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Abstract: A symmetrical dual-beam end-fire bowtie antenna with gain enhancement is
achieved by integrating three pairs of metamaterial (MTM) arrays for 5G MIMO applications.
The first pair of MTM array with high refractive index (HRI) are deployed to form a wide
beam antenna. The second pair of HRI MTM array are arranged along the end-fire direction
(x-direction) in front of the radiators in order to split the single wide beam into dual beam.
Besides, the third pair of anisotropic MTM array with HRI along x-direction and near zero
refractive along y-direction are incorporated in front of the second pair of MTM array to
improve the gain performance. The proposed technique is verified by both the full-wave
electromagnetic simulation and experiment, and the simulated and measured results agree
very well with each other. Moreover, the measured results reveal that the main beam direc-
tions of the proposed antenna point to +30° with respect to the end-fire direction (0°) over
24.25-27.5 GHz, with a maximum gain of 7.4 dBi at 26 GHz and a 4.2 dB gain improvement
compared to the wide beam antenna.

Index Terms: Metamaterial, zero index metamaterial, dual beam, high refractive index, 5G
MIMO communications.

1. Introduction

The 5G millimeter wave frequency range bands such as 24.25-27.5 GHz and 57-64 GHz have
attracted considerable attention because of their wideband characteristic, which can increase the
capacity and data rate of the wireless communication systems [1]-[4]. However, working at these
frequency bands suffer many challenges: 1) high path loss; 2) multipath fading effect; 3) interference
effect from different channels. The high path loss can be compensated by high gain antenna [5].
Dual-beam or multi-beam antennas or arrays are required to overcome multipath fading effect and
interference effect [6], [7].

A traditional method to generate dual-beam or multi-beam is to employ phased array antennas
[8], which can control the beam angle effectively. However, the requirements of multiple antenna
elements and the phase shifter for each antenna of this method make the structure usually complex
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and the total size typically large. To simplify the structure, a dual-beam MIMO (Multi-input-multi-
output) antenna without phase feed configuration has been proposed in [9]. Other approaches to
produce dual-beam include employing the leaky-wave antennas and the U-slot antennas [10]-[12].
With the proper design of the leaky-wave antenna, two modes can be excited simultaneously to
generate dual-beam [11], however, the dual-beam radiation pattern is varied with frequency, which
restricts its application. U-slot patch antenna [12] can excite higher order TMo2 mode, which can
broaden the bandwidth of the dual-beam antenna, however, the gain difference between two beams
could be around 2 dB, which leads to an asymmetrical radiation pattern.

In recent years, a number of methods based on metamaterial (MTM) have been intensively inves-
tigated to enhance the performence of antenna, such as gain enhancement [13]-[19], multi-band
realization [20], [21], and tilt or steer beams [22]-[28]. The anisotropic zero-index metamaterials
(ZIM) with only near zero permittivity or permeability could have better impedance matching in
contrast to the isotropic ZIM, resulting in the gain enhancement [13], [14]. In [25], a dual-beam is
realized at £30° by using artifical mu-near-zero medium with an asymmetric radiation pattern and
a small radiation null in the end-fire direction. An anisotropic epsilon near zero (ENZ) material is
loaded vertically over the slot antenna to produce dual-beam in [26].

In this work, an inexpensive technique is proposed to realize a symmetric dual-beam planar
bowtie antenna in the E-plane with gain enhancement for 5G application over 24.25-27.5 GHz.
The proposed dual-beam antenna is obtained by incorporated three pairs of MTM arrays around an
original bowtie antenna. Firstly, a pair of MTM arrays composed of the modified I-type unit cells with
equivalent HRI are placed side by side to the radiators of the bowtie antenna to form a wide beam
antenna. Then, another pair of the same modified I-type MTM arrays are incorporated in front of the
radiators along the end-fire direction (x-direction) to generate the dual beam. Moreover, a third pair
of MTM arrays consisting of anisotropic meander line unit cells with HRI along x-direction and near
zero refractive index along y-direction are deployed in front of the second pair of MTM arrays to
further enhance the directivity. A prototype of the proposed antenna is fabricated and characterized.
The measured results show that a symmetric dual-beam can be realized at £30° with respect to
the end-fire direction (0°) over 24.25-27.5 GHz with a maximum gain of 7.4 dBi (—30°) and 7.3 dBi
(30°) at 26 GHz. Besides, the measured reflection coefficient of the proposed dual-beam antenna
is better than —15 dB over 24.25-27.5 GHz. Compared with the wide beam antenna, the gain of
the proposed antenna is enhanced by 4.2 dB. Furthermore, the radiation null at end-fire direction
reaches —17.6 dB at 26 GHz.

2. Mechanism of Dual Beam

The beam-tilting phenomenon could occur by means of placing the HRI medium in front of an
antenna. The tilt angle of the beam is determined by the refractive index of the loaded medium
[22]. Thus, dual-beam can be generated by properly deploying two sets of artificial mu-near-zero
medium in front of an end-fire antenna [25].

The equivalent HRI medium area can be realized by the periodically patterned metal (i.e., meta-
material) on the substrate. Fig. 1(a) shows a MTM unit cell composed of the triple-I type metallic
pattern on the Rogers5880 substrate with a permittivity constant of 2.2 and a thickness of 0.508 mm.
As one of the simple structures to realize the HRI, the I-type unit cell in [29] can be regarded as an
electric resonator, which can be applied to realize higher effective permittivity constant by cascading
several I-type unit cells. According to the refractive index formula n = /i€, a higher permittivity or
permeability constant will result in a higher refractive index. Fig. 1(b) displays the real part of the
equivalent refractive indexes for the original substrate, the single-l type, the dual-I type, and the
triple-1 type MTM unit cells.

By using commercial high frequency structure simulator (HFSS), the effective medium parameters
are extracted by assigning perfect electric conducting boundaries in the up and down sides of triple-I
unit cell in y-direction, perfect magnetic conducting boundaries with a distance of 1 mm from the
top and bottom sides of triple-I unit cell in z-direction, and two ports along the x-direction [30]. It can
be observed that the equivalent refractive index can be increased obviously by loading the I-type
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Fig. 1. (a) the structure of triple-I type unit cell (b) the comparison of real part refractive index of different
number of I-type unit cell and original substrate.
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Fig. 2. Design meander unit cell structure with the incident wave propagates along (a) x-direction;
(b) y-direction; (c) real part of retrieved permittivities; (d) retrieved refractive index of ny and ny.

unit cell on the substrate, and a higher value can be acquired by cascading more number of I-type
unit cell. As expected, the triple-1 type structure possesses the highest refractive index compared
to the other three cases. The detailed parameters of the proposed triple-I type unit cell are set as:
p1=0.2mm, pp =0.2mm, p3 = 0.3 mm, psy = 1.11 mm, ps = 0.2 mm, /; = 2.04 mm, and wy =
1.31 mm. The equivalent refractive index of the triple-l type structure varies from 2.19 to 2.5 over
the operating frequency range from 24.25 to 27.5 GHz, which is much larger than the refractive
index of 1.12 of the original substrate. Therefore, integrating two sets of the proposed triple-1 type
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Fig. 4. The structure of four different antennas.

MTM arrays in front of bowtie antenna along end-fire radiation can alter the direction of radiation to

form the dual-beam.

In addition, a meander line MTM unit cell is chosen to design an anisotropic ZIM as illustrated in
Fig. 2(a) and (b) with different incident directions. The detailed parameters for the meander line are
chosenas k1 =1.74mm, ko =1.42mm, k3 = 0.3 mm, k4 = 0.4 mm, ks = 0.54 mm, L = 3.15 mm,
and w, = 2.4 mm. The metallic pattern is printed on the Rogers5880 substrate with a thickness
of 0.508 mm. The electromagnetic wave propagates in x-direction with the electrical field along
y-direction is illustrated in Fig. 2(a), resulting in non-resonant MTM with an almost constant ¢, of 2.2
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Fig. 5. (a) The S-parameters of antenna with different arrangements; (b) Radiation patterns of antenna
in the E-plane with different arrangements at 26 GHz.

in the working frequency band as shown in Fig. 2(c). While the electromagnetic wave propagates in
y-direction and electric field along x-direction as illustrated in Fig. 2(b), the resonance phenomenon
occurs at 19.3 GHz as shown in Fig. 2(c) with near zero ¢, in the working frequency band over
24.25-27.5 GHz. The effective refractive indexes for these two cases are plotted in Fig. 2(d), which
clearly demonstrates that the n, and n, are quite different. The real part of n, is less than 0.7 and
the imaginary part of n, approaches zero over 24.25-27.5 GHz, which can be regarded as the ENZ
material. In addition, ny is varies from 1.5 to 1.6 over the frequency range of 24.25-27.5 GHz, which
can be deemed as high refractive index. Hence, this anisotropic MTM can be loaded in front of the
planar antenna to improve the gain.

3. Simulations and Measurements of the Dual-Beam Antenna

Fig. 3 displays the whole proposed antenna structure, which is composed of a bowtie antenna
and three paris of MTM structures (labeled as MTM SET 1-3) for generating the dual-beam and
improving the gain. The tapered feed line is adopted for a betterimpedance matching. Two holes are
cut through the substrate for connecting the end launch connector from the Southeast Microwave
Company [31].

In order to investigate the beam-splitting and gain improvement of the proposed MTM unit cells,
four antennas illustrated in Fig. 4 are studied and compared. Fig. 4(a) shows a traditional bowtie
antenna (i.e., Antenna I). Antenna Il displayed in Fig. 4(b) is formed by adding a pair of 2 x 2 triple-I
type unit cell arrays (i.e., MTM SET 1) along the y-direction of the radiator to Antenna |, which is
deployed to broaden the beamwidth. In addition, Antenna Il illustrated in Fig. 4(c) is constructed
by integrating another pair of 4 x 3 triple-1 type unit cells (i.e., MTM SET 2) in the end-fire direction
(x-direction) of the bowtie radiators to antenna I, which is used to split the beam. Two adjacent row
units have a deviation distance of 0.6 mm along y-direction as shown in Fig. 3. Finally, the proposed
antenna (i.e., antenna V) is realized by placing two sets of 3 x 2 anisotropic meander line structures
(i.e., MTM SET 3) in front of antenna lll, which aims to further increase the gain and reduce the
radiation null in the end-fire direction. The parameters of the antenna and the arrangement of the
three pairs of MTM arrays are detailed in Fig. 3.

The simulated S+4 and the radiation patterns at 26 GHz of the four antennas in Fig. 4 are plotted in
Fig. 5(a) and Fig. 5(b), respectively. It is observed in Fig. 5(a) that good matching (S11<—15 dB) can
be obtained over 24.25-27.5 GHz for all four antennas, which means that the matching conditions
are not affected after loading the MTM structures. For Antenna |, the maximum gain in the E-plane
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Fig. 7. The electric field distribution of antenna IV in xoy plane at 26 GHz.

at 26 GHz is 4.5 dBi with a 3 dB beamwidth of 65.4° as shown in Fig. 5(b). Compared with Antenna
I, the 3 dB beamwidth of antenna Il is increased by 33.2° from 63.4° to 96.6° due to the MTM
SET 1, which is desirable for wireless communications, because a wider beanwith can provide a
broader coverage. As mentioned in previous section, the dual-beam can be generated by placing
a pair of HRI medium in front of the radiators. It is noticed in Fig. 5(b) that dual-beam phenomenon
can be obtained by integrating the MTM SET 2 for Antenna lll and Antenna IV. It is observed that
a maximum peak gain of 5.8 dBi for Antenna lll can be realized at around +30° with respect to the
end-fire direction (0°). Compared with Antenna lll, due to the MTM SET 3, antenna IV shows a gain
improvement of 1.7 dB and a radiation null reduction of 6.9 dB in the end-fire direction.
Furthermore, it is desirable to obtain a symmetric radiation pattern. Thus, the influence of different
values of d; on the E-plane radiation pattern of antenna Il is parametrically investigated and the
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Fig. 9. (a) The setup in the anechoic chamber for measuring the radiation patterns and gain of the
proposed antenna; normalized radiation patterns of the dual-beam bow-tie antenna in the E-plane at
(b) 25 GHz, (c) 26 GHz, and (d) 27 GHz.

results are illustrated in Fig. 6. It can be observed that the radiation pattern tends to deflect to
the left (right) when d; decreases (increases). Thus, the d; can be used to adjust the symmetry
of the radiation pattern. If the MTS SET | are placed symmetrically along y-direction with respect
to x-axis, the radiation pattern would deflect to left. Therefore, in order to realize a symmetrical
dual-beam pattern, the left and right side arrays are placed asymmetrically with d; = 5.3 mm and
b =4.3mm.

To better exemplify the effect of dual-beam generation, the electric field distributions of four
antennas depicated in Fig. 4 on the XY plane at 26 GHz are given in Fig. 7. Fig. 7(a) shows that
the wave propagates to the end-fire direction for Antenna I. Fig. 7(b) displays that the beamwidth
for Antenna Il is broadened by adding MTM SET | compared with Antenna |. Besides, after loading
MTM SET I, the dual beam can be created, as shown in Fig. 7(c). The dual beam for antenna IV
illustrated in Fig. 7(d) is further enhanced by incorporating MTM SET III.
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To validate the proposed method, a photograph of the proposed antenna IV is fabricated, the
photo of which is illustrated in Fig. 8(a). The reflection coefficient is measured by the Agilent PNX-
X-N5245A vector network analyzer, and the measured and simulated results are plotted in Fig. 8(b).
It can be observed that the measured result agrees very well with simulated one except for a slight
frequency shift of less than 1%, which may be caused by the fabrication and assembly errors.

The radiation patterns and gain of the proposed antenna are measured in an anechoic chamber
as shown in Fig. 9(a). The measured and simulated E-plane radiation patterns of the proposed
antenna at 25, 26, and 27 GHz are shown in Fig. 9(b)—(d), respectively. The measured radiation
patterns match very well with the simulated ones. The measured results indicate that dual-beam
can be realized over the operating band with the main beam radiating to +30° with respect to the
end-fire direction. The gains are 7.1, 7.4, and 6.6 dBi at 25, 26, and 27 GHz, respectively, while
the corresponding radiation nulls are —9.2,—17.6, and —10.1 dBi, respectively. Because the gain
varying with frequency at radiation direction of —30° is almost the same as that of 30°. Fig. 10 only
plots the measured gain versus frequency at the radiation direction of 30°. It can be observed that
the maximum gain is 7.4 dBi at 26 GHz.

4. Conclusions

In this work, a technique to generate a symmetrical dual-beam planar end-fire bowtie antenna
in E-plane with gain enhancement is demonstrated, which can be obtained by integrating HRI
medium in front of the bowtie antenna. The HRI medium can be realized by using triple-I-type MTM
arrays. A pair of HRI MTM arrays are seated side by side to the radiators in order to form a wide
beam antenna. Then,another pair of HRI MTM arrays are deliberated to place asymmetrically along
y-direction regarding to x-axis in order to achieve a symmetrical dual-beam radiation pattern. An
anisotropic unit cell with respectively HRI and near zero refractive index in x- and y-directions is
proposed and designed to further improve the directivity. The measured results agree well with
simulated one. The measured results reveal that the symmetrical dual-beam planar bowtie antenna
in E-plane can be obtained at £30° with respect to the end-fire direction over 24.25-27.5 GHz with
good impedance matching. The maximum gain reaches 7.4 dBi at 26 GHz, which improves 4.2 dB
compered to the wide beam antenna. The radiation null in the end-fire direction is —17.6 dB. The
proposed antenna features low fabrication cost and low complexity. Therefore, it is an attractive
alternative for 5G MIMO application at high frequency.
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