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Abstract – A new circular patch antenna with a novel metamaterial structure that achieves high bandwidth and positive gain across 
the operating band. The proposed antenna was Designed by incorporating three split ring resonators into the patch and fabricating 
it with 15 ×10 ×1.6 mm3. The use of a metamaterial structure with negative permittivity and permeability reduced mutual coupling 
in a wideband antenna. The designed antenna shows the isotropic nature at 9.71 GHz in the operating band from 8.80 to 12.89 GHz 
for X band applications specifically for detecting objects using radars. The optimetrics technique analyzed impedance matching with 
a good return loss of -30 dB. In comparison to previous works, miniaturization achieved up to 81.94%. The efficiency of 95.6% and 
isotropic pattern were also achieved at 9.71 GHz using HFSS020R2.
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1. INTRODUCTION

In wireless communication systems, especially mili-
tary radar systems, transmitting and receiving anten-
nas should possess a good gain with an anisotropic 
pattern. It can receive and send the signal without de-
lay, and loss transfers data in all directions. But practi-
cally, it is not possible to design an antenna with broad-
band properties like an Isotropic pattern, i.e., it should 
radiate in all directions equally with positive gain for 
wideband applications like X-band. Devices with fast 
communication and a high data rate are required in 
the new communication era, with no data loss. The 
antenna should have high signal strength and equally 
transmit signals in all directions with less return loss. 
The literature survey clearly explains the contribution 
of different researchers to achieve this challenge. 

 For wide bandwidth communication applications, 
designing antennas play a crucial role. Antenna size 
should be small enough to be compatible with all 
wearable intelligent device applications quickly, so 
miniaturization of the antenna is another challenge for 
wideband applications with good signal strength.

 Many methods are introduced by designing a minia-
turized antenna for Wideband applications with good 
signal strength, i.e., high gain with low return loss. One 
is by taking another artificial material on the antenna. 
There are remarkable changes observed performance 
characteristics of the antenna. The maximum of wide-
band application antennas in the literature shows the 
band. Still, with low signal strength and high return 
loss, those are not suitable for radar and satellite ap-
plications with high data rates and loss in data. 

The key objective of the proposed work is to design a 
miniaturized antenna for wideband application within 
good gain and minimum return loss. A metamaterial 
structure achieves a compact antenna with a positive 
gain throughout the band. The proposed antenna is 
also easy to fabricate and compatible with all planar 
structured device applications, especially for satellite 
and radar applications with highly rigid surfaces.

Many researchers worked to increase the bandwidth 
by using substrates [1-3]. Typically, available materials 
have properties of positive permittivity & permeability. 
Metamaterials are created by introducing new materi-
als with negative permittivity and permeability [4-6]. 
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Researchers who utilized these new artificial materials 
to design antennas observed a significant improve-
ment in antenna parameters.

O. Borazjani [7] used a 4x9 array E.B.G. layer to im-
prove bandwidth for X band applications and achieved 
improvement up to 1.6G Hz with a simple design. Lin 
Peng [8] used Mushroom-Type E.B.G. Complementary 
ring resonator-type meta structures for dual/triple 
band applications. Ahmad A. Gheethan [9] used a 2x2 
collection split ring resonator M.N.G. Deepa Pattar [10] 
to reduce the mutual coupling of linearly and circularly 
polar antenna arrays SRR&CSRR to design an antenna. 
With this, they achieved the X band with a good gain of 
about 10dbi. They returned a loss of 17db. It reduced 
a mutual coupling up to 6db.N. A. Estep [11] used a 
complementary split-ring resonator with negative in-
dex material between (permittivity and permeability) 
from 4.2 to 4.6GHz used to X Band applications. Prince 
Jain [12] used an I-shaped meta-structure for X-band 
applications that resonates between 5 to 15 GHz. They 
observed the FOM for meta-structure, which performs 
the Structure. 

 Bhaskar Reddy [13] used a complementary loaded 
octagonal split ring resonator at operating frequency 
band 3. 33 GHz.they achieved five bands used for Sat-
ellite, Wi-MAX, and X -Band Applications. Mohamed 
Lashab [14] explained electrically small antennas with 
different meta structures explained clearly. Ampavathi-
na Sowjanya [15], Microstrip bandpass filters designed 
using split-ring resonators for X band Applications.

Researchers added artificial material to the antenna 
to improve parameters like gain, bandwidth, and ef-
ficiency. But not able to distribute signals in all direc-
tions with good strength in a wide bandwidth range 
with positive gain used for radar applications. Work 
has been investigated, analyzed, and validated. The 
proposed antenna CP-TCSSR structure attains an excel-
lent wide band, size reduction, positive gain over a fre-
quency band, and isotropic pattern at a particular fre-
quency 9.71GHz. The unique feature of the proposed 
antenna is most appropriate for defense tracking and 
weather monitoring applications. The S.R.R. (split-ring 
resonator) is excited by the impedance matching the 
50ohm transmission line with dimensions of 15 mm 
and a width of 10 mm in the proposed antenna. The 
proposed antenna operated at a wideband frequency 
from 8.80 to 12.89 GHz with positive gain all over the 
band and optimized using the ground plane length. 
Here By varying the ground plane sizes, we finally opti-
mized at 3mm ground length and achieved the highest 
gain at 12 GHz at 3.74 dB.

2. MATERIALS AND METHODS

Metamaterials with unique electromagnetic prop-
erties enable many advantages in antenna design 
in satellite applications. While using the antenna for 
wideband applications, there is an effect of mutual 

coupling, removed by negative index materials. The 
capacitive and inductance nature of the Metamaterial 
gives the bandgap frequency,

(1)

2.1. DESIgN METHODOLOgy

These steps must be followed while designing the 
antenna for desired applications. The proposed anten-
na design methodology with metamaterial structure is 
explained clearly in Fig.1.

•	 First, we must select the operating frequency for a 
particular application for antenna design.

•	 Design an antenna using a high-frequency struc-
ture simulator and evaluate the antenna.

•	 Design the miniaturized metamaterial structure by 
satisfying the artificial material properties as -ε and -μ.

•	 Now, optimize the antenna parameters by varying 
the position of the meta structure on the antenna 
until the desired antenna requirements are met.

•	 Simulate and analyze the results. Fabricate the an-
tenna with the final consideration of the design 
structure.

Finally, the miniaturized antenna is designed for a 
wide band with positive gain and low return loss. 

2.2. ANTENNA DESIgN & CONfIgURATION

In this session, we proposed a miniaturized antenna 
with a length of 15 mm and a width of 10mm circular 
antenna with FR4 Epoxy as substrate ɛr=4.4 with 1.6 mm 
thickness. The circular patch is designed with a radius of 
1.8 mm, a feed line of 6mm, and a width of 1 mm is used.

fig. 1. Design methodology structure of an antenna
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(2)

(3)

(4)

(5)

Consider the circular antenna with the radius 'r' and 
effective radius 'ar.' taking the effective radius into ac-
count, antenna radiation characteristics are improved 
in relationships of the return losses, gain, and band-
width [27]. The design formulas are below.

2.3. DESIgNINg Of THE pROpOSED ANTENNA

The antenna was designed with the dimensions 
shown in Table 1. This antenna is made from a circu-
lar patch with a radius of R1=1.8 mm. Regarding that 
patch, We added three split ring resonators of various 
radii, R2, R3 & R4, with 2.18 mm,3 mm & 4 mm, respec-
tively. The 6mm length and 1mm width feed line ex-
cited the patch. We take a rectangular ground plane of 
dimensions 10 mm x 3 mm.

fig. 2. Proposed antenna front view

Fig. 2, 3 signifies the front and bottom view of the 
proposed design antenna. This Structure, wide band-
width operated in the region of the X band from 8.80 
to 12.89 GHz frequency with a positive gain of 3 dB all 

fig. 3. Proposed antenna bottom view

Table 1. Proposed antenna dimensions

S.NO parameter (mm) proposed Antenna

1 L 15

2 W 10

3 L1 6

4 S1 1

5 G1 3

6 R1 1.8

7 R2 2.18

8 R3 3

9 R4 4

2.4. DESIgN pRINCIpLE

The design of a circular patch antenna is considered 
an equivalent circuit as follows.

fig. 4. Patch equivalent circuit

Fig. 4 shows the series combination of the circular 
patch's inductance, capacitance, and resistance, de-
noted by Lp, Cp &Rp, respectively

fig. 5. Three split ring resonators equivalent circuits

fig. 5. represents the S.R.R. (Split Ring Resonator) 
equivalent circuit with radius Rn, where 'n' character-
izes the nth ring resonator. Each ring resonator has a 
parallel combination of inductance LRn and capaci-
tance CRn. Here are three-ring resonators with three 
different radii, R2, R3 & R4, and having a similar variety 
of inductance & capacitance LR2 & CR2, LR3 & CR3. LR4 & 
CR4, respectively. Fig. 6 shows the equivalent circuit of 
the antenna.

over the band. Return loss is observed as very low at 
9.71 GHz and 12 GHz ranges. Ground plane length G1 
also varied and got optimized at 3 mm.
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fig. 6. Equivalent circuit of the proposed antenna

The coupling capacitor is denoted by the term Cc in 
this context. Each ring resonator is connected in series. 

The resonance frequencies are [19],

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

The following circuit component parameters are as 
LR3=2.5 nH, LR4=7.0 nH, LR4=12.0 nH, Lc1=1.75 nH, 
Lc2=0.5 nH, Lc3=0.02 nH, CR2=0.108 pF, CR3=0.029 pF, 
CR4=0.05 pF, Cc1=1.6 pF, Cc2=0.0362 pf. The resonance 
frequency of metamaterial structure F.M. is 8.524 GHz. 
The patch circuit frequency can be expressed as follows,

(20)

(21)

3. RESULTS

This session covered S11 parameter extraction based 
on ground length, antenna gain, and antenna radiation 
pattern, as it varies with operating frequency. The ses-
sion concludes by discussing the comparison of simu-
lated and measured results.

3.1. ANTENNA'S gROUND pLANE 
 OpTIMIzATION

The antenna must be effective enough to transmit 
the signal. Impedance matching is critical in many of the 
techniques used for this. We used simple optimetrics by 
varying the antenna length factor from 3 mm to 5 mm.

G1 is 3mm in length and has a wide bandwidth range 
from 8.80 GHz to 12.89 GHz with a return loss of -25 dB.

By changing the length G1 of the ground plane to 
4mm and observing the antenna resonating at fre-
quencies 8.43 GHz to 10.64 GHz, and 11.58 to 12.92 
GHz with -17 dB & -29 dB, respectively shown in Fig. 7.

fig. 7. Ground plane effect on S11 at G1 is 4 mm

fig. 8. Ground plane effect on S11 at G1 is 5 mm

The antenna's resonance frequency was 10.39 GHz, 
with the values of Lp , CP & CC as 2.5nH,1.5 pF & 0.1 pF 
respectively. 

Half power frequencies in L.C.R. series circuits are F.M. 
& F.P. taken as,
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fig. 9. S11 plot of the antenna at G1=3mm

The circular patch antenna with TSRR got optimized 
at 3mm. Fig. 9 shows the S11 plot of an antenna at an 
optimized ground length of 3mm, where achieved 
wide bandwidth with good Return Loss of -31 dB at 9.8 
GHz and -24 dB at 12.5 GHz.

3.3. pROpOSED ANTENNA VOLTAgE  
 STANDINg WAVE RATIO (VSWR)

The crucial parameter,i.e., impedance matching, is 
measured with the VSWR 

The VSWR of proposed antennas also varied at the 
acceptable value, i.e., 1.5 at the 9.71 GHz frequency 
range shown in Fig.10.

fig. 10. VSWR plot of antenna

fig. 11. Proposed antenna's gain plot at 9.71 GHz

3.4. ANTENNA'S gAIN

The gain of the proposed antenna is positive through-
out the operating band. Below, Fig. 11 & 12 shows the gain 
plots of the antennas at 9.71 GHz & 12 GHz, respectively.

fig. 12. Proposed antenna's gain plot at 12 GHz

The circularly polarized patch antenna has good im-
munity to signals in all directions, and its gain makes 
orientation in a particular focus possible. Fig. 11 shows 
a 3.1 dB gain of 9.71 GHz, and Fig. 12 offers the highest 
gain at 12 GHz at 3.74 dB for the proposed antenna.

3.5. gAIN VS. fREqUENCy pLOT

The below fig 13. represents the plot for frequency 
vs. gain.

fig. 13. Gain vs. Frequency plot

Here proposed antenna achieved a positive gain all 
over the X- band from 7.76 to 12.8 GHz. At phi 0 de-
grees and theta 0-degree direction, we got a maximum 
increase of 2 dB at 12 GHz.This is used for military and 
commercial applications.

3.6. RADIATION pATTERN

A circular patch has the advantage of having the sig-
nal distribution with equal signal strength in all direc-
tions possible.

By Changing the length G1 of the ground plane to 
5mm, then observed antenna resonating at dual-band 
frequencies from 11.8 to 13 GHz with return loss -18 dB, 
respectively, shown in Fig. 8.

3.2. REfLECTION COEffICIENT S11 
 ExTRACTION

The proposed antenna is operated at a frequency 
from 8.80 GHz to 12.95 GHz.
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fig. 14. Proposed antenna 
radiation pattern at 9.71 GHz

This determines the signal strength towards the par-
ticular direction, which detect the object's location. 
Isotropic pattern radiates equally in all directions, tak-
ing as a reference for other sources to compare. The 
proposed antenna got an isotropic radiation pattern 
at 9.71 GHz, which is the unique advantage of the pro-
posed antenna used for Radar applications.

4. fAbRICATION RESULTS

The designed and simulated antenna with dimen-
sions 15 x 10 mm2 is fabricated using substrate FR4 
Epoxy of thickness 1. 6 mm. The front view of the fabri-
cated antenna is shown below in Fig. 15.

fig. 15. Fabricated Antenn 
 a) prototype b) vector analyzer setup

a) b)

Vector Network Analyzer used for testing the Fabri-
cated antenna. The below fig shows the comparison of 
the simulated and fabricated results.

Fig. 16 shows the simulated and measured param-
eters S11 & VSWR are compared and achieve the ap-
propriate, acceptable range.

The comparison of the measured frequency band 9.41 
GHz-12.95 GHz to the simulated frequency band 8.80 
GHz - 12.89 GHz, covering extra X-band, is achieved.

5. DISCUSSION

Table 2. gives the comparison of results thus ob-
tained by the proposed antenna and previous works. 
Compared to the [7,13,21], The bandwidth has been in-
creased. And antenna has a higher gain than previous 
works [20,21]. Compared to [7,20,21], miniaturization 
of the antenna also achieved an average of 81.94%.   

5.1. LIMITATIONS

The Proposed antenna operated at X-band applications 
with an average gain of 3 dB. The proposed antenna is an 
isotropic radiation pattern for satellite and radar applica-
tions and was non-isotropic at the remaining bands.

Table 2. Comparison of proposed work with 
previous works

Ref Dimensions (mm) frequency bands gain

[7] 30×40 9.7 GHz 0.7 dBi

[10] 13x13 9.5 GHz 4 dBi

[12] 50 × 45 4.5 to 5.33 GHz 
6.98 to 13.65 GHz 15.1 dBi

[13] 15x15

3.33 GHz,  
5.01 GHz,  
5.28 GHz,  

7.46 GHz &  
9.48 GHz

0.4, 0.28, 3.49, 
4.19 & 2.05 

dBi

[17] 24 x50

2.01 to 2.15 GHz, 
7.83 to 8.52 GHz, 

9.91 to 10.01 GHz, 
11.21 to 12.84 GHz

Five dBi

[18] 29.5 x 22

3.5 GHz, 4.41 GHz, 
5.8 GHz, 8.26 GHz, 

10.48 GHz  
13.35 GHz and 

14.42 GHz

2.68 dBi

[19] 45 × 31 2.2 GHz to 9.8 GHz 5 dBi

[20] 30x30 8 to 12 GHz 2 dBi

[21] 20x30 8 to 12 GHz 2 dBi

Proposed 15x10 8.80 to 12.89 GHz 3.74 dBi

6. CONCLUSION AND fUTURE SCOpE

In this paper, a Miniaturized Metamaterial-based X-
band range antenna is fabricated and simulated. We got 
wideband nature by adding Three split-ring resonators 
to the circular patch. The proposed Structure has been 
miniaturized by 81.94%, adding Split rings to the circular 
patch. Because of the circular patch signal strength equal, 
i.e., isotropic in all directions, achieved at 9.71 GHz fre-
quency and addiction of negative index materials, mutual 
coupling at the wideband is reduced and achieved a posi-
tive gain of 3dB all over the X band ranging from 8.80 GHz 
to 12.89 GHz, And also discussed the optimetrics of the 
Ground plane. The efficiency of the antenna is 95.6%. The 
Fabricated and simulated results are nearly identical and 
valid for X-band applications. Adding metasurfaces and 
fractal techniques will improve the antenna's gain. It will 
be helpful in Radar array applications.



27Volume 14, Number 1, 2023

7. REfERENCES: 

[1] M. Li, N Behead, "Ultra-wideband, true-time-delay, 

metamaterial-based microwave lenses”, Proceedings 

of the 2012 IEEE International Symposium on Anten-

nas and Propagation, Chicago, IL, USA, 8-14 July 2012, 

pp. 1-2. 

[2] R. J. Hadi, C. Sandhagen, A. Bangert, "Wideband high-

gain multilayer patch antenna-coupler with metama-

terial superstrate for x-band applications”, Proceedings 

of the 44th European Microwave Conference, Rome, 

Italy, 6-9 October 2014, pp. 636-639.

[3] B. P. Mishra, S. Sahu, S. K. S. Parashar, S. K. Pathak, "A 

compact wideband and high gain GRIN metamaterial 

lens antenna system suitable for C, X, Ku band applica-

tion." Optik, Vol. 165, 2018, pp. 266–274.

[4] G. V. Veselago, "The Electrodynamics of Substances 

with a Simultaneously Negative value of epsilon and 

Mu”, I.O.P. Science, Vol. 10, 1968, pp. 509-514.

[5] D. J. Robbins, Pendry J.B, J Stewart W, A. J. Holden, 

"Magnetism from Conductors and Enhanced Non-

Linear Phenomena”, IEEE Transactions on Microwave 

Theory and Techniques, Vol. 47, 1969, pp. 2075-2084.

[6] R. D. Smith, C. M. Soukoulis, D. C. Vier, T. Koschny, 

"Electromagnetic parameter retrieval from inhomoge-

neous metamaterials”, Physical Review, Vol. 71, 2005, 

pp. 1-17.

[7] R. A. Sadeghzadeh, O. Borazjani, M. Naser-Moghada-

si1, J. Rashed-Mohassel "Bandwidth improvement of 

planar antennas using a single-layer metamaterial 

substrate for X-band application”, International Jour-

nal of Microwave and Wireless Technologies, Vol. 1, 

2020, pp. 1-9.

[8] L. Peng, Z.-Q. Li, C.-L. Ruan "A Novel Compact and 

Polarization-Dependent Mushroom-Type E.B.G. Using 

CSRR for Dual/Triple-Band Applications", IEEE Micro-

wave and Wireless Components Letters, Vol. 20, No. 9, 

2010, pp. 489-491.

[9] Ahmad A. Gheethan, IEEE, Paul A. Herzig, Gokhan 

Mumcu, "Compact 2 2 Coupled Double Loop G.P.S. 

antenna Array Loaded with Broadside Coupled Split 

Ring Resonators", IEEE Transactions on Antennas and 

Propagation, Vol. 61, No. 6,2013, pp. 3000-3008.

[10]  D. Pattar, P. Dongaokar, S. L. Nisha, S. Amith, "Design 

and Implementation of Metamaterial Based Patch an-

tenna", Proceedings of the IEEE International Confer-

ence for Innovation in Technology, Bengaluru, India, 

6-8 November 2020, pp. 6-8.

[11] A. N. Estep, A. Alù, A. N. Askarpour, "Experimental 

Demonstration of Negative-Index Propagation in a 

Rectangular Waveguide Loaded with Complementary 

Split-Ring Resonators", IEEE Antennas and Wireless 

Propagation Letters, Vol. 14, 2015, pp. 119-122.

[12] P. Jain et al., "I-shaped Metamaterial Antenna for X-

band Applications”, Proceedings of the Progress In 

Electromagnetics Research Symposium - Spring, St 

Petersburg, Russia, May 2017, pp. 2800-2803.

[13] V. Y B. Reddy, A. M. Prasad, K. V. Swamy, "Metamate-

rial Inspired Compact Penta-band antenna For Wi-

MAX, WLAN, Satellite band and X-band Applications", 

Proceedings of the IEEE International Conference on 

Electronics, Computing and Communication Technol-

ogies, September 2020, pp. 1-6.

[14] M. Lashab, N. A. Jan, F. Benbdelaziz, C. E. Zebiri "Elec-

trically Small Planar antennas Based on Metamaterial", 

Antenna Fundamentals for Legacy Mobile Applica-

tions and Beyond,, Springer International Publishing, 

Vol. 4, 2018, pp. 71-98.

[15] A. Sowjanya, D. Vakula, "Microstrip Band Pass Filter Us-

ing Symmetrical Split Ring Resonator for X band Ap-

plications", Proceedings of the IEEE Indian Conference 

on Antennas and Propogation, July 2019, pp. 1-4.

[16] S. Khan, T. F. Eibert, "A Multifunctional Metamaterial-

Based Dual-Band Isotropic Frequency-Selective Sur-

face", IEEE Transactions on Antennas and Propagation, 

Vol. 66, No. 8, 2018, pp. 4042-4051. 

[17] N. Gunavathi, S. P. J. Christydass, "CSRR Inspired one x2 

Metamaterial MIMO antenna for X- Band Application", 

International Journal of Advanced Science and Tech-

nology, 2020, pp. 5880-5888.

[18] M. Kumar, R. K. Saraswat, "A metamaterial loaded hy-

brid fractal multiband Antenna for wireless applica-

tions with frequency band reconfigurability character-

istics”, Frequenz, Vol. 74, No. 11-12, 2020, pp. 401-416.

[19] E. A. Serria, M. I. Hussein, "Implications of Metamaterial 

on Ultra-Wide Band Microstrip antenna Performance", 

Crystals, Vol. 10, No. 8, 2020.

[20] M. Vinoth, R. Vallikannu, "Design and Analysis of Meta-

material Patch antenna 5G and X Band Applications”, 

Proceedings of the International Conference on Com-

puter Communication and Informatics, 2021, pp. 1-6.

[21] R. Kiruthika, T. Shanmuganantham, "Comparison of 

Different Shapes in Microstrip Patch antenna for X-

band Applications”, Proceedings of the International 

Conference on Emerging Technological Trends, Kol-

lam, India, 21-22 October 2016, pp. 1-6.


