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Abstract— This paper proposes a methodology for developing antipodal Vivaldi
antennas using RSIW (Ridge Substrate Integrated Waveguide) technology for a
specific cut-off frequency. The technique employs metallic-vias and metalized
cylindrical posts of reduced sizes inserted in the dielectric substrate. The simulations
were performed using the ANSYS® Electronics Desktop software. The antenna
RSIW is designed for a resonant frequency of 4 GHz and was fabricated on FR4
(er=4.4 and tan6=0.02). The structure is compared to an antipodal Vivaldi antenna
(AVA) fed by a SIW. The structure proposed had an increase in bandwidth of 4.09
GHz and an increase in gain of 1.41 dBi.

Index Terms— Antipodal Vivaldi Antenna, Bandwidth Enhancement, Directivity
Improvement, Ridged Substrate Integrated Waveguide.

l. INTRODUCTION
The advancement in wireless communication networks requires antennas with reduced size,

multiband operation, low cost, and acceptable gain [1]. In 2001, a new technology called Substrate
Integrated Waveguide (SIW) was proposed [2]. In this context, the SIW technology is attractive for
components that operate in the microwave and millimeter wave ranges. The SIW combines the
advantages of planar and non-planar technologies, utilizes the printed circuit board (PCB), and enables
a compact and lightweight design [3]. However, the technology presents dielectric losses that increase
at high frequencies. In this context, a topology of the SIC (Substrate Integrated Circuits) called ridge
substrate integrated waveguide (RSIW) is presented. It is composed of metallic-vias and metalized
cylindrical posts of variable heights inserted in the dielectric substrate [4], [5].

The reference antenna for this project is the antipodal Vivaldi Antenna (AVA). AVA has a planar
structure, low profile, ultra-wide bandwidth, directive radiation patterns, high efficiency, linear
polarization, small dimensions, and printed circuit compatibility, allowing easy integration with other
wireless components [6], [7].

Different methods are presented in [3] to enhance the performance of the antipodal Vivaldi antenna
and can be used in conjunction with the aforementioned techniques. Modifying the shape of the
radiating element using slots improves antenna characteristics such as bandwidth, greater directivity,
and gain. In addition to minimizing the lower cutoff frequency, reducing sidelobe levels, and increasing
the main lobe level [8], [9]. An Antipodal Vivaldi antenna with rectangular slots and using SIW

technology was proposed in [9], with wide bandwidth covering almost the entire D band from 110 to
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163 GHz, with a gain of 9.02 dBi at 137.2 GHz. In [10], an antipodal Vivaldi antenna with elliptical
slots is presented and the antenna gain is increased by about 1 to 2.6 dBi within the frequency range of
7 to 25 GHz.

In this paper, a methodology for the development of antipodal Vivaldi antennas using RSIW
technology for a specific cut-off frequency is presented. The insertion of ridges allows for bandwidth
enhancement due reduction to the cut-off frequency and, consequently, enabling miniaturization.
Finally, the insertion of the slots promotes an increase in gain, bandwidth, and a decrease in half-power
beam width. The new structure is compared to the one powered by a SIW designed for a cut-off
frequency close to 4 GHz, which had an increase in bandwidth of 4.09 GHz, a gain increase of 1.41 in
gain, and a 10° decrease in half-power beamwidth. Simulations were performed in ANSYS®
Electronics Desktop and compared with measurements.

This paper is organized as follows: Section Il presents the project methodology. Section 11 presents
the design procedures for the new structure. The results are presented in Section IV. Finally, conclusions

are drawn in Section V.

. METHODOLOGY
This section presents the methodology used for the design of Antipodals Vivaldi antennas with

RSIW technology using slots. The antenna chosen as a reference for this project is made up of a
microstrip transmission line power system and an exponential slot line radiator (ESLR). Fig. 1 illustrates

the antenna indicating the five stages of the project.

X I Step 2: Microstrip ]

l Step 3: Radiant Element |

\/\{’;J"o 0’39’// | step 5: Slots

Step 1: Waveguide
(siw)

Step 4: RSIW

Fig. 1: Development stages of the proposed antenna.
A. Step 1: Waveguide (SIW)
The design parameters of the SIW structure are shown in Fig. 2. The first step was to calculate the
width between the waveguide vias (W2), given by (1) for the desired cut-off frequency, f. =4 GHz. In
this way, the width between the vias (Weff) is calculated by (2) [11].

pr— d2
= 5T 1)
where, €, is the relative permittivity and d is the diameter of the via.

w2

Weff=W +d )
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Then, the length value of the SIW (Left) is defined by (3) [12].

Leff = ~1.08% + 01 3)
For the SIW design, the vias have diameters (d) of 2 mm, periodically spaced by a distance (p) of 4
mm, respecting the rules presented in [12].

Fig. 2: SIW structure parameters.
B. Step 2: Microstrip and SIW Transition

The antenna is fed by a microstrip line of 50 Q, and its dimensions were calculated by (4) [13]:

Wi_ 2 {B —1-ln(@B-1) +5 1 [ln(B ~1)+039 - 0’61]} “)
h m 2g; €
where, h is the height of the substrate and B is given by (5):
B 377m )
2ZoVer
The length of the microstrip line (L¢) is given by (6) [14].

The tapers were designed with the width of the input port fixed to the width of the microstrip
transmission line. For taper length (L1), multiples of A/4 should be used to minimize return loss and the
width of the exit port (W1) is calculated by (7) [14]. The (L1) value was initially A/4, but for a better
impedance matching the value used was 6.4 mm. The integration between the microstrip line and the
SIW technology is shown in Fig. 3.

W, = Wi+ 0.1547 X W (7)

i

Fig. 3: Integration between the microstrip line and the SIW technology.
C. Step 3: Radiant Element

The value for the length (Ls) is defined in [15], its value must be at least A,/2. Fig. 4 illustrates the
AVA SIW.
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Fig. 4: AVA SIW.

D. Step 4 RSIW
The next step is the insertion of RSIW technology. Fig. 5 illustrates the AVA RSIW. The ridge has

only one end connected to the ground plane and has spacing with length g, which introduces a capacitive
effect on the waveguide [16].

The ridge is composed of three lines of metalized cylindrical posts inserted into the substrate with a
height of 0.8 mm. The diameter and space between the ridge posts are the same as those used in the
SIW metallic-vias. The SIW is composed of nine metallic-vias on each side and the central row of
ridges consists of nine metalized cylindrical posts inserted in the dielectric. To avoid the loss of
electromagnetic energy, two ridges with minor radius are inserted at the transition between the taper
and the SIW, as suggested by [17]. The cut-off frequency of an RSIW waveguide can be changed by
adjusting the width and height of the ridge without changing the outer dimensions of the waveguide
[16]. The value of P2 is half the width of the ridge.

Fig. 5: AVA RSIW.

E. Step 5: SLOTS
The incorporation of slots does not affect the final dimensions of the antenna compared to the

reference antenna, nor does it impede the construction process [15], [18]. Fig. 6 illustrates the

rectangular slots employed in the AVA RSIW.

Fig. 6: AVA RSIW rectangular slots.
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This technigue aims to improve the bandwidth, decrease the lowest cutoff frequency, reduce the side

lobe levels, and increase the main lobe level. The slot length value (Wslot) utilized in this project

underwent numerical optimization, approximating A/2.

1I. AVA DESIGN
The antenna design was simulated on FR4 (&, = 4.4 and tand =0.02). The metallic-vias were

inserted on both sides to emulate the waveguide effect, and metallic posts (h = 0.8 mm) were inserted
on the center of the substrate for the ridge effect.

The antenna proposed in this paper exhibits a cut-off frequency close to 4 GHz. Fig. 7 shows the
antenna AVA RSIW rectangular slots. Table | shows the dimensions of the AVA RSIW rectangular
slots.

L
Fig. 7: Parameters of the proposed AVA RSIW.
TABLE I. PARAMETERS OF THE AVA RSIW.

Parameter Value (mm)
Wi 2.92
42
L 89
L1 6.4
Lf 10.27
Ls 37.9
Weff 19.8
Leff 35.6
W1 6
W2 17.8
W3 4
2
P 4
P1 4
P2 2.6
Wslot 1.7
Hslot 8
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V. NUMERICAL AND EXPERIMENTAL RESULTS
In this section, the numerical results for the designed antennas are presented. As an example, it is

presented the design for an antenna using RSIW technology, with a cut-off frequency of 4 GHz,
following the steps given in Fig. 1. The simulations were performed using the High Frequency Structure
Simulator (HFSS) software from ANSY'S Electronics Desktop.

The antenna presented in this paper was fabricated using a PCB process. The holes were made in
the substrate using an LPKF (Protomat S43) milling machine. Next, the geometry is printed on a sticker
and affixed to the surface of the structure. Subsequently, the metallic surface that is not part of the
antenna is removed through a corrosion process using iron perchloride.

The metallic-vias were metalized by inserting metal screws with the same diameter as the holes and
an SMA connector was used in the antenna input. In the antenna with the SIW, a plate of 1.6 mm
thickness was used, with the RSIW two plates with 0.8 mm thickness each were used, with the
cylindrical posts made in one of the plates. The cylindrical posts were inserted in the dielectric substrate
with a height of 0.8 mm and were filled with a solder paste. Fig. 8 (a) illustrates the top view and Fig.
8 (b) bottom view fabricated AVA RSIW rectangular slots.

(a) (®)

Fig. 8: AVA RSIW rectangular slots fabricated (a) Top view (b) Bottom view.

The measurements were carried out using a network analyzer (Agilent - ENA E5071C), the proposed
antenna as a transmitter (Tx), and a double ridge guide (A. H. Systems - model SAS571) as a receiving
antenna (Rx). The distance between the transmitting and receiving antennas is 1.3 m and the

measurement was performed every 5 degrees. The measurement setup is shown in Fig. 9.
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:
|

Fig. 9: Measurement setup.

In the first step, the dimensions of the SIW waveguide were defined for the desired cut-off frequency.
The values were calculated based on the equations presented in the methodology. On each side of the
structure, there is a Lumped Port type. The values used are presented in Table I. Fig. 10 (a) illustrates
the geometry and Fig. 10 (b) presents the simulated reflection coefficient (S11) and transmission
coefficient (S21) of the equivalent waveguide. It is possible to observe that the cut-off frequency of the
structure at -10 dB is 4 GHz.

B 3.97 GHz | I
- 4 GHz /-'—'-\\ /"

=10 ||
g \/ \/
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—
-
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2 30
—sn
.35
—sn
.40
2 3 a 5 6 7 8

Freq. (GHz)
(a) (b)
Fig. 10. Equivalent waveguide (a) Geometry (b) S11 and S21.
The second step is the insertion of the microstrip line with a characteristic impedance of 50 Q. Fig.

11 (a) illustrates the geometry and Fig. 11 (b) presents the simulation of S11 and S21 of the integration
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between the microstrip line and the SIW technology. The transition line and the microstrip feed line
were integrated into the SIW structure with good impedance matching and a cut-off frequency at -10
dB of 4.04 GHz, very close to the frequency obtained in the first step of this methodology. Additionally,
a reduction in the S11 values can be observed compared to structures with only SIW.
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(a) (b)
Fig. 11. Integration between the microstrip line and the SIW technology. (a) Geometry (b) S11 and S21.
The third stage consists of inserting the radiating element of the SIW antenna. Fig. 12 (a) illustrates
the geometry of the AVA SIW and the result of the reflection parameters is shown in Fig. 12 (b). It is
possible to observe the S11 below -10 dB from the cut-off frequency f, of 4.15 GHz to the frequency

of 9.46 GHz, which represents a bandwidth of 5.31 GHz.

0 —
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50 | 4.14 GHz

$11 (dB)
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(a) (b)
Fig. 12: AVA SIW (a) Geometry (b) Parameter S11.

Fig. 13 (a) illustrates the geometry 3D and Fig. 13 (b), (c) and (d) presents the 2D radiation patterns
and half-power beamwidth (HPBW) of the AVA SIW at three different frequencies. Diagrams are
simulated with the lower frequency (4.15 GHz), the central frequency (6 GHz), and the upper frequency
(9.46 GHz). AVA SIW presented a gain of 5.29 dBi and a beamwidth of 68° at the center frequency.
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Fig. 13. AVA SIW 3D and 2D radiation patterns and beamwidth, with PHI =90°: a) 3D, b) f,=4.15, c¢) f,= 6 GHZ and d)
f.=9.46 GHz.

The next step is the insertion of technology RSIW. Fig 14 (a) illustrates the geometry and the
simulated and measured reflection coefficient of the AVA RSIW is given in Fig. 14 (b).

0
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-60
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Freq. (GHz)
(a) (b)
Fig. 14: S11 AVA RSIW (a) Geometry (b) Parameter S11.

The cut-off frequency AVA SIW is 4.15 GHz (value close to the desired frequency) with a
bandwidth of 5.31 GHz. The cut-off frequency of the AVA RSIW is 3.23 GHz, which is 0.92 GHz
lower than that of the AVA SIW, boasting a bandwidth of 7.37 GHz and marking a significant 2.06
GHz increase. This reduction in the cut-off frequency could potentially contribute to a more compact
structure.

Fig. 15 (a) illustrates the geometry 3D and Fig. 15 (b), (c) and (d) presents the 2D radiation patterns
half-power beamwidth of the AVA RSIW at three different frequencies. Diagrams are simulated with

Brazilian Microwave and Optoelectronics Society-SBMO received 16 Nov 2023; for review 29 Nov 2023; accepted 22 Mar 2024
Brazilian Society of Electromagnetism-SBMag © 2024 SBMO/SBMag [@)er | ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 23, No. 2, e2024280519 May 2024

DOI: https://dx.doi.org/10.1590/2179-10742024v23i2280519 10

the lower frequency (3.23 GHz), the central frequency (6 GHz), and the upper frequency (10.6 GHz).

e Simulated
e Measured

= Beamwidth

(a)
Freq. 3.23 GHz Freq. 6 GHz Freq. 10.6 GHz
Beamwidth: 124° Beamwidth: 67° Beamwidth: 40°

Fig. 15: AVA RSIW 3D and 2D radiation patterns and beamwidth, with PHI = 90°: a) 3D, b) f,=3.23, ¢) f,= 6 GHZ and d)
f.=10.6 GHz.

The AVA RSIW, in addition to increasing the antenna bandwidth, showed an increase in the
maximum gain at the 6 GHz frequency from 5.29 dBi to 5.37 dBi.

The fifth stage consists of introducing the slots. Fig. 16 (a) illustrates the geometry and Fig. 16 (b)
the reflection coefficients of the AVA RSIW rectangular slot antennas. The cut-off frequency of the
AVA RSIW rectangular slot is 3.44 GHz, 0.7 GHz lower than the AVA SIW and an improved

bandwidth of 3.81 GHz is obtained.

™)
I
—
-
w
3.43 GHz ——Simulated
-30 —— Measured
-35
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Freq. (GHz)
(a) (b)

Fig. 16: AVA RSIW rectangular slot (a) Geometry (b) Parameter S11.
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In Fig. 17 (a) illustrates the geometry 3D and Fig. 17 (b), (c) and (d) presents the 2D radiation
patterns and half-power beamwidth. The gain of the AVA RSIW with rectangular slots was 6.57 dBi at

the center frequency and a beamwidth of 63°. In the results could be noticed the expected increase

in gain and the decrease in half-power beam width. Furthermore, directivity also increases with
decreasing side lobe level (SLL).

- Simulated

- Measured

= Beamwidth
Freq. 3.44 GHz Freq. 6 GHz Freq. 12.53 GHz
Beamwidth: 66° Beamwidth: 63° Beamwidth: 85°

(b) (©) (d)

Fig. 17: AVA RSIW rectangular slots 3D and 2D radiation patterns and beamwidth, with PHI = 90°: a) 3D, b) f.= 3.44 GHz,
c) f,=6 GHZ and d) f,= 12.53 GHz.

The application of this technique to the SIW antenna showed an increase in bandwidth, gain, and
directivity. Then, another slot format was tested. The ellipse shaped slot was presented in [9] in order
to increase the antenna gain. The size (Hslot = 8 mm) and the distance (Wslot = 1.7 mm) between the
slots are the same as those used for rectangular slots.

The geometry of the AVA RSIW elliptical slots is illustrated in Fig. 18 (a) and the simulated and
measured reflection coefficient is given in Fig. 18 (b). The cut-off frequency of the AV A elliptical slots
is 0.22 GHz lower than the AV A rectangular slots, and an improved bandwidth of 0.32 GHz is obtained.
The AVA RSIW elliptical slot compared to the AVA SIW features a cut-off frequency reduction of
0.93 GHz, a 4.09 dBi increase in gain, and a 10° reduction in half-power beamwidth. By reducing the
cutting frequency, the structure achieves smaller electrical dimensions. As a result, it becomes feasible

to construct a smaller-sized structure while maintaining the same cut-off frequency.
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Fig.18: AVA RSIW elliptical slots (a) Geometry (b) Parameter S11.

Fig. 19 (a) illustrates the geometry 3D and Fig. 19 (b), (c) and (d) presents the 2D radiation patterns
and the beamwidth of the AVA RSIW elliptical slots. Diagrams are simulated with the lower frequency
(3.22 GHz), the central frequency (6 GHz), and the upper frequency (12.62 GHz). The AVA RSIW
elliptical slots showed a gain of 6.7 dBi at a frequency of 6 GHz and a beam width of 58°. This antenna
demonstrated superior performance compared to the AVA RSIW rectangular slots configuration.

— Simulated
e Measured

= Beamwidth

Freq. 3.22 GHz Freq. 6 GHz Freq. 12.62 GHz
Beamwidth: 101° Beamwidth: 58° Beamwidth: 75°

(b) (c) (d)

Fig. 19: AVA RSIW elliptical 3D and 2D radiation patterns and beamwidth, with PHI = 90°: a) 3D, b) f.= 3.22 GHz, ¢) f.=
6 GHZ and d) f.= 12.62 GHz.

The result of the AVA RSIW rectangular slots and AVA RSIW elliptical slots measured are starting
with the same cut-off frequency as the result of the simulated antennas. The AVA RSIW rectangular
slots have some degradations, like the first peak above -10 dB between the 4 and 5 GHz frequencies
and others afterwards, presented in Fig. 16 (b). In the graph of parameter S11 of the AVA RSIW
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elliptical slots, presented in Fig. 18 (b), there were peaks above -10 dB after the 5 GHz frequency. There
was also a reduction in the return loss (S11) in the measured antenna. The degradation observed in the
S11 parameters across certain frequency bands can be attributed to factors encountered during the
antenna fabrication process, particularly since it was conducted using a homemade method.
Additionally, discrepancies may have arisen during the antenna measurement phase. Table Il illustrates

a comparison of the irradiation parameters of the designed antennas.

TABLE I1I: RADIATION PARAMETERS OF SIW, RSIW, RSIW RECTANGULAR SLOT AND AVA RSIW
ELLIPTIC SLOT.

ANTENNA BW (GHz) HPBW (f,) GAIN (dBi)
SIw 531 68° 5.29
RSIW 7.37 67° 5.37
RECTANGULAR 9.08 63° 6.57
ELLIPTICAL 9.4 58° 6.7
V. CONCLUSIONS

A Vivaldi Antipodal antenna with SIW technology is proposed, designed using a low-cost, single-
layer FR4 substrate with a thickness of 1.6 mm. There is a good correlation between the model and the
prototypes. Two techniques were then introduced to improve the irradiation properties. The first
technique is the insertion of the RSIW. These structures add SIW characteristics, provide an increase
in operational bandwidth, and reduce the cutoff frequency. Furthermore, they are compact structures.
The second technique is the addition of slits to the edge of the antenna's radiating element to improve
the antenna’s characteristics. This technique aims to improve bandwidth, decrease the lower cutoff
frequency, reduce sidelobe levels, and increase the main lobe level.

The insertion of rows of ridges demonstrated advantages, such as increased bandwidth and,
consequently lower frequency that can lead to a more compact structure, and increased gain. After
inserting slots, it is possible to observe that in the antenna with RSIW there was an improvement in the
results of the antenna, including the gain, which had an increase of 1.41 dBi and a reduction of 10° in

the half-power beamwidth, without increasing the degree of complexity of antenna construction.
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