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Triangular Shaped QMSIW Cavity Back Slot Antenna
for Tri-Band Operation
Dokuparthi Jagadeesh* and Alapati Sudhakar

Abstract—In this paper, a triangle-shaped Quarter Mode Substrate Integrated Waveguide (QMSIW)
cavity back slot antenna is developed using TE110 , TE220 , and TE310,130 modes for tri-band operation.
The QMSIW is obtained from the quadrant part of a square SIW (Substrate Integrated Waveguide)
structure. The electric ﬁeld distributions of resonant modes are studied for the Full Mode SIW, Half
Mode SIW, and Quarter Mode SIW cavities through HFSS simulation tool. The generation of the hybrid
mode TE310,130 mode is clearly explained with the simulation tool. A rectangular slot is engraved on top
layer of the structure along the perfect electric wall, to radiate the EM (Electro Magnetic) wave towards
positive Z-direction. Further, a metallized via has been inserted to bring reﬂection coeﬃcient below
−10 dB at the three resonant modes. The developed antenna achieves resonance at 5.2 GHz, 9.88 GHz,
and 10.6 GHz frequencies with peak gains of 9 dB, 6.2 dB, and 7.9 dB, respectively. The antenna is
designed on a single layer thin substrate which reduces the fabrication complexity.

1. INTRODUCTION
There has been a tremendous development in the ﬁeld of present wireless communication that requires
compact size and high gain antennas. SIW technology has the ability to miniaturize SIW cavity back
antennas by cutting along a perfect magnetic wall. Moreover, SIWs have high power handling capability,
high Q-factor, and ﬂexibility to integrate with planar circuits. A line fed QMSIW antenna is developed
in [1]. Here, initially a square cavity resonator is designed, and later, it is cut along a magnetic wall
to obtain Half-Mode SIW. The HMSIW is again cut along another magnetic wall which is normal to
the ﬁrst one to accomplish QMSIW. The resulting structure is in triangular shape which contains a
perfect electric wall at one side, i.e., series of metallized vias and two magnetic walls at other two
sides. It is shown that the ﬁeld distribution of the quadrant sector is the same as that of a square
cavity resonator. Also, it is demonstrated that the two magnetic walls serve as a radiator coupling
electromagnetic energy from cavity to the free space. A line fed QMSIW antenna is presented [2] to
achieve dual-band response in S-band range. Here, top of the layer is loaded by Minkowski fractal
geometry for further size reduction. A QMSIW slot antenna operating in UHF (Ultra High Frequency)
band is presented [3] in which two perpendicular rectangular slits are loaded on the uppermost layer.
A QMSIW based antenna for WLAN (Wireless Local Area Network) applications is presented [4] in
which top of the layer is loaded with a Sierpinski fractal structure while Complementary Split Ring
Resonator (CSRR) is engraved on the ground layer. The frequency tuning is observed when the CSRR
structure is rotated from 0◦ to 315◦ . Two HMSIW cavity back slot antennas for WLAN applications
are developed [5]. Here, one of the antenna’s Perfect Electric Wall (PEC) is designed by single series
of vias. The other is designed by two series of vias. It is proved that the cavity back antenna designed
by two series of vias has achieved improvement in radiation characteristics. A circular QMSIW cavity
backed slot antenna for ISM (Industrial, Scientiﬁc and Medical) band applications is presented [6] in
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which TM210 and TM020 modes are brought closer by introducing a rectangular slot on the top layer.
This phenomenon increases the bandwidth of the antenna. The bandwidth is further improved by tilting
the slot. A compact multi-layer SIW cavity back antenna [7] is developed by placing a QMSIW cavity
over an FMSIW cavity. The FMSIW and QMSIW cavities are responsible for higher and lower bands,
respectively. A compact HMSIW antenna loaded by two U-shaped strips [8] is developed to achieve triband resonance. The HMSIW structure excited in TE110 mode achieves resonance at lower band while
the two U-shaped strips are responsible for achieving two additional resonances. The ring slot loaded
circular SIW cavity back slot antenna [9] is developed to achieve tri-band response. By optimizing feed
location, the antenna is excited in TM110 , TM020 , and TM120 modes. The three resonant frequencies
of the three modes are independently tuned by changing geometrical parameters of the antenna. An
antenna developed on a leather substrate [10] has achieved resonance at three diﬀerent frequencies. It
is constructed based on HMSIW technique to get miniaturization. To achieve further miniaturization,
the structure is loaded by two rectangular slits. However, it suﬀers from low gain as the substrate has
high loss tangent.
In this article, a tri-band cavity backed antenna based on QMSIW is proposed. It is a triangleshaped, miniaturized antenna which operates at 5.2 GHz, 9.88 GHz, and 10.6 GHz frequencies. A nonresonance rectangular slot is engraved on top of the QMSIW structure to obtain peak gain at boresight
direction. Further, the structure is loaded by metallized vias to optimize the reﬂection coeﬃcient at
three operating bands. The resultant structure achieves more than 6 dB gain along with a size reduction
up to 75% compared with conventional SIW cavity back antenna.
2. ANTENNA STRUCTURE
The geometrical shape and dimensions of the tri-band QMSIW antenna are exhibited in Fig. 1 and
Table 1, respectively. An RT Duroid 5880 substrate (εr = 2.2) is selected to design the antenna as it
has low loss tangent factor (0.0009). Fig. 1 shows that the antenna shape appears like a right angled
triangle. However, two of three corners of the triangle are ﬂattened. Top and bottom of the substrate

(a)

(b)

Figure 1. Structure of proposed tri-band antenna. (a) Front view. (b) Rear view.
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Table 1. Parameters of the proposed antenna.
Parameter
D
Ext
Sl
Ws
Vx
L

Value (mm)
21.5
3
15
0.8
11
30.4

Parameter
d
dv
fx
fy
Vy

Value (mm)
0.8
1.5
4.5
8
2.5

are coated by a thin copper layer. However, top of the substrate is not completely coated by a thin
copper layer in the two orthogonal sides. Some portion of these two sides is left open with a width of
‘3 mm’ for radiation. One side of the triangle is ﬁlled with two rows of vias which behave like a perfect
electric wall that prevents leakage of EM wave energy. Thus, the structure in this case is said to be
QMSIW cavity. A rectangular slot is engraved on top of the layer near the two series of vias. The
resulting structure is excited using the probe feed method whose location is optimized using HFSS tool.
3. DESIGN PROCESS OF THE ANTENNA
There are two steps in the design of the proposed antenna. First one is the realization of QMSIW cavity,
and the second is making slot and inserting metallized vias at appropriate positions to achieve resonance
at multiple frequencies. Initially, a square FMSIW cavity resonator is designed using Eqs. (1)–(2).




1
n 2  p 2
m 2
+
+
(1)
fmnp = √
2 μ0 ε0 εr
Leﬀ
Leﬀ
h
d2
d2
(2)
+ 0.1
dv
L
where L and h represent length and height of the FMSIW cavity; d and dv are the diameter of each
via and spacing between the adjacent vias, respectively. Here, m, n, and p are integers which show the
number of ﬁeld variations along three orthogonal sides.
Since it is a square cavity, several degenerating modes can be excited in the structure. A hybrid
mode TE310,130 is formed by merging TE310 and TE130 modes. TE110 , TE220 , and TE310,130 modes
have been chosen to develop a tri-band antenna. The simulated resonant frequencies of the square SIW
cavity for TE110 , TE220 , and TE310,130 modes are 5.5 GHz, 10.7 GHz, and 11.8 GHz. The magnitude of
electric ﬁeld variations over the structure in the modes are exhibited in Fig. 2. It explicates that the
three modes are symmetric about the Y -axis. Hence, the designed square cavity is bisected along the
magnetic wall which is parallel to Y -axis to achieve 50% reduction in size.
The developed HMSIW preserves ﬁeld distributions of the three modes and exhibits slight changes
in resonant frequencies due to dielectric aperture at the magnetic wall. The resonant frequencies of the
HMSIW reach 5.6 GHz, 10.9 GHz, and 11.9 GHz at TE110 , TE220 , and TE310,130 modes, respectively.
The magnitudes of electric ﬁeld variation over the cavity surface are exhibited in Fig. 3 which is
symmetric about X-axis.
The developed HMSIW can again be cut along magnetic wall to achieve 75% reduction in size. The
resultant structure is named as QMSIW cavity which preserves the three resonant modes with small
change in resonant frequencies. The resonant frequencies of the QMSIW cavity for the above modes
reach 5.4 GHz, 10.5 GHz, and 11.7 GHz. The magnitudes of electric ﬁeld variation over QMSIW cavity
are shown in Fig. 4.
The dielectric apertures provided at two magnetic walls aﬀect the resonant frequencies of the cavity.
The two dielectric apertures are provided at the top of the miniaturized QMSIW structure by extending
ground plane. This enables the structure to radiate EM wave towards positive Z-direction. The
radiation from the two edges deviates the peak gain from the boresight direction. Hence, a rectangular
Leﬀ = L − 1.08
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(a)

(b)

(c)

Figure 2. E-ﬁeld distributions of FMSIW structure in (a) TE110 mode: 5.5 GHz, (b) TE220 mode:
10.7 GHz, (c) TE310 , 130 mode: 11.8 GHz.

(a)

(b)

(c)

Figure 3. E-ﬁeld distributions of HMSIW structure in (a) TE110 mode: 5.6 GHz, (b) TE220 mode:
10.9 GHz, (c) TE310,130 mode: 11.9 GHz.

(a)

(b)

(c)

Figure 4. E-ﬁeld distributions of the QMSIW structure at (a) 5.4 GHz: TE110 mode, (b) 10.5 GHz:
TE220 mode, (c) 11.7 GHz: TE310,130 mode.
slot is engraved the on top layer near the two series of metallized vias. This enables the structure to
radiate EM wave from all the three sides of the triangular structure which leads to achieving a perfect
unidirectional radiation pattern. The impedance matching of the structure is further improved by
inserting a metallized via. By varying the position and diameter of the metallized via, the impedance
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matching is achieved at the three bands.
The rotation of the E-ﬁeld distribution shown in Fig. 5 explicates that the proposed antenna
produces Right Hand Circularly Polarized (RHCP) wave. The variation of E-ﬁeld magnitude over the
top surface can be observed in Fig. 5 at diﬀerent phase angles. It shows that the magnitude of the
E-ﬁeld is rotated in anticlockwise direction when the phase varies from 0◦ to 180◦ . The distribution
has two peak magnitudes as it is plotted at TE220 mode. An arrow is drawn at the middle of the
two peaks and is used to trace the rotation of the E-ﬁeld distribution with respect to the phase. The
arrow is at 100◦ , 140◦ , 170◦ , 225◦ , 280◦ , and 315◦ when Φ = 0◦ , 40◦ , 80◦ , 120◦ , 160◦ , and 180◦ . This
clearly indicates that the E-ﬁeld rotates in anticlockwise direction, and the antenna radiates towards
top direction. The direction EM wave propagation can be represented with right-hand thumb, and the
remaining four ﬁngers match with E-ﬁeld direction (anti-clockwise direction). Hence, the radiated EM
wave is said to be RHCP wave. Left Hand Circularly Polarized (LHCP) wave is also observed when the
feed position is mirrored along Φ = 45◦ axis.

(a)

(b)

(c)

(f)

(e)

(d)

Figure 5. E-ﬁeld distribution at 9.88 GHz for diﬀerent phase angles, (a) Φ = 0◦ , (b) Φ = 40◦ , (c)
Φ = 80◦ , (d) Φ = 120◦ , (e) Φ = 160◦ , (f) Φ = 180◦ .
The generation of the hybrid mode is illustrated in Fig. 6. Figs. 6(a) and (b) show the TE130 and
TE310 modes respectively in which the total area is classiﬁed into three regions. Each region indicates
one half mode. As TE130 and TE310 modes occur simultaneously, the resultant ﬁeld distribution will
be the sum of the two ﬁeld distributions. A total of nine regions are formed when Figs. 6(a) and (b)
are superimposed. The resultant ﬁeld distribution shown in Fig. 6(c) consists of nine regions. The red
colour in the ﬁgure indicates positive ﬁeld while negative ﬁeld is indicated by orange colour. There
are two negative ﬁelds combined in regions 1, 3, 7, and 9. The resultant ﬁeld will be more negative in
these regions. In regions 2, 4, 6, and 8, there is a combination of one positive ﬁeld and one negative
ﬁeld which yield cancellation of the ﬁelds. The ﬁeld in region 5 is the combination of two positive ﬁelds
which results in a more positive ﬁeld. The resultant ﬁelds in the regions are shown in Fig. 6(d). This
analysis has been veriﬁed by simulating E-ﬁeld vector of the hybrid mode which is shown in Fig. 6(e).
Here, the E-ﬁeld at the centre is in upward direction which indicates the positive ﬁeld while the ﬁeld is
in downward direction at the corners of the structure that indicates negative ﬁeld.
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(a)

(b)

(d)

(c)

(e)

Figure 6. Hybrid mode formation: E-ﬁeld distribution of (a) TE130 mode, (b) TE310 mode, (c)
superimposing of TE130 and TE310 modes (hybrid mode), (d) resultant ﬁled distribution, (e) simulated
E-ﬁeld vector of hybrid mode TE130,310 .
The inserted metallized via allows the current from bottom to the top metal layer through the
substrate. It adds parallel inductance to the structure. The resultant inductance of the structure is
the parallel combination of inductance formed by metallized via and cavity inductance. Consequently,
the overall inductance of the structure is reduced. Further, the resonant frequencies of the structure
are shifted up as there is an inverse relation between inductance and resonant frequency of the SIW
cavity. The change in resonant frequencies of the structure before and after placing the metallized via
are shown in Fig. 7(a). It also shows that reduction in overall inductance of the structure improves the
impedance matching at the three desired bands.
The QMSIW structure loaded by slot and metallized via resonates at three frequencies. Parametric
analysis has been performed to observe the variation of reﬂection coeﬃcient with the change in slot
length. It is observed from Fig. 7(b) that the reﬂection coeﬃcient at band1 has no eﬀect with changes
in slot length while upper bands are eﬀected signiﬁcantly with changes in slot length. The resonant
frequencies of the higher bands decrease with increasing slot length. The capacitance introduced by
the longer slot is higher than the shorter slot as the area of cross-section is large for longer slot. Also,
the capacitance is directly proportional to the area of cross-section. Thus, the longer slot introduces
large capacitance which causes the decrease of the resonant frequencies at higher bands of the proposed
antenna.
From Fig. 7(b), it is evident that the reﬂection coeﬃcient has arrived below −20 dB at higher bands
when slot length is 15 mm. The simulated reﬂection coeﬃcients at this slot length are −33 dB, −26 dB,
and −23 dB at the centre frequencies of 5.2 GHz, 9.77 GHz, and 10.52 GHz, respectively.
4. EXPERIMENTAL RESULTS AND DISCUSSION
A photograph of the fabricated antenna is exhibited in Fig. 8. The |S11 | in dB of the resulted antenna
has been measured using Anritsu VNA (Vector Network Analyzer). The measured |S11 | shown in
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(a)

(b)

Figure 7. Reﬂection coeﬃcient, (a) after placing slot and metallized via, (b) for variation of slot length.

(a)

(b)

Figure 8. Photograph of the fabricated antenna. (a) Top view. (b) Bottom view.
Fig. 9 explicates that the antenna resonates at three diﬀerent frequencies. The experimental fractional
impedance bandwidths at three operating bands are 1%, 1.3%, and 3.7% at the centre frequencies of
5.2 GHz (1st band), 9.88 GHz (2nd band), and 10.6 GHz (3rd band), respectively. The secondary axis
(Right side) of the ﬁgure designates the gain and axial ratios at boresight directions. The measured
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Figure 9. Reﬂection coeﬃcient, gain and axial ratio of the proposed tri-band antenna.
gains reach 9 dB, 6.2 dB, and 7.9 dB at the mid frequencies of 1st, 2nd, and 3rd bands, respectively.
The radiation of circularly polarized wave at the 2nd band is ensured by measuring axial ratio (AR)
at boresight direction. The AR in dB value at the 2nd band centre frequency is 1.34 dB. There exist
a small deviation between the simulated and experimental results due to losses oﬀered by the SMA
connectors and conductors which were not included in the simulation.
The normalized radiation patterns of the proposed antenna at the three operating bands are
exhibited in Figs. 10(a)–(f). It is clearly illustrated that the proposed antenna accomplishes

(a)

(b)

(c)

(d)
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(f)

Figure 10. Normalized radiation patterns at (a) 5.2 GHz: E-plane, (b) 5.2 GHz: H-plane, (c) 9.88 GHz:
Φ = 45◦ plane, (d) 9.88 GHz: Φ = 135◦ plane, (e) 10.6 GHz: E-plane, (f) 10.6 GHz: H-plane.
unidirectional radiation pattern as its Front-To-Back Ratio (FTBR) crosses 18 dB in the three operating
bands. Figs. 10(a) and (b) are the patterns of the ﬁrst band centre frequency at two perpendicular
planes, E-plane (Φ = 45◦ ) and H-plane (Φ = 135◦ ), respectively. Achieved angular 3-dB beamwidth
here is about 70◦ . The diﬀerence between peak co-polarization and cross-polarization levels (CPL)
exceed 17 dB in the boresight direction.
Table 2. Comparison of proposed antenna performance with Ref. antennas.

Ref.

[11]

[12]
[13]
[14]
[15]
[16]
This
work

Centre
Frequencies
(GHz)
7.39,
9.43,
14.79
4.01,
5.81,
6.55
4.66,
8.3
4.3,
9.45
8.68,
10.8
8.5
10.6
5.2,
9.88,
10.6

No. of
bands

Antenna
Size

3

0.5664λ20

2.2

3

0.9957λ20

2.2

2

0.8649λ20

2.7

2

0.7396λ20

2.7

2

NM

2.2

2

0.3901λ20

2.2

3

0.1109λ20

2.2

εr

Fraction
Impedance
Bandwidth
(%)
1.35,
2.33,
2.23
2.4,
2.2,
1.6
NM
NM
NM
NM
0.92,
1.57
2.75,
3.42
1,
1.3,
3.7

NM — Not Mentioned

height
(mm)

0.8

1.6
0.8
0.8
0.8
0.8
0.8

Peak
Gain
(dB)
3.2,
4.9,
4.7
7.75,
8.35,
7.32
4.5,
5
3.53,
6.71
7.7,
9
7.5,
6
9,
6.2,
7.9

Operating
Band(s)
C-, X- and
Ku-bands
C-band
C- and
X-bands
C- and
X-bands
X-band
X-band
C- and
X-bands
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Figures 10(c) and (d) depict patterns of the 2nd band centre frequency at two perpendicular planes
(φ = 45◦ and φ = 135◦ ). It is observed that the RHCP wave is generated with peak magnitude in the
boresight direction. The peak CPL within the 3-dB angular beamwidth is lower than −18 dB in the
two perpendicular planes. Figs. 10(e) and (f) represent the E- and H-plane radiation patterns at the
third band centre frequency corresponding to Φ = 45◦ and Φ = 135◦ , respectively. It is evident that
the measured peak CPL is 17 dB less than desired polar level in the boresight direction.
The proposed tri-band antenna performance is assessed through comparison table. The term λ0
in Table 2 indicates the wavelength of the lower operating frequency. The proposed antenna exhibits
high compactness and tri-band response along with signiﬁcant improvement in gain compared with
ref. antennas [11–16].
5. CONCLUSION
A triangle-shaped QMSIW cavity back slot antenna is presented in this paper. It achieves tri-band
resonance when it is excited by TE110 , TE220 , and TE310,130 modes. A rectangular slot etched near
the PEC wall helps to accomplish a perfect unidirectional radiation pattern. Further, the impedance
matching at three operating bands is improved by inserting a metallized via. The resulting antenna
accomplishes a size reduction up to 75% compared with conventional SIW cavity back antenna. The
antenna is developed on a thin substrate which makes the device light weight. Hence, it is well suitable
for compact devices. The antenna operates at 5.2 GHz, 9.88 GHz, and 10.6 GHz frequencies with
signiﬁcant gain. Hence, the proposed antenna is well preferred for WLAN and X-band applications.
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