International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper

Cite this article: A. Althuwayb A, Chaturvedi D
(2023). A triple-band dual-fed frequency-
flexible SIW cavity-backed slot antenna.
International Journal of Microwave and Wireless
Technologies 15, 282-288. https://doi.org/
10.1017/S1759078722000241

Received: 14 March 2021

Revised: 1 February 2022

Accepted: 3 February 2022

First published online: 24 February 2022

Keywords:

Eight-mode substrate integrated waveguide
(EMSIW); isolation; quarter-mode substrate
integrated waveguide (QMSIW); triple-band
antenna

Author for correspondence:
Ayman A. Althuwayb,
E-mail: aaalthuwayb@ju.edu.sa

© The Author(s), 2022. Published by
Cambridge University Press in association with
the European Microwave Association

CAMBRIDGE

UNIVERSITY PRESS

g

@ CrossMark

A triple-band dual-fed frequency-flexible SIW
cavity-backed slot antenna

Ayman A. Althuwayb! (2 and Divya Chaturvedi?

'Department of Electrical Engineering, College of Engineering, Jouf University, Sakaka, Aljouf 72388, Saudi Arabia
and *Department of Electronics and Communication Engineering, SRM University-AP, Mangalagiri, Andhra Pradesh
522 240, India

Abstract

This article presents a novel dual-fed triple-frequency bands antenna using quarter-mode
(QM)/ Eight-mode (EM) substrate integrated waveguide (SIW) cavity resonators. A V-shaped
slot is etched into the patch to divide the half-mode cavity into one QM and two EM cavities.
One section of the EM cavity and QM cavity are excited with the help of individual micro-
strip feedlines. This configuration yields two distinct frequency bands at 4.85 GHz due to
TE;;o mode of the EMSIW cavity and 5.87 GHz due to TE;;, mode of the QMSIW cavity
confirming the self-diplexing property. Later, when both the EM cavity sections are joined
with the help of two metallic strips, an additional resonance appears at 7.34 GHz due to
the excitation of TE;,, mode. As compared to the conventional counterparts, the proposed
structure is compact and simple. The footprint of the top patch is 0.60 x 0.3%. To authenti-
cate the proposed idea, the design is experimentally verified, and the measured results show a
good covenant with the simulated results.

Introduction

In recent years, with the advancement of modern wireless communication, the demand for
compact, low-profile multi-band antennas with better radiation characteristics has been
increasing extensively. The cavity-backed antennas have fascinated researchers for a long dec-
ade with their high efficiency, gain, and unidirectional radiation characteristics. However, due
to the use of the backed cavity, the overall thickness of the antenna becomes significantly
higher which leads to a non-planar structure. In recent times, the substrate integrated wave-
guide (SIW) evolved as a promising technology to develop microwave passive components [1].
It has capability to offer waveguide like features such as high-quality factor and better power
handling capability in a planar laminate. The SIW cavity adds the advantage of a simple
printed circuit board (PCB) cost-efficient manufacturing process [2, 3].

As wireless technology has been becoming prominent, the need of multi-channels for the
transceivers is conspicuous [4]. The transceivers on the same board suffer from the problem of
poor isolation from the adjacent one [5]. The self-diplexing/triplexing antennas are in trends
since they avoid the need for filtering feeding network, hence due to this reason the complexity
of the overall system reduces significantly. The peculiar arrangement of the slots and the feed
maintain good isolation in a compact and low-profile structure. In literature, the self-
diplexing/triplexing SIW cavity-backed antennas are investigated to satisfy the requirement
where multiple slots are excited by individual feedlines with maintaining adequate intrinsic
isolation among the ports [5-20]. The individual excitation of slots avoids the need for
decoupling elements in the feeding network which makes the overall structure compact and
simple. In [6], a dual-polarized antenna is developed with enhanced isolation using a nested
cavity-type arrangement. The self-diplexing antennas are developed by using a half-mode SIW
resonator with an open-ended rectangular slot in [7-9]. The above-mentioned antenna pro-
vides average intrinsic isolation of 20 dB with dual frequency bands. However, in today’s scen-
ario with the demands of multi-channel communication, the need for transceivers more than
dual frequency bands is increasing every day. To enhance the number of channels, a self-
triplexing antenna is realized on a double-layered structure in [10], where better isolation is
maintained among the adjacent elements by using BPF. In [11], a self-triplexing antenna is
realized by exciting two bowtie slots using three feeds, provides average isolation of 22 dB
with a relatively larger size. The antenna developed in [12] offers a relatively compact structure
but a poor co-cross polarization ratio. In [13], two transverse slots and one annular rectangular
slot are involved. The antenna geometry provides better isolation characteristics and a co-cross
polarization ratio but relatively larger size. In order to achieve a compact structure, self-
triplexing property is realized on a half-mode SIW cavity in [14]. The antenna offers compact-
ness with poor isolation characteristics. The antenna developed in [15] offers better isolation
but relatively poorer bandwidth. The above antennas are viable in terms of frequency tuning
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Fig. 1. Schematic diagram of proposed design, Dimensions (W =25, L =36, L. =26,
W,=13.5, lc; =11, lc;= 10, 5o = 14.5, Weoe =4, g=0.85, d=1, s=2, Wy =2.4, wp,=4.8,)
(Units: mm).

with different types of radiating slots and their combinations.
However, the proposed antenna offers much simple and compact
structure than any other existing self-triplexing antenna.
Furthermore, many designs with good in-band performance
were presented in [16-21].

In this paper, a novel technique for additional frequency band
generation using metallic strips is projected. The proposed
antenna is compact in size, provides triple frequency-band com-
munication at 4.85, 5.87, and 7.3 GHz, respectively. Initially, a
self-diplexing antenna is realized by etching a non-resonant
V-shaped slot on the half-mode SIW cavity. Later, a self-
triplexing antenna is designed by joining two EM-cavity sections.
In self-diplexing configuration, the slot divides the half-mode cav-
ity into two eight mode cavity sections and one quarter-mode
(QM) cavity. The antenna yields dual-frequency bands, when
one EM cavity and a QM cavity is fed with an individual micro-
strip feed line. On the other side, when the metallic strips are
inserted to join the two EMSIW cavity sections, the antenna
yield one more resonance due to the excitation of TE;,; mode.
Therefore, the triple frequency bands are achieved by inserting
metallic strips in a V-shaped-slot dual-fed antenna configuration.
The proposed geometry has the viability to use dual or triple fre-
quency bands as per requirement. The organization of the paper
is summarized as follows. First, a dual-frequency antenna is
designed and investigated thoroughly. Second, a triple frequency
band antenna is designed and optimized. In the next section,
the experimental results of the fabricated prototype have been dis-
cussed and compared with the simulated results. The comparison
of the proposed antenna with the other prevailing antennas is illu-
strated in the last section.

Design and principle of operation

The proposed HMSIW cavity-backed slot antenna configuration
is exhibited in Fig. 1. The design evolution topology from the full-
mode cavity to the miniaturized proposed antenna has been
demonstrated in Fig. 2. All the simulations to arrive at an opti-
mized geometry are carried out wusing CST 2018
Electromagnetic Simulator. Initially, the dimensions of the full
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mode square SIW cavity is evaluated from (1) illustrated below
[19].

2 2
FM) —
HOGEM) 2 JEref \ \Wegrem Lefren)
for QMSIW cavity
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for EMSIW cavity
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Wegand Ly are the effective width and length and of the cavity
where W= W, — (d%/0.955), Leyr= L. — (d°/0.95s),

o = (5)+ (5) s

where €,.4is the effective dielectric constant, €, is the dielectric con-
stant of the material, wyis the trace thickness, d is the diameter and s
is the spacing between vias, W,, L, are the physical width and length
of the cavity. The sidewalls of the square SIW cavity are formed by
embedding the shorting vias to connect the top and bottom metallic
claddings. The cavity is fed with two 50 Q microstrip feed lines into
two orthogonal planes, shown in Fig. 2(a). The TE;;, mode of the
FMSIW cavity resonates at 5.3 GHz. Due to the symmetrical nature
of the dominant mode, a half-mode cavity is realized by bisecting it
along one of the magnetic walls, shown in Fig. 2(b).

The half-TE,;, mode shifts toward the lower frequency side and
resonates at 5 GHz. This downward shift is obtained due to an
increment in the fringing field from the open side of the cavity.
To achieve a self-diplexing antenna property, a non-resonant
V-shaped slot of one side length (Ig,) 0.654, is etched on the
top wall of the HMSIW cavity. The slot divides the HMSIW cavity
into two EMSIWs and one QMSIW cavity. This arrangement of
hybrid cavity resonators yields two distinct resonances at 4.85
and 5.87 GHz, respectively when one EMSIW and QMSIW fed
with separate microstrip feedlines. Both the cavities predominantly
radiate through the V-shaped slot due to the modified TE,;, modes
of their respective cavities. The dimensions of the QM/EM cavities
can be evaluated from (2) & (3) [4]. The leakage of power from one
port to another port is minimal due to the orthogonal polarization
of the field from both cavities. The isolation is maintained up to 32
dB that is better than almost any of the existing antennas in the lit-
erature [6-14]. The return loss can be improved easily by altering
the feed-line dimensions i.e. [, wy; and wp.

Results and discussions

The proposed triple-frequency band antenna is formed by joining
the two EMSIW cavity sections with the help of two metallic
strips. The proposed antenna produces three distinct resonances
at 4.85GHz, 7.3GHz due to Cavl’ and at 5.85GHz due to
Cav2. The overall footprint of the proposed antenna is 0.574; x
0.81, mm’ The design steps and parametric analysis are
explained in a more detailed way in the preceding sections.
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Fig. 2. Construction of proposed triple-band antenna:
(a) FMSIW cavity (b) HMSIW cavity (c) combination of
hybrid cavity resonators (2EMSIW +QMSIW) (d) pro-
posed antenna geometry (e) perspective view of the

proposed antenna.

Self-Diplexing antenna

Without metallic strips, the CavI is an original EMSIW cavity. To
achieve a compact size self-diplexing antenna, TE;;, mode is
selected as an operating mode for both cavities. EMSIW cavity
is fed with half of the width of the 50Q characteristic impedance
line to match with the cavity input impedance. Thus, the feed
width is optimized to cancel the imaginary impedance and to
achieve better impedance matching. Port decoupling is accom-
plished better than 30 dB due to orthogonal polarization of the
fields as well as the large width (wg,)of the slot. The electric
field distributions in both the cavities are displayed in Fig. 3.
When Portl is ON, the field primarily radiates through the slot
and some portion from the open sidewall. On the other hand,
when Port2 is ON, the total field radiates through the slot with
maintaining a good decoupling with the other port. The distinct
resonances appear at 4.85 and 5.87 GHz due to unequal perturb-
ation of the fields by the slot, shown in Fig. 4. The length of the
slot plays a key role in improving the isolation as well as tuning
both the resonant frequencies. As the length of the slot increases,
both the frequency bands shift downward due to an increment in
the length of the cavities.

Also, the isolation between ports is getting improved substan-
tially due to a decrease in the aperture that enhances the coupling
between the corner sides of the cavities, the same can be observed
from Fig. 5. Besides the slot length, both the resonances further
can be tuned in the desired frequency range by varying the cavity
lengths. It can be observed from Fig. 6(a), when the length of the
cavity I; increases in the range of 11-12.5mm, the resonant
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Fig. 3. Electric field vector at top metallic plane: (a) TE;;o0 mode at 4.85 GHz (Port1:
ON) (b) TE;;0 mode at 5.87 GHz (Port2: ON).

frequency correspondingly decreases from 5.3 to 4.8 GHz.
Similar behavior can be observed in Fig. 6(b), as the I., increases
in the range of 9.5-11 mm, the corresponding resonant frequency
decreases 6.25-5.8 GHz. Hence, it can be concluded that both
resonances have great flexibility of tuning along with maintaining
a better decoupling between the ports.

Proposed geometry: self-diplexing antenna with metallic strips

The triple-band antenna is realized by inserting two metallic
strips that join the EMSIW cavities to form Cavl’. Thus, three res-
onating sections are combined to arrive at a miniaturized
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Fig. 4. Simulated S-parameters of the self-diplexing antenna.
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Fig. 5. Simulated S-parameters vs frequency with different lengths of the slot.

antenna. With the effect of insertion of the strips, the boundary
conditions for the existence of TE;,, mode get satisfied and the
corresponding resonance appears at 7.34 GHz. However, the
TE;10 mode of the original EMSIW cavity (Cavl) does not get
disturbed from its position because the EMSIW cavities consist
of symmetrical field distribution. The S-parameters after introdu-
cing the strips in the self-diplexing antenna have been exhibited in
Fig. 7. From the S,; plot, it can be observed that the port decoup-
ling does not get disturbed with the inclusion of the strips. The
vector electric field distribution for each resonance frequency is
displayed in Fig. 8. The first resonance with PortI excitation dis-
plays the field distribution in the same phase in both EMSIW cav-
ities, confirms TE; ;o mode existence. Also, another resonance due
to Portl excitation shows equal and opposite phase in the com-
bination of EMSIW cavities confirms the TE;,, mode. The reson-
ance with Port2 excitation confirms TE;;o in the QMSIW cavity.
It can be observed from the simulated reflection coefficient plot
that after introducing the strips, the bandwidth of first resonance
(i.e. Cavl’) is getting decreased than the TE;;;, mode of the Cavl
[16, 17]. Without the strips, the whole energy is confined in one
TE; ;0 mode. However, after inserting the strips the same energy is
distributed between two modes i.e. TE;;;, and TE;,,. Thus, both
the modes become mutually dependent on each other. An add-
itional strip is introduced with the main strip for better imped-
ance matching at both the resonances, which can be observed
in Fig. 9. As the gap between the two strips increases, the first res-
onance shifts downward while the third resonance shifts upward.
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Fig. 6. Simulated S-parameters with different cavity lengths (a) S1; vs frequency for
various lc; and (b) S, vs frequency for various [,
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Fig. 7. Simulated S-parameters of the self-diplexing antenna without strips.

Poovoocoos [p000e00000
e Q Q
Q ]
9| %A o
Q 2
a 0
T | 3|
=1 . 9
o - O
0 Q
i 8 8
g 9
’ OOOOGOOQ| [00Q0ﬂ00ﬂ|

Portl:ON

Portl:ON
(a) (b) (c)

Port2:ON

Fig. 8. Electric field vector at dielectric surface: (a) TE;;o mode at 4.85 GHz (Port1: ON)
(b) TE120 mode at 7.3 GHz (Portl: ON) TE;;, mode at 5.85 GHz (Port2: ON).

For the first resonance, the TE;;, mode is maximally concentrated
at the center of the strips. While the third resonance belongs to
TE 5 mode consists of a minimum field at the center of strips.

Thus, when the gap g increasing, the effective width of the
radiating strips also increasing, which leads to a decrease in the
resonant frequency for the first mode. For the TE;,, mode, the
impedance matching is getting improved, and frequency shifts
upward because of a decrease in the series capacitance [17].
Also, the intrinsic isolation between the ports improves with g
parameter. From the parametric variation, it can be observed
that the antenna design is flexible in terms of tuning frequencies
(i.e. f1, fo f3) with respect to parameters (I, Il ;, I, and g). The
optimized dimensions after parametric variations are displayed
in the caption of Fig. 1.
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Fig. 10. Fabricated prototype of the proposed antenna geometry.

Design Guidelines:

« A square SIW cavity of size 0.574; x 0.84; mm” is designed

using (1)
o To obtain the miniaturization, a half~-mode SIW cavity is rea- —  Sim.copol. ($=0) = Sim.copol.(¢=90°)

. . . _ . _ == Sim. crosspol. (¢ =0") = Sim. crosspol. (¢ =90")
hzefi by bisecting the full-mode cavity along one of the mag s bl Gl = h - Mess Copol. (b =90°)
netic walls. = Meas. Crosspol. (¢ =0") = Meas. Crosspol. (§ = 90%)

o A non-resonant V-shaped slot is etched on the top-plane of - @ ) ®) '
a

HMSIW cavity to accomplish two EM and QM SIW cavity
sections.

o The dimensions of the EMSIW and QMSIW cavities are deter-
mined from (2) & (3).

o A self-diplexing property is accomplished by individually excit-
ing one EMSIW and QMSIW cavity sections.

o Two strips are inserted to yield one additional resonance due to
the TE,,o mode of the Cavl'.

 The resonances can be tuned in a range of frequencies by vary-
ing the Lop lgs 1o

Experimental validation (c)

A prototype of the proposed geometry is fabricated using a Rogers
5880 substrate laminate of thickness 1.57 mm and loss-tangent
0.0009.

The proposed triple-band antenna is experimentally verified in
terms of S-parameters, gain, and 2D-radiation patterns. The mea-
surements are performed using MS46122B Vector Network
Analyzer. The fabricated prototype of the proposed antenna con-
figuration is depicted in Fig. 10. When Portlis excited, the
antenna produces simulated frequency resonances at 4.85 and
7.35 GHz. On the other hand, when Port2 is excited, the antenna
shows resonance at 5.85 GHz.

The antenna shows the measured results at 4.75 and 7.27 GHz g, 12. simulated and measured radiation patterns for E-plane (=0°) and H-plane
when Portl is fed and Port2 is terminated with the matched load.  ($=90°) (a), (b) at 4.75GHz (c), (d) at 5.9 GHz, and (e), (f) at 7.27 GHz.

300

240 4,

1800

(e) ()
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Param. fr (GHz) Gain (dBi) FTBR (dB) Isolation (dB)/No. of ports Size in (Electrical length)

[10] 0.85 0.85 N.A. >19 /3 0.531;%0.36 1;
1.65 4
2.45 4.23

[11] 7.89 72 >17.3 22.5/3 13 4;x13 4,
9.44 7.2
9.87 7.2

[12] 6.5 3.68 >13 18/3 1.01;x1.0 A,
7.6 4.76
9 4.5

[13] 4.2 6.56 >19 23/3 1.24;%0.9 1,
5.2 4.2
5.8 5.85

[14] 495 45 >14 20.5/3 0.3 1;%0.63 1,
53 4.9
5.9 6.1

[15] 4.14 426 >15 284 /3 0.451; X 0.45 4,
6.1 4.41
8.32 6.27

[20] 5.57 4.10 >13 >21.3 0.671; x 0.651;
7.17 3.95
7.65 3.54

[21] 5.54 448 N.A. >24.1 0.861; x 0.861,
6.61 3.70
6.67 4.3

This work 4.85 33 >14 32/2 0.31;x0.6 1;
5.85 5.6
7.3 5.9

*21 is the guiding wavelength at first resonance frequency, N.A.* (not available).

Similarly, it produces resonance at 5.9 GHz when Port2 is fed and
Portl is terminated with the matched load, shown in Fig. 11. The
antenna produces the simulated values of gain 3.5, 5.5, and 6.2
dBi and measured values of gain 3.3, 5.6, and 5.9 dBi at 4.75,
5.9, and 7.27 GHz, respectively. There is a minor discrepancy is
observed in the simulated and measured values of gains due to
the insertion loss of the connectors and cables. The normalized
radiation characteristic of the antenna is measured at two prin-
ciple cut planes at (¢ =0°) and (¢ =90°) and plotted in Fig. 12
at each resonant frequency. The overall front-to-back ratio is bet-
ter than 15 dB for E-plane (¢ =0°) and around 10 dB for H-plane
(¢p=90°). The cross-polar levels are at least 20 dB lower than the
co-polar level at each resonant frequency, specifically in the bore-
sight direction. To show the best part of the design, the perform-
ance of the proposed triple-band dual-fed antenna is compared
with other reported works [10-15, 20, 21] in Table 1. It can be
observed that the proposed solution is more compact with mod-
erate values of gain and a uniform radiation pattern. The pro-
posed antenna is viable to use for dual/triple frequency band
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operations depending upon the usage of metallic strips.
Moreover, the proposed antenna can be scaled in the desired fre-
quency band by varying the dimensions of the cavities and slot.

Conclusion

This article presents a compact, low profile SIW cavity-backed slot
antenna for dual/triple band operations depending on the usage
of metallic strips. The antenna is novel in the operation as with
the incorporation of metallic strips, an additional resonance starts
appearing at 7.35 GHz without disturbing the resonances of the
original EM and QM cavities of the self-diplexing antenna. The
antenna structure radiates through a V-shaped slot with better
intrinsic isolation between the ports than any other existing self-
triplexing antenna developed in recent times. The experimental
results validate a good matching with simulation counterparts.
Moreover, the proposed design offers the advantages of the low-
profile slot antenna and the planar cavity to attain moderate
gain, unidirectional radiation performance in a highly compact
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size. The presented geometry shows better isolation and more
compacted size than any other work available in the literature.
In future work, a diode can be used as a switch in the place of
metallic strips to enhance flexibility in the electrically tuning of
the circuit.
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