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Chapter

A Novel Class of Super-Elliptical
Vivaldi Antennas for
Ultra-Wideband Applications

Abraham Loutridis, Simay Kazici, Oleg V. Stukach,
Arman B. Mirmanov and Diego Caratelli

Abstract

A novel class of complex-shaped antipodal Vivaldi antennas with enhanced
impedance matching characteristics and an equivalent fractional bandwidth (FBW)
of 166.8% is proposed. The reported antenna geometry is designed using the super-
ellipse equation and implemented using an inexpensive FR4 laminate having a size
of 170.7 mm X 134 mm x 0.2 mm. The presented low-cost, easy-to-fabricate
radiating structure yields typical total efficiency, realized gain, and front-to-back
ratio of 68%, 8.2 dBi, and 21.1 dB, respectively, across the operational frequency
range. A parameter study of key geometrical features of the antenna is detailed in
order to provide useful design guidelines while getting a better insight into the
relevant physical behavior. Finally, a prototype is realized and characterized. The
numerical results collected by full-wave simulation of the antenna structure are
found to be in good agreement with the experimental measurements taken on the
physical demonstrator.

Keywords: antipodal Vivaldi antennas, ultra-wideband, super-ellipse formula

1. Introduction

High data rates (up to 50 Mbps within a range of 10 m), low power consump-
tion, and minimal interference make ultra-wideband (UWB) technology an attrac-
tive solution for short-range wireless communication [1]. Although the spectrum
allocated for UWB technology overlaps existing frequency bands, the very low
power levels (regulated by the Federal Communications Commission) prevent
interference.

Among various broadband radiating structures such as printed dipoles [2],
monopoles [3], bow-ties [4-6], patch antennas [7, 8], dielectric resonator, and lens
antennas [9-11], tapered slot antennas (TSAs) exhibit the most favorable perfor-
mance in terms of bandwidth and radiation pattern characteristics. For example,
Vivaldi antennas, a special subclass of TSAs, offer large bandwidth and flat gain
over the frequency range; in addition, they present compact and robust system
integration properties in a wide range of fields, including wireless communication,
microwave imaging, millimeter-wave applications, ground penetrating radar,
remote sensing [12], and biomedical screening and diagnosis [13-18].
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Vivaldi antennas were first proposed by Gibson in 1979 [19]. Subsequently, Gazit
developed antipodal Vivaldi antennas (AVAs) comprising two metallic plates placed
on the top and bottom sides of a low-permittivity substrate, forming an antipodal
slotline transition [20]. This antenna configuration is characterized by a simpler feed-
ing mechanism and delivers a wider operational bandwidth than Gibson’s proposal.

Several AVA configurations have since been proposed in the literature [21-25].
These solutions have improved the radio-frequency (RF) characteristics of the
antennas, but they have also unduly complicated the antenna geometry, thus
increasing the manufacturing costs and even performance deviations due to toler-
ances and inaccuracies during fabrication.

As is well known from theory, the tapering of the aperture strongly influences
the antenna radiation characteristics [26-29]. In this paper, a new type of AVA is
proposed, namely the super-elliptical antipodal Vivaldi antenna (SAVA). Compared
with conventional AVAs, the SAVA has more favorable RF characteristics, such as
extended bandwidth, larger front-to-back ratio (FBR), and higher gain flatness.
Herein, the proposed antenna is designed, and its circuital characteristics and radi-
ation properties optimized for the 1.14-12.6 GHz frequency band.

2. Antenna design and simulation
2.1 Factors influencing antenna performance

The radiation mechanism of a Vivaldi antenna (Figure 1) is such that it works as
a resonator at low frequencies and as a traveling-wave radiator at high frequencies.
The lower cut-off frequency depends strongly on the width of the antenna (i.e., the
maximum separation between the two arms), whereas the lower cut-off wavelength
is around 4/2 for a given low-frequency band.

The thickness of the substrate strongly influences antenna performance. As the
thickness increases, undesired modes become increasingly excited. These modes
change the phase of the traveling waves along the two flares to create pattern
distortion, resulting in high cross-polarization. Therefore, thin substrates composed
of low-dielectric materials are preferred. Furthermore, the electrical length of the
radiating antipodal flares determines the phase difference of the traveling-wave
currents. Hence, this factor affects the broadband performance of the antenna and
determines the higher and lower cut-off frequencies as well as antenna gain [26-29].

2.2 Antenna design and fabrication

The proposed Vivaldi antenna was modeled using CST Microwave Studio (ver-
sion 2019) as follows. The antenna was printed on a thin 171 mm (0.6 at 1.14 GHz)
x 134 mm (0.51¢ at 1.14 GHz) FR4 substrate (¢, = 4.15, tané = 0.02, thick-
ness = 0.2 mm) with a double-sided copper metallization thickness of 0.035 mm.
The antenna is fed by a 50-Q 0.36-mm-long microstrip on the front side of the
substrate and connected directly to a 50-Q SMA connector. A metallic thin radiator,
placed on the front side of the PCB layer, is connected to the microstrip line using a
highly smooth transition. The antipodal metallic radiator and the grounding plane of
the microstrip feeding line are placed on the rear side of the PCB layer.

2.3 Super-ellipse formula in antenna design

In 1818, the French mathematician Gabriel Lamé introduced the following
super-ellipse formula:
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In Eq. (1), @ and b denote the semi-axes of the super-ellipse, whereas the
positive real-valued parameters 7 and 7 control the convexity of the curve. In this
study, to improve RF characteristics, we use Eq. (1) to describe the radiating flares
and feeding structure of the antenna (Figure 1). The resulting antennas are referred
to as super-elliptical antipodal Vivaldi antennas (SAVAs). A parametric version of
Eq. (1) is given hereafter:

m
{ x(t) = al c.os t|n @)
y(t) = b|sint|

The default values of 7 and 7 are set to 2. Analytical curves are created on the
basis of Eq. (2) and implemented in the antenna model built in CST Microwave
Studio. The super-elliptical analytical curves shape the antenna contour to the
special geometry shown in Figure 1. The radiating structure in Figure 1 consists of
quarter-ellipses with major semi-axes b1, a2, a3, and a3_1 and minor semi-axes al,

b2, and b3.
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Figure 1.
Antenna geometry of a Vivaldi antenna and its coordinate system.
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Similarly, the antenna feeding structure is designed using Eq. (1). Both the
ground plane and the feeding microstrip line consist of quarter-ellipses. Note that
the various sections of the antenna in Figure 2 are characterized by different
ellipticity parameters m and #, depending on the parametric representation (2).

2.4 Parametric investigation

This section discusses the parametric investigation of the variation of the voltage
standing wave ratio (VSWR) with respect to six key parameters—namely nl, n2, n3,
m1, m2, and m3—of the SAVA antenna shown in Figure 2. In the parametric simu-
lations that follow, all parameters apart from the parameter of interest were set to 2.

Figure 3 shows the effect of parameter n1, which was varied from 0.5 to 3. The
simulated results show that the impedance-matching properties of the antenna are
strongly dependent on n1, with strong variations evident in the 3-12 GHz frequency

m1, nl

Figure 2.
Application of super-ellipse formula to antenna geometry.
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Simulated VSWR dependence on n1.
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range. The optimal value of n1 was identified to be 3, with this enabling a VSWR
smaller than 2:1 over across a frequency range of nearly three octaves (an octave is a
doubling of frequency).

Figure 4 depicts the simulated VSWR dependence on parameter m1, which was
varied from 0.5 to 4. One can notice that the impedance-matching characteristics of
the antenna tend to improve, especially in the upper band of the operational fre-
quency range, as m1 becomes larger. Optimal performance is achieved for m1 = 2.

Similarly, Figures 5 and 6 show the effect of n2 and m2 on VSWR, which were
varied from 1 to 3 and from 0.5 to 2, respectively. From the simulated data, it is

Figure 4.
Simulated VSWR dependence on m1.

Figure 5.
Simulated VSWR dependence on n2.
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Figure 6.
Simulated VSWR dependence on m2.

apparent that improved performance in terms of reduced VSWR is achieved,
wherein both n2 and m?2 are selected to be 2.

Figures 7 and 8 similarly illustrate the effect of n3 and m3, which were varied
from 0.5 to 3 and from 0.5 to 4, respectively. The simulations clarify that the VSWR
antenna response does not depend heavily on either n3 or m3. The optimal values of
n3 and m3 were identified to be 3 and 4, respectively.

Finally, to optimize the shape of the two antenna flares, the aforementioned
optimized values of nl, n2, n3, m1, m2, and m3 were used as inputs in a particle
swarm optimization (PSO) procedure.
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Figure 7.
Simulated VSWR dependence on n3.
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Figure 8.
Simulated VSWR dependence on m3.

With the end goal of improving antenna performance, the two main objectives
of the PSO procedure were as follows:

1.achieve broader bandwidth (BW) [f,, — f,] in absolute terms (f; = higher
cut-off frequency at a 2:1 VSWR level, f, = lower cut-off frequency at a 2:1
VSWR level) and

2.decrease the lower cut-off frequency f .

The PSO-optimized values for the six parameters were as follows: n1 = 3.15,
m1 = 2.25, n2 = 2.05, m2 = 2.35, n3 = 3.451, and m3 = 4.3.

3. Antenna prototype characterization

The SAVA optimized in Section II was prototyped and characterized compara-
tively against conventional antipodal Vivaldi antenna (CAVA) configurations.

3.1 VSWR, efficiency, realized gain, and FBR

Figure 9 presents a comparison of the VSWR performance of the SAVA and
CAVA configurations. Clearly, the SAVA features substantially more favorable
impedance-matching properties and a lower cut-off frequency, without compromis-
ing on compactness. The SAVA had a measured impedance bandwidth (for VSWR <
2:1) of 11.46 GHz (1.14-12.6 GHz) with a fractional bandwidth of 166.8%. Please note
that the reported performance figures are in excellent agreement (within 5% differ-
ence) with the numerical results obtained by full-wave simulation of the radiating
structure. By contrast, the CAVA had a significantly smaller bandwidth of 9.46 GHz
(1.21-10.67 GHz), with a fractional bandwidth of 159.2%.

The radiation properties of both the antenna configurations were characterized
using a near-field scanner (MVG StarLab) in the 0.6-18 GHz frequency range. The
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Figure 9.
Measured VSWR performance of the SAVA and CAVA antennas.
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Figure 10.
Measured total efficiency of the SAVA and CAVA antennas.

average efficiency, realized gain, and FBR across the operational frequency band were
68.5%, 8.2 dBi, and 21.1 dB, respectively, for the SAVA, whereas the corresponding
values were 62%, 7.9 dBi, and 19.5 dB, respectively, for the CAVA (Figures 10-12).

Figures 13 and 14 show the measured radiation patterns of the SAVA along two
elevation planes (¢ = 0° and 90°) at working frequencies of 2, 6, and 10 GHz. At low
frequencies, the proposed antenna exhibits good directional radiation patterns, with
smooth contours in both elevation planes. As the operating frequency increases,
strong ripples appear in the peripheries of the radiation patterns due to the excita-
tion of higher-order modes.

The SAVA antenna has end-fire characteristic with the main lobe in the axial
direction (here, in z-direction) of the tapered slot.
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Figure 11.
Measured peak realized gain of the SAVA and CAVA antennas.

30

[\S)
[

~
(3
T

0.l3.l6lI9II12I‘15
[ [GHz]

Figure 12.
Measured FBR of the SAVA and CAVA antennas.

3.2 Fidelity factor

The fidelity factor [30-31] quantifies the degree to which a radiated electric field
(E-field) waveform of a transmitting antenna resembles the input pulse. As the
amplitude of the E-field waveform is expected to differ from that of the input pulse,
the E-field waveform and the input pulse are normalized to compare only the shape:

i) =0 3)

1 i)
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Figure 13.
Measured radiation patterns of the SAVA antenna along the cut plane ¢ = 0° at the working frequency of 2, 6,
and 10 GHz.

)= @
2 lete) Pl

The degree of correlation between Egs. (3) and (4) is quantified as the fidelity factor:

+o0
FF — max j i0)e(t — o)t

—00

e(t — T)dt (5)

max \/____;l; ez

The fidelity factor varies from 0 to 1, with 1 indicating that the E-field waveform
is identical to the input pulse and that no distortion occurs during transmission.

To calculate the fidelity factor in this work, a Gaussian-modulated pulse in the
desired frequency band (3.1-10.6 GHz) was used as the input signal, with ideal filed
probes placed at the far field of the transmitting antenna. Figure 15 illustrates the
fidelity factor distribution along the H-plane of the SAVA and CAVA antennas. Clearly,
the proposed SAVA configuration outperforms the CAVA configuration in both planes.

3.3 Group delay

Group delay, defined as the derivative of phase response («H(w)) versus frequency
[32], is used to characterize two port system (e.g., filters, amplifiers, and mixers).

10
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Figure 14.
Measured radiation patterns of the SAVA antenna along the cut plane ¢ = 90° at the working frequency of 2, 6,
and 10 GHz.
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Fidelity factor chavacteristics of the SAVA and CAVA antennas along the H-plane.
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This factor has previously been applied to UWB antenna systems [32]. It mea-
sures the total phase distortion of the antenna system, using which the dispersion of

11
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Figure 16.
Measured group delay of the SAVA and CAVA antennas.

the transmitted signal can be inferred. For a given frequency, the average group
delay represents the time required for a signal to travel from one antenna terminal
to the other.

The group delay of both the SAVA and CAVA configurations was measured in a
free space environment. A network analyzer was used to measure the S21 group
delay between two identical antennas (in each configuration) placed 2.5 m apart
(i.e., far-field conditions) and aligned with the E-plane (Figure 16).

Clearly, the SAVA shows a smoother and more linear behavior, whereas the
CAVA exhibits strong group delay variation, indicating phase nonlinearity along
most of the frequency band.

4, Conclusion

This work has proposed a novel class of SAVAs. The geometry of the considered
radiating structures is optimized by means of the super-ellipse formula, thus
achieving UWB operation. Compared with current conventional Vivaldi antenna
configurations, the proposed topology yields compelling benefits in terms of better
impedance-matching properties, larger efficiency, gain, and front-to-back radiation
ratio across a broad frequency range, without compromising on antenna compact-
ness. The high directional radiation characteristics of SAVAs make them suitable for
several applications, such as UWB communications and remote sensing, microwave
imaging, ground penetrating radar, and biomedical screening.
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