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I. INTRODUCTION 

As the demand for the antennas in several wireless applica-

tions, such as Wi-Fi, Wi-MAX, and wireless local area network 

(WLAN), is increasing rapidly, there is an urgent need for mul-

ti-band-operated antennas that are manufactured at low-cost 

and smaller in size. This multi-band performance can be 

achieved using several techniques such as slots [1], fractals [2], 

various feeding techniques [3–6], and reactively loading the 

monopole antennas [7]. The use of metamaterial (MTM) load-

ing in antennas has emerged because of its unique characteristics. 

MTMs possess a simultaneously negative electric permittivity (ε) 

and magnetic permeability (μ), and thus, a negative refractive 

index (NRI), which gives them some superior characteristics 

compared with conventional antennas. Mu-negative MTMs  

have negative magnetic permeability and are called left-handed 

materials [8] according to Veselago [9]. Although these materi-

als are not found in nature, their properties can be obtained 

from their structures rather than their composition. 

One of the methods of obtaining NRI, as discussed by 

Eleftheriades et al. [10], is based on reactively loaded transmis-

sion lines. The advantages of using MTM structures are as fol-

lows: (1) beam squint at a particular frequency can be reduced 

by using MTM loading [11], and (2) NRI provides excitation 

in the phase for all the monopoles, in a four-element array [12, 

13]. 

A design approach for MTM loading called the mesh-grid 

approach, which is built on a ceramic substrate, is proposed in 

[14], and a unidirectional loop antenna loaded with μ-negative 

MMT unit-cells and arc-shaped directors is presented in [15]. 

The introduction of a gap between transmission conductors and 

vias to obtain inductive and capacitive loading is presented in 
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[16]. In this paper, an L-shaped slot antenna with MTM reac-

tive loading is introduced for WLAN and Wi-MAX applica-

tions. It is based on a single MTM unit cell integrated into the 

monopole. In this monopole mode, the ground plane does not 

act as a radiator and thus the effective radiating area decreases to 

a large extent. 

In this letter, a micro-strip fed monopole antenna for 2.5 

GHz Wi-MAX, 5 GHz and 5.9 GHz WLAN applications are 

proposed. With the aid of MTM-inspired reactive loading and 

interdigital capacitance (IDC), the antenna effectively covers the 

required frequency bands for WLAN and Wi-MAX applica-

tions. Section II describes the geometrical structure of the pro-

posed antenna, and Section III presents the results and discus-

sions. Section IV that concludes the paper with the inclusion of 

possible wireless applications.  

II. ANTENNA DESIGN  

The design of the proposed antenna is illustrated in Fig. 1. 

The antenna has a monopole with an inverted L-slot and an 

IDC above the inverted L-slot. It is designed on an FR4 sub-

strate with a relative permittivity 𝜀  = 4.4, loss tangent of 0.02, 

and thickness of 1.6 mm. The High Frequency Structure simu-

lator (HFSS ver. 17.0) is used to simulate and optimize the de-

signed antenna. 

The evolution of the designed antenna is presented in Fig. 2. 

Ant 1 has a basic monopole structure, Ant 2 has a monopole 

with an inverted an L-slot, Ant 3 has a rectangular patch on top 

of the monopole, and, the proposed antenna, Ant 4, is modified 

by introduction of a meander structure on top of the monopole. 

The basic monopole is designed to resonate at 5.0 GHz. The 

insertion of the L-slot produces a second resonance at 3.2 GHz 

in addition to 5.1 GHz. By adding the rectangular patch above 

the monopole, Ant 3 introduces an additional frequency of 2.4 

GHz. A wide-band characteristic is observed in the third reso-

nant band. Ant 4 resonates at 2.3 GHz and 5.26 GHz as shown 

in Fig. 1(c), producing an additional resonant frequency at 6.0 

GHz in the same wide bandwidth as Ant 3. 

The proposed antenna consists of a 6.5 mm × 8.5 mm rec-

tangular patch with an inverted L-shaped slot inserted into it as 

shown in Fig. 2. A top rectangular patch (Patch I) with a size of 

6.5 mm × 4 mm placed above the basic rectangular patch at a 

gap distance of 0.4 mm and a bottom rectangular patch (Patch 

II) with the same size placed on the ground plane along with a 

thin strip are added to the basic structure to produce a resonance 

at 2.3 GHz and 5.2 GHz. 

Series capacitance is formed between Patch I and Patch II. 

Shunt inductance is formed by the thin short-circuited strip 

constituting the single-cell, MTM-inspired reactive load, the 

produced resonance of which is 2.3 GHz and 5.2 GHz.  

 

    (a) (b)
 

 

(c) 

(d) 

Fig. 1. Geometrical configuration of the proposed MTM antenna 

(Ant 4): (a) top view, (b) bottom view, (c) dimensions of the 

top view in detail, and (d) dimensions of the bottom view in 

detail. 
 

(a) (b) (c) (d) 

Fig. 2. Design evolution of the proposed antenna: (a) monopole 

antenna (Ant 1), (b) monopole with inverted L-slot (Ant 

2), (c) a rectangular patch introduced to (b) (Ant 3), and (d) 

ground plate of (a), (b), and (c). 
 



CHILUKURI and GUNDAPPAGARI: A WIDE DUAL-BAND METAMATERIAL-LOADED ANTENNA FOR WIRELESS APPLICATIONS 

25 

  
 

A meander line-shaped slot is etched on Patch I similar to 

the IDC, to produce the final proposed antenna structure (Ant 

4) as shown in Fig. 1. The original frequencies centered at 2.4 

GHz and 5.6 GHz are maintained by covering the 2.3/2.4 

GHz Wi-Fi and 5.2/5.8 GHz WLAN bands. The resonance 

produced by the inverted-L slot at around 3.1 GHz merges 

with the 2.3 GHz band, resulting in a wide bandwidth from 2.1 

GHz to 3.6 GHz. An additional resonance at around 6 GHz 

occurs, again resulting in a wide bandwidth from 4.96 GHz to 

6.4 GHz. 

The geometry of the proposed antenna is illustrated in Fig. 1. 

The antenna is a single MTM cell with reactive loading. Its 

overall area covering the ground plane is 40 mm × 45 mm, and 

the radiation element area is 12.9 mm × 6.5 mm. A 50-Ω 

transmission line, a monopole with an inverted-L slot, and a 

rectangular patch (Patch I) as an IDC are placed on the top of 

the substrate, and a second rectangular patch (Patch II) and a 

short-circuited inductive strip are located on the bottom side of 

the substrate, producing the inductive reactive loading. Patch I 

and Patch II collectively produce a capacitor-like effect. 

A capacitive reactive loading is created by an equivalent me-

ander-shaped IDC. This capacitor effect is observed between 

rectangular Patch I on the ground plane and rectangular Patch 

II on the top side of the substrate. The optimized dimensions of 

the antenna are as follows (in mm): W = 40, L = 45, Lf = Lg = 

30, Wf = 1.9, Wg = 18, W1 = 4, W2 = 2, W3 = 6.5, W4 = 0.3, L1 

= 7, L2 = 1.3, L3 = 4, L4 = 8.9, g1 = g4 = 0.5, g2 = 0.2, g3 = 0.4, 

and d = 1.5. 

III. SIMULATED RESULTS AND DISCUSSIONS  

To analyze the performance of the antenna, the results are 

obtained by simulating the design in HFSS ver.17.0. The re- 

sults are as follows. 

 
 

 
Fig. 3. Reflection coefficient of the antennas shown in Fig. 2.  

1. Frequency Characteristics 

To understand the frequency characteristics of the proposed 

antenna, the return loss and current distributions are observed 

and presented below. 

• Return Loss: Fig. 3 shows the reflection coefficients of the 

proposed antenna in comparison with other antennas 

shown in Fig. 2. Fig. 4 presents the simulated return loss of 

the proposed antenna. The simulated return loss is pre-

sented in Fig. 4. The simulated antenna presents a –10 dB 

impedance bandwidth of 1.41 GHz from 2.1 GHz to 3.6 

GHz (60.63%) and 1.46 GHz from 4.96 to 6.0 GHz 

(27.18%) covering the WLAN and Wi-MAX applications. 

• Current Distribution: To obtain a deep insight into the 

working principle of the proposed antenna, the current dis-

tributions of the antenna at 2.4, 3.06, 5.2, and 6.0 GHz are 

presented in Fig. 5. The figure shows that the currents at 6 

GHz mainly concentrate on the Patch I, those at 3.06 

GHz, radiate from a longer branch of the monopole to the 

center of the monopole, and those at 5.26 GHz shift to the 

shorter monopole. At 2.33 GHz, the waves reach the 

MTM loading through the EM coupling, thus forming an 

energy loop and enabling effective radiation. 

• Radiation Pattern: The simulated radiation patterns in the 

elevation (xz- and yz-planes) and azimuth (xy-plane) 

planes are shown in Fig. 6. Fig. 7 illustrates the simulated 

3D radiation pattern plots of the proposed antenna. An 

omnidirectional radiation pattern is obtained in the xy-

plane at the dominant resonant frequency band. As the 

resonant frequencies increase, the radiation patterns change 

because of the effects of high-order modes. 
 

2. Measured Results 

To measure the performance of the proposed antenna, the 

prototype is fabricated, and the results are obtained. Fig. 8 

shows a photograph of the prototype.  

 

 
Fig. 4. Reflection coefficient of the proposed antenna. 
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(a) (b) 

 

(c) (d) 

 

(e) (f) 

 

(g) (h) 

Fig. 5. Surface current distributions at (a) 2.33 GHz (top view), (b) 2.33 GHz (bottom view), (c) 3.06 GHz (top view), (d) 3.06 GHz 

(bottom view), (e) 5.26 GHz (top view), (f) 5.26 GHz (bottom view), (g) 6 GHz (top view), and (h) 6 GHz (bottom view).
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Fig. 8. Photograph of the fabricated MTM-loaded antenna.

 

2.1 Return loss 

The measured return loss is depicted in Fig. 9. A –10 dB im-

pedance band of 1.8 GHz (2.1–3.9 GHz, 80.3%) and 1.4 GHz 

(5.01–6.4 GHz, 26.4%) is observed. The variations between the 

simulated and measured return losses are presented in Figs. 4 

and 7. These variations may have due to fabrication imperfec-

tions, substrate losses, and measurement circumstances. The 

measurements are performed using the Agilent N5230A Net-

work Analyzer. 
 

2.2 Radiation characteristics 

 

To understand the measured radiation characteristics of the  

proposed antenna, the radiation patterns and gain plots are plot-

ted and shown in Figs. 10 and 11. 

• Radiation pattern: Fig. 10(a)–(d) show the measured azi- 

 

 

Fig. 9. Measured return loss of the proposed MTM-loaded anten-

na. 

 
(a) (b) 

 
(c) (d) 

Fig. 6. Simulated radiation patterns in the elevation plane (left side) and azimuth plane (right side) at 2.33 GHz (a), 3.06 GHz (b), 5.26 

GHz (c), and 6.0 GHz (d). 

 

 

 

(a) (b) (c) (d) 

Fig. 7. Simulated 3D radiation patterns at 2.33 GHz (a), 3.06 GHz (b), 5.26 GHz (c), and 6.0 GHz (d). 
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(a) (b) 

 

(c) (d) 

Fig. 10. Measured radiation pattern of the proposed antenna.  

Azimuthal radiation pattern (in the xy-plane) at 2.33 

GHz (a), 3.06 GHz (b), 5.26 GHz (c), and 6.0 GHz (d). 

 

muthal plots in the horizontal and vertical planes of the de-

signed antenna at 2.33, 3.06, 5.26, and 6.0 GHz. 

• Gain: Fig. 11 presents the gain versus frequency graph of 

the proposed MTM-loaded antenna. The simulated gain 

is above 2 dB over the entire -10 dB impedance bandwidth, 

satisfying the minimum gain condition for using the an-

tenna for commercial applications such as WLAN and 

Wi-MAX. 

 
Fig. 11. Simulated gain compared with the measured gain. 

 

This study is compared with some of the dual band works in 

the literature, and the comparison is presented in Table 1. As 

shown in Table 1, a wide impedance bandwidth is achieved 

with a small radiating element occupying a lesser area compared 

with the existing multiband antennas. 

IV. CONCLUSION 

A dual-band, MTM-loaded antenna with a wideband char-

acteristic is designed and analyzed in this paper. The developed 

antenna resonates at 2.25 GHz, which includes 3.06 GHz reso-

nance, and 5.37 GHz, which includes 6 GHz, thus forming a 

wide band with a –10 dB impedance bandwidth of 80.3% and 

26.4% at the first and second resonant frequencies, respectively. 

The proposed antenna exhibits a dipole-like (figure-eight shape) 

radiation pattern in 2D planes with a maximum gain of 3.5 dB 

at 2.3 GHz, and a good gain of above 2 dB is observed at the 

remaining frequencies (except 6.0 GHz). The advantage of the 

 

Table 1. Comparison of the proposed work 

Ref. Antenna area (mm2) Operating frequencies (GHz) Operating bandwidth (GHz) 

Proposed 0.0989 λ  × 0.0498 λ  2.33 

5.26 

2.1–3.6 (60.63%) 

4.96–6 (27.18%) 

[5] 3.6 λ  × 3.0 λ  5.0 

6.1 

4.8–5.18 (7.6%) 

5.8–6.8 (15.9%) 

[7] 0.105 λ  × 0.05 λ  2.44 

5.5 

2.34  

5–6.6 

[12] 0.1  λ  × 0.1 λ  3.1 0.53 (1.7%) 

[14] 3.92 λ  × 3.13 λ  2.35 

2.73 

0.1 (4.25%) 

0.1 (3.66%) 

[15] 0.25 λ  × 0.29 λ  0.9 34% 
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MMT loading on the basic rectangular patch in obtaining a 

wide impedance bandwidth of 80.3% is clearly demonstrated in 

this paper. The proposed antenna fulfills the bandwidth re-

quirements of commercial wireless applications, such as IEEE 

802.11 WLAN 2.4 GHz (2.4–2.484 GHz), 5 GHz (5.15–5.35 

GHz/5.725–5.825 GHz), IEEE 802.16 Wi-MAX 2.5 GHz 

(2.5–2.69 GHz), and 3.5/5.5 GHz Wi-MAX (3.4–3.69 GHz, 

5.25–5.85 GHz) applications. 
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