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ABSTRACT The increasing proliferation of advanced devices for UWB, 5G communication, micrometer-
wave, and millimeter-wave communication demands an antenna which can handle huge data rates, provides
high gain and stable radiation pattern as a panacea of most of the current wireless communication problems.
Many different antenna designs have been proposed by the researchers but, Antipodal Vivaldi Antenna (AVA)
has drawn the attention of most of the researchers because of its high gain, wide bandwidth, less radiation
loss, and stable radiation pattern. Different methods are presented to make AVA more compact while
maintaining the performance of an antenna to an acceptable level. These different methods are substrate
choice, flare shape, slots, and feeding connectors. Also, AVA performance can be enhanced by incorporating
corrugation, dielectric lens, patch in between two flares of AVA, balanced AVA (BAVA), metamaterial,
computational intelligence (CI), and AVA array. The AVA performance enhancement techniques modify the
electrical and physical properties of an antenna which in turn improves its performance. A large number
of performance enhancement methods of AVA design have been proposed, however, no comprehensive
study exists to categorize these performance enhancement techniques and outline their concepts, advantages,
disadvantages, and applications. So, in this paper, we have attempted to outline all methods available
for enhancing and optimizing the parameters of AVA. Additionally, to validate some of the important
performance enhancement methods, they are incorporated in the basic conventional AVA design and further
simulation results are obtained for the same which are in line with the surveyed literature. Each method
is explained in detail by incorporating its key points, merits, and demerits. Moreover, illustrations from
the literature are given to demonstrate improvement in the parameters as a result of applying a particular
performance enhancement technique.

INDEX TERMS Antipodal Vivaldi antenna (AVA), AVA array, balanced antipodal Vivaldi antenna (BAVA),

corrugations, dielectric lens, metamaterial, parasitic patch, slots.

I. INTRODUCTION

Current wireless devices demand wide bandwidth, high data
rate, and more capacity. Antipodal Vivaldi Antenna (AVA) is
a promising solution to different daunting tasks present in the
current communication systems. Recent development shows
that AVA can be widely used in many applications like an
ultra-wideband (UWB), radar, 5G communication devices,
to identify voids in the concrete beam (civil), microme-
ter and millimeter-wave applications as shown in figure 1.
Dr. P. J. Gibson introduced the Vivaldi antenna in IEEE 9th
European Microwave conference in1979 titled The Vivaldi
Aerial [1]. This Vivaldi antenna is linearly polarized and
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can operate at wide bandwidth with high and constant gain.
This designed Vivaldi antenna gave 10 dB gain and —20 dB
sidelobe level over 2 to 40 GHz frequency range [1]. Vivaldi
antenna is also called as a tapered slot antenna because of its
structure. Dr. Gibson was much more interested in music. His
favorite music composer was Antonio Vivaldi who was from
the Baroque period (early 177 to mid 18" century). Vivaldi
was the great violin composer. The shape of the antenna
designed by Dr. Gibson resembles the violin structure and
he was a great fan of Antonio Vivaldi. Hence Dr. Gibson
gave Vivaldi name to his antenna. The basic design struc-
ture of the Vivaldi antenna is given in figure 2(a). Vivaldi
antenna comes under aperiodic and gradually scaled end-fire
antenna. Theoretically, the Vivaldi antenna can operate at an
overall frequency range with constant beamwidth [1], [2].
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FIGURE 1. Applications of AVA.

Practically Vivaldi antenna’s bandwidth, beamwidth, side,
and back lobes depend on feeding microstrip line, size, and
shape of Vivaldi flare. As shown in figure 2(a), the Vivaldi
antenna consists of two flares that act as ground radiators and
the feed line is present on the opposite side of the substrate.

To reduce the beamwidth, sidelobes, back lobe and return
loss Dr. Gazit introduced AVA in 1988 [3]. Two flares of
Vivaldi are antipodal as they are present on the opposite
side of the substrate. The top flare (upper patch) acts as a
conductor and the bottom flare (lower patch) acts as a ground.
Both the flares are mirror images of each other. Nowadays,
AVA is used by many researchers as compared to Vivaldi
because of its high gain, high efficiency, low return loss,
wide bandwidth, reduce sidelobe levels, it can operate at high
frequencies, and provides stable radiation pattern. The basic
structure of the AVA is shown in figure 2(b).

The dimensions of AVA length (L), width (W) and tapered
slots (Y) are calculated by equations 1 to 5 [6].

Length (L) of Vivaldi antenna should be greater than half
of wavelength (1)

L ~ 1
> 2 (D
where, A is maximum operating wavelength.

Width (W) of Vivaldi antenna should be greater than one
fourth of wavelength

A
W > 1 2
Equation of tapered slot is given by

Y = £(C1e™ + C2) 3)
where C; and C; are given by,
Y2—nn

e2 — edX1

C = “

VOLUME 8, 2020

Tapered
Slot

/\

Ground Ground

Radiatior Radiator
Feed
Line

(a) Structure of Vivaldi antenna [4]

End of Outer Curve
( xz IYZ )

Upper
Patch
(Top Flare)

Start of Outer Curve

(%,,¥,) Ground

(b) Structure of antipodal Vivaldi antenna(AVA) [5]

FIGURE 2. Antenna Structures.

e2yy — ey,
= T ©

Here, Cy and C, are constants; ‘a’ is a rate of increase of
exponential curve. x1, y1, X2, and y, are start and end points
of exponential curve as shown in figure 2(b).

Figure 3 depicts the various advantages of AVA. Few exam-
ples of advantages of AVA are taken from the literature and
are listed below:

« High Gain: AVA and its array structure can provide the

gain above 18dB [7] and 23dB [8] respectively.

« Improved Return Loss: AVA improves return loss very
effectively up to —50dB [9], [10].

« High Efficiency: As a result of improved return loss,
we get good impedance matching for increasing AVA
efficiency. AVA efficiency goes beyond 90% [11], [12].

« Enhanced Beamwidth: AVA reduces beamwidth to a
very low level to increase its gain. For example, in [11]
beamwidth is reduced to 17.6° at 40GHz and in [13]
beamwidth is 24.6° at 35 GHz.
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FIGURE 3. Advantages of AVA.

o Low Sidelobe Level: It also reduces the sidelobe level
and back lobe levels below —13dB [14], [15].

« Compact Size: By using various miniaturization tech-
niques, AVA can be made compact of size nearly
30mm x 30mm [16], [17].

« Stable Radiation Pattern: The radiation pattern is sym-
metric and almost not dependent on frequency [7], [18].

« Higher Operating Frequencies: AVA operates at high
frequencies ranging from 1 GHz to 100 GHz [8], [19],
[20]. It provides wide bandwidth of 1:10 [21] or the
bandwidth of 150 GHz [20].

o More Front to Back Ratio: It maintains front to back
ratio to a high level of above 30dB [22], [23].

BAVA gives better gain than the conventional AVA but,
the design complexity, antenna size, and fabrication cost is
higher. Hence, AVA is preferred in comparison to BAVA
provided its gain can be increased. In order to increase the
gain, several researchers are working on the gain enhance-
ment techniques. This motivated us to survey the performance
enhancement methods of AVA like corrugation, metamaterial,
array, dielectric lens, and parasitic patch to enhance the gain
and other parameters of conventional AVA which already has
advantages like simplicity, miniaturization, and low fabrica-
tion cost.

The paper structure is as follows: Section 2 includes AVA
performance enhancement methods, section 3 validates some
of the important enhancement methods discussed in section 2,
and section 4 concludes the paper.

Il. PERFORMANCE ENHANCEMENT TECHNIQUES

FOR AVA

There is a plethora of investigation on AVA performance
enhancement. AVA larger size may render it to be used in
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compact communication devices. But, AVA can be made
compact with required specification by incorporating meta-
material, substrate having low loss tangent and low rela-
tive permittivity, shape of flare of AVA, slots with different
position and widths, corrugation, dielectric lens, by adding
patch in between two flares, different types of connectors
for feeding, Balanced AVA, AVA array, multiple input and
multiple outputs, and computational intelligence techniques.
Different methods to enhance the performance of Antipo-
dal Vivaldi Antenna (AVA) are described in detail in this
section. Each technique is explained with the help of AVA
designs from recent papers. The performance of every tech-
nique is compared in terms of antenna gain, return loss,
dimension and operating frequency range. Figure 4 shows
the different methods of AVA performance enhancement
techniques.

Computational intelligence techniques like Particle Swarm
Optimization (PSO), multi-objective PSO(MOPSO), and
multiobjective genetic algorithm (MOGA) can be used to
decide dimensions of an antenna to optimize the different
parameters of an antenna. PSO is popularly used in AVA to
reduce transient distortion, cross-polarization and reflection
coefficient [24]. Multi-objective PSO is applied to AVA array
to enhance sidelobe level and mutual coupling in [25], [26].
A compact balanced antipodal Vivaldi antenna can be imple-
mented by using PSO [27]. AVA becomes a good choice for
millimeter and ultra-wideband applications if its size can be
reduced.

The metamaterial is employed in an antenna design due
to its special electromagnetic characteristics which cannot
be found in natural materials. There are different types of
metamaterials like an electromagnetic, single negative, dou-
ble negative, electromagnetic bandgap, isotropic, anisotropic,
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FIGURE 4. AVA parameters and their enhancement techniques.

chiral, terahertz, photonic, tuneable, frequency selective
surface-based, and nonlinear metamaterial. The metamaterial
is not available in nature; they have to be designed manually
with the help of two or more natural materials. There are
many more advantages of using metamaterial in antenna
design, for example, hike in gain and bandwidth, noticeable
reduction in the size of an antenna, negligible surface waves,
and fewer sidelobes. Recent developments show that single
negative, double negative and anisotropic metamaterials are
used in AVA antenna design [5], [9], [28]-[31].

Different types of substrates are available in the market.
A substrate with low loss tangent and low relative permit-
tivity is desirable. Electric permittivity is the potential of the
substrate to store the electrical energy in an electric field.
A vacuum has the lowest permittivity. Relative permittivity
is the factor by which the electric field between the charges is
decreased relative to the vacuum. If the relative permittivity
of the substrate is high then the magnitude of the electric field
reduces considerably within the volume of the substrate. This
reduces the gain of an antenna. Hence a substrate with low
relative permittivity should be selected. The loss tangent of
a substrate is the indicator of power loss due to its material.
Low loss tangent means low power loss. As low power loss
is required for an antenna operation, a substrate with a low
loss tangent should be selected. These losses can be further
reduced by using Substrate Integrated Waveguide (SIW) [32].

Research on AVA shows that AVA flares can be
designed with different shapes like Chebyshev [33], wide
elliptical [34], leaf structure [35], binomial [36], fractal [37],
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etc. to enhance the performance of an antenna. Also, circu-
lar [38] or rectangular slots [39] at different positions are
designed on AVA flare to increase the bandwidth of AVA.
AVA provides low gain at low frequency. This drawback
can be overcome by using corrugation [40]. The corrugation
on the outer edges of a flare of AVA helps in improving
the low-frequency performance of AVA. Corrugations can be
of sine, straight rectangular, slant rectangular or triangular
shape. The dielectric lens transmits radiation in one direc-
tion. Thus increasing directivity and gain of an antenna [41].
The dielectric lens can be made up of the same substrate
material or different materials. Different shapes of the dielec-
tric lens are elliptical, circular, trapezoidal or rectangular.
An extra patch can be made in between two flares to reduce
the cross polarization [42]. This in return increases the
gain and reduces reflection losses of an antenna. Impedance
matching is very important to reduce the loading effect of an
antenna. Hence an efficient feeding network is required to
be implemented. The various feeding methods are microstrip
line, electromagnetically coupled feed, and aperture cou-
pled feed. The parallel microstrip feed line provides a good
impedance match and hence improves return loss as com-
pared to the exponential curve microstrip line [43]. As com-
pared to a single antenna, multiple antennas give much better
performance. Hence, the gain, bandwidth, and efficiency can
be enhanced by using AVA array [44] at the cost of a larger
size.

It is not possible to cite each and every published
paper on AVA. But, we have covered all AVA performance
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TABLE 1. Comparison of antipodal Vivaldi antennas with different substrate materials.
Ref. | Substrate | Permittivity | Loss Tangent | Thickness Size (mm?2) Return Loss (dB) | Gain (dB) | Frequency (GHz) | Applications
[45] FR-4 4.4 0.02 1.6 80 x 60 -30 2-8 3.1-10.6 UWB
[46] | F4ABM265 2.65 0.001 1 130 x 80 -27 2.27-14 1.13-12 UWB
[47] RO3006 6.15 0.002 1.28 45x 60 -30 2.2-6.8 1.7-11 UWB
[48] RO5880 22 0.009 0.508 171 x 202 -42 4-8.5 0.67-6 Construction
[10] RO4003 3.38 0.0027 0.508 40 x 60 -50 8-15 3.4-40 uWave
[49] RO3006 6.15 0.002 1 39.4x34.6 -40 -2-52 3.1- 10.6 UWB
FR-4 4.4 0.02 1.4 40.16 x 42.56 -28 -1-5 3.1- 10.6

enhancement techniques including their key points, the effect
on antenna parameters, advantages, and disadvantages.

A. SUBSTRATE MATERIAL

A choice of substrate material is very important while design-
ing an antenna. Several substrates are available for designing
an antenna. A substrate with low loss tangent (§), low relative
permittivity (¢,) and high thickness is desirable to enhance
the performance of an antenna. If loss tangent (§) increases
then dielectric losses also increases which in turn decreases
the gain and efficiency of an antenna. Hence, it becomes
very important to choose a low loss tangent substrate while
designing an antenna. Similarly in the case of the relative
permittivity (e,), if it decreases then the length and width
of an antenna increases for required resonance frequency
which in turn increases the fringing field and aperture area.
Which gives us enhanced bandwidth and gain of an antenna.
Moreover, if the relative permittivity of the substrate is high
then the magnitude of the electric field reduces considerably
within the volume of the substrate and it reduces the gain
of an antenna. So, for a required resonant frequency with
high gain and bandwidth substrate with low relative permit-
tivity should be chosen. In the case of more thicker substrate
fringing field increases which improves the bandwidth and
provides more mechanical strength to an antenna. In the
literature, the most commonly used substrate for designing
AVA antenna are Flame Retardant 4 (FR-4) [45], Rogers
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RO4003 [10], and Rogers RT/Duroid 5880 [48]. These mate-
rials can be employed as per the required parameters and
suitability for the antenna.

The detailed comparison of AVA design for different
substrate materials is summarized in table 1. They are com-
pared based on the relative permittivity (¢, ), loss tangent (3),
the height of substrate(h) in mm, Size of an antenna in (mm?),
return loss (S11) in dB, gain in dB, operating frequency range
in GHz and applications. It shows that AVA in [49] which
is designed by using the RO3006 substrate is most compact
with good return loss. But, enhanced gain, wide bandwidth,
compact and best return loss is provided by AVA designed
by using RO4003 [10]. Hence, the RO4003 substrate with
3.38 permittivity and 0.0027 loss tangent is the best choice
for AVA design. The comparison of FR4 and RO3006 is
demonstrated in figure 5 [49]. Figure 5(a) is the typical top
view of AVA on the FR4 substrate and 5(b) is the top view
of AVA on the RO3006 substrate. Both figures show that
the RO3006 substrate reduces the size of an antenna. Also,
Figure 5(c) and (d) gives a comparison of return losses of
FR4 and RO3006 which clearly shows that RO3006 provides
better return loss.

B. SHAPE OF FLARE

The shape of the AVA flare decides the aperture area of an
antenna. As the area of flare increases, the radiation will be
more which will boost the gain of an antenna. But, further,
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(c) Chebyshev [33] (d) Leaf [50]

(e) Bow Tie [16]
FIGURE 6. Different shapes of flares.

(f) Windmill [20]

it will increase the AVA size. The narrow flare size provides
a compact antenna but with degraded antenna performance
in terms of an antenna gain. Researchers have proposed var-
ious antipodal Vivaldi antenna shapes in the literature like
elliptical, circular, Chebyshev, leaf structures, etc. The most
common flare structure is elliptical shape [34] because of its
easy design and implementation as shown in figure 6(a). The
elliptical shape can be narrow or wide depending on the rate
of increase of edge of AVA flare. The straight-line present in
between two endpoints of elliptical shape if extended it will
be modified to a circular shape as shown in figure 6(b). This
circular shape AVA provides the same radiation pattern in
both E and H plane and improves impedance matching [51].
Further, it improves impedance bandwidth to 25:1 as reported
in [39]. Also, to improve the range of operating frequency,
the researcher has used Chebyshev tapering [33] as it pro-
vides good impedance matching at a lower frequency with
a stable radiation pattern over almost all frequency range.
The leaf structure of AVA is employed to alleviate the
cross-polarization of AVA [35], [50]. Although due to this
leaf structure the design of an antenna becomes complex as
shown in figure 6(d), the design can be made simple and
compact by using bow tie [16] and windmill [20] as shown
in figure 6(e) and 6(f). But, both bow tie and windmill shapes
reduce the AVA gain.

All the different shapes of the flare are shown in figure 6
and the comparison of different shapes of AVA flare is listed
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in table 2. Figure 6 shows that elliptical shape is easy to
implement but it results in more antenna size as per table 2.
Leaf structure provides good gain but, its design is complex.
Out of these shapes, windmill shape is a suitable shape
that provides compact, improved return loss and wideband
AVA. Figure 7(a) shows a typical fabricated AVA antenna of
windmill shape and its simulated return loss is demonstrated
in figure 7(b) which indicates that windmill flare shape out-
puts compact and wideband antenna [20].

C. SLOTS

The AVA with slots consists of one or metal parts removed
from the flares. Slots play a vital role in the bandwidth
enhancement of an antenna. It minimizes the lower cutoff
frequency, reduces the sidelobe levels as well as increases the
main lobe level [55], [56]. The circular shape of flare with
slots increases bandwidth and low-frequency performance of
AVA [39], [53]. Circular slots are used to reduce the Radar
Cross Section (RCS) in [38]. A compact AVA with reduced
co polarization and cross-polarization can be designed by
using double tapered slots [50], [52]. Periodic slots with lens
enhance the overall performance of AVA. It increases gain,
bandwidth, directivity, front to back ratio and reduces side-
lobes and dimensions of AVA [57]. Slots with variable capaci-
tors or split-ring resonators are used to design re-configurable
AVA for rejecting unwanted bands in [58], [59]. Dual-band
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TABLE 2. Comparison of antipodal Vivaldi antennas with different flare structures.

Reference | Flare Shape | Substrate Size (mm?) Return Loss (dB) | Gain (dB) | Frequency (GHz) | Application
[34] Elliptical FR-4 100x 172.14x 1.6 -40 -1-6 1-6 Broad Band
[39] Circular RT5880 64 x 64 x 2.54 -30 3-12 4-50 UWB, 5G
[33] Chebyshev FR-4 100x 100 x 1.6 -52 4.5-6.8 1-35 UWB, 5G
[50] Leaf FR-4 50.8x62x0.8 -35 10 1.3-20 UWB

2.8-34
[16] Bow Tie FR-4 26x31x 1.6 -31 0-4.2 4.2-5.1 UWB
6.1-11.6
[20] Wind Mill FR-4 255x35x1.52 -70 4-8.5 10-160 5G, Ka Band
TABLE 3. Comparison of antipodal Vivaldi antennas with different slots structures.
Reference | Substrate Size (mm?3) Return Loss (dB) | Gain (dB) | Frequency (GHz) | Application
[50] FR-4 42x36x 1.6 -25 1.8-6.9 3.7-18 UWB
[52] FR-4 60x48x 1 -40 3.7-10 2.4-14 UWB
[38] FR-4 32x35x 1.6 -37 4-5.5 3-12 UWB
[39] RT 5880 64 x 64 x 0.25 -30 3-12 4-50 UWB,5G
[54] RO 4003 101 x50x 1.5 -37 8.7-11.5 6-18 UWB
[21] RO 4003 | 40x 90 x 0.508 -45 6-15 3.4-40 Construction

Four Slots

Dual Tapered

(a) Dual tapered slot (b) Quad tapered slot
[50] [52]

(c) Circular slot [38]

ctric
ns

Slots with
Different
Lengths

(d) Slots in circular  (e) Slots in balanced
AVA [53] AVA [54]
FIGURE 8. AVA design with slots.

(f) Multiple slots with
lens [21]

AVA by using two wide rectangular slots is given in [60].
Slots with substrate elongation are used to increase end-fire
radiation characteristics of balanced AVA [54].

Different AVA with slots as shown in figure 8 and their
comparison is given in table 3. In [21], AVA is designed with
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multiple periodic slots at different locations, different widths
and different lengths that provide compact, improved return
loss and wide bandwidth as compared to other AVA with slots.
AVA with circular slots designed in [38] is very compact but,
its gain is less. Therefore, AVA structure designed in [21] can
be considered as an appropriate structure within AVA with
slots found in the literature for typical AVA antenna. The
design of typical rectangular slots with a trapezoidal-shaped
dielectric lens is shown in figure 9(a) [10]. In this, antenna O
is the conventional antipodal Vivaldi antenna (CAVA) with
no slots and antenna 1 to 3 are with slots named as periodic
slit edge AVA (PSEAVA). Antenna 1 is implemented with
five slots of width W; and length L;. Antenna 2 is imple-
mented with slots given in antenna 1 and five more slots
of width W, and length L,. Antenna 3 is designed as an
extension of antenna 2 containing five more slots of width W3
and length L3. The effect of slots on AVA bandwidth and
return loss is shown in figure 9(b) for typical rectangular
slots with a trapezoidal-shaped dielectric lens [10] where it
can be clearly seen that antenna 3 shows the improvement in
bandwidth and return loss.

D. CORRUGATION

Corrugation means repetitive, evenly spaced and same shaped
slots made on the outer edge of flares which coincides with
an edge of the substrate. The corrugation on flares improves
gain and return loss of the AVA. Comb shaped corruga-
tion on elliptical flare is implemented in [23] to efficiently
find voids in the concrete beam. Rectangular corrugation
along with the elliptical-shaped patch in between two flares
improves directivity and reduces sidelobes [40]. Sine wave
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PSEAVA

(a) AVA with different slots

FIGURE 9. Effect of slots on AVA bandwidth and return loss [10].

(a) Comb [23]

(b) Rectangular [40]
FIGURE 10. Different shapes of flare corrugation of AVA.

corrugation gives a very large and almost constant gain of
above 18dB [61], [63]. It also improves return loss to a
great extent. Sine corrugation provides —15dB as a maximum
value of return loss over a required bandwidth. The effect of
the size of corrugation is demonstrated in [62]. The shape
of the corrugation is rectangular. Three types of corrugations
discussed in [62] are the same size (design A), decreasing
size from start to end (design B) and increasing size from
start to end (design C) of the substrate. Design B is shown
in figure 10(d). Out of these, a corrugation with decreasing
size (design A) gives the best return loss [62], [64]. The same
size and decreasing size (design A and B) provides higher
gain. But, corrugation with increasing size (design c) reduces
return loss and gain. Hence, the same size and decreasing
size corrugation types can be used to further improve the
AVA parameters.
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Different corrugation designs are given in figure 10 and
table 4 summarizes AVA with corrugation design com-
parison. From table 4, we can see that sine shaped cor-
rugation implemented in [61] improves AVA parameters
more effectively as compared to other shapes of corruga-
tion. It alleviates AVA size and return loss and enhances
AVA gain. Moreover, rectangular corrugation with decreased
size provides the constant and highest gain of 20 dB [62].
Figure 11(a) shows a typical fabricated CSAVA-B (Comb
Shaped Antipodal Vivaldi Antenna with Bend) antenna [23]
and the effect of corrugation on bandwidth, gain, and front
to back ratio is shown in figure 11(b,c,d). In this, CAVA
means conventional AVA, CAVA-B means conventional AVA
with the bend, and CSAVA-B means comb-shaped AVA-B.
Figure 11(b) indicates a lower cutoff frequency is 1.7 GHz
for CSAVA-B which is lower than CAVA and CAVA-B. Also,
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TABLE 4. Comparison of antipodal Vivaldi antennas with different corrugation structures.

Reference | Corrugation Shape | Substrate Size (mm?3) Return Loss (dB) | Gain (dB) | Frequency (GHz) Application
[23] Comb RO 4003 120 x 202 x 0.508 -46 7-15 1.65-18 Concrete Beam
[40] Rectangular RT 6002 186 x 77 x 1 Not Given 4-16 2.5-57 5G, UWB
[61] Sine RT 6002 35x13x1 -40 18-19 55-65 Ka Band
[63] Triangular RT 6002 83.5 x 10.25 x 0.508 -40 11-20 26-40 Ka Band
[62] Rectangular RT 5880 70 x 16 x 0.258 -30 20 58-66 Radar

8 ~-CAVA--AVAB—CSAVAB| 50
ol s 15 |---CAVA-- AVA-B — CSAVA-B|
o (A - s A A
,,- N 8" A
& -20 iy u\,n: '-‘\,"."\': i EE:H 530
S ot 11 Sio B / ......... \f’
= ’ P 7 @20 M
40 [ @l 8 B o |
09 d 10
-50 i3
\-—-CAVA---AVA-B—CSAVA-B\ 11
t 5 10 15 ' 10 g L b
? Frequency (GHz) Frequency (GHz) Frequency (GHz)
(a) Fabricated CSAVA-B (b) Simulated return loss (c) Simulated gain (d) Simulated front to back ratio
FIGURE 11. Effect of corrugation [23].
Diamo‘nd Patch
Circular Patch Dielectric Lens

Circular Patch

' | Bottom Patch
Feed Point
(a) Elliptical patch [42] (b) Diamond patch [65] (c) Circular patch [17]

FIGURE 12. Parasitic patch shapes.

figure 11(c) and (d) shows that gain and front to back ratio is
higher in CSAVA-B as compared to CAVA and CAVA-B.

E. PARASITIC PATCH IN AVA

The parasitic patch is designed in between two flares of AVA.
This parasitic patch couples with main radiating flares to
focus radiation beam in the end-fire direction. This maxi-
mizes the directivity and hence the gain of AVA [42]. The par-
asitic patch can be of different shapes like ellipse, diamond,
circular, etc. as shown in figure 12. The trapezoidal parasitic
patch is designed in [66] to radiate a maximum portion of
the beam in the end-fire direction by coupling with the main
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radiating patch. The dielectric lens with a circular parasitic
patch gives a compact and high gain antenna [17]. Elongated
parasitic patch with corrugation and band-pass can be imple-
mented in AVA to control beam width and sub-harmonic
suppression [67].

The performance comparison of AVA design for differ-
ent parasitic patch structures is listed in table 5. In [17],
the circular parasitic patch with a dielectric lens is imple-
mented in AVA to make it compact for the UWB application.
Elliptical patch enhances gain and provides wider bandwidth
at the expense of increased AVA size [42]. Figure 13(a) is
the typical fabricated AVA with an elliptical parasitic patch
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TABLE 5. Comparison of antipodal Vivaldi antennas with different parasitic patch structures.

(a) Fabricated AVA with el-
liptical patch

(b) Simulated electric field

FIGURE 13. Effect of parasitic patch [42].

[42]. As the size of the parasitic patch is more, the size of
AVA with a parasitic patch is more as compared to con-
ventional AVA. But, this parasitic patch increases radiation
in the end-fire direction as shown in figure 13(b). As the
more electric field is generated, gain also increases as shown
in figure 13(c).

F. DIELECTRIC LENS

The dielectric lens is also called as director. It is placed
in between two flares of AVA at the end of the aper-
ture. The dielectric lens should have higher permittivity,
it should work as a waveguide to direct most of the energy
towards the aperture center and its phase velocity should be
low [68]. As radiation is directed in one direction, the gain
of antenna increases [15], [69]. It also improves the sym-
metry of the radiation pattern [70]. The different shapes of
the lens are diamond [68], elliptical [18], rod shape [75],
trapezoidal [71], [76] etc. The rod-shaped dielectric lens has
low insertion loss and high mutual decoupling efficiency.
Also, it provides a frequency-independent radiation pattern.
The titled beam at higher frequency can be corrected by
using dielectric lens [18]. Dielectric lens and slots are used
to enhance gain, bandwidth and the front to back ratio of
AVA [72]. To achieve a higher gain multilayer dielectric lens
with different permittivity at different layers is implemented
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Reference | Patch Shape | Substrate Size (mm3) Return Loss (dB) | Gain (dB) | Frequency (GHz) | Application
[42] Elliptical RT 6002 140x 66 x 1.5 =27 0-12 7-32 UWB,5G
[66] Trapezoidal TLC-30 124 x 66 x 1.575 -32 3-12 6-26.5 UWRB, 5G
[17] Circular FR-4 34x16x0.8 -30 3.27-6.7 3.01-10.6 UWB
[65] Diamond Teflon F4B | 124 x 116 x 0.5 -50 2598 2.2-12 UWB
[67] Elliptical RT 5880 33.8x16x0.25 -30 6.35-8.51 27-31 5G
Higher E Field
14
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5. 20426002 -
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) Frequency (GHz)
Lower E Field o

(c) Simulated gain

in [22]. As compared to the circular shape dielectric lens,
the trapezoidal shape dielectric lens increases the gain of an
antenna [10], [72], [77]. By enclosing AVA and its dielectric
lens by another dielectric, low cross-polarization, high front
to back ratio, large gain, wide bandwidth and correction of
beam tilting can be achieved [7]. By using the dielectric lens
with other performance enhancement methods like an array,
slots, corrugation, etc. improves the parameters of AVA very
effectively [73], [74].

Different dielectric lens designs are given in figure 14 and
AVA with dielectric lens design comparison is given in
table 6. The highest and constant gain of 18-20 dB and
wide bandwidth of 5-50 GHz is obtained in [7] which
used a trapezoidal-shaped dielectric lens. Further, the high-
est return loss of —52dB is achieved in [74] and [22] by
using a circular-shaped dielectric lens. Figure 15(a) is the
typical fabricated AVA with a multi-layer planar dielec-
tric lens (AVA-MPDL) [22]. These three layers are of dif-
ferent permittivity. Outer layer permittivity is the same as
that of the substrate. Figure 15(b) shows that conventional
AVA suffers from beam tilting at higher frequencies which
are effectively reduced with the help of a dielectric lens.
A noticeable gain enhancement is achieved as shown in
figure 15(c). It also improves front to back ratio as depicted in
figure 15(d).
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TABLE 6. Comparison of antipodal Vivaldi antennas with different dielectric structures.

Reference | Substrate Size (mm?3) Return Loss (dB) | Gain (dB) | Frequency (GHz) Application
[68] RT6002 78 x44x9.2 -40 Not Given 2.2-12 Breast Cancer Detection
[15] RO4003C 30 x 55 x 0.508 -50 10-13 5-50 mWave Imaging
[69] FR-4 76 x 130 x 1 -36 2-7 3.1-14 UWB
[70] RT 5880 105x56x 1.5 Not Given 9.41-12.09 6-20 UWB
[71] RO4003 60x40x 1 -45 2-16.5 3.68-50 UWB
[18] AD255 96 x 50 x 3.15 -27 5-14.7 3-18 UWB
[72] RO4003 96 x 100 x 0.508 -40 2-12 1-30 Concrete Construction
[22] RT 5880 171.8 x 149.8x 1 -52 1-16.5 1.3-30 UWB
[7] RO4003 31.6x110x 0.8 -50 18-20 5-50 mmWave
[73] RO4350 166 x 70 x 0.762 -42 10.3-14.8 4.7-20 Microwave
[74] RT 5880 66.4x50x 1 -52 5-8 4-30 UWB and Radar

[

Dielectric
Lens

Slots with
Different
Lengths

(a) Multiple slots with
trapezoidal lens [10]

(b) Elliptical [18]

(c) Triangular [70]

(d) Circular with multi-layer
[22]

FIGURE 14. Different shapes of dielectric lens of AVA.

G. BALANCED ANTIPODAL VIVALDI ANTENNA (BAVA)

The structure of Balanced Antipodal Vivaldi Antenna (BAVA)
is shown in figure 16. It consists of three copper layers.
Outer two copper layers act as ground layers and the middle
layer acts as a conductor. All copper layers are separated by
substrates. As explained in figure 17, this structure balances
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the loading of dielectric material in between conductor and
ground plane. Due to this balancing beam squint is greatly
reduced [68]. Beam squint means a change in beam direc-
tion due to frequency, polarization or orientation. Substrate
elongation in BAVA and slots on its flare enhances end-fire
performance and provides higher front to back ratio [54].
BAVA with transformation optics is used in [14] to improve
the gain, sidelobe level, and cross-polarization. Antenna
gain and beam tilting can be improved by using BAVA and
patch in between two flares of BAVA [36]. A noticeable
reduction in beam squint can be achieved by eliminating
substrate in between two metal flares [11]. Wideband BAVA
can be changed to notch band BAVA by including a quarter
wavelength spur line in feeding microstrip line [78].

Table 7 lists the performance comparison of BAVA design.
BAVA with improved return loss and bandwidth is imple-
mented in [36]. Moreover, a compact BAVA is implemented
in [11] by introducing corrugation in it. Figure 18(a) is the top
view and 18(b) is the bottom view of the typical fabricated
BAVA. This BAVA is designed by using corrugation, slots
and by removing substrate present in between two flares.
Figure 18(c) shows that the modified BAVA minimizes beam
squint. In this research, four types of BAVA are conventional
BAVA, BAVA with symmetric substrate cut-out (BAVA-SC),
BAVA with asymmetric cut-out (BAVA-AC) and BAVA- AC
with dual-scale slotted edges (BAVA-AC-DSE). The BAVA-
AC-DSE alleviates sidelobe levels effectively as shown in
figure 18(d).

H. METAMATERIAL

The metamaterial is designed with the help of two materi-
als. Unit cell defines different types of metamaterials, for
example, epsilon negative, mu negative, double negative,
chiral, isotropic, anisotropic, etc. [82]. The AVA with and
without metamaterial is given in figure 19. It shows that in
between two flares of AVA, metamaterial design is imple-
mented. In [31], 1 x 8 antipodal Vivaldi antenna array
is implemented with an anisotropic metasurface (MS) and
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TABLE 7. Comparison of balanced antipodal Vivaldi antennas.

Reference | Substrate Size (mm?3) Return Loss (dB) | Gain (dB) | Frequency (GHz) | Application
[54] RO4003 101 x50x 1.5 -37 8.7-11.5 6-18 UWB
[14] RT 6002 74 x 44 x 0.508 -30 7.8-10.8 8-16 UWB
[36] RT5880 110x 44 x 3 -58 1-16 2-40 UWB,5G
[11] RT 5880 79.9 x 24 x 0.508 =27 10.2-14.5 10-40 UWB
[78] RO 5880 162 x 140 x 3.15 -30 3-10 0.92-9.7 UWB
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(a) Fabricated AVA with dielectric lens

FIGURE 15. Effect of dielectric lens [22].

External Ground (Top Layer)

Substrate layers

Central Conductor (Middle Layer)

External Ground (bottom Layer) .

FIGURE 16. Structure of balanced antipodal Vivaldi antenna (BAVA) [68].

located at the aperture, resulting in low cut off frequency.
Modified W shaped metamaterial unit cells are implemented
in [30]. In this, the gain is increased by including slots
into the flare with an irregular spacing distance between
each other. Metamaterial unit cells are printed on both sides
of an antenna. Index near-zero metasurface is implemented
in [46] to increase the gain and bandwidth. A defected
ground slots are added on both edges of an antenna to mini-
mize the lower frequency. Zero index metamaterial by using
non-uniform zig-zag structures is implemented above the
aperture area of the antipodal Vivaldi antenna in [5] which
provides good radiation pattern, low sidelobes, and narrow
beamwidth. In [9], gain enhancement of a millimeter-wave
AVA by Epsilon-Near-Zero metamaterial is proposed. In this
H shaped metamaterial unit cells are implemented on the
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(b) Simulated E plane beam tilt

2 4 68 8 10 12 14 16 18 20 2 24 26
Frequency (GHz)

8 10 12 14 16 18 20 2 24 26
Frequency (GHz)

(c) Simulated Gain (d) Simulated front to back ratio

Antipodal Vivaldi Antenna (AVA)

Metallization Layers (Ground Planes
and Signal Plane

—}

Substrate Layer

FIGURE 17. Schematic representation of co-polarized and cross polarized
components of the electric field vector in AVA and BAVA [78].

triangular shape which is above the aperture area of AVA. A
negative index metamaterial (NIM) is implemented in [79]
for UWB application. NIM is designed by using square spiral
unit cells that are inserted at the right angle on AVA at
the center. Snug-in negative-index metamaterial is imple-
mented in [28] for the performance-boosting of AVA. In these
seven layers of metamaterial surfaces are implemented and
inserted at the right angle on AVA in the center of the
end to enhance the gain. Zero Index Metamaterial (ZIM) is
also used to gain enhancement [80]. AVA signal radiation
in unwanted direction can be avoided and hence gain can
be enhanced to a larger extent by using metamaterial slabs
around AVA [81].
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(a) Fabricated BAVA-(b) Fabricated BAVA-
AC-DSE top view  AC-DSE bottom view

FIGURE 18. Effect of balanced AVA [11].

Space for
Metamaterial

(a) AVA without metama-
terial

(b) AVA with metamaterial [5]

FIGURE 19. AVA with and without metamaterial.

Different metamaterial Unit Cell (MUC) designs are given
in figure 20 and an overview of AVA with metamaterial
design comparison is presented in table 8. Enhanced gain,
compact, improved return loss and wider bandwidth are
implemented in [9] by using modified H shaped metamaterial
on the dielectric lens. Further, the smallest size AVA with
modified I shaped metamaterial is implemented in [80]. From
all these comparisons, we can say that deciding the shape and
position of metamaterial is the daunting task. Figure 21(a)
is the typical fabricated AVA with epsilon near zero(ENZ)
metamaterial [9]. Modified H shaped metamaterial is present
on a triangular-shaped dielectric lens. Metamaterial enhances
return loss as shown in figure 21(b). As shown in figure 21(c),
metamaterial provides higher and nearly constant gain as
compared to conventional AVA.

I. AVA ARRAY

The primary concern of the AVA array is to increase its
gain. Single AVA antenna performance increases effectively
by implementing AVA array. But, care should be taken at
the time of designing its feeding network to match the input
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FIGURE 20. Different metamaterial unit cells.

impedance. Array structure provides high gain but, side lobes
are more and mutual coupling among array elements gets
introduced [29]. By reducing the distance between array
elements, sidelobe levels can be reduced at the cost of the
increase in mutual coupling. Thus it is required to apply
different methods of mutual coupling reduction methods.
Corrugation and triangular metal directors are used with AVA
array in [19], [44] to achieve high and constant gain, low
sidelobes and reduction in beam squint. Balanced Antipodal
Vivaldi Antenna (BAVA) array not only gives wide band-
width but also enhances other parameters of BAVA [83]. AVA
mechanical robustness can be increased by implementing
AVA planer structure [84], [85]. Also, the planar structure
enhances the gain and bandwidth of AVA. AVA array with
the rod-shaped dielectric lens has low insertion loss and
high mutual decoupling efficiency. Further, it provides a
frequency-independent radiation pattern [75]. AVA array with
substrate integrated waveguide (SIW), corrugation and rect-
angular dielectric lens are used in [8] to achieve gain higher
than 18dB. Substrate Integrated Waveguide (SIW) reduces
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TABLE 8. Comparison of antipodal Vivaldi antennas with different metamaterial structures.

Reference | Substrate Size (mm?) Return Loss (dB) | Gain (dB) | Frequency (GHz) | Application
[31] RT5880 60 x 28.2x 0.787 -30 9.35-12 24.1-28.5 5G
[30] F4B 554x30x1 -23 11.52 8.81-10.22 UWB
[46] FABM265 130x 80x 1 =27 2.27-14 1.13-12 UWB

[5] FR-4 140 x 96 x 0.76 -45 9.5-12 1.3-12 UWB
[9] RO 4003 40x85x0.2 -52 14-17.2 23-40 Ka,5G
[79] RT 5880 30x 60 x 0.787 =27 3-8.3 4.7-11 UWB
[28] RT5880 100 x 50 x 0.787 -35 7.42-15.4 6.5-20 UWB
[80] Ferro A6S 22x21.7x1 -45 12-13.2 57-66 Ka,5G
[81] RO 4003 60 x 40 x 0.508 -40 2-17 3.68-43.5 mmWave

0 =*=Conventional antenna
++ Antenna loaded by ENZ unit cells
== Antenna with triangular substrate loaded by the ENZ unit cells

R % ] k]

»
Freq(GHz)
(a) Fabricated AVA with
metamaterial

FIGURE 21. Effect of metamaterial [9].

(b) Simulated return loss

TABLE 9. Comparison of antipodal Vivaldi antennas arrays.
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Reference | Array Size | Substrate Size (mm?3) Return Loss (dB) | Gain (dB) | Frequency (GHz) | Application
[29] 1x8 RT 5880 | 28.823 x 60 x 0.787 -27 6.96-11.32 24.55-28.5 5G
[44] 1x8 RT 5880 54.4 x 28.2 x 0.508 -19 12.3-12.9 24.75-27.5 5G
[83] 1x7 FR-4 50 x 190 x 0.64 -33 8-13 3-9 UWB
[84] 7x7 RO 6002 266 x 294 x 1.5 -38 12.6-16.5 8-12 UWB
[85] 4x4 RT 5880 80 x 80 x 20 Not Given Not Given 2-72 UWB
[8] 1x4 RT 5880 78.3x43.7x0.254 -23 23 57-64 mmWave

mutual coupling between array elements [86], [87]. AVA
Array structure is very useful in medical image processing
like breast cancer detection to obtain the exact results [88].

Array feeding can be given in two ways. First by using a
single feed and power divider network as shown in figure 22.
The second method is to apply separate feeding to each AVA
element as shown in figure 23. The performance comparison
of AVA array design is given in table 9. It shows that all AVA
array designs have improved gain at the cost of increased size.
Array performance can be further improved by incorporating
other performance enhancement techniques with AVA array.
The AVA with the best gain of 23 dB is implemented in [8].
Compact AVA array is implemented in [19].

Figure 24(a) is the typical fabricated 1 x 4 AVA array [8].
Each array element is designed by using corrugation and
substrate integrated waveguide (SIW). This SIW structure is
a via in the substrate and it is very helpful to reduce mutual
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T s0e v4)

FIGURE 22. Antipodal Vivaldi antenna (AVA) array with power divider
feeding [44].

coupling among array elements. Figure 24(b) is the simulated
and measured results of gain and return loss for a single AVA
antenna. Figure 24(c) is the simulated and measured results
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(b) AVA array with separate feeding (Back View) [83]

FIGURE 23. AVA Array.

of gain and return loss for a 1 x 4 AVA array. Single AVA
gives 18.5 dB gain whereas array gives 23 dB gain which is
much better than a single antenna. Also, an array structure
improves return loss as shown in figure 24(c).

J. COMPUTATIONAL INTELLIGENCE
The performance parameters of AVA can be enhanced
with the help of computational intelligence (CI) tech-
niques like PSO, multi-objective PSO, and multi-objective
genetic algorithm (MOGA). As the design of AVA is inher-
ently multi-objective, MOPSO and MOGA are employed
by the researchers to obtain optimum trade-offs between
two or more below mentioned parameters:

« Beamwidth

« Bandwidth

« Directive

o Dimensions

o Cross polarization

« Reflection coefficient

« Lower cut-off frequency

o Transient distortion

o Sidelobe level (SLL)
In [27], a compact BAVA of size 32 mm x 35 mm x 1.6 mm
is designed with the help of a conformal finite difference time
domain (CFDTD) method using PSO. The multi-objective
PSO (MOPSO) can be used to design the antenna which can
meet multiple required objectives. The side-lobe level reduc-
tion and optimization of beam-width are achieved in [89].
Also, it can be used to alleviate transient distortion, reflection
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(c) Simulated and measured return loss and gain for AVA array

FIGURE 24. Effect of AVA array [8].

coefficient, and cross polarization [24]. The main advantage
of the CI technique is that we can train it as per the require-
ment of an application and it is possible to concentrate on
required parameters for optimization. Further, the CI tech-
nique has disadvantages also like it consumes more time and
results may drastically vary if training is not done properly.
So, achieving optimum solution may require more iterations
which may consume more time as compared to other antenna
performance enhancement methods available in the literature.

Table 10 describes the comparison of AVA designs with
different CI techniques found in the literature. From this
table, it can be seen that PSO is frequently used for antenna
parameter optimization. As shown in the table, AVA imple-
mented by using the MOPSO technique gives an improved
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TABLE 10. Comparison of antipodal Vivaldi antennas with different computational intelligence techniques.

Reference | CI Technique | Substrate Size (mm?) Return Loss (dB) | Gain (dB) | Frequency (GHz) | Application
[24] MOPSO RF35 100 x 100 x 0.76 -45 45-9 2.6-11 UWB
[89] MOPSO RO4003 120 x 120 x 0.813 -40 13.7-17.2 3-11 UWB
[90] MOGA FR4 300 x 369.31 x 1.6 -33 4-6.8 0.39-0.8 Radar
[27] CFDTD-PSO FR4 32x35x 1.6 -27 -25-5.8 3.1-10.6 UWB

Metallic vias
Top metal plate
Bottom metal plate
Substrate
]
. FIGURE 26. Structure of SIW [8].
(a) Fabricated AVA

18

Gain(dB)
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(b) Gain versus frequency graph

FIGURE 25. Results of AVA implemented with MOPSO technique [89].

gain in the range of 13.7 dB - 17.2 dB for UWB applications
and the same is shown in figure 25(b). Figure 25(a) is the
fabricated AVA whose dimensions are optimized by using a
multi-objective PSO technique to improve the gain, to reduce
side-lobe level, and to optimize beamwidth.

K. SUBSTRATE INTEGRATED WAVEGUIDE (SIW)

Antenna operating at higher frequency bands suffers from
higher radiation losses. Therefore, to take the advantages of
metallic waveguide many researchers have employed SIW
in AVA design to overcome such radiation losses at higher
frequencies. It provides the advantages of metallic waveguide
antenna like high gain, low losses, high power capacity, and
low cross-polarization. The SIW structure consists of metallic
vias in the substrate as shown in figure 26 [8]. This structure
helps in the direct transmission of electromagnetic waves
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from patch to the ground which in turn reduces the surface
wave transmission and hence alleviates the radiation losses.
The AVA with SIW is implemented in [19] to enhance the
resolution of human burned skin and skin cancer images. The
AVA array of four elements with STW feeding is implemented
in [8] to provide a very high gain of 23 dB and a compact
size of 78.3 mm x 43.7 mm x 0.254 mm. The multi-layer
(including air-filled layer) with SIW can be used in AVA
array to achieve enhanced gain and low insertion loss [32].
The single AVA with SIW also provides better gain and low
insertion loss. Hence, SIW is an appropriate solution where
low losses are essential.

Table 11 proves the pivotal role of the SIW technique in the
antenna parameter enhancement. From table 11, it can be seen
that the SIW can be used to reduce the size of an antenna and
to achieve higher gain. Further, its significance in improving
isolation is depicted in figure 27. Figure 27(a) is the fabricated
AVA array with SIW and figure 27(b) shows improvement
in the isolation level of AVA array elements. This mutual
coupling is increased by 6 dB after incorporating SIW and
dielectric rod as shown in figure 27(b). Table 12 gives the
detail of various methods of AVA performance enhancement
concerning their trivial points, parameters to be affected,
advantages and disadvantages. Table 12 gives a concise
review of all AVA parameter enhancement methods which
would help the researchers to select the appropriate AVA
parameter enhancement technique(s) for their application.

Ill. VALIDATION OF PERFORMANCE ENHANCEMENT
TECHNIQUES

In this section, we have validated some of the important per-
formance enhancement techniques explained in the previous
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TABLE 11. Comparison of antipodal Vivaldi antennas with SIW.

(a) Fabricated AVA

----- Vivaldi
— Vivaldi-Rod|

Isolation(dB)

-30| 1 1 1 1 1

7 8 9 1" 12 13

10
Freq(GHz)

(b) Isolation graph

FIGURE 27. Results of AVA implemented with SIW [75].

section by using a basic conventional AVA design. As it is
not possible to design all the AVAs with their performance
enhancement methods available in the literature, we have
designed a basic conventional AVA with the different sub-
strate, dielectric lens, parasitic patch, and corrugation keeping
fixed dimensions, frequency, flare shape, and feeding net-
work. All simulated results are obtained by simulating the
designed AVA by using HFSS version 19 software and some
parameter enhancement techniques are incorporated in con-
ventional AVA to validate their effect on different parameters
of AVA.

Figure 28 shows the design of AVA with different AVA
parameter enhancement techniques. Figure 28(a) is the
conventional AVA and it is simulated for different sub-
strates like FR4, RO 4003, and RT/ duroid 5880. All other
designs are implemented on RT/ Duroid 5880 substrate.
Figure 28(b) is the AVA with the trapezoidal dielectric
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Reference | Array Size | Substrate Size (mm?3) Return Loss (dB) Gain (dB) Frequency (GHz) | Application
[19] 1x5 RT5880 20x 17.5x 0.254 -17 6.2-8.2 58-64 mmWave
[75] 1x8 RO 4003 100 x 90 x 1.524 -38 12.6-16.5 8-12 UWB
[86] 1x3 RO 5880 45x50x0.78 -27 7.1-8 13-17 Ku band
[87] 1x4 RT5880 100 x 20 x 0.508 -27 11.45-13.86 29-36 5G

(a) Conventional AVA

(b) AVA with dielectric lens

>

(c) AVA with parasitic patch

DDLU

(d) AVA with corrugations

FIGURE 28. Design of AVA with different enhancement methods.

lens, figure 28(c) is AVA with an elliptical parasitic patch,
and figure 28(d) is the AVA with rectangular corrugations.
We have simulated some of the enhancement techniques to
validate their importance in AVA parameter enhancement
and which can be further employed to other enhancement
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TABLE 12. Details of AVA performance enhancement techniques.

Method |Details of Method Reference
Choice of |Trivial Point: Substrate should have low permittivity and low loss tangent [49], [91]
Substrate  (Parameters: Size, gain, efficiency, bandwidth [92], [93]
Advantages: Substrate with low permittivity and loss tangent gives high gain, high efficiency and wide [94]
bandwidth while substrate with high permittivity improves return loss and reduces antenna size.
Disadvantages: Substrate with low permittivity and low loss tangent are costly and not easily available.
Flare Trivial point: Flare structure decides aperture area of an antenna for radiation [51], [95]
Structure  (Parameters: Input impedance, size, return loss, bandwidth [96], [97]
Advantages: Circular shape provides good impedance matching, Chebyshev gives stable radiation pattern, [98]
bow tie and windmill shape make AVA compact.
Disadvantages: More aperture area increases AVA size and AVA design becomes complex in leaf structure.

Slots Trivial Point: Slots are helpful for input impedance matching and bandwidth adjustment [99], [100]
Parameters: Bandwidth, side lobe level, return loss, co polarization and cross polarization [101], [102]
Advantages: Reduces lower cut-off frequency and hence increases bandwidth, minimizes sidelobe and back [103]
lobe level, improves return loss and co polarization
Disadvantages: Complex antenna design, low efficiency, higher cross-polarization, low front to back ratio, low directivity

Corrugation |Trivial Point: It introduces changes in the current path. [23], [40]
Parameters: Gain, return loss, side lobe level, front to back ratio, bandwidth [62], [104]
Advantages: Enhanced gain, improved return loss, low side lobe level, increased front to back ratio, wide bandwidth
Disadvantages: Complex in antenna design and fabrication, reduces input impedance
Parasitic  |Trivial point: It focuses radiation in the end-fire direction. [105], [106]

Patch Parameters: Gain, directivity, size [107], [108]
Advantages: Improves directivity and hence gain
Disadvantages: For better gain parasitic patch should be of larger size which increases antenna size

Dielectric  |Trivial Point: It helps to radiate the signal in the end-fire direction, permittivity of lens should be more than substrate permittivity| [22], [68]

Lens Parameters: Gain, size, radiation pattern, front to back ratio, beam tilt [69], [109]
Advantages: Enhancement in gain, improves symmetry of radiation pattern, stable radiation pattern, high front
to back ratio, reduces beam tilting at higher frequencies
Disadvantages: Increases AVA size and cost

Balanced |Trivial point: It balances loading of dielectric material in between conductor and ground plane [11], [54]

AVA Parameters: Beam squint, front to back ratio, gain, side lobe level(SLL), cross polarization [78], [110]
Advantages: Reduced beam squint, high front to back ratio, low SLL, enhanced gain, minimized cross polarization [111]
Disadvantages: Costly, complex in design

Meta- Trivial point: Metamaterial are used in an antenna design due to their special electromagnetic characteristics [9], [13]

material ~ |which cannot be found in natural materials. [28], [46]
Parameter: Bandwidth, lower cut-off frequency, gain, return loss [112]
Advantages: Reduces lower cut-off frequency and hence increases bandwidth, improves gain, reduces return loss
Disadvantage: Complex design

AVA Trivial point: If single antenna cannot fullfill system requirements, antenna array is used. [88], [113]

Array Parameters: Gain, mutual coupling, return loss, input impedance, size [114], [115]
Advantages: Gain enhancement, input impedance increases, improvement in return loss [116]
Disadvantages: Increase in antenna size, feeding network design is complex, more sidelobes, introduces mutual coupling

Computational|Trivial point: It gives optimum trade offs between two or more AVA parameters [24], [27]
Intelligence |Parameters: Dimensions, beamwidth, side lobe level, reflection coefficient, lower cut-off frequency, transient distortion [891], [90]
Advantages: Gain enhancement, compact antenna, low SLL, improved return loss
Disadvantages: More time required for the execution of CI algorithm, programming of CI technique is complex

SIW Trivial point: It reduces losses at higher frequencies as it resembles the characteristics of the metallic waveguide. [19], [75]
Parameters: Radiation loss, side lobe level, gain, isolation [86], [87]
Advantages: Gain enhancement, low SLL, improved isolation of array elements, low radiation loss
Disadvantages: Design complexity is higher

techniques to verify their role in the AVA parameter (RT/duroid 5880) corrugation enhances the return loss as
enhancement. compared to patch and dielectric lens.

Figure 29(a) shows the simulated S11 of designed AVA.
It shows that the FR4 substrate improves return loss as
compared to RO 4003 and RT/duroid 5880. Also, after
incorporating corrugation, patch or dielectric lens, the return
loss of AVA is improved. Further, for the same substrate
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Figure 29 (b and c) are the plot of E and H plane at 27 GHz
for all designed AVA. Figure 29(b) shows that the FR4 can-
not enhance the gain of AVA and RT/duroid 5880 provides
better gain than RO 4003. Further after incorporating dielec-
tric lens and parasitic patch, the gain of AVA is slightly
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TABLE 13. The comparison of all simulated AVA designs.

S.N.| Enhancement Technique| Dimensions (mm?)| Gain (dB)|Return Loss (dB)| Remarks
1 |FR4 Substrate 24x50x 1 1.95 -35.74 Improves S11
2 |RO 4003 Substrate 24x50x 1 6.84 -28.58 Better S11 and gain
3 |RT/Duroid 5880 Substrate 24x50x 1 10.93 -21.94 Best Gain
4 |Parasitic Patch 24x50x 1 11.03 -23.37 Improves S11 and gain
5 |Dielectric Lens 24x61x1 11.14 -22.04 Improves S11 and gain
6 |Corrugations 24x50x 1 11.66 -24.91 Improves S11 and gain and it better than other methods.

-10.00 -{

-30.00 -

-40.00
24

00 25'00 2600

27700
Fréq [GHz]

2800 2900 3000

(a) Return loss

Curve Info

—— R0O4003
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—— RT/ Duroid 5880
Imported

—— AVA with Corrugations
Imported
— FR4
Imported

AVA with Dielectric lens
Imported

—— AVA with Patch
imported

(b) E plane

FIGURE 29. Simulated results of the designed AVA.

increased whereas after incorporating corrugation, the gain
is increased by 1 dB and sidelobe levels are reduced signif-
icantly. Table 13 gives the comparison of all simulated AVA
designs which explains which enhancement technique should
be used according to the applications and requirements.

IV. CONCLUSION

Antipodal Vivaldi antenna (AVA) is becoming popular in
almost all wireless devices because it provides enhanced
gain, wide bandwidth, improved return loss, good front
to back ratio, minimum sidelobe level, and low cross-
polarization. We have given a comprehensive review of all
AVA performance enhancement methods present in the lit-
erature. We started with the application of AVA, its advan-
tages, AVA design and then elaborated on each performance
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enhancement method. To explain each AVA enhancement
method, many illustrations are listed. Different enhancement
methods create a profound effect on AVA parameters. Next,
we discussed various AVA performance enhancement meth-
ods reported in the literature and they are analyzed based on
the improvement of AVA parameters. All these methods are
explained by incorporating their importance, antenna param-
eters affected, their merits and demerits. These methods are
based on the change in the physical geometry of an antenna
which results in a change in various antenna parameters like
size, gain, front to back ratio, bandwidth, radiation pattern,
polarization, and operating frequency range. Each technique
is discussed in detail with the help of recent research work
to demonstrate the effect of a particular technique on antenna
parameters. This review work demonstrates that a substrate
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of low loss tangent and low permittivity must be selected
to achieve enhanced gain and improved return loss. Also,
AVA flare structure should be selected to make AVA more
compact with all other acceptable performance parameters.
Further, this review works concludes that AVA performance
enhancement methods like slots, corrugation, dielectric lens,
and BAVA can be used to eradicate the adverse effect of
beam squint and cross-polarization. Similarly, the parasitic
patch and dielectric lens should be designed such that it
will focus maximum radiation in the end-fire direction to
maximize the gain. Moreover, the design of a unit cell of
metamaterial is the challenging task and it should be care-
fully designed and positioned on AVA to enhance its gain,
bandwidth and return loss. In a multi-objective optimization
tread-off, the researcher can employ suitable CI technique.
In the applications where antenna radiation losses are more
important, SIW can be employed in the feeding network
to take the advantages of metallic waveguide. Additionally,
to validate the performance enhancement methods, they are
simulated using a basic conventional AVA which substanti-
ates the surveyed literature results. As this survey enlighten
all AVA performance enhancement methods, this survey will
serve as guidelines and reference to new researchers to appro-
priately select the AVA performance enhancement technique
while designing an antenna for a particular application.
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