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1 |  INTRODUCTION

Recently, as the number of automobiles has significantly in-
creased, wireless communication technologies that provide 
traffic information and safety warnings to vehicles have been 
widely studied [1]. Until recently, the majority of studies 
on antennas used in the automotive industry have been fo-
cused on global positioning systems (GPS), dedicated short‐
range communications (DSRCs), and tolling systems [2‒4]. 
However, as many communication systems such as GPS, FM/
AM radio, digital audio broadcasting, DSRC, and code divi-
sion multiple access are installed in vehicles, several types of 
antennas are also required to be used in vehicles.

Among the types of antennas referred to above, wireless 
access in vehicular environment (WAVE) communication 

technology, also known as the IEEE 802.11p standard, is re-
quired to support intelligent transportation system applica-
tions in short‐range communications. WAVE systems also 
provide real‐time traffic information for preventing the oc-
currence of accidents and reducing traffic congestion. The 
WAVE system operates in the frequency range of 5.850 GHz–
5.925 GHz for vehicle‐to‐vehicle (V2V) and vehicle‐to‐infra-
structure communications [5].

WAVE systems mainly comprise on‐board units (OBU) 
installed in vehicles and roadside units used for infrastruc-
ture. As the OBU antenna is installed vertically on the roof 
of vehicles, its height should be as small as possible while 
meeting performance requirements. To maintain seamless 
communications between fast‐moving vehicles, the beam 
pattern radiating from the antenna should be isotropic in the 
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lateral direction and have the shape of the infinity symbol 
(∞) when observed from a vertically cross‐sectional view. 
Else, the accessible distance between the vehicles or between 
vehicles and infrastructure will vary according to the lateral 
relative direction.

As the surface waves radiating from the edge of the an-
tenna degrade the communication performance of the an-
tenna (eg, in terms of efficiency and radiation pattern), it is 
important to reduce and control the surface waves from the 
antennas on vehicles. Several methods have been proposed 
for reducing these surface waves. One such approach involves 
the use of a synthesized substrate with an optimized dielec-
tric constant around the patch of the antenna [6‒8]. Another 
approach involves building a core with a different permittiv-
ity under the patch of the antenna [9]. Electromagnetic band‐
gap (EBG) introduced antenna structures can also be used to 
reduce surface waves [10‒12].

As some of these antennas are installed on the roof of 
the vehicle, the effects of interference from the roof, which 
mainly comprises metal, should be considered. The roof of 
the vehicle acts as a ground plane for the antenna. Therefore, 
it is necessary to conduct studies that take into consideration 
the effect of the vehicle's roof on WAVE communication 
systems.

In this paper, we report on an EBG‐based antenna struc-
ture without changing the size and shape of the conformal 
linear microstrip patch array antenna used in WAVE commu-
nication systems while considering the effects of the vehicle's 
roof. A simulation was performed to determine the optimum 
structure of the EBG cell‐embedded antenna structure. The 
typical characteristics of the fabricated EBG‐based antenna 
for WAVE systems were then analyzed.

2 |  DESIGN

Figure 1A shows the cross‐sectional view of conventionally 
used vertical patch antennas, which can radiate an electric 
field in the forward direction. In this structure, a ground 
plane was formed underneath. However, to improve the typi-
cal characteristics of the microstrip patch antenna, ground 
planes were located between the patches in improved con-
ventional microstrip antennas, as shown in Figure 1B. In this 

scheme, the electric field can be radiated in both the forward 
and backward directions, which is applicable to WAVE com-
munication systems.

A single antenna [13] consists of three major parts: a se-
ries of feeding lines, four antenna segments for generating 
the required resonant frequency, and four ground segments. 
However, although the ground plane was removed from the 
region between the patches, the radiation of the surface wave 
still remained, which requires to be solved.

Patches are placed on the front surface of the substrate, 
and the ground patterns are placed on the underneath surface 
between the patches. To obtain omnidirectional radiation pat-
terns from the microstrip antenna for V2V communication, 
the ground planes were removed from under the patches. 
Instead of locating the ground planes just below each patch, 
these were located between the patches. The linear array of 
the rectangular structure microstrip patches is printed on a 
dielectric Teflon substrate with a relative dielectric constant 
(εr) of 2.2 and thickness of 0.8 mm. The series of feeding lines 
is connected to the coaxial cable through a 50‐Ω connector.

Although the radiation patterns from the microstrip an-
tenna are directional with a beam width of 80°–100°, the 
issue of surface wave suppression still remains. To suppress 
the surface waves radiating from the microstrip antenna 
structure, we have proposed a new type of microstrip antenna 
structure in which EBG cells were introduced between the 
patches, which is explained in detail in the next section. The 
EBG cell‐embedded antenna structure fabricated and charac-
terized in this study is schematically presented in Figure 2. 
EBG cells were connected to the ground plane through metal 
via. Figure 2A presents a cross‐sectional view of the EBG 
cell‐embedded antenna structure and Figure 2B presents a 
magnified schematic of each EBG cell‐embedded antenna 
structure. To investigate the effects of the EBG cells on the 
suppression of surface waves, four EBG cells were located 
above the ground segments. The details of the structure are 
explained in the next section.

2.1 | Overall structure of the antenna
The basic structure we propose comprises a series of linear 
array antennas composed of four antenna patches for gen-
erating a frequency range of 5.850 GHz–5.925 GHz for 
the WAVE system, as shown in Figure 1B. The role of the 
center‐feed array structure is to radiate maximum power and 
reduce feed line losses. Furthermore, the size of the EBG 
cell‐embedded antenna can be as small as possible in a direc-
tion transverse to the array axis, as shown in Figure 1B.

A use of a series of feed linear array antennas in a con-
ventional structure has some drawbacks, including the gener-
ation of surface waves [14]. Surface wave generation reduces 
the efficiency of the antenna and degrades the radiation beam 
patterns emitted from the antenna. In this study, in order to 

F I G U R E  1  Schematics of a (A) conventional and (B) improved 
conventional microstrip antenna for WAVE communication system
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reduce these effects of array antennas on a thick and high‐
permittivity substrate, four antenna patches were separated 
by EBG cells over the ground plane.

2.2 | EBG cell structure
We investigated the generation of surface waves in a con-
ventional vertically placed patch antenna structure before de-
signing the EBG cell‐embedded antenna structure. Figure 3A 
shows the appearance of the space and surface waves that ra-
diate from the conventional antenna without the use of EBG 
cells. In addition to the space waves (denoted as wave 1), the 
surface waves were generated in the high–dielectric constant 
layer between the patch and ground plane and which then 
radiate from the floating edges (denoted as wave 2), or are 
reflected away onto the roof of the vehicle (denoted as wave 
3). In the conventional antenna system, a phase shift occurs 

owing to the metal ground plate, thus resulting in construc-
tive interference. Figure 3A shows the phase shift caused 
by the finite ground plane formed by the metal. The surface 
wave appearing at the edge of the ground plane contributes 
to the radiation pattern in the conventional antenna structure.

The space waves radiating from the patches, surface waves 
radiating from the floating edge, and the waves reflected at 
the roof of the vehicle were combined, thus resulting in the 
formation of a series of multipath lobes and nulls at various 
angles. The multipath interference of waves 1, 2, and 3 dis-
torts the radiation pattern. Therefore, to reduce multipath in-
terference, the generation of surface waves from the patch 
antenna should be suppressed.

In this work, we propose an EBG‐inserted patch antenna to 
suppress the generation of surface waves, as shown in Figure 
3B. By blocking the surface waves with EBG cells placed be-
tween the antenna patches, the surface waves are prevented 
from propagating on the ground patches and metal roof of the 
vehicle. Therefore, any induced currents are restricted to a lo-
calized region around the antenna patches and cannot reach 
the edges of the ground patches. Thus, surface waves can be 
suppressed in the EBG cell‐embedded antenna structure.

Using the above‐mentioned design concept, we designed a 
mushroom‐like EBG cell structure, as shown in Figure 4A. In 
this design, we have considered various widths (w) of square‐
shaped EBG cells and gaps (g) between the EBG cells, as 
presented in Figure 4B–4G. Mushroom‐like EBG cells are 
periodically inserted between the antenna patches. Each cell 
is composed of a square‐shape metal head connected to a 
ground patch through a dielectric‐substrate via.

The resonance frequency of the antenna can be calculated 
using the following equations reported in [12]:

where L is the inductance, C is the capacitance, W is the 
width of a patch, g is the gap between the EBG cells, h is the 
height of the EBG cell, μ0 is the permittivity in free space, ε0 
is the dielectric constant in free space, and εr is the relative 
dielectric constant of the substrate.

The bandwidth of the EBG is given by.

where �=
√

�0∕�0 is the impedance in free space.
The impedance of a parallel resonant LC circuit is given by.
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F I G U R E  2  Schematics of cross‐sectional view of (A) proposed 
EBG cell‐embedded antenna and (B) magnified view of unit EBG‐
embedded antenna structure
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F I G U R E  3  Space and surface waves radiated from (A) 
conventional and (B) proposed EBG cell‐embedded antenna structure
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The impedance is very high at the resonance frequency of 
ω0. The capacitors are formed by the fringing electric fields 
between the adjacent metal mushroom head, and the induc-
tance is fixed according to the thickness of the structure.

3 |  RESULTS AND DISCUSSION

To obtain an optimized EBG cell‐embedded antenna struc-
ture, we performed a simulation using the high‐frequency 
structure simulator (HFSS) program for various widths 
(w) of square‐shaped EBG cells and gaps (g) between the 

EBG cells while keeping the size of the ground plane as 
9 mm × 15 mm, as depicted in Figure 4A. In this simula-
tion, the height of the EBG cells (h) was fixed as 0.835 mm. 
The thickness of the substrate and metal mushroom head 
formed on top of the substrate were 0.8 mm and 0.035 mm, 
respectively. The simulation was performed by assuming 
an ideal environment in which no manufacturing toler-
ance or measurement environment effects were taken into 
consideration.

The antenna for WAVE communication used in the 
 simulation and measurement was installed on roof of the 
vehicle (see Figure 5). The overall size of the proposed 
 antenna is 9  ×  137.5  mm2, and the size of each patch 
 antenna is 9  ×  15  mm2, as shown in Figure 5A. These 
sizes were selected to satisfy the resonance frequency and 
bandwidth for WAVE communication. Based on the simu-
lation results, we fabricated three types of EBG cells with 
different dimensions by varying w and g, as illustrated in 
Figures 4D, 4E, and 4F.

The fabricated antenna was analyzed in an electromag-
netic anechoic chamber in a middle‐level vacuum environ-
ment to minimize other environmental effects and evaluate 
the effects of EBG cells on surface wave suppression, as pre-
sented in Figure 6.

Figure 6A presents photo images of the measurement 
setup of the fabricated EBG cell‐embedded antenna and 
Figure 6B shows magnified images of the EBG cell‐embed-
ded antenna used in these measurements. In the measurement 
environment, the manufacturing tolerance should be taken 
into consideration and compared to the results obtained in 
the simulation, which is explained later.

Figure 7 shows the simulation and measurement results 
of the reflection coefficient (S11) for various values of w and 
g, which implies that the number of EBG cells is also varied. 
As w and g decrease, S11 decreases significantly, as shown 
in Figure 7. S11 decreases owing to the low‐impedance sur-
face. Moreover, as the number of EBG cells increase, S11 also 
decreases, as in the case of the decreased values of w and 

(5)Z =
j�L

(

1−�2LC
) .

F I G U R E  4  (A) Schematic of EBG cells with dimensions. 
Each EBG cell is connected to the ground plate via a metal electrode. 
Schematics of antenna structures (B) without EBG cell, (C) 4 × 7 
(w = 2 mm, g = 0.2 mm), (D) 6 × 10 (w = 1 mm, g = 0.5 mm), 
(E) 8 × 15 (w = 1 mm, g = 0.1 mm), (F) 14 × 26 (w = 0.5 mm, 
g = 0.1 mm), (G) 14 × 28 (w = 0.5 mm, g = 0.05 mm)
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g. However, as w and g were further decreased, especially 
below 0.5 mm and 0.1 mm, respectively, S11 increased. The 
increase in S, when the w and g values were less than 0.5 mm 

and 0.1 mm, respectively, can be attributed to the low imped-
ance, which can be calculated using (3) and (5). Thus, when 
the values of w and g are too small, the impedance in the EBG 
cell‐embedded antenna may not be sufficiently high, thus re-
sulting in an increased return loss.

Figures 8A and 8B show the simulation results of the ra-
diated electric field patterns obtained from conventional and 
EBG‐embedded microstrip antennas, respectively. The fre-
quencies used in Figure 8 to obtain of these patterned plots 
are 6.15 GHz (without EBG cell) and 5.9 GHz (with 8 × 15 
EBG cells), respectively, which shows the lowest S11 value 
obtained in Figure 7.

As shown in Figure 8A, a relatively weak electric field 
was observed between the patches. In contrast, the electric 
field was almost suppressed in the EBG cell‐embedded mi-
crostrip antenna as presented in Figure 8B. The electric field 
from the patches propagated toward the direction of the EBG 
cells. As the EBG cells were connected to the ground plate 
via a metal electrode, the electric field intensity can be re-
duced in the region of the EBG cells. It might be considered 
that by reducing electric field intensity in the EBG cell–in-
serted area, the surface waves can be also suppressed in the 
same region, which is the key role of the EBG cells.

Although we fabricated three types of EBG cell‐ 
embedded antennas with different values of w and g, the 
8 × 15 EBG cell‐embedded antenna, for which w = 1 mm, 
g  =  0.1  mm, exhibited the best characteristics among the 
fabricated EBG cell‐embedded antennas. Therefore, we an-
alyzed the 8  ×  15 EBG cell‐embedded antenna in greater 
detail. In Table 1, we present a comparison of the simulation 
and measurement values of S11, peak gain, and radiation 
efficiency for the various EBG structures. The simulation 

F I G U R E  6  (A) Measurement environment and (B) magnified 
photo image of measurement setup of fabricated EBG cell‐embedded 
antenna
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F I G U R E  7  Simulation and measurement results of reflection 
coefficient of the proposed antenna as a function of frequency with 
different sizes of w and g. The measurement was performed using the 
structure shown in Figure 4E
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results show that the proposed EBG cell‐embedded antenna 
model improves the peak gain from 8.6 dBi (without EBG 
cell) to 11.24 dBi (with 8 × 15 EBG cells). The 8 × 15 EBG 
cells have the values of w and g as 1 and 0.1 mm, respec-
tively. Moreover, the measured peak gain also improves 
from 8.113 dBi at 90° (without EBG cell) to 10.15 dBi at 
80° (with 8 × 15 EBG cells). The measured S11 improves 
from  −14.58  dB (without EBG cell) to  −35.14  dB (with 
8 × 15 EBG cells), as shown in Table 1.

The discrepancy of the peak gain between the simulation 
and measurement results can be attributed to factors such as 
manufacturing tolerance and measurement environment. As 
mentioned previously, the simulation performed using the 

HFSS program was for the ideal case, which means the pre-
cise values of w and g. In contrast, the values of w and g can 
be slightly different for those used in the measurement owing 
to the manufacturing tolerance during the fabrication step. 
Moreover, the electromagnetic anechoic chamber gain dis-
crepancy in the measurement environment could also cause 
a discrepancy.

The radiation beam patterns of the antenna located ver-
tically on the roof of the vehicle are shown in Figure 9. The 
measurement results were measured at 10° increments, and 
the simulations were performed at 2° increments. The pro-
posed EBG cell‐embedded antenna showed a 2.037 dB gain 
over the field of view as compared with the conventional 
antenna model without EBG cells. The radiation beam pat-
terns have the shape of an infinity symbol in the vertical 
cross‐sectional view, which enables seamless communi-
cations between fast moving vehicles and an accessible 
distance for vehicle communications. In WAVE communi-
cation systems, a minimum return loss of 9.5 dB and volt-
age swing ratio of 2.0 over the field of view are required. 
As per the above simulation and measurement results, the 
EBG cell‐embedded antenna structure satisfies the basic 
requirements of WAVE communication systems, which 
means that the results of our study can be applied to WAVE 
communication systems.

Figure 10 shows the simulation and measurement results 
of the gain obtained from the 8  ×  15 EBG cell‐embedded 
antenna structure. For use in WAVE communication system, 
beam patterns from antenna should be radiated in both direc-
tions. However, in conventional antenna structures, as sche-
matically illustrated in Figure 1A, beam patterns were radiated 
in the upward direction, and there were no beam patterns in 
the ground plane. Therefore, the ground planes were moved 
between the patches to radiate beam patterns in both direc-
tions. Although the radiated beam patterns appeared in both 
directions in conventional microstrip antenna structures as 

T A B L E  1  Comparison of S11, peak gain, and efficiency obtained in simulation and measurement with and without EBG cells

 

S11 [dB] Peak Gain [dBi]
Radiation  
efficiency (%)Simulation Measurement Simulation Measurement

No EBG cells –24.50 –14.58 8.60 8.113 98.6

4 × 7 EBG cells 
(w/g = 2/0.2 mm)

–17.13 N/A 9.98 N/A 98.5

6 × 10 EBG cells 
(w/g = 1/0.5 mm)

–28.96 –20.31 10.49 9.890 98.1

8 × 15 EBG cells 
(w/g = 1/0.1 mm)

–33.17 –35.14 11.24 10.150 98.6

14 × 26 EBG cells 
(w/g = 0.5/0.1 mm)

–27.00 N/A 10.46 N/A 98.4

14 × 28 EBG cells 
(w/g = 0.5/0.05 mm)

–24.58 –18.27 10.35 9.590 97.9

F I G U R E  9  Simulation and measurement results of radiation 
beam patterns obtained from antennas without EBG and with EBG 
cells
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shown in Figure 1B, the surface wave radiation still remains. 
To suppress the surface wave, EBG cells were embedded be-
tween the patches and connected to the ground via a metal 
electrode. In EBG cell‐embedded antenna structures, the 
beam patterns can be radiated in both directions and the beam 
peak can be observed at both the front and back, as shown in 
Figure 10 with a suppressed surface wave. Therefore, it is sug-
gested that EBG cell‐embedded microstrip antenna structures 
are suitable for WAVE communication systems as the beam 
patterns can be radiated in both the forward and backward 
directions with a suppressed surface wave.

We can conclude that the optimum number of EBG cells 
to suppress surface waves in WAVE communication systems 
is 8 × 15. As the number of EBG cells is 8 × 15, we can ob-
tain a highly improved return loss, improved radiation beam 
pattern values, and an improved peak gain.

4 |  CONCLUSION

The proposed EBG cell‐embedded antenna system effi-
ciently suppressed surface waves with a decreased return 
loss of 35.14 dB and an increased peak gain of 10.15 dBi 
at 80°. The measurement results confirmed that the pro-
posed EBG cell‐embedded antenna structure can improve 

the performance of the antenna in WAVE communication 
systems. Furthermore, the gain over the field of view in-
creased by up to 25% as compared with the conventional 
antenna model without the EBG structure. The optimum 
number of EBG cells is 8 × 15, while considering the re-
flection coefficient, radiation beam pattern, and peak gain. 
The improved performance of the EBG cell‐embedded 
antenna can increase the connectivity of vehicle‐to‐every-
thing communications in WAVE systems.
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F I G U R E  1 0  (A) Simulation and (B) measurement results of 
radiation peak gain obtained from the proposed EBG cell‐embedded 
antenna
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