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ABSTRACT: In this paper, an antipodal Vivaldi antenna (AVA) with a lower cutoff frequency is proposed based on spoof surface plasmon
polaritons (SSPPs) and corrugated edges. Firstly, the gradient slots are etched on the outer edges of the two radiation arms of the
conventional antipodal Vivaldi antenna. As a result, the low cutoff frequency is decreased slightly due to the increased surface current
path of the antenna. More importantly, the SSPPs structure with identical units is etched on the inner side of two radiation arms, leading to
a significant reduction in the low cutoff frequency due to the larger propagation constant of the SSPPs structure compared to the radiation
arms of the conventional antipodal Vivaldi antenna. Additionally, the structure of the SSPPs on the stripline ensures effective momentum
and mode matching between the quasi-TEM mode and SSPPs mode. Furthermore, to improve the gain at the high-frequency band, the
structure of the SSPPs introduced on the inner side of the two radiation arms is further optimized by varying the depths of the grooves.
Experimental results demonstrate that the designed antipodal Vivaldi antenna exhibits excellent radiation performance, with a low cutoff

frequency of 2.8 GHz and a maximum gain of 9.3 dBi.

1. INTRODUCTION

ntipodal Vivaldi antenna (AVA) is an ultra-wideband an-

tenna that demonstrates high gain and stable radiation char-
acteristics. It has been widely used in various scenarios, in-
cluding 5G communication [1], radar [2], imaging applica-
tions [3], and industrial sensors [4]. However, due to limita-
tions in the dimensions of the radiation section in most realistic
scenarios, the antenna has a low cutoff frequency. This limi-
tation restricts the applications of antipodal Vivaldi antennas,
prompting the proposal of numerous methods [5—17] aimed at
overcoming it. These methods include using a substrate with
a high dielectric constant [5], high chip resistor loading tech-
nology [6], a cavity-backed structure [7], a stepped connection
structure [8], metamaterials loading technology [9], radiating
arms shaping [10, 11], and corrugated edges [12—14]. Corru-
gated edges are the most widely used method to reduce the low
cutoff frequency; however, their effectiveness is limited and re-
quires combined use with other techniques [15-17].

Spoof surface plasmon polaritons (SSPPs), which are pro-
duced by metallic grooves on a substrate, demonstrate charac-
teristics such as a large propagation constant, strong field con-
finement, and deep-subwavelength properties, akin to surface
plasmon polaritons (SPPs) in the optical frequency range [18].
These electromagnetic properties can be manipulated by adjust-
ing the parameters of the grooves [19]. The distinctive char-
acteristics of SSPPs have attracted considerable attention in
electromagnetic manipulation and have been the focus of re-
search for decades [20-25]. Among these explorations, the re-
search on miniaturizing antennas using SSPPs stands out [20-
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22]. In [20], a method for miniaturizing dipole antennas has
been developed based on spoof surface plasmon polaritons,
which possess a large propagation constant, allowing for a dra-
matic reduction in the guided wavelength. In [21], based on
the deep-subwavelength property of the spoof surface plasmon
polaritons, a method for miniaturizing the monopole antenna is
proposed.

A novel method to effectively extend the low cutoff fre-
quency of the antipodal Vivaldi antenna based on SSPPs and
corrugated edges is proposed in this paper. The structure was
designed with periodic grooves etched on the stripline, the inner
and outer sides of the radiating arms. The depth of the grooves
etched on the end of the stripline is gradually reduced to en-
sure good mode and momentum matching between the quasi-
TEM mode and SSPPs mode. Moreover, the guided wave-
length is shortened by inner-side etched grooves on the radi-
ating arms, while outer-side etched grooves extend the surface
current path. As a result, the low cutoff frequency of the an-
tenna is decreased, achieving its purpose of miniaturization. In
comparison to the original antipodal Vivaldi antenna, the pro-
posed corrugated edges loading technology and SSPPs-based
antipodal Vivaldi antenna offer the advantages of a lower cut-
off frequency and higher gain in the low-frequency band.

2. ANTENNA DESIGN AND ANALYSIS

The original AVA (OAVA) is a traditional antipodal Vivaldi an-
tenna implemented on a Rogers 4003C substrate with a relative
permittivity of 3.55 and a thickness of 0.508 mm, as shown in
the configuration in Fig. 1(a). It is a double-layer design, in-
cluding a microstrip-fed section, a stripline transmission sec-
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FIGURE 2. Simulated |S11| of the OAVA and Antenna I.
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FIGURE 4. Simulated |Si,| of Antenna I and Antenna II.

tion, and an antipodal Vivaldi radiation section. The equation
of the antipodal Vivaldi curves is described in [26] as

(M

Based on (1), the inner curve is designed by a = 0.07, a =
Omm, and a; = 1.5mm, and the outer curve is described by
a=0.04,a = —1.5mm, and a; = 1.5 mm.

Etching slots on the outer side of the radiating arms is a
method that can reduce the low cutoff frequency. As shown
in Fig. 1(b), Antenna I is obtained by etching slots on the outer

y = *+a; exp(az) +a
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FIGURE 5. Dispersion curve.

side of radiating arms in OAVA. Fig. 2 illustrates the | S| of
the OAVA and Antenna I, indicating a slight decrease in the
low cutoff frequency from 5 GHz to 4.7 GHz. To further de-
crease the low cutoff frequency of Antenna I, we propose an im-
proved antipodal Vivaldi antenna, denoted as Antenna II. This
is achieved by etching grooves with a height gradient on the
stripline and grooves with the same height on the inner side of
the radiation arms, as shown in Fig. 3.

Figure 4 displays the simulated |S};| of Antenna I and An-
tenna II. The low cutoff frequency of Antenna II is observed
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FIGURE 7. Gain of Antenna II and Antenna III.

to be lower than that of Antenna I, with the frequency decreas-
ing from 4.7 GHz to 2.55 GHz. As mentioned in [27], antenna
miniaturization can be achieved by decreasing the low cutoff
frequency. Therefore, Antenna II is miniaturized compared to
the OAVA.

As shown in Fig. 5, it is evident that the dispersion curve
of the SSPPs unit deviates increasingly away from that of the
microstrip line as H,,; increases. This indicates that the SSPPs
structure can achieve a larger propagation constant than the mi-
crostrip line, leading to a reduction in the wavelength. This
is illustrated by the electric field distribution in Fig. 6(a) and
Fig. 6(b). In Fig. 1(a), W3 is the width of the antenna and
is the section where the slot is the widest. This radiates the
longest wavelength electromagnetic wave corresponding to the
low cutoff frequency [28]. As the wavelength shortens, the ra-
diation region shifts towards a narrower slot. Consequently, the
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FIGURE 8. Configuration of Antenna III.

original cutoff frequency in Antenna II is replaced by a lower
frequency, thereby reducing the low cutoff frequency.

Figure 7 shows the simulated results for antenna gain. It has
been observed that a sudden change occurs at a specific fre-
quency point effectively suppressing the splitting of the main
lobe. However, the gain curve of Antenna II exhibits a signifi-
cant drop in the high-frequency range.

Based on the dispersion curve, higher frequencies or taller
SSPPs units result in a stronger field constriction. When An-
tenna II operates at high frequencies, the strong field constric-
tion of SSPPs on the electromagnetic wave causes some of the
energy to remain unreleased. This, in turn, affects the distri-
bution of surface currents within the radiation arms. Conse-
quently, this effect leads to adverse consequences such as main
beam splitting, distortion of the radiation pattern, and increased
levels of side lobes.
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FIGURE 11. Normalized E-plane/H -plane radiation patterns of An-
tenna I and Antenna III at (a) 10.5 GHz, (b) 12 GHz, and (c¢) 15 GHz.

To address the aforementioned issue and improve the an-
tenna’s performance at high frequencies, a new antipodal Vi-
valdi antenna with height gradient grooves on the inner side
of the radiation arms, referred to as Antenna III, is proposed,
as shown in Fig. 8. This design aims to achieve a gradual re-
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FIGURE 10. Gain of OAVA and Antenna III in low frequency band.

lease of electromagnetic energy. The height variation for the
SSPPs unit follows the following rules: In the initial section of
the radiating part, the height gradually decreases from 1.2 mm
with a step size of 0.1 mm until it reaches 0.2 mm. In the termi-
nal section of the radiating part, the height gradually decreases
from 0.2 mm with a step size of 0.01 mm, ultimately reaching
0.1 mm.

Similarly, the simulated |.S};| for proposed antenna is shown
inFig. 9. Itis observed that the low cutoff frequency is a slightly
increased due to the reduction in the height of the SSPPs units
located on the inner side of the radiating arms.

The gain of OAVA and Antenna III in low frequency band
is demonstrated in Fig. 10. Antenna III exhibits enhanced gain
compared to the OAVA in the frequency band of 2.5-5 GHz,
plateauing at approximately 5.1 GHz.

Figures 11(a)—(c) display the normalized F-plane and H-
plane radiation patterns of Antenna II and Antenna III at dif-
ferent frequencies. The comparison reveals that at various fre-
quencies, Antenna III can partly suppress main beam splitting
and reduce the level of side lobes, but it does not totally eradi-
cate main beam splitting, which is why the gain of Antenna III
is a little bit low in the high frequency band.

TABLE 1. Geometric parameters of the proposed antenna. (Units:
mm).

Parameters | Value | Parameters | Value
Wi 10 P, 2
Ly 15 L, 1
W, 1.5 Hy 21
L 40.96 Hu 0.1
W3 85.4 Hy2 0.13
Lj 85 Hys 0.16
W, 1.06 Hya 0.2
Ly 1.2 AH, 0.1
P, 2.5 Huy1a 1.2
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FIGURE 13. Simulated and measured results of Antenna III. (a) |S1;]. (b) Gain curve.

3. EXPERIMENTAL RESULT AND COMPARISON

The dimensions of the configurations proposed in Section 2
have been simulated and optimized. After fine-tuning and opti-
mization, the final dimensions have been obtained and are listed
in Table 1. Note that A H,, represents the difference between
Hui and Hui+1~

Figure 12 shows photographs of the antenna. Fig. 13(a)
presents the simulated and measured |S);|. It is evident that
the simulated and measured results are in good agreement, with
a low cutoff frequency of 2.8 GHz obtained through testing.
Moreover, the measured fractional bandwidth reaches 139%.

Figure 13(b) displays the simulated and measured gains, with
the simulated gain reaching a maximum value of 10 dBi and the
measured gain peaking at 9.3 dBi.

Figures 14(a)—(e) show the simulated and measured normal-
ized E-plane/H -plane radiation patterns at different frequen-
cies, demonstrating a high degree of consistency in terms of
the main beam direction, 3 dB beamwidth, and sidelobe lev-
els. The final manufactured antenna has physical dimensions
of 140.96 mm x 85.39 mm x 0.508 mm (7.18\, x 4.35\, X
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0.03),), where A, represents the guided wavelength in the di-
electric substrate at the center frequency of the operating band.

Compared to OAVA, the proposed antenna achieves a lower
cutoff frequency and higher gain in the low frequency band,
which is equivalent to achieving miniaturization. The perfor-
mances of the proposed antenna and the other previous designs
are listed in Table 2. It is evident that the proposed antenna
exhibits the maximum value of low cutoff frequency reduc-
tion, thus validating the effectiveness of the proposed approach.
However, in terms of other performance aspects of the antenna,
designs in [1-3, 16] may have higher gains or lower low cutoff
frequencies or wider FBWs. However, their covered frequency
ranges are relative narrow. In comparison to [4, 5,7, 8,10, 12—
14], the proposed antenna outperforms in terms of low cutoff
frequency, FBW, and gain. Although the low cutoff frequen-
cies in [6] and [11] are slightly lower than the proposed one,
their gains are much lower. The antenna in [9, 24, 28] has an im-
pressive gain. However, their low cutoff frequencies are high,
and their FBWs are small. The antennas in [15] and [17] show
that the gains are higher than this work. However, their profiles
are relative high, which is unfavorable for planar integration. In
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TABLE 2. Comparison of the proposed antenna.

Ref. | Bandwidth (GHz) | FBW (%) | Max Gain (dBi) Volumn Value of low cutoff
(L(Ag) x W(Ag) x H(Ng)) frequency reduction (GHz)
[1] 24.6-28.5 14.69 11.32 7.49 x 3.6 x 0.1 0.1
[2] 0.3-2 147.83 11.5 3.81 x 2.86 x 0.01 0.06
[3] 1.5-3.3 75.00 8.41 2.18 x 2.18 x 0.02 0.03
[4] 6.0-12 66.67 8 4.91 x 1.96 x 0.02 /
[5] 3.1-10.6 109 55 7.23 x 2.89 x 0.07 /
[6] 1-20 181 7.8 3.97 x 4.48 x 0.03 /
[7] 4.5-8.5 62 7.9 2.52 x 2.04 x 0.04 0.12
[8] 3-15.1 90 7.7 1.36 x 1.6 x 0.03 /
9] 6-18 100 12 4.48 x 3.42 % 0.02 /
[10] 2.9-13.55 129 6.9 1.38 x 0.93 x 0.04 0.2
[11] 0.8-12 175 6.32 2.09 x 1.06 x 0.04 /
[12] 3-8 91 9 3.69 x 3.22 x 0.03 0.198
[13] 4-12 100 6.3 2.99 x 1.99 x 0.08 0.3
[14] 2.5-8.5 109 7.5 2.87 x 1.86 x 0.05 1.1
[15] 4-16 120 15 8.53 x 3.11 x 1.08 /
[16] 24.75-27.5 19 9.3 6.54 x 3.39 x 0.06 1.08
[17] 3-10 108 11.8 3.94 x3.94 x 1 0.31
[24] 3-14 129 13.8 9.86 x 3.36 x 0.02 /
[26] 2-40 181 10 / /
[27] 2.4-14 141 10 3.1 x 2.48 x 0.05 0.9
[28] 3.1-11 112 10.2 3.19 x 3.19 x 0.04 /
[29] 5-20 120 9.9 9.86 x 4.37 x 0.05 /
This work 2.8-15.5 139 9.3 7.18 x 4.35 x 0.03 2.2

addition, the proposed antenna performs better than the work
in [29] in terms of small volume, low cutoff frequency, and
wide FBW. In all, the designed antenna exhibits the maximum
value of low cutoff frequency reduction and offers various ad-
vantages in certain specifications compared with the works in
literatures.

4. CONCLUSION

An antipodal Vivaldi antenna utilizing spoof surface plasmon
polaritons (SSPPs) and corrugated edges with a lower cutoff
frequency is designed and analyzed in this paper. Initially, a set
of slots is etched on the outer edges of the traditional antipodal
Vivaldi antenna, while simultaneously the SSPPs structure with
a large propagation constant is etched on the inner side of the
radiator, both intended to decrease the low cutoff frequency. To
further enhance gain in high frequencies, a gradually disappear-
ing corrugated structure etched on the inner side of the radiator
is proposed to emit electromagnetic (EM) energy. The antenna
described in this paper ultimately achieves a lower cutoff fre-
quency, decreasing from 5 GHz to 2.8 GHz, without an increase
in the physical dimensions of the antenna.
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