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ABSTRACT In this research study, a metamaterial (MTM) based 1 x 4 linear antenna array is designed
with an integrated butler matrix (BM) beamforming network (BFN) to execute the switched-beam antenna
array (SAA) operation, which can be employed for sub-6 GHz 5G applications. The proposed SAA is
designed and simulated using CST microwave studio and then fabricated using FR4 epoxy glass substrate
with the thickness () = 1.6mm and dielectric constant (g,) = 4.3. The MTM-BM BEN has shown excellent
performance in both simulated and measured results, having return-loss of below 14 dB and insertion-loss
at ports 5-8 to be 7 &= 2dB between the frequency range of 3.2-3.75GHz, respectively. Moreover, the phase
difference between the output ports of the BM is simulated and measured. The 0.5A spaced complementary
split-ring resonator (CSRR) based antenna array integrated with MTM-BM BFN achieved a measured gain
of 4.8-6.1 dB when each input port of BM was excited. The SAA analysis has been performed to identify
the variation of gain and grating lobes; the distance between MTM antennas was altered by 0.34, 0.54, and
0.71, respectively. Depending on the BM input ports excitation, the main beam of the SAA is steered in four
different directions —40°, —15°, 415°, and 445°, respectively. These radiation pattern studies have shown
that the MTM-BM connected with four linear MTM antennas has successfully generated four beams in four
different directions, which can be utilized for 5G applications to improve the channel capacity and enhance
the transmission quality.

INDEX TERMS 5G, metamaterial (MTM), antenna array, Butler matrix (BM), beamforming network
(BFN), switched-beam antenna array (SAA), complementary split-ring resonator (CSRR).

I. INTRODUCTION

In today’s modern world, the ever-growing demand for reli-
able and high-speed wireless technology is exponentially
increasing because of the huge data traffic from different
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channels like social media applications, cloud computing
platforms, live streaming websites, artificial intelligence (AI)
applications, virtual reality, and online gaming, etc [1], [2],
[3]. Currently, ~23-billion wireless devices and sensors are
linked to the internet network, and in the future, these num-
bers are expected to rise manifold [1], [2], [3]. In order to meet
these demands, researchers and technology companies are
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FIGURE 1. Switched-beam antenna array.

putting tremendous effort into the development and deploy-
ment of Fifth Generation (5G) wireless technology [1], [2],
[3]. These 5G wireless systems are anticipated to provide
~10GB/s data-rates, extremely low wireless signal latency,
increased bandwidth for higher user capacity of up to several
billion, and reduced power consumption. Another significant
aspect of the 5G wireless systems is the utilization of sub-
6GHz and millimeter-wave (mm-Wave) frequency bands [2],
(31, [4], [5], [6].

Long ago [7], when the researchers started to explore the
possibilities for 5G wireless systems as a next-generation
wireless standard, they predicted that antenna arrays with
beam-switching capabilities would be required for the signal
distribution in the upcoming wireless technology [8], [9]. For
this purpose, it was envisioned that beam-forming networks
(BFNs) based on switched-beam antenna array (SAA) tech-
nology could play a critical role in solving design constraints
like multi-path fading and interference, which affects the
overall quality of the transmitted wireless signal [10].

The SAA technology mainly comprises antenna arrays and
BFNs, where the predefined phases from the BFN can be
utilized to steer the main beam of the antenna array in any
desired direction. So, the above-mentioned problems can be
solved by employing multiple antenna elements integrated
with BFNs (an SAA system) at the 5G transceivers to improve
the overall directionality, coverage, and resolution along the
desired 5G signal path [2], [10]. It is also important to note
that since the 5G wireless systems provide an enhanced
bandwidth of 0.5-1GHz compared to previous wireless gen-
erations, the compact structure of the SAA system is a critical
design requirement [11].

For the upcoming 5G wireless systems, it is significant to
define the optimal method for deploying BFNs, which leads
researchers to study the design and performance trade-offs
between the existing SAA technologies. Typically, the BFNs
are mainly divided into two major categories of analog and
digital BFNs [12]. Then, the analog BFNs are further divided
into two sub-categories which are variable phase-shifter
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(VPS) and fixed-passive BFN [13]. The VPS BFNs are even
further sub-classified into active and passive VPSs. Some of
the noteworthy drawbacks of the active and passive VPSs are
high insertion-loss and power consumption, respectively [13].
Typically, the fixed-passive BFNs refer to the lens- or circuit-
based BFN. Butler matrix (BM) [14] is considered one of the
most commonly used and preferred circuit-based BFNs. So,
in this paper, we will focus our discussion on the metamaterial
(MTM) structure based SAAs to meet the requirements of
the upcoming 5G system with excellent performance char-
acteristics. MTMs [15], [16], [17] are typically defined as
artificially constructed materials which can attain negative
magnetic permeability (i) and electric permittivity (¢). The
negative u and ¢ properties for the microwave components
offer benefits like electrically small size, high bandwidth, and
good performance characteristics for the future 5G systems.

In this research study, all components of the SAA system
are designed based on the MTM transmission-line (MTM-
TL) technique consisting of a 4 x 4 BM (including BLC
and crossover) as well as an antenna designed on a single
FR4 substrate sharing a common ground plane to meet the
requirements of 5G systems [11].

In 5G SAA systems, the proposed MTM-BM has to feed
the signal to the MTM antenna array. Thus, the SAA radiates
signals at 5G frequency bands in four different predefined
directions due to the progressive phase difference between
the BM output ports. Ultimately, this proposed SAA system
generates beams in four different directions, which will help
reduce co-channel interference and multipath fading in 5G
wireless systems. This leads to improve the channel capacity
and enhances the transmission quality [18].

Il. DESIGN AND CHARACTERIZATION OF BEAMFORMING
NETWORK FOR SWITCHED-BEAM ANTENNA

ARRAY (SAA)

The proposed SAA is constructed by a linear antenna array
of four radiating elements using the FR4 substrate and the
BFN. The desired radiation main beam is selected by the
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FIGURE 2. (a) Proposed configuration of MTM based BLC (b) IDC (c) Open-circuit coupled-lines.

BFN. This analog BEN is the 4 x 4 BM with 4 outputs
ports (P5, P6, P7, and P8) connected to four antennas. The
novelty of this research is that all the components of SAA is
constructed by using MTM-TL. The open coupled-lines and
inter-digital capacitor (IDC) unit-cell are used in this design
to achieve MTM-TL properties. Fig. 1 shows the proposed
SAA structure.

BM is one of the BFNSs for use in the SAA system. By using
BM, various beams in different directions can be easily pro-
duced. With an adaptive control unit in the antenna system,
those beams can be used to provide a fast discrete electronic
scanning of the antenna pattern [19]. BM is an N x N network
consisting of N inputs and N outputs. The total number of
ports is 2N. Orthogonal beams pointed at different angles can
be generated in the SAA system by connecting N x N BM to
the N-elements array antenna [19].

As illustrated in Fig. 1, the construction of the standard
BM is composed of three main components; 3-dB couplers,
crossovers, and 45° phase shifters. In BM design, one of the
important specifications is the phase difference between the
radiating elements. Based on the design principle introduced
by Moody [20], for N-elements BM, the phase difference
between the radiating elements can be calculated by using

Eq. (1).

2i—1
Phase difference = &+ ( lN ) T €))]

where, N is the matrix order, and i is the number of the input
port. As an example, for 4 x 4 BM, when the signal was
excited into Port-1, the value of i is equal to 1, and the N can
be substituted to 4. Therefore, when substituting the values
of i from 1 to 4, the phase differences for output from input
Port-1 and Port-4 are £45°; meanwhile, the phase differences
for output from input Port-2 and Port-3 are £135°.

From Fig. 1, it can be observed that with different exci-
tation of the input port, different beam directions will be
formed at the output ports with constant phases of —45°,
+135°, —135°, and +45° [21], [22]. For example, when
Port-1 (P1) of BM is fed with signal, a phase difference of
—45° is obtained between P6 and P5, P7 and P6, and P8 and
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TABLE 1. Dimensions of MTM BLC.

Description | Notation Dimension (mm)
BLC Arm
Width of SQQ Impedance W 28
line
Width of 35Q Impedance
line Wss 3
Length of the feed line / 8.7
HORIZONTAL ARM
Finger Width m; 0.4
Finger Length I 3.9
Width of IDC w 5.2
Finger Gap K 0.4
Exterior Finger Width t 0.4
VERTICAL ARM
Finger Width m; 0.4
Finger Length 1 2.2
Width of IDC w 5.2
Finger Gap S 0.4
Exterior Finger Width t 0.4

P7. Meanwhile, when P2, P3, and P4 are excited with signal,
phase differences of —135°, +135°, and +45° are obtained,
respectively.

Another important parameter of BM is the insertion-loss.
The theoretical insertion-loss between Port-1 (P1) and output
ports (P5-P8) should be 6 dB, respectively. This indicates that
the BM circuit divides the transmitted input power to approx-
imately four signals. Similarly, the insertion-loss between
P2/P3/P4 and output ports (P5-P8) should be 6 dB. But in
practice, it is not possible due to several number components
in BM. In this research, the insertion-loss of 741.5dB and
phase difference of £45 and +135 can be achieved between
consecutive output ports by exciting one of the input ports.
The open coupled-lines and IDC unit-cell that develops MTM
properties are applied to the components of modified 4 x
4 BM in order to achieve miniaturization and enhance band-
width performance in this research work. All the components
of BM are designed using FR4 substrate (¢, = 4.3 and h =
1.66 mm) and operate at the center frequency of 3.5GHz,
having a bandwidth of 500MHz. In the next sub-section,
the design of all components of MTM-BM and SAA are
discussed in a detailed manner.

VOLUME 12, 2024
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FIGURE 3. Fabricated prototype of MTM based BLC.
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FIGURE 5. Simulated and measured phase difference between Port-2 and
Port-3.

A. DESIGN OF MITM BASED BRANCH-LINE

COUPLER (BLC)

The proposed design of MTM based BLC is shown in
Fig. 2 (a-c). As shown in Fig. 2(a), the BLC consists of
two input ports and two output ports [23]. The input and
output ports are labeled as P1, P4, and P2, P3, respectively.
Theoretically, the couplers were designed to have —3dB
insertion-loss, with a phase difference between the output
ports P2 and P3 being 90° [23].

BLC’s horizontal and vertical TL impedances are Zy/,/2
and Zj, respectively. The Zy in the designed BLC is set
to 5092. The length of the line impedance at each branch
is A/4. Fig. 2(b) depicts the IDC unit-cell employed in the
BLC’s vertical arm. Equations [24] can be used to calculate
the BLC’s width (W) and feed length (I). The substrate has
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FIGURE 6. Permeability and permittivity properties of MTM based BLC.

been selected as FR4 with &, and thickness (#) of 4.3 and
1.6mm, respectively.

To attain MTM features, the proposed BLC has been incor-
porated with four open-circuits coupled-lines at each port and
an IDC at the horizontal and vertical arms of the transmission
line (TL), as shown in Fig. 2. The loading of open-circuit
coupled-lines at each port of the proposed BLC improves the
bandwidth. The dimensions of the proposed BLC are shown
in Table 1.

The fabricated prototype of the proposed MTM based BLC
is shown in Fig. 3. The simulated and measured S-Parameter
performance of the proposed BLC is shown in Fig. 4. The
results show that the proposed BLC was operating between
the frequency range of 2.87GHz to 4.17GHz with a coupling
factor (S12 and S;3) of 3+£1dB. Fig. 5 illustrates the phase
difference between output ports of BLC. The proposed BLC
achieved a phase difference of 88° at 3.5GHz and 90° £ 5°
between 2.87GHz to 4.17GHz. As compared to the theoreti-
cal value, the phase-error was 2° at 3.5GHz.

The MTM-TL properties of BLC are calculated by using
Nicolson Ross Weir (NRW) method [25]. NRW is a method-
ology used to obtain the ¢ and the u from the S-parameters.
The material with negative ¢ and p simultaneously in certain
frequency ranges is called left-handed MTMs (LH-MTMs).
The NRW method obtains the ¢ and p using the following
constants:

So, writing the sums and differences of the scattering
coefficients as:

Vi=51+Su (2)

Vo =81 —-Sn 3)
1-v V.

X=— "1 )
Vi—W

Then it can be shown that T may be obtained from the
scattering coefficients, since:

Fr=X+vx2-1 5)
and the appropriate sign is chosen so that T < 1. Also,

Vi—-T

_n-r 6
T1Zvr ©
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TABLE 2. Summary of the proposed 4 x 4 butler matrix S-parameter

response at 3.5GHz.
Output S-P " Simulation | Measured Desired
Port -rarameter (dB) (dB) Value (dB)
Sis -7.2 -7.5
Port-5 Szs -5.8 -7.1 742
S35 -6.1 -8.3
Sus -5.6 -7.2
Si6 -6.1 -7.5
Port-6 S2s -5 6.2 -7£2
S36 -5.6 -8.4
Su6 5.9 -5.6
Si17 -5.85 -7.2
Port-7 Sa7 -5.6 -8 -7£2
S37 -5 -7.5
Sy -6.1 -6.7
Sis -5.6 -5.8
Port-8 Sas -6.1 -6.8 I )
) 0 Sss -5.85 -6.7
= P g Sy -7.2 -7.5
V_IO ?‘.‘=====~~ Pt ”,'ls--
s Tteel. TRy, o
220 ool N e L —
g Sear” N V4 2 -10 : - N
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2
& _ 1+T —¢ (7 FIGURE 9. Insertion-loss response for the Port-1 and Port-2 excitation
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c 1\)?
syt = — [wm (Z)} — o ®) o=\ [2 (10)
Then, . . .
Fig. 6 depicts that the  and & are obtained from the
Uy = J/c1C2 ) measurement of the transmission and reflection scattering
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FIGURE 10. Insertion-loss response for the Port-1 and Port-2 excitation
(a) Simulated (b) Measured.

coefficients of a MTM based BLC. From Fig. 6, it is under-
stood that the value of ¢ and p is negative between the
frequency ranges of 1.8GHz to 5.1GHz. This proves that the
proposed BLC shows MTM-TL properties due to the negative
value of ¢ and p simultaneously for a certain frequency range.

The next component of BM is the crossover, and it was
implemented by cascading two MTM based BLCs presented
in the above section.

B. DESIGN OF MTM-BASED BM

The BM consists of 4 BLCs of 90° phase difference between
the output ports, two phase-shifters that provide a phase
shift of 45°, and a crossover to avoid the overlapping of
signals at the crossing. As shown in Fig. 7, the input ports
are represented as P1, P2, P3, and P4, and the output ports
are indicated as P5, P6, P7, and P8. The proposed layout of
the new BM is shown in Fig. 7. In designing a BM, four
parameters are considered; phase difference between output
ports, insertion-loss, return-loss, and isolation-loss. Insertion-
loss defines how the input power is split between the output
ports. The proposed BM was validated in accordance with the
design criteria discussed in detail in Section II.

Fig. 8(a-b) discusses the simulated and measured
S-parameters results in terms of return-loss. For the sim-
ulation and measurement setup of Sy, P1 is fed with the
signal while keeping all the other terminated using 502
loads. A similar procedure has been repeated for Sz, Sa3,
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FIGURE 11. Isolation-loss response (a) Simulated and (b) Measured.

and S44. The results are summarized in Fig. 8(a-b), and it
can be observed that the simulated and measured return-loss
is coming out to be below 10dB between the frequency range
3.1GHz- 3.8GHz.

Fig. 9(a-b) discusses the simulated and measured
S-parameters results in terms of insertion-loss for P1 and P2
excitation. From 3.2GHz to 3.75GHz frequency range, the
results in Fig. 9(a-b) illustrate that the simulated and mea-
sured insertion-loss obtained at P5-P8 is 7 £ 2dB. According
to the insertion-loss result observed in Fig. 9(a-b), the power
division between the BM four output ports is approximately
equal.

Fig.10 (a-b) discusses the simulated and measured
S-parameters results in terms of insertion-loss for P3 and P4
excitation. The results are summarized in Fig. 10(a-b). It can
be observed that simulated and measured insertion-loss at
P5-P8 is coming out to be 7 &= 2dB, respectively which shows
that output ports power division in the BM network is approx-
imately equal. All the simulated and measured responses are
taken between the frequency range of 3.2-3.75GHz, respec-
tively. The summary of the proposed 4 x 4 Butler Matrix
S-Parameter Response at 3.5GHz is shown in Table 2.

Fig. 11(a-b) illustrates the simulated and measured
response of the isolation-loss at the input ports. From 3GHz
to 3.8GHz frequency range, the results in Fig. 11(a-b) indi-
cate that the measured and simulated isolation-loss is below
10dB. So, this shows excellent isolation between the input
ports. There is a shift in the resonance points of measured
and simulated S-Parameter results value which is due to the
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FIGURE 12. Phase difference between the adjacent output ports of the
BM when P1, P2, P3, and P4 are excited (a) Simulated (b) Measured.

variations in the lossy FR4 substrate properties (loss-tangent
(tand) = 0.025) and the amount of solder. This discrepancy
can be improved by using high-end Roger’s substrates with
low loss tangent value.

This paragraph summarizes the phase difference charac-
teristics between adjacent output ports of the BM. The phase
difference is calculated by subtracting the phase from one
output port to another. Fig. 12(a-b) shows the simulated and
measured phase difference between the adjacent output ports
of the BM when P1, P2, P3, and P4 are excited. Results in
Fig. 12(a-b) show good agreement between the simulated and
measured phase differences.

So, for the Port-1 excitation of the proposed BM design
at 3.5GHz, the simulated and measured phase differences
(S16-S15) 1 (S17-S16) / (S18-S17) of —44.2°/—52.8°/ —40.3°
and —42.7°/ —51.4°/—54° is achieved between P5 / P6,
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TABLE 3. Proposed 4 x 4 BM simulated and measured phase difference
between the output ports at 3.5 GHz.

Phase difference between Simulated Measured Expected
consecutive ports (Degrees) (Degrees) e,
(Degrees)
Phase(sy |2 7
Port1 | Phase ((i,’;)) 528 -51.4 -45°
Phaseisy | 403 .
Phaseisy | 1 >
Port-2 ';';;s:e(&’”)) 129 142 1350
Phase(sy | 1416 e
Port-3 l;,'}‘:;s;((fé?) -128 141 1350
Phase sy | 1403 -
Phate (529 26 b
s | eS|, “ s
e | 0 |

between P6 / P7 and between P7 / P8, respectively. The ideal
phase difference between the output ports for P1 excitation
is —45° as per Eq. 1. It can be noted from the simulated
phase difference values that the errors are 0.8°, 7.8°, and
4.7°, respectively. The average phase difference error is 4.4°.
It is important to note here that from the measured phase
difference values, the error is 2.3°, 6.4°, and 9°, respectively.
Similarly, for the excitation of P2, P3, and P4, the simulated
and measured phase difference between the adjacent output
ports results are summarized in Table 3.

In Section II-B, an MTM based 4 x 4 BM was designed,
simulated, and fabricated for the 5G SAA system. The pro-
posed 4 x 4 BM was designed using IDC and open-circuit
coupled-lines to achieve MTM-TL properties. Four param-
eters that include return-loss, isolation-loss, insertion-loss,
and phase difference results have been addressed for the
proposed BM. The proposed BM has shown excellent per-
formance in simulated and measured results, with return-loss
and isolation-loss values to be below —14dB, insertion-loss
at ports 5-8 to be 7 & 2dB between the frequency range of
3.2-3.75GHz, respectively. Further evidence shows that the
size of the proposed BM decreased by 75% (Size = 70mm x
73.7mm), and the bandwidth (550MHz) was enhanced about
8.2 times higher than the traditional BM [19].

Ill. INTEGRATION AND CHARACTERIZATION OF SAA

In this section, a SAA based on MTM-BM is designed
for 5G applications. A MTM antenna array connected with
MTM-BM was presented to develop SAA, as shown previ-
ously in Fig.1. The use of BM is to shift the beam in a different
direction. The proposed BM in section II-B, develops a —45°,
+135°, —135°, and +45° phase difference between the
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FIGURE 13. Layout MTM based BM connected to linear MTM antenna
array with spacing d = 0.51 (a) Top Layer (b) Bottom Layer.

output ports with a maximum average phase tolerance of
+5° at 3.5GHz based on the excitation of the input ports.
Therefore, it is possible to direct the main beam to £15° and
445° by connecting four MTM antennas presented in [15]
with a half-wavelength distance [18] and feed the antenna
using MTM based BM. The beam of SAA in Fig.1 may also
be directed to a particular angular direction by controlling
the phase difference between the output ports of BM and
the distance between the antenna elements. This work aims
to develop a beam-steering array antenna with an emphasis
on the radiation pattern. In the following section, the overall
design is further elaborated.

A. LINEAR ANTENNA ARRAY (1 x 4) WITH
METAMATERIAL BUTLER MATRIX

A linear antenna array of four MTM antennae based on
a combined Minkowski-Sierpinski carpet fractal antenna
(CMSFA) radiating patch with CSRR etched in the ground
plane and the BFN was used to construct the SAA. The sub-
strate chosen was an FR4 with a relative permittivity (e,) of
4.3 and a thickness (&) of 1.6mm, respectively. The BFN and
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FIGURE 14. Simulated radiation pattern results of 1x4 antenna array
with a spacing of 0.51 (a) Port-1 or Port-4 are excited (b) Port-2 or Port-3
are excited.

FIGURE 15. Simulated radiation pattern results of 1x4 antenna array
with a spacing of 0.31 (a) Port-1 or Port-4 are excited (b) Port-2 or Port-3
are excited.
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FIGURE 16. Simulated radiation pattern results of 1x4 antenna array
with a spacing of 0.71 (a) Port-1 or Port-4 are excited (b) Port-2 or Port-3
are excited.

distance between the antenna elements select the direction of
the main beam radiation. The BFN is the 4 x 4 BM presented
in section II-B, and it has four output ports (P5, P6, P7, and
P8) connected to the MTM antenna, as shown in Fig. 13.
More information and detailed step-by-step design of the
MTM antenna is presented in [15]. The MTM antenna radi-
ating patch is based on the fractal structure of the combined
Minkowski-Sierpinski carpet, and complementary split-ring
resonator (CSRR) structures are etched in the ground plane
to miniaturize the antenna size and improve the antenna’s
overall bandwidth. Initially, the spacing between the antenna
elements was adjusted to half-wavelength, which is about
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TABLE 4. Comparison of the simulated pattern results and the gain
according to the spacing between the antenna elements (d).

Port Gain (dB) Main beam direction
d=031 | d=0.52 d= d= d= d=
0.72 0.32 0.52 0.72
Port-1 3.63 5.23 6.4 -25° -15° -8°
Port-2 433 4.4 6.5 -50° -40° -23°
Port-3 3.68 5.1 6.6 +50° +40° +23°
Port-4 3.52 5.77 6.4 +25° +15° +8°

42.5mm. The overall dimension of the structure is 124 x
154 mm?. Secondly, the spacing between the MTM antenna
is updated by d = 0.3A and d = 0.7A. The main purpose of
updating the spacing ‘d’ is to identify the variation in main
beam angles and grating lobe to achieve better gain. The rela-
tionship between the main beam angle 6 of the antenna array
and the phase difference between two continuous elements in
the array (B) are given in Eq. 11:

W = (kd cos6 + B) (1D

The simulated radiation pattern results of the linear 1 x
4 antenna array with spacing 0.5A are shown in Fig. 14(a)
when P1 or P4 of the BM is excited. Fig. 14(b) shows the
simulated results of the radiation pattern, when P2 or P3
of the BM is excited. Firstly, we are discussing the simula-
tion results for d = 0.5A4 at 3.5GHz. When P1 and P4 are
excited, a gain of 5.23dB and 5.77dB is achieved, respec-
tively. Although the gain decreases to 4.4dB and 5.1dB for P2
and P3 excitation, respectively. However, according to which
input port is excited, the peak of the beam rotates.

As seen in Fig. 14(a), when input port P1 is fed with a
signal, the main beam is directed to —15°. Meanwhile, the
direction of maximum radiation is attained at —40° as the
signal is fed into input port P2. In Fig. 14(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 +15°. In the case of d = 0.54, when the input port P1
and P4 are excited, the half-power beam-width (HPBW) of
the main lobe is 22.3° and 23.6°, respectively. Similarly, the
HPBW is 31.7° and 33.7° for the excitation of input ports P2
and P3, respectively.

Secondly, we are discussing the simulation results for d =
0.31 at 3.5GHz. A gain value of 3.63dB, 4.33dB, 3.68dB, and
3.52dB was achieved when P1, P2, P3, and P4 were excited,
respectively. In Fig. 15(a), when input ports P1 and P4 were
excited, the main beam direction was achieved at —25° and
+25°, respectively. As seen in Fig. 15(b), as input ports
P2 and P3 were fed with signal, the direction of maximum
radiation was attained at —50° and +50°, respectively. In the
case of d = 0.3\, when the input ports P1 and P4 are excited,
the HPBW of the main lobe is 44.7° and 49.6°, respectively.
Similarly, the HPBW is 43° and 44.6° for the excitation of
input ports P2 and P3, respectively.

Finally, we are discussing simulation results for d = 0.74
at 3.5GHz. A gain of 6.4dB, 6.5dB, 6.6dB, and 6.4dB was
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FIGURE 17. Hybrid implementation of the SAA and the spacing between
the antenna elements d = 0.51.

(b)

FIGURE 18. Compact structure of the SAA, the spacing between the
antenna elements d = 0.51 (a) Top layer (b) Bottom layer.

achieved by the excitation of input ports P1, P2, P3, and
P4, respectively. Based on the radiation patterns observed in
Fig. 16(a), the direction of the main beam was attained at
—8° and +8° by the excitation of P1 and P4, respectively.
In Fig. 16(b), when input P2 and P3 are excited, the direction
of the main beam is achieved at —23° and +23°, respectively.
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i d-beam antenna array

FIGURE 19. Setup for the radiation pattern measurement process.

This linear antenna array with d = 0.7A spacing has HPBW
of 17.1°,18.6°, 18.7° and 17.1° when input ports P1, P2, P3,
and P4 of BM are excited, respectively.

Table 4 shows the comparison of the simulated pattern
results and the gain according to the spacing between the
antenna elements (d). It is understood from the simulated
results of the radiation pattern and comparison table that
the grating lobe and the gain are reduced while decreasing
the spacing between antenna components. The grating lobes
and gain are raised, while the distance between the antenna
is increased to 0.7A. The HPBW is more for d = 0.31.
It is understood from the simulated results of the radiation
pattern that there is variation in the main beam angle by
decreasing/increasing the spacing between antenna elements
from 0.5A. These radiation pattern studies show that the BM
connected with the antenna has successfully generated four
beams in four different directions.

From all these results, four MTM antennas based on
CMSFA with CSRR etched in the ground plane connected
to MTM-BM and the spacing between the antenna elements
is 0.54 were selected for fabrication. This structure shows the
better gain and acceptable level of grating lobes are provided.
The main purpose of fabrication is to validate our simulation
result and analyse the switching of the beam in four different
directions.

B. LINEAR ANTENNA ARRAY (1 x 4) WITH BUTLER
MATRIX FABRICATION AND CHARACTERIZATION

The planar bi-layer implementation of the linear antenna
array with BM is performed by the combination of the
designed MTM antenna in the article [15] and MTM based
BM in section II-B at the center frequency of 3.5GHz. The
hybrid implementation of the SAA is illustrated in Fig. 17.
It can be seen in Fig. 17 that we have used the RF coaxial
cables of 10cm to make the connection between the antenna
and the BM, and the spacing between the antenna elements is
0.5A. However, this design is not applicable for the imple-
mentation in 5G applications because of its size and extra
losses induced by the SMA transitions and coaxial cables.
For us to make the design practical in 5G applications, the
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FIGURE 20. Radiation pattern of hybrid implementation of the SAA
structure as shown previously in Fig.17.

design has to be more compact. Therefore, all components
are fabricated on a single FR4 PCB substrate sharing a com-
mon ground plane. This can be observed in Fig. 18. With
this compact design, the SAA has a total surface area of
124mm x 154mm. 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 shown in the measurement setup Fig. 19.
Although there was some inconsistency noticed with the
measured radiation pattern results from both SAA designs,
they are minor enough for them to be a good match. The
discrepancies may be due to extra losses and phase shifts
prompted by the cables and connectors. The radiation pattern
results of Fig. 17 are shown in Fig. 20. From now onwards,
discussions relating to the results will be based on the com-
pact structure of the SAA shown in Fig. 18.

IV. RESULTS AND DISCUSSION

Fig. 21(a-b) shows the simulated and measured results of
the radiation pattern of a linear 1 x 4 antenna array with
a spacing of 0.5A when P1, P2, P3, and P4 of the BM are
excited. The simulation results were discussed in the already
previous section, so now onwards, the discussion is related to
the measured results. When P1 or P4 were excited, a gain of
4.8dB or 6.1dB was achieved, respectively. Meanwhile, the
gain was 5dB and 5.1dB for P2 and P3 excitation, respec-
tively. However, according to which input was excited, the
peak of the beam rotates.

As seen in Fig. 21, when P1 was fed with a signal, the main
beam steered to —15°. Meanwhile, the direction of maximum
radiation was attained at —40°, as the signal was fed into P2.
Based on Fig. 21, for the P3 excitation, the main beam steers
to +45°. When Port-4 was excited, the direction of the main
beam altered to +15°.
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(b) Measured result, respectively.

array with a spacing of 0.5A. It can be seen from Table 5
that at the 3.5GHz operating frequency, the simulated and
measured radiation pattern results for all the ports have a

TABLE 5. Comparison of the simulated and measured radiation pattern
results of linear 1 x 4 antenna array with a spacing of 0.5 1.

Port Gain (dB) Main beam direction very good agreement. The Fig.22 illustrates the simulated
Measured Simulated | Measured Simulated and measured gains between the frequency range of 3-4GHz

Port-1 4.8 523 -15° -15° for the excitation of Port-1. It can be concluded that half
Port-2 5 4.4 -40° -40° of the semi-sphere (—45° < 6 < +45°) is scanned with a
Port-3 5.1 5.1 +45° +40° four-element MTM antenna array fed by the proposed BM
Port-4 6.1 5.77 +15° +15° circuit, with a maximum gain ranging between 4.8dB and
6.1dB. These radiation pattern studies have shown that the

Table 5 shows the comparison of the simulated and mea- BM connected with the antenna has successfully generated

sured radiation pattern results of a linear 1 x 4 antenna four beams in different directions.
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TABLE 6. Comparison between proposed SAA and existing antenna array system.

Operating . Peak .
Ref. Frequency Main lzs:n; Angle Beamwidth (deg) Gain Ba&‘:ﬁ;‘th Substrate Size Structure
(GHz) g (dB)
[26] 1.96 -39,-17,9, 31 23,27 9 100 FR4 2.16 A, x 0.542, Planar
[27] 2.4 +20,+40 35'6’4303'38’ 393, 36'9141' 100 FR4 2250 % 2.1%, Non-Planar
B 20.7,27,26.3, Roger
[28] 2.4 +12,-39, 437 213 7.9 400 4003C 1.6), % 2.4), Planar
6.39 - Rogers
1
[18] 35 +15, +35 23,27,26,23 377 700 3003 1.8, x 1.61, Planar
Roger
[29] 3.6 11.2 600 RT5880 2.47he % 3.5X, Planar
[This 22.3,31.733.7,
Work] 35 -40, -15, +15, +45 236 4.8-6.1 550 FR4 1.44 X, x 1.79%, Planar

Fig. 23 illustrates the cross-polarization studies for the
E & H Plane of the MTM based linear 1 x 4 antenna array,
respectively. According to Fig. 23, MTM based array antenna
exhibits excellent isolation with a value less than —10dB for
E- and H-plane.

The Fig 24 shows the radiation efficiency of the proposed
MTM based antenna array, which shows an efficiency more
than 70%. The single-element antenna is designed using FR4
substrate and its gain is nearly 2dBi. So, the first reason that
the antenna array exhibits a low gain of around 5.5dBi is
due to the lossy FR4 substrate, and another reason is the
transmission-line loss between the antenna and feed network.
The gain is further improved to 6.6dBi by keeping the antenna
elements spacing of 0.74 while realizing the array.

V. COMPARISON TABLE
Table 6 shows the comparison between the proposed SAA

and existing antenna array systems. The articles [26] and [27]
in Table 5 attempt to improve the gain but suffer from
narrow bandwidth. On the other hand, the articles in [18],
[28], and [29] are fabricated on high-end Roger’s substrates,
providing an advantage of higher gain and wider bandwidth.
However, none of the articles have covered the hemisphere’s
angle for radiation pattern coverage apart from the proposed
design presented in this work. The proposed design not only
enhances the overall bandwidth and gain, but also leads to
a relatively smaller size as compared to other designs [18],
[28], [29]. Additionally, it utilizes a low-cost substrate. Both
the article [18] and the proposed design have almost sim-
ilar results in terms of gain, bandwidth, and size, but the
proposed SAA offers better coverage and uses low-cost mate-
rials, which makes it a unique choice for the upcoming 5G
systems. Furthermore, article [18] has not validated their
proposed design by fabricating the antenna array system.
The gain of the proposed design can be further improved by
using high-end substrates like Rogers. The results indicate
that the proposed SAA is an excellent candidate for 5G
application.
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VI. CONCLUSION

In this research article, MTM based switched-beam antenna
array (SAA) was designed, simulated, and measured. More
explicitly, the innovation relates to a compact Butler Matrix
(BM) with an enhanced bandwidth intended to be used as
a beamforming network (BFN) for SAA using an MTM
structure. The proposed BM was implemented on a single
FR4 substrate (¢, = 4.3 and & = 1.6 mm) by integrating four
compact 3dB BLCs, one 0dB crossover, and two 45° phase-
shifters using the MTM-TL structure. The implementation
of the MTM-TL structure provided a more compact sys-
tem, enhanced the bandwidth, and improved the performance
parameters. The proposed BLC operated in the frequency
range of 2.87GHz - 4.17GHz with a coupling factor of
3 +£1dB and a phase difference of 88° between the output
ports. The crossover was implemented by cascading two
BLCs. The proposed BLC demonstrated a high fractional
bandwidth of up to 40.2% and has a good profile that is
54% less in size than the conventional BLC design. The
MTM-BM BFN measured results show excellent return-loss,
isolation-loss, and insertion-loss, which cover the frequency
range of 3.2GHz to 3.75GHz. The proposed BM achieves
—45°, +135°, —135°, and +45° phase difference between
the output ports with a maximum average phase-error of +5°.
This proposed BM is suitable to be integrated with the MTM
antenna to construct a 5G SAA system.

The SAA has been developed by integrating MTM based
BM and linear 1 x 4 MTM antenna on a single FR4 sub-
strate to analyze the switching of the beam in the desired
directions. The MTM antenna’s radiating patch is based on
the combined Minkowski- Sierpinski carpet fractal structure,
and the ground plane of the antenna is etched with a comple-
mentary split-ring resonator (CSRR). The analysis of SAA
has been done by varying the spacing between the four MTM
antennas to identify the variation in main beam direction,
gain, and grating lobe. The measured gain achieved by the
0.5 spaced four linear MTM antenna connected to MTM
BM is in the range of 4.8-6.1dB, when each input port of
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the BM is excited. The radiation pattern results show that
the main beam of SAA is directed in four different direc-
tions (—40°, —15°, +15°, 4+45°) based on the excitation of
MTM BM input ports. The overall results of the SAA system
show the beam-steering capabilities of the proposed design,
which is the core requirement of the upcoming 5G wireless
systems. So, it is envisioned that the proposed SAA system
design can become a strong candidate for the upcoming 5G
applications.
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