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ABSTRACT A multimode resonance patch antenna with the attractive radiation gain and efficiency is
investigated in this paper. A driven patch with both sides shorted similar to the cavity model is presented
to generate TM03 and TM11 modes. TM21 mode is also excited by inserting five shorting parasitic patches
on both sides of the radiation aperture to extended the impedance bandwidth and no additional feeding
structure is required. Meanwhile, a novel metasurface with the positive gradient of the reflection phase is
placed directly above the proposed multimode antenna. Then the characteristics of high gain and better front-
to-back ratio (FBR) are acquired. The measured results show that the characteristics of 20.7% impedance
bandwidth from 5.08 GHz to 6.25 GHz, stable gain of up to 12.34 dBi, high radiation efficiency of up to
89% and cross-polarization level below -20 dB are obtained. These characteristics all imply that the proposed
antenna can be applied to WLAN and Car-to-Car (C2C) communications.

INDEX TERMS Multimode, patch antenna, shorting parasitic patch, metasurface, front-to-back ratio,
radiation efficiency.

I. INTRODUCTION
With the large-scale popularization of mobile Internet, IEEE
proposed the 802.11p protocol in July 2010 as a supple-
mentary protocol to 802.11 to meet the relevant applica-
tions of intelligent transportation systems (ITS) in dedicated
short range communications (DSRC) system [1]. A direct
communication through radio transmission between road-
side, vehicle and portable radio equipment, enabling com-
munication and exchange of information between vehicles,
people and roadsides infrastructure. In the United States and
Europe, Car-to-Car (C2C) and Car-to-Infrastructure (C2I),
as two different application areas in DSRC [2] both work
at 5.9 GHz (5.85-5.925 GHz). Successively, frequency bands
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of 5.905-5.925 GHz is also released for intelligent networked
car in China.

The wireless local area network (WLAN) working at
5.15-5.85 GHz supports IEEE 802.11a/n/ac protocol with a
single-channel working bandwidth of up to 160 MHz and a
transmission rate of up to 1 Gbps. Combining C2C communi-
cation that can obtain real-time information of the surround-
ing vehicles with the vehicle-mounted WLAN application
that can access the Internet at any time can not only improve
driving safety, but also provide users with more convenient
services. Although, these advantages enhance the competi-
tiveness of smart cars, the design of vehicle antenna becomes
more complicated. Especially when the antenna is installed
inside the vehicle, the radiation performance is correspond-
ingly weakened due to the shielding effect [3]. Therefore,
it is challenging and practical to design a broadband vehicle
antenna with high gain characteristics.
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The existing literature presents a series of vehicle anten-
nas for C2C communication with low profile, broadband,
multi-band, and high gain characteristics. In [3], a triangular-
shaped patch antenna is designed by combing V-shaped slot
and shorting pins. Three resonant modes of TM10, TM20
and TM11 generated by the proposed design jointly promote
the antenna to acquire an impedance bandwidth of up to
32.2%. However, the maximum gain of the antenna is only
6.5 dBi. Also affected by the shielding effect [4] inside the
vehicle, the working efficiency of the antenna is also reduced.
A shark-fin antenna composed of two monopole antennas is
proposed in [5]. The designed antenna with the characteristic
of triple-band and high efficiency can be utilized for mobile,
WLAN and C2C application. But, the forward radiation is
usually blocked due to the curvature of the roof. To solve
this problem, a cavity antenna placed above the windshield
is investigated in [6]. The designed cavity antenna located
at the front of the roof can improve the coverage of the
central roof antenna to other vehicles and pedestrians. In [7],
a novel multi-service antenna is designed for automotive
communication. The fabricated Y-shaped monopole operat-
ing at 5.85GHz provides resonance for C2C andC2I services,
and the isolationwithin the entire service bandwidth is greater
than 15 dB. But the gain at 5.85 GHz is less than 2.5 dBi,
which is not conducive to the realization of communication
by cars on congested roads.

As mentioned above, the antennas currently utilized in
automotive communication either have low radiation gain or
narrow resonance bandwidth. To address these two issues,
the introduction of gain-enhancing metasurfaces based on
multimode resonance can significantly improve antenna gain
and impedance bandwidth, and this approach has not been
researched in the existing literature. Multimode resonance is
one of the common methods to expand the bandwidth, and a
large number of related works are recorded in the existing lit-
erature. Such as, TM10, TM12 and TM22 modes are obtained
simultaneously by exciting the grid-slotted radiation patch
with grounded balun feeding structure in [8]. In [9]–[12],
multi-layer frequency-selective surface (FSS), shorting pins
and substrate integrated suspended line (SISL) with U-shaped
slot are introduced to acquire multimode resonance, respec-
tively. However, the multi-layer structure with more than four
layers and the additional feeding network greatly increase the
design complexity and radiation loss.

In terms of improving antenna gain, a large number of
related works are published one after another. Among them,
partially reflective surfaces (PRS), as a metasurface with
enhanced gain properties, is widely employed in the field of
high-gain antennas. In [13]–[29], Fabry-Pérot cavity (FPC)
antennas with the feature of broadband, high gain and com-
pact structure are designed successively by introducing PRS
layer. Attribute to the gain enhancement characteristic of
PRS, the gain of some antennas is as high as 13 dBi or more.
Especially in [18]–[19] and [22]–[24], it can be seen that the
gain of the antenna is comparable to that of the array antenna.
However, it is worth noting that the stacking structure of

FIGURE 1. Geometry of the proposed broadband patch antenna: (a) top
view of the antenna; (b) top view of the PRS array; (c) side view of the
assembled antenna. SL = 110, SW = 110, GL = 100, GW = 100, W = 63.5,
L1 = 46.5, L2 = 8.75, L3 = 10, L = 17, W1 = 4, W2 = 4, W3 = 3, dg = 2,
dg1 = 1, dg2 = 0.9, dp = 1.5, dr = 0.8, ds = 1.0, dx = 15.7, H1 = 1.575,
H2 = 26, H3 = 5 (all dimensions in mm).

the proposed antennas up to 5 layers not only increases the
antenna loss and manufacturing cost, but also increases the
design difficulty correspondingly.

In this paper, a multimode antenna with the features of
broadband, high gain, high radiation efficiency, directional
radiation and easy manufacturing is designed. A driven patch
with both sides shorting fed directly by a coaxial probe
is presented to generate the TM03 and TM11 modes. Five
shorting parasitic patches are excited by coupling with the
driven patch to obtain the TM21 mode. In order to improve the
gain of the broadband patch antenna to the level of the array,
a novel PRS is introduced. The presented PRS layer not only
has little influence on the reflection coefficient, but also the
reflection phase of PRS has a positive gradient characteristic.
The measured results show that the assembled antenna has
a radiation gain of up to 12.34 dBi which is capable for the
errands of WLAN and C2C communication.

II. ANTENNA DESIGN AND PRS ANALYSIS
The geometry of the designed antenna with the optimal
parameters is given in Fig. 1. It can be seen that the pro-
posed antenna is composed of two substrates. Among them,
Rogers 5880 with relative permittivity of 2.2 is employed as
substrate 1 which is located in the lower layer of the proposed
antenna. A driven patch with both sides shorted is printed on
the center of substrate 1 and a coaxial probe is utilized to
excite the patch at a distance of 15.7 mm from the open end.
Meanwhile, five shorting parasitic patches are printed on the
two open ends of the driven patch to improve the impedance
bandwidth. While, a ground plane is printed on the back of
substrate 1. In order to improve antenna gain and the direc-
tivity of pattern, a PRS located on the top layer of the antenna
is introduced. As depicted in Fig. 1(c), the filler of PRS layer
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FIGURE 2. The evolution of the proposed broadband patch antenna.
(a) Ant. 1; (b) Ant. 2; (3) Ant. 3.

is a F4BM substrate with a relative permittivity of 2.2. And
5× 5 periodically arranged square metal coatings and square
rings are printed on the upper surface and the lower surface
of the substrate 2 respectively. At last, eight support pillars
made of polyamide are located between the two substrates
for introducing an air layer with a height of 26 mm.

In order to clearly explain the characteristics of broadband
and high gain for the designed antenna, the design theory
of the broadband patch antenna and the analysis of the PRS
layer will be further elaborated in Section A and Section B
respectively.

A. BROADBAND PATCH ANTENNA DESIGN
In Fig. 2, three antenna prototypes that evolve sequentially
during the antenna design process are presented. Based on
the cavity theory, the Ant. 1 is first proposed. A driven patch
is printed on the center of the Rogers 5880 substrate, and
shorting vias conforming to the following formula [30] are
placed at the edges of the two short sides to introduce perfect
electric walls.

dr < λ0/5 (1)

dp ≤ 4dr (2)

where dr represents the diameter of the periodic metal via,
dp represents the distance between the centers of two adjacent
metal vias and λ0 represents the cutoff wavelength. Since the
thickness of the Rogers 5880 is smaller than the wavelength,
two open ends of the driven patch can also be regarded as
two perfect magnetic walls. Then, a cavity model is intro-
duced to explain the resonance principle of Ant. 1. It can be
obtained from [31]–[33] that when the cavity is working in
TMmn mode, the resonant frequency can be calculated by the
following formula:

fTMmn =
c

2π
√
εr

√(
mπ
Le

)2

+

(
nπ
We

)2

(3)

where εr represents relative permittivity of the inner medium
in the cavity, c represents the speed of light in free space. Le
andWe represent the length and width of the cavity which can
be calculated by equation (4) and (5), respectively.

We = W −
(dr)2

0.95dp
(4)

Le = L + 21L (5)

where 1L represents the extended part of the cavity length
to compensate for the fringe field caused by the two opened
ends of the cavity.

FIGURE 3. Comparison of the simulated results for the three antennas.
(a) Input impedance; (b) S11.

It can be seen from Fig. 3(a) that TM03 and TM11 modes of
Ant. 1 are obtained respectively at 4.95 GHz and 5.38 GHz.
Due to the adjacent dual-mode resonance, the Ant. 1 with an
impedance bandwidth of 9.6% exhibits broadband character-
istic. In order to further expand the bandwidth on the basis
of dual-mode resonance, three shorting parasitic patches are
placed on the open end of the cavity. Then, Ant. 2 is proposed
and the TM21 mode is also introduced on the parasitic patches
through coupling effect. Comparing the input impedance of
Ant. 1 and Ant. 2 in Fig. 3(a), it can be found that the input
impedance of Ant. 2 at 5.9 GHz is Zin = 49.72 − j2.37,
which satisfies the impedance matching condition. The better
impedance characteristic of Ant. 2 is also consistent with
the excellent reflection coefficient of Ant. 2 at 5.9 GHz in
Fig. 3(b). Combining the TM03, TM11 and TM21 modes
generated by the Ant. 2, an impedance bandwidth of 14.6%
from 5.14 GHz to 5.95 GHz is acquired. Based on the Ant. 2,
Ant. 3 is designed by loading two additional shorting parasitic
patches on the other open end of the cavity to optimize
the input impedance at 6.0 GHz. It can also be seen from
Fig. 3 that the Ant. 3 has an impedance bandwidth of 17.6%
from 5.07 GHz to 6.05 GHz. Fig. 4 shows the electric field
distribution of Ant. 3 at 5.5 GHz, 5.9 GHz and 6.0 GHz. It can
be concluded that the resonance at 5.5 GHz is mainly dom-
inated by the driven patch, while the resonance at 5.9 GHz
is generated by three shorting parasitic patches on the same
side of the open end. In contrast, the two additional shorting
parasitic patches close to the other open end of the cavity have
a greater impact on the resonance at 6.0 GHz.

B. ANALYSIS OF PRS UNIT CELL
In [16], G. V. Trentini first proposed placing a partially reflec-
tive surface above the antenna. Then, the antenna ground
plane and the partially reflective surface constitute a reso-
nant cavity, in which electromagnetic waves are repeatedly
reflected to increase the antenna radiation gain.Moreover, the
resonant frequency of the cavity and the height of the cavity
satisfy the following formula [23]–[24], [26]:

f =
c

4πh

(
ϕp + ϕg − 2Nπ

)
, N = 0, 1, 2, 3, . . . (6)

where, h represents the distance between the PRS and the
ground plane, ϕp and ϕg represent the reflection phase of the
PRS and the ground plane, and f represents the resonance
frequency of the resonant cavity. In order to reduce the height
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FIGURE 4. Simulated electric field distribution of the proposed Ant. 3.
(a) 5.5 GH; (b) 5.9 GHz; (c) 6.0 GHz.

FIGURE 5. (a) Schematic of the proposed PRS unit cell. PL1 = 9.6, PL2 =
16, PL3 = 19 (all dimensions in mm); (b) simulation setup of the
proposed PRS unit cell.

of the resonant cavity in practical applications, N usually
takes a value of 0. Not only that, the corresponding reflection
phase of the ground plane composed of a total reflection per-
fect electrical conductor (PEC) is also taken as π . Therefore,
equation (6) can be converted to equation (7).

ϕp =
f 4πh
c
− π (7)

It can be obtained from equation (7) that when the cavity
height h is determined and the reflection phase of the PRS ϕp
increases with the increase of frequency, the characteristics
of high-gain radiation can be achieved in a large bandwidth.
In other words, the PRS reflection phase within the working
bandwidth has a positive gradient. Assuming that the reflec-
tion amplitude ρ of the partially reflective surface is constant
or approximately constant in a certain frequency band, the
3-dB gain bandwidth of this antenna model can be calculated
by equation (8) [34].

BW3dB =
1− ρ
√
ρ

λ

2hπ
(8)

Among them, λ is the wavelength of the center frequency
in free space. Combining equation (7) and equation (8), it can
be obtained that a PRS with positive gradient reflection phase
and stable reflection amplitude within the operation band-
width is essential for high gain and broadband characteristics.
In view of this feature, a novel PRS with wideband and
positive gradient is investigated in this section to improve
radiation gain of the broadband patch antenna. The configura-
tion and simulationmodel of the PRS unit are shown in Fig. 5.
A F4BM substrate with a thickness of 5 mm and relative
permittivity of 2.2 is selected as the filler for the PRS unit.
A square patch and a square ring with the optimal dimension
are printed on the upper and lower surfaces of the F4BM to

FIGURE 6. (a) PRS hierarchical structure diagram and (b) the equivalent
lumped circuit diagram of the PRS unit.

support the in-phase feature between the reflected wave from
the ground plane and the reflection phase of the PRS.

In order to explain the working principle of the PRS
vividly, we subdivide the PRS into four layers, as shown in
Fig. 6(a). The uppermost layer is a free space that can extend
infinitely at one end. In the lumped circuit model, the free
space can be seen as a broadband load Zair which is equivalent
to the wave impedance of a plane wave. The second layer is
the F4BM substrate, which can be equivalent to a microstrip
transmission line with a characteristic impedance of Z0 and
an electrical length of L0. The metal patch printed on the
surface of the F4BM is classified as the third layer. Due to
the inductance of the square patch Lp and the capacitance
Cp caused by the gap between the adjacent square patches, a
series LC circuit is realized. On the contrary, the inductance
of the square ring Ls and the capacitance Cs introduced by
the adjacent square rings form a parallel LC circuit. Then, the
two LC oscillating circuits form a parallel circuit as shown in
Fig. 6(b) through a transmission line equivalent to the F4BM
substrate. The last layer is the semi-infinite free space below
the PRS, which is also the direction where the electromag-
netic wave incident source of the entire circuit is located.
Since it is the same as the semi-infinite free space above
the PRS, it can also be equivalent to a broadband load with
a characteristic impedance of Zair . When electromagnetic
waves are incident perpendicularly from below the PRS, the
electromagnetic waves are reflected between the third layer
and the fourth layer. Attribute to the partial reflection effect of
the PRS, the transmitted waves are superimposed in phase on
the first layer, which improves the radiation gain. As shown
in Fig. 6(b), the equivalent lumped circuit diagram of the
PRS unit is presented, and Zin represents the input impedance,
0 represents the reflection coefficient of the lumped circuit,
which is equivalent to the reflection characteristic of the
proposed PRS.
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FIGURE 7. The simulated results of the PRS unit. (a) Reflection amplitude
changing with PL1, (b) reflection amplitude changing with PL2,
(c) reflection phase changing with PL1, and (d) reflection phase changing
with PL2.

On the one hand, the F4BM substrate acts as a filler
between the square patch and the square ring, which changes
the inductance L and capacitance C in the lumped circuit
model. Moreover, the substrate with thickness of H3 and
relative permittivity of εr is equivalent to a transmission line,
which can produce impedance transformation effects on the
subsequent cascaded circuits. On the other hand, since the
square patch is located at the center of the aperture formed by
the square ring, the capacitance of the square ring is greatly
increased [13]. Finally, a band-pass PRS structure is obtained.
In order to further verify the working mechanism of the PRS
unit, a parameter analysis is carried out on the length of the
square patch PL1 and the short side of the square ring PL2.
The corresponding simulated results are shown in Fig. 7 and it
can be concluded from Fig. 7(a) that the reflection amplitude
of the PRS unit increases with the increase of PL1, especially
in the high frequency range of 5.0-7.0 GHz. However, com-
pared with PL1, the effect of PL2 on the reflection amplitude
is completely opposite as shown in Fig. 7(b). The reason
for this phenomenon is that as the size of the square patch
increases, its equivalent inductance in the lumped circuit also
increases. On the contrary, as PL2 increases, the aperture
formed by the square ring also increases, resulting in a larger
capacitance between the upper and lower patches. In Fig. 7,
the simulated reflection phase is also given. It can be obtained
that with the change of PL1, the reflection phase at 5.5 GHz
fluctuates from 150◦ to 170◦, and the reflection phase still
maintains a positive gradient in the range of 5.0-6.0 GHz.
While, the effect of PL2 on the reflection phase is mainly
concentrated in 4.0-5.0 GHz. Considering the stability of the
reflection amplitude and the positive gradient of the reflection
phase in the working bandwidth, the optimal values of PL1
and PL2 are set to 9.6 mm and 16 mm, respectively.

Based on the above theory and simulation analysis, a
5 × 5 array is designed to improve the broadband antenna
gain.

FIGURE 8. Simulated electric field distribution of the proposed 5 × 5 PRS
and the simulated 3-D radiation pattern of the assembled antenna.
(a) Electric field distribution at 5.5 GHz, (b) electric field distribution at
6.0 GHz, (c) simulated 3-D radiation pattern at 5.5 GHz, and (d) simulated
3-D radiation pattern at 6.0 GHz.

FIGURE 9. Photographs and test procedures of the antenna prototype.
(a) The upper surface of the fabricated broadband patch antenna, (b) the
lower surface of the fabricated broadband patch antenna, (c) the upper
surface of the fabricated 5 × 5 PRS array, (d) the lower surface of the
fabricated 5 × 5 PRS array, (e) side view of the assembled antenna, and
(f) antenna test scenario.

According to equation (6) and further simulation, the dis-
tance H3 between the PRS layer and the radiating antenna is
set to 26 mm. Moreover, the length and width of the PRS
array are both 110 mm, which ensures that the assembled
antenna can be installed on the roof or above the license plate.
Fig. 8 shows the electric field distribution of the PRS array at
5.5 GHz and 6.0 GHz. It can be seen from Fig. 8 that the
electric field density at the center of the array is significantly
higher than the edge of the array at 5.5 GHz. While the elec-
tric field at 6.0 GHz is widely distributed in the four directions
of the array. The different electric field distributions at the
two frequency points are consistent with the 3-D radiation
patterns of the assembled antenna shown in Fig. 8(c) and
Fig. 8(d).

III. MEASURED RESULTS DISCUSSION
As shown in Fig. 9, the proposed broadband patch antenna
and 5 × 5 PRS array are fabricated to verify the accuracy of
the above theoretical analysis. Meanwhile, eight nylon pillars
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FIGURE 10. Simulated and measured results of the fabricated high gain
broadband patch antenna. (a) S11 and (b) gain and radiation efficiency.

in Fig. 9(e) are employed to fix the patch antenna and the PRS
array. A test process shown in Fig. 9(f) is also implemented on
the assembled antenna to measure the antenna gain, radiation
pattern and radiation efficiency.

The measured result and simulated result of S11 are given
in Fig. 10(a). It can be found that the measured bandwidth
from 5.08 GHz to 6.25 GHz is basically consistent with the
simulated result, except for a slight shift to high frequency.
Meanwhile, in Fig. 10(b) themeasured gain of up to 12.34 dBi
in 5.15-5.85 GHz can be utilized for WLAN. And a gain of
up to 9.47 dBi which can be used for C2C communication in
5.905-5.925 GHz is also obtained. In a nutshell, the features
of high gain in this paper is more attractive than the antennas
in [2]–[5], [7] and [18]. However, the measured maximum
gain of 12.34 dBi is slightly less than the simulated gain of
12.50 dBi due to the deviation in the welding and testing
process. In Fig. 10(b), the measured results show that up
to 89% radiation efficiency is obtained within the 20.7%
operating bandwidth. Fig. 11 shows the measured results and
simulated results of the radiation patterns at 5.1GHz, 5.5GHz
and 5.9 GHz. It can be seen that the measured co-polarization
shows excellent directivity with a front-to-back ratio better
than 15 dB and the measured results of the cross-polarization
level in the main beam direction are all lower than −20 dB.
In addition, when the designed antenna operates at 5.9 GHz,
the attractive 3-dB beamwidth of E-plane and H-plane up
to 102◦ and 94◦, respectively, increases the communication
coverage of C2C and C2I. Especially when the antenna is
installed near the license plate, the communication scenario
is shown in Fig. 12.

IV. COMPARISON
In order to highlight the advantages for this design,
Table 1 presents the comparison results of the investi-
gated patch antenna with the reported antennas in terms of
impedance bandwidth, 3-dB gain BW, radiation efficiency,
maximal gain, size and radiation pattern.

In [1], four L-shaped antennas and two feeding networks
are integrated to design a dual-port antenna array for vehicu-
lar environment. However, the measured results show that the
impedance bandwidth and radiation efficiency of the antenna
are only 1.27% and 65%. In [4], a monopolar patch antenna
with the advantages of wideband and high radiation efficiency
is proposed. But the low gain and high cross-polarization are
not conducive to the application of the antenna in complex

FIGURE 11. Simulated and measured radiation patterns of the proposed
antenna in xoz and yoz planes. (a) 5.1GHz, (b) 5.5 GHz, and (c) 5.9 GHz.

electromagnetic environments. A multi-service antenna is
investigated in [7] for automotive communications. Although
the measured results show that the antenna can be applied
in DCS1800, IEEE 802.11b/g/n, C2C and C2I fields, the
measured maximum efficiency and gain of the antenna are
only 70% and 3 dBi in 5.8-5.9 GHz.

Compared with the multimode antenna in [8]–[12], three
resonant modes can be obtained using only a simple coax-
ial probe and shorting patch without introducing additional
losses and backlobe radiation. In [18], a patch antenna for
vehicle blind spot area communication is designed, but the
problems of narrowband and low gain are still not solved.
In [20]–[29], metasurfaces are introduced to design high-
gain antennas. Although the impedance bandwidth better than
20% and the gain higher than 14 dBi are achieved in the lat-
est papers [22]–[24] and [26]–[28], the complex multi-layer
structure increases the difficulty of antenna design and manu-
facture. The double-layer structure adopted by the high-gain
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TABLE 1. Comparison between reported antenna and the proposed multimode broadband high-gain antenna.

FIGURE 12. Simulation diagram of vehicle-to-vehicle communication and
vehicle-to-base station communication.

multimode antenna designed in this paper is beneficial to
the high-efficiency radiation. Furthermore, the resonant fre-
quency lower than 6 GHz, the size of 1.86 λmin × 1.86 λmin
and the directional radiation with a FBR better than 15 dB
all imply that the antenna is a suitable candidate for C2C and
WLAN communication.

V. CONCLUSION
A multimode antenna with the features of broadband, high
gain, high efficiency radiation and excellent FBR is inves-
tigated in this paper. Shorting parasitic patch and the meta-
surfaces technology are combined to obtain additional TM21
mode and a gain boost effect within the whole resonance
bandwidth. The impedance bandwidth of up to 20.7% the
radiation gain of up to 12.3 dBi and the directional radiation
pattern all show that the antenna can be employed for WLAN
and C2C communication. Furthermore, when the proposed
antenna works in C2C communication, the measured antenna
gain is higher than [1], [3], [7], [18], [20], which indicates
that the design is more suitable for application in scenarios
[4]. Compared with the multimode antennas [8]–[12] and
high-gain FPC antennas [19]–[29] in the existing papers, the
simple shorting patch and novel PRS structure can improve
the narrowband and low gain without introducing additional
feeding structure or increasing the difficulty of antenna
design.
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