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We report a new design of triple-band electric metamaterial resonator (TBEMR) based on integration of open delta loops within
square ring resonator. This metamaterial resonator has three distinct 𝜀-negative regions (ENG) over C, X frequency bands. The
transmission and reflection response of the proposed subwavelength resonator is analyzed using full-wave electromagnetic solver
Ansys HFSS to demonstrate the presence of electrical resonances within frequencies 4–12GHz. Effective medium parameters
permittivity and permeability are extracted from simulated complex scattering parameters to verify existence of ENG regions.
The investigations are also carried out regarding dependence of resonant frequencies on design parameters of the TBEMR unit cell.
The effective medium ratio (𝜆0/𝑎) for proposed subwavelength resonator is compared with various other metamaterial resonators
to indicate its compact nature.

1. Introduction

Metamaterials are artificially structured composites made of
subwavelength resonators that exhibit unique electromag-
netic properties not found in individual constituent compo-
nents.The classification ofmetamaterials is carried as 𝜀-nega-
tive (ENG), 𝜇-negative (MNG), or double-negative (DNG)
based on negative values for either permittivity, permeability,
or both [1]. These single negative metamaterials including
ENG and MNG have exotic electromagnetic properties dif-
ferent frommost naturally occurring materials.The first arti-
ficial realization of metamaterial was made of two different
types of subwavelength structures, thin wire and split ring
resonator (SRR), to get negative response for permittivity and
permeability over common frequency range [2]. Metamate-
rials with negative refractive index can be realized by com-
bining the single negative ENG and MNG structures within
same unit cell [3].

These single negative metamaterials are important con-
stituent in the formation of negative index LHmetamaterials.
Additionally, these single negative metamaterials also find

applications in gain enhancement for antennas [4], micro-
wave absorber [5], material characterization [6], and micro-
wave sensors [7, 8]. Applications in microwave devises such
as gain enhancement or beam forming for antennas for
multiband operations require multiband characteristics for
metamaterials [9]. To solve these problems several single
negative (SNG) metamaterial structures having multiband
responses were reported in the literature [10–13]. A butterfly
pattern resonator reported in [10] has triple-band response
with two magnetic and one electric resonance. A four-arm
square spiral metamaterial reported in [11] has dual-band
magnetic and electric response in different frequency band.
A square single loop resonator (square-SLR) [14] is reported
to have triple-band response in X-band. This square-SLR has
two distinct MNG regions and one very weak ENG region.
A hybrid-SLR is reported to have quad-band response in S,C
bands with twoMNG and two ENG responses [12]. However,
the above reported metamaterials have mixed response with
MNG and ENG regions in nonoverlapping frequency bands.
Conversely, the nested U-shaped ring resonators reported in
[13] have triple-band responsewith onlyMNGcharacteristics
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in X-band region. A summary on conventional ENG meta-
materials and recent developments in it are reviewed in the
following paragraphs.

Conventional, single negative ENG metamaterials like
thin wire structure were shown to have dielectric function to
be of the form like plasma [15]. A planar complementary SRR
reported in [16] shows ENG response and acts as an alter-
native to thin wire structure. However, thin wire and CSRR
structure due to their interplane connectivity impose diffi-
culty in fabricating countered objects like lenses. As a short-
fall of this, Schurig et al. [17] proposed electrically coupled
LC resonator for obtaining ENG response. Prime advantages
of E-LC resonator are planar design, pure-electric response
due to mirror symmetry, no need of intercell and interplane
connectivity, and improved 𝜆0/𝑎 ratio. The E-LC resonator
was miniaturized further by replacing capacitive gap with
interdigitated (IDC) capacitance [18]. The maximum value
for effective medium ratio (𝜆0/𝑎) achieved was 10.2. It has
advantage of improved homogeneity and electrical size
reductionwithout any fabrication limitations. However, these
advantages were achieved at the cost of reduced coupling to
the external field as indicated by low value (−15 dB) of trans-
mission minima. Kolb et al. [19] proposed other notable low
resonant frequency structures derived from E-LC resonator
for further improvement in 𝜆0/𝑎 ratio. These structures were
inspired from original E-LC resonator. It includes geometries
such as I-shaped resonator, thin square loop, meander-
shaped resonator, and its variations. A meander-shaped res-
onator presents electrical size reduction with lowest resonant
frequency. However, it occurs at the cost of cross-polarization
effect and reduced coupling to the external field. A planar Z-
shaped resonator [20] for negative permittivity was shown
to have lower resonant frequency than conventional E-LC
resonator with same physical size.The double S-shaped reso-
nators realized in [21, 22] give overlapped response for nega-
tive permittivity and permeability. However, above reported
metamaterial resonators were having single-band response
for negative permittivity property.

In recent years, research in this particular area includes
electrical size reduction, improvement in effective medium
ratio [23], and achieving dual-band characteristics [24–26].
Size reduction is achieved by a common idea of raising overall
inductance and capacitance in the unit cell, thus achieving
lower resonant frequency. The approaches include changing
geometrical feature dimensions in the structure, that is, short-
ening the gaps or lengthening themetallic strips [23], and use
of surface mounted capacitor [27] and high permittivity sub-
strate as host material [25]. However, above approaches have
limitations due to difficulty and complexity in the fabrica-
tion and cost and availability of high permittivity substrates.
The dual-band characteristic is obtained by combining dif-
ferent resonating structures and optimizing them to get
response in desired frequency band [24–26]. A pair of E-LCs
resonators with different sized inductive loops and capacitive
gaps were shown to have two distinct electric resonances [24,
25]. However, shortfalls in these designs are poor coupling
to external field at higher resonant frequency [24] and
use of high permittivity material as substrate [25]. A dual-
band negative permittivity metamaterial design based on

integration of the delta loop within closed square ring reso-
nator was proposed in [26]. However, meander loaded delta
increases complexity of the design.

Metamaterial design proposed in this paper has purely
epsilon-negative (𝜀 < 0) response with triple-band character-
istics.Themultiband responses for this structure are obtained
by integrating open delta loops with square ring resona-
tor. Moreover effect of design parameters such as arm length
of delta loops, position of shorting stubs, gaps formed due to
open delta loops, metallic strip width, and substrate proper-
ties are investigated in detail. Also, proposed resonator shows
notable improvements over other multiband structures in
terms of pure-electric response, polarization stable response,
use of low cost FR-4 as host material, and design simplicity
for ease in the fabrication at higher frequencies.

2. Design and Simulations of Triple-Band
Electric Metamaterial Resonator (TBEMR)

In this communication, triple-band electricmetamaterial res-
onator (TBEMR) is proposed and investigated which couples
strongly to electric component of the incident field. Design of
thismetamaterial resonator is based on integrating open delta
loops within square ring resonator. The geometry of pro-
posed resonator is described in Figure 1 together with design
parameters and incident electromagnetic wave excitation.We
started with square loop resonator that already appeared in
the literature [19]. The square loop resonator that couples
strongly to electric component of electromagnetic wave is
widely used for getting 𝜀-negative response for normal wave
incidence as shown in [19, 29]. Although square loop resona-
tor has advantage in terms of polarization insensitive beha-
viour for normally incident wave [29], the disadvantage is
regarding single-band response and electrically large size as
indicated by very high value of 𝜆0/𝑎.The open delta loop res-
onator (ODLR) proposed by Sabah [30] is shown to have
single-band magnetic response for parallelly incident wave,
whereas Sarkhel [26] has recently shown electric response
for meander-line loaded closed delta loop resonator (CDLR)
for normally incident wave. However disadvantage of both
designs is that they are highly polarization sensitive. In case
of our design reported as shown in Figure 1(a), we have
used open delta loop resonator (ODLR) formed by metallic
strips 𝑙𝑠1, 𝑙𝑥2, 𝑙𝑦2, and 𝑙𝑠2. Two such ODLRs are used in the
design of TBEMR.The open vertex of the each ODLR is con-
nected with the diagonally opposite end of square ring res-
onator by shorting stubs 𝑠1 and 𝑠2. The gaps formed between
the base portions of the adjacent ODLR are responsible
for creating capacitances. Due to diagonal symmetry of the
structure, we get exactly same triple-band response for verti-
cally (𝑦-polarized) and horizontally (𝑥-polarized) polarized
electromagnetic wave when structure is rotated by angle 90∘
around 𝑧-axis.

The proposed TBEMR is to be printed on single face cop-
per cladded FR-4 epoxy dielectric spacer having permittivity𝜀𝑟 = 4.4, loss tangent (tan 𝛿) of 0.02, and a thickness of
1.6mm. The unit cell of the proposed resonator has physical
dimensions of 6mm × 6mm. All metallic strips in the design
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Figure 1: (a) Geometry. (b) Simulation setup for TBEMR unit cell using PEC-PMC boundaries. For the proposed resonator geometrical
parameters are 𝑎𝑥 = 6mm, 𝑎𝑦 = 6mm, 𝑙𝑥1 = 𝑙𝑦1 = 5.7mm, 𝑙𝑥2 = 𝑙𝑦2 = 3.6mm, 𝑙𝑥3 = 0.75mm, 𝑙𝑦3 = 0.3mm, and 𝑙𝑠1 = 𝑙𝑠2 = 2.8mm. The
lattice constant of the unit cell is 6mm × 6mm and width of all metallic strips is 𝑤 = 0.2mm.

of TBEMR are made of copper having conductivity of 5.8 ×107 S/m and thickness of 35 𝜇m. The copper line width
considered in simulation is 0.2mm for fabrication tolerances.
The electromagnetic response from the proposed resonator is
investigated using finite element method based Ansys HFSS
solver version 14. Simulations are performed on a unit cell
of proposed resonator by applying perfect electric (PEC) and
perfect magnetic (PMC) boundary conditions. The PEC and
PMC boundaries along with two wave ports model source of
plane wave excitation and indicate that unit cells are repeated
infinitely along𝑋 and𝑌 direction. Perfect electric and perfect
magnetic boundaries are assigned to the planes parallel to𝑋𝑍
and 𝑌𝑍. This indicates that electric field is oriented along 𝑦-
axis and magnetic field is oriented along 𝑥-axis as depicted
in Figure 1(b). We obtained complex scattering parameters𝑆11 and 𝑆21 fromunit cell simulation in the frequency range of
3–12GHz.The complex S-matrix data is deembedded appro-
priately at the edges of the cubic unit cell. At a higher value
of frequency sweep, that is, 12 GHz, the ratio 𝜆0/𝑎 has value
4.16 which is in accordance with the limit of 4. This ensures
that unit cell dimensions are much smaller than operating
wavelength and it conforms to the effective medium theory
without introducing undesired effects of spatial dispersion
[31].

Numerically simulatedmagnitude and phase of transmis-
sion (𝑆21) and reflection (𝑆11) spectra against frequency for
proposed TBEMR is presented as shown in Figures 2(a) and
2(b). The dip in transmission spectra 𝑆21 indicates stopband
response and is an indication of resonance for single negative
metamaterial structure. The transmission minima (𝑆21) is
displayed at resonant frequencies 4.32GHz, 7.55GHz, and
9.76GHz as shown in Table 1.This fact is also confirmed from
the pulse like transition seen in transmission phase spectra at
respective resonant frequencies as shown in Figure 2(b). The

Table 1: Simulated resonant frequency 𝑓0 (GHz), transmission
minima 𝑆21 (dB), and effective medium ratio (𝜆0/𝑎).
Meta-atom 𝑓0 (GHz) 𝑆21 (dB) (𝜆0/𝑎)
TBEMR 4.32, 7.55, 9.76 −23.29, −34.32, −34.76 11.5, 6.6, 5.1

absorbance spectra for proposed resonator can be calculated
from expression 𝐴(𝑓) = 1 − |𝑆11(𝑓)|2 − |𝑆21(𝑓)|2 as shown
in Figure 3. It peaks at frequencies 4.65GHz and 8.38GHz,
where reflection spectra has minimum value. The absorp-
tivity has maximum value of 0.36 and 0.31 for proposed
resonator and it can be minimized to some extent by using
high conductivity metal and high quality substrate. Although
loss characteristic is drawback for many applications but it
can be turned into an advantage for application like wave
absorber [32].The ideal value for loss characteristics (𝐴(𝑓)) is
near unity. It can be achieved bymatching surface impedance
of metamaterial slab with wave impedance and minimizing
wave transmission in manner as shown in [32].

3. Parameter Extractions, Surface Current,
and Electric Field Distribution

The effective medium parameters are extracted from the
simulated complex reflection and transmission coefficients
of wave incident on the metamaterial unit cell. A computer
program is written to retrieve effective impedance, refractive
index, effective permittivity, and permeability based on the
formulation that appeared in [33]. For normally incident
planewave on the slab of ametamaterial unit cell, constitutive
parameters such as effective impedance and refractive index
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Figure 2: Simulated transmission and reflection characteristics: (a) magnitude spectra of 𝑆11 and 𝑆21, (b) phase spectra of 𝑆11 and 𝑆21.
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Figure 3: Absorption spectra𝐴(𝑓) for proposed triple-band electric
metamaterial resonator (TBEMR).

can be computed fromFresnel’s relation by inverting S-matrix
data.

𝑧eff = ±√ (1 + 𝑆11)2 − 𝑆221(1 − 𝑆11)2 − 𝑆221 . (1)

The sign of the wave impedance 𝑧eff in (1) is determined
by imposing the conditions of passive material, that is, real
part of the effective impedance Re(𝑧eff ) and imaginary part
of refractive index Im(𝑛eff ), to be greater than zero.

𝑒ineff𝑘0𝑑eff = 𝑆211 − 𝑆11𝑅01 . (2)

The complex refractive index can be determined from

𝑛eff = 1𝑘0𝑑eff {Im [ln (𝑒ineff𝑘0𝑑eff )] + 2𝑚𝜋
− 𝑖Re [ln (𝑒ineff𝑘0𝑑eff )]} 𝑚 = 0, 1, 2 . . . , (3)

where 𝑚 is an integer denoting the branch index of complex
logarithm, 𝑑eff is the thickness of the unit cell of metamaterial
sample, 𝑘0 is the wavenumber, and 𝑅01 = (𝑧eff − 1)/(𝑧eff + 1)
depends onwave impedance 𝑧eff .The imaginary part of 𝑛eff in
(3) is not affected by the branches of logarithm function and it

can be determined accurately. However, real part hasmultiple
solutions due to branch ambiguity. It can be determined by
the method based on the Kramers-Kronig relations to ensure
the uniqueness of the effective parameters [34]. The effective
permittivity and permeability can be determined from the
effective impedance 𝑧eff and refractive index 𝑧eff as shown
below

𝜀eff = 𝑛eff𝑧eff𝜇eff = 𝑛eff𝑧eff . (4)

The effective medium parameters permittivity, perme-
ability, and refractive index are obtained using the above for-
mulation for the proposed TBEMR metamaterial resonators
as shown in Figures 4(a), 4(b), and 4(c), respectively. For
triple-band metamaterial (TBEMR), the electric resonance is
clearly seen from the real part of permittivity which varies
from high positive to negative values near narrow range
around resonant frequency as shown in Figure 4(a). The
real part of permittivity has negative values over frequencies
4.24–4.5GHz, 6.6–8.28GHz, and 8.95–11.28GHz for first,
second, and third band respectively. The proposed TBEMR
shows only electric response and no magnetic response as
observed from Figures 4(a) and 4(b). The plot of effective
permeability has near unity value. However, antiresonant
response is observed in corresponding negative permittivity
frequency band. The antiresonant behaviour is an intrinsic
property of such resonators due to finite spatial periodicity
[35]. The antiresonant response is also seen from the imag-
inary part of the effective permeability which is negative at
resonant frequency showing unphysical behaviour.

In quasistatic limit, when size of the resonator is very
small compared to operating wavelength, it can be approxi-
mated with the LC resonant circuit. The resonant frequency
is inversely proportional to square root of inductance and
capacitance (𝑓0 = 1/2𝜋√𝐿𝑒𝐶𝑒). The current induced in the
metallic strips offers inductance, whereas gapswithin the unit
cell or edges between adjacent unit cells form capacitance.
Thus, inductance and capacitance are influenced mainly by
geometrical design parameters of the unit cell. The surface
current density and electric field distributions can be plotted



International Journal of Antennas and Propagation 5

Frequency (GHz)
3 4 5 6 7 8 9 10 11 12

Eff
ec

tiv
e p

er
m

itt
iv

ity

−60
−40
−20

0
20
40
60

Real
Imaginary

(a)

Real
Imaginary

Frequency (GHz)
3 4 5 6 7 8 9 10 11 12

Eff
ec

tiv
e p

er
m

ea
bi

lit
y

−1.5
−1

−0.5
0

0.5
1

1.5
2

(b)

Real
Imaginary

Frequency (GHz)
3 4 5 6 7 8 9 10 11 12

Re
fr

ac
tiv

e i
nd

ex
 n

−2

−1

0

1

2

3

4

5

(c)

Figure 4: Computed effective medium parameters for the proposed triple-band electric metamaterial resonator (TBEMR): (a) permittivity,
(b) permeability, and (c) refractive index, respectively. The solid lines represent the real part while dashed line represents imaginary part.

at respective resonant frequencies to understand inductive
and capacitive response from the structure (refer to Figures
5 and 6, resp.). At lower resonant frequency, that is, 𝑓01 =4.32GHz, it is observed that the surface current flows over top
right and bottom left portion of the TBEMR resonator (refer
to Figure 5(a)). The surface current flows in clockwise and
anticlockwise manner in arrow-like portion of the resonator.
This, clockwise and anticlockwise flow of the time varying
surface current in the upper right and lower left metallic
portion of the resonator cancels anymagnetic dipolar activity
along 𝑧-axis near the resonance. The magnetic field from the
external plane wave excitation is oriented along 𝑥-axis and
it lies in the plane 𝑋-𝑌 of substrate without threading the
metallic loops of the TBEMR resonator. This fact explains
that resonator does not couple to magnetic field component
of the plane wave electromagnetic excitation. The strong
intensity of the localized electric field observed near upper
right and lower left inclined strips of the unit cell as shown
in Figure 6(a) indicates capacitive effects.The two delta loops
are coupled by mean of capacitance strongly along inclined
strips 𝑙𝑠. Capacitive effect occurs due to spacing formed
between inclined metallic strips of delta loops as shown in
Figure 6(a).Themetallic strips printed on substrate are planar
and not fully 3D. The accurate expressions for capacitances
for coupled parallel strips deposited on dielectric substrate
can be found from reference [36, 37].

The equivalent circuit is drawn at resonant frequencies
from the plots of surface currents and electric field intensities
(refer to Figure 7). The equivalent circuit presents qualitative
response from the structure and helps to understand res-
onance mechanism at respective resonant frequencies. The
application of vertically polarized plane wave induces volt-
ages across parallel branches of the resonator and forms
capacitances. The capacitor discharges and current flows via
inductive metal path along the length of arrow-like geomet-
rical portion as shown in Figure 7(a). The self-inductance of
eachmetal strip is calculated by using (5) from the pathwhere
current flows [36].

𝐿 (nH) = 2 × 10−4𝑙 [ln( 𝑙𝑤 + 𝑡) + 1.193 + 𝑤 + 𝑡𝑙 ] . (5)

The terms 𝑤, 𝑡, and 𝑙 are strip width, strip thickness, and
strip length, respectively, in microns. The mutual inductance
between strips is calculated by using

𝑀(nH) = 2 × 10−4𝑙𝑒 [[ln
{{{
𝑙𝑒𝑑 + (1 + 𝑙

2
𝑒𝑑2)
1/2}}}

− (1 + 𝑑2𝑙2𝑒 )
1/2 + 𝑑𝑙𝑒]] ,

(6)
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Figure 5: Surface current density 𝐽𝑠 on the metallic patterns of TBEMR metamaterial at resonant frequencies (a) 𝑓01 = 4.32GHz, (b) 𝑓02 =7.55GHz, and (c) 𝑓03 = 9.76. Note that red color indicates strong positive values.

where 𝑙𝑒 is the effective length of two metal strips and 𝑑 is the
mean distance between the strips. Dimensions 𝑤, 𝑡, 𝑙, 𝑙𝑒, and𝑑 are in microns. The capacitance between coplanar strips is
calculated by using the following [36, 37]:

𝐶 = 𝜀𝑜𝜀eff 𝐾(𝑘𝑜)𝐾 (𝑘𝑜) , (7)

where effective dielectric constant and filling factor is defined
as follows: 𝜀eff = 1 + (𝜀 − 1)𝑞, 𝑞 = (1/2)(𝐾(𝑘)/𝐾(𝑘))(𝐾(𝑘𝑜)/𝐾(𝑘𝑜)), 𝑘𝑜 = sinh(𝜋𝑎/2ℎ)/sinh(𝜋𝑏/2ℎ), 𝑘𝑜 = √1 − 𝑘2𝑜, 𝑘 =𝑎/𝑏, 𝑘 = √1 − 𝑘2, 𝑎 = 𝑠/2, 𝑏 = (𝑠/2) + 𝑤, where 𝐾
represents a complete elliptical function of first kind with𝐾
being its complementary function [36].𝑤 and 𝑠 are width and

spacing between coplanar metal strips. The computation of
resonant frequency requires calculation of total inductance
and capacitance in the structure at respective resonant mode.
At first resonant frequency, that is, 𝑓01 = 4.32GHz, self-
inductance (𝐿𝑜1) for the current path as shown in Figure 7(a)
has value of 18.5 nH calculated using (5). Mutual inductance𝑀1 between the metal strips having antiparallel current
has value of 1.5 nH calculated using (6). Then, the total
inductance is calculated as 𝐿𝑒1 = 𝐿𝑜1 − 2𝑀1 = 15.5 nH. The
capacitance between coupled parallel strips 𝑙𝑠 is 𝐶1 = 0.1 pF.
The resonant frequency is calculated as 𝑓01 = 1/2𝜋√𝐿𝑒1𝐶1 =4.05GHz which is very much close to simulated resonant
frequency of 4.32GHz. It is observed that, at this frequency,
the effect of capacitor 𝐶1 is dominant compared to intercell
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Figure 6:Magnitude of electric field distribution on theTBEMRmetamaterial at resonant frequencies (a)𝑓01 = 4.32GHz, (b)𝑓02 = 7.55GHz,
and 𝑓03 = 9.76, respectively. Note that red color indicates strong positive values.

capacitance 𝐶𝑝. This fact is verified by observing the effect of
closing the gaps and variations in gap length over resonant
frequency 𝑓01 (refer to Figures 10 and 8). Note that we have
neglected ohmic losses occurring due to finite conductivity of
metal strips.

At second resonant frequency, that is, 𝑓02 = 7.55GHz,
surface current is excited mainly along top and bottom
horizontal strips of outer square loop resonator, left and right
portions of delta loops as shown by arrows in Figure 7(b).
The total inductance for the current path is 𝐿𝑒2 = 30.5 nH
calculated from (5). The localized electric fields can be
observed at the top right and bottom left horizontal branches

of the square loop.These electric fields are due to capacitances
formed between gaps of the adjacent unit cells denoted as
intercell capacitance𝐶𝑝.The capacitance is also formed at the
center within the unit cell 𝐶2. This capacitance is relatively
weak compared to that of intercell capacitance 𝐶𝑝(0.18 pF)
and has pronounced effect on determining resonant fre-
quency as they act in series. This fact is substantially similar
to that of 𝑍gap resonator discussed in [20]. Determining the
value of capacitor 𝐶2 is difficult as it is formed between
nonadjacent diagonally opposite arms of delta loop.However,
in calculation of 𝑓02, it is approximated as 1/6th the value
of 𝐶1. The equivalent capacitance is then calculated as
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Figure 7: Equivalent circuit topology for geometry of TBEMR at resonant frequencies (a) 𝑓01 = 4.32GHz, (b) 𝑓02 = 7.55GHz, and (c)𝑓03 = 9.76GHz. Current flow is represented by dashed arrow and capacitances are denoted by 𝐶1, C2, 𝐶3, and 𝐶𝑝.

𝐶𝑒2 = 𝐶𝑝𝐶2/(𝐶𝑝 + 𝐶2) = 0.0147 pF. The predicted resonant
frequency 𝑓02 = 1/2𝜋√𝐿𝑒2𝐶𝑒2 has value 7.51 GHz close to
simulated value.

At third resonant mode 𝑓03, total self-inductance for the
current path is 𝐿03 = 25.5 nH calculated from (5) andmutual
inductance 𝑀3 between the metal strips having antiparallel
current has value of 1.5 nH calculated using (6). Then the
total inductance is calculated as 𝐿𝑒3 = 𝐿𝑜3 − 2𝑀3 =22.5 nH. Capacitor 𝐶3 is relatively weaker than 𝐶2 and it is
approximated as 1/8th that of 𝐶1. The equivalent capacitance
is then calculated as 𝐶𝑒3 = 𝐶𝑝𝐶3/(𝐶𝑝 + 𝐶3) = 0.011 pF. The
predicted resonant frequency 𝑓03 = 1/2𝜋√𝐿𝑒3𝐶𝑒3 has value
9.8GHz close to simulated value. The increased resonant

frequency 𝑓03 as against 𝑓02 is due to decreased value of
inductance 𝐿𝑒3 and capacitor 𝐶3.
4. Effect of Design Parameters on
Resonance Frequency

Parametric analysis of the TBEMR is carried out in order
to point out importance of different geometrical parameters
on the LC resonant frequency and guidelines to design such
material. Series of numerical simulations are performed con-
cerning variations in the arm length of inner delta loops (𝑙𝑠1,𝑙𝑠2), positions of shorting stub 𝑠1, 𝑠2 (𝑙𝑥2, 𝑙𝑦2), closing the gaps
formed due to arms of open delta loops, metal strip width 𝑤,
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Figure 8: Transmission spectra of the TBEMR for different values
of arm length 𝑙𝑠 of the open delta loop.

and substrate properties like permittivity. The transmission
spectra under normal incidence are indicted and analyzed for
each configuration as presented in subsequent subsection.

4.1. Effect of Changing Arm Length of Inner Delta Loops.
The arm length 𝑙𝑠 for inner delta loops is varied from 𝑙𝑠 =1.2mm to 𝑙𝑠 = 2.8mm in steps of 0.4mm. For optimized
design as shown in Figure 8, we have considered length 𝑙𝑠 =2.8mm and three resonances occur at 4.32GHz, 7.55GHz,
and 9.76GHz, respectively. For decrement in value of 𝑙𝑠
from optimized value, we find that resonant frequency 𝑓01
increases to 5.21 GHz (for 𝑙𝑠 = 1.2mm) from earlier values of
4.32GHz (for 𝑙𝑠 = 2.8mm). There is almost a shift of 20% at
resonant frequency 𝑓01. From simulated surface current den-
sity and electric field distribution, it is observed that resonant
mode at 𝑓01 is preserved when arm length 𝑙𝑠 is decreased.
The increase in resonant frequency 𝑓01 is due to decrease
in capacitance 𝐶1, as 𝑙𝑠 decreases, whereas second resonant
frequency 𝑓02 shifts upward from value of 7.5 GHz (for 𝑙𝑠 =2.8mm) to 8.62GHz (for 𝑙𝑠 = 2.04). For further decrements
in value of 𝑙𝑠 = 1.2, the second and third resonancemerge into
single value at 9.22GHz. It is found that resonating modes at𝑓02 and𝑓03 are preserved up to value of 𝑙𝑠 = 2.0mm.The shifts
in values of 𝑓02 and 𝑓03 are probably due to weaker capaci-
tance𝐶2 and𝐶3. However for lower values of 𝑙𝑠 = 1.6mmand𝑙𝑠 = 1.2mmmodes at 𝑓02 and 𝑓03 merge and new resonating
mode is formed.

4.2. Effect of Variations in Position of Shorting Stubs 𝑠1, 𝑠2. The
lengths 𝑙𝑥2 and 𝑙𝑦2 of both the ODLRs are varied to see the
effect for the change in position of shorting stubs 𝑠1 and 𝑠2 as
shown in the inset of the Figure 9. Parameters (𝑙𝑥2 and 𝑙𝑦2) are
varied from optimized value of 3.6mm to minimum value of
2.0mm in steps of 0.4mm. It is observed that, for optimized
value of 3.6mm, three resonances are obtained as shown in
Table 1. For decreased value of 3.2mm, resonances at 𝑓01 and𝑓02 shift to higher frequencies. The shift at frequency 𝑓02
is very small compared to shift at 𝑓01. For lowest value of
2.0mm resonance at 𝑓03 disappears and two closely spaced
resonances𝑓01 and𝑓02 are observed at 5.4GHz and 7.32GHz,
respectively.
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Figure 10: Effect of closed gaps of delta loops on 𝑆21 resonances.
4.3. Effect of Gaps on Formation of Resonance. To understand
the effects of gaps formed due to open delta loops, transmis-
sion spectra is computed by closing gaps between and within
delta loops as shown in the inset of Figure 10. When gaps
between inclined arms 𝑙𝑠 of open delta loops are closed, it is
found that electric resonance at 𝑓01 totally disappears. This
fact confirms the role of capacitance 𝐶1 in the formation of
resonance at 𝑓01. However, the other two resonances at 𝑓02
and 𝑓03 are still present and they are shifted to lower frequen-
cies by 6.13% and 5.1%. The resonant frequencies at 𝑓02 and𝑓03 are preserved because capacitances 𝐶2 and 𝐶3 are pre-
served as they are formed between diagonally opposite arms𝑙𝑠 of the delta loops. These facts are confirmed from the plots
of the surface current distributions plotted at resonant fre-
quencies (not shown here). The resonances at 𝑓01 and 𝑓03 are
present, when gaps within the delta loops are closed in a
manner as shown in inset of Figure 10. The resonance at fre-
quency 𝑓02 disappears totally.The resonance frequency at 𝑓01
is lowered by 3.33% and at𝑓03 is lowered by 5.1%.These results
simply imply that resonant frequencies at 𝑓01 and 𝑓02 are
directly related to the gaps between and within delta loops,
while 𝑓03 is slightly affected by closing the gaps in either way.
The ENG response at first and second band can be tuned by
closing corresponding gaps. Moreover, this study also paves
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Table 2: Effect of substrate properties on simulated resonant frequency 𝑓0 (GHz), transmission minima 𝑆21 (dB), and effective medium ratio(𝜆0/𝑎).
Substrate 𝜀𝑟 tan 𝛿 𝑓0 (GHz) 𝑆21 (dB) (𝜆0/𝑎)
RT Duroid 5880 2.2 0.0009 5.62, 9.0, 12.07 −33.22, −40.58, −42.41 8.9, 5.5, 4.14
FR4 4.4 0.02 4.32, 7.55, 9.76 −23.29, −34.32, −34.76 11.5, 6.6, 5.1
Rogers TMM4 4.5 0.0020 4.36, 7.52, 9.7 −32.31, −42.16, −39.66 11.46, 6.64, 5.15
Alumina 9.2 0.008 3.27, 5.63, 7.22, 10.04 −26.43, −35.45, −34.16, −29.16 15.29, 8.8, 6.9, 4.98
Taconic CER-10 10 0.0035 3.13, 5.41, 6.94, 9.64 −30.86, −39.88, −38, −32.98 15.97, 9.24, 7.20, 5.18
the way for designing dual and triple-band response and
switching the bands at first and second resonance.

4.4. Effect of Changing Substrate Properties. The material
properties such as permittivity of the substrate affect resonant
frequency and effective medium parameters such as relative
permittivity 𝜀𝑟, permeability 𝜇𝑟, and refractive index 𝑛. To
study this effect, we have taken different low and high
permittivity substrates like Rogers Duroid 5880 𝜀𝑟 = 2.2, FR-
4 𝜀𝑟 = 4.4, Rogers TMM4 𝜀𝑟 = 4.5, Alumina 𝜀𝑟 = 9.2, and
Taconic CER-10 𝜀𝑟 = 10. Considering normal wave incidence
setup, it can be found that, without any geometrical and
dimensional changes in the structure, a high permittivity
substrate presents a lower resonant frequency.The downward
shift in resonant frequency can be clearly observed for high
permittivity Alumina, Taconic CER-10 substrate as shown
in Figure 11. This happens because the capacitance formed
between coplanar metallic strips in the structure increases
with increase in the permittivity of the substrate, thereby low-
ering resonant frequency. Another advantage of using high
permittivity substrate is that we get improvement in 𝜆0/𝑎
at respective resonant frequency (refer to Table 2) which is
figure of merit for miniaturization and homogenization. We
also find that more than three resonances, that is, four, come
into picture for high permittivity Alumina and Taconic CER-
10. Although high permittivity substrates are useful in getting
resonant response towards lower frequency, its cost and
availability have to be considered. The above study can be
employed to optimize a structure for various applications and
to get a desired electromagnetic response. Moreover, it is also
observed that electric field coupling (dip in 𝑆21) improves
for low loss substrate. Low loss Rogers TMM4 has improved
coupling compared to that of high loss FR-4 at respective
resonant frequencies. Similar observations can bemadewhile
comparing Alumina and Taconic CER-10.

4.5. Effect of Changing Metallic Strip Width𝑤. For optimized
design, we have considered width for metallic strips as 𝑤 =0.2mm. For parametric analysis, width 𝑤 is varied from
0.18mm to 0.28mm in steps of 0.02mm. As seen from plots
shown in Figure 12, the variations in resonant frequencies at𝑓01, 𝑓02, and 𝑓03 are less than 2%, 3.5%, and 4%, respectively.
It can be inferred that resonant frequencies do not vary
much. However slight increase observed at 𝑓02 and 𝑓03 can
be attributed to decrease in self-inductance with increment
in metallic strip width𝑤 [13]. Moreover, it is reported that for
very thin metal width conductor losses increase [36].
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Figure 11: Effect of permittivity of the substrate on 𝑆21 resonance.
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Figure 12: Transmission spectra of the TBEMR for different values
of metal line width 𝑤.

Further, performance comparison of the proposed struc-
ture with previously reported metamaterial structures is
carried out as shown in Table 3. For comparison, we have
considered unit cells operating in microwave regime. From
Table 3, it is indicated that, compared to [17, 18, 20, 26],
the proposed TBEMR structure exhibits triple-band response
and highest value of (𝜆0/𝑎) ratio at lower resonant frequency
of 4.32GHz. Moreover at other two resonant frequencies,
its value more than 4 is maintained. The proposed structure
has advantage of having purely electric response as against
[10, 28]. Letters E and M in Table 3 denote type of resonance,
namely, electric and magnetic, respectively. An improved(𝜆0/𝑎) ratio, miniaturization, and triple-band response are
the main characteristics of the proposed structure.
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Table 3: Performance comparison with reported single negative SNG (𝜀 < 0 and/or 𝜇 < 0) metamaterial resonators from the literature.

Ref. Geometry Cell dimensions (mm) 𝑓0(GHz) Resonance type (𝜆0/𝑎)
[17] E-LC 3.33 × 3.33 15.7 E 5.7
[18] Idc loaded E-LC 14 × 14 2.11 E 10.2
[20] Z-shaped 6 × 6 4.9 E 10.2
[26] Square and meander loaded delta 7.5 × 7.5 5.41, 6.70 E,E 7.39, 5.96
[10] Butterfly pattern resonator 6 × 8 7.97, 10.31, 12.08 E,M,M 4.7, 3.63, 3.10
[13] Nested U-ring resonator 6.5 × 6.5 8.24, 9.86, 12.42 M,M,M 5.6, 4.68, 3.71
[28] Greek-key pattern 10 × 10 2.4, 3.5, 4 E,M,E 12.5, 8.57, 7.5
TBEMR Square ring, open delta loops 6 × 6 4.32, 7.55, 9.76 E,E,E 11.5, 6.6, 5.1
5. Conclusion

In conclusion, we present new compact triple-band micro-
wave metamaterials evolved by integrating open delta loops
within square ring resonator. The scattering parameters and
effective medium parameters of the proposed metamaterial
are investigated through full-wave simulation over the fre-
quency range 3 to 12GHz. Proposed geometry has purely
electric response as indicated by negative permittivity prop-
erty at respective resonant frequencies. The effect of various
geometrical design parameters on resonant frequencies is
investigated and it serves as a guideline to get dual, triple,
and tunable response from the proposed structure.Moreover,
proposed TBEMR resonator is compact in size as indicated
by improved wavelength to unit cell ratio having value of 11.5
and 5.1 at lower and higher resonant frequency, respectively.
The proposed metamaterial presents improvement over con-
ventional single-band ENG structures such as thin wire and
complementary SRR. The proposed TBEMR is expected to
find applications in realization of multiband devices such as
antennas, filters, andwave absorbers atmicrowave and higher
frequency regime.
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[34] Z. Szabó, G.-H. Park, R. Hedge, and E.-P. Li, “A unique extrac-
tion of metamaterial parameters based on Kramers-Kronig
relationship,” IEEE Transactions on Microwave Theory and
Techniques, vol. 58, no. 10, pp. 2646–2653, 2010.

[35] R. Liu, T. J. Cui, D. Huang, B. Zhao, and D. R. Smith,
“Description and explanation of electromagnetic behaviors in
artificial metamaterials based on effective medium theory,”

Physical Review E: Statistical, Nonlinear, and SoftMatter Physics,
vol. 76, Article ID 026606, 2007.

[36] I. J. Bahl and P. Bhartia, Microwave Solid State Circuit Design,
John Wiley & Sons, 2003.

[37] S. Gevorgian and H. Berg, “Line capacitance and impedance of
coplanar-stripwaveguides on substrates withmultiple dielectric
layers,” 2001.



Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal of

Volume 201

Submit your manuscripts at
https://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 201

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


