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Gain enhancement of microstrip patch
antenna using Sierpinski fractal-shaped EBG

neeraj rao and dinesh kumar vishwakarma

This is the first report on novel mushroom-type electromagnetic band gap (EBG) structures, consisting of fractal periodic
elements, used for enhancing the gain of microstrip patch antennas. Using CST Microwave studio the performance of rect-
angular patch antenna has been examined on proposed fractal EBG substrates. It is found that fractal EBGs are more effective
in suppressing surface wave thus resulting in higher gain. The gain of rectangular patch has been improved from 6.88 to 10.67
dBi. The proposed fractal EBG will open new avenues for the design and development of variety of high-frequency components
and devices with enhanced performance.
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I . I N T R O D U C T I O N

The microstrip patch antennas are widely used in compact
and portable communication devices because of their small
size thin profile configurations, conformity and low cost.
However, besides having numerous advantages they suffer
from some serious drawbacks such as low gain, smaller band-
width, poor directionality, etc. Various types of losses respon-
sible for low gain of patch antennas are: conductor loss,
dielectric loss, and the loss due to excitation of surface
waves. The dielectric loss depends on the quality of substrate
material its loss tangent, operating frequency as well as dimen-
sion of the substrate. Surface wave loss depends on permittiv-
ity of the material and substrate’s thickness [1]. Several
methods have been proposed to reduce losses (conductor
and dielectric losses) in patch antennas such as use of good
conductor for metallic parts and good dielectric for substrate,
etc. Surface wave losses can be reduced by making the designs
on the principle that a ring of magnetic current in the sub-
strate having a critical radius, such that they excite very little
surface waves [2]. Another method is to reduce the dielectric
value of the substrate, i.e. to replace the substrate of the patch
by air or with very low dielectric constant material, known as
suspended patch antennas [3]. An air gap is required for the
suspended patch and this is formed by a spacing material
such as foam or for fabrication purpose the patch being sup-
ported by the posts [4]. The above two methods being fragile
are not very durable for mass production and their drawback
has been replaced by the electromagnetic band gap (EBG)
structures [5–7]. The other way to reduce the surface wave
loss is by drilling holes in the substrate and hence synthesizing

a lower value dielectric substrate [8, 9]. The concept of synthe-
sizing a substrate having a lower value of dielectric substrate
by removing the substrate partially surrounding the patch
is more feasible from the fabrication point of view. The
method is to make trenches which are quite narrow, but
these methods have not been studied in more detail [2, 10–
12]. To overcome the drawbacks of the above mentioned
technique the method proposed was to partially remove the
substrate to reduce the surface wave losses [13]. The other
way is to use drilled hole EBG structure [14] or mushroom-
type EBG as substrate [15, 16]. EBG structures are periodic
structures, which stop the propagation of wave in a particular
band of frequency for all incident angles. If the resonant fre-
quency of the antenna lies in the band gap, then the patch
with EBG structure shows an enhancement in the gain of
antenna due to suppression of surface wave.

The paper reports a novel mushroom-type EBG structure,
consisting of fractal periodic elements. The proposed fractal
EBG is found to suppress surface waves more effectively,
thus resulting in higher gain when used as substrate for the
patch antennas. A comparative study of circular mushroom
EBG with sierpinski fractal-shaped EBG has been carried
out. The implementation of fractal EBG has enhanced the
gain of patch antennas significantly as compared with circular
mushroom EBG for wireless communication at 6 GHz.

All simulations have been carried out using CST
Microwave studio which is a comprehensive tool for electro-
magnetic analysis based on the finite integration technique.
Before performing simulation of proposed structures, the
results of published paper “Wearable dual-band Sierpinski
fractal PIFA using conductive fabric” [17] were verified. The
calculation shows bandwidth of antennas 339.3 and 64 MHz
at frequencies 2.29 and 4.8 GHz which are in close agreement
with the published results: 345 and 615 MHz at 2.45 and
5.2 GHz. The radiation patterns are also in close agreement,
these validate our simulation procedure.
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I I . F R A C T A L E B G D E S I G N

This section describes the design of fractal EBG structure
which enhances the gain of patch antenna more than the
mushroom-type EBG. Fractal shapes are those in which
there is repetition of a particular shape which is scaled up or
scaled down. Figure 1 shows the unit cell of circular and sier-
pinski fractal-shaped mushroom EBG [18, 19]. The sierpinski
fractal is made by adding the scaled down triangles to each
edge of the existing triangle as shown in Fig. 2.

A) Triangular fractal
The dimension of the triangular-shaped fractal is 7.20 mm in
length and 7.20 mm in altitude over all. Sierpinski fractal is
made adding the scaled down triangles to each edge of the pre-
vious triangles. The scaling factor of the fractal is k ¼ 0.50 for
length and altitude of the triangular geometry. The dimen-
sions are given by equations (1) and (2). In the equations ‘i’
represents the iteration number. The subsequent lengths and
altitudes are calculated and added to make it a fractal-shaped
EBG as shown in Figs 2(a)–2(d). The gap between the two
adjacent triangular fractal mushroom EBG is 1.20 mm.
The periodicity of the fractal-shaped mushroom EBG is
8.40 mm, formed on a substrate of height 1.54 mm with
dielectric constant 1r ¼ 4.3 (Rogers R04003). The elements
of the EBG structures are shorted to ground plane via shorting
pins. The dispersion diagram is shown in Fig. 3. The EBG
with square matrix has a band gap in frequency range
5.8–6.5 GHz.

Li+1 = ki × Li, (1)

Hi+1 = ki × Hi. (2)

Fig. 1. Two designs of mushroom EBG.

Fig. 3. (a) Dispersion diagram of the circular-shaped mushroom EBG. (b) Dispersion diagram of the Sierpinski fractal mushroom EBG having band gap between
5.8 and 6.5 GHz.

Fig. 2. Fractalization process upto fourth iteration.
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I I I . P A T C H A N T E N N A D E S I G N

This section describes the design of patch antennas on the
dielectric substrate (Rogers R04003) as well as on the mush-
room EBG substrate with and without fractals.

A) Patch on normal substrate
The rectangular patch has been placed on the substrate with a
ground plane at the bottom as shown in Fig. 4(a). The dimen-
sion is 15.78 mm × 13.00 mm of the patch printed on a sub-
strate of dimension 85.62 mm × 85.62 × 1.54 mm having
dielectric constant of 1r ¼ 4.3 with a ground plane at the
bottom. The patch is fed by a microstrip line. Simulation
shows that the rectangular patch is resonant at a frequency
of 5.99 GHz having bandwidth nearly 100 MHz and S11 is
229.50 dB.

B) Patch on EBG substrate
Mushroom-type EBGs have been incorporated for the patch
antenna as shown in Fig. 4(b). For the circular-shaped mush-
room EBG, the diameter is 6.00 mm and periodicity 7.00 mm.
The square matrix is formed on the dielectric substrate, with
3 × 3 elements missing from the center of the array to accom-
modate the antenna patch as shown in Fig. 4(b).

C) Patch on fractal-shaped EBG
The triangular elements of the mushroom EBGs are fracta-
lized resulting in fractal mushroom EBGs. The fractalization
process for the first four iterations has been shown in Fig. 2.
The properties of the antennas have been investigated
on fractal EBGs and the results of return loss, far field’s
polar and three-dimensional (3D) plots have been shown in
Figs 5–8, respectively.

The triangular-shaped EBG has been fractalized up to fourth
iteration because for the fourth iteration the band gap of the
fractal and circular-shaped mushroom EBGs are same.

I V . R E S U L T S A N D D I S C U S S I O N

The mushroom EBG structures are artificial magnetic conduc-
tors. The impedance between the two successive elements is
calculated using an L–C modeling of the EBG [18]. The
edge of the mushroom patch results in the generation of cap-
acitance between the two elements and the shorting pin con-
tributes for the inductive part. As a result the impedance
offered by one pair of mushroom structures is given by:

Z0 = jvL
1 − v2LC

. (3)

The capacitance between the two edges depends on the length
of the edge; by the process of fractalization the length of the
edge has been increased. Increase in the number of corners
increases the capacitive behavior between the two elements.
As a result the denominator decreases which increases the
overall value of Z0 of equation (3) so the suppression of
surface wave takes place more efficiently. Since the increase
in the capacitance cannot be measured numerically. This
paper shows a comparative study of the EBG from no
corners (circular-shaped mushroom EBG) to the sierpinski
fractal with increased number of corners.

Fig. 4. Different configurations for the patch and EBG. (a) Conventional rectangular patch. (b) The conventional patch with circular mushroom EBG. (c) The
conventional patch with fractal-shaped mushroom EBG (sierpinski fractal).

Fig. 5. S11 of rectangular patch, rectangular patch with circular-shaped
mushroom EBG and rectangular patch with fractal-shaped mushroom EBG.
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The conventional mushroom EBG suppresses the surface
wave in a particular direction. Surface wave passing through
the fractal-shaped mushroom EBG are scattered in all the dir-
ection and scattering takes place because of the irregularity in
the shape of the patch of mushroom EBG. The scattered
surface waves are more effectively suppressed in all the direc-
tions by the fractal-shaped mushroom EBG. The polar plots of
far fields in the E- and H-planes for different configurations of
the antennas have been shown in Fig. 6. The results are sum-
marized in Table 1 and Fig. 8 shows 3D radiation patterns of
antennas on circular as well as fractal EBG substrate.

It is thus clear that as compared with conventional type
EBG, fractal EBGs proposed and designed in the present
study are more effective in suppressing surface waves resulting
in higher gain and of patch antennas. This investigation will
be very useful in performance enhancement of patch antennas
as well as other high-frequency planar circuits requiring EBG
substrate materials.

Fig. 6. Radiation pattern for the different configurations. (a) The E-plane radiation pattern for rectangular patch, rectangular patch with circular-shaped EBG and
rectangular patch with fractal-shaped mushroom EBG. (b) The H-plane radiation pattern for rectangular patch, rectangular patch with circular-shaped EBG and
rectangular patch with fractal-shaped mushroom EBG.

Fig. 7. The LC modeling of mushroom EBG.

Table 1. Gain and resonant frequency comparison for different EBG
configurations

Type Resonant frequency (GHz) Gain (dBi)

Simple patch 5.99 6.88
Patch with circular EBG 6.00 8.29
Patch with fractal EBG 5.98 10.67

Fig. 8. Three-dimensional radiation pattern for optimized results. (a) Three-dimensional radiation pattern for the rectangular patch. (b) Three-dimensional
radiation pattern for the rectangular patch with circular-shaped mushroom EBG. (c) Three-dimensional radiation pattern for the rectangular patch with
fractal mushroom EBG.
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V . C O N C L U S I O N

New mushroom-type EBG structures consisting of fractalized
periodic elements have been proposed and used as substrate
for microstrip patch antennas. It is found that the proposed
fractal EBGs suppress surface waves resulting in larger gain
enhancement of the antennas and better directionality as com-
pared with conventional mushroom-type EBGs. The gain of
patch antennas has almost doubled with fractal EBG struc-
tures as compared with normal substrate. The proposed
fractal EBG will open new avenues for the design and develop-
ment of variety of high-frequency components and devices
with enhanced performance.
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