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Abstract —This paper is devoted to a novel
Electromagnetic Band Gap (EBG) single-feed circularly
polarized microstrip EBG antenna with compact size
proposed for C-Band applications. The antenna structure
will include eight slits introduced at the boundary and the
corners in the radiating square patch with a cross-slot at
the center.

The provided study will effectively approve the
various proposed structures and interest occupied by
these types of antennas in the enhancement of output
parameters (gain, directivity, radiation efficiency, and
bandwidth) without much affecting the operating
bandwidth at C-band.

At first, the concept and the realization of a directive
and circularly polarized antenna using an electromagnetic
band gap material whose circular polarization is generated
by the structure itself is discussed. The analysis and
simulation results are presented for an antenna operating
at 6.1 GHz using computer Simulation Technologies
(CST). Furthermore, the new compact circular polarized
EBG antenna, compared to experimental results, will
confirm the pre-studied goal of these kinds of antennas
such as radiation efficiency, polarization purity, radiation
efficiency, high directivity, and gain.

Index Terms — Circularly polarized cross-slot square patch
antenna, dimensional characterization, electromagnetic
waves & propagation, Electromagnetic Band Gap (EBG)
resonator.

I. INTRODUCTION

Microstrip antennas are devices of choice in high
performance applications where size, weight, cost, and
ease of installation are prior requirements for specific
wireless connexion [1]. Tunability in an antenna system
is a quickly evolving feature that aims to control
multifunctional antenna  designs. Compared to
conventional antennas, electromagnetic band gap (EBG)
antennas provide an adjustment of diverse antenna
parameters, including operational bandwidth, radiation
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pattern, gain, and polarization [2]. From the fundamental
limit of the classic antennas [3], applying antenna
miniaturization techniques for the antennas comes at the
expense of the antenna performance. Here, we propose a
new approach to achieve the major goal of these designs,
with a smaller form factor and better performance
in terms of radiation efficiency, polarization purity,
radiation pattern, directivity, and gain. Hence, a new
single-feed circularly polarized microstrip antenna with
compact size is presented where eight slits are introduced
at the boundary and the corners in the radiating square
patch with a cross-slot at the center. The resonance
frequency of the proposed antenna is dependent on the
length and width of the cross-slot and corner slit for the
entire band of circular polarization. The whole structure
is the deposit on the Arlon AD 250 substrate and fed by
a single coaxial probe.

In order to perform the gain, the directivity, and the
total radiation efficiency, a new concept of directive
electromagnetic band gap (EBG) antenna will be
analyzed [2]. Hence, the electromagnetic band gap
structures are objects that prevent/assist the propagation
of electromagnetic waves in a specified band of
frequency for all incident angles and all polarization
states [3], [4]. They have been used in several
applications to improve the antenna’s directivity [5] and
permit a harmonic control [6].

The proposed antenna is achieved by cutting four
equally spaced slits at the corner of the square patch
where the dominant mode is TM11 mode. The operating
frequency band can be controlled via the cross slits
lengths in the center of the square patch and adjusting the
length of square patch. An arrangement combining the
single feed square cross-slot patch antenna design and
feeding sources included is considered necessary. Due to
the existing of a single feeding point, the Position of the
feeding point will permit Right-hand and Left-hand
circular polarization operations due to two orthogonal
modes with equal amplitudes, which are in-phase
quadrature with the sign determining the sense of left-
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hand circular polarization/right-hand circular polarization
(LHCP/RHCP) [7]. CP is achieved here using a single
feed and does not require an external polarizer [8]. The
thickness of the substrate is chosen to reduce the
spurious surface wave and width. Coaxial feeding
techniques have been used as it is easier to implement.
This technique will be used for the EBG circularly
polarized cross-slot patch antenna and carry two benefits
(such as improvement of bandwidth, beamforming,
creating zero radiation beams) and filtering characteristics
of the resonator (spatial filtering, increased directivity,
misalignment) due to the resonant structure itself. The
effect of EBG structures embedded over the patch is
studied for enhancing the gain, directivity, and radiation
efficiency. Simulation and experimental results at
6.1GHz are presented. Table 1 shows dimensions of the
Proposed Structures

Fig. 1. Proposed cross-slot loaded compact antenna.

Table 1: Geometric parameters of the proposed compact
cross-slot antenna

Antenna Parameters Value (mm)
Length of square patch, L 30
Length of slit, u 10
Length of slit, v 9.2
Length of slit, w 1.0
Length of cross slot 10
Width of cross slot 1.0
Length of corner slit along diagonal PR 12.5
Length of corner slit along diagonal QS 10.5
Width of corner slits 1.0
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1. PATCH-SLOT CIRCULAR ANTENNA
DESIGN & DEVELOPMENT

The physical and geometric substrate material
parameters have an important part in the design and
conception of the microstrip patch antenna. Permittivity,
conductivity, thermal expansion, and cost are
fundamental factors to choose specific material. In this
work, the substrate material have a dielectric constant
of 2.5 and a dielectric loss tangent of 0.009 [9]. These
materials have the ability to open localized
electromagnetic modes inside the prohibited frequency
band-gap by introducing defects into the periodic
structures [10]. EBG structures have been used in several
applications, such as Directive antennas [11], harmonic
control [12]. Here, an innovative design of single &
multilayered patch-slot circular microstrip EBG antenna
having a displacement of the coaxial feeding source from
the center of the circular patch is proposed and its
simulated radiation performance in free space conditions
have been presented in comparison with the
experimental results.

The proposal considerations for this cross-slot
loaded compact circularly microstrip patch antenna as
shown in Fig. 1 on Arlon AD 250 substrate material with
a relative dielectric constant of 2.5 with a thickness
of Imm and geometric parameters as shown in Table
1. Coaxial feedings are used to ensure the circular
polarization in the presence of slots (cross and inserted
in boundary). Hence, When the ratio of the total slit
length in the slot in the x-direction (Lx) to that in the
y-direction (Ly) is properly chosen, the two near-
degenerate modes can be excited, using a single feed
along the diameter at ¢=45° planes, to be of equal
amplitudes and 90° phase difference, which results in a
CP radiation. When Lx is greater than Ly, the feed
position at point A is for right-hand CP operation, while
point B is for left-hand CP operation. The two slits on
the x-axis have the same length Ly, and the two slits
on the y axis have an equal length Ly. and ensure that
Lx> Ly. Then, by varying x (0 < x <Yy).

An optimization of the structure thickness to give us
best values of Return Loss, VSWR and 2-D Gain for the
designed circular patch-slot antenna gave us a thickness
1.6mm

For a specific value of thickness h=1.6 and &=2.5,
and as shown in Fig. 2, the experimental return loss
of the antenna S11 is -21.055 at 6.0155 GHz with a
measured bandwidth of 247.81MHz. The reflection
coefficient value suggests that there is good matching at
the frequency point below the -10 dB region. It covers
the C-frequency band for military requirements for land,
airborne and naval radars applications. The radiation
power shows the maximum peak value at the resonant
frequency
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Fig. 2. Simulated versus measured reflection coefficient
of the single-feed cross-slot loaded compact circularly
polarized microstrip antenna.

In next Table 2, we present additional parameters
given by the experimental approach versus the
simulation ones. The far-zone electric field lies in the E-
plane, and the far-zone magnetic field lies in the H plane.
The patterns in these planes are referred to as the E and
H plane patterns, respectively. These parameters concern
the radiation power, total efficiency, and Return losses
(dB).

Table 2: Additional antenna parameters of the circular
slot-patch antenna when the thickness is fixed as h=1.6 mm

Experimental | Simulation
Results Results
1 | Directivity(dBi) 6.08 6.014
Peak realized
2 gain(dB) 6.28 5.979
3|  Radiation 0.989 0.9919
Efficiency
4 Total_rgdlatlon 0.564 05727
efficiency

I11. DEVELOPMENT OF THE SINGLE-
FEED CROSS-SLOT LOADED COMPACT
MICROSTRIP EBG ANTENNA.

In this section, the antenna prototype was carried out
using the LPKF machine, which permits validation of
the optimized structure. The measurement of return loss
is obtained using Vectorial Network Analyzer (VNA)
PNA-X from Agilent Technologies. Figure 3 gives the
picture of the fabricated cross loaded antenna.

It shows the kit of calibration of 3.5 mm used to take
into consideration the losses in the different transitions;
this kit is composed from Open, Short, and Load
components. The measured return loss for the achieved
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EBG antenna obtained after the calibration, along with
the simulation results on CST is taken into account. No
massive difference between simulation and experimental
data is occurred due to the equipment well adapted to our
work.

Fig. 3. (a) The proposed single-feed cross-slot loaded
compact circularly polarized microstrip antenna, and (b)
the antenna when included with the Plexiglass EBG
layers.

The new Compact Circularly Polarized microstrip
antenna geometry discussed above has been modified
by the insertion of new EBG materials and understand
the impact of the number of layers on the antenna
performances while keeping the same dimensions as
before concerning the patch and lateral conditions walls,
as shown in figure 4, The distance between the patch and
the first dielectric layer is Ag / 2 = 24.44 mm, and the
layer thickness is Aq / 4 =7.72mm.

Here, we add to our original patch, studied
previously, new EBG structures and understand the
impact of the number of layers on the performance of
the antenna while keeping the same dimensions as before
the patch and conditions power side (thickness of the
substrate h=1.6mm, &=3.6, Slot width=1mm, length of
the square patch L=30 mm). However, the newly inserted
dielectric layers will have dielectric permittivity fixed at
g = 2.5, and the only variation should include the number
of layers. For only a one-layered EBG antenna, the return
loss is about —46 dB
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Figure 4 shows the measured and simulated return
loss values at 6.135 GHz. The radiation patterns are
well-predicted by the simulations. The beam width gets
smaller as the number of EBG structures increases,
implying the increasing directivity [12]. The next figure
shows the measured 3 dB beam width of 33 degrees.
Cross-polarization radiations could not be measured due
to the limitation of the antenna measurement setup, but
the simulation shows that they are suppressed by at least
25 dB in the broadside direction for both the E- and
H-planes of the EBG antenna. Figure 4 will show the
importance of EBG Layers in the improvement of the
radiation pattern of the antenna
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Fig. 4. Simulated versus measured reflection coefficient
of the 1-layered single-feed cross-slot loaded compact
circularly polarized microstrip EBG antenna.

The most important value for the reflection
coefficient S11 (dB) = -45.5 dB is shown on a One-
Layered Single-Feed Cross-slot compact EBG antenna,
so layers of Plexiglas did not destabilize the matching of
the antenna. If we search the impact of these layers on
the radiation pattern of the antenna, the 3D radiation
pattern, as shown in Fig. 5 and Fig. 6, shows that the
radiation has a greater directivity equal to 8.150 dB,
which is normal, since the parallel EBG materials
increase directivity, gain; therefore, we get a longer
range of transmission.

The opening angle decreased significantly. In fact,
it passes from 80.4 deg to around 22.7 degrees with a
preferred direction of propagation along the z-axis which
confirms our studies on the effects of these materials
defects. So we move from a unidirectional antenna to
a directional antenna in the axis perpendicular to the
patch. The side lobes pass from -16.5 dB to -0.5 dB,
which means an excellent control of the transmission
bandwidth.
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Fig. 5. 3D radiation pattern of a 4-layered circularly
polarized slot-patch EBG antenna.
farfield (F=6.1375) [1] |

Farfield Ga\B Abs (Phi=90)
Phi=go 30— 30

-0.9278 dB
Dir 8.150 dBi

Phi=270

60

;:.!90

—— .~ |Frequency = 6.1375

_18[_) 150) Main lobe magnitude = 5.8 dB
Theta / Degree vs. dB Main lobe direction = 33.0 deg.
Angular width (3 dB) = 45.1 deg.
Side lobe level = -1.0 dB

(@)
| farfiekd (f=6.1375) [1] ]
Farfield Directivity Abs (Phi=90)

Phi= 90 30 L _
a5 7 |/
60 -,',-/( |
b /__/ . 1,
Y/
([l
90 \ s {
'LI_‘. e T ] T ;‘
w0 ] 0s
1200 U N/ a0
135 e 135
150 1651_50_165 150 Frequency = 6.1375

Theta / Degree vs. dBi |Main lobe magnitude =  8.18 dBi

Main lobe direction = 21.0 deg.
Angular width (3 dB) = 22.7 deg.
Side lobe level = -0.5 dB

(b)

Fig. 6. Polar radiation pattern of the single-feed cross-
slot loaded compact circularly polarized patch antenna: (a)
without EBG structures and (b) 4-layered EBG structures.
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increases, the resonant frequency remains the same
except the opening angle that will decrease significantly.
In fact, it passes from 80.4 deg to around 22.7 degrees
with a preferred direction of propagation along the z-
axis, which confirms our studies on the effects of these
materials defects.
In our proposed antenna, the number of EBG
: S S structures does not substantially reduce the resonant
-50 - Ce frequency. However, as EBG Structures (L) increase, the
52 54 56 58 6 6.2 64 66 6.8 frequency of the minimum AR remains unchanged
frequency (GHz) within a small margin of error, and only the minimum
value of the AR becomes worse. As shown in Fig. 7,
the frequency response of the phase difference changes
negligibly with L. Therefore, the frequency at which the
phase difference becomes 90° is nearly unchanged.
Consequently, the minimum AR frequency is almost
intact as well. Because the resonant frequency formed
based on the reflection coefficient and the frequency at
which the minimum point of AR should coincide, L
is selected to get the best compromise between the
directivity, gain, and reflection coefficient. From the
' simulated results, it is observed that L can be fixed at L=3
525456 58 6 62 64 66 68 that number corresponding to S11=-26.5 and good
frequency (GHz) impact on the total radiation efficiency
(b) As shown in the previous figure and results of
‘ simulation and experimental parameters, the design
procedure for implementing the EBG structures above
the cross-slot loaded compact electromagnetic using
the proposed technique can be summarized as follows:
_ ; DN ) ‘ o Apply identical EBG structures to the proposed patch. At
204 this time, before the procedure begins, we should verify
: ' A N : : all required outputs (gain, directivity, AR .....) and stop
to add new EBG structures if the AR value reduces to
below 3 dB
The Table 3 will summarize the experimental
results. The impact of EBG structures is evaluated on the
antenna gain, directivity, reflection coefficient, and
radiation efficiency. While increasing the number of
4 Single Feed Cross-Slot CP Antenna EBG layers, the radiation efficiency will increase the
= one Layered Single Feed Cross-Slot EBG Antenna same to the reflection coefficient. However, a slight
variation in the directivity and gain will be shown when
the number of layers will pass from one to three. After
© the third layer, the antenna output will decrease
obviously. That is the reason why we have stopped our
study to the third EBG layer
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frequency (GHz)

4~ 2-Layered Single Feed Cross-Slot EBG Antenna
= 3.Layered Single Feed Cross-Slot EBG Antenna

Fig. 7. Simulated results of the proposed cross-slot
loaded compact electromagnetic band gap antenna with

different Layers: (a) reflection coefficient, (b) AR, and ~ 1able 3: Impact of the number of layer (L) with & = 2.5

(c) phase difference between two resonant frequencies. Number of EBG |\ _, | |5 | |3 | =4
Layers (L)

Figure 7 shows the simulated results of the reflection f (GHz) 6.0065 | 6.0245 | 6.04 | 6.128
coefficient, axial ratio (AR), and phase difference of S11 (dB) -45.86 | -23.88 | -26.5 | -22.38
the resonant frequency with respect to the number of Gain (dB) 7.751 | 8.368 | 8.456 | 7.839
the EBG structures (L). The remaining parameters are Directivity (dBi) | 7.837 | 8.528 | 8.638 | 8.150
identical to those mentioned above. Here, all geometric Linear radiation
parameters of the original antenna are identical. As L efficiency 0.5515] 0.5661 | 0.8660 | 0.8076
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As the number of layers’ increases, the gain
increases against the opening angle decreases, so the
antenna is more directive. Note that the bandwidth
decreases significantly with the number of EBG layers.

1V. CONCLUSION

A Cross-Slot Loaded Compact Circularly Polarized
EBG Patch antenna is presented in this paper. The
insertion of new EBG structures to the compact antenna
as studied in the first section of our paper aims to
perform the electromagnetic characteristics (Gain,
Bandwidth, radiation efficiency...). Antenna radiation
parameters are deeply changing as the number of
EBG structures is increasing. In our case, ta make a
compromise between all different parameters (Gain,
bandwidth, directivity...), the best required EBG
structures are limited to one layer. Either, the gain is
increasing first when thickness increases from 0.8 mm to
1.6 mm and then decreased if the thickness is above 1.6
mm for the Cross-Slot Loaded Compact Circularly
Polarized EBG Patch antenna. The same behavior is
observed for the case of radiation efficiency, peak gain,
and peak directivity.

Globally, we observe that the stability in the
performance characteristics for the proposed Cross-Slot
Loaded Compact Circularly Polarized EBG Patch
antenna is showing better results compared to the same
patch antenna without these EBG structures. The gain
and directivity at C-band are enhanced from 8.368 dB
and 8.528 dBi to 22.6 dB and 22.6 dBi without much
affecting the operating bandwidth at C-band. Further
enhancement of gain and directivity at the C-band does
not affect the nature of broadside radiation characteristics.
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