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Abstract

With the increasing demand for high speed reliable communications, smart
antennas, such as the Butler Matrix array, can be used to develop a system
that increases the performance of a wireless system. The Butler matrix is a
switched beam array system which can produce orthogonal uniform beams.
The main objective is to improve the efficiency of the power in a 90-degree
bend. Also, the double-mitered bend is particularly interesting since it pro-
vides a substantially lower reflection coefficient and a lower value of S, at a
frequency of 2.4 GHz compared to an unmitered one. Therefore, this paper
describes an optimum design using a double-mitered method with a 2 x 2
and a 4 x 4 Butler Matrix array, operating at 2.4 GHz which is used in wire-
less systems with an FR4 substrate.
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1. Introduction

A smart antenna system can be used to improve the performance of wireless
communications [1]. It combines multiple antenna elements with a signal processing
capability to optimize its radiation and reception pattern automatically in re-
sponse to the signal environment [2]. In this case, there is no physical element to
change the phase of the different signals. The concept of using multiple antennas
for different applications produces more intelligent devices which have existed
for many years. Notably, Butler matrices in many applications can be used at the
transmitter and receiver of any communication system to change the phase

beam at the output of antennas. Thus, a Butler Matrix is a significant component
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of a beamforming network [3] and is widely used in smart antennas [4]. The
Butler-Matrix network has N ports that are functionally divided into NV inputs
and N outputs and can be described by an N x N scattering matrix [5] [6] [7].
Butler matrices consist of several elements to transmit the power from several
inputs to different outputs at the antennas. The signal can be electronically con-
trolled only by changing the phase structure which is inside the Butler matrix.
More specifically, the power transferred through microstrip lines needs to be op-
timum to assure that it reaches to the ends of antennas. Moreover, the effects of
microstrip discontinuities on circuit performance become more critical at higher
frequencies, especially in bending areas and cause power significantly to drop
[8]. However, the main objective of this paper is to optimize the bending area to
minimize power losses and to improve the efficiency of power in 90 degrees
bending in case of S parameter. Therefore, the optimum mitered technique is
used to investigate S parameters, power flow, and VSWR of 2 x 2 and 4 x 4 But-
ler matrices. Moreover, the distance between antennas is changed to investigate
the effect of distance on the beam direction and the magnitude of the power.
Results show that the optimum power can be transmitted through a transmis-
sion line, since optimum S,,, S,;, and VSWR are achieved.

This paper is organized as follows. In Section 2, materials and methods are
described. In Section 3, simulation results are shown to assess the validity of the

proposed approach. Finally, conclusions are drawn in Section 4.

2. Materials and Methods

2.1. Discontinuities and Bends

Designing 90-degree bends for transmission lines in a Butler-Matrix causes dis-
continuities near the bend. In the region of discontinuities, the wide line varies
as the transition discontinuities change in the microstrip line. Consequently,
these discontinuities will affect the power passing through the microstrip line, in
the structure of the Butler matrix. Hence, to yield optimum transmission, dif-

ferent methods such as right-angled corners are required.

2.2. Maintaining the Integrity of the Specifications

In the right-angled corner, the capacitance value increases and the area around
the microstrip line will be charged; it will effectively act as a capacitance. Due to
charge accumulation, particularly at the outer corner of a bend, an excess capa-
citance is created, while current interruptions rise because of the excessive in-

ductances [9]. Figure 1 shows a right-angled bend and its equivalent circuit [10].

2.3. Mitered Bends

It has been demonstrated that the mitered has a better figure of merit than un-
mitered in terms of the S11 (the reflected power at the transmitter) parameter at
a 2.45-GHz operating frequency [11] [12] [13]. It should be considered that
connecting the different elements of the Butler matrix causes the radiation of
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Figure 1. Right-angled microstrip bend, Unmitered bend and its equivalent circuit.

electromagnetic waves to interface with the microstrip line and causes a loss of
power in the transmission line of the Butler matrix network. In comparison, the
right-angled bend provides negligible radiation loss, so that it can be used in
Butler matrix systems [14] [15].

The double-mitered case is particularly interesting, since it provides a sub-
stantially low reflection coefficient over the frequency range of 22 - 38 GHz [16].
An optimum result to connect the hybrid and patch antenna is formed by a sin-
gle mitered. Therefore, the optimum mitered is computed formulas described in
[14].

To achieve better S-parameter coefficients, some parts of the microstrip line
are added to the corner of a single mitered. It has been indicated that a mitered
bend produces a performance at least as good as than curved bends at least up to
a frequency of about 10 GHz. This applies to a wide range of bend angles, from
30° up to 120° [16] [17].

2.4. Calculation of Initial Optimum Mitered Bend

The value of the capacitance of the optimal mitered is less than the unmitered.
Therefore, the reflection coefficient is enhanced. To determine the value of h
(height of substrate), the following values for different parameters are used at
operating frequency of 2.4 GHz [18]:
1207

A Igeﬂ (Wj +1.393+ 2ln(W +1 .444]
H 3 H
-1

I g -l B
ey = B 112 ﬁj when 2->1
2 T2 W H

Z, = (ohms) when % 21

&,y = the effective dielectric constant of microstrip

Z, = characteristics impedance = 50 Q

W = width of substrate

377 Q = characteristics impedance of free space

H = height of substrate = 1.44 mm

g, = relative permittivity

As such, the value of w become 2.4 mm, and the initial value of the miter

before adding substrate is 1. 99 mm. The value of % will be 1.66.
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3. Results

In this section, the results for the design of butler matrices are presented in two

cases: 2 X 2 Butler matrix and 4 x 4 Butler matrix.

3.1. 2 x 2 Butler Matrices

To implement and design a 2-Port Butler Matrix, a hybrid coupler, two patch
antennas and two micro strips transmission lines are required to connect the
Hybrid and patch antenna to each other. Therefore, the optimum mitered bend
in the transmission line is used to increase the S,,.

To design 90 degrees bending, the method of optimum mitered bend is uti-
lized. Thus, the zero-phase shifter is required to connect the hybrid coupler and
the patch antenna to each other, as shown in Figure 2. As the transmission line
increases, the phase shifts. It indicates that the phase remains constant at 90 de-
grees. However, the smaller transmission line provides the better efficiency. The
results show that an optimum value for S;, parameter is in length of A\/4, as
shown in Figure 3. The maximum power can be transmitted or received using
optimum mitered method, since the values of §,, and S,, are about zero dB at the
operated frequency 2.4 GHz (see Figure 3).

The Voltage standing wave ratio ( VSWR) of the connection line between the
Hybrid and the patch antenna is shown in Figure 4, which is the ratio of maxi-
mum voltage to minimum voltage that can be determined by reflection coeffi-
cient. The network system of a 2 x 2 Butler matrix feed topology, its power flow
in Port 1 and Port 2 are shown in Figures 5-7, respectively. Moreover, the beam
patterns of 2 x 2 Butler matrix when the Port 1 and Port 2 are connected to the
source are shown in Figure 8 and Figure 9, respectively.

As it can be seen in Figure 4, the VSWR is about 1 at 2.4 GHz which demon-
strates the optimum ratio of the maximum voltage to minimum voltage is
achieved.

The S parameter magnitude and VSWR at the design frequency of 2 x 2 Butler

matrix are shown in Figure 10 and Figure 11, respectively.

L.

Figure 2. Connection line between Hybrid and patch antenna.
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S-Parameter Magnitude in dB

0 - .
$1,1: -58.84704 s1,1
-10 S2,1: -0.00228158 2,1
S1,2: -0.02281563 //__ s1,2
-20 isz,z: -58.84704 52_2

N

2 24325 3 35 4
Frequency/GHz

Figure 3. S parameter of connection line between Hybrid and patch
antenna.

Voltage Standing Wave Ratio (VSWR)

1.8

VSWR1

VSWR1 : 1.002287 . '

H : VSWR2
VSWR2 : 1.002287 H H

H H

1.6

1.4

1.2
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Figure 4. VSWR of the connection line between hybrid and patch
antenna.

PA(X,¥,2)  38.12621,
P2(X,¥,2)  -30.1256,
T P2-P1 -60.25181,
|P2- P1] 68.25181

Figure 5. The 2 x 2 Butler matrices feed topology.
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- PouerFlou (peak)
pover (f=2.4) [1] % b
Magimun-3d  42685.6 UA/N"2 at 7.38565 / -33.5215 /
Frequency 2.4

Figure 6. Power flow in Port 1 of 2 x 2 Butler matrix.

- Pouwerflow (peak)
power {f=2.4) [2]
Haximum-3d 43964 .6 UA/m"2 at -7.78899 / -33.5215 / 1.5
Frequency 2.4

Figure 7. Power flow in Port 2 of 2 x 2 Butler matrix.

Farfield
enabled (kR >>
farfield (f=2.4)
Abs

Directivity

2.4

-0.003265 dB
Tot. effic. -8.6132 dB
_Dir. 8.538 dBi

Figure 8. The Beam pattern of 2 x 2 Butler matrices when port 1 is fed
to the source.
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Type Farfield

Approximation enabled (kR >>
Honitor farfield (f=2.4)
Conponent Abs

Output Directivity
Frequency 2.4

Rad. effic. -0.8855746 dB
Tot. effic. -8.6896 dB

Dir. 8.539 dBi

Figure 9. The Beam pattern of 2 x 2 Butler matrices when port 2 is fed to
the source.

S-Parameter Magnitude in dB
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Figure 10. S parameter of 2 x 2 Butler matrices.

Voltage Standing Wave Ratio (VSWR)
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Figure 11. VSWR of 2 x 2 Butler matrices.
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The Beam radiations of 2 x 2 Butler matrices when Port 1 and Port 2 are fed
to the source by designed frequency of 2.4 GHz are shown in Figure 12 and
Figure 13, respectively. Using optimum mitered method in 2 x 2 Butler matrix,
the optimum power of 8 dBi magnitude at 21 main lobe direction when port 1 is
fed to source is obtained (see Figure 12). More examples of the power of the
main lobe magnitude when the distance between two antennas is changed are
shown in Figures 14-17.

Figure 14 shows the beam direction of the first port. As distances between
antennas decreased (52 mm), the S, parameter increases by —6 dB and S, (the
power transferred from Port 2 to Port 1) or S,; (the power transferred from Port
1 to Port 2) decreases by —19 dB. Figure 15 indicates the beam direction of the
second port.

Figure 16 demonstrates the beam direction of Port 1 when distances between
antenna decreases (50 mm), the §,, parameter increases by —5 dB and S, de-

creases by —30 dB. Figure 17 indicates the beam direction of Port 2.

3.2. 4 x 4 Butler Matrices

The 4-Port Butler Matrix provides four different phases with equivalent dis-
tances between each antenna by A/2. Various combinations of ports can provide
other beam locations and shapes. To design a 4 x 4 butler matrix, two 45 phase
shifters, two crossovers, and four hybrids are required.

To determine the phase difference of the beam direction between antennas,
| Ao
27d
Where Ag is the difference phase along antennas and i= 1,2,3---,(N—1) .

the angles are set to: 6, =sin”

The corresponding d is 7 The values of 1R, 2L, 2R, and 1L are shown in
Table 1.

To design 4 x 4 Butler matrices, a connection between the hybrid coupler and
cross over with a zero-phase shifter with optimum power is required. Conse-
quently, the phase shifter plays an important role in this case, and a double miter
is used to get an optimum result for the S parameter, as shown in Figures 18-31.
The maximum power can be transmitted or received using optimum mitered
method of 4 x 4 Butler matrices, since the values of S12 and S21 are about zero
dB at the operated frequency 2.4 GHz (see Figure 19). The VSWR is a measure
of how efficiently radio-frequency power is transmitted from a power source,
through a transmission line, into a load. This value is about 1 which shows an ef-
ficient power will be transmitted through the transmission line (see Figure 21).

The optimum mitered technique used for 45 degrees phase shifter connection
line between two Hybrids of 4 x 4 Butler matrix (see Figure 28). The values of
S12 and S21 are about zero dB at the operated frequency 2.4 GHz (see Figure
29).

As shown in the results, isolation between adjacent beams is provided and
different phase of radiation pattern are evaluated. Also, the narrow horizontal
beam width capability is also achieved.
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Farfield 'farfield (f=2.4) [1]' Directivity_Abs(Theta)
10

30
Phi =180

90

Frequency =24 ) .
Main lobe magnitude = 8.0 dBi 1207 5120
Main lobe direction = 21.0 deg.

Angular width [3 dB] = 48.5 deg.

Side lobe level =-11.1 dB

Figure 12. Beam radiation of 2 x 2 Butler matrices when port 1 is fed to source.

Farfield 'farfield (f=2.4) [1]' Directivity_Abs(Theta)
0

30
‘ Phi =180

20 920

Frequency =24 :
Main lobe magnitude =8.2 dBi 1200
Main lobe direction = 23.0 deg.

Angular width [3 dB] = 48.0 deg.

Side lobe level = -12.1 dB

Figure 13. Beam radiation of 2 x 2 Butler matrices when port 2 is fed to source.

Farfield 'farfield (f=2.4) [1]' Directivity_Abs(Theta)

0
10

Phi =180

Frequency =24 o~ oo S . S , .
Main lobe magnitude =7.5dBi 1205  ~. . 777 7 20
Main lobe direction = 21.0 deg. M.

Angular width [3 dB] = 53.9 deg.

Side lobe level = -23.5 dB 180~ | 150

Figure 14. Beam direction of port 1 when distance between antennas de-
creased by 52 mm.
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Farfield 'farfield (f=2.4) [1]' Directivity_Abs(Theta)

Phi=0

60

920

Frequency =24

Main lobe magnitude = 7.5 dBi 1207 -
Main lobe direction = 21.0 deg.

Angular width [3 dB] = 53.9 deg.

Side lobe level = -23.5 dB

Figure 15. Beam direction of port 2 when distance between antennas de-

creased by 52 mm.

Farfield 'farfield (f=2.4) [1]' Directivity_Abs(Theta)

Phi =180

20

Frequency =24
Main lobe magnitude =7.3 dBi 1205, ..
Main lobe direction = 14.0 deg. PRI .

Angular width [3 dB] = 64.0 deg. B s
180~ | 7150

Side lobe level = -23.2 dB

Figure 16. Beam direction of port 1 when distances between antenna de-

creased by 50 mm.

Farfield 'farfield (f=2.4) [1]' Directivity_Abs(Theta)

Phi =180

920

Frequency =24
Main lobe magnitude = 7.3 dBi
Main lobe direction = 14.0 deg.
Angular width [3 dB] = 64.0 deg.
Side lobe level = -23.2 dB

Figure 17. Beam direction of port 2 when distances between antenna de-

creased by 50 mm.

DOI: 10.4236/ijcns.2019.122003 28 Int. J. Communications, Network and System Sciences


https://doi.org/10.4236/ijcns.2019.122003

S. Kiehbadroudinezhad et al.

Table 1. Different phase’s element and phase radiation of beam pattern.

A B 1 D ¢ 8,
IR -45 -90 -135 —-180 —45 ~14.47
2L -135 0 -225 -90 135 48.59
2R -90 —225 0 -135 -135 —48.59
1L -180 -135 -90 -45 45 14.47
¥
T p—
P1(X,Y,2) -3.426539, -13.2813, 1.56
P2{X,Y,Z) -35.83425, -13.2813, 1.5
P2 - P4 -32.408771, a, -0.086
-|P2 - M| 32.!{“777

Figure 18. Connection line between Hybrid and cross over for 90 de-
grees bend.

S-Parameter Magnitude in dB

| ] : : s1,1
$1,1:-35.4221 : : Joge
11T TETTE—— 2,1 :-0.06797417] Pesenennnn : !

$1,2
$1,2 :-0.0679744

$2,2
-20 $2,2 : -35.42211

P . : /; .

B L ] B L P PP PUPT LR TP R P EETEETERTTRITE
<50 Jeesessssnssnssssasesse fussesfossnsessssssnsensnsnssasasslusssasssnssussssasossassones :
-60 ; ; ;

2 25 3 3.5 4

Frequency/GHz

Figure 19. S parameter of connection between Hybrid and cross over for
90 degrees bend.

4. Conclusion

This paper aims to optimize the bending area and to minimize power losses in
Butler matrix network. In order to get an optimum power, the efficiency of
power at the 90-degree bend in case enhances both the reflection and transmis-
sion coefficients. Therefore, a planar design, including the simulation and im-
plementation of a transmission line with a 90-degree bend, 45 degrees phase
shifter, zero phase shifter connection between patch, a hybrid coupler and a

cross-over using a microstrip antenna array with Butler beam forming network
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S-Parameter phase in Degrees

200 : :
$1,2 1 0.7704849 \ $1,2
: : s2,1
52,1 1 0.7704849 : :
100 v
0 . : :
-100 : - :
-200 : : :

2 25 3 3.5 4

Frequency/GHz

Figure 20. S parameter phase degree of connection between Hybrid and
cross over for 90 degrees bend.

Voltage Standing Wave Ratio (VAWR)

1.6

VSWR1
1.5 q
4.4 eeernnnnrnninininnifinn .;..........................g............ .............f_ .........................

1.3

nyLn I

Frequency/GHz

Figure 21. VSWR of connection between Hybrid and cross over for 90 de-

grees bend.

“h-Field (f=2.%) [1] :

© 33.6157 A/m at -b.79588 / 18.9634 / 0.06
[

Phase 98 degrees

Figure 22. Surface current of connection between Hybrid and cross over for
90 degrees bend.
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Type Poverflow (pe% o= ""bﬁ‘. “
Monit\pr power (f=2.4) [1]

Maximim—% 106342 UA/N"2 at -2.22639 / -15.6816 / 1.5
Frequency 2.4 .

Figure 23. Power flow connection between Hybrid and cross over
for 90 degrees bend.

e-Field (F=2.4) [1]
9538.43 U/m at -2.22639 / -14.4814 / 1.5
2.4

90 degrees

Figure 24. Electric field of connection between Hybrid and cross
over for 90 degrees bend.

If—Fle (peak)
h-Field (£=2.4) [1]
73.5541 A/ at -35.8342 / -14.481% / 0.65
2.4 3 '

98 degrees

Figure 25. Magnetic field of connection between Hybrid and cross
over for 90 degrees bend.
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Jin*3
0.808337

0.0068105
5.08e-005
2.43e-005
1.13e-005
4.99e-006
1.87e-006

9.87e-014

Type Electric Energy Density (peak)
Honitor e-enerqy (F=2.4) [1]

Haximun-8d  0.068684161 J/n"3 at -2.32646 / -15.8815 / 0.78
Frequency 2.4

Figure 26. Electric energy density of connection between Hybrid
and cross over for 90 degrees bend.

Jm"3
0. 6800414

0.0808129
fi.24e- 005
2.99e-085
1.39e-085
fi.12e- 086
2.30e-0086

1.18e-811

-

Type Hagnetic Enerqy Density (peak)
Honitor h-energy (f=2.4) [1]
Haximun-3d  0.08219656 J/n"3 at -35.3852 7 -14.3815 / 6.78
Frequency 2.4

Figure 27. Magnetic energy density of connection between Hybrid
and cross over for 90 degrees bend.

v+
PA(K,Y,2)  -38.23455, -B4.97817, 1.5
P2(%,Y,2) -38.23304, 50.82268, 1.56
P2 - P1  B.080610226, 95.80885, 5.05

[P2 - R1|  95.80087

Figure 28. 45 degrees phase shifter connection line between two Hybrids.
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S-Parameter Magnitude in dB
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Figure 29. S parameter of 45 degrees phase shifter.

Figure 30. 4 x 4 Butler matrix.

S-Parameter Magnitude in dB
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Figure 31. S parameters of 4 x 4 Butler matrices.
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for wireless applications is presented for operation at 2.45 GHz. A linear antenna
array is designed using the Computer Simulation Technology (CST) software.
The beamforming feeder network is designed using an N x N Butler matrix, and
realized using quadrature hybrids, phase shifters and crossover circuits. For si-
mulation procedures, the main elements such as the patch antenna, hybrid, and
cross-over are designed. Finally, the Butler matrix feed network is simulated and

optimized to achieve the required parameters at 2.4 GHz.
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