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Abstract

A dual-wide-band triple resonance half mode substrate integrated waveguide (HMSIW)
cavity-backed antenna with an extra shorting via is presented in this paper. Three modes of
the HMSIW cavity are utilized to generate the dual-wide-band resonances. The HMSIW
cavity along with three rectangular slots is fed coaxially which helps in achieving triple
resonance and size miniaturization. An additional shorting via is loaded at the position of
electric null between the 2nd and 3rd modes to bring the modes closer and couple them.
The antenna exhibits one narrow band and one wide-band response. The dual-wide-band
antenna is fabricated and tested on a low-profile substrate of 0.05 A,. A relative bandwidth
of 1.03% (10.58-10.69 GHz) and 6.12% (12.47-13.25 GHz) is attained by the two bands.
A stable broadside and unidirectional radiation pattern is achieved with a peak gain of
4.5 dBi, 5.81 dBi, and 6.18 dBi at 10.6 GHz, 12.68 GHz, and 13.2 GHz, respectively. Thus,
the proposed dual-wide-band antenna can be effectively utilized for satellite applications.

Keywords Dual-band antenna - SIW - Wideband antenna

1 Introduction

Modern satellite antennas are growing more versatile and adaptable in order to withstand
the challenging radio communication scenario. A dual-band antenna for dual applications
in place of multiple antennas for multiple applications serves as a potential candidate for
the development of compact, low-cost, and highly efficient satellite communication sys-
tems [1]. Dual-band responses can be obtained by exciting various cavity modes. Multiple
slot radiators can be utilized to excite various cavity modes but the use of multiple slots
increases the overall size of the antenna [2, 3]. These traditional multiband antennas con-
tinue to have limited overall bandwidth and poor gain [4]. Additionally, it is challenging to
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combine these antennas with radio-frequency (RF)-front end devices such that interference
does not occur.

The recent development of substrate integrated waveguide (SIW) technology aids in the
resolution of all the significant issues that plagued traditional microstrip antennas. STW-
based antennas offer remarkable qualities such as low-profile, lightweight, inexpensive
fabrication, and simple planar technology integration [5]. Several SIW-based dual-band
antennas are available in the literature. In [6], two triangular ring-shaped slot radiators are
loaded in a square SIW cavity to achieve the dual-band response. In [7], a bow- tie-shaped
slot is loaded in the SIW cavity to design a dual-band antenna. A circular ring-shaped
slot-loaded structure also exhibits dual-frequency characteristics [8]. In [9], a square ring-
shaped slot is etched on the top layer of the SIW cavity to get the dual-band responses. In
[10], an E-shaped patch is loaded in a diamond-shaped SIW cavity to exhibit multiband
characteristics. The SIW-based antennas have an important advantage of size miniaturiza-
tion. The SIW structures may be divided in half, resulting in a size reduction of almost
50% while keeping the original SIW structure’s performance attributes [11]. The ratio of
substrate thickness to waveguide width always remains low which makes the SIW a planar
version of the rectangular waveguide. Various HMSIW-based antennas are designed in lit-
erature by utilizing multiple rectangular slots, semi-circular slots, and the U-shaped slots
[12—-16]. However, all these HMSIW-based dual-band antennas exhibit narrow bandwidth.

In this paper, a new kind of dual-band cavity-backed antenna based on HMSIW is pre-
sented for satellite communication applications. Three rectangular slots are loaded in the
half-SIW cavity to exhibit dual wideband response. Among three rectangular slots, two are
tilted to exhibit lower frequency and contribute to further size miniaturization. Due to half-
mode SIW arrangement and inclusion of slots results in a compact antenna. An extra short-
ing via is introduced at the position of the electric null to couple the two modes together
for a wideband response. Thus, dual-band responses are obtained with both the two bands
exhibiting narrow and wideband responses, respectively.

2 Antenna Design and Analysis
2.1 Proposed Antenna Configuration

The design configuration of the proposed compact dual-wideband antenna with the opti-
mized dimensions is depicted in Fig. 1. The antenna is fed from the bottom side of the
substrate by a 50 Q coaxial feedline. The dual-band response is obtained by loading the
HMSIW with three rectangular-shaped slots. The orientation of the two rectangular slots
is altered to enhance the impedance matching and to accommodate longer-length slots in
small size cavity. A shorting via is introduced to bring the two modes together and contrib-
ute to the attainment of wide-band response. X-band are used for the satellite communica-
tion because this band is resistance to atmospheric interference. Therefore, the HMSIW
cavity dimensions are chosen such that the proposed antenna operates in X-band. A low
loss dielectric substrate RT/Duroid 4003C with dielectric 3.55, loss tangent 0.0027, and
thickness 1.57 mm is utilized for designing and fabricating the antenna. All the perfor-
mance characteristics of the antennas are analyzed and obtained from the design and simu-
lation software computer simulation technology (CST).

The dimensions of the SIW cavity are optimized to excite TE,, mode in the X-band and
validated using the eigen-mode analysis in commercially available EM simulation software
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Fig. 1 Antenna design Configuration a top view, b side view, and ¢ back view

(CST Studio Suite). The optimum dimensions of the SIW cavity dimensions are obtained
using following equation [17-19]:

c m ? n ?
fC=2 E,\/<IE> +<Wcav> (1)

il

where, m and n are mode constants, ‘L, is the length SIW cavity (including the edge
radius of SIW via) and ‘W, is width of the SIW cavity (including the edge radius of SIW
via). To maintain minimum leakage losses, diameter of via and periodicity is chosen such
that p/d <2. The antenna dimensions are: L_,, =20, W_,, =10, L,=19, w;=0.4, L,=8.0,
w,=0.8, L;=6.0, w;=1.0, 6,=53°, 6,=—53° h=1.57, d=1.0, p=2.0, dp;=1.2,
dp,=1.0,P=(0,0), P, =(-1.8,-1.0), P,=(4.8,—1.0) All values are in ‘mm’.

2.2 Design Methodology

The design evolution of the proposed antenna is depicted in Fig. 2. In step 1 the HMSIW
cavity is excited by a 50 Q coaxial probe. The real part of input impedance and S;;
graphs of the design evolution can be distinguished from Fig. 3. Three individual modes
at 12.07 GHz, 12.8 GHz, and 13.4 GHz are observed on exciting the HMSIW cavity.
Although HMSIW cavity-based antennas provide size miniaturization but still in order
to downscale the size, additional capacitance must be introduced. Therefore, in step 2,
a rectangular slot of length L; and width w, is etched on the top layer of the HMSIW
cavity. As an effect, the three original modes are shifted to 11.2 GHz, 12.7 GHz, and
13.3 GHz. To further downscale the size of the antenna, in step 3 another tilted rec-
tangular slot of length L, and width w, is loaded on the same side of the cavity. As a
result, all three modes are shifted to 10.6 GHz, 12.4 GHz, and 13.2 GHz. In step 4 one
more tilted rectangular slot of length L; and width wj is loaded and the three modes are
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further shifted to 10.2 GHz, 12.3 GHz, and 13.02 GHz. Similar shifting in resonances is
observed. The S, plot of step 4 shows a dual narrow-band response. Therefore, in order
to enhance the bandwidth of the dual narrow bands, the 2nd mode and 3rd mode can be
coupled together. However, since the 1st mode is far away from the 2nd mode, therefore
it cannot be coupled with other modes. Thus, in step 5 a shorting via is loaded inside
the HMSIW cavity. The shorting via is aligned with the feed and placed at the null
point of the 2nd mode and third mode to yield maximum impedance matching. It can
be observed that the 2nd mode and the 3rd mode are coupled together to exhibit a dual
wide-band response. Thus, the extra shorting via enhances the impedance matching,
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Fig.4 Electric-filed distribution of the HMSIW based antenna at the three resonant frequencies
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Fig.5 Surface-current distribution of the HMSIW based antenna at the three resonant frequencies

coupled the two modes, and also greatly perturbs all three modes thereby shifting them
towards the higher frequency regime at 10.6 GHz, 12.68 GHz, and 13.2 GHz.

2.3 Electric-Field Distribution

The electric-field distribution and the surface current distribution of the via-loaded dual
wideband antenna at three frequencies are shown in Figs. 4 and 5 respectively. It can be
observed that as the 1st slot is having minimum electric field strength at the extreme ends
at 12.68 GHz and 13.2 GHz, hence it does not affect the two resonances. However, the
other two slots affect all three resonances. It can also be observed that the smallest current
path contributes to the highest frequency 13.2 GHz and the longest current path contributes
to the lowest frequency 10.6 GHz.
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2.4 Equivalent Circuit Model of Proposed HMSIW Antenna

The proposed antenna design is further analysed by developing an equivalent circuit model
portrayed in Fig. 6a. The three modes existing inside the HMSIW cavity are modelled
by the parallel RLC circuit components PRLC, (where n=1, 2, 3, 4). The coaxial feed
is coupled to the HMSIW cavity by the transformer T,. The loading effect in HMSIW
cavity is introduced by the series capacitor and inductor Cs Ls. The three radiating slots
are modelled together by series arrangement of Rpp L Crg. These radiating slots are
coupled to the SIW cavity by the transformer T,. The effect of extra via is modelled
by the parallel RLC component PRLCv. The coaxial feed line is modelled by the resis-
tor RF. The circuit is designed and simulated by using pathwave advanced design system
(ADS) software to obtain the finally optimized values of circuit components: Rp=1.2 Q,
T,=T,=1.79, PRLC,=(7.5 KQ, 0.165 nH, 0.752 pF), PRLC,=(0.7 KQ, 0.522 nH,
0.568 pF), PRLC;=(5.78 KQ, 0.112 nH, 1.196 pF), PRLC,=(6.1 KQ, 0.210 nH,
0.714 pF), Cs=3.26 pF, Ls=0.296 nH, PRLCv=(11.25 Q, 1.31 nH, 0.5 pF), Cs=1.31 pF,
Rpp=250Q, Ly =4.325nH, Cy;=0.5pF. The response obtained by simulating the equiva-
lent circuit model is compared with the response obtained from CST software. The reflec-
tion coefficient obtained from the equivalent circuit model agree with the result obtained
from the full wave EM simulation and shown in Fig. 6b. The root mean square error for
Fig. 6b is calculated to be 7.96%.

2.5 Parametric Variation

The resonant frequencies of both the bands are dependent on the length of the three
slots and their tilt angle. Figure 7 shows the effect of variation of dimensional param-
eters on the dual-band response. The effect of variation of the 1st slot length is shown
in Fig. 7a. It is observed that on increasing the slot length the resonance frequency
10.6 GHz shifts towards the lower frequency regime because the effective capacitance
of the HMSIW cavity increases. A similar effect of variation is also modeled by an
equivalent circuit and shown in Table 1. The variation in the width of the 1st slot shown
in Fig. 7b introduces a small variation in the current path changes the effective length of
an antenna and thereby slightly affecting the lower resonance [20-23]. Table 2 depicts

PRLC,
% Cs a -1 0
L, =

SIW-Slot « -201

coupling
|—=— Equivalent Circuit

-30 Model

| =— CST S'imulation .software s
10 11 12 13 14

Frequency (GHz)
(b)

Fig. 6 Comparison between reflection coefficient (S,;) obtained using a Equivalent circuit model, and b full
wave EM simulation (CST studio suite)
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the equivalent change in the circuit components. Further, on increasing the length of the
2nd slot the first two resonance frequencies 10.6 GHz and 12.68 GHz are shifted to the
lower frequency side (Fig. 7c). However, the third resonance frequency is very slightly
affected. It can be observed that at L, =10 mm the coupling of the 2nd mode and the
3rd mode is achieved at an earlier stage as compared to that at L,=8 mm. A larger
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Table 1 Effect of variation of

ot 1 L Resonant fre- Circuit model Geometrical
slot length L quency (GHz) parameter L;
C,=0.568 pF L,=0.522 nH (mm)
(Fixed) (Fixed)
L, (nH) G, (pB)
10.75 0.493 0.550 17
10.60 0.522 0.568 19
10.50 0.613 0.608 21
Ta,zliz f]-;;ffect of Var}atioln of Resonant fre-  Circuit model Geometrical
width of 1st rectangular slot quency (GHz) parameter w,
Cy=1196pF  Ly=0.112nH ()
(Fixed) (Fixed)
L; (nH) C; (pF)
10.55, 12.55 0.129 1.312 0.3
10.60, 12.60 0.112 1.196 04
10.65, 12.65 0.100 1.182 0.5
10.70, 12.70 0.878 0.964 0.6
'll'ableh3 fE ffect of Yariﬁtioi()f Resonant fre- Circuit model Geometrical
ength of rectangular slot L, quency (GHz) parameter L,
C,;=0.752 pF L,=0.165nH (mm)
(Fixed) (Fixed)
L, (nH) C, (pp)
10.85 0.194 0.543 6
10.60 0.165 0.752
10.45 0.148 0.938 10

bandwidth is observed at L, =10 mm but a small fabrication ambiguity may result in
loss of mode coupling. Therefore, L,=8 mm is considered to be the most optimum
length of the 2nd slot. Table 3 shows the equivalent effect on circuit components.

The variation of the tilt angle of the 2nd slot is shown in Fig. 7d. An increase in tilt
angle increases the gap between the 1st and 2nd slots. The 2nd resonance frequency
shifts towards the 3rd resonance frequency thereby coupling the 2nd and 3rd modes.
On increasing the tilt angle beyond 53°, the 2nd resonance continues to shift but the
bandwidth gets reduced. Therefore, tilt angle 6,=53° is considered the most optimum
value. It can also be observed that the 1st and 3rd resonance frequencies remain unaf-
fected by varying the tilt angle 0,. The effect of variation of the 3rd slot length is shown
in Fig. 7e. On varying the 3rd slot length all three current paths are affected. Therefore,
on increasing the length of the 3rd slot all three resonant frequencies are shifted towards
the lower frequency regime. Table 4 shows the equivalent effect of variation of third slot
length on the circuit components.
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Table 4 Effect of variation of length of rectangular slot L,

Resonant frequency ~ Circuit model Geometrical

(GHz) - - parameter L,
C,=0.568 pF (Fixed), L,=0.522 nH (Fixed), (mm)
C,=0.714 pF (Fixed) L,=0.210 nH (Fixed)
L, (nH) L, (nH) G, (pF) C, (pF)

10.85, 12.85 0.501 0.205 0.541 0.684 4

10.60, 12.60 0.522 0.210 0.568 0.714 6

10.20, 12.30 0.650 0.326 0.660 0.896 8

9.95,12.15 0.882 0.542 0.751 0.994 10

Further, on increasing the tilt angle of the 3rd slot in the clockwise direction (Fig. 7f),
again the gap between the 1st slot and 3rd slot increases while the gap between the 2nd
and 3rd slot decreases. Thus on increasing the tilt angle the 1st resonance shifts towards
the lower frequency regime while the 2nd and 3rd resonances get closer to forming wide
bandwidth.

Using the observations from the parametric studies, equivalent circuit model and initial
design guidelines (as discussed in Sect. 2.1) the proposed antenna can be designed and
optimized for any other frequency band.

3 Fabrication and Measurement

The proposed compact HMSIW dual-band cavity-backed antenna is fabricated on Rogers
RT/Duroid 4003 substrate using milling machine (LPKF ProtoMat S103 rapid prototyp-
ing machine) because of effortless and precise fabrication of SIW via etc. The SMA con-
nector is connected through the bottom of the substrate. The fabricated prototype antenna
is tested using a vector network analyzer. The picture of the fabricated antenna is shown
in Fig. 8a. A good agreement between the simulated and measured reflection coefficient
can be observed in Fig. 8b. The measured S;; bandwidth (- 10 dB) of the two bands is
10.58-10.69 GHz and 12.47-13.25 GHz. Table 5 depicts the performance comparison
between measured and simulated results. A small variation in the measured and simulated
S, responses can be due to fabrication ambiguities.

Further, the radiation pattern of the antenna is measured in an anechoic chamber. Fig-
ure 9 shows the measured and simulated radiation pattern at the three resonance frequen-
cies in both XZ and YZ planes. A unidirectional radiation pattern (linearly polarized) is
observed with the direction of broadside radiation along the +z axis. The level of cross-
polarization at 10.6 GHz, 12.6 GHz, and 13.2 GHz is — 10 dB, — 18 dB, and — 15 dB,
respectively. The comparison between simulated and measured peak gain in the broad-
side direction is portrayed in Fig. 10. The measured peak gain in the band 10.5-10.7 GHz
is observed to be greater than 4.2 dBi and in the band 12.4-13.4 GHz, it is greater than
5.5 dBi. However, the peak gain observed at 10.6 GHz, 12.6 GHz, and 13.2 GHz is 4.5 dBi,
5.81 dBi, and 6.18 dBi, respectively.
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Fig.8 a Photograph of the fabricated antenna, b Comparison between simulated S;; and measured S,; of
proposed HMSIW dual-wideband antenna

Table 5 Comparison between measured and simulated performance of dual wideband antenna

Band Freq. Bands f. (GHz) BW (%) Gain (dBi) X-pol (dB)

1 10.58-10.73 GHz (Sim.) 10.60 1.4 4.7 -9.5
10.58-10.69 GHz (Mea.) 10.58 1.03 45 -10

2 12.47-13.30 GHz (Sim.) 12.68, 13.2 6.5 6.0,6.8 -19,-15
12.47-13.25 GHz (Mea.) 12.67, 13.15 6.12 5.81,6.18 —18,-15

A performance comparison of the proposed antenna with other previously reported
similar works is presented in Table 6. Thus, from the comparison table, it can be inferred
that the proposed dual-band antenna exhibits wide bandwidth by coupling the 2nd and 3rd
modes through a shorting via. Also, the antenna is compact in size with a considerable
amount of peak gain in both bands.

4 Conclusion

A coaxially fed dual-wideband antenna has been presented by loading three rectangular
slots in an HMSIW cavity. The advantages of the HMSIW cavity with a shorting via are
utilized to design the proposed dual-wideband antenna. The designed antenna provides the
promising performance with the following benefits: (1) A compact size low profile antenna
with a simple feeding mechanism; (2) a unidirectional and stable radiation pattern in the
broadside direction; (3) wider bandwidth; (4) acceptable level of gain and low cross-polar-
ization. Additionally, the proposed antenna is also modelled with the equivalent circuit
with detailed parametric values. The proposed compact HWSIW dual wideband antenna is
therefore a good alternative for contemporary satellite communication applications.
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Table 6 Performance comparison References Freq. (GHz) BW (%) Gain (dBi) Cavity size (7\;)

of proposed HMSIW-based dual
wideband antenna with other

[1] 9.7, 14.85 6.1,4.7 12.8,13.5 4.6x1.3
reported works

[6] 8.6, 13.43 23,602 51,63 0.85%0.73
[7] 10.33,11.8  49,7.1 523,43 1.08x0.74
[8] 37.45,479 1.06,135 5,57 1.64x0.99
[9] 134,179 1.1,2 13.4 0.89x0.89
[12] 46,54 2.1,1.8 5.1,55 0.75x0.51
[13] 5.0,5.75 3.0,3.1 6.25,6.0  1.09x0.82
[14] 8.5, 10.6 275,342 175,6.0 0.83%x0.47
[15] 8.8,11.3 20,14 53,43 0.65x0.60
[16] 5.75,9.56  0.94,0.62 49,5.7 1.05%1.05

This work  10.6,12.84 1.03,6.12 4.5,6.18  0.35x0.70
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