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Abstract

This paper, presents a 4x4 BM based on four direction switch BM antenna array. The proposed design operated at 3.5 GHz.
The use of multi-beam antennas or switched-beam antenna arrays (SAAs) promised users of high-gain and large coverage areas
for 5G technologies. The BM was implemented by combining 3-dB BLC, two crossovers, and 45 © phase shifters fabricated on
the RTH880LZ substrate, with using a triangular slot and T-shape based on the BM design. The proposed design focused on
the miniaturization and enhancement of the bandwidth. The return loss and isolation were better than -15 dB at all the ports,
according to the simulated and measured result showed that with excellent insertion loss -6.1 £+ 2 dB. A fractional bandwidth
of 49.7% and the overall dimension were reduced to 56% as compared to the conventional BLC and crossover. Hence, the
proposed design of BM performed an excellent size reduction of 80% and improvement bandwidth up to 836 MHz compared to
the traditional BM. The switched beam directions were measured at -34 ©, -40 °, 432 © and 435 © at 3.5 GHz for each input
port of 1-4 excitation. The proposed design BM is suitable of 5G application.
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ABSTRACT

This paper, presents a 4x4 BM based on four direction switch BM antenna array. The proposed design
operated at 3.5 GHz. The use of multi-beam antennas or switched-beam antenna arrays (SAAs) promised
users of high-gain and large coverage areas for 5G technologies. The BM was implemented by combining
3-dB BLC, two crossovers, and 45° phase shifters fabricated on the RT5880LZ substrate, with using a
triangular slot and T-shape based on the BM design. The proposed design focused on the miniaturization
and enhancement of the bandwidth. The return loss and isolation were better than -15 dB at all the ports,



according to the simulated and measured result showed that with excellent insertion loss -6.1 4+ 2 dB. A
fractional bandwidth of 49.7% and the overall dimension were reduced to 56% as compared to the conventional
BLC and crossover. Hence, the proposed design of BM performed an excellent size reduction of 80% and
improvement bandwidth up to 836 MHz compared to the traditional BM. The switched beam directions
were measured at -34°, -40°, +32° and +35° at 3.5 GHz for each input port of 1-4 excitation. The proposed
design BM is suitable of 5G application.

Keyword:Beamforing, Butler matrix, antenna array, 5G, triangular slot, T-shape, branch line coupler
(BLC), microstrip antenna, antenna array.

IntroductionThe demand for wireless technology is substantially increasing because of the rapid growth
of wireless technological innovations. Currently, several billion wireless-electronic devices are linked to the
internet network, and these figures are expected to rise in the coming years. So, researchers have started to
put tremendous effort in the area of 5G technology[1][2][3]. The deployment of 5G wireless, as well as the
current and upcoming Beyond 5G (B5G) communication system, point towards a revolutionary change in
modern-day telecommunications, leading to a complete paradigm shift in the way end-users will communicate
in the coming years [4][5]. Meanwhile, the number of co-channel interference users will increase and improve
the inferior quality of service [6][7]. In the development of 5G systems, it is envisaged that switched-beam
antenna arrays (SAAs) would play a vital role in obtaining the desired performance at the transceivers. This
is the main objective sought by many researchers in the area of beam-forming network. Their focuses have
always been on the problem and quality enhancement of the communication link [8]. Hence, the application
of switch beam-forming networks (SBFNs) has always been the area of interest among researchers[9]. This
technology significantly contributes to wider bandwidth and directional antenna array that can transfer and
focus radiated power in the desired direction. It is widely applied in wireless communications [4]. The SBFNs
are categorised into several types, such as Nolen matrix [10], Blass matrix [11], Rotman lens [12], and Butler
matrix [13]. Butler matrix or BM is a popular technique due to its low cost, simple configuration, and low
power dissipation. This technique is widely used in the filed beam-forming of antenna array [14]. BM is a
passive device with multiple input and output ports. BM 4x4 consists of four 3-dB directional coupler, two
phase shifters, and a crossover [15]. The beam-forming and beam-steering procedures are controlled by the
BM design employing an antenna array. The signal-to-noise and clutter ratio is improved by the BM design’s
usage of frequency reuse [16]. In the last years, the BM 4x4 has been studied and improved in different
ways, such as in [17] and for low loss [18]. The problem with conventional BM large size and narrow-band
characteristics [19][20] is that these requirements are unable to meet the fifth generation (5G) application.
However, to solve this issue, researchers have started to introduce a new design using many techniques
to improve the Butler matrix[21]. The reported literature [22][23][24] has highlighted microstrip artificial
transmission lines (ATLs) triangular slot, BM without crossover and phase shifter, and forward wave present
in [25]. A reduced BM network has also been implemented at stub loaded TL, as well as presented and the
multibeam antenna array has been validate. The size achieved for the Butler matrix was approximately 55%
as compared to the traditional BM design [26]. Another way of using miniaturisation butler matrix design
is through meandered line and dumbbell-shaped cross-slot technique based on the branch line coupler. The
fractional BW was enhanced up to 37.5% and size miniaturised of 17% [27]. The coupler, crossover, and
phase shifter sizes were reduced by BLC using artificial transmission lines, as in [28]. Recently, a triangular
slot type artificial transmission line (ATL) has also been proposed. The artificial transmission line is, an
easy-to-design, compact structure and easy to adjust electrical parameters, which is also helpful to build
block for different microwave passive components [29]. The proposed 4 x 4 Butler matrix was design by
using software Computer Simulation Technology (CST). This design utilised modified BLC, respectively.
The BM Implementation was on the Rogers RT5880LZ with 0.25 mm thickness, relative permittivity er=2,
and loss tangent tand=0.002. Several BM designs that have been reported in previous work improved the
bandwidth and size reduction. However, none of them attained bandwidth improvement and size reduction,
together with an excellent performance for 5G beamforming network. Table 1 displays the specification
design of the proposed designs. The novelty of this paper includes design of the BLC, crossover and BM by
using triangular slot and T-shape structure, and antenna array based zig-zag shape.Table 1. Specification



of proposes designs.

Parameters Coupler Crossover Butler matrix

Frequency 3.5 GHz 3.5 GHz 3.5 GHz

Technique Triangular slot and Triangular slot and Triangular slot and
T-shape T-shape T-shape

BW 1 GHz 1GHz 500 GHz

Phase difference 90°+1 0° -45,135,-135,45

Insertion loss -3dB+0.1 0dB -6.1+2dB

S11 Below-10dB Below -10dB Below-10dB

S41 Below-10dB Below -10dB Below-10dB

Design of triangular slot The basic structure of the proposed microstrap artificial model transmission lines
(ATL) with triangular slot is illustrated in Fig. 1(a). The equivalent circuit model of designed triangular
slot patch BLC as illustrate in Fig. 1(b). The circuit model consists of combination inductors and capacitors
both in series and parallel. We included an inductor and capacitors for the splits for the metal strip. The
overall area of the triangular slot patch was approximated to that of the low impedance line in this case.
The related parameters can be expressed as follows[30]:

TarL = (%)2 (1)% =V2WrrLt1, (2)

Where TATL, L, WTL, and LTL, the width and length of the base line were ATL and TTL, respectively. In
order to miniaturise the common 3-dB BLC, we proposed a triangular slot -type artificial model transmission
lines with modified slots. This ATL was an isosceles triangular slot formed by folding a stepped impedance
line (SIL) into a right angle, as shown in Fig.2 (a) Sex triangular slot BLC.
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Fig. 1. (a) Geometry of basic (ATL) building (b) Lumped element equivalent circuit model of the design

The lumped equivalent circuit in Fig. 2 (d) to the impedance matrix [Z] 90° electrical lengths and certain
characteristic impedance were used in the calculation for the first step of an ATL design.
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Where Z1 = jxL1, Z2 = -j/(wCb), Z3 = jwLc. L1,L2,L.3 and w were the lumped element values in Fig. 2 (b)
and angular frequency, respectivaly.The image impedance of the [Z], Z0, for the characteristic impedance of
the ATL could then be calculated.

Zy = z%l - 232 (4)

From S22 was given as Eq.(5) and the component of S21 should be zero for any /4 transmission line of ¥
= 900, we could easily obtain the relation of Eq.(6) for a 900 artificial model transmission lines (ATL).

_ 2790 Zr _ j
522 T (Zyt+ Zyy (Zgot Zry— Zoz Zoy ISQlle (5)

7173 + (271 + 73) 72 + 723 = 0 (6)

How to design an ATL with a Z0 characteristic impedance an electrical length of 900. For the first step, we
chose L and WTL x (x = 1, 2, and 3), considering the circuit size we needed, and obtained the LTL value
using Eq. (1).

Branch line coupler



The proposed design BLC in this paper was a compact design based on microstrip artificial transmission lines
(ATLs) with triangular slot patch and T-shape, as shown in Fig. 2, i.e., the coupler fabricated prototype.
The horizontal and vertical TL’s respective impedances were Z0/+/2 and Z0, which were 35 and 50 . The
width(W) and length(L) arms of the BLC could be calculated by using the equations in [31]. In our design,
the chosen centre frequency of the proposed design was 3.5GHz. The optimised dimensions of the triangular
slot ATL with 50 and 90° electrical length were optimised as Wp = 14.00mm, W1=1.56 mm, W2= 1.31
mm, Wf = 4.0 mm, Wt = 0.40 mm, Wts = 0.30 mm, Wg = 0.21 mm, Wm = 1.2 mm, L1 = 1.78 mm, L2
= 1.66 mm, Lm = 13.8 mm, Lp = 4.23 mm, Lf = 1.5 mm, Lt = 4.80 mm, Lts = 4.10 mm, Lg = 0.75 mm,
respectively. The dimensions for vertical and horizontal of the unit-call were optimised to achieve the BLC
centre frequency of 3.5 GHz. The main component considered the BLC for the BM design. The proposed
design coupler was simulated by )CST) microwave studio. Using the proposed design of the impedances, 3
dB BLC Eq.(7) and (8) were computed through the outputs phase difference = 90° with Z0 = 50 , the
value of the horizontal and vertical arms, which were Z1 = Z0 = 50 , Z2 = Z3 = 35.36 . Z1 = Z0 from
Eq.12, which can be simplified as:

Z1 = ZOd —sin [?] I (7)

7. — Z,d sin o
1o = 73 7\/m (8)91,
english2 (9)

%:tan-l(%)(w)

f3=mtan 1 (@) (11)

8, = tan-1 (tan[?]) [?] (12)

Where, is the phase difference at 3.5 GHz frequency and (d2) is the power division ration for the coupler.
From Eq (7), for a given phase difference of BLC as 900, the electrical lengths were 65 =65 = 900. The
simulated and measured result for the return loss and phase difference to BLC are summarised in Fig. 2.
The simulated in Fig. 2(a) to BLC operated between two bands for scattering parameter and isolation loss of
2.91GHz to 4.02GHz and 2.72GHz to 4.16 GHz. The results were below -10dB. The phase difference to the
simulated between the output ports was found to be 900, as shown in Fig. 2(c).However, the measured result
to BLC is as shown in Fig. 2(b) to the scattering parameter loss and isolation loss which operated between
2.62GHz to 2.5GHz. The phase difference to the measured between the output ports was found to be 87.50,
as shown in Fig. 2(c). This small loss error at 3.6GHz due the SMA and coaxial cables. The insertion
loss to the simulated and measured was also indicated in Fig.2 (a-b) -240.1dB and -3+0.2dB, respectively.
There small difference between simulated and measured results for the proposed design BLC due fabricated
and tools used. All of these measurements were carried out using Keysight (AgilentTechnologies) FieldFox
N9925A vector network analyser (VNA). The A/4 for the artificial transmission lines (ATLs) triangular
slot patch provided good wide bandwidth and size reduction. The performance parameters such as return
loss, insertion loss, isolation loss, and phase difference between output ports could be analysed with VINA.
The BLC with dimension is as shown in Fig. 3(a), while the unused ports were terminated with 50 SMA
terminator ports when the measurement took place, are illustrated in Fig. 3(b). Table 2 summarized to
comparison the proposed design BLC with the previously published work.
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Fig. 2. (a) Simulated S-parameters result of the proposed BLC (b) Measured S-parameters result of the
proposed BLC (c¢) Comparison between Simulated and measured Phase difference of BLC between two ports
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Fig. 3. (a) Fabricated of the proposed design BLC using substrate RT5880LZ, the BLC ports from 1-4, (b)
The BLC under measurement with 50 SMA terminator.

Table. 2. C omparison between the Proposed BLC Design with previous work related
Ref.

Type substrate
Operating

Freq. (GHz)
Fractional
Bandwidth (S11 = -10dB)
Size (mm X mm)
Loss Error (LE)
(dB)

PD Error (Deg)
[5]

FR-4

3.5

30.22%

27.2 x 16.5

+ 0.9dB

_5°

32)

Rogers RO4003
3.22

5%



16.5 x 11.3
+ 1dB

_30

[33]

FR-4

3.5

6.57%

23.5 x 17.5
+ 1.7dB
_4°

34]

Rogers RT5880L%Z
3.5

30.81%

22 x 24

+ 0.9dB
_Ko

[35]

FR-4

3.5

14.6%

16 x 12

+ 0.9dB
_1°

[36]

Rogers RO4003
3.5

17%

10.5 x 15.5
+ 0.5dB
-1.7°

[This
work]

2023



Rogers RT5880LZ
3.5

33.34%

21.0 x 23.0

4+ 0.1dB

-1°

Crossover 0dB

The key feature of the crossover in BM is to avoid overlapping signals at crossings and maintain a reasonable
level of isolation between signals at crossing lines. It means crossover allows two signals to cross each other
while retaining a high degree of isolation [31]. The signal flowed to port 3 when port 1 was excited in
contrast to the signal flowed to port 2 when port 4 was excited. Theoretically, crossover should be 0dB for
the insertion loss. A 50 microstrip transmission line was used to design the crossover. It was fabricated by
using a single layer Rogers RT5880LZ with relative permittivity (er) 1.96, a thickness of 0.25mm, and loss
tangent of 0.0009, respectively. The insertion loss S13 and S24 and as well as the phase difference S13 and S24
were implemented by compact two 3-dB BLC. The simulated return loss (S11) characteristics were achieved
below -10dB within the range between 2.76 GHz to 4.16GHz frequency band. For the selected compact design
crossover for the development of the BM, the insertion loss to simulated and measured results were -0.16
dB and -0.5 dB, at the centre frequency of 3.5 GHz. The comparison between the S-parameters’ response
compact 0dB crossover is as shown in Fig. 4(a). Meanwhile, the phase differences between the simulated
and measured results were similar to S13 and S24 is 0°, as shown in Fig. 4(b). The overall dimension for
the fabricated of this work was 40mm x 21mm, as shown in Fig. 5(a).The proposed design under test of
the S-parameters is illustrated in Fig. 5(b). The loss extra between simulated and measured induced by the
SMA and coaxial cables.
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Fig. 4. (a) S-Parameters response of the crossover simulated and measured of the compact 0 dB (b) Phase
different between simulated and measured of the compact 0 dB crossover.
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Fig. 5. (a) 0dB crossover fabricated by compact two 3-dB BLC with dimension using RT5880LZ substrate
(b) The proposed design 0dB crossover under test.
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Design configuration butler matrix

The proposed design of the 4 x 4 BM was conducted using a computer simulation technology (CST) micro-
wave studio. The BM implementation was created using combined 3dB BLC of Triangular slot and T-shape,
two crossover structures, and 45° phase shifter at the operate frequency of 3.5 GHz. The proposed design
BM fabricated on a single layer of RT588LZ substrate. The final fabrication of the proposed BM design,
which had the overall area of 87.5mm X 75mm, is as shown in Fig. 6.

The BM provided four outputs with equal amplitude and phase difference of -45°, 135°, 45°, and -135°,
respectively. As a result, each input port, specifically as port 1, port 2, port 3, and port 4 were designated
as port 5, port 6, port 7, and port 8, was able to produce four beams in various directions, as illustrated in
Fig. 6. This configuration was of a 4 x 4 BM. Table 3 shows the phase shift that would be generated on each
output based on the excited of the input ports, and all other ports were terminated at 50 loads. There were
four cases. When input port 1 is excited the phase difference between the output ports -45°. The output
135deg phase difference when input port 2 is excited. The phase difference between the output ports in
the third case will be -135° when input port 3 is excited. The last port phase difference of the output port
is 45deg when input port 4 is excited. The proposed BM was validated in accordance with design criteria
provided in Table 1.

Table 3. The phase difference between the outputs ports of the Butler matrix feed.

Ports Output Port 5 Output Port 6 Output Port 7 Output Port 8
Input Portl 1350 900 450 00

Input Port 2 450 1800 -450 900

Input Port 3 900 -450 1800 -450

Input Port 4 00 450 900 1350

Phase Different -450 +1350 -1350 —+450
Between

Output ports

Fig.6.RT5880LZ substrate based fabricated prototype of the proposed 4x4 BM.
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The simulated and measured S-parameters responses of the 4 x 4 Butler matrix result for different ports
are as shown in Fig. 7, respectively. The P1 of the BM excited return loss was better than 17dB. This could
be seen in the simulation and measured results of the return loss and insertion loss, which were S11 = -20.5
dB, S15 = -5.91 dB, S16 = -5.5 dB, S17 = -6.3 dB, S18 = -5.7 dB, and S11 = -18 dB, S15 = 6.41 dB, S16
= -5.6 dB, S17 = -5.8 dB, S18 = -6.0 dB, illustrate in Fig. 7(a - b). Hence, the average insertion loss for
simulated and measured (S15,516,517,518) were -5.9, 6.0 + 2 dB, respectively. The P2 of the BM excited
return loss was better than 14 dB. The simulation and measured results of the return loss and insertion loss
were S22 = -25 dB, S25 = -6.35 dB, S26 = -6.4 dB, S27 = -5.43 dB, S28 = -5.85 dB, and S22 = -34 dB,
S25 = -6.72 dB, S26 = -6.65 dB, S27 = -5.81 dB, S28 = -6.76 dB, as illustrated in Fig 7(c - d), The average
insertion loss for simulated and measured (525,526,527,528) were -6.0, 6.5 £+ 2, and dB, respectively. The
P3 of the BM excited return loss was better than 10 dB. The simulated and measured results of the return
loss and insertion loss were S33= -24 dB, S35 = -5.3 dB, S36 = -6.2 dB, S37 = -6.25 dB, S38 = 6.4 dB,
and S33= -15 dB, S35 = -5.8 dB, S36 = 6.7 dB, S37 = 6.56 dB, S38 = -7 dB, as shown in Fig. 7 (e-f), The
average insertion loss for simulated and measured (S35,536,537,538) were -6.0 +2 dB, respectively. The P4
of the BM excited return loss was better than 15 dB. The simulated and measured results of the return loss
and insertion loss were S44= -20 dB, S45 = -5.4 dB, S46 = -5.18 dB, S47 = -5.0 dB, S48 = -6.19 dB, and
S44= -24 dB, S45 = -5.95 dB, S46 = -6.37 dB, S47 = -7.1 dB, S48 = -6.65 dB, as shown in Fig. 7(g-h). The
average insertion loss for simulated and measured (S45,546,547,548) were -6.1 £+ 2dB, respectively. All the
results for P1, P2, P3, and P4 were at centre frequency of 3.5 GHz. The overall results, when P1, P2, P3,
and P4 were excited, the simulated and measured proposed design 4 x 4 BM had good agreement between
them, although there some variation observed in the results due to the extra loss phase shifts induced by
the cable and connector.
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Fig. 7. Simulated and Measured response of the BM (a-b) for the input P1, (c-d) for the input P2, (e-f) for
the input P3, (g-h) for the input P4.

Fig. 8 shows the differences in results between simulated and measured of the phase differences at BM centre
frequency of 3.5 GHz. According to the simulated, the phase differences for output at P1 -45°was (S15, S16,
S17, S18) -46°, -43.3°, -41.5°. Correspondingly, the measured phase differences were (S15, S16, S17, S18)
-47.20, 49.40, 51.10, respectively. So, the errors between output ports were 10, 1.70, 3.50 and 2.20, 4.40,
6.10, which introduced the average errors of 2.00 and 4.20, as shown in Fig. 8 (a-b). However, the quartered
phase is as mentioned in Table 4. The phase differences when P2 excited by 1350 were indicated by the
simulated as in 1320 between (S26-S25), 1290 between ports (S27 — S26), and 139° between ports (S28 —
S27), respectively. Thus, the errors between the output ports 30, 60, and 40 introduced the average errors of
4.30, respectively. The measured phase differences indicated 1280 between ports (S26 - S25), 1420 between
ports (S27 — S26), 1400 between ports (S28 — S27) at center frequency, as shown in Fig. 8 (c-d). Hence, the
errors were 70,110, and 90, introducing the average errors of 90. The phase difference between simulated and
measured results reflected very good agreement, as summarised in Table 4. The output P3 of the BM excited
revealed that the adjacent port should be by -1350 per design, as summarised in Table 5. In simulated and
measured results, it was that found the phase differences between the output results were -1330,-1380,-1410
and -1420,-1270,-1310, at centre frequency of 3.5 GHz, respectively. These values were different from the
desired values by 20, 30, 60 and 70° 80, 40, introducing the average errors of 3.67° and 6.330 at operation
frequency of 3.5GHz, respectively.

As show in Fig. 8 good performances between simulated and measured results when output P4 excited.
Table 4 as summarised the phase difference between adjacent outputs ports should be 45° as per design. For
the simulation result, the phase difference was 44° between output P5, P6 (S 45 - S 46), 480 between P7, P6
(S 47 -S 46), 400 between P8, P7 (5 48 — § 47), respectively. So, the errors of the simulated result between
outputs 10, 30, and 5° introduced the average errors of 30, respectively. Meanwhile, the measured result
of the phase difference was 500 between output P5, P6 (S45 — S46), 390 between P7, P6 (S47 — S46), 520
between P8, P7 (S48 — S47), respectively, at operate frequency of 3.5GHz. So, the errors of the measured
results between outputs 50, 60, and 70 introduced the average errors of 60, respectively. There small error
in phase difference between simulated and measured results due to the variation for electrical permittivity
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parameter, as summarised in Table 5.

The comparison of S-parameters between the simulated and measured 4 x 4 Butler matrix is as illustrated
in Fig.9. This comparison between simulated and measured has small difference with loss error due by SAM
and coaxial cable show in Fig 9. Tables 3 and Table introduce the summarised simulated and measured
results of the BM to the phase difference between the ports and S-parameters of the proposed BM design at
centre frequency of 3.5GHz, respectively. From Tables 3 and 4, the phase differences between all of the ports
as good agreement with the desired value. As for Table 5, it displays the comparison between the proposed
design 4 x 4 BW with the previous work.
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Design switched beamforming antenna array

The switched beamforming antenna array system was based on 4 x 4 BM with 1 x 4 element antenna
array. The use of BM is to shift the beam in a different direction; the antenna array connected with BM
was presented to develop SAA, as shown in Fig.10. The proposed design of the BM and antenna system
operated at centre frequency of 3.5 GHz, respectively. The proposed design 4 x 4 BM have four input and
output ports, compact four 3-dB BLC, two crossover structure, and two 45°phase shifters. The use of BM
was to shift the beam in different directions. Depending on the input ports (P1, P2, P3, and P4) which fed
the output ports to the signal phase (P5, P6, P7, and P8) of the proposed BM, they developed a -45°,4-135°,
-135°, and +450 phase difference between the output ports. The results of the simulated and measured
radiation patterns, obtained by exiting various input ports of the proposed BM, produced four orthogonal
beams deposed at -340,320,-400 , and 350, as illustrated in Fig. 10. The four beams steered were 1L, 2R,
2L, and 1R with excited input ports of P1, P2, P3, and P4, respectively.

Butler matrix Antenna array

1 _ 1 \ 2L

3.dB @ Port 5
Coupler

3-dB

- 3.dB
Coupler @ Coupler

Port 8 IR

Phase
Shifter

Fig. 10. Block diagram of the antenna array with the 4 x 4 BW.

The microstrip patch antenna design was widely used due the small size, simple structure, and easy fabrica-
tion. A microstrip patche antenna operating at 3.5 GHz. After applying the zig-zag structure at resonating
frequency to 3.5GHz with simulated a return loss (S11) of -20dB and a bandwidth of 410MHz (3.36GHz-
3.77). The zig-zag structure of the antenna have measured return loss -31dB and bandwidth of 460MHz
(3.33GHz-3.79GHz) as show in Fig.11 obtained good return loss for the simulated and measured of the sin-
gle element patch antenna. The back side ground plane was reduced due to the back lobe level. Hence, the
BM signal feeding structure to the patch should be carefully designed. Taking this into consideration. We
designed and implemented the block level for the 4 x 4 Butler matrix and 1 x 4 patch antenna array, then
optimised their performance independently.

In this work, we carefully implemented the Butler matrix overall, the antenna elements, and the interface
structures between our extensive co-optimization. Fig. 12 exhibits the proposed design of the beamforming
antenna array. The 4 x 4 Butler matrix and 1 x 4 antenna array under tested, in anechoic chamber were
printed on the single layer, as illustrated in Fig. 13. The single element of the rectangular patch antenna
had the overall size of 16.4 x 16.4 mm2 and the feed line of 1.50 mm was placed with a distance of \0/2
(\0) as the wavelength. Due to this, the overall performance of the Butler matrix and the antenna elements’
interfacing and interconnecting were likely to be affected. The block diagram of the proposed Butler matrix
with antenna array was designed for the 5G application. The substrate chosen was a Rogers RT5880LZ
with the thickness of 0.25 mm, dielectric permittivity of 2, and loss tangent of 0.0021, respectively. The
inconsistencies may be due to extra losses and phase shifts prompted by the SAM and coaxial cable. From
now onwards, discussions relating to the results will be based on the compact structure of the SAA shown
in Fig. 14. The radiation pattern measurements of the fabricated SAA are then performed in the anechoic
chamber using Rohde & Schwarz ZVL-vector network analyzer (VNA) and horn antenna. The BFN and
distance between the antenna elements selected the direction of the main beam radiation, as shown in Fig.14
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Fig.12. Compact structure of the SAA, the spacing between the antenna elements d = 0.5A Top layer.
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Fig. 14. Radiation pattern measurement setup,(a) Butler matrix inside anechoic chamber(b) Block diagram

Table 4. Simulated and measured Phase difference of the proposed design BM at 3.5 GHz.

Phase Phase Phase Phase Phase Phase Required
difference difference difference difference difference difference phase
between between between between between between difference

Ports (P5°,P6°) (P5°,P6°) (P6°,P7°) (P6°,P79) (P7°,P8°) (P7°,P89) (Deg)
Simulatd Measured Simulatd Measured Simulated Measured

Port 1 -46° -47.20 -43.39 -49.49 41.5° 51.1° -459

Port 2 1320 128° 1390 1420 1390 140° 135°

Port 3 -133 -142 -138 -127 -141 -131 -1359

Port 4 44 50 48 39 40 52 459

Table 5 . Comparison between proposed design BM at 3.5 GHz with previous work

Ref Frequency Material Technique Bandwidth Size (mm)
[24] 3.5 FR-4 Open-circuit 550 70 x 73.7
coupled line
and capacitor
unit cell
[27] 24 Rogers 4003C Circularly 900 170 x 170
polarized (CP)
37] 2.44 FR-4 Without 200 96 x 96
crossover
38 2.5 FR-4 Open-stub and 200 115.18 x 64.4
removal
crossover
[39] 2.5 FR-4 Two section 400 120 x 150
branch line
coupler
[40] 1.8 ARLON Composite 200 109 x 119
right /left
handed
CRLH-TL
[41] 6 Roger 4003C Mushroom-like 2300 100 x110
[42] 0.86 RT/duroid double spiral 150 109.0 x 89.3
5880 lines (SDSLs)
[43] 2.4 Plastic complimentary 300 154 x 117
square split
ring resonators
(CS-SRRs)
This work 3.5 RT/5880LZ Triangular slot 836 85.5 X 75
2023 and T-shape
Conclusion

This work presented a 4 x 4 Butler matrix to feed the direction-switched beamforming antenna array for 3.5
GHz 5G wireless application. The desired result was achieved via Computer Simulation Technology (CST).
So, the finalised proposed design for BM and antenna array system array was fabricated on single layer
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Rogers RT5880LZ. The measured result of the BM and antenna array system showed a good agreement
compared to the simulated result, which successfully steered radiation beams of -34°, -40°, +32°, and +35°.
The overall size of the antenna and Butler matrix was 12lmm X 143mm. The result demonstrated that
the proposed four-beam antenna array revealed a good agreement for communication system, as well as
beam-forming for 5G wireless application.
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