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Abstracts In this paper, we present a flexible design
of electromagneétic bandgap (EBG) structure, which is
constriicted based on Fractal geometry, for antenna
applications. These Fractals, which are the Sierpinski
triangles, ‘are arranged to repeat each 60° to introduce
the hexagonal unit cells. By changing the gap between
two adjacent Sierpinski triangles inside EBG unit cell, it
can be introducing two EBG structuresseparately that
have broadband and dual bandgap. By using the
suspending microstrip method, two arrays 3x4 of EBG
unit cells areutilized to investigate the bandgap of the
EBG structures. The EBG operation bandwidth of the
broadband structure and the dual-band structure are
about 87% and 40%; 35% at the center bandgap
frequencies, respectively. Moreover, a comparison
between the broadband EBG and the conventional
mushroom-like EBG has been done. Experimental
results of the proposed design show good agreement in
comparison with simulation results. Finally, the
proposed EBG structures are studied as a high
impedance ground plane for enhancing the radiation
properties of a patch antenna.

I. INTRODUCTION

In recent years, there has been growing interest in
investigating meta-materials, such as high impedance
surface (HIS) composed of metal or dielectric unit
cells, can be observed due to their unique
characteristics in antennas and microwave circuits
applications[1-4]. One of the most important
properties of EBG structure is to prohibit the
propagation of the surface wave [5], [6]. Practical
applications of EBG structure usually have difficulty
in accommodating its physical size, because the
period of EBG lattices has to be a half-wavelength at
the bandgap frequency. This problem had not been
solved until the mushroom-like EBG was proposed by
D. Sievenpiper et al [7]. Then, several of novel EBG
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structures were presented such as spiral EBG, uni-
planar compact EBG (UC-EBG), fork-like EBG.
These structures have several advantages, such as
compact size, low loss, and so on. However, due to
their resonant property, all of those structures are
narrow band, which makes them not practical for use
in broadband applications. It is a real challenging task
to create an EBG with wide bandwidth.

Several broadband EBG structures were found in
the literature. Typically, there have been two
approaches aiming to obtain EBG structures with
wider bandwidth: to use EBGs with via-holes [8]
(with the inconveniences of complex and expensive
manufacturing process) and the adoption of
multilayered FSSs over a metallic ground plane or
multi-period mushroom-like structure [9] (which
yields less compact designs and is rather expensive).
Recent research efforts focus on the development of
planar EBG structures that do not need via and that
can be integrated antenna to enhance the gain and
reduce the backward radiation and increasing
efficiency [10-12].
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Figure 1. The four steps to introduce a mode-2
Sierpinski Gasket structure.



As [13], an incomplete list ofiFractal shapes ‘ean be
used for antennas includes:\l) the von Kechfcurve; 2)
the Minkowski curvein3) the Hilbert cusve; 4) the
Fractal tree; 5)i"the “Sierpinski¢(gasket and carpet)
Fractal; and 6)¢the”Cantor set. These geometries also
can be usedwin order to..create EBG structures.
Howeverp, only the geometries those were creating
multi-fesonant frequencies are able to introduce
broader~bandgap! Actually, when an EBG structure
has“a multi-band, the broadband can be done by
everlapping theydifferent single-band for each other.
In literature,, Sierpinski (gasket and carpet) structures
are widely used to create multi-band antenna [13].
From “the  idea of this design that is produced a
hexagonal EBG with Fractal geometry, due to the
characteristic of an equilateral triangle, Sierpinski
gasket is chosen as a metal patchonthe top surface in
order to create the hexagonal EBG. In this paper, the
design of EBG structures involving the mode-2
Sierpinski Gasket triangles (see Fig. 1), and without
via-holes or multilayer substrate is presented. The
proposed EBG structures were simulated and
measured using the method of suspended microstrip,
which is recommended in [14] and their results were
validated and found to be well correlated.

The rest of this paper is organized as follows. In
Section II, the detailed designs of the novel EBG
structures are presented. By using the suspending
microstrip method, the scatter parameters of the
proposed EBG structure based on Sierpinski triangle
that is formed by different steps, are characterized and
simulated in Section III. Besides, the bandgap of the
conventional EBG structure is also determined for
verifying the broader bandwidth of the proposed EBG
structure. Next, the measurement of the proposed
EBG structures in fabrication and discussions are also
utilized in section IV. The application of the proposed
EBG structures to a patch antenna is presented in
section V, while the conclusion is provided in Section
VL

II. FRACTAL EBG STRUCTURE

When the periodicity is small compared to the
operating wavelength, the EBG structure can be
simply as a parallel LC equivalent circuit. The
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resonant frequency of the EBG

calculated as follows:

structure  fcis

I __
¢ axdLC

The bandwidth BW of the bandgap can be
determined by the surface capacitance C and
BW=—

inductance L:
JE
n\cC

Wheren is the free space impedance, which is 1207

(D

1
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The designed unit cell geometry exhibits six
symmetry planes, which makes it polarization—angle
independent. The proposed EBG structures are shown
in the Fig. 2, which are printed on a FR4 dielectric
slab with dielectric constant of 4.4 and a thickness of
1.6 mm and loss tangent of 0.02. Dark parts in this
figure represent the metallic periodic structure, which
is etched on a dielectric substrate. Unit cell dimension
is W =10 mm and the metallization thickness is 18
pm.

Several EBG structures based on Fractal geometry
was presented in the literature [15], [16]. A multi-
band EBG, which is using Sierpinski Gasket was
proposed in [15]. In this design, the EBG was formed
by combining four Sierpinski triangles at step 1 and
step 2. However, two of four triangular patches are
connected to the solid lower ground plane by a metal
plated via, which is leading to more complexity in the
fabrication. Similarly, in [16] an EBG structure was
designed by combining a metal patch with the
Mandelbrot Fractal at the 2™ iteration. As results, this
EBG structure can produce multi-bandgap, but the
limitation of this structure also uses metal via.
Therefore, the planar EBG designing based on Fractal
geometry is more comfortable to integrate with the
antennas of the advanced wireless systems.

The Sierpinski gasket triangle in this paper is
formed by the following process (see Fig. 2). Firstly,
create an equilateral triangle patch with length edge of
Wi. The second step of this Fractal EBG is
constructed by etching out the center equilateral
triangle of length edge W2 inside the patch and
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subtracting it from the, patchy, The next stage is
achieved by subtracting “additional three-.€quilateral
triangles of length edgéW3 of the cénter triangles that
follows the sameé~technique adopted to realize the
mode-2 Sierpinskiggasket geometryy(see Fig. 2c).

AAA

Metallic
ground plane

Figure 2. Unit cell geometries: (a) BEBG; (b) DEBG;
(¢) Detailed Sierpinski Gasket triangles; (d) Slide
view of BEBG. Detailed dimensions: W4=W1/8;

W3=Wli/4; W2=W1/2;

W1 =W -2(6 G2=0.5mm, GI=I1mm.

From this design, the Sierpinski gasket triangles
are arranged to repeat each 60°. The aim of this work
allows modifying the resonance frequencies and the
EBG operation bandwidth by changing the width and
the gap G/ between the hexagonal lattices. Moreover,
by changing the gap G2 between
Sierpinskitriangleunits, it can introduce two EBG
structures separately. The first one, which is called
broadband EBG structure (BEBG), has a broader
bandgap with the value of G2 up to 0 mm. The second
one, which is called dual-band EBG structure
(DEBQG), has dual bandgap when the value of G2 is
set at 0 mm. These structures are shown in Fig. 2a and
Fig.2b, respectively.

III. THE BANDGAP CHARACTERISTICS

In this section, the bandgap characteristics of two
hexagonal EBG structures, which are formed by the
Sierpinski triangle at G>=0 and G,=0.5 mm, are
investigated. Besides, the bandgap of the conventional
mushroom-like EBG is also determined for the
comparison with the proposed EBG structures. In
order to analyze the bandgap properties of these EBG
structures with finite unit number, an experiment
concerning transmission through the above structures
has been carried out. A 3x4 conventional EBG
structure and proposed EBG structures have been
simulated using the method of suspended microstrip,
which is proposed by Fanto measure the bandgap
characteristic of the EBGs, as shown in Fig. 3 [11].
The operating frequency is set at 7 GHz, and the 50 Q
microstrip line is placed on a dielectric support layer
with the thickness of 0.5 mm. The bandgap
bandwidth will be defined with S11 is above -5 dB
and S21 is below -30 dB at the same time.

Suspended

/ Shl‘oom_
’\ like EBG

Dielectric support
layer

(@)

Dielectric support
layer

(b)

Figure 3. Geometry of 3x4 EBG arrays: (a)
Mushroom-like EBG array, (b) Proposed EBG array.



A.  EBG Structures at Diffevent'Steps

The hexagonal EBG striictures/ with Sierpinski
triangles at different'steps are inyestigated in the case
of the value of Wisfixed at 10/mm while the value of
G2 is set at Q. mm and 0.5 mmy, The'simulation results
of the EBG structures based oni'the Sierpinski triangle
at step Iy, step’2, and step 3 ar&’shown in Fig. 4, Fig. 5,
and Fig, 6,wespectively:
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Figure 4. Operation bandwidth of Hexagonal EBG
structure based onSierpinski triangle at step 1: a) G2
= 0.5mm and b) G2 = 0 mm

28

Volume E-2, No.6 (10)

Step 1: As can be seen in Fig. 4a, the EBG
structure introduces a bandgap, which is ranging from
5.07 GHz to 7.58 GHz, as the G2 is equal to 0.5 mm.
However, the bandgapwas not found in the case of G2
value is equal to Omm (see Fig. 4b).
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Figure 5. Operation bandwidth of Hexagonal EBG
structure based on Sierpinski triangle at step 2: a) G2
= 0.5 mm and b) G2 = 0 mm

Step 2: As can be seen from Fig. 5a, the EBG
structure based on the Sierpinski triangle at step 2 has
a lower bandgap than the one in the case of step 1.
The bandwidth of this bandgap covers from 4.22 to
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6.88 GHz. Two bandgaps are defined in Fig. Sbywhen
the value of G2 is set at O,mm. The lowet bandgap
covers from 2.25 GHzte 2.96 GHzénd the:higher one
spans from 4.14/GHz\to 5.34 GHz. In this case, both
of bandgapsareydefined not clear, because the ranges
of frequencieswof S11, which, are up to —5 dB, are not
flat.
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Figure 6. Operation bandwidth of Hexagonal EBG
structure based on Sierpinski triangle at step 3: a) G2
=0.5mm and b) G2 = 0 mm

Step 3: As can be obverses from Fig. 6a, the
bandgap of EBG structure at step 3 is larger than the
one in the case of step 2 as G2 is set at 0.5 mm. This
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bandgap spans the frequencies from 4.32 to 7.92 GHz.
Moreover, when the G2 is equal to Omm the bandgaps
are determined easier than the one in the case of step
2. From Fig. 6b, the curve of S11 is quite flat in two
bandgaps. The first bandgap spans the frequencies
from 2.15 to 3.02 GHz; the second one has the
bandwidth that is covered from 3.81 GHz to 5.20
GHz.

Next, the bandgap properties of the EBG structures
at step 4 are considered by investigating the effect of
parameters such as the size of unit cell W, the gap
between two adjacent unit cells G/ to the bandgaps in
both cases of DEBG and BEBG.

B. Broadband EBG (BEBG)

General, in order to obtain a wider EBG operation
bandwidth, it is necessary to increase L and reduce C.
Equivalent inductance L can be increased using a
thicker dielectric substrate and including in the
geometry narrow. Equivalent capacitance C can be
reduced by reducing substrate’s relative dielectric
permittivity and increasing the gap between the
metallization edge and the unit-cell edge (and so the
gap between adjacent unit cells). Moreover, the
thickness of substrate has to be adopted in order to
obtain both compact size and broad EBG operation
bandwidth.

In the EBG design procedure, if the dielectric
material and its thickness have been chosen in this
analysis, the total equivalent inductance L cannot be
altered. Therefore, only capacitance C can be
changed. Regarding the total equivalent C of the unit
cell, the contribution due to the gap between adjacent
EBG cells (coplanar C) varies as the distance between
unit cells reduces (which increases C) and also the
distance between the metallization equilateral triangle
unit inside the EBG unit cells (which decreases
coplanar C). More important is that, in addition, the
contribution due to the capacitance between unit-cell
metallization and the unit-cell ground plane (parallel
plates) is reduced for smaller unit-cell size ().

Finally, the wider EBG operation bandwidth for
smaller unit-cell size (W) of this novel design is due to
more significantly decreased C values of the parallel
equivalent circuit. Moreover, the EBG operation



bandwidth is also increased by\reducing the relative
dielectric permittivity for a‘give unit-cell'sizé.
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W. The unit cell size is increased from 2 mm to 10
mm while other parameters of the EBG structure are
unchanged. The bandgap moves to lower frequency
region with patch size increasing and the bandgap
becomes narrow. From Fig. 7, we can see that the
equivalent capacitance diminished when the patch size
increases, so the resonant frequency is decreased.
Since the bandgap width is proportional to L/C, the
bandgap becomes narrow. The detail of this is shown
in Table I.

Table 1. Parametric analysis of ebg unit cell

Unitcell | Thickness | ¢ | Bandwidth | Resonance
b size (mm) (mm) (%) Frequency
| I U NN NI R S S U R I R (GHZ)
4 6 8 10 12 14 16 18 20 22 24 26 28 30 2(M6.4) | 1.6(M8) | 44 49 23.50
Frequency (GHz) 4 (A/5.2) L6(A/13) | 4.4 65 14.05
6 (A/4.9) L6/S) | 44 76 10.06
Figure 7. EBG operation bandwidth variations versus 1040 | 16004 | 44 87 7.20
EBG unit-cell size (W)
0

o ) ) ) )
| === G1=1.0mm, |
= +G1=1.5mm
10 —— G1=2.0mm)

22

Frequency (GHz)

Figure 8. BEBG operation bandwidth variations
versus the gap between adjacent EBG cells (G1) while
the unit-cell (W) is fixed at 4 mm

In order to analyse the effect of the parameters of
dimension to the total equivalent capacitance C, the
unit-cell (W) and the gap between adjacent EBG units
(GI) are investigated while other parameters are
constant. The unit cell size (W) is very important
parameter to take effect on the bandgap, which affect
the equivalent capacitance of the LC resonant circuit
of the EBG structure. Firstly, we investigate the
bandgap of the EBG structure with different values of
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Figure 9. DEBG operation bandwidth with G2 is
equal to 0 mm and W is equal to 4 mm while the other
parameters are fixed

Moreover, the effect of distance between adjacent
EBG cells (G1) on the width of the bandgap is also
investigated, and the simulated results are shown in
Fig. 8. As can be observed from Fig. 10 that the EBG
operation bandwidth becomes wider by increasing the
gap G1 between adjacent EBG cells and the bandgap
move to the higher frequency area. It is shown that the
coplanar C is increased with the higher values of G1.
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Figure 10. Simulated results of scatter parameters of
conventional mushroom-like EBG structure
(W=10mm)

C. Dual-band EBG (DEBG)

Table 2. Relative Operation Bandwidth of EBG
Structure for various W while G2 is fixed at 0 mm

and 0.5mm
G2
Unit cell 0.5 mm 0 mm
size W(mm) | Bandgap Bandgap 1 Bandgap 2
(GHz) (GHz) (GHz)
2 17.74-29.25 | 10.77-14.47 | 18.80-21.95
4 9.48-18.62 | 5.51-7.73 10.20-12.33
6 6.23-13.88 | 3.72-5.07 6.72-8.53
10 4.05-10.35 | 2.06-3.08 3.71-5.26

In this section, the gap G2 between two adjacent
Sierpinski triangles inside the EBG unit cell is also
investigated while other parameters are constant.
From Fig.9, it can be seen that two bandgaps are
determined by transmission coefficient. The unique
characteristic of this design that the structure can be
transformed the bandwidth from broadband into dual-
band when G2 is equal to zero.When the unit cell size
W is set at 4mm, the first bandgap spans from
5.51GHz to 7.73 GHz. The bandwidth of the second
one is spreading from 10.20 GHz to 12.18 GHz. This
can be indicated more clearly in Table II. It can be
observed from Table II that these bandgaps move
forward to the lower frequency regions. It is clear that
when the value of G2greater than zero, two above
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bandgaps are moving to overlap each other and the
broader bandgap can be obtained.

(b)

Figure 11. Photos of the proposed structures with
suspended microstrip: (a) array of 3%4 DEBG cells
and (b) array of 3%4 BEBG cells

D. Conventional Mushroom-like EBG

In order to verify the bandgap characteristic of the
broadband EBG structure (BEBG), an array of 3x4
unit cells of hexagonal mushroom-like EBG is
investigated (see Fig. 3a). This EBG is also
constructed on a dielectric substrate with a relative
permittivity of 4.4 and a thickness of 1.6mm. The unit
cell dimension is fixed at 10mm. The simulated result
of transmission coefficient is shown in Fig. 10. The
bandgap is centered at 6.77 GHz and the bandgap
bandwidth is from 5.22 GHz to 8.32 GHz, achieve the
bandgap bandwidth about 46 %. As can be observed
from Table 1, the bandgap bandwidth of the BEBG
structure at W=10 mm is much larger (87 %) than that
of the conventional EBG at the same dimension of the
unit cell.
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Figure 12. EBG operation bandwidth (W=10 mm):
(a) BEBG and (b) DEBG

IV. EXPERIMENTAL RESULTS

Both schematics of proposed EBG structures were
simulated and take into comparison with the
measurement of the fabrication. The microstrip lines
are soldered with SMA connector to measure the
scatter parameters. The experimentally measured of
scatter parameters of the arrays are performed by
Photos of the
proposed EBG structures are shown in Fig. 11. The
simulated and the measured results of the parameters

Anritsu 37369D network analyzer.
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of BEBG structure and DEBG structure are shown in
Fig. 12a and Fig. 12b, respectively.

It is very efficient to determine the bandgap by the
transmission curves. From the measurement of S11
with the criteria of -5 dB, the operation bandwidth can
be determined easily when the transmission
coefficient S21 is below -30 dB. As can be shown
from Fig. 12a, the BEBG introduce a bandgap
between the frequencies 4.15 GHz — 10 GHz with the
criteria of -30 dB, from that the electromagnetic wave
cannot propagate. The bandgap bandwidth is about
83%. The reason is that the surface impedance of the
EBG structure becomes very high within the bandgap.
From Fig. 12b, two distinct bandgaps of DEBG
structure are defined in which the first bandgap
ranging from 2.17 to 2.97 GHz and the bandwidth of
the second bandgap is spreading from 3.58 to 5.32
GHz. The bandgap bandwidths of the DEBG structure
are 32% and 39%, respectively. It can be observed
from Table III that the measured results show good
agreement with the simulated results.

Table 3. Operation Bandwidth of Proposed EBG
Structures with W = 10 mm

G2
0.5 mm 0 mm
Methods Bandgap Bandgap 1 Bandgap 2
(GHz) (GHz) (GHz)
Simulated 4.05-10.35 2.06 - 3.08 3.71-5.26
(87) (40) (35)
Measured 4.15-10.00 217-297 | 3.58-5.32
(33) (32) (39)

V. APPLICATION TO PATCH ANTENNAS

In this section, two proposed EBG structures will
be integrated to a patch antenna for enhancing the
radiation properties of the antenna. A patch antenna is
designed as the reference antenna, which is on a
classical ground plane, as shown in Fig.13a. The patch
antenna is printed on a dielectric substrate with a
relative permittivity of 4.4, thickness of 1.6 mm and a
size ofWsxWs mm’. While, Fig. 13b and Fig. 13c
shows two other antennas which are designed with a
BEBG and DEBG replacing the conducting ground
plane. For comparison purposes, all parameters of the
proposed antennas are consistent. The resonant
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frequency of the antenna at SGHz is set within the
surface wave bandgap of the Fractal-EBGs..In.order to
effectively suppress the,surface waves, three rows of
EBG cells are us€d-in the designg

Figure 14 ‘show§ the simulated S11 of three
antennas. The simulated restlts-indicate that the S11
is -21.85 dB for the r¢ferencevantenna, —29.82 dB for
the BEBG, antenna and -27.94 dB for the DEBG
antenna. It indicates that the reference antenna is
about 7.97 dBwnd6.09 dB greater than the BEBG and
DEBG antehna, ‘wrespectively. Figure 14 illuminates
that the EBG®structures are used to the antenna ground
planeyreducing the antenna input impedance loss and
improying the antenna radiation power.

Figure 15 shows the simulated radiation patterns of
three antennas in both planes XZ and YZ at 5 GHz.
The reference antenna shows large radiationin the
backward direction, and the antenna atthe Fractal-
EBG ground plane produces a lower back lobe, with
less power wastedin the backward direction. As
shown in Figure 15, in the radiation pattern of the
patch antenna with DEBG and BEBG, the back lobe is
reduced by 9.16 dB and 8.03 dB, respectively. The
radiation pattern of the antenna is improved
effectively.

VI. CONCLUSION

A flexible EBGs design is presented using
Sierpinski Gasket triangles, which are arrangedto
repeat each 60° to form the hexagonal EBG unit cell.
Two EBG structures, which have broadband and dual
bandgap, are proposed by setting the value of the gap
between two adjacent Sierpinski inside the unit cell is
equal to 0 mm and greater than 0 mm. The suspending
microstrip method is used to simulate the scatter
coefficients of the EBG structure. The bandwidth of
BEBG structure is much larger than that of the
conventional EBG. The results show a good
agreement between simulations and measurements.
Due to several advantages of the structures such as
using inexpensive dielectric substrate FR4 and planar
structure, the EBG structures are used as a high
impedance ground plane for a patch antenna. As the
results, the antenna with a Fractal-EBG ground plane
has already reduced significant the back lobe and
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improved the radiation efficiency in comparison to the
one with the conducting ground plane.
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