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Abstract

The utilization of metamaterials in electromagnetic band gap or EBG structure to improve the
performance of a microstrip antenna (MSA) was investigated. A typical MSA array has a bandwidth
of 5.2 GHz (1.42-6.62 GHz). This covers the frequency ranges supporting sub-6 GHz frequency bands
applications such as cellular, ISM, WiMAX, Machine to Machine (M2M), and Internet of Things
(10T). Results determined that the cylindrical woodpile cavity EBG structure was appropriate for a
beam shaped MSA array as the installation resonant circuit put on an antenna. The procedure for
efficiency progression, especially gains and impedance matching, transferred the EM field radiating
from an MSA array through the cylindrical woodpile cavity EBG and achieved a better overall MSA
array performance. Average gains of all operating frequencies of the proposed antenna were
improved by around 3.3 dB when compared to an MSA array without EBG. This concept was
validated by both simulated and measured results. Good concurrence between the simulations and
experimental results were achieved.

Keywords: Metamaterial, Electromagnetic Band Gap (EBG), microstrip antenna, Sub-6 GHz
applications

Introduction

Improvement of antenna performance has become
necessary to increase the efficiency of new services
and networks, especially for the novel ranges of
modern  wireless  communication  systems,
especially the sub-6 GHz frequency bands that have
mushroomed with technological developments such
as 5G sub-6 GHz cellular, wireless networking
(Wi-Fi) using the 2.4 and 5.7 GHz ISM bands
following the IEEE 802.11 standard, WiMAX
following the IEEE 802.16 standard, M2M, and 10T
devices. A microstrip antenna (MSA) is the preferred
antenna for modern communication applications as

its simple structure, light weight, and compact low
profile with adaptability for design and fabrication
(Bahl and Bhartia, 1980; Bhartia et al., 2000).
Because the MSA is a resonant-type antenna, this
has two main disadvantages as narrow impedance
bandwidth and low gain due to its resonant nature.
Consequently, the design of an MSA must respond
to a wideband and high gain antenna. The slot
structure is more suitable to achieve a wideband
antenna because this structure is simple and easy
to fabricate, with especially wide bandwidth
performance. The coplanar waveguide (CPW) fed
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structure with slots, as reviewed by (Chen, 2003;
Chaimool et al., 2005; Tang et al., 2007; Krishna
et al., 2009; William and Nakkeeran, 2009) is
a good design for simulating a wide bandwidth
antenna. This is formed of rectangular slots with
a metal tuning stub fed by a CPW feed line. A CPW
fed slot antenna was proposed by (Hongnara et al.,
2011), where the functional bandwidth was defined
by the length of the stub. Advantages of the CPW
fed slot antenna structure include its ease of
integration and simplicity to match impedance and
conduct bandwidth. Therefore, here, this antenna
was selected for sub-6 GHz applications.

Many new technologies have recently appeared
as modern antenna designs. One breakthrough is the
advancement in metamaterials as artificial materials
with acceptable electromagnetic properties not
readily found in nature (Kshetrimayum, 2005).
The utilization of metamaterials on an electromagnetic
band gap (EBG) structure for antenna design comes
to be a new research direction that appears to be
attractive to antenna engineers (Yang and Rahmat-
Samii, 2008). An EBG structure is capable to design
a competent low profile antenna, get rid of the
surface waves, and enhance the performance of the
antenna by improving its directivity, gain, and
radiation efficiency (Gonzalo et al., 1999; Thevenot
etal., 1999; Yang and Rahmat-Samii, 2003). The EM
properties of an EBG structure are defined and
optimized by its physical dimensions (Weily et al.,
2005).

Theoretically, high gain antennas are achieved
by utilizing a parabolic antenna or large antenna
array; nevertheless, the curved surface of a parabolic
antenna does not easily conform to mobile platforms
where large antenna arrays are overabundant
long and heavy. Moreover, high amounts of
electromagnetic energy are lost inside the phasing
lines of a feed network. Thus, the proper structure of
a resonant EBG to improve antenna gain includes as
an additional a resonant circuit placed in front of
the antenna to exhibit band gap characteristics at
the operating frequency. A cylindrical resonant
cavity was found to be more suitable for a beam
shaped CPW fed slot antenna. Gains of a 4x1 MSA
array with a cylindrical woodpile cavity EBG
improved by nearly 3 dB for all operating
frequencies when compared to a 4x1 MSA array
without EBG. Gains of a 4x1 MSA array with
EBG structure were the same as gains achieved by
an 8x1 MSA array. Therefore, here, we present the
application of a cylindrical woodpile cavity EBG
structure to achieve performance improvement in
an MSA array for sub-6 GHz applications. This
proposed concept offers the good points of
decreasing the total length and feed loss of the MSA

array, while also increasing gain, with the easy
installation of a low profile antenna.

Microstrip Antenna and EBG Configurations
Design of Microstrip Antenna

A CPW fed structure with a tuning stub and
a rectangular slot was applied to excite a wide
bandwidth for the MSA. It was composed of
a rectangular stub to match impedance by adjusting
the gap between the tuning stub and the ground
plane. To optimize operation in sub-6 GHz
applications, a frequency range of 1.33-6.69 GHz
was selected as the prototype for our proposed
antenna. Operating frequencies of 1.8 GHz,
2.1 GHz, 2.45 GHz, 2.6 GHz, 3.5 GHz, 5.2 GHz,
and 5.8 GHz were investigated in this paper,
supporting WLAN, WiMAX, and mobile GSM
technologies. Our proposed antenna, printed on an
FR4 substrate (¢r = 4.5, tand = 0.02) was defined as
a rectangular stub with dimensions of Wt = 48 mm,
Lt =50 mm, Wa =25 mm, Lg = 10 mm, W, =2 mm,
Lr = 165 mm, Ls, = 9.8 mm, Lss = 7.72 mm,
a =2.88 mm, and h = 1.6 mm (Hongnara et al.,

Wi

P N 1

(@)

H S:

(b) (©

Figure 1. Shows the MSA: (a) Single MSA, (b) A 4x1
MSA array, (c) An 8x1 MSA array
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2011) Figure 1(a). The antenna was fed by a 50 Q
CPW feed line with strip width (Wrg) of 9 mm and
a distance gap (g) of 0.55 mm. Simulation of the
impedance bandwidth of this proposed antenna was
decided by the width and length of the tuning stub,
while impedance matching depended on the location
of the tuning stub in a rectangular slot. A waveguide
port for CPW feeding was used for S-parameter
computation to calculate pattern of E- and H-field,
line impedance, and radiation.

To improve signal gain, the MSA was chosen
as a 4x1 array with element spacing of /2 as shown
in Figure 1(b). Effects of the variation of A on
the operating frequencies of 1.8 GHz, 2.1 GHz, 2.45
GHz, and 2.6 GHz were observed. A A value at
higher frequencies than 3.5 GHz caused the
elements to overlap. Element spacing of the antenna
array was applied to operate the impedance
bandwidth and impedance matching of a 4x1 MSA
array. The return loss or Si; changed when the
element spacing was varied as shown in Figure 2.
The bandwidth of a 4x1 MSA array with element
spacing of A/2, with A of 2.6 GHz, can support
sub-6 GHz applications; however, gains of all
operating frequencies were lower than gains
obtained from A of 2.45 GHz. Therefore, an element
spacing of A/2, with A of 2.45 GHz was chosen.
In addition, an 8x1 MSA array was simulated
to examine the gain characteristics and its
configuration as illustrated in Figure 1(c).
The simulation results suggested that gains of all
operating frequencies increased on average by
around 4.06 dB for the 4x1 MSA array, and by
6.89 dB for the 8x1 MSA array as shown in Table 1.

Design of Cylindrical Woodpile Cavity EBG
Theoretically, a high gain antenna requires
a large antenna array; however, large antenna arrays
increase the weight and size of the structure, while
high electromagnetic energy is attenuated inside the
feed line. Our investigations determined that the
signal gain of the woodpile EBG structure was
improved when adding a resonant circuit was placed

Table 1. Shows results of simulation
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Figure 2. Shows simulated results of Si1 against

frequency for different values of element

in front of the antenna. This allowed us to conduct
and control the flow of EM waves as desired.
The frequency range in the woodpile EBG structure
also propagated modes that could be eliminated in
one or more dimensions. This range of frequency
eliminated the transmission of radiation performance
when performed with antennas. The planar woodpile
structure (Weily et al., 2005; Lee et al., 2009)
applied for the design of the cylindrical woodpile
cavity EBG structure was produced from alumina
materials (e = 9.6, tand = 0.001). A cylindrical
woodpile cavity is distinct from a planar woodpile;
horizontal filaments are not inserted but maintained
as straight at the same horizontal location.
Therefore, a cylindrical woodpile cavity structure
can be stimulated by vertical electric fields along the
axis of the cylinder that must have vertically aligned
gratings. These are achieved by piled horizontal
filaments crossing at the same location. A transverse
magnetic (TM) resonant mode will arise in the
cylindrical woodpile cavity if the structure does not
have a 3D band gap, and requires only a band
gap with radial direction. The cylindrical woodpile
cavity structure is also more appropriate for a beam
shaped MSA array because this structure can create
equal phases of wave transmission from an MSA
array, causes of maximum resonance.

Simulated results MSA antenna
Single MSA 4x1 MSA array  4x1 MSA array with EBG 8x1 MSA array
Frequency Range (GHz) 1.33-6.69 1.43-6.64 1.43-6.65 1.36-6.63
Bandwidth 5:1 4.64:1 4.65:1 4.88:1
Gain  1.8GHz 1.60 5.41 8.76 8.11
(dB) 21GHz 2.08 6.36 9.76 9.18
2.45 GHz 2.73 7.33 10.73 10.23
2.6 GHz 3.01 7.71 11.14 10.56
3.5GHz 3.99 9.87 13.44 12.82
5.2 GHz 5.25 7.07 10.89 9.96
5.8 GHz 4.96 8.23 11.64 10.95
Average 3.37 743 10.91 10.26
Dimensions Width x Height (mm) 48x50 48x234 60%x244 48x479




010177-4

Cylindrical Cavity Ebg for Sub-6 Ghz Msa Array

Figure 3 shows the cylindrical woodpile cavity
EBG structures with different diameters of two
filament rings and 18 radial filaments layered
together. The design parameters for the cylindrical
woodpile EBG structures were (Lee et al., 2010);
Kamphikul et al., 2019) filament thickness or
diameter (w), height or length (h), number of radial
filaments (Nrag), number of rings (Nring) of the
cylinder, and radius of each ring (R1, Ry, ..., Rn),
where n = Nring.

To design and optimize the parameters of
a cylindrical woodpile cavity structure, we considered
the effect of the variation of the number of rings,
as Nring, the distance between the rings, d (d = R; -
Ri1), the radius of the innermost ring Ry, and the
height h. First, a rectangular unit cell with w and
d fixed at 0.014A and 0.04A (A of 2.45 GHz),
respectively was used for a cylindrical woodpile
cavity EBG, as shown in Figure 3(a). Then, we
investigated the effect of variation of Nring. This was
simulated utilizing the periodic boundary condition,
and the transmission characteristic was examined as
illustrated in Figure 4(a). For EBG design, particularly
for antenna applications, the transmission
characteristic is adequate for examining the band
gap of the EBG structure because it is simple to
identify (Yao et al., 2006; Wang et al., 2007).
A frequency range with a transmission coefficient
or Sy less than -10 dB is normally determined as the
band gap for an EBG structure (Aminian et al.,
2003). We found that the band gap at our design
frequency range and level of elimination accrued
when Nring increased. Thus, Nring = 2 was sufficient.
Second, we investigated the effect of the distance
d using a rectangular unit cell. Figure 4(b) shows
the difference in Sy against frequency for variation
of distance d. The resonant frequency, 2.45 GHz in
this study, of the band gap shifted with distance d,
while the transmittance level also varied when
distance d altered. As a result, this property is used
to control the resonant frequency of a cylindrical
woodpile cavity EBG.

Next, a cylindrical woodpile cavity EBG
structure was used to study the effect of the radius
R; and the height h. The radius Rzand the number of
radial filaments or Nrag Were determined as R, =
1.2R; and Nrag = 18. A 4x1 MSA array source at the
center of the cavity was applied for the excitation.
Initially, we studied the effect of R; variation versus
the average gain of all operating frequencies; h was
set at 1A (36 layers) and the result enhanced as
shown in Figure 5(a). Highest average gain was
provided when R1 was around 0.2X. Then, the effect
of the cylindrical woodpile cavity height or h was
addressed, as shown in Figure 5(b). This significant
parameter was defined as the highest aperture
capability, when disregarding unimportant parts in
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Figure 3. Shows the cylindrical woodpile cavity
EBG structure: (a) A rectangular unit cell,
(b) The lumped LC circuit, (c) A unit-layer
(Nring = 2, Nrag = 18), (d) An eleven-layer
unit
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Figure 4. Shows simulated results of Sz against
frequency of the unit cell: (a) Different
numbers of Nring, (b) Different values of
distance d
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the antenna, that was not conducive to the radiation.
We noticed that the gain improved from 7.6 dB to
10.91 dB at h equal to 2% (72 layers). However,
the gain also improved when h increased. When h
was higher than 2A, the frequency range of the
bandwidth shifted to undesired frequencies, and the
bandwidth did not support sub-6 GHz applications.
Finally, the optimized parameters of a cylindrical
woodpile cavity EBG structure were selected as the
most appropriate and efficient as follows: w =
0.014A (1.7 mm), Nrag = 18, Nring = 2, d = 0.04X (4.8
mm), R1 = 0.2X (24.4 mm), Rz = 0.24X (30 mm), and
h =2\ (244 mm or 72 layers).

Simulated Results and Discussions

The design of a 4x1 MSA array placed in the cavity
of a cylindrical woodpile EBG structure is shown in
Figure 6. The match structure of the woodpile EBG
can improve the gain of the antenna as an added
resonant circuit covering the MSA array. This
method radiates the electromagnetic field from
a 4x1 MSA array through the cavity of the
cylindrical woodpile EBG structure. Equal phases
of wave transmission from the MSA array result
in ultimate resonance. Operating frequencies for
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Shows simulated results of average gain of
a cylindrical woodpile cavity structure: (a)
Different values of R, (b) Different values
ofh

Figure 5.

sub-6 GHz applications are 1.8 GHz, 2.1 GHz and
2.6 GHz for mobile GSM technologies, 2.45 GHz,
5.2 GHz and 5.8 GHz for WLAN applications, and
3.5 GHz for WiMAX applications. Moreover,
an 8x1 MSA array model was simulated to compare
the antenna gains. Once the optimized parameters of
a cylindrical woodpile cavity EBG structure are
known, then the simulated results can be calculated
using electromagnetic simulation software. The Si:
and gain of our proposed antenna, plotted in Figures
7 and 8, respectively, were in the frequency range of
1.43-6.65 GHz. This was wide enough to be used for
sub-6 GHz applications. Figure 9 shows the
normalized radiation patterns of the operating
frequencies of 1.8 GHz, 2.1 GHz, 2.45 GHz and
3.5 GHz, while the performance of frequency
ranges, bandwidths, and gains of a single MSA,
a 4x1 MSA array with and without a cylindrical

@) (b)

Figure 6. Shows A 4x1 MSA array with a cylindrical
woodpile EBG structure: (a) Front view,
(b) Top view

Reflection coefficient (dB)

30 e 41 MSA array
451 MSA arzay with EBG

—-—. 8xI MSA array

— - - -Single MSA

2 3 4 5 7 8
Frequency (GIlz)

Figure 7. Shows simulated results of Si1 of MSAs
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woodpile cavity EBG structure, and an 8x1 MSA
array are summarized in Table 1. Average gain of
a 4x1 MSA array with a cylindrical woodpile cavity
EBG structure increased by about 3.48 dB when

Gain (dB)

Hs S === 4x1 MSA array
-~ 4x1 MSA array with EBG

——-e- 8x1 MSA array
------ Single MSA

1 2 3 4 5 6 7 B

Frequency (GHz)

Figure 8. Shows simulated results of gain of MSAs
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180
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rrrrrrrrr 4x1 MSA array

4x1 MSA array with EBG
m——— 8x1 MSA array

-=---- Single MSA

--------- 4x1 MSA array

4x1 MSA array with EBG
——— 8x1 MSA array

----- Single MSA

Figure 9. Shows simulated results of radiation
patterns of MSAs

compared to a 4x1 MSA array without EBG, with
an increase of around 0.65 dB compared to an 8x1
MSA array. In addition, it is observed that this
proposed technique offers a good point of reducing
the total length of an MSA array, while also
increasing gain.

Measured Results and Discussions

The general background and theory behind our
proposed antenna for sub-6 GHz applications, and
antenna measurements for the final verification are
presented. Electromagnetic simulation software
often correctly predicts antenna characteristics;
however, for some parameters only measurements
can provide accurate data. In all cases, it is useful to
verify the computed results by simulation with
measurements to certify antenna performance.
Therefore, the antenna prototype was fabricated and
its performances as Sii, bandwidth, radiation
patterns and gain were measured and discussed.
Our antenna prototype was constructed as
shown in Figure 10 to verify the proposed concept.
The geometry was composed of a 4x1 MSA array
with a cylindrical woodpile cavity EBG structure.
A 4-way Wilkinson power divider was applied for
antenna array feeding network, which is necessary
to calibrate the system before any S-parameter
measurements are performed. Both simulated and
measured Si; of this antenna are shown in Figure 11.
From the measured Sia, it can be observed that the
bandwidth was extend with good matching, but the
some frequencies was shifted. This is due to

Figure 10. Shows the proposed antenna prototype:
(a) Front view, (b) Top view
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retaining the desired frequency band gap of the EBG
structure. Figure 12 shows the gain of the proposed
antenna. The simulated and the measured results
were in good agreement. Moreover, the measured
result showed that the frequency bandwidth covered
the range of 1.38-6.63 GHz, and this was sufficient
to cover frequency bands for sub-6 GHz applications.
Additional study of our proposed antenna is
interested in its radiation efficiency, as shown in
Figure 13. The radiation pattern results conform to
the Si; result. It is noticeable the SLLs and the
HPBWs are alike between measured and simulated
results. Moreover, measured and simulated results
of all operating frequency gains are shown in Table
2, and these results showed good agreement with
each other.

Abbreviations

CPW Coplanar waveguide

EBG Electromagnetic Band Gap
E-Field Electric field

EM Waves Electromagnetic waves
H-Field Magnetic field

HPBW Half Power Beam Width
loT Internet of Things

Reflection coefficient (dB)

Frequency (GlLz)

Figure 11. Shows the S11 of the proposed antenna

Gain (dB)

Simulation
Measurement

Frequency (GHz)

Figure 12. Shows the gain of the proposed antenna

ISM Band Industrial, Scientific and
Medical band
M2M Machine to Machine

Table 2. Shows results of measurement

Results 4x1 MSA array with EBG
Simulation  Measurement
Frequency Range 1.43-6.65 1.42-6.62
(GHz2)

Bandwidth 4.65:1 4.66:1
Gain 1.8 GHz 8.76 8.42
(dB) 2.1GHz 9.76 9.47

2.45 GHz 10.73 10.43
2.6 GHz 11.14 10.83
3.5GHz 13.44 13.15
5.2 GHz 10.89 10.36
5.8 GHz 11.64 10.96
Average 10.91 10.52

180
.45 GHz

1 0

S Phi=180

3020 -

180 180

E-plane 3.5 GHz H-plane 3.5 GHz

----- Measurement -===- Measurement

—— Simulation —— Sumulation

Figure 13. Shows radiation patterns of the proposed
antenna
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MSA Microstrip Antenna
SLL Side Lobe Level
™ Transverse Magnetic

Conclusions

In this study, we successfully demonstrated
a technique using metamaterial on a cavity
cylindrical woodpile EBG structure to increase the
performance of a MSA array for sub-6 GHz
applications. This approach for performance
improvement in terms of gains in impedance
matching involved transmitting the EM fields
radiating from an MSA array through the cavity of
a cylindrical woodpile EBG structure. This method
improved the overall effectiveness of the antenna.
Our proposed technique offers advantages of
reducing the total length and losses of the feed
network of an MSA array, while also increasing gain
with the easy installation of a low profile antenna.
Good agreement was accomplished between the
experimental results and computer numerical data.
This proposed antenna is more appropriate for
sub-6 GHz applications in accordance with our
requirements.
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