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Abstract

The C-band is allocated for commercial telecommunications via satellites. Am-
ateur satellite operations in the frequency range 5.830 to 5.850 GHz for
down-links and 5.650 to 5.670 GHz for up-links are allowed by International
Telecommunication Union. The X-band is used for terrestrial broadband com-
munication, radar applications, and portions of the X-band are assigned for
deep space telecommunications. In this paper, a design of 4 x 1 Ultra Wide
Band (UWB) antenna array for C-band and X-band applications is introduced.
Metamaterial sixteen-unit cells are incorporated into each antenna element for
radiation characteristics enhancement purposes. Permeability and permittivity
of metamaterial unit cells are obtained all over the operating bandwidth. UWB
unequal power divider is used to feed the proposed four elements antenna array
based on Chebyshev excitation method. The proposed antenna has a suitable 3
dB beam width and gains all over the operating bandwidth which extends from
5.6 GHz to 10.9 GHz. The proposed antenna covers 60% and 72.5% of the
C-band and X-band, respectively. The proposed antenna is fabricated, measured,
and good agreement is obtained between simulated and measured results. The
obtained performance ensures the suitability of the proposed antenna array for
C-band and X-band applications.
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1. Introduction

The C and X-bands are allocated by the Institute of Electrical and Electronics En-
gineers (IEEE) to be extended from 4 to 8 GHz and from 8.0 to 12 GHz, respective-

ly. The C-band is used in many satellite communications, weather radar systems,

some Wi-Fi devices, and some surveillance systems. Amateur satellite operations in
the frequency range 5.830 to 5.850 GHz for down-links and 5.650 to 5.670 GHz for

up-links are allowed by International Telecommunication Union. The X-band is
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used in terrestrial broadband communication and radar applications. In many coun-
tries, X-band segment which extends from 10.15 to 10.7 GHz is used for terrestrial
broadband communication. Deep space telecommunications use portions of the X
band. The antenna is the most important part of any wireless communication system.
Due to small size, light-weight, cost-effectiveness, easy to fabricate and integrate
into any circuit, microstrip antennas MPAs are the most candidates for applications,
such as spaceborne systems and radar or satellite systems [1]. The proposed antenna
design is suitable for the application of the C-band and X-band application. C-band
and X-band are allocated by the Institute of Electrical and Electronics Engineers
(IEEE) for a portion of the electromagnetic spectrum ranging from 4.0 to 8.0 GHz
and 8.0 to 12 GHz, respectively. To cover both C-band and X-band frequency spec-
trum, 4 <1 UWB high gain antenna array for C-band and X-band UWB is intro-
duced. Many researchers have been discussed with various UWB antenna structures
[2]-[12]. Table 1 shows many UWB antennas and a comparison among them. One
can notice that the widest bandwidth of 11.95 GHz was introduced by [9] but with a
maximum gain of 3.5 dBi. The highest gain was introduced by [7] but with a
bandwidth of 1.5 GHz.

All the aforementioned researches suffer from low gain value for a single element
antenna which is a very important parameter for receiver detection system.This pa-
per introduces an ultra-wide band (UWB) high gain antenna array through incorpo-
rating metamaterial cells with a single element and uses Chebyshev elements excita-
tion method for the four elements antenna array. Since metamaterial cell is a fre-
quency-dependent structure, the gain will be enhanced only at a

Table 1. Comparison amoung UWB antennas.

Ref. Antenna size BW (GHz) Gain (dBi) 3 dB BW (degree °)
[2] 34.6 x21.5 3.28-6.95 45 78°
[3] 25 %25 31-10 - 60°
[4] 40 <26 3.1-10.6 - .
[5] 23 %29 45-10 5 -
[6] 19 <19 2-8 - 80°
[7] 30 %30 05-2 6.3 78°
[8] 42.8 x42.8 3.1-106 55 -
[9] 19.3 x27.7 3.05-15 35 90°
[10] 28 %32 53-85 5 70°
[11] 16 %21 34-125 45 85°
[12] 75 %75 115-44 29 60°

portion of the operating frequency. Firstly, a single UWB antenna element with 16
metamaterial cells is designed and analyzed. Secondly, UWB unequal power di-
vider is used to feed the antenna array based on Chebyshev elements excitation.
Four elements Chebyshev UWB antenna array with reflector is proposed. Finally,
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the proposed antenna array reflection coefficient is measured and compared with
its simulated counterpart. The metamaterial structure is chosen carefully for gain
enhancement at a narrow frequency band in the UWB of the proposed array. The
MTML unit cell and the antenna array are simulated using CST Microwave Studio
2014,

2. Proposed Antenna Array Design and Configuration

In [13], a transition from coaxial-to-coplanar waveguide (CPW) was presented.
This transition is important for avoiding air gap between antennas and patient’s
skin which may cause power losses. In this paper, this transition is used in devel-
oping an UWB antenna for detection process. Sections 2.1, 2.2 and 2.3 present the
proposed antenna array structure stages.

2.1. Antenna Element

The proposed antenna structure is shown in Figure 1(a). It consists of the com-
mon coplanar fed slot antenna [14] as radiator and the proposed transition [13].
The FR4 dielectric constant of 4.6 and height 1.53 mm considered as antenna sub-
strate. The substrate size of the radiator is 49 mm > 30 mm > 1.53 mm. Figure
1(b) shows the proposed antenna optimized dimensions shown in Table 2. Figure
2(a) shows the simulated reflection coefficient of the proposed antenna, extended
from (3.6 GHz - 10 GHz). Figure 2(b) shows that a maximum gain of 4.5 dB is
obtained at 8 GHz.

Radiator

- 3

L
A L1 , AX |

Modified Transition T
|

=2 |

Wl

(®) (b)

Figure 1. (a) The proposed antenna structure (Transformation and radiator); (b) The pro-
posed antenna dimensions.

L4

Table 2. Proposed antenna parameters value in mm.

Parameter W w1 w2 W3 L L1 L2 L3

Dimension (mm) 25 2.023 11 20 30 19 8 5
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Figure 2. (a) The simulated Reflection coffecient of the proposed antenna; (b) The
simulatedgain of the proposed antenna.

2.2. Metamaterial Cells

Metamaterial cell is an integration of a Capacitive Loaded Strip (CLS), modified
split ring resonator (SRR) and wire, to achieve a negative electrical permittivity
and a negative magnetic permeability [9]. This results in a spectacular negative re-
fractive index that enables amplification of the radiated power of the proposed an-
tenna. A low-cost FR4 substrate material is used to design and print this proposed
cell.

The overall structure size is 10 mm %< 7.29 mm = 1.53 mm. The metamaterial
unit cell is based on an SRR structure. The SRR structure is made of two octago-
nal loops. A smaller octagonal loop within a bigger octagonal one. The smaller
one with gaps in the middle of the octagonal shape. These gaps make a capaci-
tance which controls the resonant characteristic of the metamaterial structure. The
CLSs which act as electric dipole are I-shaped striplines that mimic long metallic
wires. The combined structure (SRR and CLSs) allows for simultaneous electric
and magnetic resonance because the SRR resonates with a perpendicular magnetic
field and the CLSs resonates through a parallel electric field. Figure 3(a) shows
the simulation geometry of the unit cell. The MTML unit cell is simulated using
CST Microwave Studio. The structure used for testing was located between two
waveguide ports situated on each side of the x-axis. An electromagnetic wave was
excited along the x-axis. A perfectly conducting electrical boundary condition was
applied along the walls perpendicular to the y-axis and a perfectly conducting
magnetic boundary was applied to the walls perpendicular to z-axis. The normal-
ized impedance is matched to 50 Q. Figure 3(b) shows the octagonal metamateri-
al parameters. Table 3 shows the value of the proposed MTML dimensions.

The S-parameters are shown in Figure 4. The Nicolson-Ross-Weir approach
[15] [16] was used to extract the constitutive effective parameters from S, and
S,, including the relative permeability s, , the relative permittivity ¢, and
their refractive index n, as follow:

2 1-V,
g = x1Vh @)
jk,d 14V,
2 1-V
M = *——2 (2)
jk,d 1+V,
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Figure 3. (a) The proposed structure of the MTML unit cell; (b) The proposed MTML
structure specification.
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Figure 4. The magnitude of the S-parameters for the proposed MTML unit cell.

Table 3. The design parameters of the proposed unit cell.

Parameter w1 W2 W3 W4 L1 L2 g d
Dimension (mm) 2 0.5 1 0.5 0.7 0.52 0.6 0.5
N =yE 4 @)
V, =S, +S, (4)
V, =S, =Sy ®)

where: k, =w/C, d = slab thickness and C = speed of light. A Matlab code is
built to extract the relative permittivity ¢, and relative permeability u, curves
from the S-parameters. Figure 5 shows the proposed MTML permittivity ¢, and
permeability 4, . Table 4 shows the values of permittivity and permeability in the
negative frequency zone.

2.3. Antenna Loaded with MTML

Figure 6(a) shows the antenna where sixteen MTML cells are placed along x and
y-axis of the antenna substrate. These cells are in the direction of the antenna radi-
ation to enhance the antenna directivity. The antenna is printed on FR4 material.
The overall antenna dimensions are 49 mm x38.7 mm x<1.53 mm.

Figure 6(b) shows the simulated Reflection coefficient of the proposed antenna
covering frequency band from (3.9 GHz - 10 GHz). Figure 7 shows a
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Figure 5. The proposed unit cell (a) permittivity ¢, and (b) permeability ,, .
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Figure 6. (a) The proposed antenna with proposed MTML unit cell; (b) The simulated
Reflection coffecient of the proposed antenna with MTML.
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Figure 7. The gain values of the proposed antenna without metamaterial and with MTML.

Table 4. The permeability and permittivity in the negative frequency zone.

Parameter Negative Frequency Zone (GHz)
Permittivity, &, 1-65,87-125
Permeability, 4, 6.5-9,9.2-12

comparison between the gain value of the proposed antenna with and without
metamaterial cells. It is noticed that the incorporation of metamaterial cells shows
a gain enhancement of about 2 dB. Figure 8 shows the 3D radiation pattern of the
antenna, one noticed that the antenna has an omnidirectional radiation pattern.
Also, the beam width (angular width) is 70.3°. Both results are not
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Figure 8. The radiation pattern of proposed antenna with metamaterial from front side and
back side.

good enough for C-band Application process. The goal is to have an antenna with
a narrow 3 dB beamwidth. So, an antenna array will be used. Figure 9 shows the
radiation pattern in x-z plane.

2.4. Antenna Array

The proposed antenna element with metamaterial 16 cells is used to design a 4 <1
antenna array. The proposed antenna array operates at UWB rang extends from
5.6 GHz - 10.9 GHz. Resonant frequencies at 3.08 GHz, 4.12 GHz and 5.16 GHz
are occurred. Figure 10 shows the structure of the 4 <1 antenna array with feed-
ing network based on UWB Wilkinson unequal power divider which was present-
ed in [17]. Figure 11 shows the fabricated antenna array where a reflector is
placed at back side. The reflector size is 230 mm <60 mm and is placed at 10 mm
from the antenna substrate. The reflection coefficient of the fabricated antenna ar-
ray and its simulated counterpart are shown in Figure 12. Figure 13 shows the
comparison between the uniform linear array (ULA) gain without MTML and
with MTML. It is noticed that the incorporation of metamaterial cells shows a gain
enhancement of about 3 dB from 9 GHz to 10.5 GHz and about 2 dB from 5.8 to
8.5 GHz. 3D radiation pattern of the proposed antenna array is shown in Figure
14 where directivity of 14.5 dBi is obtained at 4.12 GHz. Figure 15 shows the XZ
plane of the radiation pattern where a side loop level of —11.2 dBi and half power
beam width = 17.7° are obtained. Table 5 shows a comparison between antenna
parameters of single element, single element with metamaterial and 4 <1 antenna
array.

3. Conclusion

A design and implementation of a UWB metamaterial antenna array was intro-
duced for C-band and X band applications. The antenna array bandwidth extends
from 5.6 GHz to 10.9 GHz. The introduction of metamaterial cells enhanced the
gain of a single element antenna of about 2 dB. The proposed antenna array of 4 x
1 elements achieved high directivity, high gain and reasonable beam width at dif-
ferent frequency bands. Good agreement was obtained between
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Farfield Directivity Abs (Phi = 0)

— farfield (F=5)[1]

Frequency =5

130 Main lobe magnitude = 4.91 dBi
Main lobe direction = 180.0 deg.
Theta/Degree vs. dBi Angular width (3 dB) = 70.3 deg.

Figure 9. The radiation pattern in x-z plane.

Figure 10. The structure of the 4 %< 1 antenna array with feeding network based on M4
transformer.

(b)
Figure 11. The fabricated antenna array (a) front side and (b) back side.

Measured S1,1 —— Simulated S1,1

Reflection coffecient (dB)

3 5 7 9 11
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Figure 12. The reflection coefficient of the fabricated antenna array and simulated antenna
array.
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Figure 13. The gain values of the proposed antenna array without MTML and with MTML.
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Figure 14. The 3D radiation pattern of the proposed antenna array.

Farfield Directivity Abs (Phi = 0)

farfield (f=4.12) [1]

Frequency = 4.12
Main lobe magnitude = 13.2 dBi

180 Main lobe direction = 90.0 deg.
Angular width (3 dB) = 17.7 deg.
Theta/Degree vs. dBi Side lobe level =-11.2 dB

Figure 15. The XZ plane of the radiation pattern.
Table 5. A comparison of antenna parameters between single element with MTML and ar-
ray.
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Resonance Frequency ~ Bandwidth GHz 3 dB Beam width ~ Gain dB

6.1 GHz 56
Single element
with MTML 7.3 GHz (3.9-10) 75.6 (3.6-65)
9.3 GHz 122
4,12 GHz 17.7
6.4 GHz 11.6
Array with MTML (5.6 -10.9) (10-12)
7.4 GHz 96
8.5 GHz 10.1

simulated and measured results. The main problem is the frequency-dependent
nature of the metamaterial cell which will enhance the gain only at the portion of
the frequency band. This issue will be addressed as a future work to be overcome
to enhance the gain all over the operating UWB frequency band.
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