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Introduction
In modern days, with the advancement in the wireless and electronics industry need for 
compact, broadband, high-gain, directional and low-cost antennas has increased very 
much because the antennas are the vital components in wireless communication system 
[1]. Patch antennas are low profile, have a simple geometric structure with the ability 
of easy fabrication on PCB and can be easily integrated with other wireless devices. So, 
these antennas are suitable for current wireless technology [2]. But one of the limita-
tions of these antennas is narrow bandwidth. The bandwidth of patch antenna can be 
improved by embedding different shapes such as U shape and W shape in its ground 
plane [3], using a parasitic patch [4] and increase of substrate thickness. These tech-
niques improve the bandwidth, but it reduces the efficiency of the antenna. Many other 
approaches like the slotted patch antenna technique, defected ground structures, merg-
ing of resonant modes [5], slotted array technique [6], and suspended techniques [7] are 
proposed in the literature. But these approaches have disadvantages of less improvement 
in bandwidth, complex structure, cross-polarization and impedance matching.
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During the last few years, metamaterials have been the intense area of research in 
antenna design to improve antenna performance [8–13]. Metamaterials are artificial 
materials that exhibit properties that do not exist in naturally occurring materials. To 
improve the bandwidth of patch antenna different types of metamaterial [14–18] has 
been used by antenna designers for improving the bandwidth. A MIMO antenna with 
four ports is proposed by Xia Cao et al. [19] using a slotted square ring metamaterial 
structure to improve the bandwidth. Metamaterial-based imaging structure for wire-
less frequency range is presented in [20]. But the limitation of techniques used in these 
research works is that it improves the bandwidth, but it reduces the other performance 
parameters of the antenna and has complex antenna structures.

The main aim of this paper is to design a novel broadband patch antenna using meta-
material without degrading the other performance parameters of the antenna. The pro-
posed technique in this paper uses 11 layers of SRR type MNG type metamaterial which 
are embedded between patch and ground plane. These SRR metamaterial structures are 
embedded in a unique and novel way in the patch antenna to improve the bandwidth of 
the reference patch antenna and make it broadband. The proposed patch antenna has 
wide bandwidth with good performance characteristics.

Methods
Design of reference antenna

A low-cost FR4 epoxy substrate with dielectric constant εr = 4.4 and loss tangent δ = 
0.0025 is chosen for designing of reference antenna. The antenna is modeled and opti-
mized in HFSS software. The optimized geometric parameters of the reference antenna 
are presented in Fig. 1 and fabricated antenna is presented in Fig. 2. From Fig. 3, it can 
be seen that the reference antenna resonates at a frequency of 5.2 GHz with a − 11.68 
dB reflection coefficient (S11) and has a 70-MHz narrow impedance bandwidth. Fig-
ure 4 shows the measured and simulated gain in dB. The antenna has a gain of 4.02 dB 
at resonating frequency. The main drawback of this antenna is that it has a very narrow 
bandwidth and less return loss, which is not suitable for current wireless applications. 

Fig. 1 Geometric structure of optimized reference microstrip patch antenna
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Fig. 2 Fabricated reference patch antenna

Fig. 3 Measured and simulated reflection coefficients of reference patch antenna

Fig. 4 Measured and simulated gain of reference patch antenna
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So, SRR metamaterial is used in this paper to improve the bandwidth and overall perfor-
mance of the antenna.

Design and analysis of unit cell of split ring resonator

A split ring resonator (SRR) comprises two concentric rings of copper printed on substrate 
material. Geometric parameters of SRR are presented in Fig.  5a. Excitation of SRR with 
external magnetic field causes the current to flow from one ring structure to other through 
the slot between them. So, there is flow of very strong displacement current in this struc-
ture. The slots in SRR behaves like distributed capacitance and it behaves like LC circuit. 
The equivalent circuit of unit cell of SRR is presented in Fig. 5b. In equivalent circuit, metal-
lic ring structures are modeled by inductance L and capacitance C = Co/4 (Co/2 = capaci-
tance due to single ring and structure behaves like LC circuit having resonant frequency 
given below as:

SRRs effective permeability can be given as

Unit cell of split ring resonator is modeled and simulated in HFSS as shown in Fig. 6. 
For simulation of SRR metamaterial unit cell boundary conditions are used. Repeated unit 
cell boundary conditions are applied along x and y direction (xy plane) and wave ports are 
applied in z direction as shown in Fig. 6. The S parameters of optimized SRR structure are 
calculated and then permeability and permittivity are extracted from S parameters using 
the Eqs. (3–6).

(1)f =
1

2π
√
LC

(2)µeff = 1−
Fω2

ω2 − 1

CL + i z(ω)ωL

(3)V1 = S21 + S11

Fig. 5 a Geometric structure of unit cell of SRR, Rout = 3 mm, Rin = 2.8 mm, w = 1 mm, s = 1 mm, SL = 10 
mm, Sw = 10 mm, b Equivalent circuit of unit cell of SRR
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Real value of permeability (μr) and permittivity (ϵr) is shown in Fig. 7. From perme-
ability and permittivity graph it can be analyzed that real part of permeability of SRR 
at 5.4 GHz is negative and real part of permittivity is positive and maximum at his 
frequency, so this is MNG type resonating metamaterial. Refractive index 
( n =

√
µε

)

 is product of permittivity and permeability and is negative in this range. 

(4)V1 = S21 − S11

(5)ǫr ≈
2

jkod
×

(1− V1)

1+ V1

≈
2

jkod
×

{

(1− S21 − S11)

(1+ S21 + S11)

}

(6)µr ≈
2

jkod
×

(1− V2)

1+ V2

≈
2

jkod
×

{

(1− S21 + S11)

(1+ S21 − S11)

}

Fig. 6 Simulation model of unit cell of SRR (Unit cell boundary conditions are applied along x and y direction 
and wave ports are applied in z direction)

Fig. 7 Real permittivity and permeability of split ring resonator
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Figure 8a, b shows E-field and the H-field of SRR structure. It shows that when SRR is 
excited with external magnetic field, it causes the current to flow from one ring struc-
ture to other through the slot between them. Hence there is a flow of strong displace-
ment current in SRR structure.

Design and fabrication of proposed SRR‑embedded patch antenna

For designing a broad-band antenna, optimized unit cell of SRRs is placed in between 
the patch antenna and ground plane. For this, the reference antenna substrate thick-
ness is divided in two parts of 0.8 mm. The exploded view of SRR-embedded antenna 
is presented in Fig. 9. Each layer of metamaterial placed under patch consist of four-
unit cell of SRR.

The optimized SRR-embedded antenna consists of 11 layers of metamaterial to achieve 
maximum bandwidth.

The optimized and designed SRR-embedded antenna is fabricated using PCB 
prototyping machine. Figure 10 presents the fabricated SRR layer and Fig. 11 pre-
sents the fabricated proposed SRR-embedded patch antenna with 11 layers of 
metamaterial.

Fig. 8 a E-field of SRR structure. b H-field of SRR structure

Fig. 9 Exploded view of proposed metamaterial (single layer)-embedded patch antenna in HFSS
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Results and discussion
Simulation and measured results of proposed SRR‑embedded patch antenna

The proposed SRR antenna presented in Fig. 11 is simulated and optimized in HFSS. Reflec-
tion coefficient of fabricated antenna is measured using vector network analyzer (VNA). 
The gain and radiation patterns of antenna are measured in anechoic chamber. As the SRR 
is placed under patch, subwavelength modes get introduced in the patch antenna. Effect of 
adding the different layers of SRR underneath the patch is studied extensively in this paper. 
Addition of three layers under patch cause the patch to resonate at 3.8 GHz with imped-
ance bandwidth of 80 MHz as presented in Fig. 12. The antenna has gain of 4.05 dB at this 
frequency as presented in Fig. 12. As the more layers of SRR is embedded under the patch 
it causes more modes to get introduced in patch antenna and resonant frequency also shift 
towards the lower side. Addition of five layers increases the bandwidth of patch antenna 
from 80 MHz to 150 MHz and addition of nine layers introduces one mode at frequency of 
1.8 GHz and other two modes at 3.5 GHz and 4.5 GHz as presented in Fig. 13.

When 11 layers of SRR is added all the three modes introduced by nine layers of meta-
material get merged and broad-bandwidth of 3.25 GHz is obtained. Figure 14 shows the 
simulated and measured reflection coefficient graph of proposed antenna with 11 layers 
of metamaterial. From this graph, it can be seen that antenna resonates between 1.62 
GHz and 4.87 GHz and it covers the wide bandwidth of 3.25 GHz. The return loss of this 
proposed patch antenna improves from − 11.68 dB to − 25.2 dB and has average gain of 
4.5 dB in the resonating frequency range of 1.63 GHz to 4.88 GHz as shown in Fig. 15. 
Addition of more layers of metamaterial underneath the patch does not show further 
improvement in results. Hence, the proposed antenna has 11 layers of SRR under the 
patch. This antenna has good average gain of 4.5 dB in the entire resonating frequency 
range. Figure  16 presents the simulated and measured E-plane and H-plane radiation 

Fig. 10 Fabricated single layer of metamaterial with four SRRs metamaterial

Fig. 11 Fabricated proposed antenna with metamaterial layers placed under it
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pattern of this antenna at 3.5 GHz. Proposed and reference antenna has almost same 
radiation pattern in both planes.

Table  1 provides the comparison of various performance parameters of the refer-
ence antenna and proposed antenna. The conventional reference patch antenna pro-
duces a limited impedance bandwidth of 70 MHz. The SRR metamaterial improves 
the bandwidth of patch antenna significantly from 70 MHz to 3.25 GHz. Thus, band-
width is multiplied by 46.42, which is huge improvement in bandwidth. The return 
loss of antenna also improves after embedding metamaterial and proposed antenna 

Fig. 12 Reflection coefficient and gain of three layers of SRR metamaterial-embedded antenna

Fig. 13 Reflection coefficient of five and nine layers of SRR metamaterial-embedded antenna
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also has good gain in resonating frequency range. Due to introduction of various sub-
wavelength modes in metamaterial-embedded antenna resonant frequency of refer-
ence antenna get shifted to lower frequency range of 1.63 GHz to 4.88 GHz from 5.4 
GHz. All these subwavelength modes get merge and give rise to broad-bandwidth. 

Fig. 14 Simulated and measured reflection coefficient of proposed antenna with 11 layers of metamaterial

Fig. 15 Simulated and measured gain of proposed antenna with 11 layers of metamaterial

Fig. 16 Simulated and measured E plane (a) and H plane (b) radiation pattern of proposed antenna
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Table  2 shows the comparison of proposed work with the other similar works. As 
per comparison, this can be concluded the embedding of SRR layer using proposed 
method gives significant improvement in bandwidth and designing and fabrication of 
proposed antenna is also very simple.

Conclusions
Developments of electronic warfare system and wireless communication in modern 
fast developing technologies include the use of metamaterial in antenna system for 
improving the performance of overall system. A broadband metamaterial-embedded 
antenna is proposed in this paper to adjust with current wireless systems. The pre-
sented antenna covers the frequency band of 1.63 GHz to 4.88 GHz is designed, ana-
lyzed and measured in this research paper. Simulated results shows that the presented 
antenna has bandwidth of 3.25 GHz (1.63–4.88 GHz) and the experimental results 
are close to simulated one. The proposed antenna has significant bandwidth and has 
average gain of 4.5 dB. The other advantages of proposed antenna are that it is cheap, 
simple, can be easy fabricated with PCB machine and can be integrated with other 
wireless devices. The presented antenna can be used for LTE, GSM, WiMAX, Blue-
tooth, and other wireless applications.

Abbreviations
ENG: Epsilion NeGative; GSM: Global System for Mobile Communications; HFSS: High-frequency structure simulator; 
LTE: Long-term evolution; PCB: Printed circuit board; SRR: Split ring resonator; WiMAX: Worldwide Interoperability for 
Microwave Access.

Table 1 Comparison of performance parameters of reference antenna with proposed antenna

S. no. Performance parameters Reference antenna Proposed antenna

1 Resonant frequency 5.2 GHz 1.63–4.88 GHz

2 Bandwidth 70 MHz 3250 MHz

3 Reflection coefficient − 11.68 dB − 25.2 dB

4 Gain 4.05 dB 4.5 dB

Table 2 Comparison of proposed work with other similar works

Sr. no. Reference no. Type of technique used to improve bandwidth Bandwidth 
achieved

1. [14] Double I shaped ENG metamaterial 80 MHz

2. [15] Split ring and metal rods Left-handed metamaterial 1.2 GHz

3. [16] Planar left-handed metamaterial, patterned structures 2.9 GHz

4. [17] Complementary split ring metamaterial structure 1 GHz

5. [5] Merging of three resonant modes 2.07 GHz

6. [6] Slotted array technique 920 MHz

7. [7] Suspended techniques 227 MHz

8. Proposed work Eleven layers of split ring resonator embedded under patch 3.25 GHz
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