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A B S T R A C T

In this paper, a cross coupled interlinked split ring resonator based (CCI-SRR) based metamaterial has been
presented. Epsilon negative (ENG) with a highly effective medium ratio (EMR) is attained in this metamaterial.
The metamaterial unit cell consists of one square shaped split ring resonator and two rectangular rings. The
rectangular rings reside within the outer square split ring. Two internal rings are coupled together by using a
cross-shaped metal segment. These inner rings are also interlinked to the outer ring by using metal strips.
Coupling causes to increase the electrical length and modifies the inductance of the unit cell. Multiple resonances
covering C, X and Ku-band are achieved due to the interconnection of rings. The symmetric nature of the CCI-
SRR unit cell exhibits unique quality to minimize noise and harmonics effect. The unit cell is designed on FR4
substrate with a thickness of 1.6 mm. The overall dimension of the unit cell is 0.124λ × 0.124λ, where λ is the
wavelength calculated at a lower resonance frequency of 4.15 GHz. Three resonances are obtained for |S21| at
frequencies of 4.15 GHz, 10.38 GHz and 14.93 GHz performing numerical simulation in CST microwave studio.
Permittivity, permeability, refractive index and impedance are explored by using the Newton-Ross-Weir (NRW)
method. ENG performance is observed in frequencies ranging from 3.95 to 5.65 GHz, 9.57–11.46 GHz,
13.68–16 GHz. Near-zero refractive index is attained within the frequency ranges, 4.16–5.75 GHz,
10.16–11.58 GHz, 14.46–16 GHz. An LC equivalent circuit is designed, and component values are achieved by
Advanced Design Software (ADS) justifying |S21| with CST result. The study of electromagnetic wave interaction
between the unit cell and the double positive medium reveals that the unit cell exhibits evanescent wave
properties. The compact nature of the unit cell is confirmed by calculating EMR with a value of 8.03. The
electromagnetic coupling effect is examined for 2 × 2 array in various orientations. The |S21| performance of
2 × 2, 4 × 4 and 8 × 8 is matched with the unit cell. Due to symmetric patterns, near-zero refractive index,
negative permittivity and high EMR, the proposed unit cell can be used to enhance the performance of micro-
wave devices used for C, X and Ku-bands, especially Satellite and Radar communications.

Introduction

Artificial plasmas, negative permeability media, left-handed media
are some examples of metamaterials. Artificial plasma displays negative
permittivity below plasma frequency. Whereas left-handed media is
metamaterial that represents negative permittivity and permeability
simultaneously. The exotic characteristics of the metamaterials can be
applied for various applications such as for antenna design [1], SAR

reduction [2], superlenses [3], filters [4], invisibility cloaking [5],
electromagnetic absorber [6], sensors [7], etc. Recently metamaterials
are designed by targeting applications in various frequency bands. Be-
cause each frequency band has wide applications. Such as C-band
covers frequency ranges from 4 to 8 GHz and X-band includes fre-
quencies from 8 to 12 GHz. These two bands are extensively employed
for satellite communications. The proposed metamaterial can provide a
good platform for the integration in antenna to enhance its technical
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performance for Satellite and Radar Communications applications.
Particularly, numerous GEO satellites are devised to function in C-band.
Moreover, for satellite TV, radio communications, this band is also
utilized. On the other hand, X-band is applied for RADAR applications
for weather monitoring, to control vessels traffic, in defense tracking
system etc. Ku-band which is extended from 12 to 18 GHz is vastly used
for satellite TV and VSAT in ships. The advantage of the Ku-band is that
it is less affected by terrestrial signals and operation in high frequency
range allowing to use small sized dish antennas for VSAT application.

Both Single negative (SNG) and double-negative (DNG) metama-
terials are extensively designed for various applications. As an earlier
work Pendry et al. demonstrated split ring resonator(SRR) based arti-
ficial magnetic materials [8], where SRR of different shapes such as
circular, rectangular are printed on the dielectric medium. An S-shaped
resonator circumference with a ground ring is described in [9]. In this
metamaterial, a microstrip line is used for feeding. This material covers
L-band with a resonance frequency of 1.8 GHz. A new composite me-
tamaterial for multi-band communication with an EMR of 7.44 is de-
scribed at [10]. This metamaterial has a dimension of 12 × 12 mm2

and shows resonances at S, C and X-band. A Greek-key pattern and
operates at the frequency range from 1 to 5 GHz designed on a substrate
of Rogers RT5880 with a dimension of 10 × 10 mm2. This metama-
terial shows resonances at 2.4 GHz, 3.5 GHz and 4 GHz [11]. A square
ring with open delta ENG metamaterial has been proposed in [12]. The
proposed metamaterial exhibits three resonances frequencies of
4.32 GHz, 7.55 GHz and 9.76 GHz, which covers C and X-bands. A 3-D
spherical shaped metamaterial unit cell is proposed by K. L. Smith et al.
with a dimension of 266 × 22 × 22 mm3. By changing the orientation
of the unit cells, negative permeability, negative permittivity or both
can be achieved. A combination of negative permeability and negative
permittivity cells has been used to get a double negative response [13].
N. Misran et al. has presented a concentric split ring array in [14]. A Mu
negative metamaterial has been used to increase directivity and band-
width of antenna in [15]. An anisotropic metamaterial operating in the
frequency range of 30–35 GHz is exercised in [16]. A modified H-
shaped metamaterial has been proposed in [17] for X and Ku-band
applications. The dimension of the unit cell is 9 × 8.8 mm2. It provides
two major resonances at 9.65 GHz and 12.6 GHz. A hexagonal shaped
gap coupled split ring resonator has been proposed by M.S Islam et al.
the proposed unit cell covers S and X band with an EMR value of 8.4
[18]. A complementary split ring resonator based metamaterial is
presented in [19] which shows its resonance at 7.5 GHz. The dimension
of the unit cell is 5 × 5 and provides EMR value of 8. A concentric ring
with crossline based single negative metamaterial has been presented
by R. Azeez et al. [20]. The metamaterial is constructed on FR4 sub-
strate having dimension of 5 × 5 × 1 mm3 which shows two re-
sonances at 13.9 GHz and 27.5 GHz. This metamaterial has been uti-
lized to enhance the performance of microstrip transmission line. In
[21] double inverted L loaded SRR based metamaterial is constructed
for C, X and Ku-band applications. Whereas in [22] multi split ring
resonators based metamaterial is described for L and S-band applica-
tions. A dual band metamaterial has been reported in [23] for absorber
applications. This material is composed of elliptical nanodisk graphene
with a periodic pattern on a thin SiO2 dielectric layer. Gold material is
used as ground since it acts as good reflector in far infrared frequency
domain. A RLC resonator based metamaterial is designed by Eistiak
et al. that shows a resonance of 8.84 GHz [24].Another graphene layer
based metamaterial absorber presented in [25] where a square-square-
circular shaped periodic structure of graphene is used over SiO2 sub-
strate. A gold layer is sandwiched between this SiO2 layer and the Si
layer. Single negative metamaterial has been used by Maryam Rezapour
et al. to reduce the mutual coupling effect of antenna array [26]. In this
metamaterial symmetrical split ring resonators is utilized which con-
tains double slots. The inner ring includes an inductive stub. This me-
tamaterial represents two resonances with wider stop bands. Recently,
a pie loaded SRR based metamaterial has been presented by R. Islam

et al. The dimension of 8 × 8 mm2 is considered for this design and the
metamaterial covers S, C and X-bands [27]. A tunable metamaterial has
been presented in [28] consisting of split-ring metal SRR. This meta-
material has the potentiality to reconfigure to eliminate the complexity
in case of dynamic filtering, cloaking and sensing. A bilayer chiral
metamaterial (CMM) is presented in [29] that exhibits triple-band
asymmetric transmission (AT). This metamaterial is composed of two
layers of deformed S shaped metallic strips with a dielectric spacer
layer. Each asymmetric transmission band of this metamaterial can be
triggered adjusting polarization angle of the incident wave. A meta-
material has been explored by Jubaer et. al. where metamaterial shows
its transmission stop band at 3.11 GHz [30]. This metamaterial then
utilized for developing a band pass filter which can be used for GPS
(1.55 GHz), Earth Exploration-Satellite (2.70 GHz) and WiMAX
(3.60 GHz) bands of frequencies. In [31] metamaterial based absorber
has been presented by A. Hoque et al. that works in X and Ku-bands.

A cross-coupled interlinked split ring resonator (CCI-SRR) based
metamaterial is presented in this article for satellite and Radar com-
munications. Metamaterial unit cell design and simulation method is
described rigorously in section two. Whereas in section three, electro-
magnetic and metamaterial property extraction technique is presented.
Section four is dedicated on parametric studies on unit cell considering
evolution steps of it, effects of splits gaps and substrate materials.
Surface current, electric and magnetic field properties are analyzed in
section five. Interaction of electromagnetic waves with unit cell and
double positive medium is also analyzed in this section. A discussion on
equivalent circuit modeling is made in section six. The circuit is de-
signed in ADS, and performance is verified with simulation in CST. The
next part of the article focuses on result analysis and discussion about
unit cell and array. The investigation is done on transmission & re-
flection coefficients, effective parameters such as permittivity, perme-
ability, refractive index, impedance. The transmission coefficients
(|S21|) of the unit cell and array are also validated with measurement
results in this section. Parametric analysis of 2 × 2 array is performed
and |S21| of 2 × 2, 4 × 4 and 8 × 8 array is analyzed and compared
with the unit cell. EMR is calculated, and the performance of the me-
tamaterial is compared with the state of arts.

Unit cell design and simulation

The proposed Cross Coupled Interlinked Split Ring Resonator (CCI-
SRR) is designed on the FR4 substrate. The dimension of the substrate
material is 9 × 9 × 1.6 mm3. Conducting copper layers exist on both
sides of this substrate with a thickness of 0.035 mm. One side of the
substrate is used for constructing the resonator, whereas all copper is
removed from the other side of the substrate. As shown in Fig. 1, the
proposed unit cell consists of three concentric square shaped rings. The
two horizontal sides of the outer ring are splitted in the middle. Two
non-split rings are housed inside this outer ring. These two rings are
coupled together with a cross shaped striped lines of metal. These two
inner rings are also connected to the outer rings by using metal strips.
The strip gap is chosen by trial and error basis so that the proposed
design provides a maximum number of resonances with higher EMR at
each band. All the dimensions of split gaps, metal length and width of
rings are described in Table 1. It is noteworthy that all dimensions are
selected in such a way that the unit cell is symmetric in any axis. Due to
the symmetric nature proposed unit cell will be less affected by noise,
and array performance will be better. The performance of the unit cell
is checked by simulation, and then it is verified by measurement. Nu-
merical simulation is done by using CST microwave studio. The finite
integration technique (FIT) of this software has been utilized for this
purpose. Fig. 2 shows the simulation arrangement of the unit cell,
where a transverse electromagnetic wave has been applied in the z-axis.
Meanwhile, in the x-axis, a perfectly electrical boundary condition is
used, and a perfectly magnetic boundary has been used in the y-axis.
The simulation process is executed over the frequency range of
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2 GHz–16 GHz.

Electromagnetic field and metamaterial property characterization
technique:

The simulation set up presented in Fig. 2 can be represented by the
schematic diagram of Fig. 3. Here, an electromagnetic wave is propa-
gating towards the z-axis, conceiving electric and magnetic fields per-
pendicular to each other. The electric field is acting towards x-axis,
whereas the magnetic field works on the y-axis. Before the incident on
metamaterial slab, the wave travels through the free space of region 1.
In region 2, a portion of the wave is transmitted (forward wave), and a
portion is reflected (backward wave) to region 1. The transmitted wave
through region 2 comes into the region 3, which is again free space and
travels through this medium.

The electric and magnetic fields for these three regions can be
presented by using the following equations as introduced in [32]. The
phasor of an electric and magnetic field for region 1 is expressed as,

= +− −( )E E e E e at ik z r ik z
x0 0 00 0 (1)

= +− −( )H H e H e at ik z r ik z
y0 0 00 0 (2)

Here, E t
0, E r

0 , =H t E
Z0

t
0
0
, = −H r E

Z0
r
0
0
are the forward(transmitted) and

backward(reflected) electric and magnetic field amplitudes, respec-
tively. =k ω μ ε0 0 0 is the wavenumber of the incident wave and

=Z ω μ ε/0 0 0 is the wave impedance in region 1 where μ0 and ε0 are
permeability and permittivity of the free space. For the metamaterial
slab of region 2, phasor form of the electric and magnetic field can be
expressed by the equations

= +− −( )E E e E e at ik z r ik z
x1 1 11 1 (3)

= +− −( )H H e H e at ik z r ik z
y1 1 11 1 (4)

Here, E t
1 , E r

1 , =Ht E
Z1

t
1
1
, = −Hr E

Z1
r
1
1
are the forward(transmitted) and

backward(reflected) electric and magnetic field amplitudes, respec-
tively. =k ω μ ε1 1 1 is the wavenumber and =Z ω μ ε/1 1 1 is the wave
impedance in region 2 where μ1, ε1 are the permeability and permit-
tivity of the metamaterial. Similarly, for region 3 phasor form of the
electric and magnetic field will be:

= −E E e at ik z
x2 2 0 (5)

= −H H e at ik z
y2 2 0 (6)

Fig. 1. The layout of the proposed unit cell.

Table 1
Design parameter of the unit cell.

Parameter Measurement (mm) Parameter Measurement (mm) Parameter Measurement (mm)

a 9 e 0.5 i 2
b 9 f 0.5 j 6
c 8 g 1 k 0.5
d 8 h 0.5 – –

Fig. 2. The simulation setup of the proposed unit cell.

Fig. 3. The normal incidence of the electromagnetic wave on a metamaterial of
thickness, t.
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E t
2, =Ht E

Z2
t
2
0
are the forwarded(transmitted) electric and magnetic

field amplitude in region 3.
By applying boundary condition, for two walls of metamaterial

along the z-direction, z = 0 and z = t and using normalized wave
impedance at metamaterial, = =Z Z Z μ ε/ /r r1 0 the relationship be-
tween various transmitted and reflected wave with the forward wave of
region 1 can be obtained as in [32].

= −
+ +

E i Z k t
Z Z cos k t i Z k t

E( 1)sin( )
2 ( ) ( 1)sin( )
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2
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2

1
0 (7)
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E Z Z e
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2

1
2

1
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(8)

= −
+ +

−
E Z Z Z e
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r
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1

2

1
2

1
0

1

(9)

=
+ +

−
E Ze

Zcos k t i Z k t
E2

2 ( ) ( 1)sin( )
t

ik t
t

2
1

2
1

0
0

(10)

Eqs. (7)–(10) can be used to determine the electric field of various
regions of the simulation setup at a particular frequency with known
values of permittivity and permeability. Now numerical simulation can
be performed to determine the scattering parameters such as trans-
mission coefficient (|S21|) and reflection coefficient (|S11|) by using CST
microwave studio. Various approaches have been practiced in literature
such as a robust method [33], Nicolson-Ross-Weir (NRW) method
[34,35] to extract the parameters, permeability (μ), permittivity (ε),
normalized impedance (z) and refractive index (n).In present work, the
popularly used NRW method has been exercised to determine the va-
lues of the effective parameters by using the information of |S21| and
|S11|. Sum and differences of |S21| and |S11| are calculated which can be
used for finding out permittivity and permeability.

= +V S S| | |1 11| 21 (11)

= −V S S| | | |2 21 11 (12)

If = −
−X V V

V V
1 1 2

1 2
Then reflection coefficient of the incident wave at the interface,

= ± −XΓ X 12 (13)

And the transmission coefficient,

= −
−

X V
V

Γ
1 Γ

1

1 (14)

The expression for refractive index, n and impedance, z can be de-
rived from these equations. The relative permittivity, εr, and relative
permeability, µr can also be extracted and represented in the form of
Eqs. (15) and (16) [36].

× −
+

ε
jk d

V
V

~ 2 (1 )
(1 )r

0

1

1 (15)

× −
+

μ
jk d

V
V

~ 2 (1 )
(1 )r

0

2

2 (16)

where =k πf
c0

2 , c is the velocity of light, and d is the thickness of the

substrate.
The expressions are presented for the refractive index, nr in Eq. (17)

and normalized impedance, Z in Eq. (18).

=n μ εr r r (17)

=Z μ εNormalized impedance, /r r (18)

MATLAB code based on Eqs. (15)–(18) can be utilized to get data
related to relative permittivity, relative permeability and refractive
index.

Parametric study

The metamaterial unit cell has been designed by utilizing trial and
error method. The design criteria for present work are the maximum
number of bands covered by the unit cell with reasonable values of
|S21|, high EMR and Epsilon negative properties. Three different para-
metric studies have been performed focusing on these design goals. The
design procedure undergoes various structural changes to form the
proposed unit cell, as presented in Fig. 4. The design is initiated with a
single square shaped split ring resonator having a length of 8 mm of
each side and a split gap of 0.5 mm at the center of two horizontal sides.
For this single ring resonator, a resonance at Ku-band is found, as
shown in Fig. 5. In the next step, a rectangular ring has been installed
inside the previous ring, as shown in design 2 of Fig. 4. From Fig. 5, it is
noticed that the effect of adding a new ring inside the outer one pro-
vides an additional resonance at 15.54 GHz. In succeeding step, another
extra rectangular ring is added (shown in design 3 of Fig. 4) that helps
to increase the magnitude of |S21| with a small change in resonance
frequencies. Now, these two rings are added together by using a cross
shaped copper connector. It causes to shift the resonance frequency
towards lower values. Two resonances occur around 7.9 GHz and
13 GHz that cover C and Ku-bands. The design is completed by adding
the inner rings with the outer one, as shown in the proposed unit cell of
Fig. 4. This interconnection provides a drastic change in |S21| with three

Fig. 4. Design steps of the proposed unit cell.

Fig. 5. |S21| for various design steps.
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resonances at 4.15 GHz, 10.38 GHz and 14.93 GHz. These resonances
cover C, X and Ku-bands. The outcomes for these structural modifica-
tions are summarized in Table 2. The effect of changing the split gap on
the performance of the proposed unit cell is also studied. In this study,
both split gaps of the outer ring have been modified. The |S21| for the
various split gaps is presented in Fig. 6. The split gap is changed from
2 mm to 0.5 mm with a step size of 0.5 mm. From Fig. 6, it is noticed
that two resonances at C and X-bands occur with a split gap of 2 mm. A
shifting of resonance frequency toward lower frequency is noticeable if
the split gap decreases gradually. As the split gap decreases, the capa-
citance due to split increases. The impact of increasing the capacitance
is shifting the resonance frequency towards the lower value since re-
sonance frequency, =f

π LC
1

2
. When the split gap is 0.5 mm, an addi-

tional resonance is observed at 14.93 GHz, thus the proposed unit cell
covers C, X and Ku-bands. The effect of changing substrate materials is
also studied. In this study, Rogers with two variations and FR-4 with
varying thickness are used. In the first observation, Rogers RT 5880,
having a thickness of 1.575 mm is applied. The dielectric constant (Dk)
of this material is 2.2, and the loss tangent is 0.0004. From Fig. 7, it is
observed that this substrate material provides two sharp resonances of

|S21| around 5.5 GHz and 13.5 GHz. On the other hand, Rogers
(RO4350B) with a thickness of 1.524 mm, Dk = 3.48, loss tangent
0.0037 offers two resonances around 4.5 and 11.5 GHz. Two other
studies have been performed by using FR-4 substrate having a thickness
of 1.5 mm and 1.6 mm with Dk = 4.4. In the case of thickness 1.5 mm
FR-4 substrate three resonances at C, X and Ku-bands are noticed. FR4
with thickness 1.6 mm also covers the same three bands with a shift of
resonance at Ku bands. It is noteworthy that the resonance peak for FR4
is lower compared to Rogers. Since FR4 covers maximum bands with
higher EMR value proposed unit cell is designed on the FR4 substrate.

Surface current, electric field and magnetic field analysis

The resonant structure proposed in this work contains split gaps and
metallic conductors which contribute to capacitive and inductive ef-
fects. When a time varying electromagnetic field interact with this unit
cell electromagnetic force exerts on the split ring resonator. Due to its
small size compared to the wavelength, induced current flows from one
ring to other though there is capacitive gap. Induced electric and
magnetic moments are created which affect transmission capabilities
and material properties such as permeability and permittivity. Fig. 8
represents the surface current distribution of the proposed unit cell.
From this figure, it is observed that at the lower resonance frequency of
4.15 GHz, the inner ring contributes a larger amount of current. The
inner rings provide a low impedance path since, at low frequencies,
inductive reactance will be low. Thus, it shares a big portion of the total
current. Two vertical edges of the outer ring contribute a significant
amount of current. At point P1 of Fig. 8(a), external ring currents are
accumulated as per the Kirchhoff's current law. This current divides
into two parallel paths of left side inner rings following the current
divider rule. These currents combine at the junction point indicating by
P2 of the same figure, then the current flows towards the second ring
and divides into two parts. Finally, it comes out from the inner ring at
point P3 of Fig. 8(a). Two horizontal sides of the outer ring have less
contribution to the currents since it shows larger capacitive reactance
due to the split gap at this low frequency. At the resonance frequency of
10.38 GHz, the current density at the middle rings decreases sig-
nificantly since high frequency causes to increase impedance. At the
junction of the two inner rings, current direction alters compared to
previous resonance. Through two vertical sides of the left inner ring,
two oppositely flowing currents are observed in Fig. 8(b). The hor-
izontal side of these rings acts as sink and current is nearly nullified
when these opposite direction currents met. The horizontal side of the
right inner ring serves as a source of current. The two currents from the
right vertical side meet at the right side junction and flow towards the
right side of the outer ring. At this frequency, nonuniform and random
movement of current is observed, which ultimately decreases the total
current. At 14.93 GHz, it is noteworthy that at area P4 in Fig. 8(c), the
current density is low compared to the left side of the left inner ring and
right side of the right inner ring. The direction of the current is fully
opposite compared to resonance at 4.15 GHz. Now, the current enters
the inner ring from the right side of the unit cell and comes out from the
left side of the inner ring. At the two inner sides of inner rings, the
current density is less because current cancellation occurs due to op-
positely following currents. A comparatively high current flows through
the edges of all horizontal sides of all rings. It is observed that two

Table 2
|S21| response for various structural change towards the proposed unit cell.

Substructure Resonance frequency (GHz) Resonance peak (dB) Covering bands

design 1 12.9 −24.8 Ku-band
design 2 12.9,15.48 −23.8,−13.4 Ku-band
design 3 12.8,15.5 −24.3,−16.2 Ku-band
design 4 7.9,13 −27.5,−26.7 C-band,Ku-band
proposed unit cell 4.15,10.38,14.93 −35,−26.96,−25.3 C-band, X-band, Ku-band

Fig. 6. |S21| for various change of split gap, f.

Fig. 7. The change of |S21| with the change of substrate material.
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horizontal sides of the outer ring contribute a significant amount of
current due to lower impedance exerted by the split gap. The current
density plot (J-surface) of the unit cell is displayed in Fig. 9 for three
different resonance frequencies. Form Fig. 9, it can be observed that at
4.15 GHz current density is higher over the split gaps and around the
outer ring, whereas a denser current is observed in the inner rings and
two horizontal sides of the outer ring at 10.38 GHz. Higher current
density can also be observed in vertical sides and near the split gaps of
the rings at 14.93 GHz.

Time-varying electric charges may cause to generate changing
magnetic field as per amperes law which in turn produces electric field
due to electromagnetic interaction according to faraday's law. Thus, the
electric and magnetic field is coupled together, and the electromagnetic
wave is produced. The produced electric and magnetic fields due to
time-varying electric charges can be described by Maxwell's curl
equations as presented in [37].

∇ × = + ∂
∂

H J D
t (19)

∇ × = − ∂
∂

∇ = ⎡
⎣⎢

∂
∂

∂
∂

∂
∂

⎤
⎦⎥

E B
t x y z

where, , ,
(20)

Two demonstrate the interaction of these two fields with materials,
two more equations are required. This interrelation can be character-
ized using the following equations as presented in [38].

= ∗D t ε t E t( ) ( ) ( ) (21)

= ∗B t μ t H t( ) ( ) ( ) (22)

Both ε and μ in Eqs. (21) and (22) are complex quantities in case of
dispersive medium and real for an isotropic lossless material. The va-
lues of these two quantities are also frequency dependent. A close ob-
servation of surface current and magnetic field, H depicted in Figs. 8
and 10(b) respectively, it is found that the H field has interrelation with
the current. As per the amperes law current always induces a magnetic
field and its magnitude and polarity depend on the current magnitude
and direction. From the surface current analysis, it is noticeable that
current density is comparatively high in the inner rings of the unit cell
(Fig. 8(a)). From the H field distribution, it is found that the H field is
high near the places of high current. H field is near to null at upper and
lower edges due to very low current flow at these edges. According to
Biot–Savart law, magnetic flux density at a distance r of the conductor,

=B μI
π2 r , here μ is the permeability of the medium. So, the magnetic

field becomes weaker as the distance from the metal conductor in-
creases. In the middle of the unit cell (marked with red circles in
Fig. 10(b)), magnetic field approaches to zero, since these places are far
from the current conducting surface. By comparing E field and H field
pattern presented in Fig. 10(a) and (b), it is noticed that E decreases if
the rate of change of the H field is positive. E field intensity is observed
progressively high in case of the negative rate of change of H field. E
and H field pattern supports the relation presented in Eqs. (19) and
(20). In case of constant H field (near the center of cross coupling point
in Fig. 10(b)) E field is nullified as displayed in Fig. 10(a).

The interaction of the electromagnetic wave with different media is
investigated by placing the proposed unit cell in between two double
positive media (DPS) as depicted in Fig. 11. The DPS is constructed
considering the dimension equal to the unit cell. Epoxy resin is used as a

Fig. 8. The surface current distribution of unit cell at three different resonance frequencies (a) 4.15 GHz, (b) 10.38 GHz and (c) 14.93 GHz.

Fig. 9. The current density plot (J-surface) of the unit cell (a) 4.15 GHz, (b) 10.38 GHz (c) 14.93 GHz.
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DPS with permittivity 4.3 and permeability 1.0. An electromagnetic
wave propagating in the z-direction is applied whose electric field acts
along the x-axis and magnetic field in the y-axis. In Fig. 12, electric field
distribution for this interactive medium is presented for three different
resonance frequencies. This figure illustrates that the electric field is
mostly concentrated within the ENG medium with a little spreading in
the DPS medium. As the distance from the ENG material increases E
field gradually feds away. A comparison of the E field between front
and backside of ENG medium convinces that wave existed in evanes-
cent decaying states. The field strength in the backside is very low
compared to the front side of ENG metamaterial.

Equivalent circuit modelling:

The proposed metamaterial consists of inductive and capacitive
elements that resemble an LC resonance circuit. The resonance fre-
quency(f) of this circuit can be calculated by using Eq. (23) as given in
[39].

=f
π LC

1
2 (23)

where L and C denote inductance and capacitance of the structure,
respectively. In the unit cell, metal strips of the structure form the in-
ductance and the splits in the structure are the sources of capacitance.
The quasi-state theory gives the capacitance between the distances or
splits as below:

=C ε ε A
d

F( )r0 (24)

Here, ε0is the permittivity in free space and εr is the relative per-
mittivity, A is the split conducting strip and d is the split distance. The
equivalent inductance can be calculated by using the equation based on
the principle of transmission line [31]

= × ⎛
⎝ +

⎞
⎠

+ + ⎛
⎝

+ ⎞
⎠

−L nH l l
w t

w t
l

K( ) 2 10 [ln 1.193 0.02235 ] g
4

(25)

Here Kg is the correction factor, and = −K 0.57 0.145lng
w
h

'

' , where w'

Fig. 10. (a) E field distribution, (b) H field distribution of the proposed unit cell.

Fig. 11. The numerical model used to study electromagnetic wave interaction between DPS and ENG medium.
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is the width and h' is the substrate thickness. Also, t is the microstrip
line thickness, l is the length, and w is the microstrip line width. An
approximated equivalent circuit is presented in Fig. 13 for the proposed
unit cell. In the circuit L1, L2, L3, L4, L5, L6, represent different in-
ductors caused by strip lines, whereas C1, C2, represent different ca-
pacitors due to the split gaps. The values of inductance and capacitance
have been optimized by using advanced design system (ADS) simula-
tion tools. In the circuit, L1 & C1 contribute to the resonance at
4.15 GHz where L1 controls the resonance frequency of |S21| whereas
C1 is the influential factor for modifying the magnitude. L3 and L4 are
the two parallel inductors that representing one rectangular non-split-
ting ring whereas inductor pair L5, L6 is for another rectangular non-
splitting ring in the middle of the unit cell. Proper adjusting of these
inductances is necessary as these inductors show a significant influence
on all the resonances of 4.15 GHz, 10.38 GHz and 14.92 GHz. Similarly,
L2, C2 represents strip line inductor and split capacitor for the right half
of the outer split ring. These quantities show their influence on all the
resonance frequencies as all the rings are connected. C3, C4 are the
coupling capacitors and L7, L8 are inductors for the extended con-
ductors in the middle of the cell. It is observed by the ADS simulation
that C4 and L8 show their dominant influence on adjusting the

resonance frequency of 10.38 GHz, whereas C3 and L7 show its impact
on resonances at 10.93 GHz. The coupling of different rings is presented
by inductors L6 and L7. It is noteworthy that the resistances R1 and R2
which are considered the equivalent resistances of the unit cell act as
regulators which control |S21| at resonance frequencies and the mag-
nitude of |S21| at stopbands. These resistances are adjusted to get the
resultant waveform of Fig. 14. A comparison of simulated |S21| ob-
tained from ADS and CST is shown in Fig. 14. A close similarity between
these two |S21| curves is identified form this figure.

The input impedance of the equivalent circuit of Fig. 13 can be
obtained by applying Thevenin theorem from the input terminal. To
apply this method lumped components of each branch of the Fig. 13
have been represented by the corresponding impedances where
Z1 = jωL1, Z2 = jωL7 + 1/jωC3, Z3 = 1/jωC2, Z4 = R1 + jω (L3 ||
L4), Z5 = R2 + jω(L6 || L6), Z6 = 1/jωC1, Z7 = jωL8 + 1/jωC4,
Z8 = jωL8. Step1 of Fig. 15 shows the modified form of the circuit of
Fig. 13. Circuit presented in this figure contains several delta connected
branches. Within this ΔABC is converted to corresponding Y and
modified circuit is presented in step 2 of Fig. 15. In step 3 of Fig. 15, two
series impedances, ZB & Z3 are combined. Now, ΔCDE is converted to Y
and circuit is redrawn in step 4 of the Fig. 15. For brevity, Δ-Y con-
version method is omitted here. Now, input impedance can be ex-
pressed by using the following expression.

Fig. 12. Numerically computed E field distribution for DPS-ENG-DPS medium (a) 4.15 GHz (b) 10.38 GHz (c) 14.93 GHz.

Fig. 13. Equivalent circuit of the unit cell.

Fig. 14. The simulated waveform of unit cell extracted using CST software and
equivalent circuit using ADS.
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= + + + +Z Z Z Z Z Z Z Z||[ {( )||( )} ]i 6 A C C1 B3 D E (26)

The impedances for the circuit presented in Fig. 13 are obtained by
using ADS that provides impedance, Z = Z0*(0.815 + j0.015) at
4.15 GHz, Z = Z0*(1.033 + j0.024) at 1038 GHz and
Z = Z0*(0.991 + j0.012) at 14.93 GHz where Z0 is the characteristics
impedance.

Result and discussion

The numerical simulation method in CST is applied to obtain the S
parameters of the proposed unit cell and the transmission coefficient
(|S21|) and reflection coefficient(|S11|) are illustrated in Fig. 16. The
unit cell exhibits three resonances of S21 at frequencies of 4.15 GHz,
10.38 GHz and 14.93 GHz with an amplitude of −33 dB, −26.96 dB
and −25.2 dB, respectively. On the other hand the reflection coeffi-
cient, |S11| shows its negative peak at 5.77 GHz and 11.67 GHz with an
amplitude of −33 dB and −25.2 dB. A bandwidth of 0.96 GHz at C-
band, 1.28 GHz at X band and 1.42 GHz at Ku-band are obtained from
the resonances. The data regarding S-parameters, permittivity, perme-
ability, and refractive index are also presented in Table 3. Permittivity,
permeability and refractive index are extracted from MATLAB code by
using the NRWmethod. From Fig. 16, it is observed that each resonance

Fig. 15. Different steps to determine the input impedance expression.

Fig. 16. Simulated S-parameter of the proposed CCI-SRR.

Table 3
Extracted data of the proposed unit cell.

Parameter Frequency Range(GHz) Extracted property

Transmission
coefficient(|S21|)

3.6–4.7, 9.6–10.8, 14.1–15.5 |S21|<−10 dB

Permittivity, ∊r 3.95–5.65, 9.57–11.46, 13.68–16 ∊r less than 0
Refractive index, n 4.16–5.75,10.16–11.58,14.46–16 n ~ 0

Fig. 17. Permittivity and permeability graph of proposed CCI-SRR.

Fig. 18. Refractive index plot of CCI-SRR.

Fig. 19. Normalized impedance graph of CCI-SRR.
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of |S21| is followed by a |S11| minimum. Since the frequency of every
|S21| minimum is always lower than the corresponding |S11| minimum
frequency so, every resonance can be considered as electrical resonance
in the unit cell [40]. Permittivity and permeability graphs are presented
in Fig. 17 whereas the graph of refractive index and normalized

impedance is depicted in Figs. 18 and 19. From Fig. 17, it is noticed that
permittivity undergoes form maximum value to minimum value when
resonance occurs in |S21|. It is also observed from the same figure that
the minimum value of permeability is obtained at the places where |S11|
is minimum. The permittivity undergoes in the transition from positive
to negative whereas permeability is positively changing quantity. From
Fig. 18, it is noticed that the refractive index is a function of frequency
and it exhibits near-zero property at ENG region. Since permittivity of
the proposed unit cell becomes negative in a certain frequency range so,
this material is called ENG metamaterial. The negative permittivity can
also be explained by using the Drude function [41]:

= −
+

ε ω
ω

ω ω i
( ) 1

( Γ)
p
2

(27)

Here, Г is the damping factor due to which energy dissipates in the
plasmons and ωp represents plasmon frequency. Plasma frequency,

= ∈ωp
dq

m

2

0
where d, q, ∈0, m are the effective density, electron charge,

permittivity of free space and mass of electron respectively. If losses are
neglected ≈(Γ 0) then when <ω ωp , permittivity will be negative. In
that case, the wave can not be propagated. Form this equation, it will
also be observed that the refractive index, nr will be imaginary and in
this media, the wave will be evanescent. It is evident from Fig. 18 that
in the negative permittivity region, the refractive index is almost ima-
ginary. Negative permittivity property can be used to various applica-
tions in the communication sector such as for bandwidth enhancement
of antenna [42], microwave filter design etc. On the other hand, the
near-zero refractive property has been utilized for various purposes in
communication sectors such as to enhance antenna gain [43,44] and
directivity [45]. A close investigation of normalized impedance in
Fig. 19 represents that both real and imaginary part of the impedance is
positive in the frequency bands where metamaterial shows ENG

Fig. 20. Irregular arrangement of 2 × 2 array.

Fig. 21. Regular arrangement of 2 × 2 array.

Fig. 22. |S21| response of 2 × 2 array for change of d1 with d2 = 1 mm,
d3 = 0.5 mm.

Fig. 23. |s21| for 2 × 2 array for change of d2 with d1 = 1 mm, d3 = 0.5 mm.

Fig. 24. |s21| for 2 × 2 array for change of d3 at d1 = 1 mm and d2 = 1 mm.
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characteristics. Since the real and imaginary component is positive so,
metamaterial acts as a passive component [46].

Array metamaterial results

In many practical situations, the metamaterial unit cell does not
work independently. In that case, the array of unit cells is utilized to
manifest attractive electromagnetic properties of metamaterial. Due to

this reason, the performance of the metamaterial array is required to
investigate. To observe the coupling effect among unit cells for various
arrangements in an array, a parametric study has been executed on
2 × 2 array elements to obtain a better arrangement that provides |S21|
response similar to the unit cell. As presented in Fig. 20, d1 represents
column distance among the unit cells in the array, d2 is the distance
between two rows and d3 is the length between the top edge of the
substrate and the first cell of the second column of the array. The si-
mulation arrangement for this study is the same as presented in Fig. 2.
In this parametric study, |S21| is considered a function of a single
variable of d1, d2 and d3 keeping others constant. The change of |S21|
with the variation of d1 is observed for fixed d2 = 1 mm and
d3 = 0.5 mm. |S21| response is illustrated in Fig. 22 for every 1 mm
change of d1 from 1 to 5 mm. By investing in the graph of Fig. 22, it is
observed that when d1 is 5 mm and 4 mm higher order harmonics are
observed around 15 GHz. At this distance, low and mid frequency re-
sonances are shifted towards high frequency compared to the other
distances though the shift is nominal. Within d1 values of 1 to 3 mm,
the high frequency harmonics are eliminated and as the distance d1
decreases, mid and high frequency shifts towards lower values. As the
distance d1 increases the separation between unit cells of two columns

Fig. 25. |S21| comparison for unit cell and different array structure.

Table 4
Comparison of resonance frequency, bandwidth and percentage shift of re-
sonance among unit cell, 2 × 2, 4 × 4 and 8 × 8 array of unit cells.

Parameter Unit
cell
(GHz)

2 × 2
array
(GHz)

4 × 4
array
(GHz)

8 × 8
array
(GHz)

Max shift of
Resonance (%)

1st Resonance &
bandwidth

4.15
0.96

4.14
0.95

4.12
0.95

4.15
0.96

0.72

2nd resonance
& bandwidth

10.38
1.26

10.32
1.22

10.3
1.2

10.33
1.36

0.58

3rd resonance
& bandwidth

14.92
1.47

14.97
1.45

14.89
1.52

14.86
1.59

0.4

Fig. 26. (a) Fabricated unit cell, (b) 8 × 8 array of the unit cells.
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rises thus it decreases the values of coupling capacitors. The decreased
values of capacitance cause to increase the resonance frequency. When
d1>3 mm, electrical coupling between two consecutive column cells
decreases whereas magnetic coupling is constant. Due to the change of
this electromagnetic effect, high frequency harmonics may initiate.
Now, to investigate the effect of changing magnetic induction between
two consecutive cells between two rows, d2 is varied keeping d1 and d2
fixed at 1 mm and 0.5 mm respectively. Unlike the previous result,
when d2 increases from 1 to 5 mm low and mid resonance frequency
shift towards lower values as shown in Fig. 23. In the case of
d2 = 4 mm a harmonic at frequency 11.5 GHz is observed. When
d2 = 5 mm, the amplitude of this harmonic increases with an

additional harmonic at 15.5 GHz. The occurrence of this extra re-
sonance can be explained as the d2 increases, the separation between
consecutive unit cells of two rows also increases. This increasing dis-
tance may affect magnetic coupling and modifies the inductance and
capacitance of the array structure. This change effects |S21| response.
Fig. 24 represents the transmission coefficient plot for the change of d3
keeping d1 and d2 constant at 1 mm. The effect of harmonics is pro-
nounced when d3 is greater than 0.5 mm. it is due to the nonuniformity
of alignment of the array elements compared to first column elements.
Thus, cross coupling effect is more noticeable as d3 changes from the
regular orientation. From this study, it is vindicated that inter cell
distance of 1 mm and edge distance of 0.5 mm between substrate and
unit cell offers the same response of the unit cell. So, the orientation of
unit cells of Fig. 21 is considered as a regular arrangement of 2 × 2
array with d1 = d2 = 1 mm and d3 = 0.5 mm. This uniform or-
ientation provides sufficient coupling among the unit cells to exhibit
similar |S21| response of the unit cell.

The 4 × 4 and 8 × 8 arrays of the proposed unit cell are also
formed in a similar pattern of 2 × 2 array. The transmission coefficient
of these arrays is compared with the transmission coefficient of the unit
cell as presented in Fig. 25. The array arrangement shows the similar
triple band characteristics with a small variation in the resonance fre-
quency and bandwidth at each frequency band. The variation is illu-
strated in Table 4. From this table, it is observed that at first resonance,
unit cell and 8 × 8 array show their resonance at 4.15 GHz with the
same bandwidth whereas 2 × 2 and 4 × 4 show their resonances
around 4.14 GHz and 4.12 GHz respectively with a bandwidth of
0.9 GHz. For the second and third resonance, the change of the re-
sonance frequency and bandwidth is also negligible. In all cases, the
variation of the resonance frequency is less than 1% which indicates
that array and unit cell shows nearly the same performance. The sym-
metric nature of the rings and splits helps to achieve this performance.
Due to the symmetric pattern of unit cell construction, mutual coupling
and induced effect of the magnetic field are less pronounced. Thus, the
transmission coefficient is not affected by harmonics and displays
nearly the same scattering behavior and electromagnetic properties all
over the frequency spectrum.

Experimental results and discussions

To investigate the validation of the simulation result, the experi-
mental arrangement has been set up by fabricating the unit cell and its
8 × 8 array. The experiment for the unit cell is conducted by placing
the unit cell in the middle of two waveguide ports. The waveguide ports
are connected to the Agilent N5227A vector network analyzer. The unit
cell prototype and experimental set up are represented in Figs. 26(a)
and 27(a) respectively. The experimental findings of the transmission
coefficient are compared with the finds of simulation as displayed in
Fig. 28. The experimental output confirms the similar triple bands those

Fig. 27. (a) Measurement set up for evaluating performance of unit cell (b) measurement set up for array.

Fig. 28. Transmission coefficient comparison between measured and simula-
tion results of the unit cell.

Fig. 29. The measured transmission coefficient of array.
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cover C, X, Ku-bands. It is also noticeable that the experimental result
conceives some amount of noise and harmonics. Moreover, second and
third resonance frequencies are a little bit shifted though they both
have close similarities. Several factors may be the reason for this mis-
matching. Fabrication error during manufacturing may cause to affect
the performance of the unit cell. The experimental setup is also a lim-
iting factor because the proper alignment of the unit cell between two
waveguide ports is very important to get the desired performance.
These mismatches will be compensated by shifting resonances. Network
Analyzer needs to be calibrated properly otherwise calibration error
may superimpose with the experimented results. Two waveguide ports
also introduce mutual coupling which stipulates additional signal as
noise during measurement. Due to the cumulative effect of all these
limitations, experimental output exhibits a little shift of resonance
frequencies with harmonics. Fig. 26(b) shows a fabricated array pro-
totype of dimension 72 × 72 mm2 containing a total of 64 unit cells in a
square matrix array. The performance is measured through the ex-
perimental setup arrangement shown in Fig. 27(b). In this experimental
procedure, two horn antennas are used for transmitting and receiving of
electromagnetic waves. The two antennas are placed at a distance
around 50 cm to avoid near field radiation. At the bisection point of this
distance, the array element is placed. The terminals of the antenna are
connected to a vector network analyzer by using a long cable. The
complete experiment is accomplished in an anechoic chamber so that
external noise cannot obstruct the performance of the array. The per-
formance of the array element is evaluated by observing the transmis-
sion coefficient spectrum. Fig. 29 depicts the |S21| of the array element.
A close observation of this figure reveals that the array exhibits similar
triple band characteristics as unit cells. It is also visible from this figure
that array shows harmonics at mid frequencies. There are small dif-
ferences among the resonance frequencies compared to simulation re-
sults. Again, fabrication tolerance may affect the performance of array
performance. Measured plot exhibits some amount of noise which may
be generated by the long extending cable from network analyzer to
horn antenna However, the proposed C, X and Ku-bands are achieved
by this the array prototype.

The compactness of the proposed unit cell is investigated by cal-
culating the effective medium ratio (EMR). The effective medium ratio

is the ratio of wavelength to the maximum dimension of the unit cell
and can be express by the equation, =EMR λ/L. Here wavelength, λ is
calculated at the lowest resonance frequency and L is the length of CCI-
SRR unit cell. At the lower resonance frequency of 4.15 GHz, the EMR
of the unit cell is 8.03. This high EMR value help to improve the
homogeneity of the proposed unit cell. It also shrinks the electrical size
without compromising the fabrication limit. A comparison has been
accomplished between the proposed unit cell and other states of arts
based on the electrical and physical dimension, resonance frequency,
EMR and frequency bands of application as presented in Table 5. From
the table, it is observed that [12] exhibits higher EMR compared to the
proposed unit cell within its smaller dimension of 6 × 6 mm2 but it
covers only C and X-bands. Similarly [19,20,28,47] has a lower phy-
sical dimension but single band coverage and lower EMR are two major
constraints of these designs. Proposed CCI-SRR metamaterial covers
maximum of three frequency bands with a moderate EMR value and
physical dimension compared to other states of arts stated in Table 5.

Conclusion

A cross-coupled interlinked split ring resonator (CCI-SRR) based tri-
band epsilon negative metamaterial has been designed and analyzed in
this paper. The unit cell is designed on an FR-4 substrate with an
electrical dimension of 0.124λ × 0.124λ at 4.15 GHz. The designed
unit cell is simulated in CST and fabricated. Simulated and measured
|S21| exhibit tri-band response covering C, X and Ku-bands. Important
parameters such as permittivity, permeability, refractive index and
normalized impedance have been extracted by using popularly used
NRW method and results provide negative permittivity with the near-
zero refractive index. Extensive analysis has been performed on the
surface current, electric and magnetic field. The electromagnetic wave
interaction between DPS-ENG media is investigated. The result exhibits
that most of the incident wave is concentrated in the ENG medium, and
it represents evanescent wave properties. The electromagnetic coupling
effect is studied among the array elements by changing the orientation
of array elements in the 2 × 2 array. Through this study, a suitable
arrangement of array elements has been selected so that array exhibits
the same response of unit cell without affecting by harmonics. Thus, the

Table 5
Comparison of the proposed unit cell with another state of arts (comparison is made based on dimension, resonance frequencies, covering bands EMR).

Reference Year Shape Dimension Physical (mm × mm), Electrical (λ × λ) Resonance Frequency (GHz) Frequency band EMR

[9] 2016 S shape 35 × 35,
0.21λ × 0.21λ

1.8 GHz L 4.76

[10] 2017 Double C shape 12 × 12,
0.134λ × 0.134λ

3.36,8.58,11.57 S, C, X 7.44

[12] 2017 Open delta loop 6 × 6,
0.086λ × 0.086λ

4.32,7.55,9.76 C, X 11.5

[17] 2018 Modified H 9 × 8.8,
0.125λ × 0.125λ

9.65,12.6 X, Ku 3.45

[18] 2020 Hexagonal SRR 10 × 10
0.33λ × 0.33λ

3.57,11.6 S,X 8.4

[19] 2019 CSRR 5 × 5,
0.161λ × 0.161λ

7.5 C 8

[20] 2017 Concentric Ring 5 × 5,
0.232λ × 0.232λ

13.9,27.5 Ku, K 4.4

[21] 2019 Inverse Double L 10 × 10
0.26λ × 0.26λ

7.69, 8.46, 13.12, 14.03 C-, X-, Ku 3.9, 3.55, 2.89, 2.14

[24] 2019 RLC 10 × 8
0.29λ × 0.24λ

8.84 X 3.39

[28] 2015 SRR 5 × 5,
0.17 × 0.17λ

10.2 X 5.88

[47] 2020 CSR 8 × 8,
0.15λ × 0.15λ

5.80, 16.61 C 6.47

[48] 2016 Z shape 10 × 10,
0.252λ × 0.252λ

7.57,12.02 C, X 3.96

Proposed unit cell 2020 CCI-SRR 9 × 9,
0.124λ × 0.124λ

4.15, 10.84,14.93 C, X, Ku 8.03
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performances of 2 × 2, 4 × 4 and 8 × 8 array have been analyzed
those show good agreement with the unit cell. The equivalent circuit of
the proposed unit cell is designed, and performance is verified through
ADS. |S21| response of this equivalent circuit is closely related to CST
simulation result. The proposed unit cell provides an EMR of 8.03 at the
resonance frequency of 4.15 GHz that ensures a compact dimension
satisfying metamaterial's criteria of length, L < λ /4. Due to small
dimensions, near-zero refractive index and negative permittivity prop-
erties proposed unit cell can be used to enhance performance for var-
ious devices of microwave frequencies such as in antenna, bandpass
filter, EM cloaking operations etc. Since C, X and Ku-bands are mostly
used for satellite and Radar applications so proposed unit cell may be a
good candidate to enhance the performance of Satellite and Radar ap-
plication devices.
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