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ABSTRACT: This research paper presents a novel dual-band slot array cavity-backed metamaterial antenna designed using advanced
substrate integrated waveguide (SIW) technology. The antenna is specifically optimized for operation in the Ka-band frequencies. The
incorporation of slots in the proposed design yields substantial advantages, such as enhanced impedance matching, exceptional directivity,
and the capability for dual-band operation. Furthermore, the designed antenna showcases a gain of 6.40 dBi at 27.42 GHz and 4.77 dBi
at 28.70 GHz, which is a result of the innovative incorporation of metamaterials within the SIW cavity. This demonstrates the antenna’s
ability to provide efficient signal reception and transmission, particularly in the specified frequency bands. The antenna’s capability to
operate in dual bands and its exceptional performance have been confirmed through rigorous simulation and experimental validation.
These results substantiate its reliability and suitability for demanding millimeter-wave applications. The compact design and exceptional
performance metrics of the proposed antenna underscore its potential for seamless integration into contemporary wireless communication
systems, thereby laying the groundwork for continued progress in SIW and metamaterial-based antenna technology.

1. INTRODUCTION

n the fast-evolving and highly dynamic realm of wireless
Icommunication, there is an escalating demand for antennas
that can consistently deliver peak performance across a diverse
range of frequency bands. Such antennas are essential for mod-
ern applications, including fifth-generation (5G) mobile net-
works, Wi-Fi, and internet of things (IoT) devices. Traditional
antenna designs, however, often face challenges in achieving
dual-band operation while maintaining a compact form factor
and high performance. To address these challenges, this re-
search explores the design and implementation of a SIW cavity-
backed dual-band antenna enhanced with metamaterials.

SIW technology has undoubtedly emerged as an exception-
ally promising solution for high-frequency antenna designs,
boasting inherent advantages such as minimal loss, high-quality
factor, and seamless integration with planar circuits. SIW struc-
tures confine electromagnetic waves within a dielectric sub-
strate using rows of metallic vias, effectively emulating tradi-
tional waveguide behavior. This innovative approach not only
effectively reduces the physical dimensions of the antenna but
also substantially improves its overall performance, thereby
rendering SIW-based antennas exceptionally well suited for a
diverse range of advanced communication systems [1].

Metamaterials, on the other hand, have captured substan-
tial attention due to their exceptional electromagnetic proper-
ties, which exhibit characteristics not present in natural mate-
rials. By engineering the structure at a subwavelength scale,
metamaterials can exhibit negative permittivity, permeability,
or both, leading to novel electromagnetic phenomena such as
negative refraction and electromagnetic bandgaps. These prop-
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erties can be harnessed to improve antenna performance, such
as achieving miniaturization, enhancing bandwidth, and pro-
viding multi-band operation [2—4].

Detailed descriptions of miniaturized SIW slot antennas that
capitalize on negative order resonance for enhanced perfor-
mance are presented in [5] and [6]. Metamaterial loading in
SIW cavity backed slot antenna (CBSA) enables significant
miniaturization to be achieved. A novel design approach for
a compact SIW CBSA is outlined in [7]. This design has deliv-
ered a gain of 5.4 dBi, an impressive front-to-back ratio (FTBR)
of 16.1 dB, and an arrow bandwidth of 1.7% at a frequency of
10GHz. This paper demonstrates that the impedance band-
width is influenced by both the substrate thickness and slot
width. Furthermore, in [8], a method for enhancing the band-
width of low-profile CBSA is introduced. The utilization of
two hybrid modes has enabled the achievement of a wide band-
width, leading to an enhanced impedance bandwidth from 1.4%
to 6.3%. This was accompanied by a slight improvement in
gain.

In [9], the document provides a detailed account of the de-
sign and creation of a high-gain, wide bandwidth SIW fed patch
antenna array. This array is housed in a multilayer structure
that has been specifically engineered for optimal performance
within the 60 GHz band. This pioneering antenna design is
poised to be a key enabler for upcoming mm-wave wireless
communication networks. In the context of satellite commu-
nication applications, the presence of a dual-band antenna with
a narrow frequency ratio is crucial for accommodating the di-
verse frequency requirements and ensuring efficient commu-
nication across multiple frequency bands. Ref. [10] presents
an innovative dual-frequency aperture antenna array tailored
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FIGURE 1. SIW structure with two A slots.

for millimeter wave (MMW) bands, specifically the K- and
Ka-bands, to address the communication requirements of low
earth orbit (LEO) satellites. Ref. [11] provides a comprehen-
sive analysis of the design and demonstration of a compact
dual-band CBSA, offering detailed insights into its construc-
tion and performance. Additionally, [12] outlines the introduc-
tion of a dual-band circularly polarized SIW CBSA. A dual-
band SIW CBSA, enhanced with complementary split ring res-
onator (CSRR) metamaterial, is presented in [13]. This con-
figuration is specifically tailored for applications within the
WiMAX/WLAN bands. The antenna is meticulously crafted
with a precisely engineered rectangular cavity and strategically
positioned CSRR slots on the ground plane, enabling the emis-
sion of radiation in two distinct frequency bands. Extensive
efforts and substantial research have been dedicated to making
advancements in this specific field.

In the context of current work, a novel design has been
presented for a dual-band antenna, utilizing a SIW slot array
cavity-backed structure. This innovative approach aims to ad-
dress specific requirements for dual-band communication sys-
tems, delivering unparalleled advancements in return loss, ef-
ficiency, and radiation characteristics. Moreover, this design
offers plethora of advantages including light weight, compact
design, excellent performance, and enhanced directivity. Ad-
ditionally, the design incorporates metamaterial elements to
achieve enhanced gain at 27.42 GHz and 28.70 GHz resonance
frequencies, thus extending their applications to a diverse range
of millimeter wave systems.

2. PROPOSED ANTENNA DESIGN

2.1. SIW Antenna Design with 2 Slots

The intention is to design a cavity-backed SIW antenna for op-
eration in the Ka band, specifically at a frequency of 27 GHz.
The antenna’s size is carefully selected to ensure optimal per-
formance within this frequency range. The design of the pro-
posed antenna is illustrated in Fig. 1, in detail. It features an
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inset fed rectangular patch antenna, situated between two intri-
cately designed A-shaped slots within the ground plane. More-
over, the design incorporates a substrate integrated waveguide
(SIW) cavity, carefully crafted using a solitary line of metal
cylindrical vias encircling the rectangular patch and positioned
within the planar substrate. This arrangement effectively forms
three of the cavity’s side walls, showcasing a sophisticated
and innovative approach to antenna engineering. The metallic
vias play a crucial role for connecting the radiating patch and
ground plane. This interconnection is essential for the effec-
tive and coordinated functioning of the antenna system, ensur-
ing the smooth and efficient transmission and reception of sig-
nals [14]. The antenna is carefully made on a Rogers RT/Duroid
5880 substrate, which has a permittivity (e,) of 2.2, a thick-
ness (h) of 0.508 mm, and an exceptionally low loss tangent
(tan 9) of 0.0009. These specific substrate characteristics are
instrumental in ensuring minimal signal loss and optimal per-
formance of the antenna system. The substrate is enhanced
with a complex array of closely and uniformly spaced cylindri-
cal metallic vias. These meticulously engineered vias are pre-
cisely metalized from the inside, forming a seamless and low-
resistance link between the rectangular patch and ground plane,
thereby ensuring optimal performance and signal integrity. The
propagation of electromagnetic waves within the SIW cavity
closely mimics the behavior found within an engineered peri-
odic waveguide due to their similar characteristics and inter-
action with the surrounding materials. This behavior signifi-
cantly reduces leakage losses to levels that meet the required
standards. Positioning the vias in a manner that obstructs the
smooth flow of currents can result in the generation of a signif-
icant amount of electromagnetic radiation, potentially impact-
ing the overall performance of the system. Conversely, when
the vias are oriented in the path of the current, there will be min-
imal or no radiation emitted. The existence of spaces between
the vias prevents the TM modes from being sustained within the
SIW [15]. The proposed antenna has precise physical dimen-
sions of 22.4 x 10 mm?, with detailed specifications available
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TABLE 1. Antenna dimensions.

L 22.4mm
w 10 mm

d 0.55 mm
p 0.98 mm
Wy | 1.2mm
Ly 8 mm
Lsi | 29mm
Lo 3.5mm
W 0.9 mm
w1 1.8 mm
W2 I mm

in Table 1. The proposed antenna design process involved the
utilization of Ansys HFSS 2023 software.

The primary objective behind the use of metalized vias is
to form the SIW cavity to mitigate the impact of surface wave
diffraction at the substrate edges. Additionally, the metalized
vias are instrumental in confining the energy below the radiat-
ing patch, thereby enhancing the system’s comprehensive per-
formance. In this manner, the inclusion of the array of metal-
ized vias contributes to an improvement in the radiation perfor-
mance, leading to enhanced levels of gain and directivity. To
minimize leakage loss, it is important to use vias with a rela-
tively large diameter and position them as closely together as
possible. This strategic arrangement helps to effectively con-
tain energy and optimize the performance of the system. The
specific dimensions of the proposed antenna directly affect the
resonance frequency for the TEy; mode of the SIW cavity cre-
ated by the vias. This correlation is mathematically expressed
by the subsequent equation [16, 17]:

c

(TEy) = — 1

fe (TEq0) SN (D
d2

Wy = W — 0.95p ()

where c represents the velocity of light in vacuum, and ¢, stands
for the relative permittivity of the substrate. To effectively re-
duce the radiation loss between via holes, it is imperative to
meticulously determine the dimensions of these vias. By care-
fully selecting the diameter, spacing, and depth of the via holes,
it is possible to significantly minimize electromagnetic radia-
tion and enhance signal integrity in high-frequency circuits. In
the context of SIW design, the effective width of the structure,
denoted as Wz, plays a pivotal role. This width is determined
by the dimensions of the vias within the structure. Specifically,
the parameter ‘d’ corresponds to the vias diameter, while ‘p’ de-
notes the inter-via spacing. Additionally, in this context, ‘W’
represents the rectangular waveguide width. The objective is to
carefully select these dimensions to minimize radiation loss in
order to ensure that

p

— < 0.25

. &)
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where A and A, are the cut-off wavelength and guided wave-
length, respectively. First, the investigation of the structure’s
parameters is carried out by applying only two slots on the top
of the SIW cavity. The gap between the slots is taken to be
0.224 mm. The initial selection pertaining to the slots is made in
close proximity to the distance between the via walls, and they
are subsequently optimized to achieve the exact resonant fre-
quency. Subsequently, the optimization process entails adjust-
ing the slot widths to achieve the desired performance param-
eters. Furthermore, the simulated S-parameters display highly
favorable return loss characteristics at a specific resonant fre-
quency of 27.50 GHz, as clearly shown in Fig. 2. This indi-
cates the strong performance of the system at a precise fre-
quency point. Additionally, the design demonstrates an im-
pressive 10 dB return loss bandwidth spanning approximately
550 MHz. Further, Fig. 3 illustrates the surface current distri-
bution of the antenna design featuring two slots. Notably, the
resonant frequency yields a substantial gain of 5.72 dBi, as vi-
sually indicated in Fig. 4.

20 22 24 26 28 30 32
Freq|GHz)

FIGURE 2. S parameter graph for SIW structure with two A slots.

2.2. SIW Antenna Design with 4 Slots

The characteristics of the structure with four slots as radiating
elements depicted in Fig. 5(a) are analyzed in this section. The
inclusion of four slots enables enhanced control over the config-
uration of the operating frequency ranges of the cavity-backed
antenna. A comparison is made between the effectiveness of
cavity-backed antennas with two slots and those with four slots
to assess the enhanced behavior of the structure. The graph in
Fig. 5(b) illustrates the simulated return loss of the proposed
design. The evaluation of the proposed configuration indicates
that by incorporating slots, the structure exhibits resonance at
two distinct frequencies of 27.42 GHz and 28.70 GHz. Further-
more, it demonstrates an impedance bandwidth (—10dB) of
380 MHz and 300 MHz at the first and second resonance fre-
quencies, respectively. It is also noticed from the simulated
graph of reflection coefficient that increase in the number of
slots enhances the return loss value as compared to that of two
slots. The simulated gains of the antenna are depicted in Fig. 7
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and Fig. 8 at two resonant frequencies which are respectively
6.29 dBi and 4.64 dBi. 2-D and 3-D representations of radiation
pattern are also shown in Fig. 7 and Fig. 8, which show pencil
beam having maximum lobes known as 2D and 3D polar plots.
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FIGURE 3. Surface current plot of SIW structure with two A slots.
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FIGURE 4. Three-dimensional and two-dimensional gain representations of SIW structure with two slots.
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FIGURE 5. (a) SIW structure with four A slots. (b) Reflection Coefficient of SIW structure with four A slots.

The simulation results have provided a SIW antenna with negli-
gible back lobes and minimum side lobes, and highly directive
beam is formed with maximum radiation at both the resonant
frequencies. The achieved directive radiation pattern makes
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FIGURE 6. Surface current distribution of SIW structure with four A slots.
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FIGURE 7. Three-dimensional and two-dimensional gain representations of SIW structure with four A slots at 27.42 GHz.

GainTotal
Theta (teg)
i.84

120

484 GainTotal

"Phi (deg)

-180

—— GainTotal
Setup? : LastAdaptive
Freq="28 7GHz' Phi='Ocleg’
= GainTotal

Setup! : LastAdaptive
Freq="28.7GHz' Phi="90ceg'
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TABLE 2. Comparison of the performance between the designed and previously reported work.

Ref. RF (GHz) IBW (MHz) Gain (dBi) RL (dB) Size (mm?) | MTM RE WS
3.43dBi
[13] 2.5/5.4 100/130 and > 17/ > 25 30 x 30 CSRR NR WLAN
5.31dBi
4.8 dBi
[24] 9.5/13.85 173/200 and > 20/ > 15 24 x 20 No NR X band, Ky band
3.74 dBi
6.66 dBi
[25] 9.5/10.5 520/450 and > 10/ > 20 17 x 16 No NR X band,
6.44 dBi at
3.7dBi
[26] 4.9/5.93 400/200 and > 20/ > 20. 60 x 60 No NR U-NII-1 band
1.4dBi
> 15/ > 25 41.5/48.6 WLAN, WIMAX,
2.23/2.98/3.42 280/130/150 1.94/2.2/1.66 /> 15> 15 SRR /58.1/60.1 RFID. U
.1/60. er
7] | /4.82/5.71 /330/190 /3.87/3.65 35 x 34 : > VPP
/ >20/>10 CSRR | /84.4/78.7 X band, Lower
/11.61/12.51 /500/1000 /4.06/4.14
/>20 /82.1 Ky band
upper WLAN,
lower WIMAX,
3.3/5.0 140/560 2.72/3.81 > 15/ > 30 41.2,84.7, tended
super extende
[28] /5.8/6.6/ /440/540 /2.12/2.78 />30/>15 44 x 39 SRR 52.8,69.7 CE d. middl
-band, middle
9.9/15.9 /410/900 /3.68/4.10 / >35> 20 78.8,76.9 ’
X band, lower
Ky band
480,/640
2.42/4.34 /370/900 2.31/2.67 > 35/ > 15 68.24/62.43
/5.81/8.45 /2.98/2.49 2 1 SRR /79.84/78.91
[29] /2.38 GHz [>2/>15 1 o 09 ’ S, C, X, Ku, K
/11.02/13.98 /660/1.68 GH /3.84/2.29 / > 15> 10 CSRR | /81.02/61.12
16.12/18.87 ) z /3.61/4.23 > 20 > 30 /78.84/81.78
/1.65 GHz
Thi
- li 27.42/28.30 380/300 6.40/4.77 >17.5/ > 15 | 22.4 x 10 SRR 95.2/95.7 Ka-band
or

Ref—Reference, RF—Radio Frequency, IBW—Impedancel Bandwidth, IL—Insertion Loss, RL—Return Loss, NR—Not Reported,
NA—Not applicable, RE—Radiation Efficiency, WS—Wireless Standards.

w=1.Bmm

wz=1lmm

Wi =

FIGURE 9. Metamaterial Unit cell.
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this antenna well suited for focussed communication systems
operating specifically in mm-wave frequency bands [18]. The
surface current distribution, as depicted in Fig. 6, reveals a no-
table flow of current into the slots through the pair of connecting
strips.

2.3. SIW Antenna Design with SRR Metamaterial

Metamaterials are artificial electromagnetic materials with
novel effective medium properties that may not be available in
nature. These materials are created by arranging components
at the subwavelength scale, allowing them to manipulate
electromagnetic waves in unique ways. It is possible to
obtain negative values for permittivity and permeability by
using proper designs of metamaterials. The development
and implementation of metamaterial structures have signif-
icantly expanded the possibilities for designing innovative
circuits and enhancing the performance of individual compo-
nents. These advancements open up a prospective array of
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FIGURE 10. (a) Refractive index and impedance of MTM. (b) Imaginary Permittivity and permeability of MTM. (c¢) Real Permittivity and permeability

of MTM.

applications across various fields, including satellite communi-
cations [19-23]. In this section, an SRR metamaterial (MTM)
is meticulously designed and implemented on a 0.508 mm
thick base composed of Rogers RT/duroid 5880. This substrate
has a specific dielectric constant of 2.2 and a low loss tangent
of 0.0009. The detailed configuration is illustrated in Fig. 9.
To enhance the gain characteristics, a split ring loaded with
metamaterial is strategically introduced in close proximity to
the feed line. By employing periodic boundary conditions, the
effective parameters of the MTM are derived, as depicted in
the illustration. The MTM unit cell’s outer ring has a size of
1.8 mm, while the inner ring has a measurement of 1 mm.

The Smith method and MATLAB software are employed to
precisely calculate the effective values of dielectric constant,
magnetic permeability, and index of refraction for the metama-
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terial element, utilizing the simulated S-parameters. With re-
spect to frequency, Fig. 10(a) presents the variation of the unit
cell refractive index, while Figs. 10(b) and 10(c) illustrate the
imaginary and real parts of the effective dielectric constant and
magnetic permeability. Furthermore, due to the exceptionally
low effective permeability, the metamaterial exhibits a very low
effective normalized intrinsic impedance in the vicinity of that
frequency. The plot in Fig. 10(b) illustrates that the imaginary
components of the relative effective electric permittivity and
magnetic permeability are close to zero. This suggests that the
MTM structure exhibits minimal loss. In addition, the data pre-
sented in Fig. 10(c) reveal that for frequencies above 25 GHz,
the relative effective electric permittivity and magnetic per-
meability both exhibit negative values, thus providing strong
evidence supporting the metamaterial behavior of the consid-
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FIGURE 12. S parameter graph of SIW structure with four A slots and
single MTM.

ered MTM element. The low-impedance characteristics of this
MTM within the 25-30 GHz frequency range are leveraged in
the upcoming section to boost the gain of a SIW cavity-backed
antenna.

A single metamaterial unit cell in design has been added as
shown in Fig. 11(a) which depicts the surface current distribu-
tion as shown in Fig. 11(b). The figure depicting the .S1; (dB)
of the SIW cavity backed antenna with the integrated metama-
terial is displayed in Fig. 12. As can be observed from Fig. 13
and Fig. 14, it is evident that the antenna equipped with a single
MTM achieves a gain of 6.34 dBi at the resonant frequency of
27.42 GHz and a gain of 4.74 dBi at 28.70 GHz, respectively.
Upon the addition of two MTMs as shown in Fig. 15, the an-
tenna demonstrates gains of 6.40 dBi and 4.77 dBi at two res-
onant frequencies, as shown in Figs. 18 and 19, respectively.
Fig. 16 clearly presents the S parameter plot for the structure in-
corporating two metamaterial unit cells. Furthermore, the sur-
face current distributions are effectively shown in Fig. 17 at
frequencies of 27.42 GHz and 28.70 GHz, respectively. There-
fore, upon careful observation, it becomes apparent that there
is a slight boost in the gain with the addition of metamaterial
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at both resonant frequencies compared to the proposed design
without MTM.

A comprehensive parametric analysis is conducted to ana-
lyze the impact of various positions of the slot and MTM unit
cell on the overall system behavior. It is apparent from the sim-
ulated response that altering the position of the slot causes a
shift in the return loss value at both resonant frequencies as
shown in Fig. 20. As the position of the slot is varied from
0.2mm to 1.2 mm, a corresponding increase in the return loss
value is observed, indicating a potential decline in impedance
matching. Additionally, there is a slight shift in the lower res-
onating frequency. This behavior highlights the significance
of precise slot positioning in achieving the desired operational
characteristics of the system. However, despite changes in the
position of the slot, no shift in the upper resonating frequency
has been observed. In contrast, there is an increase in the return
loss value, which may indicate a deterioration in impedance
matching and a decrease in energy transmission efficiency in
this frequency range. Furthermore, as the position of the meta-
material (MTM) element is adjusted between —0.4 mm and
0.4 mm, it has been observed that there is no discernible shift
in either the lower or upper resonating frequency. However,
a slight increase in the return loss value of the designed an-
tenna is noted at both frequencies. This indicates a decrease
in impedance matching, suggesting that the adjustment of the
MTM element’s position affects the antenna’s efficiency in en-
ergy transmission, even though the resonating frequencies re-
main stable. This observation emphasizes the importance of po-
sitioning the MTM element to optimize antenna performance.

3. EXPERIMENTAL VALIDATION

The antenna under consideration is constructed using a printed
circuit board (PCB) prototyping machine. The illustration de-
picting the fabricated antenna, along with the testing setup
within an anechoic chamber, is presented in Fig. 21. The S1;
(dB) of the fabricated antenna is assessed utilizing the An-
ritsu Vector Network Analyzer, which provided valuable in-
sights into its performance. The experimental and simulated
S11 (dB) responses of the designed antenna are illustrated in
Fig. 22. Fig. 23 depicts the gain representation specifically over
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FIGURE 19. Three-dimensional and two-dimensional gain representations of SIW antenna structure with slot array and two metamaterials at
28.70 GHz.
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FIGURE 20. Parametric analysis on position of (a) A slot, (b) MTM unit cell.
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FIGURE 23. Gain representation. (a) 27.42 GHz. (b) 28.7 GHz.

the dual-band radiation at 27.42 GHz and 28.70 GHz. In Ta-
ble 2, a performance comparison between the designed dual fre-
quency antenna and relevant previously reported research stud-
ies is provided.

4. CONCLUSION

The innovative antenna design showcases a compact structure,
utilizing an SRR loaded SIW slot array cavity. This config-
uration enables the antenna to emit radiation across two dis-
tinct frequency bands, making it a versatile solution for wide
range of applications. By increasing the number of slots, it has
been observed that the antenna is capable of achieving dual

bands.

This phenomenon demonstrates the relationship be-

tween the slot configuration and the antenna’s dual band per-

[3] Krushna Kanth, V. and S. Raghavan, “EM design and analysis of
a substrate integrated waveguide based on a frequency-selective
surface for millimeter wave radar application,” Journal of Com-
putational Electronics, Vol. 18, 189-196, 2019.

Cai, Y., Y. Zhang, L. Yang, Y. Cao, and Z. Qian, “Design of
low-profile metamaterial-loaded substrate integrated waveguide
horn antenna and its array applications,” /[EEE Transactions on
Antennas and Propagation, Vol. 65, No. 7,3732-3737, Jul. 2017.
Dong, Y. and T. Itoh, “Miniaturized substrate integrated waveg-
uide slot antennas based on negative order resonance,” /EEE
Transactions on Antennas and Propagation, Vol. 58, No. 12,
3856-3864, Dec. 2010.

Saghati, A. P., A. P. Saghati, and K. Entesari, “An ultra-miniature
SIW cavity-backed slot antenna,” IEEE Antennas and Wireless
Propagation Letters, Vol. 16, 313-316, 2016.

Luo, G.Q.,Z. F. Hu, L. X. Dong, and L. L. Sun, “Planar slot an-
tenna backed by substrate integrated waveguide cavity,” I[EEE

formance. Furthermore, the investigation highlights the signif-
icance of integrating an SRR along with the rectangular SIW
cavity resonator to improve the antenna’s gain. Parametric
analysis has been used to thoroughly explain the effectiveness
of the proposed configuration. The antenna that is fabricated
possesses a compact design, and its radiation properties have

Antennas and Wireless Propagation Letters, Vol. 7, 236-239,
2008.

Luo, G. Q., Z. F. Hu, W.J. Li, X. H. Zhang, L. L. Sun, and J. F.
Zheng, “Bandwidth-enhanced low-profile cavity-backed slot an-
tenna by using hybrid SIW cavity modes,” IEEE Transactions

[8]

been meticulously scrutinized through testing and analysis to
provide detailed insights into its performance. The measured
radiation pattern exhibits distinctive unidirectional power lev-
els, specifically tailored to meet the requirements of 27.42 GHz
and 28.70 GHz satellite applications. This indicates a special-
ized and precise performance designed to cater to the charac-
teristics of these specific frequencies.
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