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PUMIPONG DUANGTANG : GAIN ENHANCEMENT OF CONICAL
HORN ANTENNA USING METAMATERIAL TECHNIQUE ON WIRE
MEDIUM STRUCTURE. THESIS ADVISOR : ASSOC. PROF. RANGSAN

WONGSAN, D.Eng., 173 PP.
METAMATERIAL/WIRE MEDIUM/LOADED DIELECTRIC

This thesis proposes a technique to enhance the total gain of conical horn
antenna by using the metamaterial technique with a structure of wire medium placed
on the conical horn aperture without modification the antenna dimension, which is
designed at 10 GHz of the X-band operating frequency for microwave link
applications. In addition, the loaded dielectric is inserted inside the structure of such
conical horn antenna to improve the symmetry of the both planes of radiation pattern.
The CST (Computer Simulation Technology) software is used to design and analyze
the proposed structure. The results show that the wire medium structure can enhance
the gain total of a conventional conical horn antenna from 17.7 dBi to 20.9 dBi1 or
increase around 3.2 dBi approximately, while its side lobe levels are also reduced.
Finally, a prototype antenna is fabricated and its fundamental parameters including the
reflection coefficient (S11), radiation patterns, and directive gain are measured. The
simulated and measured results are in very good agreement according to the

hypothesis and research process.
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1ag Walter D. Burnside Corrugated Horn Antenna Employing Unique
Sinusoidal Shaped Ridges
Paolo Burghignoli, Directive Leaky-Wave Radiation From a 2008
GiampieroLavat, Filippo dipole Source in a Wire-Medium Slab
Capolino, David R.Jacksontiaig
Donald R.Wilton
Paolo Burghignoli, Modal Propagation and Excitation on a Wire- 2008
GiampieroLavat, Filippo Medium Slab
Capolino, David R.Jackson
1oz Donald R.Wilton
Giampiero Lovat Near-Field Shielding Effectiveness of 1-D 2009
Periodic Planar Screens With 2-D Near-Field
Sources
Yading Li Investigation of minimum Cavity Height of 2009
Small EBG-Resonator Antennas For
Maximum Directivity
Syed Azhar Hasan Design & Measurements Techniques for 2010
Circularly Polarized, Dual Fed, High Gain,
Lightweight, Wideband Conical Horn
Antenna with Suppressed Side Lobe & High
Performance Radome for Space Application
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Rongguo Zhou, Hualiang Zhang, | Metallic Wire Array as Low-Effective Index 2010

ingHao Xin of Refraction Medium for Directive Antenna
Application

AdmadKanso, R.Chantalat, Offset Parabolic Reflector Antenna Fed by 2010

M.thevenot, E.Arnaud, La1e EBG Dual-Band Focal Feed for Space

T.Monediere Application

Rongguo Zhou, Hualiang Zhang, | Metallic Wire Array as Low-Effective Index 2010

iagHao Xin of Refraction Medium for Directive Antenna
Application

Marek S.Wartak, Kosmas Introduction to Metaterials 2011

L.Trakmakidistt©g Ortwin Hess

GERPY (IR RN aAYaadmTuszyndldauaivermst 2011

Petr Piksa Comparison of Conical Horn with Optimized 2011
Corrugated Surface and Corrugated Horn

HuanbinJiang, Wanshun Jiang Design of Novel R-Band Conical Horn 2012

110¥ Yuemin Ning Antenna Fed with Rectangle Waveguide

Ahmet Serdar Turk 16 Ahmer | Partially Dielectric-Loaded Ridged Horn 2012

Kenan Keskin Antenna Design for Ultrawideband Gain and
Radiation Performance Enhancement

E.Doumanis, D.Zelenchuk, Conical Horn Antenna with Spiral Phase 2013

V.Fusco Plate for Difference Pattern Generation

10 G.Goussetis

Nafati A. Aboserwal, Constantine | Conical Horn: Gain and Amplitude Patterns 2013

A.BalanisilagCraig R.Birtcher

DavideRamaccia, Francesco Broadband Compact Horn Antennas by 2013

Scattone, Filiberto Bilotti, l01% Using EPS-ENZ Metamaterial Lens

Alessandro Toscano
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Mustafa K, Discrete Dielectric Reflectarray and Lens for 2014
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Taher Al-Nuaimi, Liolg Wei E-Band With Different Feed

Hong

Mustafa K, Taher Al-Nuaimi, Design of high-Directivity Compact-Size 2014
Wei Hong, !¢ Yan Zhang Conical Horn Lens Antenna

Mario Reyes-Ayalaling Dielectric Load in short Standard Conical 2014
HildebertoJardon-Aguilar Horns for Satellite Application

Zhun Yang, A Modified PML in FDTD Modeling of a 2014
Wei Song, Uniaxial Wire Medium

19 Xin-Qing Sheng

Tiago A.Morgado, Jorge Spatially Confined UHF RFID Detection 2014
M.Alves , C. A Fernandes, with a Metamaterial Gride

iagMario G.Silveirinha

EbrahimForatitia®George An Epsilon-Near-Zero Total-Internal- 2015
W.Hanson Reflection Metamaterial Antenna

Sergei Kosulnikov, Dmitry Wire-Medium Hyperlens for Enhancing 2015
Filonov, Stanislav Glybovski, Radiation From Subwavelength Dipole

Pavel Below, Sergei Tretyakov, Sources

iagConstantin Simovski
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* R
Type Farfield
Approximation enabled (KR >> 1}
Monitor farfield (f=18) [1]
Component Abs
Output Gain
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Rad. effic. -8.1397 dB
Tot. effic. —-08.1443 dB
Gain 19.65 dB
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Farfield
enabled (kR >> 1}
farfield (f=18) [1]
Abs

Gain

18

-8.1741 dB

-8.1752 dB

28.17 dB
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{kR >> 1)

farfield (F=18) [1]
Abs
Gain
18

-8.1542 dB
-8.156% dB
28.76 dB
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Creating a Gain Enhancement Technique for a
Conical Horn Antenna by Adding a Wire

Medium Structure at the Aperture
Pumipong Duangtang - Piyaporn Mesawad - Rangsan Wongsan

Abstract

This paper proposes a technique for improving the conventional conical horn antenna for the X-band frequency using metamaterial on a
wire medium structure. The main idea of this research is the application of the wire medium metamaterial to the conical horn’s aperture
for the enhancement of the horn’s gain; this is done without changing the antenna’s dimensions. The results show that the wire medium
structure can increase the gain of a conventional conical horn antenna from approximately 17.7 dB to 20.9 dB (an increase of appro-
ximately 3.2 dB). A prototype antenna was fabricated, and its fundamental parameters including its reflection coefficient (S11), radiation
patterns, and directive gain were measured. The simulated and measured results were very good. The wire medium structure of the
proposed antenna improved the radiation pattern, enhanced the directivity, increased the gain, and reduced the side lobe level using a

simple integrated wire medium structure.

Key Words: Conical Horn Antenna, Metamaterial, Wire Medium Structure.

[. INTRODUCTION

The conical horn antenna is often applied in a variety of app-
lications due to its high gain and high power-handling capa-
bilities. The advantages of the conical horn antenna are that it is
simple to feed, it has a low back lobe, it can function with very
good directivity, and it can gain properties. The physical di-
mensions of a conical horn directly increase as the horn gains
power. The conical horn antenna also has disadvantages, in-
cluding its heavy weight and large size. Still, the conical horn
antenna achieves higher gain compared with other antenna ty-
pes, especially at low frequencies [1]. There are many different
conical horn antenna designs that are meant to improve per-

formance by facilitating higher directivity, decreasing the ante-
nna’s weight, and reducing the antenna’s size for easier use with
more applications.

Generally, improvement of the conical horn antenna has been
achieved by configuring the antenna’s length and flare angle;
however, this approach still sometimes results in phase errors
within the horn. The conical horn can be improved with the use
of a dielectric lens in the horn’s aperture. This type of lens is
produced in various shapes and with a range of materials. For
example, 2D and 3D lenses are both made from different di-
electric materials [1]. Dielectric lenses can also be used to im-
prove the performance of a conical horn antenna. The dielectric
lens is mounted to the antenna’s aperture to facilitate concen-
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tration of the radiated energy into a narrow beam and to prevent
that energy from spreading in undesired directions. Other ad-
vantages of this method include its good return loss, high gain,
and low side lobe [2].

In recent research, the use of metamaterials in antenna te-
chnology applications has been widely investigated. Metamate-
rial can be defined as new technology used to control electro-
magnetic waves. Special attention has been paid to artificial ma-
terials with permittivity levels close to zero. These are also
known as epsilon near zero (ENZ) metamaterials [3]. In recent
studies, ENZ materials have attracted a great deal of attention
for their highly unusual optical properties. Additionally, ENZ
materials have been employed for perfect coupling through a
narrow channel, optical switching and bistability, as well as for
gaining directivity control of the radiation pattern of antennas
[4]. These materials are also suitable for the development of
lenses due to their ability to tailor the wave fronts to the desired
shapes by simply controlling the lens profile [2]. In addition, the
wire medium structures are considered to be a kind of electro-
magnetic band gap material or metamaterial [4]. These struc-
tures consist of a periodic arrangement of metallic wires that
perfectly conduct cylinders (wires) in an infinitely long and
parallel rectangular lattice, which is embedded inside a homo-
geneous host medium of dielectric constant. The electromag-
netic properties of this material can be described in terms of the
effective permittivity that occurs with the advent of the me-
tamaterials [5, 6].

In [7], a quad-ridged horn antenna was designed using a
dielectric hemispheric lens placed on a ridged horn antenna,
which was done to minimize the phase variations of the radiated
electromagnetic wave in the plane of the antenna’s aperture.
The dielectric len canincreased the gain and realized the dual
polarization character of the quad-ridge horn antenna. In [8],
the length of the standard conical horn was reduced by the
addition of a dielectric load at the antenna’s aperture. Moreover,
in [9], the synthesis of different beam patterns for far-field ra-
diation was accomplished by the insertion of a dielectric cylinder
spiral phase plate (SPP) at the aperture of the conical horn
antenna. In [10], the epsilon positive (EPS) and ENZ meta-
materials flat lens was designed to cover the aperture of the
short horn antenna; the radiation performances of this antenna
were similar to those of the conventional horn antenna. In [11],
a wire medium of the modifications on the radiation pattern of
a standard X-band horn antenna, which a wire medium struc-
ture consisting of five layers of Styrofoam plates hosting a pe-
riodic array of metallic wires. The loading wire medium ex-
hibited a high directivity and reduced side lobe level, while the
gain of the proposed antenna was lower than that of the con-
ventional horn. Furthermore, a high-directivity compact-size
conical horn lens antenna was proposed to create a spherical

wave front similar to an EM wave by using a wire medium lens
to cover the aperture of the conical horn and obtain a higher
gain [12].

In this paper, the design of a wire medium structure designed
for gain improvement of a standard conical horn at an operating
frequency of 10 GHz is presented. The most suitable structure
for the practical application of the wire medium will be inve-
stigated and designed. The wire medium must be mounted on
the horn aperture without modifying the dimensions of the
horn. The present study demonstrates the possibility of using a
simple integrated wire medium structure to enhance the direc-
tivity, increase the gain, amd reduce the side lobe level of a coni-
cal horn antenna.

The theory and configuration of the wire medium structure
are briefly mentioned in Section II. In Section III, the basic de-
sign of the conventional conical horn and the design procedure
for the wire medium structure are presented using licensed
Computer Simulation Technology (CST) software. Antenna
prototyping and verification of simulated and measured results
are discussed in Section IV, while Section V presents the con-
clusion of this research.

II. THEORY AND CONFIGURATION OF THE
WIRE MEDIUM STRUCTURE

A rectangular wire medium structure lattice is ideally made by
conducting parallel thin wires, as shown in Fig. 1 [13]. The wire
medium shown in Fig. 1 is an isotropic for electromagnetic
waves with an arbitrary polarization, and as such, it requires the
use of an uniaxial permittivity with an optical axis parallel to the
wire (y) axis. When the wire medium structure is homogenized,
the wavelengths become sufficiently larger than the wire spacing
[5]. Additionally, the wire medium structure consists of a finite

Fig. 1. The dimension of the wire medium.
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number N of periodic layers of thin conducting cylinders em-
bedded in a dielectric sheet with relative permittivity (&, ).
Furthermore, in cases with long wavelength limits, the wire me-
dium structures act as homogeneous materials [14, 15]. How-
ever, if the wires of the structure are perfect conductors for
electrical polarized plane waves, then effective relative permitti-
vity (&, ) occurs. This is a frequency-dependent scalar quan-
tity that can be expressed as

ks
g = €€y I= k2
Epky — K,

M

where &, is the relative permittivity of the medium host with
the wire, &, represents the permittivity of free-space, k, is
the plasma wave-number, k; is the free-space wavenumber, and
k, represents the wavenumber along the wire axis. However,
the plasma wavenumber usually depends on the geometrical and
physical parameters of the structure, which can be expressed as

[5]

= 2z
ab[]n [ ‘2/:__?} + F((t/b)jl
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where 4, &, and # represent the spatial period along the z-di-
rection, the spatial period along the x-direction, and the number
of wire layers along the z-direction, respectively.

II1. SIMULATED RESULTS AND DISCUSSION

1. Design of the Conical Horn Antenna

The structure of a conventional conical horn antenna is
shown in Fig. 2. The dimensions of such a conical horn can be
theoretically calculated to achieve the desired absolutegain, whi-
ch that the gain was mentioned in [16]. The calculated results
for the present study’s horn dimensions are length (Z;) =120
mm, aperture diameter (d,,) = 112 mm, and circular waveguide
diameter (R;) =26 mm. These dimensions are calculated at an
operating frequency of 10 GHz and result in a gain of 17.7 dB,
as shown in the 3D radiation pattern in Fig. 3. Furthermore,
the simulated results of the conventional conical horn antenna
illustrate the reflection coefficient ($11), the normalized radiation
patterns, and the 2D radiation patterns, as shown in Figs. 4
and 5.
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Fig. 2. The structure of a conventional conical horn antenna.
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Fig. 3. The directive gain from the simulated 3D radiation pattern of a
conventional conical horn antenna.

Frequency (GHz)
Fig. 4. The simulated reflection coefficient of a conventional conical
horn antenna.

2. Design of the Wire Medium Structure

As in the theory of wire medium detailed in Section 1, the
dimensional structure of the wire medium in the present study
has been designed and optimized for the most appropriate effi-
cient, as shown in Fig. 6. The design consists of a two-layered
rectangular lattice of thin wire in parallel operation. This lattice
is embedded on both sides of the polyamide (£, = 3.5) dielectric
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Fig. 5. The simulated 2D radiation patterns of a conventional conical
horn antenna. (a) E-plane, (b) H-plane.
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Fig. 6. The proposed wire medium structure: (a) side view, (b) per-
spective view.
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Fig. 7. The equivalent resonance circuit of the wire medium structure.

sheet. Furthermore, the effective relative permittivity of a wire
medium structure can berealized in operating frequency 10
GHz by adjusting the wire array spacing and the wire radius
according to (1). We found that the most appropriate dimen-
sions for the wire medium structure, which provided the desired
performance, were: wire radius () = 1.25 mm, wire array spa-
cing (s1) = 3.5 mm, and polyamide thickness ()= 3.5 mm.
When this wire medium structure is modeled, it can be ex-
plainedan effective medium model with equivalent lumped L.C
element, as shown in Fig. 7.

3. Optimization of the Wire Medium Structure for the Conical
Horn Antenna

There are several important parameters that may influence
the behavior of a wire medium structure. For the initial
approach to the design process of the conical horn antenna, the
dimensions of the wire medium structure are chosen according
to the frequency range of interest. The configurations of the wire
medium structure are designed and optimized by the perfor-
mance of various parametric simulations using electromagnetic
simulation software. In Fig. 8, four models of the proposed
conical horn are shown. The comparative geometries of the four
different models are evaluated to establish the most appropriate
performance. The simulated reflection coefficients of each mo-
del from the simulated results have been compared, as shown in
Fig. 9. The four models have been tuned to resonate at the same

Aperture Wine medium
horn Structure
| 'Y Wine medium
- ) Structure
Y= ~ ]
X
~ 7
== e
(2) (b)

Wine medium

n Wine medium
Structure

Structure

Aperture
horn
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Fig. 8. Different configurations of the wire medium structure. (a) Mo-
del A, (b) model B, (c) model C, and (d) model D.
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SI1 (dB)

Frequency (GHz)
Fig. 9. The simulated reflection coefficient of the four models of
the wire medium structure.

frequency (10 GHz). All models examined show reflection
coefficients of higher than =10 dB, and the models all have
similar bandwidths. However, the reflection coefficients of the
models’ structures are narrower than the conventional horn due
to the effect of the wire medium structure. Fig, 10 presents a

Maodel A
----- Madel I
—"IRT.

— Mol D

Fig. 10. The simulated radiation patterns of the four models of the wire

medium structure. (a) E-plane, (b) H-plane.

138

comparison of radiation patterns between these models in both
the E-plane and the H-plane. The conical horn with the model
D structure was found to offer better pattern symmetry and
lower side-lobes compared to the other models.

Fig. 11 presents a comparison of the simulated gains of the
conical horn between the four models. The gains of the conical
horn with the model D structure improve the gain by sub-
stantially more than the other models. In terms of the simulated
results for the conical horn with the four models, the reflection
coefficient, directivity, and gain performances of the model D
structure (Fig. 8(d)) were most suitable for optimization.

To demonstrate the advantage of using a wire medium st-

Frequency (GHz)
Fig. 11. The simulated gains of the four models of the wire medium
structure.

S (di3)

Frequency (GHz)
Fig. 12. The simulated reflection coefficient of the different distances
of the wire medium structure.
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@

=30
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Frequency (GHz)
Fig. 13. The simulated reflection coefticient of difterent dielectrics.
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ructure with the conical horn antenna, the performance of the
structure was tested at different distances. For the sake of
comparison, the model D structure was also simulated, as this
model has the same dimensions as the geometries in Fig. 8(d).
The findings showed agreement when the wire medium
structure was placed on the aperture (0 mm), as shown in Fig.
12.

Fig. 13 shows the simulated reflection coefficient of the four
dielectric sheets (air, FR4, Teflon, and polyamide). The simu-
lated reflection coefficient of polyamide dielectric was found to
be a better match than the other sheets at operating frequency
10 GHz.

The number of layers of the wire medium structure placed on
the aperture was also considered. The comparison of the reflec-
tion coefficient with the layers of the wire medium structure is
shown in Fig. 14. The resonant frequency of the two layers was
found to be in good agreement, while the multi-layer designs
were found to have lower resonant frequencies than the two
layers.

In this section, the simulated results of the propoesed hern
antenna with the optimized wire medium structure are shown.
The perspective view of the proposed conical horn is shown in
Fig. 15. All parameters of the metamatrial technique of the wire
medium structure, in which the conical horn is placed on the
aperture, have been optimized using the simulation software.
The most appropriate dimensions of the wire medium structure
were found to be: polyamide height (Z2) =60 mm, wire radius
(1) =1.25 mm, wire spacing (s:) = 3.5 mm, number of wires (x)
=21, and polyamide thickness () = 3.5 mm.

Fig. 16 shows the maximum gain of the antenna, which is
approximately 20.9 dB. The calculated results are presented in
the simulated 3D radiation pattern.

Additionally, the reflection coefficient and radiation patterns
of the E-plane and H-planes of the proposed conical horn with
the wire medium structure are compared to the conventional
horn and illustrated in Figs. 17 and 18. In Fig. 17, the simulated
reflection coefficient of the proposed antenna shows excellent

Si1(dB)

Frequency (GHz)

Fig. 14. The simulated reflection coefticient of a number of layers of

the wire medium structure.
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Fig. 15. The new conical homn antenna with a wire medium structure.
(a) Side view, (b) front view.
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Fig. 16. The simulated 3D radiation pattern of the proposed antenna.
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Fig. 17. Comparison between the simulated reflection coefficients of
the conventional and proposed antennas.
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19 patterns of two such different horn antennas. The half-power
beamwidth (HPBW) of the radiation patterns of the proposed
antenna is narrower than that of the conventional antenna, but
its gain is increased to around 3.2 dB, as noted in Table 1.

The comparison of the simulated gains between the conven-
tional horn and the proposed antenna are shown in Fig. 19. The
proposed antenna displays increased gain behavior that is greater
than that of the conventional horn.

IV.ANTENNA PROTOTYPING AND MEASUREMENT

A prototype of the proposed antenna is shown in Fig. 20. The
0 simulated and measured reflection coefficients of this antenna
are compared in Fig. 21; the two performances are in good
agreement. Furthermore, Fig. 22 shows the E-plane and H-
plane normalization radiation patterns of the antenna prototype
compared to the simulated results; good agreement between the

/ {
” \ —{—{ -3 simulation and measurement is also shown here. However, the

maximum gain of the simulated results at 10 GHz is around
20.9 dB, while the difference between the simulation and ex-

perimentation is inferior at only 0.2 dB.

Fig. 18. Comparison between the simulated radiation patterns of the
conventional and proposed antennas. () E-plane, (b) H-plane.

characteristics of impedance which match better than those of

the conventional conical horn, in which the bandwidth is
narrower. Fig. 18 shows the comparison between the radiation

Table 1. Comparison of the gain results at 10 GHz

Type Gain (dB)
Conventional conical horn antenna 17.7
New conical horn antenna 209

S11(dBy

Gain (dB)

] 85 9 95 10 105

»

Frequency (GHz) Frequency (GHz)

TFig. 19. Comparison between the simulated gain of the conventional Fig. 21. The simulated and measured results of the reflection coefti-
and proposed antennas. cient of the proposed antenna.
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Fig. 22. Comparison between the simulated radiation patterns of the

conventional and proposed antennas. (a) E-plane, (b) H-plane.

V. CONCLUSION

In this work, a new approach for gain enhancement of the
conventional conical horn antenna was proposed. The wire me-
dium of the metamaterial technique with a wire medium st-
ructure was applied to the conical horn to enhance the gain
characteristics without changing the antenna sizes, which are
designed to work with 10 GHz of X-band frequency for radar
applications. The comparison results, including the reflected
coefficient (S11) and radiation patterns of the proposed antenna
and the conventional horn, were simulated using simulation
software. Very good agreement between the simulations and
measurements was reported in the findings. The proposed
antenna provides higher gain (20.9 dB) when compared to the
gain of the conventional horn (17.7 dB). The gain of the conical
horn antenna can be increased to around 3.2 dB. As for the
pattern, the beamwidth of the proposed antenna was narrower
than that of the conventional horn. The wire medium structure
of the proposed antenna improved the radiation pattern, en-
hanced the directivity, increased the gain, and reduced the side
lobe level using a simple integrated wire medium structure.
Additionally, the reflection coefficient decreased by more than
-10 dB when compared to the conventional horn.
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Gain Improvement of Conical Horn Antennas by
Adding Wire Medium Structure
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Abstract—This paper proposed a design of the wire medium
structure for the conical horn antenna at the 10 GHz for radar
applications. The main idea of this research is to the suitable wire
medium structure and distance between apertures to such
structure for gain improvement. We found that this proposed
antenna with the wire medium structure provided the higher
gain (20.9 dB) when compared to the gain of conventional horn
(17.7 dB). Finally, the proposed antenna was fabricated and
measured the results such as reflection coefficient (Si1) and
radiation pattern. We found that the simulated and measured
results suggest that are in good agreement.

Keywords— conical horn; wire medium; metamaterial

I. INTRODUCTION

Conical horn antenna has been used in many applications
such as electromagnetic compatibility (EMC) measurements
[1], radar, microwave communication systems [2], feed
elements for satellite communication and radio astronomy
systems [3]. The advantages of conical horn antennas are
simple to fabricate provide very good directional performance
[4], high directive gain, low back radiation and easy excitation
[5]. The gain of conical horn antennas is related to the physical
dimensions. Consequently, the conventional horn antennas still
have bigger size if the higher gain is required. The length of a
conical horn will be increased directly with power gain, the
length of the conical horn may become objectionably long at
high gain [2]. In recent years, the metamaterials structure has
been interested in the development and optimization of
antennas. The applications of metamaterials structure have
become new technologies in the modern antenna design. Wire
medium structures are a subset of metamaterials, which
consisting of a periodic arrangement of metallic wires in a
rectangular lattice [6]. Generally, wire medium structures are
also suitable for developing lenses due to their ability of
tailoring the wave fronts to desired shapes by simply
controlling the lens profile [7]. The wire medium structures
have good characteristics in controlling the propagation of EM
wave in a specified frequency band [8].

In this paper, a conical horn antenna with wire medium
metamaterial for gain improvement at 10 GHz of operating
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frequency (X-band applications) will be presented. The aim is
to enhance gain performance without changes on its dimension.
The proposed technique of is to mount the structure of wire
medium metamaterial on its aperture. When the microwave
frequency is fed from waveguide adapter and transfer to the
conical horn, the electromagnetic wave will propagate through
the structure of metamaterial then its gain will be improved.

1. CONICAL HORN ANTENNA AND WIRE MEDIUM
STRUCTURRE COFIGULATION

A. Design of the Conical Horn Antenna

The structure of conical horn antennas is shown in Fig. 1.
The dimension of conical horn antennas was theoretical
calculated, its absolute gain of arbitrary dimensions of the
horn has been given by the theoretical curves as shown in [9].
Its diameter was theoretical calculated at the frequency of
10 GHz as follows: a length (L/) =120 mm, an aperture
diameter (dm) =112 mm, and a circular waveguide diameter
(R1) =26 mm, which is designed at the 10 GHz.

T
~
~

hA

Fig. 1. The structure of conventional conical horn antenna structures.
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B. Design of Wire Medium Structures

The wire medium consisting of a two dimension or three
dimensional rectangular lattices of low loss wire grids has been
known for a long time, and has been extensively studied in
microwave lens design. The wire medium can be considered as
special materials with negative parameter, which is commonly
used component of artificial metamaterials for microwave and
optical applications [10]. The wire medium consists of a
periodic arrangement of thin perfectly conducting cylinders,
infinitely long and parallel, embedded inside a homogeneous
host dielectric medium [11].

In this work, the conceptual design discussed above of the
wire medium. The dimensional structure is designed and
optimized as shown in Fig. 2. The wire medium structure
consists of a rectangular lattice of parallel operation of two
layers of thin wire and dielectric substrate between wire layers.
The dimension is calculated and specified as follows:
L2 =60 mm, L3 =70 mm, D/ =2.5 mm, SI = 3.5 mm and
hl = 3.5 mm, respectively. However, the wire medium
structure can be represented as the resonant equivalently circuit
as shown in Fig. 3

Diclectric
substrate

Fig. 2. The wire medium structures

Fig. 3. The equivalent circuit of wire medium structures

C. Optimization of the Wire Medium Structure for the Conical
Horn Antenna

The configurations of the wire medium structure are
designed and optimized by the performance of various
parametric simulations using electromagnetic simulation
software. In Fig. 4, four models of the proposed conical horn
are shown. The comparative geometries of the four different
models are evaluated to establish the most appropriate
performance. The simulated reflection coefficients of each
model from the simulated results have been compared, as
shown in Fig. 5. The four models have been tuned to resonate
at the same frequency (10 GHz). It is noticed that all models
have reflection coefficients better than -10 dB while having
similar bandwidths. However, the reflection coefficients of the
all models structure are narrower than the conventional horn
due to the effect of wire medium structure. Fig. 6 presents the
comparison of radiation patterns between these models. The
conical horn with the model D structure was found to offer
better pattern symmetry and lower side-lobes compared to the
other models.

Aperture Wine medium

hom Structure
Wine medium
= Structure
hom
s ————— \/
(a) Model A (b) Model B
e dtum Wine medium
N Structure.
Aperture

(c) Model C (d) Model D

Fig, 4. Different configurations of the wire medium structure

In Fig.7 presents the comparison of simulated gains of
the conical horn with four models, as seen from the figure, the
gains of the conical horn with model D structure to
substantially improve the gain and higher than the other
models. Considering that the simulated results for a conical
horn with four models, we found that the reflection
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coefficient, directivity and gain performances of the model D
structure (Fig. 8d) has suitability for the best agreement.

S11(dB)

Frequency (GHz)

Fig. 5. The simulated reflection coefficient of the four models of the wire
medium structure,

Fig. 6. The simulated radiation patterns of the four models of the wire
medium structure.

Gain (dB)

L] =— Modelp
| | —e— Convemional
i == Conventional |

5 &3 9 95 10 105 1 1.5 12
Frequency (GHz)

Fig. 7. The simulated gains of the four models of the wire medium structure.

From the simulation, the proper geometry and optimum
dimensions of wire medium structure are shown in Fig. 8. The
wire medium structure is placed at the aperture of horn
antenna, which is excited with electromagnetic waves from the
conical horn into its structure. Finally, the energy of EM waves
will be gained by the equivalent resonant circuit of the
structure and is transferred to the free-space.

(a) Front view

Wire modim
Suvsture

(b) Cross view

Fig. 8. Geometry of proposed a conical horn antena by used wire medium
structure.

II.  SIMULATED RESULTS AND DISSCUSSION

This section presents the simulated results of the proposed
horn antenna with wire medium structure. The perspective
view of the proposed conical horn is shown in Fig. 8. All
parameters of the wire medium structure placed at the aperture
of the conical horn optimized by using the simulation
software. The results of antenna gain, radiation pattern, and
reflection coefficient are presented and compared to the
conventional conical horn antenna. The simulated results of
the proposed horn with two different dielectric types of wire
medium structure are also illustrated and compared as shown
in Fig. 9, Fig. 10 and 11.
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Fig. 9. The structure of conical horn antenna and wire medivm with different
dielectrics. (a) with polyamide diclectric and (b) with air,

Fig. 9 shows the structures of conical horn antennas and
wire medium with different dielectric types. The simulated
results of the reflection coefficient (S11) of the antenna are
compared as shows in Fig. 10. We found that the simulated
reflection coefficient (S;;) of the wire medium structure with
polyamide dielectric operating with horn antenna shows the
good characteristic of impedance matching better than of the
wire medium structure with air and provides the narrower
bandwidth. Fig. 11 shows the comparison of the normalized
radiation patterns of conical horn antennas with the wire
medium of different dielectric types. It is found that the
radiation pattern’ of the wire medium with a polyamide
dielectric provides gain (20.9 dB) higher than the wire
medium structure with air (19.04 dB) around 1.86 dB while
comparing to the convention horn, it is increased around 3.2
dB, as noted in Table 1.

TABLE L. GAIN COMPARISON
Type Gain (dB)
Conventional Hom 17.7
Wire medium with air diclectric 19.04
Wire medium with polyamide dielectric 20.9

.1 3

I/ -

! =B Wiee e it polysmide |

8 9 10 1l 12

Frequency (GHz)

Fig. 10. Comparision between reflection cocfficient of the conical horn
antenna with wire medium of different dielectric types.

Conventional Hom
,,,,,, = Wige meedium with air

B Wire madium with polyamide

Fig. 11. Comparision between the radiation patterns of the conical horn
antenna with wire medium of different dielectric types at frequency 10 GHz

Fig. 12. Photograh of the conical horn antenna with wire medium structure.
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IV.  MEASURED RESULTS

A photograph of the conical horn antenna with wire
medium structure has been fabricated and experimental tests
are shown in Fig. 12. Simulated and measured results of the
reflection coefficient (S);) and radiation patterns are compared
in Fig. 13 and Fig. 14. The simulated and measured results of
the reflection coefficient of this antenna has been compared in
Fig.13, which its performance is in good agreement.
Furthermore, Fig.14 shows the normalization radiation
patterns of antenna prototype compared to the simulated
results, which also shows a good agreement between
simulation and measurement. However, the maximum gain of
the simulated result at 10 GHz is around 20.9 dB, while the
difference between simulation and experimentation is inferior
to around 0.2 dB.

S11 (dB)

Sinaulated

Frequency (GHz)

Fig. 13. Simulated and measured results of reflection coefficient of the conical
horn antenna with wire medium structure.

Simulated

Measured

Fig. 14. Simulated and measured results of radiation patterns of the conical
horn antenna with wire medium structure.

V. CONCLUTION

In this work, we have presented the design of suitable wire
medium structure for installing at an aperture of the conical
horn antenna. In order to achieve radiation performance better
than the conventional one, this is designed at the 10 GHz of X-
band frequency for radar applications. The comparison results
such as the reflected power, S11 and radiation patterns of this
proposed antenna and the conventional horn has been
simulated by using the simulation software. We found that this
proposed antenna is capable to provide the higher gain (20.9
dB) when compared to the gain of conventional horn (17.7 dB),
while simulated and measured results are in good agreement.
However, the bandwidth of the proposed antenna is narrower
than the conventional horn due to the effect of wire medium.
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Abstract—This paper proposed the technique for reducing the
dimension of conventional conical-horn antenna for C-band
frequency (~5 GHz) by using metamaterial technique on the
structure of mushroom-like electromagnetic band gap (EBG).
The main idea of this research is the modified EBG structure for
improve conical horn antenna, which is gouged in shape of
square-ring slots on the outer surface of ground plane for
coupling EM waves from conical horn through such structure.
We found that the length of new conical horn antenna is shorter
than of the conventional conical horn antenna about 44.82%,
while the obtained gain is about 19.7 dB, which higher than the
conventional horn. The new antenna can significantly antenna
size while enhancing antenna gain.

Keywords—metamaterial; mushroom-like EBG; square-ring
slots

I. INTRODUCTION

Nowadays, there is design of antennas by interest to
improve the performance of antennas such as high directivity,
lightweight, and reduce its size for utilizing in several
applications. Conical horn antennas are widely used be devices
for transmission and reception of electromagnetic waves in
areas such as microwave communication, EMC testing, radar,
communication systems [1], feed elements for satellite
communication and radio astronomy systems [2]. The conical
horn antenna is suitable to provide high gain, high power, and
broadband applications. The advantages of conical horn
antennas are low back lobe, possibility to function with very
good directivity, and gain properties. However, such
conventional horn antennas still have bigger size if the higher
gain is required. The length of a conical horn will be increased
directly with power gain, the length of the conical horn may
become objectionably long at high gain [3]. Therefore, the aim
of this study is to design new technique for reducing the
dimension of the conical horn antenna, while similar to those
that obtained from a conventional horn.

In recent year, electromagnetic band gap (EBG) structures
have been used in many applications of antenna technology
and increasing interests studied. In this respect, EBG structures
are a subset of metamaterials. The applications of EBG
structure have become new technologies in the modern antenna
design. The EBG structures have good characteristics in

214

controlling the propagation of EM wave in specified frequency
band [4]. The mushroom-like EBG structures, which consist
four important parameters is formed by periodic array of
metallic patches with each element connecting to the
conductive ground with vertical vias [S]. The EBG structure
exhibits surface-wave band-gap and in-phase reflection band-
gap and it has been widely applied to design of low profile
antenna with improved performance [6].

In [7], the EPS-ENS metamaterial flat lens were designed
to cover the aperture of short horn antenna, which radiation
performances is similar to the conventional horn. Furthermore,
a high-directivity compact-size conical horn lens antenna was
proposed to create a spherical wave front like EM wave by
using lens covered the aperture of conical horn and obtained
the higher gain [8].

In this paper, a new conical horn antenna by using
metamaterial technique on mushroom-like EBG structure for
gain improvement and size reduction at 5 GHz operating
frequency (C-band applications) is presented. The proposed
technique of new conical horn antenna is to mount the structure
of mushroom-like EBG metamaterial on the aperture of shorter
horn antenna. When the microwave frequency is fed from wave
guide adapter and transfer to the conical horn, the
electromagnetic wave will propagate through the structure of
metamaterial for gain improvement.

II. CONICAL HORN ANTENNA AND MUSHROOM-LIKE EBG
COFIGULATION

A. Design of the Conical Horn Antenna

The configuration of conical horn antennas are shown in
Fig. 1. Their structures consist of the waveguide-to-coaxial
(WG/COAX) adapter and conical horn. The structure of
conventional conical horn antenna in the comparable study is
shown in Fig. 1(a). Its diameter was theoretical calculated as
follow: L1 =290 mm, and dm =230 mm. Fig.1 (b) shows the
new conical horn structure, which has the same aperture
dimensions and is fed by the same WG/COAX adapter, but its
length is shorter than conventional conical horn with length
L2 =160 mm.
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() Conventional conical hom

i

{b) New conical hom

Fig. I. The conical hom antenna structures.

B. Design of Metamaterial on the Mushroom-like EBG

Structures

The configurations of Metamaterial Technique on the
mushroom-like EBG structures consist of four main parameters
affecting its performance are a circularly metallic ground plane,
dielectric substrate, periodically metallic patches on top of the
substrate, and vertical vias connecting between each patch to
the same ground plane. If we look on the cross section of this
structure, it is similar to the shape of a mushroom [4] as shown
in Fig. 2. However, the EBG structure can be represented as the
resonant circuit, equivalently, with the capacitance represented
by gap between the metal patches and the inductance
represented by distance between the metal patches and ground
plane as shown in Fig. 3.

f—— e
BE, 11T
4 4 T
[T - '
o
b

Fig. 2. The mushroom-like EBG structures

215

Lok

Fig. 3. The equivalent circuit of mushroom-like EBG
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Fig. 4. The proposed new cell mushroom-like EBG structures.

In the research, the structure of mushroom-like EBG
metamaterial must be excited with electromagnetic waves
from the conical horn. Therefore, its ground plane is modified
to gouging in shape of square-ring slots, appropriately, as
coupling slots for transferring the EM waves from horn
antenna into its equivalent resonant circuits as shown in Fig. 4.
We have the new mushroom-like EBG structures, which the
dimension is calculated and specified as follow: W/=7.2 mm,
W2 =65 mm, W3 =82 mm, g/=2 mm, g2 = 1.7 mm, a
Wi+gl, vias radius, r = 2 mm and substrate thickness of FR4,
t = 1.6 mm, respectively. Figure 5 shows the bandgap
characteristics of the modified mushroom-like EBG structures,
which yields the pass-bandgap of structures is around 4.6 GHz
to 5.3 GHz .
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Figure 6 shows the metamatrial technique with mushroom-
like EBG structure on a circular substrate and ground plane.
The ground plane structure is gouged to be the coupling slots
as shown in Fig 6 (b). The square-ring slots on the ground
plane will be used for coupling EM waves from conical horn
antenna into EBG structure. Finally, the energy of EM waves

/ will be gained by the equivalent resonant circuit of this
/ structure and transferred to the free-space.

S-parameter (dB)
. P

1. SIMULATED RESULTS AND DISSCUSSION

This section presents the simulated results of the proposed
horn antenna with EBG metamatrial. The perspective view of
3 4 E 6 7 the proposed conical horn is shown in Fig. 7. All parameters

Frequency (GHz) of metamatrial technique on mushroom-like EBG structure
covering on the aperture of conical horn, have been optimized
by using the simulation software. The simulated results of the
proposed horn and conventional horn with same aperture
diameter but different length are illustrated and compared as
shown in Fig. 8 and 9. In Fig. 8, we found that the simulated
reflection coefficient (S;,) of the proposed antenna shows the
good characteristic of impedance matching better than of the
conventional conical horn but it provides the narrower
bandwidth. Fig. 9 shows the comparison of the radiation
patterns of such two horn antennas. It’s found that the
radiation pattern of the proposed antenna will be disturbed
from the structure of metamatrial on mushroom-like EBG, but
its gain (19.7 dB) is higher than the conventional one
(18.1 dB) around 1.6 dB as noted in Table I, while the length
of our horn is shorter about 44.82%.

-~
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s

Fig.5. The bandgap characteristics of new cell mushroom-like EBG
structures of proposed

ot plan
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Fig. 7. A completed structure of new conical horn antenna with EBG
metamaterial.
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1V. CONCLUTION
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In this work, the structure of proposed antenna consists of a
Sottont view shorter conical horn antenna and novel mushroom-like EBG
metamaterial plate that its ground plane is gauged in shape of
square-ring slots and covered on the horn aperture, which is
designed at the 5 GHz of C-band frequency for satellite and
radar applications. The comparison results such as the reflected
power, S11 and radiation patterns of this proposed antenna and
the conventional horn have been simulated by using the

(b) Back view

Fig. 6. Geometry of proposed metamatrial technique based on the
mushroom-like EBG structure on a circular substrate and ground plane.
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simulation software. We found that this proposed antenna is
capable to provide the higher gain (19.7 dB) when compared to
the gain of conventional horn (18.1 dB), while the length of
new conical horn is shorter than of conventional one about
44.82%. However, the bandwidth of the proposed antenna is
narrower than the old one due to the effect of EBG structure
which will be investigated and recovered for providing the
completed characteristics, in the future certainly.

10

Conventional Hom

meeeeen  Short Comventional Hor

___________ + New Horn antenna
I
s 6 7
Frequency (GHz)

Fig. 8. The reflection cocfficient of the proposed antenna.

~#- Conventional Hom

= Short Conventional Hom

B New Hom sstcnaa

Fig. 9. The radiation patterns of the proposed antenna at frequency SGHz

TABLE I. COMPARISON BETWEEN CONVENTIONAL AND NEW CONICAL
HORN ANTENNA
Diameters
Type Length Aperture | Gain (dB)
fimm) (imm)
Conventional Horn 290 230 18.1
Short Conventional Horn 160 230 15.1

217

Lenoth Diameters
Type 21 Aperture Gain (dB)
() !
(mm)
New Horn Antenna 160 230 19.7
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Gain Improvement for Conventional Conical Horn By
Using Mushroom-like Electromagnetic Band Gap
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Abstract— This paper presents the study of the new exciting
method for improving gain of the conventional conical horn at
C-band frequency by using mushroom-like Electromagnetic
Band Gap (EBG). The important technique of this paper is to use
the basic mushroom-like Electromagnetic Band Gap (EBG) on
circular plate and connected to waveguide/coaxial adapter. From
the study, we found that such technique can provide the better
gain and small size when compare to the conventional conical
horn From the si d results by using the licensed
Computational Simulation Software (CST), we found that this
technique provides the gain around 19.3 dBi.

Keywords—  Electromagnetic Band Gap; Conical Horn

Antenna; Square-Ring Backed Slot Array

I. INTRODUCTION

The conventional horn antennas are widely used be devices
for transmission and reception of electromagnetic waves in
areas such as standard measurement, EMC testing, radar,
communication systems [1], feed element for radio astronomy,
and satellite communication[2]. The conical horn antenna is
suitable to provide high gain, high power, and broadband
applications. The advantages of antennas are low level of
lateral and back radiations, possibility to function with very
good directivity, and gain properties. The antenna
characteristics are conditioned by feeding facility [3].
However, such conventional horn antennas still have bigger
size if the higher gain is required. Therefore, the aim of this
study is to design new feeding technique for the conical horn
antenna.

Electromagnetic band gap (EBG) structures have been used
in many applications of antenna technology and studied widely
in recent year. The structures are equivalent to magnetic
surface at the frequency of resonance, and thus reflect the
incident electric field in face, instead of the out of phase
reflection off perfect electric conductor (PEC) plates [4]. The
mushroom-like EBG structures, which is formed by periodic
array of metallic patches with each element connecting to the
conductive ground with vertical vias. The EBG structure
exhibits surface-wave band-gap and in-phase reflection band-
gap and it has been widely applied to design of low profile
antenna with improved performance [5]. This EBG structures
has a many advantages represent some unique characteristics,
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such as forbidden band gap, in-phase reflection, scalable, etc
many kinds of EBG structures have been proposed, studied and
used in applications, such as filter, resonators, power dividers,
power amplifiers, high speed circuits, antennas absorbing
screens[6], and compact configuration, low insert loss and easy
to fabricate [7].

In this paper, we present a new excitation technique for the
conical horn antenna for gain improvement and its size
reduction by using mushroom-like electromagnetic Band Gap
(EBG) at 5 GHz operating frequency with the aim for C-band
applications such as feeding array system of satellite, feeder for
parabolic dishes, etc. Generally, horn antenna design is usually
directly connected between cavity excitation and the horns.
The proposed technique of new excitation is to insert the part
of mushroom-like EBG between the waveguide/coaxial adapter
and the input of horn. When the microwave frequency is fed
into such adapter, the electromagnetic wave will propagate
through the EBG part for increasing gain and transfer to the
conical horn, continually. Consequently, the total gain of the
conventional conical horn antenna will be improved.

At first, the general approach will be presented. The
configurations of conical horn antenna, the mushroom-like
EBG on circular PCB will be shown in Section II. Next, in
Section III, we have applied this approach into CST software
for simulating the results and discussion. Finally, in Section IV,
the conclusions are given.

II.  CAVITY-BACKED EXCITATION AND MUSHROOM-LIKE
EBG CONFIGURATION

A. Cavity-Backed Excitation

Design of the cavity-backed excitation was designed base
on the waveguide-to-coaxial (WG/COAX) adapter as shown in
Figure 1. This WG/COAX adapter consists of a rectangular
waveguide, N-type coaxial connector and exciting probe
inside. The dimension of rectangular waveguide is calculated
on the base of dominant TE;, mode at operating frequency of
5 GHz. While the inside dimension of EBG structure is
calculated and specified as follow: @ =51 mm, b =26 mm and
¢ =21 mm. The length of the exciting probe and probe diameter
are around 12.6 mm and 1.3 mm, respectively.
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B. Mushroom-like EBG Structures

The configurations of the mushroom-like EBG structures
consist of a circularly metallic ground plane, dielectric
substrate, periodically metallic patches on top of the substrate,
and vertical vias connecting between each patch to the own
ground plane. If we look on the cross section of this structure,
it is similar to the shape of a mushroom [8] as shown in
Figure 2. However, the EBG structure can be represented as the
resonant circuit, equivalently, with the capacitance represented
by gap between the metal patches and the inductance
represented by distance between the metal patches and ground
plane as shown in Figure 3.

S

Fig. 2. The mushroom-like EBG structures

Fig. 3. The equivalent circuit of mushroom-like EBG

the EBG structures must be excited
electromagnetic  waves from  WG/COAX  adapter,
therefore, its ground plane is necessary to cut
appropriately as coupling slots for transferring the EM
waves from adapter into its equivalent resonant circuits as

However,

shown in Figure 4. The dimension EBG structure is
calculated and specified as follow: w/ = 10.1 mm,
w2 =9.2 mm, g/=1.2 mm, g2 = 3 mm, vias radius = 0.3
mm and substrate thickness of FR4 = 1.6 mm.
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Fig. 4. The new cell mushroom-like EBG structures of proposed, (a) The top
view, (b) The bottom view. (c) The Side view
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Fig. 5. Geometry of proposed mushroom-like EBG structure on a circular
substrate and ground plane, (a) the top view, (b) the bottom view.
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Figure 5 Shows the mushroom-like EBG structure on a
circular substrate and ground plane, which its ground plane is
cut to be coupling slot as shown in Figure 5 (b). The square-
ring-like slots on the ground plane will be used for coupling
EM waves from WG/COAX adapter into EBG structure,
Finally, the energy of EM waves will be gained by the
equivalent resonant circuit of this structure and propagated
forward to the conical horn antenna.

C. Conical Horn Antenna Structure

Figure 6 shows the structure of conventional horn that has
been used in the comparable study. The dimensions of the
conventional horn antenna and the proposed one are compared
and shown in Table I. Apparently, the length of our conical
horn can be decreased about 50 % when compared to the
conventional conical horn.

Fig. 6. The structure of conical horn

TABLE L. CONICAL HORN DIMENSIONS
Dimension {mm)
Conical Horn Type Apertire Diameter Length
oy ()
Conventional Conical Horn 178 600
New Conical Hom 178 320

1. SIMULATED RESULTS AND DISCUSSION

From the section 11, all parameters of EBG structure, which is
connected with WG/COAX adapter as shown in Figure 7,
have been optimized by using the simulation software. After
that, such EBG structure is connected and cooperated with the
new conical horn as shown in Figure 8. To compare between
the proposed antenna and the conventional conical horn
without EBG at the same operating frequency, the simulated
results are illustrated and compared in Figure 9 and 10. We
found that the simulated reflection coefficient (S;;) of the
proposed antenna shows the good characteristic of impedance
matching better than of the conventional conical horn but it
provides the narrower bandwidth. Figure 10 shows the
comparison of the radiation patterns of such two antennas. It’s

found that the radiation pattern of the proposed antenna will
be disturbed from the structure of EBG but its gain (19.3 dB)
is higher than the conventional one (18.1 dB) around 1.2 dB as
noted in Table I1, while the length of our hom is shorter.

Fig, 7. The structure of mushroom-like EBG on circular substrate and ground
plane connected to the WG/COAX adaper.

Fig. 8. A completed structure of conical hom antenna associated with
additional EBG structure,

E— e i
NP4

eses Conventional
— EBG

T

&

B
Frequency (GHz)
Fig. 9. The reflection cocfficient of the proposed antenna,

TABLE II. GAIN COMPARISON

Type Gain (dBi)

Conventional Conical Horn 18.1

New Conical Horn used EBG 193




172

Conventional

— FRBG

180

Fig. 10. The radiation patterns of the proposed antenna at frequency 5GHz

1V. CONCLUTION

This paper presents the studied results by using the
simulation software for a new technique of conical horn
antenna excitation by using mushroom-like Electromagnetic
Band Gap (EBG) on the circular substrate and ground plane
inserted between feeding adapter and input of the conical horn
antenna, which is designed at the 5 GHz C-band frequency.
The simulated results can predict the trend of the
accomplishment of this antenna that satisfies to our initial idea.
For the evident results, we found that the length of our conical
horn is shorter than the conventional conical horn antenna at
the same frequency but can provide the gain similar to the
conventional one. However, the bandwidth of the proposed
antenna is narrower than the old one due to the effect of EBG
structure which will be investigated and recovered for
providing the completed characteristics, certainly.
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