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Design and Analysis of a Bandwidth Enhanced Low-Profile SIW
Cavity-Backed Slot Antenna Using TE2;; Mode

Bollavathi Lokeshwar®> *, Jammalamadugu Ravindranadh®, and Devabhaktuni Madhavi?

Abstract—In this paper, a bandwidth improvement technique in SIW slotted antennas is presented.
Distinct from conventional SIW antennas with multiple cavity modes, a single cavity mode (TEqjq) is
utilized to improve the bandwidth. When a rectangle slot is loaded at bottom surface of the cavity,
the TEg210 cavity mode is perturbed. As a result, two independent modes (odd TEsgjg, even TE1g) are
introduced and merged in close proximity. Finally, the antenna is fabricated and tested. The measured
results render an impedance bandwidth of 12.8% and a maximum gain of 7.1 dBi. The cross-polar level
of maximum —29dB and —34dB is at 9.73 GHz and 10.63 GHz, respectively. The proposed design holds
many features such as easy fabrication and light weight. Besides, the proposed design is single-layered
that makes it extremely convenient to integrate with other planar configurations.

1. INTRODUCTION

Due to the rapid proliferation of wireless commination technology, there is an urgent need of high-
performance and low-profile antennas providing compatibility with planar circuits. Micro-strip antenna
possesses a bidirectional pattern with light weight, easy fabrication, and easy integration [1-3].
Traditional cavity-backed antennas render low back radiation, low loss, and high gain. However, the
integration with planar geometry is a daunting task due to large size and heavy weight [4, 5].

A new concept is reported by Deslandes and Wu with the innovation of substrate integrated
waveguide (SIW) [6]. SIW implements the conventional cavity-backed antennas in planar form [7].
The outstanding features of SIW are the high-density integration with conventional planar components
(e.g., microstrip lines and coplanar waveguides), the easy manufacturing, and the low power losses [8-11].
This SIW is still in a development phase in the design of microwave and millimeter-wave components.
Several planar slot antennas have been reported in the literature on the basis of SIW technology. Albeit
benefits like low losses, easy integration, and easy fabrication, they offer narrow bandwidth due to a
thin substrate. The first printed slot antenna on the basis of SIW technique is described in [12], which
generates the radiation by TEj99 mode of the cavity at 10 GHz. Due to high quality factor (Q), the
bandwidth achieves only 1.7% with a gain of 5.3 dBi.

In [13], the bandwidth of 6.3% is obtained by combining the two hybrid modes of the cavity in
close proximity. In [14], an offset feeding method is used to excite the TEj99 mode, which results in an
impedance bandwidth of 4.2%. In [15], two cavity modes TEj19 and TEj9p are perturbed by using a
modified bow-tie slot. As a result, it has achieved a bandwidth up to 9.4%. In [16], a method of corner
perturbation in the square cavity enhances the bandwidth (1.65%). In [17], a matching slot excites the
TE219 mode to attain the bandwidth up to 8%. In [18], multi-resonant slots have achieved a bandwidth
up to 11%. The design of a wideband SIW antenna is presented in [19], where degenerate modes (TEj99
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and TEgjg) of the cavity are significantly coupled by cutting the edges of the cavity with a circular
structure. However, impedance bandwidth enhancement does not surpass 5.7% in this design.

In [20], bandwidth is improved by exciting the TMg19 mode of the patch using a half-mode SIW
cavity. This design shows 10% impedance bandwidth. In [21], a novel wideband hexagonal cavity-
backed slot antenna is discussed, where the antenna has achieved the —10dB bandwidth of 14%. Several
bandwidth enhanced cavity-backed antennas are obtained by using bilateral slots [22], butterfly-shaped
slot with SIW circular cavity [23], a bow-tie shaped slot [24], stacked cavities [25], loading two metallic
posts near the slots [26], spiral-shaped patch [27], E-shaped patch [28], I-shaped slot [29, 30], rectangular
slot with shorting vias [31], and crossed-slot with shorting vias [32].

In this paper, bandwidth is improved by perturbing a TEs;g mode instead of multiple modes as
compared to the methods reported in [12-32]. This novel approach is a more distinct method than the
other cavity-backed SIW antennas. With the proper arrangement of SIW cavity, microstrip line, and
radiating slot, the current density of THsg mode is perturbed. As a result, two independent modes are
generated. The wide bandwidth of 1.25 GHz (12.4%), lying between 9.45 GHz and 10.7 GHz, is obtained
by merging the resonant frequencies of these modes. Circuit models are developed for the children’s
TE219 mode, and it is substantiated by full-wave simulations. The antenna design is presented in Section
2, followed by the working principle. A parametric study is discussed in Section 4. Section 5 enlightens
the discussion of simulated and measured results. The conclusions are presented in Section 6.

2. ANTENNA GEOMETRY AND DESIGN STEPS

Figure 1 depicts the configuration of the proposed antenna, which mainly comprises a dielectric
substrate, SIW cavity, radiating slot and feeding element. The entire antenna is designed on RT/duroid
5880 dielectric material (e, = 2.2, tand = 0.0009). It begins with the microstrip line fed SIW cavity
and followed by rectangle slot loading. The SIW cavity is fabricated by printed circuit board (PCB)
processe, where cavity side walls are set up by drilling multiple plated through holes along the edges of
the substrate. To emulate the conventional cavity, the pitch (p) and post diameter (d) must follow the
conditions d/p > 0.5 and d/A\g < 0.1 to reduce the power losses [33]. The Ansoft HFSS is utilized to
design the proposed antenna. The antenna dimensions are initially derived from Equations (1)—(3).
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Figure 1. Configuration of the antenna.
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where m, n, and p’ are numbers of half-cycles in z, y, and z directions, respectively; cavity equivalent
length is L.y and width Weg; e, is the dielectric constant; d is the via diameter; s is the pitch.

The size of the slot Ls; x W is printed on bottom SIW surface. The initial length of the rectangle
slot is calculated as 17.4 mm by using the formula as given in Equation (4). A 50 microstrip line is
used to excite the modes of the cavity.

c
L, W Eef = (er+1)/2 (4)
where [, is the slot length, .4 the equivalent permittivity, ¢ the speed of light, and f; the resonant
frequency of the TEj1p mode.
The following steps are considered for designing the proposed antenna.

Stepl: Select substrate: RT/duroid 5880 (h = 1.6 mm, &, = 2.2).

Step2: Construct SIW cavity: Rectangular SIW cavity.

Step3d: Study and identify the modes of the cavity.

Step4: Place the slot on the cavity to translate the cavity resonator into a slotted radiator.
Stepbh: Optimize the location and size of the slot, also the dimensions of the feed line.
Step6: Simulate the antenna on HFSS platform. The dimensions are listed in Table 1.

Table 1. Dimensions of the projected SIW antenna.

Parameter | Value (mm) | Parameter | Value (mm)
W 20.9 Ly, 4.6
L 22.4 gm 1.25
s 1.5 W 1.4
d 1 dsy 4.55
Wso 3.3 h 1.6
Lys 5.5

3. WORKING MECHANISM

3.1. Discussion on the Transverse Electric Mode

In order to perceive the antenna working mechanism, the simulation of the SIW cavity is described first.
Figure 2 shows the input resistance curve (Re(Z11)), which certifies the wideband impedance matching
properties and is also used for recognizing the modes of the cavity. When the SIW cavity is fed by a
microstrip feedline, the TEj1¢ (fundamental resonance) at 6.8 GHz and TEg1( (higher order resonance)
at 10.2 GHz are excited simultaneously. For the TE;19 and TEs;¢9 modes of the SIW cavity, the E-field
direction is normal to the top and bottom conductive surfaces while the H-field direction is parallel to
the top and bottom conductive layers. Figures 3(a)—(b) illustrate the distributions of the E-field in the
cavity for the TE119 and TE219 modes.

The introduced non-resonant slot perturbs the cavity mode. Hence, the TE;;9 mode is moved to
6.1 GHz from 6.8 GHz. Apart from that, two higher order modes at 9.55 and 10.85 GHz are generated
due to perturbations in TEy;9 mode. Figures 4(a)—(c) depict magnitude distributions of the E-field in
the cavity with a slot. These modes are merged together by placing the slot at optimum location, which
widens the bandwidth. The vector E-field profiles of the antenna at 9.75 GHz and 10.5 GHz are shown
in Figure 5. It is observed that the field is mainly concentrated around the applied slot. The absolute
FE-fields at two sides of the slot are different, which in turn helps the slot to radiate into the air.
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Figure 2. Real input impedance (Z11).
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Figure 4. Distribution of E-field across the rectangle slot.
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Figure 5. E-field vector at (a) odd TEg1g, (b) even TEgjo.

3.2. Circuit Models of the Transverse Electric Modes

To provide a deep understanding of the proposed antenna with more intuition, an approximate analysis
with the help of equivalent circuit models for the odd TEs1p and even TEs1g is given in this section.
Note that the circuit models do not include the microstrip line feeding to make the analysis simple. To
develop the circuit model for the designed structure operating in TE91g mode, first consider the slot
impedance which can be represented as a parallel combination of Cy, the capacitance of the non-resonant
slot, and R,., radiation effect of the slot. Moreover, the two ends of the cavity can be terminated by
a short circuit since the cavity walls are assumed to be electric walls. The equivalent cavity model of
TE219 mode is shown in Figure 6, which is bounded by four electric walls at four sides.

Figure 6. Simplified cavity model of TEs19 mode.

Figures 7(a)—(c) represent the simplified circuit models for the TEg19p mode and its children’s. For
the odd TE219 mode, the voltages at both sides of the slot are out of phase. Therefore, the equivalent
circuit of the TE219 mode can be divided into two half circuits as shown in Figures 7(b) & (c¢), where each
half circuit is a parallel combination of 2Cs and Rs/2. Thereby, the circuit is loaded with capacitance
C; and resistance R,.. For the even TEs;y mode, the circuit model can be drawn by considering no
loading effect of the slot since the voltage at two sides of the slot are equal.

From the above theoretical analysis, it can be concluded that, due to the capacitive loading in the
odd TEz19 mode, the resonant frequency is lower than even TEg1g mode. As (s increases, resonant
frequency decreases.
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Figure 7. Simplified circuit models of TE modes (a) TE219, (b) odd TEz19, and (¢) even TEogqy.

4. PARAMETRIC STUDY

To verify the mechanism of the antenna with better understanding, an extensive parametric test is
conducted using HFSS solver. Here, some critical parameters of the final design are varied. That is,
during parametric analysis, a particular parameter is varied while all the parameters are kept constant.

4.1. Analysis of Width of Slot “W/”

When the slot width Wj is changed as shown in Figure 8(a), the impedance matching properties are
greatly affected. However, by adjusting the W, the desired impedance bandwidth can be attained. At
optimum Wy = 1.4 mm, the maximum bandwidth was obtained. Mathematically, fractional (percentage)
bandwidth is calculated from Equation (5). The gain of the antenna is shown in Figure 8(b) for various
values of Ws. It is observed that the gain of the antenna is increased as the width Wy increases. It is

-10 dB line R\

Sp (dB)

5 Ws=12mm
—a—Ws =1.4 mm
A Ws=16mm

T
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Frequency (GHz) Frequency (GHz)
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Figure 8. (a) Simulated S, (b) simulated gain for different values of slot width (W5).
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also verified from the gain expression (6).

fo—Jt

% Fractional Bandwidth = 2 x x 100% (5)
fe+ [
where fr, — lower —10dB frequency; fi — upper —10dB frequency
47
G = ﬁgapAp (6)

4.2. Analysis of Length of Slot “L,”

Figure 9 shows the impact of slot length on S-parameter of the antenna. It is found that slot length
has negligible influence on its center operating frequency. However, a significant effect on 511 has been
noticed. Hence, it is an important dimension to adjust the antenna’s reflection coefficient.
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Figure 9. Sy, for various slot length (Ly). Figure 10. S for different values of slot position

dgy.

4.3. Analysis of Position of Slot “dy,”

As shown in Figure 10, the variation in the slot position dg, from 4.35 mm to 4.75mm in step size of
0.2mm leads to disturbance in the current path, and thereby, Si; of the antenna is improved. When
dsy = 4.35mm, the Sq11 value is more than —10dB. So, the antenna suffers from impedance matching.
When dg, = 4.55mm, the antenna has good Si; value, i.e., less than —10dB and good bandwidth.
However, when dg, = 4.75 mm, it can be seen that upper resonance is shifted toward the lower frequency.
Thus, the optimum value of the slot position is selected as 4.55 mm.

4.4. Analysis of Thickness of Substrate “h”

Figure 11 shows the magnitude of reflection coefficients of different substrate thickness variations. When
the height increases, the bandwidth is enhanced up to 12.4%. The figure shows that the substrate
thickness of 1.6 mm provides a wide bandwidth and low return loss.

5. RESULTS AND DISCUSSION

To verify the proposed antenna, a prototype is fabricated and tested. The antenna prototype fed by
the microstrip line is shown in the inset of Figure 12. The reflection coefficient (S11) is measured by
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Figure 12. Simulated and measured S1; and gains of the antenna.

Anritsu MS2037C network analyzer. Measured and simulated results of the S1; and gain confirm the
wideband response as plotted in Figure 12. It can be substantiated from the figure that the simulated
resonances are 9.75 GHz and 10.5 GHz. The measured ones are 9.73 GHz and 10.63 GHz. The measured
impedance bandwidth is 1.3 GHz (12.8%), lying between 9.5 GHz and 10.8 GHz. More information with
simulated counterpart is summarized in Table 2. The measured gain versus frequency is included in
Figure 12. The antenna exhibits a gain of 6.4dBi at 9.73 GHz and 7.1 dBi at 10.63 GHz.

The co- and cross-polarization patterns of the designed antenna at two frequencies in two orthogonal
planes (X Z-plane (¢ = 0°) and Y Z-plane (¢ = 90°)) are shown in Figure 13. It is obtained with the
help of the test antenna in an anechoic chamber. It is found that the far-field patterns at 9.73 GHz
and 10.63 GHz are unidirectional and oriented towards the broadside direction. The peak cross-polar
levels are —29dB and —21dB in the X Z-plane and Y Z-plane, respectively at a lower resonance. At
10.63 GHz, they are —34dB and —20dB. The front-to-back ratio (FTBR) of the proposed design is
about 14dB and 18dB respectively at 9.73 GHz and 10.63 GHz. The half-power beamwidths of the
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Table 2. Comparison of simulation and measurement results.

Parameter Simulation (HFSS) | Simulation (CST) | Measurement
f1, Lower Resonance (GHz) 9.75 9.73 9.73
f2, Upper Resonance (GHz) 10.5 10.44 10.63
S11 (dB) at fi —15.82 -16.5 —14.23
St (dB) at fo —17.27 —17.14 —18.46
Impedance Bandwidth (GHz) 9.45 to 10.7 9.43 to 10.63 9.5 to 10.8
FBW (%) 12.4 11.96 12.8
Table 3. Performance comparison: Our work with existing works.
Properties Freq. | FBW | Gain | Cross-pol
— h
References Year band | (%) | (dB) (B) Structure (mm) &
'
[12] 2008 X 1.7 54 -19 Simple 0.5 2.2
[13] 2012 X 6.3 6 -29 Simple 0.5 2.2
[14] 2013 X 4.2 5.6 =30 Simple 0.787 2.2
[15] 2014 X 94 3.7 —18 Complex | 0.787 2.2
[16] 2014 Ku 1.66 6.1 NM Complex | 0.787 2.2
[17] 2014 X 8 7.9 -16 Complex | 0.787 2.2
[18] 2017 Ku 11 8 -20 Complex | 1.57 2.2
[19] 2018 Ku 5.7 6.4 =25 Complex | 1.57 2.2
[22] 2019 | S | 119 | 43 NM | Complex | 1.57 | 2.5
[23] 2012 | X 89 | 52 NM | Complex | 0.762 | 3.48
[24] 2021 X 12.1 6.6 -20 Complex 1.6 2.2
[25] 2020 C 5.2 7.15 =21 Complex | 1.524 | 3.55
[26] 2018 S 372 | 442 NM Complex | 1.52 2.5
[27] 2014 X 11.2 8 NM Complex 1.5 2.55
[28] 2013 X 10.9 7.7 =20 Complex | 1.016 2.2
[29] 2012 S 3.71 5 NM Complex | 1.57 2.2
[30] 2012 S 2.16 NM NM Complex 2 2.2
Our work | 2022 X 12.8 7.1 —34 Simple 1.57 2.2
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co-pol pattern in X Z-plane and Y Z-plane are about 115° and 74°, respectively, in the lower resonance.
Similarly, at 10.63 GHz, they are 114° and 65° in both the planes. To highlight our proposed work, a
comparison of different parameters of the proposed design with the previous works are listed in Table 3.
It can be observed that our work renders a better bandwidth performance and showcases adaptability
in tuning bandwidth. Moreover, the proposed technique can also be applied to SIW based antennas
operating at millimetre wave band to have similar performance, which will be addressed in future work.
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Figure 13. Radiation patterns of the wideband antenna at (a) 9.73 GHz, (b) 10.63 GHz.

6. CONCLUSION

In this article, a bandwidth-enhanced SIW based slot antenna is designed and analyzed. A microstrip
line feeding is incorporated into the antenna to excite the SIW cavity. A simple rectangular slot is
lodged at the bottom plane for radiating the electromagnetic waves. Subsequently, the TEy1p mode
is apportioned into odd and even TEs;g, which results in more impedance bandwidth. Circuit models
are also developed and have been justified with full-wave simulations. The measured findings show
a maximum gain of more than 5dBi and fractional bandwidth of 12.8%. Good agreement has been
achieved between the measured and simulated results. The antenna also possesses benefits, e.g., low

profile, light weight, easy fabrication, and high gain.
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