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Substrate Integrated Waveguide - Dielectric
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Abstract— A substrate integrated waveguide (SIW) fed
rectangular-shaped dielectric resonator antenna (DRA) is
proposed for application in the D - Band frequency regime. The
Dielectric Resonator (DR) is designed to operate in higher order
modes. A rectangular-shaped narrow slot is used to excite the
DR element, leading to multiple resonances. The resulting
structure is a multi-resonant antenna operating at six frequencies
at 123.64 GHz, 125.76 GHz, 127.4 GHz, 129.9 GHz, 134.9 GHz
and 137.7 GHz frequencies. These are identified as TE1051, TE7ss,
TEs31, TEs25, TEs31 and TEs35 modes of operation of the resonator,
respectively. These resonances are merged to achieve a -10 dB
impedance bandwidth ranging between 122.58 GHz and 139.51
GHz, equivalent to 13.4% at a center frequency of 125.76 GHz.
Moreover, the antenna possesses a stable radiation pattern in the
broadband direction, across the entire frequency band of
operation. Simulation results show that the antenna has a peak
gain of 12.3 dBi, maximum directivity of 13.14 dBi and maximum
efficiency of 84% at a frequency of 126 GHz. Simulated results
show that the proposed design has potential and suitability for
utilization in future wireless communications.

Index Terms— Dielectric Resonator Antenna (DRA),
millimeter (mm) waves, Substrate Integrated Waveguide (SIW),
Terahertz (THz)
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I. INTRODUCTION

N the recent past, there has been increased global focus

towards the creation of a sustainable society. Advances in
science and technology have seen an increase in computing
power, speed and storage capacity of electronic systems.
These have in turn led to the innovation of services and
technologies such as internet of things (IoT), artificial
intelligence (Al), cloud computing, big data, machine-to-
machine (M2M) communication, etc. In anticipation towards
the creation of a “super-smart society”, an initiative dubbed
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Society 5.0 was proposed in 2016 by the Japanese government
[1]. This concept finds leverage in these enabling
technologies, which have greatly integrated the physical space
and cyberspace.

Wireless communication forms an integral part of this
paradigm towards the creation of a human-centered society.
The 5G wireless network connectivity laid the foundation for
the initial deployment of these applications. The large amount
of data traffic associated with the 5G networks is projected to
increase at a very rapid pace. This explosive growth in the
number of end-user devices and sensors that support IoT
applications is anticipated to expose the inherent limitations in
the 5G networks [2]. Consequently, this has dictated stringent
requirements in the capabilities of future generation mobile
networks such as high data rates, high reliability, ultra-low
latency and wide bandwidths. This is expected to explore
more spectrum in the high frequency bands.

The terahertz (THz) frequency spectrum is a high frequency
band defined at 0.1-10 THz. This spectrum is projected to
offer speeds up to terabits per second (Tbps), capable of
meeting this capacity demand as well as provide low latency
communications [3]. There has been increased research in the
area of terahertz communications systems and technologies in
the recent past. Antennas form an integral part of
communication systems because they provide an interface to
couple electromagnetic energy to free space. Therefore, a
good antenna design is critical for overall system performance.
This article focuses on the design of a high performance
antenna to meet the requirements of future wireless
communication systems.

At high frequencies, the conventional microstrip patch
antennas (MPAs) suffer from low gain, poor radiation
efficiency and narrow bandwidth [4], [5]. Dielectric resonator
antennas (DRAs) offer a suitable structure with attractive
attributes such as small size, low profile and high radiation
efficiency [6], [7]. These make them suitable as antenna
elements for millimeter waves and terahertz systems. Besides,
the DRA exhibits different radiation characteristics depending
on the different modes of operation of the resonator [6].
Owing to their larger effective aperture, DRAs exhibit a wider
impedance bandwidth as compared to conventional MPAs [8].
To enhance the DRA bandwidth, a number of innovative
techniques have been reported. These include the use of low
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dielectric constant materials, stacking of different DR
elements, modification of the resonator geometrical shape,
modification of the feeding structures, operating the DRA in a
higher order mode among others.

Wide impedance bandwidths can be achieved by operating
the DRs in higher order modes. The mode distribution of a
rectangular DRA (RDRA) is affected by its aspect ratio
(height/length and width/length). The aspect ratios for a
rectangular DR can be independently chosen to provide better
bandwidth control [9], [10]. The wuse of structural
discontinuities by drilling of holes and the use of wells and
moats in the DR have been analyzed in [4], [8]. These have
the effect of reducing the Q-factor of the DR to achieve an
increase in the bandwidth. The use of modified DR geometries
has been applied in [5], where the authors have used a fractal
structure in the DR element to achieve a bandwidth of 19.5%.
The effect of this fractal geometry is to introduce air gaps in
the element. This causes a reduction in the effective
permittivity, thus broadening the bandwidth. Modification of
the feeding structure to enhance the bandwidth has also been
reported. In [11], the shape of the feeding slot has been
modified to form a cross shape to enhance the bandwidth from
5% to 8.8%. Other feeding structures reported in literature
include the on-chip half mode SIW (HMSIW) [12] and the
SIW cavity-backed antennas [13]. Combination of two or
more techniques has also been proposed. Besides using a
cross-slot feed structure, Yang ef al [13] have also designed a
multilayered substrate antenna, with a modified cylindrical
DRA element to achieve an impedance bandwidth of 34.6%.
SIW-fed DRAs have been applied to design antennas in [14]
and [15] where the designers have achieved single and dual-
band operations respectively. Some of the bandwidth
enhancement techniques may lead to complexity both in the
fabrication process and in the overall antenna structure.
Consequently, the desirable attributes of amenability to planar
structures and miniaturization may not be achieved.

To couple the DR to the electromagnetic energy source,
conventional feeding methods such as coaxial probes,
microstrip lines, slot lines or coplanar feeds have been
employed. However, these methods suffer high radiation
losses [11] and thus are not suitable for application at the mm-
wave and THz frequencies. Substrate integrated waveguides
(SIWs) offer a convenient way of integration of the antenna
into planar structures. It offers the advantage that the fields are
confined within the guiding SIW structure, thus minimizing
radiation losses in the feeding structure.

In this work, we present a SIW-fed DRA operating in the D
— band frequency spectrum. The use of higher order cavity
resonance has been reported in [16] to enhance the gain of
SIW cavity-backed antennas. We extend the use of a higher
order cavity to design the SIW feeding structure. The DR
element is designed to operate in higher order modes. The
antenna is thus designed to achieve a higher bandwidth by
merging the multimode resonances of the resonator.

This paper is organized as follows. Section II discusses the
details of the antenna design. Section III presents the
simulation results and the description of the performance of

the antenna. Finally, Section IV gives the conclusion of this
work.

II. ANTENNA DESIGN

The proposed design of the antenna involves the designs of
both the feed structure and the radiating element. The details
of the designs are presented in this section:

A. SIW Design

Fig. 1 shows the geometry of a DR element fed from a SIW
through an aperture slot. The SIW feed is designed from RT
Duroid 5880 substrate material of dielectric constant €, = 2.2,
a loss tangent of § = 0.0009 and a substrate height of h =
0.254. The thin substrate is chosen to ensure low loss and
wider bandwidth of operation [17]. The SIW guides the
electromagnetic waves by confining it between the two rows
of metalized via posts. Due to lack of longitudinal surface
currents as a result of the gaps formed by the vias, the
structure supports TE,,, modes (m integer).
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Fig 1. The geometry of the proposed SIW-fed DRA showing (a) the top view
(b) the ground plane and (c) the DRA element

The via to via width of the SIW is initially determined by
mapping the dimensions of a D — band rectangular WR-6
metallic waveguide to achieve the same cut-off frequency f at
the lowest TE;, mode. The cut-off frequency for propagating
modes in a rectangular waveguide of sides a and b (a > b)
filled with a material of permittivity €, is given by [18]:

fomn = 5= (2) + () n
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Where:

m, n are mode indices and ¢ the speed of light.

The effective width of a SIW (W;,,) of via diameter d and
pitch s is using the empirical equations given in [19] as:

d?

2
a =Wy, —1.08%=+0.1 ©)

siw

This effective width ensures the waveguide operates in the
fundamental TE;, mode in this frequency range. To enable
the cavity operate in a higher order mode, this width of the
SIW is scaled by an integer factor. Further, to ensure
confinement of the TE fields and minimize the radiation along
the walls, as well as minimize bandgap effects, d and s are
selected according to the following rules: s < 2d and d <
Ag/5, where A, is the guided wavelength [20]. The value of s
and d is chosen large enough. One end of the SIW is
terminated in a short circuit by use of via while the opposite
end is connected to the feed-line.

A linearly tapered microstrip transition of length Ly and
width Wy is used to match the resonator structure to the 50Q
feeding line. The dimensions of this taper are optimized over
the operating frequency to achieve broadband matching.

A rectangular-shaped slot of sides Lg;,; and Wy, is etched
from the top conductor of the SIW cavity. This aperture forms
a central feeding slot for the DR element. The position from
the short-circuited end of the resonator to the center of the slot
is initially determined from P; = nA,/4, (n odd). This point
corresponds to maximum standing wave field intensity and
thus the slot achieves good energy coupling.

A Defected ground structure (DGS) of length Lg4s and width
Wags is etched out from the ground plane of the SIW cavity at
a position Py45. DGSs have the effect of altering the shield
current distribution. Due to these defect(s), the transmission
line characteristics (capacitance and inductance) of the
structure are altered [21]. DGS have been used in conventional
MPAs to enhance gain, suppress cross-polarization to improve
polarization purity and broaden the bandwidth, through
improved impedance matching. In the proposed design, we
apply the use of DGS technique on a SIW cavity to increase
the bandwidth of the antenna.

To improve further the impedance matching in this
frequency band, two vias are offset with respect to the row of
vias by a distance x.

B. DRA Design

The DR element is chosen from 99.5% Alumina dielectric
material with a dielectric constant of €,,; = 9.8. A rectangular-
shaped DR is preferred because of the higher degree of choice
of the aspect ratio desirable for bandwidth control and to
achieve desirable radiation characteristics. The physical
dimensions of this element L;.q, Wyrq and Hy,.q are selected
to ensure higher mode operation of the DR. The resonant
frequency of the DR element is determined by solving the
transcendental equation of the dielectric waveguide model
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(DWM) given by [22]:
kxLdra
ke tan (2524) = \[(erq = Dk — 2 ®
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This element is placed atop the resonator structure to form
the desired SIW-fed DRA. The elements of the antenna are
simulated and optimized to achieve better performance.

1. SIMULATION RESULTS AND PERFORMANCE
ANALYSIS

To simulate the proposed SIW-DRA, the structure was
modeled in CST Microwave Studio. The different antenna
parameters were selected according to section I above. These
parameters were optimized for better antenna performance.
Table I presents the optimized dimensions of the proposed
antenna. The size of the SIW-DRA is 10.18%5.08 mm?.

TABLEI
OPTIMIZED ANTENNA PARAMETERS
Parameter Value Description
d Via diameter 0.29
h Substrate height 0.254
Hyrq Resonator height 1.29
Lags DGS length 0.4
Lara Resonator length 1.39
Ly Feed length 0.3
Ly Substrate length 10.18
Lsiot Slot length 1.8
L¢ Taper length 1.045
P, Slot position 2.48
Pags DGS position 0.94
s Via pitch 0.56
Waes  DGS width 0.42
Wira Resonator width 3.89
Wy Feed width 0.67
74 Substrate width 5.08
Wi Effective SIW with 4.5
Wiio Slot width 0.35
174 Taper width 0.85
x Via offset position 0.1

All dimensions in millimeters

The slot is centrally placed with respect to the DR element
to couple maximum energy from the cavity to excite higher
order resonance in the DR element. Fig. 2 shows the simulated
S11 performance of the SIW-DRA. The proposed design
exhibits a multi-mode behavior operating in six distinct but
closely lying resonant frequencies at 123.64 GHz, 125.76
GHz, 127.4 GHz, 129.9 GHz, 134.9 GHz and 137.7 GHz. An
isolated DR element was simulated using the eigenmode
solver of the CST to determine the modes that are excited in
the DR. The modes of a rectangular resonator can be
determined by observing the number of half-wave variations
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of the E and H fields along the three orthogonal directions. To
determine the modes excited in the DR, we briefly illustrate
the analysis of the modes. For a rectangular-shaped DR shown
in Fig. 1, only TE modes can be excited [23]. The modes
supported are designated TE, ., , TEg npp 0F TEZ ), Where
the superscript indicates the direction of the orientation of the
magnetic dipole and m, n, p are the mode indices, representing
the number of half-wave field variations in the three
directions. For geometries of the DR shorter than half
wavelength, the mode indices may be written as m + 6 or n +
6 (m,n=0,1,2..) where 0 < § < 1. When the DR element
is placed on top of a ground plane, the even modes in the z —
direction are extinguished [22]. In addition, the numerical
value of § is seldom needed, therefore, these modes may
simply be denoted as TEs,,, and TEp, s, (p = odd) for x —
and y — directed short dipoles.

0 T T T
Reflection coefficient

-20 .

-30 1

S11 (dB)

-40 :

60 . . .
120 125 130 135

Frequency (GHz)
Fig 2. Simulated reflection coefficient of the SIW - DRA

140

Eigenmode simulation of an isolated DR element is used to
determine the resonant modes of the DR. These modes are
matched to the resonating frequencies to determine the
excited modes. Fig. 3 shows the simulated H-fields showing
the different modes excited in the DR element. The half-
wave variations of the H fields in the x —, y — and z —
directions indicate the excited modes at different resonant
frequencies. The H-fields show that at these frequencies, the
excited modes of the resonator are identified as TEos1, TE7ss,
TEs31, TEs2s, TEs31 and TEsss, respectively. However, there
is some slight frequency shifts between the resonant
frequencies of the proposed design and those of the resonant
modes of the DR element simulated using the eigenmode
solver. Whereas the DWM model assumes an infinite ground
plane for an isolated DR element, the effects of finite ground
plane and that of the slot loading may cause the slight
frequency shifts [24]. Simulated results show that the
proposed antenna achieves a -10 dB bandwidth ranging from
122.58 GHz to 139.51 GHz, representing 13.4% at the center
frequency of 125.76 GHz. This wideband operation is
attributed to the merging together of the higher order
resonances as a result of the judicious selection of the DR
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aspect ratios and improved impedance matching between the
feed line and the SIW-DRA. To achieve the improved
impedance matching, two techniques have been employed, viz
use of a DGS on the ground plane conductor and offsetting of
the vias at the resonator — taper interface.

(a) TE1g51 (f = 123.64 GHz)

(b) TExs (f= 125.76 GHz)

y

(¢) TEss (f=127.4GHz)  (d) TEss (f= 129.9 GHz)

(e) TEgs; (F=134.9 GHz) () TEgss (f=137.7 GHz)

Fig 3. H-field distributions of the rectangular DRA element showing different
modes excited at different resonant frequencies

TABLE II

FARFIELD CHARACTERISTICS OF THE ANTENNA AT DIFFERENT

RESONANT FREQUENCIES

fo MLD 3dB Main Lobe Magnitude (dBi)
BMW
ABS ABS ABS Co-pol X-pol

(GHz)  Deg Deg E E H E H
123.64 36° 30° 6.54 6.37 9.22 -5 -92
125.76 0° 25.8° 10.3 10.3 11.9 -2.69 -88.3
127.4 0° 46.5° 7.18 7.18 11.8 -2.58 -97.3
129.9 39° 121.4° 3.88 3.71 8.76 0.28 -90.6
134.9 61° 34.4° 448 3.68 6.28 -0.0736 914
137.7 0° 31.5° 11 11 11.2 -5.19 -96.8

MLD — Main lobe direction, BMW — Beamwidth, ABS — Absolute, E — E-
plane, H — H-plane, Co-pol — Co-polarization, Xpol-cross-polarization

The far-field radiation patterns of higher mode antenna can
be predicted using short magnetic dipoles and has been shown
to be broadband in nature [22]. The radiation patterns of the
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individual resonant frequencies associated with each resonant
mode is thus investigated. Each mode excited in the DR is
defined by a unique field pattern. Therefore, each mode
exhibits different radiation characteristics. Fig. 4 shows the
simulated radiation characteristics at 123.64 GHz, 125.76
GHz, 127.4 GHz, 129.9 GHz, 1349 GHz and 137.7 GHz
resonant frequencies. It is observed that the radiation patterns
are generally broadband with deviations in the direction of
their main lobe maxima. For the E-plane (¢p = 0°), these
angles are given as 36°, 0°, 09, 399, 61° and 0° in the order
of increasing resonant frequencies respectively. This
difference in the direction of antenna main lobe magnitudes is
attributed to the multi-mode nature of the antenna operation.
Table 1II lists the far-field characteristics of the antenna at
different resonant frequencies. It can be observed that the
contribution of the “off-boresight” resonances to the overall
antenna performance has been suppressed, as the resonance at
these frequencies is not deep. This is explained from the
reduced gains of 6.54 dBi at 123.64 GHz, 3.88 dBi at 129.9
GHz and 4.48 dBi at 134.9 GHz (as compared to 10.3 dBi at
125.76 dBi, 7.18 dBi at 127.4 GHz and 11.0 dBi at 137.7
GHz). Because of these similar broadband radiation
characteristics, and the suppression of the otherwise
degenerate modes, the resulting broadband response and the
antenna performance is not significantly distorted but remains
stable in the frequency band of operation.

The levels of co-polarized and cross-polarized components
of the radiated fields are important in determining the
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(b) H - plane(f=123.64GHz)
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polarization loss of the antenna. In particular, increase in
cross-polarization fields leads to the degradation in radiation
performance of the antenna. The use of higher order modes to
achieve higher bandwidth has been attributed to increase in
cross-polarized radiation in patch antennas [25] and dielectric
resonators [26]. The radiation performance of the proposed
design is further investigated through the observation of these
fields. The levels of the co-polarized and cross-polarized fields
for E- and H-planes are shown in Fig. 4 for the different
resonant frequencies.

From the plot, the main lobe magnitudes for the cross-
polarized fields in the E-plane are -5.0 dBi, -2.69 dBi, -2.58
dBi, 0.28 dBi, -0.0736 dBi and -5.19 dBi in the direction of
increasing resonant frequencies respectively, while in the H-
plane, these field magnitudes are -92 dBi, -88.3 dBi, -97.3
dBi,-90.6 dBi, -91.4 dBi and -96.8 dBi respectively. It can be
observed that while the level of cross-polarized field
component in the H- plane is greatly minimized with respect
to the co-polarized fields, the contrary is true for the E plane.
In the H plane, there is suppression of the degenerate modes
with radiation patterns that would increase the level of cross-
polarization, and distort the overall antenna radiation pattern.
This is attributed to the similar radiation characteristics of the
slot and that of the DR, which minimizes the cross-polarized
fields [10]. The proposed design offers a poor -cross-
polarization performance in the E- plane, compared to that of
the H-plane.

e X-pol
. = CO-pol

30 15 330 30 15 330
60 5 300 60 300
0 0
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(c) E - plane(f=125.76 GHz) (d) H - plane(f=125.76 GHz)
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(h) H - plane(f=129.9 GHz)
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Fig. 4. Simulated radiation patterns in the E and H planes at 123.64 GHz, 125.76 GHz, 127.4 GHz, 129.9 GHz, 134.9 GHz and 137.7 GHz.
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Fig 5. Simulated (a) E - field and (b) H - field of the proposed antenna at
125.76 GHz.

The increase in the level of the cross-polarization in the H-
plane has been explained by [27] and [28] for a circular patch
antenna and SIW-fed slot antenna respectively. In [27], there
is evidence of experimental existence of orthogonally
polarized E-fields (cross-polarization). This field is typically
lower than the co-polarized fields while significantly increases
in the H-plane. This phenomenon has been attributed to first
higher order modes. Theoretical analysis has shown absolute
absence of cross-polarized fields for an infinite ground plane.
Therefore, low level of the cross-polarized field is as a result
of the finite ground plane. Yi et a/ [28] have endeared to
explain the phenomenon of increased co-polarized fields by
observing the E and H-fields for an open slot antenna. Using a
similar intuition, we analyze the electric and magnetic fields
on the SIW section of the antenna. Fig. 5 shows these E and
H-field distributions. The electric field is always vertical in the
SIW section of the antenna. For a wave propagating down the
waveguide, the direction of this field changes from vertical to
horizontal at the slot. From Fig. 5, it can be observed that near
the slot, the E-field is not purely horizontal while the H-field
is not parallel to the open slot. These effects lead to cross
polarized fields.

The enhancement in the bandwidth is attributed to the
merging of higher order mode resonances. This is attributed to
the improved impedance matching between the feeding line
and the general antenna structure. To understand the
contribution of these impedance matching techniques in
broadening of the bandwidth, we describe the evolution of the
antenna design stages. We define four different radiating
structures. Antenna [ is the initial design of the SIW-DRA
formed as a result of optimizing the antenna parameters. The
intermediate structure of the antenna with a DGS loaded on

the ground plane is designated antenna II. Antenna III is
formed by offsetting the vias from antenna I. Finally, by
incorporating both techniques, the resulting radiation structure
is designated antenna IV. These different antenna structures
were simulated and their S;; performance compared. Fig. 6
shows the simulated reflection coefficients of the different
radiating structures. It is observed that before the application
of the impedance matching techniques, the antenna I operates
in three different frequency bands (Band I - 122.29-123.84
GHz, band II - 124.53-134.65 GHz and band III - 137.1-140
GHz). It is noted that the effect of the offset via is to merge
bands I and II, while the DGS is used to merge bands II and
II1.

S11 (dB)

60 I I L
120 125 130

Frequency (GHz)
Fig 6. Simulated reflection coefficients for the different radiating structures.

140

As pointed out, the DGS disturbs the shield current
distribution in the ground plane, altering the propagation of
electromagnetic waves through the substrate layer. The slot
has an effect of changing transmission line characteristics -
capacitance and inductance of the antenna. This causes change
in the antenna input impedance for improved matching. On the
other hand, the offset via causes narrowing of the broad wall
of the SIW at its input. This action is similar to the inductive
iris type of discontinuity of metal waveguides. These
discontinuities have been used for impedance matching. The
offset vias behaves like a reactive energy storage elements.
The vias excites higher order propagating modes in the
waveguide. However, these modes are evanescent and are
localized within the vicinity of the vias. This effect introduces
a phase shift in the wave propagating in the SIW and cause
impedance transformation to achieve improved impedance
matching [29]. These have the effect of improving the
impedance matching within this frequency band, therefore
broadening the bandwidth to achieve a wideband antenna.

The contribution of the DGS and via offset to the antenna
improvement can be observed by use of a smith chart. Fig. 7
shows the simulated plot of the loci of the reflection
coefficients of different the antenna structures at different
frequencies. Fig. 7(a) compares the loci of antenna I and
antenna II between frequencies 134.6 GHz (points A and A’)
to points and 137.2 GHz (points B and B’). This is the range
of frequencies separating bands II and III of antenna I, as

Vol.113 (3) September 2022
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evident in Fig. 6. Etching out of the DGS on the ground place
transforms the impedance in this frequency range, thus
merging of bands II and III. From the plot, it is seen that the
locus of antenna II (B-B’) shrinks as compared to that of
antenna I (A-A’), with a shift towards point (1+j0) on the
chart, in the direction of the arrow. This shrinkage is
associated with a reduction in the magnitude of reflection
coefficients, indicating improved impedance matching.
Similarly, Fig. 7(b) compares antenna I and antenna III
between the high frequency of band I (123.8 GHz — points A-
A’) and the lower frequency of band II (124.6 — points B-B’).
From Fig. 7(b), the locus of B-B’ shows a reduction in
magnitude of the reflection coefficient for antenna III
compared to antenna [. However, there is a counter clockwise
rotation, indicating a phase shift in the reflection coefficient.
This can be attributed to the reactance of the offset via.
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X DGS
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[ 1430
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y | = /
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(b)
Fig 7. Simulated reflection coefficients of (a) antennas I and II at 134.6 GHz
—137.2 GHz and (b) antenna I and I1I at 123.8 GHz -124.6 GHz

The effects of the improved impedance matching on the
radiation characteristics is further analyzed in terms of the
main lobe magnitude and the side lobe levels (SLL) at the
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center frequency, for both the co-polarized and cross polarized
fields. The main lobe magnitudes are observed to be 9.94 dBi,
10.1 dBi, 10 dBi and 10.3 dBi for the co-polarized E-plane
fields and 0.437 dBi, -2.85 dBi, -3.36 dBi and -2.69 dBi for
the cross polarized fields for the four radiating structures
respectively. It is observed that both techniques enhances the
co-polarized fields while suppressing the magnitudes of the
cross polarized fields. The SLLs are given as -12.1 dB, -11.7
dB, -12.7 dB and -12.1 dB for the co-polarized fields and -24
dB, -24.2 dB, -24.5 dB and -25.6 dB for cross polarized fields
for the different antenna structures. For the co-polarized fields,
antenna II indicates a poor SLL performance as opposed to
antenna III indicating the unsuitability of the DGS on SLL
performance for the co-polarized fields. However, the
application of both the DGS and via offset improves the SLL.
For the cross polarized fields, antenna II and antenna III show
a reduction in the SLLs. In conclusion, we note that the
applied impedance matching techniques offer improved
antenna performance, and as such are appropriate.

Fig. 8 shows the simulated plot of the variation of the
voltage standing wave ratio (VSWR) against frequency. The
VSWR is less than 2.0 within the band of operation, reaching
a minimum of 1.006 at the resonant frequency of 125.76 GHz.
The simulated gain of the antenna across the entire frequency
of operation is also depicted in Fig 9. The antenna achieves a
peak gain of 12.3 dBi at the frequency of 126 GHz.

Besides the gain, the directivity of the antenna is presented.
Fig. 10 shows the 3D plot of the directivity of the antenna at
126 GHz. The antenna achieves a maximum directivity of
13.14 dBi at the frequency corresponding to maximum gain.
The corresponding peak radiation efficiency is 84% at the
same frequency. The inherently high efficiency is attributed to
minimal conductor losses in DRA radiators.

To validate the proposed design, the antenna was modelled
and simulated in Ansys HFSS software. These two softwares
use different computational techniques whereby CST is a
time-domain solver, whereas HFSS is a frequency-domain
solver. Fig. 11 is a plot of the reflection coefficient generated
from CST and HFSS. These are plotted on the same axes for
performance comparison. The curves show agreement in
terms of impedance bandwidth performance (122.58 GHz -
139.51 GHz for CST and 122.71 GHz - 139.69 GHz for
HFSS) with the HFSS plot slightly shifted to the right. There
is a shift in the center resonance frequency from 127.76 GHz
to 130 GHz and a corresponding decrease in the minimum
reflection coefficient at resonance from -50.63 dB to -32.84
dB for CST and HFSS results respectively. We further note
that using HFSS, higher order resonances occur at frequencies
close to those of the CST, with a slight upward shift. This
difference is attributed to the different computational
techniques employed.

Table IIT compares the results of the proposed design to the
earlier works presented in [5], [11], [12], [14], [15], [30]-[32].
Antennas with similar feeding and radiation structures are
compared so as to make inferences on the proposed design. It
is observed that the proposed antenna offers the same
impedance bandwidth to the antenna presented in [12] which
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operates in the same frequency range. Despite antennas [15]

and [30] offering an improved bandwidth and efficiency
performance, its frequency of operation is lower than the
proposed design. The performance of this design, in terms of
antenna gain is superior to all the other earlier works.
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Fig 10. A 3D plot of the simulated directivity of the antenna at 126 GHz.

Gain (dBi)

122

100

Efficiency (%)
o
o

CST simulation
HFSS simulation

122

124

126

Poonpe e b e g
128 130 132 134 136 138 140 -
Frequency (GHz) [
(a)
40 F
T T T T T
-50
y -60 L
120 125
| 1 | | . 1
128 130 132 134 136 138 140
Frequency (GHz)
(b)

Fig 9. Graphs showing (a) Simulated gain and (b) Simulated efficiency

against frequency

130

Frequency (GHz)
Fig 11. Performance comparison of the simulated reflection coefficients of
the proposed design in CST and HFSS

135 140



Vol.113 (3) September 2022 SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS

TABLE I1I

PERFORMANCE COMPARISON OF THE PROPOSED ANTENNA WITH OTHER WORKS

Reference Type Feeding Technique fo(GHz) Bandwidth Gain (dBi) Efficiency
[30], 2010 CDRA HMSIW Cross slot feeding 60GHz 24.2% 5.5dB 92%
[31],2014 RDRA SIW Modification of DRA 35 12% 5dBi 94%
[12]- Ant 3, 2014 On-chip HMSIW HOM 135 13% 3.7dBi 62%
RDRA
[11],2016 CDRA SIW Cross slot feeding 6.56 8.8% 3.7dB -
[14],2017 RDRA SIW Differential TE20 27.5-28.4 3.2% 4.2dBi 86%
feeding
[32],2018 CDRA SIW HOM 25.8 2.15% 10.8dBi 87%
[15],2021 —Band I RDRA SIW HOM 24.5-27.5 24% 9.9dB 96%
Band I1 33-37 12% 9.9dB 96%
[5], 2021 RDRA SIW Fractal geometry 5.74 19.5% 5.96dBi -
+HOM
This work RDRA SIW HOM 125.67 13.4% 12.3dBi 84%

CDRA — Cylindrical DRA, HMSIW — Half Mode SIW, HOM — Higher Order Mode, RDRA — Rectangular DRA

IV. CONCLUSION

The design of a wideband SIW-DRA is proposed for
application in the D — band frequency regime. The antenna
operates from 122.58 GHz to 139.51 GHz with a -10 dB  [q)
impedance bandwidth of 13.4% at a center frequency of
125.76 GHz. The wideband operation is as a result of merging
of the higher order TE1051, TE755, TE531, TE525, TE531 and TE535 [11]
resonant modes of the DR. This is achieved as a result of
improved impedance matching of the antenna. Moreover, the
antenna exhibits desirable attributes of high gain and [y
efficiency, suitable for application in this frequency band.
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