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ABSTRACT Two novelmicrostrip patch antennaswithmultiple parasitic patches and shorting vias have been
presented for the bandwidth enhancement. Based on the conventional triangular patch antenna, two more
resonances can be obtained with the introduction of multiple parasitic patches, and consequently, the antenna
bandwidth can be broadened. Parametric analysis of the patches has been studied for the verification of
bandwidth enhancement. An example of the proposed antenna with multiple parasitic patches is designed,
fabricated, and tested. Themeasured bandwidth with |S11| < −10 dB ranges from 5.46 to 6.27 GHz (13.8%),
and good far-field radiation patterns can be obtained within the frequency band. In addition, two shorting vias
are inserted into the above proposed antenna to decrease the input impedance, resulting in further bandwidth
enhancement of the antenna. This antenna is fabricated and tested as well, which achieves a measured 10-dB
impedance bandwidth of 17.4% from 5.5 to 6.55 GHz.

INDEX TERMS Bandwidth enhancement, microstrip patch antennas, parasitic patch, shorting vias.

I. INTRODUCTION
With the rapid growth of modern wireless communication
systems, the demand for antennas with light weight and low
profile has been increasing significantly. Due to the advan-
tages of low profile, light weight and high gain, microstrip
antennas are very attractive in many transceiver system appli-
cations [1]. However, conventional microstrip antennas suf-
fer from narrow impedance bandwidths due to its single
resonance radiation, typically less than 5% [2]. Therefore,
several methods have been presented to enhance the band-
width of the microstrip patch antennas [3]–[15]. One of
the most popular ways is to introduce some slots into the
patch radiators [3]–[5], which can yield extra controllable
resonances for the bandwidth enhancement. This approach
has the advantage of simple antenna structures without intro-
ducing additional sizes, however, the radiation patterns may
be affected in some degree. Another widely used method is

adding parasitic strips or patches for gap-coupling to the main
patch radiators [6]–[9]. For instance, a microstrip antenna
with gap-coupled sectoral patch has been designed in [6],
which results in a bandwidth increase from 1.6% to 12.3%.
In [9], a multilayer antenna structure is used for improving the
impedance bandwidth. Although the multilayer dielectrics
and patches can achieve an enhanced impedance bandwidth
of over 20%, it pays a heavy price for the increased pro-
file and cost. Additionally, inserting shorting vias into the
dielectric substrate is one of the prevailing approaches used
by researchers recently [10]–[15]. In [10], a triangular patch
antenna using shorting vias and V-shaped slot is proposed,
where a wider bandwidth is obtained with the help of the
shorting vias, having great influence on the resistance and
reactance of the antenna. Similarly, in [11]–[15] the shorting
vias are inserted in order to expand the impedance bandwidths
of the antennas.
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In this paper, an equicrural triangular microstrip patch
antenna withmultiple parasitic patches around themain patch
is presented. Three resonances can be obtained due to the
introduction of the three parasitic patches. The effect of each
parasitic patch has been explored sequentially and some key
parameters have been analyzed. Seen from the measured
results, the 10-dB impedance bandwidth of the designed
antenna is 5.46∼6.27 GHz (13.8%). Then, two shorting vias
are inserted based on the above designed antenna, conse-
quently, an even wider impedance bandwidth can be yielded,
from 5.5 to 6.55 GHz (17.4%). The measured return losses
and radiation patterns of the proposed antenna agreewell with
the simulated ones.

II. DESIGN OF MICROSTRIP PATCH ANTENNA WITH
MULTIPLE PARASITIC PATCHES
Fig. 1 illustrates the geometry evolution of the designed
antennas and their simulated reflection coefficients. The
antennas are printed on the top of an FR4 substrate with
a relative permittivity of εr = 4.4 and a thickness of
h = 1.6 mm, and the ground is printed on the bottom of
substrate. Each antenna is fed by 50 Ohm coaxial probe
through SMA connector. A full-wave electromagnetic sim-
ulator Ansys HFSS [16] is utilized to analyze the designed
antennas. The antenna Ant_1 is shown in Fig. 1(a) with a sim-
ple equicrural triangular patch (D), whose simulated result
is displayed in Fig. 1(d). As shown in Fig. 1(b), the antenna
ANT_2 consists of the equicrural triangular patch (D) and
a trapezoid parasitic patch (P1) on its right-handed side.
Compared with the antenna ANT_1, the antenna ANT_2 has
one more resonant mode introduced by P1, as presented
in Fig. 1(d). To further broaden the antenna bandwidth, two
right triangular parasitic patches (P2 and P2’) are added based
on the antenna ANT_2, as shown in Fig. 1(c). From Fig. 1(d)
it is clear that the antenna ANT_3 has three resonances,
resulting in a much wider bandwidth than those of antennas
ANT_1 and ANT_2.

A. ANALYSIS OF THE ANTENNA ANT_1
The geometrical parameters of the antenna ANT_1 are illus-
trated in Fig. 1(a). It is composed of the simple equicrural
triangular driven patch on the top of substrate and the ground
plane beneath the substrate whose size is the same as that of
the substrate. Fig. 1(d) shows the reflection coefficient of the
antenna ANT_1, which has only one resonant mode.

For the antenna ANT_1, the resonant frequency of TM10
mode can be calculated by [17]

fTM10 =
2c

3L1
√
εr

(1)

where c is the velocity of light in free space. It is indicated
from (1) that the resonance of the antenna ANT_1 can be
controlled by the parameter L1. The simulation of the reflec-
tion coefficient versus L1 is shown in Fig. 2. The resonant
frequency will be shifted from 5.79 to 5.62 GHz when L1
increases from 15.8 to 16.4 mm. It is clear that the resonant

FIGURE 1. Geometry evolution of the designed antennas (a) ANT_1,
(b) ANT_2, (c) ANT_3, and (d) their simulated reflection coefficients,
where L = 36 mm, W = 39 mm, L1 = 16.1 mm, L2 = 5.8 mm,
w1 = 1.5 mm, w2 = 0.7 mm, s = 1 mm, θ = 71◦ and r = 0.65 mm.

frequency decreases with the increase of L1, which agrees
with equation (1).

B. ANALYSIS OF THE ANTENNA ANT_2
In order to broaden the bandwidth, the antenna ANT_2 with
a trapezoidal parasitic patch P1 closely coupled to the patch
D is designed as shown in Fig. 1(b). Fig. 1(d) illustrates its
reflection coefficient with two resonant modes, resulting in a
wider bandwidth compared with that of the antenna ANT_1.
It is obvious that one more resonance can be obtained when
the extra parasitic patch P1 is added.

To analyze the effect brought by the patch P1, the sur-
face current distribution of the antenna ANT_2 is stud-
ied, as shown in Fig. 3. At 5.66 GHz, the strong current
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FIGURE 2. Simulated reflection coefficients of the antenna ANT_1 against
L1, where θ = 71, r = 0.65 mm and s = 1 mm.

FIGURE 3. Surface current distribution of the antenna ANT_2 at
(a) 5.66 GHz and (b) 5.92 GHz.

distribution mainly focuses on the equicrural triangular patch
D as shown in Fig. 3(a), while in Fig. 3(b) the strong cur-
rent magnitude is distributed on the trapezoidal patch P1 at
5.92 GHz. The first resonant mode of the antenna ANT_2 at
5.66 GHz is the TM10 mode, which has been analyzed in
the Section II-A, but the second resonant mode at 5.92 GHz
is the extra mode introduced by the trapezoidal patch P1.
From Fig. 3(b), it can be found that the extra mode is the
TM12 mode on the trapezoidal patch P1 where two peri-
ods of variation can be observed along the horizontal direc-
tion of trapezoid patch. To study the effect of parameters
on this second resonant mode, the trapezoidal patch can
be regarded as an annular patch for simplicity. Therefore,
the resonant frequency of the TM12 mode can be calculated
by [7]

fTM12 =
2c

θ (Rie + Roe)
√
εr

(2)

FIGURE 4. Simulated reflection coefficients of the antenna ANT_2 against
(a) L1, where L2 = 5.8 mm, θ = 71◦, w1 = 1.5 mm, r = 0.65 mm and s = 1
mm, (b) L2, where L1 = 16.1 mm, θ = 71◦, w1 = 1.5 mm, r = 0.65 mm
and s = 1 mm, (c) θ , where L1 = 16.1 mm, L2 = 5.8 mm, w1 = 1.5 mm,
r = 0.65 mm and s = 1 mm and (d) w1, where L1 = 16.1 mm, L2 = 5.8
mm, θ = 71◦, r = 0.65 mm and s = 1 mm.

where Rie and Roe are the effective inner and outer radii
of the annular patch, respectively. They can be obtained
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FIGURE 5. Simulated frequency responses of the antenna ANT_3 against
(a) L1, where L2 = 5.8 mm, θ = 71◦, w1 = 1.5 mm, w2 = 0.7 mm,
r = 0.65 mm and s = 1 mm, (b) L2, where L1 = 16.1 mm, θ = 71◦,
w1 = 1.5 mm, w2 = 0.7 mm, r = 0.65 mm and s = 1 mm, (c) θ , where
L1 = 16.1 mm, L2 = 5.8 mm, w1 = 1.5 mm, w2 = 0.7 mm, r = 0.65 mm
and s = 1 mm, and (d) w1, where L1 = 16.1 mm, L2 = 5.8 mm, θ = 71◦,
w2 = 0.7 mm, r = 0.65 mm and s = 1 mm.

FIGURE 6. Simulated frequency responses of the antenna ANT_3 against
w2, where L1 = 16.1 mm, L2 = 5.8 mm, θ = 71◦, w1 = 1.5 mm,
r = 0.65 mm and s = 1 mm.

by

Rie = Ri

√
1+

2h
πRiεr

(ln
πRi
2h
+ 1.7726) (3)

Roe = Ro

√
1+

2h
πRoεr

(ln
πRo
2h
+ 1.7726) (4)

where Ri and Ro are the inner and outer radii of the annular
patch, respectively. For the antenna ANT_2, these two param-
eters can be calculated approximately by

Ri ≈ L1 cos(θ/2)+ w1 (5)

Ro ≈ (L1 + L2) cos(θ/2)+ w1 (6)

From (2)-(6), it is indicated that the resonant frequency
of the TM12 mode depends on the parameters of L1, L2,
θ and w1. The simulated reflection coefficients versus L1,
L2, θ and w1 are shown in Fig. 4. It can be observed from
Fig. 4(a) that both of these two resonances are moved to the
lower frequencies with the increase of L1. However, as shown
in Fig. 4(b)-(d), when L2, θ or w1 increases, the second
resonant frequency decreases while the first one almost keeps
constant. These results are in accordance with the equations
(1)-(6), therefore, these parameters can be tuned to attain the
required center frequency and impedance bandwidth of the
antenna ANT_2.

C. ANALYSIS OF THE ANTENNA ANT_3
For further bandwidth enhancement, two right triangu-
lar parasitic patches P2 and P2’ are positioned on two
sides of the antenna ANT_2 to construct the antenna
ANT_3, as shown in Fig. 1(c). Fig. 1(d) already showed
the reflection coefficient of the antenna ANT_3 compared
with those of the antennas ANT_1 and ANT_2. It can
be found that three resonances can be obtained when the
patches P2 and P2’ are introduced, resulting in a wider
impedance bandwidth, whereas the size of antenna is not
increased.
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FIGURE 7. (a) Geometry of the antenna ANT_3’, and comparisons of
(b) simulated reflection coefficients and (c) radiation patterns at 6 GHz
between the antennas ANT_3 and ANT_3’.

For the right triangular patches P2 and P2’, the parameters
L3 and L4 can be calculated by

L3 = ((L1 + L2) cos
θ

2
+ w1) tan

θ

2
(7)

L4 = (L1 + L2) cos
θ

2
+ w1 (8)

Similarly to the deduction of Section II-A, the resonant fre-
quency of the third resonant mode introduced by the patches
P2 and P2’ can be calculated by

fM3 =
2c

3 L3
sin(θ/2)

√
εr
=

2c
3(L1 + L2 +

w1
cos(θ/2) )

√
εr

(9)

FIGURE 8. (a) Photograph and (b) simulated and measured reflection
coefficients and peak gains of the proposed antenna ANT_3’.

or

fM3 =
2c

3 L4
cos(θ/2)

√
εr
=

2c
3(L1 + L2 +

w1
cos(θ/2) )

√
εr

(10)

Consequently, this resonant mode will be affected by the
four parameters L1, L2, w1 and θ . The simulated reflection
coefficients of the antenna ANT_3 versus these four different
parameters are illustrated in Fig. 5. As shown in Fig. 5(a),
when L1 increases from 15.8 to 16.4 mm, three resonant
frequencies will all decrease, thus the center frequency of the
antenna ANT_3 will shift from 6.10 to 5.94 GHz, while the
bandwidth will keep almost unchanged. From Fig. 5(b)-(d),
it can be observed that the second and third resonances will be
both moved as the parameter L2, θ orw1 varies, while the first
resonance almost remains the same, which are in accordance
with the above-mentioned equations. It is noteworthy that the
gapw2 is also a key parameter which determines the coupling
between the right rectangular patch (P2 or P2’) and the other
two patches (D and P1) of the ANT_3. The simulated fre-
quency responses against different values of w2 are plotted
in Fig. 6. These above parameters should be properly tuned
to eventually obtain a required broad impedance bandwidth.

In order to reduce the operating frequency of the antenna
but not increase its size, the antenna geometry (i.e., ANT_3’)
is slightly modified as shown in Fig. 7(a), where the radi-
ator patch D is cut into a trapezoidal patch and the right
rectangular patches (P2 and P2’) are also cut, meanwhile,
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FIGURE 9. Simulated and measured radiation patterns at (a) 5.7 GHz,
(b) 6.0 GHz and (c) 6.2 GHz.

the parameter θ is decreased from 71◦ to 47◦. In Fig. 7(b),
it can be observed that the center frequency of the antenna
ANT_3’ is decreased but the absolute bandwidth almost
remains the same compared with that of the antenna ANT_3.
On the other hand, owing to the truncation of the patch D
and the decrease of θ , the sizes of the patches P2 and P2’
are effectively reduced, resulting in the influence reduction
of the radiation patterns. The simulated radiation patterns
of the antennas ANT_3 and ANT_3’ at 6 GHz are shown
in Fig. 7(c). It can be observed that the maximum realized
gains in H-plane (yz-plane) are not toward the boresight
direction (z-axis direction), which are caused by the parasitic
patches P2 and P2’. At the boresight direction, the radiation

FIGURE 10. (a) Geometry of the antenna ANT_4, and comparisons of
(b) input impedances and (c) reflection coefficients between the
antennas ANT_4 and ANT_3’.

pattern of ANT_3’ inH-plane is improved comparedwith that
of ANT_3. Nevertheless, three resonant modes of the antenna
still exist and the center frequency can be reduced.

D. MEASUREMENTS OF THE ANTENNA ANT_3’
Based on the above analysis, the microstrip patch antenna
ANT_3’ with three resonances is designed and optimized.
The final dimensions of the fabricated antenna ANT_3’ are
chosen as follows: L = 36 mm, W = 39 mm, L1 = 18.8
mm, L2 = 13.5 mm, L5 = 5.4 mm, w1 = 1.2 mm,
w2 = 0.6 mm, s = 1.3 mm, θ = 47◦ and the radius of the
probe r = 0.65 mm. The driven patch D is fed by a coaxial
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FIGURE 11. Simulated frequency responses of the antenna ANT_4 against
(a) Py, where L1 = 13.1 mm, L2 = 13.5 mm, L5 = 5.35 mm, θ = 47◦,
w1 = 1.2 mm, w2 = 0.6 mm, r = 0.65 mm, s = 0.8 mm, Px = 22.6 mm,
and (b) Px, where L1 = 13.1 mm, L2 = 13.5 mm, L5 = 5.35 mm, θ = 47◦,
w1 = 1.2 mm, w2 = 0.6 mm, r = 0.65 mm, s = 0.8 mm, Py=5.7 mm.

connector from the back of the substrate. The photograph of
the fabricated antenna is shown in Fig. 8(a).

The simulated and measured reflection coefficients, peak
gains, and radiation patterns of the proposed antenna ANT_3’
are illustrated in Fig. 8(b) and Fig. 9, respectively. The mea-
sured impedance bandwidth with |S11| < −10 dB is from
5.46 to 6.27 GHz (13.8%) as shown in Fig. 8(b). Besides,
there are three resonances at 5.7 GHz, 5.97 GHz and 6.2 GHz,
respectively. For radiation characteristics, the simulated and
measured realized peak gains versus operating frequencies
are also given, where the measurements are basically in
agreement with the simulated results. Fig. 9 plots the sim-
ulated and measured radiation patterns in E-plane (xz-plane)
and H-plane (yz-plane) at 5.7 GHz, 6.0 GHz and 6.2 GHz,
respectively. It indicates that the proposed antenna has real-
ized good far-field characteristics both in the E-plane and
H-plane within the frequency band. The differences between
simulated and measured results are attributed to the soldering
of the SMA connector and measuring environment.

FIGURE 12. (a) Photograph and (b) simulated and measured reflection
coefficients and peak gains of the proposed antenna ANT_4.

III. DESIGN OF THE PROPOSED PATCH ANTENNA WITH
BOTH OF MULTIPLE PARASITIC PATCHES AND
SHORTING VIAS
Based on the microstrip patch antenna ANT_3’, two short-
ing vias are employed to construct the antenna ANT_4 in
order to further enhance the impedance bandwidth as shown
in Fig. 10(a). As analyzed in Fig. 3(b), the surface current
distribution of the TM12 mode has two periods of variation on
the trapezoidal patch P1. When the shorting vias are inserted
into the position where the surface current is concentrated,
the change of current distribution on the antenna patch will
occur, thus the input impedance of the antenna at some
frequency ranges will be reduced toward 50 Ohm, resulting
in the increase of the impedance bandwidth. Comparisons
between the antennas with and without shorting vias are
shown in Fig. 10(b) and (c), where the parameters of the
antenna ANT_4 are optimized on the basis of the antenna
ANT_3’. In Fig. 10(b), the input resistance and reactance
of the antenna with shorting vias (ANT_4) are more stable
than those of the antenna without shorting vias (ANT_3’),
which indicates that the shorting vias have significant effect
on the improvement of the impedance bandwidth. Fig. 10(c)
illustrates the bandwidth comparisons of these two antennas.
The simulated impedance bandwidth with |S11| < −10 dB
of the antenna ANT_3’ is from 5.56 to 6.28 GHz while the

11630 VOLUME 6, 2018



K. D. Xu et al.: Microstrip Patch Antennas With Multiple Parasitic Patches and Shorting Vias

FIGURE 13. Simulated and measured radiation patterns at (a) 5.7 GHz,
(b) 6 GHz and (c) 6.3 GHz.

bandwidth of its counterpart antenna ANT_4 is from 5.47 to
6.38 GHz. Obviously, the latter one has been enhanced owing
to the added shorting vias.

Some parametric studies on the placement of the shorting
vias have been done for the bandwidth optimization as shown
in Fig. 11. The key parameters Px and Py, i.e., the positions of
the shorting vias, should be appropriately adjusted to satisfy
the required impedance bandwidth of the antenna. Finally,
a microstrip patch antenna with both of multiple parasitic
patches two shorting vias is designed and measured, whose
fabricated photograph is shown in Fig. 12(a). The dimensions
of the antenna are chosen as L = 36 mm, W = 39 mm,
L1 = 18.8 mm, L2 = 13.5 mm, L5 = 5.4 mm, w1 = 1.2

mm, w2 = 0.6 mm, s = 0.8 mm, θ = 47◦, Py = 5.7 mm,
Px = 22 mm, and the radii of the probe and shorting vias are
r = 0.65 mm and Rv = 0.5 mm, respectively.
Fig. 12(b) and Fig. 13 show the simulated and measured

reflection coefficients, peak gain and radiation patterns of
the designed antenna with both of the parasitic patches and
shorting vias, respectively. As shown in Fig. 12(b), the sim-
ulated impedance bandwidth with |S11| < −10 dB is from
5.56 to 6.55 GHz (16.5%) while the measured counterpart is
from 5.5 to 6.55 GHz (17.4%). Meanwhile, the simulated and
measured peak gains of the antenna versus frequencies are
also shown. Fig. 13 plots the simulated and measured radia-
tion patterns of the antenna ANT_4 in E-plane and H-plane
at 5.7, 6.0 and 6.3 GHz, respectively, which are similar to
the radiation pattern results of the antenna ANT_3’ shown
in Fig. 9.

IV. CONCLUSION
In this paper, a novel microstrip patch antenna with multiple
parasitic patches for three resonances generation has been
designed firstly. When the parasitic patches are introduced in
the structure of the proposed antenna, two extra resonances
can be obtained, thus the bandwidth will be broadened effec-
tively. Parametric study has been explored to analyze the
effects of dimensional parameters on the performance of the
antenna. Then, two shorting vias are added based on the above
proposed antenna, consequently, the input impedance can be
lowered at some frequency ranges and thus the bandwidth
will be further broadened. To validate the design ideas, two
examples of the proposed antennas have been fabricated and
tested. The measured results of these two antennas show that
the impedance bandwidths with |S11| < −10 dB range from
5.46 to 6.27 GHz (13.8%) and 5.5 to 6.55 GHz (17.4%),
respectively. Both of them can achieve good far-field radi-
ation patterns within the operating frequency bands.
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