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ABSTRACT A gap coupled hexagonal split ring resonator (GCHSRR) based metamaterial is presented in

this paper for S-band andX-bandmicrowave applications with absorptance. This gap coupled hexagonal split

ring resonator is the amendment of the typical split-ring resonator (SRR). Three interconnected hexagonal

split ring resonators are applied with a stripline to increase the electrical length and coupling effect of the

GCHSRR. SRR has an impact on the extraction of effective parameters such as permittivity, permeability

and refractive index. The dimension of the proposed GCHSRR unit cell is 10×10 mm2, which is printed on

low-cost FR4material. The transmission frequency of the proposedGCHSRR unit cell ranges from 3.42GHz

to 3.73 GHz and 11.27 GHz to 11.91 GHz, which makes the metamaterial applicable for S-band and X-band

microwave applications. The GCHSRR unit cell has a double negative regime of 7.92 GHz to 9.78 GHz with

an effective negative refractive index regime of 6.30 GHz to 10.22 GHz and 11.97 GHz to 12.61 GHz. The

effective medium ratio is 8.4, which implies the novelty of the proposed design. Moreover, the GCHSRR

has high absorption peaks of 99%, 98%, and 81% at 4.27 GHz, 5.42 GHz, and 12.40 GHz, respectively.

An 18×20 GCHSRR array structure is also designed and studied. The effective parameters and the effective

medium ratio with a high absorptance make the proposed GCHSRR based metamaterial suitable for practical

microwave applications.

INDEX TERMS Split ring resonator, metamaterial, absorptance, effective medium ratio.

I. INTRODUCTION

Wave-matter interactions like X-ray diffraction, infra-red

spectroscopy or magnetic resonance lead to the advent of a

new area of artificial media, which is called metamaterials.

The metamaterial is the artificially engineered object that

is organized on scale of operating wavelength, and that

induces a new macroscopic characteristic by interacting with

the waves. Taming magneto-optical nonreciprocal phenom-

ena and tailoring the light wave dispersion is the unique

way that might be provided by the metamaterials [1], [2].

The associate editor coordinating the review of this manuscript and

approving it for publication was Lin Peng .

Metamaterials that can provide unique properties such as

electrical and magnetic resonance, negative refractive index,

cloaking, etc., are called left-handed materials (LHM). LHM

can be categorized as double negative metamaterials (DNG)

and single negative metamaterials (SNG), often formed by

the split ring resonators (SRR) [3], [4] and embedded con-

ducting thin wires for a specific frequency range. DNG

has unique properties of negative refractive index including

both negative permittivity and permeability where single

negative metamaterial has either negative permittivity or neg-

ative permeability accompanied by constant evanescent wave

propagation [5], [6]. For displaying the basic resonant mode,

SRR is the key component where the resonant frequency is
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determined by its geometrical structure that leads to

microwave and millimeter frequency regimes with electric

permittivity and magnetic permeability [7], [8]. A new form

of single negative metamaterial has been developed and

investigated to demonstrate the negative effective parameter

behavior in the microwave and millimeter frequency range

for sensing applications [5]. For electromagnetic shielding,

a compact meander line elliptic split ring resonator based

metamaterial is designed and developed at [9]. This paper

analyzes the actual absorption and concludes the acceptabil-

ity as an ideal candidate in WiMAX, the WLAN industry

for microwave applications. A tri-band metamaterial unit cell

has been designed and developed at [10] where the absorp-

tion efficiency with the operating bandwidth in C, X, and

Ku-band has explicated. Electromagnetic (EM) wave

absorber absorbs EM energy as a functional material. The

metamaterial absorber is a new kind of EM absorber that

is composed of electrically small units. These metamate-

rial absorbers are convenient for wireless communication

systems like cognitive radio networks, intelligent radar sys-

tems, etc [11]. A metamaterial absorber for X-band is pre-

sented at [12], where the results show 75% absorption.

Ultra-broadband metamaterial absorber is presented at [13],

where the initial absorption 75% that has further been

pushed to 92% absorption efficiency in themicrowave region.

A triple band ultrathinmetamaterial has been proposed at [14]

where the absorption peaks are at 3.25 GHz, 9.45 GHz and

10.90 GHz with above 90% absorption. This structure has

the wide angle and polarization stability that can be used in

C-band and Ku-band applications. Various extensive research

has also been performed in terahertz region for the multiband

metamaterial absorber. A thin frequency selective surface

based on rectangular SRR has been proposed at [15] where

the metamaterial is composed of subwavelength electromag-

netic structures which operates at X-band and Ku-band. This

structure has usage in antireflection coatings, sensors and

radiators. As compactness of the metamaterial is an important

issue, effective medium ratio (EMR) has been described as

the solution where it indicates the ratio of the wavelength

and the dimension of the metamaterial unit cell. A resonator-

basedmetamaterial for microstrip technology with EMR 4.76

is explained at [16], where it covers the L-band. A new

composite metamaterial for multi-band communication with

an EMR of 7.44 is described at [17].

In this paper, a gap coupled with hexagonal split ring

resonator (GCHSRR) based metamaterial has been pro-

posed for S-band and X-band microwave applications. DNG

region has been found from 7.92 GHz to 9.78 GHz with

effective negative refractive index region of 6.30 GHz to

10.22 GHz and 11.97GHz to 12.61 GHz. The assessment of

the proposed unit cell structure’s negative index properties,

compactness and bandwidth are evaluated by EMwave prop-

agation. The proposed GCHSRR unit cell’s effective medium

ratio is 8.4 that defines the compactness and acceptability.

However, the effective absorption peaks are 99%, 98%, and

81% for 4.27 GHz, 5.42 GHz, and 12.40 GHz, respectively.

In addition, GCHSRR unit cell and its array structure of 1×1

and 2 × 2 unit cell have been analyzed in order to check

the similarity with the identified effective parameters. The

proposed GCHSRR unit cell exhibits the single and DNG

characteristics at S-band and X-band, respectively. To vali-

date the performance of the simulated andmeasured results of

the proposed GCHSRR unit cell and it 18×20 unit cell array

structure, waveguide ports and horn antennas have been used

to measure which shows a good agreement among the results.

II. DESIGN PROCEDURE OF UNIT CELL STRUCTURE

A gap coupled hexagonal split-ring resonator (GCHSRR)

metamaterial unit cell is presented in Figure 1. SRR is one

of the widely applied artificial magnetic materials [18], and

it consists of circular, rectangular, spiral, omega, etc. metallic

rings, which are printed in a dielectric medium. Each of the

forms has its coupling effect based on its shape, and elec-

tromagnetic properties such as circular shape have edge cou-

pling effect, rectangular shape has broadside coupling effect,

etc. In addition, a single split ring resonator possesses bian-

isotropic responses, and cross-polarization effects as electric

field excite the magnetic dipole moment. These bianisotropic

behavior and cross-polarization effects are eliminated if there

is any broadside nature of the metallic rings [19]–[21]. Thus,

the hexagonal shaped SRR has been proposed. As it has

broadside nature in its shape, it can eliminate the bian-

isotropic responses and cross-polarization effects in the

dielectric medium. Another reason to choose hexagonal

shape is that additional capacitive loading is created in

this structure with achieving stronger resonance behavior.

Furthermore, significant miniaturization factors [22], [23]

can also be achieved by this proposed hexagonal-shaped

SRR. The dielectric substrate material is FR4, where the

dielectric constant is 4.4, thickness is 1.6mm, and loss tangent

FIGURE 1. The geometric configuration of the unit cell.
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is 0.02, respectively. The thickness of the metal in SRR is

0.035 mm, and it is accountable to fix the resonance fre-

quency with capacitance and inductance. The copper-based

ring resonator is printed on the FR4 substrate material cre-

ates electromagnetic radiation and matches the impedance.

Frequency domain-based EM simulator software CST is

applied to design and analyze the properties of the proposed

GCHSRR unit cell. The design specifications of the pro-

posed GCHSRRmetamaterial unit cell structure is illustrated

in Table 1.

TABLE 1. Parameters of proposed unit cell.

The step-by-step design mechanism of the proposed

GCHSRR metamaterial unit cell with the scattering param-

eters has been analyzed through the design mechanism.

Figure 2 (a) and Figure 2 (b) represents the reflection and

transmission coefficient of different splits, from single split

to multiple splits and their connections. It is noticeable that

the proposed GCHSRR unit cell has the maximum resonance

in frequency bands with good scattering values.

III. EFFECTIVE MEDIUM PARAMETERS AND

MEASUREMENT TECHNIQUE

The frequency domain-based EM simulator software CST

microwave studio is used to calculate the effective medium

parameters of the proposed GCHSRR unit cell and its unit

cell array structures where the unit cell and array structure

are placed in between positive Z-axis and negative Z-axis

waveguide ports and energized towards the Z-axis by the

electro-magnetic wave shown in Figure 3. To get the ideal

electromagnetic field, the direction has been set in X-axis

and Y-axis for the boundary conditions. An electric field is

tangent to the inclusions, and magnetic field is normal to

the surface structure where these characteristics direct the

metamaterial’s responses. The PEC boundary conditions has

been applied in two ways, (i) perpendicular to the electric

vector with upper and lower side of GCHSRR unit cell,

and (ii) perpendicular to the magnetic vector with back and

front side of GCHSRR unit cell.

The open add boundary has been used for operating in the

free space. A distance of 2D2/λ (D: diameter of the antenna

and λ: free space wavelength) is used to extend the open

add space boundary condition, which helps to investigate the

electric field in the near field region. Therefore, it is possible

to examine the field characteristics of resonant frequencies

by incorporating different fields such as electric, magnetic

FIGURE 2. (a) Reflection coefficient and (b) transmission coefficient
analysis.

FIGURE 3. The boundary condition of the proposed GCHSRR unit cell
structure for simulation.

and open space at each wall. Frequency-domain solver with

tetrahedral mesh is adopted to simulate the unit cell and

array structures from 2 GHz to 13 GHz with a 50-ohm set

impedance.

Nicolson-Ross-Weir (NRW) method is one of the most

popular methods in electromagnetic characterization of the
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metamaterials based on the reflection and transmission mea-

surements of the specimen under test. The impedance and

wave velocities are the parameters to retrieve the properties

of the metamaterials. NRW method has been used to extract

effective medium parameters from the usual incidences of

scattering parameter data [24]. The NRW method starts with

the implementation of the composite terms V1 and V2, where

the scattering parameters are added and subtracted.

V1 = S21 + S11 (1)

V2 = S21 − S11 (2)

T = X ±
√

X2 − 1 (3)

T represents the Interface Reflection Coefficient. The scatter-

ing parameters S11 and S21 of the unit cell can be calculated

as follows to extract the effective parameters. , , and represent

the permittivity, permeability and refractive index respec-

tively. k0 and d represent the wave number and thickness of

the substrate.

S11 =
(1 − Z2)T

1 − T 2Z2
(4)

S21 =
(1 − T 2)Z

1 − T 2Z2
(5)

εr =
2

jk0d

1 − S21 + S11

1 + S21 − S11
(6)

µr =
j2S11

jk0d
+ µ0 (7)

ηr =
2

jk0d

√

(S21 − 1)2 − S211

(S21 + 1)2 − S211
(8)

An Agilent N5227 Vector Network Analyzer (VNA) con-

nected with waveguide ports to co-axial adapters have been

used to measure the scattering parameters (reflection and

transmission coefficient) of the proposed GCHSRR unit cell

structure. Waveguides have been used for the frequency

ranges of 3.42-3.73 GHz and 11.27-11.91 GHz, respectively.

The electromagnetic waves scatter along the z-directions

as the proposed unit cell is placed in between different

waveguide port, which is shown in Figure 4. The Agilent

N4694-60001 calibration kit is used to calibrate the VNA for

measurement accuracy.

IV. EQUIVALENT CIRCUIT MODEL

The approximated equivalent circuit representation of the

proposed unit cell is shown in Figure 5(a). The Transmission

line formula has been used to form the proposed GCHSRR

unit cell as, where a series of RLC circuit is reflected by a

single patch. This is called the passive LC circuit that interacts

with the resonance frequency.

The following equation refers to the relation between the

resonance frequency and LC circuit [2],

f =
1

2π
√
LC

(9)

L and C are lumped inductance and capacitance. The split

within the metal loop indicates capacitance and inductance.

FIGURE 4. Experimental setup for S-parameters measurement of GCHSSR
Unit Cell.

FIGURE 5. (a) Equivalent circuit of GCHSRR Unit Cell and (b) reflection
and transmission coefficient of the proposed GCHSRR unit cell equivalent
circuit.

Splits and electric field combinedly forms the electric reso-

nance where magnetic fields and magnetic loops combinedly

form the magnetic resonance. Both situations happen when

the EM wave propagates within the structure. The following

formula represents the capacitance.

C = ε0εr
A

d
(F) (10)
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ε0 presents free space permittivity, εr presents relative per-

mittivity. A presents the area of the splits and d presents

the split length. The equivalent inductance is determined in

accordance with the concept of the transmission line principle

described in [2].

L(nH ) = 2×10−4l[ln(
l

w+t
)+1.193+0.02235

w+t
l

]Kg

(11)

where l, w and t are the length, width and thickness of

microstrip line, correction factor, Kg is 0.57-0.145lnw
′

h′ ,

where w’ and h’ represents the width and thickness of the

substrate. Theremust be an evaluation of internal and external

inductance to assess the maximum inductance.

Since the reflection coefficient (S11) shows that there are

multiple resonance frequencies, so field distribution and sur-

face current form major impact with respect to the equivalent

circuit. Initially, Equation 10 and Equation 11 have been used

to calculate the L and C magnitudes of the designed circuit.

After that the approximated unit cell circuit with calculated

values was designed in electromagnetic simulation software

ADS for extracting the scattering parameter values. Finally,

the optimized values of L and C were achieved which is

shown in Figure 5(a). The scattering parameter results of the

proposed GCHSRR unit cell equivalent circuit model present

in Figure 5(b). C1 to C4 capacitance is the dominating res-

onance component. Each hexagonal shape microstrip patch

arm similar to series RLC circuit and connected through

common node showing single resistor and inductor. Both

electric and magnetic field have the approximately similar

field distribution with some variation in TEM propagation.

However, in H-field at that instant, a strong magnetic field

exists while forming orthogonal propagation of wave. Hence,

this unit cell shows multiple resonance frequencies with good

scattering parametric values.

V. ELECTROMAGNETIC FIELD AND SURFACE CURRENT

DISTRIBUTION ANALYSIS

The electric field for 11.67 GHz and 3.56 GHz is shown

in Figure 6, where the electric field represents the current

density. The electric field is higher at the outer hexagonal

structure for 11.67GHz where it is lower in the outer hexag-

onal structure for 3.56GHz. The capacitance and electric

resonance are generated due to the splits of the proposed

FIGURE 6. Electric Field at 3.56 GHz and 11.67 GHz, Respectively.

shape. The magnetic field for 11.67 GHz and 3.56 GHz is

shown in Figure 7. It is noted that there must be opposite

excitation between the electrical field and the magnetic field.

The electric field and the magnetic field show the opposite

excitation for both 3.56 GHz and 11.67 GHz that meets the

Maxwell equation criterion. The excitation in the surface

current distribution for 3.56 GHz and 11.67 GHz is shown

in Figure 8 where the intensity of the currents is expressed by

different colors. The inner surface of the hexagonal resonator

has the lesser current intensity compared to the outer surface

of the hexagonal structure. It is noticeable that the outer

hexagonal resonator contains stronger current intensity for

11.67 GHz compare to the outer hexagonal resonator for

3.56 GHz.

FIGURE 7. Magnetic Field at 3.56 GHz and 11.67 GHz, Respectively.

FIGURE 8. Surface Current at 3.56 GHz and 11.67 GHz, Respectively.

DNGmetamaterial characterized by two complex constitu-

tive parameters named permittivity (ε) and permeability (µ).

The relations within their real and imaginary part are given in

Equation 12 and Equation 13. ε’ andµ’: Real part, ε’’ andµ’’:

Imaginary part,

ε = ε′ + iε′′ (12)

µ = µ′ + iµ′′ (13)

Equation 14 and Equation 15 represents the Maxwell’s equa-

tions on left hand rule in the differential form,

∇ × E = −
∂B

∂t
(14)

∇ × H =
∂D

∂t
(15)

and the two constitutive relations to the applied fields, µ0

B = µ0µH (16)

D = ε0εE (17)
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DPSmedium does not exhibits non-standard electromagnetic

effects of reflection and refraction of the backward waves

whereas it only exists in the DPS-DNG medium interface.

The propagation of electromagnetic waves in any complex

structure contains both DNG and DPS media. Figure 9 repre-

sents the DPS- DNG slabs where artificial, lossy DNG slab is

placed between two natural, lossy DPS slabs of Air substrate

that are analyzed through electromagnetic wave propagation.

The dimension of the DPS slabs is the same as the proposed

GCHSRR unit cell, and it contains the constitutive parameters

of ε = 1 and µ = 1.

FIGURE 9. DPS-DNG-DPS slab.

The electric andmagnetic field intensity distribution for the

DNG media are captured and compared against the reference

case of two DSP slabs shown in Figure 10. Negative refracted

waves in theDNG slabs and backwardwave propagation have

been an observing fact. As the permittivity and permeability

are negative, the electromagnetic wave propagation inside the

DNG medium is permissible.

VI. PARAMETRIC ANALYSIS OF THE PROPOSED GCHSRR

UNIT CELL STRUCTURE

Effective medium parameters with electromagnetic charac-

teristics have been extracted from the NRW method and

direct refractive indexmethod (DRI). The parametric analysis

of the proposed GCHSRR unit cell and its unit cell array

structure has also been performed in this study. Scattering

parameters such as the reflection coefficient and transmis-

sion coefficient have been analyzed through the parametric

studies of the proposed GCHSRR unit cell. The analysis

has been performed based on connecting the gaps between

the splits. It is noticeable that the proposed structure covers

the maximum bands with multiple resonance frequencies

for both reflection and transmission coefficient which is

shown as Figure 11. The short-range coupling in metama-

terial occurs due to the nearest resonators. The gaps of the

SRR does the electric field coupling and the circumference

does the magnetic field coupling depending on the near field

characteristics. In Figure 12 (a), MM1 is the 1 × 2 array

structure. MM2 and MM3 are symmetrical with facing each

other. Besides, MM4 has asymmetrical coupling. In terms of

decreasing the distance, there has been a significant change in

the transmission coefficient which is shown in Figure 12 (b).

The resonance has been shifted, and only one transmission

FIGURE 10. Electromagnetic wave interaction within DNG medium
(a) E-Field at 3.56 GHz (b) H-Field at 3.56 GHz (c) E-Field at 11.67 GHz
(d) H-Field at 11.67 GHz.

frequency arises at the higher frequency zone. 2 × 2 struc-

tures have been analyzed where MM5 is asymmetrical, and

MM6 and MM7 are symmetrical, facing each other in differ-

ent phases. The resonances have been changed for MM5 and

MM6 with one transmission frequency. For MM7, the res-

onance frequency has slightly been shifted. It is noticeable

that the symmetric and asymmetric positions of the 1 × 2

and 2 × 2 structures facing each other have strong coupling

effect causing frequency shifts. In addition, the symmetric

gap position in 1 × 2 structure has a weak coupling effect

causing slight frequency shifts.

Figure 13 shows the proposed GCHSRR unit cell with

boundaries. The effective frequency has been set from 2 GHz

to 13 GHz to calculate the effective parameters. The extracted
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FIGURE 11. Parametric analysis of different unit cell structure (a) S11
(b) S21i.

real and imaginary scattering parameters S11, S21, effective

permittivity, permeability, and refractive index are shown in

Figure 14 (a-e). Table 2 represents the frequency regimes

of negative permittivity, permeability, refractive index, and

double-negative regions. The double negative region for the

proposed structure ranges from 7.92 GHz to 9.78 GHz.

Table 3 represents the frequency regimes of negative per-

mittivity, permeability, refractive index, and double-negative

regions. The DNG region for the proposed 1× 2 array struc-

ture ranges from 7.96 GHz to 9.57 GHz and 12 GHz to 12.71

GHz, respectively. Table 4 represents the frequency regimes

of negative permittivity, permeability, refractive index, and

double-negative regions. The double negative region for the

proposed 2 × 2 array structure ranges from 11.96 GHz to

12.87 GHz.

VII. ABSORPTION OF GCHSRR UNIT CELL AND ARRAY

STRUCTURE

Electromagnetic wave absorber absorbs EM energy, and it is

mainly realized by high electric loss materials. The metama-

terial can work as EM absorber, which is normally composed

of arranged electrically small unit cells in a two-dimensional

plane.

Because of the electric and magnetic resonance in the

metamaterial, the impedance matches in free space with

FIGURE 12. (a) Coupling effects and (b) transmission coefficient on
symmetric and asymmetric structure for 1 × 2 and 2 × 2 array structure.

effective permittivity and permeability. Thus, there does

not occur any reflection in the interface, and the entire

incident energy is absorbed in the metamaterial absorber.
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FIGURE 13. Proposed GCHSRR Unit Cell.

TABLE 2. Negative effective parameters frequency region of the
proposed GCHSRR unit cell.

TABLE 3. Frequency region of negative effective parameters of
1 × 2 GCHSRR unit cell.

TABLE 4. Frequency region of negative effective parameters of
2 × 2 GCHSRR unit cell.

The absorption can be considered from the following for-

mula [9].

Absorption,A = 1 − |S11|2 − |S21|2 (18)

The absorption of the proposed GCHSRR unit cell, 1 × 2

array, and 2 × 2 array is depicted in Figure 15. Table 5

represents the absorption at different resonance frequency of

unit cell, 1×2 array and 2×2 array structures. The proposed

TABLE 5. Absorption at the resonance frequency.

TABLE 6. Extracted value of different shapes.

GCHSRR unit cell and its array structure 1 × 2 and 2 × 2

have a high absorption of 99% at the resonance of 4.27 GHz,

4.29 GHz, and 4.33 GHz, respectively. For the resonance

frequency of 5.42 GHz, 5.43GHz and 5.44 GHz for the unit

cell, 1× 2 and 2× 2 respectively, the absorption is 98%. The

resonance frequency shows slightly different absorption 86%

at 12.70 GHz for 2× 2 array, but the absorption is same 81%

for unit cell and 1 × 2 array at 12.40 GHz and 12.45 GHz,

individually.

The normalized input impedance (Z) for the proposed

GCHSRR is shown in Figure 16, which has been extracted

through the following equation.

Z = ±

√

(1 + S11)2 − S221

(1 − S11)2 − S221
(19)

Absorption in metamaterial can be achieved by eliminating

the transmitted waves through the conductive and dielectric

losses. The transmission coefficient of the proposed GCH-

SRR unit cell is nearly zero for the reflection coefficient

of 4.27GHz, 5.42GHz, and 12.4 GHz. Thus, the transmission

is assumed as zero, |S21| = 0.

Z = ±
1 + S11

1 − S11
(20)

Since the absorption frequency band exhibits both nega-

tive permittivity and permeability, the propagation constant

become positive according toHelmholtz equationwhere elec-

tric and magnetic field, both try to propagate inward direction

rather than outward direction [25]. Furthermore, the exciting

element in waveguide port has been placed within the close

proximity of the patch element, so distributed field tried to
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FIGURE 14. (a) Reflection coefficient (S11) & transmission coefficient (S21) of the unit cell (b) real permittivity (c) imaginary permittivity
(d-e) real and imaginary permeability, and refractive index, respectively.

absorb by the unit cell itself. Hence, without any backmetallic

plane the proposed unit cell depicts maximum absorptance on

those frequency.

∇2Em − γ 2Em = 0 (21)

∇2Hm − γ 2Hm = 0 (22)

where Emrepresents the electric field distribution component

or propagation, and γ represents the propagation constant.

|γ 2| = ωµ
√

σ 2 + ω2ε2 (23)

The absorption peaks are 99% at 4.27 GHz, 98% at 5.42 GHz,

and 81% at 12.4 GHz. The real impedance and imaginary
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FIGURE 15. Parametric analysis of array structure absorption.

FIGURE 16. Effective Impedance of the Proposed GCHSRR Unit Cell.

FIGURE 17. Parametric Studies on Backplane of GCHSRR Unit Cell.

impedance are 1.01 � and 0.09 �, respectively, at 4.27 GHz.

At 5.42 GHz, the real impedance is 0.95�, and the imaginary

impedance is 0.1 �. At 12.4 GHz, the real impedance is

1.2 �, and the imaginary impedance is −0.7 �. At these

absorption peaks, the real parts of the impedance are close

to the unity where the imaginary parts are close to zero.

This characteristic state that the normalized input impedance

matches closely to the free space impedance that supports the

absorption phenomenon which can be represented through

the equation (24) and equation (25).

Re[εeff (f )]f=f0 = Re[µeff (f )]f=f0 (24)

Im[εeff (f )]f=f0 = Im[µeff (f )]f=f0 (25)

Figure 17 represents the different shapes of the backplane

of the proposed unit cell where shape 1 is without the back-

FIGURE 18. Parametric analysis of different shapes with (a) Reflection
Coefficient, (b) Absorption and (c) Real Impedance.

plane metal and shape 2 and shape 3 are with the backplane

metal. The analysis of real impedance, absorption in terms of

reflection coefficient is shown in Figure 18. as well as the

values for the resonance peaks are shown in Table 6. The

analysis shows that the proposed GCHSRR unit cell has high

absorption without the metal backplane compare to other two

shapes with metal backplanes. It also has three absorption

bands and real impedance that is close to unity. In addition,

the comparison among the proposed GCHSRR unit cell and
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FIGURE 19. Absorption for the simulated and measured reflection
coefficient.

existing triple-band absorber are given in Table 7. The absorp-

tion has been calculated in terms of simulated and measured

reflection coefficient, which is shown in Figure 19.

In simulation result, the resonance peaks are 4.27GHz,

5.42 GHz and 12.40 GHz with 99%, 98%, and 81% absorp-

tion, respectively wherein measurement, the resonance peaks

are 4.33GHz, 5.38GHz, and 12.10 GHz with 97%, 91%,

and 74% absorption, respectively. The 50% absorption band-

widths are 775 MHz, 1.46 GHz and 755 MHz for simulated

results and 405 MHz, 220 MHz, and 245 MHz for measured

results.

VIII. RESULTS AND DISCUSSION OF GCHSRR UNIT CELL

AND ARRAY PROTOTYPE

The measurement arrangement of the proposed unit cell with

waveguide ports and (Vector Network Analyzer) VNA is

shown as Figure 20 (a-b). Two different waveguides have

been used to measure the transmission coefficient that has

been found at 3.56 GHz and 11.67 GHz, respectively. The

simulated versus measured transmission coefficient has been

shown in Figure 20 (c). The frequency range for simulation

is from 3.42 GHz to 3.73 GHz whereas frequency range

for measurement is from 3.52 GHz to 3.73 GHz. In addi-

tion, the other simulated operating frequency ranges from

11.27 GHz to 11.91 GHz whereas the measured frequency

ranges from 11.27 GHz to 11.74 GHz. Figure 20 (d) repre-

sents the reflection coefficient of simulated versus measured

frequency.

Figure 21 (a) represents the fabricated prototype of

GCHSRR 18 × 20 array structure. The measurement setup

of this array structure is depicted in Figure 21(b). The unit

cell array structure is set inside the anechoic chamber. The

VNA has been used to measure the reflection and trans-

mission coefficient of the fabricated prototype. An identical

copper plate is placed in between of two horn antennas to

identify the ideal reflector in the incident wave. Then the fab-

ricated prototype is pace in between the horn antennas for the

FIGURE 20. (a) Fabricated prototype of GCHSRR unit cell (b) Measurement
arrangement of proposed GCHSRR unit cell (c) Simulated and measured
magnitude (d) Simulated and measured reflection coefficient.

measurement. The wave propagates towards the z-directions

in terms of polarization angle variation (ϕ), and that is why

the normal incidences occur. Figure 21 (c) represents the

transmission spectra of the proposed GCHSRR unit cell

18 × 20 array structure.

The frequency ranges from 3.37 GHz to 4.36 GHz and

11.15 GHz to 12.26 GHz, respectively. Good agreement has

seen in the simulated and measured result even though there
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TABLE 7. Comparison among proposed and existing triple-band absorber.

TABLE 8. Comparison among the proposed and existing metamaterial unit cell.

has been a slight shifting in the resonance frequency. This

shifting of resonance frequency might occur due to the fabri-

cation error or free space measurement techniques or mutual

coupling between the array prototypes, but the prototype still

achieves the proposed S-band and X-band, consecutively.

The analysis of GCHSRR unit cell and array structure has

been explained in this section. The effective refractive index

bandwidth of the proposed unit cell is 3.92 GHz (6.30 GHz

to 10.22 GHz) and 640 MHz (11.97 GHz to 12.61 GHz)

with a double negative region of 7.92 GHz to 9.78 GHz.

This indicates that the proposed unit cell has DNG charac-

teristic at the X-band, which is applicable for satellite and

space communication. Although the proposed unit cell has

DNG, it also exhibits the single negative characteristics with

negative permittivity region of 3.23 GHz to 3.78 GHz which

is followed by the transmission coefficient at 3.56 GHz. This

characteristic allows the metamaterial to be applicable for

microwave device communications.
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FIGURE 21. (a) Fabricated prototype of GCHSRR 18 × 20 array unit cell
structure (b) Measurement of GCHSRR unit cell array structure with horn
antenna (c) Measured transmission Spectra of the proposed GCHSRR
array structure.

The EMR is an important research area nowadays for the

metamaterials which direct the metamaterial compactness.

The following calculation has been used to extract the EMR

where λ and L represent the wavelength and the dimension,

respectively, for the proposed GCHSRR unit cell. The pro-

posed GCHSRR unit cell EMR values are 8.4 and 2.5, respec-

tively, for 10 × 10 × 1.6 mm3 dimension in two consecutive

frequencies of 3.57 GHz and 11.67 GHz. The EMR value

of 8.4 improves its homogeneity and reduces its electrical size

without any fabrication limits.This benefit is accomplished

by reducing the cost of coupling to the external field as shown

by the minimum transmission value (−15 dB).

EMR =
λ

L
(26)

The comparison between the proposed GCHSRR unit cell

and the existing metamaterial unit cell is presented in Table 8.

This is noticeable as compared to others; the unit cell has a

high EMR as well as the proposed GCHSRR unit cell also

covers the low frequency and high-frequency bands.

IX. CONCLUSION

Experimental and numerical demonstration of the negative

index metamaterial unit cell and its array structure have been

designed, simulated, measured, and analyzed in this paper.

The proposed compact metamaterial unit cell consists of gap

couple three hexagonal split ring resonators with electrical

dimension of 0.119λ×0.119λ at 3.56 GHz. The double neg-

ative region has been found for the proposed metamaterial

from 7.92 GHz to 9.78 GHz where the effective negative

refractive index regions are from 6.30 GHz to 10.22 GHz

and 11.97 GHz to 12.61 GHz that makes the propagation

reversed where the radiations get bent backward to its struc-

ture and allows it to be applicable for different microwave

applications. The effective absorption peaks are 99%, 98%,

and 81% for 4.27 GHz, 5.42 GHz, and 12.40 GHz, respec-

tively. To identify the effective parameters such as permit-

tivity, permeability and refractive index, single and double

negative characteristics, parametric studies have been carried

out in terms of different lengths and different structures. The

designed metamaterial exhibits single and double negative

characteristics at S-band and X-band respectively which is

later carried out for analysis and fabrication. The proposed

GCHSRR unit cell and its 18 × 20 array structure have been

fabricated and measured through the waveguide ports and

reference horn antennas where the simulated and measured

results have a good agreement between them. In addition,

the scattering parameters have also been extracted from the

circuit analysis by using ADS EM simulator software. The

EMR values of the unit cell 8.4 specifies the compactness

and acceptability, which reports that these designs are flexible

in the practical microwave frequency band application with

high absorptance. Therefore, the proposed designed metama-

terial can be a prominent solution for many applications in

microwave regions like navigation beacons, optical commu-

nications, wireless network, satellite communications, radar

and space communications, etc.
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