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In the past three decades, there has been a consider-
able interest in the tunneling of electromagnetic (EM) 
wave for its practical applications in many various 
aspects. With the advancement in the field of meta-
materials, many unusual physical properties have 
been exhibited[1–5] and the tunneling in metamateri-
als has attracted significant attention[6,7]. The meta-
materials include double-negative and single-negative  
(SNG) materials[8,9]. SNG material with negative rel-
ative permittivity (e-negative (ENG)) or negative 
relative permeability (m-negative (MNG)) should be 
opaque media because the EM wave is evanescent. Un-
der proper conditions, the tunneling through certain 
structures consisting of one or more SNG materials 
can be achieved[10–15].

Recently, non-radiative EM transfer, enabling effi-
cient and safe wireless energy transfer has received sub-
stantial interest[16–21]. This proposed scheme is based on 
magnetic resonances (the fact that two same frequency 
resonant objects tend to couple, while interacting weak-
ly with other off-resonant environmental objects) and 
resonant evanescent coupling through the overlap of the 
non-radiative near fields of the two objects. Magnetic 
resonances are particularly suitable for everyday appli-
cations because most of the common materials do not 
interact with magnetic fields, so interactions with envi-
ronmental objects are suppressed even further. There 
is a strong EM coupling between resonant objects, but 
the coil-based systems are bulky in order to reach high 
efficiencies.

Recently, research on radiative and non-radiative en-
ergy transfer in metamaterial has been reported[22,23]. 
The possible application of wireless energy transfer 
with a sandwich structure consisting of MNG medium, 
air, and ENG medium was investigated[23]. The distribu-
tion of electric and magnetic fields in some  tunneling 

 structure consisting of SNG media or double-positive 
(DPS) media can be controlled[24–27]. Inspired by the tun-
neling of EM wave and field modification in SNG mate-
rials, we investigate a different scheme of  non-radiative 
energy transfer in a multi-layer structure similar to 
Feng et al.[23]. The difference is that we have placed two 
pairs of ENG/MNG couple layers on the two ends and 
there is one more DPS layer on the incident side of air. 
The results show our structure is superior and control-
lable because of the following reasons: 1) the magnetic 
field is enhanced and the stronger magnetic field is lo-
cated on the receiving terminal; 2) the DPS material 
accelerates the decay of the electric field, so the electric 
field in the air is small; 3) the energy of tunneling ends 
if the receiving terminal is removed.

The geometry is illustrated in the Cartesian coordi-
nate system ( ,x�  ,y�  and z� )  of Fig. 1. Without loss of 
generality, we consider a multi-layer structure in air. 
A, B, C, and D represent ENG medium, MNG me-
dium, DPS medium, and air, respectively. e and m are 
relative permittivity and relative permeability of me-
dia. Here each slab (including DPS) is isotropic, lin-
ear, and homogeneous. We assume the problem to be 
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Fig. 1. Heterostructure containing SNG materials in air.
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 two-dimensional (2D), that is, all quantities are inde-
pendent of the y-coordinate. We investigate the tunnel-
ing phenomenon in this structure.

Consider that a transverse electric wave having the 
electric-field vector E

�
 parallel to y�  is normally incident 

onto this composite structure along the z-axis. The field 
components E and H are continuous across the inter-
faces and a unimodular field-transfer matrix Mj relates 
the field amplitudes Ej and Hj at Zj  to the correspond-
ing amplitudes at zj–1:

 
1

1

,j j
j

j j

E E
H H

−

−

   
=   

      
M  (1)

where Mj is given by[28]
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with /j j jnσ ε=  and dj = kj dj, where ej , nj , kj, and dj 
denote the permittivity, the refractive index, the wave 
number, and the thickness of each layer, respectively. 
For SNG media, i ,j j jn ε µ= −  0i ,j j jk k ε µ= −  and 
k0 = w/c. The transfer matrix of the structure consist-
ing of six layers is given by the product of the respec-
tive transfer matrices for the individual layers:
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The reflection coefficient is derived by the transfer 
 matrix:
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where Mij (i, j = 1, 2) are the elements of the matrix  
M. We can derive the condition for the total trans-
mission by zeroing the reflection coefficient, which 
also corresponds to the occurrence of the tunneling. 
For the six-layer structure, the expression of reflection 
 coefficient is very complex. For simplification, we refer 
to the “matched pair” condition given by Alù et al.[10]  
for the purpose of preliminary design. Assume the  
ENG/MNG bilayer are paired, that is, dA = dB, ENG is 

non-magnetic (mA = 1), MNG is non-electric (eB = 1),  
and the permittivity and permeability of DPS are 
equal, which means sC = sD = 1. By substituting Eqs. 
(2) and (3) into Eq. (4) and zeroing the reflection coef-
ficient, the condition for zero reflection is derived as
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When Eq. (5) is satisfied, the interface modes at differ-
ent interfaces of MNG and ENG layers can resonantly 
couple to each other, leading to the emergence of the 
tunneling mode.

Now, we use a Drude model to describe SNG mate-
rials: ENG: 

2
ep

ep2
1 , 1,A A

ω
ε µ ω

ω
= − =  is the plasma 

 frequency; MNG:
2
mp

mp2
1, 1 ,B B

ω
ε µ ω

ω
= = −  is the mag-

netic resonance frequency; where w = 2pf and the unit 
of f is GHz.

In the following calculations, we set DPS layer as air, 
that is, ec = mc = 1, and choose a set of parameters 
of  

ep mp 8.2ω ω= =  GHz, 20 mm.A B C Dd d d d= = = =  
The transmittance can be obtained by Eq. (4), T = 1 - r *.  
Figure 2(a) shows the corresponding transmittance re-
sponse as a function of frequency, and it is clear that 
the energy totally tunnels through the composite 
 structure at f0 = 0.353 GHz. The EM-field distribution 
of the tunneling mode with its frequency at 0.353 GHz 
is shown in Fig. 2(b). The electric field is the maxi-
mum at the MNG–air interface and the magnetic field 
has the same maximum value at the air–ENG interface. 
This result is similar to that in Ref. [23].

Next, we change the parameters of DPS layer: ec = 5,  
mc = 5. Figure 3 shows that the transmittance peak 
shifts to the low frequency slightly and the spectral 
width of the tunneling mode narrows a little. The elec-
tric field and magnetic field are still localized at the 
MNG–air interface and the air–ENG interface with the 
same maximum, but the field amplifications are higher 
than that when DPS is air. The magnetic field reaches 
higher magnitude after being twice amplified, and the 
slope of electric field in DPS layer is sharper than that 
in the air. 
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Fig. 3 (a) Transmittance frequency response for DPS: ec = 5,  
mc = 5 and (b) the EM-field distribution of the tunneling mode 
at 0.265 GHz (normalized by the incident fields).
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Fig. 2 (a) Corresponding transmittance response to frequency 
when DPS layer is air and (b) the EM-field distribution of the 
tunneling mode at 0.353 GHz (normalized by the incident fields).
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Fig 4 (a) Transmittance frequency response for three cases and 
(b) electric field (thin lines) and the magnetic-field (thick lines) 
distributions of the tunneling modes at 0.235 GHz (Case (1):  
dotted line); 0.19 GHz (Case (2): solid line); 0.22 GHz (Case (3):  
dash-dotted line).

The electric field and magnetic field are localized at 
the different interfaces as shown in Fig. 3(b). Therefore, 
the structure at the left side of air layer can be consid-
ered as a transmitting device, whereas the right side of 
air layer can be considered as a receiving device. In the 
following, we hope to obtain stronger magnetic field to 
increase the coupling efficiency and keep weaker electric 
field in the air for safety.

By Maxwell’s equations, it is derived that  

0iy
x

E
H

z
ωµ µ

∂
= −

∂
 and 

0i ,x
y

H
E

z
ωε ε

∂
=

∂
 where e0 and m0 

are the vacuum permittivity and permeability, and e 
and  m are the relative permittivity and permeability. 
It means that the electric field changing with distance 
is related to the permeability of structure, whereas the 
magnetic field changing with distance is related to the 
permittivity of structure. So we can restrain the en-
hancement of the electric field by reducing the value of 
permeability of the MNG media. In the following, we 
set wep = 8.2 GHz and wmp = 5.03 GHz and consider 
three cases: 1) DPS: air for dotted line; 2) DPS: ec = 5  
and mc = 5 for solid line; 3) DPS: ec = 5 and mc = 1 
for dash-dotted line. The results in Fig. 4 show that the 
electric field and magnetic field are no longer enhanced 
as same scale. From Table 1, it is clear that the abso-
lute value of the permeability of MNG Bµ  is less than 
that of the permittivity of ENG ,Aε  so the enlarge-
ment of electric field is restrained. In Case (2), the DPS 
can increase the magnetic field further,  although the 
electric field is also increased at the MNG–air  interface, 

Table 1. Permittivity and Permeability Parameters of ENG and MNG corresponding to the 
different Frequencies of Tunneling Modes for three Cases

Frequency of Tunneling 
Mode f (GHz) ENG (eA, mA) MNG (eB, mB) DPS (eC, mC)

Case (1) 0.235 (−29.84, 1) (1, −10.60) (1, 1)
Case (2) 0.19 (−46.18, 1) (1, −16.75) (5, 5)
Case (3) 0.22 (−34.19, 1) (1, −12.24) (5, 1)
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Fig 5 (a) EM-field distribution corresponding to the tunnel-
ing modes: (a) f = 0.181 GHz, dA = dB = dC = 20 mm, and  
dD = 40 mm and (b)  f = 0.131 GHz, dA = dB = dC =  dD = 10 mm.  
Other parameters follow Case (2) in Fig. 4.

it is reduced quickly in the DPS layer. In Case (3), 
where the DPS is a dielectric medium with ec = 5 and 
mc = 1, and the condition for zero reflection Eq. (5) is 
not followed, the transmission is less than 1, but the 
EM-field distribution is still similar to Case (2). Case 
(2) is superior to Case (3) due to the lower electric 
field in the air and the higher magnetic field at the 
air–MNG interface.

Figure 5 shows the EM-fields of the tunneling modes 
for different thicknesses of layers. The transmittance 
peak has a red-shift with the increase in air layer, and 
the bandwidth of the tunneling mode narrows. But this 
does not affect the energy transfer, so we can achieve 
energy transfer at a relatively long distance. And the de-
crease in thickness for layers will suppress the enhance-
ment of magnetic field and therefore we need to balance 
between high-efficient coupling and structure size. 

Next we address the question of what will happen 
if the pair of ENG/MNG media at the right side of 
air layer are removed or are changed as common di-
electric medium. Figure 6 shows the transmittance and 
the reflectance of the structure for different conditions. 
When the receiving terminal at the right side of air 
layer is removed or changed, the transmittance drops 
rapidly, whereas the reflectance increases, and the larg-
er the parameter of the dielectric medium is, the lower 
is the transmittance. Therefore, the tunneling phenom-
enon will no longer exists without the proper terminal, 
which means a flexible switch to energy transfer and 
 exemption from energy loss.



 101601-4 

COL 12(10), 101601(2014)  CHINESE OPTICS LETTERS October 10, 2014

0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28
0

0.2

0.4

0.6

0.8

1

Tr
an

sm
itt

an
ce

f(GHz)
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28

0

0.2

0.4

0.6

0.8

1

R
ef

le
ct

an
ce

f(GHz)
Fig. 6. Transmittance (without marker) and the reflectance 
(with marker) frequency response for the different terminals 
behind air: ENG/MNG (dashed line), air (solid line), com-
mon dielectric material (dotted line), and the parameters are  
e = 9, m = 1. 
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Fig. 7 (a) Distribution of the real and imaginary parts of the 
normalized Poynting vector in the structure: (a) the tunneling 
mode at 0.353 GHz in Fig. 2(b), DPS: air and (b) the tunnel-
ing mode at 0.19 GHz for Case (2) in Fig. 4(b), DPS: ec = 5, 
mc = 5. The normalization is with respect to the value of the 
Poynting vector of the incident wave.
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Fig. 8 (a) Transmittance frequency response for different loss factors, (b) EM-field distribution of the tunneling mode of 0.19 GHz  
for g = 0.02, and (c) the normalized Poynting vector in the structure, and inset is the imaginary part of Poynting vector  
for g = 0.02.

Moreover, to investigate the energy transfer, the en-
ergy flux in the composite structure is also studied. The 
energy flux density is defined by the Poynting  vector, 
that is,
 .S E H= ×

� ��
 (6)

The real and imaginary parts of the Poynting vector 
for a tunneling mode through multi-slabs are shown in 
Fig. 7. The real part of the Poynting vector is uniform 
and equal unity in the structure, implying the complete 
tunneling of the incident wave, whereas the imaginary 
part of the Poynting vector has its peaks at ENG–
MNG interfaces in Fig. 7(a) and at ENG–MNG and 
MNG–DPS interfaces in Fig. 7(b). This exhibits the 
presence of resonant energy in these layers, which, as 
was explained by  by Alù et al.[10], and can be regarded 
as a resonance phenomenon.

We start from the same configuration above, but now 
assuming a more realistic lossy Drude model for the 
ENG and MNG media:

2
ep

1

ENG: 1 , 1,
( i )A A

ω
ε µ

ω ω γ
= − =

+

2
ep

2

MNG: 1, 1 ,
( i )B B

ω
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ω ω γ
= = −

+

where g1 = g *wep and g2 = g *wmp are the damping co-
efficients. g is often indicated as the order of 10-3 in 
many experimental and simulation studies[29–33] and the 
uncommon larger damping factor was given as g = 0.01 
by Reza et al.[34].

Figure 8 shows the transmittance, EM field, and the 
energy flux in the structure for different loss levels. 
The loss does not significantly affect the position of the 
peak frequency, but the transmittance reduces rapidly 
with the higher material loss as shown in Fig. 8(a). 
The real part of the Poynting vector decays from unity 
with the distance, and thus more loss, more decay. The 
energy flux density at the terminal is less than half of 
the initial energy when g = 0.02, but there is still “reso-
nance” phenomenon in the structure, and the electric 
and magnetic fields are localized at different interfaces 
in Figs. 8(b) and (c). The tunneling will stop func-
tioning for high-loss levels. When the realistic loss level 
g is less than 0.01, high transmittance can be carried 
through the structure. However, when g is more than 
0.02, the transmission efficiency is low. For practical 
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metamaterial, the loss of less than 0.01 is not difficult 
to be achieved. Therefore, our approach could be ap-
plicable to wireless power transfer with metamaterial.

In conclusion, we illustrate an EM-field resonant tun-
neling mechanism that takes place by pairs of ENG/MNG  
slab with a DPS layer and air layer. And we analyze 
field distribution and the Poynting vector in the struc-
ture. The asymmetrical electric field and magnetic field 
of the tunneling mode are separated and localized at 
different interfaces of two sides of air, respectively. The 
enhancement of the magnetic field and the suppres-
sion of electrical field are controlled by the DPS. The 
ENG and MNG material loss is also taken into account. 
Compared with previous work, the electric field and the 
magnetic field in our structure are amplified with dif-
ferent ratios, and the higher amplified magnetic field 
is localized at the interface of ENG–air. Although the 
electric field is enhanced at first, it decays rapidly in 
the DPS layer. Therefore, this composite structure of 
SNG couples and DPS provides an improved path to 
the design of wireless transmission devices which are 
more efficient and have greater potential for tunability.
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