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Abstract In this paper, a novel double-incidence and

multi-band left-handed metamaterial (LHM) was presented

based on coplanar electric and magnetic resonators, whose

structure is composed of two orthogonal Z-shaped metallic

strips on each side of the dielectric substrate respectively.

Both the double Z-shaped LHM for electromagnetic wave

parallel and normal incidences are discussed. The structure

exhibits two LH pass-bands and one right-handed pass-

band when electromagnetic waves are incident parallel to

the substrate, while it can achieve multiple LH pass-bands

under normal incidence with the same structure and only

single size of Z-shaped strips. By means of theoretical

analysis, building equivalent magnetic resonance circuit

models, numerical simulation, extracting the effective

permittivity, permeability from S parameters and the

experimental measurement, the left-handed properties are

analyzed and verified. The fabricated double Z-shaped

metamaterials will create a new way to prepare the elec-

tromagnetic cloak which is suitable for multiple frequen-

cies, and the cloak of infrared or visible frequency,

especially with the same structure and in same size from

different incident directions.

1 Introduction

Left-handed metamaterials (LHMs) are artificial metama-

terials with negative permittivity (e) and negative perme-

ability (l) simultaneously [1, 2], which have drawn

considerable attention recently in the scientific community

for a series of fantastic characteristics, and for wide

applications at optics such as perfect lens [3] and electro-

magnetic cloak [4, 5]. The first LHMs, combined with

periodic arrays of split-ring-resonators (SRRs) and thin

metallic wires, are experimentally demonstrated by Shelby

et al. [2]. Since then many investigations have been trying

to extend the negative index of refraction metamaterials to

dual-band [6, 7] or multi-band [8, 9], as well as optical

wavelength [10, 11].

Nowadays, the realization of dual-band, multi-band

LHMs remain to be the main topic of LHM research. A

great variety of LHMs have been designed and fabricated,

especially Chen et al. [12] demonstrated the phenomenon

of negative refraction to show that it is not produced by

periodicity, and metamaterials could be realized with

composite materials or fabricated with various techniques

by using versatile hosting materials, which widens the

scope of realizing LHMs. Generally speaking, according to

the incident direction of electromagnetic waves, the exist-

ing LHMs fall roughly into three categories. The LHMs in

the first category are based on the traditional incident

electromagnetic waves parallel to the substrate, such as

S-shaped structure [13], omega-shaped structure [14],

H-shaped structure [15], compound resonator unit cells

[16], nonlinear LHM [7] and single-sided LHMs [9].

LHMs in the second category, based on the incident elec-

tromagnetic wave are perpendicular to the substrate. LHMs

composed of fishnet structure [17, 18], short wire-pair

structures [19], double bowknot-shaped structure [20], leaf-
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shaped structure [21], as well as the so-called all-dielectric

LHMs [22] fall into this category. The third is that negative

permittivity and negative permeability can be achieved

simultaneously, not only under parallel incidence but also

under normal incidence. However, only a few researchers

are focusing on this route to realize the LHMs, and so far,

there has been little research to achieve it. Zhu et al. [23,

24] who present multi-bands LHMs based on multiple

dendritic structures cells, show that multi-bands of negative

refractive indexes can be gained for parallel and normal

incidences. Nevertheless, the dendritic metamaterials are

composed of different size of cell pairs. According to the

implementation of LHMs band, usually they can be divided

into single-band, dual-band and multi-band of LHMs. The

realization of single-band LHMs is common and easy, such

as omega-shaped structure [14], H-shaped structure [15],

short wire-pair structures [19], leaf shaped structure [21].

The common characteristic of these metamaterials is that

there is only one LH pass band. In contrast, it is difficult to

fabricate multi-band LHMs. By changing the geometric

size of S-shaped resonator, Chen et al. [25] proposed a

LHM with two LH pass bands. Wang et al. [26] have

realized multiband negative refractive index by alterna-

tively stacking arrays of left-handed units with different

geometrical dimensions. Yao et al. [27] presented a mul-

tilevel dendritic structure, with simultaneously negative

permeability and permittivity for electromagnetic wave

parallel incidence. Later, they [28] presented the left-han-

ded condition of the three-level dendritic structures for

normal incidence. Sikder Sunbeam Islam et al. [29]

designed a split-H-shaped metamaterial for multi-band

frequency range under parallel incidence of electromag-

netic wave. Yuan et al. [6] fabricated a dual-band planar

metamaterial with two distinct electric resonances in the

terahertz regime. Song et al. [11] further developed the

multi-band optical LHMs based on random dendritic cells.

Recently, Liu et al. [7] have demonstrated a type of non-

linear meta-atom creating a dual-band nonlinear LHM. The

LHMs mentioned above are studied by different methods

or from different incidence to achieve dual-band or multi-

band, but so far, multiband LHMs have never been

achieved from parallel incidence as well as normal inci-

dence with the same structure and in same size. Today,

with the continuous development of the LHMs, to obtain

multi-band and multi-directional incidence LHMs will

better meet the needs of practical application.

In this paper, we introduce a novel double-incidence and

multi-band LHMs based on coplanar magnetic and electric

resonators. The structure is composed of two orthogonal

Z-shaped metallic strips on each side of the dielectric

substrate respectively. For unit cell of the proposed LHMs,

the electric resonator and magnetic resonator are fabricated

simultaneously on every side of the substrate with the

electric resonator in the central part of the magnetic res-

onator, and such unit cell is very compact and space-sav-

ing. Therefore, the double Z-shaped structure is composed

of multiple electric and magnetic resonators. By adjusting

the dimensions of either the magnetic resonator or the

electric resonator, their negative parameter frequency

bands can be tuned to overlap each other, and then it

exhibits multiband LH property. Based on this method, the

proposed LHMs can exhibit dual negative refraction pass-

bands when the electromagnetic waves are parallel inci-

dent, while it can produce multiple negative refraction

pass-bands under normal incidence. The LH properties of

the proposed structure are verified by subsequent numerical

simulation and experiment. The method proposed in this

paper could be an important guidance for LHMs’ design,

especially for the multiband LHMs from parallel incidence

as well as normal incidence with the same structure and in

same size.

2 Design of LHMs structure and theoretic analysis

Generally speaking, there is one particular negative per-

meability for one particular magnetic resonance. Thus,

N different magnetic resonators can realize N different

negative permeability. If we combine N different magnetic

resonators in such a way that the size of the combined unit

cell is far less than the wavelength, it is expected that the

combined structure will exhibit multiple negative perme-

ability. Compared with the selection of magnetic res-

onators, this kind of the electric resonators is quite

convenient. Every electric resonator with proper dimen-

sions can be used as the electric resonator to produce

dipolar electric resonance and negative permittivity.

Therefore, multi-band LHMs can be realized by alterna-

tively stacking arrays of different magnetic resonators and

electric resonators. Based on the above theoretical analysis,

double Z-shaped LHM was designed and fabricated.

Figure 1 shows the unit cell of the LHMs we designed.

Note that the bottom layer is the same as the top one except

for a rotation of 90� around the z axis, and the proposed

LHMs structure is referred as ‘‘double Z-shaped structure’’

based on its visual resemblance. Every side of the double

Z-shaped structure LHMs composed of an electric res-

onator and a magnetic resonator as shown in Fig. 1a.

Figure 1b is the Top layer where the black parts denote

metallic strips while the white parts denote the substrate.

Figure 1c is the bottom layer, its geometrical dimension is

the same as the top layer completely. Figure 1b shows that

the square metallic ring with two splits serves as a mag-

netic resonator, while the oblique copper arm in the center

blank part of the square ring acts as an electric resonator. In

addition, in order to lower and tune the resonant frequency
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of LHMs, we add two short metallic wires at every open-

ing. So, we fabricated LHM has multiple electric and

magnetic resonators. The electric resonator can realize

negative e while the magnetic resonator can realize nega-

tive l. By adjusting the geometrical dimensions of the

resonators carefully, their negative response frequency

ranges can be tuned to overlap, and then simultaneous

negative permeability and permittivity can be realized in

the overlapped frequency ranges, thus the multi-band of

negative refractive indexes is obtained.

To analyze whether this two-dimensional double

Z-shaped structure based on the coplanar electric and

magnetic resonators could present left-handed behavior in

some certain frequency ranges, we set up equivalent LC

circuit models for magnetic responses under both parallel

incidence and normal incidence (two kinds of incident

cases, generating different magnetic resonance circuits).

2.1 Parallel incidence

For electromagnetic wave incident parallel to the plane of

the double Z-shaped structure along the x axis direction

(k||x), the electrical polarization is along the y axis direc-

tion (E||y), and the magnetic polarization is along the z axis

direction (H||z) perpendicular to the plane. Because each

side of the double Z-shaped structure could be considered

as the combination of electric resonator (oblique copper

arms) and magnetic resonator (square metallic ring with

two splits), as shown in Fig. 1a, the magnetic field H is

perpendicular to the plane of the unit cell, that is to say,

perpendicular to two magnetic resonators. Therefore, it is

possible to realize two magnetic resonances in different

frequency bands. At the same time, two orthogonal arms

and the whole Z-shaped cell behaved as cut wires that

provide multiple electric dipole resonances when the

electric field E is parallel to the metamaterials plane. As the

structure parameter is properly adjusted, the magnetic

resonances and electric resonances could be well over-

lapped, and the multiple LH pass-hands are realized.

In LHMs, the magnetic resonant frequency fm is just

where the left-handed peak obtained, and it could be sim-

ply regarded as the left-handed resonant frequency fl. The

single square split ring could be described as a simple

effective single-sided magnetic-LC circuit model, when the

magnetic polarization is normal to the surface, as shown in

Fig. 2a, where L1 is the effective inductance of the short

metallic wire, L2 is the effective inductance of square

metallic strips, L3 is the effective inductance of the oblique

metallic arm connecting the strips of the magnetic res-

onator, C1 is the effective capacitance between the two

metallic strips. The single-side magnetic resonant fre-

quency can be obtained by fm1 = 1/2pHLeCe. The total

inductance of the magnetic resonator can be obtained by

Le = (L1 ? L2) L3/(L1 ? L2 ? L3). L1, L2 and L3 can

be approximated by:

L1 � A
l0l
p

ln
4l

w

� �
; ð1Þ

L2 � A
l0a
p

ln
4a

w

� �
; ð2Þ

L3 � A
l0c
p

ln
4c

w

� �
; ð3Þ

where l is the effective length of the short metallic wire,

a is the length of the metal strip, c is the length of the

oblique copper arm and A is the modifying coefficient [23].

The capacitance is:

C1 �
e0er0s
d

¼ e0e0rlh
g

; ð4Þ

Ce ¼ 2C1 � 2 � e0e0r
lh

g
; ð5Þ

where er0 is the relative permittivity, which is the ratio of

the permittivity of the substrate to that of free space and

Fig. 1 a Superimposed view of a unit cell of the proposed LHM.

b The top layer of the pattern. The white region corresponds to the

dielectric substrate, and the substrate is FR4 (dielectric constant

e = 4.3, thickness d = 2.4 mm). The metallic pattern (black color)

consists of the Z-shapes strips. The dimensions are: a = 7.5, b = 8.5,

l = 1.4, t = 1.2, g = 0.6, and w = 0.4 mm, and the metallic material

we used is copper (conductivity r = 5.8 9 107 S/m, thickness

h = 0.03 mm). c The bottom layer of the pattern
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g is the distance between the two short metallic wires.

Therefore,

fm1 ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffi
LeCe

p �A0 tw

al
� 1ffiffiffiffiffiffi

Ce
p ð6Þ

where a’ is the modifying factor.

2.2 Normal incidence

For electromagnetic wave normal incidence along the

z axis direction (k|z), the electrical polarization is along the

y axis direction (E|y), and the magnetic polarization is

along the x axis direction (H|x). In analogy to the fishnet

LHMs [17, 18], metallic Z-shaped cell pairs with two

different arrangements can achieve left-handed character-

istic. Based on the analysis above, it can be known that the

magnetic resonances are originated from the square split

rings and the electric resonances are still mainly provided

by the oblique copper arms. But different from parallel

incidence, in addition to producing two different single-

side magnetic resonances, the double Z-shaped structure

could contribute to the third magnetic resonance due to the

coupling between the square split-rings on both sides of the

substrate when the magnetic polarization is parallel to the

surface, and the third magnetic resonator could be descri-

bed as the effective double-sided coupling magnetic-LC

circuit model shown in Fig. 2b, where C2 is the effective

capacitance between the two parallel split rings on both

sides of the substrate. The additional magnetic resonance

frequency can be obtained by fm2 = 1/2pHLmCm, where

Lm = Le and Cm = 2(C1 ? C2). As a result,

fm2 ¼
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffi
LmCm

p �B0 tw

al
� 1ffiffiffiffiffiffi

Cm

p ; ð7Þ

where b’ is the modifying factor and

C2 �
e0s
d

¼ e0a2

d
; ð8Þ

Cm � 2elh
g

þ 2e0a2

d
ð9Þ

Here, we indicate that these formulas for the effective

inductances and capacitances are carried out on the

assumption that the metal could be considered as a perfect

conductive metal. Thus, it could only be used at microwave

frequency or lower. For high frequency, such as terahertz

and optical frequencies, the metal could not be simply

considered as a perfect conductive metal, and the effective

LC analysis is less accurate.

The analysis above shows that the single-sided and

double-sided-coupling magnetic resonant frequencies are

affected by the geometric dimensions of the magnetic

resonators and the substrates. By optimized design, there

will be a LHM composed of electric resonators and mag-

netic resonators as expected, and it can exhibit dual mag-

netic resonances for electromagnetic wave parallel

incidence, multiple magnetic resonances for normal

incidence.

3 Simulation and analysis

In order to verify the multiband LHMS, numerical simu-

lation is first carried out by using the frequency domain

solver of CST MICROWAVE STUDIO.

3.1 Parallel incidence

For electromagnetic wave parallel incidence, the incident

electromagnetic wave is a planar wave polarized by a

magnetic field parallel to the z axis and an electric field

parallel to the y axis, propagating along the x axis. The

incident condition is satisfied by applying perfect magnetic

boundaries to the surfaces perpendicular to the z axis and

perfect electric boundaries to the surfaces perpendicular to

the y axis. With the given geometric dimensions, the S21

and S11 of scattering parameters from simulations are

L1

L2

L3C1

L1 L1

L1

L2

L2 L2

C1

L1

L2

L3C1

L1 L1

L1

L2

L2 L2

C1 C2C2

(a) (b)

Fig. 2 The equivalent LC circuits model: a Single-sided magnetic resonance and b double-sided coupling magnetic resonance
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shown in Fig. 3. In order to verify the existence of left-

handed characteristics in pass-band, we use scattering

parameters retrieval to calculate permittivity, permeability

and refractive index, based on S11 and S21 obtained from

the simulation [30, 31]. Figure 3a shows that there are

three transmission peaks at 7.3, 8.1, and 9.4 GHz respec-

tively, which indicates three pass-bands. From Fig. 3c and

d, it can be found that in 7.1–7.4, 7.5–7.8, 8.0–8.3 and

8.4–8.7 GHz the real part of the effective permittivity is

negative, while the real part of the effective permeability is

negative in 7.1–7.4 and 8.0–8.3 GHz. In the frequency

ranges where both the real parts of effective permittivity

and permeability are negative, LH pass-bands are expected.

Thus, the two LH pass-bands are 7.1–7.4 and 8.0–8.3 GHz,

as shown in Fig. 3b, the refractive index has negative

values in two frequency ranges. The first and second pass-

bands in Fig. 3a are LH, while the third one is RH.

Note that there is a RH pass-band beside the two LH

pass-bands. This is in analogy to the dual-band LHM in Ref

[7] where there is a RH between two LH pass-bands. The

underlying reason for the difference lies in that the mech-

anisms and structures of realizing LH pass-bands in the two

cases are different. For the dual-band LHM in Ref [7], it

adopted a type of nonlinear meta-atom to create a dual-

band nonlinear LHM, while we selected is double Z-shaped

strips composed of coplanar magnetic and electric res-

onators. For the multi-band LHM we presented in this

paper, both the negative permeability and permittivity are

realized by negative responses. The negative response

bandwidths of magnetic and electric responses are usually

not equal. As a result, outside the LH pass-bands, both the

permittivity and permeability are positive. Therefore, there

is usually a RH pass-band beside the two LH pass-bands.

Attempting to further analyze its magnetic resonance

and the place that the charge accumulation actually occurs,

we examined the current distribution and magnetic field at

the magnetic resonance where the dual bands of negative

refractive indexes occur. Figure 4 shows the front-view

surface current distribution for this structure at the inner

(facing each other) metallic surfaces of the front and back

slabs. From Fig. 4a and c, we find that the surface current

on the front metallic slabs are opposite to the back slabs,

leading to a strong negative magnetic resonance. Mean-

while, the most surprising feature is that the currents

accumulate at two special positions. One is the conjunction

with two up and down adjacent metallic strips (as Fig. 4a

shows at frequency of 7.3 GHz), and the other is the con-

junction with the split-rings and the oblique arms (as
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Fig. 4c shows at frequency of 8.1 GHz). Therefore, the

anti-paralleled surface currents plus the displacement cur-

rent in the substrate form an equivalent current loop. As we

know, a current loop can be regarded as a magnetic dipole

which exhibits magnetic resonance under parallel inci-

dence of electromagnetic wave. So it is natural to explain

dual negative magnetic resonances at frequency of 7.3 and

8.1 GHz. The third magnetic resonant mode (as Fig. 4e

shows at frequency of 9.4 GHz) looks different from the

two modes at 7.3 and 8.1 GHz. The surface current dis-

tribution on the front metallic slab is paralleled to the back

slab. This resonance mode is referred as an electric

polarization resonance. Many references demonstrate that

the resonance frequency of the structures derives from LC

circuit model, and depends on the dimensions of the

structures [7, 32–34].

To validate the observed current distribution and to

examine further where the charge accumulation actually

Fig. 4 Surface current distribution (left panel) and magnetic-field component Hz (right panel) for parallel incidence at frequency of 7.3, 8.1, and

9.4 GHz. (The arrows indicate the instantaneous current direction)
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occurs, we examined the magnetic fields located in the

middle substrate between the front and back metallic slabs.

In Fig. 4, we showed the dominant magnetic field com-

ponents Hz (H component in the direction of the external

magnetic field). One can see that the magnetic-field

intensity (as Fig. 4b, d) is consistent with the current dis-

tribution as Fig. 4a and c show. Furthermore, at

f1 = 7.3 GHz, magnetic field concentrates on the areas of

the upside and downside in the substrate (represented as au
and ad, respectively), and at f2 = 8.1 GHz, magnetic field

produce in the areas of the upper-left and bottom-right of

the substrate (represented as aul and abr, respectively),

which further certify that the magnetic resonances are

affected by induced currents. It demonstrated that the anti-

paralleled currents on the front and back metallic slabs

form two equivalent loop currents in the substrate under

parallel incidence, and it is just the equivalent loop currents

in the substrate that produce the magnetic resonances to

obtain dual negative permeability.

3.2 Normal incidence

For electromagnetic wave normal incidence, the incident

condition is satisfied by applying perfect magnetic

boundaries to the surfaces perpendicular to the x axis and

perfect electric boundaries to the surfaces perpendicular

to the y axis. In this case, the magnetic resonance is

mainly produced by double metallic split-rings coupling.

Although there is no change in geometrical size com-

pared to the first model, the different boundary conditions

lead to a significant variation to the resonant properties,

as well as the resonant frequency. The simulated S

parameters and the retrieved parameters are shown in

Fig. 5. Figure 5a shows the simulated S parameters of

this model. There are three transmission peaks around

7.1, 8.9 and 11.8 GHz which implies three pass-bands.

From Fig. 5c and d, it can be found that in 6.8–7.3,

8.7–9.1, and 11.6–12.0 GHz, the real part of the effective

permittivity is negative, while the real part of the effec-

tive permeability is negative in 6.0–7.2, 7.3–9.2 and

9.3–12 GHz. In the frequency ranges where both the real

parts of effective permeability and permittivity are neg-

ative, LH pass-bands are expected. Figure 5b shows that

the refractive index has negative values in three fre-

quency ranges, and the three LH pass-bands are 6.8–7.2,

8.7–9.1 and 11.6–12 GHz. The losses in those frequency

ranges are negligible, which indicates three efficient LH

pass-bands.
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To further demonstrate the resonant properties of the

three peaks, surface current distributions and magnetic field

are simulated as shown in Fig. 6. From Fig. 6a, c and e, we

find that the orientation of the current on the front metallic

slabs are anti-paralleled to the back slabs, thus producing

strong charge accumulation at the areas where the two

opposing flowing currents meet each other and forming

three magnetic dipoles which exhibit negative magnetic

resonances under normal incidence of electromagnetic

wave. This feature is substantially similar to Ref [18, 21,

35]. At f1 = 7.1 GHz, magnetic field concentrates on the

areas of the left-side and right-side in the substrate

(represented as al and ar, respectively), where two loop

currents are produced. So, the first left-handed band is

dominated by the magnetic resonance of the areas al and ar.

At f2 = 8.9 GHz, magnetic field produce in the areas of the

upside and downside of the substrate (represented as au and

ad, respectively), and where two loop currents are gener-

ated. Therefore, the second left-handed band is dominated

by the resonance of the areas au and ad. At f3 = 11.8 GHz,

magnetic field is mainly localized at the center area of the

‘‘Z’’ pattern represented as ac. The surface current distri-

bution shows a loop current is produced, resulting for a

magnetic resonance. Thus, the third left-handed band is

Fig. 6 Surface current distribution (left panel) and magnetic-field component Hx (right panel) for normal incidence at frequency of 7.1, 8.9, and

11.8 GHz. (The arrows indicate the instantaneous current direction)
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dominated by the resonant property of the area ac. This is

consistent with the theoretical analysis in Sect. 2. Mean-

while, from the numerical simulation, surface current and

magnetic field distribution in Sect. 3, it can be confirmed

that there is dual-band of negative refractive indexes for

electromagnetic wave parallel incidence and multiple LH

pass-bands for normal incidence. However, we are not sure

which one is produced by double-sided coupling of mag-

netic resonance under normal incidence, which requires

further research and development.

4 Experimental verification

To further verify the simulations mentioned above, we

carried out the experiment verification. The experiment

used for the analysis of the transmission through double

Z-shaped structures includes E5071C vector network ana-

lyzer and two standard horn antennas used as an emitter

and a receiver. The samples have been fabricated by using

a standard printed circuit board process with 35 lm thick

copper patterns on 2.4 mm thick FR4 dielectric substrate

Fig. 7 Photograph of the

fabricated sample: a front of the

sample and b back of the sample

Fig. 8 Measured (solid curve)

and simulated (dashed curve)

transmission spectra of the

proposed LHM. a The

electromagnetic wave parallel

incidence and b normal

incidence

Table 1 Performance comparison of this work with other proposed LHMs

References Composition

or structure

Incident direction Number of

frequency bands

Frequency

range

Structure

complexity

[6] Two symmetric SRRs Normal incidence Dual-band Terahertz regime Simple

[7] Nonlinear meta-atom Parallel incidence Dual-band Microwave range Complex

[11] Random dendritic cells Normal incidence Multi-band Optical frequency Complex

[13] S-shaped structure Parallel incidence Single-band Microwave range Simple

[15] H-shaped structure Parallel incidence Single-band Microwave range Simple

[19] Short wire-pair structures Normal incidence Single-band Microwave range Simple

This work Double Z-shaped structure Double incidence Multi-band Microwave range Simple
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with 10 9 10 unit cells of double Z-shaped structure in x

and y directions respectively, as shown in Fig. 7. The

boundary conditions along the y direction are perfect

electric conditions (PEC) for electromagnetic wave either

parallel or normal incidence, respectively.

The measured results of the samples are in good

agreement with the simulated results as shown in Fig. 8.

From Fig. 8a and b, we can find that the measured S21

parameters are almost the same as the simulated ones

although there are slight shift of the resonant points. There

are three transmission peaks at 7.3, 8.0, and 9.2 GHz when

electromagnetic wave incidence parallel to the substrate,

while those also have three pass-bands around 7.1, 8.8 and

11.6 GHz for electromagnetic wave normal incidence.

Note the Fig. 8b, the first transmission peak is the highest

while the third one is the lowest. This can be explained by

the loss brought about by the lossy FR4 substrates. As the

frequency increases, the substrate loss becomes higher,

resulting in the reduction of transmission. Also note the

measured transmission which is generally lower than the

simulated one, and this is mainly due to the imperfection of

the fabrication of the LHMs and the noise error during

experiments. Eventually, in order to further discuss the

advantages of the fabricated LHM, we built a table. The

performance comparison of this work with other proposed

LHMs is shown in Table 1, which depicts that proposed

LHM has good characteristics with double incidence,

multi-band, simple structure and good selectivity.

5 Conclusions

In conclusion, we proposed a double Z-shaped metamate-

rial based on coplanar magnetic and electric resonators can

achieve multi-bands of negative refractive indexes at

microwave band. The left-handed properties of the pro-

posed structure have been verified by both numerical

simulations and experiments. For electromagnetic wave

parallel incidence, the structure achieves two LH pass-

bands around peak of 7.3, 8.1 GHz and one RH pass-band

around peak of 9.4 GHz simultaneously. For electromag-

netic wave normal incidence, the structure can exhibit three

LH pass-bands at the frequencies 7.1, 8.9 and 11.8 GHz

simultaneously. It is the boundary conditions that make

these two cases different. Furthermore, by means of setting

up equivalent magnetic resonance circuit models, analyz-

ing the surface current distribution and magnetic field of

magnetic resonance, we further explained the magnetic

resonance mechanism of the multiband LHM, and thus

may greatly promote the development of multiband optical

metamaterials. The double Z-shaped structures fabricated

in this paper open a way to prepare the electromagnetic

cloak suitable for multiple frequencies, and the cloak of

infrared or visible frequency, especially with the same

structure and in same size from different incident

directions.
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