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Abstract

Vehicle-to-everything communications (V2X), whose main objective is to improve security
and efficiency, are provided by ad hoc vehicle networks that allow communication between
vehicles. In the current study, a hexagonal microstrip patch antenna has been developed to
cover the navigational frequencies, WiMAX at 3.7 GHz and DSRC/IEEE802.11p at 5.9 GHz
to meet the demands of various vehicular applications. The antenna design is based on
Cantor fractal slot, partial ground plane, and inset feed which is directly fed through the
microstrip line. The proposed antenna shields the frequency band from 3.22 to 6.5 GHz
with VSWR ,2 within all the frequency bands. The presented antenna can resonate well
in the 5.85–5.95 GHz band assigned for DSRC/IEEE802.11p and 3.7 GHz assigned for
LTE/V2X. Simulated antenna gain varies from 3.06 to 5.25 dB within the operated frequency
range providing an omnidirectional simulated radiation pattern in the most azimuth plane. To
prove the validity of the simulation results, the chosen antenna structure has been fabricated
and tested using a vector network analyzer MS2630. The measurement shows good results,
which make the antenna suitable for wireless applications of interest.

Introduction

Recently, owing to the progress of communication services and transport systems, major
technical innovations have marked, by their importance, the growth of telecommunication.
However, a new decentralized architecture based on vehicular communications has aroused
real interest of telecommunication industries, research communities, and the automotive
industry [1].

To reduce traffic congestion, improve road safety, and increase traffic efficiency, modern
vehicles can contain several antennas for different wireless applications such as AM/FM
radio, remote keyless entry, satellite navigation, digital satellite radio, and vehicle-to-everything
(V2X) communications [2]. In addition to existing applications, vehicular communications
will be covered by technologies such as DSRC/IEEE 802.11p and cellular technology/LTE
[3–6]. The reliability and the efficiency of these technologies depend mostly on the quality
of the communication link, where antennas are one among the critical modules [2,7].
Indeed, finding optimal antenna performance is incredibly crucial. Besides, due to the high
number of antennas and the limited space on the vehicle, the development and use of multi-
band antennas is needed [2, 6, 7].

Microstrip patch antennas (MPA) have many advantages in communication systems; their
thickness, low cost, compact size, and easy integration into peripherals makes them appropri-
ate for this kind of communication [2]. But the associated MPAs have disadvantages such as
low gain, narrow bandwidth, and lower efficiency [8, 9]. To surmount these drawbacks and
with the increasing demand of multiband antennas, fractal geometry is a good option.
Fractal antennas present two benefits [10, 11]. First, these antennas have a geometric specifi-
city that allows them to resonate over several frequencies while possibly keeping the same elec-
tromagnetic characteristics, which is known by the self-similarity or similarity of geometric
shape at different scales. Second, the space-filling efficiency of some fractal shapes gives
hope for smaller antennas compared to the conventional ones. These benefits make them sim-
pler and easier to manufacture multiband and wideband antennas. The application of this type
of vehicular antennahas been studied by several researchers [2, 3, 5, 6, 12]. Therefore, much
research has been conducted on designing antennas capable of covering different bands of fre-
quencies [7, 12–14]. The authors in [3–6, 15] have focused on the design and performance of
LTE and DSRC antennas. The studies conferred in [13–22] projected modules of IEEE
802.11p/DSRC antennas. A compact antenna for V2X communication based on LTE and
IEEE 802.11p technologies has presented in [3]. The study in [5] presents a new antenna
model appropriate to V2V communications based on LTE and the IEEE 802.11 standard.
Considering the disadvantages of existing V2V communication antennas, the authors in
[18] offer a regular broadband antenna with a relative bandwidth of 35.55%.
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This study elaborates on the design of a hexagonal microstrip
patch antenna (HMPA) of a compact size of 31× 28× 1.6mm3.
The projected antenna illustrates a wider bandwidth (from 3.2 to
6.5 GHz) by the combination of Cantor fractal slots introduced on
the patch and partial ground plane below. Mathematical modeling
of the investigated HMPA and the antenna geometry design

followed by a parametric study of critical geometrical variables
are described in Section “Antenna design and parametric
study.” While Section “Results and discussion” presents the dis-
cussion of the simulated and measurement results of the proposed
antenna in terms of S11 parameter, VSWR, bandwidth, gain, cur-
rent distribution, and radiation patterns. Section “Antenna posi-
tioning on the vehicle” depicts the various antenna positioning
on the vehicle. Finally, conclusion of the study is given.

Antenna design and parametric study

This section presents the mathematical modeling of an HMPA
and simluated results given by a simple parametric study.

Antenna design

Using the cavity model, the resonant frequencies of the TM mode
of a circular patch are given in equation (1) [23]:

fr =
cXnp

2paeff
���
er

√ , (1)

where c is the light velocity in the free space, er is the relative per-
mittivity of the substrate, and Xnp are the zeros of the derivative of
the Bessel function Jn(x) of order n, as is true of TE-mode circular
waveguides. The lowest-order mode, TM11, uses X11 = 1.84118
and produces a linearly polarized field similar to a square
patch. aeff is an effective radius of the patch taking fringing into
account. As is known, the fringing gives a wider electrical aspect
to the patch, and it has been taken into account by introducing a
correction factor. For the circular patch, a correction is introduced

Table 1. IFS transformation coefficient for Cantor set fractal

wi ai bi ci di ei fi

1 0.3 0 0 1 0 0

2 0.3 0 0 1 0.6 0

Fig. 1. The proposed antenna configuration: (a) front view and (b) back view.

Fig. 2. Effect of various lengths of the ground plane (Lg) on S11.
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Fig. 3. Effect of various widths of the feed line (wf ) on S11.

Fig. 4. S11 for various inset feed line distances (d).
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Fig. 5. S11 for various gaps (g).

Fig. 6. S11 for various Cantor set dimensions values.
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using an effective radius aeff , to replace the real radius a, given
in [23]:

aeff = a 1+ 2h
pera

ln
pa
2h

( )
+ 1.7726

( ){ }1/2

, (2)

where h is the height of the substrate. Since the effective and phys-
ical radii of the patch are nearly the same, equation (2) may be
iterated to compute the real radius a given by equation (3):

a = F

1+ 2h
perF

ln
pF
2h

( )
+ 1.7726

( ){ }1/2 (3)

where h is in cm, and

F = 8.791× 109

fr
���
er

√ (4)

By relating the areas of the circular and hexagonal patches, equa-
tion (1) can be applied for designing an HMPA. Let there be a
circular patch of radius a; the area of this patch is:

areacircle = pa2 (5)

A regular hexagon is constructed by drawing six equilateral trian-
gles. As is known the area of an equilateral triangle of side s is
given by equation (6):

areaequi−triangle =
��
3

√
s2

4
(6)

Then the area of a regular hexagon is given by equation (7):

arearegul−hexagon = 3
��
3

√
s2

2
(7)

The hexagon side is determined by comparing the areas of
hexagonal and circular patches as shown in equation (8):

pa2eff =
3

��
3

√
s2

2
(8)

By taking fringing into account, the hexagonal side is:

s = 1.0997aeff (9)

Fig. 7. Return loss comparison of both configurations.

Table 2. The optimal dimensions of the proposed antenna

Antenna parameters Values (mm)

Ls 31

Ws 28

Lg 11

h 1.6

wf 3.5

Lf 12

d 2

g 1

s 10.5

Lc 12

Wc 1

Espc 0.5
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Fig. 8. VSWR of the proposed antenna.

Fig. 9. Smith chart of the proposed antenna.
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Cantor set fractal theory

Cantor dust described by mathematician Georg Cantor in 1872 is
probably the oldest known fractal and the easiest to create
[24–26]. The construction of this structure is based on a straight
line segment from which the central third is removed. The same

operation is performed on the two remaining segments, then by
successive iteration on the resulting smaller and smaller segments.
This shape is characterized by a number of segments tending to
become infinite with an almost zero length. The number of copies
of the original shape obtained from one iteration to another
is equal to 2 (N = 2) and the size of each new copy is equal to
1/3 of the original size (r = 1/3). This geometry is described by
using the iterated function system (IFS) which is represented by
the following affine transformation [10]:

wi
x
y

[ ]
= ai bi

ci di

[ ]
× x

y

[ ]
+ ei

fi

[ ]
(10)

The IFS coefficients for the Cantor set are given in Table 1. In
general, the fractal geometry has a very particular feature that
its dimension exceeds its topological dimension, indeed there
are various types of representations used for the fractal

Table 3. S11, VSWR, bandwidth, and gain of both configurations

Hexagonal shape
only

Hexagonal shape with
Cantor fractal

Frequency
(GHz)

3.77; 5.9 3.71; 5.9

VSWR 1.15; 1.32 1.08; 1.01

S11 (dB) −22.726; −17.46 −27.9; −41.53

Bandwidth
(GHz)

3.4 3.3

Gain (dB) 2.88; 3.45 3.2; 4.15

Fig. 10. Radiation pattern (E-plane and H-plane) at 3.71 and 5.9 GHz.
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dimensions such as Hausdorff dimension defined as:

D = ln (n)
ln (r)

, (11)

where r is the scaling factor and N is the number of self-similar
structure copies. The Cantor set fractal consists of N = 2 congru-
ent subsets, where each gives the original set when it is enlarged
by a factor r = 3. Therefore, the fractal dimension of the Cantor
set is defined as in equation (12):

D = ln (2n)
ln (3n)

= ln (2)
ln (3)

= 0.630929 = 0.631. (12)

The construction of the investigated antenna is started with a
simple hexagonal patch. The antenna is manufactured on an FR4
epoxy substrate with an er of 4.4 and a loss tangent of 0.0028. The
volume of the antenna is Ls×Ws× h = 31× 28× 1.6mm3,
with a partial ground plane of Lg ×Ws at the bottom of the sub-
strate (Fig. 1). The 50V impedance is achieved by adjusting the
feed line width and length (respectively wf and Lf ), the gap (g)
notch width, and the inset distance (d) from the radiating edge.
The antenna was designed and simulated using CST Microwave
Studio, which uses the finite integration technique for computa-
tion. To show the effect of inserting fractal geometry into the
patch, the structure has been designed with three iterations of
the Cantor set fractal geometry that has been introduced on the
hexagonal patch. The side s of the hexagon shape is computed

Fig. 11. Simulated gain of the proposed antenna.

Fig. 12. Current distribution at (a) 3.71 GHz and (b) 5.9 GHz.
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using equation (9). At a resonant frequency, the evaluated hex-
agonal side s is of 21.92 mm.

Parametric study

The antenna performance is affected by several parameters such
as the distance (d) between the radiating patch and feed line,
the length (Lg) of the ground plane, the length (Lf ) and width
(wf ) of the feed line, the length (Lc) and width (Wc) of the
Cantor set slots.

As shown in Fig. 2, changing the length of the ground plane Lg
not only changes the lateral dimensions of the antenna but also
has a remarkable effect on the resonant characteristics of the pro-
posed antenna. At the high Lg values, the frequency performance
degrades. The optimum ground plane length is Lg = 11mm, for
which the desired band frequency is obtained.

To improve the attained characteristics, the proposed antenna
is simulated by keeping the length Lf = 12mm and varying the
width (wf) of the feed line. The return loss graphs of MPA
along with various values of wf is shown in Fig. 3. It can be pre-
meditated that the desired wideband characteristics have been
exhibited with the feed line dimensions of Lf = 12mm and
wf = 3.5mm. The distance (d) between the radiation patch and

the feed line has an important effect on the impedance matching
of the antenna. From Figs 4 and 5, it can be elaborated that the
desired features have been attained at the inset feed line distance
of d = 2mm and a gap of g = 1mm. The Cantor fractal slots are
introduced in the upper part of the hexagonal patch. A simple
parametric study of the width (Wc), the length (Lc) of these
slots, and the space between them (Espc) have brought us back
to results depicted in Fig. 6.

It can be claimed that the Cantor slots width (Wc) of 12 mm,
length (Lc) of 1 mm, and (Espc) of 0.5 mm are found to be opti-
mum, for which the desired DSRC frequency band of 5.9 GHz is
achieved.

It may be noted from Fig. 7 that the structure with Cantor frac-
tal slots presents an improved matching and good return losses
compared with the one without the fractal slots. The hexagonal-
shaped structure with a Cantor fractal geometry covers the desired
band exhibiting good performances.

Results and discussion

The optimized parameter dimensions of the HMPA are indexed
in Table 2.

The antenna parameters such as return loss S11 shown in
Fig. 7, VSWR in Fig. 8, the impedance in Fig. 9, and the simulated
bandwidth and gain are listed in Table 3.

The minimal values of S11 are −27.9 dB and −41.53 dB at 3.71
and 5.9 GHz, respectively, which indicates a good adaptation. The
efficiency of the antenna is evaluated by simulating its VSWR for

Fig. 13. Fabricated prototype of the proposed antenna: (a) front view and (b) back
view.

Fig. 14. Measured and simulated S-parameters of the pro-
posed antenna.

Table 4. Comparison of measurement and simulation results

-
Resonant

frequency (GHz) Bandwidth (GHz)

CST Studio Suite 3.71; 5.9 3.3 (from 3.22 to 6.5)

HFSS software 3.74; 5.91 3.16 (from 3.31 to 6.47)

Measured 3.51; 5.84 2.92 (from 3.08 to over 6)
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Table 5. Comparison with previously published studies

Ref. Resonant frequencies (GHz)/S11 (dB) Bandwidth (MHz) Gain (dB) Dimensions (W × L× h) mm3

Proposed 3.71/− 27.9 3300 3.2 31× 28× 1.6 = 1388.8

5.9/− 41.53 4.15

[26] 2.9/− 30 650 – 50× 42× 1.6

5.3/− 24 1700

5.8/− 18 850

8/− 12 850

10/− 12

[24] 2.45/− 24 1260 2.8–3.5 50× 50× 1.6

5.8/− 24 1100 3.7–4.3

[17] 5.9/− 57 2050 4.2 p× R2 × h = 8460

[27] 1.575 100 2 55× 55× 3.2

5.8 850 4/5

[28] 2.5/− 14 540 21.98× 36.28× 1.6

5.8/− 8 450

[29] 1.66/− 15 300 6 31× 30× 1.6

3.48/− 32 300 1.5

5.54/− 15 1300 1.6

[30] 1.9/− 12 120 9 55× 46× 1.58

3.7/− 34 260 3

6/− 20 330 5.3

7.9/− 17 690 5.1

Fig. 15. Far-field patterns of the proposed antenna mounting on front window.
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the desired frequency band. It is clear from Fig. 10 that VSWR is
1.08 at 3.71 GHz, 1.01 at 5.9 GHz, and ,2 across the integral
bandwidth which represents a suitable efficiency of the simulated
antenna.

The value of the real part of the input impedance is 50V as
shown in Fig. 9, which represents a null imaginary part whence
the good adaptation of the antenna.

Figure 10 shows the polar radiation patterns at both resonant
frequencies of 3.71 and 5.9 GHz, it is observed that the antenna
has an omnidirectional behavior in both H-plane (Theta = 90)
and E-plane (Phi = 90) at both resonant frequencies.

For the DSRC application, the antenna is commonly needed to
hold an omnidirectional radiation pattern in the azimuth plane.
From the simulated radiation patterns of the proposed HMPA
at two frequencies namely 3.71 and 5.9 GHz it can be seen that
the projected antenna is a good candidate for the vehicular appli-
cations. The simulated gain of the proposed antenna is illustrated
in Fig. 11, which varies from 2.97 dB at the lower frequency to
5.11 dB at the upper frequency. The current distribution at the
centered frequencies respectively of 3.71 and 5.9 GHz is depicted
in Fig. 12. It may be claimed that the antenna principally behaves
as a radiating slot formed between the hexagonal patch and the
inset feed line. As displayed the current distribution at 5.9 GHz
shows more concentration of the current near Cantor set fractal
slots and inset feed line.

Figure 13 illustrates the fabricated model of the proposed
antenna. The S11 of the fabricated antenna is measured using

the ANRITSU MS2026C Network Analyzer. Figure 14 shows
the measured and simulated S-parameters of the proposed
HMPA. It may be noted that the investigated design presents a
bandwidth (−10 dB) of about 3.28 GHz in simulation using the
CST Studio Suite, about 3.15 GHz using HFSS software, and
over than 2.92 GHz in measurement, respectively. Then it is
clear that the proposed antenna displays suitable agreement in
both simulation and measurements with good characteristics. A
brief comparison between simulated and measured resonant fre-
quencies and bandwidths of the simulated and manufacturing
antenna is depicted in Table 4. The analysis of the results reveals
that this antenna is qualified to cover many operating bands such
as WLAN, WiMAX, V2X-LTE, and DSRC for vehicular
communications.

Table 5 summarizes a comparison of the performance of the
projected antenna with some measured antennas in previously
published studies, in terms of size, resonant frequencies, S11
values, gain, and (−10 dB) bandwidths.

Antenna positioning on the vehicle

The proposed antenna regards to operate among two bands for
vehicular communication. It is indispensable to study the impact
of the antenna placement when inserted on the vehicle platform
on radiation performance and efficiency. Indeed, a CAD model
of a car is taken, and three antenna positions are chosen to be
tested on the roof top, side mirror, and front window of the

Fig. 16. Far-field patterns of the proposed antenna mounting on side mirror.
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vehicle. The prediction of far-field radiation characteristics of the
antenna is performed employing an environment of the car body
tool. Once the investigated antenna is installed at the intended
locations on the car body, it will induce surface currents on the
vehicle platform. These currents are then approximated by tracing
high-density rays and then radiated to determine the influence of
the body on the antenna radiation [20]. The simulated radiation
patterns are presented in the XY (Phi = 0), YZ (Phi = 90), and
XZ(Theta = 90) planes and are shown in Figs 15, 16, and 17,
respectively. The obtained radiation patterns for the antenna at
3.7 and 5.9 GHz are slightly changed. Figure 15 depicts the radi-
ation pattern that simulated in the windshield mounting. It can be
mentioned that at 3.7 and 5.9 GHz, the obtained radiation pat-
terns of the antenna are toward omnidirectional. The antenna
in this position exhibits a good radiation pattern and less distor-
tion which indicates a fairly good reception area. Figure 16 shows
plots of the radiation patterns of the antenna installed on the side-
view mirror of the vehicle at 3.7and 5.9 GHz respectively. This
antenna placement offered a more omnidirectional radiation pat-
tern. From Fig. 17, when the antenna is positioned on the roof top
of the vehicle, the direction of maximum radiation is observed in
the region 30–90. The plots clearly show pattern distortion and
several deep nulls, which is due to the reflections offered by the
large perfectly electric conducting surface of the roof. The best
placement for this antenna on the vehicle is the windshield.
Even in this location, there still appears very little distortion
due to the radiation pattern. It is worth to note that the back radi-
ation exists in all the considered positions, and it is slightly

suppressed due to the penetration of the radiating field through
the car body. In the XZ plane, the patterns are omnidirectional
at 3.7 and 5.9 GHz DSRC band. Hence, the obtained radiation
patterns are expected to use the proposed antenna in vehicular
communications.

Conclusion

An HMPA with Cantor set fractal slots on the radiating element
has been designed, simulated, and measured. The antenna is
designed for vehicular communication, including cellular V2X
communication, DSRC communication based on the IEEE
802.11p protocol, and the antenna covers other wireless applica-
tions. To attain the desired characteristics, the effects of some geo-
metrical parameters are analyzed. It has been noted that the
projected antenna is suitable for vehicular communications
including both LTE/WiMAX and V2X/DSRC. The printed
antenna displays an omnidirectional radiation pattern in the hori-
zontal plane for V2X. Reasonable results in terms of S11, VSWR,
and simulated gain are obtained within an effective bandwidth of
3.3 GHz from 3.22 to 6.5 GHz. The experimental and simulated
results are in good agreement with a measurement bandwidth
of 2.92 GHz and an omnidirectional radiation pattern in the
H-plane. These results implies that the suggested HMPA with
the Cantor fractal slots is appropriate for many bands of wireless
communication systems: 3.7 GHz for blind spot detection for
vehicles, 5.8 GHz for WLAN, 3.5 GHz for WiMAX, and 5.9
GHz for DSRC.

Fig. 17. Far-field patterns of the proposed antenna mounting on roof top.
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