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Abstract: This paper presents a miniaturized-structure high-gain antipodal Vivaldi antenna (AVA)
operating in the millimeter-wave (mm-wave) band. A gradient-length microstrip-patch-based director
is utilized on the flares of the AVA to enhance gain. Additionally, an array of metallic vias is
incorporated along the lateral and horizontal edges of the antenna for further gain enhancement and
bandwidth extension. Based on the proposed structure, the AVA can achieve a peak gain of 11.9 dBi
over a relative bandwidth of 71.24% within 16.5–36.6 GHz as measured, while the electrical dimension
is only 1.54 × 2.69 × 0.07 λc

3. The measured results show good agreement with the simulated ones.
Owning the characteristics of being high-gain and ultra-wideband, and having a compact size, the
proposed AVA can be a competitive candidate for future millimeter-wave communication.

Keywords: antipodal Vivaldi antenna (AVA); high-gain; metallic vias; miniaturization; millimeter-wave

1. Introduction

The proliferation of data-intensive applications on User’s Equipment (UE) has signif-
icantly augmented global mobile data traffic. However, the sub-6 GHz frequency bands
employed in fourth-generation (4G) networks are insufficient to cater to such demands in
wireless communication. Consequently, there is an imperative requirement to expand the
bandwidth in millimeter-wave for next-generation communication [1]. Using millimeter-
wave antennae as the front end of 5G communication systems can provide faster connec-
tions, ultra-low latency, and high data rates to meet different needs [2–4]. With operating
frequency in modern communication systems continuing to increase, the demand for minia-
turized end-fire antennae is also mounting. The end-fire antenna is the one that radiates
with a directional and narrow beam pattern in the plane as the physical construction, which
plays a key role in a wide range of modern-day communication scenarios such as airport
dispatching and imaging system. However, the miniaturization design for antennae is
often at the cost of the bandwidth and gain of the antenna. Therefore, how to improve the
working bandwidth and gain of the antenna is of great significance in the miniaturized
end-fire antenna design. In addition, several challenges need to be tackled when operating
at the mm-wave band [5]. For instance, in order to overcome the high propagation loss, an
antenna that is wideband, has stable radiation characteristics, and is high-gain is desirable.
Among all candidates for mm-wave communication scenarios, the antipodal Vivaldi an-
tenna (AVA) can be a prominent option because it inherently provides the characteristics of
being wideband, and having a high gain and easy fabrication [6,7].

Nevertheless, achieving a compact-size and high-gain AVA while optimizing the
design and performance remains a formidable challenge. The literature [8] shows that the
various gain enhancement techniques are presented to enhance AVA performance. The
dielectric lens has been used to enhance the front-to-back ratio (FBR) and gain by directing
the majority of the energy in the end-fire direction [9–11]. Next, the typical parasitic metal
patch presented in AVA flares also helps to improve the antenna gain and FBR [12]. In
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addition, metamaterial has been integrated with the Vivaldi antenna to obtain a high
directivity and high gain. In [13], an ultra-wideband metamaterial-slab-covered AVA with
a high gain is presented. However, the drawbacks of these designs are that either their
size is too great, leading to a high fabrication cost, or the design process is complicated.
Moreover, all the aforementioned gain-enhancing techniques is based on adding an extra
component on the surface which is likely to result in a size increment. Nevertheless, very
few investigations have been conducted on metallic vias to enhance the gain of the AVA.

In this paper, a miniaturized mm-wave AVA with a high gain and directivity is
presented. For preliminary gain enhancement in all frequency bands, a director based on
a variable-length microstrip patch is employed between the tapered slot. Next, an array
of metallic vias is loaded on the AVA edges as perforation. It turns out that metallic via
loading has an efficient gain-enhancing ability and can widen the operating bandwidth
without increasing the overall size. The proposed AVA can operate within 16.5–36.6 GHz
with a good radiation performance, and a peak gain of 11.9 dBi as measured. The designed
AVA has an electrical dimension of 1.54 × 2.69 × 0.07 λc

3 and good radiation performance.
It means that high gain and miniaturization for the AVA are simultaneously realized in
mm-wave frequency bands.

2. Geometrics and Antenna Design

The proposed Vivaldi antenna (Ant III) and the other prototypes (Ant I and II) are
all designed on the Rogers RT/duroid 5880, 0.787 mm. The antenna design parameters
are shown in Table 1. The geometries and evolution process of the proposed antenna are
depicted in Figure 1. The original antenna (Ant I) is an antipodal Vivaldi antenna with a
double-sided structure and exponential tapered shape. The AVA loaded with a director is
named Ant II and the proposed one on the right is named Ant III.

Table 1. Design parameters and values of proposed AVA.

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)

L1 30.7 Wd 0.25 ∆X 0.125
L2 17.6 D1 1 W3 10.8
W1 17.6 D2 0.875 Ld 2.975
W2 1.75 D3 1 R1 0.3
a1 2 a2 0.6
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Figure 1. Configuration of the AVAs: (a) Ant I, (b) Ant II, and (c) Ant III.
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As is shown in Figure 1, the inner and outer edges of all of the AVAs are exponential
curves defined in Equations (1) and (2), respectively:

F1(X) = 0.5
(

eK1X − 1
)
− 0.5W2 (1)

F2(X) = 0.5
(

eK2X − 1
)
− 0.5W2 (2)

where K1, K2 are the co-ordinates of each curve, and can be calculated by Equations (3) and
(4), respectively:

K1 =
1
L1

ln
(

W1 + W2 + a1

a1

)
(3)

K2 =
1
L2

ln
(

W1 − W2 + a2

a2

)
(4)

In order to clearly describe the design guideline of the proposed antenna, the evolution
process is illustrated in Figure 1. The simulated realized gain of Ant I, II, and III is depicted
in Figure 2b. As observed, the gain of Ant I is relatively low compared to Ant II and
Ant III, which makes it difficult to meet the ever-demanding requirements for an end-fire
antenna in future mm-wave communication [14,15]. Therefore, a director consisting of
seven gradient-length microstrip patches is incorporated to boost the gain preliminarily.
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Figure 2. Simulated (a) reflection coefficients and (b) gains of Ant I, II, and III.

The director is designed to be bilayered for structural symmetry and maintaining the
low cross polarization of the AVA. A perspective view of the proposed director is shown in
Figure 1c. The director consists of seven microstrip patches. Each of the patches has the
same width but an evenly increased length. The aim of gradually increasing the length
from the bottom to the top is to better match the propagating wavelength of the radiating
electromagnetic wave corresponding to different radiating areas along the tapered slot for
the AVA. As the basic transmission principle of the Vivaldi antenna indicates [16], different
positions of the variable slot line radiate electromagnetic signals of different frequencies. In
the AVA, the narrower region of the tapered slot radiates a high-frequency signal, while the
wider radiates a low-frequency signal. Therefore, in order to maximize the energy coupled
to the director in all frequency bands, the length of each microstrip element must increase
accordingly as the tapered slot becomes wider, which can also counter the phase reversal to
maintain a 180◦ phase difference between the current components on the conducting layer
and the ground layers [17].

As depicted in Figure 3, employing a director with the proposed structure provides a
different propagation environment on the antenna aperture. Extra electromagnetic energy
is coupled to the director between two arms of the AVA so that the radiation beam can
be better focused in the end-fire direction. From the presented results in Figure 2b, it is
observed that the gain is effectively improved when the director is introduced, especially at
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higher frequencies. It is noted that the simulated realized gain of Ant II has a similar trend
as Ant I, but there is a substantial gain enhancement near 2 dBi around 33 GHz. Compared
with Ant I, the gain of Ant II with the director is further improved beyond 23 GHz with a
simple director configuration.
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However, due to the input impedance change caused by loading the director, Ant II
operates at a lower cut-off frequency at 34.6 GHz. In order to overcome the drawback for
achieving a higher gain and wider bandwidth without increasing the size, a series of metallic
vias has been placed in tandem on each edge of the AVA as perforation. The neighboring
metallic vias have a radius of 0.3 mm and are separated by 1 mm. The simulated return loss
(|S11|) for the proposed antenna is depicted in Figure 2a. After loading the metal vias, the
original current path is interrupted, which can induce extra resonances and broaden the AVA’s
impedance bandwidth [18]. It can also be explained that adding metallic vias on both side
edges of the AVA will increase the electrical length of the antenna, leading to expending the
bandwidth at a high operating frequency [19]. As seen in Figure 2a, the proposed AVA (Ant
III) operates from 16.9 GHz but to a higher cut-off frequency of 35.6 GHz compared to Ant II,
which means the impendence bandwidth is broadened.

The distribution of electromagnetic energy in a conventional Vivaldi antenna is not
limited solely to the tapered slot, but can also extend to the radiating arms, resulting in
undesired scattered radiation. This presents a challenge for achieving high-gain and high-
directivity characteristics since concentrated electromagnetic energy is primarily required
within the tapered slot region.

In order to analyze the characteristics of the metal through hole to improve the gain,
the surface current distribution of the antenna at 26 GHz is mapped. As depicted in Figure 4,
periodically loaded metallic vias perform like a perfect conductor (pec) boundary condition,
forcing the electromagnetic energy to distribute majorly in the main radiation region. It can
be noticed that the magnitude of the surface current vector has increased along the taper
slot, which means more energy has focused in the main radiating direction as shown in
Figure 4. It can be clearly seen that a significant gain enhancement within all operating
bands can be achieved as shown in Figure 2b. It should also be noted that the realized
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gain of Ant III is increased by 1.8 dBi at the maximum, reaching 11.8 dBi at 31 GHz when
operating with a wider bandwidth of 16.9–35.6 GHz as simulated.
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The presented gain-boosting technique enables the proposed AVA to operate with a
wider bandwidth and higher gain, while maintaining its original overall size. Consequently,
this approach achieves simultaneous high gain and miniaturization in the mm-wave band
antenna design.

3. Discussion of Measurements and Fabrication Results

In order to evaluate the performance of the proposed AVA, a prototype is fabricated
and measured as shown in Figure 5.
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As shown in Figure 6a, the fabricated AVA achieves excellent impedance matching
within 16.5–36.6 GHz, which also indicates that the operating band has slightly shifted to
a lower frequency resulting from the variation of the dielectric constant of the fabricated
substrate. The measured reflection coefficient is lower than −20 dB at 22–27 GHz and lower
than −15 dB at 21–36 GHz. The measured and simulated radiation patterns of the proposed
AVA at 26 GHz are illustrated in Figure 6c,d. As plotted, a stable radiation pattern with
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a narrow main lobe, low back lobe, and side lobe level both in the E-plane and H-plane
at 26 GHz is obtained both in the simulated and measured plot. As for the realized gain
measurement, a good agreement between the simulated and measured results is observed
in the higher-frequency bands. Due to the frequency shift caused by the fabrication and test
error mentioned above, the peak appearing in 23 GHz shifts to a lower frequency, which
coincides with Figure 6a as it indicates that the lower cut-off frequency deviates to a lower
frequency band. The measured gain is 9.8–11.9 dBi at 16.5–36.6 GHz where the peak gain
reaches 11.9 dBi at 33 GHz.
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A comparison of the proposed AVA with other works is listed in Table 2, where λc
is the wavelength in the free space corresponding to the central operating frequency. As
indicated, the proposed AVA in this paper is comparable with the other recently published
work in terms of different performances. Compared with the MIMO 4 × 1 Vivaldi antenna,
using a bi-axial metasurface in [20], the proposed single-element AVA achieves an even
wider bandwidth and a much more compact size, as well as a higher gain in the mm-
wave band. As compared with the antenna in [21], a wider bandwidth and much higher
gain is achieved in mm-wave but at the cost of a less compact size. As compared with
the metasurface-loaded Vivaldi antenna array in [22], the proposed AVA structure can
operate within a wider bandwidth with a comparable gain in the mm-wave band without
forming an antenna array. The wideband-filtering Vivaldi antenna using a metasurface
in [23] has the advantages of a more compact size, but at the expense of a lower gain and
narrower bandwidth in the mm-wave band compared to the AVA presented in this paper.
In conclusion, the proposed AVA offers a comparatively high gain all over the ultra-wide
mm-wave band with a relatively compact size among all these works.
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Table 2. The comparison of the proposed AVA with other works.

Ref. Bandwidth (GHz) Gain (dBi) Dimension (λc
3) Relative Bandwidth

[20] 24–32 8.2–10.2 3.36 × 3.36 × 0.07 28.57%
[21] 22.5–45 5.5–8.5 1.35 × 0.62 × 0.03 67.56%
[22] 24.15–28.5 9.35–12 5.27 × 2.51 × 0.07 16.52%
[23] 15–27 8–10 2.65 × 0.98 × 0.035 57.14%

Prop. 16.9–35.6 9.8–11.9 1.54 × 2.69 × 0.07 71.24%

4. Conclusions

In this paper, a broadband mm-wave metallic-via-and-director-loaded AVA with a
miniaturized size is proposed. The proposed director is designed for maximizing the
energy radiated in the end-fire direction to boost gain. A series of metallic vias has been
loaded along the lateral and horizontal edges as perforation for gain enhancement and
bandwidth extension. The measured results demonstrate that the antenna achieves a
maximum gain of 11.9 dBi at 33 GHz, and 9.8–11.9 dBi in the ultra-wide frequency band
ranging from 16.5 to 36.6 GHz, while the electrical dimension is only 1.54 × 2.69 × 0.07 λc

3.
The fabricated AVA was finally subjected to measurement. Despite a slight frequency
shift resulting from fabrication and measurement errors, the excellent agreement observed
between the simulated and measured outcomes demonstrates the promising potential of
the proposed AVA for millimeter-wave communication.
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