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Abstract—This study reports on tunable planar metamaterial design
that is capable to achieve dual-band negative index of refraction
responses operating in microwave regime. Its distinctive characteristic
is the usage of tuning open stub-loaded stepped-impedance resonators.
Parameters retrieval algorithm, and full-wave simulation of prism-
shaped structure were carried out to validate the negative refraction
characteristics of metamaterial structure. The results predict its
prospect as a very promising alternative to the conventional ones,
which is compatibly applicable on various potential microwave devices
especially when dual-band function is required. In addition to that,
its design flexibility offers a various frequency bands at any possible
choice, which is alterable together with any design parameters changes.

1. INTRODUCTION

In the year 1968, physicist Veselago in his early seminal work [1]
theorized a new type of material that can exhibit negative
electrical permittivity (ε) and negative magnetic permeability (µ)
simultaneously across a common frequency band. He theoretically
created a lossless metamaterial (MTM) that exhibits negative ε and
µ; shows atypical properties, which is not found in nature, and is
capable to focus the electromagnetic radiation. Later, Pendry and his
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co-workers presented the first metamaterial [2] and [3]. They showed
that in such material, the existence of negative ε and µ can be exhibited
using conductive wires and split-ring resonators (SRRs) respectively.
Afterwards, Smith et al. (2000) [4] and Shelby et al. (2001) [5] validated
this idea. They experimentally demonstrated the first metamaterial
that shows simultaneously negative ε and µ by constructing two-
dimensional periodic structure unit cells of SRRs with copper strips
that verifies its extraordinary properties at microwave frequencies.

Since the success of metamaterial design mostly depends on the
shape and the geometry of the unit cell, numerous novel methods
have been proposed to investigate the potential applications [6–21].
The majority of the aforementioned metamaterial studies focused on
achieving the desired electromagnetic response at a single frequency
band. In order to achieve a dual band negative index, a typical method
is to construct the composite with the ability of producing magnetic
responses at two frequency bands [22–24]. It will then be combined
with material that allows negative permittivity at the corresponding
frequency bands.

Recently, several types of artificial metamaterial have been
reported to achieve dual-band negative index response [25–28]. A
metamaterial structure having magnetic resonances at two different
frequencies providing effective negative permeability values over two
separate bandwidths is proposed in [25]. The metamaterial unit cell
topology is made of a single loop of conductive strip printed over a
dielectric substrate with a special winding geometry. Another dual-
band negative refractive metamaterial is reported in [26] using cut
wire pairs and continuous wires. In this design, the cut wire pairs
structure can exhibit negative permeability over two frequency bands
by modifying the length or width of the cut wire. While design [27],
used cut wire pairs and continuous wire elements to produce dual-
frequency double-negative response composite metamaterial, where the
dual-frequency operation is obtained by employing cut wire pairs of
two different lengths within the unit cell. Other metamaterial designs
that exhibit double negative over two frequency bands are reported
in [28]. These metamaterials consist of electric resonant parallel strips
with one or two magnetic resonant spirals. However, these reported
designs bring along discoveries of some related problems, primarily,
the materials are found simply untunable, apart from generally
producing quite narrow bandwidths, which consequently limit the
range of potential applications, notwithstanding of the fabrication and
utilization complexity. The setbacks necessitate endeavors to overcome
the range limitation of applications prioritizing simplification of design
and usage. Therefore, more investigation on the electromagnetic
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response of the dual structure in details should be done to further
assist design considerations in order to improve their utilization in
multi-band applications.

In this paper, we introduce a novel resonator named as an “open
stub-loaded stepped-impedance resonator” (open stub-loaded SIR) to
design metamaterial that exhibit dual-band negative refractive index
over different frequency bands. The metamaterial unit cell in the
design is constructed using single open stub-loaded SIR, which is
printed on both sides, on top and bottom of the dielectric substrate.
The parameters efficiency of the proposed metamaterial unit cell
was meticulously selected from numerous simulations based on the
characteristics of reflection and transmission coefficient results. The
design properties are further analyzed theoretically before being re-
confirmed by simulation to verify that it was soundly designed.
Accordingly is manufacturable for potential diverse applications of
microwave frequency band with its advantages of simple tunability
at remarkable loss reduction whilst is also adjustable for low and high
frequency regimes.

The paper is organized as follows: Section two presents the basic
structure of half-wavelength stepped-impedance resonator and its main
characteristics. It is followed by Section three, which presents the
proposed open stub-loaded SIR and provides a critical analysis on
it. Section four is comprised of three subsections: 1. Open stub-
loaded SIR design. 2. Description of the proposed MTMs structures.
3. Coupling structure. Then along comes Section five on analyses and
simulations of the MTM design. Prism-shaped structure validation
follows in Section six. Finally, Section seven concludes the letter
including its significance and practical applications suitable for the
obtained results.

2. CHARACTERISTICS OF BASIC STRUCTURE OF
HALF-WAVELENGTH STEPPED-IMPEDANCE
RESONATOR

Microstrip stepped-impedance resonators (SIRs) have been extensively
used in microstrip microwave devices design due to its size reducibility
and harmonic control. Moreover, it has been shown that the SIR is
wide-range tunable based on the length ratio of low-impedance section
over high-impedance section [29–34]. Typically, the structure of half-
wavelength (λg/2) microstrip SIR consists of two transmission lines
with different characteristic impedance; high-impedance section (Z1)
and low-impedance section (Z2); and electrical lengths of θ1 and θ2

as shown in Fig. 1 [35]. The most important electrical parameter in
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characterizing the properties of SIR is called impedance ratio (RZ),
and it can be defined as [35]:

RZ = Z2/Z1 (1)
In order to investigate the fundamental and higher order resonance
frequencies conditions of SIR shown in Fig. 1, regardless of the step
discontinuities effects in the transmission line and the fringing fields
at the open end, the input impedance (Zin) can be expressed as
follows [35]:

Zin = jZ2

(
Z1 tan θ1 + Z2 tan θ2

Z2 − Z1 tan θ1 tan θ2

)
(2)

The fundamental resonant frequency (f0) which is corresponding to
the electrical length θ0 occurs when Zin →∞ (Yin = 0) as follows [35]:

Z2 − Z1 tan (θ1) tan (θ2) = 0, (3)
then,

tan (θ1) tan (θ2) = Z2/Z1 = RZ (4)
For practical application, we assume that θ1 = θ2 = θ0, thus

θ0 = tan−1
(√

RZ

)
(5)

The first spurious frequency (fs1) which is corresponding to the
electrical length θs1 occurs at [35]:

tan (θs1) = ∞ (6)
Accordingly, from Equations (5) and (6), fs1 can be obtained as
follows [35]:

fs1

f0
=

θs1

θ0
=

π(
2tan−1

(√
RZ

)) (7)

Figure 1. Conventional
Schematic of a half-wavelength
stepped-impedance resonator.

Figure 2. Structure of the
proposed open stub-loaded SIR
applied in the design.
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It is clear from Equations (5) and (7) that the fundamental and the
spurious frequencies can be controlled by the impedance ratio RZ . The
smaller the value of RZ , the further the spurious frequencies will be
from the fundamental frequency. Whenever this is applied, it is found
that the resonator length is optimally minimized. This is beneficial to
fit miniaturization demand in the industry.

3. ANALYSIS ON THE PROPOSED OPEN
STUB-LOADED STEPPED-IMPEDANCE RESONATOR

The proposed open stub-loaded SIR consists of a modified microstrip
half-wavelength resonator and a open stub-loaded as illustrated in
Fig. 2, where Z3 and θ3 represent the characteristic impedance and
the electrical length of the open stub-loaded, respectively. Compared
to the short-circuited stub-loaded resonator reported in [36–38], the
open stub-loaded resonator is less complicated to fabricate when it
comes to printing a circuit layout.

The illustration in Fig. 2 shows that the open stub-loaded SIR is
symmetrical to the T -T ′ plane, yet, the resonator is analyzable using
odd-mode and even-mode method [39–42]. The odd-mode and even-
mode resonances can be separately extracted by enforcing the input
impedance (Zin) to zero [39]. In order to simplify the analysis, we
assumed that Z1 = Z3 thus, the resonances occur under the conditions
given below [40–42]:

• For odd-mode resonance condition (Fig. 3(a)):

2 tan
(

θ1

2

)
· tan (2θ2) = RZ (8)

(a) (b)

Figure 3. Approximate transmission line circuit model of the open
stub-loaded SIR in Fig. 2: (a) odd-mode equivalent circuit, and (b)
even-mode equivalent circuit.
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• For even-mode resonance condition (Fig. 3(b)):

2 cot
(

θ1

2
+ θ3

)
= −RZ cot (2θ2) (9)

Applying the previously defined Equations (9) and (10) in a suggested
assumption, given θ1 = θ2 = θ, at the length ratio (α) of the proposed
open stub-loaded SIR is then defined as:

α =
(

θ3

θ

)
(10)

Therefore, odd-mode and even-mode resonance conditions can be
derived as the following equations after substituting (11) into (9) and
(10):

2 tan
(

θ

2

)
· tan (2θ) = RZ (odd-mode) (11)

2 cot
((

1
2

+ α

)
θ

)
= −RZ cot (2θ) (even-mode) (12)

Thus, from Equations (12) and (13) f2/f1 can be expressed as:

f2

f1
=

θeven-mode

θodd-mode
=

π

(2.5 + α) · cos−1

(
−2−

√
4+4RZ+2R2

Z

−(4+2RZ)

) (13)

According to the previously obtained equations that we derived (12)–
(14), it can be observed that the fundamental frequency and the
first higher-order frequency occur in the odd-mode and even-mode,
respectively. Furthermore, the open stub-loaded (Z3, θ3) impinge on
the even-mode resonant frequencies only, without affecting the odd-
mode resonant frequencies. Therefore, the open stub-loaded SIR is
easily controlling the resonant frequencies and yet still capable to
achieve the design of negative refraction index metamaterial with two
different frequency bands. Here, the first band which is associated
with the first odd resonance can be adjusted by properly choosing a
suitable combination of characteristic impedances (Z1 and Z2) and the
electrical length (θ1 and θ2) of SIR. The central frequency of the second
band that corresponds to the first even resonance is easily tuned by
adjusting the dimensions of the open stub-loaded (Z3, θ3) while the
characteristic of the first resonant frequency remains.

In order to verify the above results, the open stub-loaded SIR
in Fig. 2 was simulated using a full-wave electromagnetic simulation
(CST Microwave Studio) [43]. In this case, two microstrip lines with
50 ohm characteristic impedance are used to feed the proposed open
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Figure 4. Simulated operating frequencies characteristics against stub
length, on a substrate thickness of 0.787mm with a relative dielectric
constant of 2.2 (Z1 = Z3 = 105.78Ω, Z2 = 51.03Ω, θ1 = θ2 = 24.2◦ at
center frequency of 10 GHz).

Figure 5. Normalized ratios of the second resonant frequency to the
fundamental frequency of the proposed open open stub-loaded SIR
under different values of RZ and α.

stub-loaded SIR under weak coupling. Fig. 4 demonstrates that any
increment of the open stub-loaded length will affect the first even-mode
resonance frequency and shift it down within a wide range and vice
versa, while the fundamental odd-mode resonant frequency remains
the same.

Figure 5 shows the relationship between the length ratio (α) and
normalized ratio of the second resonant frequency with respect to the
fundamental frequency (f2/f1) taking RZ as a parameter. As seen in
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Fig. 5, the first two resonant frequencies f2 and f1 can be determined
by scrupulously choosing optimal values of two main parameters α and
RZ . The realizable f2/f1 is found to be between 1.26 and 2.94. This
value of f2/f1 is similar with those obtained in [42]. Theoretically,
wider range of f2/f1 is obtainable by changing RZ . In comparison
to the conventional SIR reported in [40] and [41], the realizable f2/f1

range of the proposed open stub-loaded SIR presented in this paper is
wider even with the same values range of RZ .

4. THE PROPOSED OPEN STUB-LOADED SIR
METAMATERIAL DESIGN AND ITS PROPERTIES

4.1. Open Stub-loaded SIR Design

The open stub-loaded SIR was designed at a center frequency of
10GHz, where the total electric length θT = 5θ. The initial
circuit dimensions were calculated as follows: RZ = 0.482, Z1 =
Z3 = 105.78Ω, Z2 = 51.03Ω, θ1 = θ2 = 24.2◦ and θ3 = 19.9◦.
Then, these parameters were optimized by CST Microwave Studio
simulator [43]. After a few repetitions in the optimization process, the
structural parameters of every open stub-loaded SIR shown in Fig. 6
are summarized in Table 1.

Table 1. Design parameters of every open stub-loaded SIR.

Parameter l1 = l3 l2 lstub W1 W2 Wstub

Dimension (mm) 3.1 1.5 1.25 2.35 0.6 0.5

Figure 6. Open stub-loaded SIR design parameters.
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4.2. Description of the Proposed MTM Structure

The aim of this study is mainly to design planar structure that can
exhibit dual-band negative index of refraction operating in microwave
frequency regime, and investigate its properties. Fig. 6 shows the
model of the proposed MTM structure used in the applied designs.
The MTM structure where each unit cell is mainly composed of open
stub-loaded SIR to simplify production of MTMs as the first design
is presented in the previous section. The MTM is designed to have
etched open stub-loaded SIRs arranged on the opposite sides i.e., on
top and bottom; of the dielectric substrate as illustrated in Fig. 7(a).
This MTM design technique offer simplified structures, advantage of
compactness, capability to produce bands of negative refraction index
at microwave frequency and easier fabrication in planar technology
for instance microstrip. It generally comprises periodic elements, and
gains it properties from the structure as a whole rather than directly
from the constitutive properties of a single component.

4.3. Coupling Structure

The coupling coefficient between two adjacent microstrip open stub-
loaded SIRs (either on the top or bottom surface of the substrate) can
be extracted using three-dimensional electromagnetic simulator [43].
In this case, both resonators should be weakly coupled to their feeds in
order to avoid coupling loading effect from the first and second feeds

(a) (b)

Figure 7. (a) MTM structure and (b) perspective view for its unit
cell.
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Figure 8. Coupling coefficient between resonators versus the distance,
d (substrate thickness, h = 0.787mm and dielectric constant, εr = 2.2)
for the proposed MTM.

Reason-wise is to determine the appropriate gaps between the adjacent
resonators in the design. The general formulation for extracting the
coupling coefficients of two adjacent resonators is given in equation
below [44]:

Mij = ±
(

f2
2 − f2

1

f2
2 + f2

1

)
(14)

where f1 and f2 are the odd-mode and even-mode resonant frequencies
respectively and Mij is the coupling coefficient between ith and jth
resonator.

Figure 8 plots the value of coupling coefficients Mij against the
coupling spacing (d) between two adjacent resonators; simulation
deduced that when d increases Mij decreases The value of d for all
the mentioned MTM designs is constant at 0.5 mm.

5. ANALYSIS AND SIMULATION

The proposed MTM unit cell with dimensions of a = b = 8 mm
and c = 6 mm is designed on Rogers RT/Duroid 5880 substrate with
dielectric constant εr = 2.2, loss tangent δ = 0.0009, and thickness
h = 0.787mm using full-wave electromagnetic simulator [42] to obtain
the S-parameters in terms of return loss (S11) and insertion loss
(S21) magnitudes. For numerical simulation purposes, we put the
configuration of MTM in a two-port waveguide and excited with an
electric field along the x-direction and a magnetic field perpendicular
to the conducting elements plane along the z-direction.

In order to verify the electromagnetic properties of the designed
MTM, the retrieval algorithm described in [45–47] was used to
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obtain the effective constitutive parameters based on the reflection
and transmission coefficient characteristics. The effective constitutive
parameters are: the impedance (z), the relative effective permittivity
(ε), the permeability (µ), and the refractive index (n) are obtainable
by:

z = ±
√

(1 + S11)
2 − S2

21

(1− S11)
2 − S2

21

(15)

e(jnk0d) = X ± j
√

(1−X2) (16)

X =

(
1− S2

11 + S2
21

)

(2S21)
(17)

ε = n/z (18)
µ = n× z (19)

where k0 is the wave-number of the incident wave in free space and d
indicates the slab thickness of the MTM.

Figure 9 shows the simulated S-parameters characteristics of
MTM structure. We can observe from Fig. 9 that there are two
transmission peaks occur at 5.94 GHz and 22.63GHz respectively.
The first transmission passband indicates region of the first magnetic
resonance which is mainly depends on the coupling between the
resonators. While the second transmission passband indicates the
second magnetic resonance occurs at the center frequency of the first
even resonance in the open stub-loaded SIR. This MTM structure also
has electric resonance region occurs at 9 GHz produced by open stub-
loaded SIR, and its electric resonance frequency is often above the
first magnetic resonance frequency. Moreover, the first transmission
peak (5.94 GHz) indicates that the sample impedance z is closer to 1

Figure 9. MTM S-parameters simulated results.
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compared to the second transmission peak (22.63 GHz) with a little
reflection. The mentioned results demonstrate the appearance of
negative refractive index over two frequency bands which indicate the
existence of dual-band negative index from this structure. This could
be verified by retrieving the effective constitutive parameters as point
to be discussed next.

From the simulated results given in Fig. 10, it is observed that the
extracted real part of the permeability µ is simultaneously negative
over two narrow frequency bands, which are 5.79–7.18 GHz and 21.6–
22.68GHz, respectively. The effective permittivity ε is negative over
a very broad band from 5.5–21.04GHz. From the real part of ε, it
is noted that there is anti-resonance at the electric resonance region,
and the imaginary part of ε is negative at the same frequency. In
agreement with the two overlapping regions observed in the microwave
frequency range where ε and µ are both negative, our sample structure
in fact exhibits two left-handed passbands at 5.7–7.27 GHz and 8.9–
22.68GHz and, as shown in Fig. 10(d), the corresponding refractive
index (n) values are negative in both regions. The wideband region of
the negative index appeared in the second region, most probably due

(a) (b)

(c) (d)

Figure 10. Retrieved effective parameters of the MTM: (a)
permeability, (b) permittivity, (c) impedance and (d) refractive index.
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to enhanced coupling among the resonators in the unit cell structure.
The negative band region starts from the electric resonance peak and
ends at the second magnetic resonance peak. This negative band of
refraction is tunable via the open stub as mentioned in Section 3.
These findings indicate that the effective parameters of the structure
did produce negative refractive index over a broader wideband region
than the region produced by the MTMs recently reported in [25–28].

(a)

(b)

Figure 11. (a) Surface current and (b) electric field distribution
magnitude for at the frequency of 10 GHz.
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Hence, it is exploitable in the design of microwave devices like
antennas that may yield high quality performance with smaller sizes
at lower cost. Moreover, these results clearly show that the proposed
MTM can be alternatives to the ordinary MTM designs specifically
those operated on a dual-band.

To further illustrate the nature of the MTM design, we analyzed
the structure to understand its observed performance. Fig. 11
demonstrates the surface current and the magnitude of the electric
field distributions on the conducting surface of MTM at the frequency
where the negative index exists. Red color indicates strong positive
values and blue color indicates strong negative values. As Fig. 11(a)
depicts, the structure has circulating currents as described in details by
the direction of arrows. In Fig. 11(b), the electric field is strong at the
edges of the thin line gap due to the strong coupling; thus any change in
dimensions of the gap will strongly affect the electric field distribution
and subsequently the surface current will also change, which inevitably
leads to behavioral changes of the structure.

6. PRISM-SHAPED STRUCTURE SIMULATION
VALIDATION

One of the techniques to validate the negative refractive index behavior
of the MTM obtained from retrieval algorithm is via refraction
experiment prism simulation for microwave beam deflection observing
purpose in [5, 48, 49]. Here we present full wave simulation for the
proposed MTM prisms, which are designed similarly to the actual
samples used in the experiments reported in [5]. The model of MTM
prism is depicted in Fig. 12. The prism has an inclination angle,
θi = 19◦, where 10 unit cells are arranged along y-axis and 10 unit cells
along z-axis. In the simulation, electromagnetic (EM) wave is guided
by a rectangular waveguide and normally injected on the prism front
face. Both waveguide and prism have perfect electric conductor (PEC)
conditions on the top and bottom planes, conversely, other edges have
perfect match layer (PML) conditions. In Fig. 13, the magnitude of
the electric field distribution is illustrated at the frequency of 6 GHz,
7.1GHz, 13 GHz, 15 GHz, 17.5 GHz, and 19.5 GHz, where the negative
refractive index regions. The simulated results show that with incident
angle of 19◦, the negative refraction angle is −12◦, −3◦, −10◦, −6◦,
−50◦, and −60◦ respectively. Then based on Snell’s law, its refractive
indices are calculated as −0.64, −0.16, −0.53, −0.32, −2.35, −2.66
respectively. Congruously the calculated negative refractive index from
the refraction angle is in good agreement with the one obtained from
the retrieval result.
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Figure 12. Prism-shaped structure simulation setup.

(a) (b)

(c) (d)

(a)
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(e) (f)

Figure 13. Electric field magnitude distribution for the refraction in
a prism-shaped structure at the frequency of: (a) 6 GHz, (b) 7.1 GHz,
(c) 13 GHz, (d) 15GHz, (e) 17.5 GHz, and (f) 19.5GHz.

7. CONCLUSION

This paper shares novel MTM design manipulating open stub-
loaded SIR to produce tunable dual-band negative refractive index.
Comprehensive analyses have been done throughout the letter
concerning theoretical and simulation validation as well as the design
techniques adopted. The simulation results show that the proposed
structure exhibits two regions with negative real refractive index,
n, values. In addition, based on these results the design proved
to be efficient in producing materials with negative indices at lower
fabrication costs on small-scale photolithographic printed circuit
boards. The proposed MTM design is potentially applicable for
improved quality microwave components like antennas and filters. It is
flexible enough to be multifunctional, adaptive, and conformal besides
having prospect for fulfilling the needs of next generation broadband
communication technology.
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