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 Electromagnetic metamaterial is an artificial material that is made up of 

different types of structural designs on dielectric substrates. In this paper a 

broad and elite investigation is being carried out by designing and simulating 

a metamaterial cell comprising a square split ring resonator with a copper 

wire strip etched on the ground plane to discover its some unusual 

parameters such as double negativity of cell which are naturally not found in 

other materials of nature. A course of action of these unit cells in a grouping 

shapes metamaterial. These metamaterial cells show exceptionally great 

applications in the design of microstrip patch antennas by improving their 

characteristics such as bandwidth, return loss, and gain. The proposed 

microstrip line feed patch antenna is designed at a 3.5 GHz resonance 

frequency useful for various worldwide interoperability for microwave 

access (WiMAX) applications. The ground plane of a substrate of a patch 

antenna is loaded with a square split-ring resonator, the proposed antenna is 

fabricated to obtain experimental parameters. A conventional and proposed 

patch antenna is simulated, fabricated tested analysed, and reported for 

performance comparison of its parameters. 
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1. INTRODUCTION 

A metamaterial is an artificial material that is made up of an array of metallic resonant cells. The 

lattice constant of metamaterial should be very much smaller as compared to the wavelength. The artificial 

materials which are having negative electric permittivity and magnetic permeability are called double 

negative metamaterials. When both are close to zero but less than zero are referred to as zero-index 

metamaterials [1], [2]. Mu negative metamaterials are cells of material with only negative permeability. A 

metamaterial cell made up of a square split ring resonator (SSRR) with a copper wire strip etched on the 

ground plane of the substrate was designed and simulated at 3.5 GHz to determine some of its parameters 

such as cell double negativity. A cell containing SSRR is also designed and simulated in order to determine 

the mu negativity of a cell at the same resonance frequency. The proposed double negative and mu negative 

metamaterial cells are designed and tested using MATLAB and CST microwave software. A conventional 

antenna and a proposed novel microstrip feed rectangular patch antenna (RMPA) with the resonance 

frequency of 3.5 GHz and a ground plane of the substrate is loaded with square split-ring resonators are 

simulated using FEKO software, analysed, and comparison of parameters such as return loss, bandwidth, 

gain and voltage standing wave ratio (VSWR) has been presented in this paper. This microstrip patch antenna 

is built on a FR-4 substrate with a permittivity of 4.4 and a thickness of 1.6 mm. FR-4 material is cheaper and 

https://creativecommons.org/licenses/by-sa/4.0/
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easily available. Surface wave propagation is reduced by metamaterial-loaded substrate, thereby increasing 

the performance of the antenna. Many researchers have studied SRRs [3]-[7]. This metamaterial-based patch 

antenna with improved parameters can be used for worldwide interoperability for Microwave access 

(WiMAX) application. WiMAX is a wireless broadband communications technology based on IEEE 802.16 

standard that provides high-speed data over a wide area. WiMAX it is a technology for point-to-multipoint 

wireless networking [8], [9]. It works in three layers, physical layer, medium access control (MAC) layer, 

and convergence layer. The bandwidth required for a band with a center frequency 3.5 GHz is about  

200 MHz. And the bandwidth of the proposed patch antenna is 274.2 MHz. 

 

 

2. METAMATERIAL 

2.1.  Double negative metamaterials 

They are also called Left-Handed metamaterials. They are artificially manufactured materials that 

depicts negative permittivity negative permeability and negative refractive index. These characteristics do not 

exist in natural materials. Because of the negative refractive index, the group velocity and phase velocities of 

electromagnetic waves are in opposite directions, resulting in opposite energy flow. Negative refraction can 

be achieved when both μr and εr are negative [10]-[15]. The metamaterial can be understood from Maxwell's 

equations. The Maxwell's equations are used to derive the wave equation. If єr and μr are considered real 

numbers, then we don’t find any change in the wave equation when signs of Єr and μ r are simultaneously 

changed. Due to the aforementioned facts, these materials are known as left-handed metamaterials. The 

Drude–Lorentz model describes the material properties of classical electromagnetic. The effective 

permeability as shown in (1). 

 

𝜇𝑒𝑓𝑓 = 1 −
𝑓𝑚𝑝

2 −𝑓0
2

𝑓2−𝑓0
2−𝑗𝛾𝑓

 (1) 

 

In (1), fmp denotes plasma frequency, f0 the resonance frequency, and f the signal frequency and the 

damping factor, which is related to material losses. This equation can depict material properties ranging from 

the optical to the microwave range [16]-[18]. Figure 1 shows the SSRR Structure with a metalic surface is 

designed using MATLAB code, The SSRRs and conductor strip on a ground plane create negative µ and 

negative ε respectively near resonance frequency. The magnetic field vector of the incident plane wave, 

which is perpendicular to the SSRR, induces currents, which result in an effective magnetic moment and 

negative permeability. the metamaterial that only allows backward waves to propagate in the direction 

perpendicular to the SSRR. To confirm a cell's double negativity, the properties of a metamaterial cell can be 

retrieved using MATLAB. The inherent feature of CST is used to invoke the CST platform through the 

MATLAB script file [19]. 

 

 

 
 

Figure 1. Square split-ring resonator (SSRR) 

 

 

2.1.1. Design of SSRR cell 

The SSRR and strip are designed on FR-4 substrate with permittivity equal to 4.4 and thickness of 

1.6 mm. The dimensions of 6.8 x 6.8 mm SSRR are, a= 5.8 mm, b=4 mm, c=0.34 mm, d=0.4 mm, and  

e=0.5 mm. Strip width f = 0.44 mm and strip length= 6.8 mm. 

 

2.1.2. Parameters of SSRR cell 

S11 and S21 of SSRR cells are shown in Figure 2. It resonates at a 3.5 GHz frequency which is 

indicated by the lowest magnitude of reflection coefficient S11. The magnitude of S11 and S21 at 3.5 GHz 

resonance frequency is 0.2 and 0.79 respectively. This implies that at resonance frequency the return loss is 
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low. Both of the cell's S parameters are required to calculate epsilon and mu. Frequency v/s mu and epsilon 

are plotted using MATLAB software. Figure 3 shows the epsilon and mu of SSRR in real form. The negative 

epsilon and mu appear between the frequency 3.3GHz to 3.7GHz. The metamaterial-based antenna may be 

designed to operate in the given frequency range. From (1), in the lossless condition when  

𝑓𝑚𝑝
2 − 𝑓0

2 = 𝑓2 − 𝑓0
2   that is f=fmp (magnetic plasma frequency) µeff =0. The curve diverges at the resonance 

frequency of the cell. γ represents the losses. At 3.5 GHz permeability is -7.1, and permittivity is -8.6. 

Figure 4 shows the imaginary and real impedance and refractive index of SSRR. It is observed that 

the refractive index is negative near resonance frequency. Imaginary impedance is equal to almost zero and 

real impedance is equal to 50 ohms at the resonance frequency. The outer dimensions of our proposed cells 

are 6.8 x 6.8 mm, if we design a cell with smaller dimensions then it will show the negative value of 

permittivity and permeability at a higher frequency some authors have designed such cells. 2.2 x 2.2 mm cell 

shows negative values of all the parameters at around 10 GHz [20].  

 

 

 
 

Figure 2. S21 and S11 of SSRR cell 

 

 

  
  

Figure 3. Permittivity and permeability of SSRR Figure 4. Refractive index and impedance of SSRR 

 

 

2.2.  Single or mu negative metamaterial cell 

Cells that show either permeability negative or permittivity negative are referred to as single 

negative metamaterial cells. If permeability is negative then it is called a mu negative metamaterial cell. The 

SSRR was designed on an FR-4 substrate having permittivity equal to 4.4 and thickness of 1.6 mm. The 

dimensions of 6.8 x 6.8 mm SSRR are, a =5.8 mm, b=4 mm, c=0.4 mm, d=0.4 mm, and e=0.5 mm. Figure 5 

displays Mu values for the SSRR in both real and imaginary forms. Between frequencies of 3.35 GHz and 

3.8 GHz, the negative mu is present. As a result, the antenna needs to be built to work with the available 

frequencies. Because 3.5 GHz is one of the frequency bands used for WiMAX applications in India  

[21]–[23], we took that into consideration in this paper. The effective parameters of certain complex 

structured metamaterials are difficult to calculate. In this case, parameters can be determined through 

numerical simulation. The cell's transmission and reflection coefficients can be calculated using algorithms 

finite difference time domain (FDTD) and the finite element method (FEM). This method can also be used to 

obtain other S parameters [20].  
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Figure 5. Mu of SSRR at frequency 3.5 GHz 

 

 

3. DESIGNING RECTANGULAR MICROSTRIP PATCH ANTENNA USING METAMATERIAL 

Antennas are made using single negative (SNG) or double negative (DNG) metamaterial cells. This 

is employed to improve the system's performance. These cells could significantly boost an antenna's gain and 

output power. These antennas can also enhance performance in terms of efficiency and bandwidth. It is 

possible to employ different metamaterial-based antennas for wireless communication and mobile phones. 

 

3.1.  RMPA design on the substrate without metamaterial 

RMPA has been designed to operate at a 3.5 GHz resonance frequency. Width W of the rectangular 

patch, length L of the rectangular patch, effective permittivity, fringing length, and delta L are calculated 

using various design equations of RMPA [24], [25]. Length of substrate = L + 6h, width of substrate  

= W + 6h, h is the height of the substrate, W and L are width and length respectively of the rectangular patch, 

the Figure 6 depicts the design of conventional RMPA. Table 1 presents the dimensions of a microstrip feed 

RMPA without metamaterial cells. Resonance freq. of the antenna is 3.5 GHz and uses FR-4 substrate with  

εr =4.4 and height of substrate(h) =1.6 mm. 

 

 

 
 

Figure 6. RMPA without metamaterial substrate 

 

 

Table 1. Dimensions of RMPA 
 Calculated dimensions (mm) Optimized dimensions (mm) 

Width of patch 26.08 24 
Length of patch 19.98 18.8 

Substrate width 35.68 35 

Substrate length 29.66 29 
Feed length 9.3 9.3 

Feed width 1.8 1.8 

 

 

The important graph of reflection coefficient v/s frequency of RMPA is depicted in Figure 7. It 

resonates at 3.5 GHz. The bandwidth (BW) of RMPA is 122.9 MHz and the return loss=-35.8 dB. The return 

loss of antenna depends on its impedance matching. Return loss is comparitively very low for the perfectly 

matched antenna. 

The far-field plot of conventional RMPA is depicted in Figure 8. The gain of the conventional 

antenna is 2.72 dBi at phi=0 and phi=90 degrees. The gain of the microstrip antenna is comparatively lower 

than the coaxial feed antenna.  



Bulletin of Electr Eng & Inf  ISSN: 2302-9285  

 

Characterization of metamaterial based patch antenna for WiMAX application (Pandharinath R. Satarkar) 

2691 

  
  

Figure 7. Reflection coeff. v/s freq. of conventional RMPA Figure 8. Gain of patch antenna 

 

 

3.2.  RMPA design on metamaterial substrate 

The resonance frequency for the RMPA is 3.5 GHz tested using software FEKO and used for 

WiMAX applications. Table 2 displays the antenna's dimensions. The ground plane of the RMPA has cells of 

mu negative metamaterial placed on it. The FR-4 substrate with εr=4.4 and loss tangent=0.01 is used for 

fabricating the antenna. 
 

 

Table 2. Dimensions of metamaterial loaded RMPA 
  Optimized dimensions (mm) 

Width of patch 23.5 

Length of patch 17.6 

Substrate width 35 
Substrate length 30 

Feed length 10.4 

Feed width 2.0 

 
 

Figure 9 shows cells of SSRR on the substrate ground of RMPA obtained from FEKO. In general 

plasma frequency, fmp, and resonance frequency f0 depends both on the lattice constant and the geometric 

parameters of the SSRR like outer and inner lengths of split rings, the width of the gap between the rings, and 

the slit width. All these dimensions of SSRR have been set in such a way that it resonates at 3.5 GHz. The 

metamaterial cell has been optimized using MATLAB. We have placed seven metamaterial cells on the 

antenna ground plane as shown in Figure 9. The novel idea is to place seven cells of metamaterial on the 

substrate ground in an English letter U shape pattern to obtain very good impedance matching, improved 

bandwidth and gain compare to conventional patch antenna. Edge port feeding has been used in this antenna.  
 

 

 
 

Figure 9. SSRR cells on the ground plane of RMPA 
 

 

Figure 10 presents a graph of the frequency v/s reflection coefficient of RMPA with a metamaterial. 

The RMPA resonates at 3.5GHz. The BW of RMPA is 274 GHz. The reflection coefficient of antenna is  

-30 dB. Decrease in return loss, increases the radiating power. Excitation of surface wave becomes easy 

when a material with higher dielectric constants and thicker material is used. Metamaterial cells reduce 

surface wave propagation thereby reducing the surface wave quality factor and increasing the bandwidth of 

the RMPA. The bandwidth is inversely proportional to the total quality factor of the antenna. Ultimately 

reduces the reflected power and hence increases transmitted power.  

Impedance matching of RMPA with SSRR at 3.5 GHz is shown in the smith chart (Figure 11). The 

impedance at 3.5 GHz is 50 ohms and the reactive part is almost zero. Figure 12 presents the simulated 2D 

cut view and 3D far-field E-plane radiation patterns of this antenna. From these results, we infer that a 
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microstrip patch antenna mainly radiates in the vertical direction. This is in agreement with the theoretical 

radiation pattern for these structures. It is also observed that the radiation pattern possesses a high directivity 

and symmetry, Figure 12(a) presents 2D cut view of the E-field at phi=0 and phi=90 degrees (dotted curve). 

Figure 12(b) shows the 3D view of the far-field of SSRR loaded patch antenna at 3.5 GHz. Maximum 

antenna gains of 5 dBi has been observed with the main lobe in the direction of theta=0 degrees and phi=0 

degrees. Figure 12(c) depicts total directivity. The gain of the antenna at 3.3 GHz and 3.7 GHz is 4 dBi. Gain 

remains almost constant over total bandwidth. The directivity of the antenna is 6 dBi. 

 

 

 
 

  

Figure 10. Reflection coeff. v/s freq. of RMPA with 

metamaterial 

Figure 11. Impedance matching of RMPA 

 

 

 
  

(a) (b) (c) 
 

Figure 12. Far-field E-plane radiation patterns for a metamaterial loaded RMPA (a) 2D cut view of E-field at 

phi=0 and phi=90 degrees (dotted curve), (b) 3D far-field distribution at 3.5 GHz, and (c) total directivity at 

3.5 GHz 

 

 

VSWR is the ratio between the maximum voltage and minimum voltage in the transmission line. It 

shows the system matching. For a zero reflection coefficient the value of VSWR is 1 and it is the lowest 

value possible. It is the best value for any antenna. The smaller the value of VSWR better the impedance 

matching of the antenna with the source and hence more power is delivered. Performance comparison with 

previous work is shown in Table 3. 

 

 

Table 3. Performance comparison with previous work [26]-[28] 
Reference no Resonance frequency (GHz) Size (λg) Max Gain (dBi) Bandwidth (MHz)  

[26] 3.5 0.70 x 0.47 2.2 140 

[27] 3.5 0.68 x 0.25 4.38 170 

[28] 3.5 0.88 x 0.75 2.0 110 
This work 3.5 0.50 x 0.39 5 274 

 

 

3.3.  Experimental parameters of metamaterial-based RMPA from vector network analyser 

A practical graph of frequency v/s reflection coefficient of RMPA with metamaterial obtained from 

vector network analyser (VNA) is depicted in Figure 13. The fabricated antenna resonates at 3.5 GHz which 

is the same as the simulated frequency. The bandwidth is 210 MHz and the return loss is -40 dB. 
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Figure 13. Frequency v/s reflection coefficient of RMPA with metamaterial obtained from VNA 

 

 

Figure 14 presents the reflection coefficient v/s frequency of metamaterial loaded RMPA generated 

using a .csv file obtained from VNA. This graph is plotted by converting real and imaginary values of S11 

into magnitude in dB. The resonance frequency obtained using this procedure is 3.5 GHz. The impedance at 

3.5 GHz is 49.6 ohms, which has been obtained from the smith chart. Which is almost equal to the design 

impedance of 50 ohms. 

 

 

 
 

Figure 14. Reflection coeff.v/s freq.of RMPA with metamaterial generated using csv file obtained from VNA 

 

 

The top view and bottom view (metamaterial loaded) of RMPA is presented in Figure 15. Double-

sided copper clad with a 1.6 mm thick FR4 substrate is used for fabrication. Fabrication is done using the .gbr 

file.  

 

 

  
 

Figure 15. Fabricated top view and metamaterial loaded bottom view of RMPA 

 

 

4. SIMULATION RESULTS 

The metamaterial cell is made up of copper strip and SSRR on the substrate's ground plane. It has 

been discovered that the cell consisting of SSRR and copper strip on a ground plane is a double negative cell 

with negative permittivity, negative permeability, and negative refractive index. Metamaterial cells 

incorporating SSRR are built and simulated using MATLAB and CST software. while the other cell with 

only SSRR is single negative cell that shows negative permeability. Table 4 compares the properties of the 

RMPA with metamaterial and without metamaterial. Metamaterial-based RMPA is fabricated using double-

sided copper clad with a 1.6 mm thick FR4 dielectric substrate. It is observed that the practical value of 

resonance frequency is equal to design frequency.  



                ISSN: 2302-9285 

Bulletin of Electr Eng & Inf, Vol. 11, No. 5, October 2022: 2687-2695 

2694 

Table 4. Different parameters of RMPA 
Parameters of RMPA RMPA without metamaterial Metamaterial based RMPA Experimental parameters of RMPA 

Reflection coefficient -35.84 dB -30 dB -40 dB 
Bandwidth at (-10 db) 122.9 MHz 274.2 MHz 210.2 MHz 

Gain 2.74 dBi 5 dBi  

VSWR 1.1 1.04  

 
 

FEKO is used to simulate RMPA with metamaterial cells and also without metamaterial cells. It has 

been discovered that the bandwidth of metamaterial loaded antenna increases significantly compared to 

RMPA without cell. RMPA without cells has a return loss of -35.84 dB and a bandwidth of 122.9 MHz. 

Return loss and the bandwidth for RMPA with metamaterial are -30 dB and 274.2 MHz, respectively.  

The gain of RMPA is 2.74 dBi without cells and 5 dBi with cells. As a result, the bandwidth is enhanced by 

151.3 MHz. Furthermore, the gain is increased by 2.23 dBi. Based on simulation results, the RMPA 

bandwidth and gain have been improved. The conventional and metamaterial-loaded antennas have voltage 

standing wave ratios (VSWRs) of 1.1 and 1.04 respectively. The lower the value, the better the impedance 

matching. The lowest value that is a perfectly matched antenna is having VSWR equal to one. 

 

 

5. CONCLUSION 

This paper presents a metamaterial cell comprising SSRR and copper strip on a ground plane of the 

substrate. And metamaterial cell comprising of only SSRR, by observing simulated results, it has been found 

that the permeability, permittivity, and refractive index are negative in the former case and permeability is 

negative in the latter case, which implies that the former one is a double negative cell and the latter one is mu 

negative cell or also called as single negative cell. From the simulated results of RMPA, it has been found 

that the RMPA resonates at 3.5 GHz and the parameters of antenna have improved considerably by loading 

the proposed mu negative metamaterial structure at the ground plane of the antenna. That reduces surface 

wave propagation. The simulated results show a considerable increase in BW, low return loss, increase in 

gain, and decrease in VSWR. Also, the fabricated antenna resonates at 3.5 GHz, which is the same as its 

design frequency. It has been shown that the proposed patch antenna has higher gain and bandwidth and the 

antenna has miniaturized in size compared to previous work. The center frequency of one of the WiMAX 

bands in India is 3.5 GHz and with improved antenna parameters, The proposed antenna can be used for 

WiMAX application. For an ideal antenna, VSWR is equal to one. The required impedance matching of  

50 ohms at 3.5GHz is presented in the smith chart. The maximum power is transmitted when the antenna 

impedance is perfectly matched.  

 

 

REFERENCES 
[1] Y. Liu, X. Guo, S. Gu, and X. Zhao, "Zero index metamaterial for designing high gain patch antenna,” International Journal of 

Antennas and Propagation, vol. 25, pp. 1-12, Sept. 2013, doi: 10.1155/2013/215681. 

[2] K. Gangwar and R. P. S. Gangwar, "Metamaterials: characteristics, process and application,” Advance in Electronic and 

Electrical Engineering,” vol. 4, no. 1, pp. 97-106, Jan. 2014.  
[3] F. B. Ashraf, Md T. Islam, T. Alam, and M. J. Singh, "Inkjet-printed metamaterial loaded antenna for WLAN/WiMAX 

applications," Computers, Materials and Continua, vol. 71, no. 2, pp 2271-2284, Jan 2022, doi: 10.32604/cmc.2022.021751. 

[4] K. Jairath, N. Singh, M. Shabaz, V. Jagota, and B. K. Singh, “Performance analysis of metamaterial-inspired structure loaded 
antennas for narrow range wireless communication,” Scientific Programming, vol. 2022, May 2022, doi: 10.1155/2022/7940319. 

[5] S. Y. Soerbakti, R. F. Syahputra, M. D. H. Gamal, I. DediIrawan, E. H. Putra, and R. S. Darwin, "Improvement of low-profile 

microstrip antenna performance by hexagonal-shaped SRR structure with DNG metamaterial characteristic as UWB application," 
Alexandria Engineering Journal, vol. 61, no. 6, pp. 4241-4252, Jun. 2022, doi: 10.1016/j.aej.2021.09.048. 

[6] S. Nelaturi, and N. Sarma, “CSRR based patch antenna for Wi-Fi and WiMAX applications,” Advance Electromagnetics, vol. 7, 

no. 3, pp. 40-45, Aug. 2018, doi: 10.7716/aem.v7i3.700. 
[7] A. Boutejdar and B. I. Halim, "Design of multiband microstrip antenna using two parasitic ring resonators for WLAN/WiMAX 

and C/X/Ku-Band Applications," 2019 IEEE International Electromagnetics and Antenna Conference (IEMANTENNA), 2019, 

pp. 046-050, doi: 10.1109/IEMANTENNA.2019.8928814. 
[8] R R. Marques, F. Mesa, J. Martel, and F. Medina, "Comparative analysis of edge-and broadside-coupled split ring resonators for 

metamaterial design - theory and experiments," in IEEE Transactions on Antennas and Propagation, vol. 51, no. 10, pp. 2572-

2581, Oct. 2003, doi: 10.1109/TAP.2003.817562. 
[9] J. D. Baena et al., "Equivalent-circuit models for split-ring resonators and complementary split-ring resonators coupled to planar 

transmission lines," in IEEE Transactions on Microwave Theory and Techniques, vol. 53, no. 4, pp. 1451-1461, Apr. 2005, doi: 

10.1109/TMTT.2005.845211. 
[10] P. R. Satarkar and R. B. Lohani, "Design and characterization of coaxial feed circular patch antenna on a metamaterial substrate," 

2020 Fourth World Conference on Smart Trends in Systems, Security and Sustainability (WorldS4), 2020, pp. 424-427, doi: 

10.1109/WorldS450073.2020.9210420. 
[11] M. A. Hindy, R. Elsagheer, and M. S. Ashen, "Circular split-ring resonator (CSRR) left-handed metamaterial (LHM) having 

simultaneous negative permeability and permittivity,” International Journal of Hybrid Information Technology, vol. 10, no. 1, 

pp.171-178, 2017, doi: 10.14257/ijhit.2017.10.1.15. 

https://doi.org/10.1155/2013/215681


Bulletin of Electr Eng & Inf  ISSN: 2302-9285  

 

Characterization of metamaterial based patch antenna for WiMAX application (Pandharinath R. Satarkar) 

2695 

[12] N. Gupta, J. Saxena, and K. S. Bhatia, "Design of metamaterial loaded rectangular patch antenna for satellite communication 
applications,” Iranian Journal of Science and Technology-Transaction of Electrical Engineering, vol. 43, pp. 85-90, Jul. 2018, 

doi: 10.1007/s40998-018-0118-9.  

[13] P. Satarkar and R. B. Lohani, “Design and extraction of parameters of metamaterial cell and its application to enhance the 
performance of patch antenna," Presented at the IETE and ISVE International Science Exhibition Congress Symposium (SECS-

2020, Sept. 2020. 

[14] Prahlad, R. A. Kandakatla, M. Prasanna, A. A. Jugale, and M. R. Ahmed, "Microstrip patch slot antenna design for WiMAX and 
WLAN applications," 2019 3rd International Conference on Trends in Electronics and Informatics (ICOEI), 2019, pp. 810-814, 

doi: 10.1109/ICOEI.2019.8862578. 

[15] N. Engheta and R. W. Ziolkowski, Metamaterials physics and engineering explorations. John Wiley & Sons, 2006. 
[16] Y.-J. Zheng, J. Gao,Y.-L. Zhou,X.-Y. Cao, L.-Ming, “Metamaterial-based patch antenna with wideband RCS reduction and gain 

enhancement using improved loading method”, IET Microwave ,Antenna &Propagation, vol. 11, pp.1183-1189, July 

2017.https://doi.org/10.1049/iet-map.2016.0746. 
[17] S. E. Mendhe and Y. P. Kosta, “Metamaterial properties and application,” International Journal of Information Technology and 

Knowledge Management, vol. 4, no. 1, pp. 85-89, Jun. 2011.  

[18] Y. Liu and X. Zhang, “Metamaterials: a new frontier of science and technology,” Chemical Society Reviews, vol 40, no. 5, pp. 
2494-2507, Jan. 2011, doi: 10.1039/c0cs00184h. 

[19] P. R. Satarkar and R. B. Lohani “Edge Port Excited Metamaterial Based Patch Antennas for 5G Application,” Communications 

and Network, vol.13, no.3, Aug 31, 2021, doi: 10.4236/cn.2021.133009. 
[20] A. B. Numan and M. S. Sharawi, "Extraction of material parameters for metamaterials using a full-wave simulator [education 

column]," in IEEE Antennas and Propagation Magazine, vol. 55, no. 5, pp. 202-211, Oct. 2013, doi: 

10.1109/MAP.2013.6735515. 
[21] S. S. Islam, M. R. I. Faruque, M. T. Islam and T. Alam, "A new mu-negative metamaterial," 2015 2nd International Conference 

on Electrical Information and Communication Technologies (EICT), 2015, pp. 269-272, doi: 10.1109/EICT.2015.7391959.  

[22] F. Falcone, T. Lopetegi, J. D. Baena, R. Marques, F. Martin, and M. Sorolla, "Effective negative-/spl epsiv/stopband microstrip 
lines based on complementary split ring resonators," in IEEE Microwave and Wireless Components Letters, vol. 14, no. 6, pp. 

280-282, Jun. 2004, doi: 10.1109/LMWC.2004.828029. 

[23] K. Yu, Y. Li, and Y. Wang, "Multi-band metamaterial-based microstrip antenna for WLAN and WiMAX applications," 2017 
International Applied Computational Electromagnetics Society Symposium-Italy (ACES), 2017, pp. 1-2, doi: 

10.23919/ROPACES.2017.7916032. 

[24] A. A. A. Deshmukh and K. P. Ray, "Compact broadband slotted rectangular microstrip antenna," in IEEE Antennas and Wireless 
Propagation Letters, vol. 8, pp. 1410-1413, 2009, doi: 10.1109/LAWP.2010.2040061. 

[25] C. A. Balanis, “Microstrip antenna,” Antenna Theory: Analysis and Design, 3 rd ed. John Wiley & Sons, Inc., Publication, 

Hoboken, NJ, 2, vol. 3, pp 811-876, 2005. 
[26] Y. Li and W. Yu, "A miniaturized triple-band monopole antenna for WLAN and WiMAX application,” International Journal of 

Antennas and Propagation, vol. 01, pp. 1-5, Oct.2015, doi: 10.1155/2015/146780.  

[27] P. K. Mishra, T. K. Patnaik, B. P. Panda, R. K. Mishra, and K. C. Rout, "Design and simulating of a compact antenna for 
WiMAX and LTE Application," 2020 International Conference on Computer Science, Engineering and Applications (ICCSEA), 

2020, pp. 1-4, doi: 10.1109/ICCSEA49143.2020.9132919. 

[28] M.. M. Hasan, M. R. I. Faruque, and M. T. Islam, “Dual-band metamaterial antenna For LTE/Bluetooth/WiMAX system, 
"Scientific Reports, vol. 8, no. 1, p. 1240, Jan. 2018, doi: 10.1038/s41598-018-19705-3. 

 

 

BIOGRAPHIES OF AUTHORS  
 

 

Pandharinath R. Satarkar     received AMIE in Electronics and Communication 

Engineering from The Institution of Engineers (India), Kolkata; M.E degree in Electronics and 

Telecommunication Engineering from Goa University Goa, India; and pursuing a Ph.D. in 

Electronics and Telecommunication Engineering from Goa University, Goa, India; His 

research interest included microwave communication, microstrip patch antenna, and different 

types of metamaterials. He has 12 publications in journal and conference proceedings at the 

national and international levels. He is a member of IETE and The Institution of Engineers 

(India). He can be contacted at email: psatarkar10@gmail.com. 

 

  

 

Rajesh Basant Lohani     received BE, ME, and a Ph.D. [Electronic 

Engineering]IIT-BHU Varanasi, He is currently Principal of Goa College of Engineering, 

Farmagudi, Ponda, Goa, India; Government of Goa, Professor in Department of Electronic & 

Telecommunication Engineering, Served as Head of Department (Electronics and 

Telecommunication Department), and Dean, Faculty of Engineering, He has more than 50 

paper publications in journal and conference proceedings at the national and international 

level, and Has filled 7 Indian patents. His research interest included a microwave and optical 

fiber communication, microstrip patch antenna, computational electromagnetics and 

metamaterials, high speed and optoelectronic devices, and electronic instrumentation. R.B. 

Lohani is a fellow of IETE and currently Chairman of IETE, Goa sub-center, life member of 

ISTE, and member of "Computer Society of India." He can be contacted at email: 

rblohani@gec.ac.in. 
+++++++++++++++++++ 

https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijap/
javascript:;
https://www.researchgate.net/journal/2045-2322_Scientific_Reports?_sg=beivKaNgxu4zGCvoUB_U1Mp39I1Tz8h1ZEOXvtyUD0QuhZzi6pAZf3joJRRb7g8n7yyS6Wqkmw5AoogJIVetm4Eaf1tSg6Y.vePzqFppeoJwFIUsQ2w1rTyH4mUmKeuyD-s9Ny0Z08ZD6xH6LyCcUabgtH0BieHlEtq2pzniGSnTizY835e6wQ
mailto:psatarkar10@gmail.com
https://orcid.org/0000-0001-9900-6549
https://scholar.google.com/citations?user=jT9DXKEAAAAJ&hl=en
https://orcid.org/0000-0003-2888-455X
https://scholar.google.com/citations?user=yKUoRswAAAAJ&hl=id&oi=ao
https://publons.com/wos-op/researcher/3850904/rajesh-b-lohani/

