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Abstract: A low-profile high-directivity, and double-negative (DNG) metamaterial-loaded antenna
with a slotted patch is proposed for the 5G application. The radiated slotted arm as a V shape has been
extended to provide a low-profile feature with a two-isometric view square patch structure, which
accelerates the electromagnetic (EM) resonance. Besides, the tapered patch with two vertically split
parabolic horns and the unit cell metamaterial expedite achieve more directive radiation. Two adjacent
splits with meta units enhance the surface current to modify the actual electric current, which is
induced by a substrate-isolated EM field. As aresult, the slotted antenna shows a 7.14 dBi realized gain
with 80% radiation efficiency, which is quite significant. The operation bandwidth is 4.27—4.40 GHz,
and characteristic impedance approximately remains the same (50 () to give a VSWR (voltage
Standing wave ratio) of less than 2, which is ideal for the expected application field. The overall size
of the antenna is 60 x 40 x 1.52 mm. Hence, it has potential for future 5G applications, like Internet of
Things (IoT), healthcare systems, smart homes, etc.

Keywords: antenna; metamaterial; low profile; slotted; 5G

1. Introduction

Mobile or wireless technology is rapidly changing its high-speed data transfer requirement
strategy, thus pushing researchers to develop a faster and dynamic system of communication devices.
Increasingly more users are coming online, making existing fourth-generation (4G) technology approach
capacity, whereas the demand is increasing. Now, fifth generation (5G) mobile technology is being
developed to fulfil this requirement for various applications. Hence, different radio wavebands from
3-5 GHz are allotted to Europe, the USA, and China. Enormous amounts of 5G applications demand
versatile properties in antenna parameters, such as a stable high gain and radiation pattern, good
beam focusing, and directivity. In the last few years, negative index materials (NIMs), also known
as metamaterial, have been widely mentioned in reported articles to expedite the versatility of 5G
antennas, such as the frequency selectivity, beam steering, gain, and bandwidth enhancement [1-5].
A balanced resonator structure using metamaterial has wide applicability within antenna applications.
For instance, microwave image processing [6-8], fluid sensing [9], biomedical or diagonalization
research [10,11], electromagnetic (EM) cloaking and Specific Absorption Rate (SAR) reduction [12,13],
etc. All these studies have shown that the metamaterial behaves well with the antenna. However,
few studies have focused on out-of-band rejection and its practical applications. With the proposal of
fifth-generation wireless systems, people have paid more attention to the use of the necessary band
and good rejection outside the working band. Some new antennas have been designed for good
out-of-band rejection, but the whole structure of these antennas is larger. Some antennas have a
dual-polarization characteristic but do not behave well in the out-of-band rejection. Moreover, other

Sensors 2020, 20, 3323; d0i:10.3390/s20113323 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0002-9541-0664
https://orcid.org/0000-0002-4929-3209
https://orcid.org/0000-0001-8254-1262
http://dx.doi.org/10.3390/s20113323
http://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/20/11/3323?type=check_update&version=2

Sensors 2020, 20, 3323 20f 18

filtering antennas with the multilayer coupled radiation structure have been designed and possess an
out-of-band rejection function; however, the high selective filtering property of the antenna needs to be
improved [14].

Numerous communication system and IoT applications in 5G are not just an evolutionary upgrade
of the conventional cellular systems but are envisioned to improve quality of life by encompassing
massive connectivity for new mobile application, e.g., in telemedicine, eHealth, machine-to-machine
(M2M) communication, autonomous vehicles, and smart cities and homes. More recently, the low-profile
antenna with high gain and directivity has been a crucial task for antenna developers. There are only a
few types of antennas that are promising for such applications. An H-plane ridged substrate-integrated
waveguide (SIW) horn antenna mounted on a large ground plane was introduced [15]. This antenna
has an arc-shaped horn aperture with the wideband operation, but due to cone-shaped feeding, it is
more difficult to fabricate. The low-profile surface wave antenna developed by Chen and Shen has a
grounded ceramic slab with a very high dielectric constant (e, = 25) [16]. Besides, it was shown to
achieve a wide bandwidth and a stable and quasi end-fire radiation beam for potential applications.
The log-periodic array antenna is also beneficial since a wide bandwidth is easily achieved for the large
metallic platform in 5G applications. Hu and his research group demonstrated a unique low-profile
log-periodic monopole array antenna, where top-hat loading of the patch structure exemplified a height
reduction benefit [17]. A very low-profile antenna of 0.053 Ap, (free space wavelength) was reported,
where a wide bandwidth was attained with lower reflected power from the antenna [18]. Artificial
magnetic conductor (AMC) surface-based low-profile antenna also achieved a narrow bandwidth with
a two-dimensional array. AMC shows in-phase reflection characteristics in a particular frequency
spectrum, which expands its applicability as a reflector antenna [19-22]. Earlier than these stated articles,
metamaterial resonators of various shapes were used for low-profile dipole antennas. For example,
dogbone-shaped metallic conductors were implemented in a dipole antenna to enhance symmetric
and antisymmetric resonance. Furthermore, antisymmetric resonance comes along with artificial
magnetism, which helps to reduce the prototype antenna’s thickness [23-27].

The slotted antenna, or the extended arm Vivaldi metamaterial antenna (VMA), has a unique
feature of EM wave propagation modification. This particular shape was first introduced by Gibson [28],
where a sharp coincident of the adjacent patch creates a significant concentration of the EM field.
Besides, the slot lines use a specific radiation mechanism to maintain a strong feeding continuity and
radiating ranges. It is noteworthy to mention that the bandwidth and wideband operation depend on
the microstrip patch dimension. Recent stated [29-32] antennas used an array combination to achieve
versatile characteristics.

In this paper, a high-directivity double-negative (DNG) metamaterial-loaded antenna is reported.
The balanced positioning of the DNG unit cell at both the front and backplane of the antenna harmonizes
the electromagnetic (EM) field distribution. Besides, the retro shape of the slotted antenna and consecutive
DNG cell achieve high reflection. The main goal was to maintain the specific bandwidth from
4.12-4.44 GHz with an average gain of 6.65 dBi both in the simulated and measured case. The realized
antenna was first designed, simulated, and optimized in commercially available Computer Simulation
Technology (CST) microwave studio 2017, followed by the Ansoft 3D electromagnetic high-frequency
simulator (HFSS), and then validated by fabrication and measurement. Thus, the DNG feature and
extended slotted arm patch expedite a particular narrowband operation. The analytical and measured
performance ensure the proposed antenna can be a good candidate for sub-6 GHz potential applications.

2. Antenna Design and Methodology

2.1. Antenna Geometry

The proposed antenna, as shown in Figure 1, illustrates a narrowband operation loaded with a
metamaterial unit. The structure of the slotted metamaterial antenna contains a 60 X 40 mm? unit cell
antenna, and the feedline was set to 4.32 mm with a width of 2.40 mm to achieve 50 () impedance.
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The physical architecture of design and fabricated retro VMA was used on Rogers RO4350B epoxy
PTFE-based materials with a thickness of 1.52 mm. This material maintains a low loss tangent of 0.0037
and relative permittivity (e;) of 3.48. The electrical dimension was 0.58 A x 0.30 A x 0.010 A considering
the lowest —10 dB at the resonance frequency. The patch structure clearly shows an extended V-shaped
arm, creating balance in the EM field resonance. Besides, a significant amount of surface current flows
in each part, which will be discussed in the following sections. Similarly, the ground plane comprises
of the half ground patch with two slits near the feedline and three DNG meta unit cells, ensuring the
balance in the patch structure feeding and surface current control. A tapered V-shaped arm with an
extended patch excites the antenna and steers between the impedance and feed.
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Figure 1. Proposed VMA design geometry (a) front view (b) bottom view; fabricated front (c) and

bottom (d).

In each arm, there are three 3.6 x 0.2-mm-long slits and one parabolic horn adjoined to the tapered
arm with an optimized gap of 2.40 mm. These slits and horns concentrate the electric field at a particular
frequency to achieve a narrowband operation in the desired sub-6 GHz band. Hence, the optimized

physical parameters of the proposed retro VMA are given in Table 1.

Table 1. The dimensions of proposed retro VMA.

Parameter a b c d e f g h i
Value (mm) 60 40 35.20 15.72 5.60 11.20 712 4.66 5.01
Parameter j k 1 m n o ) q gl
Value (mm) 17.52 24.80 11.19 5.30 4.32 240 14.50 1.0 20
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2.2. Transmission Line Principle Analysis of VMA Geometry

To obtain the retro VMA design for anticipated band operation, we first analyzed the transmission
line principle [33,34] with improved accuracy for the narrow patch [35]. Generally, the edge-coupled
microstrip feed calculated using step-in-width/impedance junction suffers from an impedance mismatch.
Besides, the gap-coupled feed and coplanar microstrip feed each has limitations regarding the power
handling capability and spurious radiation. There is another feeding technique available [33]; rather,
we chose to model and analyze the patch structure using the transmission line model. This model
improves three major aspects in radiative coupling, side slot radiation conductance, and convenient
analytical expression, thus making it more convenient for any microstrip structure. Despite such
a significant advantage of the transmission line method, the results regarding the accuracy and
versatility of the application have limitations. However, the equivalent circuit, as shown in Figure 2,
was approximated following the equation:

1
Lo

where f, = resonance frequency of operation, Le; = equivalent inductance, and C, = equivalent
capacitance. For low-frequency operation, the effective dielectric constant (&) is:

fr )

-1/2

; 1 =1 h
Ereff = ér; + éT[l + 125] (forw/h > 1), )
Vo
R ®)
254
Lo " e 4h( (erefr +0.3) (% + 0.264)) "
2fr VEreff (Ereff - 0-258)(% + 0.8) ’

where w = width of microstrip patch, i = height of substrate, and vy = velocity of light in free space.
They are subject to fringing effects, which means the patch of the microstrip antenna looks electrically
greater than its physical dimensions. It is noteworthy to mention that an increase of the substrate
height expedites fringing and leads to larger separations between the feedline and resonance frequency.
However, inductors (L1 to L6) and capacitors (C1 to C6) individually signify each microstrip on the
proposed antenna. L,; and C,, are calculated using Equations (3) and (4) using the lumped components’
characteristics [36,37].
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Figure 2. Equivalent circuit of the proposed retro VMA using the transmission line principle.
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2.3. Metamaterial DNG Unit Cell Design Development and Refinement

Metamaterial DNG unit cell embedded in the proposed retro VMA is a design based on the
finite integration technique (FIT) and detailed design procedure reported in the article [38]. This split
pitch square (SPS) design forms a perfect resonance circuit using the microstrip patch; thus, the EM
signal is stuck between two vertically balanced sections. Moreover, impedance and admittance have
been calculated through proper stimulation to obtain negative index metamaterial properties, widely
termed as DNG. Figure 3 illustrates the overall design evolution with dielectric parameters (¢, i) for
DNG characteristics” existence in the operational bandwidth numerically. The initial unit cell design,
design-1 (Figure 3a), started with the SPS patch near the structure edge and the mirror-reflexed L shape
at the center with a gap of 0.5 mm. The negative index of ¢ = 3.4 starts at approximately 4.32 GHz and
continues up to —26.5, though u starts to show a positive index of 1.64. Unfortunately, at 4.27 GHz,
 is only —0.62, which implies that design-1 has a DNG feature but is not so significant in the entire
operational bandwidth. Followed by design-2 and design-3 in Figure 3b,c, both parameters try to
dominate each other, specially design-3. Design-2 includes an additional square patch without center
patching, whereas design-3 comprises the L shape patch. Thus, the mutual resonance expedites but
shifts the permittivity (=8.15, at 4.4 GHz) and permeability (—0.81, at 4.29 GHz) at the edge of the
bandwidth in design-3. Besides both designs, the performance variation indicates combining and
optimizing the patch gaps and widths would enhance the possibility of obtaining a more negative
index simultaneously. Finally, in Figure 3d, optimizing the square patch width horizontally obtains the
metamaterial DNG unit cell’s geometry. Notably, the waveguide port configuration achieves ¢ = —-16.2
and p = —0.55 at 4.30 GHz. Therefore, the floquet port excitation technique was further investigated
numerically to verify the DNG characteristics.
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-- & img
1204 80 — p_real [ o 120,
1004 o '“—, - 100 801
80151 ~=pimg L20 [40 801 60]
20' 404 601 404
?_g: 20: 10 . 38: 204
Y;g- 0 s V 10 [0Y2Y10] oF
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3 {gg: -60 ' i “Y .804-60
1203-80; T b - T . |
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Figure 3. Metamaterial DNG unit cell geometry evolution and dielectric performance in the simulation
for (a) Design-1, (b) Design-2, (c) Design-3, and (d) the optimized DNG unit cell. Y; and Y, respectively
represent the two vertical axes for permittivity and permeability.
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The waveguide port configuration reveals the X band performance of SPS [38], but to validate
the negative permittivity (¢) and permeability (i) feature for the proposed antenna, CST’s default
Floquet theorem was adopted. The theorem considers the SPS as a periodic structure, and periodic
boundary conditions for theta (8), and phi (@) accordingly. The Eigenmode solver was applied
particularly for TEjp mode and the corresponding dielectric properties (¢, p) are plotted in Figure 4.
The simulated data illustrate that the real value of ¢ is approximately —1.1, and the real 1 is —9.4 at
4.27 GHz. Following the bandwidth (up to 4.4 GHz), the permeability remains negative (—4.94), but
unfortunately, the permittivity becomes positive. Thus, DNG characteristics exist between 4.27 and
4.4 GHz and indicate a potentiality to enhance the performance based on the literature study. However,
the number of the unit cell for the front and ground plane identified through the extensive parametric
study will be described in the following sections.

200+ , 30
— [ 20-
W
;: 100+ 3
z ] g
£ 0 =
E | E
5 :
&-100 =
1 — & real R
-200+ —.=£ img
T T T 1 '30 T T
2 3 4 5 6 2 3 4 5
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 4. DNG metamaterial dielectric properties in simulation: (a) Permittivity (¢) and (b) permeability (11).
2.4. Parametric Study of Antenna

The proposed retro VMA with an extended V arm and metamaterial loading reveals a significant
key performance modifier. Besides other geometrical parameters like the substrate thickness (),
the V arm notch has a considerable impact on the major antenna parameter, as shown in Figure 5a—f.
For instance, Figure 5a illustrates the metamaterial DNG unit cell loading effect on both sides of the
proposed antenna. The inset of the figure clearly shows that without any meta unit, the loading reflection
(S11) was not significant between 4.25 and 4.4 GHz. Still, there was a gradual increase in the number of
unit cells enhancing the S-parameter from —22 dB to —43 dB in the simulation. The absence of the meta
unit or one unit cell does not demonstrate any improvement of S1, whereas the arrangement of five
units is much better than the rest. As mentioned earlier, the DNG unit cell-balanced structure reinforces
the EM field along with the proposed antenna structure. However, a mutual coupling of the surface
current reduces and slightly shifts the refection parameter for four unit cells. Hence, incorporating
patch geometry is a great effort to improve the performance. Then again, the ground plane with two
adjacent splits illustrates a shifting of the resonance frequency as well as broadening the bandwidth.
For example, gl = 15 mm shows multiple resonance frequencies between 2.75 and 4 GHz, but gradually,
major resonance shifts above 4 GHz as the height increases (Figure 5b). The substrate thickness and
notch length variation follow the same trend of resonance shifting. The lower notch length enhances
the gain rather than the higher dimension in the expected 4-5 GHz frequency spectrum, as shown
in Figure 5c, because the electric field becomes more dominating at the shorter notch. However,
an interesting change was observed for the substrate thickness during the simulation. At the 0.5-mm
thickness, the proposed retro VMA gives S1;1 exactly at 2.5 GHz with —33 dB as a potential ISM
band operation. As t increases, a smooth tuning of the reflection parameter is demonstrated and
operated between 4 and 4.5 GHz. In Figure 5e, the realized gain (dBi) is shown with the slotted notch
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length changes, with insignificant variation. At the lower and upper band, negative gain is observed,
and hence, the notch length was selected to be 4.60 mm since it has an average value of 4 dBi. The axial
ratio (AR) bandwidth performance (Figure 5f) to ground plane height shows a range of variation
between 17 and 40 dB. Thus, the polarization of the E-field, especially the circularly polarized field,
is made up of two orthogonal E-field components of equal amplitude that do not comply with the
standard. Further study of the antenna will improve this factor.
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Figure 5. Performance analysis using parametric variation: (a) Number of metamaterial unit cell
variation and (b) ground plane height affects (c) substrate thickness, (t) variation; (d) slotted notch
length effect on the reflection coefficient (Sq7) (e) realized gain vs. slotted notch variation; (f) axial ratio
vs. ground plane height variation.

2.5. Field Analysis and Surface Current

EM field variation is evident for any microstrip patch antenna since the dimensions are finite both
in length and width. Hence, the fields at the edges of the patch go through fringing since the proposed
retro VMA antenna was modelled using the transmission line principle and are unable to support pure
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TEM mode. Conventionally, we know the electric field moves in the substrate and even a bit out of the
substrate into the air. So, to understand the field variation during EM wave propagation, we must
consider the fringing field line as an impact of ¢, (as per Equation (2)). Since ¢, is less than the
substrate permittivity in terms of the numerical approach, the EM field propagation continues not only
in the structure but also in the surrounding air too. So, the field analysis shown in Figure 6 can be
analyzed using the basic model (TM;g). Here, the patch length must be less than A/2 (wavelength in
dielectric medium) and equal to Ag/ \/(Ereﬂ)/ where A is the free space wavelength used to consider this
condition. Thus, the E-field varies and shows an intense electric field concentration by one A/2 cycle
along the X and Y-axis [39]. Starting from 4 GHz (Figure 6a) to 4.4 GHz (Figure 6¢), it was observed
that the extended slotted arm with split parabolic horns exhibits a strong to moderate electric field
concentration, referring to Equation (5) [40]:

o=y (2) ()] ®

where m and 7 are the mode of EM wave propagation through the proposed antenna. Other important
changes along the length and width are microstrip patch variation, which intensifies the extended
arm tank circuits in the two sides’ resonance to exhibit a significant E-field and H-field concentration.

The harmonic resonance of the LC tank circuit becomes distorted as the frequency increases and is
deformed by field polarization. Remarkably, a minor difference in the magnetic field concentration is
noted in Figure 6d—f. From Maxwell’s equation, the intensity of the electric field E and magnetic flux
density B are related using the curl of the electric field [41]. Similarly, the magnetic field intensity H and
electric flux density D use the same calculation with an extra parameter current density J. Therefore,
the standard "Helmholtz equation” solution comes as a wave vector potential as:

) 1
E = —joueA+ ﬁV(V.A), (6)

H=VxA4, @)

where A is the magnetic vector potential. So, the frequency dependency and vector component are
optimized with increasing frequency, whereas the magnetic field intensity only has a vector product
of A. In the case of UWB antennas, it just concentrates both fields because of the wide conducting patch
area. Thus, the S parameter gives a consecutive resonance or wideband resonance spectrum.

The surface current distribution (Figure 7) of the low-profile antenna at three distinct frequencies
was analyzed to characterize the patch’s key properties. Numerous reported articles have considering
various facts like the dielectric layer [42], and key parameter analysis like the radiation pattern,
Q factor [43], green function for the wave equation [44], etc. Though limitations in each approach
exist, nevertheless, we preferred the green function method since the microstrip patch is thin (z = z’),
and the characteristics of the impedance are known. It was assumed that the patch surface current
has a three-dimensional component, and the corresponding EM field component can be obtained
using Equations (6) and (7). However, using these two equations and applying the green function,
the solution obtained for any arbitrary patch [44] is:

© fj Csurfaceeijky/ 8

j
Eyy=———
" n)ke

sur face

where the k wave number along x and ( is the tangential electric field component of the corresponding
surface current. Hence, the lower frequency surface current of the proposed antenna remains
insignificant since the electric field does not show the dominating resonance point at the fabricated
structure. At 4 GHz, the surface current near the feedline and extended slotted arm started to show
approximately 23.6 A/m(log). The gradual increase of the operating frequency (like 4.27 and 4.4 GHz)
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continues to show an almost similar current density but loses a significant Ey and E, field component.
Consequently, after 4.4 GHz, the amount of surface current started to decrease.

(a) (b) (©)

(d) (e) (f)

Figure 6. E-field (a—c) and H-field (d—f) performance of the proposed antenna at 4, 4.27, and 4.4 GHz
(left to right, respectively).

NnSsS
“
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593
2.9
146
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0333
0.143
0.048
0

(a) (b) (©)

Figure 7. Surface current distribution of the proposed antenna at 4, 4.27, and 4.4 GHz (a—c respectively).

3. Experimental Results and Discussion

We further justified the performance of the proposed retro VMA, fabrication, and after the
measurement was completed, as shown in Figures 1c and 8c. Comparing the reflection coefficient
(511) performance by using the commercially available Advanced Design System (ADS) 2017, CST
microwave studio, HFSS, and measurement, good agreement relies on the simulation and measurement.
The reflection coefficient measurement was conducted using the keysight Agilent N5227A PNA
microwave network analyzer and radiation analysis through Satimo StarLab, Microwave, and the
satellite laboratory, UKM. ADS simulation was completed based on the equivalent circuit shown in
Figure 2. The Sq; response from ADS shows quite a good response due to minimal computational
constraints and the simulation parameter. Besides, the response was used to get the idea of the
equivalent circuit’s compliance with the microstrip patch of the proposed antenna. Figure 8a also
reveals that the difference between the simulated and measured data is due to the fabrication tolerance
and the resistivity form while connecting the SMA port for measurement. However, the three numerical
analyses indicate a resonance frequency at approximately 4.34 GHz with —25 to —60 dB variation.
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The measured S;; is maximum —20 dB at 4.34 GHz with a slightly wider bandwidth of 0.13 GHz.
Concerning the factors of patch structure, substrate height (t), and feeding patch, the transmission line
model-based characteristics” impedance follow Equation (9) to match the 50 (2 value [45]:

ZZ

+ jﬁT;) — jBZ(x) =0, )

4z,
dx

where Z(x) is the characteristic impedance, Z; is the input impedance, and f is the phase constant.
So, Figure 8b represents changes of Z(x) by plotting the real and imaginary values. Though the 49.93 ()
real value is the initial value at 4.27 GHz, unexpectedly, it decreases to 30 () gradually at 4.4 GHz.
In Figure 8d, the simulated and measured gain (dBi) are illustrated as a performance comparison. Even
though the negative gain is shown occasionally at some lower and higher frequencies, the expected
operational bandwidth was achieved up to 7.14 dBi. The negative portion simply means the Sq;
response became insignificant due to ohmic and dielectric loss of the substrate or coupling of the
unit cell antenna and SMA port, external radiation from the feeds and junctions, and excitation of the
surface wave.
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Figure 8. Experimental and simulated results’ comparison; (a) Reflection coefficient (S;1) performance;
(b) Numerical plotting of characteristic impedance (Z); (¢) antenna measurement at Sattimo StarLab;
(d) Gain (dBi) of the proposed antenna.

Two different curve fitting techniques were adopted, namely the Gaussian model and the Fourier
Series (FS) model. The Gaussian model general expression [46] is:

—41n(2)(x—xc)2
Ae w?
v = Yo+ ——, (10)
W\ 1)
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where 1y = base, A = area, x. = center, and w = FWHM. For each data, a corresponding Gaussian model
plotted in Figure 9a represents the fitted curve of ADS, measured, CST, and HFSS-simulated reflection
value, respectively. The regression model encountered the fourth-order degree of freedom (DF), and the
number of iterations was 9 in the completion of the fitting for each data. The analysis reveals that
the mean square weighted deviation (MSWD) or reduced chi-square values for CST simulation and
measured are 2.00 and 2.10, respectively. Similarly, the MSWD values for ADS and HFSS are 15.5 and
1.86. Thus, a comparative curve fitting shows the deviation of data between CST and the measured
are closer to unity. Therefore, the predicted data deviation of these two methods has a lesser error
percentage of 4.6% (for CST) and 11.1% (for measured values).
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Figure 9. S;; Response and data analysis using curve fitting (a) Gaussian model; Fourier transform
method for (b) ADS; (c) Measured; (d) CST simulated; and (e) HFSS simulated.

On the other hand, the FS model converges at the eighth order with the best-fitted data for the
four different reflection coefficient (S11) data set. Figure 9b—e clearly shows all approximated Si; data
using the following general model FS function:

8
y=ay+ Z a; cos(iwx) + b sin(iwx), (11)
i—1
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where gy = model constant, ® = fundamental frequency of the signal, and n = 8, the number of
harmonics. The adjusted R-square for ADS, measured, CST, and HFSS are 0.9063, 0.9324, 0.7543,
and 0.908, respectively. It is an unbiased estimate of the fraction of variance, since it was identified
using a precise sample size and some variables. Observing the MATLAB analysis, the FS model of
CST simulated is best fitted for ideal S;; data prediction. Although the measured data for the FS
model are much higher than 0.75, unfortunately, this is the best available approximation in terms of the
computation accuracy and practical perspective. So, the reason behind the deviation of the measured
and simulated results has a rational explanation. Furthermore, the ADS and HFSS software both have
an approximated reflection coefficient either based on the circuit parameter or the simulation set-up.
For ADS, each inductor and capacitor (Figure 2) is estimated for the equation as mentioned earlier.
Further investigation and tuning of these components may reduce this deviation. In HFSS, tetrahedral
meshing and adaptive meshing were performed separately with a limited number of points. It may
lead to possible variation of S1; in the simulation.

Since the proposed antenna followed the transmission line principle to be designed and developed,
the smith chart would be an appropriate tool to analyze the impedance (Z). Figure 10a illustrates Z from
2-6 GHz but particularly focusing on the expected bandwidth operation, which is 4.27—4.4 GHz from
the SC (short circuit) to OC (open circuit) terminal. Starting from the high impedance end (at 2 GHz)
with two full-wave rotations along the transmission line results in 49.93 () at 4.27 GHz. As the
maximum measured reflection coefficient point at 4.30 GHz, as shown in Figure 8a, the impedance
shifts to 55.05 — j1.8 and continues to reach 33.72 + j16.08 at 4.40 GHz. VSWR (voltage standing wave
ratio) of the proposed antenna is approximately the following (Figure 10b) standard value over the
operation band. Earlier, the few reported antennas [47,48] recommended, for potential applications of
the most slotted shape, values less than 2. The proposed VMA shows a VSWR of 1.01 at 4.27 GHz and
was maintained close to that up to 4.34 GHz. After that, it increased to 3 at 4.40 GHz and matching
between the transmission line decreased. This compatible VSWR gives a high directivity of more or
less 7 dBi. Besides, the simulated gain (dB) also aligns with the claim, as shown in Figure 10c, where
the operational bandwidth has a range of 6.93-5.65 dB.

Figure 11a,b shows the simulated 3-D far-field radiation pattern of the proposed antenna, where
the radiation efficiency is about 90% at 4.34 and 4.27 GHz. However, the total efficiency is reduced by
46% and 38%. Furthermore, the simulated and measured radiation efficiency are plotted in Figure 11c.
The experimental efficiency dropped down to 80% compared to the simulated one. However, beyond
and above the stated bandwidth, this difference is much more. A lack of proper finishing during
etching leads to the copper layer being missed (less than 0.1 mm in size) in two vertical extended arm
edges. Therefore, it may affect the radiation efficiency. A measured radiation pattern at 4.30 GHz is
illustrated in Figure 11d, which was measured in Satimo Starlab, UKM. The radiation characteristics of
the E-plane (Figure 11e) and H-plane (Figure 11f) were compared through a simulation and measured
environment at 4.30 GHz. The co-polarization and cross-polarization have some deviation due to an
unequal phase distribution, but referring to the specific directional operation, it has strong field pattern
compliance. However, a general discussion of the out-of-band rejection of the prototype introduces
two issues. First, the proposed antenna structure and microstrip patch followed the narrow adjacent
line rather than the wider arm formation. Furthermore, the antenna must maintain the minimal
dimension for a low profile, so the effect of reducing the substrate thickness reveals the tunability
property. Secondly, the electric field at 4.27 GHz indicates an extended V arm has a more concentrated
distribution in several horizontal, vertical, and tapered patches but increasing the resonance frequency
loses this field. Besides, it concentrates the field closer to the feeding point precisely on the lower part of
the parabolic horns. Hence, the out-of-band peaks are a combination of the two effects above, and both
can be tuned by the substrate permittivity value. This tuning is limited by two reasons: (1) On the one
hand, the change of permittivity modifies the width of the antenna; and (2) the values of dielectric
permittivity are conditioned to the available commercial substrates. A comparison of the features is
tabulated in Table 2 in terms of the design gain and development technique, physical geometry, etc. for
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understanding the contribution of the proposed retro VMA. Certainly, the low-profile antenna with
a thin microstrip patch is unable to meet a few novel characteristics. For example, an incompatible
dimension due to the application perspective, conformality, radiation efficiency with specific gain,
and polarization insensitivity. A few relevant papers have a relatively low and high dimension with
competitive parameters. Still, they are underwhelming in terms of the dimension constraint, efficiency,
or adopted technique limitations for the prospective application field. For example, the transmission
line model [49] or filtering [14] technique has a lower dimension compared to the proposed antenna.
Still, those prototypes have limitations like a reduced realized gain or are bulky in size. Similarly,
the characteristic model [50] and the split ring method [51] either suffers from impedance accuracy of
the overall structure or a lack of experimental validation of the projected data. Besides, a robust design
approach, such as stacking [52] or frequency selective surface (FSS) [53], has a significant realized gain,
though the efficiency was not reported in the corresponding article.

S-Parameters [Impedance View]

1i O 2 (1.32, 54.1) Ohm
® 6 (103, -93.6) Ohm
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— 51,1 (50 Ohm)
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Figure 10. Proposed retro VMA performance; (a) Smith chart for impedance characteristics; (b) VSWR;
and (c) simulated gain (dB).
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Figure 11. Radiation characteristics of the proposed antenna far-field radiation pattern (a) at 4.34 GHz;
(b) 4.27 GHz; (¢) Simulated vs. measured radiation efficiency; (d) Measured radiation at 4.30 GHz;
(e) E-plane radiation; (f) H-plane radiation at 4.30 GHz.
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Table 2. Performance comparison of the proposed antenna with relevant reported antennas.

Desien Operating Maximum Efficienc
Reference Technig e Dimension (mm) Frequency Realized (%) y Remarks
1 Band (GHz)  Gain (dBi) °
Superstrate
50] Characteristic 20% 20X 1.6 5.0 9 8087 metamaterial used
model for performance
enhancement
[49] CRLA-TL 30x30x%1.6 0-10 52 78 Monopole antenna
method
[52] Stacking 180 x 60 0.5-4 6.1 NR 5G lower frequency
[51] Split Ring 40 x 45 x 1.57 34 7.43 NR No experimental
method evaluation
[14] Filtering 40 x 40 3-5 9 NR Bulky in size
[53] FSS 134.5 x 178.14 x 177 3-10 13.9 NR Bulky in size
DNG .
Proposed . tamaterial 60 x 40 X 1.52 2-5 7.14 80 Low profile and
antenna loaded directive

NR = Not reported.

Moreover, the dimension of these antennas would be incompatible in some 5G applications like IoT
and smart devices. The proposed antenna exhibits potentially better key performance parameters, such as
the measured realized gain of 7.14 dBi and efficiency of 80%. In contrast, the nearest competitive
prototype is above 82% but is unable to maintain the standard characteristic impedance in the
operating frequency.

4. Conclusions

A slotted loaded with DNG metamaterial antenna was proposed for 5G applications. By combining
the meta unit cell’s inherited dielectric characteristics’ modification and the extended arm structure,
a low profile and narrowband directive features were achieved. The physical geometry was shown to
provide balanced EM resonance to maintain standard VSWR and a maximum 7.14 dBi gain at 4.34 GHz.
Furthermore, the electric field and magnetic field distribution on the corresponding bandwidth ensure
a constant operating frequency for future 5G use case scenarios like smart home applications, IoT,
and other features.

Author Contributions: A.H. made significant contributions to this study regarding conception, design, analysis
and writing the manuscript. M.T.L. participated in revising the article critically for important intellectual contents
and supervised the whole study. A.F.A. provided intellectual suggestions, data analysis, and result interpretation.
All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Khan, S; Eibert, TE. A miniaturized frequency selective surface sub-reflector for X and Ku-bands. In Proceedings
of the 2018 11th German Microwave Conference (GeMiC), Freiburg, Germany, 12-14 March 2018; IEEE:
Piscataway, NJ, USA, 2018; pp. 184-186.

2. Mohamad, S.; Momeni, A.; Abadi, H.; Behdad, N. Wideband multi-beam antenna apertures using
metamaterial-based superstrates. In Proceedings of the 2014 IEEE Antennas and Propagation Society
International Symposium (APSURSI), Memphis, TN, USA, 611 July 2014; IEEE: Piscataway, NJ, USA, 2014;
pp- 926-927.

3. Sun, K.; Han, S.; Choi, J.H.; Lee, ] K. Miniaturized Active Metamaterial Resonant Antenna With Improved
Radiation Performance Based on Negative-Resistance-Enhanced CRLH Transmission Lines. IEEE Antennas
Wirel. Propag. Lett. 2018, 17, 1162-1165. [CrossRef]


http://dx.doi.org/10.1109/LAWP.2018.2836803

Sensors 2020, 20, 3323 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ibrahim, M.L; Safwat, A.M.; El-Hennawy, H. Single/dual-band CSRR-loaded differential-fed square patch
antenna with monopolar radiation pattern. In Proceedings of the 2016 33rd National Radio Science Conference
(NRSC), Aswan, Egypt, 22-25 February 2016; IEEE: Piscataway, NJ, USA, 2016; pp. 81-86.

Hussine, U.U.; Islam, M.T.; Misran, N. Analysis of Microstrip Patch Antenna for L1 and L2 for Global
Positioning System Applications. J. Kejuruter. 2013, 24, 29-33.

Islam, M.T.; Samsuzzaman, M.; Kibria, S.; Islam, M.T. Experimental breast phantoms for estimation of breast
tumor using microwave imaging systems. IEEE Access 2018, 6, 78587-78597. [CrossRef]

Rokunuzzaman, M.; Samsuzzaman, M.; Islam, M.T. Unidirectional wideband 3-D antenna for human
head-imaging application. IEEE Antennas Wirel. Propag. Lett. 2016, 16, 169-172. [CrossRef]

Islam, M.T.; Islam, M.; Samsuzzaman, M.; Faruque, M.R.I.; Misran, N. A negative index metamaterial-inspired
UWB antenna with an integration of complementary SRR and CLS unit cells for microwave imaging sensor
applications. Sensors 2015, 15, 11601-11627. [CrossRef]

Salim, A.; Lim, S. Review of recent metamaterial microfluidic sensors. Sensors 2018, 18, 232. [CrossRef]
Raghavan, S.; Rajeshkumar, V. An overview of metamaterials in biomedical applications. Prog. Electromagn. Res.
2013, 25, 369.

Kaur, M.; Sivia, J.S. ANN and FA Based Design of Hybrid Fractal Antenna for ISM Band Applications.
Prog. Electromagn. Res. 2020, 98, 127-140. [CrossRef]

Islam, S.S.; Faruque, M.R.I; Islam, M.T. A near zero refractive index metamaterial for electromagnetic
invisibility cloaking operation. Materials 2015, 8, 4790-4804. [CrossRef]

Faruque, M.R.L; Islam, M.T.; Misran, N. Evaluation of specific absorption rate (SAR) reduction for PIFA
antenna using metamaterials. Frequenz 2010, 64, 144-149. [CrossRef]

Ma, S.; Zhai, H.; Wei, Z.; Zhou, X.; Zheng, L.; Li, ]. A high-selectivity dual-polarization filtering antenna with
metamaterial for 5G application. Microw. Opt. Technol. Lett. 2019, 61, 63-67. [CrossRef]

Zhao, Y.; Shen, Z.; Wu, W. Wideband and low-profile H-plane ridged SIW horn antenna mounted on a large
conducting plane. IEEE Trans. Antennas Propag. 2014, 62, 5895-5900. [CrossRef]

Chen, Z.; Shen, Z. Wideband flush-mounted surface wave antenna of very low profile. IEEE Trans. Antennas
Propag. 2015, 63, 2430-2438. [CrossRef]

Hu, Z.; Shen, Z.; Wu, W,; Lu, J. Low-profile log-periodic monopole array. IEEE Trans. Antennas Propag. 2015,
63, 5484-5491. [CrossRef]

Chen, Q.; Hu, Z.; Shen, Z.; Wu, W. 2-18 GHz conformal low-profile log-periodic array on a cylindrical
conductor. IEEE Trans. Antennas Propag. 2017, 66, 729-736. [CrossRef]

Almutawa, A.T.; Mumcu, G. Small artificial magnetic conductor backed log-periodic microstrip patch
antenna. IET Microw. Antennas Propag. 2013, 7, 1137-1144. [CrossRef]

Yang, F.; Rahmat-Samii, Y. Electromagnetic Band Gap Structures in Antenna Engineering; Cambridge University
Press: Cambridge, UK, 2009.

Feresidis, A.P; Goussetis, G.; Wang, S.; Vardaxoglou, J.C. Artificial magnetic conductor surfaces and their
application to low-profile high-gain planar antennas. IEEE Trans. Antennas Propag. 2005, 53, 209-215. [CrossRef]
Foroozesh, A.; Shafai, L. Investigation into the application of artificial magnetic conductors to bandwidth
broadening, gain enhancement and beam shaping of low profile and conventional monopole antennas.
IEEE Trans. Antennas Propag. 2010, 59, 4-20. [CrossRef]

Vallecchi, A.; Capolino, F. Thin high-impedance metamaterial substrate and its use in low profile antennas
suitable for system integration. In Proceedings of the 2009 59th Electronic Components and Technology
Conference, San Diego, CA, USA, 2629 May 2009; IEEE: Piscataway, NJ, USA, 2009; pp. 777-783.
Donzelli, G.; Vallecchi, A.; Capolino, F.; Schuchinsky, A. Metamaterial made of paired planar conductors:
Particle resonances, phenomena and properties. Metamaterials 2009, 3, 10-27. [CrossRef]

Vallecchi, A.; Capolino, F; Schuchinsky, A. 2-D isotropic effective negative refractive index metamaterial in
planar technology. IEEE Microw. Wirel. Compon. Lett. 2009, 19, 269-271. [CrossRef]

Vallecchi, A.; Capolino, F. Metamaterials based on pairs of tightly coupled scatterers. In Theory and Phenomena
of Metamaterials; CRC Press: Boca Raton, FL, USA, 2017; pp. 19-1-19-47.

Vallecchi, A.; Capolino, F.; De Luis, J.; De Flaviis, E. A low profile folded dipole antenna on a reactive high
impedance substrate. In Proceedings of the 2009 International Conference on Electromagnetics in Advanced
Applications, Torino, Italy, 14-18 September 2009; IEEE: Piscataway, NJ, USA, 2009; pp. 1062-1065.


http://dx.doi.org/10.1109/ACCESS.2018.2885087
http://dx.doi.org/10.1109/LAWP.2016.2565610
http://dx.doi.org/10.3390/s150511601
http://dx.doi.org/10.3390/s18010232
http://dx.doi.org/10.2528/PIERC19110901
http://dx.doi.org/10.3390/ma8084790
http://dx.doi.org/10.1515/FREQ.2010.64.7-8.144
http://dx.doi.org/10.1002/mop.31525
http://dx.doi.org/10.1109/TAP.2014.2354420
http://dx.doi.org/10.1109/TAP.2015.2414948
http://dx.doi.org/10.1109/TAP.2015.2496119
http://dx.doi.org/10.1109/TAP.2017.2782259
http://dx.doi.org/10.1049/iet-map.2013.0028
http://dx.doi.org/10.1109/TAP.2004.840528
http://dx.doi.org/10.1109/TAP.2010.2090458
http://dx.doi.org/10.1016/j.metmat.2008.12.001
http://dx.doi.org/10.1109/LMWC.2009.2017585

Sensors 2020, 20, 3323 17 of 18

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Gibson, P. The vivaldi aerial. In Proceedings of the 1979 9th European Microwave Conference, Brighton, UK,
17-20 September 1979; IEEE: Piscataway, NJ, USA, 1979; pp. 101-105.

Lee, J.; Livingston, S.; Koenig, R. A low-profile wide-band (5:1) dual-pol array. IEEE Antennas Wirel.
Propag. Lett. 2003, 2, 46—49. [CrossRef]

Dai, L.H.; Tan, C.; Zhou, YJ. Ultrawideband Low-Profile and Miniaturized Spoof Plasmonic Vivaldi Antenna
for Base Station. Appl. Sci. 2020, 10, 2429. [CrossRef]

Natarajan, R.; Gulam Nabi Alsath, M.; Kanagasabai, M.; Bilvam, S.; Meiyalagan, S. Integrated Vivaldi antenna
for UWB/diversity applications in vehicular environment. Int. . RF Microw. Comput. Aided Eng. 2020, 30,
€21989. [CrossRef]

Yin, Z.; He, G.; Yang, X.-X.; Gao, S. Miniaturized Ultra-Wideband Half-Mode Vivaldi Antenna Based on
Mirror Image Theory. IEEE Antennas Wirel. Propag. Lett. 2020, 19, 695-699. [CrossRef]

Garg, R.; Bhartia, P; Bahl, L].; Ittipiboon, A. Microstrip Antenna Design Handbook; Artech House: Norwood,
MA, USA, 2001.

Balanis, C.A. Antenna Theory: Analysis and Design; John Wiley & Sons: Hoboken, NJ, USA, 2016.

Pues, H.; Van de Capelle, A. Accurate transmission-line model for the rectangular microstrip antenna.
In IEE Proceedings H (Microwaves, Optics and Antennas); IET: London, UK, 1984; pp. 334-340.

Hoque, A.; Tariqul Islam, M.; Almutairi, A.; Alam, T.; Jit Singh, M.; Amin, N. A Polarization Independent
Quasi-TEM Metamaterial Absorber for X and Ku Band Sensing Applications. Sensors 2018, 18, 4209.
[CrossRef]

Bahl, I; Bhartia, P.J.N.Y. April, Microwave Solid State Circuit Design; Wiley: Hoboken, NJ, USA, 2003.

Hoque, A.; Islam, M.T.; Azim, R; Singh, M.]J.; Mat, K.; Cho, M. A New Split Pitch Square Shape Metamaterial
Absorber for X band Application. In Proceedings of the International Conference on Space Science and
Communication (IconSpace2019), Johor bahru, Malaysia, 28-30 July 2019; IEEE Xplore: Johor bahru,
Malaysia, 2019.

Lanka Subrahmanya, V. Pattern Analysis of “The Rectangular Microstrip Patch Antenna”; University of
Bords/School of Engineering: Boras, Sweden, 2009.

Wentworth, S.M. Fundamentals of Electromagnetics with Engineering Applications; John Wiley & Sons Incorporated:
Hoboken, NJ, USA, 2005.

Elrashidi, A.; Elleithy, K.; Bajwa, H. Performance Analysis of a Microstrip Printed Antenna Conformed on
Cylindrical Body at Resonance Frequency 4.6 GHz for TM01 Mode. Procedia Comput. Sci. 2012, 10, 775-784.
[CrossRef]

Ashkenazy, ].; Shtrikman, S.; Treves, D. Electric surface current model for the analysis of microstrip antennas
on cylindrical bodies. IEEE Trans. Antennas Propag. 1985, 33, 295-300. [CrossRef]

Luk, K.-M.; Lee, K.-F,; Dahele, ].S. Analysis of the cylindrical-rectangular patch antenna. IEEE Trans. Antennas
Propag. 1989, 37, 143-147.

Bailey, M.; Deshpande, M. Analysis of Rectangular Microstrip Antennas; NASA Langley Research Center:
Hampton, VA, USA, 1984.

Ajose, S. Design formulas for impedance matching using a Hermite line. In IEE Proceedings H (Microwaves,
Antennas and Propagation); IET: London, UK, 1986; pp. 319-320.

Jacobs, J.; De Villiers, ]J.J. Gaussian-process-regression-based design of ultrawide-band and dual-band
CPW-fed slot antennas. J. Electromagn. Waves Appl. 2010, 24, 1763-1772. [CrossRef]

Priyadarshi, R.; Singh, M.P; Tripathi, H.; Sharma, P. Design and performance analysis of vivaldi antenna
at very high frequency. In Proceedings of the 2017 Fourth International Conference on Image Information
Processing (ICIIP), Shimla, India, 21-23 December 2017; IEEE: Piscataway, NJ, USA, 2017; pp. 1-4.

Setijadi, E.; Hendrantoro, G. Radiation Pattern Analysis and Modelling of Coplanar Vivaldi Antenna Element
for Linear Array Pattern Evaluation. Prog. Electromagn. Res. 2019, 84, 79-96.

Khalili Palandi, N.; Nozhat, N.; Basiri, R.J. Design and fabrication of small and low profile microstrip
monopole antenna using CRLH-TL structures. J. Electromagn. Waves Appl. 2019, 33, 1749-1763. [CrossRef]
Hamad, E.K.; Abdelaziz, A. Metamaterial superstrate microstrip patch antenna for 5G wireless communication
based on the theory of characteristic modes. J. Electr. Eng. 2019, 70, 187-197. [CrossRef]


http://dx.doi.org/10.1109/LAWP.2003.812243
http://dx.doi.org/10.3390/app10072429
http://dx.doi.org/10.1002/mmce.21989
http://dx.doi.org/10.1109/LAWP.2020.2977503
http://dx.doi.org/10.3390/s18124209
http://dx.doi.org/10.1016/j.procs.2012.06.099
http://dx.doi.org/10.1109/TAP.1985.1143573
http://dx.doi.org/10.1163/156939310792486629
http://dx.doi.org/10.1080/09205071.2019.1637285
http://dx.doi.org/10.2478/jee-2019-0027

Sensors 2020, 20, 3323 18 of 18

51. Li, R;Zhang, Q.; Kuang, Y;; Chen, X; Xiao, Z.; Zhang, J. Design of a miniaturized antenna based on split ring
resonators for 5G wireless communications. In Proceedings of the 2019 Cross Strait Quad-Regional Radio
Science and Wireless Technology Conference (CSQRWC), Taiyuan, China, 18-21 July 2019; IEEE: Piscataway,
NJ, USA, 2019; pp. 1-4.

52. Arya, AK,; Kim, SJ.; Kim, S. A Dual-Band Antenna for LTE-R and 5G Lower Frequency Operations.
Prog. Electromagn. Res. Lett. 2020, 88, 113-119. [CrossRef]

53. Turkmen-Kucuksari, O.; Kocakaya, A.; Cimen, S.; Cakir, G. High constant gain modified antipodal Vivaldi
antenna incorporated with a phase compensation lens and a frequency selective surface. Int. J. Electron. Commun.
2020, 113, 152975. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.2528/PIERL19081502
http://dx.doi.org/10.1016/j.aeue.2019.152975
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Antenna Design and Methodology 
	Antenna Geometry 
	Transmission Line Principle Analysis of VMA Geometry 
	Metamaterial DNG Unit Cell Design Development and Refinement 
	Parametric Study of Antenna 
	Field Analysis and Surface Current 

	Experimental Results and Discussion 
	Conclusions 
	References

