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ABSTRACT Millimeter wave (mmWave) is a key band for fifth-generation (5G) mobile communication
that features large available bandwidth and high data rates. Antenna elements are recommended to be
dual-polarized, compact, wideband, and high gain to be utilized for 5G array antenna systems. In this
paper, a miniaturized gain-enhanced Vivaldi antenna element in an evolutional-oriented process is designed,
simulated, and successfully measured for 5G mmWave applications. The size of the antenna is as compact
as 5.5mm x 12mm. The measured operational bandwidth of the antenna element is between 22.5 — 45 GHz
covering 5G n257, n258, n259, n260, and n261 frequency bands even though the simulation results reveal
the extension of the bandwidth to 70 GHz. The results show a nearly constant end-fire radiation pattern with
a measured gain of more than 5dBi across the whole bandwidth. The comparison of the proposed antenna
with the most recent related works justifies the novelties and advantages of the antenna in terms of 5G
requirements, bandwidth, and compactness properties. The proposed antenna element is a suitable candidate
for large antenna arrays and 5G MIMO applications.

INDEX TERMS 5G antenna, advanced antenna system, vivaldi antenna, 5G array, mmWave antenna, MIMO

antenna.
I. INTRODUCTION n258 :24.25 GHz — 27.5 GHz
With the advancement of wireless technologies especially the 1259 : 39.5 GHz — 43.5 GHz

fifth generation of mobile .communica.tion (5G), n.lillim.eter 1260 - 37 GHz — 40 GHz,
wave (mmWave) frequencies are required to provide wider

bandwidth and higher data rates. One of the most important n261 :27.5 GHz — 28.35 GHz (subset of n257)
components of 5G wireless systems is the advanced/active
antenna system (AAS). AAS employs novel techniques to
improve the performance and spectral efficiency of 5G sys-
tems. AAS requirements for 5G applications for frequency
bands, antenna element properties, array configurations, and
beamforming characteristics can be found in [1]. More specif-
ically, antenna elements need to have certain characteristics
to meet AAS requirements from the latest standards. The 3rd
Generation Partnership Project (3GPP) mmWave frequency
bands for 5G systems are [1]:

The single antenna element is recommended to be
dual-polarized with the half-power beam width of at least
65°. Therefore, the proposed 5G antennas need to be
dual-polarized and in line with 3GPP mmWave frequency
bands, n257, n258, n259, n260, and n261 ranging from
24.25 GHz to 43.5 GHz [1].

The Antipodal Vivaldi Antenna (AVA) invented by
Gazit [2] is an end-fire traveling wave antenna that features
wideband, high-frequency operation, nearly-constant radia-
tion pattern, low profile, and easy fabrication which can be a

n257 : 26.5 GHz — 29.5 GHz good candidate for mmWave 5G applications [3].
A variety of techniques have been applied to AVA to
The associate editor coordinating the review of this manuscript and enhance the bandwidth, miniaturization, and radiation such
approving it for publication was Ravi Kumar Gangwar . as notched tapered slot [4], exponential slot edge [5], and
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elliptical corrugations [6]. However, small size and close
element distance lead to degradation in antenna gain and
mutual coupling. Hence, radiation enhancement and coupling
reduction along with extension of the bandwidth and minia-
turization is a key challenge for AVA design.

In recent years, one-dimensional electromagnetic bandgap
(EBG) and split ring resonator (SRR) structures have
been proposed to improve the radiation characteristics and
mutual coupling between the antenna elements [7]. In [8],
a metamaterial-inspired structure is employed on AVA to
improve the gain. However, due to the complexity of the
designs, there are no significant works dealing with the cou-
pling reduction of the Vivaldi antenna using EBG, SRR, and
metasurface.

The use of dielectric lenses [9] and metal director [10]
are also investigated to improve the radiation directivity. The
dielectric lens or director in the aperture of the AVA can
concentrate the energy in the end-fire direction. The dielectric
lens acts as a guiding structure to obtain a more directive radi-
ation pattern. Elliptical shaping of the dielectric can reduce
the mismatch between the dielectric and air. Also, the metal
director provides a different propagation environment on the
antenna aperture leading to the enchantment of the field
coupling between two arms of the antenna and consequently
delivers closer radiation to the plane wave.

In this paper, a novel super wideband antipodal Vivaldi
antenna with compact size and high gain is developed to meet
the AAS requirements for 5G applications. The design starts
with the traditional AVA geometry for a target frequency
of above 20 GHz. Novel slots are applied to the AVA to
improve the performance at lower frequencies. In order to
reduce the mutual coupling and enhance the radiation gain at
lower frequencies, a novel metasurface (MS) is loaded into
the antenna. An elliptical dielectric lens is also applied to
the antenna to enhance the radiation by focusing the energy
in the end-fire direction without changing the impedance
performance. The antenna performances at each evolutional
stage are analyzed and compared.

The designed AVA has a compact dimension of 12 x 5.5 x
0.254 mm?. The simulated results are performed between 20
—70 GHz, while due to the restriction with the supported con-
nector frequency, the measurement is carried out till 45 GHz.
Impedance and Radiation performances are studied over the
target operating frequency band. A comparison between the
proposed antenna relative to the recent work reported in the
literature is also provided.

Il. DUAL-POLARIZED VIVALDI ANTENNA DESIGN

The proposed antenna design is based on the conventional
antipodal Vivaldi antenna (AVA). The geometry in the design
process is shown in Figure 1. The basic geometry structure
can be divided into three layers: a radiation patch, a dielectric
substrate, and a ground plane. The used dielectric substrate is
Rogers 4350B (er=3.48) with a thickness of 0.254 mm. Two
radiation arms are printed on the top and bottom sides of a
dielectric substrate. Both the radiator and ground patches are
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FIGURE 1. Evolutions of the Vivaldi antenna element.

TABLE 1. MS unit cell parameters.

Parameter wé6 w7 a b c

Size (mm) 0.9 0.1 0.18 | 0.23 0.56

mirror images of each other as illustrated in the first evolution
(Figure 1). The design parameter begins with the microstrip
width (w) of the radiating arm as [11]:
7.48 X h
e 37

where Z0 is the characteristic impedance, &, and ¢ are the sub-
strate and track thicknesses respectively. Considering the 50€2
characteristic impedance and proposed substrate parameters,
w=~ 0.55 mm.

The proposed patch width of the arms and tapered slots (Y)
can be calculated as:

A
PatchWidth = ——  ~ 5.5mm 2)

2 X Yegr
Y=+ (—0.0068e600x _ 0.0012)

(—=1.83mm < x < 0.265mm) 3)

where A is the wavelength of the minimum frequency and eeff
is the effective permittivity (~2.7). The length and width (W)
of the basic antenna geometry are 10 mm and 5.5 mm respec-
tively. In order to improve the impedance bandwidth and
radiation properties, three slots are applied as a corrugation
on the edges, which defines the antipodal tapered slot antenna
as indicated in the second evolution (Figure 1). In the third
evolution, a four-branch metasurface (MS) structure is loaded
to the antenna to reduce the mutual coupling and enhance the
gain in the lower frequencies of the bandwidth. To further
improve the radiation performance, the top of the dielectric
substrate is shaped as a half elliptical dielectric lens as shown
in the fourth evolution (Figure 1).

The Vivaldi antenna is modeled and simulated using the
Ansys HFSS EM simulator package.

The schematic of the MS unit cell is depicted in Figure 2
(a) and its parameters are given in Table 1. The transmission
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FIGURE 2. (a) MS unit cell schematic. (b) MS simulated model.

properties of the proposed MS are investigated via the model
shown in Figure 2 (b) using full-wave numerical analysis.

The simulation results of the MS unit cell are presented in
Figure 3. Figures 3(a) and (b) show the magnitude and phase
of S-parameters of the proposed MS. The electric permittiv-
ity ¢ and the magnetic permeability u are calculated from
the scattering (S) parameters using retrieval processes [12]
and depicted in Figures 3(c) and (d). The results ensure the
artificial medium and show that most of the radiation power
can be transmitted through the proposed MS within a wide
frequency band leading to an increase in the gain at the end-
fire direction.

The proposed Vivaldi antenna element and its dual-polarized
structure are presented in Figure 4. The Vivaldi antenna
parameters have been also summarized in Table 2.

To study and analyze the evolutions of Vivaldi antenna per-
formance, the surface current distributions of the evolutions
of the Vivaldi antenna at the lower frequency are shown in
Figure 5.

It is clear that the surface current density of the first evo-
lution is weak in the arms. The excited surface currents in
the second evolution are obviously improved leading to the
extended current path for a fixed dimension and accordingly
provides the extension of lower bandwidth. More intensive
surface currents can be observed in the third and fourth
evolutions.

The 5G AAS needs to be dual-polarized with £45° linearly
polarized element pair [1]. The dual-polarization feature is
achieved by incorporating two orthogonally arranged ele-
ments taking into account two distinct ports.

The S-parameters and gain of the dual-polarized configu-
ration of the first to fourth evolutions of the antenna (Figure 1)
are simulated and presented in Figure 6 and Figure 7.

The surface current distribution for dual-polarized config-
uration is also shown with/without MS in Figure 8.

It is clear that applying the slots to the basic Vivaldi
geometry (Evol2) extends the lower cutoff frequency and
improves the impedance bandwidth significantly based on the
reflection coefficient results (S11 & S22) for dual-polarized
configuration. According to Figure 5, significant current can
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FIGURE 3. Simulated MS unit cell. (a) S-Parameter Magnitude,
(b) S-Parameter Phase, (c) Permittivity, (d) Permeability.
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be observed in region A along the slot edges revealing the
extension of the effective length of the current path on the
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FIGURE 5. Surface current distribution at 24 GHz.

antenna. This leads to extending the lower-end bandwidth and
enhances the gain (Figure 7) remarkably at lower frequen-
cies of the bandwidth. Loading the MS split ring resonator
to the antenna (Evol3) enhances further the surface current
distribution in region B (Figure 5) and accordingly decreases
the cutoff frequency from 22.5 GHz to 21.5 GHz. This con-
tributes to minimizing the antenna size and improves the gain
between 0.5 — 2dBi at lower frequencies of the bandwidth as
demonstrated in Figure 7. Furthermore, loading MS to the
antenna improves the mutual coupling, especially at lower
bandwidth frequencies. While the mutual coupling for the
second evolution in 22 — 28 GHz is more than -20dB, loading
MS in the third evolution can improve the coupling up to
10 dB (Figure 6b).

As can be seen from Figure 8a, due to coupling, a signifi-
cant current is induced on the left arm, and by loading the MS,
a great amount of surface current circulates around the MS.
This behavior contributes to the reduction of mutual coupling.

Shaping the top of the substrate as an elliptical lens obvi-
ously improves the antenna gain while not adversely affecting
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FIGURE 6. Simulated S-parameters of the evolutions of the Vivaldi
antenna.

the S-parameters (Figures 6 & 7) given the fact that the
dielectric lens like a dielectric waveguide directs the radiating
wave to the aperture center and leads to the plane-like wave
propagation. A gain improvement of at least 0.5 dB can be
achieved for the fourth evolution as indicated in Figure 7.

A prototype of the antenna with dimension sizes shown in
Table 2 and in Figure 4b was fabricated as shown in Figure 9.
SMPM connectors are attached to the antenna based on the
transition design methodology proposed in [13].

The simulated and measured S-parameters are presented
in Figure 10 for the frequency range 20 — 45 GHz as the
connector supports frequencies up to around 40 GHz.

The measured results present a good impedance perfor-
mance with return loss > 14 dB and mutual coupling > 20dB
for 5G mmWave frequencies ranging from 24 to 43.5 GHz.
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FIGURE 8. Surface current distribution at 24 GHz: (a) without MS, (b) with
MS.

TABLE 2. Vivaldi antenna parameters.

Parameter | W L wl w2 w3 w4

Size(mm) | 5.5 | 12 | 053 | 1.6 | 1.93 | 1.03

Parameter | w5 L1 L2 L3 L4 L5

Size (mm) | 3.68 | 348 | 0.53 | 0.53 | 0.48 | 1.12

Parameter | S1 S2 S3 S4

Size (mm) | 1.97 | 0.33 | 0.38 | 0.32

The difference between the simulation and measurement
might be due to the mini-SMP connector installation as the
precision of the connector mounting can affect significantly
the antenna performance, particularly the impedance charac-
teristics.

In order to study the radiation performance, Figure 11
shows the simulated and measured radiation pattern in E and
H plane for both co and cross-polarization for the selected fre-
quencies across the bandwidth. The simulated and measured
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FIGURE 9. Fabricated prototype of the dual-polarized Vivaldi antenna.
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FIGURE 10. S-parameters for dual-polarized Vivaldi antenna.

antenna gain which is almost identical for both polarization
has been demonstrated in Figure 12.

It can be found that the antenna has end-fire radiation
directed to the symmetrical axis of the slot aperture with a
half-power beam width of at least 65° for both E/H planes
which meets the AAS single-element requirements. The mea-
sured cross-polarization is better than 15dB for all frequen-
cies. The antenna gain is also more than 5dBi across the whole
bandwidth and specifically more than 5.5dBi for 5G bands.

The proposed antenna element can be used in large antenna
arrays. The study of antenna element performance in the array
configuration is useful to show the embedded characteristics
of the element. To this effect, a 3-element array using the
proposed Vivaldi element has been fabricated as shown in
Figure 13. The inter-element spacing is as small as 5.5 mm
which is 0.44 A at 24 GHz. The array has been measured in
terms of return loss and mutual coupling. A termination load
developed according to [14] is utilized to terminate the free
port. The simulated and measured S-parameters of the one
side element and center element of the array are presented in
Figure 14.
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FIGURE 12. Simulated and measured Vivaldi antenna gain.

FIGURE 13. Fabricated prototype of the 3-element Vivaldi antenna array.

The measured results show that the return loss and mutual
coupling are better than 14 dB and 22 dB respectively across
the bandwidth (24 — 43.5 GHz) which offers a promising
performance for large antenna arrays employing the proposed
Vivaldi antenna element.

A comparison between the proposed and recently recog-
nized reported Vivaldi antennas for 5G mmWave application
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TABLE 3. Performance comparison of the proposed vivaldi antenna.

Ref. Polarization Freq. Band Gain Size

(GHz) (dBi) (mm?)

[3] Single 2;')129 8_7226155’ 42-45 | 1.61xgx

' ’ 0.48\g

[10] Single 24.75-27.5 >5.5 1.112g x
0.56\g

[15] Single 24.1-28.5 - 1.08 Ag x
0.48 Ag

[16] Single 21.77-30.3 6.5-8.8 3.19 Ag X
1.59 hg

[17] Dual 18-30 - 1.11 Ag X
0.3Ag

This Dual 22.5-45 5.5-8.5 0.9 Ag x
work 0.41%g

is summarized in Table 3. Most of the designed antenna
elements are not entirely compatible with the 5G AAS
requirements. The performance of the Vivaldi single element
has been considered in terms of polarization configuration,
frequency band, gain, and size. The antenna size is reported
concerning Ag as the wavelength of the lower cutoff fre-
quency.

The main advantage of the proposed antenna element is to
meet the performance requirements demanded for the single
antenna elements in order to be used for 5G antenna arrays as
known as AAS. The fabricated antenna in this work presents
dual- polarization capability with more bandwidth between
22.5 — 45 GHz covering 5G n257, n258, n259, n260, and
n261 frequency bands and more compactness compared to
the other works.

IlIl. CONCLUSION

Recent mobile communication technologies have made
advanced antenna system (AAS) an essential solution for
5G at mmWave frequency ranges. AAS single antenna ele-
ment for inclusion in 5G large arrays is recommended to be
dual-polarized, compact, wideband and operational in 3GPP

VOLUME 11, 2023

harmonized frequency bands, and high gain with the half
power beam width of at least 65°. In this paper, a novel
design of an evolutional-oriented Vivaldi antenna is presented
to meet the AAS requirements for 5G applications. A com-
bination of novel corrugated slots, meta surface loading,
and dielectric lens techniques are utilized to miniaturize the
antenna size and enhance the bandwidth and radiation. The
proposed antenna can operate in 22.5 — 45 GHz covering 5G
n257, n258, n259, n260,and n261 frequency bands with the
compact size of 12 x 5.5 x 0.254 mm> (0.9rg x 0.41)g
concerning the lower cutoff frequency) even though the simu-
lation results show the extension of the bandwidth to 70 GHz.
The dual polarization configuration of the antenna presents a
good impedance performance with the measured return loss
> 14 dB and mutual coupling > 20dB across the bandwidth.
The end-fire radiation patterns are nearly stable over the oper-
ating frequency band with the measured gain ranging from
5.5 to 8.5 dBi in 5G bands and also half power beam width
of more than 65°. The significance of the proposed antenna
is proved by comparing it with the most recent AVAs in the
mmWave band. The promising performance of this antenna
element paves the way for developing large antenna arrays
using this element to meet 5SG massive MIMO applications.
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