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Octa-Band Metamaterial Inspired Multiband Monopole Antenna
for Wireless Application
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Abstract—In this paper, a Rectangular Monopole Antenna (RMPA) with offset microstrip feed is
presented. The structure is fabricated on an FR4 substrate with a dimension of 28 x 32 x 1.6 mm?. The
proposed structure achieves multiband operation by engraving 2 Complementary Split Ring Resonators
(CSRRs) and a C-Shaped slot. Also, 2 Split Ring Resonators (SRRs) are printed on the adjacent sides of
the radiating element. The parametric analysis is used to determine the optimum position of the feed and
other critical parameters. The proposed structure operates at 2.25 GHz, 3.86 GHz, 4.60 GHz, 5.64 GHz,
5.86 GHz, 6.94 GHz, 7.48 GHz, and 9.47 GHz. The permeability of the SRR and permittivity of the
CSRR are extracted and presented. The proposed antenna is fabricated and measured. The measured
results of Sy1, radiation pattern, and gain are on par with the simulated results. The proposed antenna’s
simulated surface current and efficiency are also presented to validate the performance. Simple structure,
stable radiation pattern, multiband operation, reasonable gain, and efficiency are the significant features
of the proposed RMPA.

1. INTRODUCTION

With the rapid development in multifunctional and integrated wireless communication systems,
multiband antenna is widely required to cover different operating frequency bands. Some effective
methods have been developed to achieve dual-bands [1], triple bands [2], quad-bands, and Penta
bands [3-6]. Variety of techniques are available in the literature using such as slots [7], monopole
arms [8], defected ground structure (DGS) [9,10], etching slits [11], L-shaped notch [12], parasitic
element [13], and rectangular slot [14].

Complex permittivity and permeability are used to represent all the materials in frequency domain.
These parameters will determine the behavior of the material in the electromagnetic environment.
The metamaterials exhibiting negative permittivity and permeability are also called left-handed (LH)
materials. Many electromagnetism (EM) investigators modify LH material properties to achieve good
EM properties required for many applications [15-17]. These metamaterials (MTM) have interesting
EM properties which are certainly not available in nature. MTM inspires the structure with single or
multiple unit cells and provides greater flexibility for getting various EM phenomena. Vaselago [18] first
proposed the concept of MTM in 1967. These MTM structures have an unusual property of consecutive
negative parameters called negative permeability and permittivity. MTM derives its properties from
its structures with the size of the unit cell less than the guided wavelength (P < Ag/4). Under such
homogeneity conditions, these materials possess an excellent EM property that constructively disturbs
the EM wave propagation and can be utilized for designing filters, couplers antennas, and devices
used for communication [19-23]. Various classes of unit cells are based on split ring resonator [24],
complementary split-ring resonator [26, 27], omega-shaped [25], and spiral resonator [28].
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In [29], a D-shaped CSRR is loaded in the ground plane to achieve dual-band operation at
2.48 GHz (2.41-2.56 GHz) and 3.16 GHz (3.12-3.18 GHz), which can be used for WLAN and Wi-MAX
applications, respectively. In [30], an NB-CSRR loaded rectangular microstrip patch antenna is proposed
for triple-band operation. A semicircular monopole antenna with two C-shaped slots and CSRR loaded
ground plane is proposed for GSM, WiMAX, and C-band applications in [31]. Multiband antenna
performance is achieved by using a triangular complementary split-ring resonator in [32], and the
circularly polarized antenna is designed with CSRRs loaded on both patch and ground [33]. In [34],
multiple circular CSRRs are introduced in the circular patch fed with meandered CPW feed to achieve
tri-band application. A reconfigurable slot antenna is proposed in [35] for multiband operation, and
in [36] a slot antenna for ISM band medical application is presented. In [37], an inverted patch with
C-shaped construction, spiral slots, and a rectangular slot is used to achieve circular polarization, and
in [38] a meandered slot with CPW is used to archive the wide bandwidth. However, all the work
reported in the literature has a complex design, irregular radiation pattern, and minimum number of
operating bands.

In this paper, we report a novel SRR and CSRR inspired octa-band RMPA. The step-by-step design
procedures of the proposed RMPA are presented in Section 2. In Section 3, the parametric analysis
is done to determine the various critical values of the proposed antenna. It is also validated that the
multiband operation [39-43] is due to SRR and CSRR in Section 4. In Section 5, the simulated results
are compared to the measured ones, followed by the article conclusion in Section 6.

2. PROPOSED RMPA CONFIGURATION

The proposed antenna is printed on an FR4 substrate with a dielectric constant of 4.4. The length and
width of the substrate on which the radiating element is printed are 32 mm and 28 mm. The proposed
antenna has 6 evolution steps, and it is shown in Figure 1. The parameters of the proposed antenna
and its corresponding values are represented in Figure 2.

Antenna A is a simple rectangular monopole antenna with 20 mm and 14 mm as the length and
width of the radiating element, which has the dual-band operation at 6.18 GHz (6.03-6.3327 GHz) and
8.83 GHz (8.7020-8.98 GHz). Antenna B is the RMPA with a CSRR etched on the right side of the
radiating element, which resonates at three different frequencies 5.91 GHz (5.8216-6.008 GHz), 7.23 GHz
(6.88-7.65 GHz), and 8.77 GHz (8.6413-8.88 GHz). With the introduction of CSRR, the resonant bands
are shifted to the lower side because of the electric field coupling and resonant length increase. Antenna
C is the RMPA with a CSRR etched on the left side of the radiating element, which has a dual-
band operation at 2.72 GHz (2.7164-2.7796 GHz) and 5.99 GHz (5.8637-6.7072 GHz). A new resonance
is created because of the introduction of CSRR in the radiating element, which exhibits negative
permittivity at 2.72 GHz. Antenna D is the RMPA with a CSRR etched at both the left and right
sides of the radiating element, which has a quad-band operation with resonating bands of 2.58 GHz
(2.5396-2.6263 GHz), 5.46 GHz (5.40-5.5 GHz), 5.79 GHz (5.6864-5.9088 GHz), and 8.16 GHz (8.001—
8.3467 GHz). Antenna E is the Antenna D with a C-shaped slot at the top of the radiating element,
which also operates in the quad-bands at 2.5 GHz (2.47-2.55 GHz), 5.68 GHz (5.5571-5.567 GHz),
8.28 GHz (8.1092-8.4279 GHz), and 9.31 GHz (9.2184-9.4108 GHz). Antenna F is the modified version
of Antenna E, in which two SRRs are printed along the sides of the radiating element, and they
are connected to the radiating element. This antenna F has octa-band operation with resonances at
2.25 GHz (2.1951-2.2654 GHz), 3.86 GHz (3.83-3.914 GHz), 4.60 GHz (4.54-4.65 GHz), 5.64 GHz (5.89—
5.73 GHz), 5.86 GHz (5.80-5.92 GHz), 6.94 GHz (6.83-7.057 GHz), 7.48 GHz (7.3173-7.6341 GHz) and
9.47 GHz (9.3293-9.6141 GHz).

The double-sided copper-clad FR4 substrate is cleaned with acetone. The structure is laminated
with a photoresist film after being dried up. Then the mask, which is the negative of the proposed design,
is attached to the photoresist laminated FR4 substrate and exposed to UV light. Then the substrate
is dissolved in sodium carbonate developer solution and etching process using ferric chloride solution.
Then the sodium hydroxide is used to remove the hardened photoresist to develop the proposed antenna
shown in Figure 11. The comparison of the various multiband antenna with the proposed antenna is
tabulated in Table 1. It could be inferred from Table 1 that the proposed antenna is an excellent
candidate for the multifunctional communication device since it operates in eight bands.
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Figure 1. Evolution of proposed RMPA. (a) Antenna A, (b) Antenna B, (c) Antenna C, (d) Antenna
D, (e) Antenna E, (f) Antenna F.

Figure 2. Geometry of the proposed RMPA.
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Table 1. Multiband antenna in literature vs our work.

Dimension Resonating Impedance
Ref No Technique No. of Bands Frequency Bandwidth
mm? GHz MHz
7 Hexagonal slot 2 25 x 25 525 2120
6.73 6100
1.57 220
8 Monopole Arm 3 22 x 35 2.02 200
2.55 90
2.17 70
9 Slit 3 40 x 25 3.38 70
5.53 230
24 70
3.5 76
10 DGS 4 58 x 62 : 50
6.7 50
1.55 150
2.92 1090
11 Slit in ground 5 70 x 53 4.32 220
5.3 160
5.78 190
2.25 70.3
3.86 84
4.6 110
5.64 140
our work SRR and CSRR 8 28 x 32 T 120
6.94 227
7.48 316.8
9.47 284.8

3. PARAMETRIC ANALYSIS

The parametric analysis of the proposed RMPA is done to select the optimized value. The feed position,
feed width, and ground length are included for the parametric analysis, and the result and its inferences
are discussed in this section.

The position of the feed is altered to select the optimum position. Figure 3 clearly shows that the
feed position in the left end yields suitable impedance matching in all bands compared with the centers
feed position and the feed in the right end.

Next, the width of the feed is increased in steps of 0.2mm from 1.8 mm to 2.2mm. It is revealed
from Figure 4 that, with the increase in width of the feed, a perfect impedance matching is achieved for
all the operating bands except at the higher band, hence the optimum value of 2.2 mm is chosen for the
width of the feed. When the length of the ground is varied as half ground, 3/4 of the ground, and full
ground, the proposed RMPA with full ground structure yields perfect impedance matching, and new
bands are created. This is clearly depicted in Figure 5, and therefore, the full ground size is utilized for
the final design.

After the optimum feed position is determined, the critical parameters of the metamaterial are
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Figure 3. Simulated Sy; for various feed positions of the proposed RMPA.
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Figure 4. Simulated S7; for various feed width  Figure 5. Simulated S1; for various length of the
of the proposed RMPA. ground.

chosen based on the parametric analysis. The parameter chosen for the analysis is a, g, and v. The
value of a is increased in steps of 0.5 mm from 0.5 mm to 1.5 mm. The analysis is presented in Figure 6,
and we observe that a = 1 mm has good impedance matching in all the resonating bands. The 3.86 GHz
and 5.65 GHz bands are highly affected when the value of a is varied, and hence the CSRR etched is the
reason for these operating bands. It is also validated with the surface current distribution presented in
Section 5, where the maximum current is around the CSRR at the respective bands. In Figure 7, the
return loss for various g is presented, and we can observe that ¢ = 1 mm maintains good matching and
impedance bandwidth in all the resonating bands. The band at 9.47 GHz is shifted as the value of the
g is varied, and the surface current is highly concentrated around the C-slot at this frequency.

In Figure 8, the simulated return loss plot for various values v is presented; from that, we observe
that v = 0.5 mm has good matching in all the resonating bands. The two bands, 2.25 GHz and 7.48 GHz,
are affected due to the inclusion of adjacent SRR. So, for the final fabrication, ¢ = 1mm, g = 1 mm,
and v = 0.5 mm are chosen. In Figure 9, the efficiency of the proposed antenna and its evolution stages
is presented. The efficiency of the proposed antenna is above 65% of all the resonating bands and 90%
as its maximum efficiency.
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Figure 6. Simulated S7; for various values of a.
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Figure 7. Simulated Sy; for various values of g.
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Figure 9. Efficiency of the proposed antenna.

4. EXTRACTION OF CONSECUTIVE PARAMETER

An appropriate boundary condition is defined for the extraction of the transmission and reflection
coefficient. Through the input port, the EM wave is used to excite the SRR and CSRR. At the output
port, the transmission and reflection coefficient is retrieved. The negative permeability of SRR and
permittivity of CSRR are extracted with the help of the Nicolson-Ross-Weir (NRW) [44, 45] method

2 1-Vs
Hr = = * (1)
iKod 1+,
2 1-1
Er = - * : (2)
jKod 1+W;
where d is the thickness of the substrate, Ko the free space wavenumber, V; = S — 511, and

Vo = S21 + S11. The waveguide extraction setup, shown in Figure 10, is used to compute the reflection
and transmission coefficient of the proposed antenna, which is presented in Figure 11. With the help of
MATLAB coding, the negative permittivity and permeability of the proposed antenna are extracted.
At low frequency, the SRR will have capacitive nature; because of that, the induced magnetic
field and the applied field will be in phase. Thus, SRR can have a permeability value greater than
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Figure 10. Waveguide extraction method for retrieving Sj; and Ss1. (a) CSRR permittivity, (b) SRR
permeability.
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Figure 11. S parameter (mag of Si; and So1). (a) CSRR transmission & reflection coefficient, (b)
SRR transmission & reflection coefficient.

1, and it resembles the magnetic dipole. While the CSRR acts as an inductor, CSRR can have a
permittivity value greater than 1. Figure 12 depicts the permittivity of the CSRR and permeability of
the SRR derived from the transmission and reflection coefficient of CSRR and SRR, respectively. We
observe negative permittivity and permeability at various resonating frequencies. These properties are

responsible for the multiband characteristics of the proposed antenna, which is clearly exposed in the
S11 characteristics.

5. RESULT AND DISCUSSION

In Figure 13, the simulated surface current distributions at various operating frequencies are presented.
It is clearly inferred from the surface current distributions that the current path is altered by the
inclusion of CSRR, SRR, and C-shaped slot.

From Figure 13, it is clearly seen that the resonance at 3.86 GHz and 5.64 GHz is due to the etching
of CSRR in the radiating element. Similarly, the 9.47 GHz resonance is due to the C-shaped slot at the
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Figure 12. Metamaterial characteristics. (a) CSRR permittivity characteristics, (b) SRR permeability

characteristics.

Figure 13. Simulated surface current at various resonating frequencies. (a) 2.2 GHz, (b) 3.86 GHz, (c)
4.6 GHz, (d) 5.64 GHz, (e) 5.86 GHz, (f) 6.94 GHz, (g) 7.48 GHz, (h) 9.47 GHz.

top of the radiating element. The resonance at 2.25 and 7.48 GHz is due to the inclusion of SRR at the
adjacent side. The figure shows that the maximum current is around the metamaterial and slot at the

respective resonant frequencies.
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Horn antenna is considered as a transmitter source antenna, whereas the fabricated prototype is
used as a receiver before being connected to a VNA Anritsu S820E via coaxial cable to measure the
radiation patterns through a far-field measurement system which is located in an anechoic chamber.
The two antennas are placed 1.25 m apart. In Figure 14, F-plane and H-plane simulated results are
compared with measured results, and it is noted that the lower resonance has a similar pattern to
a higher resonance. An omnidirectional H plane pattern and eight-shaped dipole E plane pattern
are achieved in all the resonating bands by the proposed antenna. From the figure, it is viewed that
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Figure 14. Simulated & measured radiation pattern. (a) 2.25GHz, (b) 3.86 GHz, (c) 4.6 GHz, (d)
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E=0ne
=%
=8
=

Figure 15. Top and bottom view of the fabricated antenna & measurement setup.

the radiation pattern is stable. The fabricated antenna is tested using the VNA Anritsu S820E. The
measurement setup, top and rear views of the fabricated antenna are shown in Figure 15.

The return loss comparison for all the evolution stages of the proposed antenna is presented in
Figure 16. We observe that the inclusion of the CSRR, SRR, and slot changes the current path, which
in turn changes the resonant behavior of the proposed antenna at each stage. The final proposed
structure antenna F is capable of operating at eight different frequencies of operations. It is evident
from the figure that the inclusion of metamaterial structure (Split Ring Resonator and it is dual) and
the slot is responsible for the multiband operation. The fabricated antenna is measured, and the results
are compared with the simulated results. The compared result is presented in Figure 17, which is in
the near pact. The observed deviation between the results is due to an error during fabrication and
SMA soldiering. The measured gain is plotted with the simulated gain with respect to the frequency of
operation in Figure 18. The proposed antenna achieves a good gain over the entire operating frequency.
The proposed structure maintains gain above 1.5dBi in all the resonating bands. The simulated and
measured numerical data of the proposed antenna are tabulated in Table 2.
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Table 2. Simulated vs measured results.

Simulated Measured
Resonant Gain Return | Operating | Impedance | Resonant Gain Return | Operating | Impedance
Frequency loss band Bandwidth | Frequency loss band Bandwidth
(GHz) (dBi)| (dB) (GHz) (MHz) (GHz) (dBi)| (dB) (GHz) (MHz)
2.25 0.403| —28.01 2.21-2.27 60 2.38 0.42 | —17.48 2.35-2.41 60
3.86 1.87 | —14.77 3.84-3.88 40 4.02 2.56 | —13.92 3.98-4.06 80
4.6 6.19 | —27.93 4.56-4.62 60 4.66 6.01 | —22.93 4.60-4.68 72
5.64 498 | —33.74 5.61-5.73 117 5.806 5.48 | —24.89 5.76-6.09 333
5.86 5.16 | —14.71 5.78-5.91 135 6.022 5.98 | —14.71
6.94 5.86 | —35.93 6.83-7.06 234 6.904 6.51 | —30.43 6.79-7.04 252
7.48 5.78 | —28.86 7.31-7.60 288 7.444 6.41 | —28.46 7.22-7.61 387
9.47 6.48 | —19.82 9.33-9.61 279 9.451 6.53 | —18.74 9.38-9.55 270




108 Prasad Jones Christydass and Gunavathi

6. CONCLUSION

In this paper, a compact octa-band rectangular microstrip patch antenna is proposed with 6 evolutions.
With the inclusion of CSRR, SRR, and C-shaped slots, multiband operations are achieved, which is the
prerequisite for all multifunctional communication systems. The proposed antenna has a compact size
of 28 x 32 x 1.6 mm? with 8 resonances at 2.25 GHz, 3.86 GHz, 4.6 GHz, 5.64 GHz, 5.86 GHz, 6.94 GHz,
7.48 GHz, and 9.47 GHz, and has a reasonable gain in all its operating bands. The efficiency is above 65%
in all the resonating bands. The negative permittivity and permeability characteristics are extracted
and presented. The simulated results are on par with the measured ones. The proposed RMPA has a low
profile, simple structure, easy fabrication and integration into modern multifunctional wires systems.
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