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This paper proposes a novel scheme for developing a linearly polarized (LP) hybrid antenna using a simple integration of a
planner cavity-backed antenna with a conventional rectangular patch antenna. To substantiate, a half-mode rectangular
substrate-integrated waveguide technique is divided into halves to reduce the size and later integrated with a patch antenna.
The patch antenna is getting excited by the mutual coupling of TE101 mode and resonating in the vicinity of the cavity
resonator. These two different combinations of strategy let the antenna obtain superior characteristics such as bandwidth and
gain. To make this structure enable to use in the planner circuit, a 50Ω microstrip line is incorporated. This proposed hybrid
antenna is simulated and tested experimentally to justify its worthiness. The simulated and measured data maintained good
agreements regarding S11, bandwidth, gain, radiation pattern, and efficiency.

1. Introduction

As of late, microstrip antenna has been very popular for its
low profile, lightweight, low cost, and easy integration with
the planner circuit, which draws the researcher’s attention
and causes drastic improvement in the antenna field. How-
ever, suffering from low bandwidth (BW), low gain, and effi-
ciency has been the prime concern, and many techniques
have emerged to grapple with the mentioned problems. As
a result, many BW enhancement techniques, such as partial
ground plane technique [1–6], thick substrate [7, 8], aper-
ture coupled [9, 10], and multilayer techniques [11, 12],
are used. Among them is the partial ground plane technique,
which provides a low-gain bidirectional radiation pattern
with wide BW behaviour. Thick substrate waxes the anten-
na’s thickness; aperture-coupled increase fabrication com-

plexity and multilayer techniques are often byzantine in
terms of fabrication complexity.

On the other hand, an array antenna could reduce back-
ward radiation while expanding broadside radiation. Con-
versely, 0.8λ spacing between elements in the both-sided
MIC technique demands larger space and, in the conven-
tional technique, introduces a loss in the transmission line
[13–16]. Furthermore, the conductor loss is prime in a
microstrip antenna; a bidirectional radiation pattern
wreaked backward radiation in a slot antenna. To decipher
this, a metal reflector or cavity-backed antenna is a way
out of curbing backward radiation. That said, in a metal
reflector antenna, λ/4 spacing is needed between the antenna
and sheet; the same spacing is also used as depth in conven-
tional array antenna to make this antenna operate. Conse-
quently, the above-mentioned techniques make them
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bulky, heavy, and expensive, making them not eligible for
employment in the planner circuit proposed in [17–20].

In an attempt to figure this problem out, substrate-
integrated waveguide (SIW) has been a prominent candi-
date. A typical SIW resonator [21–24] allows the miniaturi-
zation of a cavity-backed antenna by allowing it to be
integrated with a planner circuit with a microstrip line or a
planner structure like a typical patch antenna. Thus, it is
possible to get advantages of both structures. That was made
possible by the SIW technique, which can mimic the proper-
ties of a typical resonator or waveguide to realize printed cir-
cuit board technology by employing rows of vias or holes in
a dielectric substrate. Recently, they have been treated as a
low-cost microwave component in microwave circuit suit-
able for operating at high frequency and show multiband
characteristics and high front-to-back ratio (FTBR)
[25–28]. Although being able to be integrated into a planner
antenna, the SIW antenna suffers from the large size. Hence,
miniaturization of SIW is needed with elevated efficiency
and operation. Antenna fractal geometry can be suitable
for miniaturization, BW, and gain enhancement [29]. Such
antenna shows promising results despite minimized size;
however, mechanical limitations make them unsuitable for
fabrication. Besides, to enhance gain, multiple arrays of
SIW elements are proposed where isolation between ele-
ments becomes the prime concern along with multiple
SMA connector ports, complicating antenna manufacturing
and overall size [30]. Consequently, miniaturization is pro-
posed by dividing SIW along its magnetic wall [31–35].

The half-mode substrate-integrated waveguide (HMSIW)
technique is proposed in [32] and the quarter-mode
substrate-integrated waveguide (QMSIW) in [33, 34]. Simi-
larly, eighth-mode SIW (EMSIW) is proposed for wearable
applications [35]. However, their natural configuration
because of possessing metallic rows allows them to attain a
narrow BW, i.e., high Q-factor, less lossy, and high-power
handler; some are reported in [36]. For example, a self-
diplexing [37] and self-triplexing [38] antenna based on SIW
is proposed. Such an [32–35, 37, 38] antenna is divested of
wide BW behaviour for high Q-value. A SIW antenna with a
partial ground plane is proposed to curtail the Q-factor [39].
However, such a scheme may not be compatible with many
antenna applications, a Fabry-Perot cavity system [40], for
not having a full-plane ground. Additionally, a multilayer of
SIW is proposed [41] for BW enhancement of SIW-based
antenna, in which a multilayer scheme may not be compatible
with many microwave circuits.

However, placing an extra resonator outside by merging
the operating frequency would address the above-mentioned
problem. This can be done without even increasing the
antenna’s overall size. An instance of this is an antenna in
[42, 43], known as a hybrid antenna, where an array of par-
asitic patches is used in [42] to escalate the BW of the rect-
angular HMSIW cavity. Note that patches of the array
further cause an improvement in gain and other parameters.
The experimental validation of the patch array is provided in
[42]; however, no experimental data is provided for a single
patch with HMSIW. This paper is aimed at providing an in-
depth analysis with proper experimental validation of that

hybrid antenna, single patch with HMSIW cavity. Further-
more, in contrast to the TE100 mode analysis of a hybrid
antenna (joint combination of a single patch with a circular
HMSIW cavity) [43], this paper investigates the TE101 mode
of a hybrid antenna since the proposed rectangular cavity
solely excites the TE101 mode.

Such structure [42, 43] can provide wide BW behaviour,
and depending upon the requirement, careful design, and
substrate specification, UWB behaviour can be obtained. A
typical wideband antenna utilizes the operating spectrum
efficiently in radar systems with a high spatial resolution
for defense systems [44], mobile phones, and many handy
devices [45, 46]. In addition, it can be used in numerous
types of biomedical applications, including heartbeat moni-
toring [47]. Recently, SIW-backed antenna has been
employed for full-duplex communication system and to
develop efficient hybrid-filter subsystem [48, 49].

In this paper, a planner cavity-backed hybrid antenna is
proposed, theoretically analyzed, and tested experimentally,
which is compounded from HMSIW cavity and patch
antenna to reduce the Q-factor. This technique is nothing
but a simple manifestation of a multiresonator on a single
substrate to enhance BW. Firstly, the HMSIW technique
reduces the size, which supports the dominant mode TE101
within the cavity. Secondly, adding an extra patch coupled
with electromagnetic induction proved effective for improv-
ing other antenna parameters. Eventually, the proposed
antenna ended up being a hybrid high FTBR wideband
antenna, which BW and gain marked the improvement in
the comparison table (Table 1) compared to previously pub-
lished cavity-backed antennas.

2. Antenna Configurations

2.1. Developing HMSIW Antenna. Initially, a full-mode
substrate-integrated waveguide (FMSIW) is constructed in
Figure 1(a) and then simulated to carefully observe its mag-
netic field distribution in Figure 1(b). Later, by dividing into
halves alongside the A-B axis, known as the perfect magnetic
wall (PMW), two semirectangular cavity antennas rendering
almost the same electric field distribution can be formed.
This semirectangular cavity is a half-mode cavity, also
known as HMSIW. Figure 2 shows an HMSIW antenna,
17 × 18mm2 in size, where the open edge (perfect magnetic
wall) acts as radiating aperture. An inset microstrip feed has
been proposed, and the radiation mechanism in terms of an
electric and magnetic field of the HMSIW antenna is shown
in Figure 2. The HMSIW antenna has a dielectric aperture
through which it radiates in free space. The simulated reflec-
tion coefficient, S11, is shown in Figure 3(a), along with its
gain and radiation efficiency. The dielectric aperture is
4.40mm in length. The operating frequency has not changed
so much in HMSIW as it renders an electric field almost half
that of FMSIW. The S11 is better than -25 dB, which implies
that the antenna is able to receive the RF energy from a feed.
Its corresponding input impedance curve on the Smith chart
passes over the prime center of the unity axis, which suggests
good impedance matching. It possesses a -10 dB BW of only
160MHz with a neat gain of 6.83 dBi in Figure 3(a), which is
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insufficient and less than reported in [25–28, 32, 37, 38]. The
simulated radiation efficiency was 70% for the HMSIW
antenna.

In addition, the simulated normalized radiation pattern
is shown in terms of both E-plane (Eθ in φ = 90°) and H
-plane (Eθ in φ = 0°) of the proposed HMSIW cavity-
backed antenna in Figure 3(b), which is quite directional.
The E-plane (Eθ in φ = 90°) radiation pattern is symmetric
as antennas YZ-axis. The E-plane pattern points at 0° bore-
sight direction with an SLL of -8.4 dB. Conversely, the H
-plane (Eθ in φ = 0°) leading beam points at a 27° broadside
direction with minimized sidelobe level (SLL) of -7.2 dB.
Besides, the antenna shows a good cross-polarization
(XPL) level of less than -12 dBi on the E-plane and less than
-14 dBi on the H-plane.

2.2. Hybrid Antenna as a Combination of HMSIW Antenna
and Patch Antenna and Its Operation. The rectangular patch
antenna in Figure 4, which acts as a coresonator, is placed
near the radiating edge of the HMSIW antenna in
Figure 5(a). The antenna’s aperture increases, resulting in
an increment in radiation while decreasing the antenna’s

Table 1: A comparison with previously published papers.

Prop. Thickness Gain (dBi) BW (%) FTBR (dB) εr Band and feed

[25] 0.02 λg 5.5/5.5 1.8/2.1 20.8/18.1 2.22 ML

[26] 0.03 λg 5.3/4.3 2.02/1.52 14/16 2.22 X, Ku; ML

[27] 0.07 λg 4.9/6.1 1.4/5.9 18/18 2.2 SIW, ML

[28] 0.02 λg 5.4 1.7 16.1 2.2 X; ML

[38] 0.02 λg 4.5/4.9/6.1 2.0/1.9/1.7 14 2.2 C; 3-ML

[37] 0.05 λg 5.6/5.9 1.9/3.7 16.9 2.2 X, Ku; ML

[32] 0.03 λg 5.15/5.5 NM >10 2.22 C; ML

[33] 0.03 λg 4.8/5.7 NM 20 2.22 S; ML

[34] 0.13 λg 4.9/5.3 1.9/5.3 25.6/24 3.55 S, C; ML

[prop.] 0.05 λg 6.45 3.46 23.3 3.55 Ku; ML
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Figure 1: (a) The simulated electric field distribution of the rectangular SIW resonator at the fundamental frequency and (b) TE101 electric
field distribution across the rectangular SIW.
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Figure 2: The HMSIW antenna with TE101 electric field
distribution across the cavity: (a) top view and (b) side view.
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overall impedance. This causes a left shift of antenna input
impedance in the Smith chart. Therefore, the antenna’s inset
feed length is shortened than that of HMSIW in Figure 2 to
make the input impedance pass over the prime center, indi-
cating perfect impedance matching. In that case, antenna
inductance and capacitance cancel each other. The antenna
acts as a resistor whose resistance matches the antenna feed
source. To match the impedance, the feed line and an accu-
rate air gap between the patch and cavity (“g”) play a vital
role in impedance matching. The parametric analysis section
shows the effect of “g” on antenna impedance matching.
This combination allows an escalation in BW by merging
two resonant frequencies by reducing the quality factor (Q
-factor) down of the hybrid antenna. The ratio of the stored
energy of the antenna’s far-field region to the radiated power
of the antenna is said to be Q-factor. The antenna being
lossy, i.e., Q-factor down, means it can store less energy in
its near-field region than the HMSIW antenna.

Conversely, it can radiate more energy. Consequently,
this enhanced BW of the hybrid antenna surpasses the BW
of the HMSIW antenna previously discussed in Section 2.
The simulated BW and other associated parameters of the
hybrid antenna will be discussed in Section 4 after compar-
ing them with experimental data. A typical SIW does not
support TM mode since it cannot provide continuous cur-
rent along its side wall as it renders vias with a specific
gap. As a result, the proposed HMSIW antenna excites
TE101, and later, outer patch gets excited by the same mode.
Clearly, the TE101 radiation from each side of the patch gets
ruled out by each other, as shown in Figure 4.

This phenomenon, thereupon, slightly reduces antenna
gain and oppositely increases neat XPL in the boresight
direction. Besides, the simulated surface current distribution
with colourmap intensity is shown in Figure 5(b). The sur-
face current is distributed throughout the antenna, therefore
means the whole antenna is resonating. More importantly,
the surface current intensity is low in the middle of the patch
as the electric field magnitude is minimum shown already in
Figure 4. Hence, it proves the existence of TE101 in the outer
patch.

Furthermore, current intensity and direction at the patch
also give an inkling about the mode and polarity of the elec-
tric field developed across the patch. This combination lets
the antenna achieve a broader BW than the HMSIW
antenna.

2.3. Parametric Analysis. To evaluate the frequency stability
and the parameter’s effect on the proposed antenna, several
simulations were performed and shown in Figures 6(a) and
6(b). By fine-tuning each parameter, frequency shifting,
BW, and the best response of S11 from this structure can
be achieved, which is vivid by the parametric analysis shown
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Figure 3: (a) The simulated S11, radiation efficiency, and gain of the HMSIW antenna and (b) the normalized simulated radiation patterns
of HMSIW antenna in terms of E-plane (YZ cut) and H-plane (XZ cut) at 13.37GHz.
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in Figure 6. The antenna’s frequency stability is subject to
antenna parameters; however, it appears almost stable irre-
spective of the slight parameter difference.

3. Design and Considerations

To construct a SIW cavity resonator, two conditions, Svia ≤
2dvia and dvia/λ0 ≤ 0 1, should be maintained where λ0 is a
free space wavelength. In this way, the SIW cavity acts like
a metallic cavity shown [32, 36, 42, 43] and is able to prevent
radiation leakage.

The above two rules go for a hybrid antenna in
Figure 5(a), as its working frequency is the same as FMSIW.
The radiation from HMSIW and hybrid antenna depends
upon the mode generated inside the antenna. The working
frequency of TEmnp represented SIW resonator can be calcu-
lated by the following [34]:

fmnp =
1

2π με

mπ

Leff

2
+ nπ

h
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Figure 5: The front layout of the hybrid antenna: (a) top view, where Lh = 30mm, Wh = 18mm, dy = 5 75mm, Wp = 11 13mm, lf = 5 30
mm, dvia = 0 45mm, Svia = 0 75mm, lp = 9 05mm, g = 0 53mm, lc = 10 70mm, r = 5 00mm, f = 0 80mm, and k = 3 9mm, and (b) current
distribution.
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where m = 1, 2, n = 1, 2,⋯, p = 1, 2,⋯, μ = μrμo, and ε = εrεo
indicate the permeability and permittivity of the chosen sub-
strate of the SIW resonator, respectively. The equivalent
length and width (Leff , Weff ) can be determined by the fol-
lowing according to [9]

Leff = lsiw − 1 08D
2

S
+ 0 1 D

2

lsiw
, 2

Weff =wsiw − 1 08D
2

S
+ 0 1 D2

wsiw
3

In (2) and (3), “D” represents the diameter of via and “s”
represents the spacing between two adjacent via in SIW. In
addition, the SIW possesses a large ratio of width to height
that leads to n = 0 and resonates only TEm0p modes.
Figures 2 and 5(a) represent the radiated field for HMSIW
and patch antenna, respectively. Additionally, the BW of
the proposed antenna depends upon substrate thickness
and the patch’s dimension. The patch dimension was calcu-
lated utilizing the universal basic equation for patch
antenna. To reduce surface wave and not make the antenna
bulky, 0.8mm was preferred as thickness. The initial
assumption of the geometrical representation of FMSIW
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Figure 7: The fabricated sample of a hybrid antenna with slide caliper (mm) view: (a) front view and (b) rear view. (c) The measured S11 of a
hybrid antenna compared with both CST and HFSS.
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was chosen arbitrarily, and its necessary mathematical calcu-
lation can be done using the equation discussed in [42].

4. Fabrication and Measurement Analysis

As per the simulation model built in the CST studio suite,
this prototype was fabricated and tested using Rogers-
RO4003C substrate (εr = 3 2) with a thickness of 32 mil.
Figures 7(a) and 7(b) show photographs of a fabricated
hybrid antenna. The experimental data maintains a good
agreement with simulated data in Figure 7(c). Firstly, the
fabricated sample has almost the same operating frequency
of 13.1GHz, similar to CST but in small disagreement with
HFSS. Small discrepancy attributed to the fringing effect
not counted in numerical simulation and an inaccurate air
gap between the patches and HMSIW of a fabricated sample.
Secondly, the measured S11 covers 12.93GHz to 13.38GHz
after obtaining a BW of 450MHz (3.46%), almost as similar
to the simulation. This measured BW, however, is wider
than the simulated BW of 410MHz, which is vivid in
Figure 7(c). This is because the Q-factor of the fabricated
sample has decreased, which is 29.11, as reported in
Table 2, due to the ohmic loss the antenna meets while
soldering.

In addition to that, SMA connector loss and copper loss,
which is often replaced by PEC in a simulation, are avoided.
Q-factor can be determined by equation (4) and is directly
related to antenna radiation efficiency, which is calculated
using this equation (Table 2).

The measured normalized 2D polar plot radiation pat-
tern at two planes is shown in Figure 8. The measured E
-plane (YZ cut) pattern is as symmetrical as the simulated
E-plane. The measured E-plane (Eθ in φ = 90°) points at

358° boresight direction, whereas the simulated E-plane is
at 359° (Table 2).

Qu =
f r

Δf7dB
= ηRQR 4

Another overwhelming factor, HPBW, especially on E
-plane, gets narrowed almost in halves compared to the sim-
ulated one reported in Table 2. This phenomenon also mag-
nifies the incrementation in gain at E-plane (Eθ in φ = 90°)
irrespective of some losses that could hamper antenna net
gain. Alternatively, the H-plane (XZ cut) radiation pattern
is as asymmetrical as the antenna structure, having almost
equal two major lobes, with the main beam pointing at
309° boresight direction. The H-plane (Eθ in φ = 0°) gain is
6.24 dBi, whereas the simulated gain was 6.06 dBi
(Table 2). Some losses can be attributed to coaxial cable loss
during measurement. Needless to say, the absence of perfect
alignment between the antenna under test and the standard
horn antenna could affect the antenna gain and pattern. The
measured SLL on E-plane (Eθ in φ = 90°) was found to be
less than -7.90 dB (Table 2). However, SLL in H-plane is sole
-2.1 dB in simulation and gets better by 0.5 dB in measure-
ment due to the following reason. As previously mentioned,
two major lobes are seen in the measured H-plane. One of
them surpassed the simulated gain, ranging from 300 to
340° boresight direction. On the other hand, the other lobe,
ranging from 30 to 60° boresight direction, becomes less
dominant compared to the simulated one.

Since antennas gain increased in one direction while
decreased in another, these two factors are responsible for
achieving a better SLL in the H-plane than its corresponding

Table 2: A comparison of both simulated and experimental data.

Parameters
Hybrid antenna

Simulated (13.12GHz) Measured (13.1 GHz)

S11 -27.0 dB -35.0 dB

BW 410MHz 450MHz

VSWR 1.02 N/A

Gain (dBi) -3.09 (E), 6.06 (H) 6.45 (E), 6.24 (H)

SLL (dB) -5.9 (E) -2.1 (H) -7.93 (E), -2.56 (H)

XPL (dB) -2.06 (E), -5.11 (H) -1.56 (E), -4.07 (H)

Beam directions 359° (E), 44° (H) 358° (E), 309° (H)

HPBW 143.3° (E), 47.28° (H) 70.83° (E), 46.07° (H)

FTBR 12.59 dB 23.2 dB

E-field 15.2 dBV/m N/A

H-field -36.4 dBA/m N/A

Radiated power 0.4163W N/A

Copper loss 0.01797W N/A

Dielectric loss 0.05220W N/A

Q-factor 32 29.11

QR 33.79 31.8

Rad. efficiency 94.68% 91.30

Total efficiency 92.36% N/A
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simulated value. The measured XPL values at E-plane (Eθ in
φ = 90°) and H-planes are -1.56 and -4.07, respectively.
Although Section 2 predicted about dominating behaviour
of XPL of this antenna, some loss while testing this antenna
wreaks antenna XPL, and some discrepancy is seen in the
corresponding simulation reported in Table 2. By employing
a thin substrate, XPL could be suppressed. This elevated XPL
in the fabricated sample also abates the radiation efficiency
of the fabricated sample compared to the simulated, which
is 91.30% (Table 2). The measured FTBR of the fabricated
sample is mentioned in Table 2, where measured FTBR
shows much better results than the simulated one. FTBR
was found to be 23.3 dB at the resonant frequency, whereas
simulated FTBR was only 12.59 dB. What is the main reason
behind this?

Note that the antenna back lobe for both E-plane (Eθ in
φ = 90°) and H-plane (Eθ in φ = 0°) in the measured radia-
tion pattern completely disappears, which consequently
pushes FTBR to its climax. The measured FTBR is spotted
at more than 22dB on its operating frequency range, which
is meaningful, being a SIW antenna. Undoubtedly, Table 1
implies that the proposed antenna has improved FTBR, gain,
and BW over recently published HMSIW, QMSIW, and
SIW-based antenna. It conveys that SIW with a single patch
provides promising results; further improvement, however,
can be incorporated by dividing the patch into an array
reported recently [42].

5. Conclusions

A novel cavity-backed hybrid antenna is proposed and
tested experimentally. First, the HMSIW technique converts
the nonradiating waveguide into a radiating antenna. Then,
a patch of simple configuration is concatenated on the outer
layer for the purpose of BW escalation. Both the parasitic
patch and cavity-backed antenna are excited by TE101 mode
of the antenna, where inset feed is used to excite antenna.
Several antenna parameters, S11, gain, BW, and XPL, have
been investigated, and it shows elevated performances over
recently published SIW-based antenna. Both simulated and
measured data have a good agreement and proposed
antenna.
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