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Abstract

To prevent far-field radiation characteristics degradation while increasing bandwidth, an
attempt has been made to design and fabricate a microstrip antenna. An electromagnetic
band gap (EBG) structure, including a layer of a metallic ring on a layer of Rogers 4003C sub-
strate, is used. For a better design, a patch antenna with and without the EBG substrate has
been simulated. The results show that the bandwidth can be improved up to 1.6 GHz in
X-band by adding the EBG substrate. Furthermore, using this structure, a dual-band antenna
was obtained as well. Finally, to validate the simulation results, a comparison has been done
between simulation data and experimental results which demonstrate good agreement.

Introduction

Nowadays, antennas must be small, have a low profile, with high operating bandwidth and
considerable directivity. Low profile patch antennas with simple structures and with the cap-
ability of fabricating on printed circuit boards (PCB) can be considered as suitable alternatives.
However, two disadvantages of these antennas are narrow bandwidth and low directivity. To
achieve wide bandwidth and yet a small size, patch antennas are made on thick high dielectric
constant substrates [1]. A high dielectric constant leads to an increased cost of fabrication with
the propagation of unwanted modes in the substrate, which affects the antenna’s radiation
characteristics [1, 2].

Another way to overcome these disadvantages is by using artificial metamaterials [3–9].
There are numerous classifications for metamaterial structures in the literature and electro-
magnetic band gaps (EBG) are categorized as one of these classifications [10, 11].

Applying EBG structures leads to many new antennas and applications [12–14]. These
structures can remove the unwanted effects of substrates and cause gain enhancement [15–17].

They are used to control the propagation of electromagnetic waves. The application of EBG
is based on wave propagation either as a filter or as a defect in a periodic structure. The latter is
useful in antenna applications to radiate EM waves in the desired direction at a specified fre-
quency. EBGs usually behave as band-stop filters [18, 19], rejecting the energy flow over a fixed
band of frequencies and can be used in absorption applications [20, 21]. Also, they can be used
in optical applications [22, 23]. When a defect is introduced affecting the periodicity of the
structure; a region of localized electromagnetic energy is established. The patch antenna is con-
sidered as the defect of a structure.

In this paper, the design of an antenna for X-band with an increase of the bandwidth of a
simple rectangular microstrip antenna is contemplated. In many previous works [24–26], sub-
strates or superstrates have been used to enhance the bandwidth of microstrip antennas. In the
present work, to fabricate a broadband microstrip antenna, a single-layer EBG substrate with a
ring resonator structure is designed. To do this, the basic shape and dimensions are selected
using experimental results and the available data in the literature. To achieve higher band-
width, the antenna is simulated and optimal parameters such as dielectric thickness and struc-
ture dimensions are obtained using a parameter study. Finally, based on simulation results, a
patch antenna is fabricated and experimental data are compared with the simulation results.

Design and simulation

EBG unit-cell design and simulation

In this section, the EBG substrate is designed. The equivalent circuit of conventional mush-
room EBG structures is shown in Fig. 1. In this EBG structure, vias and the patches play
the roles of parallel and series inductors, respectively. The gap between the two elements of
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the single cell constitutes the series capacitor, while the ground
plane and the patch are modeled as a parallel capacitor.

The equivalent circuit [27] of the structure used in this article
is the same except the EBG structure can better control the induc-
tances [28, 29].

The bandwidth of the planar antenna associated with the
inductance and capacitance of the equivalent circuit is [30]
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In which “e” and “f ” are ring dimensions and “w” is the width
of its strip as shown in Fig. 2. Therefore,
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According to equation (2), in addition to the unit-cell dimen-
sions, the ring width, w, is also one of the parameters affecting the
inductive property and consequently the resonant frequency of
the structure.

To calculate the relative permeability, relative permittivity, and
the refractive index of the EBG unit cell, the ring resonator unit
cell with boundary conditions given in Fig. 3 is simulated in
CST. PEC boundary conditions are used on two sides and PMC
was used on the other two, indicating the periodic structure. To
excite the structure, two wave ports were used and the relative per-
meability, the relative permittivity, and the refractive index were
extracted from the S parameters [33].
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Equations (4) and (5) result in:
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With an increased relative permeability and a decreased rela-
tive permittivity of a material, wider operation bandwidth can
be achieved. The EBG structure can increase the inductance of
the circuit and therefore results in bandwidth improvement.
Relative permeability of the ring resonator unit cell and a conven-
tional unit cell of the same area are shown in Fig. 4. As can be
observed, the relative permeability of the ring resonator unit cell
can be changed simply by varying its width, w. This can be
ascribed to yet another degree of freedom which leads to
increased inductive properties and, as a result, an improved
bandwidth.

A parametric study is performed to select the dimensions of
the unit cell for a resonant frequency of 9.7 GHz. The parameter
“d” is the periodicity of the neighboring cells. The results are illu-
strated in Tables 1–5. As can be seen, the parameters “e”, “f ”, and
“d” do not significantly change the resonant frequency while “t”
and “w” affect the resonant frequency of the structure. The final
values of these parameters for the resonant frequency of 9.7
GHz are shown in Table 6. The constitutive parameters of the
optimized EBG unit cell are illustrated in Table 7.

EBG substrate design and simulation

To obtain an improved bandwidth for a transmission coefficient,
S21, lower than −10 dB, the rings and vias dimensions and vias
locations are the parameters to be optimized. The EBG structure
used in this paper (Fig. 5) includes a 4 × 9 array of square rings on
a layer of Rogers 4003C (εr = 3.58) with 0.8 (mm) thickness and a

Fig. 2. Ring resonator unit cell.

Fig. 1. The equivalent circuit of the EBG unit cell: (a) conventional unit cell, (b) ring
resonator unit cell.

International Journal of Microwave and Wireless Technologies 907

https://doi.org/10.1017/S1759078720000264 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078720000264


ground plane of 40 mm × 30mm. The square patch antenna is
designed to operate at 9.7 GHz.

To find the stopband of the EBG substrate, the two ports are
assumed at the opposite edges of the bottom and a transmission

Fig. 3. Boundary conditions of the simulated ring resonator of the EBG unit cell.

Fig. 4. Relative permeability of the conventional mushroom unit cell and the ring res-
onator unit cell for different widths of the ring, w (mm).

Table 1. Effect of parameter “e” on the resonant frequency

“e” (mm) Fr (GHz)

3 9.76

3.5 9.69

4 9.63

Table 2. Effect of parameter “f ” on the resonant frequency

“f ” (mm) Fr (GHz)

6 9.76

6.5 9.69

7 9.63

Table 3. Effect of parameter “t” on the resonant frequency

“t” (mm) Fr(GHz)

0.8 9.67

1.2 9.5

1.6 9.34

2 9.14

Table 4. Effect of parameter “d” on the resonant frequency

“d” (mm) Fr (GHz)

0.6 9.66

0.8 9.68

1 9.67

1.2 9.65

1.4 9.63

Table 5. Effect of parameter “w” on the resonant frequency

“w” (mm) Fr (GHz)

0.5 9.79

0.6 9.77

0.7 9.76

0.8 9.73

0.9 9.72

1 9.68

1.1 9.64

1.2 9.62

1.3 9.52

1.4 9.44

1.5 9.36

Table 6. Dimensions of the unit cell

e (mm) f (mm) t (mm) d (mm) r (mm) w (mm)

3.5 6.5 0.8 0.8 0.5 1

Table 7. Constitutive parameters of the EBG unit cell

fres value of ε value of μ value of n

9.7 0.8 30.38 0
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line is located on the top of the EBG structure. The
scattering parameters can then be extracted as shown in Fig. 6.
The transmission coefficient, S21, is calculated by exiting the
ports. The stopband, defined for S21 lower than −10 dB, is
obtained as 8.4–10.7 GHz and the resonant frequency is 9.7
GHz as expected.

Patch antenna simulation

A conventional patch antenna is designed at 9.7 GHz. To excite
the antenna, a microstrip line with a width of 1.9 mm is used cor-
responding to an input impedance of 50Ω. Two gaps with the

dimensions of 3.5 (mm) × 0.26 (mm) are used for proper imped-
ance matching as shown in Fig. 7. The 10 dB return loss band-
width is 0.2 GHz and the gain at resonance is 7.71 dBi. The
dimensions of the patch antenna are obtained by antenna design
equations [34]. For impedance matching, the inset feed is used as
shown in Fig. 7.

The dimensions of the designed antenna at 9.7 GHz are given
in Table 8.

Fig. 5. The schematic configuration of the electromagnetic band gap (EBG) layer.

Fig. 6. S21 versus frequency for the EBG and the schematic representation of the
transmission line on the EBG structure.

Fig. 7. The schematic representation of the conventional antenna.

Table 8. Dimensions of the antenna

Specifications Dimensions (mm)

Patch width, W 10.3

Patch length, L 7.9

Gap width, a 3.5

Gap length, b 0.26

Substrate width, W0 40

Substrate length, L0 30

Substrate thickness, h 0.8

Fig. 8. Reflection coefficient and maximum directivity of the patch antenna with and
without the EBG substrate.
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Results and discussion

An EBG ring resonator was designed and simulated in this work.
This EBG structure has the potential to better control the induct-
ive properties and therefore increase the bandwidth. The band-
width of a microchip patch antenna in the X-band is then
increased by only one substrate. To achieve this, an array of 4 ×
9 was designed and simulated.

The simulated reflection coefficient, S11, and maximum direc-
tivity of the conventional patch antenna with and without the
EBG substrate are illustrated in Fig. 8. As can be observed, the
antenna bandwidth with the EBG substrate is 1.8 GHz which is
increased to about 1.6 GHz, and the maximum directivity fluctua-
tions of the metamaterial antenna are less than the conventional
antenna in the desired bandwidth. As it is observed in Fig. 8, it
can be concluded that the EBG substrate antenna can operate
well in all frequencies of the bandwidth compared with the con-
ventional patch antenna. Therefore, with the EBG substrate, a

wideband antenna is achieved which is useful in broadband appli-
cations. Furthermore, maximum directivity for the patch antenna
with EBG substrate is 8.43 dBi and the 3 dB bandwidth covers the
entire X-band frequencies which are prominent in industrial and
military applications.

The radiation characteristics of the proposed antenna are also
discussed. The corresponding radiation pattern for the antenna
with the EBG substrate at 9.7 GHz is illustrated in Fig. 9(a).
The polarization of the individual antenna is linear and has not
been changed when the EBG structure is used as the substrate.
Figure 9(a) shows that the directivity of the metamaterial antenna
is increased by 0.72 dB and the back lobe level is higher than the
conventional antenna. The cross-polar radiation pattern of the
metamaterial antenna is increased at some angles in comparison
to a normal antenna while it is decreased in some other
directions.

Figure 9(b) shows that the radiation efficiency of the EBG
antenna is significantly higher than typical antenna efficiency

Fig. 9. (a) Radiation pattern of the patch antenna with and without the EBG substrate at 9.7 (GHz). (b) The efficiency of the patch antenna with and without the EBG
substrate.
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Fig. 10. Construction and experimental setup.

Fig. 11. Schematic representation of the experimental setup.
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over the entire bandwidth. The radiation efficiency is well above
0.6 (60%) for the X-band frequency range and yet with favorable
directivity for all frequencies in the bandwidth. Therefore, it can
be used in broadband antenna applications.

The desired antenna was fabricated and the experiments were
performed in an anechoic chamber as shown in Fig. 10. The sche-
matic representation of the experimental set up is shown in
Fig. 11. To obtain the radiation pattern, the antenna was placed

in a chamber with a length of 15 m, where the separation of the
transmitting antenna and the antenna under test exceeds the far-
field distance criteria. The structure of the patch antenna with the
EBG substrate has been examined using simulation as well as
measured data. Figure 12 shows the measured and simulated radi-
ation patterns and S11 of the patch antenna with the metamaterial
substrate. The return loss bandwidth below −10 dB of the EBG
antenna is around 1.8 GHz. The measured return loss of EBG
antennas reveals a slight shift in the resonances toward higher fre-
quencies than those designated by simulation. This shift is attrib-
uted to fabrication inaccuracies and the connector assembly. The
simulation and measured results are in good agreement.

Table 9 presents a comparison of bandwidths and gain
improvement, sizes, and previously reported works. It is con-
cluded that the present work improves the bandwidth for approxi-
mately 1.6 GHz and the directivity for about 0.72 dB. Also,
compared with previous works in the X-band [8, 35–38], the
structure is smaller in size and more simple with fewer numbers
of layers. As for the effects of metamaterial substrate on radiation
pattern, previous works show some squint and deviation. In the
present paper, although the gain of EBG structure does not
show a drastic increase, it does not affect the shape of the radi-
ation pattern, which is crucial in data transmission, industrial,
and military applications.

Conclusion

A microstrip antenna with an EBG structure as a substrate was
designed and fabricated in the X-band. Experimental results
were compared with simulation data and good agreement was
observed. Using the ring resonant structure in the EBG substrate
increases the inductances of the structure in comparison with
conventional mushroom EBG structures which is a key parameter
in the design. This structure has better control of resonant fre-
quency and its larger inductances result in a smaller size for a
given resonant frequency. Therefore, it can be used when mini-
aturization application is contemplated. CST software and para-
metric study were used to obtain optimal dimensions of the
design. A ring-shaped metallic is used for the unit cell of the
EBG structure. The bandwidth of a simple rectangular microstrip
antenna was increased by as much as 1.6 GHz. Furthermore, the
result is a dual-band structure; with two resonances at 9.8 and
10.8 GHz, and the return loss in these frequencies is less than
−20 and −14 dB, respectively. The antenna directivity improve-
ment is 0.72 dB. The polarization of the antenna with EBG is
not changed compared to an individual antenna. A single EBG
layer is used in the structure, which does not significantly affect
the height of the antenna despite the use of an artificial ground

Fig. 12. (a) The simulated and measured radiation pattern of EBG antenna, (b) The
simulated and measured S11 of EBG antenna.

Table 9. Comparison of the performance of the presented EBG antennas in previous reports and this work

Reference Frequency band Size of antenna (width × length × thickness) Complexity in fabrication Bandwidth improvement(GHz)

This work X-band 1.25λ × 0.9λ × 0.04λ Simple 1.6

[8] X-band 1.43λ × 1λ × 0.04λ Complex 0.98

[35] X-band 0.16λ × 0.19λ × 0.1λ Complex 0.512

[36] X-band 1.14λ × 1.14λ × 0.97λ Complex 0.35

[37] X-band 1.4λ × 1.87λ × 0.04λ Complex None

[38] X-band 2.4λ × 2.4 × 1.2λ Complex 1.6
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structure. Furthermore, this simple EBG antenna, while having
favorable bandwidth and directivity, is easy to fabricate and has
low cost in PCB processing, which makes it suitable for military
and industrial applications.
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