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Abstract. This paper proposes a novel wideband, high-
gain, compact Vivaldi antenna operating in the  
14.7–20.5 GHz frequency range, where the antenna is fed 
by the substrate integrated waveguide (SIW). A Negative 
Index Metamaterial (NIM) has been designed, with its 
parameters extracted using MATLAB software. The NIM 
was developed to address the deficiencies of conventional 
Antipodal Vivaldi antennas. With a measured gain of over 
5.3 dBi, the fabricated antenna performs satisfactorily 
across the entire bandwidth. Due to its low profile and 
short transversal dimension, the proposed antenna is 
suitable for antenna arrays; consequently, the proposed 
antenna design could be a viable option for modern 
communication and radar systems.  
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1. Introduction 
Existing wireless systems require ultra-wideband per-

formance, a high bit rate, and increased capacity. Due to its 
unique characteristics such as relatively wide bandwidth, 
high efficiency, high gain, ease of fabrication, and symmet-
ric beam in the E- and H-planes, the antipodal Vivaldi 
antenna (AVA) is a promising solution for a variety of 
demanding tasks found in communication systems [1]. 
Owing to the antennas' flat design, they can easily be inte-
grated with other microwave planar devices such as filters 
and mixers [2], [3]. While Vivaldi antennas theoretically 
have infinite bandwidth, their practical bandwidth is lim-
ited by a complex feeding network [4], [5]. In general, the 
antenna bandwidth is proportional to its length and aper-
ture size; thus, when a greater bandwidth is required, the 
size of the antenna is increased. Miniaturization is another 
issue, where despite numerous AVA designs attempting to 
reduce their size, they invariably restrict the gain and sta-

bility of the radiation pattern [6], [7]. Numerous techniques 
exist for circumventing the gain limitations of conventional 
AVA, including using a Vivaldi array [8], a structure called 
a director in the tapered curved opening [9], and the use of 
metamaterial in front of the antenna as a load. An alterna-
tive technique entails inserting a metal director into the 
radiation flaring [10]. The use of arrays in specific applica-
tions has been large, complex, and costly. Additionally, 
PBGs are complicated in some ways. Furthermore, by 
utilizing "directors," energy is concentrated parallel to the 
antenna surface in two ways. First, using a dielectric with 
relative electric permittivity r above the substrate is pro-
hibitively expensive. Second, by loading both sides of the 
antenna substrate with an anisotropic zero-index slab [11], 
where this method adds complexity to the fabrication pro-
cess while also increasing the directivity in the narrow 
bandwidth. The Substrate Integrated Waveguide (SIW) 
technology is suitable for microwave and millimeter fre-
quency bands. The principle of this technology is to con-
vert non-planar structures to planar structures. This tech-
nology has the advantages of both microstrip for easy inte-
gration in the same substrate as well as a conventional horn 
antenna for low losses. In addition, SIW structures can 
control surface wave trapping at higher frequencies [12], 
[13]. In recent years, there has been considerable interest in 
integrating various types of metamaterial unit cells with the 
tapered slot Vivaldi antenna (TSVA) to improve the over-
all radiation characteristics [14]. Zhou and Cui in [15] 
introduced metamaterials with zero refractive indexes 
(ZIM) in front of single- or multi-layer Vivaldi antennas to 
increase their directivity. The measurement results indicate 
that the Vivaldi antenna's directivity and efficiency have 
increased significantly in the designed ZIM bandwidth 
(9.5–10.5 GHz) but have remained stable in other fre-
quency bands (2.5–9.5 GHz and 10.5–13.5 GHz). The 
authors in [16] introduced a single-layer and a multi-layer 
negative index metamaterial (NIM) to increase the antenna 
gain, where a modified ground plane for the proposed 
AVA was suggested and results compared to the conven-
tional ground plane. The measurement results indicated 
an increase in gain between 9–20 GHz (the range in which 
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the refractive index is negative), with a maximum gain in-
crease of 4 dBi, especially when a multi-layer metamaterial 
was used. The authors of [17] introduced a dual-slot Vi-
valdi antenna that was more directive than the traditional 
Vivaldi antenna. Kumar et al. in [18] sought to increase the 
antenna's directivity by incorporating a ZIM in front of the 
antenna presented in [17]. The antenna used in this paper 
operated between the frequencies of 2–10 GHz. By placing 
a metamaterial in front of the antenna as a load, the anten-
na's directivity increased by approximately 2 dBi. 

In this paper, to increase the gain of the antipodal Vi-
valdi antenna fed by the substrate integrated waveguide 
structure, the phase of the radiation field must be uniform. 
This was accomplished by loading the antenna by using 
metamaterial with negative electric permittivity and nega-
tive magnetic permeability. The metamaterial structure is 
designed to compensate for phase and converts the spheri-
cal wave surface to a plane wave surface within a specified 
frequency range. The constructed structure had a higher 
gain than the non-metallic state, as determined by meas-
urements. The measurements confirmed that the antenna 
has a wide bandwidth. 

2. Metamaterial Unit Cell Design 
It is necessary to design a structure that exhibits met-

amaterial properties within the antenna frequency band to 
maximize antenna efficiency. The fields applied to the unit 
cells must be aligned with the radiation fields of the 
Vivaldi antenna to achieve the desired response in the 
design of the metamaterial unit cell. This criterion is used to 

 
(a) 

 
(b) 

Fig. 1.  (a) The structure of the metamaterial unit cell. (b) The 
simulated structure of the unit cell. 

 

Parameter l_unit w_unit a_unit g_unit 
Dimension (mm) 3.7 2.5 0.25 0.15 

Tab. 1.  Dimensions of the metamaterial unit cell. 

 
(a) 

 
(b) 

 
(c) 

Fig. 2.  The unit cell parameters are calculated using 
MATLAB: (a) The real parts of relative effective 
electric permittivity and magnetic permeability. 
(b) The imaginary parts of relative effective electric 
permittivity and magnetic permeability. (c) The unit 
cell refractive index. 

determine the boundary conditions in the simulation of 
metamaterial unit cells. The electric field in the Vivaldi an-
tenna is parallel to the antenna surface, while the magnetic 
field is perpendicular to the antenna surface. To accom-
plish this, perfect magnetic conductor (PMC) and perfect 
electric conductor (PEC) boundary conditions in a way that 
the electric field is parallel to the surface of the unit cell 
and the magnetic field perpendicular to the surface are 
placed. This unit cell is constructed to be easily loaded at 
the same height as the antenna. 
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Figure 1(a) shows the upper view of the designed 
metamaterial unit cell. Figure 1(b) illustrates the simulation 
setup for the unit cell in the CST studio. For two planes 
perpendicular to the x-axis, the boundary conditions are 
PEC; for two planes perpendicular to the y-axis, the 
boundary conditions are PMC. As illustrated in Fig. 1(b), 
the designed unit cell comprises a dielectric layer and 
a 0.018-mm-thick copper metallic layer. This structure is 
simulated on a substrate identical to the antenna (Rogers 
RT/duroid® 5880 with r=2.2, loss tangent = 0.0009, and 
substrate thickness = 1.6 mm). The dimensions of the unit 
cell in the case of negatives  and μ are listed in Tab. 1. 

The values of effective relative permittivity and per-
meability and refractive index of metamaterial unit cell 
were calculated using the Smith method [19], MATLAB  
software, and the simulated scattering parameters. In terms 
of frequency, Figures 2(a) and 2(b) depict the real and 
imaginary parts of the effective relative permittivity and 
permeability, respectively and Figure 2(c) shows the unit 
cell refractive index. As can be seen from Fig. 2(b), the 
imaginary parts of the relative effective electric permittiv-
ity and magnetic permeability are nearly zero, indicating 
that the metamaterial structure has a negligible loss. Addi-
tionally, as illustrated in Fig. 2(a), the real parts of the 
relative effective electric permittivity and magnetic perme-
ability are negative for frequencies greater than 5 GHz 
(except in the range of 10–13 GHz), confirming the met-
amaterial behavior of the designed unit cell. 

3. Design of Vivaldi Antenna without 
SIW and Metamaterial 
This research was inspired by the antipodal Vivaldi 

antenna presented in [20]. Specific parameters have been 
set to the values specified in these articles, while others, 
including the substrate's general specifications, have been 
modified to meet the antenna fabrication requirements. 

3.1 Antenna Substrate 

Choosing a suitable substrate is the first step in de-
signing a microstrip antenna. One of the limitations in the 
design of a tapered slot antenna is its sensitivity to the 
substrate thickness. The dielectric constant, loss tangent 
and dielectric thickness of the substrate are all essential 
properties. The effective thickness of the substrate is ob-
tained through (1) [21]. 

  eff r 1t t    (1) 

where t denotes the substrate's physical thickness. When 
the effective thickness of the substrate is within the range 
specified in (2), the antenna performs satisfactorily. 

 eff

0

0.005 0.03
t


   (2) 

where 0 denotes the free-space wavelength. Due to fabri-
cation constraints, the paper uses a Rogers RT/duroid® 
5880 substrate with r = 2.2, loss tangent of 0.0009, and 
a substrate thickness of 1.6 mm that meets the conditions 
of (2). 

3.2 Antenna Width 

Antenna width is another important parameter to con-
sider when designing an antenna. The antenna width must 
exceed half the wavelength of the cut-off frequency. For 
optimal performance, the antenna's size should be at least 
half a wavelength. By decreasing this value, the low cut-off 
frequency is increased. In this paper, the antenna width is 
12.6 mm, which is more than half the wavelength of the 
cut-off frequency. 

3.3 Antenna Curve 

The exponential functions of the antenna aperture 
located on the x-z plane and radiating in the z-axis 
direction are obtained from  (3), (4), and (5): 
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where r denotes the rate of tapering, lant denotes the aper-
ture length, wS represents the antenna width, and w1 repre-
sents the overlap width. Figure 3 illustrates the antenna's 
structure, and Table 2 details the antenna's dimensions. 

4. Antipodal Vivaldi Antenna Design 
Fed by SIW 
The Vivaldi antenna is fed by SIW technology, which 

significantly reduces electric field leakage and enhances an- 

 
Fig. 3.  Geometric structure of the antipodal Vivaldi antenna. 

 

Parameter lant ws l1 l2 l3 
Dimension (mm) 11.9 12.6 13.3 9.9 3.9 

Parameter w1 w2 w3 r wf

Dimension (mm) 1.4 4.2 3.2 0.4 2.8 

Tab. 2.  Antipodal Vivaldi antenna dimensions. 
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(a) 

 
(b) 

Fig. 4.  Antipodal Vivaldi antenna structure fed by SIW:  
(a) Top view. (b) Side view. 

tenna performance. In this paper, SIW technology to feed 
the Vivaldi antenna has been used. This part has been de-
signed to enable the antenna to operate in TE10 mode. The 
diameter of the via (d) and the distance between the two 
vias (s) affect the reflection coefficient and antenna radia-
tion, which must satisfy (6) and (7), respectively [22]. 

 g

5
d


 , (6) 

 2s d  (7) 

where g is the guided wavelength in the operating 
frequency. 

In this study, d and s were considered to be 0.35 and 
0.46 mm, respectively, fulfilling the above criteria. With 
the width of the SIW waveguide a, the cut-off frequencies 
of the TE10 and TE20 modes of the SIW structure can be 
calculated using (8) and (9) [23] 
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When a = 10.75 mm, the TE10 and TE20 modes have 
cut-off frequencies of 9.6 GHz and 21 GHz, respectively 
(SIW width determines the cut-off frequency and propaga-
tion constant in the first mode). The structure of the antip-
odal Vivaldi antenna fed by SIW is depicted in Fig. 4. 

When a microstrip structure feeds an antenna, the 
wave is reflected by hitting the top and bottom planes and 
exiting through the sidewalls due to the openness of the 
microstrip walls. As a result, solely microstrip feeding 
increases the sidelobe level (SLL) and decreases the anten-
na's gain. By selecting the SIW feeding, the leakage wave 
is reduced, and the overall performance of the antenna is 
improved. The reflection coefficients for an antenna fed via 
microstrip and an antenna fed via microstrip to SIW tran-
sition are shown in Fig. 5. As shown in this figure, there is 

 
Fig. 5.  The reflection coefficients of the antenna with 

conventional microstrip feeding and with SIW feeding. 

 
Fig. 6.  The gain of conventional antenna and gain of SIW fed 

antenna. 

 
(a) 

 
(b) 

Fig. 7.  Normalized radiation patterns of the antenna with and 
without SIW feed at: (a) 14 GHz, (b) 17 GHz. 
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Fig. 8. FBR of the antenna without SIW feed and with SIW 

feed. 

a negligible frequency shift when the SIW is used (ap-
proximately 0.2 GHz) which is very desirable. Figure 6 
depicts the antenna's gain with and without SIW. As dis-
played in Fig. 6, the SIW feeding increases the antenna's 
gain (which is relatively insignificant to about 1.2 dBi). 

The normalized gain in terms of spatial angle on the 
E-plane is shown in Figs. 7(a) and 7(b) at 14 GHz and 
17 GHz and for two states with and without SIW. These 
plots confirm the reduction in sidelobe level at these fre-
quencies. The front-to-back ratio (FBR) is also shown in 
Fig. 8, demonstrating the antenna's superior performance 
with SIW feed, because it reduces wave leakage. 

5. Antipodal Vivaldi Antenna Loaded 
with Metamaterial Unit Cell 
Figure 9 shows the structure of an antipodal Vivaldi 

antenna loaded with a metamaterial unit cell. 

This structure comprises 21 metamaterial unit cells 
that are identical in height to the antenna and are mounted 
on the same substrate. Figure 10 compares the S11 of the 
antenna with metamaterial array to the S11 of the antenna 
without it. As depicted in Fig. 10, the S11 of antenna is less 
than –10 dB in the frequency range of 14.7–20.5 GHz and 
has remained constant compared to the antenna's band-
width without the metamaterial. Furthermore, Figure 11 
illustrates an increase in antenna efficiency following the 
metamaterial loading. As shown in Fig. 11, the gain of the 
loaded antenna has increased to about 2.1 dBi. Metamate-
rial unit cells act as field concentrators, thereby increasing 
the gain. Additionally, this structure reduces the substrate's 
electric permittivity due to its properties. This reduces 
dielectric loss and thus increases the structure's efficiency. 

The phase distribution of the electric field becomes 
more uniform when the antenna is loaded with the met-
amaterial array because metamaterial unit cells act as field 
concentrators, thereby spherical phase fronts become 
planes. This phenomenon is shown in Figs. 12(a)–(f) at 14, 
16, and 20 GHz. 

 
(a) 

 
(b) 

Fig. 9. Antipodal Vivaldi antenna structure loaded with 
metamaterial unit cell: (a) top view, (b) bottom view. 

 

Fig. 10.  S11 of the antenna in the presence of metamaterial and 
without the metamaterial array. 

 
Fig. 11.  Antenna gain in the presence of metamaterial and 

without the metamaterial array. 

 
Fig. 12.  Electric field distribution of the antenna in the absence 

of metamaterial at (a) 14 GHz, (c) 16 GHz, and 
(e) 20 GHz. Electric field distribution of the antenna in 
the presence of metamaterial at (b) 14 GHz, 
(d) 16 GHz, and (f) 20 GHz. 
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The co-polarization components in the E-plane radia-
tion pattern, for unloaded and loaded antenna, at frequen-
cies 14, 16 and 20 GHz, are shown in Figs. 13(a)–(c). As 
mentioned earlier, metamaterials act as a centralizing 
structure and thus the loaded antenna has a more direct 
radiation pattern, as can be seen from these figures. Also, 
Figures 14(a)–(c) show the antenna's normalized gain at 14, 

 
Fig. 13.  The E-plane radiation patterns of the antenna with and 

without metamaterial array, at (a) 14 GHz, (b) 16 GHz, 
and (c) 20 GHz. 

 
(a) 

 
(b) 

 
(c) 

Fig. 14. The E-plane normalized gain of the antenna in terms of 
spatial angle with and without metamaterial array, at 
(a) 14 GHz, (b) 16 GHz, and (c) 20 GHz. 

 
Fig. 15. The FBR of the antenna with and without metamaterial. 

16, and 20 GHz in terms of spatial angle in the E-plane. 
The figures indicate that the sidelobe level has also been 
numerously modified. Figure 15 depicts the antenna's FBR 
ratio with and without the metamaterial array. By placing 
the metamaterial and concentrating the radiated waves 
from the antenna, its gain increases and FBR also in-
creases. Given the small size of the structure presented in 
this paper, this increase in FBR is an important advantage. 

6. The Fabricated Antenna 
The structure of the final design is shown in Fig. 16. 

To feeding of the antenna, the SMA 6551F1 connector is 
used. After reviewing the simulation results, the antenna 
loaded with metamaterial unit cells was built and tested in 
the antenna room. The reflection coefficient, the antenna 
radiation pattern, and its efficiency were measured in the 
anechoic chamber. It should be noted that only the fre-
quency range of 12–18 GHz was measured due to several 
constraints. 

 
                       (a)                                                               (b) 

Fig. 16. Fabricated antenna: (a) top view, (b) side view. 
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Fig. 17. Reflection coefficient results from simulation and 

measurement. 

 
Fig. 18. Comparison of antenna simulation and measurement 

gain results. 

The S11 values obtained through measurement and 
simulation follow a nearly identical trend. The difference is 
that the measurement results exhibit a 2.5 GHz frequency 
shift, which could result from fabrication accuracy or the 
antenna room's lack of isolation. These findings are de-
picted in Fig. 17. Finally, in Fig. 18, the antenna simulation 
and measured gain were compared. The frequency shift 
visible in the reflection coefficient plot is also visible here. 

7. Conclusions 
This research investigates an antipodal Vivaldi an-

tenna equipped with SIW technology at a frequency range 
of 14.7–20.5 GHz. In general, it is challenging to achieve 
high efficiency with Vivaldi antennas due to the antenna's 
radiation aperture being constrained by the low height of 
the dielectric substrate. SIW feeding and metamaterial 
structure, respectively, are proposed as methods in this 
paper for achieving lower losses and increased efficiency. 
Alternately, the metamaterial structure was used as a load 
in front of the antenna. The metamaterial proposed in this 
paper had minimal losses and could operate over a wide 
frequency range. Additionally, the SIW was designed to 
operate in TE10 mode, where the antenna and metamaterial 
structure was simulated and optimized using CST, and the 
unit cell effective parameters were extracted using MATLAB. 
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