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ABSTRACT Current wireless communications urgently need to provide huge data rates, high gain and high
directivity radiation pattern beams. Therefore, beamforming networks (BFNs) are introduced to provide
these needs. Butler matrix (BM) is a type of beamforming network, which can be realized using fixed
network circuits and feeds the antenna array. BM at high frequency suffers from components loss and phase
error for massive network, especially when it is implemented using common microstrip structures. Different
transmission lines such as waveguide and substrate integrated waveguide (SIW) are studied and introduced to
realize Butler matrix. SIW structures are good candidate for the implementation of BM due to its property of
low loss transmission line which comprises of properties of microstrip and waveguide technology. However,
SIW antennas and structures at millimeter waves have unwanted radiation loss coming from the vias holes.
In addition, the vias separation distance is dependent on waveguide size, which leads to a more massive
beamforming network at 26-GHz. Hence, this thesis is proposing a more size-friendly and optimal SIW
antenna beamforming structure to reduce the vias loss and provides higher bandwidth and gain at 26 GHz.
The BM components such as 3 dB coupler, 0 dB crossover, and 45-degree phase shifter are designed by
implementing metallic vias determination method. Size and distance of vias are the most important factors in
determining the coupling ratio and phase shifts at output ports. Hence, the coupler is designed with different
vias width and distance to obtain the correct phase and coupling at output ports. Then, the designed coupler
is cascaded to form a 0-dB crossover. The phase shifter is designed with alerting vias distance inside the
coupling area of SIW structure. The last component in beamforming is the design of SIW slot antenna based
on longitude slot distributions. All the components are integrated to form a 4 x 4 BM with four slot antennas
attached to BM networks. Microtrip separation feedline used to for coupler, crossover, BM and BFN. The
proposed designs are simulated using CST software and fabricated by PCB LPKF ProtoMat printer. The
outcomes of wide bandwidth with more than 1-GHz and high directive gain of more than 10-dB for the
beamforming network are achieved. The output power of the BM is between —6-dB to —8-dB at all four
ports with phase difference error less than 5°. Four directive beams are achieved at beam scanning of —14°,
—41°, 40°, and —14° at port 1 to port 4 respectively. Hence, this 4 x 4-BM with four slot antenna theses
have introduced a successful design of an antenna beamforming network based on SIW technology with
significant characteristics at 26-GHz.

INDEX TERMS 5G, Butler matrix, coupler, crossover, beamforming network (BFN), millimeter waves,
wideband.
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I. INTRODUCTION

In the last decades, the required demands to increase
the bandwidth, capacity, and receiving sensitivity towards
cellular users are urgently addressed for wireless commu-
nication systems [1]. Basically, cellular mobile networks
are implemented with electromagnetic fields that broad-
casts over different frequency bands over air-medium [2].
As a results, it is needed to provide higher capacity and a
higher bandwidth. This is lead to search alternative bands
higher than sub-6 GHz. Hence, millimeter wave’s band
is proposed due to the benefits of providing hundreds of
bandwidth compared to lower bands [3]. Compared to the
fourth generation (4G) systems which works in lower band,
fifth generation (5G) is meant to operate at high cellular
standards and provides better coverage and capacity [4].
To be able for implementing these bands into real world,
antenna array, phased beams switching, and beamform-
ing networks are proposed [5], [6], [7], [8]. Generally,
at higher frequency such as 26 GHz and 28 GHz, the 5G
systems have assigned to be realized for base station appli-
cations [9]. Hence, beamforming networks are the most
suitable technology to be implemented for the base station
applications at those frequencies. Beamforming networks are
well known in wireless communication fields in such of
providing high-performance, state-of-the-art devices, which
gives a major part for 5G networks to be combined with
multi-antenna which bounces a companionable structure
such as high gain, high directivity, high capacity, and high
efficiency [7].

Beamforming networks can be comprehended by imple-
menting fixed network circuits such as Butler matrix. The
Butler matrix (BM) is a conventional feeding network which
significantly attracts attention due to its easiness to form
high beam signal with numerous phase shift properties at
the output [7], [8]. The BM involves with three compo-
nents of 3-dB coupler, 0 dB crossover, and 45- degree phase
shifter. The 3-dB coupler is a four-port network filter with
quarter-wavelength transmission line between two coupled
ports which produces 90- or 180-degrees phase difference.
Therefore, the total size of the coupler is essentially inversely
proportional to the frequency in order to keep the quarter-
wavelength line. At millimeter wave frequencies the size
of 3 dB coupler is comparably very small due to the small
wavelength which causes unwanted crosstalk between the
coupler branches [9]. For example, a coupler is designed
at 28 GHz using microstrip technology in [10]. The branch
coupling distance between two sections are 1 mm which
produces a high loss in the insertion loss and high phase
error more than 10°. In case the coupler is integrated to
form a crossover and later used in Butler matrix, more losses
and phase errors are expected. Therefore, substrate integrated
waveguide technology (SIW) is introduced to improve the
performance and reduce the losses. The beamforming includ-
ing the antenna is designed using SIW structure to overcome
components losses and crosstalk where signals are confined
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within the vias walls of the SIW structure. Nevertheless,
it is not easy to control the phase and the magnitude by
using standard vias hole in SIW design [11], [12], [13],
especially for 3-dB coupler and phase shifter. For instance,
a coupler and beamforming network are designed with stan-
dard vias separation width using diameter less than half
wavelength in [14], [15], and [16]. This leads to increases
the loss inside the vias and increases the insertion loss of
the coupler and the transmission coefficients at the Butler
matrix beamforming network. Therefore, a vias variation
with controlling the width of vias for area coupling control
of the SIW structure is proposed in this work. This research
contributes to control the signal to be confined between the
vias and reduces the loss inside the vias. the coupling error
and the phase errors are reduced by using this proposed
technique.

Hence, this paper introduces a wideband BM realized by
four couplers with vias separations and one crossover with
two phase shifters at 26 GHz. Four slots’ antennas are inte-
grated with butler matrix to form a directive four beams. The
rest of the paper is divided as follows: Section II introduces
the BM components design and the integration of BM with
antennas. Section III presents the obtained measured results.
Section IV concludes the findings.

Il. DESIGN OF 4 x 4 BUTLER MATRIX

BEAMFORMING NETWORK

The topology of the proposed Butler matrix is shown in Fig. 1.
In addition, table 1 present path of each ports. The BM con-
sists of 4 couplers of 90° phase difference between the output
ports, two phase-shifters that provide a phase shift of 450,
and a crossover to avoid the overlapping of signals at the
crossing. As shown in Figure 2, the input ports are represented
as Port-1 (P1), Port-2 (P2), Port-3 (P3), and Port-4 (P4) and
the output ports are indicated as Port-5 (P5), Port-6 (P6),
Port-7(P7), and Port-8 (P8). The proposed layout of the new
BM is shown in Figure 2. The phase shift that will be defined
for every output port on the basis of the input port excita-
tion. It has four cases; when the signal is fed to Port 1(P1),
the phase difference will be —45° between adjacent output
ports. The phase difference between the adjacent output ports
is +1350 for the Port 2 (P2) excitation. For the third case,
when the signal is fed to Port 3 (P3), the phase difference
between the adjacent output ports would be —135°. The
phase difference between the adjacent output ports is +45°
for the Port 4 (P4) excitation. In designing a BM, three
parameters are considered; insertion-loss, return-loss and
isolation-loss. Insertion-loss defines how the input power is
split between the output ports. All couplers have the same
coupling ratio of C = 0.5 Hence, the coupling ratio of the
couplers beside the Butler matrix outputs can be derived as
follows [17].
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FIGURE 1. Topology of the proposed Butler matrix.

TABLE 1. Path of input ports into output ports with phase difference.
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The combination of coupler and crossover to construct the
BM. The proposed coupler, crossover and BM were vali-
dated with the design specifications provided in Table 2. The
detailed explanation and design of BM components are given
below.
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FIGURE 2. The proposed 4 x 4 Butler matrix.
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TABLE 2. Design specification.

Parameters Coupler Crossover Butler matrix

Operating 26 GHz 26 GHz 26 GHz

Frequency

Required >1 GHz >1GHz 1 GHz

Bandwidth

Phase 90° 0° -45°,135°, -135°,

difference 45°.
Insertion loss -3 +2dB 0dB -7+2dB

Return loss Below -10dB  Below -10 dB Below -10 dB
Isolation loss Below -10dB Below -10 dB Below -10 dB

A. BUTLER MATRIX COMPONENTS

Figure 3 shows the proposed 3 dB coupler based on vias sep-
aration. In order to prevent and to guide signal from leakage.
The outputs of the coupler is coupled using vias metallic
with cutting in the metal and substrate of electrical length
of quarter wavelength(A/4) [18]. the two arrays of via hole
were located on the adjacent wall of the coupler. The design
of the SIW directional coupler consists of two perpendicular
rectangular waveguides with a cross-region in which two
metal posts were set symmetrically to control the signal. The
two additional via posts placed in each port were used as
a reflection cancelling element by varying sections of SIW.
Port 1 is defined as an input port, Port 2 as the through port,
Port 3 as a coupled port, and Port 4 as the isolated port. Step
impedance is used as the transition between microstrip line
and SIWs in order to physical match of electrical and mag-
netic fields distributions between the two media. Roger 5880
used as substrate with thickness 0.508mm and er = 2.2 with
loss tangent 0.0009.
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FIGURE 3. Structure of the proposed SIW coupler.

As in Figure 4(a), the width of the STW vias (w) decreases,
the resonance frequency tends to the desired frequency
of 26 GHz. As well, the width of the coupling controls
the output power at port 2 and port 3. Width of coupling
calculated based on equation below [19]:

Agp = (Bl + B2) x wcoupling (@)

where 1 and B2 are the propagation constant of TE10 and
TE20 mode. A ¢ Value is 7 /2 need to satisfied the operation
in this band. It tends to produce equal power of —3 dB
coupling ratio as can see in figure 4 (b). As results, the
dimension of the proposed coupler is selected as follows; the
width of vias is set to 6.5 mm and the coupling area is set to
be 11.5 mm.
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FIGURE 4. Simulated response. (a) Return loss, (b) output ports.

The 0dB crossover is a four-port network with two input
ports and two output ports named as port 1, port 4 and
port 2, port 3 respectively. the crossover is designed by
using SIW technology. From figure 4 the magnitude results
it can be clearly seen that as the width of the SIW vias
decreases, the resonance frequency tends to the desired fre-
quency of 26 GHz. As well, the width of the coupling controls
the output power at port 2 and port 3. It tends to produce equal
power of —3 dB coupling ratio. As results, the dimension
of the proposed coupler is selected as follows; the width
of vias is set to 6.5 mm and the coupling area is set to
be 11.5 mm. The crossover is normally designed by cascading
two 3-dB coupler. The configuration of 0-dB crossover is
illustrated in Figure 5 (a). The proposed crossover consists of
two SIW couplers cascaded in series. Figure 5 (b) shows the
performance of the crossover in terms of return loss and out-
put power. When port 1 is excited, the return loss at 26 GHz
is below —10 dB and the output is O dB at port 3. Both port 2
and port 4 are isolated with value less than —10 dB at desired
frequency.

In order to maintain a correct phase difference at the
Butler matrix output, a Schiffman phase shifter of two cou-
pled transmission lines was designed as shown in Figure 6.
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FIGURE 5. The proposed crossover and performance. (a) Crossover
structure. (b) S-parameters.

The widths of the Schiffman phase shifters, Wt. remain same
as the widths of feeding transmission lines but the lengths
of the Schiffman phase shifters, Ls are changing relative to
the required phase values. The Schiffman phase shifters are
realized by extending the corresponding lengths that are bent
into arcs. The phase difference of the phase shifters can be
determined by using Equation 6 [20]:
. 2w (Lm — Lr)
phase difference, A} = T (6)
where Lm, Lr and are the main length, reference length and
guide wavelength, accordingly. The main length, Lm and
reference length, Lr are optimized to obtain the desired
phase difference between the main line and the reference line
which is at the first left output port of the proposed butler
matrix. The designed phase shifters are combined with the
couplers to analyses the performance results of the butler
matrix. A cylindrical metal post, which is inserted in the
SIW structure, is equivalent to a T-network and a phase
shifter based on [21]. In the equivalent circuit of Figure 6,
the capacitive coupling effect between the metal sides of the
SIW and the cylindrical metal post is represented by two
capacities while the mutual coupling effect between the top
and bottom metal conductors is represented by an inductance.
After design all components of butler matrix which is coupler
crossover and phase shifter, next section will build fully butler
matrix.
Figure 7 present structure of SIW. Figure 8 refers to the slot
antenna design by using SIW technology with metallic vias at
the left and right side of patch, the proposed design of antenna
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sharing common ground plane to be directive antenna,
All Dimensions of SIW Antenna presented in table 3. SIW
design generally works in TEjp mode, m = 1, n=0.
Therefore, the equation for cutoff frequency is shown
in equation 7:

fo= 5 ™)

two vias controlling the
phase

00000000000400000000000
[s

Q
00C00000000CUTUOOO000000

FIGURE 6. The proposed SIW phase shifter with two vias controllers.

where a is the total broad side dimension of the rectangular
waveguide. Next, ad is the width of DFW (dielectric field
waveguide) [22].
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The design equations for SIW, which found by Wsiw is the
separation between via rows (center to center).
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Then, the equation for the separation distance ‘S’ and diam-
eter “D” control the radiation loss and return loss are as
follows:

Wsiw = ad +
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FIGURE 7. Configuration of an SIW structure synthesized using metallic
via-hole arrays [23].
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FIGURE 8. The proposed antenna with two slots.
TABLE 3. All dimensions of SIW antenna.
Definition Parameters Value (mm)
Substrate width Weub 8.5
Substrate Length Lsub 25.9
Width of the slot patch Ws 0.6
Length of the slot Ls 4.7
Width of feed Ws 1.556
Length of feed Lr 8
Width of feeder SIW W1 5.2
Length of patch Ly 25
Diameter of vias d 0.73
Separation between two vias P 0.98
SIW vias width Wsiw 5.5
Thickness of substrate h 0.508
distance from the centre of slot T 23

to the edge of SIW vias

B. INTEGRATION OF 4 x 4 BM

The feedline of the proposed BM in figure 2 has been mod-
ified, the feedline of input and output ports separated by
microstrip feedline as can in figure 9 reangling the feed-
lines of port 1, 4, 5 and 8 by 90 degree and each adjacent
feedline ports 2, 3, 6 and 7 to be able solder SMA for
each port. Figure 9 shows the integration of a 4 x 4 Butler
matrix by constructing four couplers, one crossover, and two-
phase shifters. To verify the concept of the 4 x 4 Butler
matrix, a simulation process was performed using a Computer
Simulation Technology (CST) software. The S-parameters
response of return loss, isolation, and transmission coeffi-
cients are plotted for each input ports.

This section discusses S-parameters results as simula-
tion in terms of return-loss and insertion-loss. For setup,
Port-1 (P1) is fed with the signal while keeping all the
other terminated using 50ohm loads. The results are sum-
marized in Figure 10, and it can be observed that the
simulated insertion-loss at Ports 5-8 is coming out to be
—7 % 2 dB, respectively which shows that the output ports
power division in the BM network is approximately equal.
Similarly, the simulated return-loss value is below —16 dB,
which refers to good performance characteristics. All the
simulated responses are taken between the frequency range
of 24-28 GHz, respectively. It can also be observed from
Figure 10 that at 26GHz frequency band 15%.

Figure 11 discusses the simulated S-parameters results in
terms of return-loss and insertion-loss for Port-2 (P2) exci-
tation. the Port-2 is fed with a signal while keeping all the
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FIGURE 10. S-parameters simulated responses of the proposed Butler
matrix at port 1 excitation.
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FIGURE 11. S-parameters simulated responses of the proposed Butler
matrix at port 2 excitation.

other terminated using 50ohm loads. From 24GHz to 28GHz
frequency range, the results in Figure 11 illustrate that the
simulated return-loss is below —22 dB, and insertion-loss
obtained at Port 5-8 is —7 £ 2 dB, respectively. According
to the insertion-loss result observed in Figure 11, power
division between the BM four output ports are approximately
equal.
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FIGURE 12. S-parameters simulated responses of the proposed Butler
matrix at port 3 excitation.
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FIGURE 13. S-parameters simulated responses of the proposed Butler
matrix at port 4 excitation.

Figure 12 discusses the simulated S-parameters results
in terms of return-loss and insertion-loss for Port-3 (P3)
excitation. Port-3 is fed with a signal while keeping all the
other terminated using 50ohm loads. The results are sum-
marized in Figure 12, and it can be observed that simulated
insertion-loss at Ports 5-8 is coming out to be —7 & 2 dB,
respectively which shows that output ports power division in
the BM network is approximately equal. Similarly, the simu-
lated return-loss value is below —19 dB, which refers to good
performance characteristics. All the simulated responses are
taken between the frequency range of 24-28 GHz, respec-
tively. It can also be observed from Figure 12 that at 26 GHz
frequency band 15%.

Figure 13 discusses the simulated S-parameters results
in terms of return-loss and insertion-loss for Port-4 (P4)
excitation. Port-4 is fed with a signal while keeping all
the other terminated using 50ohm loads. From 24GHz
to 28GHz frequency range, the results illustrate that the
simulated return-loss is below —14 dB and insertion-loss
observed at port 5-8 is —7 £ 2 dB. According to the
insertion loss result observed in Figure 13, the power divi-
sion between the BM four output ports are approximately
equal.
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FIGURE 14. The antenna beamforming design using Butler matrix
network with four SIW slot antennas.
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FIGURE 15. The simulated input powers of the proposed beamforming
networks.

C. ANTENNA BEAMFORMING BASED-BUTLER MATRIX
Figure 14 shows the integration of the proposed 4 x 4
Butler matrix with four slot SIW antennas at 26 GHz. The
antennas are attached to the Butler matrix outputs with dis-
tance of a quarter wavelength (A/4). The SIW antenna is
essentially a standard slot antenna designed at 26 GHz to
prove the concept of the Butler matrix beamforming net-
work, the distance between two slots is (A/2). A simulation
response in terms of return loss and isolation are presented
in Figure 15.

The microstrip straight feedline of BFN has been modified
by separating each adjacent port as can be seen in Figure 14 to
achieve enough distance between in ports to be able to solder
SMA for BFN. The simulated results of the reflection coef-
ficients of the BFN with microstrip separation feedline are
shown in Figure 14. The reflection coefficients, S11 = —37
and S44 = —22dB, and the reflection coefficients, S22 and
S33 = —20 dB and —17 dB which means a good return
loss is obtained greater than 10 dB at the desired frequency
with a wider bandwidth of almost 4 GHz as can be seen
in figure 15.

The simulated radiation pattern results of the linear
1 x4 antenna array with spacing 0.5A and microstrip
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FIGURE 16. The performance of the proposed simulation antenna
beamforming of radiation pattern at all ports.

separation feedline are shown in Figure 14. Figure 18.
shows the simulated results of the radiation pattern when
Port-1(P1) or Port-2(P2) or Port-3(P3) or Port-4(P4) of the
BM is excited. we are discussing the simulation results
of BFN with microstrip separation feedline and d = 0.5
at 26 GHz. When P1 and P4 are excited, a gain of 9.5 dB
and 7.6dB is achieved, respectively. Although the gain
11.9 dB and 8.1 dB for P2 and P3 excitation, respec-
tively. However, according to which the input port is
excited, the peak of the beam rotates. the gain of BFN
with a microstrip separation feedline achieved almost sim-
ilar results to the BFN with a microstrip straight feedline
according to gain and reflection coefficients has a bit
loss come from the length of the microstrip separation
feedline.

As seen in Figure 16(a), when input port P1 is fed with
a signal, the main beam is directed to —14°. Meanwhile,
the direction of maximum radiation is attained at —41°,
as the signal is fed into input port P2. In Figure 16(b), for
the input port P3 excitation, the main beam steers to +40°.
When the input port P4 is excited, the direction of the main
beam alters to +14°. when the input port P1 and P4 is
excited, the half power beam width (HPBW) of the main
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FIGURE 17. Roger substrate based fabricated prototype of the proposed
4 x 4 BM without microstrip separation feedline.

Phase shifter

FIGURE 18. Fabrication of 4 x 4 Butler matrix.

lobe is 30° and 29.5°, respectively. Similarly, the HPBW is
32.5° and 32° for the excitation of input ports P2 and P3,
respectively.

IIl. RESULTS AND DISCUSSIONS

The proposed 4 x 4 Butler matrix and antenna beamform-
ing network are fabricated using Roger 5880 substrate with
thickness of 0.508 mm and permittivity of &, = 2.2. The
measurements in terms of S-parameters are performed using
vector network analyser (VNA) with two cables and six ter-
mination dummy loads.

A. BUTLER MATRIX RESULTS

The feedline of the SIW butler matrix in Figure 17 has been
modified, by separating all input and output ports to be able
to solder SMA for each port. The BM was fabricated by
integrating BLCs, crossover, and phase-shifter on a single
roger substrate allowing them to share a common ground as
illustrated in Figure 18. This is to develop a more compact and
precise BM structure for the deployment in 5G SAA systems.
Figure 18 indicates the overall area of the BM design to be
without separation feedline 28 x 59 mm? while BM with
separation 89 x 28 mm?.

The design and fabrication of both 4 x 4 configuration of
BM structure shown in Figures 17-18 indicate good agree-
ment between the simulation results and measurement results
of BM in Figure 18, although BM structure is not able to
be measured (Figure 17) because of the distance between
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each adjacent port. From this point onwards, this thesis’s
discussion will be related to the 4 x 4 configuration of
the BM structure as depicted in Figure 18. It can be seen
from Figure 5.3 that when the signal is fed to P1-P4 (input
ports), it can be transmitted to P5-P8 (output ports) with
equally divided amplitude and predefined phase shifts as
shown in TABLE 1.

This section discusses the measured S-parameters results
in terms of return-loss and insertion-loss based on measured.
For measurement setup, Port-1 (P1) is fed with the signal
while keeping all the other terminated using 50ohm loads.
The results are summarized in Figure 19 (a), and it can be
observed that measured insertion-loss at Ports 5-8 is coming
out to be —7 £ 2 dB, respectively which shows that the
output ports power division in the BM network is approxi-
mately equal. Similarly, measured return-loss value is below
—16dB, which refers to good performance characteristics.
measured responses are taken between the frequency range
of 24-28 GHz, respectively. It can also be observed from
Figure 19 (a) that at 26GHz frequency band, the measured
return-loss and average insertion-loss (S15, S16, S17, S18) is
—20 dB and —7dB, respectively.

Figure 19(b) discusses the measured S-parameters results
in terms of return-loss and insertion-loss for Port-2 (P2)
excitation. For the measurement setup, the Port-2 is fed with
a signal while keeping all the other terminated using 50ohm
loads. From 24 GHz to 28 GHz frequency range, the results in
Figure 19 (b) illustrate that the measured return-loss is below
—22 dB, and insertion-loss obtained at Port 5-8 is —7 £+ 2 dB,
respectively. According to the insertion-loss result observed
in Figure 19 (b), the power division between the BM four out-
put ports are approximately equal. The measured return-loss
is —19dB and the average insertion-loss (S25, S26, S27, S28)
is —7 dB at 26GHz frequency band. When the signal is fed to
Port-2, the results in Figure 19(b) are in good agreement with
each other, indicating excellent BM performance.

Figure 19(c) discusses the measured S-parameters results
in terms of return-loss and insertion-loss for Port-3 (P3) exci-
tation. For the measurement setup, Port-3 is fed with a signal
while keeping all the other terminated using 50 ohm loads.
The results are summarized in Figure 19(c), and it can be
observed that measured insertion-loss at Ports 5-8 is coming
out to be —7 + 2 dB, respectively which shows that output
ports power division in the BM network is approximately
equal. Similarly, the measured return-loss value is below
—19 dB, which refers to good performance characteristics.
All the measured responses are taken between the frequency
range of 24-28GHz, respectively. It can also be observed from
Figure 19 (c) that at 26GHz frequency band, the measured
return-loss and average insertion-loss (S15, S16, S17, S18)
is —16 dB and —7.7 dB, respectively. The measured and
simulated results are in good agreement with each other,
indicating excellent BM performance.

Figure 19(d) discusses the measured S-parameters results
in terms of return-loss and insertion-loss for Port-4 (P4)
excitation. For the measurement setup, Port-4 is fed with a
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FIGURE 19. The measured performance of the printed 4 x 4 Butler
matrix. (@) Port 1. (b) Port 2. (c) Port 3. (d) Port 4.

signal while keeping all the other terminated using 50ohm
loads. From 24 GHz to 28 GHz frequency range, the results
illustrate that the measured return-loss is below —14 dB and
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insertion-loss observed at port 5-8 is —7 £ 2 dB. According to
the insertion loss result observed in Figure 19 (d), the power
division between the BM four output ports are approximately
equal. The measured return-loss is —14dB and the average
insertion-loss (S45, S46, S47, S48) is —6.75 dB at 26 GHz
frequency band. When a signal is fed to Port-4, the results in
Figure 19 (d) show that they are in good agreement with each
other, indicating excellent BM performance.

In this section, summaries result the phase difference of
the proposed design BM between adjacent output ports. The
phase difference is calculated by subtracting the phase from
one output port to another. Figure 20 presents, the output
signal to the simulated and measured BM phase difference
between adjacent output ports when port-1 is excited. The
result in Figure 20 illustrates good agreement between simu-
lated and measured phase difference.

So, for the port —1 excitation of the proposed BM
design in this paper, shows in Figure 20(a) the differ-
ences result between simulated and measured of the phase
differences at center frequency 26 GHz of the BM. Accord-
ing to the simulated, the phase differences for output at
P1 —45 is (S61-S51), (S71, S61), (S81-S71) —47.7°, —41°,
and —43.5°. Is achieved between output ports P-5/P-6,
P-6/P-7 and P-7/P-8, respectively. It can be noted from the
simulated phase difference values that the error is 2.7°, 4°
and 2°, respectively. The average phase was 43.9 and phase
error of average phase is 1.1° shows in Figure 20(c).

Correspondingly, the measured phase differences present
in figure 20(b), was (S61-S51), (S71, S61), (S81-S71) —50°,
—40° and —41°, is achieved between output ports P-5/P-6,
P-6 / P-7, and P-7/P-8, respectively, when the signal is fed
to Port-1. It is important to note here that from the measured
phase difference values, the error is 5°, 5° and 4°, respec-
tively. The average phase difference was —42.9° and error of
average is 2.1°. as can see in figure 20(c).

Figure 21 (a-b-c) shows the simulated and measured phase
difference between the adjacent output ports of the BM for
the excitation of Port-2. According to the design criteria
listed in Table 1, which suggests +135° phase difference
between the adjacent output ports. For the excitation of
Port-2, the simulated phase differences achieved between the
output ports are 138°, 139°, 130°, respectively, at 26GHz.
The simulated phase difference values fluctuate from the
target value of +135° by 3°, 4° and 5°, respectively. The
average phase difference was 135.6° and phase error of
average is 0.6°.

For the excitation of Port-2, the measured phase differ-
ences achieved between the output ports are 140°, 139° and
130°, respectively, at 26 GHz. It is important to note here
that from the measured phase difference values, the error is
5°, 4° and 5°, respectively, which led to an average phase
difference 136.3° error of 1.3°.

Figure 22 (a-b-c) illustrates the simulated and measured
phase difference between the adjacent output ports of the
BM when Port-3 is excited. The BM design specifications
are given in Table 1, which suggests —135° phase difference
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FIGURE 20. Phase shift at the output ports for the Port-1 excitation
(a) Simulated, (b) Measured response, (c) Average phase differences.

between the adjacent output ports for the excitation of Port-3.
So, for the Port-3 excitation of the proposed BM design in this
thesis, the simulated phase differences (S63-S53) / (S73-S63)
/ (883-S73) of —132.5° / —138° / —140° is achieved between
Port-5 / Port-6, between port-6 / Port-7, and between Port-7
/ port-8, respectively. It can be noted from the simulated
phase difference values that the error is 2.5°, 3° and 5°,
respectively. The average phase difference was 136.8 and
phase error is 1.8°.

For the phase difference measurement results, the mea-
sured (S63-S53) / (873-S63) / (S83-S73) phase difference
of —131° / —140° / —142° is achieved between Port-5 /
Port-6, between Port-6 / Port-7 and between Port-7 / Port-8,
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FIGURE 21. Phase shift at the output ports for the Port-2 excitation
(a) Simulated, (b) Measured response, (c) Average phase differences.

respectively, when the signal was fed to Port-3. It is important
to note here that from the measured phase difference values,
the error is 4°, 5° and 7°, respectively. The average phase
difference was 137.6 and error is 2,6°.

Figure 23 (a-b-c) illustrates the simulated and measured
phase difference between the adjacent output ports of the
BM, when a signal is fed to Port-4. According to the design
criteria listed in Table 1, it is suggested that the phase differ-
ence between the adjacent output ports to be +45°. For the
excitation of Port-4, the simulated phase differences achieved
between the output ports are 40°, 43°, 48°, respectively,

7905



IEEE Access

Y. M. Hussein et al.: Low Loss Wideband 4 x 4 BM Networks

-100
-120 -
<
e _'_W
S M40 [ e e
=
£
2
£ -160 4
£
—— 863-853
-180 - —— S73-563
—— §£83-873
-200 T ' '
24 25 26 27 28
Frequency GH
(a)
-100
-120 -
8 e e —— e _————— T . ——— o — ——
B 440 p======NTo o = =S TE S e
S
£
]
2 -160 -
£
—_———— $63-553
-180 + —_— ———— S73-863
—_———— $83-873
-200 T T T
24 25 26 27 28
Frequency GH
(b)
-200
-180 -
L]
2
T -160 -
=
£
2 -140 - S I -
=
[
-120 A
—— Simulation
—=— Measurement
-100 : T :
24 25 26 27 28
Frequency GH
(c)

FIGURE 22. Phase shift at the output ports for the Port-3 excitation
(a) Simulated, (b) Measured response, (c) Average phase differences.

at 26 GHz. The simulated phase difference values fluctuate
from the target value of +45° by 5°, 2° and 3°, respec-
tively. The average phase difference was 43,6° and phase
error are 1.4 °.

For the excitation of Port-4, the measured phase differences
achieved between the output ports are 38°, 40° and 50°,
respectively, at 26 GHz. It is important to note here that
from the measured phase difference values, the error is 3°,
5° and 5°, respectively, which led to an average phase dif-
ference was 42.6° and error of 2.4°. Table 4 illustrates a good
agreement between the simulated and measured results of the
phase difference between output ports.
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FIGURE 23. Phase shift at the output ports for the Port-4 excitation
(a) Simulated, (b) Measured response, (c) Average phase differences.

B. ANTENNA BEAMFORMING RESULTS

The planar implementation of the linear antenna array with
BM is performed by the combination of the designed
SIW antenna and BM, at center frequency 26 GHz. BFN
with microstrip straight feedline has been fabricated as
seen in Figure 24 and tried to solder SMA but all in
vain because the distance between each adjacent port was
not enough. figure 25 presents the fabrication of BFN
with a microstrip separation feedline. SIW butler matrix,
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TABLE 4. simulated and measured results of phase difference between
output ports.

Input Phase difference Summation Measurement
between Phase Average Phase Average
port output ports (deg) phase (deg) phase
Phase (S61-S51) 477 -50
Pl Phase (S71-S61) -41 439 -40 429
Phase (S81-S71) -43 -41
Phase (S62-852) 138 140
P2 Phase (S72-S62) 137 135.66 139 136.33
Phase (S82-S72) 132 130
Phase (S63-S53) -1325 -131
P3 Phase (S73-S63) -138 -136.83 -140 -137.667
Phase (S83-S73) -140 -142
Phase (S64-S54) 40 38
P4 Phase (S74-S64) 43 43.6 40 42.6
Phase (S84-S74) 48 50

SIW array antenna, and microstrip separation feedline fab-
ricated on the single ground plane and used roger substrate
with thickness 0.508mm. The measurement of the BFN
was made after the fabrication process was completed.
By evaluating the phase and magnitude of the incident
and reflected waves from a device under test (DUT), the
VNA can accurately measure the linear behavior of the
DUT. reflection coefficient, VNA is used for performing
any measurement, it must be calibrated. Ordinarily, the cal-
ibration process moves the VNA measurement reference
plane to the very ends of the test cables. The location
of the reference plane is one factor that affects VNA
measurement.

Butler matrix | Antenna array 2x4 slots I
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FIGURE 24. BFN with microstrip straight feedline.

Figure 26 presented the S parameters of BFN at all
input ports, portl is S11 = —21dB, port2 is S22 = —15,
port3 is S33 = —20dB and port4 = —22dB. All input ports
below —10dB with wider bandwidth 4GHz at resonate
frequency 26GHz. This meant that the beamforming feed-
ing network performs well at desired bandwidth. However,
at port 2 and port 3 a rubble in the signal was noticed due
to mismatch between connectors and ports as well as cable
losses.

Figure 27 (a-b-c-d) shows the simulated and measured
results of the radiation pattern of linear 1 x 4 antenna
array with a spacing of 0.5A, when Port-1, Port-2, Port-3
and Port-4 of the BFN are excited. The simulation results
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FIGURE 25. The fabricated prototype of the proposed four-beam antenna.
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FIGURE 26. The measured return loss at all input ports of the printed
beamforming network.

were already discussed in the previous section, so now
onwards, the discussion is related to the measured results.
When Ports-1 or 4 were excited, a gain of 10.7 dB and 10.4 dB
was achieved, respectively. Meanwhile, the gain was 11.5 dB
and 10.1 dB for Port-2 and Port-3 excitation, respectively.
However, according to which input was excited, the peak of
the beam rotates.

When Port-1 was fed with a signal, the main beam
steered to —14°. Meanwhile, the direction of maximum
radiation was attained at —41°, as the signal was fed into
Port-2, for the Port-3 excitation, the main beam steers
to +40°. When Port-4 was excited, the direction of main
beam alters to +14°. Figure 27 show Simulated and mea-
sured radiation patterns of the multi beam antenna array.
the radiation pattern measurement which done in the Ane-
choic Chamber of Advanced Microwave and RF Antenna
Lab, Universiti Teknologi Malaysia (UTM), Johor, Malaysia.
The tested antennas placed towards the source antenna as
shown in Figure 28. As a conclusion, low phase error
of 5° at port 2 is achieved as can see in table 5. Table 6
compares the performance of the proposed Butler matrix
prototype with other related designs. It can be concluded
from the comparison that the prototype has a low phase
error.
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TABLE 5. Radiation beam of beamforming.

Simulation Measurement
Number of Perfect
300 Phase Phase Phase Phase
Port Phase
beam Error beam Error
1 -15 -14 1 -14 1
270 2 -45 -42 3 -41 4
3 +45 +41 4 +40 5
Simulation
- Measurement 4 +15 +14 1 +14 1
240 120

2

imulation
240 asurement 120
S

180

(b)

0
o
00

stepper

7

FIGURE 28. The proposed design SIW beamforming during measure

ulation radiation pattern.

. TABLE 6. Compression with related work.
2?0\ - /120

3
270 I B!
2

(1:)° Parameters | [14] 24] 25] 126] This work
Frequency 30 30 28 28 26
(GHz)
Return loss 22 28 27 18 22
(dB)
Coupling 7t08 7to8 8t 9 6to7 6to7
300 60 factor (dB)
Coupling 3 3 4 0.65 1.68
losses (dB)
Phase +50,  £50,+129  4+24,+120  +42,+133 +46, £133
difference +129
270 20 (deg)
Phase errors 13 7 15 4 2

1 (deg)
—— simulation Technology SIW SIW SIW Waveguid SIW
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FIGURE 27. The performance of measured and simulated of radiation . .
pattern of the proposed antenna beamforming. (a) Port 1. (b) Port 2. In this paper, a low loss wideband of a 4 x 4 beam-

(c) Port 3. (d) Port 4. forming Butler Matrix at 26 GHz for 5G base station
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application is presented to generate a unique four progressive
phase difference at the output ports. The design of 4 x 4
Butler matrix has four hybrid couplers, one crossover, and
two-phase shifters that achieved significant size reduction.
Measurement results and simulation results agree well with
each other to validate the design specifications. A low loss
magnitude error of 3 dB and phase error of 5° with wide-
band of 4 GHz are achieved. Then, the proposed Butler
matrix is attached with four SIW slot antennas to prove
the property of a unique beam scanning. The measured
results approve the concept of the four different phase
scanning’s at —14°, —41°, 40°, and —14° with a return
loss below —10 dB. For 26 GHz fifth generation applica-
tions, the proposed 4 x 4 antenna Butler matrix has a new
approach for beamforming network designs with the achieved
characteristics.
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