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Abstract — This work proposes and analyzes a low-cost fixed microstrip beamforming system
based on a uniform linear array with four rectangular patch antennas controlled by a Butler
matrix that operates in the 2.4 GHz ISM band. A 4x4 Butler matrix consisting of four hybrid
quadrature directional couplers, two crossovers, and two 45° phase shifters was designed and
implemented to control the beam direction of the entire system. Similarly, a comparative study is
performed between two different antenna arrays, the first consisting of a conventional linear
antenna array and the second antenna array consisting of four patch antennas loaded with
metamaterial structures on the ground plane. Finally, the electrical performance of both smart
beamforming systems was evaluated, and their potential application as a wireless power
transmitter was evaluated. Four beams with distinct orientations were created in each situation.
The smart antenna based on a conventional array has a higher gain, while the smart antenna

based on metamaterial structures has a higher HPBW. Copyright © 2023 The Authors.
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Nomenclature several users on a single channel, and modification of
o traffic conditions during operation [10]-[15]. Smart
Zo Characteristic Impedance [€Q] antennas are made up of an array of antennas that may be
tan § Loss tangent o controlled via various techniques. There are two kinds of
& Relative Diclectric Permittivity smart antenna systems: switched beam systems and
0 Polar angle [°] adaptive array systems. However, switching beam
A Wavelength [um] antennas are simpler and less expensive than adaptive
Su Return Loss [dB] antennas. A switched beam system is made up of a fixed
HPBW Half-Power Beamwidth [°] beamforming network, an antenna array, and a Radio
CSRR Complementary Split Ring Resonator Frequency (RF) switch. In this case, the array's radiation
ULA Uniform Linear Array pattern is dynamically controlled, and it can generate
loT Internet of Things multiple beams that can be used as a fixed beamforming
WSN Wireless Sensor Networks

system [7], [10]. The Rotman lens, Mixer matrix, Nolen
matrix, Blas matrix, and Butler matrix are some of the
most widely used ways for constructing analog free space

I. Introduction Y e
communication networks. However, the Butler matrix is

The increased interest in Internet of Things (IoT)
applications, as well as the expansion of Wireless Sensor
Networks (WSNs), has created a need to improve the
antennas that are currently utilized to transfer data
wirelessly [1]-[4]. In fact, wireless communication
systems are often subject to large disturbances that affect
the transmission of information, such as environmental
changes, channel interference phenomena, and multipath
fading. The development of smart antennas with
programmable electrical characteristics that can be and
are tuned to the particular demands of a connection is an
intriguing solution to these issues [5]-[10]. Furthermore,
this kind of antenna allows for the concentration of
radiation in a specific direction, communication with

Copyright © 2023 The Authors. Published by Praise Worthy Prize S.r.l.

the most used method since it is a simple solution that is
less costly, has fewer components, and can produce
highly focused beams [10], [15]. The Butler matrix is
well-known for creating differential phase changes at an
antenna array's input using only passive components like
as phase shifters, directional couplers, and crossovers
[16]. This method has been studied in several recent
reports to develop a fixed beamforming system. For
example, Abhinav Shastrakar et al. designed and
implemented a Butler matrix that operates at ISM band in
2016 [16]. The acquired results show a good
correspondence between theoretical and experimental
findings. The hybrid coupler has a return loss of -3.363
dB and -3.534 dB for ports 2 and 3, respectively. A
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crossover based on two cascaded hybrid couplers was
built, with a -0.805 dB loss in port 3. Finally, a phase
shifter of 45° was implemented to complete the Butler
matrix. In a similar way, Cabrera et al., proposed and
analyzed an antenna with a tunable radiation pattern,
which was fed through a Butler matrix [17]. The novelty
of this work was that the authors added Wilkinson power
dividers to convert the 4x4 matrix into a 4x6 matrix. As
a result, the authors reported an antenna with a
bandwidth of 415 MHz. On the other hand, due to their
peculiar electromagnetic properties, such as negative
permittivity and permeability, metamaterial structures
have attracted the curiosity of researchers throughout the
last two decades [18]-[21], [30]-[33]. In fact, the
radiation pattern or the gain of antennas can be
manipulated by incorporating metamaterial cells in the
vicinity of the radiating part or etched into the substrate
[22]-[24]. For example, Dadgarpour et al. inserted an
array of H-shape unit cells into the bow-tie antenna
substrate for tilting the radiation angle [25]. The obtained
findings show that it is feasible to deflect the angle while
increasing the gain. Esmail et al. presented a similar
approach in 2019 [26]. In such instance, the authors use a
novel Adjacent Square-Shaped Resonator (ASSR)
structure to accomplish beam tilting in a dipole antenna
at 3.5 GHz. The research shows that the radiation beam
of the dipole antenna is tilted by +25° and 24° depending
on how the ASSR array is positioned on the dipole
antenna substrate. Dadgarpour et al. (2018) presented an
antenna based on three double-sided bowtie radiators
loaded by 2x6 Double Split Rectangular (DSR) unit
cells, which are arranged vertically on the antenna
substrate to produce beam deflection angles of 17° and
20° at the 3.5 and 5.5 GHz bands, respectively [27].

Thus, the incorporation of metamaterials could help to
improve the electrical performance of beamforming
systems. This work presented a 2.4 GHz microstrip fixed
beamforming system based on a uniform linear matrix
and four rectangular patch antennas. The proposed
structure is unique in that it makes use of an arrangement
of metamaterials etched in the ground plane to
investigate the effect of this type of element on the
electrical characteristics of the proposed fixed
beamforming system. A Butler matrix based on phase
shifters, directional couplers, and crossover is used to
control the radiation pattern. The findings show that this
technique is adequate for building a smart antenna and
control de radiation pattern direction.

Section II will go through the suggested Butler matrix
and antenna designs in further detail. Section III will next
go through the Butler matrix simulation findings and the
reaction of the fixed beamforming system. Finally, the
work's conclusions will be presented.

II. Methodology

This section discusses the fixed beamforming
components. The design of each Butler matrix part is
presented and illustrated. Afterward, the patch antenna

Copyright © 2023 The Authors. Published by Praise Worthy Prize S.r.l.

design loaded with metamaterial structures is explained.

1I.1.  Butler Matrix Design

Butler matrix is a MIMO (Multiple Input, Multiple
Output) system of n inputs and n outputs [15], [29]. It is
used as a fixed beam former network of a Uniform
Linear Array (ULA) of n elements, where n is even and
is of special interest when »n is equal to or greater than
two; this configuration enables the possibility of steering
the beam generated from n sub-beams with different
directions and is usually called a switched beam system
[28]. This study proposes and optimizes a MIMO system
composed of four 3-dB hybrid couplers, two 0-dB
crossovers, and two 45° phase shifters for operation at
2.4 GHz. This fixed beamformer is used to feed a ULA
based on four microstrip patch antennas with inset feed.

In fact, the performance of a conventional linear
antenna array and a linear antenna array with
metamaterials etched in the ground plane are compared.
To create this completely switched beam system, a FR4
substrate with a relative permittivity of 4.3, a loss tangent
(tan o) of 0.0025, a thickness of 1.6 mm, and a copper
layer of 35 um was used. Moreover, the bottom layer is a
continuous sheet of copper and the characteristic input
impedance (Zy) of the proposed antenna is set at 50-Q.
Each of these elements will be detailed in the next
subsections.

CST Microwave Studio, a program based on the
conventional Finite-Difference Time-Domain (FDTD)
approach, was used to develop the proposed Butler array.

This program was used to investigate the
electromagnetic properties of each component of the
Butler array before assembling them to create a fixed
beamforming system. Figures 1-4 show each component
that was used.

11.2.  90° Hybrid Coupler

Figure 1 shows the schematic of the 90° hybrid
coupler. This coupler is based on a passive branch-line,
which is characterized because the input power (injected
by port 1) is eventually split between ports 2 (through the
arm) and port 3 (coupled arm). Similarly, this
configuration is frequently used to create a 90° phase
shift between ports 2 and 3, while port 4 is isolated. In
the proposed design, two pairs of quarter wavelength
microstrip lines were employed, with impedances of 50-
Q and 35.35-Q per pair. The main geometrical
parameters of the proposed hybrid coupler are
summarized in Table L.

TABLE 1
GEOMETRICAL PARAMETERS OF PROPOSED HYBRID COUPLER
Parameter Value
w 3 mm
Whi 3 mm
Wha 3.72 mm
Wha 5.25 mm
I 17.5 mm
lhz 14.15 mm
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Fig. 1. Schematic of the proposed -3-dB Hybrid coupler

11.3.  Crossover (0-dB) Coupler

The 0-dB crossover is shown in Figure 2. It was
created by connecting two passive branch-line couplers
in series. This kind of microwave circuit works by
routing the incoming signal at port 1 to output 3, whereas
the signal entering port 4 is sent directly to port 2.

Similarly, this component is an important feature of
the Butler matrix since it is an effective way of crossing
two transmission lines while reducing coupling between
them. Table II defines the geometrical specifications of
this component.

11.4.  Phase Shifter

A pair of 45° phase shifters has been added to the
proposed Butler matrix to ensure the phase difference
between all output ports and to compensate for the
accumulated losses in the whole matrix. The design of
this microstrip component is shown in Figure 3. It should
be noted that the geometrical parameters of these phase
shifters were varied until the phase difference between
the Butler matrix's output ports achieved the desired
results.

TABLEII
GEOMETRICAL PARAMETERS OF PROPOSED CROSSOVER COUPLER
Parameter Value
W 3 mm
Weo 6 mm
W 5.25 mm
Wes 3 mm
Ia 35.2 mm
o 14.15 mm

Fig. 2. Schematic of 0-dB crossover

Copyright © 2023 The Authors. Published by Praise Worthy Prize S.r.l.

Fig. 3. Schematic of phase shifter

The parameter /; and [, are equal to 30.42 mm and
20.15 mm respectively, whereas W is the width of the
transmission lines connecting the different elements
(Table I).

1I.5.  Microstrip Antenna Design

The second stage of the fixed beamforming system
was the integration of the ULA with the Butler matrix.

As previously stated, we investigated and compared
the performance of the fixed beamforming system when
the Butler array is used in combination with a
conventional ULA and a linear antenna array integrating
metamaterials etched in the ground plane. Figures 4
depict a microstrip antenna configuration with
Complementary Split Ring Resonators (CSRR) in the
ground plane.

(2)

(b)

Figs. 4. Schematic of the proposed patch antenna. (a) present the top
view of the patch antenna, (b) shows the bottom view

Int. Journal on Communications Antenna and Propagation, Vol. 13, N. 1
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The conventional ULA design is not displayed since it
is identical; the main difference is that the conventional
one does not have resonators etched in the ground plane.

Figures 4(a) and 4(b) depict the proposed antenna's
top and bottom perspectives, respectively. The suggested
patch antenna has 41 mm of width (/) and a length (/,)
of 33.9 mm set to operate with the butler matrix at 2.4
GHz; to reduce the losses in the path to the antenna, the
feed line was transformed to an impedance of Zyv2 =
70.7Q.

In addition, to improve the return loss at the antenna's
edge, an inset fed coupler formed of two stubs was
utilized on both sides of the patch-feed interface. As a
result, the ideal impedance is achieved between the
antenna's borders and center. Figure 4(b) depicts an
arrangement of four double resonator rings etched in the
ground plane. The entire geometrical parameters of the
proposed antenna and resonator dimensions are
summarized in Table III. Finally, a schematic of the
proposed fixed beamformer is illustrated in Figure 5.

III. Results and Discussion

In this section, the phase differences of the output
ports with their respective radiation pattern will be
displayed after unifying the components of the 4x4 butler
matrix. For this reason, the implementation of a
conventional patch antenna operating at 2.4 GHz in the
butler matrix will be analyzed and the basic
characteristics of the antenna transmission (Gain, main
lobe direction, efficiency, and HPBW) will be examined.

Fig. 5. Schematic of the proposed fixed beamformer

Likewise, the performance of this antenna is compared
with the novel structure based on the use of metamaterial
arrays etched in the ground plane.

II1.1.  Butler Matrix Phase Analysis

To begin, each Butler matrix element was examined
independently to guarantee minimal losses and good
performance at 2.4 GHz. Following that, all components
were integrated on the same board, as depicted in Figure
5. Then, the proposed structure was developed further to
increase the phase difference between the four output
ports (port 5, port 6, port 7, and port 8). The suggested
Butler array is then examined with each input port
independently connected to an RF input signal.
Electromagnetic research was carried out between 2 and
3 GHz. Figure 6(a) depicts the signal phase at port 1's
input.

The results reveal a typical behavior on the phase
response at the four output ports since the phase at each
output is different and the phase response presents a
frequency shift in all cases. For example, the phases at
2.4 GHz are -116.70°, -158.15°, 160.59°, and 109.02° for
the output ports 5, 6, 7 and 8 respectively. Based on these
data, the phase difference between the output ports was
estimated.

Thus, the obtained phases differences between the
ports 5-6, 7-6, and 8-7 are 41.45°, 41.26°, and 51.57°
respectively. Then, the average of this phase difference is
44.76°, which is the expected for the Butler matrix to
work properly. When the RF signal arrived through ports
2, 3, and 4, the same analysis was performed. Figures
6(b), 6(c), and 6(d) depict the phase difference,
respectively. Table IV further highlights the most
relevant findings from the four case studies. The results
shown in Figures 6 verify the correct operation of this
device since the phase difference between the output
ports (5-6, 7-6, and 8-7) operates as expected in literature
reports [4], [5]. When the signal is entered through port
1, the goal is to achieve an average phase difference of
45°, and the proposed solution achieves an average phase
difference of 44.76°. As a result, the obtained inaccuracy
is only 0.53%. Similarly, when the signal comes through
ports 2, 3, and 4, the predicted average phase difference
is 135°, 135°, and 45°, respectively. The collected data
show an average phase difference of 134.28°, 134.42°,

TABLE III °
GEOMETRICAL PARAMETERS OF PROPOSED MICROSTRIP ANTENNA and 44.96°. .
Parametor Value Table V shows that the average error is less than 1%

W 41 mm in all scenarios. These findings show that the suggested
b 33.9 mm Butler matrix functions very near to optimally. As a
Vlvf 117'65mm result, this arrangement is appropriate for use in the
Mfi 1.4 r;nr;n design of a fixed beamforming system.

I 10 mm

r 6.5 mm TABLE IV

r 3.8 mm PHASE DIFFERENCE IN OUTPUT PORTS

wi 1 mm WHEN THE RE SIGNAL IS INPUT USING PORTS 1-4

Wy I mm Parameter/Input Phase 6-5 (°) Phase 7-6 (°) Phase 8-7 (°) Average (°)
g 1 mm Port 1 41.45 41.26 51.57 44.76
Lp 122.7 mm Port 2 127.64 135.51 139.69 134.28
W2 255 mm Port 3 140.34 134.69 128.24 134.42

d N2 Port 4 51.29 42.53 41.08 44.96

Copyright © 2023 The Authors. Published by Praise Worthy Prize S.r.l.
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TABLE V
ERROR ACQUIRED IN THE DIFFERENCE OF PHASES
WITH RESPECT TO AN IDEAL MODEL

Parameter/Input Error 6-5 (%) Error 7-6 (%) Error 8-7 (%) Average (%)

Port 1 7.88 8.31 14.6 0.53
Port 2 5.45 0.38 347 0.53
Port 3 3.95 0.23 5 043
Port 4 13.97 5.48 8.71 0.08
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Figs. 6. Phase difference analysis when the RF signal input trough (a)
port 1 (b) port 2 (c) port 3 (d) port 4
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1I1.2.  Radiation Pattern Antenna Analysis

After confirming that the suggested Butler matrix
functioned optimally, either regular ULAs or ULAs with
metamaterial structures etched in the ground plane were
coupled to it. In both cases the ULA is based on four
identical microstrip antennas and it was designed to
operate at 2.4 GHz as well, and to be integrated into the
same board as the Butler network. The smart antenna
(Butler matrix + ULA) has a total width (Wr) of 241.5
mm and a total length (Lt2) of 166.55 mm. In addition, to
maximize power transfer from the Butler matrix to the
ULA, an impedance matching method was implemented.
In this case, an inset feed connection was chosen since it
is simple and does not require any additional equipment.

A schematic of the whole system of our smart antenna
was previously depicted in Figure 5. Finally, the
radiation pattern of the smart antenna system was
investigated. Thus, the behavior of the proposed fixed
beamforming was simulated using CST STUDIO, and
experimentally validated in the Laboratory. A RF
Generator (Rhode &Schwartz, SMBV-B103) was used to
inject the RF signal, and power measurements were
collected with a Vector Network Analyzer (Rhode &
Schwartz, FSHS). The data were recorded when the
antenna was rotated every 5° in phi-plane. The smart
antenna system's ability to concentrate radiation in four
separate directions was validated in this experiment.

Therefore, the entire system was examined using the
two separate ULA options. First, the electrical
performance of a smart antenna based on conventional
ULA was studied. Figures 7 depict a comparison of the
simulated and experimental radiation patterns. Figure
7(a) depicts the whole system's normalized radiation
pattern when the signal is entered through port 1. This
radiation pattern shows that the major lobe points in a
positive degree direction since the phase shift of port 1 is
positive, as previously demonstrated (Table IV). In this
scenario, the radiation pattern provides energy at 30.0°.

In addition, the obtained gain was -34.7 dB, and the
Half-Power Beamwidth (HPBW) was 20°. Similarly,
when the signal was entered through ports 2, 3, and 4, the
electrical properties of this device were analyzed. The
radiation patterns are illustrated in Figures 7(b), 7(c), and
7(d) respectively. From the findings it is easy to note that
the direction of the primary lobe varies substantially in
all situations, in fact 30°, -35.0°, 49° and -60° are
attained, while the achieved gain in these ports were -
23.6 dB, -24.03 dB and -32.74 dB respectively. These
results demonstrated the suggested smart antenna's
ability to control radiation patterns and transfer
electromagnetic energy in four distinct directions. In
addition, the other electrical characteristics of the smart
antenna system were determined. Table VI summarizes
the findings. This table indicates that when the signal is
entered by ports 1 and 4, the proposed antenna setup has
a higher gain. As a result, they might be utilized to
establish contact with more distant nodes. Similarly, the
HPBW in all situations is extremely comparable and less
than 28.0°.

Int. Journal on Communications Antenna and Propagation, Vol. 13, N. 1
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Figs. 7. Comparison between simulated and experimental radiation
patterns of the beamforming system based on conventional ULA when
the RF signal input trough (a) port 1 (b) port 2 (c) port 3 (d) port 4
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TABLE VI
EXPERIMENTAL RADIATION PATTERN OF CONVENTIONAL ULA
Parameter/Input Port1  Port2 Port 3 Port 4
Gain (dbi) -35.8 -23.7 -22.8 -37.9
Main lobe direction (deg) 15 -35 40 -15
HPBW (deg) 20 25 27 25

Therefore, this system is suited for a wide range of
applications where control of the radiation pattern and
major lobe direction of transmission is critical, such as
indoor positioning, wireless power transfer, wireless
sensor networks, and so on. The same parameters were
simulated and evaluated using CST STUDIO, and the
summary findings are shown in Table VII. To compare
theoretical and experimental results in the same
condition, the simulated radiation pattern was also
obtained each 5° and the gain level was normalized.

From simulation results, the radiation efficiency was
obtained when the signal is injected through the different
ports.

Thus, the obtained radiation efficiency was -0.4630
dB (89.88%), 0.6615 dB (85.87%), 0.6829 dB (85.44%),
and 0.4534 dB (90.08%) when the RF signal is sent
through the ports 1, 2, 3 and 4 respectively. The radiation
pattern for the smart antenna that implements the ULA
with metamaterial structures etched in the ground plane
was also investigated. Figures 8 show the theoretical and
simulated results. The summary results in both cases are
shown in Tables VIII and IX. The results show that the
antenna with metamaterial etched in the ground plane has
a larger HPBW than a conventional ULA, which can
improve in communication with nodes. The radiation
efficiency was also evaluated in this case, and it achieves
radiation efficiencies of -0.57 dB (87.7%), -0.8812 dB
(81.63%), -0.8704 dB (81.83%), and -0.5765 dB
(87.56%) when the RF signal enters through ports 1, 2, 3,
and 4. According to the findings, the suggested fixed
forming system may transfer radiation in at least four
directions. Similarly, a good correlation was found
between theoretical and experimental data, particularly
when studying the conventional ULA's system.

TABLE VII
SIMULATED RADIATION PATTERN OF CONVENTIONAL ULA
Parameter/Input Port 1 Port 2 Port 3 Port 4
Gain (dbi) -35.09 2641 -28.38 -35.6
Main lobe direction (deg) 14 -39° 39 -13
HPBW (deg) 23.5 26 26.2 23.6
TABLE VIII

EXPERIMENTAL RADIATION PATTERN OF ULA
WITH METAMATERIAL ARRAY ETCHED IN GROUND PLANE

Parameter/Input Port 1 Port 2 Port 3 Port 4
Gain (dbi) -38.8 -26.3 249 -29.8
Main lobe direction (deg) 15 -40 45 -5
HPBW (deg) 45 60 30 35
TABLE IX

SIMULATED RADIATION PATTERN OF ULA
WITH METAMATERIAL ARRAY ETCHED IN GROUND PLANE

Parameter/Input Port 1 Port2  Port3 Port 4
Gain (dbi) -33.29 -29.54 299 -30
Main lobe direction (deg) 13 -39 37 -14
HPBW (deg) 24.1 27.1 26.5 24

Int. Journal on Communications Antenna and Propagation, Vol. 13, N. 1
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Figs. 8. Comparison between simulated and experimental radiation
patterns of the beamforming system based on ULA loaded with
metamaterial structures when the RF signal input trough (a) port 1 (b)
port 2 (c¢) port 3 (d) port 4
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Minor differences in the system that employs the ULA
with metamaterial arrangement etched in the ground
plane are the result of machine faults during device
manufacturing and misalignment in the rotating base
used to monitor the experimental radiation patterns. The
radiation pattern in both circumstances, however, has the
same shape and primary lobe orientations.

IV. Conclusion

In this work, a Butler matrix was designed, and
evaluated. Then, the ability to this RF circuit to control
the phase difference between the four output ports was
demonstrated, which could be managed trough phase
shifters, couplers, and crossovers. On the other hand, the
Butler matrix was integrated with two different antenna
arrays. Therefore, a fixed beamforming capable of
transmitting data in at least four different directions while
maintaining excellent electrical efficiency and operating
at 2.4 GHz was developed. In addition, two unique smart
antenna systems were created and tested experimentally.

The results reveal that the smart antenna based on
conventional ULA gives a large gain in comparison with
the ULA loaded with metamaterials etched in the ground
plane. However, the alternative employing metamaterials
provides a high HPBW in all circumstances, which can
be helpful for connecting with receiving nodes.

Moreover, the performance of these smart antennas
may be confirmed in both theoretical and experimental
settings. When the RF signal is fed by ports 1, 2, 3, and
4, the system based on conventional ULA generates
radiation at 30°, -35°, 49°, and -60°, respectively. When
the test was performed using the ULA loaded with
metamaterial arrays, comparable results were achieved.

Moreover, the complete system displays a high
radiation efficiency, which corroborate the good
impedance mismatch between all parts. Based on the
findings, it was feasible to deduce that metamaterial
structures can be wused to improve the electrical
performance of a beamforming system. Finally, the
results of this research show that using metamaterial cells
to improve fixed bemforming systems is possible. In fact,
it is proposed in a future work to employ the technology
presented in this paper as a wireless energy transmitter,
with the aim of powering a network of wireless sensors
distributed over four separate locations. Allowing to
solve the present challenges with IoT devices that are
used outside and consequently require sophisticated
power supply systems such as solar panels or similar
technologies.
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