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Abstract

A new waveguide feeding scheme of a rectangular DRA based upon the folded substrate
integrated waveguide concept is presented. The most important characteristics of this
antenna are a good radiation efficiency of above 87% at high frequencies which antenna
operates and half transverse size of its feeding in comparison with other waveguide feeding
schemes such as SIW and rectangular waveguide. The simulated results show an impedance
bandwidth of 6.7% from 25.25 to 27 GHz and a good gain of at least 5 dB for this range.

Key words: Dielectric Resonator Antenna, Folded Substrate Integrated Waveguide,
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1. Introduction

Dielectric resonators are widely used as
microwave components in many applications such as
oscillator and filter. Since advent of first paper
investigating DR as an antenna [1], many researches
have been devoted to this type of antenna [2-9].
Dielectric resonator antenna (DRA) was reported as a
good candidate for low gain antennas such as dipoles
and microstrip antennas [10-12]. The advantages of
DRA compared to these antennas are design
flexibility, lack of surface waves in structure, minimal
conductor loss and wide impedance bandwidth [13].
Rectangular DRA often is used because of its
fabrication simplicity and more degree of freedom

compared to other basic shapes such as cylindrical and
hemispherical [14].

Since the advent of DRA many approaches for feeding
the DRA have been proposed that includes microstrip
line, coplanar waveguide, rectangular waveguide and
recently aperture feeding through slot on wall of SIW
[14,15]. By increase in operation frequency the
radiation and conductor losses are considerably
increased for microstrip line and coplanar waveguide.
But instead, the SIW is a good candidate for high
frequencies specially at millimeter wave band because
of its closed form structure that reduces radiation loss
[16]. The most important drawback of the SIW is its
wide transverse size. For solving this problem some

© 2022 Author(s). This is an open access article licensed under the Creative Commons Attribution-
NonCommercial-NoDerivs License (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1: (a) The geometry of a 2 port FSIW with transition to
strip line (a) 3D view and (b) top view (c) the RDRA fed by the

FSIW

new structure such as FSIW and HMSIW is proposed.
These two structures have nearly half transverse size
of the SIW ones but the same propagation constant and
interior field distributions of that are noticed [17,18].
The FSIW and SIW have almost the same attenuation
constants. But the attenuation constant of the HMSIW
is high because of its high radiation loss in frequency
band near the cutoff frequency. In fact, it is found that
if the width of the FSIW is nearly the half of the width
of the original SIW and its height is twice that of the
SIW, the FSIW has nearly the same propagation and
cutoff characteristics as the SIW [18].

However, in this work for the first time the FSIW
feeding scheme is presented for exciting the DR. Low
radiation loss and miniaturized structure are the most
important features of the proposed combination. This
paper is organized as follows. In Section 2 design
guidelines are presented and the FSIW design
methodology is described. Simulation results are given
in Section 3 follows by section 4 that optimized
antenna results are presented. Finally, summary and
conclusions are provided in Section 5.

2. Antenna Configuration

A comprehensive design methodology for FSIW
is as follows: First, an SIW is designed for the
frequency range of 20-30 GHz. The cutoff frequency
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Fig. 2: Return loss and insertion loss of the FSIW to Strip line
transition

Fig. 3: (a) RDRA configuration (b) E field at 20GHz (c) H
field at 20GHz

of the SIW must be 10GHz that is one decade lower
than 20 GHz. Then from parameters of SIW the
dimensions of the FSIW and its propagation constant
are calculated based on [18]
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Where d is the via diameter, s is the distance between
two neighbouring vias, h is each substrate height and
other parameters are as shown in Figure 1.
Also, for design of an SIW [16]
2 2
awe —aspy —1.08—+0.1-2 3)
S asmy

Where agyp is the width of the equivalent rectangular

waveguide with solid walls that is obtained based on
the desired cutoff frequency which depends on our
design operating band, then from this value and by
considering that s /d <2 ,d /w <1.5, the SIW width,

asyy »1s obtained. The dielectric substrate is ROGERS
5880 with the dielectric constant of ¢, =2.2 .Based on

these equations the FSIW and SIW parameters are
calculated to be:
d =0.6mm h=0.508mm ,apys =10.11mm ,s/d =1.5

d/w =0.075,s =09mm ,aq; =10.68mm ,
apspy =S54lmm , g =037mm .
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Fig. 4: Reflection coefficient for various values of (a) X g ,
Ly =3mm W, =05mm ,dd =0mm ,tt =2.2mm .(b) Slot
L., Xgc =3.75mm W, =0.5mm ,dd =0mm ,
tt=22mm .

length,

Where as shown in Figure 1(b) g is the gap between

the central metal layer and the right cylindrical side
walls.

Also, Figure 1(b) depicts a transition from strip line to
FSIW which is integrated on the same substrate of
FSIW and strip line ones. The dimensions of the
transition (i.e. p and q) must be optimized to minimize
the insertion loss and improve the return loss. Figure 2
shows that for p =3mm,q =1.5mm the return loss

and insertion loss is improved.
Figure 3 depicts the rectangular dielectric resonator
antenna (RDRA) that resonates in TE{|, mode.#The

resonance frequency of this mode can be determined
using the dielectric waveguide model [10]
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Where a, b and d are as depicted in Figure 3, c is the
speed of light in the vaccum and g, =10.2 is the

dielectric constant of the DR. The DR is made from
ROGERS 6010.By solving this equation a, b, d are
calculated to be: a=4.5 mm, b=2mm, d=1.9mm. In

order to strongly excite TE{;; mode, a source (slot)
should be located at a strong field (magnetic) to ensure
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Fig. 5: Reflection coefficient for various values of (a) slot
width, W,, X, =375mm L, =3mm ,tt =22mm ,

dd =0mm .(b) dd, X, =3.75mm,
W, =05mm ,dd =0mm .

L, =3mm ,

a good coupling. From Figure 3(c) observe that the slot
aperture must be placed parallel to y axis beneath the
DRA. So, in the next step the best place in the top metal
layer of the FSIW for etching a slot aperture must be
determined.

A comprehensive design methodology for FSIW is as
follows: First, an SIW is designed for the frequency
range of 20-30 GHz. The cutoff frequency of the SIW
must be 10GHz that is one decade lower than 20 GHz.
Then from parameters of SIW the dimensions of the

FSIW and its propagation constant are calculated
based on [18]

Apspy =dspy —al2

s, s (D
a=a +—In(—
s+ (2d)
ah a' —a
g:2h+1 3ae’ " 2
N @)
A CORPLN
2ah 2a’

Where d is the via diameter, s is the distance between
two neighbouring vias, h is each substrate height and
other parameters are as shown in Figure 1.
Also, for design of an SIW [16]
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Fig. 6: (a) Reflection Coefficient and (b) Gain of the proposed
antenna for different values of dd with other parameter values
set as follows: X . =3.75mm , L; =3mm , Wi =0.5mm ,

tt =0mm .

Table 1: Optimized Parameters of the FSIW-DRA Antenna

Parameter value
Xsc 3.75 mm

Lg 3 mm
W 0.5 mm

dd 0 mm
1t 0.25 mm

Where agj; is the width of the equivalent rectangular

waveguide with solid walls that is obtained based on
the desired cutoff frequency which depends on our
design operating band, then from this value and by
considering that s /d <2 ,d /w <1.5,the SIW width,

ag.y > 1s obtained. The dielectric substrate is Rogers
5880 with the dielectric constant of €, =2.2.

Based on these equations the FSIW and SIW
parameters are calculated to be: d =0.6mm,

h =0.508mm ,apyc =10.11mm ,s /d =1.5,
d/w =0.075,5s =09mm ,agy =10.68mm ,
apgy =541mm ,g =0.37mm .Where as shown in
Figure 1(b) g is the gap between the central metal

layer and the right cylindrical side walls.

Also, Figure 1(b) depicts a transition from strip line to
FSIW which is integrated on the same substrate of
FSIW and strip line ones. The dimensions of the
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Fig. 7: The proposed antenna (a) reflection coefficient (b)
gain from both simulation softwares, namely HFSS and CST,
Xgc =3.75mm ,Lg =3mm ,Wg =0.5mm ,tt =0mm

,dd =0.25mm .

transition (i.e. p and q) must be optimized to minimize
the insertion loss and improve the return loss. Figure
2 shows that for p =3mm,q =1.5mm the return loss
and insertion loss is improved.

Figure 3 depicts the rectangular dielectric resonator

antenna (RDRA) that resonates in TEj|, mode. The

resonance frequency of this mode can be determined
using the dielectric waveguide model [10]
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Where a, b and d are as depicted in Figure 3, c is the
speed of light in the vacuum and &, =10.2 is the

dielectric constant of the DR. The DR is made from
ROGERS 6010.By solving this equation a, b, d are
calculated to be: a=4.5 mm, b=2mm, d=1.9mm. In

order to strongly excite TE{|, mode, a source (slot)

should be located at a strong field (magnetic) to ensure
a good coupling. From Figure 3(c) observe that the slot
aperture must be placed parallel to y axis beneath the
DRA. So, in the next step the best place in the top metal
layer of the FSIW for etching a slot aperture must be
determined.



~°190 270

3004 f .

270

180

(Y]

180

©

270

Co-HFSS

21

Cross-HFSS

180

®

Fig. 8 The simulated radiation patterns of the proposed antenna for parameter values are listed in Table I in (a) E plane(XZ
plane) at 25 GHz (b) E plane(XZ plane) at 26 GHz (c) E plane(XZ plane) at 27 GHz (d) H plane(YZ plane) at 25 GHz (e) H
plane(YZ plane) at 26 GHz (f) H plane(YZ plane) at 27 GHz.

3. Simulation Results

Figure 1(c) depicts the RDRA fed by an FSIW.
For designing the proposed antenna first, the initial
values from design formulas are calculated then a
comprehensive parametric study with the aid of
electromagnetic simulation tool Ansoft HFSS is
carried out to optimize the antenna parameters.
Furthermore, in order to maximize energy coupling
from the FSIW interior to the dielectric resonator, the
slot is  positioned at a  distance  of
X, =nky/2,n=123,.. from the FSIW shorting

end which corresponds to a maximum intensity of
magnetic field inside the FSIW. Additionally, in order
to enhancing the slot-RDRA coupling other
parameters such as slot length, slot width, RDRA-slot
relative position, and position of the slot relative to the
center of FSIW must be optimized. As the FSIW and
DRA are designed, the FSIW guided wavelength (2,

) is calculated according to Eq.4 where the phase
constant &, can be determined by [13, Eq (13)].

Ay =2m/k, “)

So, the guided wavelength of the FSIW is calculated to
be Ly =11.52mm . Nevertheless, the distance of slot

center from the FSIW shorting end is determined to be
Xgc =5.76mm . Also, for a good excitation of the
DRA the slot length should be changed in the vicinity
of A/2, where corresponds to natural resonance
frequency of the slot.

3.1 Slot position relative to FSIW shorting end,
Xsc
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For attaining the best impedance matching, X ¢~ must
be optimized. The magnetic field intensity along the y
axis is maximum near the right sidewall.Hence, the
slot is etched in this region on top metallic sheet of the
FSIW and the DRA is placed in right side of the slot
for initial state in the parametric study. Therefore, the
parameter  initial  values are as  follows:
tt =22mm,dd =0mm, X ¢ =5.76mm .

The simulation curves of Figure 4(a) show how the
reflection coefficient varies as the X g~ changes with

other parameters fixed. Observe that
Xgc =3.75mm  best impedance matching
achieved. This value is different from that obtained by
theoretical calculations. Note that the guided
wavelenght at 25 GHz is 8.76 mm and the half of this
value is 4.38 mm that is near to simulation ones.

3.2 Slot length, Lg

The variation of the reflection coefficient with the slot
length Ly is illustrated in Figure 4(b). The simulation

for
1S

curves show that by increasing the slot length, the
resonance frequency, i.e., minimum point position in
curve, is shifted toward the lower frequencies. Best
impedance matching is achieved for the slot length of
3 mm.

3.3 Slot width,

Figure 5(a) depicts the impact of slot width variation
on the reflection coefficient of the proposed antenna.
By increasing the slot width, the resonance frequency
is increased. Note that in order to avoid cross-polarized
radiation the slot width is selected asWy <A, /20,

where 2, is the free space wavelength at 20GHz. As a
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result, the value of W_ =0.5mm leads to best

impedance matching.

3.4 Slot position relative to central metal layer edge,
tt

From Figure 5(b) observe that whatever the slot and
DRA are shifted away from the right sidewall of the
FSIW, the coupling between the FSIW and DRA is
weakened. This behavior is because of the magnetic
field intensity where near the right sidewall is stronger.
Hence, the initial positions of the slot and DRA are
implied to be near the right sidewall.

3.5 DRA position relative to slot, dd

Figures 6(a), (b) depict the effect of dd variation on the
reflection coefficient and gain of the DR-FSIW
antenna which dd is distance between the DR and slot
right sides. Observe that best gain is achieved for
dd=0.25 mm. Furthermore, best impedance matching
is achieved for dd=0Omm and 1mm.But, since the
impedance bandwidth for dd=0.25 mm is nearly same
as that for 0,1 mm and beside its gain is considerably
better, the value of dd is better to be 0.25 mm.

4 Optimized Antenna

Optimized parameters of the antenna depicted in
Figure 1(c) are listed in Table 1. Then, based on these
values the antenna is simulated. Figure 7 shows the
proposed antenna reflection coefficient and gain.it is
observed that the impedance bandwidth of the antenna
is 6.7% from 25.25 to 27 GHz and its gain has a good
value above 5 dB over whole frequency bandwidth.
Also, from Figure 7(a) it is observed that the DRA
resonates at 26.5 GHz (frequency correspond to the
minimum point in the reflection coefficient curve) that
differs from the value obtained by theory, i.e., 20 GHz.
This discrepancy is because of the slot etching in the
ground plane. In fact, the theoretical formulation is
based on the assumption of infinite ground plane
without defect in beneath the DR. As a result, the slot
in the ground plane shifts the resonance frequency to a
higher frequency of 26.5 GHz. Figure 8 shows FSIW
based RDRA radiation patterns in both E and H planes.
As we can see at three sample frequencies from
operating band, the radiation patterns are broadside
type. Since the slot width is selected to minimize the
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cross-polarization level, the simulated cross
polarization levels are at least -16 dB below the main
beam level. Also, Figure 9 depicts radiation efficiency
of the DR-FSIW antenna. Observe that the proposed
antenna has a good efficiency better than 87% in the
frequency range of 25 to 27 GHz. This good efficiency
was predictable because of good radiation efficiency
of DRA and high Q factor of FSIW that prevent
radiation loss.

4. Conclusions

In this paper, a novel low loss/profile aperture coupled
DRA has been studied. The FSIW feeding have
advantages of having half width of SIW, preventing
parasitic radiations, having high Q factor and low
losses in higher frequencies specially at millimeter
wave region. The numerical simulated results show an
impedance bandwidth of 6.7% from 25.25 GHz to 27
GHz and a good gain of about 5 dB together with a
relatively high radiation efficiency at least 0.87 over
this range.
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