losses specifically at the edge ports. Return losses for all ports (511, S22, S33, and S44) are
consistently below -12.5 dB. The isolation between the edge ports (S14/5S41) is strong, with values
ranging from -12.9 dB to around -21.2 dB. However, the isolation between the middle ports (523/532)
measures around -7.2 dB, below the standard requirement. Because these values represent different
port pairs than those compared in the conventional configuration, a direct like-for-like comparison
shows that the modified design redistributes isolation performance across the ports rather than
uniformly improving it: middle-port isolation is weaker than in the conventional design, while edge-
port isolation is markedly stronger. Figure 35 shows simulation results of S-parameters of the
integrated 4x4 MIMO array antenna and modified Butler matrix.
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Fig. 35. Simulation results of S-Parameters of integrated 4x4 MIMO antenna and modified Butler matrix
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Far-field or radiation pattern results of the integrated 4x4 MIMO array antenna with modified
Butler matrix show that the main beam gain at its peak is recorded at 10.8 dBi or 12.1 W/m? for port
1 and 4 excitation, 10.7 dBi or 11.9 W/m? for port 2 excitation, and 10.7 dBi or 11.8 W/m? for port 3
excitation. For the main lobe directions, it is achieved at -12°, -42°,42°, and 12° for ports 1, 2, 3, and
4, respectively. This concludes that the configuration has phase deviations of +3° across the port
excitations compared with the ideal £15° and +£45° tilt angles. This simulated result highlights that
the configuration achieved balanced performance across the entire port excitations but with a
slightly bigger phase deviation compared to the conventional configuration, which addresses the
phase configurations that should be further reconfigured. Figure 36 shows the simulation results of
the radiation pattern of an integrated 4x4 MIMO antenna with a modified Butler matrix.
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Fig. 36. Simulated far-field results for m = 180° integrated 4x4 MIMO antenna with modified Butler matrix with
respective XYZ coordinate 0 (z’-axis): (a) Port 1 at Y=0.31 and Z=1, (b) Port 2 at Y=0.18 and Z=1, (c) Port 3 at
Y=0.18 and Z=1, (d) Port 4 at Y=0.31 and Z=1, and (e) Combined radiation patterns
3.9 Performance Comparison

Table 16 shows the performance comparison between conventional and modified Butler matrix
configurations in this study. The modified configuration achieves a more compact configuration with
more balanced return loss and redistributed isolation performance compared to the conventional
configuration, but with a lower peak gain and larger tilt-angle deviation, as discussed in Section 4.
Additionally, the modified configuration has a smaller dimension of 84.565mm x 57.18mm compared
to the 89.615mm x 57.18mm conventional configuration dimension.

Table 16
Performance comparison between conventional and modified configurations
Configurations  Return Loss (dB)  Isolation (dB)  Gain (dBi) Size (mm) Tilt Angles
Conventional -27.3 (S11, S44), =-6.3 dB, - 11.9 (P1, P4), 89.615 x -13°, 45°,-45°,
-10.6 (S22, S33) 12.8to-15dB 9.75(P2),9.76 57.18 and 13°
(P3)
Modified -12.5 =-7.2,-129to0 10.7-10.8 84.565 x -12°,42°,-42°,
-21.2 57.18 and 12°

Additionally, Table 17 shows the comparison of the proposed Butler matrix design with the existing design.
The proposed design shows better results in terms of gain.

Table 17

Comparison between various 4x4 Butler matrices
Reference [28] [29] [30] [31] This Work
Frequency (GHz) 28 3 5.2 8.3 9.3
Return Loss (dB) >40 -24.86 >20 -34 -12.5
Isolation (dB) NA NA NA NA Isolation
Gain (dBi) 9.8,7.38, 8.024 10.4 NA 10.7-10.8

10.1,9.9
Size (mm) NA 6.9x13.69x 46.15x 53.7x46.7x 84.565x57.18
1.55 46.15x2.31 1.575

BLC 4 4 4 4 4
Crossover 2 2 NA 2 1
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3.10 Fabrication and Measurement Results

To validate the simulated designs against real-world performance, three configurations were
fabricated and physically tested using a Vector Network Analyzer (VNA) ZVA 67: the single-element
antenna, the 2x2 MIMO array antenna, and the 2x2 MIMO array antenna integrated with the 2x2
Butler matrix. Testing focused on return loss and radiation pattern parameters for each
configuration.

3.10.1 Single-Element Antenna

After fabrication, the single-element antenna's working frequency shifted to 9.71 GHz, with a
measured return loss of -14.67 dB and a bandwidth of 310 MHz. Although the resulting bandwidth
falls short of the targeted specification of below 100 MHz, the return loss still meets the design
criterion of below -10 dB. Figure 37 shows the measured S-parameters of the single-element
antenna.

Measurement Results of the Single-Element Antenna

83 20 93 100

F requency
Fig. 37. Measured S-Parameters of the single-element antenna

The measured radiation pattern retains a directional characteristic consistent with the original
design specification. However, a deviation is observed in the 270°-360° angular range, where the
measured pattern narrows inward rather than forming the symmetric circular shape produced in
simulation. Figure 38 shows the measured radiation pattern of the single-element antenna.
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Measurement Result Radiation Pattern
of Single Element Antenna

w0

Fig. 38. Measured radiation pattern of the single-element antenna
3.10.2 2x2 MIMO Array Antenna

The fabricated 2x2 MIMO array antenna's working frequency shifted to 9.48 GHz, with a
measured return loss of -24.69 dB and a bandwidth of 300 MHz. At this frequency, the measured
mutual coupling was recorded at -18.61 dB, reflecting a low level of inter-element interference and
indicating that signal integrity is reasonably well preserved. Figure 39 shows the measured S-
parameters of the 2x2 MIMO array antenna.

Measurement Results of the 2x2 MIMO Array Antenna

Frequency

Fig. 39. Measured S-Parameters of the 2x2 MIMO array antenna

The measured radiation pattern of the 2x2 MIMO array antenna exhibits a notably wide back
lobe. Although the pattern appears more dispersed than the simulated result, the main lobe direction
remains identifiable, indicating that the antenna retains its directional characteristic despite the
additional back-lobe radiation. Figure 40 shows the measured radiation pattern of the 2x2 MIMO
array antenna.
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Fig. 40. Measured radiation pattern of the 2x2 MIMO array antenna (a) Port 1, and (b) Port 2

3.10.3 Integrated 2x2 MIMO Array Antenna and 2x2 Butler Matrix

The fabricated and integrated 2x2 MIMO array antenna and 2x2 Butler matrix showed a working
frequency shift to 9.06 GHz, with a return loss of -30.949 dB and a bandwidth of 100 MHz. Isolation
performance, however, remains suboptimal: the measured mutual coupling of -10.94 dB is well
above the ideal threshold of -20 dB, indicating comparatively strong inter-element interaction. Figure
41 shows the measured S-parameters of the integrated 2x2 MIMO array antenna and 2x2 Butler
matrix.

Measurement Results of the 2x2 MIMO Array Antenna
Combined with 2x2 Butler Matrix
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Fig. 41. Measured S-Parameters of integrated 2x2 MIMO array antenna and 2x2 Butler matrix

The measured radiation pattern shows a main lobe direction of approximately 340.39° for port
1 and 31.36° for port 2, confirming that the fabricated Butler matrix successfully performs phase
shifting between output signals and steers the main beam to distinct angles without physically
repositioning the antenna. Figure 42 shows the measured radiation pattern of the integrated 2x2
MIMO array antenna with the 2x2 Butler matrix.
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Fig. 42. Measured radiation pattern of integrated 2x2 MIMO antenna with 2x2 Butler matrix: (a) Port 1, (b) Port
2

3.11 Simulation versus Measurement Comparison

Table 18 summarizes the deviation between simulated and measured performance across the
three tested configurations. Across all configurations, the working frequency shifted upward or
downward from the 9.3 GHz design target but remained within the X-band range, and return loss
values continued to satisfy the -10 dB design criterion. The largest deviations occur in the radiation
pattern parameters, which is consistent with measurements being conducted in an open
environment without an anechoic chamber, allowing ambient wave reflection and interference to
affect measurement accuracy. Additional contributing factors include fabrication dimensional
tolerance during patch printing, connector/soldering imperfections, and impedance mismatch
between the antenna, connectors, and measurement equipment.

Table 18

Comparison between simulation versus measurement
Configuration Measured Return Mutual S$11/S22 S12/S21  Radiation Pattern

Frequency Loss Coupling  Error (%) Error (%) Error (%)
Single Element 9.71 GHz -14.67 — 15.03 — 34.00
dB
2x2 MIMO Array 9.48 GHz -24.69 -18.61dB  34.95 28.19 31.06 (P1), 40.33
dB (P2)
2x2 Array + 2x2  9.06 GHz -30.949 -10.94dB  23.94 35.59 23.85 (P1), 28.51
Butler Matrix dB (P2)

4. Conclusions

The 4x4 MIMO antenna integration with conventional and modified Butler matrices
demonstrates the feasibility of multi-beam smart array antennas. The conventional configuration
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achieves strong edge-port return loss (-27.3 dB) and peak gains of 11.9 dBi and 9.75-9.76 dBi, but
weaker farthest-port isolation (-6.3 dB) and +2° tilt-angle deviation.

The modified Butler matrix is more compact (84.565 x 57.18 mm versus 89.615 x 57.18 mm) with
consistent return loss below -12.5 dB and gains of 10.7-10.8 dBi at £3° tilt-angle deviation. Isolation
performance redistributes across ports, improving at the edge ports (-12.9 to -21.2 dB) but
weakening at the middle ports (-7.2 dB) relative to the conventional design.

Despite a flipped middle-phase response from the crossover omission, both configurations
maintain functional, directional radiation patterns. The comparative analysis indicates that the
modified configuration involves clear trade-offs rather than an unambiguous improvement: it offers
a smaller footprint, more balanced return loss across all ports, and improved edge-port isolation, but
this comes at the cost of a lower peak gain (10.7-10.8 dBi versus 11.9 dBi for the conventional design),
greater tilt-angle deviation (£3° versus #2°), and weaker middle-port isolation relative to the
conventional design. These findings suggest that the modified Butler matrix is best suited to
applications that prioritize compactness and balanced port performance over maximum gain and tilt-
angle precision. Beyond simulation, a single-element antenna, 2x2 MIMO array, and integrated 2x2
array-Butler matrix were fabricated and measured via VNA, confirming functional beam-steering at
340.39° and 31.36° and validating the crossover-reduction approach in hardware; deviations in the
radiation pattern are attributable to fabrication tolerance, connector imperfections, impedance
mismatch, and the non-anechoic test environment. This 2x2 validation is an essential step before
scaling to a fabricated 4x4 configuration; future work should focus on this scaling, alongside
improving middle-port phase accuracy, isolation, and beam-pointing accuracy.
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