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Abstract

A design and performance analysis of a new triple-band metamaterial (MTM) is imparted in this article. The proposed 
MTM is able to produce three operating frequency bands and can be applicable for L-, S-, and X-bands applications. The 
L-band and S-band frequency responses are caused by electric resonance, and the X-band is generated by magnetic 
resonance. The triple-band response is produced by combining two open D-shaped loops coupled with a Z-shaped 
metal strip. To conclude the electromagnetic behaviour of the proposed MTM, the Nicolson Rose Weir method is utilized, 
and e�ective parameter extraction from re�ection and transmission coe�cient is done. Then the parametric analysis is 
done by changing the arm length of the loop, varying the capacitive gaps of the structure to analyse the performance of 
the proposed structure. Moreover, the equivalent circuit analysis of three individual frequency bands is performed for a 
clear understanding of the resonance phenomena of the proposed MTM. Besides, the analysis of 1×2, 2×1, 2×2, and 4×4 
array structures of the unit cells is done to validate the activities of the MTM because array structure is often needed to 
improve the performance of an antenna. All the structures reveal their triple-band operation and promising for L-, S-, and 
X-bands applications. The proposed MTM unit cell exhibits a larger e�ective medium ratio (17.7) for the lower frequency 
band. So, the projected compact MTM is a promising solution for di�erent microwave applications.
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1 Introduction

The arti�cial compound materials that are termed meta-
materials (MTMs), are intended to display extraordinary 
electromagnetic (EM) marvels not accessible by regular 
materials. The unavailable properties of MTMs such as 
negative permittivity, chirality, negative permeability, 
phase engineering, negative refracting index, beam steer-
ing, magnetism, polarization conversion, Doppler e�ects, 
Cherenkov radiation, Snell’s law, etc. make them a�uent to 
o�er many fascinating ways of handling light. As a result of 
these surprising properties, it can be utilized in numerous 
incredible applications, for example, absorber design [1], 

EM absorption reduction [2], invisibility cloaking [3], �lter 
design [4, 5], antenna design [6, 7], etc.

The MTMs are classi�ed based on their negative values 
of permittivity and permeability. Single negative MTMs 
(SNG) have negative values of either permittivity or per-
meability and well known as ε-negative MTM (ENG) (where 
permittivity is negative) or µ- negative MTM (MNG) (where 
permeability is negative). In a double negative material 
(DNG), both µ and ε are negative.

The electrodynamics of materials having simultaneous 
negative permeability and permittivity was �rst observed 
by Victor Veselago in 1968 [8]. Because of the absence of 
such natural material, Veselago’s invention was unable to 
draw attention until 1999. A breakthrough occurred in 
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2000 when Smith proved a composite medium named 
left-handed MTM (LHM) with unattainable properties of 
negative permeability and permittivity [9]. The �rst physi-
cally realized MTM was composed of subwavelength split-
ring resonators to get e�ective negative permeability and 
metallic wire to get negative permittivity [10, 11]. The con-
cept of a single-negative transmission line (SNG-TL) and 
complementary right-left handed transmission line �rst 
introduced in literature [12] and also the L-C equivalent 
circuits left-handed properties. For any speci�c application 
bands, the size of the MTM unit cells is much smaller than 
its wavelength. That is why MTMs are attractive to design 
a miniaturized antenna of multiband applications.

By combining ENG and MNG material in the same unit 
cell, negative refractive indexed material can be realized 
[13]. Moreover, SNG materials have been used to create 
left-handed (LH) material. The applications of MTMs are 
signi�cant in antenna gain enhancement [14–16], band-
width enhancement [17], multiband antennas [18–21], 
and in microwave imaging [22]. In [23], a circularly polar-
ized (CP) zeroth-order negative epsilon MTM has been 
reported where the asymmetrical unit cells are used to cre-
ate circular polarization. In many microwave applications, 
such as multiband operations, gain enhancement, sensor 
applications, etc. requires multiband frequency operation 
of MTMs. To �nd the solution of this situation, di�erent 
multiband SNG and DNG MTM unit cells can be used and 
discussed in the literature [24–26]. An open delta-shaped 
loop within the square resonator having triple-band ENG 
MTM characteristics is described in [24] where the e�ective 
medium ratio is larger in three distinct electric resonance. 
A dual-band double G-shaped DNG MTM has been realized 
for C-and S-bands applications in [25]. This dual-band reso-
nator is able to produce one single negative and another 
DNG operating band. A modi�ed Z-shaped MTM has been 
investigated in [26] which produces DNG behaviour over 
a wide frequency band. A 1×1, 2×2, and 4×4 arrays of the 
unit cells with 0-degree and 90-degree rotation angles 
have been analyzed to observe the behaviour of the cell. 
All of these structure shows DNG operating bands over 
a wideband. An altered hexagonal shape meta atom for 
quad-band applications has been reported in [27] for sen-
sor applications. Normal and parallel incidence of EM wave 
is investigated in this literature. By changing the air height 
between two unit cells, electric and magnetic resonance 
can be altered. This scheme is utilized to develop the idea 
of a pressure sensor. A double arrow structured meta-atom 
has been reported in [28] suitable for satellite applications 
and remote correspondence. An H-shaped and a split 
H-shaped DNG MTM reported in the literature [29, 30] for 
multiband wireless applications.

Unlike conventional ENG MTM having a plasmonic 
structure [10], recent ENG cells do not require any wire 

structure. Because wire con�gurations require a regular 
connection between unit cells called intercell connection 
and causes fabrication di�culty. It arises a problem when 
to design a contoured substance like a curved lens. The 
wire structure acts as a bulk medium, but researchers fac-
ing challenges to accommodate its length within the unit 
cell. As found, the length of the wire is larger than the unit 
cells area. To solve these problems, electric �eld coupled-
resonator reported in [31]. This nomenclature introduced 
epsilon negative single loop resonator with a capacitive 
gap in the middle of the loop forming an electric induc-
tive–capacitive (ELC) circuit and do no need for a continu-
ous path of current �ow between unit cells. To reduce the 
overall size of the unit cell, modi�cation of ELC resonator 
has been reported in [32]. Increasing total capacitance by 
�tting an array of the integral capacitor causes a decrease 
in resonant frequency. This entails an overall size reduc-
tion of unit cells compare to its operating wavelength. 
Further size reduction of electrically coupled resonators 
has been accomplished by integrating an array of minder 
lines which violates the capacitive coupling between two 
resonator rings [33]. A Z-shaped miniaturized ENG MTM 
has been reported in [34]. This investigation o�ers a low 
cost, small-sized meta-atom for high-frequency planar 
technology. It is able to exhibit lower resonance compared 
to an ELC resonator for the same physical size, in response 
to its normal incidence of EM wave. The literature [35] 
represents a comparison of epsilon negative ELC resona-
tors based on their e�ective medium ratio. Size reduction 
is accomplished by introducing multiple metal strips for 
increasing the value of inductance and integrated capaci-
tor for a higher value of capacitance. To overcome the 
Bloch mode of higher-order and cross cell interconnec-
tion e�ect, literature [36] reveals a new design composed 
of a coupled ELC resonators and a loop resonator (hybrid) 
on the other side of the substrate. This design also o�ers 
a higher effective medium ratio compared to conven-
tional designs. A delta loop loaded minder line integrated 
ENG MTM has been explored in [37] which claims a small 
structured cell with dual-band capability. A triple-band 
Greek-Key pattern ENG MTM has been designed and 
fabricated in [38]. This design provides multiband opera-
tion with its compact size. A prototype of a 10×10 array 
is fabricated and con�rmed its ENG behaviour in distinct 
bands. A double loop meta-atom has been designed and 
fabricated on gallium arsenide having a dual-band fre-
quency response in [39]. An MTM revealed by literature 
[40] where two delta loop resonators and a thin wire is 
used to develop an SNG and a DNG MTMs. A dual-band 
butter�y-pattern MTM has been reported in [41], and the 
two bands are produced due to electric and magnetic 
resonance, respectively. An M-band nested unconnected 
U-shaped resonator having LC resonance in three distinct 
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operating bands can produce strong magnetic resonance. 
The resonant frequency can be individually modi�ed by 
regulating the related U-shaped rings arm length [42]. 
A near-zero refractive index MTM has been reported in 
[43] where a pi-shaped structure is used. This design is 
intended for the application of an X-band cloak operation 

having an e�ective medium ratio (λ0/a) of 3.58. A 22×22 
 mm2 epsilon negative unit cell has been designed for 
C-band �ltering application and reported in [44] having an 
e�ective medium ratio of 9.01. A recon�gurable antenna 
is composed of a circular-shaped recon�gurable ENG MTM 
where capacitive gaps are switched to realize recon�gur-
able frequency operation [45]. In [46], a 14×17  mm2 ENG 
unit cell has been used to design a multiband antenna. 
The addition of a rectangular unit cell in the ground plane 
makes the monopole antenna useful for triple-band appli-
cations. In [47], a split ring resonator-based MTM has been 
reported. This rectangular-shaped MTM is used in material 
sensor applications to test concrete materials and utilizes 
resonant frequency movement as indicated by the param-
eter that is going be detected. A transmission line incor-
porated metamaterial sensor has been illustrated in [48]. 
This sensor is used to detect the authentic and inauthentic 
diesel samples. Moreover, it can be employed to accurate 
detection of different liquids. Another omega-shaped 
resonator along with transmission line has been utilized 
to realize an MTM operating at 1.9 GHz [49]. This single 
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Fig. 1  Geometry of the proposed triple-band MTM unit cell a Schematic layout and cross-sectional view (AA′), b Simulation setup

Table 1  Dimensions of the 
proposed MTM unit cell for 
optimum performance

Parameters Dimen-
sions 
(mm)

l 10

l1 7.53

g 1.2

t 0.4

c 0.5

m 3.2

h 1.6

Fig. 2  Magnitude of the transmission (S21) and re�ection coe�-
cient (S11) curves

Fig. 3  Absorptivity curve of the proposed triple-band MTM
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band MTM has used as a hypersensitized liquid sensor and 
the shifting of the resonant frequency is investigated to 
determine the concentration of the liquids.

Recent researches on MTMs are intended to improve 
the e�ective medium ratio, make it useful for multiband 
operation and electrical size reduction, etc. In common 
sense, miniaturization can be done by increasing the value 
of inductance and capacitance. Increasing the length of 
the metal stripline and decreasing the capacitive gaps, it is 
possible to increase the total inductance and capacitance, 
respectively. This phenomenon paves the way for the size 
reduction of the meta-atoms. The above-stated paragraph 
explores many ways of designing conventional and recent 
ENG MTMs.

Here, the design and performance analysis of a triple-
band single negative MTM is reported in this article. A unit 
cell of D-Z shaped loop is designed to produce multiple 
operating bands over L-, S-, and X-bands applications. It 
is well known that metamaterial can be integrated into 
many microwaves and higher frequency applications for 
size reduction and performance improvement purpose. 
So, the proposed multiband unit cell is designed at L-, S-, 
and X-bands so that it can be utilized in di�erent micro-
wave applications operating at L-, S-, and X-bands.The �rst 

two lower bands are purely electric, and the third band is 
caused by magnetic resonance. The negative permittivity 
is extended from 1.54–2 GHz corresponding to an imped-
ance bandwidth of 0.46 GHz for L-band and 3.4–4.2 GHz 
equivalent to a bandwidth of 0.8 GHz for S-band. The 
span of the negative permeability region of X-band is 
from 10.32–11.5 GHz equivalent to an impedance band-
width of 1.18 GHz. Moreover, 1×2, 2×1, 2×2, and 4×4 array 
structures are designed, and investigation of the e�ective 
parameters is done. All the structures reveal their triple-
band operation, and they are promising for L-, S-, and 
X-bands applications. Further, the equivalent circuit for 
three operating bands is designed and explained numeri-
cally. The proposed MTM unit cell exhibits a higher e�ec-
tive medium ratio of 17.7 at 1.54 GHz that proves its com-
pactness for the lower frequency band. So, the projected 
compact MTM is a prosperous solution for di�erent micro-
wave applications, for example, small antenna design and 
performance improvement of an antenna for GPS, 5 G and 
X-band RADAR applications. Moreover, it can be utilized in 
notch �lter design, MTM absorbers, and sensors.
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Fig. 4  Retrieved basic parameters of the proposed triple-band MTM unit cell a Real and imaginary values of permittivity, b Real and imagi-
nary values of permeability, c Real and imaginary values of the refractive index
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2  Design of a triple-band D-Z shaped MTM

The structure of the prospective D-Z shaped MTM unit cell 
is depicted in Fig. 1. Here, two open D-shaped split-ring 
resonators are coupled by a Z-shaped structure. The whole 
patch is imprinted on the FR4 substrate of permittivity, 
εr = 4.4, loss tangent = 0.0025, and a height of h. The overall 
dimension of the unit cell is 11×11  mm2. The outer arm 
length of the D-shaped resonator is l, and inner arm length 
is l1. Two D-shaped resonators have two split gaps of g 
and capacitively coupled by a gap of t. The length of the 
Z-shaped structure is m. The thickness of the copper strip is 
0.035 mm having a width of c. The e�ective design param-
eters are enlisted in Table 1. Some elementary points of the 
simulation setup are as follows: the perfect electric bound-
ary is executed along the y-axis, and the x-axis is consid-
ered as a perfect magnetic boundary. Then the unit cell is 
placed between two waveguide port, and they are used 
to EM wave propagation along the positive and negative 
z-axis, as shown in Fig. 1b. A frequency-domain solver is 

used for the free space simulation purpose. A tetrahedral 
mesh setup and port impedance of 50 Ω is used for simula-
tion purposes. 

After the simulation, the transmission and re�ection 
coe�cient curves are obtained and depicted in Fig. 2. The 
minimum dip of the transmission coe�cient curve indi-
cates the resonant frequency of the proposed MTM. The 
transmission dips occur at 1.54 GHz, 3.5 GHz, and 10.4 GHz. 
The absorptivity curve of the proposed triple-band MTM 
is shown in Fig. 3. Absorptivity (A(f)) of the MTM unit cell 
can be evaluated from the S11 and S21 by using the fol-
lowing equation: Absorption spectra, A(f) = 1 – | S21(f)|2 
– | S11(f)|2. From the absorption spectra, it is shown that 
it creates three peaks at 1.6 GHz, 3.6 GHz, and 8.7 GHz, 
correspondingly. The maximum values of absorption 
spectra are 0.2, 0.18 and 0.32 corresponding to 1.6, 3.6, 
and 8.7 GHz, respectively. The absorption spectra A(f ) is 
also known as loss characteristics. The ideal value of loss 
characteristics is 1. When the value of loss characteristics 
is 1, EM wave neither transmitted nor re�ected. Still, it is 
a blessing for applications like metamaterial absorbers. 

Fig. 5  Surface current 
distribution of the proposed 
triple-band MTM a 1.54 GHz, b 
3.5 GHz, c 10.4 GHz
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But the lower value of A(f) is desired in applications such 
as metamaterial cloaking, metamaterial antenna design, 
photonic metamaterials, etc. As our proposed metamate-
rial unit cell is not a metamaterial absorber; the peaks of 
absorption spectra contain lower values. It can be further 
lowered by using high-quality substrate and high conduc-
tivity metal. Moreover, higher loss characteristics can be 
obtained by minimizing wave transmission and matching 
the wave impedance and surface impedance of the meta-
material slab [50]. 

3  Parameter abstraction

To determine the EM behaviour of the MTM unit cell, scatter-
ing parameters (re�ection and transmission coe�cients) are 
used. To recover the basic parameters of the unit cell such 
as permittivity, permeability, and refractive index, Nicolson 
Ross Weir method (NRW) is used and required that the MTM 
unit cell should be smaller in size than the guided wave-
length [51, 52]. The re�ection and transmission coe�cients 
can be expressed in the term as follows:

where Γ is termed as re�ection coe�cient between the 
substrate of thickness h and free space. Further, Γ can be 
expressed in the term of relative impedance  Z0 (relative 
impedance) and it is the ratio between the square root 
of relative permeability and permittivity. The remaining 
parameter z is the transmission coe�cient which is related 
to the substrate of thickness h, the velocity of light c, and 
angular frequency of ω (ω = 2πf).
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If X1 = S21 + S11 and X2 = S21 – S11 then according to NRW 
method e�ective permittivity ( εe�), permeability (µe�) and 
refractive index (ηe�) can be expressed as follows:

The extracted real and imaginary values of permittiv-
ity, permeability and refractive index at 1.54 GHz, 3.5 GHz, 
and 10.4 GHz are illustrated in Fig. 4. The proposed triple-
band MTM resonates in three frequency bands having two 
electric and one magnetic resonance. At each resonant 
band, the imaginary components of permittivity and per-
meability are positive. From positive and negative-going 
real values of permittivity, it is clear that electric resonance 
occurs at 1.54 GHz and 3.5 GHz. The negative permittiv-
ity region ranges from 1.54–2 GHz and 3.4–4.2 GHz for 
the �rst and second band, respectively. The existence of 

(5)�eff =
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j�d
×
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1 − X
1
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(

1 + X
1
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(6)�eff =
2c

j�d
×

(
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(
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)

(7)�eff =
√

�eff �eff

negative permeability can easily be seen in Fig. 4b. The 
negative permeability region ranges from 10.32–11.5 GHz. 
As only one e�ective parameter (ε, µ) is negative at a time, 
the refractive index is positive, as shown in Fig. 4c.

4  Surface current and electric �eld 
distribution of proposed MTM unit cell

To reach deeper inside the operation of triple-band MTM, 
surface current distribution, and electric �eld distribu-
tion at three distinct operating bands are analyzed and 
�gured in Figs. 5, and 6. At 1.54 GHz, the surface current 
�ows in the upper, lower and inclined part of the Z-shaped 
structure. In the upper and lower part of the Z-shaped 
structure, the clockwise and anticlockwise movement 
of surface current annulled the magnetic dipole activ-
ity as pictured in Fig. 5a. The electric �eld distribution at 
1.5 GHz, as presented in Fig. 6a indicates that the upper 
and lower part of the Z-shaped structure capacitively 
coupled with a D-shaped structure. When the capaci-
tor discharged, current �ows through the inclined metal 
strip of the Z-shaped structure and can be modelled as an 
inductor. For the second resonant frequency at 3.5 GHz, 

Fig. 7  Equivalent circuit of the 
proposed triple-band MTM a 
1.54 GHz, b 3.5 GHz, c 10.4 GHz
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the concentration of the electric �eld is strong near the 
opening of the D-shaped loop and is depicted in Fig. 6b. 
The magnitude of the surface current is remarkable in the 
upper and lower part of the D-shaped loop and also in 
the inclined part of the Z-shaped metal strip at 3.5 GHz 
frequency. This phenomenon is portrayed in Fig. 5b. For 
the L-band and S-band resonant frequencies, the applied 
electric �eld is in phase with the current induced in the 
MTM. So, only the permittivity becomes negative. 

Figure 4a shows that the negative permittivity region 
extended from 1.54–2 GHz equivalent to a bandwidth of 
0.46 GHz and 3.4–4.2 GHz corresponding to a bandwidth 
of 0.8 GHz. But in the case of third resonant frequency, a 
phase change occurs. To cover up the �uctuating magnetic 
�eld, a change in current path occurs, and the current lags 
the applied electric �eld. Hence, negative permeability 
creates at 10.4 GHz. The region of negative permeability 
ranges from 10.32–11.5 GHz. The surface current distribu-
tion and electric �eld distribution at 10.4 GHz are shown 
in Figs. 5c and 6c.

5  Equivalent circuit design

The investigation of an equivalent circuit at each band 
of the proposed triple-band MTM makes its operation 
mechanism easier to understand. The equivalent circuit 
of an MTM can be estimated as LC resonant circuit, espe-
cially in quasistatic boundary (when unit cells are much 
smaller). The common formula of the resonant frequency is 
f = 1∕2�

√

LC  , where L is inductance and C is capacitance.
In MTM design, the current produced in metallic strip 

offers inductance, and the gap between two copper 
strip causes capacitance. The resonant frequency can 
be extended and lower by changing the value of L and 
C. The proposed unit cell is excited by the perpendicu-
larly incident polarized wave and causes an introduction 
of voltage in the metal gaps or parallel metal strip. This 
phenomenon can be approximated with the formation 
of parallel plate capacitance. Moreover, inductance can 
be modelled by the discharging path of the capacitor. 
The equivalent circuits are shown in Fig. 7. From the pre-
vious analysis of the surface current and electric field 
distribution, the responsible parts of the unit cell for 
capacitance and inductance generation are highlighted. 
If the width of the metal strip is c, the spacing between 
the capacitive gaps are g and t, and the thickness of the 
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substrate is h then the inductance and capacitance can 
be calculated by using formulas illustrated in the next 
paragraph [53, 54].

The capacitance form between two gaps can be 
expressed as

where �eff  is the e�ective dielectric constant and related 
to �ll factor q. Therefore,

where K is the elliptical function of the �rst kind. Now, 
expression of inductance can be expressed by:

(8)Capacitance, C = �0�eff

k
(

k
�

0

)

k
(

k0

)

�eff = 1 + (� − 1)q

q =

�

1

2

�

�

K
�

k
��

K (k)

��

K
�

k0
�

K
�

k
�

0

�

�

, k0 =
sinh

�

�s

2h

�

sinh

�

�b

2h

�

k
�

0
=

�

�

1 − k2
0

�

, k =
s

b
, k

�

=
√

1 − k2, s =
g

2
, b =

g

2
+ c

As stated before, the lower resonant frequency at 
1.54 GHz is due to capacitive coupling between D- and 
Z-shaped structure and also for the discharge path of 
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Fig. 10  S21 curves of the array con�gurations
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the capacitor (the inclined metal strip). The calculated 
value of the capacitance, C1 = 4.63 pF and inductance, 
L1 = 2.566 nH. So, the calculated �rst resonant frequency 
f1 = 1.46 GHz, which is very close to the simulated reso-
nance frequency of 1.54 GHz. The creation of the second 
resonant frequency at 3.5 GHz is related to the capacitance 
formation in the right and left part of the open D loop 
and the current �owing through the upper and lower part 
of the proposed structure. After calculation, the approxi-
mated value of capacitance, C2 = 12.2  pF and induct-
ance, L2 = 0.24 nH hence the second calculated resonant 
frequency is f2 = 3.39 GHz. In this case, the e�ects of the 
intercell capacitance (Cp) are neglected. The calculated 
resonant frequency for the third frequency f3 = 9.989 GHz 
where capacitance C3 = 9.15 pF and inductance L3 = 0.028 
nH.

6  E�ect of varying structure parameters 
on the resonant frequency

To �nd the signi�cance of various design parameter, a 
parametric analysis is performed. Several simulations 
are done by varying capacitive gaps g and t, length l, and 
width of the metal strip c. The parametric analysis will 

help to �gure out the resonance mechanism and also the 
design procedure.

Figure 8 represents the transmission spectra after the 
variation of the design parameters. The capacitive gap 
t is altered from 0.2 to 0.8 mm, and respective transmis-
sion spectra are illustrated in Fig. 8a. The optimized value 
of gap t is chosen to 0.4 mm, where three resonances 
occur at 1.54  GHz, 3.5  GHz, and 10.4  GHz. When the 
value of t is reduced to 0.2 mm, the first resonant fre-
quency reduced to 1.33 GHz. Because the capacitive gap 
decreased for the first resonant band. The second oper-
ating frequency band slightly decreased at t = 0.4 mm 
and the third band increased. This happens probably due 
to the stronger effect of C2 and the weaker effect of C3. 
Similarly, due to the extending the value of t beyond 
0.4 mm causes first resonant increases.

To point out the effect of capacitive gap g on the 
resonant frequency of the proposed structure, a para-
metric analysis is done. Here, the gap g is varied in a 
step of 0.4 mm and from 0.4 to 1.6 mm as depicted in 
Fig. 8b. From the figure, it is clear that an increase in g 
causes an increase in second resonant frequency and 
vice versa. The first resonant band is also affected by the 
variations of gap g because electric field concentration 
altered significantly within gap t. The change of third 
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resonance frequency is negligible up to a gap value of 
0.4 mm to 1.2 mm. At g = 1.6 mm, the increase in the 
third resonance frequency band is due to the decrease 
in the inductive path length. So, the optimum value of g 
is selected as 1.2 mm.

A large value of inductance is possible by increasing 
the length of the metal strip. As a result, the shifting of 
resonance frequencies will be downwards. This phenom-
enon is observed in Fig. 8c, where lengthening the metal 
strip causes a decrease in resonance and vice versa. The 
optimized value of length l is 10 mm.

The resonant frequency doesn’t change signi�cantly 
by the variation of the width of metal strip c. From Fig. 8d 
it can be observed easily. The variation of the �rst and 
second resonant band is poor by the variation of c. But 
the third band altered in a small range. This is due to the 
change of the mutual inductance of the proposed struc-
ture. In this worked design, the value of the optimized 
metal strip width is 0.5 mm because it is well known that 
the conductor losses are larger in a thin strip.

7  Design and analysis of di�erent array 
structure

To improve the performance of an antenna using MTM, 
it is sometimes necessary to use them in an array style. 
This section explores the behaviour of the proposed triple-
band MTM when used in an array con�guration. If the the 
array structure is able to create three resonating frequency 
bands with a negative value of e�ective parameters then 
it can be concluded that the proposed MTM structure can 
be applied for design and performance improvement 
of the antenna. The geometrical con�gurations of 1×2, 
2×1, 2×2, and 4×4 arrays are shown in Fig. 9. The distance 
between the two cells is 0.5 mm. The overall dimensions 
are 11×22 mm2, 22×11 mm2, 22×22 mm2, and 44×44 mm2 
corresponding to 1×2, 2×1, 2×2, and 4×4 array structures 
of the unit cell. The S21 curves of the array con�gurations 
are listed in Fig. 10. Figure 10 illustrates that array con�gu-
rations are also able to resonate in three frequency bands. 
The 1×2 array shows triple-band operation at 1.6 GHz, 
3.55 GHz, and 10.2 GHz, but the magnitude of S21 is higher 
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for the �rst and second frequency band. As illustrated in 
Fig. 11, the negative region is found from 1.5–1.9 GHz to 
3.2–4.8 GHz for permittivity and for permeability the range 
is from 10.6–11.4 GHz. The 2×1 array exhibits three operat-
ing frequency bands at 1.6 GHz, 3.55 GHz, and 10.1 GHz, 
respectively. The negative permittivity region ranges from 
1.6–2 GHz and 3.4–4.3 GHz, where the negative perme-
ability region extended from 10.1–11.5 GHz and depicted 
in Fig. 12. The triple-band performance is also observed in 
the 2×2 array structure, and the transmission minimums 
are at 1.67 GHz, 3.67 GHz, and 10.45 GHz, correspondingly. 
From Fig. 13, the negative permittivity and permeability 
characteristics are observed from 1.6–2.6 GHz, 3.4–5 GHz, 
and 10.4–11.2 GHz, respectively. Finally, the largest 4×4 
array is also able to generate three transmission minima at 
1.5 GHz, 3.5 GHz, and 10.3 GHz, respectively. The e�ective 
values of permittivity and permeability are represented 
in Fig. 14. The SNG characteristics are remarkable from 
1.5–2 GHz, 3.2–4.7 GHz, and 10.1–11.2 GHz frequency 
ranges. The real and imaginary refractive index curves 
of 1×2, 2×1, 2×2, and 4×4 array structures are shown in 
Figs. 11c, 12c, 13c, and 14c, respectively. None of them can 
show NRI properties as simultaneous values of ε and µ are 

not negative. The refractive index of the �rst two bands 
is close to zero, and the third band has a higher positive 
value of the refractive index. A summary of negative e�ec-
tive parameters is listed in Table 2, showing the negative 
regions, application bands, operating frequencies, and 
relative bandwidths corresponding to the structure types.      

8  Comparative study

A comparative study is performed to compare the pro-
posed work with recently announced MTM structures 
and appeared in Table 3. The comparison is based on the 
overall size of the unit cell, the e�ective medium ratio, and 
based on operating bands. In contrast with the literature 
[44], the proposed design is compact, having a higher 
value of the e�ective medium ratio, at 1.54 GHz. Compared 
to [32, 38, 43, 45] the size of the worked design is compact 
as it o�ers three operating bands. The design is applicable 
for lower frequency regions with miniature size compared 
to the literature [46]. Moreover, none of the listed work can 
operate in a lower frequency band (1.54 GHz) with a higher 
value of the e�ective medium ratio.
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Table 2  A summary of the frequency range, bandwidth, and application bands covered by proposed con�gurations established on nega-
tive permittivity and permeability

E�ective parameters Con�gurations Frequency range (GHz) Bandwidth (GHz) Application 
bands

Permittivity Unit cell 1.54–2 0.46 L, S

3.4–4.2 0.8

1×2 array 1.5–1.9 0.4 L, S

3.2–4.8 1.6

2×1 array 1.6–2 0.4 L, S

3.4–4.3 0.9

2×2 array 1.6–2.6 1 L, S, C

3.4–5 1.6

4×4 array 1.5–2 0.5 L, S

3.2–4.7 1.5

Permeability Unit cell 10.32–11.5 1.18 X

1×2 array 10.6–11.4 0.8 X

2×1 array 10.1–11.5 1.4 X

2×2 array 10.4–11.2 0.8 X

4×4 array 10.1–11.2 1.1 X
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9  Conclusion

A framework of a triple-band single negative MTM has 
been represented in this article. To design the multi-
band MTM unit cell, a D-Z shaped structure is used. The 
proposed SNG MTM is applicable for L-, S-, and X-bands 
applications. The L-band and S-band resonance are 
caused by electric resonance, whereas the X-band 
resonance is generated by magnetic resonance of the 
proposed structure. Moreover, for a superior under-
standing of the proposed structure, equivalent circuit 
modelling is performed at three operating frequencies 
based on the electric field and surface current distribu-
tion. Additionally, the parametric analysis of the unit 
cell assists in designing tunable MTM. To investigate 
the behaviour of the triple-band MTM when they have 
to be used as a bulk, array analysis is also performed. 
The design and performance analysis of 1×2, 2×1, 2×2, 
and 4×4 array structures of the proposed unit cells is 
also performed. However, the array structures showed 
good assurance of negative parameters. Compared 
to conventional SNG thin wire and complementary 
resonators, the proposed triple-band MTM showed 
improved performance. The main advantages of the 
proposed SNG MTM design lie in its miniature size, 
triple-band activity, and having improved value of the 
effective medium ratio. This proposed design can be 
beneficial for microwave and higher frequency appli-
cations such as in antennas, filters, MTM sensors, and 
MTM absorbers.
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